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Evaluation of Odors Associated with Land Application of Biosolids
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INTRODUCTION

NUISANCE odors are one of the chief complaints as-
sociated with human and animal waste (fecal)

management activities. Specific compound classes as-
sociated with these odors may include sulfur com-
pounds (hydrogen sulfide, mercaptans (or thiols), and
other organic sulfur compounds), nitrogen compounds
(ammonia, amines) and volatile fatty acids (USEPA,
2000). These odors may be a nuisance or elicit health
complaints that are poorly understood (WERF, 2004;
Schiffman et al. 2000). Misperception of the risk from
odors may change a person’s sensory perception of
odor levels and their feeling of well being (WERF,
2004; Dalton et al. 2002; Dalton, 1999).

A number of variables in wastewater treatment oper-
ations and biosolids management processes, as well as
chemical additives such as metal salts, polymers or lime

may affect the production of odors during any part of
the wastewater or biosolids management chain (Gabriel
et al. 2006). Dimethyl disulfide, trimethylamine, and
ammonia were detected in the headspace of laboratory
scale flux chambers containing biosolids, dewatered
with the aid of polymers; whereas dimethyl sulfide, ac-
etone, and methyl ethyl ketone were detected below the
detection limit (Rosenfeld et al. 2001). Biosolids may
also contain a wide variety of natural and man-made
compounds including industrial-based wastes, endo-
crine disrupting compounds (EDCs), and flame retar-
dant polybrominated diphenyl ethers (PBDE), if those
compounds are present in the wastewater being treated.
Measured Henry’s law constants, particle/water parti-
tion coefficients, and particle/air partitioning coeffi-
cients are all strongly temperature dependent, and high
temperatures (such as attained during quicklime reac-
tions) favor partitioning into the vapor phase in three
phase systems (Sediak et al. 1991).

Several site-specific factors may affect the degree of
odor generated at a biosolids application site such as

ABSTRACT: An odor study was performed at a biosolids application demonstration site
using several different gas collection devices and analytical methods to determine
changes in air concentration of several organic and inorganic compounds associated
with biosolids application over various time periods. Various organic and inorganic
odorants were detected at 1.5 m above the ground surface within the biosolids applica-
tion zone area immediately after application. They then decreased to non-detectable
levels within 196 h after application, consistent with other biosolids application studies.
Air samples collected from flux chambers installed within the application zone contained
detectable concentrations of various organic odorants immediately after biosolids appli-
cation. The concentrations of these odorants may have been influenced by the in-
creased temperature within the flux chambers, and the change in concentration of these
odorants over time was affected by the various sample analysis method. Airborne con-
centrations of ammonia and hydrogen sulfide rapidly decreased within 4 h after
biosolids application, and they further decreased to non-detectable levels within 196 h
after application. The highest measurements for both ammonia and hydrogen sulfide
did not approach any health criterion or guidance levels for these compounds. The ef-
fects of the specific biosolids process and management variables on odor generation
were not studied.

73Journal of Residuals Science & Technology, Vol. 7, No. 2—April 2010

1544-8053/10/02 073-08
© 2010 DEStech Publications, Inc.

*Author to whom correspondence should be addressed.
E-mail: barth.ed@epa.gov

R E S E A R C H



wind velocity, atmospheric stability, temperature, hu-
midity, the amount of material being applied, and the
particular application method. Temperature and pH are
usually the most important factors that influence the
amount of ammonia release from sewage sludge treated
with quicklime (Weissinger and Girovich, 1994). After
sludge application, fluxes of ammonia follow a diurnal
pattern, with maximum exposure occurring at mid-day,
decreasing exponentially with time (Beauchamp et al.
1978). In another field application study, odors were
strongly dependent upon the meteorological condi-
tions. Weak to moderate odors were observed to last
from one day to more than one week, with the odors dis-
sipating more rapidly when the biosolids were incorpo-
rated into the field (Hamel, et al., 2004). Fluxes can be
used in statistical models to predict air concentrations
of odors during and after land application of biosolids
(Gabriel et al. 2005; WERF, 2004).

The National Risk Management Research Labora-
tory (NRMRL) of the United States Environmental pro-
tection Agency (USEPA) and the Environmental Mi-
crobial Safety Laboratory (EMSL) of the United Stated
Department of Agriculture (USDA), along with several
other organizations performed a field study of a
biosolids land application process. One of the primary
objective for this task was to determine the presence
and concentrations of a selected group of organic and
inorganic compounds and odorants in emissions from
samples collected within and downwind of the applica-
tion area of the biosolids land application test site.

MATERIALS AND METHODS

The biosolids were delivered to the application site at
a pH of 7.4 and a solids content of 28%. The biosolids
were treated at a conventional municipal wastewater
treatment plant with a biosolids processing scheme that
included anaerobic digestion, centrifugation with a
high dosage of polymer, followed by low-dosage lime
treatment, but the exact dosages of polymer and lime
were not known. The biosolids could be described as a
gel-like, cohesive material, that may not have been
readily dispersed into fine particulates during land ap-
plication as other wastewater biosolids. The effect of
these physical properties on subsequent odor
measurements were not determined.

Air measurements for a select group of inorganic, or-
ganic, and other odorous compounds were performed
on biosolids samples collected: (1) within the air space
of the truck delivering the biosolids from the treatment

plant to the field location, (2) from a temporary
biosolids stockpile, (3) from exhaust air from con-
structed flux chambers that covered a small portion of
the land area, and (4) from the biosolids application
area during the application trial date (day 0), and
post-application days (days 1–4). The sampling loca-
tions for all measurements for this study are shown in
Figure 1. A control trial was performed for comparison
purposes the day before the application trial (day -1),
that involved the movement of the biosolids application
machinery over the application area without the appli-
cation of biosolids.

Headspace Analysis of Biosolids

The headspace emissions of biosolids samples that
were progressively collected from the on-site stockpile
at the time of land application 0 h, 24 h, and 48 h after
application to the field were determined with the use of
specially fabricated glass containers. Each of these
three samples was collected in triplicate, with each of
the triplicate samples comprising a composite sample
of seven sample locations within a limited area of the
biosolids stockpile. The containers were air-tight and
equipped with a sealing cap and a septum sealed sam-
pling port and refrigerated at 4∞C. Prior to analysis,
each sample was allowed to equilibrate to laboratory
temperature (20∞C) for 5 h. 2.0 cm3 of air was with-
drawn from each 100 g (normalized) sample placed into
the sealed container. Each headspace sample was ana-
lyzed for targeted organic compounds (such as carbon
disulfide, dimethyl sulfide, and dimethyl disulfide) fol-
lowing a modification of USEPA Method TO-15 analy-
sis by GC/MS (USEPA, 1996). The modified proce-
dure analyzed for a partial list of hazardous air
pollutants, but the analysis did not include mercaptan
compounds. An estimated emission factor for the tar-
geted organic compounds for each of three sampling
periods was determined using Equation (1):

Emission factor (ng g-1) = concentration (ng L-1) ¥
volume (L) ¥ mass of sample (g-1) (1)

Flux Chambers Measurements

Four flux chambers (A, C, D, and E) were randomly
placed within the biosolids application area, as shown
in Figure 1. A fifth flux chamber (B) was placed in the
same quadrant (northwest) as flux chamber A to serve
as a duplicate chamber. The stainless steel flux cham-
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bers were used to estimate the rate of volatile emissions
from the ground surface relative to a known ground sur-
face area. The flux chambers were constructed with a
cylindrical bottom, 120 cm width, and 60 cm high, fun-
neling upward to an opening of 7.6 cm for collection of
exhaust that was covered with aluminum foil to prevent
downdrafts. Ultra- high purity air was evenly intro-
duced into the bottom for makeup air (sweep air) to gen-
erate enough sample volume. Air samples were pulled
into a 5.0 L SUMMA canister by vacuum and analyzed
following USEPA Method TO-15 (USEPA, 1996).

Flux chamber off-gas was also collected in Tedlar“

bags within each flux chamber and subsequently ana-
lyzed using a solid phase micro-extraction (SPME) ab-
sorption technique. The coated fused silica fibers (75
mm carboxen-polydimethylsiloxane fiber) were ex-
posed to the inside of the Tedlar“ collection bags for
one hour for sample equilibrium, then stored on dry ice
before being analyzed by GC/MS. The SPME was in-
jected directly into the GC/MS port and the contami-
nants were released from the coating in the hot GC/MS
port. Specific analytes included trimethylamine, car-
bon disulfide, dimethyl sulfide, dimethyl disulfide,
ethyl mercaptan, propyl mercaptan, and butyl
mercaptan. Methyl mercaptan was too volatile and re-

active, and was not able to be calibrated with the SPME
method of analysis. The analyte response for SPME
analysis was calibrated using gas standards generated
from certified permeation devices (VICI Metronics,
Poulsbo, WA) containing the pure compound.

Figure 2 illustrates the flux chamber design and Fig-
ure 3 shows a flux chamber that was installed on the test
site. The estimated flux rate for each of the flux cham-
bers was determined using Equation (2):

Flux rate (mg m-2 h-1) = amount of contaminant
collected in SUMMA canister (mg) ¥ ground surface

area of chamber (m-2) x collection time (h-1)
(2)

Odor Threshold Analysis

On-site odor measurements were determined at vari-
ous locations at the biosolids application site using
hand-held olfactometers (Nasal Rangers“, St. Croix
Sensory, Lake Elmo, MN). In addition, air samples
were collected from two of the flux chambers by being
pulled into a 12.0 L Tedlar“ air sample bag via an air
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Figure 1. Aerial view of test sight and sampling stations.

Figure 3. Flux chamber unit installed at field study site.

Figure 2. Illustration of flux chamber.



pump for odor threshold analysis at an off-site location.
A certified odor panel was used to conduct the odor
analysis following ASTM method E 679-91 (ASTM,
1991). The sample’s dilution level (with air) at which
an odor is barely detected from three sources (two are
odor-free) by a human panelist is termed the detection
threshold. Dilutions-to-threshold (D/T) measurements
are used to measure detectability.

Direct Gas Measurements (Ammonia,
Hydrogen Sulfide)

Field measurements of ammonia were performed us-
ing chemical sensory Drager tubes (Model No.
6733231) coupled with a hand-operated vacuum pump,
with a detection limit of 0.100 ppmv. In addition, a di-
rect reading instrument was used for hydrogen sulfide.
This gas was measured with a JeromeTM gold-film ana-
lyzer (Arizona Instruments, Chandler, AZ) with a de-
tection limit of 0.001 ppmv.

RESULTS AND DISCUSSION

Headspace Analysis of Biosolids

Detectable levels of acetone, 2-butanone, methylene
chloride, toluene, dimethyl sulfide, and dimethyl
disulfide were associated with the biosolids that were
collected from the stockpile. As shown in Figure 4, the
estimated emission factor was highest for dimethyl sul-
fide among the organic odorants, with the mean values
of the triplicate samples decreasing from 607.1 ng g-1 to
338.5 ng g-1 to 240.9 ng g-1 over the three sampling pe-
riods (0 h, 24 h, and 48 h). The estimated emission fac-

tor for all of the compounds detected decreased for each
of the following two days, except for dimethyl
disulfide, which remained relatively constant or
showed a slight increase over time. While methylene
chloride was suspected as a laboratory contaminant, the
fact that the concentrations appeared to decrease over
time suggests that it also could have been a volatile
emission from the biosolids. The other detected com-
pounds, including acetone, are likely organic byprod-
ucts of the degradation process.

Flux Chambers

The calculated flux rates for all of the flux chambers
(collected in the SUMMA canisters and analyzed by
GC/MS) for acetone, trimethylamine, dimethyl sulfide,
and dimethyl disulfide for several of the post applica-
tion sampling times (t = 0 h, t = 3 h, t = 4 h), and the sam-
pling termination period (t = 20 h) are shown in Figure
5. The compounds selected for presentation in Figure 5
exceeded an arbitrarily selected flux rate of 1.0 mg m-2

h-1, a value that has no engineering or health signifi-
cance, but was selected for presentation purposes only.

For all of the flux chambers, acetone was barely de-
tected during the control trial and was present immedi-
ately after bioslids placement (t = 0 h). It then declined
with time after biosolids placement (up to t = 20 h).
Trimethylamine was not detected immediately after
placement (t = 0 h) for chambers A, D, and E, increased
from t = 3 h to 4 h, then was not detected at t = 20 h.
Trimethylamine odor has been reported to be influ-
enced by the type of polymer used in the biosolids pro-
cessing (Chang et al. 2005; Kim, et al. 2003).

The estimated flux rates for dimethyl sulfide and
dimethyl disulfide showed an initial decrease immedi-
ately after application, then increased between the t = 3
h and t = 4 h time period, then decreased through t = 20
h. These flux rates may have been enhanced by an incu-
bator effect in the flux chambers, as temperature
reached 42∞C within the flux chambers, exceeding the
ambient temperature. The magnitude of the flux rates
was larger for chamber B, which was located near flux
chamber A and was considered a duplicate.

Other measured organic odorants such isopropyl al-
cohol, 2-butanone, carbon disulfide, methyl isobutyl
ketone, toluene, 2-hexanone, styrene,
1,2,4-trimethylbenzene, and 1,4 dichlorobenzene were
detected at trace levels (2.4 to 3.8 mg m-3), but never ex-
ceeded the arbitrary flux rate above 1.0 mg m-2 h-1 for
any post-application time (therefore are not shown on
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Figure 4. Estimated emission factor of stockpiled biosolids over
time.



these figures). The flux rates were negligible for all
compounds during the control trial.

The flux chamber air concentrations using SPME for
the most frequently detected compounds (dimethyl
disulfide, carbon disulfide, dimethyl sulfide, and
trimethylamine) for the five flux chambers, are shown
in Figure 6. The results presented here are derived from
SPMEs that were exposed to Tedlar“ bags in the field

and analyzed via a calibrated GC/MS in the laboratory
after the field event was completed, as time did not per-
mit the on-site calibration of the GC/MS unit in the
field. The SPME data were therefore considered
semi-qualitative and direct, temporal comparisons to
other air sample results may not be valid. In addition,
there may have been potential compound losses during
extended holding times and trip blanks were not avail-
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Figure 5. Calculated flux rates for acetone, trimethylamine, dimethylsulfide, and dimethyldisulfice in flux chambers for up to 20 hr after biosolids
application.



able to confirm the extent of these potential losses.
Dimethyl disulfide was not detected immediately after
application (at t = 0 h) and t = 4 h, but was detected at t =
20 h (range 0.07–0.15 ppmv). Carbon disulfide was de-
tected at low levels in all flux chamber samples but was
also present in the baseline sampling, indicating possi-
ble interference within the Tedlar“ bag. Dimethyl sul-
fide was detected in all but two samples and the levels
remained approximately the same ranging from 0.012
to 0.11 ppmv through t = 20 h. Trimethylamine concen-
trations (range 0.01–0.04 ppmv) were highest at t = 0 h,
decreased at t = 3 h, increased at t = 4 h, then decreased
at t = 20 h. Most of these levels are above the human de-
tection threshold. Ethyl mercaptan, propyl mercaptan,
and butyl mercaptan were not detected. The increase in
levels of certain compounds over time (up to t = 20 h) is
different from the previously presented flux chamber
results, but may not be valid given the analytical limita-
tions described above.

Although the use of chambers seemed to be an effec-
tive approach for measuring flux emissions, the ele-
vated temperatures (greater than 40°C) and humidity
inside the chambers due to an incubator effect most
likely increased the volatility of the organic compounds
measured and may have facilitated microbial activity
on the ground. Also, in retrospect, a more focused sam-

pling schedule with better resolution between 4 and 20
h after biosolids application, combined with other
weather effects data, would have provided a better un-
derstanding of the extent of volatile emissions.

Odor Threshold Analysis

Only ambient trace odor levels were detected at 1.5 m
above the surface within the biosolids application area
with the Nasal Ranger“ instruments prior to biosolids
application. Immediately after biosolids application,
the DTs levels were 2-7 D/T at 25 m upwind of the ap-
plication area, 15 to 30 D/T approximately 25 m down-
wind of the application site, and not detected at dis-
tances greater than 75 m from the application area.
Slightly less than 24 h after biosolids application, odor
levels were approximately 15 D/T in the application
area and were undetected above background levels
elsewhere in the project area. After 48 h, odors were
barely detected downwind of the site, and after 196 h,
no odors were detected above background in any loca-
tion, consistent with other biosolids application studies
(Krach et al. 2008; Hamel et al. 2004). As expected, the
odor measurements decreased vertically above ground
surface and horizontally at increased distances from the
application area. The downwind values may have been
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Figure 6. Concentration (SPMEs exposed) to air samples collected within flux chambers over time.



enhanced if a larger amount of biosolids were applied,
as the scale of this demonstration was smaller than typi-
cal biosolids application sites.

The odor results for two of the flux chambers (B and
D) revealed that the detection threshold increased from
the control trial readings of 70–90 D/T to the applica-
tion trial readings of 330–500 D/T immediately after
biosolids application (t = 0 h). An increase in intensity
was observed after the application trial (up to t = 22 h)
of 2500–6100 D/T, suggesting that either further bio-
logical degradation occurred after the biosolids were
applied or the incubator effect mentioned previously.
Some of these data are consistent with the SPME flux
chamber measurements, which showed an increase in
concentrations up to t = 20 h, but contradictory to both
the flux chamber—flux rate results (collected in the
SUMMA canisters and analyzed by GC/MS), which
showed a decrease after t = 4 h, and the field odor
threshold results, which showed a decrease in odor with
time.

Direct Gas Measurements (Ammonia,
Hydrogen sulfide)

Ammonia was not detected 1.5 m above the ground
surface during the control trial within the application
zone area. Immediately after the application trial, ammo-
nia was detected within the range of 0.10–0.90 ppmv
within 200 m of the center of the application area, and
from a flux chamber exhaust sample at 15 ppmv. The
concentration of ammonia was below detection limits
400 m downwind of the application area during the ap-
plication trial. Ammonia levels may have been higher
had the pH been higher than measured (pH of 7.4) and
had the ambient temperature been higher than 25∞C.

Hydrogen sulfide was detected at levels near the rec-
ognition threshold at concentrations from 0.002 to
0.050 ppmv during the control trial within the applica-
tion zone area, and at levels of 0.007–0.021 ppmv di-
rectly behind the moving biosolids application equip-
ment. Background levels from nearby farming
operations as well as the exhaust from the biosolids ap-
plicator machinery may have been responsible for some
of the hydrogen sulfide measured. Immediately after
the application trial (t = 0 h), hydrogen sulfide was de-
tected at concentrations within 200 m of the center of
the application area slightly lower than the control trial,
within the range of 0.001 to 0.007 ppmv for
near-ground air samples and from a flux chamber ex-
haust sample at 0.160 ppmv. The highest measurements

for each of the gases never approached any health crite-
rion nor guidance level. The concentration of hydrogen
sulfide was below detection limits 400 m downwind of
the application area during the application trial.

The concentrations of both gases decreased to the de-
tection limit the day after application, as expected be-
cause of their high vapor pressures, and were below de-
tection limits within 196 h. These data suggest that the
volatile odors associated with degradation products
may increase for a limited time period after application.
Airborne concentrations for both ammonia and hydro-
gen sulfide were observed to decrease vertically away
from the surface and horizontally away from the
application area.

Environmental Conditions

In addition to the effects of the physical and chemical
properties of the biosolids on odor generation, environ-
mental conditions differed between the control trial and
the biosolids application trial which may have also influ-
enced the volatilization of odorants. For the control trial,
the empty biosolids application machinery that did not
contain any biosolids, was driven over the application
field (no biosolids applied to field) at approximately 2:00
P.M. day (-1), with the ambient temperature at 25°C, rel-
ative humidity of 50%, and a solar index for the period of
644 w m(-2). For the application trial (day 0), the
biosolids application was started at 9:30 A.M., tempera-
ture of 19.8∞C, relative humidity of 86% (with a visible
light fog), and solar index of 404 w m(-2).

