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Abstract: The Hazaribagh tannery area of Bangladesh is considered an extremely polluted site owing to the disposal of untreated
Cr-enriched tannery effluent. This study was undertaken from 2006–2008 to characterize the nature and extent of pollution in the area,
the associated health risks, and to assess the feasibility and effectiveness of the selected cleanup strategies. A comprehensive soil, wastewater,
and groundwater sampling and detailed laboratory analysis were done. The results of the study indicated that the site is extremely polluted by
Cr (up to 37;000 mg=kg dm), mineral oils, and extractable organohalogenic compounds (EOX), and the most severe soil pollution was
confined up to a depth of 10–20 ft (3.048–6.096 m). The phenol index and chromium level in the tannery effluent were very high, and
most of this Cr was found to adsorb onto suspended solids in the wastewater. Analysis of groundwater samples from tubewells in the
Hazaribagh area indicated that groundwater is not contaminated by Cr or any other heavy metals. Soil leaching tests indicated a very
low Cr mobility and thus a low risk of spreading with infiltrating rainwater. Most of the Cr in the subsoil exists as Cr(III) and was found
to be very stable. The scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis of the Cr-containing soil structures showed
that the Cr is predominantly present in association with clay mineral structures. DOI: 10.1061/(ASCE)HZ.2153-5515.0000139. © 2013
American Society of Civil Engineers.
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Introduction

Soil contamination with organic compounds and toxic heavy
metals attributed to the disposal of untreated industrial effluents
is very common in developing countries like Bangladesh. Heavy
metals are considered to be a serious threat to the environment
and human health all over the world because of their persistence
and cumulative tendency in the environment and their associated
toxicity to biological organisms (Dermont et al. 2008; Adriano
2001; Thornton 1993; Cameron 1992). Moreover, the presence of
contaminated sites in populated areas is a major concern for urban
development because costs of soil remediation pose significant liabil-
ities and financial burdens on landowners and other stakeholders.

Nowadays, the environmental assessment of contaminated areas
with respect to organic and heavy metals pollution and the identi-
fication of associated environmental and health implications have
become increasingly important in environmental research (Wong
and Li 2003).

Numerous initiatives and works on assessment and reclamation
of contaminated sites are going on in the developed countries like
the United States, Canada, the United Kingdom, and many other
European countries. However, soil contamination by organic and
heavy metals and the associated environmental hazards are mostly
being neglected in Bangladesh. The Hazaribagh area of Dhaka City
has approximately 196 tannery industries in an area of 70 acres
(0.283 km2) (Shams et al. 2009). Most of the tannery industries
follow the chrome tanning process, in which large amounts of
chromium-containing chemicals are used. On a daily basis, the
tanneries dispose of more than 16;000 m3 of highly toxic
effluents with a BOD5(biochemical oxygen demand) load of
17;600 kg=day. An estimated 0.35 t=day of chromium is dis-
charged into a lagoon of 25 ha. Several studies showed that the
subsoil of Hazaribagh tannery area is seriously contaminated with
Cr, Zn, Cu, and Pb in addition to phenols and hydrocarbons [Shams
et al. 2009; Zahid et al. 2006; Training Institute for Chemical
Industries (TICI) 2005; Saha and Ali 2001; United Nations
Industrial Development Organization (UNIDO) 2000]. The Depart-
ment of Environment (DoE) of Bangladesh has categorized this
area as a red zone. The elevated concentrations of heavy metals
in soils are of potential long-term environmental and health con-
cerns for the people living in this area.

The Hazaribagh area has received significant attention in the
recent years because of its potential threat to the soil, air, and sur-
face and groundwater quality of Dhaka city and the public health.
In a directive from the Bangladesh High Court, plans are made
to shift the tannery industries from the Hazaribagh area to a
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new location at Savar, at the outskirts of Dhaka city. According
to the Dhaka detailed area plan [Rajdhani Unnoyan Kartipakhya
(RAJUK) 2008], the area will be redeveloped after the relocation
of the tanneries as a residential area for middle income people hav-
ing open space, health, and education facilities. However, before
redevelopment can start, the area should be cleaned up and remedi-
ated. The characterization of the pollution and the assessment of
the environmental risk associated with the site are important before
formulating a reclamation and cleanup strategy of the area. A study
was undertaken from 2006 to 2008 as a first step towards the char-
acterization of the nature and extent of pollutants and the associated
health risks. The feasibility and effectiveness of selected remedia-
tion strategies for the contaminated sites were also evaluated. In
this paper, the characteristics, nature, and extent of organic and
toxic heavy metals pollution of the subsoil in addition to the
risk of groundwater pollution by Cr from the contaminated site
are presented.

Site Description

The tannery area of Hazaribagh is located in the southwestern part
of Dhaka city, and the contaminated low-lying land area is approx-
imately 25 ha. The average temperature of the area is 26°C and the
average annual precipitation ranges between 1,800 and 2,400 mm.
The tannery industries process 220 t of hide/day and use
approximately 40–50 L of chemical liquids for each kg of hide

(Zahid et al. 2006) following the chrome tanning process. The
chromium-rich wastewater from the tannery industries is disposed
of through the open drains into a lagoon/low lying area, which
finally flows into the Buriganga River through a sluice gate of
the flood protection embankment (Fig. 1).

