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ABSTRACf 

As part of a National Comaminared Sites Remediation Program (NCSRP), 

FFCIBEAK (1992d) identified polychlorinated biphenyl (PCB) aud heavy metal 

contamination from an old salvage yard at tbe top of a small drainage basin located in 

Maki.Dsons, Newfoundland. Given the lack of understanding of how PCBs and heavy 

metals are distributed and attenuated in small drainage basins that consist of thin 

overburden underlain by fractured bedrock. a study was undertaken with the main 

objective of determining how PCBs and heavy metals are distributed in the surface waters, 

ground waters, soils, sediments within the stream and estUary, and bivalve bioreceprors 

(MDT:DIQTia moc.maria). It was necessary to describe the spatial distribution of PCBs and 

heavy metals in order to detamioe tbe role that these waters, Wimenrs, and bioreceptors. 

play in contaminant uansport within this small drainage basin. 

There is evidence tbat tbe salvage yard is coottibudng PCBs, Cr, As, MoO, F~~. 

and Pb to the Makinsons drainage basin. Tbe major padlway is believed to be surface 

runoff carrying contaminants adsorbed on sedimentary and particulate matter from the 

salvage yard to the stream. However, PCBs were unexpectedly detected in stream 

sediments and soils located upgrad.ient from the salvage y~ suggesting an additional 

source of PCB contamination. This additional source probably relates to the oiling of 

roads to control dust before they were paved. 

Based on the surface water and ground warer chemistry described in this stUdy, 
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Chapter 1. INTRODUCTION 

Since the 1930s, polychloriDated biphenyls (PCBs) have been urili:red as dielectric 

materials in electrical capacitors and transformers, plasticizers in certain waxes, in paper 

manufacturing, and for various industrial purposes (Addison, 1983 and Menzer and 

Nelson, 1986). PCBs refer to biphenyl molecules containing 1-10 chloriDe atoms 

(McDonald and Tourangeau. 1986) (Figure A.l), of which 80 congeners are commonly 

produced (Abamou et al., 1981). Their extreme resistance to degradation makes them 

very useful in cbe electrical industry and also comribur.es to their environmental persistence 

(Hutzinger et al., 1974). The exclusive manufacturer of PCBs in North America 

(Monsanto Company) (Nisbet and Sarotim. 1972) voluntarily restricted their production 

in 1970 when they were recognized as persistent and possibly hazardous environmental 

contaminants (Addison. 1983). Concern over tbe iDtroduction of PCBs into the 

environment is based on tbc fact that biological organisms tend to accumular.c these 

compounds even when ambient levels in water and sediments are below critical 

concenttations. Experimental studies have shown dlat high levels of PCBs cause cancer 

in laboratory animals and it is suspected they promote cancer in humans (McDonald and 

Tourangeau, 1986). 

PCBs can migrarc along atmospheric, groUDd water, and surface water pathways. 

The relatively high vapour pressures of PCBs allow them to be released into the 

atmosphere by evaporation from exposed, contaminated soils or electrical containers 
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(0ioffs l!l aL, 1972; Stmdley and Hites, 1991; and Strachan. 1988). Most airborne PCBs 

will be adsorbed on particulates which may comain PCB concenttations of up to 80 ppm. 

They are transpon.ed by wiiid. am deposited on laDd and warer within 2 or 3 days (Nisbet 

and Sarofim, 1972). Tbe exuemely low aqueous solubility of PCBs (approximately SO to 

200 RJb, N"J.Sbet and Sarotim. 1972) limits tbe possibility for substantial migration of large 

quantities in ground water (Freeze and Cherry. 1979). In additio~ when the positively 

charged PCBs are transported by ground water they bind to the negatively charged clay 

particles tbat form the soil framework (Nisbet and Sarofim~ 1972). In contta.st to ground 

waters, flowing surface waterS~ with their greater load of negatively charged suspended 

and particulate matter, are assumed to be tbe main mode of PCB transport within aquatic 

environments (Dexter and Pavlou., 1978; Nisbet and Sarofim, 1972; and Pavlou and 

Dexter, 1979). It is proposed (Nisbet and Saro~ 1972), that approximately 60 %of 

PCBs released to the environment are deposited with the fine grained sediments at the 

bottom of rivers or lakes ncar their point of release. Increases in salinity is also known 

to reduce concentrations of dissolved and particulate pbasc PCBs in esruarine waters 

