
ABSTRACT 

Spatial and Temporal Distribution of Lead, Copper, and Zinc in Sediments of East Fork 

Wetland, Seagoville, TX 

Abhilasha Acharya, M.S. 

Mentor: George P. Cobb, Ph.D. 

This study evaluated concentrations of three metals: lead, copper and zinc in 

sediments of East Fork Wetland, in Seagoville, Texas. Sediments were collected during 

June 2013, December 2013, and March 2014 from 138 different sites during each 

sampling event. Analytes were quantified using inductively coupled plasma mass 

spectrometry following acid digestion of samples. Average lead and zinc concentrations 

in interval 1 were higher than interval 3. Copper concentrations showed no seasonal 

variation. Average concentrations of all metals were lower than consensus based 

sediment quality guideline (SQG) thresholds. SQG consist of threshold effect 

concentration (TEC), below which harmful effects on benthic organisms are unlikely and 

probable effect concentration (PEC), above which adverse effects are expected to occur 

frequently. Approximately 98% of the individual concentrations were below TEC and 

42% of data were 50% below TEC. No individual concentrations exceeded PEC levels, 

therefore sediments can be considered to have low toxicity. 
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CHAPTER ONE 

A Review of Constructed Wetlands, Trace Metals and Behavior of Trace Metals in 

Sediments of East Fork Wetland, Seagoville, TX 

Introduction 

Areas of land, which are inundated with water for the majority of the year, are 

called wetlands. They are the transitional areas between land and water consisting of 

ecosystems with high  biological productivity [1]. They actively transform and remove 

many pollutants through a series of complex biogeochemical processes that occur within 

wetlands. For example, under reducing conditions, many soluble transition metal cations, 

including copper (Cu) and lead (Pb) species, react with sulfide to form insoluble metal 

sulfides that precipitate and settle into sediments. At lower pH, hydrogen ions compete 

with metal ions for binding sites on negatively charged surfaces of clay particles, which 

release metal ions into the water column. Liberated metals may form aqua complexes 

with water molecules or other complexes with a myriad of ligands which are generally 

ionized and are soluble in water. Thus, biogeochemical processes are fundamental 

aspects of natural wetlands which help them assimilate large amount of environmental 

contaminants. Wetlands help to clean water by retaining harmful materials such as excess 

nutrients, sediments and toxic pollutants from the water column. Apart from water 

cleansing and retaining unwanted substances, wetlands provide a large number of other 

services such as: supporting a rich diversity of plants, animals, and insects, protecting the 

coasts, riverbanks and lakeshores from erosion. Wetlands provide these ecosystem 
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services by integrating the natural processes of soil, sediment, water, plants, animals, sun, 

and wind [1]. 

Examples of old wetland sites in North America which have been receiving 

wastewater discharges are Great Meadows natural wetland in Lexington, Massachusetts 

beginning in 1912, Brillion Marsh in Wisconsin beginning in 1923, Cootes Paradise 

wetland near Hamilton, Ontario in 1919 and a natural cypress swamp near city of Waldo, 

Florida since 1939 [1]. As mentioned earlier, natural wetlands can retain and transform 

contaminants by several biologically mediated processes. However, there has been 

concern over the long term deterioration in the quality of wetlands due to nutrient and 

hydraulic loadings from wastewater [2]. Therefore, more effort has been devoted towards 

using constructed wetlands (CWs) for wastewater treatment.  

CWs are man-made wastewater treatment systems which contain one or more 

treatment cells in a built and partially controlled environment [3]. CWs are designed to 

mimic ecological processes in natural wetlands and thus remove unwanted constituents 

from wastewater by utilizing vegetation, soil, living organisms, microbes and other 

natural processes that occur within wetlands [4]. Use of CWs for treating wastewater is 

comparatively new and has a shorter history than natural wetlands. This technology was 

originated from research conducted at Max Planck Institute in West Germany, starting in 

1952, and it is gaining popularity in the world since 1985 [1]. Several processes such as 

sedimentation, filtration, oxidation, reduction, precipitation, and adsorption occur 

sequentially as wastewater meanders through wetland cells causing sediments to sink and 

nutrients to recycle and to transform. CWs are mechanically simple; they can be 

constructed using local materials and resources, making it a low cost and efficient means 
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for the treatment of municipal wastewater, industrial effluents, agricultural effluents, 

mine water, domestic wastewater, and other point and non-point water sources [1, 4-8]. 

The use of CWs is accelerating in both developed and developing countries, because 

CWs are perceived as a cost-effective and environmentally conscious treatment method 

[1, 2]. Apart from water-quality improvement, which is the primary function of CWs, 

they also have some ancillary benefits including, increase in the diversity of wetlands 

plants and aquatic organisms, enhancements of greenbelts, oxygen production through 

photosynthesis, and aesthetic, educational and recreational human uses [8]. 

CWs are commonly built on uplands and outside floodplains [9] to prevent 

potential damage to other aquatic resources such as streams and rivers. The three most 

important design parameters are hydrology, type of macrophytic growth and flow path 

[10, 11]. Currently, there are 3 types of wetlands that are being used for wastewater 

treatment [1]: 

a. Free water surface (FWS) wetlands

b. Horizontal subsurface flow (HSSF) wetlands

c. Vertical flow (VF) wetlands

Free Water Surface Wetlands 

 Free water surface wetlands consist of areas of open water, floating and emergent 

vegetation. They attract a wide diversity of wildlife and are similar to natural wetlands in 

appearance and function. Wastewater that flows through wetlands is treated by several 

physical, chemical and biological processes such as: sedimentation, filtration, oxidation, 

reduction, adsorption, precipitation, volatilization, microbial degradation, microbial 

nutrient transformations [11]. FWS wetlands are commonly used for the treatment of 
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effluent from secondary or tertiary treatment processes such as: lagoons, trickling filters, 

activated sludge systems. Due to their size and buffer requirements FWS wetlands are not 

used as the only secondary treatment process; however, they are always the first choice 

for the treatment of industrial, agricultural, urban stormwaters and animal wastewater [1, 

8]. FWS CWs  can effectively remove organics and ammonia [11]. Removal of nitrogen 

is variable and depends on factors such as water temperature, season, chemical form of 

nitrogen, dissolved oxygen concentration [1]. The removal of phosphorus occurs at 

slower rates because adsorption and precipitation processes are limited [11]. FWS 

wetlands are suitable in all climates, including the high latitudes. However, the formation 

of ice can reduce the rate of removal especially nitrogen conversion [1]. 

Horizontal Sub-surface Flow Wetlands 

Horizontal sub surface flow wetlands contain a clay or synthetic liner, filter 

media, and emergent vegetation. Wastewater enters the wetland and makes its way 

through the porous medium under the bed planted with emergent vegetation to the outlet 

where it is collected before leaving [11]. The wastewater comes in contact with a network 

of both aerobic and anaerobic zone as it flows through the plant bed. HSSF differs from 

FWS in that the water stays beneath the surface and is not exposed during the treatment 

process, thereby minimizing the risk of pathogen exposure. HSSF wetlands are effective 

in the removal of organics and suspended solids; however, they are not a viable 

alternative for the removal of nitrogen and phosphorus [10].Organic compounds are 

removed by sedimentation and filtration as well as by aerobic and anaerobic microbial 

degradation. Aerobic degradation is conducted by aerobic heterotrophic bacteria. The 

oxygen for aerobic degradation is obtained either directly by diffusion from the 
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atmosphere or through the oxygen release from the macrophyte roots. Anaerobic 

degradation is performed by anaerobic heterotrophic bacteria through a multi-step 

process. The anaerobic microbes break down organic matter which is composed of 

polymers such as proteins and polysaccharides into monomers such as acetic acid, 

alcohol and lactic acid. Next, these primary products are utilized by microbes such as 

anaerobic sulfate reducing and methane forming bacteria as substrate for their metabolic 

activities [12]. Thus, both aerobic and anaerobic bacteria are important in organic matter 

decomposition in wetlands. Nitrogen removal is usually low in these wetlands due to the 

insufficient amount of oxygen. Phosphorus is mainly removed by ligand exchange 

reactions whereby phosphate displaces water or hydroxyls from the surface of Fe and Al 

hydrous oxides. However, the media used for HSSF wetlands consists of crushed stones, 

gravel etc. which usually have low quantities of Fe and Al and thus, the removal of 

phosphorus is generally low [10]. 

Vertical Flow Wetlands 

Vertical flow wetlands consist of a gravel bed with sand consisting of 

macrophytes on the top layer. Wastewater is fed on the top layer in large amount and at 

irregular intervals causing the surface to flood. Water permeates through the gravel bed 

that is collected at the bottom by a network of drainage. They are commonly used for the 

treatment of domestic wastewater and sewages from small communities. The gravel bed 

of the wetland drains completely allowing high transfer of oxygen into the bed. Thus, 

these wetlands are efficient in oxidizing ammonia and produce a nitrified effluent. Due to 

their ability to oxidize ammonia, VF wetlands are used for the treatment of landfill 

leachates and food processing wastewaters [1, 11]. 
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Metal Removal in Wetlands 

The use of CWs to treat industrial and domestic wastewater has been studied and 

documented extensively [5, 8, 13, 14].  Metal concentrations in domestic wastewater are 

low and do not pose an immediate risk, but they are persistent and accumulate in 

sediments and plants of CWS [15, 16]. The oxidation state or complexation of metals 

controls the mobility of metals [17, 18]. Thus, it is important to understand the chemistry 

of metals in CWs to better evaluate potential hazards from their release into wetlands. 

Metal removal in CWs involve three major processes, i.e., (i) binding to 

sediments and soil, (ii) precipitation as insoluble salts, and (iii) uptake by vegetation and 

bacteria [8, 19]. Metals bind to sediments which cause them to be immobilized for 

indeterminate periods of time. Metals are adsorbed to the soil particles by cation 

exchange capacity. Positively charged metal ions sorb to the negatively charged surfaces 

of clay. Unlike organic pollutants which decompose eventually, once incorporated by 

sediments, metals are not actually degraded. However, the speciation of metals and their 

adsorption can change with time as sediment conditions such as temperature, pH, and 

redox potential change [20]. Under reducing conditions, metals such as Cu, react with 

sulfide to form insoluble copper sulfide (CuS). Metals can also form carbonates and 

bicarbonates at high pHs causing the retention of metals in the sediments and removing 

them from the water column. Metal removal by vegetation in wetlands is a well-

recognized biological process and one of the most commonly used treatment methods 

[20]. Different types of aquatic plants such as water hyacinth Eichhorinia crassipes, reed 

Phragmites australis, duckweeds Spirodela polyrrhiza, aquatic fern Azolla pinnata have 

shown promising results in removal of metals from aquatic systems. These plants can 

uptake metals through their leaves and roots. The rate of metal removal by vegetation 
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depends on the plant type their growth rate, and concentration of metals in plant tissue 

[21]. Microbes play an important role in heavy metal removal in wetlands. They can help 

in metal sequestration and transformation into less mobile forms. For example, sulfur 

reducing bacteria can transform selenate to selenite and to elemental selenium, which can 

be removed by precipitation. Hence, three processes mentioned above act jointly or 

individually for the removal of metals from water and sediments in wetlands.  

Statement of Problem 

 Sediments act as a sink for a large number of metals due to the biogeochemical 

processes described above. However, sediments may also become a source of metal 

constituents due to the alteration in biogeochemical factors that control metal retention. 

Once metals are desorbed from sediments, they can become available to aquatic 

organisms, plants, birds, and benthic organisms. Desorption of metals can affect humans 

too. They can be exposed to metals from sediments through water used for drinking, 

bathing and swimming. Many of these uses are not pertinent to humans at East Fork 

Wetland (EFW) but are of broader environmental and ecological concerns.  

  Sediment constituents are indicators of environmental quality so; the study of 

metals in sediments has become a standard means of assessing the health of benthic 

environments in wetlands [22]. CWs have a finite capacity to retain metals, but it is 

difficult to predict the capacity of wetlands to retain and sequester metals and what will 

happen when a wetland reaches the saturation point [17, 23]. With the evolving 

technologies in CWs, researchers have developed empirical laws that can help in 

predicting the solute retention capacity of wetlands[24]. An important factor that affects 

the efficiency of CWs is insufficient residence time of pollutants in sediments. The 
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empirical law proposed by Wang et. al [24] uses different operating scenarios such as 

flow rate, outlet height, boundary conditions, addition of sorbing materials and thickness 

of adsorption layer in order to increase the adsorption of pollutants substantially. This 

will increase the solute retention capacity and hence remove pollutants and sequester 

them into the sediments. Our study helps comprehend scope and efficiency of wetlands in 

water cleaning process and how they are affected by change in biogeochemical processes 

in the environment. Studying distribution and removal of metallic constituents in aquatic 

system by the use of CWS can also help us develop a sustainable method for water 

treatment in developing countries of the world.  