CONCLUSIONS

Consistent with previously reported studies, the
odorants associated with these particular biosolids, as
well as potential polymer degradation products, con-
tained volatile sulfur containing compounds and vola-
tile amine compounds, and dissipated in distance away
from the application area and with time. In addition, in-
organic gases such as ammonia and hydrogen sulfide
were detected within the application area immediately
after biosolids application, then decreased both with
time and distance away from the application area. The
highest measurements for each of the inorganic gases
never approached any health criterion nor guidance
level. The results of this particular study may not have
application to other biosolids applications sites since
the biosolids were in a physical form that was less
friable than typical boisolids, and the experimental ap-

Evaluation of Odors Associated with Land Application of Biosolids 79



plication plot of the two acres was somewhat smaller
than most agricultural biosolids application sites.
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INTRODUCTION

MÉXICO generates an estimated 16 1/2 million
tons/year of organic wastes [15]. Organic wastes

are derived from plant or animal residues such as ma-
nure, food, crops and biosolids [5]. Agricultural re-use
of organic waste is considered an important approach
for reducing inadequate waste disposal and increasing
recycling [7]. Vermicompost produced from cattle ma-
nure residues by the earthworm, Eisenia foetida, along
with biosolids from wastewater treatment are being uti-
lized as organic fertilizers in the Americas. These are
rich in organic matter and nutrients and have improved
texture and water holding capacity that make them ade-
quate for crop production [3].

Vermicompost and biosolids may contain microbial
pathogens including Salmonella, a pathogenic bacteria
commonly present in wastewater and animal manures.
Biosolids generally contain 102 to 103 Salmonella col-
ony forming units (CFU)/g of dry weight [16]. In Eng-
land, animal manure has been reported to contain from
102 to 107 Salmonella CFU/g [11].

Composting, alkaline stabilization, heat drying, solar
drying beds and vermicomposting are treatments com-
monly used to reduce the levels of pathogens before

they are applied to land. Nevertheless studies have doc-
umented the survival of Salmonella at low initial con-
centrations during the composting process. Salmonella
has also been demonstrated to regrow under favorable
environmental conditions [14,1]. In addition, other
studies have shown that recontamination of the final
product might occur by external sources (birds and
other animals) [21]. Salmonella survival and regrowth
are determined by factors such as temperature, soil
type, pH, organic matter, moisture content, nutrients
and the antagonistic effects of indigenous microbiota
such as bacteria and fungi [4].

The objective of the present study was to determine
the potential of Salmonella enterica subsp. enterica to
survive/grow in vermicompost, and compare it to Class
A biosolids and after their addition to soil at rates nor-
mally applied to agricultural land.

MATERIAL AND METHODS

Soil and Amendments

Soil was collected from the Instituto Nacional de
Investigaciones Forestales, Agrícolas y Pecuarias
(INIFAP) located at Culiacán-Eldorado km 17.5
México. Vermicompost and biosolids were obtained
from the Humi-Bac Company (Culiacan, Sinaloa, Mex-
ico) and Milorganite® (Class A pellets, Milwaukee,

ABSTRACT: Organic fertilizers use has been recently questioned because of the poten-
tial for Salmonella regrowth if animal manure is used as the starting organic waste. The
aim of this study was to determine the potential for Salmonella enteric subsp. enterica
regrowth in a vermicompost and compare it to a Class A biosolids, soil, and amended
soil. Different initial Salmonella inocula were added to the mixtures with 30% moisture
content and incubated for 20 days. Salmonella first declined to undetectable levels in the
biosolids, followed by vermicompost, and persisted the longest in soil and amended
soil. No Salmonella regrowth was observed in any of the treatments tested.
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WI), respectively. Both vermicompost and Class A
biosolids were tested for the presence of Salmonella be-
fore proceeding with the study. Table 1 lists some phys-
ical-chemical characteristics of the vermicompost,
biosolids and agricultural soil used in this study. The
rate of application recommended by fertilizer compa-
nies for vermicompost and biosolids is equivalent to 2
t/ha. For those experiments this was approximated by
adding the amendments at a level of 0.1% (800 mg per
800 g soil).

Preparation of Inoculum

Salmonella enterica subsp. enterica (ATCC 23564)
was obtained from the American Type Culture Collec-
tion (Manassas, VA). The inoculum was prepared by
adding a loop of Salmonella to 75 mL of Trypticase Soy
Broth (TSB) (Bioxon, México). After overnight incu-
bation at 37°C in a shaking water bath, the culture of
Salmonella was centrifuged for 10 min at 13,800 ¥ g at
4°C. The pellet was then washed two times and re-sus-
pended in 100 mL of sterile 0.1 M monophosphate
buffer. The concentration of the inoculum was deter-
mined by spread plate assay onto Hektoen agar (Difco
Co., Detroit, MI).

Inoculation of Salmonella enterica subsp. enterica

Vermicompost, biosolids, soil or amended soil were
placed in separate sterile plastic containers and inocu-
lated by addition of suspensions of 101, 104, and 106

CFU/mL to produce a final moisture content of 30%
(field capacity). Next, 25 g of each mixture was placed
in sterile 50 mL polypropylene conical centrifuge tubes
with screw caps, held at 28°C, and sacrificed at inter-
vals of 0, 1, 3, 5, 10, 15 and 20 days. Two replicates per
day were assayed.

Salmonella enterica subsp. enterica Assay

Salmonella concentrations were determined by re-
moving 10 g of sample from each conical tube and plac-
ing them in a flask containing 95 mL of sodium
novobiocin (40 mg/mL) buffered peptone water (Difco
Co., Detroit, MI), and placement on a shaker for 15 min.
Serial dilutions were made in sterile monophosphate
buffer and 0.1 mL was spread onto Hektoen agar (Difco
Co., Detroit, MI). Plates were incubated at 37°C for 24
h and then Salmonella colonies were enumerated
(Yeager and Ward, 1981). Randomly selected colonies
of Salmonella from the Hektoen plates were confirmed
by polymerase chain reaction (PCR) using the kit PCR
Core System I (Promega, Madison, WI).

Heterotrophic Plate Count

Samples of 10 g from each treatment were collected
and placed into 95 mL of Trypticase Soy Broth (TSB),
and agitated for 15 min. Heterotrophic plate count bac-
teria (HPC) were assayed on R2A agar (Difco Co., De-
troit, MI) and incubated at 28°C for 5 days [21].

Data Analysis

Data registered consisted of CFU/g, transformed to
base 10 logarithms. No detections were recorded as 0
(log(1)). A three factor completely randomized design,
with two replicates, was implemented using MINITAB
14.0 (Minitab Inc). Treatment effects were determined
by analysis of varianza and significant differences by
the Tukey test (P ≥ 0.05).

RESULTS

Analysis of variance (ANOVA) showed that all treat-
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Table 1. Physical and Chemical Characteristics of Substrates.

Parameter/substrate
Vermicompost

(Mean ± std. dev) Milorganite®
Agricultural Soil

sand 25%, silt 18%, clay 57%

N 0.84 ± 0.05% 6% 43.2 mg/kg
P2O5 1.33 ± 1.05% 2% 16 mg/kg
Ca 4.98 ± 4.86% 1.2% 2050 mg/kg
Cl – 1% –
Fe 2975.9 ± 214.3 mg/kg 4% 3.3 mg/kg
Zn 87.76 ± 30.35 mg/kg 500 mg/kg 0.9 mg/kg
Cu 9.54 ± 6.39 mg/kg 240 mg/kg 3.2 mg/kg
Organic matter 13.65 ± 3.39% – 1.33%
pH 7.4 ± 0.59 – 7.6

Sources: CIAD for vermicompost: milorganite.com: INIFAP for soil.



ments were significantly different in terms of die-off of
Salmonella (P £ 0.00) (Table 2). Salmonella inoculated
at a concentration of 1 ¥ 101 CFU/g was not detected af-
ter one day in soil or any other mixture [Figure 1(a)]. Sal-
monella inoculated at a concentration of 1 ¥ 104 CFU/g
declined rapidly in the biosolids, followed by
vermicompost [Figure 1(b)] and was not detectable after
5 and 10 days, respectively. In soil and soil amended
with both organic fertilizers, Salmonella survived over
the entire 20 days, declining by only one log. A similar
trend was observed at the inoculated concentration of 1 ¥
106 CFU/g [Figure 1(c)], where Salmonella declined to
non-detectable levels in the biosolids within 10 days and
vermicompost within 15 days, but not in amended soil.

No significant differences between treatments (in
terms of die-off) were observed at the initial inoculated
concentration of 1 × 101 CFU/g. Salmonella inoculated
at 1 × 104 CFU/g in soil amended with biosolids was de-
tectable longer, only being reduced by one log after 20
days. In the agricultural soil and soil amended with
vermicompost, Salmonella declined only at day 10,
whereas in vermicompost, a 3-log reduction occurred
by day 5 and Salmonella was not detected after 10 days.
Salmonella decreased by 2 logs at 3 days and did not
survive for more than 5 days in the Class A biosolids.
Salmonella inoculated at a concentration of 1 ¥ 106

CFU/g were recoverable for 20 days in soil, but only 10
and 15 days when inoculated in biosolids and
vermicompost, respectively. Salmonella was reduced
at a similar rate regardless of initial concentration.

Similar Salmonella behavior was observed at the
treatments with initial inoculated concentrations of 1 ¥
104 and 1 ¥ 106 CFU/g. More specifically, the same was
observed when Salmonella was added to agricultural
soil and soil amended with biosolids and
vermicompost. In contrast, survival in both
vermicompost and biosolids class A alone were statisti-
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Table 2. ANOVA for Log Transformed Counts of Salmonella enterica subsp. enterica in the Different Treatments.

Source DF Seq SS Adj MS F P

Mixture* 4 100.515 25.219 375.05 0.000
Concentration 2 568.674 284.337 4243.83 0.000
Mixture & Concentration 8 36.666 4.583 68.40 0.000
Time 6 164.237 27.372 408.55 0.000
Mixture & Time 24 36.705 1.529 22.82 0.000
Concentration & Time 12 66.480 5.538 82.65 0.000
Mixture & Concentration & Time 48 43.586 0.908 13.55 0.000
Error 105 6.053 0.067
Total 209

*Soil (S), Vermicompost (V), Biosolids (B), soil+vermicompost (S+V), soil+biosolids (S+B).

Figure 1. Salmonella recovery in the different mixtures when inocu-
lated at the three initial inoculums, (a) 1 ¥ 101 CFU/g, (b) 1 ¥ 104

CFU/g, (c) 1 ¥ 106 CFU/g.



cally different (P = 0) decreasing rapidly and not de-
tected after 10 to 15 days. In agricultural soil, Salmo-
nella was able to survive during the 20 days of the
experiment and the addition of the organic fertilizers re-
duced the rate of Salmonella decline; however, there
were no statistical differences in Salmonella survival.

High concentrations of HPC (> 9 log/dry g) were de-
tected in both organic fertilizers, in soil amended with
both fertilizers, and in the soil alone (Figure 2). The
concentrations of HPC remained stable throughout the
experiment.

DISCUSSION

The rate of Salmonella decline was greatest in
vermicompost and Class A biosolids, followed by soil,
and then the mixtures of soil + amendments. It was ob-
served that Salmonella was not detectable after 10 days
in the Class A biosolids and vermicompost, compared
to soil and the mixtures of soil + vermicompost or
biosolid, in which Salmonella decreased an average of
2.0 log10 by day 20. Nevertheless, there was no signifi-
cant difference between these reductions. It has been
observed that Salmonella survives longer in clay-type
soils than in sand-type soils [9]. Bacterial pathogens
such as Salmonella, Escherichia coli O157:H7 and Lis-
teria survive longer in manure amended with clay loam
grassland soil than in sandy arable soil. Comparing our
results to those obtained previously [2] using a sandy
loam soil, we observed that clay loam provided a better
environment for Salmonella, enabling it to survive lon-
ger. Soil particles are believed to function as micro-eco-
logical niches rich in nutrients in which species of Sal-
monella can survive, replicate, and be protected from
predation [19]. Pepper et al. [12] observed that soil with
fine texture provided greater protection to enteric bacte-
ria and thus their longer persistence in the environment.

Salmonella was detected for longer periods in mix-
tures containing fertilizers and soil. This corresponds
with the results obtained by Paluszac et al. [10] in which
the survival of E. coli, Streptococcus and Salmonella in
soil increased with the addition of animal manure. This
effect is due to the higher availability of nutrients fol-
lowing the addition of the manure. Zaleski et al. [21]
performed a field study to determine the regrowth of
Salmonella in aerobically and anaerobically digested
Class B biosolids following rainfall events. They con-
cluded that Salmonella regrowth occurred only after
rainfall episodes and the reintroduction of Salmonella
from external sources.

In the current study, we observed that neither Class A
biosolids nor vermicompost by themselves support Sal-
monella regrowth and that the initial Salmonella con-
centration decreased following inoculation. These re-
sults are similar to those of a previous study [2] in which
Salmonella concentrations declined at a higher rate in
biosolids after inoculation at 20% moisture content.
Hussong et al. [6] evaluated Salmonella growth in 30
composted samples inoculated with Salmonella at a
concentration of 1 ¥ 107 CFU/g. Salmonella did not sur-
vive more than 7 days in 50% of the samples. Several
authors have reported the antagonistic effect of indige-
nous microbiota on the survival of pathogenic microor-
ganisms in biosolids and vermicompost [14,6,18]. In
the present study, it was observed that the Salmonella
decrease was greater in Class A biosolids or
vermicompost; one possible reason for this was the
high concentrations of heterotrophic plate count found
in both.

Millner et al. [8] showed that Salmonella suppression
is not due to a specific group of microorganisms; how-
ever, they reported that the presence of Gram negative
bacteria, high levels of actinomycetes and mesophilic
bacteria play an important role in Salmonella grow in-
hibition. This correlates with our results in which we
found the presence of Bacillus spp, actinomycetes, and
Pseudomonas fluorescens in high concentrations in the
various substrates influencing Salmonella behavior
(Data not shown). Although Salmonella reduction de-
pends on the type and concentration of microorgan-
isms, it does not depend on a single microbial species or
group of organisms.

Pietronave et al. [13] studied the role of indigenous
microbiota in the suppression of Salmonella in sterile
and non-sterile compost under different moisture con-
tents. They demonstrated that Salmonella grows rap-
idly in sterile compost in comparison to non-sterile
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Figure 1. HPC values during the 20 day-experiment for each one of
the different mixtures.



compost, where the inactivation rate of the bacterium
was greater. Szczech and Smolinska [17] reported that
vermicompost microbiota produced from animal ma-
nure significantly reduced populations of Phytophthora
nicotianae, preventing infection in plants. Szczech [18]
observed that Fusarium oxysporum is similarly elimi-
nated and that the inhibitory effect against this fungus
increases as the vermicompost application increases.

CONCLUSIONS

No Salmonella enterica subsp. enterica regrowth
was observed in Class A biosolids or vermicompost in-
dividually or after addition to an agricultural soil at
30% moisture content at typical agronomic rates.

Salmonella was shown to survive in an agricultural
soil and the same soil amended with Class A biosolids
and vermicompost for at least 20 days. In contrast, the
pathogen survived for less than 5 to 15 days in Class A
biosolids and vermicompost, depending on the initial
inoculum. Cautions should be taken when organic fer-
tilizers are stored prior to land application to avoid
pathogenic bacterial reinoculation by wild fauna.

The limited nature of the testing performed depends
on the relative behavior of an ATCC culture compared
to wild Salmonella, which is likely better adapted to the
environment, hence it is highly recommended to per-
form further Salmonella regrowth experiments using
an isolated wild strain.
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1. INTRODUCTION

JAR Test based on the residual turbidity in the treated
water is generally used to evaluate the optimal con-

ditions for particle treatment efficiency [1–6]. How-
ever, the final residual turbidity cannot show the varia-
tion of turbidity and floc formation during the
coagulation process. This usually leads to over dosage
of chemical coagulants, higher operation costs and in-
creased chemical sludge. Thus, the average floc diame-
ter measured using floc monitoring was studied to in-
dex the real coagulation efficiency. The current floc
monitoring techniques, such as microscopy combined
with photography or image analysis, and light scatter-
ing can be used as a qualitative tool in particle size and
provides good data regarding particle shape and form
[7–10]. But, the monitoring technique of microscopy,
however, is time consuming requiring large sample
sizes [11]. Recently, some research literatures provide a
comprehensive understanding of the floc diameter,
which is obtained by a Photometric Dispersion Ana-
lyzer (PDA) based on the turbidity fluctuation tech-
nique [12–16]. The theory of turbidity fluctuation tech-
nique is if a small volume of a colloidal suspension is
observed microscopically, the particles was moved by a

Brownian diffusion in and out of the observed volume.
Therefore, the total number of particles was viewed
varies in a random manner. It can be shown that these
variations follow the Poisson distribution. A very im-
portant consequence of the Poisson distribution is that
the variance is equal to the mean; so that the standard
deviation is the square root of the mean [11]. Therefore,
in a Photometric Dispersion Analyzer (PDA) monitor-
ing system, it can be assumed that the ration of the root
mean square (VRMS) of the turbidity fluctuating signal is
roughly proportional to the particle size. However, the
PDA is not a commonly used instrument in water treat-
ment plants. For this reason, in the previous study, a
Nephelometric turbidimeter monitoring system
(NTMS) was used for on-line monitoring of turbidity
fluctuations during the coagulation process [17]. The
fluctuating turbidity data obtained from the NTMS
were then analyzed to evaluate the floc size growth. Be-
cause the scattered light intensity produced from tur-
bidity measurement depends on whether the incoming
light is well illuminating a floc. When the suspension
flocs become larger in sizes and fewer in numbers due
to the flocculating mixing, the illuminated flocs be-
come less uniform in particle distribution in the test so-
lution. Hence, the turbidity values are fluctuating.
Thus, the size of the flocs was proportional to the ampli-
tude of turbidity fluctuations. The Standard Deviation
(SD) of the turbidity data was found to be directly re-

ABSTRACT: An on-line Nephelometric Turbidimeter Monitoring System (NTMS) was
used in this study to measure water turbidity every second. The standard deviation (SD)
of the measured turbidity was found proportional to the particle size; a greater turbidity
SD indicated larger particle sizes. Also, a video camera (Watec Co Wat-202B) with image
analysis (Matrox Inspector V2.2) was used to confirm whether NTMS is suitable for di-
rectly applying to particle size analysis. On the other hand, to understand the relation-
ship between SD of the measured turbidity and particle size of the coagulated floc, the
Poly Aluminum Chloride (PACl) prepared in laboratory was used as a coagulant in Jar
Test to perform a solid-liquid separation study on a high turbidity (100 NTU) synthetic al-
gae water (algae specie: Chlorella sp). The experimental results indicate that for 100
NTU Chlorella sp. suspensions, the NTMS is simple and effective to find the floc size
change in flocculation and selection the optimal flocculation conditions.
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lated to the size of the flocs.) Therefore, in this study,
suspensions of Chlorella sp. algae cultivated in labora-
tory were used as the high turbidity sample (100 NTU)
to test the turbidity fluctuations in Jar Test by NTMS
for evaluating the floc size change in flocculation. Also,
particle size analysis with images captured from cam-
eras was used to confirm whether the SD data from
NTMS technology is suitable be a factor for particle
size analysis.

EXPERIMENTAL

1. Algae

Chiarella sp., a green algae existing commonly in
Taiwan’s lakes, is single celled with about 4.8 mm aver-
age cell diameter. Sources of the seeding algae came
from Taiwan Provincial Fishery Research Institute
Tong Kong Branch. The seeding algae were incubated
aseptically in a one liter glass container for sometime
until higher concentrations are reached. The suspension
was transferred to a 5-liter cylindrical glass container,
which had been sterilized at 121∞C and 1.3–1.5 kg/cm2

for 30 minutes and then cooled down to room tempera-
ture. The initial ratio of algae to cultivation solution
was maintained at 4:6; the content was incubated with 1
L/min aseptic air under illumination sideways with flu-
orescence light at 3000–4000 Lux for 16 hr/day. The
cultivated algal suspensions were diluted with super
pure water until the turbidity was adjusted to 100 NTU
and the initial pH to 9.0 prior to conducting the coagula-
tion study.