(Dexter and Pavlou, 1978; Duinkcr l!l al., 1982; and I arimer, 1989). The fine grai.ned 

particles ftm·ntare into large aggregates and sink (Dyer, 1979 and I arimer l!l aJ., 1991). 

Consequcndy, PCBs display non-conservative behaviour in estuarine systems since 

colloidal bound contaminants destabilize when salt and fresh waters mix. 
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l.l Previous Work 

Large scale, compartmental stUdies on the disttibution of PCBs in te"estrial 

(Anderson and Pankow, 1986; Atwater, 1984; Boyd and Sun, 1990; Roberts et al., 1982; 

and Schwartz et al., 1982), coastlll (Brownawell and Farrington. 1986; Greig and 

Sennefelder, 1985; Harvey and Steinbauer, 1976; and Weaver, 1984), estuary (Abarnou 

et al., 1987; Bopp er al., 1981; Herrmann et al., 1984; and Larimer et al. , 1991), and 

river systems (Law et al., 1991) are numerous throughout the literature. Also the 

distribution of PCBs among specific bioreceptors bas been thoroughly investigated 

(Courtney and Denton. 1976; Farrington et al., 1983; Hargrave et al., 1992; and 

I anpron, 1978). Few. if any, of these studies involve a complete investigation into the 

migration of PCBs in surface waters and ground waters, their deposition in stream and 

estuary sediments. and accumulation by odlcr ecosystem receptors. 

Environmental concerns have led to the implementation of programs such as the 

National Comammared Sites Remediation Program (NCSRP) that are designed to identify 

and remediate old contaminated sites. As part of the NCSRP p~ FFCIBEAK 

(1992d) idenrifitrl PCB and heavy metal cnntaminarion from an old salvage yard at the top 

of a small drainage basin located in Makmsoos, Newfoundland, Canada (Figure 1.1). The 

drainage basin DEludes a ~eam approximately 3 km in length dJat flows into South River 

(approximately 112 km wide and 4 km in length) (Figure 1.2). Operations at the salvage 

yard consisted of recovering metal from old electrical ttansformers containing PCB 
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Figure 1. 1 Location of srudy area in the towns of Makinsoos and Clarke's Beach, 
Newfoundland. 
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Figure 1.2 Regional map of study area indicating the salvage yard, test stream, estuary, 
additional streams and ponds, roadways, etc. 
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contaminatcd oiL Most of the salvage work was performed during the period of 

1975-1985 and all operations were suspended by 1989 (FFCIB~ 19f12d). 

Tbe deWled work within the salvage yard identified PCB concentrations of up to 

470 ppm in soiL In addition. FFCIBEAK (1992d) detected 7 metals (Sb. Ba. ~ Pb. Sn. 

V. and Zn) whose median concenaations in salvage yard soil samples were present above 

remediation criteria set by the Canadian Council of Ministers of the Environment 

(CCME), 1991). Median cooa:nttations (n = 10) of all metals investigated within the 

salvage yard (FFCIB~ 1992d) are displayed in Figure 1.3. However, the primary 

focus of the NCSRP program was remediation of contaminated sites and the detailed 

investigations by FFCIBEAK, (1992d) were not extended to the lower pan of the stream 

and the estuary. 