 

Metals of Interest 

 Metal analysis in this study included copper (Cu), lead (Pb), and zinc (Zn). These 

analytes were selected due to their common occurrence in domestic wastewater and their 

potential toxicity [25, 26]. Also, Cu and Zn are micronutrients that are essential for the 

proper growth and development of many organisms. Conversely, Pb is a hazardous metal 

that has no known nutrient effects [27]. In sufficient quantities, Cu, Pb, and Zn may 

contaminate water, soil, sediments, and biota. Cu and Pb are listed under Regulated 

Drinking Water Contaminants by EPA. Zn is listed as nuisance chemical under National 

Secondary Drinking Water Regulations [28-30].  

 The three metals mentioned above primarily exist as divalent cations or their 

complexes in the aquatic environment. According to the concept of Hard and Soft Acids 

and Bases (HSAB) introduced by Pearson (1963), Cu
2+

, Zn
2+

, Pb
2+

 are borderline metal 

cations (Table 1.1) and are strong complexing agents. They form strong complexes with 

electron donor groups such as O, N, and S in organic compounds. The tendency to form 
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metal complex increases with the ability of cation to take electrons and with decreasing 

electronegativity of ligand. In the series F, O, N, Cl, Br, I, S, where the electronegativity 

decreases from left to right, the stability of complexes formed by Cu
2+

, Zn
2+

, Pb
2+

 

increases [27]. 

Borderline metal cations also have higher tendency to bind with soft ligands such 

as sulfides and organic substrates and form insoluble metal sulfides. These metal cations 

form bonds of decreasing strength with soft ligands in the order: Pb
2+

> Cu
2+

> Zn
2+ 

 [31]. 
 

All three metals have a great tendency towards hydrolysis and are highly reactive with 

both hard and soft bases [32]. Metal complexes have a vital role in controlling the 

availability of metals in the environment. In general, formation of metal complexes 

implies increase in metal solubility in surface and groundwater. The extent of complex 

formation and their stability is dependent on pH. Metal complexes are reversible 

especially if the environment condition such as pH changes. Let us take the following 

equilibrium as an example.  

                   Ag
+
 (aq) + NH3 (aq)            Ag (NH3)

 +
 (aq) 

Here, ammonia complexes with silver. Addition of acid will decrease the solubility, as 

acid reacts with ammonia. This can release silver ion that was tied up in the complex. 

 

Table 1.1. Categorization of metal cations based on Pearson acid base concept [27]. 

Hard acids Borderline acids Soft acids 

H
+
, Li

+
, Na

+
, K

+
, Mg

2+
, 

Ca
2+

, Sr
2+

, Sc
3+

, La
3+

, Si
4+

, 

Ti
4+

, Zr
4+

, Th
4+

, Fe
3+

, 

Ba
2+

,Be
2+

, Co
3+

, Cr
3+

, 

Mn
3+

,UO
2+

, VO
2+

 

Zn
2+

, Pb
2+

, Bi
3+

, Fe
2+

, 

Co
2+

, Cu
2+

, Ni
2+

, V
3+

, Ti
3+

, 

Cr
2+

, Mn
2+

 

Cu
+
, Ag

+
, Au

+
, Tl

+
, Ga

+
, 

Cd
2+

, Hg
2+

, Sn
2+

, Au
3+

, 

In
3+
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A brief description of metals of interest, their functions and their behavior in environment 

is given below. 

 

Copper.  Cu is a naturally occurring metal which can be found in a variety of 

minerals. It occurs in three oxidation states: Cu
0
, Cu

1+
, and Cu

2+
, where Cu

2+
 is the most 

common in the natural surface water. The background concentration of Cu in freshwater 

is less than 5 µg/L. Cu concentration in uncontaminated areas of seawater and fresh water 

is 0.15 µg/L and 1-20 µg/L respectively. The range in freshwater sediments is from 0.8 to 

50 µg/g,  on dry weight basis, and in marine sediments it ranges from 2 to 740 µg/g [33], 

while in uncontaminated soil it ranges from 2 to 250 µg/g [32].                                 

Cu is one of the  micronutrients which  is necessary for both plants and animals 

for a large number of metabolic processes [32]. It is an essential element of human diet. 

Cu containing enzymes function as catalyst and facilitates the formation of bones, 

function of central nervous system, maturation of red blood cells and biological 

production of energy within the cells [32, 34]. According to WHO, the acceptable range 

of Cu oral intake is 20 µg/kg/day for adults and 50 µg/kg/day for children [34]. Many 

aquatic organisms such as crustaceans and mollusks require a minimum amount of Cu for 

the proper function of their oxygen carrying blood protein (haemocyanin) [32, 34]. 

Chronic toxic effects of Cu in humans are rare. Acute toxicity to human occurs 

when 10 to 20g of soluble Cu salts are ingested at one time and can affect the kidneys, 

liver, blood and brain. Living organisms can be exposed to Cu from air, water and food.  

Cu can be highly toxic to aquatic biota. Cu toxicity to fish or crustaceans is 10 to 100 fold 

higher than it is for humans [32, 34].  
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The most bioavailable form of Cu that is toxic to aquatic species consists of free 

copper and easily dissociable inorganic complexes of Cu [34]. Toxic mechanisms of Cu 

(II) in aquatic life and microorganisms are the result of its interactions with proteins, 

enzymes, and nucleic acid. Gills of fish have receptors that are negatively charged 

ligands. Cu binds with these receptor ligands which disrupt osmoregulation leading to 

fish death. In microorganisms, such as bacteria, Cu binds with protein or fatty acids with 

are building blocks of bacterial cell membrane. This interaction between bacterial outer 

membranes with Cu causes the membrane to rupture. They can also disrupt the structure 

of enzymes in microbes by binding to carboxylate and amino groups of proteins [33]. 

 

Zinc.  Zn is a trace element that is found ubiquitously in the environment. It  

normally has the oxidation state +2 [35]. Zn is commonly used for galvanization, a 

process that is used to coat steel and iron as well as other metals to prevent rust and 

corrosion [36]. The natural average concentration of zinc in earth’s crust is 70 mg/kg, and 

in uncontaminated soil, concentrations range from 10-300 mg/kg [35, 37]. 

 Zn is a micronutrient needed by our body. Its biological role in human body 

involves cellular metabolism, catalytic activity of enzymes, immune system function, 

wound healing, protein synthesis, DNA synthesis, cell division. Zn helps in proper 

growth and development during pregnancy and is also required for proper sense of taste, 

smell, and appetite [38]. Average dietary intake of Zn in USA ranges from 5.2 to 16.2 mg 

[39]. Its deficiency in human body can cause loss of memory and hair, skin problems, 

weak body muscles. Lack of sufficient Zn during pregnancy can cause stunted brain 

development in fetus [40]. Zn is also required by plants for carbohydrate metabolism, 

protein synthesis, auxin synthesis, pollen formation etc. The deficiency of this 
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micronutrient can cause stunted growth, chlorosis, and small leaves. It also affects the 

capacity for water uptake and transport [40]. Although Zn is an essential nutrient, 

excessive amount can cause adverse health effects. Some adverse effects of high intake 

are nausea, stomach cramps, vomiting, diarrhea, headaches, anemia, reduced immune 

function, and decreased levels of high density lipoproteins [38, 39]. 

 

Lead.  Pb is one of the most studied toxicants. Pb concentration in 

uncontaminated soils generally ranges from 20-50 mg/kg, but some soils such as black 

organic shales can have higher concentrations [41]. Inorganic Pb exists in two oxidation 

states: +2 and +4,where +2 is more stable and predominant [42]. The chemistry of 

Pb
2+

allows it to mimic both zinc and calcium ions in biological systems. Most 

Pb
4+

compounds are covalent molecules and therefore dominate the organo-lead 

chemistry. Organic Pb compounds that are commercially important and have been used 

in large-scale commercial applications are tetramethyllead and tetraethyllead. They were 

both used as additives to gasoline in USA until 1986 [43].  

Inorganic Pb is retained strongly by most soils, so the Pb concentration in soil 

solution is very low compared to other metals such as Cd, Zn, and Cu [41]. In aquatic 

environment, Pb can occur in ionic form, which is highly mobile and bio-available; 

organic complex with humus materials where the binding is strong and availability is 

limited; attached to colloidal particles such as iron oxide which is less mobile; or attached 

to solid particles of clay or dead remains of organisms which also has limited mobility 

and availability. The adsorption, availability and mobility of Pb in aquatic environment 

are controlled by many factors such as pH, salinity, and sorption. The sorption of Pb to 
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sediments increases with increasing pH. Conversely at low pH, lead is released from the 

adsorbed surface [44]. 

Exposure to Pb can occur due to the ingestion of contaminated food, water and 

air. Children may ingest contaminated soil, dust, or lead-based paint.  Based on USEPA 

protective soil ingestion rate of 114 mg/kg body weight/day, a 10 kg child has Pb 

exposure between 139 to 817 µg/day [45]. Use of leaded pipes and leaded solder can 

cause lead intake through drinking water [44]. According to USEPA, about 10 to 20% of 

human exposure to Pb is from Pb in drinking water. Infants consuming mixed formula 

can receive about 40 to 60% of their Pb exposure from drinking water [30]. The median 

blood lead level and the source of exposure for general population are in Table 3. 

Table 1.2.Median blood lead among children and adults and contributing source [46]. 

Children Adults 

Concentration in 

contributing source 

Median blood lead 

level among 

children 

Concentration in   

contributing source 

Median blood lead 

level among 

children 

Air: 1 µg Pb/ m
3
 air 1.92 µg Pb/dl Air: 1 µg Pb/m

3
 air 1.64 µg Pb/dl 

Water: - - Water: 1 µg Pb/liter 0.06 µg Pb/dl 

Food: 1 µg Pb/ day 0.16 µg Pb/dl Food: 1 µg Pb/day 0.04-0.06 µg Pb /dl 

Dust: 1000 µg Pb/g 

dust 

1.8 µg Pb/dl - - 

Soil: 1000 µg Pb/g 

soil 

2.2 µg Pb/dl - - 

Pb absorption is higher in children than in adults because their body requires more 

calcium for building bone structure [43]. Pb is a neurotoxicant and can cause damage in 

the central nervous system. It can also damage kidney, liver, reproductive system, and 
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cellular processes [26, 44]. The age groups most at risk from toxic effects of Pb even at 

low levels include fetuses and children under the age of about seven years. Pb exposure 

in children is linked to a lower intelligence quotient (IQ), behavioral effects and learning 

disabilities [43]. Until recently, the threshold limit of Pb in blood as established by World 

Health Organization (WHO) was 10 µg/dL, however experts currently use a reference 

value of 5 µg/dL as researchers identified that the mental and physical development of 

children can be affected at blood lead levels less than 10 µg/dL  [47]. 

 Study Area 

Located in Seagoville, Texas, near Dallas, the East Fork Raw Water Supply 

Project is the largest project in Texas using reclaimed water to augment a surface water 

supply source. The purpose of East Fork Raw Water Supply Project is to help the North 

Texas Municipal Water District (NTMWD) produce drinking water by providing a cost 

effective and natural solution to traditional conservation methods. Water from East Fork 

of Trinity River is pumped into a constructed wetland which consists of John Bunker 

Sands wetland center. The East Fork Wetland (EFW) includes approximately 1840 acres 

of wetland habitat [48]. 

There are six sedimentation basins north of US 175 which help to precipitate the 

solids from the water. EFW processes about 40-90 million gallons of water every day. 

The total residence time of water in the entire wetland is 7-10 days (1-2 days in 

sedimentation basins and 6-8 days in the larger ponds in the wetlands) after which the 

water is pumped back into Lake Lavon for storage and delivery for the municipal water 

supply for cities in North Texas. The EFW provides over 100,000 acre-feet per year of 

raw water to augment the NTMWD’s water supplies for North Texas. 
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Objectives of Study 

The objective of this study is to evaluate the concentration of three metals namely, 

copper (Cu), lead (Pb), and zinc (Zn) in sediments and whether metal concentrations vary 

temporally or spatially. Seasonal parameter such as change in temperature affects the 

efficiency of CWs in water cleaning process, as it can have a direct influence in 

biologically mediated processes [49-52]. The proposed study will provide a preliminary 

determination of temporal and spatial distribution of metals in the sediments of EFW. In 

order to understand these objectives, we tested the following hypotheses: 

[H0] = Metal concentration at inlets of wetland cells is not different from the    

concentration at the cell outlets. 