2. Preparation of the Coagulant

The Poly Aluminum Chloride (P ACl) synthesized
used in the coagulation study was prepared in our labo-

ratory by adding 50 mL of 0.46 M NaOH to 50 mL of
0.2 M AIC3 solution at 0.05 mL/min with a peristaltic
pump. At the completion of NaOH addition, the final
solution was 100 mL containing 0.1 M [A13+] ions and
the synthesize PAC coagulant contained a Basicity (B)
of 2.3 (B = [OH-]/[Al3+]).

3. The Relationship Between Particle Size and the
SD of the Measured Turbidity Fluctuations

After drying and grinding the organic com cob, dif-
ferent size particles of the com cob were separated by
screening them with a series of different mesh size
sieves. The median value of the particle size range in
every sieve number was taken as the representative av-
erage particle size for each sample. Five sets of differ-
ent average com cob particle size test water were pre-
pared. The seive mesh range, particle size range and
average particle size was presented in Table 1. For each
size of 115, 137, 335, 460, 920 mm in particle diameter,
0.4 g of com cob particle was added into 1-L de-ionized
water. Then, all the test water were stirred at a speed of
20 rpm. The turbidity measurement from a NTMS was
done in every second for 10 minutes to yield 600 data.
Thus, the Standard Deviation (SD) of the turbidity data
for each particle size was found. Figure 1 shows the
NTMS attachment. A hole was made in the wall of the
test vessel to enable the probe of the Nephelometric
turbidimeter to reach into the water. A Light-Emitting
Diode (LED) on the probe of Nephelometric
turbidimeter was used to illuminate the solution at 90∞
to the path of light entering the turbidimeter. The inten-
sity of the scattered light, which was measured with the
detector at 860 nm red light, was converted to turbidity
value. The measured turbidity was recorded with a data
acquisition unit (YOKOGAWA model FX-106-0-2)
and then uploaded to a computer.
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Figure 1. A schematic diagram of the Nephelometric Turbidimeter Monitoring System (NTMS) set-up.



4. Particle Size Analysis with Images Captured
from Cameras

In Figure 2, used a video camera (Watec Co
Wat-202B) to record the different average particle size
of com cob particle (115, 137, 335, 460, 920 mm) in a
free settling test. Than the image analysis (Matrox In-
spector V2.2) was used to measure the mean particle
size confirming whether NTMS is suitable for directly
applying to particle size analysis.

5. Jar Tests

Figure 1 also shows the schematic diagram of the
setup for conducting the Jar Test. The prepared algal so-
lution (1 L) was added to a covered dark opaque con-
tainer with holes in the cover for adding coagulant. A
Nephelopmetric turbidimeter was used to conduct con-
tinuous on-line monitoring of the suspension turbidity
[17]. The turbidimeter probe (WTW model MIQ/C184)
was placed 3 cm below the liquid surface. One liter of
the prepared 10, 100 and 200 NTU synthetic algae sam-
ple were placed in the acrylic flask individually. After
addition of chemicals, the content was rapidly mixed at
100 rpm for 1 minute followed by slow mixing at 20
rpm for 10 minutes, and followed by a settling period of
60 minutes. Instantaneous variations of the turbidity
were monitored and shown on the computer monitor.
The data were collected every second and processed in
EXCEL to be displayed on the monitor for showing the
turbidity variation curve.

RESULTS AND DISCUSSIONS

1. The Relationship Between Turbidity SD and
Imaged Particle Size

During the coagulation process, the floc size is posi-

tively related with the SD of the measured turbidity
[17–18]. For each size of 115, 137, 335, 460 and 920
mm in average particle diameters, 0.4 g of the com cob
particle was added into 1 L of de-ionized water to pre-
pare the turbidity standard solutions with various sizes
of particles. Then, each solution was placed into the de-
vice shown in Figure 1 to monitor the fluctuations of the
turbidity. While reading the turbidity, the solution was
mixed at the speed of 20 rpm for 10 minutes. The tur-
bidity data was collected in every second. For each so-
lution, 600 turbidity data were collected and analyzed
to find the turbidity SD of each standard solution.
Figure 3 shows the turbidity SD is well linearly related
to square root of the com cob particle diameter (RR

1 2/ ).
For each com cob particle solution, the solution was

added drop by drop into the video recording device in
Figure 2. After the video camera captured an image
contained more than 3000 particles, software named
Matrox Inspector V2.2 was used to calculate the aver-
age particle size of the com cob particle in the captured
image. The data in Figure 4 shows that the particle di-
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Figure 2. A schematic diagram of the particle size analysis with images captured (samples are taken using a pipette with an inner diameter of 5
mm and added to the settling groove under a microscope with a CCD camera to capture the digital floc images).

Figure 3. Linear relationship between turbidity SD and the square
rood of average particle diameter RR

1 2/ for com cob suspensions.



ameter used to prepare the standard solution has a good
linear relationship with the particle diameter calculated
from the video captured image. The interception of the
trance line in Figure 4 is 1.2 and the slope of the line is
close to 1, which means the image particle diameter (RI)
is very similar to the real particle diameter (RR). There-
fore, the method of using video camera device to obtain
the particle size is feasible. Hence, considering the re-
sults of Figure 3 and Figure 4, a relationship between
the turbidity SD and the particle size is found to be a lin-
ear equation, RI

1 2/ =1.39SD + 7.44. These results indi-
cated that the values of turbidity SO have good relation-
ship with real particle size and imaged particle size (RI).

2. The Effect of Coagulant Dosage on Standard
Deviation of the Turbidity Data

To understand the floc growth during the floccula-
tion process, a study of the relationship between SD of
the measured turbidity and particle size of the coagu-
lated floc was conducted. In this study, the raw water
containing Chlorella sp. alga at 100 NTU of turbidity
was used. The coagulant was prepared from
Polyaluminum Chloride, PACl. The Jar Test was con-
ducted under the conditions at rapid mixing speed at
100 rpm for 1 minute, slow mixing at 20 rpm for 10
minutes, and settling for 1 hour. During the Jar Test, the
turbidity measured by the device shown in Figure 1,
was calculated. In Figure 5, under various PACl dos-
ages, the fluctuation of the turbidity starts increasing at
some coagulant dosages in the slow mixing stage. The
increase of turbidity fluctuation indicates the floc is

growing in size. Therefore, the turbidity data collected
at the last 320 seconds during the slow mixing (the time
from 341 sec to 660 sec in Figure 5) was used for calcu-
lating the turbidity SD to study the particle size changes
at each coagulant dosage. The results of Figure 6 show
that when the dosages are 16.2 and 21.6 mg/L (as Al),
turbidity SD reaches to the maximum. The high turbid-
ity SD represents the particle size is large. Therefore, in
Figure 6 shows after 5 minutes settling, the residual
turbidities in those solutions added 16.2 or 21.6 mg/L
(as Al) PACl are significantly lower than the residual
turbidities in the other dosages. This result indicates
that under both 16.2 and 21.6 mg/L (as Al) PACl dos-
age additions, the particle size is relatively large and the
particle itself can be rapidly settled. On the other hand,
short of PACl dosage can not help the solution to form
the large coagulation floc. Therefore, in Figure 6 for the
low coagulant dosage solutions [0–5.4 mg/L (as Al)],
the turbidity SD are significantly low. Hence, in the
case of coagulant shortage in the solution, in Figure 5
also shows the residual turbidity after the settling is
close to the initial concentration of 100 NTU. On the
other hand, when the PACl dosage is higher than 21.6
mg/L (as Al), the turbidity SD decreases again was
shown in Figure 6. This result indicates that even in-
creasing the PACl dosage, the floc size in the over dos-
age solution may smaller than the floc size in the solu-
tions added 16.2 or 21.6 mg/L (as Al) PACl. Therefore,
as the results in Figure 6 the residual turbidities of the
coagulation dosage 27.0 and 32.4 mg/L PACl are
higher than those measured in the solutions added 16.2
or 21.6 mg/L PACl after 5 minutes settling. However,
the experiment results in Figure 6 also indicate that the
residual turbidities in the dosage rang from 16.2 to 32.4
mg/L (as Al) have very similar value after 10 minutes
settling. According to this experiment results, proved
the coagulation dosage of 27.0 and 32.4 mg/L have
smaller floc size than dosage of 16.2 or 21.6 mg/L,
therefore required longer time to settle. This experi-
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Figure 4. Linear relationship between square root of average parti-
cle diameter RR

1 2/ and the calculated diameter of the particle image
RI

1 2/ for corn cob suspensions.

Table 1. The Relationships Between Sieve Meshes and
Particle Sizes, Which are Used in this Study.

Metals
Particle Size
Range (mm)

Median Value of the Particle
Size Range or Average

Particle Size (mm)

120–140 mesh 105–125 115
100–120 mesh 125–149 137
40–60 mesh 250–420 335
35–40 mesh 420–500 460
18–20 mesh 840–1000 920



mental result indicates that in the process of determin-
ing optimum coagulation condition, other then
measuring the final residual turbidity, a traditional
method, turbidity SD is another alternative to rapidly and
accurately determine the particle size during the coagu-
lation process.

To confirm the relationship of the turbidity SD and
the particle size of the coagulation floc, triplicate Jar
Test experiments were conducted. The optimum dos-
age of 21.6 mg/L found in Figure 6 was used for the ex-
periments. In each Jar Test experiment, turbidity data
collected from rapid mixing and slow mixing processes
were manipulated to obtain the turbidity SD of a certain
time interval. In the rapid mixing stage, due to the initial
PACI addition may cause an instant increase of the tur-
bidity, the turbidity data at rapid mixing was only taken
from the 16th to the 60th second to calculate the turbid-
ity SD. At the 10 minutes slow mixing process, all tur-
bidity data (600 data points) were grouped for every
two minutes. The standard deviation (SD) for each
group that consisted of 120 data points was plotted ver-
sus time. Therefore, using the turbidity SD at the rapid
mixing stage as the initial turbidity SD, the change of
the turbidity SD with the mixing time was plotted in
Figure 7. The result of Figure 7 shows the average tur-
bidity SD of the three experiments at different time

stages. According to the data of Figure 7, the average
initial turbidity SD is 0.62, whose amount is relatively
small. This result indicates that no coagulation particle
was significantly formed during the rapid mixing pro-
cess. After 2 minutes of flocculation process, the tur-
bidity SD increases to an average of 3.7 but only in-
creases a little in the later time. This result indicates that
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Figure 6. The relationship of turbidity SD and the residual turbidity (5
and 10 min settling time) at different PAC dosage(the turbidity data
from the time 341 sec to 660 sec in Figure 5 was used for calculating
the turbidity SD; the residual turbidity of 5 and 10 min settling time are
the turbidity data of 960 sec and 1260 sec in Figure 5).

Figure 5. The changes of turbidity per second for samples coagulated using different PACl dos-
age with 60 second rapid mixing at 100 rpm and 60 sec slow mixing at 20 rpm, and followed by a
settling period of 3600 sec. (The initial turbidity of algae solution is 100 NTU).



the particle was formed right after starting the floccula-
tion process (slow mixing). In order to confirm the par-
ticle size change during the coagulation process is re-
ally correlating with the turbidity SD, a drop of the
coagulation solution sample was taken in ever two min-
utes in the flocculation or slow mixing process was pro-
ceed. The droplet sample was added into the device
shown in Figure 2 to capture the image of the particles
by a video camera. Then we use the captured image and
the computer software to calculate the image particle
diameter (RI). According to the result of the previous
discussion, the real particle diameter (RR) can be ex-
pressed as the calculated particle size from the image.
The data of Figure 8 shows the particle diameter (RI)
changes with the coagulation time insignificantly.
Comparing both Figure 7 and Figure 8, one can find a
similar result that is the coagulation floc was formed
within 2 minutes during the coagulation process.

To confirm the reliability of the relationship between
the turbidity SD and the particle size in the coagulation
process, the turbidity SD in Figure 7 was plugged into
the previous equation, RI

1 2/ = 1.39SD + 7.44, to obtain
the estimated coagulation particle diameter (RID). In ad-
dition, the particle diameter (RI) was calculated from a
video capture image. The values of the ratio RID /RI in
Figure 9 are in the range between 0.65 and 0.75. Al-
though the ratio values are not equal to 1, the deviations
of the values are limited in a small range. The reason
causes this small deviation may be due to using the
equation RI

1 2/ = 1.39SD + 7.44 to obtain the floc diame-
ter RID. The equation was developed from the com cob
particle coagulation experiment. The corn cob particle

density is different from the density of the Chlorella sp.
alga in the test water. Probably due to this reason, the ra-
tios of RID /RI was deviated from 1.

The result of limited ratio value in Figure 9 also indi-
cates that using the turbidity SD to estimate the particle
size RD is feasible. In addition, because the turbidity SD
is proportional to the square root of the particle size, the
particle size is proportional to the square of the turbidity
SD (i.e. SD2). Then, the relationship can be expressed
as R1/R0 =SD SDI /2

0
2 . The values of R1 and R0 represent

the particle size after coagulation for a certain time and
the size before the coagulation, respectively. Similarly,
SD2

1 andSD2
0 are the square of the turbidity SD after co-
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Figure 8. The variation of calculated particle size (RI) from the cap-
tured image at the end of rapid mixing (data 0 sec) and various floc-
culation times.

Figure 9. The ratio variation of the estimated particle size (RD) to the
image particle size (RI) at various flocculation times.

Figure 7. A plot of the SD of turbidity at various flocculation times
(coagulation dosage 21.6 mg/L with triplicate Jar Test experiments).



agulation process and the square of the turbidity SD be-
fore the coagulation, respectively. According to the
previous discussion, the particle size of the Chlorella
sp. alga in test water is 4.8 mm, determined from the
video camera capture image. The initial turbidity SD is
0.62. These two values can be used as R0 and SD0, re-
spectively. Based on the data of Figure 7, the average
turbidity SD can be found to be 4.05, which can be used
for the value of SD1. Then, the value of R1 is found to be
204.3 mm. The ratio of the equation-estimated particle
size to the real particle size calculated from a video cap-
tured image is 0.82, which is close to 1. Through the
above two confirmation methods, using turbidity SD to
estimate the particle size is a feasible method.

3. The Effect of Raw Water Turbidity (or total
suspension solid) on standard deviation of the
turbidity data

The raw water containing various initial turbidity
levels of Chlorella sp. alga (i.e. 10, 100, and 200 NTU)
are subject to flocculation. Jar Test was also conducted
under the conditions at rapid mixing speed at 100 rpm
for 1 minute, slow mixing at 20 rpm for 10 minutes. As
mention previously (Figure 7), the standard deviation
(SD) for each group that consisted of 120 data points in
coagulation (45 data points for rapid mixing) was plot-
ted versus time. Figure 10 shows that higher initial tur-
bidity in raw water will lead to higher turbidity SD of
the flocculated water but the pattern of the curves is re-
markably similar. It means the kinetics of the coagula-
tion process (floc formation almost without lag time)

are very similar in all results. These observations are
similar to the results obtained by Gregory [11] using
PDA to study floc formation. Apart from this, it seems
likely from these results that the different turbidity SD
values in Figure 10 are not only due to different floc
sizes (the mean floc size of the 10, 100 and 200 NTU
raw water are 225, 261 and 282 mm, respectively). Be-
cause the floc size is determined by a balance between
growth and breakage in the flocculation process, under
given shear conditions, floc size is not greatly affected
by the number of alga particles (or initial turbidity val-
ues). Therefore, the phenomena of increasing particle
concentrations give progressively larger turbidity SD
values; it may be explained by the higher probability of
impacts among the particles in the water with higher
initial turbidity thus producing a larger number of floc-
culation floes and causmg the turbidity measurement
unstable or turbidity fluctuation increase. In conclu-
sion, the NTMS technique used here gives turbidity SD,
which not only depends on the floc size but also cause
by the particle concentration.

CONCLUSION

Through using an on-line Nephelometric
Turbidimeter Monitoring System (NTMS) and a video
camera (Watec Co Wat-202B) with image analysis
(Matrox Inspector V2.2), several coagulation experi-
ments were conducted. The results indicated that the
square root of the particle size is proportional to the
standard deviation (SD) of the measured turbidity from
NTMS. By knowing this relationship of the turbidity
SD and the particle size, the turbidity SD from NTMS
can also be used to rapidly estimate the growing speed
of the floc size during the coagulation process under a
given turbidity value. The method developed in this
study is very beneficial to determine the coagulation ef-
ficiency in a fast way. The method is different from the
traditional method to determine the optimum coagulant
dosage. The traditional method takes a long time to
complete the experiments, because after the settling
process, the final turbidity needed to be analyzed to de-
termine the optimum coagulant dosage. Other then sav-
ing time for determining the coagulant dosage and in-
creasing the accuracy of the coagulant dosage, the
method developed by this study can rapidly know the
growing effectiveness of the floc size during the coagu-
lation process. The results found in this study may help
the other coagulation study, such as the laboratory re-
search in a full scale drinking water treatment plant. Es-
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Figure 10. A plot of the turbidity SD at various flocculation times with
difference concentration of Chlorella sp. alga. (coagulation dosage
21.6 mg/L).



pecially, for the plant using automatic coagulant adding
system, the application of this research could be further
studied in the future.
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Landfill Disposal of Alum Water Treatment Residues:
Some Pertinent Geoengineering Properties

BRENDAN C. O’KELLY*
1Department of Civil, Structural and Environmental Engineering, Museum Building, Trinity College Dublin, Dublin 2, Ireland

INTRODUCTION

WATER treatment residues (WTRs) are the gelati-
nous slurry by-products from the treatment pro-

cesses used in the production of potable water at munici-
pal works. The WTRs comprise sand, silt and clay
particles, colloidal organic matter, and chemicals (coag-
ulants, polyelectrolytes and conditioners) that have been
added to the source water during the treatment processes.
Chemical coagulation using ferric chloride, or more gen-
erally using aluminum sulfate (alum), causes the colloi-
dal particles (i.e. less than 1 mm in size) that are sus-
pended in the water entering the treatment plant to
aggregate into flocs that settle out more readily under
gravity. The residue is characterized as alum WTR or
iron WTR depending on the coagulant type used.
Polyelectrolytes are synthetic long-chained organic mol-
ecules that act as binding agents, thereby increasing the
inherent shear strength of the newly formed flocs, and
hence the viscosity of the slurry residue [1,2]. Condition-
ers including sulfuric acid, bentonite, calcium or sodium
hydroxide, and sodium silicate may also be added, de-
pending on the nature of the source water, in order to im-
prove the polyelectrolyte performance.

Increasing quantities of WTRs are being produced
worldwide annually due to the increasing demand for
potable water and more stringent regulations: for exam-
ple, the European Union Drinking Water Directive [3].
Currently, the principal disposal options are: (1) stor-
age, often over an indefinite period, in sludge lagoons;
(2) dewatering by mechanical and/or thermal means,
followed by landfilling of the residue cake, either at
dedicated monofills or co-disposal at municipal land-
fills; (3) incineration. However, more stringent regula-
tion (for example by the US EPA [4] and the European
Union [5,6]) has placed greater restrictions on these
disposal options, principally to minimize environmen-
tal impacts. Landfill disposal of large volumes of soft
residues may also lead to geotechnical problems, in-
cluding slope instability and excessive differential set-
tlement that may damage the landfill capping layer.
Hence, the slurry residue must be adequately dewatered
at the municipal works by mechanical and/or thermal
means, or by allowing the slurry to dry naturally in dry-
ing beds.