Reconnaisunce work was perfonned within the drainage basin (FFCIBEAK, 

19924) and PCB concen.ttations of up to 29 ppm were discovered in stream sediments 

within 100m downstream oftbe salvage yard. which decreased to 0.1 ppm approximately 

1.5 km downstream (Figure 1.4). Tbe results of this reconnaisunce work (FFCIBEAK, 

1992d) and tbe duration of salvage activity {approxiwttdy 25-30 years}, suggest that PCBs 

have been migrating from the salvage yard-bog area into tbe downstream ecosystem for 

a significant period of time. However, there have been no detailed investigations to 

determine bow the PCBs and heavy metals are distributed in the downstream basin or 

whether they are available to bioreceptors in the South River estuary. 
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of stream flow . 
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1.3 Objectives and Scope 

Numerical simulation of surface water I ground water interaction. including the 

response of drainage basins to prec:ipitati~ bas become increasingly imponant in order 

to determine the influence of physical hydrogeology on contaminant migration. Given the 

lack of undemanding of bow PCBs and heavy metals are distnbuted downstream from 

contaminant releases in small drainage basins consisting of thin overburden underlain by 

fractured bedroc~ a study was undertaken with 2 main objectives. The first objective, 

was to determine how PCBs and heavy metals are distributed in the surface waters, ground 

waters, sediments within the stream and estuary. and other ecosystem receptors (i.e. 

clams). This objective was intended to document the extent of contamination downstream 

from the salvage yard-bog area. The second objective was to identify the roles that surface 

waters and ground waters~ sediments within the stream and estuary. and other ecosystem 

n:ccptors, play in the attenuation and migration of PCB and heavy metal releases. Based 

on similar investigatioos in tbe literalure, tbe spatial distribution of PCBs and heavy metals 

in tbe Makinsons srudy ~ and the hydrogeological and geochemical framewo~ tbesc 

roles were considered as major or minor pathways, and I or major or minor receptors. 

In order to accomplish these goals~ a variety of techniques were employed. Firstly, 

the MODFLOW duee-dime:osional finitc..differeu:e code was used to numerically simulate 

ground water tlow within the Makinsons drainage basin. These simulations were aimed 

at estimating the distribution of discharge and recharge areas in order to detenninc the 
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potential for contaminant migration. Ne~ the spatial distribution of PCBs and heavy 

metals within the Makinsons drainage basin was descnoect This was made possible 

samples, stream sediment samples, soil samples, and bedrock samples, collected from the 

Mak.insons drainage basin. In addition. sediment cores and homogenized clam 

(MercentJritl mercentJria) samples were collected from South River. Any relationships 

observed in tbe data sets were corroborated using the SYST AT statistical computer 

package. Fmally, the MINTEQA2 geochemical speciation model was used to calculate 

mineral saturation indices for all the surface water and ground water samples. This 

technique was valuable in determining wbedler precipitation of dissolved metals was a 

significant influence on sediment and soil cbem.ist:ry. 



Chapter 2. HYDROGEOLOGICAL FRAMEWORK 

2.1 Background 

The Makinsons drainage basin is underlain by two major bedrock units of Hadrynian 

age (Late Precambrian) (Hutchinson, 1953 and McCartney7 1954). The oldest unit is the 

Conception Group which is overlain conformably by the St. Jolm's Group (Williams and Kin& 

1979) {FtgUre 2.1.1 ). The Conception Group includes a 2 to 5 km thick series of rocks that 

represent extensive turbidite and pelagic sedimentation (Wi11iams and Kin& 1979). The bulk 

of the Conception Group consists of the lowermost Drook Formation, characterized by green 

siliceous siltstone and sandstone with some silicified tuff (IGn& 1980). The Mistaken Point 

Formation marks the top of the Conception Group (Williams and Kin& 1979) and contains 

bedded tuffitaoous siltstones and sandstones (gray to pink)7 shales (green to purple and red)7 

some minor tuffborizons, and metazoan fossils (Kin& 1988). The St. John's Group consists 

of a 2 km thick deltaic series of marine shales and interbedded sandstones (Williams and Kin& 

1979) that progrades and thickens southward (King, 1988). The lowermost Trepassey 

Formation consists of nwtium to thinly bedded. graded, gray sandstone and shale, with some 

minor tuffiaceous rocks (Kin& 1988). This formation constitutes a transitional zone into the 

underlying Mistaken Point Formation (Conception Group). The Fermeuse Formation is the 

middle w1it of the St. John's Group (Williams and King, 1979) and consists of shale (gray to 

b~k) containing lenses of buff-weathering sandstone and siltstone.. and mainly light gray, 

thinly bedd~ contoned shale and sandstone at the base (Williams and Kin& 1979). 

