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ABSTRACT

Construction activities have been recognized to have signifiogpaadts on the
environment. Excess sediment from construction sites is frequapbsided into nearby
surface waters, negatively altering the chemical, phlyaiwa biological properties of the
water body. This environmental concern has led to strict lawseoang erosion and
sediment control, such as imposing permit conditions that limit theeotmation of
suspended solids that can be present in effluent water from comstratés. However,
sediment concentration measurements are not routinely used tb atetemrrect short-
term problems or permit violations because laboratory analgdissediment
concentrations is time-consuming and costly. Nevertheless, yfinagcurate field
estimation of sediment loading could be facilitated through the al@went of empirical
relationships between suspended solids and turbidity.

Previous research indicates that turbidity measurements maynbeeapractical
method of estimating sediment loads by indirectly relatingnsewii concentration to
turbidity. In addition, recognition of turbidity as an indicator of patlotin surface
runoff from disturbed areas has resulted in efforts by the U.Sdfmental Protection
Agency (EPA) to implement turbidity effluent limitation guidelinés control the
discharge of pollutants from construction sites. Therefore, gikeninhportance of a
proposed turbidity limit, focus of this research is to determeiationships between
representative soils and corresponding turbidity as a function of suspsadanent

concentration and sediment settling. Turbidity is not only a functiosuspended



sediment concentration, but also of particle size, shape, and compastithis research
was needed to analyze turbidity responses based on sedimenttesisdiee of
representative South Carolina soils.

First, accuracy and precision of commercially available nepheééssnaeeded to
be quantified for use in subsequent sediment/ surface water analydi potential
regulatory compliance. Analysis of accuracy and precision forum&nts showed that
even though meters may be very precise, they could also be inaccuragverdivee of
the four meters that performed well provided statisticalbueste and precise results. It
was also found that formazin calibration standards may be a betetard than AMCO
EPA standards for surface water analysis.

Utilizing representative South Carolina soils, both relationshipsiridity to
sediment concentration and turbidity to settling time were used mo floathematical
correlations. Turbidity versus suspended sediment concentration and yuxkatsus
settling time correlated well when top soil and subsoils wassifled based on their
predominant South Carolina region and their measured clay contented&ends for
suspended sediment concentration to turbidity correlated well b e linear or log
relationship (R values ranging from 0.7945 to 0.9846) as opposed to previous research
utilizing a power function or the assumption of a one-to-one relatipn$for the
correlation of turbidity and sediment settling time, trends wes# gorrelated with a
power function (R values ranging from 0.7674 to 0.9347). This relationship suggests
Stoke’s Law was followed; where smaller particles remairsuspension longer and

contribute more to turbidity compared to soils with less clay content.



Altogether, results of this research provide a step in deterghipotential site-
specific equations relating sediment concentration to turbidity esidhent settling time
to turbidity. With this knowledge, results could ultimately aid in tlesign of future
sediment basins of South Carolina and provide information for potengalatery

compliance.
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CHAPTER 1

INTRODUCTON

Increased erosion caused by anthropogenic activities has beenizedogs a
priority environmental concern. Suspended solids from runoff, such esluation
through construction activity, are a potential water pollutant thataause significant
environmental impacts. Such impacts include adsorption of heavy smetadic
substances, and biological pollutants to soil particles that ametridwesported to nearby
waters. These chemical and biological pollutants can harm waadity and lead to fish
kills and other ecological problems. This environmental concern datolstrict laws
concerning erosion and sediment control. The outcome of the sedimemrasion
control laws has resulted in construction sites using sediment lassthe conventional
method of controlling sediment-laden runoff from these sites. Sedimamtsbare
designed to slow the velocity of runoff and allow sediment partidesettle from the
water column before discharge to surface waters offsitelgiMiet al., 1997). The
efficiency of these ponds is critical to controlling the amount of runoff from thiese s

Several measures can be used to determine the effectivdn@ssedimentation
basin including trapping efficiency, average effluent concentrationk mfHuent
concentration and peak effluent settleable solids (Hoechst, 1997). Tragfiargncies
are the most common performance standard and are generallatsowith the use of
sediment concentration (Mitchell, 2000). Water samples from influsthteffluent of the

basin must be taken to the laboratory and analyzed for sediment tcdv&thods to



obtain the amount of solids contained in stormwater samples inclitgesg water,
then drying and weighing residue that has remained on a filter @06). Sediment
concentrations from the influent and effluent waters are comparetbteymine the
trapping efficiency of the pond using a mass balance approach (Mitchell, 2000).

Total suspended solids (TSS), resulting from erosion, are held iwalter
column by turbulence and encompass both inorganic solids, such as kanthysand
organic solids, such as algae and detritus (Thackston and Palermo, A@§jiBnd&d
solids measurements are not routinely used to detect and chroetzterm problems or
permit violations because sediment concentrations cannot be deteramilgaequickly
in the field, and transportation to a laboratory for analysigns-tonsuming and can be
costly (Thackston and Palermo, 2000). Timely, accurate field &sbm of sediment
loading could be facilitated through the development of precisdoredaips between
suspended solids and turbidity. This approach has potential for monitomngvater
quality constituent whose concentration is better correlated amitbasily measured (in
situ) parameter, such as turbidity.

Turbidity is an expression of the optical properties of a liquid ¢thates light
rays to be scattered and absorbed rather than transmitted ightstiaes through a
sample (Anderson, 2005). Suspended solids have an optical impact on watgrbyual
reducing light transmission through water; this is referoedstlight attenuation (Davies-
Colley and Smith, 2001). Cloudiness of water results from intenseersegtof light by
fine particles. Hence, waters with high concentrations of fine sdsgesediment are

described as turbid.



Turbidity measurements are gaining increased usage as ananditgediment
pollution in surface runoff from disturbed areas such as active ootetr sites. Recent
efforts by the U.S. Environmental Protection Agency (EPA) haveltegsin turbidity
effluent limitation guidelines and new source performance standarasntrol the
discharge of pollutants from construction sites (EPA, 2009). Numehwity limits for
construction site discharge are expected to be required in thefuteeg. Such
requirements will likely include subjecting construction sitersteater discharges to a
maximum allowable numeric turbidity effluent limit in nephelontetiurbidity units
(NTU) for sites disturbing 10 acres or more. Where turbidity outpatlings from
nephelometers are given in nephleometric turbidity units (NTUnvduoattered light is
measured perpendicular to meter’s incident beam.

Turbidity is not an inherent property of water, such as temperaturgH.
However, the recognition of turbidity as an indicator of the environrheatdth of water
bodies has increased, resulting in a growing demand for high-qualityohjective
turbidity measurements (Anderson, 2005). Therefore, given the import#nee
proposed turbidity limit, the focus of this research is to betterratatel the relationship
between turbidity and suspended sediments. To fulfill this goal, tbeetives were
established. These objectives are described below.

1. Compare selected turbidity meters to quantify accuracy andsmmecof each
instrument for use in subsequent soil/water analysis objectives.
2. Establish empirically derived relationships between suspended solids

concentration and turbidity for representative South Carolina soils.



3. Determine the correlation of turbidity with respect to setttinge of the selected

South Carolina soils.

Before relationships between turbidity and suspended sediments could be
established, questions remain as to how samples should be obtained arskgrtucgst
reliable readings for future analysis. Therefore, this rebewvill first compare the
performance of various commercially available nephelometersatststally quantify
accuracy and precision of selected instruments for use in subseapaygsis and
potential regulatory compliance.

A standard practice in relating suspended sediment to turbidity fake the
association as a one-to-one relationship (Hayes et al., 2001).r&earch, however,
indicates this assumption is not accurate unless site-speaifipliag is utilized to
establish unique turbidity-suspended sediment relationships becauseytusbindit only
a function of TSS concentrations, but also of particle size, skayk,composition
(Gippel, 1995: Hayes et al., 2001). As a result, this research is needed i amddidity
responses based on sediment characteristics for representative South €aitslina

Also, in order to separate particles from the runoff water i besagement
practices (BMPs) such as sediment basins, it is imperatkmeole sediment settling time
and settling properties required to remove the particles fromwdier column.
Accordingly, this research will also determine empirical relationshigediment settling

time to turbidity.



CHAPTER 2

LITERATURE REVIEW

Suspended Solids

Increased nonpoint source (NPS) pollution in the United States has be
recognized as a priority environmental concern. NPS pollutionnergeed from diffuse
land use activities rather than originating from a single disgeint source, such as a
pipe (USGAO, 1998). It is conveyed to waterways through natural m@gesuch as
rainfall, storm runoff, or groundwater seepage that generally sseciated with land
management, construction, and urban runoff (USGAO, 1998). Recent studms\ayd
by EPA and state water quality agencies suggest the maybrnigmaining water quality
impairments result from nonpoint sources, urban stormwater dischangesp@mbined
sewer overflows compared to point source pollution. Decreases er waality from
NPS pollution are generally reflected by increases of pdatie matter (Packman et al.,
1999) known as total suspended solids (TSS). According to the National laality
Inventory in 1998, suspended solids and sediment are the leadingotavester quality
impairment of rivers and lakes (Swietlik, 2002).