[H0] = Metal concentrations in sediments are not altered temporally. 

The following chapters will discuss in detail our method of sample collection, sediment 

digestion, and analysis by inductively coupled plasma mass spectrometry (ICP-MS). 

Results of the study and spatial concentration maps showing the distribution of metals 

during three different sampling intervals throughout the wetlands are included in the 

following chapters. 
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CHAPTER TWO 

 Temporal Distribution of Copper (Cu), Lead (Pb), and Zinc (Zn) in Sediments of East 

Fork Wetland 

Abstract 

This study evaluated the concentrations of Pb, Cu, and Zn in sediments of East 

Fork Wetland, in Seagoville, Texas and whether metal concentrations vary seasonally or 

spatially. Sediments were collected during June 2013 (interval 1), December 2013 

(interval 2), and March 2014 (interval 3) from 138 different sites during each sampling 

event. Average Pb and Zn concentrations during interval 1 were higher than interval 3. 

Cu concentrations showed no seasonal variation. Average concentration of all metals 

showed no variation at inlet and outlet of the entire wetland in all three sampling 

intervals. Average concentrations for Pb, Cu, and Zn were lower than threshold effect 

concentrations (TECs) and probable effect concentrations (PECs) of consensus based 

sediment quality guidelines. Approximately 98% of the individual concentrations were 

below TEC and 42% of data were 50% below TEC. No individual concentrations 

exceeded PECs, therefore sediments can be considered to be of low toxicity. 

Introduction 

Wetlands are inundated with water for most or throughout the year, and serve as 

transitional areas between land and water consisting of the most biologically productive 

ecosystems [1]. Natural wetlands are often described as the nature’s kidneys because they 

help to clean the water by retaining unwanted and excess materials from water column. 

They also provide a large number of other services such as: supporting a rich diversity of 
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plants, animals, and insects, protecting the coasts, riverbanks and lakeshores from 

erosion, allowing stored groundwater to sustain base flow streams during dry season. 

Wetlands provide these ecosystems services by integrating the natural processes of soil, 

sediment, water, plants, animals, sun, and wind [1]. 

Constructed Wetlands (CWs) are man-made water treatment systems treating 

discharge such as stormwaters and mining runoff, household wastewater, sewage water, 

agricultural and industrial wastewater. They contain one or more treatment cells in a built 

and partially controlled environment [2]. This technology originated in 1952, and it is 

gaining popularity since 1985 [1]. Several processes such as sedimentation, filtration, 

oxidation, reduction, precipitation, and adsorption occur sequentially as wastewater 

meanders through wetland cells causing sediments to sink and nutrients to recycle and to 

transform. CWs are mechanically simple; they can be constructed using local materials 

and resources, making it a low cost and efficient means for the treatment of municipal 

wastewater, industrial effluents, agricultural effluents, mine water, domestic wastewater, 

and other point and non-point water sources [1, 3-7]. The use of CWs is accelerating in 

both developed and developing countries, because CWs are perceived as a cost-effective 

and environmentally conscious treatment method [1, 8]. 

Sediments act as a sink for a large number of metals due to the processes like 

adsorption, precipitation, biological activity, and a combination of these phenomena. 

However, sediments may also become a source of metal constituents due to desorption, 

which releases metals from sediments into the water column. Several factors such as 

change in pH, redox potential, temperature, and change in organic matter affect the 

release and bioavailability of metals in sediments [9, 10]. 
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Sediments provide a temporary indication of the aquatic environmental condition; 

therefore, studies of metals in sediments have become a common means of assessing the 

condition of benthic environments in wetlands [11]. CWs have a finite capacity to retain 

metals, but it is difficult to predict the capacity of wetlands to retain and sequester metals 

and what will happen when a wetland reaches the saturation point [9, 12]. As the 

technologies of CWs continue to evolve, researchers have developed empirical 

approaches which help in the accurate prediction of solute retention capacity of wetlands 

[13]. The development of new concept and technologies can help us understand both 

short as well as long term variability in biogeochemical cycles in wetland systems.  

East Fork Raw Water Supply Project is located in Seagoville, TX, near Dallas. It 

is the largest project in Texas using reclaimed water to augment surface water supply 

source. Water is pumped from the east fork of Trinity River into a constructed wetland 

which consists of John Bunker Sands Wetland Center.  East Fork Wetland (EFW) 

includes approximately 1840 acres of wetland habitat [14]. There are six sedimentation 

basins north of US 175 which help to precipitate the solids from the water (Figure 1). The 

total residence time of water in the entire EFW is 7 to 10 days (1-2 days in sedimentation 

basins, 6-8 days in larger ponds) after which the water is pumped back into Lake Lavon 

for storage and delivery for the municipal water supply for cities in North Texas. 

Metal analysis in this study included copper (Cu), lead (Pb), and zinc (Zn). These 

species were selected due to their common occurrence in domestic wastewater and their 

potential toxicity [15, 16]. Also, Cu and Zn are micronutrients that are essential for the 

proper growth and development of plants, animals and human beings. Whereas, Pb is a 

hazardous metal that has no known nutrient effects [17]. Cu, Pb, and Zn may contaminate 
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water, soil, sediments, and biota. Cu and Pb are listed under Regulated Drinking Water 

Contaminants by EPA. Zn is listed as nuisance chemical under National Secondary 

Drinking Water Regulations [18-20].  

The objective of this study is to evaluate the concentration of copper (Cu), lead 

(Pb), and zinc (Zn) in sediments of EFW, and whether metal concentration vary 

temporally or spatially. In order to understand these objectives, we tested the following 

hypotheses: 

[Ho] = Metal concentration at inlets of wetland cells is not different from the 

concentration at the cell outlets. 

[Ho] = Metal concentrations in sediments are not altered temporally. 

The following chapter will present our experimental design, results and discussions. 

Methods 

Sediment samples were collected first in June 2013 (12
th

,
 
13

th
, 20

th
 and 21

st
),

followed by a second collection in December 2013 (1
st
 and 2

nd
) and finally in March

2014 (14
th

 and 15
th

). Six sediment cores were collected from each cell within the wetland.

Two sediment cores (10-12 cm deep) were collected from each of the sedimentation 

basins. A total of 138 sediment samples were collected throughout wetlands for each 

sampling interval. A GIS map of the wetland along with sample collection points for each 

interval was developed (Figure 2.1). Sample collection sites were approximately similar 

(±30 m) for all the three sampling intervals. 

A soil probe lined with pre cleaned 1.90 x 30.48 cm (3/4 x 12 in) butyrate plastic 

liner (Forestry Suppliers Inc, Jackson, MS) was used to collect sediments. The soil probe 

was cleaned with wetland water and distilled water between samples to prevent cross 
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contamination of sediments. Samples were stored on ice during collection and were 

placed in the freezer (approximately -5˚ C) at the JBS wetland center laboratory until 

bringing them to Baylor University (BU). Once at BU, samples were stored frozen at -20˚ 

C until metal digestion was performed on them. 

Sediments were transferred from the plastic liner into conical vials using slight air 

pressure available in laboratory. Sediments were homogenized in conical vials by stirring 

vigorously with plastic spatulas and vortexing. Dry weights were determined by weighing 

aliquots (~2 g) of homogenized wet sediments on aluminum dishes. Sediments were oven 

dried at 105˚C for 24 h followed by reheating for 2 h and weighing as necessary until 

sediments reached a constant weight (change in weight < 0.001 g). 

Metal analysis was done  using EPA method 3050B [21]. Aliquots of 

approximately 2g of sediments were placed into polypropylene digestion tubes and 1:1 

HNO3 acid was added. Sediments were digested by heating to 100
˚
C and refluxing for 15

min. Digests were cooled for 2 min and 5 ml of HNO3 was added, followed by refluxing 

for 30 min. After digests cooled, 2 ml of water and 3 ml of H2O2 was added to each 

sample. They were heated until effervescence subsided and refluxed for another 30 min. 

Digests were filtered and diluted to 50 ml with nanopure water for analysis [21]. 

To ensure the integrity of our analysis, each batch of 24 samples included a method 

blank, at least one duplicate sample, a spike, and a standard reference material. 

Digests were analyzed for Cu, Pb, and Zn, using an inductively coupled plasma 

mass spectrometry (ICP-MS). Digests were further diluted so that concentrations of all 

analytes would fall within the established calibration curve (Table 2.1). Metal 

concentrations thus obtained from ICP-MS were converted to a dry weight value. 
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Figure 2.1. Sediment collection sites within East Fork Wetland during 

sampling interval 2 (December 2013). 
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Table 2.1. Calibration curve and linearity ranges observed for ICP-MS analysis of 

sediments from the East Fork wetland, Seagoville, TX 

Analytes Number of 

instrument 

calibration 

Calibration Range (µg/L) r
2
 range

Low   High Low     High 

Pb 11 1       100 0.9994 0.9999     

Cu 11 1       100 0.9995 0.9999 

Zn 11 1       100 0.9992 0.9998 

Data Analysis.  All analyses were performed using JMP statistical package. 

Significant differences ascribed to comparisons showing alpha of 0.05 or lower. Analyte 

concentration data were checked for normality prior to analysis. Data were found to be 

normal using a normal probability plot (Q-Q plot). Statistical analyses included 

multivariate analysis of variance (MANOVA) and Tukey’s HSD tests with a significance 

of 0.05 to determine differences in metal concentrations at inflows and outflows of 

wetlands cells and across sampling intervals. Correlation analysis was performed to 

quantify the covariance of three metals concentrations. Correlation tests for the 

interdependence of the variables with each other, thus this analysis helped in the 

determination of degree of association between the metal concentrations. Analysis of 

variance (ANOVA) was performed to determine differences in sediments deposition rate. 

Results 

The average concentrations of Pb, Cu, and Zn in sampling interval 1 were 

17.15±0.34 µg/g, 15.34 ±0.34 µg/g, and 94.36± 1.63 µg/g respectively. During sampling 

interval 2, average concentrations were 16.19 ±0.30 µg/g for Pb, 17.08±0.35 µg/g for Cu, 

and 94.15±2.13 µg/g Zn. Average concentrations in sampling interval 3 were 15.37±0.31 

µg/g for Pb, 16.25±0.44 µg/g for Cu, and 85.88±1.66 µg/g for Zn.  Concentrations at 
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inlets and outlets for each cell in each sampling interval (Appendix Table 4, 5, 6, 7) 

comprise the data set from which these means were generated. 

The MANOVA showed that Pb and Zn concentration were different (p=0.0019 

and 0.0078 respectively). This means that further statistical evaluations of underlying 

differences are appropriate. Cu however has an overall p of 0.0631 signifying no 

statistical significance. Cu concentrations within the sediments approached the level of 

significance but were not significant at the p of 0.05. It can be argued that this p (0.0631) 

is sufficiently near 0.05 to warrant further evaluation. The remainder of Cu results is 

evaluated with this in mind, but readers should remember that the overall model did not 

show significant concentration differences for Cu. The average Cu concentrations ranged 

from 14.82 to 17.77 µg/g. This range is below the concentration threshold level (31.6 

µg/g) where no effects are seen on benthic organisms. Therefore, further evaluation 

specifically for Cu is not required.  

The effect test for Pb concentration showed no significant difference for two 

parameters; sampling locations (inlet versus outlet) (p=0.0869) and the combination of 

location with sampling interval (p=0.9006).  Average Pb concentration in sampling 

interval 1 (June 2013) was higher than sampling interval 3 (March 2014) (p=0.0002). The 

effect test for Zn showed no significant difference for sampling location (inlet versus 

outlet) (p=0.4181), and the combination of location with sampling interval (p=0.6628). 

The average Zn concentration was higher in sampling interval 1 than sampling interval 3 

(p=0.0023) and sampling interval 2 was higher than sampling interval 3 (p=0.0043). 

Furthermore, correlation analysis was performed which showed that all three metals have 
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moderate positive correlation (0.6826 <r < 0.7635), Figure 2.2. This indicates that metals 

tend to co-occur so they are uniformly high or low for a given sediment. 

Figure 2.2. Correlations of Pb, Cu, and Zn concentration in sediments of East Fork 

Wetland, Seagoville, TX across three sampling intervals (June 2013, December 2013, 

and March 2014).  