The Conception Group aquifer has been found to yield between 0 .6 and 136.5 Umin 

(ave.= 20.1 Umin) whereas the St. John's Group yields 1.1 to 364 Umin (ave.= 27.4 Umin) 
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(Gale eta/. , 1984). Therefor~ the Conception Group is classified as an aquifer oflow to 

moderate yield whereas the St. John's Group is an aquifer of moderate yield (Gale eta/., 

1984 ). Flow in the bedrock aquifer most likely occurs through fractures because matrix 

porosity and permeability are too low to contribute to the yield of the wells completed in 

these rock groups. FFC/BEAK ( 19t12d) detected weathered and I or fractured green siltstone 

beneath the overburden in the salvage yard and the upper 4 to 5 m of the bedrock is probably 

more imerJsely fractured than at depth. Mattix diftilsion involving microcracks and fissures, 

however, may also play a role in determining the fate and transport of contaminants. 

Surficial geology of the Makin sons drainage basin consists of four different types of 

glacially derived material (Henderson, 1972) {FJSUre 2.1.2). The surficial geology around and 

east of the salvage yard includes mostly ground moraine (continuous cover) and stony till 1.5 

to 6 m thick. The area west and north of the salvage yard contains ground moraine 

(discontinuous cover) and a thin till cover with some ledges and knobs of rock outcrop. 

Small areas adjacent to the streams are underlain by modem stream deposits. Closer to the 

coast (Clarke's Beach), the surficial geology consists mainly of outwash deposits (grave~ 

san~ silt), kames, outwash plain. valley train and delta (Henderson, 1972). Based on the 

grain size distribution, the overburden in the salvage yard is estimated to have a low hydraulic 

conductivity (l<T7 to 1o-to m/s) (FFCIBEAK, 1992d). The overburden and fractured bedrock 

most likely act as two separate, but coupled, aquifer systems with the overburden behaving 

as heterogeneous porous media while the fractured bedrock would follow typical fracture 

flow and transport processes. The dominant soil type in the drainage basin is Cochrane soil 
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(Heringa, 1981 ). Its color is dark olive gray and the parent material is medium textured, dark 

olive gray glacial till derived mainly from gray slate and some siltstone. 

Surface water hydrology in the Mak:insons drainage basin was inferred from 1 :5000 

topographical map and 1:3750 aerial photograph review. The salvage yard is located just 

below the headwaters of a small, intermittent stream containing several smaller tnbutaries and 

ditches which an drain the same basin (Figure 2. 1.3 ). The stream bed consists of grave~ fine 

sand, silt, clay, and organic materials. It is rocky in most places but sometimes includes 

sediment between boulders and in small calm eddies. A small valley, detected using a Geonics 

EM31 electromagnetic instrument, in the bedrock topography just below the salvage yard 