TSS refers to the mass or concentration of both inorganic and osydidis that
are held in the water column by turbulence (Thackston and Palef0). 2norganic
solids can include sand, silt and clay particles, and organic sedglencompass algae,

bacteria and detritus (Thackston and Palermo, 2000). Introduction of suspehdsd s



(SS) in the nation’s bodies of water may be caused by mangespuncluding (LSS,
2009):

e Soil erosion associated with agricultural practices and construction saté run

e Domestic and industrial wastewater discharge

e Urban runoff from impervious surfaces

e Flooding and chronically increased flow rates

e Algae growth from nutrient enrichment (eutrophication)

e Dredging and channelization, and

e Removal of riparian vegetation and other stream bank disturbances

All streams carry SS under natural flow conditions. Howeverpincentrations
are elevated from the above disturbances, this can lead tdiaiterto the physical,
chemical and biological properties of a water body (Bilotta and Br&068).

Physical alterations caused by SS pose risks to water yquald aquatic
organisms. Increased SS may result in a reduction of light raéinat available for
aquatic vegetation to grow by photosynthesis (LSS, 2009). A reductionnhméiter
results in less energy, oxygen, and habitat for aquatic organisnaldilion, increased
SS can negatively affect fish by limiting their ability foind food, increasing
susceptibility to predators, and increasing gill abrasion (Packebal., 1999). Water
temperature alterations are another harmful physical streassed by increased TSS.
Waters usually become warmer because of the greaterahsatbency of particulate
matter and their ability to darken water and absorb more heatstrahght (LSS, 2009).

This thermal change can lead to negative effects on cdievadaptive species (LSS,



2009). Lastly, upon deposition, increased SS loads can cause infillicigaohels and
reservoirs (Bilotta and Brazier, 2008).

Case studies involving the Chesapeake Bay, the Everglades, MilResgrvoir,
and Lake Hartwell have shown that suspended solids can be another p#bhway
biological and chemical contaminants to pollute the environment. Cakooictaminants
are conveyed from adsorption sites on surfaces of sediments. Canistdatieoncern can
include organic compounds, heavy metals, and some nutrients. Organic cantami
may encompass PCBs, PAHs present in fossil fuels, and pestioiesagricultural
practices. Heavy metals include mercury, cadmium, lead, zinc,lmachiim that could
result from domestic and industrial wastes. Such contaminanteardul because they
can 1) bioaccumulate through the food chain (i.e. mercury); 2) thesettle with the
sediments, where bottom-dwelling organisms are exposed to bioavaatiéeninants,
or 3) pollute groundwater via leaching from settled sediments (28@). Sediments
can also be a major source of the plant nutrients nitrogen, phosplao@uson (LSS,
2009). One phenomenon, called eutrophication, is the result of watersibgautrient-
rich, which can lead to increased biological productivity. The most severe conse@iie
eutrophication is the depletion of oxygen by the decomposition of orgatierniBoesch
et al., 2001). Organic matter produced in surface waters sink tbatihem where it
decomposes, consuming oxygen inventories that are not replenishedtbgyplthesis or
mixing with oxygen-rich surface waters (Boesch et al., 2001).y, astere is a long-
established link between sediment and biological pollutants, suchcesisdain lentic

systems (Sawyer, 2009). Clearly, SS are an important pollutaniriace waters; thus,



guantifying and monitoring changes in suspended solids is cfiticiie nation’s bodies
of water.

TSS monitoring has become an integral part of programs to reduce monpoi
source pollution, such as those enacted by the Clean Wate€W&A)((Dahlgren et al.,
2004). The goal of the CWA is “to restore and maintain the clegpphysical and
biological integrity of the Nation’s waters” (EPA, 1972). The @Glé&ater Act is a
comprehensive set of programs and requirements designed to addressmitiex
problems caused by a wide variety of pollution sources (EPA, 1972)rithary focus
of the CWA and subsequent 1977 amendments was the prevention of pollution
discharges from point sources. In 1987, the act was again amendeanéehis focus on
non-point sources of pollution. One of the cornerstones of the Act isN#tienal
Pollutant Discharge Elimination System (NPDES), which regslatéscharge of
pollutants into waters of the U.S. Under the CWA, NPDES peramés issued to
industrial, municipal, and other point source dischargers by eithér & a delegated
state agency (EPA, 1987).

Construction sites of a designated size or larger require NRI2ESit coverage
because erosion and sediment laden runoff can have a significant onpaater quality
(EPA, 1987). The NPDES stormwater program requires construsitenoperators
engaged in clearing, grading, and excavating activities that ldishe acre or more to
obtain coverage under an NPDES general permit for their stormdiatdrarges. Most
states, including South Carolina, are delegated to implement sabemWPDES

permitting programs. Permits require construction site opertdarsstall and maintain



erosion and sediment control measures to minimize stormwater Washing soil,

nutrients, chemicals and other harmful pollutants into local water bodies.

Construction Sites

According to United States General Accounting Office in 1997, withooper
controls at construction sites, sediment loads can reach 35 to 4petoasre per year
(USGAO, 1998). The two factors accounting for large amountsdifneat coming from
construction sites include high erosion rates and high delivery rates.

Erosion is the wearing away of top soil and subsoil by meansnoing water,
wind, ice or other geologic agents (EPA, 1992). The process of erésabuares
detachment of soil particles from a soil mass, transport adeteched sediment (i.e. via
runoff) and deposition of the sediments, known as sedimentation (Johns, 1998)oThe
types of erosion include geologic erosion and accelerated erosiog@esiosion, also
known as natural erosion, is caused by geological processes @aatinpng periods of
time without human disturbance (Johns, 1998), whereas accelerated ésosiomore
rapid erosion process influenced mostly by human activities (Johns,. Xa@®Jerated
erosion is most often caused by an alteration of the landseagéting from floods,
earthquakes, or anthropogenic activities (Morrow et al., 2007). H&mekdisturbance
from construction activity exposes large areas of bare sailater and wind erosion,
increases soil erosion rates 2,000 to 40,000 times undisturbed ratber(H999: Johns,
1998), and results in approximately 80 million tons per year of ssdisupplied to US

lakes, rivers and waterways (Harbor, 1999).



More importantly, construction sites can create very high delnseg compared
to pre-construction conditions (NCDENR, 2009). During the initial phase of construction,
vegetation is cleared, land is graded, and ditches or storm sawarsstalled to provide
good drainage. Such alterations increase runoff volume and changeititgg frequency
and rate of discharge. Practices are now required to compensaterEased post-
construction peak flows. However, these practices only control theftatnoff volume
leaving sites, but still allow increases in untreated runoff volume. Therefarelréimage

arrangement provides an efficient delivery system for pollutants tb heeal waters.

Sediment Control Structures

States implement specific stormwater management and sediradattion
regulations for land disturbing activities that stem from theaCl&Vater Act. For
example, according to South Carolina’s Department of Health and dBmeéntal
Control (SCDHEC) regulations, construction site activities distigr one acre or more
require the development of erosion prevention and sediment control (EPS1S)tpl
achieve an 80 percent (minimum) design removal efficiency gg@DHEC, 2003).
There are many practices that can be implemented on construction sithsctemsion.
Consequently, even with very aggressive erosion prevention practdestosion will
still take place (Harbor, 1999). Therefore, to reduce eroded saih¢esites, and meet an
80 percent removal efficiency goal, a variety of sediment tngppneasures have

traditionally been used. Gravitational settling from detentiathesmain process used to
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remove sediment from construction site runoff. Commonly used sedimeagyirg
practices on sites include silt fences and sediment basins.

Silt fences are used as temporary perimeter controls that s¢diment to settle
out of runoff. They are composed of a geotextile fabric with vgrynesh sizes that are
stretched across and attached to anchored wooden or metal stakstmKEkeare spaced
at regular intervals along the site perimeter (Harbor, 1999).béltem of the fence is
buried in a trench to create a ponding area that allows tmgefliment from runoff to
settle before water passes through the geotextile (Harbor, 199Mst#iled and
maintained correctly, filtering efficiencies of silt fenagmn vary from 75 to 85 percent
(EPA, 1992). Unfortunately, the vast majority of silt fences iastalled incorrectly,
resulting in ineffective sediment controls (Harbor, 1999).