In this paper, the amount of water within the pore
space of the residue materials was quantified in terms of
the water content (w), defined in the geotechnical litera-
ture as the mass of the pore water to the mass of the dry
solids, expressed as a percentage. The water content is
one of the most commonly determined parameters in

ABSTRACT: This paper presents the geoengineering properties of the alum water treat-
ment residues derived from the production of potable water at three municipal works, in-
cluding the effects of catchment geology; chemical additives; and thixotropic hardening
phenomena, with reducing water content (increasing solids content) from the viscous
slurry state to the semisolid state. The geoengineering behavior was akin to that of
high-plasticity organic clays, with low values of bulk and dry density and high compress-
ibility, although the consolidation rate was low (hydraulic conductivity of the order of
10-4–10-6 m/day). The data presented in this paper can be used to determine the level of
dewatering necessary for more efficient landfill disposal, including the anticipated
amounts and rates of settlement and the factor of safety against geotechnical instability
of the residue slopes for the short- and long-term conditions. It is recommended that
sludge and residues should be dewatered to achieve minimum shear strengths of 20
and 50 kPa for geotechnical stability at municipal landfills and dedicated monofills, re-
spectively.
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characterizing geoengineering behavior and is gener-
ally determined using the oven drying method, with the
dry solids mass corresponding to the residual mass after
oven drying the test specimen at 105 ± 5°C for a period
of 24 h. Oven drying removes the free water in the pore
space between the flocs; the internal water in the mi-
cro-channels within the flocs; and the pores within the
constituent solid particles themselves [7]. Bound water
in the form of water of hydration and adsorbed water
held on the surface of the solid particles by electrical at-
traction are considered to be part of the solids in the res-
idue materials and can not be removed by oven drying.
The solids contents (SC), defined in the water-treat-
ment literature as the mass of the dry solids fraction ex-
pressed as a percentage of the bulk wet mass, can be re-
lated to the water content by

SC
w

=
+ Ê

ËÁ
ˆ
¯̃

100

1
100

(1)

Geoengineering Properties of Alum WTRs from
the Literature

Table 1 lists some typical geoengineering data re-
ported for alum WTRs in the literature [8–16]. Alum
WTRs have very high Atterberg liquid and plastic lim-
its; a relatively low specific gravity of solids; high total
volatile solids (TVS); and are classified as high-plastic-
ity organic clays. The wet residue, direct from the treat-
ment works, has a low bulk density of 1.0–1.2
tonne/m3.

Figure 1 shows data for shear strength against water
content for some alum and iron WTRs and also munici-
pal sewage sludge. There is a significant variation in the
shear strength value of these materials at a given water
content, which is expected, due to the natural variability
of the source waters and hence the mineralogy and or-
ganic content of the suspended solids. Different types

and levels of chemical treatment, and also biological
treatment in the case of sewage sludge, had been ap-
plied in order to separate the residue by-products at the
municipal works. In general, alum WTR tends to have
slightly higher shear strength than iron WTR at a given
water content, and both alum and iron WTRs tend to
have higher shear strengths than sewage sludge.

Wet alum WTR is thixotropic, with Wang et al. [11]
reporting strength gains (ratio of the shear strength
measured after a specified curing period to the
remolded shear strength, under constant external condi-
tions and specimen composition) of 5.7–8.0 achieved
after a ten-week curing period and for SC = 10–20%.
The effective angle of shearing resistance (f¢) values of
28–44° reported for alum WTRs are towards the upper
end of the range normally associated with high-plastic-
ity organic clays, although consistent with f¢ = 32–37°
reported for municipal sewage sludge (TVS = 70–50%)
[17,18].

Alum WTR has a very low hydraulic conductivity,
which reduces in value from the order of typically 10-4

to 10-6 m/day, with increasing effective stress from 2 to
540 kPa [12]. Note that the effective stress (s¢), which
acts across the contacts between the solid particles, is
defined as the difference between the applied stress (s)
and the excess pore water pressure in the saturated pore
voids.

Volume Change Theory

Residues and sludge are soil-like materials and, as
such, their settlement behavior in lagoons, monofills or
dedicated deposition areas at municipal landfills can be
assessed using soil mechanics theory [18], and a more
comprehensive explanation of the following can be ob-
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Table 1. Typical Geoengineering Properties of
Alum WTRs.

Parameter Value

Liquid limit, % 100–550
Plastic limit, % 80–250
Specific gravity of solids 1.8–2.2
Total volatile soilds, % 10–60
Bulk density, tonne/m3 1.0–1.2
Dry density, tonne/m3 0.12–0.36
Effective cohesion, kPa 0
Effective angle of shearing resistance, degree 28–44

Figure 1. Shear strength against water content data for WTR and
sewage sludge materials.



tained in undergraduate soil mechanics textbooks, in-
cluding Craig [19].

The settlement due to a change in the state of effec-
tive stress comprises two components: primary consoli-
dation (DHc) and secondary compression (DHs). Pri-
mary consolidation can be described by classical 1–D
consolidation theory, whereby the change in the residue
volume corresponds to the change in the volume of the
pore water, assuming fully saturated conditions. The
void ratio (e) is defined as the volume of the pore voids
to the volume of the solids and, referring to Figure 2, the
change in the void ratio (De) can be predicted by
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where

Cc = compression index (gradient of the void ratio
against logarithm of effective stress curve)

¢svo = initial vertical effective stress
D ¢sv = increase in vertical effective stress (i.e. ap-

plied stress)

Wet alum WTR is highly compressible. For example,
very high compression index values of Cc = 5.3–6.7
were reported for alum WTR that had been dewatered
using a centrifuge and sand-drying method [11]. The
primary consolidation settlement, which is due to the
dissipation of the excess pore water pressure, can be es-
timated as
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where

eo = initial void ratio
Ho = initial thickness of the saturated residue layer

Secondary compression (creep) settlement, which is
due to the gradual rearrangement and compression of
the solids (residue flocs) into a more stable configura-
tion under the increased effective stress, is a time de-
pendent process that can be expressed by

DH H C
t

ts o= sec log 1

2

(4)

where

Csec = coefficient of secondary compression
t1 = time period to achieve substantial completion

of the primary consolidation phase
t2 = time period that extends into the secondary

compression phase (t2 > t1).

Objectives of this Study

The objectives of this paper are to study the
geoengineering and hydraulic properties of alum
WTRs derived from different catchments, and in partic-
ular to study the effects of several influencing factors:
catchment geology; chemical additives; and
thixotropic hardening phenomena. Geotechnical rec-
ommendations are made regarding the safe and effi-
cient disposal of these residues in engineered landfills.
In addition, pertinent data are presented that can be used
to calculate the factor of safety against instability of the
landfill slopes and the time-dependent settlement re-
sponse.

TEST MATERIALS

Alum WTRs were sourced from three of the larger
municipal water treatment plants in Ireland: the
Ballymore Eustace and Leixlip works in County
Kildare and the Clareville works in County Limerick,
which produce about 91, 73 and 62 Mm3 of potable wa-
ter per annum respectively, and taken together account
for almost 30% of the potable water produced in the
Replublic of Ireland. The raw water entering these
treatment plants is sourced from three different catch-
ments, thereby providing a good overall representation
of the alum WTRs produced in the country. The resi-
dues are coagulated at these municipal works using
Chemifloc 4140® alum, supplied in its hydrated form
[i.e. Al2(SO4)3◊14H2O], and Magnafloc LT25®

polyelectrolyte, which are manufactured by Allied
Colloids and Ciba Zietag. The combined dosages
(given as mg/l source water) that had been added during
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Figure 2. Theoretical consolidation plot. Note: eo, initial void ratio;
¢svo, initial vertical effective stress; De, change in void ratio due to a

change in vertical effective stress, D ¢sv; Cc, compression index.



the different treatment processes are listed in Table 2,
with the range of values reflecting the necessary adjust-
ments to the dosage appropriate to the level of turbidity
of the incoming source water. These dosages were
broadly similar and are at the higher end of the ranges
normally used in practice since the source waters were
all medium high in turbidity. Also listed in Table 2 are
the polyelectrolyte concentrations, expressed as a per-
centage dry solids mass of the residue by-product at the
different works. These mean concentration values were
calculated on the basis of the annual production of pota-
ble water, the mass of dry solids residue produced per
annum, and the mean polyelectrolyte dosages as mg/l
source water at the different works, assuming that all of
the polyelectrolyte additives were retained in the resi-
dues.

Alum WTR 1 Sample

The alum residue from the Ballymore Eustace works
(WTR 1) was derived from the treatment of medium
color, medium-turbidity water sourced from the Dublin
and Wicklow mountains (upland catchment of peat
over granite bedrock) and which had been stored in
Poulaphouca reservoir, County Wicklow, prior to its
treatment. The slurry residue was dewatered using a re-
cessed-plate filter press device under an applied stress
of 1500 kPa, with about 1200 tonnes of the wet alum
residue (SC = 23%) produced at the treatment works in
2007. Samples of the pressed residue cake were ob-
tained from the skip containers at the end of the
dewatering process at the treatment works in November
2005.

Alum WTR 2a Sample

The alum residue from the Clareville works (WTR
2a) was derived from the treatment of high color, turbid
water (typically 20–25 NTU) sourced from the lower

Shannon, Ireland’s longest river, which drains the cen-
tral lowland area of about 15700 km2. The Shannon is a
low gradient river, about 260 km in length with a mean
annual discharge of 186 m3/s, that runs for much of its
course through karstified limestone overlain by raised
and riverine bogs, many of which have been harvested
for peat over the years. Much of the turbidity and color
in the water is likely to be attributed to the organic mate-
rial associated with the peat.

The raw water is delivered upstream of the
Ardnacrusha dam through an open channel to the Clare-
ville treatment works. After the initial screening pro-
cess, the turbid water passes through 8.0-m deep pri-
mary sedimentation (holding) tanks, before the
coagulation process, where a high alum dosage of
60–100 mg/l raw water was added owing to its high tur-
bidity. Sulfuric acid was also added to adjust the pH in
order to improve the polyelectrolyte performance.

At the end of the treatment process, the slurry residue
by-product was consolidated to about 700% water con-
tent under an applied stress of 800–1000 kPa using a
belt-press device and the pressed material was then al-
lowed to dry naturally in drying beds, with about 900
tonnes of the wet alum residue (SC = 15%) produced at
the treatment works in 2006. Residue samples were ob-
tained from the drying beds for geotechnical laboratory
testing in October 2006.

Residue WTR 2b Sample

Samples of the turbid water were withdrawn from the
mid-height of the primary sedimentation tanks at the
Clareville works using 22.5 liter drums in February
2008. These drum samples were allowed to evaporate
and settle out over a period of about four weeks at ambi-
ent laboratory temperature of 20°C. The thickened
slurry residue formed (WTR 2b) was poured from the
drums into trays and the water content was allowed to
reduce further by fan-assisted evaporation, again at am-
bient temperature, before the saturated slurry residue
was mechanically dewatered using a consolidometer
press. Although the solids in the drum samples were
more than 40% volatile, the fact that the catchment
source mainly comprised natural saturated peat meant
that the bulk of these solids were already in a near stable
condition. Hence, any biological activity that may have
occurred during the course of settling and dewatering
the drum samples in the laboratory would not have sig-
nificantly altered the characteristics of the solids in resi-
due WTR 2b.
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Table 2. Chemicals Added During the
Treatment Processes.

Residue

Hydrated
Alum Polyelectrolyte

Dry
H2SO4

mg/l mg/l
Mean % Dry

Residue Mass mg/l

WTR 1 40–65 0.6–1.5 3.5 0
WTR 2a 60–100 0.8–2.0 4.8 0.5
WTR 2b 0 0 0 0
WTR 3 40–60 0.2–1.0 1.6 0



One of the objectives of this study was to determine
the effect of the chemical additives on the
geoengineering and hydraulic properties, which was
achieved by comparing the behaviors of alum WTR 2a
and this non-chemically treated residue WTR 2b. These
materials were practically identical in composition
apart from the chemical additives in WTR 2a.

Alum WTR 3 Sample

The alum residue from the Leixlip works (WTR 3)
was derived from the treatment of medium color, me-
dium-turbidity water sourced from the river Liffey (up-
land catchment of limestone bedrock). The residue was
dewatered using a recessed-plate filter press device un-
der an applied stress of 1500 kPa, with about 1100
tonnes of the wet alum residue (SC = 25%) produced at
the treatment works in 2007. Samples of the pressed
residue cake were obtained from the skip containers at
the end of the dewatering process at the treatment
works in November 2006.

PHYSIOCHEMICAL PROPERTIES

Table 3 lists the physiochemical properties that were
determined using standard geotechnical-laboratory
tests [20,21] and carried out on fresh residue specimens
obtained directly from the treatment works.

The water content values were determined using the
oven drying method and are an accurate measure of the
combined amounts of free and internal water within the
pore space of the residue materials [7]. The degree of
oxidation of the volatile solids was not significant at the

oven drying temperature of 105 ± 5°C since the bulk of
the organic material was already in a near stable condi-
tion and the polyelectrolyte additives only become un-
stable above about 150°C. The aluminum hydroxide
precipitate degrades at higher temperatures of
180–600°C, with further calcination occurring above
1000°C.

The Atterberg liquid and plastic limits, defined as the
water content values at the transitions from the liquid
state to the plastic state and from the plastic state to the
semisolid state respectively, were determined using the
fall-cone penetrometer and Casagrande thread-rolling
methods [20]. The plasticity index was calculated as the
numeric difference between the liquid limit and plastic
limit values. The residues had very high liquid limit
(430–550%) and plasticity index (210–290) values.
The adhesion limit, determined as the lowest water con-
tent at which the solids adhered to a clean dry spatula,
was also very high; in excess of 240% water content.
The bulk density (r) and the dry density (rd) were cal-
culated as the wet mass and the dry solids mass per unit
volume respectively [20], with the dry density given by

r
r

d w
=

+
100

100
(5)

where

w = water content (as %)

The dewatered residue samples from the treatment
works had low bulk density and dry density values
(1.06–1.10 and 0.18–0.26 tonne/m3, respectively) and a
wide range of water contents, and hence void ratio val-
ues, due to inherent differences in their consolidation
properties and also differences in the drainage condi-
tions and confining pressures that had been applied by
the recessed-plate filter press and belt press devices at
the municipal works. WTR 2a was of slurry consistency
(water content greater than the liquid limit value, where
the liquid limit condition corresponds to undrained
shear strengths of about 2 kPa). WTR 1 and WTR 3
were soft to firm in consistency due to the greater level
of dewatering that had been achieved under the higher
confining pressure of 1500 kPa applied by the re-
cessed-plate filter press device. Nevertheless, their void
ratio values of 5.7 and 6.3 were still very high.

X-ray diffraction analysis indicated that the crystal-
line fraction of the residues comprised quartz and
manganoan calcite; both common bedrock minerals
that are present as colloidal particles in the source wa-
ters. The chemical additives in the alum WTRs did not
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Table 3. Properties of the Residue Materials Direct
from the Treatment Works.

Parameter WTR 1 WTR 2a WTR 2b WTR 3

Water content, % 340 570 – 300
Solids content, % 23 15 – 25
Bulk density, tonne/m3 1.08 1.06 – 1.10
Dry density, tonne/m3 0.25 0.18 – 0.26
Void ratio 6.3 11.3 – 5.7
Liquid limit, % 490 550 550 430
Plastic limit, % 240 260 280 220
Plasticity index 250 290 270 210
Total volatile soilds, % 57 45 41 46
Specific gravity of solids 1.86 1.99 1.83 1.90
Adhesion limit, % 240 365 355 345
Linear shrinkage, % 47 45 38 48
Free swell, % 35 10 10 40
pH 8.6 7.1 7.9 7.2

WTR 1, WTR 2a and WTR 3 are alum water treatment residues; WTR 2b is a
non-chemically treated residue.



feature in the analysis since the alum was present in its
aluminum hydroxide form (disordered and without any
definable crystalline structure), and the
polyelectrolytes are organic molecules. Inductive-cou-
pled plasma analysis was also carried out on six speci-
mens of alum WTR 2a over the water content range of
120% to 1100%, which indicated that this residue com-
prised 24–28% aluminum by dry mass, in line with the
range of 29.7 ± 13.3% reported for alum WTRs [22].

The total volatile solids (TVS) values of 41–57%
were determined by heating dry powered residue speci-
mens in a muffle furnace at a temperature of 440°C
[21], which oxidizes both the polyelectrolytes and the
organic solids. The polyelectrolytes, which are unsta-
ble above 150°C, typically comprised 3.3% dry solids
mass (range 1.6–4.8% dry solids mass) for alum WTRs
1, 2a and 3 (Table 2). Nevertheless, the TVS value is a
good reflection of the gravimetric organic content since
the crystalline fraction remains stable at the ignition
temperature of 440°C. For example, calcination to form
lime occurs at a much higher temperature of about
850°C. The 4% higher TVS value measured for alum
WTR 2a, compared to the non-chemically treated resi-
due WTR 2b, is most likely due to the 4.8%
polyelectrolyte by dry solids mass basis that had been
added during the treatment processes at the municipal
works and which was ultimately retained in alum WTR
2a. Some natural variations could also be expected in
the composition of the suspended solids in the source
water since residues WTR 2a and WTR 2b had been
sampled in October and February, respectively. Or-
ganic matter in soil is generally responsible for high
plasticity; low specific gravity of solids; high shrink-
age; high compressibility; and low hydraulic conduc-
tivity [23]. Note that the organic fractions of WTR and
sewage sludge materials mainly comprise colloi-
dal-size particles (i.e. non fibrous), although the or-
ganic fraction of WTRs is usually in a near stable condi-
tion whereas sewage sludge is bioactive, with the
organics usually at moderate to strong levels of
biodegradation [17,18,24]. The specific gravity of sol-
ids values of 1.83–1.99, which were measured using the
small picnometer method [20], were relatively low,
although consistent with the high organic contents.
Note that the specific gravity of solids for mineral soils
is typically in the range 2.5–2.7.

Linear shrinkage was calculated as the percentage re-
duction in the length of a bar of the wet residue material,
which had been prepared at the liquid limit condition
using a mold 130 mm in length, and oven dried at a tem-

perature of 105 ± 5°C [20]. The linear shrinkage values
of 38–48% were very high, indicating substantial re-
ductions in volume would occur on drying the wet resi-
due materials. The free swell values, defined as the
maximum volumetric expansion that would occur on
full re-saturation of the powered oven-dried residue
materials, of 10–40% were also high, although consis-
tent with the high plasticity index values. The pH of the
residues was determined using an electrometric method
[21] and, as expected, the pH was slightly alkaline due
to the chemical conditioning of the water during the
treatment processes.

The water content of the wet residue samples was re-
duced over time in the geotechnical laboratory by al-
lowing thin layers of the wet material to dry naturally in
trays at ambient temperature of 20°C.

COMPACTION PROPERTIES

Ordinary Proctor compaction tests using the one-liter
compaction mold [25] were conducted on wet alum
WTR samples that had been allowed to dry naturally
over different periods, with regular remolding, thereby
obtaining uniform materials with different water con-
tent values. The samples were regularly mixed during
the drying process and any clumps were disaggregated
to pass the 20 mm sieve size prior to the compaction
tests. Sets of three cylindrical sub-specimens (38 mm in
diameter and 76 mm high) were also prepared from the
wet ordinary Proctor compacted specimens. The wet
mass, bulk volume and water content values of these
sub-specimens were measured after they had been al-
lowed to slowly air-dry further, and shrink without
cracking, at ambient laboratory temperature. The bulk
density was calculated as the wet mass per unit volume,
from which the dry density was calculated using Equa-
tion (5).

Figure 3(a) shows the density values achieved by or-
dinary Proctor compaction alone. Figure 3(b) shows the
density values achieved by allowing the sub-specimens
that had been prepared from the wet ordinary Proctor
compacted specimens to reduce in water content by nat-
ural air drying. Note that the zero air voids curve in-
cluded in Figure 3 corresponds to the fully saturated
condition and therefore represents an upper bound for
the dry density values. The zero air voids curve was de-
termined from the measured specific gravity of solids
values [19].