(FFCIBEAK, 1992d), appears to coincide with the stream course and suggests that bedrock 

may play a role in the development of surface drainage. However, surface topography is 

considered to be the major factor controlling surfilce hydrology in the study area. The steep 

topography (sloping up to 30 %) west of the salvage yard (Heringa. 1981) together with the 

paved surface of Hodgewater Line (Route 71 ), most likely channel surface water and local 

ground waters into the relatively tlat bog area just below the salvage yard. The stream 

originates at approximately 70 m (above mean sea level) and tlows into South River 

approximately 3000 m downstream. Generally, the water table is less than 0.5 m below 

ground surface within S m of the stream, and approximately 1 m below ground surface at 20 

m ftom the stream (FFC/BEAK, 1992d). The local aquifer is most likely discharging to the 

stream since ground water recharge is expected in topographic highs and discharge in 

topographic lows (Figure 2.1 .4). Considering these surface water-ground water interactions, 
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it is expected that SUl'f3ce ftow rate will increase along the test stream as it flows through the 

basin. Flow rates were estimated by measuring the surface velocity and cross sectional area 

of the stream at 13 locations where surf3.ce water samples were collected. Flow rate 

generally increased downstream, yet variations were observed at different points along the 

stream. This may suggest that flow occurs through the gravel in the stream bed at certain 

locations. 

Additional fresh water SOW"CeS to South River include a small stream (control stream) 

draining a different basin northwest of the test stream and a larger stream (Gould's Brook) 

entering approximately 1 km further seaward (see Figure 1.2). South River is essentially an 

inlet of the sea and can be descnCed as a region of mixing of fresh and salt waters (ie. 

estuary). 
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2.2 Field Investigatioa 

Figure 2.2.1 includes the topographic gradient and the relative stream flow (Umin) 

along the test stream. The headwaters of the stream originate at 70 m (above mean sea level) 

and flow into South River approximately 3 km downstream. The general pattern is one of 

increasing flow as the stream flows through the basin. Ground water tlow is perpendicular 

to the potentiometric contours (towards stream) (Figure 2.2.2) and was inferred from water 

table elevations measured in the mini-piezometers. Therefore, the stream is "gaining" (Fetter, 

1988) at both locations since ground water is being discharged to the stream. Hydraulic 

gradients at the four piezometer locations (Le. SOW1 to 3, SOW4 to 6, SOW7 to 9, and 

SOWlO to 12) are estimated to be 0.006, 0.008, 0.03, and 0.009, respectively. Figure 2.2.3 

is a three-dimensional perspective view of the Mak:insons drainage basin topography and 

highlights the location of the small valley where the test stream flows. 

Stream dimensions vary along the course with small "waterfiills" in areas of steeper 

gradient and small "steadies" in areas with shallow gradient. In some locations, the stream 

is barely visible through the rocks, and ftow appears to be diverted under or adjacent to the 

stream bed. This is most likely the reason for the significant variation in stream flow between 

2000 and 3000 m (Figure 2.2.1). Flow ranged from approximately 1 Umin near the 

headwaters (S1Wl) to over 1000 Umin near the bottom of the basin (STW12). The ditches 

and tributaries appear to contribute very little to the total volume of water flowing in the 

stream (Figure 2.2.1 ). At each location. the cross sec::tional area of the stream displayed 

irregular geometry, therefore the flow rates are not exact but provide sufficient insight in 
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Figure 2.2.3 Perspective view ofthe topography in the Makinsons drainage basin. The view is towards the north-east and vertical 
exaggeration is 2X. 
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order to describe variation in flow conditions along the stream. Unfortunately. these stream 

Bow measurements were collected on July 13. 1995 and it should be noted that the water 

table conditions were the lowest observed throughout the entire period of study ( 1993-1995). 

It was assumed that relative stream flow varied consistently during different hydrologic 

conditions. therefore the time of year when measurements were collected was irrelevant. 

Ally seasonal variation in stream flow is most likely influenced by precipitation and 

temperature. Figure 2.2 . 4 contains the monthly variation in precipitation. recorded at the 

nearest Environment Canada station (Butlerville), over the sampling period (1994). 

Butlerville is located approximately 7 km nonh-west of Mak:insons (see Figure 1.1) and 

provides a history of precipitation in the area during 1994. Figure 2.2.5 includes daily 

variation in p1 ecipitation at Butlerville and also daily variation in stream flow from the nearest 

Newfoundland Department ofEnvironment station at Shearstown. Shearstown is located 

approximately 8 k:m north of Makinsons (see Figure 1. 1) and should provide insight into 

variation in stream flow conditions in the general area during 1994. 