Sediment basins are another common technique to capture sediment from
stormwater runoff before it leaves the site. Sediment basrengineered impoundment
structures designed to temporarily detain surface runoff long entugdlow for
sediments to settle out of water under the influence of gravitye(vet al., 1997). They
are installed prior to full-scale grading and remain in pladé the disturbed portions of
the drainage area are fully stabilized (EPA, 1993a). Sedimeinska® usually used for
drainage areas of five to 100 acres (EPA, 1993a) and are applicatiainage areas
where it is anticipated that controls, such as silt fenceknailbe sufficient to prevent
off-site transport of sediment (EPA, 1992). Sediment basins are paoythadevelopers
because they require less maintenance than other erosion and sedimyehtechniques

and often can be converted into permanent urban runoff management ponds, (Harbo
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1999). If sediment basins are converted into permanent stormwat&gement ponds,

they must meet all regulatory requirements for wet or dry ponds (SCDHEC, 2005)

Several measures can be used to determine the effectivifnessedimentation

basin including trapping efficiency, average effluent concentrationk pmfHuent

concentration and peak effluent settleable solids (Hoechst, 1997). Tragfiargncies

are the most common performance standard and are generallytealtadaed on certain

design requirements (Hoechst, 1997). For example, Figure 2.1 showssedasin

details according to South Carolina’s Regulation 61-9. The geneighdesjuirements

are as follows (SCDHEC, 2005):

1.

2.

Minimum drainage area of five acres and maximum drainage area of 150 acres
80 percent design removal efficiency goal for TSS,

Basin Shape: The effective flow length is at least twieedffective flow width
(L=2W minimum),

Outlet riser has discharge capacity for a 10-year, 24-hour storm event, and
Effluent 2-year and 10-year, 24-hour storm disturbed flow rateteasethan or

equal to pre-disturbance peak flow rates.
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Figure 2.1. SCDHEC sediment basin specifications (SCDHEC, 2005).
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For sediment basins to achieve certain sediment removal etfieserthe basin
size must be derived from calculating the rate at whichrssus settle. Sediment basin
settling theory is generally governed by Stokes’ Law (Equatipro determine the
settling velocity of particles (Haan et al., 1994). Accogdto this law, a particle will
settle in the vertical direction and accelerate to a constéotityeunder the assumption
that all particles have equal densities, are all spheancgthape, and all soil particles fall
independent of each other under laminar flow conditions (Scott, 2000).aWhstates
that particles larger in diameter sink farther and quicken sraaller particles when
suspended in a liquid (Scott, 2000). Particles with greater sunfeaegar unit of weight

have greater frictional resistance and hence settle at sloweitiesl¢8cott, 2000).

. _ &lps—p)d®
ST 18u

(1)
vs= settling velocity (m/s)
g= gravitational acceleration (rﬁ)s
ps= particle density (kg/f)
p= fluid density (kg/m)
d= particle diameter (m)

u= dynamic viscosity (Pa-s)
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Along with calculating appropriate basin size, basin geometgnismportant
design parameter in maintaining higher sediment retention effieie (Millen et al.,
1997). Poor efficiencies are often found in ponds that have areas o$tdeage caused
by short circuiting. Bypassing of these dead spaces rendeesdtesss ineffective in the
settling process (Mitchell, 2000). As such, South Carolina’'s R 61@resqthe flow
length to be at least twice the flow width to increase toe fbath length to minimize
dead spaces (SCDHEC, 2005).

Sediment basins must be maintained to work effectively. Such maictenaay
include inspecting basins regularly for sediment deposition and réwfosdiment once
the basin reaches 50 percent of sediment storage volume (SCDHEC, Z8fi6)erd
basin effectiveness is a function of eroded particle size disarbof inflow sediment
(Mitchell, 2000). Trapping efficiencies will be adversely affdchy fine sediments that

remain in suspension.

TSS Measurements

Sediment trapping efficiency of a pond may be found by measurirgethment
concentration and flow rate of the runoff entering the structure thadsediment
concentration and flow rate of the water leaving the detention wteudiotal suspended
solids are determined from laboratory analysis by the drghweif suspended solids per
unit volume of water, and are typically reported in milligramsafds per liter of water
(mg/L). There are three different laboratory methods to quatitdyamount of solids

contained in stormwater samples taken from the field (Guo, 2006).hfée methods
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include EPA’'s TSS Method (USEPA 1999), the American Public Head8odation’s
(APHA 1995) TSS Method (also referred to as Standard TSS Methodjmadcan
Society for Testing and Materials’ (ASTM) Suspended Sedir@@mcentration (SSC)
Method (ASTM 1997). All three methods obtain the amount of solids contamed
stormwater samples through filtering water, then drying aagyhving residue that has
remained on the filter (Guo, 2006). EPA’s TSS Method stirs and toHee sub-sample
by pouring from the whole sample container, the Standard TSISollstirs and collects
the sub-sample using a pipette to draw from the whole sample container, and s AST
SSC Method uses the whole sample (Guo, 2006).

Consequently, TSS measurements are not routinely used to detecbrasct
short-term problems or permit violations because sediment concamdratannot be
determined easily or quickly in the field, and transportation tdarddory for analysis is
time-consuming and can be costly (Thackston and Palermo, 2000). Aslt tieese
laboratory methods are increasingly being replaced in favoomtintiously-collected
surrogate data for quantification of SSC that may be safer @hde§s expensive to
obtain. Other common methods to evaluate stream-water suspendeda@udieistrations
include transparency and turbidity measures. For example, the relatiohidityuio TSS
can be used to estimate suspended loads as opposed to estimationenbasedr
discharge from construction sites. This approach has potential fotomogiany water
quality constituent whose concentration is better correlated avitreasily measured

parameter, such as turbidity.
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Turbidity

Turbidity is a measurement used to quantify water clarity @=a@olley and
Smith, 2001). It is an expression of optical properties that caglgedys to be scattered
and absorbed rather than transmitted in straight lines througitea sample (Anderson,
2005). Suspended solids have an optical impact on water quality by medigtin
transmission through water; this is referred to as light attemuéDavies-Colley and
Smith, 2001). Materials contributing to suspended solids include soitlpar{silts and
clays), finely divided organic and inorganic matter, soluble organic compounds, plankton,
and microscopic organisms. Typically, suspended soil particlest ¢ke dominant
influence on light attenuation in natural waters (Davies-Colley 8mith, 2001).
Cloudiness of water results from intense scattering of lighinieyparticles typically with
diameters smaller than 0.050 mm (Mitchell, 2000). Hence, watdate tigh

concentrations of fine suspended sediment are described as turbid.

Turbidity Measurements

From the early 20 century, turbidity was measured in Jackson turbidity units
(JTU) using a Jackson Candle Turbidimeter (Borok, 2010). This method indegara
visual method of looking at a black object at certain depths in wateletermine
turbidity of water (Mitchell, 2000). The turbidimeter consisted spacial candle and a
flat-bottom glass tube. Measurements were made by slowlyrgparturbid sample in
the tube until the image of the candle flame diffused to a uniféom Borok, 2010).

Depth of the sample in the tube is read against the ppm-sibda, nd turbidity was
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measured in Jackson turbidity units (JTU). Jackson turbidimeters caneasure
turbidity lower than 25 JTU, are cumbersome, and depend on human judgment
determine the extinction point (Borok, 2010). Thus, photoelectric detewters
developed and became the accepted method to measure turbidity (Borok, 2010).
Turbidity meters can be used in the field with portable metetheiab with benchtop
meters, or as probes that can be installed in a stream or dskeohtinuous
measurements. Turbidity is now commonly measured in nephelometridityirbnits

(NTU) using nephelometric turbidimeters (Mitchell, 2000).

Nephelometric turbidimeters direct a beam of light into the sidetest sample,
measure the amount of light that is reflected at a restrietege of angles (typically 90
degrees) by any particles present, and compare it to the daglttered by standard
reference suspensions (Mitchell, 2000 and Borok, 2010). Figure 2.2 dispéaysdic
design for nephelometric turbidimeters where scattered ligigtpsired by a photodiode,
which produces an electronic signal that is converted to a tyrhidltie reported in
NTUs (ISO, 1999). Two of the most commonly used nephelometric turbidsnetdude

nephelometers and near infrared turbidimeters.
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Figure 2.2. Basic turbidimeter design using nephelometric measuringceel{Badar,

2004).