ANOVA showed that the sedimentation was greater in middle wetland cell groups 

during sampling interval 1 than sampling interval 3 (p=0.0107) whereas no significant 

differences were seen in sediment deposition across three sampling intervals at 

sedimentation basins (p=0.5524) as well as bottom wetland cell groups (p= 0.0817). 
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Discussion 

Average metal concentrations in sediments of EFW were not different at inlets as 

compared to outlets in all three sampling intervals. Similar metal concentrations at inlets 

and outlets could be due to metal concentrations in sediments and water reaching 

equilibrium over the duration of EFW operation. The low sample numbers (n=3) near the 

inlet and outlet of each cell could also cause similarities. A large portion of sediments 

entering the wetlands settle in sedimentation basins before they enter the wetland [22]. 

Sedimentation basins are deeper compared to other wetland cells. Therefore, they can 

retain sediments for a long period of time unless some physical disturbance occurs. The 

differential sediment deposition pattern at different areas of wetland is also a reason for 

less heterogeneity. Sedimentation basins have mostly mineral sediment which is dense 

compared to larger wetland cells due to the lack of vegetation and less organic matter. So, 

metals get sorbed to mineral sediments and settle quickly in sedimentation basins 

resulting in high metal concentration. Sediments in larger wetland cells are rich in 

organic matter due to the presence of large amount of wetland vegetation. Organic matter 

contains functional groups such as amines, carboxylates with large binding affinities for 

metals. Organic rich sediments have lower particle density (1 to 1.5 g cm 
-3

) compared to

mineral sediments (2.4 to2.9 g cm 
-3

) so instead of settling quickly they have a high

mobility [23]. In environment, where there is large amount of organic matter, binding of 

organic matter with metal ions takes place which can decrease the mineral saturation 

index [24]. This is important as a lowered saturation index means more metal may be 

dissolved. This can allow sediments of large cells to accumulate more metals. Besides, 

sedimentation basins, bigger cells in wetlands also help to capture the sediments. All the 
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larger cells in EFW have deeper areas and vegetated areas. Deeper zones are towards the 

edges of cells which act as a sedimentation section for that particular cell. As the water 

flows into the wetland cell, suspended sediments settle into the deeper parts of cells 

because the velocity of the water is lowered and the suspended sediments settle due to the 

force of gravity. Some sediments which still get carried away with water settle around the 

root zones of the vegetated area because vegetation act as physical barriers to slow water 

flow causing sediments to settle [25, 26]. 

Metal uptake by plants also reduces metal concentration in sediments. Aquatic 

macrophytes uptake metals through roots and leaves. The rate of metal uptake and 

removal by plants depends on the plant type, plant growth rate and concentration of 

metals in plant tissue [27]. For instance E. crassipes was found to remove 95% of Zn 

while L. minor was able to remove up to 90% of Pb from water [28, 29]. Aquatic plants 

have symbiotic association with microbes which facilitate the transformation and 

speciation of metals. A detailed explanation of effects of plants on metal transformation 

and sequestration is described in Chapter 3. 

The distribution of Pb and Zn throughout the wetland varied among three 

sampling intervals. Pb concentration in sediments was higher in sampling interval 1 than 

sampling interval 3. Similar trend was observed for Zn concentration. EFW receives 

water from Trinity River which is a mix of rainwater and water from wastewater 

treatment plant. Important sources of metal constituents in Trinity River are metal 

contaminants in wastewater which can originate from erosion of natural deposits, 

leaching from wood preservatives, corrosion of household plumbing system [30]. 

Additionally, agricultural and urban runoff also contributes metal constituents in the 
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sediments and water of Trinity River [31]. Metal sources such as leaching from wood 

preservatives, corrosion of household plumbing system are relatively constant across 

time, whereas metal concentrations contributed by agricultural and urban runoff can 

fluctuate due to seasonal differences. The average precipitation during sampling interval 

1 was 5.43 cm (2.14 in) and during sampling interval 3 was 3.68cm (1.45 in) [32]. Both 

Pb and Zn concentration being higher in sampling interval 1 compared to sampling 

interval 3 indicate that Trinity River could be receiving more runoff during sampling 

interval 1 than sampling interval 3. East Fork is a principle branch of Trinity River; this 

segment includes agricultural land as well as highly urbanized and populated areas such 

as McKinney, Rockwall and DFW metroplex. The runoff would originate in both urban 

as well as rural areas. Urban runoff originating from parking lots, airports, residential 

areas, roads and highways consist of metals from asphalts, worn tires, engine parts, brake 

linings, and roof shingles can elevate metal concentration in sediments and water of 

Trinity River. Similarly, agricultural runoff containing herbicides and pesticides too can 

increase metal concentration in Trinity River. A study performed by United States 

Geological Survey, showed the highest concentration of herbicides in Trinity River from 

April through July, and increased insecticides throughout summer [31]. This seasonal 

variation in concentration has been attributed to the patterns in use and stream flow. It 

can be argued that metal concentrations in Trinity River will be diluted due to higher 

rainfall. Researchers have observed both decrease in dissolved metal concentration due to 

dilution or increase due to the runoff [33, 34]. Results from our study suggested that the 

dilution due to rain did not largely affect metal concentration in sediments although it 

could have potentially affected metals in water. However, the status of metal 
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concentration in water can be explained with more certainty only after metal analysis in 

water of EFW. 

As mentioned earlier, water from East Fork of Trinity River is pumped into EFW. 

Along with water, sediments consisting of metal constituents are introduced into the 

wetland. EFW receives different volume of water during different times of the year. The 

water inflow data showed average amount of water pumped into the wetland was highest 

in sampling interval 1 (67.0 MGD) followed by sampling interval 3 (44.9 MGD) and 

finally in sampling interval 2 (42.6 MGD). The sediment deposition rate was found to be 

higher in sampling interval 1 than sampling interval 3 (p = 0.0134) in middle wetland cell 

groups. Hence, the variable amount of water along with statistically different amount of 

sediment deposits into EFW could also be a reason for temporal variation in metal 

concentration in sediments of wetland. The growth of aquatic plants such as water lilies, 

bulrushes, water hyacinth were excessive during sampling interval 1 which may have 

increased organic carbon production leading to the sorption of dissolved metals and their 

settlement in sediments causing the metal concentrations to increase. 

The highest average concentration for Pb (17.15 µg/g) and Zn (94.362 µg/g) was 

observed in sampling interval 1 whereas Cu showed highest average concentration (17.09 

µg/g) in sampling interval 2. However, recall that the temporal differences in Cu 

concentrations were not statistically significant. These average concentrations of Cu, Pb, 

and Zn were lower than the standard values ascribed by consensus based sediment quality 

guidelines (SQGs) (Table 2.2). 
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Table 2.2: Highest average concentrations and consensus based SQGs values for 

freshwater sediments. 

Metals Highest average 

concentration      

(µg/g DW) 

Consensus based 

TEC 

(µg/g DW) 

Consensus based 

PEC 

(µg/g DW) 

Pb 17.15 ± 0.34 35.8 128 

Cu 17.08 ± 0.35 31.6 149 

Zn 94.364 ±1.63 121 459 

Individual SQGs were previously developed by several federal, state and 

provincial agencies across North America such as USEPA, NOAA, USGS and 

Environment Canada. All the individual SQGs had certain advantages and limitations in 

sediment quality assessment process. Hence, consensus based SQGs were developed [35] 

in an effort to provide a unifying synthesis of the existing guidelines. SQGs were 

developed to provide a science based tool for assessing the sediment quality of freshwater 

ecosystems. Additionally, consensus based SQGs can also be used for the ecological risk 

assessment, restoring wetland habitat, assessing and managing contaminated sites, and 

planning regulatory actions [36]. 

Consensus based SQGs include threshold effect concentrations (TECs) and 

probable effect concentration (PECs) for each constituent of interest. TECs are the 

concentration below which harmful effects on benthic organisms are unlikely. TECs 

contain five different types of SQGs which are: threshold effect levels (TELs), effect 

range low values (ERLs), lowest effect levels (LELs), minimal effect thresholds (METs) 

and sediment quality advisory levels (SQALs). Whereas, PECs represent concentrations 

above which adverse effects are expected to occur frequently in the organisms. PECs 

include probable effect levels (PELs), effect range median (ERMs), severe effect levels 

(SELs), and toxic effect thresholds (TETs). The toxicity endpoints for consensus based 
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SQG were survival, growth or reproduction for Hyalella azteca, survival or growth for 

Hexagenia limbata, survival or growth for Chironomus riparius, survival for 

Lumbriculus variegatus, survival for Ceriodaphnia dubia, and microtox for 

Photobacterium phosphoreum. Sediments were considered to be toxic, if at least one of 

these endpoints were significantly different for the responses observed in control 

sediments. For example, in Chironomus riparius studies, sediment was designated as 

toxic if there more than 50% of the test population dead in a 14 d test [37]. 

TEC for Cu is 31.6 µg/g. This value is based on the geometric mean of five 

individual SQGs mentioned above where ERL is one of them. The ERL for Cu in 

freshwater sediments is 70 µg/g. This value is based on the effects seen on M. balthica 

burrowing time; mortality to D. magna and mortality to bivalve larvae. For Pb, the ERL 

is 35 ppm, and this value is based on the increased burrowing time of M. balthica, 

lowered benthos diversity in Norwegian fjords, more than 50% mortality to P. pugio in 

Los Angeles harbor, depressed benthos species in Massachusetts Bay [38]. These two 

examples illustrate how the endpoints such as mortality, growth, species diversity, and 

burrowing time help to determine the sediment quality criteria values. Apart from ERLs 

other individual SQGs parameter such as LEL, TEL, ERL MET, ERM, TET, SEL, PEL 

were also determined in a similar manner based on the experiments performed on benthic 

organisms such as D. magna, C. tentans, A. sculpta etc. Thus, the geometric means of 

five individual SQGS are calculated to determine the consensus based SQGs. 

The ranges between TEC and PEC are neither classified as toxic nor nontoxic so 

it is difficult to say the possible effects which could be observed on aquatic species 

within this range [35]. According to consensus based freshwater SQG, the TEC for Cu is 
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31.6 µg/g, Pb is 35.8 µg/g and Zn is 121 µg/g whereas PEC for Cu is 149 µg/g, Pb is 128 

µg/g, and Zn is 459 µg/g [35]. Our study showed that average analyte concentrations of 

all metals were below TEC, indicating that these metals may not pose a significant risk to 

the health of benthic environment in EFW. However, more certainty of benthic risk could 

be attained through testing EFW sediments for toxicity to aquatic organisms such as 

Chironomus riparius, Photobacterium phosphoreum, Hyalella azteca. 

Data from this study showed that average metal concentrations in sediments of 

EFW were lower than the consensus based SQGs thresholds. However, some of the 

individual concentrations were found to be higher than TEC but lower than PEC (Table 

2.3). Approximately 98% of the individual concentrations data were below TEC level and 

42% of the data were 50% below TEC. In general, sediments can be considered to be of 

low toxicity as majority of the sediments are below TEC and none of them exceed the 

level where adverse effects are expected to occur in organisms. 

Future studies and continuous monitoring of the sediments can be designed to 

focus at areas where higher individual concentrations were observed. Data from this 

study demonstrated that highest individual metal concentration mostly occurred at the 

upper wetland cells. So, taking this study as a preliminary step, future sediment quality 

management and benthic risk assessment can be performed in areas of upper cells of 

wetland. Aquatic organisms such as H. azteca, C. tentants and Hexagenia species are 

susceptible even at concentrations below threshold, so adding these species in future 

studies can help to understand the sediment quality of EFW at a more detailed level. 

Future studies on metal concentrations in sediments can help to project a length of time 

that will take the metals to get to a state that they might be hazardous. 
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Table 2.3. Notable individual concentration of Pb, Cu, and Zn in sediments of East Fork 

Wetland and consensus based Sediment Quality Guidelines for freshwater sediments. 

Sampling 

interval 

Metals N of sites 

above TEC 

N of sites 

above PEC 

Concentration 

(µg/g DW) 

Location 

       1 

Pb 0 0 26.29 6A 

Cu 0 0 25.09 7C 

Zn 2 0 122.34 6A 

        2 

Pb 0 0 26.71 4B 

Cu 0 0 29.95 4B 

Zn 17 0 171.64 6D 

        3 

Pb 0 0 32.89 4B 

Cu 2 0 35.78 6A 

Zn 2 0 130.11 5D 

One primary function of the EFW is to clean the water by removing metals and 

nutrients from water column. Sediment analysis showed the presence of metal 

concentration in sediments, but just based on sediment analysis it cannot be concluded if 

the metals are being removed from the water column and being deposited in sediments. 