August was subject to the greatest temperature, least precipitation. and relatively 

lowest stream flow (Figures 2.2.4 and 2.2.5). Temporal variation of salinity throughout the 

upper portion of the South River estuary corresponds to Figures 2.2 .4 and 2.2.5 (see Figure 

B .1 ). Salinity increases in South River from June to August but decreases significantly in 

November. This pattern is most likely due to minimal rainfall and increased evaporation 

during the summer (Figure 2.2.4). 
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Figure 2.2. 4 Monthly variation in precipitation and temperature recorded at Butlerville, 
Newfoundland (1994). 
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2.3 Dree-Dimensioaal Numerical Simulation or Ground Water Flow 

2.3.1 Model Construction and Input Parameten 

A modular three-dimensional finite-difference ground water flow model 

(MODFLOW) (McDonald and Harbau~ 1988), was used for numerical simulations. 

MOD FLOW has been extensively used and tested against a suite of analytical solutions. The 

ground water flow model of the Makin.sons drainage basin was produced and operated using 

the "Visual MODFLOW" vl.1 computer package (Guiguer and Franz, 1995). VtsUal 

MODFLOW allows the user to work in a more "user friendly" environment and makes 

changing I adjusting model parameters easier. These simulations were aimed at estimating 

the distnbution of discharge and recharge areas in the Makinsons drainage basin. 

The 30 modd grid used here (FtgUI"e 2.3.1) contains 53 rows and 126 columns. The 

dimensions of the model are 4250 m (south-west to nonh-east) x 2050 m (south-east to 

north-west). For greater head resolutio~ column widths were narrowest (25m) in the two 

areas where piezometers were installed and 50 m elsewhere. Row widths were narrowest 

(12.5 m and 25 m) along the main course of the test stream and were SO m elsewhere. The 

3D mesh contains six layers. Layer 1 includes the soil horizon and glacial till (S m) whereas 

layer 2 only includes glacial till (S m). Layers 3 (20m), 4 (SO m), S (50 m), and 6 (45 m) 

include fractured bedrock. The total thickness of the model is 175 m. In order to avoid 

confusion between positive aDd negative elevations (with respect to mean sea level (msl)), the 

lowest point in layer 6 was assigned an elevation of 0 m. Therefore, 0 m elevation in the 

model corresponds to -175 m (msl). Also, the maximum elevation in layer 1 (i.e. 170 m msl) 
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metres 

Figure 2.3.1 Confisuradon of 3D model grid over the Makinsona drainage basin. Grey-shaded cella arc no-flow cells, white cells 
arc active cells, and the black cells are constant head cells where the stream is located. Locations of cross-sections 
(A-A' and B-8') and the salvage yard arc indicated. 
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is assigned an elevation of 345 m ( 1 70 m + 175 m). Thicknesses for layers 1 and 2 were 

based on results from FFC I BEAK, 1992d) who detected overburden up to 8 m deep. 

MODFLOW cannot property function iftbe aspect ratio is greater than 10. As a consequence 

the dimensions of a cell (i.e. x,y,z) cannot differ by a factor of 10. Due to these constraints, 

the thinnest allowable layer was 5 m. T'berefore, the overburden was modeled as 10 m instead 

of 8 m. This is a difference of only 25 % and is acceptable for these purposes. Thicknesses 

of layers 3 to 6 in the bedrock were assigned for convenience and do not reflect any 

hydrostratigraphic divisions. Surftce elevation in each cell was recorded (±1 m) from a 

I :5000 topographic map. This surface was considered the top of layer 1. The bottom of 

layer 1 was simply 5 m below the value in each cell so that the layer topography was 

geometrically irregular but a constant layer thickness was maintained. This procedure was 

repeated for all the layers and is better illustrated in Figures 2.3.2 and 2.3.3 . 