Nephelometers measure light that has been scattered atific spegle of 90
degrees from the main light path (EPA, 1993b). Generally, comnigrawahilable
nephelometers are compliant with EPA’s Method 180.1 for determiningdityrtby
nephelometry (Borok, 2010). Along with the specified angle of 90 degree
nephelometers under EPA’'s Method 180.1 require the light source to bestetulamp
operating at a color temperature between 2200-3000 K. The light ssuecdight-
emitting diode where the light path is designed to minimizaydight falling on the
detector (Thackston and Palermo, 2000). Therefore, a zero readiags no light
scattered at 90 degrees (30 degrees) from the main light pétimalies no turbidity
(Thackston and Palermo, 2000). Nephelometers must be standardized atensi e
primary formazin suspension with a value of 4000 NTUs (which can biedlito desired
NTU values) or a commercially available polymer standard identifiedVMG@-AEPA-1

(EPA, 1993D).
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Formazin was established as the first calibration standardifaidity meters in
the 1950’s. Since then, machine performance and EPA approval fosnsestructured
around formazin as the primary calibration standard (AMCOCIear, 2F@)mazin
suspensions exhibit a wide range of suspended particle size ape. Shaically,
formazin particles are irregular in shape and range from 0lD.um in size, closely
matching the range of particulates, 0.2 to 50 pum, found in real wangles (Hach,
2011). The highly predictable light-scattering properties of formarénthe basis of
algorithm design for nephelometric instruments. The primary farmsuspension is a
stock standard suspension (SSS) that can be prepared following stamelfabs
(APHA, 2005). While SSS can be prepared directly in the laboratahysed to create
primary calibration standards (PCALS), the process is labonsnte, time consuming,
and requires precise laboratory technique (Hach, 2011). Besidestheiagly primary
standard, formazin is also the least expensive, premixed, comityeaailable turbidity
standard (Downing, 2005). However, routine use of formazin SSS and PRaMes
several notable disadvantages that include: 1) formazin’s hydramitiate is a
carcinogen; 2) turbidity can vary by 2% from batch-to-batch;h8) dize, shape, and
aggregation of formazin particles change with temperature, tmd concentration; 4) it
settles in storage and must be mixed immediately prior toamsk5) diluted formazin
standards have a storage life as short as one hour (Downing, 2005).ressilta
alternative standards, known as secondary calibration standards (S@lsreated and
typically supplied with purchase of turbidity meters. SCALs hiagen certified by the

manufacturer to provide calibration results equivalent to those obtaihen wthe
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instrument was calibrated with a primary standard (APHA, 2005)ilakta secondary
standards include commercial stock suspensions of 4000 NTU formazigtéCal),
commercial suspension of microspheres of styrene divinylbenzeri2VB)S
microspheres, and items supplied by instrument manufacturers (ARI085).
According to Method 180.1, SCALs are acceptable as a daily atabibrcheck, but must
be monitored on a routine basis for deterioration and subsequently reptaceglired.
All secondary standards change with time and must be replacedtiadie age exceeds
shelf life. Deterioration can be detected by measuring the ttylmtlthe standard after
calibrating the instrument with a fresh formazin or microspteregpension (APHA,
2005).

Along with formazin calibration standards, EPA approved polymer sugpensi
1984 as a secondary calibration standard for turbidity meters undeathe AMCO
EPA (AMCOClear, 2010). It is made from SDVB microspheres amilke formazin,
SDVB microspheres have uniform size, shape and particlesizédution. An example
is displayed in Figure 3.3 (Downing, 2005). SDVB microspheres laaparticle size
distribution of 0.02 to 0.2 um with a mean size of 0.121 pm (AMCOClear, 268i£3
distribution of SDVB spheres are adjusted to produce a formazin-ésptiv@sponse
from a particular turbidity meter (Downing, 2005). SDVB standarésformulated for a
specific make and model of turbidimeter, and therefore, cannot bewidea different
manufacturer or model even though it conforms to the same standdaidn@®bwning,
2005). Key benefits of SDVB standards are: 1) batch-to-batchtweriin turbidity is

less than 1%,; 2) optical properties are constant from 10 to 30°C; 3eanstability is

21



guaranteed; 4) mixing and dilution are not required, and; 5) are not (IDgWwNIng,

2005).

Figure 2.3. Scanning electron microscopy (SEM) images. On the left, fiorpeticles
have many different shapes, whereas SDVB patrticles on the right aresatinagly

uniform (Downing, 2005).
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Figure 2.4. Graph compares the particle sizes of formazin and SDVB. The SDVB

particles are about 1/5 that of formazin particles (Downing, 2005).

22



Other regularly accepted nephelometric turbidimeters are méarad (IR)
turbidimeters. These types of nephelometric turbidimeters are @omphith the
International Standards Organization (ISO) standard 7027, whichmisonly used in
Europe (Borok, 2010). This standard requires that particle light sogttehould be
measured in near infrared (wavelength 860+60 nm) with a lightisegndiode (LED) as
the instrument’s light source (ISO, 1999). Also, the detector angst not exceed 2.5
degrees from the 90-degree incident path (Borok, 2010).

Turbidity meters vary in design, such as optical design of speaveer of the
light source, spectral sensitivity of the detector, angulatesoeg range, and optical
geometry (Pfankuche and Schmidt, 2003). As a result, meters arg mghlument-
specific turbidity measurements in spite of identical calibnato formazin (Pfankuche
and Schmidt, 2003). For example, infrared turbidimeter beams are ciadffey light
absorbance of particles (usually dissolved organic compounds), wheréds Mght

turbidimeters are more sensitive to scattering from fines (Packmanli39).

Future Turbidity-Based Requlations

Turbidity has been recognized as an indicator of pollution in surtecdfrfrom
disturbed areas. In December 2009, EPA released turbidity effioetations and new
source performance standards to control discharge of pollutantscénestruction sites
(EPA, 2009). Regarding turbidity, the final rule subjected discharges ¢onstruction
sites disturbing 20 or more acres of land at one time to comgiyamumeric effluent

limit of 280 NTU, starting in August of 2011 (EPA, 2009). By Februa®i4 the
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limitation would apply to all construction sites disturbing 10 or naares (EPA, 2009).
Interestingly, the final rule does not prescribe specificiirements, such as frequency or
location of monitoring related to construction activity (EPA, 2009). Sylesd to the
proposed final rule, multiple petitions for reconsideration pointed out paitesmtor in
calculating the numeric limit of 280 NTU (EPA, 2010). As a restfA concluded that
it improperly interpreted the data and is currently reevaluatieg numeric effluent
limitation of 280 NTU. EPA intends to publish the corrected fina hy May 30, 2011
so that the revised limitation can be effective by June 29, 2011sfdCanhstruction

General Permit (EPA, 2010).

Relationships to Total Suspended Solids

Optical gauges are widely used devices to monitor TSS condensratdirectly
since they are generally sensitive to a wide concentratiom @NHSS and are relatively
inexpensive (Foster et al., 1992). Although most are suited to the caticentange of
0-1000 mg/L, higher concentrations can be determined, but these ytdrease in
sensitivity (Foster et al., 1992). Therefore, nephelometric turbidigasurements are
gaining recognition because NTU units have been shown to rela@Sa@oncentrations
in many water bodies in regions around the world (Packman et al., 1999)s Decause
the scattering coefficient measured at an angle of 90 dedrebaves almost
proportionally to suspended particle concentration when sensorslirated to give a
linear response to standards (Pfankuche and Schmidt, 2003). Thus, resparyetp

TSS concentrations should be linear if the physical properties péstisd particles are

24



constant (Lewis, 1996). For instance, Lewis (1996) was able to esteawnant sediment
loads by predicting SSC from linear regressions on turbidity freenstorm events on a
creek.

Several other studies have illustrated adequate relationsbipdifrear and other
regression models of TSS concentration and nephelometric turbitity in varying
water bodies (Ellison et al., 2010; Grayson et al., 1995; Hayds @0@1; Packman et
al., 1999; Pavanelli and Pagliarani, 2002; Pfankuche and Schmidt, 2003; MR2OGL).
However, previous research states turbidity should not be used abs@iuse for
sediment concentration without a careful study of the relationsiwgeba turbidity and
suspended load for any proposed watershed monitoring (Pavanelli araddP@gP002).
Hence, previous research stresses the importance of sitGesgaanpling in order to
establish unique turbidity-suspended sediment relationships, (Hagkes2601) because
turbidity is not only a function of TSS concentrations, but also ofgbadize, shape and
composition (Foster et al., 1992: Gippel, 1995). As a result of suckspstafic
properties, there are no universal relationships between turbititys@spended solids
(Borok, 2010). Variable optical properties have resulted in cowwektwith low
coefficients of determination (Pfankuche and Schmidt, 2003). Such vayaliis
generally attributed to changes in particle properties andcylarly particle size
(Pfankuche and Schmidt, 2003). Finer sediments have more reflectigeesuper unit
mass, so, for constant SSC, sensor output increases as suspended bedonezd finer
(Schoellhamer and Wright, 2003), whereas a higher concentration of |zagecles

produces lower turbidity levels (Hayes et al., 2001). Since turbglbjten an indication
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of the quantity of clay particles in suspension, it would be beaéfio obtain a

relationship between turbidity and particle size, as well dsngat concentration. Also,
MacDonald (1991) and Lewis (1996) found that when a watershed displayédr si
characteristics, such as soil type, variations either arergignnot large or related to
SSC, thus the relation between turbidity and SSC may be quite atablprecise (Hayes

et al., 2001) .