The bulk density and dry density values of 0.96–1.13
and 0.21–0.36 tonne/m3 respectively, achieved by ordi-
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nary Proctor compaction [Figure 3(a)] were very low
compared with mineral soils, although in line with the
high water content of 200–400% and the low specific
gravity of solids values. Furthermore, the dry density
against water content curve in Figure 3(a) was rela-
tively flat over the test range, which is a distinctive
characteristic of these residue materials, with the dry
density decreasing marginally in value with increasing
water content, since the pore water constitutes an in-
creasing proportion of the residue volume. The opti-
mum water content to achieve the maximum dry den-
sity for ordinary Proctor compaction did not occur
within the water content range tested and this trend in
the dry density data is consistent with Wang et al. [11].

Figure 3(b) shows that below 200% water content,
the bulk density and dry density values that had been
achieved by allowing the compacted alum WTR mate-
rial to air-dry naturally were consistently greater than

those achieved by ordinary Proctor compaction alone at
the reduced water content value. Controlled drying and
shrinkage without cracking of the wet sub-specimens
had produced lower air voids contents (A = 2.5–3%),
compared with those achieved by ordinary Proctor com-
paction alone of the dried alum WTRs (A = 3.5–5%).
Note that the air voids content is defined as the ratio of
the volume of the pore air voids to the bulk volume,
given as a percentage. The residue materials were brittle
below about 160% water content and crushed to a dust
under the impact of the compaction rammer.

Hence, field compaction of these alum WTRs would
be most efficiently carried out over the water content
range of 200–240%, owing to the tendency for these
residues to stick to machine plant above the adhesion
limit value of 240% water content. Insitu air drying and
shrinkage of the compacted residues subsequently pro-
duce higher dry density values than achieved by com-
paction alone of material placed below 200% water
content, thereby increasing the storage capacity of the
residue monofill. Ordinary Proctor compactive effort
was also found to be excessive for these alum WTRs,
evident by some swelling of the compacted specimens
at a constant water content, and it is suggested that a
lighter field-compactive energy of about one-third or-
dinary Proctor compactive effort should be adequate in
the case of residue monofills, following from
recommendations by Loll [26] and O’Kelly [27]. Fur-
thermore, residues for landfilling should not be dried be-
forehand below 160% water content since they would
easily crush to a dust under the action of the compaction
roller, raising additional environmental concerns.

SHEAR STRENGTH PROPERTIES

The undrained shear strength of the ordinary Proc-
tor-compacted residue specimens was measured as a
function of their water content using quick-undrained
triaxial compression tests [28]. These data are pertinent
to the placement and trafficability of the residues in
monofills, and in determining the factor of safety
against short-term geotechnical instability of the
monofill slopes. The thixotropic hardening behavior
was studied by carrying out laboratory vane and triaxial
compression tests [28] on specimens of alum WTR 2a
that had been allowed to cure, undisturbed and at a con-
stant composition, over different periods.

The effective stress shear strength property values,
which are used in determining the factor of safety
against instability of the monofill slopes for the inter-
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Figure 3. Ordinary Proctor compaction; (a) Compaction alone, (b)
Compaction followed by air drying.



mediate and long-term conditions, were measured us-
ing isotropic consolidated-undrained triaxial compres-
sion tests, and with continuous measurement of the
pore water pressure response [29].

Undrained Shear Strength

Quick-undrained triaxial compression tests were car-
ried out on the partially saturated specimens (38 mm in
diameter and 76 mm high) that had been prepared from
the one-liter ordinary Proctor compacted specimens,
which had air voids contents of 3.5–5%. Some of these
triaxial specimens were allowed to air-dry slowly over
different periods prior to shearing in order to simulate
the strength gain that would occur due to air drying of
the residue material used, for example, as daily cover
on a municipal landfill. A cell confining pressure of 100
kPa was applied to the triaxial specimens, which were
then sheared quickly at 2% axial strain/min in an un-
drained condition. Specimen failure was deemed to have
occurred at a limiting 20% axial strain unless the mea-
sured shear stress value had reached a maximum at a
lower strain value. Figure 4 shows data for shear stress
against axial strain for pairs of WTR 2a and WTR 2b spec-
imens that had been sheared at similar water contents.

Figure 5(a) shows the data for triaxial undrained
shear strength against water content on a loga-
rithm–logarithm plot. Figure 5(b) shows the water con-
tent values scaled in terms of the liquidity index [IL,
Equation (6)]. Overall, the shear strength values for the
three alum WTRs were in good agreement and consis-
tently greater than that measured for the non-chemi-
cally treated residue WTR 2b, with the shear strength
approximately inversely related to the water content
and the liquidity index on logarithm–logarithm and

logarithm–linear plots, respectively. Note that IL values
of unity and zero correspond to the Atterberg liquid
limit and plastic limit conditions respectively, and IL < 0
indicates that the material is in a semisolid state.

I
w w

w wL
P

L P

=
-
-

(6)

where

w = water content
wL = liquid limit
wP = plastic limit

Thixotropy Effects

Laboratory Vane
Saturated alum WTR 2a material prepared at 365%

and 520% water content (IL = 0.36 and 0.90, respec-
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Figure 4. Shear stress against strain for WTR 2a and WTR 2b (chemi-
cally and non-chemically treated residues, respectively) under
triaxial compression.

Figure 5. Undrained shear strength data: (a) Against water content,
(b) Against liquidity index. Note: hollow and shaded symbols denote
quick-undrained and consolidated-undrained triaxial compression
tests, respectively.



tively) was pressed into molds, 70 mm square in plan
and 70 mm high, taking care to avoid trapping air voids,
and hermetically sealed by wrapping in cling film. The
vane shear strength of these specimens was measured
[28] after standing periods of up to four weeks at ambi-
ent laboratory temperature of 20°C. The specimens
were sheared quickly using a miniature cruciform vane,
25 mm in both width and length, which was rotated at
0.1 rev/min. Figures 6(a) and 6(b) show data for the in-
crease in vane shear strength and the strength gain ratio
against the standing period. For example, the vane
shear strength measured for IL = 0.90 (i.e. near the liq-
uid limit condition) was found to increase from 3 kPa in
the remolded state to about 7 kPa after a nine-day curing
period, with a strength gain ratio of 3.3 achieved by the
end of the four-week test period. The higher strength
gain ratios of 5.7 to 8.0 that have been reported for alum
WTRs by Wang et al. [11] correspond to a ten-week
standing period and for higher liquidity index values of
1.6–2.0, which is in line with the expected trend of in-
creasing thixotropy effects with increasing standing
times and liquidity index values.

Triaxial Compression
Three physically-identical triaxial specimens A–C,

each 38 mm in diameter and 76 mm high, were prepared
from a saturated cake of alum WTR 2a that had been
consolidated one-dimensionally from the slurry state
under an applied vertical stress of 60 kPa to a water con-
tent near its plastic limit value (IL = 0.14) using a large
consolidometer press developed by O’Kelly [30,31].
The triaxial specimens A, B and C were allowed to cure,
undisturbed and at a constant composition, for periods
of 0, 5 and 12 days, respectively.

An isotropic cell confining pressure of 260 kPa was
then applied to these triaxial specimens under un-
drained conditions, thereby mobilizing an effective iso-
tropic confining pressure ( ¢sc) of about 60 kPa, which
had been approximately achieved under the applied
vertical stress of 60 kPa and 1–D consolidation condi-
tions in the consolidometer press. Next, the triaxial
specimens were sheared in an undrained condition at
3.3 ¥ 10-5% axial strain/min, which was sufficiently
slow to allow full equalization of the pore water pres-
sures to occur throughout the specimens at failure.

Similar stress–strain behavior and shear strength val-
ues were measured for triaxial specimens A–C [Figure
6(c)], indicating negligible thixotropic strength gain
over the curing period of up to 12 days, which was ex-
pected, since the specimen water content was near the

plastic limit condition. Seed and Chan [32] reported
that the effect of thixotropic hardening decreases with
decreasing liquidity index and that the plastic limit rep-
resents a lower-bound water content value for
thixotropic behavior.

Effective Stress Shear Strength Properties

A series of isotropic consolidated-undrained triaxial
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Figure 6. Thixotropic behavior of alum WTR 2a; (a) Laboratory vane,
(b) Strength gain ratio, (c) Triaxial compression ( IL= 0.14).



compression tests [29], which included continuous
measurement of the pore water pressure response, were
carried out in order to study the effective stress shear
strength properties. Four physically-identical triaxial
specimens (38 mm in diameter and 76 mm high) were
prepared for each residue material from saturated cakes
that had been pressed from the slurry state in the
consolidometer apparatus and allowed to equilibrate
under an applied vertical stress of sv = 30 kPa. The sets
of residue specimens were isotropically consolidated
under effective cell-confining pressures of 30, 60, 120
and 150 kPa over a 24-hour period in the triaxial appa-
ratus, with the specimens allowed to drain radially to
filter-paper side drains and vertically to porous discs in
contact with both specimen ends, against an applied
specimen back pressure of 200 kPa over a 24-hour pe-
riod. An effective cell-confining pressure of at least 30
kPa was applied to these specimens in order that they
would be in a normally consolidated condition (sc ≥ sv)
during the triaxial shearing stage. The consolidated

specimens were sheared slowly in an undrained condi-
tion at strain rates of the order of 10-5% axial strain/min,
determined from curve-fitting analysis of the data from
the triaxial consolidation stage [29], and which were suf-
ficiently slow to allow full equalization of the pore water
pressures to occur throughout the specimens at failure.
The standard corrections for the restraining effects of the
filter-paper side drain and the enclosing rubber mem-
brane on the barreling-type of specimen deformation re-
sponse were applied to the measured data [29].

Figure 7 shows the s¢–t¢ effective stress path plots;
where s¢ = ( )¢ + ¢s s1 3 2/ and t´ = ( )¢ + ¢s s1 3 2/ are the
Massachusetts Institute of Technology stress path pa-
rameters; and ¢s1 and ¢s3 are the major and minor effec-
tive principal stresses, respectively. The failure lines of
best fit in the s¢–t¢ plots were drawn passing through the
origin (i.e. effective cohesion of zero) and aligned with
the stress points corresponding to specimen failure,
which typically occurred between 2% and 10% axial
strain. Note that the effective stress paths at failure for
triaxial specimens A–C of alum WTR 2a, which had
been sheared at similar strain rates but after different
curing periods of 0, 5 and 12 days (thixotropy section),
were also coincident with the alum WTR 2a failure line
in Figure 7(b); further evidence that the effects of
thixotropic hardening are not significant at low liquid-
ity index values. Had thixotropy effects been signifi-
cant, the effective stress paths at failure for specimens
A–C would have located above the best-fit failure line
for the uncured specimens. The ratio of the mobilized
shear strength to the effective cell-confining pressure
that had been applied during the triaxial consolidation
stage had a mean value of 1.8. The effective angle of
shearing resistance (f¢) values of 39° to 44°, which
were calculated from the gradient of the s´–t´ failure
lines in Figure 7 using Equation (7), are in line with the
f¢ values of 42° and 44° reported for two alum WTRs by
Wang et al. [11].

sin tan¢ = ¢f a (7)

where

a¢ = gradient of the s´–t´ failure line to horizontal s¢
axis

COMPRESSION PROPERTIES

The compression and consolidation properties were
determined as a function of the state of effective stress
by testing saturated residue specimens of different size,
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Figure 7. Effective stress path plots; (a) WTR 1 and WTR 3, (b) WTR
2a and WTR 2b.



aspect ratio and consistency under different loading
and drainage conditions using the oedometer,
consolidometer and triaxial apparatus [33]. Table 4
summarizes the initial dimensions and consistency of
the specimens, drainage conditions and the applied
stresses of between 3 and 800 kPa that covered the di-
verse levels of effective stress achieved in mechani-
cally dewatering, storing and landfilling the residue
materials: that is, low effective stress levels in lagoons,
low to medium effective stress levels in landfills and
the medium to very high stresses applied by mechanical
dewatering devices at municipal works. The
consolidometer and isotropic triaxial consolidation
tests have already been outlined in the context of de-
scribing the measurement of the effective stress shear
strength properties of the residue materials.

Oedometer Tests

Multiple-increment oedometer tests [33] were car-
ried out on saturated materials that had been prepared
by thoroughly mixing the dewatered alum residues
from the municipal works with distilled water to form
uniform slurry pastes, which were allowed to
equilibrate in sealed containers over a two-day period
prior to the compaction tests. The slurry paste was
pressed into the 76-mm diameter confining ring of the
oedometer apparatus, taking care to avoid trapping air

voids. The specimen was compressed
one-dimensionally, with two-way vertical drainage to
atmosphere, under an applied vertical stress that was
doubled in moving from one load stage to the next,
over the stress range 3–800 kPa. A displacement trans-
ducer in contact with the oedometer loading cap con-
tinuously measured the specimen deformation re-
sponse. Each oedometer load stage was two days in
duration in order to record sufficient data covering
both the specimen consolidation and longer-term
creep settlement responses under successive incre-
ments of applied stress.

Figure 8 shows the oedometer data, plotted in the
conventional form of cumulative volumetric strain
against the square root of elapsed time, for alum WTRs
1, 2a and 3. The slurry specimens were highly com-
pressible, deforming at slow but steady rates, and by the
end of the final load stage (800 kPa) had undergone
very large volumetric strains of up to 62%. The primary
consolidation component due to the dissipation of the
excess pore water pressure was dominant during the
early load stages, with primary compression ratio (de-
fined as the proportion of the total strain for a particular
load stage occurring due to primary consolidation) val-
ues of 0.75 to 0.90. However, secondary compression
became increasingly significant at higher stress levels,
with the primary compression ratio values for the alum
residues reducing to 0.22–0.40 by the final load stage.
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Table 4. Summary of the Consolidation Tests.

Test
Method

Dimensionsa Consistency

Water Content

Applied Stress Void Ratio
Duration

Load Stage
Drainage

Conditions
Compression

Index, CcInitial Final

mm WTR 2a % % kN/m2 Initial Final day WTR 2b WTR 3

Oedometer

WTR 1 76 ¥ 29 Slurry 780 280 sv = 3–800 (MI) 14.5 6.2 2 Two-way vertical 3.2
WTR 2a 76 ¥ 29 Slurry 700 190 sv = 3–800 (MI) 14.1 3.3 2 Two-way vertical 2.5
WTR 3 76 ¥ 29 Slurry 690 310 sv = 3–800 (MI) 11.9 5.4 2 Two-way vertical 2.5

Consolidometer

WTR 1 152 ¥ 139 Slurry 625 475 sv = 10–30 (MI) 14.1 8.8 7 Two-way vertical 3.9
WTR 2a 152 ¥ 139 Slurry 580 420 sv = 10–30 (MI) 10.9 8.4 7 Two-way vertical 3.1
WTR 2a 167 ¥ 139 Very soft 500 330 sv = 7.5–60 (MI) 8.8 6.2 7 Two-way vertical 2.6
WTR 2b 152 ¥ 167 Slurry 760 435 sv = 10–30 (MI) 15.4 8.1 7 Two-way vertical 5.5
WTR 3 152 ¥ 93 Slurry 600 410 sv = 10–30 (MI) 11.1 7.8 7 Two-way vertical 3.1

Isotropic Triaxial

WTR 1 38 ¥ 76 Very soft 475 340 ¢sc = 30–150 (SI) 8.8 7.3 1 All around 2.3
WTR 2a 38 ¥ 76 Very soft 420 350 ¢sc = 30–150 (SI) 8.4 7.9 1 All around 0.8
WTR 2b 38 ¥ 76 Very soft 435 340 ¢sc = 30–150 (SI) 8.1 7.2 1 All around 1.1
WTR 3 38 ¥ 76 Very soft 410 300 ¢sc = 30–150 (SI) 7.8 6.7 1 All around 1.4

MI, multiple increment; SI, single increment; sv , applied vertical stress; ¢sc , effective confining pressure.
aSpecimen dimensions are given as diameter by height.



Consolidometer Tests

Specimens of very soft and slurry consistencies were
compressed one-dimensionally under applied vertical
stresses of 10–60 kPa, and with two-way vertical drainage
to atmosphere, using a 152-mm diameter consolidometer
press [30,31]. Each load stage was extended to seven days
in duration, compared to the two days that had been used
as standard for each oedometer load stage, because of the
greater specimen drainage length in the consolidometer
tests. Periodic measurements of the deformation re-
sponse were recorded using a long-stroke dial gauge in
contact with the specimen loading platen (Figure 9).
Again, the slurry specimens were highly compressible,
and by the end of the final load stage (30 kPa), had under-
gone large volumetric strains of up to 36%. Water con-
tent tests carried out on the pressed residue cakes con-
firmed that the water content distribution was uniform
across the specimen thickness, indicating that full con-
solidation had been achieved throughout the specimens
by the end of the final load stage.

Triaxial Consolidation Tests

Four triaxial specimens (38 mm in diameter and 76
mm high) were prepared for each residue material from

the very soft cakes produced at the end of the
consolidometer tests. The sets of residue specimens
were allowed to drain radially to filter-paper side drains
and vertically from both ends under isotropic effective
confining pressures of 30, 60, 120 and 150 kPa, with
continuous measurement of the volume of pore water
that drained from the specimens over a 24 h period,
against an applied back pressure of 200 kPa, in the
triaxial apparatus [33]. The volumetric strain data are
shown against the square root of elapsed time in Figure
10 and against the state of effective stress in Figure
11(a). The drained bulk modulus (B, as MN/m2) re-
sponse is shown in Figure 11(b), where B is defined as
the ratio of the effective stress to the volumetric strain
(decimal value). The very soft residue specimens were
also highly compressible, and by the end of the consoli-
dation stage at 150 kPa, had undergone large volumet-
ric strains of up to 33%.
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Figure 8. Oedometer data.

Figure 9. Consolidometer data; (a) WTR 1 and WTR 3, (b) WTR 2a
and WTR 2b. Note: hollow symbols, slurry specimens; solid symbols,
very soft specimen; sv , applied vertical stress.



Compressibility Data

The stress–strain–time data from the oedometer,
consolidometer and triaxial consolidation tests are
summarized in the conventional form of void ratio
against logarithm of effective stress in Figure 12.

The compression response was quantified in terms of
the compression index (Cc) values, which are included
in Table 4. Note that the level of compression depends
on a range of factors, including: initial water content
(void ratio); hydraulic conductivity; specimen thick-
ness and drainage length; applied stress; and load-stage
duration. The slurry residues were highly compress-
ible, with values of Cc = 3.2, 2.5 and 2.5 given by the
gradients of the oedometer void ratio against logarithm
of effective stress curves [Figure 12(a)] for alum WTRs
1, 2a and 3, respectively. Note that for most inorganic
clays, Cc < 1.0, and generally less than 0.5. The
consolidometer data for the alum WTR slurries gave
higher values of Cc = 3.1–3.9 (Table 4) due to greater
amounts of secondary compression settlement having

occurred by the end of the longer-duration load stages
(seven days compared to the two days used as standard
for each oedometer load stage). Primary compression
ratio [Cc

* , Equation (8)] values of 0.19, 0.17 and 0.20,
which take into account the initial consistency (void ra-
tio) of the specimens, were determined from the
oedometer data for alum WTRs 1, 2a and 3 respec-
tively.

C
C

ec
c

o

* =
+1

(8)

where

eo = initial void ratio.
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Figure 10. Triaxial consolidation data; (a) WTR 1 and WTR 3, (b)
WTR 2a and WTR 2b. Note: ¢sc, effective confining pressure.

Figure 11. Dewaterability under isotropic confining pressure; (a)
Volumetric strain, (b) Drained bulk modulus.