Sampling and Analytic Methods

Two soil sampling campaigns have been conducted in the
Hazaribagh area: the first in the lagoon area (Boreholes 1–6) in
June, 2006, and a second sampling along the drainage canal of
the effluents towards the river Buriganga (Boreholes 7–11) in
March–April, 2007, as shown in Fig. 1. Boreholes (BH) 1–4 were
drilled to a depth of 100 ft (30.48 m), whereas BH 5 and 6
were drilled to a depth of 10 ft. Boreholes 7–11 were performed
up to a depth of 16 ft. The drillings were done with the wash-boring
technique, using a manually operated rig and a 4-in. (100-mm)
diameter casing pipe. The undisturbed soil samples were collected
from depths of 0.167, 1, 2, 8, 16, 32, and 50 ft by a 3-in. diameter
standard Shelby Tube. The disturbed soil samples were collected at
a depth of 100 ft by driving a 2.0-ft-long Split Spoon sampler of
35-mm inner and 50-mm outer diameter in the soil using a standard
hammer. All collected soil samples were divided into two parts,
properly preserved into labeled polyethylene bags; one part
was used for the analysis of physical soil properties at Khulna
University of Engineering and Technology (KUET), Bangladesh,

Fig. 1. Hazaribagh tannery area and sampling location
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and another part was sent to Flemish Institute of Technological
Research (VITO), Belgium, for detailed physicochemical analysis.
The test parameters and protocols/standards that were adopted in
the laboratory analysis are presented in Table 1.

To characterize the discharged tannery effluents, wastewater
samples were taken from the inlet point (BH4), in the lagoon
(BH6), and at the end of the drainage channel or outlet (BH9),
one in March 2007, and another in April 2007. The samples were
analyzed at VITO for pH, heavy metals, oils, phenols, suspended
solids, and other parameters.

To evaluate the risk of groundwater pollution from the contami-
nated site, groundwater samples from 11 production wells (PWs) of
the Dhaka Water Supply and Sewerage Authority (DWASA) and
from 10 hand tubewells (HTWs) in and around the Hazaribagh area
were collected in November 2006. During a second sampling cam-
paign, groundwater samples were collected from 3 PWs and 7
HTWs, close to the contaminated site in April 2007, to verify
the previous results. The depth of HTWs ranges from 200 ft
(61 m) to 350 ft (107 m) and PWs range from 400 ft (122 m)
to 465 ft (142 m). Before sampling, each HTW and DTW were
pumped for 5–10 min and sampling bottles were washed thor-
oughly with well water. From each sampling well, 3 bottles
(500 mL each) of water were collected and acidified with 2 mL
concentrated HCl. The samples were properly marked and labeled
for subsequent laboratory analysis. All water samples were ana-
lyzed at VITO for pH, redox potential (Eh), dissolved organic car-
bon (DOC), Cr, Fe, Zn, Cd, Cu, Ni, As, Pb, and Mn. The pH and
redox potential of the water samples were measured using a pH

meter and redox meter, respectively (Multiline WTW). Metal
concentrations of the groundwater samples were measured using
inductively coupled plasma spectrometry (ICP) according to ISO
11885:1996. Because arsenic measurement was impacted by some
interference, arsenic was analyzed by atomic absorption spectrom-
etry (AAS) (Perkin Elmer, 5100PC). Parameters like color, turbid-
ity, electric conductivity, TDS, total hardness, chloride, Fe, nitrate,
and sulfide were measured at KUET according to standard method
[American Public Health Association (APHA) 2000]. Proper qual-
ity assurance and control were adopted in laboratory analysis, and
water-quality parameters were assessed with both the Bangladesh
drinking water quality standard (ECR 1997) and WHO guidelines
(WHO 2004).

Leaching tests were carried out on the soil samples to evaluate
the mobility of chromium and its susceptibility toward spreading
by infiltrating water. All leaching results were compared with
VLAREA, the Flemish Regulation on Waste Prevention and
Management (set limits for the environmental quality of a secon-
dary raw material) and U.S. EPA (2004) preliminary remediation
goals levels. Each leaching test was performed with 10 L=kg dm
(L=S ¼ 10), in which 2 g of soil was shaken with specific leachants
for 24 h. After shaking, the slurry was centrifuged and water sam-
ples were analyzed for chromium. High chromium concentration in
the leachates indicates a risk of migration to the groundwater. To
test the susceptibility of Hazaribagh Cr(III) contaminated soils to be
oxidized, oxidation tests were performed according to Bartlett
(1991). The amount of present manganese oxides was determined
in 2 soil samples according to test XII (Bartlett 1991), and a part of
the other soil samples were also analyzed for total manganese after
aqua regia destruction. Additionally, Bartlett tests X and XIII were
performed on two soil samples (HLSOL91 and HLSOL104). The
Cr-containing soil structures were further studied by scanning elec-
tron microscopy (SEM) and X-ray Diffraction (XRD) to evaluate
Cr bonding with soil structures.