Particle Size Distributions & Particle Settling Velocities

In order to classify a soil for engineering purposes, one needs to Hreow
distribution of particle sizes in a given soil mass. In ordeefmasate particles from the
runoff water in best management practices (BMPs) such as esgdipasins, it is
imperative to know sediment settling time and settling proparigsired to remove the
particles from the water column (Haan et al., 1994: Tempel, 2051adAressed earlier,
particle diameter plays an irmportant role in calculating tragpificiency of a sediment
basin because particle sizes directly relate to settlingckglof the particles (Stoke’s
Law). Again, these velocities have an effect on required detentime tnd
corresponding area of the pond (Mitchell, 2000).

The scope of this project is on behavior of particles smaller than th068silts
and clays) because larger particles settle from surfacer latv relatively quickly,
whereas small particles remain in suspension longer, thus comigbasi sources of

turbidity. Therefore, along with determining the relationship betweebidity and
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particle size, this research will evaluate each soilatiosmship of turbidity with respect
to time.

A patrticle size distribution (PSD) curve is created to desthbe&ange of various
particle sizes in a given soil. A typical way to expressi@arsize distribution is with a
percent finer curve. Such a curve illustrates particle seaghw classes versus the entire
sample weight. According to the American Association of Statghwhy and
Transportation Officials (AASHTOQ), particle sizes include famategories of gravel,
sand, silt and clay. Their respective particle diametagssare listed below following
USDA'’s particle size classification (Das, 2006).

1. Gravel: greater than 2 mm.
2. Sand: 2 mm to 0.05 mm.

3. Silt: 0.05 mm to 0.002 mm

N

. Clay: less than 0.002 mm
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CHAPTER 3

ACCURACY AND PRECISION OF PORTABLE TURBIDITY METERS
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ABSTRACT

EPA has published effluent limitation guidelines (ELGS) to cordietharge of
pollutants from construction sites. Numeric turbidity limits foonstruction site
discharge are expected to be required in the near future. Sucremeepts will likely
include subjecting construction site stormwater discharges toxamoma allowable
turbidity numeric effluent limit in nephelometric turbidity unitdTUs) for sites
disturbing 10 acres or more.

Turbidity is an expression of the optical properties of a liquid thates light
rays to be scattered and absorbed as measured by a nephelohwmigh donstituents
such as organic matter can impact water clarity, typichyimorganic fraction derived
from particulate matter such as sediment dominates turbiditysl@vesurface waters.
Recognition that water clarity is an important indicator of enviremia health has
increased, resulting in growing demand for high-quality and objectigasurement.
However, questions remain as to how samples should be obtained and processte
reliable readings.

Given the importance of pending numeric effluent limitationsedl#o turbidity,
the focus of this research is to compare various nephelometersntifygaacuracy and
precision of selected portable instruments for use in routine eatsurface water
analysis and potential regulatory compliance. Instruments wehner girovided with
commercial stock suspensions of formazin (StablCal) or comrhesuspension of

microspheres of styrene divinyloenzene (SDVB) (AMCO EPA). order to evaluate
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meter accuracy and precision, experiments were conducted to caimgamresponses to
true NTU values. This analysis examined performance of eactr mben calibrated to
manufacturer-supplied secondary calibration standards and when cdlitorgbe@mary
calibration standards (PCALS).

Results indicated three of the four meters (Hach 1, Hach 2, and v@ié)
accurate and precise for both calibration studies, but did not fallhvilie claimed +2%
accuracy range as provided by manufacturer’s specificatioms.LdMotte meter did not
perform as well, and even though the overall accuracies improved afiemated to the
formazin PCALs, the meter was inaccurate for higher turbidigdings. As for the
meters’ responses to varying field surface water sampkdings produced by the Hach
2100Q meters (‘Hach 1’ & ‘Hach 2’) had very similar resatgl did not change much
for either calibration study, but were consistently higher then LtaMotte and GW
meters. However, when meters were calibrated to PCALs,ahgerof readings per
sample narrowed. Additionally, the LaMotte and GW meters mayigegowmaccurate
results for higher turbidity readings that may typically eamta wider range of particle
sizes. Variability among the Hach meters to the LaMotte andis&kvost likely due to
differences in formazin standards and SDVB standards. Resujtshava significant
bearing on the construction and development industry as it preparesofursed
monitoring requirements associated with recently promulgated numiuniengfstandards

for turbidity.
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INTRODUCTION

Turbidity measurements are gaining increased usage as ananditabllution
in surface runoff from disturbed areas such as active construdegsn Recent efforts by
the EPA have resulted in proposed turbidity effluent limitations fechdirge from
construction sites. Turbidity is an expression of optical propdttescause light rays to
be scattered and absorbed rather than transmitted in straightiinagh a water sample
(Anderson, 2005). Though constituents such as organic matter can impacthaaty,
typically the inorganic fraction derived from particulate matwuch as sediment,
dominates turbidity levels in surface waters (Davies-Colley &mdith, 2001).
Cloudiness of water results from intense scattering of lighinieyparticles typically with
diameters smaller than 0.050 mm (Davies-Colley and Smith, 2001)eHeaters with
high concentrations of fine suspended sediment are frequently ddsasbéurbid.
Turbidity is a vivid visual indicator of pollution associated with sediment-laden runoff

Turbidity is now commonly measured in nephelometric turbidity unitsUNT
using nephelometric turbidity meters (Borok, 2010). Such meters dirbeam of light
into the side of a test sample, measure the amount of lighstheftacted at a restricted
range of angles (typically 90 degrees) by any particlesgmt, and compare it to light
scattered by standard reference suspensions (Borok, 2010). Twormbsheommonly
used nephelometric turbidity meters include nephelometers andnfieaed turbidity

meters.
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Nephelometers measure light that has been scattered at icspegle of 90
degrees from the main light path (EPA, 1993b). Most commercialljablea meters
comply with EPA’s Method 180.1 for determining turbidity by nepheloynéBorok,
2010 and EPA, 1993b). Such instruments must be standardized againsa @itimeary
formazin suspension with a value of 4000 NTU (which can be diluted toeddsirU
values) or a commercially available polymer standard identifedABICO-AEPA-1
(EPA, 1993b).

Formazin was established as the first calibration standardirtwdity meters in
the 1950’'s and since then, machine performance and EPA approval fors nseter
structured around formazin as the primary calibration standard (AGA€®, 2010).
Formazin suspensions are characterized by a wide range of subpantiele size and
shape. Typically, formazin particles are irregular in shapeamge from 0.1 to 10.0 um
in size, closely matching the range of particulates found id 8amples (Hach, 2011).
The highly predictable light-scattering properties of formazim the basis of algorithm
design for nephelometric instruments. The primary formazin suspensi a stock
standard suspension (SSS) that can be prepared following standatdsn@dPHA,
2005). While SSS can be prepared directly in the laboratory and useshte primary
calibration standards (PCALSs), the process is labor intensives tonsuming, and
requires precise laboratory technique (Hach, 2011). Besides b&ngnh primary
standard, formazin is also the least expensive premixed, comityeawialable turbidity
standard (Downing, 2005). However, routine use of formazin SSS and GAle

several notable disadvantages: 1) formazin’s hydrazine sulfate garcinogen; 2)
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turbidity can vary by 2% from batch-to-batch; 3) the size, shapeé,aggregation of
formazin particles change with temperature, time, and comtiemy 4) it settles in
storage and must be mixed immediately prior to use; and 5) diluteéZorretandards
have a storage life as short as one hour (Downing, 2005).

As a result, alternative standards known as secondary calibrafodasds
(SCALs) are created and typically supplied with purchase ofditybmeters. SCALs
have been certified by the manufacturer to provide calibrationtsesyliivalent to those
obtained when the instrument was calibrated with a primary starfd&idA, 2005).
Available secondary standards include commercial stock suspensiof800f NTU
formazin (i.e. StablCal), commercial suspension of microspheres tyrens
divinylbenzene (SDVB) microspheres, and items supplied by instrumantfacturers
(APHA, 2005). According to Method 180.1, SCALs are acceptable a$yacdibration
check, but must be monitored on a routine basis for deterioration wrsgggiently
replaced as required. All secondary standards change with time ustdoe replaced
when their age exceeds shelf life. Deterioration can be detégtesheasuring the
turbidity of the standard after calibrating the instrument vatHresh formazin or
microsphere suspension (APHA, 2005).

Along with formazin calibration standards, EPA approved use of plym
suspensions in 1984 as a secondary calibration standard for turbidity meter the
name AMCO EPA (AMCOClIear, 2010). It is made from SDVB mipleges and unlike
formazin, the SDVB microspheres have uniform size, shape and @aitiel distribution

(Downing, 2005). The SDVB microspheres have a particle size disbmboit 0.02 to 0.2
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pm with a mean size of 0.121 um (AMCOClIear, 2010). The size distmbat SDVB
spheres is adjusted to produce a formazin-equivalent response fraricalar turbidity
meter (Downing, 2005). SDVB standards are formulated for a spec#ie and model
of turbidimeter, therefore, cannot be used with one from a differemtufacturer or
model even though it conforms to the same standard method (Downing, 20@bkey
benefits of SDVB standards are: 1) batch-to-batch variatioarindity is less than 1%;
2) optical properties are constant from 10 to 30°C; 3) one-year tstabigjuaranteed; 4)
mixing and dilution are not required, and; 5) are nontoxic (Downing, 2005).