Consolidation Rate

The rate of consolidation of the residue materials was
very slow, typical of high-plasticity clays. Standard
curve-fitting techniques [33] were applied to the
oedometer and triaxial consolidation data presented in
Figures 8 and 10 in order to determine the values of the
coefficient of primary consolidation (cv), which were in
good agreement for the residue materials, increasing
from Cv = 0.1 to 0.8 m2/year with increasing effective
stress from 3 to 800 kPa (Figure 13).

Hydraulic Conductivity

The hydraulic conductivity [k, Equation (9)] was de-
termined indirectly from the oedometer data presented
in Figure 8 as

k m cv v w= g (9)

where

gw = density of the pore water (assumed 0.98
tonnes/m3)

mv and cv = coefficients of volume change and pri-
mary consolidation respectively, with
mv defined as the volumetric strain per
unit increase in effective stress

The hydraulic conductivity values were very low and
inversely related to the state of effective stress on a log-
arithm–logarithm plot [Figure 14(a)], with the hydrau-
lic conductivity decreasing significantly from about 2 ¥
10-4 to 1 ¥ 10-6 m/day with increasing effective stress
(reductions in water content and void ratio) from 3 to
800 kPa. This is consistent with the experience of me-
chanically dewatering the wet alum WTRs at the treat-
ment works. Wang and Tseng [12] also reported that the
hydraulic conductivity of alum WTR reduced from the
order of 10-4 to 10-6 m/day over the effective stress
range of 2 to 540 kPa. Direct comparisons at the same
levels of effective stress indicate that the hydraulic con-
ductivity values of WTR 2a and WTR 3 are broadly
similar and about one order of magnitude greater than
that measured for WTR 1 [Figure 14(a)]. It is postulated
that this difference in hydraulic conductivity values is
partly due to the higher organic content of WTR 1 (TVS
= 57%) compared to either WTR 2a or WTR 3 (TVS =
45–46%). The hydraulic conductivity data are also
shown against the water content (w) in Figure 14(b) and
against the void ratio (e) in Figure 14(c), since these pa-
rameters can be readily determined in practice using the
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Figure 12. Void ratio against effective stress (primary consolidation
settlement); (a) 1–D compression in oedometer and consolidometer
apparatus, (b) Isotropic triaxial consolidation. Note: Cc, compres-
sion index.

Figure 13. Coefficient of primary consolidation against effective
stress. Note: hollow symbols, oedometer data; solid symbols, triaxial
data.



standard oven-drying method [20] and phase relation-
ships respectively. For example, assuming fully satu-
rated conditions, the void ratio is given by

e wGs= (10)

where

Gs = specific gravity of the solids

Secondary Compression Rate

The rate of secondary compression (creep) for the
alum WTRs was quantified in terms of the coefficient
of secondary compression Csec, defined as the 1–D vol-
umetric strain per ten-fold increase in elapsed time after
the substantial completion of the primary consolidation
phase (i.e. under constant effective stress). High values
of Csec = 0.005–0.010 were determined from the
oedometer data, with a mean value of Csec = 0.006 over
the effective stress range 3–800 kPa (Figure 15). The
Csec values, and hence anticipated long-term settle-
ments, were consistently greater for WTR 1 than for ei-
ther WTR 2a or WTR 3, owing to its higher organic
content [23]. Figure 15 also shows the data values of
0.15–0.18 determined for the secondary compression
index [Cae, Equation (11)] and 0.03–0.05 determined
for the ratio of Cae/Cc [34], which are typical ranges for
organic soils.

C C ee oa = +sec( )1 (11)

EFFECTS OF CATCHMENT GEOLOGY
AND CHEMICAL ADDITIVES ON THE
ENGINEERING BEHAVIOR

Despite significant differences in catchment geol-
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Figure 14. Hydraulic conductivity data; (a) Against effective stress
¢sv, (b) Against water content, w, (c) Against void ratio, e.

Figure 15. Secondary compression data. Note: Cc, compression in-
dex; Csec, coefficient of secondary compression; Cae, secondary
compression index.



ogy, and allowing for minor differences in the chemical
dosages and seasonal variations in the source waters
(the test materials had been sampled at different times
during the year), the three alum WTRs were found to
have broadly similar geoengineering properties, most
likely due to the fact that their behavior was dominated
by the high organic content (TVS = 41–57%).

At a given water content, the triaxial undrained shear
strength of the alum WTRs was consistently greater
than that measured for the non-chemically treated resi-
due WTR 2b [Figure 5(b)], which can be explained by
the action of the polyelectrolyte additive in aggregating
and binding the constituent flocs to form floc clusters,
thereby producing greater inter-particle contact and re-
ducing the size of the pore voids and capillary channels
(in combination with the deactivation of some pore wa-
ter by the alum coagulant [12]). For example, Figure
16a shows the ratio of the triaxial undrained shear
strength values measured for alum WTR 2a and the
non-chemically treated residue WTR 2b. The shear
strength of alum WTR 2a, which comprised 4.8%
polyelectrolyte by dry solids mass, was between 1.1

and 1.2 times greater than that measured for the
non-chemically treated residue WTR 2b. Stiffer re-
sponses and values of peak shear stress of up to 20%
greater were also measured for alum WTR 2a, (com-
pared with residue WTR 2b) from consolidated-un-
drained triaxial compression tests on specimen pairs at
similar water contents [Figure 16(b)]. Hence, the effec-
tive angle of shearing resistance of alum WTR 2a was
also slightly greater than that measured for residue WTR
2b (f¢ = 42° and 40°, respectively).

Although the chemical additives are necessary for the
efficient operation of the treatment processes, they also
have a downside in that the thickened alum WTRs are
less compressible and potentially more difficult to con-
solidate. Hence, the larger bulk residue volume will set-
tle over a longer period when placed in a lagoon or
monofill. For example, Figure 12(b) shows that alum
WTR 2a was less compressible than the non-chemi-
cally treated residue WTR 2b, with compression index
values of Cc = 3.1 and 5.5 determined from the slurry
consolidometer tests (Table 4). The hydraulic conduc-
tivity of alum WTR 2a is lower than that of the
non-chemically treated residue WTR 2b, owing to the
effect of the chemical additives, since the mineralogy;
organic content; and test conditions are similar. This is
consistent with the findings of Wang and Tseng [12]
and O’Kelly [15] who reported that in the case of alum
WTRs, relatively large amounts of additional pore wa-
ter are trapped and absorbed by the aluminum hydrox-
ide precipitates and polyelectrolyte molecules within
the constituent flocs, which causes a reduction in hy-
draulic conductivity.

APPLICATION OF THE TEST DATA

Dewaterability of Slurry Residue at Treatment
Works

The alum WTR slurry must be adequately dewatered
at the treatment works in order to reduce its bulk volume,
thereby lowering transportation and landfill-disposal
costs, and to achieve an adequate shear strength for effi-
cient handling, trafficability, and geotechnical stability
of the landfill slopes. Dewatering is achieved by me-
chanical and/or thermal means, or by allowing the slurry
residue to dry naturally in drying beds, depending on the
size of the treatment works. The reduction in the residue
volume, DV, achieved by mechanical dewatering systems
can be estimated using Equation (12) and the void ra-
tio–logarithm of effective stress data shown in Figure 12.
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Figure 16. Effect of polyelectrolyte on the triaxial undrained shear
strength; (a) Ratio of the undrained shear strength of alum WTR 2a to
that of the non-chemically treated residue WTR 2b, (b) Shear stress
against strain data for specimen pairs at similar water contents (w).
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where

Vo = initial volume
eo = initial void ratio

De = reduction in void ratio under the effective stress
s¢ = effective stress induced by the mechanical

dewatering system
B = drained bulk modulus [Figure 11(b)]

Note that it is technically feasible to recover the alum
from the slurry residue by chemical means and propri-
etary full-scale treatment systems are currently under
development in practice. The aluminum hydroxide pre-
cipitate that forms during the coagulation process
readily dissolves in highly acidic solutions [35] and the
liquid alum can then be decanted and crystallized by
evaporation. Alum recovery is most successfully car-
ried out using sulfuric acid over the pH range of pH 2–3
and for retention periods of 10–20 min [36]. However,
the effectiveness of these techniques has been varied to
date, with the purity of the recovered alum and the over-
all economy of the recovery process remaining contro-
versial issues. The data for alum WTR 2a and the
non-chemically treated residue WTR 2b tested in this
study indicated that the chemical additives had the ef-
fect of reducing the hydraulic conductivity of the slurry
residue. Further studies are necessary in order to deter-
mine the extend to which these effects are reversible,
since alum recovery may lead to greater levels of me-
chanical dewatering of the residue being achieved, and
hence reduced landfill-disposal costs.

Acceptability of Residues for Landfilling Based on
Shear Strength Criteria

In accordance with current guidelines [4–6], munici-
pal landfill operators will usually not accept sludge or
residues with a water content value greater than 300%
(SC = 25%), which has been set as an indirect measure
of the shear strength necessary for efficient handling,
trafficability and geotechnical stability. In municipal
landfills, the wet residue material is usually placed in
thin layers and mixed and scarified insitu with the solid
waste, which has the effect of reducing the water con-
tent and increasing the shear strength of the residue
fraction. Minimum shear strengths of 20 and 25 kPa
have been recommended by Loll [26] and
Siedlungsabfall [37], respectvely, for the co-disposal of

sludge and residue materials at municipal landfills. An
undrained shear strength of at least 20 kPa was
achieved at 340% water content (SC = 22%) for the
three alum WTRs tested in this study [Figure 5(a)], al-
though Figure 1 shows that for other municipal sludge
and residue materials, the undrained shear strength
achieved may be significantly less than 20 kPa
[8,11,16] at the maximum 300% water content value set
for municipal landfilling.

No universal relationship exists for soils between the
water content and undrained shear strength, which is
also dependent on a range of other factors, including:
mineralogy; organic content; chemical dosages; and
type of treatment used to separate the residue by-prod-
uct. Hence, it would be more prudent for landfill opera-
tors to specify a minimum value of shear strength based
on sound geotechnical considerations, rather than the
current requirement for a maximum water content of
300% alone, in determining the acceptability of sludge
and residue materials for landfilling. Note that in the case
of residue monofills, higher shear strengths of at least 50
kPa are recommended for geotechnical stability.

Data for undrained shear strength against water con-
tent, such as that shown in Figure 5(a) for the alum
WTRs tested in this study, can be used to select an ap-
propriate mechanical dewatering system in order to
achieve a specified minimum value of shear strength
before the residue cake is transported for disposal
offsite. For example, the recessed-plate filter press de-
vices used at the Ballymore Eustace and Leixlip treat-
ment works reduced the water content value of alum
slurry residues WTR 1 and WTR 3 to 340% and 300%
respectively (Table 3), thereby achieving adequate un-
drained shear strengths of about 25 and 31 kPa respec-
tively, and satisfying geotechnical stability criteria for
municipal landfilling. At the Clareville works, the wa-
ter content value of alum WTR2a was reduced to about
700% using a belt-press device, and to about 570% by
allowing the pressed residue to dry naturally in drying
beds, although the remolded material was still of a
slurry consistency and therefore unsuitable for munici-
pal landfilling. Belt dryer devices that fully or partially
dry the pressed residue cake at low temperatures; ther-
mal treatments or soil-conditioning techniques can be
investigated as alternative methods to dewater these
residues sufficiently and expeditiously. The miniature
vane apparatus [28] has been shown to provide a quick
and accurate method of measuring the undrained shear
strength (O’Kelly [27]; Loll [26]) in order to assess
whether the residue material has been adequately
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dewatered before leaving the treatment plant and again
by the landfill operator before accepting the residue
cake for disposal.

Settlement of Sludge Lagoons and Residue Monofills

The high values of compression index and coefficient
of secondary compression measured for the alum WTRs
indicate that residue lagoons and monofills will consoli-
date significantly and continue to settle by secondary
compression (creep) over a long period. This time-de-
pendent settlement response comprises the sum of the
primary consolidation and secondary compression com-
ponents, DHc and DHsec respectively, which can be quan-
tified for 1–D settlement conditions using Equations
(13)–(14). The time period necessary to achieve substan-
tial completion of the primary consolidation component,
t1, can be quantified using Equation (15).
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where

d = effective drainage length of the residue deposit
(initially Ho in thickness)

eo = initial void ratio
Tv = dimensionless time factor related to the aver-

age degree of consolidation
t2 = time period that extends into the secondary

compression phase (t2 > t1)
¢svo = initial vertical effective stress

De = reduction in the void ratio due to the increase
in vertical effective stress, D ¢sv (i.e. applied
stress increment)

The values of the compression index Cc [from Figure
12(a)]; coefficient of primary consolidation cv (from
Figure 13); and coefficient of secondary compression
Csec (from Figure 15) that are used in these calculations
must be consistent with the insitu effective stress; load-

ing and drainage conditions. A full explanation of the
background to Equations (13)–(15) and their applica-
tion in determining the magnitude and rate of settle-
ment can be obtained in undergraduate soil mechanics
textbooks, including Craig [19].

SUMMARY AND CONCLUSIONS

Despite significant differences in catchment geol-
ogy, and allowing for minor differences in the chemical
dosages and seasonal variations in the source waters,
the three alum water treatment residues (WTRs) tested
in this study were found to have similar geoengineering
and hydraulic properties, akin to high-plasticity non-fi-
brous organic clays. These viscous slurry residues were
highly compressible, although the consolidation rate
was low (hydraulic conductivity of the order of
10-4–10-6 m/day), and underwent thixotropic harden-
ing in an undisturbed condition. For mechani-
cally-dewatered residue, the ratio of the triaxial shear
strength to the effective confining pressure was about
1.8.

Ordinary Proctor compaction produced low values of
bulk density and dry density of 0.96–1.13 and
0.21–0.36 tonne/m3 respectively, over the water con-
tent range 200–400%, although field compaction
would be most efficiently carried out over the water
content range 200–240% using a compactive energy of
about one-third that of ordinary Proctor compactive ef-
fort. It is also recommended that landfill operators spec-
ify minimum shear strengths of 20 and 50 kPa for resi-
due disposal at municipal landfills and dedicated
monofills respectively, in order to satisfy geotechnical
stability criteria. Significant settlements of residue la-
goons and monofills can be expected to occur over a
long period, owing to the low consolidation and high
creep rates.

The triaxial undrained shear strength of the alum
WTRs was found to be 10–20% greater than that mea-
sured for non-chemically treated residue of similar
mineralogy and organic content, which can be largely
explained by the action of the polyelectrolyte additive
in aggregating and binding the constituent flocs to
form floc clusters. Although the chemical additives
are necessary for the efficient operation of the munici-
pal treatment processes, they also have a downside in
that the thickened alum residue was potentially more
difficult to consolidate; hence the larger bulk volume
would settle to a greater extent, although over a longer
period, when placed in a lagoon or monofill.
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THE STORY BEHIND “A TOUCH OF EVIL”

ON March 8, 2002 and on April 23, 2004 the pro-
gram Dateline NBC aired extensive stories titled

“A Touch of Evil”, dealing with bizarre episodes in
Gilmer, a small town in northeast Texas. As the an-
nouncer phrased it, “There are tales of strange and
ghoulish acts.” Transcripts of the television pro-
grams can be obtained from BurrellsLuce at
http://tapesandtranscripts.burrellsluce.com.

The story began with the disappearance in 1992 of a
teenage girl, and evolved into tales of ritual murder,
cannibalism, child abuse and satanic cult practices. The
most horrific stories came from young children, but
many of the details were also reported by adults. After
numerous arrests, questions were raised as to which, if
any, of the startling allegations had any basis in fact,
and most of the criminal charges were subsequently
dropped for lack of sufficient evidence. Many of the
most horrendous stories and confessions were eventu-
ally recanted. Newspaper accounts ranged from local
papers [1] to the big city dailies [2], and even to the New
York Times [3]. Extensive details were reported in “The
Strange Case of the Gilmer (Texas) Cannibal Cult” [4]
and “When Satan Came to Texas” [5], and were even
reviewed by The United States Court of Appeals [6,7].

The complete truth of the Gilmer, Texas episodes
will probably never be known. However, at the very
least, there is clear evidence of extremely strange be-
havior among both children and adults in the commu-
nity with respect to the chronicled events in the 1990s.
Were these events a singular aberration in an otherwise
normal community, or is there evidence that something
about this town warrants further investigation?

THE GILMER, TEXAS COMMUNITY

There are six communities in northeast Texas in the
population range of 4,000–6,000 as of the 2000 census.
They are in six different counties, but all of them are im-
pacted to some extent by the emissions from coal-burn-
ing power plants in that area of the state. Comparisons
for the year 2000 are given in Table 1, showing that
Gilmer, in Upshur County, is about average in demo-
graphics as reflected in the 2000 U.S. Census Bureau
data. There is nothing obviously unique about Gilmer
in the patterns of age, sex, race, median income or pov-
erty level.

There is, however, something unique in the crime sta-
tistics comparisons for these communities, as compiled
by the Texas Department of Public Safety at www.
txdps.state.tx.us/crimereports/citindex.htm/. The cate-
gory “Total Crimes” includes all reports of murder,
rape, robbery, aggravated assault, burglary, larceny,
and auto theft. As shown in Table 2, Gilmer had a sig-

ABSTRACT: Adverse health effects from ingestion and/or inhalation of arsenic-and-
lead-contaminated materials have been recognized for many years, including a variety
of neurological effects. Severe neuropsychiatric disorders, including hallucinations, im-
paired judgment and memory, mania, psychosis resembling paranoid schizophrenia,
and criminal behavior have been associated with lead and arsenic exposure. The ques-
tion is posed as to whether or not such exposures might account for some of the bizarre
incidents reported in two Dateline NBC episodes dealing with a small town in northeast
Texas. Evidence suggests that health effect studies and medical monitoring programs in
areas polluted by lead and arsenic should include neuropsychiatric testing.
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nificantly higher total crime rate than the other compar-
ison communities, both as an average and as a range, for
the years 1990–2007. Except for the two years 1991–92
in which Gilmer was second to Pittsburg, Gilmer had
the highest total crime rates among the six comparison
communities (i.e., for 89% of the 18 years). Moreover,
for the period 1990–2007 the total crime rate for Gilmer
averaged 6,715 per 100,000 people (range
5,052–9,798) compared to a statewide average for all
communities of only 5,644 per 100,000 (range
4,600–7,827).

ENVIRONMENTAL FACTORS

Neuropsychiatric reactions to the environmental tox-
ins lead and arsenic are many and varied [8,9,10], with
symptoms that include impaired visual memory, agita-
tion, confusion, delirium, dementia, emotional lability,
frontal lobe dysfunction, hallucinations, impaired judg-
ment and memory, mania, and psychosis resembling
paranoid schizophrenia, and that are often reflected by
increased criminal activity. Consideration of the re-
ported “suspected neurotoxic” emissions in or near the
six comparison communities (Table 3) fails to reveal
why Gilmer had the bizarre episodes reported in the
Dateline NBC stories, or why its total crime rate has
consistently been so high.

Examination of the sources and specific chemical na-
ture of neurotoxic emissions in the late 1900s, some of
which were not included in TRI reports, in and near the
comparison communities does reveal a possible expla-
nation. In the other comparison communities, most of
the “suspected neurotoxic” emissions were organic sol-
vents or (in Pittsburg) hydrogen fluoride, none of which
have been associated with the types of bizarre episodes
and crime rates characteristic of Gilmer. There were
some minor amounts of lead and arsenic emitted by the
power plant in Pittsburg, and a small amount of arsenic
emitted by a wood treatment plant in Mineola. How-
ever, in Gilmer, there were four identifiable sources of
the environmental neurotoxins lead and arsenic known
to be linked to the specific types of events noted. Within
a small area of the town (Figure 1), and near schools and
residences, were an arsenic acid production plant, a
wood treatment facility known to burn CCA-treated
wood waste, a pottery plant disposing of lead-contain-
ing wastes, and a hot dip galvanizing plant emitting lead
into the air.