Results and Discussion

Subsoil Condition

The subsoil exploration of the site revealed that the top subsoil pri-
marily consists of silty sand mixed with organic matter up to a
depth of 2 ft (0.61 m) and a subsequent silty clay layer up to a
depth of 16 ft (4.877 m). After that, the subsoil primarily consists
of silty sand up to the depth of the boring. The permeability of the
topsoil is very low, ranging from 2.0E-06 to 2.29E-02 m=day be-
cause of the clayey material, and the deeper subsoil has much
higher permeability ranging from 5.46E-02 to 1.84E-01 m=day.

The vertical distribution of pH and organic matter content are
shown in Fig. 2. The average value of pH of the soil samples
was found to be 7.72, indicating alkaline conditions in the conta-
minated subsoil. The high pH of the topsoil is caused by the dis-
posal of tannery effluents containing a large amount of CaðOHÞ2
used in the liming process (Anawar et al. 2000). Similar soil
pH values were reported in other studies on the Hazaribagh topsoil
(Shams et al. 2009; Zahid et al. 2006). Very high organic content
ranging from 5 to 45% was observed in the topsoil, primarily
due to the accumulation of the organic matter of solid wastes
and tannery effluents. The organic contents decrease significantly
in the subsoil with depth in all boreholes; however, the deep subsoil
still contains 4–5% organic matter. The microbiological decompo-
sition and the respiration and oxidation of these organic matters
eventually form carbonic acid (H2CO3), which decreases the pH
value of the topsoil or sediment. The acid environment of the

Table 1. Test Standards/Protocols for Physical, Index, and Chemical
Properties of Soil

Parameters Test standard Laboratory

Moisture content ASTM D2974
(ASTM 2004)

KUET

Organic content ASTM D2974
(ASTM 2004)

Coefficient of permeability ASTM D2434
(ASTM 2004)

Grain-size distribution ASTM D422
(ASTM 2004)

Soil pH pH Meter (HACH)
Dry matter NEN 5747 or

CMA/2/II/A.1
VITO

Metals (As, Cd, Cr, Cu,
Ni, Pb, Zn, Fe)

o-NEN 6961/NEN 6966

Mercury (Hg) o-NEN 6961/NEN-ISO
16772

Sulfur (S) NVN 5770/7322
Mineral oil (C10-C40) CMA/3/R1 or NEN5733
EOX CMA/3/N or NEN 5735
PAHs CMA/3/B
PCB CMA/3/I
Penta-/Hexa-chlorobenzene CMA/3/I
Organochloric pesticides CMA/3/I
GC-MS screening (moderately
volatile compounds)

CMA/3/U

Leaching test shaking L/S 10 DIN 38414-S4
Chromium (eluate) NVN 7322/ ISO

11885:1996
Iron (eluate) ISO 11885:1996
Chloride (eluate) Intern VITO protocol

(spectrometer)
Clay content (<2 μm) ISO 13320
Other compounds TerrAtesT TerrAtesT
Sulfur NEN 6426

54 / JOURNAL OF HAZARDOUS, TOXIC, AND RADIOACTIVE WASTE © ASCE / JANUARY 2013

J. Hazard. Toxic Radioact. Waste 2013.17:52-61.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ita
t M

un
ch

en
 o

n 
07

/0
7/

15
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



top layers may increase the solubility of heavy metals (Appelo and
Postma 1999).

Heavy Metals

The concentrations of heavy metals in the samples were compared
with the Flemish clean-up values because there is no standard regu-
lation for soil contamination in Bangladesh. The analytical results
reveal that the concentrations of arsenic, cadmium, and mercury
were below the detection limit in all soil samples. Copper and zinc
concentrations were highest in surface samples, varied from 6 to
140 mg=kg dm and 28 to 400 mg=kg dm, respectively, and were
found to decrease with increasing depth. For all soil samples, cop-
per and zinc levels were also below the Flemish clean-up value
(400 mg=kg dm and 1;000 mg=kg dm, respectively). The concen-
tration of zinc was significantly lower at greater depth, where only
traces were present. Zinc and copper levels of 330 mg=kg dm
and 1;136 mg=kg dm, respectively, were reported in Hazaribagh
subsoil in another study (RAJUK 2008).