Turbidity is not an inherent property of water, such as temperatupH, yet
recognition of turbidity as an indicator of the environmental healtwatér bodies has
increased, resulting in a growing demand for high-quality and olgedtirbidity
measurements (Anderson, 2005). Questions remain as to how samples lshould
obtained and processed to get reliable readings. Therefore, givampgbeance of
proposed turbidity limits, focus of this research is to compare vagoosmercially
available portable nephelometers to quantify accuracy andspmecof the selected
instruments for use in routine sediment/ surface water asaysl potential regulatory

compliance.
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PROCEDURES

To evaluate instrument performance, accuracy is defined as #neress of a
measurement to the accepted or true value. Accuracy can besexpassa range, about
the true value, in which a measurement occurs. Instrumensijoreds defined as the
tightness of measurements for one sample. Precision caxplessed as a range about
the averaged reading (LaMotte, 2010).

Four commonly utilized and commercially available turbidity metessre
selected for evaluation in this study (see Figure 3.1). Neple¢dosnchosen included two
Hach 2100Q, one LaMotte 2020e and Global Water's ‘GW’ Turb43Qdte that meters
Hach 1 and 2 are the same model, and were selected to evaluate armpabthffstences
between two meters from the same manufacturer. Each spseified compliance with
EPA’s Method 180.1, and meter specifications are provided in BableMeters Hach 1
and 2 are both supplied with SCALs known as StablCal (a stable Zwrrsecondary
standard) to calibrate the meters, whereas the LaMotte anch&¥@rs are supplied with
AMCO EPA calibration standards. Experimental procedures are stumechaand

outlined in Table 3.2.

! Disclaimer: Mention of a trade name does not ingrigorsement of the product by Clemson University
to the exclusion of others that might be availablgers are encouraged to fully evaluate the slittabf
any equipment for their intended application.
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Figure 3.1. Selected nephelometers. From left to right GW, Hach 1, and LaMotte.

Table 3.1. Manufacturer’s provided specifications for selected meters.

Meter Accuracy Precision Price Meter
Range
Hach +2% of true values from 0 to 1000 NTU +1% of the $930 0-1000
1&2 measured value NTU
LaMotte  +2% of true values from 0 to 100 NTU 0.02 NTU of the $900 0-4000
+3% of true values above 100 NTU  measured value NTU
GW +2% of true values from 0 to 500 NTU +1% of the $2100 0.01-1100
+3% of true values 500 to 1100 NTU measured value NTU
Table 3.2. Experimental procedures summary.
Exp. 1 Exp. 2 Exp. 3a Exp. 3b Exp. 4a Exp. 4b
Calibrated with ~ Supplied Supplied  Supplied Created Supplied Created
SCALs SCALs SCALs PCALs SCALs PCALs
Tested Solution Cecil TSS All Created Created Field Field
concentrations Supplied PCALs PCALs Samples  Samples
SCALs
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Experiment 1: Concentration vs. Turbidity

Initially, known total suspended solids (TSS) concentrations of d S&®&tseries
were tested in the Hach 1, LaMotte and GW meters when at@bto their provided
calibration standards. Cecil soil, a predominant sandy loam comnoamg in Piedmont
uplands of the southeastern U.S., was used to create severaitarmaes of TSS for
analysis. First, a dry sieve analysis was performedevbaits were oven dried at 105°C
and passed through a 230 sieve with a mesh opening of 0.063mm to olexial rfa
use in experimentation. Resulting soil material was weighechamnalytical balance to
the nearest 0.0001 g to achieve concentrations of 3000, 2000, 1000, 500, 100, 50 and 25
mg/L. Each concentration was created individually and was mixed asimggnetic stir
plate.

Each meter was calibrated as specified to the manufactuogrégating
instructions and then the known concentrations were placed in corresp@adnpde
vials for analysis. Each sample was read five times by eeter and then averaged (see
Appendix A). Between each reading, the sample vial was gentteby inverting the
vial roughly ten times to adequately suspend and disperse allesgdvarticles before
replacing it into the turbidity meter (Hayes et al., 2001). Ustagdard pipette protocol,
dilutions were made from the sample vial if concentrations wereobuhstrument
turbidity range (see Table 3.1).

Meters did not produce the same turbidity readings for each knownntaatom
and results are displayed in Figure 3.2. After performing B@¥A two factor analysis

without replication it was concluded that the meters were difte(p-value less than
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0.05), initially suggesting they may differ in the manufacturegbration standards.
Therefore, the following experiment was conducted to test timelatds provided with

each meter.
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Figure 3.2. Meters’ turbidity responses to known Cecil concentrations.

Experiment 2: Verification of Manufacturer Supplied Standards

For this experiment, meters Hach 1, LaMotte and GW were alaila evaluate
meter responses to all supplied calibration standards. Again, esteh was calibrated

with its provided standards as specified in the manufacturer’s operatingtiosisuc

38



First, standards from Hach 1 were placed in each meter (inglithoh 1) to distinguish
if subsequent readings gave the same result as the standarcdéives were taken for
each of Hach 1's standards, recorded and then averaged. Thdupeoveas repeated
using meters LaMotte and GW'’s calibration standards. Resutébglar data are
included in Appendix A.

Results indicated each meter was calibrated to its own stEndaéhis also
verifies that meters calibrated with SDVB standards (AMCBAE are formulated
exclusively for the specified meter and cannot be used withreliffeneters (Downing,
2005). Therefore to find true readings of each meter, the primanatin stock standard

suspension (SSS) with a value of 4000 NTUs was used for the following experiments.

Experiment 3: Meter Accuracy and Precision

To evaluate meter accuracy and precision, the third experimenpaceth
responses to true NTU values. This analysis examined meterferrpance when
calibrated to manufacturer-supplied secondary calibration standaitdsteen calibrated

to primary calibration standards (PCALS).

3a: Meters calibrated to supplied SCALs

Preparation of NTU standards used the 4000 NTU primary formaz# SS
Following Standard Methods, dilutions with high-quality dilution watexs used to
create PCALs with values of 1, 10, 50, 100, 280, 500, 750 and 1000 NTU. First, one lite

of the 1000 NTU standard was created from the 4000 NTU formazin pristeandard
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and placed in an amber bottle. 100 milliliters of each standardpvegsred from the
1000 NTU solution and placed in opaque plastic bottles to eliminate degketration.
Because hydrazine sulfate (constituent in formazin) is eincagen, all dilutions were
executed under laboratory hood to avoid inhalation, ingestion and skin caXxRdtA (

2005).

Meters were calibrated as specified in the manufactuogesating instructions
with provided calibration standards. Each created NTU standardplaaed in the
meter’'s specified sample vial, positioned in the turbidity mietertimes, and the results
were recorded. Between each reading, sample vials weséulbarinverted ten times
before being placed back in the meter. A replicated experinvast performed for
statistical purposes. Resulting data tables are in Appendix A.

To determine meter accuracy for each sample, percent difeefemm the true
value (value derived from formazin SSS) was calculated foh e@aading and then
averaged among percent differences (Equation 2). Therefore matea@g displayed in
Table 3.3, is represented as an averaged percentage about thalueuelo determine
meter precision for each sample, the same five readings wired and averaged.
Then, each reading’s percent difference from the averaged measured \@atadontated
and these five percent differences were averaged (Equatione8jltRare shown in

Table 3.4 and are represented as an averaged percentage about the measured value.
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I[IMR —TV|
Accuracy [%] = z ———x 100

TV

2)
MR= measured turbidity reading [NTU],
TV=true turbidity value [NTU]

MR — MR
Precision = Z <T * 100>
MR
3)

MR= measured turbidity reading [NTU]

3b: Meters calibrated to PCALS

The fourth experiment was conducted to compare each meter’'s panfoerwhen
calibrated to formazin primary calibration standards (PCALs)réfbee, values of the
meters provided calibration standards created following the Stand=ttbd4 procedure
above, and meters were calibrated as specified to the manufasctoparating
instructions using these PCALs.

The experiment was performed, as described above, to test eatls mestdings
of the created standards of 1, 10, 50, 100, 280, 500, 750 and 1000 NTU. Again, a
replicated experiment for the meters calibrated to PCALs exasuted for statistical
purposes. To determine each meter’'s accuracy and precision, twatsuldescribed

previously were performed with results shown in Tables 3.3 and 3.4.
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Experiment 4: Turbidity in Natural Water Samples

The final experiment was to evaluate meter response to switee samples
collected in the field from both disturbed and undisturbed sites. itae use of these
instruments will be to monitor field conditions, it was important xaneine meter
behavior with real surface water samples of unknown turbidity collected in the fiel

Samples used for this experiment included three composites odllattéhe
discharge point from an active construction site at varying time intervafsaaftin event
began, one sample from a golf course creek, and another samplea flmtanical
garden’s pond. It was desired to get a variety of samples w§ingafrSS concentrations
to evaluate meter range. Samples were mixed using a maguetiplate in the
laboratory. Laboratory analysis was chosen over field practicause some of the
samples needed to be diluted using laboratory techniques. This wouldagdinfield
dilution errors when calculating actual turbidity readings.