More certainty of metal removal from water column could be attained through testing 

metal concentrations in both sediments and water. A thorough study and evaluation of 

water could have been performed and was designed into the study. However, these data 

were not obtained. Time constraints posed by instrument malfunctions and repair times 

prolonged the method validation and sample analysis times, thereby allowing completion 

of sediment samples only. Sediment characterization can be incorporated into future 

studies as it provides valuable information about the behavior of sediments and behavior 
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of inorganic and organic constituents associated with them. Measurement of dissolved 

organic carbon (DOC), acid volatile sulfide and metal speciation can be incorporated in 

future studies to understand the chemical behavior of metals and the toxicity associated 

with them. Future studies can also be based on management needs. If water quality 

management and monitoring of human health is the priority, monitoring strategy 

directing towards water quality is required. This involves evaluation of metals as well as 

nutrients in water of EFW that helps to determine the effectiveness of EFW in water 

cleaning process. If the priority is to maintain healthy population of wetland species, 

studies and monitoring strategies should focus sediment quality and toxicity testing, 

biological risk assessment. Comparing results of metal concentrations of sediments and 

water can help us understand the benthic environmental quality as well as the quality of 

water in EFW. This can help make a sound decision on monitoring strategies based on 

management needs. 



39 

 References 

1. Kadlec, R. H.; Wallace, S., Treatment wetlands. 2nd ed.; CRC press: 2009.

2. USEPA Constructed Wetlands Treatment of Municipal Wastewaters; Office of

Research and Development: Cincinnati, Ohio, 2000; pp 1-166.

3. Vymazal, J., Removal of nutrients in various types of constructed wetlands. Sci.

Total Environ. 2007, 380, (1-3), 48-65.

4. Maine, M. A.; Suñe, N.; Hadad, H.; Sánchez, G.; Bonetto, C., Nutrient and metal

removal in a constructed wetland for wastewater treatment from a metallurgic

industry. Ecol. Eng. 2006, 26, (4), 341-347.

5. Song, Z.; Zheng, Z.; Li, J.; Sun, X.; Han, X.; Wang, W.; Xu, M., Seasonal and

annual performance of a full-scale constructed wetland system for sewage

treatment in China. Ecol. Eng. 2006, 26, (3), 272-282.

6. Vymazal, J.; Švehla, J.; Kröpfelová, L.; Němcová, J.; Suchý, V., Heavy metals in

sediments from constructed wetlands treating municipal wastewater.

Biogeochemistry 2010, 101, (1-3), 335-356.

7. Kaldec R.H.; Knight R. L., Treatment Wetlands. 1st ed.; CRC Press LLC: Boca

Raton, Florida, 1996.

8. Kivaisi, A. K., The potential for constructed wetlands for wastewater treatment

and reuse in developing countries: a review. Ecol. Eng. 2001, 16, (4), 545-560.

9. Arroyo, P.; Ansola, G.; Luis, E., Effectiveness of a Full-Scale Constructed

Wetland for the Removal of Metals from Domestic Wastewater. Water, Air, &

Soil Pollution 2009, 210, (1-4), 473-481.

10. Maine, M. A.; Hadad, H. R.; Sánchez, G. C.; Mufarrege, M. M.; Di Luca, G. A.;

Caffaratti, S. E.; Pedro, M. C., Sustainability of a constructed wetland faced with

a depredation event. J. Environ. Manage. 2013, 128, 1-6.

11. Chatterjee, M.; Massolo, S.; Sarkar, S. K.; Bhattacharya, A. K.; Bhattacharya, B.

D.; Satpathy, K. K.; Saha, S., An assessment of trace element contamination in

intertidal sediment cores of Sunderban mangrove wetland, India for evaluating

sediment quality guidelines. Environmental monitoring and assessment 2009,

150, (1-4), 307-22.

12. Wieder, R. K., A survey of constructed wetlands for acid coal mine drainage

treatment in the Eastern United States. Wetlands 1989, 9, (2), 299-315.



40 

13. Wanko, A.; Tapia, G.; Mose, R.; Gregoire, C., A new empirical law to accurately

predict solute retention capacity within horizontal flow constructed wetlands.

Ecol. Eng. 2011, 37, (4), 636-643.

14. John Bunker Sands Wetland Center. Retrived from website:

http://www.wetlandcenter.com/waterreuse/default.html (06/25/2014)

15. Chague-Goff, C., Assessing the removal efficiency of Zn, Cu, Fe and Pb in a

treatment wetland using selective sequential extraction: A case study. Water Air

and Soil Pollution 2005, 160, (1-4), 161-179.

16. Fu, F.; Wang, Q., Removal of heavy metal ions from wastewaters: a review. J.

Environ. Manage. 2011, 92, (3), 407-418.

17. Werner Stumm, J. J. M., Aquatic Chemistry: chemical equilibria and rates in

natural waters. 3rd ed.; John Wiley and Sons, Inc.: New York, 1996.

18. U.S. Environmental Protection Agency, Basic information about copper in

drinking water. Retrived from website:

http://water.epa.gov/drink/contaminants/basicinformation/copper.cfm

(01/17/2014)

19. U.S. Environmental Protection Agency, Secondary drinking water regulations:

Guidance for nuisance chemicals. Retrived from website:

http://water.epa.gov/drink/contaminants/secondarystandards.cfm (01/17/2014)

20. U.S. Environmental Protection Agency, Basic Information about Lead in

Drinking Water. Retrived from website:

http://water.epa.gov/drink/contaminants/basicinformation/lead.cfm (01/17/2014)

21. USEPA Acid Digestion of Sediments, Sludges and Soils Office of Solid and

Hazardous Wastes: USEPA: Cincinnati, OH, 1996.

22. Lee, S.; Maniquiz-Redillas, M. C.; Kim, L.-H., Settling basin design in a

constructed wetland using TSS removal efficiency and hydraulic retention time.

Journal of Environmental Sciences 2014, (In Press).

23. Rühlmann, J.; Körschens, M.; Graefe, J., A new approach to calculate the particle

density of soils considering properties of the soil organic matter and the mineral

matrix. Geoderma 2006, 130, (3–4), 272-283.

24. Aiken, G. R.; Hsu-Kim, H.; Ryan, J. N., Influence of Dissolved Organic Matter

on the Environmental Fate of Metals, Nanoparticles, and Colloids. Environmental

Science & Technology 2011, 45, (8), 3196-3201.



41 

25. Davis, L., Handbook of constructed wetlands: A guide to creating wetlands for

agricultural wastewater, domestic wastewater, coal mine drainage and

stormwater in the mid- atlantic region 1995; Vol. 1.

26. Johnston, C. A., Sediment and Nutrient Retention by Fresh Water Wetlands-

Effects on Surface Water Quality  Critical Reviews in Environmental Control

1991, 21, (5-6), 491-565.

27. Sheoran, A. S.; Sheoran, V., Heavy metal removal mechanism of acid mine

drainage in wetlands: A critical review. Minerals Engineering 2006, 19, (2), 105-

116. 

28. Singh, D.; Gupta, R.; Tiwari, A., Phytoremediation of Lead from Wastewater

Using Aquatic Plants. International Journal of Biomedical Research 2011, 2, (7),

411-421.

29. Stout, L.; Nusslein, K., Biotechnological potential of aquatic plant-microbe

interactions. Current Opinion in Biotechnology 2010, 21, (3), 339-345.

30. Andrews, D. 2013 Annual Drinking Water Quality Report; North Texas

Municipal Water District: Wylie, TX, 2013.

31. United States Geological Survey, Pesticides. Retrived from website:

http://pubs.usgs.gov/circ/circ1225/pdf/pest.pdf   (07/10/2014)

32. National Weather Service Weather Forcast Office: Dallas/Forth Worth,TX -

Monthly and Annual Precipitation. Retrived from website:

http://www.srh.noaa.gov/fwd/?n=dmoprecip (07/13/ 2014).

33. Butler, B. A.; Ranville, J. F.; Ross, P. E., Observed and modeled seasonal trends

in dissolved and particulate Cu, Fe, Mn, and Zn in a mining-impacted stream.

Water Research 2008, 42, (12), 3135-3145.

34. B.Tavakoly Sany, A. H. S., GH. Monazami and A. Salleh Assessment of

Sediment Quality According To Heavy Metal Status in the West Port of Malaysia

International Journal of Biological, Veterinary, Agricultural and Food

Engineering 2011, 5, (2), 4-8.

35. MacDonald, D. D.; Ingersoll, C. G.; Berger, T. A., Development and evaluation

of consensus-based sediment quality guidelines for freshwater ecosystems.

Archives of Environmental Contamination and Toxicology 2000, 39, (1), 20-31.



42 

36. Ingersoll, C. G.; MacDonald, D. D.; Wang, N.; Crane, J. L.; Field, L. J.;

Haverland, P. S.; Kemble, N. E.; Lindskoog, R. A.; Severn, C.; Smorong, D. E.,

Predictions of sediment toxicity using consensus-based freshwater sediment

quality guidelines. Archives of Environmental Contamination and Toxicology

2001, 41, (1), 8-21.

37. Ingersoll, C. G.; Haverland, P. S.; Brunson, E. L.; Canfield, T. J.; Dwyer, F. J.;

Henke, C. E.; Kemble, N. E.; Mount, D. R.; Fox, R. G. Assessment and

Remediaiton of Contaminated Sediments (ARCS) Program; Great Lakes National

Program Office: Chicago, Illinois, 1996.

38. Long, E. R.; Morgan, L. G. The potential for biological effects of sediment sorbed

contaminants tested in the national status and trends program; National Oceanic

and Atmospheric Administration Seattle, Washington, 1991.



43 

CHAPTER THREE 

GIS Analysis of Spatial Distribution of Copper (Cu), Lead (Pb), and Zinc (Zn) in 

Sediments of East Fork Wetland 

Abstract 

Geographic information system (GIS) is increasingly being used as an important 

tool for studying environmental geochemistry and environmental problems. GIS provides 

numerous avenues for the integration of data and spatial interpretation, which makes it an 

effective technique for visualization of environmental data. Sediments have been 

characterized as the main factor for metal removal from wastewater in wetlands. This 

study quantified the concentration of Pb, Cu, and Zn in sediments of East Fork Wetland 

and compiled spatial distribution maps. Spline interpolation was used to interpolate the 

metal concentration data. Concentration differences were readily observed in GIS maps 

of three seasons. All metals showed similar distribution patterns in wetland within a 

given season. Maps showed different concentration gradients implying heterogenous 

distribution of metals in sediments; however visually distinct concentration contours 

(isopleths) were not always statistically significant. 

Introduction 

Geographic Information System (GIS) mapping and analysis is a powerful 

visualization and data management technology. It allows us to view a large quantity of 

information within a geographic location. GIS has become an important tool for studying 

environmental geochemistry and environmental pollution problems [1, 2]. It was initially 

used by government and industries, but currently it is being used in several fields such as 
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topographic mapping, weather reporting, urban planning, environmental analysis, census 

mapping, and epidemiological research. Use of GIS in environmental analysis include 

environmental modeling and analysis such as hydrological, land surface and subsurface 

processes, ecological modeling, risk and hazard studies and assessment [3]. GIS provides 

numerous tools for the integration of data and spatial interpolation which makes it an 

effective technique for visualization of environmental data. Using GIS, one can simulate 

and analyze spatial patterns of environmental phenomena and can visually identify, locate 

and display the patterns of distribution of environmental pollutants at a regional as well 

as a larger scale. Currently, GIS is being widely used as an important spatial analysis tool 

in the assessment of regional environmental pollution [4].  

Wetlands are spatially distributed over a large area. In order to evaluate the 

wetland, it is essential to use tools or technologies that provide an overall view of wetland 

including the earth. Since GIS provides a synoptic view of the landscape, it has proven to 

be very useful in the evaluation of wetlands [5]. An important feature of this tool is the 

capability to store the data in databases. The creation of databases is important as they 

allow users to evaluate a variety of different conditions and these databases can be 

updated over time. Additionally GIS, through the use of databases can provide a wide 

range of information such as extent of wetlands, land cover type, submerged and 

emergent vegetation, wildlife, and aquatic diversity. This information is basic but 

pertinent in the understanding of wetlands. Thus, GIS can perform several different tasks 

such as producing maps, to organizing and maintaining database over time all at once. In 

the studies of wetlands, GIS tools have been used  in different ways such as development 

of the global database of wetlands [6, 7], assessing areas of wetland change [8, 9], spatial 
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evaluation and visualization of pollutants [3, 10], and evaluation of water and sediment 

quality [11-13]. Hence, GIS is an essential tool for the spatial and temporal evaluation of 

wetlands. 