The variation of total Cr (III and VI), Pb, Ni, and S concentra-
tion in the subsoil at Hazaribagh site is shown in Fig. 3. The results
show a significantly high level of Cr in the topsoil up to a depth of

approximately 20 ft (6.096 m). The maximum value of Cr (approx-
imately 37;000 mg=kg dm) was observed in the topsoil at BH3
(Fig. 3). Previous studies (Shams et al. 2009; Latif et al. 2008,
2009; RAJUK 2008; Zahid et al. 2006; TICI 2005; Saha and
Ali 2001) also reported a very high level of Cr ranging from
15,000 to 33;500 mg=kg dm in the topsoil of the Hazaribagh area.
The most severe soil pollution is confined to the top 10–20 ft,
whereas in some boreholes a high level of Cr was found at greater
depth, up to 32 ft and even 100 ft. The Cr level in the topsoil
exceeds the Flemish clean up value (300 mg=kg dm) and also
the much higher than normal background level of Cr in soil ranging
from 1 to 3;016mg=kg dm with a typical level of 53 mg=kg dm
(Richard and Bourg 1991). Chromium species commonly existing
in the environment are Cr(III) and Cr(VI), Cr(III) being the pre-
dominant form (Stewart et al. 2003; Tzou et al. 2003; Chen and
Hao 1996) and Cr(III) is sparingly soluble in soil at pH > 5.5.
In contrast to the low mobility of Cr(III); Cr(VI) is more soluble,
mobile, bio-available, and toxic. Cr(VI) is an anion in most natural
environments, predominantly present in the form of bichromate
(HCrO−

4 ) between pH 1 and 6 and chromate (CrO2−
4 ) at higher

pH values. In concentrated, acidic solutions, dichromate (Cr2O2−
7 )

may exist, but it reverts rapidly to bichromate or chromate upon
dilution or neutralization (James 2002). In a normal pH range of
4–9, Cr exists as insoluble Cr(III) in a more reducing environment
that more soluble Cr(VI) forms in oxidizing environment (Kotas
and Stasicka 2000). Most of the Cr accumulated in the sediments
was present as Cr(III) (Saha and Ali 2001). A study by Shams
et al. (2009) reported the presence of hexavalent chromium at a
maximum level of approximately 1.0 mg=kg dm in the topsoil
of Hazaribagh area; however, the Cr(VI) is only a small fraction
of the total Cr in the soil. A very insignificant amount of Cr(VI)
(<0.5 mg=kg dm) was detected in the subsoil in this study. Lead
and nickel concentrations were highest in surface samples, varying
from 17–170 mg=kg dm and 12–98 mg=kg dm, respectively. For
all soil samples, Pb and Ni levels were below the Flemish
clean-up values (700 mg=kg dm and 470 mg=kg dm, respectively).
Zn levels were found to decrease with depth, whereas Ni concen-
trations were more or less constant with depth. The test results
indicate that the upper subsoil of the Hazaribagh area was seriously
contaminated by Cr, which poses a significant health risk for the
people living in this area.

As shown in Fig. 3, sulfur levels are remarkably high, especially
in the top 10 ft (3.048 m) and still present at large depths in con-
centrations between 500 and 1;000 mg=kg dm. There seems to be a
correlation with the chromium contamination present. As tannery
wastewaters contain all kinds of sulfur compounds (chromium sul-
phate, sulfuric acid, hydrosulfide, sulfates, sulfides), the high sulfur
levels in the topsoil were primarily a result of accumulation from
tannery effluents. Iron concentrations tend to vary greatly with
depth and between different sampling locations. In the Hazaribagh
area, no clear pattern was observed and iron concentration is very
high up to a large depth. At these greater depths, the presence of Fe
and S was probably of geological origin, as Bangladeshi subsoils
contain a significant amount of pyrites (FeS).

Mineral Oil, EOX, and PAH

Significant levels of mineral oil were present in the upper soil layers
all over the Hazaribagh site. For the locations of BH1 and BH4, the
elevated levels of mineral oil were present down to 32 ft (9.753 m)
(Fig. 4). The gas chromatography (GC) spectrum shows most min-
eral oil belongs to the C12–C40 fraction, with maximal values in
the C20–C30 fraction. A 2-dimensional GC spectrum was made
(sample BH1, 8 ft) to obtain a detailed characterization of the
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Fig. 2.Variation of soil pH and organic content with depth in boreholes
in the Hazaribagh area
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aliphatic and aromatic compounds in the sample. The spectrum
showed that apart from aliphatic hydrocarbons, a large fraction
of aromatics was present. The aromatic compounds were identified
as phenols and cholestanones, which are typical for animal and
human skins, faeces, and fats. The analysis was only qualitative,
but it can be estimated that in this sample each compound group
counts for 1=3 of the total oil concentration.

Extractable organohalogenic compounds (EOX) is a sum para-
meter consisting of a whole range of extractable organohalogenic
compounds (PCBs, OCBs, pesticides, chlorophenols, halogenated
hydrocarbons, and others). In the Hazaribagh site, significant
elevated levels of EOX were present in almost all samples (Fig. 4).
The maximum value observed was 1;200 mg=kg dm, and the
concentrations generally decreased with increasing depth and were
the highest in the surface layer. The variability of EOX with depth
was similar to what was observed in the case of the chromium con-
tamination. To some extent, the elevated EOX can be explained by
interference with the high sulfur (S) concentrations. The percentage
of sulfur contribution to the EOX varies from 20% to greater
than 100%.