Meters were calibrated to their provided calibration standard$ #&d sample
was drawn using a 10ml pipette, placed in the specified vial anitiopes in the
corresponding turbidity meter. Each sample was read five tamésaveraged. Sample
vials were inverted ten times between each reading to adequately suspelsparse all
sediment particles before placing it into the turbidimeters. & ttfive replications for
each sample were analyzed. Dilutions were made from the nzanple if the

concentration was out of an instruments’ turbidity range (see Table 3.1).
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Finally, the same procedure was repeated except meteraldrated to PCALs
instead of the meter’s calibration standards. Resulting data tat@eshown in Appendix

A.
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RESULTS AND DISCUSSION

The goal of this paper was to compare accuracy and precisioselected
portable turbidity meters that comply with Method 180.1. Computed reatdts
presented in Tables 3.3-3.4 and also account for experimental errolatessavith the
volumetric flasks used to create primary formazin standards.

In Table 3.3, for each meter, overall averaged percent errdfG"Afrom the
true value was calculated. However, statistical calculationms wemputed without the
meters’ averaged percent differences from the 1 NTU value bedheslow end
produced a large discrepancy; and focus of this research isesuveder samples that
have typical values above 10 NTU. Overall accuracy improved soméorhat meters
when calibrated to the formazin PCALs by 0.34%, 0.52%, 8.57% and 1.28% for Hach 1,
Hach 2, LaMotte and GW, respectively (Table 3.3). However, metesth HaHach 2,
and GW for both calibration studies are slightly above the spdwminsi claimed £2%.
Even though LaMotte meter improved when calibrated to the PCALsydtrement still
provided statistically inaccurate results, especially for repdabove 500 NTUs. The
LaMotte meter provided significantly higher percent differencempared to other
meters and even deviated from single digit percent differentdsgher turbidity
readings.

As for the meters’ repeatability of a sample, Hach 1, Hach 2GNd for both

calibration studies, fell within the claimed +1% of the measwaelue (Table 3.4).
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LaMotte was slightly above 1% of the measured value, but impneted calibrated to

PCALs.
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Table 3.3. Meter Accuracy: averaged percent difference aboutubevalue for each

metef.
Hach 1 Hach 2 LaMotte GW
PCAL  Calib ra_ted Calibrated Cal'brffltEd Calibrated Calib ra_ted Calibrated Calib ra_ted Calibrated
values to provided to PCALS to provided to PCALS to provided to PCALS to provided to PCALS
[NTU] SCALs SCALs SCALs SCALs
1 55.6 44.0 53.0 54.0 61.1 23.6 6.20 31.2
10 6.70 6.20 5.70 5.00 14.9 6.13 3.32 0.50
50 1.58 2.50 1.52 1.00 16.4 5.14 3.70 3.12
100 3.96 0.99 1.63 0.56 10.1 7.24 5.00 2.15
280 4.68 3.18 3.21 2.50 3.14 7.64 3.39 2.11
500 2.20 2.72 2.56 2.46 22.1 6.54 4.48 3.10
750 1.53 2.27 2.15 2.20 78.1 47.9 2.72 1.03
1000 1.12 1.54 1.24 0.62 21.3 24.2 1.11 2.79
AVG 3.11 2.77 2.57 2.05 23.7 14.9 3.39 211

Table 3.4. Meter Precision: averaged percent difference abosuradavalue for each

metef.
Hach 1 Hach 2 LaMotte GW
PCAL  Calib rgted Calibrated Cahbra}ed Calibrated Callbrgted Calibrated Callbrgted Calibrated
value$ to provided 10 PCALS to provided 10 PCALS to provided to PCALS to provided to PCALS
[NTU] SCALs SCALs SCALs SCALs
1 6.99 2.24 5.00 2.69 9.93 9.81 7.50 18.92

10 1.69 1.13 0.75 0.57 1.34 4.35 0.50 0.93

50 0.37 0.72 0.61 0.40 0.34 0.40 0.73 0.38

100 0.69 0.54 0.49 0.71 0.47 0.49 0.93 0.60

280 1.05 0.59 0.41 0.22 0.10 0.45 0.67 0.58

500 0.82 1.15 1.29 0.84 2.10 1.03 0.54 0.31

750 1.19 0.70 0.70 0.68 4.83 1.33 0.88 1.22
1000 1.21 0.77 0.65 0.46 1.07 0.42 0.89 0.99
AVG 1.00 0.80 0.70 0.56 1.46 1.21 0.73 0.72

% Overall averaged percent error (‘AVG’) from thadrvalue was calculated without the meters’ avatage
percent differences from the 1 NTU value.

>> Known NTU values (‘PCAL values’) were derived byuting 4000 NTU primary formazin SSS with
distilled (DI) water.
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Finally, meters were tested with field samples of unknown turbichiyes in
order to understand their behavior for future analysis. Meter resparsgsovided in
Figure 3.3. Overall, Hach 1 and 2 meters produced very similatgeaslexpected, and
did not change much for either calibration study. Also, it was wbeddrom Figure 3.3
that Hach 1 and 2 consistently produced higher results comparedexs rhaMotte and
GW. This relationship was also shown in Experiment 1, Figure 3.2. etHawwhen
meters were calibrated to PCALs, the range of readingsgmeple narrowed (see Table
3.5). This may be due to formazin resembling sediment found in swiees. Again,
AMCO EPA solutions have uniform microspheres ranging from 0.02 tp®;2vhereas
formazin particles are irregular in shape and range from 0.1 to 10.0Suspended
sediment typically contain fines (silt and clay) that range fpanrticles less than 0.2 to
50 um. Therefore, formazin may more closely match the range éypates found in

collected field samples.
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Figure 3.3. Turbidity measurements from each meter using field s&mples

Table 3.5. Meters’ standard deviation [NTU] for each field sample

Const. Site Const. Site  Const. Site  Const. Site

(=20 min)  (t=30 min)  (t=60 min) (=150 min)  C'¢eK Pond
Calibrated with SCALs 715 326 304 835 143 281
Calibrated with PCALs ~ 54.2 292 250 15.4 1.40 244

®Hach 1, Hach 2, LaMotte and GW refer to the metafibrated to their provided SCALs.

Hach 1’, Hach 2’, LaMotte’ and GW'’ refer the metealibrated to the created PCALs.

’ Derived calculations are shown in Appendix A; Tahl@2 and Table A.14.
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Furthermore, two sediment basin composite samples collected 3Gemand 60
minutes after a rainfall event were relatively turbid, due amges’ initial readings
exceeding Hach’'s instrument range, and had to be diluted byter faf 4 and 5,
respectively. According to Method 180.1, turbidity of the original damgp then
computed from turbidity of the diluted sample and dilution factor (EPA, A99%or
example, if 5 volumes of turbidity-free water were added to 1 volinsample and the
diluted sample showed a turbidity of 30 NTU, then the turbidity of tiggnal sample
was 180 NTU (EPA, 1993b). Therefore, differences between HachanetéraMotte
and GW meters were pronounced due to the multiplication factor otcthal aurbidity
readings and possible errors introduced with dilution techniques.

In addition, dilution procedures did not follow Method 180.1's protocol to dilute
samples until turbidity readings fell below 40 NTU mainly because ditfieulty to get
field samples below this value. Turbid samples that were diluteal flagtor of 4 and 5
produced turbidity readings in a range of 200 to 500 NTU before multiplication. To dilute
these samples even farther to obtain values 40 or below would potentially ietrodoyg
errors. From a practical standpoint issues related to dilution ancdtemntial for
compounded error for turbid field samples need to be avoided.

However, for meters designed with the AMCO EPA standards, befateafter
dilution turbidity readings did not display similar proportionality. Foaraple, as shown
in Figure 3.2, pond sample turbidity for meters Hach 1, Hach 2, LaNotl GW read
886, 868, 354, and 432 NTU, respectively. Then, samples were diluted by a factor of two.