Many of the health effects of arsenic and lead are well
established and widely recognized [e.g., 11,12]. Ac-
cordingly, public health studies and medical monitor-
ing programs for communities impacted by arsenic
and/or lead typically focus on cancers, learning disabil-
ities, peripheral neuropathies and cardiovascular dis-
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Table 1. Year 2000 Demographics.

County City Population Median Age %Male %White %Afro %Other
Median
Income

%Below
Poverty

Camp Pittsburg 4,347 32.4 46.7 54.5 28.0 17.5 28,398 23.8
Cherokee Rusk 5,085 37.8 60.7 62.7 30.0 7.3 33,952 16.2
Gregg White Oak 5,624 34.1 48.5 94.6 1.9 3.5 50,781 9.9
Smith Whitehouse 5,346 31.8 47.9 93.1 2.5 4.4 49,393 6.7
Upshur Gilmer 4,799 39.5 45.5 75.9 20.2 3.9 39,688 15.9
Wood Mineola 4,550 39.8 46.7 77.2 13.4 9.4 37,528 16.2

Median income is family income in 1990 dollars.
Below Poverty represents the “families below poverty level”.

Table 2. “Total Crime” Statistics for Comparison Communities 1990–2007
(as number of offenses per 100,000 persons).

County City
Distance from

Gilmer
Year 2000
Population

Crime Rate
Average

Crime Rate
Range

Camp Pittsburg 19 mi. 4,793 4,978 3,683–6,330
Cherokee Rusk 78 mi. 4,666 2,786 1,375–4,164
Gregg White Oak 19 mi. 5,624 2,216 1,290–2,924
Smith Whitehouse 45 mi. 5,867 2,153 1,059–4,419
Upshur Gilmer 5,820 6,715 5,052–9,798
Wood Mineola 38 mi. 5,290 2,932 1,887–5,406*

*Through 2002, the last year for which reliable data were available. For the entire state of Texas, the 1990–2007 average was 5,644, with a range of 4,600–7,827.



eases. There is, however, significant information sug-
gesting that such studies and such monitoring should
include neuropsychiatric disorders, especially in light
of reports on the combined effects of arsenic and lead
[13,14,15,16].

Neuropsychiatric effects of lead are well established,
although the influence of sociodemographic factors
cannot be disregarded [17,18].

A “second-order effect” may be significant in areas

of long term lead exposure, since children from homes
in which the parents have suffered from lead exposure
may have been maltreated in such a way as to affect
their behavior, which was then further influenced by
their own exposures to lead.

Neuropsychiatric effects of lead are often first noted
in small children by parents and teachers as major be-
havioral problems. For example, Marlow and Bliss [19]
reported in 1993 that concentrations of lead in hair sam-
ples of preschool children “was significantly related to
increased scores on the teacher and parent rated behav-
ior scales”. Teachers’ and parents’ reports of antisocial
behavior and delinquency at 7 and 11 years of ages were
correlated with bone lead levels by Needleman and col-
leagues [20] in 1996. Similar results, using parental re-
sponses, were reported in 2003 by LeClair and Quig
[21] suggesting that “. . . lead exposure is significantly
associated with anxiety-related behavioral
symptomatology, both before and after controlling for
the effects of social and family status, subject age, and
subject sex.”

The exposure to lead in utero or during early child-
hood is of particular significance in terms of
neuropsychological effects observed in later
“post-childhood” years [22,23]. In 2001 Dietrich and
colleagues [24] reported that both prenatal and
postnatal exposure to lead were associated with antiso-
cial acts and juvenile delinquency. Needleman, et al
[25] found that elevated body lead burdens in youths
aged 12–28 were associated with adjudicated delin-
quency, and a 2008 study by Wright and colleagues
[26] of 250 individuals aged 19 to 24 years demon-
strated an association between developmental lead ex-
posure and early adulthood criminal behavior. Opler
and colleagues [27,28] studied archived serum samples
from live births between 1959 and 1966 in comparison
with later adult cases of schizophrenia, concluding that
early environmental exposures to lead appear to be as-
sociated with adult-onset psychiatric disorders.

Nevin [29,30,31] has suggested that widespread ex-
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Figure 1. Gilmer, Texas. Key: D = wood treatment (CCA) plant, C =
arsenic acid plant, G = pottery plant, R = hot dip galvanizing plant,
H/S = high school, E/S = elementary school, B/JH = junior high
school (formerly African-American school area).

Table 3. Suspected Neurotoxic Air Pollutants.

County
Amount

(pounds)
Principal Emissions

Locations
Comparison
Community

Distance from
Emissions Location

Camp 194,450 Pittsburg Pittsburg 0
Cherokee 28,048 Jacksonville Rusk 14 mi.
Gregg 3,539,655 Longview White Oak 8 mi.
Smith 388,994 Tyler Whitehouse 10 mi.
Upshur 106,017 Gilmer Gilmer 0
Wood 6,605 Mineola Mineola 0

(from EPA TRI data for 2002, at www.scorecard.org )



posures to lead, particularly preschool lead exposures,
result in irreversible brain alterations associated with
increased adult criminal activity. Although some au-
thors [32] have disagreed with Nevin’s analysis, their
problem may be largely with Nevin’s focus on
lead-based paint and leaded gasoline as the principal
sources of lead exposure, whereas careful analysis [33]
has demonstrated that other sources, such as smelter op-
erations, are probably more important factors. Ques-
tions remain, but extensive studies confirm a relation-
ship between lead exposure and criminal behavior
[34,35,36].

Much less is known about the neuropsychiatric ef-
fects of arsenic, and studies are complicated by numer-
ous antagonistic, additive, and synergistic effects of
neurotoxic pollutants in most areas studied [37].
Beckett and colleagues [38] reported in 1985 on a case
of delirium apparently associated with occupational ex-
posure to arsenic, and two similar cases were reported
in 1989 by Morton and Caron [39]. It was not, however,
until after the 1994 report by Burns, Cantor and Holden
to the National Academy of Neuropsychology [40] that
attention began to be focused on neuropsychiatric ef-
fects of long-term low level exposures to arsenic.

In 2003, Ratnaike [41] discussed chronic exposures
to arsenic as including “changes in behavior, confu-
sion, and memory loss”. In that same year, Rodriguez
and colleagues [42] reported that arsenic exposure can
result in “hallucinations, disorientation, and agitation”.
Fujino and colleagues [43] suggested in 2004 that men-
tal health of persons in an arsenic-affected village in In-
ner Mongolia was significantly worse than that of those
in a comparison arsenic-free village. To what extent, if
any, the neuropsychiatric effects of arsenic may be re-
flected in criminal tendencies has not yet been deter-
mined, but clues are available from the crime rates of

two Texas communities having arsenic as a major con-
taminant from arsenic acid plants operating until the
mid 1990s (Table 4). During the period 1999–2007, the
Total Crime rate in Commerce, Texas where an arsenic
acid plant operated for many years [44] averaged 5,652
reports per 100,000 people, and that of Bryan, Texas
where a similar plant operated for about 60 years [45]
averaged 6,737 per 100,000. Both rates are lower than
that of Gilmer, where lead appears to have been a major
factor, but both were significantly higher than the aver-
age (4,956 per 100,000) for all Texas reporting commu-
nities during that period.

There are many other factors involved in neuropsy-
chiatric disorders, and several elements in addition to
lead and arsenic, including manganese and cadmium,
have been identified with aberrant behavior. The com-
plex analyses of multiple impacts of environmental
chemicals on mental health have been addressed by An-
derson [9] and by Masters and colleagues [46]. It is cer-
tain that lead is rarely the sole culprit in cases of
neurotoxic metal pollution [47,48,49].

SOURCES OF ARSENIC AND LEAD
IN GILMER

CCA Wood Treatment

The wood treatment plant in Gilmer occasionally
burned CCA-treated wastes at ground level in the open,
and regularly burned such wastes in its on-site boiler
plant (beginning in 1978). An air model [50] prepared
for the plant estimated ambient air levels of arsenic to
range from 196 to 236 ng/m3 during typical boiler oper-
ation using CCA-sawdust as fuel (Figure 2). Actual air
monitoring of full-time employees on site [51] revealed
air arsenic levels from < 300 to 2,100 ng/m3. For com-

118 R. O’CONNOR, T. BURNS and P. DUNCAN

Table 4. Crime Rates in Three Arsenic-Impacted Communities.

“Total Crime” per 100,000 Persons

Year Gilmer Bryan Commerce Texas

1999 5,487 6,883 6,636 5,032
2000 5,292 7,315 5,696 4,955
2001 6,927 6,017 6,515 5,152
2002 5,707 6,484 6,829 5,197
2003 6,037 6,973 6,164 5,144
2004 9,493 7,285 5,129 5,032
2005 9,798 7,170 4,982 4,857
2006 7,830 6,378 4,022 4,600
2007 6,974 6,132 4,891 4,631
Average 7,061 6,737 5,652 4,956
Range 5,292–9,798 6,017–7,315 4,022–6,829 4,600–5,197



parison, the ATSDR [11] reports that urban areas gen-
erally have arsenic levels in the range of 20–30 ng/m3,
and the National Institutes of Safety and Health
(NIOSH) [52] has recommended a maximum 15-min-
ute workplace exposure limit of 2,000 ng/m3.

Arsenical Production

The arsenic acid plant in Gilmer (started in 1985) was
a probable additional source of arsenic emissions, but
no monitoring or air modeling data were available. By
comparison, arsenic acid plants in Commerce [44] and
Bryan, Texas [45] clearly demonstrate the potential for
arsenic exposures around such facilities.

Hot Dip Galvanizing

The galvanizing plant in Gilmer used a molten mix-
ture that at various times contained up to 13% lead, by
weight. Fumes from the hot mixture (Figure 3) escaped

from the plant and deposited residues near the plant (at
high levels 1964–83, and at reduced levels thereafter).
The lead/zinc ratio in sampled house dusts averaged
9.4% lead, consistent with fume compositions.

Pottery Wastes

The pottery plant in Gilmer (started in 1952) was a
source of lead emissions [53]. Lead was used as a flux-
ing agent for glazes on dinnerware and pottery until the
late 1990s, by which time it was generally phased out.
Air emissions containing lead were associated with
spray glazing operations, and with dusts from outdoor
disposal of wastes.

ENVIRONMENTAL SAMPLING IN GILMER

Materials and Methods

Sampling was performed in June 1998, July 2000,
November 2000, and July 2001 by Kara and Justin
Sabrsula and by personnel from Aqua-Tech Laborato-
ries, Bryan, Texas on house dusts, soils, and paint chips
(from homes identified as having old, peeling paint),
following methods of the U.S. Environmental Protec-
tion Agency [54,55]. Sampling personnel wore hooded
Ty-Vac suits, gloves, goggles, and dust masks. Suits
and other gear were placed in trash bags after leaving
each residence to avoid any possibility of cross-con-
tamination. Paint samples were collected from areas be-
lieved to have the oldest paint at the home. Topsoil sam-
ples were collected from track-in areas near homes.
House dusts were collected from HVAC filters and
rarely dusted locations such as the tops of ceiling fans
or beneath large furniture, using separate brushes for
each sample.

Samples were delivered to Aqua-tech Laboratories
where they were prepared and digested according to
Method SW846 3050B, then analyzed for arsenic, lead,
and zinc by ICP (inductively coupled plasma spectrom-
etry) according to Method SW846 6010B. All parame-
ters followed standard protocol.

RESULTS AND DISCUSSION

Surface soil samples (Table 5) contained low levels
of arsenic, consistent with the rapid loss of air-depos-
ited arsenicals due to dissolution in rainwater and re-
moval by biological processes. Soil lead concentrations
were moderate in areas one mile or less from the emis-
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Figure 2. CCA wood waste smoke contained arsenic.

Figure 3. Hot dip galvanizing fumes contained lead.



sion sources, consistent with the lower rainwater solu-
bility of many lead compounds, and low at further dis-
tances. Soil zinc levels were moderate, and similar to
background zinc levels, consistent with the rainwater
solubility of zinc compounds typical of galvanizing
plant emissions [56].

By contrast, house dust samples (Table 6) contained
high levels of arsenic, lead, and zinc, consistent with
airborne deposition, rather than track-in of surface
soils. Peak concentrations of contaminants were high-
est near the emission sources, and dropped off to essen-
tially background levels at distances of 1.5 miles or
greater.

Arsenic concentrations greater than 20 ppm exceed
the Texas residential health-based policy level [57], as
applied in the Commerce, Texas cleanup program [44].
Lead levels in soil or dust greater than 80 ppm (revised
from the previous 150 ppm) exceed the recent Califor-
nia Human Health Screening Level [58].

CONCLUSIONS

This study clearly demonstrates that exposures to
lead and arsenic are consistent with the types of aber-
rant behavior in Gilmer, Texas reported in the Dateline
NBC stories of “A Touch of Evil”, and with the pattern
of total crimes in the community. While genetic and so-
cioeconomic factors were undoubtedly contributors, it
is more likely than not that the neuropsychiatric effects
of arsenic and lead exposure, especially in the vicinity
of public schools, were significant in this area.

Both the Gilmer study and the peer-reviewed litera-
ture suggest that neuropsychiatric testing is warranted
in health studies and in medical monitoring programs
for areas impacted by lead, and especially when other
neurotoxic species such as arsenic are present in levels
exceeding normal backgrounds.
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INTRODUCTION

THE major environmental problem of urban cities is
air pollution due to its direct health effects. The

main sources of air pollution in urban areas are traffic,
industry and fossil fuel burning for heating purposes.
Particulate matter (PM) constitutes significant part of
air pollution in cities. Since major sources of PM are
anthropogenic sources as traffic, natural sources as
resuspension from soil and secondary formation in the
atmosphere [17].

The atmospheric particles are composed of a com-
plex mixture of different elements and compounds.
These are mainly constituted of sulfates, nitrates, am-
monium, organic compounds, marine salts, soil ele-
ments and heavy metals [1]. Especially the presence of
heavy metals in particulate matter has a significant im-
portance on human health. Since some heavy metals are
toxic even at extremely low concentrations and they are
potential cofactors, initiators or promoters in many dis-
eases as cardiovascular diseases and cancer [6,11]. Be-
cause of higher minute ventilation and higher levels of
physical activity of children, they have increased expo-
sure to air pollutantts than adults. Considering that the

considerable amount of their time is in playgrounds
children are under a significant risk of health especially
in urban areas with a high air pollution.

In addition children are also under a risk of soil pollu-
tion, which is mainly caused by deposition of PM in
playgrounds. The metal toxicity risk of children are in-
creasing when they faced with the soil pollution in play-
grounds. Children are sensible to metal toxicity mainly
for two reasons; firstly the unattained children in the
playground may ingest soil and dust by bringing their
fingers in the mouth and sucking foreign objects; sec-
ondly their digestive system has more absorption ca-
pacity than adults and so their hemoglobin is more sus-
ceptible to toxic metals [11].

They inhale and ingest big amount of dust that con-
tains many chemical materials in the playgrounds.
These chemicals include metals such as Al, K, Na, Mg,
and Ca as well as the toxic trace metals such as Pb, Cu,
Cr, Cd, Zn, Co, Ni, and V.

This study aims to identify the aerosol originated
trace metal concentrations and its deposition on soil
with respect to chosen playgrounds in Istanbul. The
correlation matrices are also developed in order to de-
termine the relation between trace metal concentrations
and to obtain information about the sources of these
elements.

ABSTRACT: Considering the most of their time is in playgrounds, children are under a
significant health risk in urban areas due to the exposure of high air pollution. In this
study, 3 different playgrounds are chosen according to their locations; one is in the city
where there is highly traffic jam, the other is on the coast line of Istanbul Bosphorus, and
the last one is near a high way. In these playgrounds, concentrations of particulate mat-
ter (PM) fractions (PM2.5 and PM10) were determined in the specified periods. The ele-
mental composition of PM were determined by measuring the concentrations of Al, K,
Na, Mg, Ca, Pb, Cu, Cr, Cd, Zn, Co, Ni, and V using inductively coupled plasma-optical
emission spectrometer. The correlation matrices are also developed in order to deter-
mine the relation between trace metal concentrations. The elemental concentrations
and PM results showed variations between the selected playgrounds.
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METHODOLOGY

Study Area and Sampling Site

Istanbul is the most populated city of Turkey and the
fourth in Europe with nearly 4.5% annual population
growth rate and approximately 12 million inhabitants
[14]. Air pollution is one of the significant environmen-
tal problems of Istanbul mainly because of traffic emis-
sions. However, some regions of Istanbul have been
continuously exposed to high pollution levels during
the heating season (November–March), so this phe-
nomena is another reason of air pollution [4].

Istanbul is located in the north-west Marmara Region
of Turkey. It encloses the southern Bosphorus, which
places the city on two continents; Europe and Asia. The
city boundaries cover a surface area of 1,831 km2,
while the Province of Istanbul, covers 6,220 square
km2.

In this study, 3 different types of playgrounds are
chosen; in the city where there is a high traffic jam (PG
1), near Istanbul Bosphorus (PG 2), where there is a sea
effect and near high way in Istanbul (PG 3). In these
playgrounds, which have different locations, PM frac-
tions are measured in the specified periods as given in
details in the methods.

Sampling

Sampling period of the study was between march and
april in 2009. The PM fractions were collected by a low
volume sampler “Zambelli ISO PLUS 6000”, operating
at a flow rate of 1 m3/hr. Sampling time was considered
as 24 hours and samples were collected every 6 days of
the week. PTFE (Polytetrafluoroethylene) filters were
used to collect the PM, which have 2 mm pore size and
47 mm diameter. Sampling device only collects one
fraction at a time thus PM2.5 and PM10 were collected on
two sequential days in the week. Sampling height was
approximately 2 m as stated in “EPA 40 CFR PART
50” standards.

Before sampling, filters were pre-conditioned by
placing them into a desiccator at room temperature in
open plastic petri dishes for 24 hours to obtain a con-
stant humidity. After conditioning process, filters were
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Table 1. Approximate Numbers of Vehicles that Passes
Through Near Chosen Playgrounds [18].

Weekdays Weekend

PG 1 184,890 72,645
PG 2 152,406 59,940
PG 3 422,994 158,150

Figure 1. Sampling sites.



weighted using a microbalance. The procedure that is
performed after sampling is the same.

Chemical Analysis

The concentrations of Al, Na, K, Ca, Mg, Pb, Cu, Cr,
Co, Zn, Ni, Cd and V associated with PM2.5 and PM10

were determined by Inductively Coupled Plasma-Opti-
cal Emission Spectrometer (ICP-OES, Perkin Elmer
Inc.).

Before ICP analysis, acid digestion process was ap-
plied to PM collected filters in order to analyze the sam-
ples in the solution phase. To derive this process opti-
mum amount of acid and the digestion procedure was
determined as follows; 5 ml concentrated H2SO4 and 5
ml HClO4. This acid mixture was added to teflon ves-
sels which have filters in it. Then the filters were closed
and placed into the microwave device. Temperature of
the microwave was increased slowly to 210°C during
the 20 minutes digestion time. After cooling the diges-
tion vessels, the content was transferred to the measur-
ing flask and it was diluted to 50 ml with deionized wa-
ter.

RESULTS AND DISCUSSION

Both results of air samples and soil samples should be
considered in order to determine the effect of aerosol
originated heavy metal concentrations on the deposi-
tion to the soil samples of chosen playgrounds.

Results of Air Samples

Air samples were collected as PM10 and PM2.5 size
fractions. The trace metal analysis were performed on

these samples and the results are given in Table 2, 3, and
4 with respect to the chosen playgrounds.

The results showed that the concenrations of the se-
lected trace metals were generally higher in PM10 mea-
surements. It is recognized that these elements are
mostly produced because of vehicles mechanical wear-
ing process that produces coarse particles [13]. How-
ever, in a typical urban atmosphere, concentrations of
Pb, Ni and V are determined by motor vehicle emis-
sions, those of Al, Na, K, Ca, Mg and Co are determined
by resuspended soil and concentrations of Cd, Cr, Cu
and Zn are determined by industrial activities [16].