Seven samples with the most elevated EOX levels were further
analyzed for PCB, phenols, and organochlorobenzenes with a neg-
ative result. A GC-MS screening of moderately volatile compounds
discovered that different phenols and cholestanols (a cholesterol
derivative found in human faeces, gallstones, eggs, and other bio-
logical matter) were present, as was also indicated by the 2D GC
spectrum. Moreover, 16 randomly chosen samples were analyzed
for polycyclic aromatic hydrocarbons (PAH) compounds. As PAH

levels were below the detection limit or very low, no further inves-
tigation for PAH was done.

Characteristics of Tannery Effluent

The characteristics of the tannery effluent are presented in Table 2.
The effluent had a pH of approximately 8 and a very high conduc-
tivity (∼15;000 μS=cm) because of the presence of cations like
Naþ, Kþ, Caþ2, Mgþ2, and anions like SO−2

4 and Cl−. The phenol
index of the wastewater was high (11;000 μg=L) and the maximal
Cr concentration measured was 99 mg=L, primarily originating
from the Cr2ðSO4Þ3 used in tanning. This Cr was all Cr(III) and
only a minor part was in solution. More than 99% of the Cr(III)
was precipitated or adsorbed to suspended solids in the wastewater.
The amount of suspended solids in the effluent as determined by
centrifugation was 760 mg=L. Because most of the Cr existed as
immobile Cr(III), precipitated and adsorpted on iron oxyhydrox-
ides and organic matter, the risk of downward movement of Cr into
the subsoil is low (Saha and Ali 2001). Extremely high concentra-
tions of Naþ, Kþ, Caþ2, Mgþ2, Cl−, S−2, and SO−2

4 in the tannery
wastewater from the Hazaribagh were also reported (Zahid et al.
2006; TICI 2005). The concentration of Cr in the tannery effluents
from the Hazaribagh area was reported from 4.06 to a maximum of
75 mg=L in several studies (Zahid et al. 2006; TICI 2005; Saha and
Ali 2001), depending on the locations of wastewater sampling.
Chromium in the tannery effluent in the lagoon area was present
as Cr (III) and absorbed onto suspended solids, as confirmed
by a study by Zahid et al. (2006), which reported very high
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Fig. 3. Variation of Cr, Pb, Ni, and S with depth in boreholes in the Hazaribagh area
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concentrations of Cr (28;844.4 mg=kg), Fe (1; 480.32 mg=kg), and
Al (1;044.93 mg=kg) with significant Cu (8.16 mg=kg), Ni
(10.61 mg=kg), Zn (18.23 mg=kg), Mn (2.51 mg=kg), and Pb
(4.08 mg=kg) in suspended solids of effluents. The concentra-
tions of the most of the parameters exceeded the allowable dis-
charged limits set by the Bangladesh Environmental Conservation
Regulation (ECR 1997).

A Cytotox toxicity test on human blood cells was done with
the wastewater, which indicated that the filtered and unfiltered
wastewater were of equal toxicity (EC50 at 2–3% wastewater).
The toxic effect is possibly attributable to the high salinity in waste-
water; apparently, the Cr(III) is not bio-available and consequently
not toxic. However, it can be toxic on ingestion.

Groundwater Contamination

The results of the analysis of the groundwater samples showed that
the groundwater had a neutral pH between 6.5 and 8.5; turbidity
and color of a few water samples exceeded the maximum recom-
mended level of both Bangladesh Drinking Water Quality Standard
(ECR 1997) and WHO guideline (WHO 2004) values. No dis-
solved organic carbon was present, and the redox potential was
positive. Most of the chemical water-quality parameters (except
total iron, manganese, and sulfide) of the groundwater samples
satisfied both Bangladesh Drinking Water Quality Standard and
WHO guideline values. The concentrations of heavy metals in
the groundwater samples are shown in Table 3. No Cr was found
in the water samples from both shallow and deep tubewells of the
Hazaribagh area (all values were below the detection limit of

0.007 mg=L). Concentrations of other toxic chemicals like Zn,
Cd, Cu, Pb, and Ni were reported well below the maximum rec-
ommended values of the drinking water standard. The concentra-
tion of sulfide in drinking water should be zero (ECR 1997), and
from the test results, the concentration of sulfide in 9 water samples
exceeded the drinking water standard. Because tannery wastewater
contains significant amounts of sulfide, the presence of sulfide in
groundwater at the periphery of Hazaribagh could indicate that the
groundwater in this zone has already been contaminated by the
leaching of tannery wastes into the subsurface. However, because
no other contaminants (like chloride) seem to have leached out and
there is some evidence of the presence of pyrite in the subsoil, high
sulfide and iron concentrations could also be of natural origin.