Constructed wetlands (CWs) are man-made wetlands which are built to remove 

unwanted constituents present in the wastewater that flows through these systems. CWs 

are designed to remove pollutants from wastewater by utilizing the natural and biological 

processes occurring within them [4]. For more than three decades CWs have served to 

treat a variety of wastewater such as industrial wastewater, agricultural runoff, municipal 

wastewater, mine water, domestic wastewater, storm water [14]. They are mechanically 

simple and are commonly being used as low cost and efficient wastewater treatment 

systems [15, 16]. 

Sediments have been characterized as the main factor for metal removal from 

wastewater in wetlands [17]. However, factors such as change in pH, temperature, redox 

condition can release metal constituents from sediments [18]. They not only act as a 

major reservoir of metal constituents, they also provide a temporary indication of aquatic 

environment quality. Hence, study of metals in sediments has become a standard means 

of assessing the health of benthic environment in wetlands [19]. 

The principal objectives of this study are to quantify the concentration of metals 

such as copper (Cu), lead (Pb), and zinc (Zn) in the sediments of EFW and compile 

spatial distribution maps using GIS. The EFW is in its early stage where new vegetations 

are still being introduced. GIS maps can show the spatial relationship between 

environmental data and land features. Spatial and visual interpretation of metal 

distribution is essential to understand how the sources of risk, receptors and exposure 
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pathways are distributed in space [10]. Especially in our study, spatial and visual 

evaluation can display the distribution of metal constituents throughout wetlands and 

show the relationship between metal concentrations and temporal variation. In particular, 

GIS is a valuable tool for interpreting spatial variability which is why this paper chose 

this method. 

Methods 

Study Area 

East Fork Raw Water Supply Project (Wetland) is located in Seagoville, TX, 

32˚39’7”N, 96˚33’0”W near Dallas. The study area includes about 1840 acres of wetland 

habitat and is the largest water reuse system in TX using reclaimed water to enhance a 

surface water supply source. EFW receives water from Trinity river which is a mix of 

treated wastewater and rainwater [20]. Water is pumped into the sedimentation basins 

(retention time 1-2 days). After 1-2 days in sedimentation basins, the water flows south, 

towards the middle portion of wetlands consisting of larger wetland cells. The total 

residence time of water in the entire wetland is approximately 7 to 10 days after which 

the water is pumped back to Lake Lavon. 

Field Method  

Sediment samples were collected first in June 2013 (12
th

, 13
th

, 20
th

, and 21
st
),

followed by a second collection in December 2013 (1
st
 and 2

nd
) and finally in March

2014 (14
th

 and 15
th

). A total of 138 samples were collected throughout wetlands for each

sampling interval using soil probe lined with plastic liner. The soil probe was cleaned 

with wetlands water and distilled water between samples to prevent cross contamination 
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of sediments. A Colorado 400t, Garmin GPS unit was used to collect spatial information 

at each sample collection site. Additional details about sediment collection, handling and 

storage are explained in Chapter 2. 

Laboratory Method  

Acid digestion of sediments was done using previously described method 

(Chapter 2) as adapted from EPA Method 3050B [21]. This method utilized ~2g of 

sediments, placed into digestion tubes with 1:1 HNO3. Sediments were digested by 

refluxing at 100˚C. Digests were cooled, followed by the addition of HNO3 and refluxing 

for 30 min. After digests cooled, water and H2O2 was added and the mixer was refluxed 

for 30 min. Digests were filtered and diluted for analysis by using inductively coupled 

plasma mass spectrometry (ICP-MS). 

Statistical Method  

All statistical analyses were performed in JMP. Statistical analyses included 

multivariate analysis of variance (MANOVA), Tukey’s HSD test (α = 0.05) and 

correlation analysis. Analysis of variance (ANOVA) was performed to determine 

differences in sediments deposition rate. Paired t-test was performed to determine which 

wetland cells were driving the overall difference. Additional details on statistical methods 

are described in previous chapter (Chapter 2). 

GIS Method  

The GIS tools employed and the sequence of steps that were followed for 

construction of GIS maps are illustrated below in the cartographic model (Figure 3.1). 

The operations were repeated for each metal and for each sampling interval. GIS analysis 
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was performed using ArcMAp 10.1. Wetland cell boundaries were digitized and spline 

interpolation tool was employed to interpolate the metals concentration data. The spline 

interpolates a raster surface from points using a two dimensional minimum curvature 

technique, producing a smooth surface which passes exactly through the input points. 

Sample points are extruded to the height of their magnitude where spline acts like a 

flexible ruler that bends and passes through the points while producing a smooth curve 

[3]. Both spline methods: regularized and tension were used in this study. Regularized 

methodology produces a smooth surface which may sometimes contain values outside the 

data range. Tension methods were used only in cases where such surfaces were created 

by regularized method to create surfaces with values that are closer with the sample data 

range. The raster surface was then extracted by mask to set the extent and cell size 

properties of analysis. 

Figure 3.1. Cartographic model for GIS Analysis 

Data evaluation.  To evaluate the difference between metal concentrations 

predicted by spline and the actual concentration, Pb, Cu, and Zn concentrations were 

compared across sampling interval 1 and 2. Sampling interval 1 and 2 were chosen, as 

metal concentrations were not statistically different across these intervals. The latitude 

and longitude was obtained for sample points in interval 1 from those ponds which had 

relatively different sampling sites compared to interval 2. Latitude and longitude values 

for sampling points in interval 1 were entered in interval 2 maps to obtain the 

concentration of all three metals associated with that point. Similar process was repeated 
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for sampling points in interval 2 to compare interval 2 points on interval 1 map. Actual 

measure concentrations of all metals were compared with concentrations obtained from 

interpolation to determine the relative difference in the concentration obtained from two 

different procedures. 

Results 

The distribution of Pb, Cu, and Zn in sediments of EFW for three sampling 

intervals (Figures 3.2-3.10) showed that the distribution of Pb and Zn throughout 

wetlands was different among three sampling intervals (p <0.0008). Pb was highest in 

sampling interval 1 and lowest in interval 3. Similarly, Zn concentrations were highest in 

sampling interval 1 and lowest in interval 3. The Cu distribution showed a different 

pattern where Cu concentrations were highest in sampling interval 2 and lowest in 

interval 1. However, differences in Cu concentrations were not statistically significant. 

The underlying data for these statistical comparisons have been previously reported 

(Chapter 2). Concentration differences can be readily observed in GIS maps of three 

sampling intervals (Figures 3.2 – 3.10). All metals (Pb, Cu, and Zn) showed similar 

distribution patterns in wetland within a given interval. For example, comparing Figures 

3.2, 3.5, and 3. 8 it can be seen that the southern sides of wetland (wetland cells at 

bottom) have darker shades of color compared to northern sides (wetland cells at the 

middle) for all metals. Different concentration gradients on maps implied heterogeneous 

distribution of metals however, visually distinct distributions were not always statistically 

significant.  

In maps of sampling interval 2 (Figure 3.3, 3.6, 3.9), cells 4B and 5D showed 

color differences. The results from ANOVA along with Tukey’s HSD indicated that they 
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are different from other cells; hence they have different colors compared to other cells. 

Evaluating the Pb and Zn data of sampling interval 3, it was found that cells 5D and 4B 

were different compared to other cells in the wetland. 

Results from MANOVA showed that the average Pb and Zn concentrations in 

sampling interval 1 were higher than interval 3. This means that there is seasonality in 

both Pb and Zn concentration. A paired t-test performed on Pb concentrations in 

sampling interval 1 and interval 3 showed that cells 5A, 5C, 6A, 6B, 7B, 7C, 8C, 9A and 

10A were higher in interval 1 than 3. Similar comparisons were done on Zn comparing 

sampling interval 1 versus 3 and sampling interval 2 versus 3. The results showed that the 

primary cells driving the overall differences in Zn concentrations in sampling interval 1 

and 3 include 2A, 4C, 5A, 6A, 7A, 8A, 8B and 8C where Zn concentrations were higher 

in all of these cells during sampling interval 1 than 3 and for cells 4B, 5A, 8A and 8B 

concentrations were higher during sampling interval 2 than 3. 

Comparison of measured concentrations and interpolated concentrations showed 

that the difference between measured and interpolated concentration ranged from -7.63 to 

14.55 µg/g for Pb, -0.72 to 14.17 µg/g for Cu, and -40.81 to 57.3 µg/g for Zn. The 

predicted values varied from the measured values by 31.18 ± 6.79% for Pb, 28.14 ± 

4.93% for Cu, and 12.61 ± 5.35% for Zn. 

Discussion 

GIS based spatial analysis and spline interpolation tool showed the spatial 

distribution of metal constituents throughout the EFW. Pb, Cu, and Zn all showed similar 

distribution pattern within same sampling interval, and this could be attributed to their 

similar chemical behavior. For example, heavy metals like Cu, Zn, Pb, Co, Ni, and Mn 
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co-precipitate in iron oxides and manganese oxides [22]. Although the GIS maps of 

sampling interval 1 showed visual color differences in lower cells of wetland, statistically 

we cannot distinguish differences between them. Statistical analysis in sampling interval 

2 and 3 showed that cells 4B and 5D were different than rest of the cells. 

Data from this study showed that the average metal concentrations in sediments 

were lower than the standard values ascribed by consensus based sediment quality 

guideline (SQG) threshold level [23]. SQGs consist of a threshold effect concentration 

(TEC) and a probable effect concentration (PEC). TECs are the concentrations below 

which adverse effects are unlikely on benthic organisms. Whereas, PECs represent 

concentrations above which adverse effects are expected to occur in organisms. A 

detailed description of SQGs and how they were derived is described elsewhere (Chapter 

2). Some of the individual concentrations were found to be higher than SQG TEC but 

lower than PEC. Individual concentrations that were below the TEC level included 

approximately 98% of the data and 42% of data were 50% below TEC (Chapter 2: Table 

2.2 and 2.3). Wetland cells where an individual concentration exceeded TEC were 4B for 

Pb, 6A for Cu and 6A, 6D, 5D, 4B, 5C, 6C and 10 B for Zn. None of the individual 

concentrations exceed PEC, so the sediments can be considered to be of low toxicity. Due 

to the lower toxicity of sediments any immediate or detailed studies may not be required 

for the time being however; future monitoring programs can be targeted towards the 

wetland areas mentioned above where sediments contained metal concentrations higher 

than the TEC. Aquatic species such as D. manga, Hexagenia species (mayfly), and R. 

abronius and P. affinis can be incorporated into the studies as they are more susceptible 

to lower concentration of Pb, Cu, and Zn respectively [24].  
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GIS can be an important tool to manage several aspects of wetland such as water 

and sediment quality, plants, aquatic organisms, and birds. The use of GIS maps can help 

identify areas of higher or lower metal concentration easily and quickly which can help 

wetland managers to take measures to facilitate wetland functions. Aquatic macrophytes 

are important components of the aquatic system. They help to facilitate transformation 

and speciation of metals by creating a niche for microorganisms [25]. Root exudates of 

macrophytes have symbiotic associations with microbes such as mycorrhizae, rhizobia, 

and plant growth promoting rhizobacteria (PGPR). These symbiotic associations control 

different types of microbial population, which could eventually control metal speciation 

and transformation into less available form [26]. Although, symbiotic relationships of 

terrestrial plants and microbes are well studied and documented, little is known about the 

microbes associated with specific aquatic plants [27, 28]. For example sulfur reducing 

bacteria such as Desulfovibrio are associated with roots and rhizomes of plants like reeds 

(Phragmites australis) [29]. The presence of these bacteria is dependent on the presence 

of sulfate anions as well as organic compounds. Organic compounds such as 

carbohydrates, amino acids, flavonols etc. [26] are obtained from the root exudates of 

aquatic plants. Zn, Cu and other trace metals react with dissolved sulfide species forming 

stable sulfide metal compounds with low solubility [30]. Thus, aquatic plant-microbe 

interaction can act to sequester these metals reducing their bioavailability and toxicity. 

Additionally, bacteria also promote plant growth by producing compounds such as 

siderophores. Plant growth increases surface area which allows more metal uptake [31]. 

GIS can help to measure the extent of wetland vegetation and map their density using 

satellite and radar data, and aerial photos. Studies have shown that better classification of 
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wetland vegetation can be accomplished using GIS with remotely sensed data such as 

hyperspectral data [32]. For instance the band regions between 0.63-0.69 and 0.76 – 0.90 

µm are unique to P. australis which helps in distinguishing them from other wetland 

species. Each of the aquatic macrophytes in wetlands has their own unique spectral 

signatures which help in their detection [33]. 