After incorporating the multiplication of two with the diluted desgs, the computed
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actual turbidity readings were 813, 816, 534, and 619 NTU for meters Hatdch,2,
LaMotte and GW. Therefore, according to EPA’s Method 180.1 proportionadéters
Hach 1, Hach 2, LaMotte and GW are 8.3, 5.9, 50.7, and 43.2 percent differentiérom t
undiluted reading. Therefore, LaMotte and GW may be altogetherureade for higher
turbidity readings of surface water samples, further supportindeign of AMCO EPA
standards to specifically resemble remaining particulatesnishéd treated drinking

water that are primarily submicron in size following filtration (AMCO&162010).
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CONCLUSIONS

Given potential impact of proposed numeric effluent limitations edlato
turbidity on construction activities, the goal of this research twajuantify accuracy and
precision of selected instruments in routine surface water @halysd potential
regulatory compliance. Disclaimer: Mention of a trade name doesnply endorsement
of the product by Clemson University to the exclusion of othersntingitt be available.
Users are encouraged to fully evaluate the suitability ofegypment for their intended
application.

When subjected to both calibration experimental procedures, meters Hach 1, Hach
2 and GW provided accurate results for their overall averaged peliffenénces about
true NTU values, but were not within their claimed +2%. The LaMuwigger was not as
statistically accurate by comparison. Though overall averagesoved when calibrated
to the PCALs, LaMotte remained inaccurate for higher turbid#gdings. Possible
inaccuracy results for the LaMotte may result from its praVi@&ALs. The highest
SCAL provided was 100 NTU, even though range of the instrument is 0 to 2000 NTU.

As for meter precision, Hach 1, Hach 2, and GW were precise wuthr
calibration studies and were overall within the claimed +1% ofsored values; whereas
the LaMotte was slightly above +1% of the measured values fordatdibration studies.
Analysis showed that even though meters may be very preébeseneters could be
inaccurate. If inaccuracy is compounded by precision, misintergnetafi results is

likely.
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With an understanding of each meter’'s accuracies and precisiomsniazin
NTU values, instruments were tested with field water sangdflesyknown turbidity or
concentration values to observe their behavior for future analysaslii®s produced by
the Hach meters had very similar results for either calibration studwdsatconsistently
higher than the LaMotte and GW meters. However, when meters eadibrated to
PCALs, the range of readings per sample narrowed, suggdséinfprmazin is a better
calibration standard. Also, the LaMotte and GW meters may pFawigccurate results
for higher turbidity readings that contain a wider range of garsizes. This again
suggests that AMCO EPA standards more adequately resemdgiedtidrinking water
samples. In addition, the collected field samples were not dilutelctwntiidity readings
fell below 40 NTU mainly because of the difficulty to getdislamples below this value.
Issues related to dilution and the potential for compounded error bod fiigld samples
need to be avoided. Therefore, it is recommended that Method 180.1 belatssl/ah

order to clarify standards used for either drinking water or surface waileagons.

52



CHAPTER 4

TURBIDITY ANALYSES BASED ON SEDIMENT CHARACTERISTICS OF

REPRESENTATIVE SOUTH CAROLINA SOILS
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ABSTRACT

EPA has published effluent limitation guidelines (ELGSs) to cordietharge of
pollutants from construction sites. Numeric turbidity limits for ¢nriion site discharge
are expected to be required in the near future Such requiremdhigely include
subjecting construction site stormwater discharges to a maxiatlowable turbidity
numeric effluent limit in nephelometric turbidity units (NTUs) feites disturbing 10
acres or more.

Turbidity is a measurement used to quantify water clarity.bifliity is an
expression of the optical properties of a liquid that causesrigistto be scattered and
absorbed as measured by a nephelometer. Though constituents sgemnsnoatter can
impact water clarity, typically the inorganic fraction dedveom particulate matter such
as sediment dominates turbidity levels in surface watersodRéion that water clarity is
an important indicator of environmental health has increased, resuitirgyowing
demand for high-quality objective measurement.

Given the importance of pending numeric effluent limitationstedl#o turbidity,
focus of this research is to determine relationships betweersegpative South Carolina
soils and corresponding turbidity as a function of suspended sedimephtration and
settling time.

The relationship between turbidity and suspended sediment concentisation
complex. Experimental results indicate this relationship i$ egetelated when top soil

and subsoil trends were based on predominant South Carolina region andetheéesy
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content. Derived trends either correlated well with a lineam dog relationship (R
values ranging from 0.7945 to 0.9846) as opposed to a power function from previous
research. Therefore, for each region, research confirmedishabncentration of fines
increased, turbidity increased; and soils with higher clay contesduped higher
turbidity values compared to soils with less clay.

As for the correlation of turbidity and settling time, top soil autbsoil results
were also separated by South Carolina region and sorted based samheneasured
clay content ranges formulated above. All trends correlatedwitkila power function
(R? values ranging from 0.7674 to 0.9347). This relationship therefore followode's
Law, where smaller particles remain in suspension longer andibzgatrmore to
turbidity as opposed to soils with less clay content. Such resalyshave significant
bearing on the construction and development industry as it preparesofursed
monitoring requirements associated with recently promulgated numiniengfstandards

for turbidity.
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INTRODUCTION

Accelerated erosion due to construction can potentially cause monggddo the
surrounding ecosystem (Haan et al., 1994). For example, introductiorce$se/e
suspended solids (SS) from runoff, such as construction activity, poéeatial water
pollutant that can cause significant environmental impacts. Adhsts carry some SS
under natural conditions, but if concentrations are elevated from hurstambdnce, it
can lead to alterations to the physical, chemical and biologiogkrties of a water body
(Bilotta and Brazier, 2008). Such impacts can include the adsorption v hestals,
toxic substances, and biological pollutants to soil particles treattreen transported
downstream. Chemical and biological pollutants can harm water yquaid other
ecological problems. Clearly, SS are an important pollutant ifacgurwaters; thus,
guantifying and monitoring changes in suspended solids is cfiticile nation’s bodies
of water. As a result, water quality regulatory agenciesnoitnpose permit conditions
that limit the concentration of suspended solids that can be presefituent waters
(Thackston and Palermo, 2000).

Total suspended solids (TSS) resulting from erosion encompass bajanitor
solids and organic solids. Inorganic solids may include sand, siltsetignent particles,
and organic solids can consist of algae and detritus. TSS is computedaboratory
analysis by the dry weight of suspended solids per unit volume ef,veatd is reported
in milligrams of solids per liter of water (mg/L). Howey8iSS measurements are not

routinely used to detect and correct short-term problems or pelotations because
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sediment concentrations cannot be determined easily or quicklyenfield, and
transportation to a laboratory for analysis is time-consuming ean be costly
(Thackston and Palermo, 2000). As a result, these traditional metreodscgasingly
being replaced in favor of accurate, continuously-collected surrodata for
guantification of SSC that may be safer and (or) less expensiwabtain, such as
turbidity measurements.

Turbidity measurements are gaining increased usage as ananditabllution
in surface runoff from disturbed areas such as active constiusiies. For example,
timely, accurate field estimation of sediment loading could lodittded through the
development of precise relationships between suspended solids and turbidhity.
approach has potential for monitoring any water quality constiturasevconcentration
is better correlated with an easily measured (in situ) parameter, stuchidgy.

Turbidity is an expression of the optical properties of a liquid ¢hates light
rays to be scattered and absorbed rather than transmittedightstines through a water
sample (Anderson, 2005). Though constituents such as organic matterpeah water
clarity, typically the inorganic fraction derived from particelabatter such as sediment
dominates turbidity levels in surface waters (Davies-Colley &mdith, 2001).
Cloudiness of water results from intense scattering of lighinieyparticles typically with
diameters smaller than 0.050 mm (Davies-Colley and Smith, 2001)eHeaters with
high concentrations of fine suspended sediment are frequently ddsasbéurbid.

Turbidity is a vivid visual indicator of pollution associated with sediment-laden runoff
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Turbidity is now commonly measured in nephelometric turbidity unitsUNT
using nephelometric turbidimeters (Mitchell, 2000), currently twthefmost frequently
used nephelometric turbidimeters include nephelometers and neaedfurbidimeters.
For this research, nephelometers are of interest becatiseirofommon use in the U.S.
as opposed to near infrared turbidimeters that are most common overseas.

Nephelometers measure light that has been scattered at icspegle of 90
degrees from the main light path (EPA, 1993b). Generally, nephel@anaatecompliant
with EPA Method 180.1 for determining turbidity by nephelometry (Borok, 2086hg
with the specified angle of 90 degrees, nephelometers undes BAhod 180.1 require
the light source to be a tungsten lamp operating at a color tetapebetween 2200-
3000 K. The light source is a light-emitting diode where the lggth is designed to
minimize stray light falling on the detector (Thackston andrRede2000). Therefore, a
zero reading means no light scattered at 90 degrees (30 Jefgoeesthe main light
path and implies no turbidity (Thackston and Palermo, 2000). Nephelomaistshen
standardized against either a primary formazin suspension wisfua of 4000 NTUs
(which can be diluted to desired NTU values) or a commerciaifylable polymer
standard identified as AMCO-AEPA-1 (EPA, 1993b).

Turbidity is not an inherent property of water, such as temperaturgH.
However, the recognition of turbidity as an indicator of the envirormheglth of water
bodies has increased, resultin