The study by Saha and Ali (2001) showed an average Cr
concentration in Hazaribagh groundwater of 0.036 mg=L,
approximately 10 times higher than the average Cr concentration
of 0.004 mg=L in water samples from the other five zones of Dhaka
WASA. A higher Pb level was also reported in this study. Zahid
et al. (2006) reported the presence of excessive level of Cr and
Pb in the shallow groundwater (10–20 m) of Hazaribagh area
and also the presence of higher Naþ, Caþ2, Mgþ2, NH−2

4 , Cl−,
SO−2

4 , concentrations compared with the average concentrations
of the surrounding area as a result of releasing heavy metals
and ions from the tannery effluent. The results of the present study
indicate that groundwater resources at Hazaribagh area are not pol-
luted by any of the toxic heavy metals accumulated into the Hazar-
ibagh subsoil. Some elevated levels of iron, sulfide, and manganese
above drinking water standards have been discovered, which may
be of natural origin. Since the soil pollution has already percolated
to great depth in certain locations, and continues to percolate as
the wastewater is still discharged, there is a potential risk of
groundwater contamination in the future, especially of shallow
groundwater.

Mobility of Chromium

From the leaching test results with milliQ and groundwater for the
soil sample from BH4 at 16 ft depth (HOSOL3), a leaching of only
0.002 and 0.22% of the total chromium content was found. This
indicated that only a small fraction of the chromium present
in the subsoil of the Hazaribagh area is mobilized by rainwater.
Moreover, chromium characterization tests were performed on
two Hazaribagh soil samples according to Bartlett (1991) and stan-
dard methods. In all these tests, the mobilization of chromium was
measured in the leachates and compared with the total amount of
chromium present (HNO3=HCl extraction and hypochlorite extrac-
tion). Some leachants are known to mobilize certain types of bound
chromium, like crystalline or amorphous hydroxides, organically
bound Cr, or oxidizable Cr. Others are known to form soluble com-
plexes with loosely bound Cr ions. The results of the leaching tests
are presented in Table 4.

Leaching is as low with the wastewater as it is with the chemical
reagents of Tests 1–5. As all leaching results are similarly low, it is
not really possible to estimate the nature of the Cr(III) compounds
in the soil matrix. Anyway, Cr compounds do not seem very
mobile. According to Bartlett (1991), most Cr(III) species in
chromium-polluted soils and waters are insoluble and immobile.
Trivalent chromium is generally expected not to significantly mi-
grate in natural systems because Cr(III) minerals [e.g., CrðOHÞ3ðsÞ,
FeCr2O4ðsÞ] readily precipitate in neutral to alkaline pH range and
maintain low Cr(III) dissolved concentrations (Richard and Bourg
1991). Exchangeable trivalent Cr(III) is practically nonexistent
unless the soil pH is below 5. Extraction test results showed that
chromium compounds in the soil samples are very stable; thus, they
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Fig. 4. Variation of mineral oil and EOX with depth in boreholes in the
Hazaribagh area
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have a low risk of releasing Cr from the subsoil. Only 0–3% of
chromium was leached out by mild leachants like water, organic
acids (citrate, oxalate), or even the strong complexant EDTA,
which is said to mobilize organically bound metals. Only by ox-
idation of the Cr(III) compounds with bleach (Test 7) or aqua
regia (Test 8), a large fraction of the chromium was mobilized,
but these methods are developed especially to mobilize all chro-
mium present. As very small leaching was observed with any of
the leachants (Table 4), only a minor fraction of the chromium
in Hazaribagh subsoil is present as hydroxides or organi-
cally bound.

Oxidation Test

Cr(III) can be oxidized to Cr(VI) under the influence of manganese
oxide surfaces. However, because Cr is very tightly bound and
immobilized by soil humic acid polymers, this “chrome-tanning”
of soil organic matter vastly limits the tendency for Cr(III) to

Table 2. Characteristics of the Tannery Effluents of the Hazaribagh Area

Parameters Unit

Sample on March 2007 Sample on April 2007

Inlet Lagoon Outlet Inlet Lagoon Outlet

pH — 7.4 8.1 7.8 8.2 8.2 8.3
Conductivity μS=cm 15,000 11,000 7,200 12,000 11,000 5,500
Hydrooxyl mmol=L <0.05 <0.05 <0.05
Bicarbonate as HCO−

3 mg=L 2,300 3,300 1,400
Carbonate CO−2

3 mg=L <1.5 <1.5 45
DOC mg=L 310 600 290
TOC mg=L 800 410 440
DO mg=L <1.0 <1.0 <1.0
Ammonium as N mg=L 15 14 14
Orthophosphate as P mg=L 0.55 0.3 0.21
Arsenic (As) μg=L <10 <10 <10
Cadmium (Cd) μg=L <1.0 <1.0 <1.0
Chromium (Cr) mg=L 99 6.7 34
Copper (Cu) μg=L 58 16 41
Mercury (Hg) μg=L <0.10 <0.10 <0.10
Nickel (Ni) μg=L 46 26 27
Lead (Pb) μg=L 91 <10 31
Zinc (Zn) μg=L 270 130 180
Calcium (Ca) mg=L 280 71 170 230 140 230
Magnesium (Mg) mg=L 48 22 29 40 42 150
Manganese (Mn) mg=L 0.49 0.10 0.32 0.26 0.17 6.3
Iron, Total (Fe) mg=L 7.6 1.2 4.0
Iron as Feþ2 mg=L <0.2 <0.2 <0.2
Iron as Feþ3 mg=L 3.2 0.8 4.6
Potassium (K) mg=L 45 33 26 27 35 62
Sodium (Na) mg=L 3,400 1,900 2,200 1,800 2,000 870
Cr (VI) μg=L <0.50 <0.50 <0.50
Sulfur (S) mg=L 1200 630 540
Fluoride (F) mg=L 0.3 0.34 0.91
Chloride (Cl) mg=L 2,200 2,300 440
Nitrate as N mg=L 0.14 0.16 <0.10
Nitrite as N mg=L <0.01 <0.01 <0.01
Sulfate (SO−2