Examples of some common wetland plants that are used to uptake metals from 

aquatic system include Typha (cattail), Phragmites australis (reed), Spirodela polyrrhiza 

(duckweeds), and Eichhorinia crassipes (water hyacinth). Several studies have shown 

that these plants can accumulate metals to high concentrations [34-36]. Metal uptake by 

plants is good in terms of water and sediment quality improvement perspective. However, 

this could also be problematic. It is because, along with water and sediment quality 

management, EFW is also trying to manage healthy species of waterfowl, and hogs, for 

hunting purposes and birds such as egrets, pelicans, coots, cormorants, heron, and red 

winged black birds for aesthetic purpose. The accumulation of higher metal concentration 

in wetland vegetation could potentially put these species at risk, particularly waterfowl as 

they mainly feed on aquatic plants [37]. Hence, incorporating all these information, 

spatial and temporal maps can be created in GIS. The spatial and temporal maps can be 

helpful to the hunters as they can decide based on the metal concentration which section 

of the wetland is better for hunting. Thus, with the help of GIS maps, wetland managers 

can provide information about wetland, several wetland species, best areas for hunting 

within the wetland, all at once in an easier fashion. 

Prediction of the metal concentrations cannot be done just based on spline. 

Although spline is able to demonstrate the heterogeneity in distribution of metals, the 
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distribution shown by spline may not always be accurate at locations distant from 

sampling points used to generate the spline surface. For example in Figure 3.4, wetland 

cell 5D showed darker shade of color implying higher concentration however, this cell 

was not statistically different from other cells. More accurate prediction of metal 

distributions throughout the wetland can be obtained if there are larger sample numbers. 

Hence, spline techniques can be employed to show environmental pollution data, but it 

should be used as a supportive tool. Data predicted by spline should always be compared 

with the actual data because spline prediction can be affected due to sample size, 

distribution of samples across space, and outliers. Maps in general have advantages over 

written or verbal information as they have the ability to demonstrate the information 

visually, the ability to manipulate scale, colors, symbols, and labels to enhance cognition 

[38]. GIS maps have been proven as a good communication tool as it can often 

communicate the scientific concepts more efficiently for a wide range of audiences [1, 4, 

39]. All data can be comprehended as a single unit in a map instead of separate parts or 

groups. The GIS maps can also be published on the internet or can be developed into an 

app which can be easily accessed on smartphones and tablets making the information 

easily available to people. Thus, the use of visual resources such as color, pattern and 

shape in GIS maps help to communicate the information more effectively and quickly 

which makes it an effective tool for mapping.  
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Figure 3.2. Copper concentration (µg/g) in sediments of East Fork Wetland, 

Seagoville,   TX, during sampling interval 1 (June 2013).  
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Figure 3.3. Copper concentration (µg/g) in sediments of East Fork Wetland, 

Seagoville, TX, during sampling interval 2 (December 2013). 
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Figure 3.4. Copper concentration (µg/g) in sediments of East Fork Wetland, 

Seagoville, TX, during sampling interval 3 (March 2014). 
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Figure 3.5. Lead concentration (µg/g) in sediments of East Fork Wetland, Seagoville, 

TX, during sampling interval 1 (June 2013). 
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Figure 3.6. Lead concentration (µg/g) in sediments of East Fork Wetland, Seagoville, 

TX, during sampling interval 2 (December 2013). 
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Figure 3.7. Lead concentration (µg/g) in sediments of East Fork Wetland, 

Seagoville, TX, during sampling interval 3 (March 2014). 
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Figure 3.8. Zinc concentration (µg/g) in sediments of East Fork Wetland, Seagoville, 

TX, during sampling interval 1 (June 2013). 
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Figure 3.9. Zinc concentration (µg/g) in sediments of East Fork Wetland, Seagoville, 

TX, during sampling interval 2 (December 2013). 
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Figure 3.10. Zinc concentration (µg/g) in sediments of East Fork Wetland, Seagoville, 

TX, during sampling interval 3 (March 2014).  
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CHAPTER FOUR 

Discussion Concluding the Studies Performed in EFW and Future Direction 

Conclusion 

The primary goal of this study was to understand the temporal and spatial 

distribution of metals in sediments of East Fork Wetland (EFW), in Seagoville, Texas. To 

accomplish this objective, sediments collected from 138 different sites across three 

sampling intervals were analyzed for three different metal constituents: Pb, Cu, and Zn. 

Results indicated that metal concentrations were not spatially different across three 

sampling intervals. However, temporal variation was observed in Pb and Zn 

concentration. Pb concentrations were higher in sampling interval 1 compared to interval 

3, and Zn concentrations were higher in interval 1 than interval 3 as well as in interval 2 

than interval 3. Cu concentrations showed no spatial or temporal variation. The temporal 

variation of metal constituents in sediments is dependent on sources of metals. Some 

sources of Cu in water of Trinity River are corrosion of copper pipes, leaching from 

wood preservatives, and erosion of natural deposits and these sources do not vary across 

time [1]. Hence, this pattern of no temporal variation in Cu sources explains similar 

temporal distribution of Cu in sediments of EFW. Pb and Zn are common in urban runoff  

[2]. Higher rainfall during sampling interval 1 could have contributed to higher 

concentration of Pb and Zn in sediments of EFW. Zn salts are used in fertilizers, 

pesticides. Application of fertilizers within the Trinity River watershed is high during the 

month of April to July and runoff water in Trinity River contained high concentration of 

fertilizers and pesticides compared to other times of the year [3]. Thus the result we 
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obtained showed consistency with the pattern of metal sources across time. Data were 

compared to consensus based sediment quality guideline threshold to understand risk 

posed by sediments. Approximately 98% of the data were below threshold effect 

concentration. None of the metal concentrations exceeded probable effect concentrations. 

Pb, Cu, and Zn concentrations were used to establish spatial distribution maps where 

concentration differences were readily observed. Although spatial maps showed different 

concentration gradients suggesting heterogeneous distribution of metals in sediments, the 

concentration gradients were not always statistically significant.  

 

Future Direction 

 Future studies can include sediment characterization, as it yields valuable 

information about the effect of sediments on quality of water. Sediment characterization 

also provides important clues for predicting behavior of sediments as well as the behavior 

of inorganic constituents associated with them. Metal speciation in sediments can be 

performed to understand the chemical behavior of metals which can help to comprehend 

any associated toxicity. Measurement of dissolved organic carbon (DOC) can be 

performed in future evaluations which would help to understand the aquatic chemistry of 

EFW ecosystem such as formation of complexes, dissolution of trace metals. 

Simultaneously extracted metals/acid-volatile sulfide (SEM/AVS) approach can be used 

to assess amount of metals present in sediment pore water and their potential toxic effects 

in aquatic species.  EFW is serving to provide clean water to people while providing a 

natural habitat for several organisms. Different wetland management strategies can be 

designed based on management needs. For example, if we are only concerned about the 

water quality produced by the EFW, water monitoring strategies should be designed. This 



70 

 

can be done by evaluating metals as well as nutrients in water of EFW. This helps to 

understand the effectiveness of EFW in water cleaning process. Evaluation of sediments 

may not be needed for water quality monitoring purpose unless aqueous concentrations 

start to rise toward regulatory limits. If the concern is to maintain a healthy population of 

organism as well as aquatic species, the monitoring strategies should be focused on 

sediment quality testing, toxicity testing, and biological assessments. In addition to 

sediments, water quality testing should also be performed to monitor the health of 

wetland species. Future studies can be designed to focus more at upper wetland cells 

group as some of them showed higher individual metal concentrations. Biological 

assessments such as sediment toxicity testing, risk assessment on benthic species, 

bioaccumulation testing can be implemented to evaluate the effects of the contaminants 

on sediment flora and fauna and their potential effects on other animals as well as human 

beings. Results from this study can be utilized as preliminary or baseline data, for future 

studies involving sediment quality management and benthic risk assessment. EFW 

receives its water from East Fork of Trinity River. A comprehensive study of water and 

sediments of East Fork of Trinity can be performed to understand the source of metal 

constituents in EFW and whether sources of metal differ across time. This knowledge is 

important for a researcher as this can explain the heterogeneity (if any) in metal 

concentrations in wetland. This is also important for managerial perspective as need 

based wetland management practices can be employed.  
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Table A.1.Pb, Cu, and Zn concentration in sediments of sedimentation ponds at East Fork 

Wetland, Seagoville, TX during sampling intervals 1(June 2013), 2 (December 2013), 

and 3 (March 2014). 

Sampling 

Interval Location 

Pb 

concentration 

(µg/g)  

Cu 

concentration 

(µg/g)  

Zn 

concentration 

(µg/g)  

Inlet Outlet Inlet Outlet Inlet Outlet 

1 1A 10.27 12.77 6.17 12.05 58.23 76.53 

1 2A 14.55 13.07 10 9.39 84.26 83.04 

1 3A 12.96 13.74 9.19 11.73 69.64 86.56 

1 1 11.72 13.47 10.75 12.05 57.71 90.54 

1 2 12.57 16.26 8.76 12.24 68.56 92.52 

1 3 13.97 11.29 9.39 4.11 72.83 47.27 

2 1A 13.97 13.31 13.12 12.76 64.52 64.22 

2 2A 14.24 11.84 12.85 11.24 64.27 53.87 

2 3A 15.15 15.02 14.38 15.65 70.83 63.7 

2 1 10.19 13.46 9.99 13.39 49.52 69.44 

2 2 10.08 15.92 9.36 16.32 47.9 81.7 

2 3 13.6 14.12 13.32 14.19 59.47 71.75 

3 1A 14.38 10.47 7.51 4.86 67.62 50.39 

3 2A 13.64 12.32 7.79 6.4 65.15 59.69 

3 3A 13.45 15.12 7.53 8.41 79.78 89.51 

3 1 15.18 14.7 8.48 8.74 84.57 83.63 

3 2 14.78 16.53 8.36 9.84 80.93 82.55 

3 3 14.44 17.07 7.9 9.33 74.42 81.64 
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Table A.2.Average Pb, Cu, and Zn concentrations in sediments of East Fork Wetland, 

Seagoville, TX in sampling interval 1 (June 2013). 

Site Average 

& 

Standard 

deviation 

Pb 

Average 

concentration 

(µg/g) & standard 

deviation 

Cu 

Average 

concentration 

(µg/g) & standard 

deviation 

Zn 

Average 

concentration 

(µg/g) & standard 

deviation 

Inlet Outlet Inlet Outlet Inlet Outlet 

4A Average 12.78 14.91 10.53 13.76 77.55 87.91 

Stdev 0.31 2.47 0.7 2.46 11.44 21.76 

4B Average 15.68 16.68 13.34 17.82 100.2 99.03 

Stdev 0.71 1.79 0.8 0.71 5.43 3.23 

4C Average 15.01 16.73 13.64 15.1 89.98 106 

Stdev 1.38 2.28 2.96 1.83 15.57 17.86 

5A Average 17.14 17.82 10.4 15.89 78.73 101.1 

Stdev 5.42 1.1 4.49 2.25 15.54 14.06 

5B Average 14.75 14.93 10.82 12.38 83.83 89.21 

Stdev 1.23 4.3 0.57 3.09 5.41 29.41 

5C Average 17.32 18.53 17.19 19.03 92.04 86.1 

Stdev 1.36 1.06 0.99 4.17 7.21 21.85 

5D Average 16.06 17.31 13.13 15.35 94.88 99.87 

Stdev 3.84 1.24 3.35 0.54 17.71 11.56 

6A Average 22.17 21.8 19.73 19.49 104.5 96.11 

Stdev 2.24 4.95 1.93 4.8 15.9 14.45 

6B Average 16.1 18.77 13.08 16.55 84.75 98.01 

Stdev 0.52 0.4 1.97 1.05 14.07 5.34 

6C Average 16.48 15.5 15.19 12.94 101.5 99.05 

Stdev 0.75 1.49 1.64 2.03 11.91 17.32 

6D Average 18.58 17.3 15.54 14.28 111.8 109.2 

Stdev 1.93 1.04 1.43 1.36 10.86 13.35 

7A Average 14.63 17.37 16.56 16.09 86.76 107 

Stdev 1.96 1.3 3.67 4.83 7.73 2.45 

7B Average 22 16.56 20.47 15.53 94.97 104.3 

Stdev 3.49 5.25 2 4.91 5.49 7.31 

7C Average 15.47 14 17.69 12.96 87.41 69.88 

Stdev 4.34 1.92 4.4 2.09 28.06 18.3 

8A Average 18.41 17.72 18.91 18.07 108.6 105.4 

Stdev 0.74 0.36 1.91 0.98 7.65 3.38 

8B Average 14.98 17.7 14.89 17.91 95.07 112.1 

Stdev 1.28 0.86 0.7 0.8 3.91 14.46 

8C Average 15.88 22.66 16.45 20.21 100.4 108.8 

Stdev 2.88 2.88 2.35 0.67 14.29 3.5 
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Table A.2—Continued 

Site Average 

& 

Standard 

deviation 

Pb 

Average 

concentration (µg/g) 

& standard 

deviation 

Cu 

Average  

concentration (µg/g) 

 & standard 

deviation 

Zn 

Average  

concentration(µg/g) 

& standard  

deviation 

Inlet Outlet Inlet Outlet Inlet Outlet 

9A Average 20.3 19.55 18.07 18.18 95.2 103.1 

Stdev 0.89 2.12 1.03 2.3 18.82 17.96 

9B Average 17.37 16.24 17.05 13.83 95.25 72.93 

Stdev 6.45 4.01 6.83 3.93 35.58 27.76 

10A Average 20.71 17.69 19.64 16.76 111 111.9 

Stdev 1.85 1.6 2.02 1.4 25.48 6.54 

10B Average 13.27 22.1 14.33 21.21 74.72 122.1 

Stdev 4.93 2.36 4.26 1.83 25.46 7.96 
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Table A.3.Average Pb, Cu, and Zn concentrations in sediments of East Fork Wetland, 

Seagoville, TX in sampling interval 2 (December 2013). 