Yatkin et al. (2007) were investigated elemental
composition and sources of particulate matter in the
ambient air of Izmir where is the other metropolitan city
of Turkey. The metal concentrations were determined
in their study from PM10 and PM2.5 samples.

Since the heavy metal toxicity of children are caused
by the soil and dust in playgrounds, the PM10 and PM2.5

results were given in this study to give an idea about
aerosol originated heavy metal concentrations on soil
of playgrounds.

Result of Soil Samples

The chemical composition of soil, particularly its
metal content, is environmentally important, because
depending on their concentrations, levels of toxic ele-
ments can reduce soil fertility, can increase input to
food chain, which leads to accumulate toxic metals in
foodstuffs, and in ultimately can endanger human
health [19]. In cities, the chemical composition of soil is
affected from the deposition of atmospheric particles;
but the composition of atmospheric aerosol is also af-
fected from the composition of surface soil, because re-
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Table 2. Heavy Metal Concentrations of PG1 Between 01–18.03.2009.

Results of PM2.5 Measurements

Date
PM2.5
g/m3

Al
ng/m3

Na
ng/m3

K
ng/m3

Ca
ng/m3

Mg
ng/m3

Pb
ng/m3

Cu
ng/m3

Cr
ng/m3

Co
ng/m3

Zn
ng/m3

Ni
ng/m3

Cd
ng/m3

V
ng/m3

02.03.09 37.50 166.15 761.19 394.67 723.15 147.18 33.54 106.78 36.97 19.80 53.66 30.85 12.23 30.64
08.03.09 34.80 401.84 923.37 305.63 808.80 198.16 38.34 68.08 20.41 12.69 50.66 17.97 11.00 23.86
14.03.09 30.43 121.80 1560.74 413.67 934.27 134.60 33.97 91.21 21.46 13.81 95.99 20.04 11.24 17.13

Results of PM10 Measurements

Date
PM10
g/m3

Al
ng/m3

Na
ng/m3

K
ng/m3

Ca
ng/m3

Mg
ng/m3

Pb
ng/m3

Cu
ng/m3

Cr
ng/m3

Co
ng/m3

Zn
ng/m3

Ni
ng/m3

Cd
ng/m3

V
ng/m3

03.03.09 48.20 395.94 2817.98 691.89 2016.45 290.35 74.22 109.63 29.85 18.03 83.31 23.55 12.17 11.46
07.03.09 181.00 5743.34 1662.98 1789.10 9813.19 1860.34 38.88 110.81 35.42 15.75 99.92 23.51 11.78 30.14
18.03.09 27.80 308.49 1390.89 302.12 1392.19 182.42 67.59 88.38 25.89 15.20 106.43 19.18 13.32 18.22



suspended soil particles is an important component of
aerosol mass, particularly in the coarse fraction [16]. In
order to determine the concentrations of the trace met-
als in the soil of chosen playgrounds, three samples
were analyzed for each playground and the average re-
sults of the analysis were illustrated in Table 5. The
effect of coastal region were observed in PG 2 as an
increase in Na, K, Ca and Mg concentrations.

Concentrations of some heavy metals that exist in
soil were given as range of values, applicable and maxi-
mum values in Table 6. In general, the results of the
study are not exceeding the maximum values which are
given in the Table 6, but the differences in the heavy
metal concentrations of playgrounds becomes impor-
tant in this case. Since the concentrations of heavy met-
als are increasing depending on traffic intensity of the
chosen monitoring site. As depicted in Table 1, the traf-
fic intensity of the PG 3 is higher than the others, ac-
cordingly the heavy metal concentrations is higher.

Sezgin et al. (2003) were investigated the heavy

metal concentrations of street dust in Istanbul and they
concluded the study with these average concentrations
as 211.8 mg/kg for Pb, 208.49 mg/kg for Cu, 397.90
mg/kg for Mn, 520.81 mg/kg for Zn, 1.91 mg/kg for Cd
and 31.52 mg/kg for Ni. The results of this study has an
importance to evuluate the heavy metal deposition
caused by vehicle emissions in Istanbul. The results of
the study that was performed by Sezgin et al. (2003) are
higher than results of this study. Since the samples of
their study were collected directly from street so the
heavy metal deposition were higher.

Some of the studies which were performed in dust or
soil samples have approximately same values of this
study and also some of them have definitely different
results. Ruiz-Cortes et al. (2005) was found concentra-
tion values of some selected metals in soils of play-
grounds as 40.5 mg/kg for Cr, 56.8 mg/kg for Cu, 21.6
mg/kg for Ni, 146 mg/kg for Pb and 121 mg/kg for Zn.
Another study was performed in background soil in
Madrid by the De Miguel et al. (1998) and the results
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Table 4. Heavy metal concentrations of PG3 (Okmeydanu) between 07.04.2009–2304.2009.

Results of PM2.5 Measurements

Date
PM2.5
g/m3

Al
ng/m3

Na
ng/m3

K
ng/m3

Ca
ng/m3

Mg
ng/m3

Pb
ng/m3

Cu
ng/m3

Cr
ng/m3

Co
ng/m3

Zn
ng/m3

Ni
ng/m3

Cd
ng/m3

V
ng/m3

08.04.09 56.20 267.5 319 402.4 222.7 59.4 44.6 31.4 2.4 0.8 83.1 2.4 – 7.9
17.04.09 43.3 530.74 3074.46 1270.13 1066.23 189 13.01 218.22 16.15 – 100.52 19.9 – –
20.04.09 47.5 2244.8 3010.81 389.58 1310.12 133.3 11.07 120.63 2.34 – 85.64 10.18 – 4.95

Results of PM10 Measurements

Date
PM10
g/m3

Al
ng/m3

Na
ng/m3

K
ng/m3

Ca
ng/m3

Mg
ng/m3

Pb
ng/m3

Cu
ng/m3

Cr
ng/m3

Co
ng/m3

Zn
ng/m3

Ni
ng/m3

Cd
ng/m3

V
ng/m3

09.04.09 129.58 2644.9 1242.5 1713.6 5535.2 788.8 18.21 125.8 12.4 8.9 125.1 10.8 1 17.4
14.04.09 69.2 1722 7851.26 2297.88 14677.8 1127.11 6.1 175.4 7.22 – 322.09 13.53 – –
19.04.09 92.2 2284.59 8108.85 884.69 6033.2 648.52 19.09 263.84 20.31 – 234.32 30.12 – 42.33

Table 3. Heavy Metal Concentrations of PG2 Between 20.03.2009–06.04.2009.

Results of PM2.5 Measurements

Date
PM2.5
g/m3

Al
ng/m3

Na
ng/m3

K
ng/m3

Ca
ng/m3

Mg
ng/m3

Pb
ng/m3

Cu
ng/m3

Cr
ng/m3

Co
ng/m3

Zn
ng/m3

Ni
ng/m3

Cd
ng/m3

V
ng/m3

23.03.09 26.00 108.51 930.29 269.45 497.18 97.40 67.27 73.69 22.86 14.35 54.01 21.24 14.70 22.67
30.03.09 69.56 712.8 1107.4 887.4 1328.2 235.6 54.9 46.3 4.5 0.7 114.8 30.6 1.15 67.1
03.04.09 21.60 199.08 1624.90 442.25 1057.75 91.48 11.37 105.01 6.99 – 35.60 17.03 – –

Results of PM10 Measurements

Date
PM10
g/m3

Al
ng/m3

Na
ng/m3

K
ng/m3

Ca
ng/m3

Mg
ng/m3

Pb
ng/m3

Cu
ng/m3

Cr
ng/m3

Co
ng/m3

Zn
ng/m3

Ni
ng/m3

Cd
ng/m3

V
ng/m3

26.03.09 34.60 467.78 1797.15 382.68 1677.12 257.35 30.60 97.59 22.70 12.74 69.29 19.49 10.74 12.69
28.03.09 78.30 2258.7 3034.8 830.0 2393.4 389.7 332.8 116.8 15.6 0.089 219.3 22.7 20.2 32.1
05.04.09 30.26 974.47 4453.07 340.62 3466.46 351.50 115.98 120.47 0.29 – 131.35 4.25 – –



were determined as 6.42 mg/kg for Co, 74.7 mg/kg for
Cr, 71.7 mg/kg for Cu, 14.1 mg/kg for Ni, 161 mg/kg
for Pb and 210 mg/kg for Zn. A similar study was im-
plemented in playgrounds in Hong Kong by Sai Leung
et al. (2007), but the results of their study was highly
different. They are reported as 1883 mg/kg for Zn, 143
mg/kg for Cu, 7 mg/kg for Cd, 263 mg/kg for Cr and
77.3 mg/kg for Pb. This similarities and differences of
results points the dependency on the sources,
meteorology and air pollution load.

Correlation Between Metals

Calculation of correlations among elements in a
given size fraction is a alternative tool, which can be
used to define the possible groups and/or behaviors of
elements [5]. Correlation matrices were calculated to
determine the relation between the trace metal concen-
trations. The correlation matrices of the trace elements
in PM2.5 and PM10 size fractions at three different play-
grounds are given in Tables 7, 8, 9. The significant cor-
relations are depicted using bold fonts.

In the correlation results of first playground, the dif-
ferences between PM2.5 and PM10 samples were pointed
out. According to the results, Pb which is mainly emit-
ted to the atmosphere as micron sized particles by mo-
tor vehicles, has no significant correlation values both
in PM2.5 and PM10 analysis. However, heavy metals;
Ni, Cd, Cu, Cr, and Co have significant correlation val-

ues and these values are higher in fine particles than
coarse particles.

For the second playground (PG 2), which is on the
coast of Bosphorus, Na has no high correlation value in
PM2.5 samples. However, in PM10 analysis it has signif-
icant corelation with Ca, Mg, and Cu. The correlation
between Na and Mg indicates a certain part of PM was
originated from marine salt [17]. These trace metals
were transported as water droplets from sea and these
aerosols have a particle size greater than 10 microns.
There was no relationship between Pb, Zn, Cd, and V in
PM2.5 different from PM10. This may indicate that Pb is
mainly existed in the coarse fraction of a source which
is mainly motor vehicles.

In the results of PG 3, correlations of Pb is different
from the results of the other playgrounds. Since Pb has
high correlation with Co in both coarse and fine particle
sizes. Also, it is significantly correlated with Cd and Al
elements in PM10 analysis. This may show that the
sources of these trace metals for PG 3 sampling site
were the same.

Although the measurement parameters and the sam-
pling were same, the correlation values between trace
metals considerably vary among three playgrounds.
This situation was related with the variability of pollu-
tion sources, meteorology and the locations of
sampling sites.

CONCLUSION

The results of the trace metals which are analyzed on
PM10 and PM2.5 samples were given in this study to give
an idea about aerosol originated heavy metal concentra-
tions on soil of playgrounds. Since the heavy metal tox-
icity of children are mostly caused by the soil and dust
in playgrounds.

According to the results obtained from soil samples
of playgrounds in three representative locations, the av-
erage metal concentrations were 35792.6 mg/kg for Al,
16855.0 mg/kg for Na, 11218.0 mg/kg for Ca, 2543.0
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Table 5. Heavy Metal Concentrations on the Soil Samples of Chosen Playgrounds in Istanbul (mg/kg).

Location Date Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Besiktas Barbaros
Avenue (PG1)

01–18 March 2009 45583 7230 12097 8119 1641 33 31 54 10 98 20 – 51

Kabatas coast
(PG2)

19 March–6 April 2009 40085 26425 22918 16620 4608 148 67 55 16 201 18 – 61

Abide-i Hürriyet
(PG3)

07–23 April 2009 21710 16910 21927 8915 1380 270 26 65 30 283 27 – 65

Table 6. Heavy Metal Concentrations that Exist in Soil,
mg/kg Dry Soil [8].

Metals Range Acceptable Value Maximum Value

Pb 0.1–20 100 100
Cd 0.1–1 3 3
Cr 10–50 100 100
Cu 5–20 50 100
Ni 10–50 50 50
Zn 10–50 300 300
Co 1–10 50 –
V 10–100 50 –
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Table 7. The Correlation Matrices of the Trace Metal Concentrations at PG 1 (PM2.5 and PM10).

PM2.5 Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Al
Na -0.460
K -1.000 0.476
Ca -0.254 0.975 0.271
Mg 0.999 -0.496 -1.000 -0.292
Pb 0.974 -0.247 -0.970 -0.027 0.964
Cu -0.848 -0.081 0.838 -0.298 -0.826 -0.946
Cr -0.419 -0.613 0.403 -0.772 -0.382 -0.614 0.837
Co -0.499 -0.539 0.484 -0.712 -0.464 -0.683 0.883 0.996
Zn -0.667 0.968 0.680 0.890 -0.697 -0.481 0.171 -0.397 -0.312
Ni -0.502 -0.537 0.487 -0.709 -0.467 -0.685 0.884 0.996 1.000 -0.309
Cd -0.532 -0.507 0.517 -0.684 -0.498 -0.710 0.900 0.992 0.999 -0.276 0.999
V 0.145 -0.945 -0.163 -0.994 0.185 -0.083 0.402 0.837 0.785 -0.834 0.783 0.761

PM10 Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Al
Na -0.323
K 0.971 -0.087
Ca 0.999 -0.273 0.982
Mg 0.999 -0.282 0.980 1.000
Pb -0.982 0.497 -0.908 -0.970 -0.973
Cu 0.552 0.611 0.735 0.595 0.587 -0.383
Cr 0.916 0.083 0.985 0.936 0.933 -0.823 0.614
Co -0.320 1.000 -0.084 -0.269 -0.278 0.494 0.614 0.087
Zn 0.231 -0.995 -0.008 0.180 0.188 -0.412 -0.684 -0.178 -0.996
Ni 0.505 0.653 0.697 0.550 0.542 -0.332 0.999 0.809 0.656 -0.723
Cd -0.706 -0.442 -0.855 -0.742 -0.736 0.558 -0.980 -0.931 -0.446 0.526 -0.968
V 0.929 -0.651 0.813 0.908 0.912 -0.982 0.203 0.703 -0.648 0.575 0.150 -0.393

Table 8. The Correlation Matrices of the Trace Metal Concentrations at PG 2 (PM2.5 and PM10)

PM2.5 Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Al
Na -0.136
K 0.991 -0.001
Ca 0.835 0.432 0.901
Mg 0.985 -0.307 0.952 0.726
Pb 0.171 -0.999 0.037 -0.400 0.341
Cu -0.764 0.743 -0.670 -0.282 -0.865 -0.767
Cr -0.709 -0.602 -0.798 -0.980 -0.575 0.573 0.087
Co -0.581 -0.728 -0.685 -0.933 -0.430 0.703 -0.082 0.986
Zn 0.935 -0.479 0.878 0.585 0.982 0.510 -0.943 -0.412 -0.254
Ni 0.902 -0.551 0.835 0.514 0.963 0.580 -0.968 -0.334 -0.172 0.996
Cd -0.559 -0.746 -0.665 -0.923 -0.405 0.722 -0.109 0.981 1.000 --0.227 -0.145
V 0.888 -0.576 0.818 0.488 0.955 0.605 -0.975 -0.305 -0.141 0.993 1.000 -0.114

PM10 Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Al
Na 0.236
K 0.937 -0.117
Ca 0.163 0.997 -0.191
Mg 0.885 0.662 0.667 0.604
Pb 1.000 0.236 0.938 0.162 0.884
Cu 0.607 0.916 0.292 0.883 0.907 0.606
Cr -0.069 -0.986 0.282 -0.996 -0.527 -0.069 -0.835
Co -0.714 -0.849 -0.426 -0.807 -0.958 -0.714 -0.990 0.748
Zn 0.989 0.376 0.877 0.305 0.943 0.989 0.716 -0.214 -0.809
Ni 0.398 -0.797 0.692 -0.841 -0.076 0.398 -0.488 0.888 0.358 0.260
Cd 0.669 -0.564 0.886 -0.625 0.245 0.669 -0.185 0.695 0.043 0.553 0.948
V 0.777 -0.428 0.947 -0.495 0.394 0.777 -0.030 0.574 -0.114 0.677 0.887 0.988



mg/kg for Mg, 41.3 mg/kg for Cu, 58.0 mg/kg for Co,
194.0 mg/kg for Zn, 21.67 mg/kg for Ni, and 59.0
mg/kg for V. The highest concentration values were ob-
served for the toxic trace metals as Pb (270 mg/kg), Cr
(65 mg/kg), Zn (283 mg/kg), Co (30 mg/kg), Ni (27
mg/kg), and V (65 mg/kg) in the playground near high-
way (PG 3). Comparison of measured concentrations of
elements in the selected locations in the city has demon-
strated that concentrations of average trace elements of
the soil have been modified by the deposition of
anthropogenic particles.

In order to define the possible groups and behaviors
of elements, correlations were calculated among trace
metals in PM2.5 and PM10 size fractions. Variations in
the correlation values between trace metals of three
playgrounds was related with the variability of pollu-
tion sources, meteorology, and the locations of sam-
pling sites.

In urban environment, all breathing system of chil-
dren are affected by the outdoor air pollution (espe-
cially PM pollution). This particulate matter pollution
causes serious health effects such as asthma, coughing,
difficult or painful breathing, chronic bronchitis, de-
creased lung functions etc. [15].

Playgrounds are common places for children to per-
form outdoor activities. The scientists argue that soil in-
gestion because of hand to mouth activity represents a
significant direct exposure pathway to lead [9]. As
known, the heavy metal pollution on soil primarily
caused by the PM deposition. For this reason, in this
study the elemental concentrations of both atmospheric
aerosols and the soil samples on playgrounds were
measured. According to data collected, it is clear that
the playgrounds should be located far away from the
traffic and so air pollution sources.

The results which determined in this study could be a
significant suggestion for the future studies that should
concentrate on how much far away the playgrounds lo-
cated from the main roads and highways.
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Table 9. The Correlation Matrices of the Trace Metal Concentrations at PG 3 (PM2.5 and PM10).

PM2.5 Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Al
Na 0.586
K -0.402 0.507
Ca 0.759 0.972 0.291
Mg 0.202 0.912 0.816 0.791
Pb -0.643 -0.997 -0.443 -0.987 -0.880
Cu 0.097 0.863 0.873 0.722 0.994 -0.825
Cr -0.394 0.514 1.000 0.300 0.821 -0.451 0.877
Co -0.602 -1.000 -0.489 -0.977 -0.904 0.999 -0.853 -0.497
Zn -0.262 0.628 0.989 0.429 0.892 -0.571 0.935 0.990 -0.612
Ni 0.059 0.843 0.890 0.695 0.990 -0.803 0.999 0.895 -0.832 0.948
Cd ND ND ND ND ND ND ND ND ND ND ND
V 0.022 -0.797 -0.924 -0.634 -0.975 0.752 -0.993 -0.928 0.785 -0.971 -0.997 ND

PM10 Al Na K Ca Mg Pb Cu Cr Co Zn Ni Cd V

Al
Na -0.776
K -0.523 -0.132
Ca -0.940 0.513 0.783
Mg -0.773 0.200 0.945 0.944
Pb 0.835 -0.995 0.033 -0.596 -0.296
Cu -0.234 0.795 -0.706 -0.112 -0.435 -0.731
Cr 0.505 0.152 -1.000 -0.770 -0.938 -0.054 0.720
Co 0.796 -0.999 0.099 -0.541 -0.233 0.998 -0.775 -0.120
Zn -0.982 0.880 0.353 0.859 0.641 -0.923 0.413 -0.334 -0.896
Ni -0.005 0.635 -0.850 -0.337 -0.630 -0.555 0.973 0.860 -0.609 0.192
Cd 0.796 -0.999 0.099 -0.541 -0.233 0.998 -0.775 -0.120 1.000 -0.896 -0.609
V 0.520 0.135 -1.000 -0.781 -0.944 -0.036 0.708 1.000 -0.102 -0.351 0.851 -0.102
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