4 ) mg=L 960 140 22
Total Mineral Oil mg=L 23 2.2 4.0
EOX μg=L 310 86 510
Phenol Index μg=L 3,500 2,600 11,000
Benzene μg=L <0.50 0.55 0.61
Toluene μg=L 4.9 4.5 29
Ethyl benzene μg=L <0.50 <0.50 0.66
Xylene μg=L <1.5 <1.5 2.0
Cumene μg=L <0.50 <0.50 <0.50
Styrene μg=L <0.50 <0.50 <0.50
Naphthalene μg=L 11 13 16

Table 3. Heavy Metals and Other Parameters in the Groundwater of the
Hazaribagh Area

Parameter Unit Value

Bangladesh
drinking water

standard
(ECR 1997)

pH — 6.5–8.5 6.5–8.5
Eh mV 72–158 —
DOC mg=L <2.0 —
Cr mg=L <0.005 0.05
Fe mg=L 0.003–2.90 0.3–1.0
Zn mg=L <0.007–0.29 5.0
Cd mg=L <0.003 0.005
Cu mg=L <0.003–0.081 1.0
Ni mg=L <0.006 0.1
As mg=L <0.004 0.05
Pb mg=L <0.002 0.05
Mn mg=L < 0.001–0.33 0.1
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become oxidized and for the organic matter to be decomposed. The
Cr(III) oxidation rate is determined by the chromium speciation and
mobility and by the age of the immobile manganese surface and its
relative freedom from adsorbed, reduced organics and Mn(II)
(Bartlett 1991). According to Bartlett (1991), soil with a high level
of manganese oxides is a good Cr(III) oxidizing soil, whereas at the
same time the organic acids cause the same soil to be an effective Cr
(VI)-reducing soil because of their reaction with manganese oxides.
Strong Cr(III) oxidizing soils are strong Cr(VI) reducing soils and
vice versa. However, if Cr(III) is not in a form that is mobile or can
be mobilized, it will not be oxidized in spite of optimal manganese
oxide surfaces (Bartlett 1991).

The results of tests showed that manganese is present in rela-
tively high concentrations ranging from 160 to 660 mg=kg dm
(average of 426 mg=kg dm) in the soil samples of Hazaribagh.
Results of Bartlett Tests X and XIII on soil samples HLSOL91
and HLSOL14 showed that the percentage of chromium that could
be oxidized is less than 0.5%. Probably, the high organic content in
the soil samples prevents the chromium from oxidation, as was also
observed in former biorespiration tests. However, the biorespiration
tests indicated that if all organic matter is decayed, Cr(III) oxidation
could occur.

Trivalent chromium is generally expected not to significantly mi-
grate in natural systems because Cr(III) minerals [e.g., CrðOHÞ3ðsÞ,
FeCr2O4ðsÞ] readily precipitate in neutral to alkaline pH range and
maintain low Cr(III) dissolved concentrations (Richard and Bourg
1991). However, the oxidation of Cr(III) to Cr(VI) in natural envi-
ronment is quite common and may potentially occur whenever
manganese oxides are present along with Cr(III) in aerobic condi-
tions. As the Hazaribagh subsoil contains a significant amount
of Mn, it is likely that Cr(III) may be oxidized. The subsoil also
contains high organic matter and sulfur (S), which favor the reduc-
tion of Cr(VI) to Cr(III) and thus controlling the solubility of
Cr. In soils rich in organic matter, oxidation of chromium is
limited because Cr bound to organic matter is not easily oxidized
(Chin 1994). The complex geoenvironment and Cr behavior in
Hazaribagh subsoil would need further study of the possible risk
of spreading Cr in the surrounding environment and the associated
health risk of the people living in this area.

Scanning Electron Microscopy and X-ray Diffraction
Analysis

With the techniques of scanning electron microscopy (SEM) and
X-ray diffraction (XRD), the elemental nature of Cr-containing
structures was studied further. A SEM image of the sample
HLSOL91 is shown in Fig. 5. The element spectrum of the total
sample is shown in Fig. 6(a) and the specific point (Pt2) is shown
in Fig. 6(b).