Site Average 

& 

Standard 

deviation 

Pb 

Average 

concentration 

(µg/g) & standard 

deviation 

Cu 

Average 

concentration 

(µg/g) & standard 

deviation 

Zn 

Average  

concentration (µg/g) 

& standard  

deviation 

Inlet Outlet Inlet Outlet Inlet Outlet 

4A Average 15.61 18.65 16.15 21.09 93.02 112.98 

Stdev 1.39 0.3 2.85 0.77 9.69 5.07 

4B Average 24.43 18.97 26.94 18.53 138.22 99.69 

Stdev 2.57 0.75 3.19 1.71 12.6 15.03 

4C Average 13.83 15.06 15.61 15.16 75.87 87.87 

Stdev 1.17 0.54 2.32 1.17 6.75 9.3 

5A Average 16.14 14.36 16.02 15.7 101.38 106.37 

Stdev 1.17 2.46 1.94 3.98 11.28 11.31 

5B Average 12.1 16.35 12.67 18.37 75.81 100.87 

Stdev 2.94 1.88 2.27 2.61 18.21 4.65 

5C Average 18.12 18.32 19.78 19.52 95.11 114.25 

Stdev 1.78 1.79 2.19 3.97 22.31 7.01 

5D Average 21.98 21.77 24.03 22.96 132.77 138.4 

Stdev 1.08 2.87 1.99 2.49 23.4 16.81 

6A Average 16.45 15.43 15.84 17.74 78.99 81.75 

Stdev 3.9 2.35 3.03 2.87 10.43 14.4 

6B Average 15.02 16.34 17.14 16.61 78.09 85.64 

Stdev 2.35 1.12 5.9 1.96 13.07 7.91 

6C Average 17.68 17.25 16.88 19.85 106.86 104.28 

Stdev 1.45 1.33 2.54 2.59 17.34 14.54 

6D Average 19.52 22.71 21.06 23.81 120.28 142.15 

Stdev 1.43 2.787 1.02 4.04 2.79 26.45 

7A Average 11.53 16.16 11.24 16.89 68.03 93.55 

Stdev 0.65 0.42 1.45 0.61 2.97 12.45 

7B Average 13.5 15.39 14.77 15.55 87.62 93.69 

Stdev 0.94 1.59 1.15 0.2 4.67 2.14 

7C Average 15.24 13.29 11.46 14.36 47.25 56.56 

Stdev 6.04 1.78 1.36 2.3 10.12 15.77 

8A Average 15.12 16.17 16.46 18.4 101 100.44 

Stdev 2.37 1.44 2.45 1.07 12.11 2.93 

8B Average 12.61 12.7 13.9 14.03 103.63 87.18 

Stdev 2.74 1.73 4.01 2.47 12.04 11.77 

8C Average 17.02 20.43 18.11 20.84 117.97 91.48 

Stdev 4.21 2.99 4.4 2.51 11.99 19.66 
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Table A.3—Continued 

Site Average 

& 

Standard 

deviation 

Pb 

Average 

concentration 

(µg/g) & standard 

deviation 

Cu 

Average 

concentration 

(µg/g) & standard 

deviation 

Zn 

Average 

concentration 

(µg/g) & standard 

deviation 

Inlet Outlet Inlet Outlet Inlet Outlet 

9A Average 18.73 14.76 19.62 15.73 112.19 75.54 

Stdev 3.6 0.11 3.35 0.65 15.15 0.73 

9B Average 15.35 13.15 18.25 12.99 99.56 65.64 

Stdev 1.08 5.04 1.12 5.5 9.32 10.8 

10A Average 13.24 17.34 14.8 19.1 86.47 96.85 

Stdev 1.85 4.26 0.05 2.98 1.05 2.69 

10B Average 16.66 16.73 17.13 18.81 111.64 108.76 

Stdev 5.03 2.27 3.2 2.19 3.74 2.96 
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Table A.4.Average Pb, Cu, and Zn concentrations in sediments of East Fork Wetland, 

Seagoville, TX in sampling interval 3 (March 2014). 

Site Average 

& 

Standard 

deviation 

Pb 

Average 

concentration 

(µg/g) & standard 

deviation 

Cu 

Average 

concentration 

(µg/g) & standard 

deviation 

Zn 

Average 

concentration 

(µg/g) & standard 

deviation 

Inlet Outlet Inlet Outlet Inlet Outlet 

4A Average 14.67 15.41 11.18 14.32 77.98 98.82 

Stdev. 1.08 0.88 1.41 0.38 11.59 14.43 

4B Average 22.01 15.18 17.62 12.83 99.09 85.83 

Stdev. 9.45 2.24 7.8 2.72 13.1 5.16 

4C Average 14.5 12.51 10.63 9.06 89.37 61.44 

Stdev. 0.71 1.15 1.22 4.8 5.69 28.5 

5A Average 11.86 12.74 11.73 13.72 62.69 75.19 

Stdev. 0.82 1.42 1.14 2.6 8.59 14.71 

5B Average 12.94 14.64 14.31 15.86 75.92 87.59 

Stdev. 1.67 3.61 2.02 2.68 7.4 24.77 

5C Average 15 17.12 14.54 17.53 83.98 94.62 

Stdev. 1.04 1.37 2.76 2.83 7.39 10.54 

5D Average 23.34 20.51 17.81 19.42 111.18 116.87 

Stdev 11.32 1.56 2.44 2.36 7.12 12.47 

6A Average 14.89 13.82 22.73 18.2 81.13 80.69 

Stdev 0.37 1.29 1.5 4.09 6.12 4.26 

6B Average 13.8 13.49 17.31 16.98 90.01 84.27 

Stdev 0.5 1.81 0.17 5.51 2.59 15.66 

6C Average 14.5 14.13 15.7 17.02 87.37 86.88 

Stdev 4.25 2.42 3.9 3.56 31.51 16.52 

6D Average 16.6 14.02 19.64 14.97 97.51 82.74 

Stdev 2.82 0.92 1.96 0.74 12.65 2.75 

7A Average 14.5 18.91 15.84 24.42 71.68 88.37 

Stdev 1.05 6.14 2.71 6.52 7.98 14.13 

7B Average 13.12 15.71 16.01 19.75 81.96 89.81 

Stdev 0.9 4.98 1.28 3.01 3.95 12.6 

7C Average 13.51 12.15 11.17 13.47 53.18 61.03 

Stdev 3.68 4.56 3.29 5.05 7.66 32.29 

8A Average 16.27 17.28 19.45 23.68 85.29 91.15 

Stdev 3.81 1.66 3.93 6.8 6.41 6.82 

8B Average 14.62 17.76 17.39 19.9 65.04 86.87 

Stdev 3.53 1.99 3.63 1.38 7.77 5.37 

8C Average 16.42 14.09 20.32 18.36 93.32 65.11 

Stdev 1.61 0.96 2.15 1.85 5.44 7.85 
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Table A.4—Continued 

Site Average 

& 

Standard 

deviation 

Pb 

Average 

concentration 

(µg/g) & standard 

deviation 

Cu 

Average 

concentration 

(µg/g) & standard 

deviation 

Zn 

Average 

concentration 

(µg/g) & standard 

deviation 

Inlet Outlet Inlet Outlet Inlet Outlet 

9A Average 18.73 14.76 16.91 22.13 86.83 103.23 

Stdev 1.28 1.83 3.22 1.03 12.44 10.84 

9B Average 14.64 15.11 19.04 18.19 90.67 85.84 

Stdev 1.77 1.14 4.64 1.6 11.14 10.6 

10A Average 16.51 17.14 18.35 19.11 98.26 103.23 

Stdev 0.78 1.02 1.21 0.96 5.25 10.79 

10B Average 17.85 16.15 20.4 18.94 107.9 93.5 

Stdev 0.94 1.7 1.51 1.37 4.22 9.25 
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Table A.5.Total suspended solid (TSS) in mg/L with measurement locations during 

sampling intervals 1 (June 2013), 2 (December 2013), and 3 (March 2014) in East Fork 

Wetland. 

SF: Splitter Box (indicative of East Fork Trinity River water and wetland inflow water) 

175 Crossing: I-75 crossing (combined flow from sed basins and Cells 1A, 2A, 3A) 

Levee Crossing: USACE levee crossing, located between the central and south sections 

PS Intake: Conveyance pump station (indicative of wetland outflow water quality) 

Location 

TSS (mg/L)      

SF 175 

Crossing 

Levee 

Crossing 

PS Intake Date 

Sampling Interval 

1 

46.7 63.3 48.7 39.5 6/4/2013 

66.9 44.4 24 21.6 6/11/2013 

139 42.4 36.4 16.4 6/18/2013 

28 43.6 55.6 26 6/25/2013 

Sampling Interval 

2 

27 

22 

23.4 

20.2 

50 

11 

47.2 

20.7 

12/3/2013 

12/10/2013 

29.6 26.2 35.7 25 12/26/2013 

17 13.9 18.5 29.3 12/31/2013 

Sampling Interval 

3 

18.6 15.3 36.8 26.6 3/4/2014 

34 23.1 94 92 3/11/2014 

66 46.3 62.3 43.3 3/18/2014 

30 23 87 44.4 3/25/2014 
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Table A.6.Weekly average water inflow and outflow during sampling intervals 1 (June 

2013), 2 (December 2013), and 3 (March 2014) in East Fork Wetland. 

Date Weekly Average water inflow 

(Million Gallon) 

Weekly Average water outflow 

(Million Gallon) 

6/4/2013 80.5 78.3 

6/11/2013 87.3 80.3 

6/18/2013 75.9 83.5 

6/25/2013 33.9 34.2 

12/3/2013 53.2 88.7 

12/10/2013 62.2 47.0 

12/26/2013 41.6 47.5 

12/31/2013 46 64.6 

3/4/2014 43.0 36.8 

3/11/2014 41.7 54.5 

3/18/2014 55.8 37.8 

3/25/2014 41.7 56.6 
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Table A.7 Gage height (feet) of East Fork Trinity River near Crandall, Texas during 

sampling intervals 1 (June 2013), 2 (December 2013), and 3 (March 2014). 

Date Gage height, feet 

(Maximum) 

Gage height, feet 

(Minimum) 

Gage height, feet (Mean) 

6/4/2013 2.70 1.65 2.15 

6/11/2013 1.82 1.45 1.63 

6/18/2013 1.84 1.56 1.71 

6/25/2013 1.86 1.70 1.79 

12/3/2013 2.09 1.53 1.83 

12/10/2013 1.89 1.72 1.81 

12/26/2013 2.54 1.81 2.15 

12/31/2013 1.64 1.43 1.54 

3/4/2014 1.64 1.51 1.59 

3/11/2014 1.92 1.52 1.74 

3/18/2014 1.62 1.46 1.55 

3/25/2014 1.66 1.41 1.55 

Table A.8 Dallas/Fort Worth – monthly precipitation (inches). 

Table A.9 Dallas/Fort Worth - monthly average temperature (Fahrenheit). 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2014 0.33 0.41 1.45 1.74 3.4 3.26 0.98 

2013 4.06 1.68 2.27 1.98 3.17 2.14 2.05 1.32 2.72 3.13 2.12 2.76 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2014 45.3 47 55 66.3 74.4 82.4 83.8 

2013 49.1 52 56 63 72.3 82.6 84.5 87.1 82 68.2 53.5 43.1 
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