From the element spectrum, it is observed that Cr atoms were
present in the company of primarily C, O, Al, Si, Ca, Fe, and S.
From the XRD spectra, the major minerals identified in the soil
sample included quartz feldspars (albite, anorthite), calcite, lepi-
doocrocite, illite, and kaolinite; and chromium is mostly present
inside or bound to clay mineral structures (which consists mainly
of Si, Al, and O). A study by Shams et al. (2009) also concluded
that chromium in the Hazaribagh area is in the trivalent form, and it

Table 4. Leaching of Chromium under Different Extraction Conditions

Soil sample

Leaching (%)
(relative to
HNO3=HCl
extraction)

Leaching (%)
(relative to
hypochlorite
extraction)

Test 1. Extraction with milli-Q-water
HLSOL91 0.003 0.008
HLSOL104 0.011 0.016

Test 2. Extraction with oxalate → amorphous Cr-hydroxides
HLSOL91 0.095 0.252
HLSOL104 0.006 0.008

Test 3. Extraction with dithionite/bicarbonate/citrate → crystalline
Cr-hydroxides
HLSOL91 1.020 2.692
HLSOL104 1.139 1.678

Test 4. Extraction with KH2-citrate → complexable Cr by small organic
molecules
HLSOL91 0.260 0.687
HLSOL104 0.339 0.500

Test 4(b). Extraction with K2H-citrate→ complexable Cr by small organic
molecules
HLSOL91 0.217 0.572
HLSOL104 0.287 0.423

Test 5. Extraction with EDTA—organically bound Cr
HLSOL91 0.087 0.231
HLSOL104 0.009 0.013

Test 6. Extraction with filtered OUTLET Hazaribagh waste water
(site situation)
HLSOL91 0.107 0.282
HLSOL104 0.009 0.013

Test 7. Extraction with laundry bleach solution (hypochlorite): total
oxidizable Cr
HLSOL91 37.896 100.0
HLSOL104 67.859 100.0

Test 8. Extraction with aqua regia: total oxidizable Cr (performed by SGS
laboratories)
HLSOL91 100 264
HLSOL104 100 147

Note: HLSOL91 = soil sample from BH9 at surface; HLSOL104 = soil
sample from BH10 at 8 ft depth.

Fig. 5. SEM image of sample HLSOL91 and element spectrum
points
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is bound within the clay mineral structures (chromian chlorite
or illite-smectite). The clay of the southwestern part of Dhaka City
primarily consists of kaolinite (35–39.6%) and illite (18.1–26.6%)
with a small amount of illite-smectite (5.1–10.7%) mixed layer
(Nairuzzaman et al. 2000). The XRD analysis of the samples from
the Hazaribagh area also showed kaolinite and illite as the main
types of clay minerals. Kaolinite has a low cation exchanging
capacity (CEC), whereas illite with a higher CEC can serve as a
better sorbent for metals in the study area.

Conclusions

In the Hazaribagh tannery area, the environmental problems are
caused by the discharge of untreated tannery effluents into ditches
and lagoons for a long time. The effluent from the tannery indus-
tries in Hazaribagh area contains excessive amounts of salts

(∼15; 000 μS=cm), chromium(III) (up to 99 mg=L), sulfate, min-
eral oils and animal fats, and suspended organic matter. Greater
than 99% of the Cr(III) is precipitated or adsorbed to suspended
solids in the wastewater. The subsoil in the Hazaribagh tannery area
is extremely contaminated by Cr (up to 37;000 mg=kg dm),
mineral oil, and EOX (up to 1; 200 mg=kg dm). Sulfur concentra-
tions are also high. The most severe soil pollution is confined to the
top 10–20 ft (3.048–6.096 m). The topsoil primarily consists of
silty sand mixed with organic matter up to 2 ft depth and a sub-
sequent layer of silty clay up to a depth of 16 ft. In some boreholes,
chromium contamination was found at greater depth, up to 32 and
even 100 ft.

In this study, no groundwater contamination by Cr or other
heavy metals was detected. Some elevated levels of iron, sulfide,
and manganese above drinking water standards have been discov-
ered, which may be of natural origin. As the pollutants have already
reached a greater depth in certain locations, there is a potential risk
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Fig. 6. Element spectrum of sample HLSOL91: (a) total sample; (b) specific point Pt2
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of groundwater contamination in the future, especially of shallow
groundwater. Further monitoring of the groundwater in this area is
suggested to evaluate the risk of groundwater pollution from the
contaminated site.

Most of the Cr in the subsoil exits as Cr(III) and was found
to bind to clay mineral structures. Several leaching tests also
indicated that Cr has very low mobility and thus has very low po-
tential of spreading out with rainwater from the subsoil in the
Hazaribagh area.

Contamination of the subsoil in the Hazaribagh area by chro-
mium, mineral oil, and EOX is causing a serious health threat
to the people living in this area. Several thousand people are living
in the slums in this area and approximately half a million residents
in and around this area are at risk of serious illness related to
chemical pollution from the tanneries (Anawar et al. 2000;
WHO Bulletin 2001). Cleanup of the site is urgently needed in
view of the future redevelopment of the site for residential and
other purposes and also to reduce the health risk associated with
subsoil contamination. The findings of this study can be used in
formulating cleanup strategies of this area for sustainable urban
development.
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