Boundary conditions for the model were intended to reflect the local hydrogeologic 

conditions as close as poSSible. The perimeter and bottom of the drainage basin are 

designated as no-flow boundaries (gray shaded ceDs) (Figure 2.3.1). The perimeter of the 

drainage basin was established from careful inspection of 1 :5000 topographic maps. In 

addition, layer 1 cells containing the test stream and tnbutaries, as well as boggy ~ were 

assigned constant head values. Each constant head value was equal to the cell centered 

elevation in that ceiL 

Recharge rates are difficuh to specity over an entire drainage basin. In the Mak:insons 

drainage basin, the recharge rate was estimated using total annual precipitation data ( 163 5.2 
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Figure 2.3 .2 Configuration of model layers for profile 8'-8. Layers I through 6, as well as the location of the stream are indicated. 
Vertical exasseration is 2.5X. 
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rmn) from 1994, measured at the nearest station in Butlerville. Usually, approximately 5% 

of total average runoff in a drainage basin occurs as aquifer recharge or infiltration. This 

leaves 81.76 mmlyear as a possible recharge rate for the Makinsons drainage basin. For this 

specific model. 1.6% oftotal average runotf(26.16 mm/year) performed as the best estimate 

of the annual recharge rate. 

Equivalent porous media conductivities were used in the simulation. Layer 1 was 

modeled as a Type 1 layer (McDonald and Harbaugh, 1988) and is suitable where unconfined 

conditions are expected to persist in the layer throughout the entire period of simulation. 

Layers 2 through 6 were modeled as a Type 3 layer and incorporate all of the Block

Centered-Flow options associated with water table conditions (McDonald and Harbaugh, 

1988). As welL several small areas of exposed fractured bedrock in layer 1 were assigned 

hydraulic properties of layer 3. Table 2.1 includes the hydraulic properties assigned to each 

layer. 

2.3.2 N americal Simulatioa and Results 

Steady state modeling was performed using the Strongly Implicit Procedure Package 

(SIP). SIP is a method of solving a large system of simultaneous equations (40,068 in this 

case) by iteration (McDonald and Harbaugh, 1988). The general concepts of the linear 

algebra and numerical analyses are outlined in Weinstein et aJ. (1969). The acceleration 

factor was assigned the defiwlt value of 1 and the rate of convergence was controlled using 

the seed value. A relatively high seed value of 0.1 (default seed of 0. 0 1) was used during the 



Table 2.1 

Layer 
1 
2 
3 
4 
s 
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Hydraulic parameters used in numerical simulation of ground water flow in the 
Makinsons drainage basin. 

Hydnalic Coaductivity Specific Stonge Specific Yield Porosity 
1.25 e-7 mit« 0.001 / m 0.16 0.2 

1.25 e-8 mit« 0.001 / m 0.1 0.15 
1.25 e-7 mit« 0.0001 / m 0.04 o.os 
1.25 e-9 ml!« 0.0001/m 0.0009 O.ClOl 
1.25 e-ll m/S« 0.0001 / m 0.00009 0.0001 
1.25 e-ll m/S« 0.0001 / m 0.00009 0.0001 

iterations in order to slow the rate of convergence. The rate of convergence was slowed in 

order to minimize oscillations of computed heads during iterations. Extreme computational 

oscillation causes bead values to drop erroneously below the bottom of the cell and results 

in cells changing to no-flow for all succeeding iterations. Therefore, starting heads were set 

at 350 m in each layer and were slowly brought down to achieve steady state conditions. The 

result of the high seed value is an increase in number of iterations in order for the simulation 

to converge and reach steady state. The simulation was assumed to have converged and 

steady state conditions were met when the maximum change in head was less than :tO. 01 m. 

A water budget (volumetric) of an inflows and outflows into the Malcinsons drainage 

basin was calallated. This estimation of a water budget acts as a check on the acceptability 

oftbe solutio~ and provides summary information on the flow system. In MODFLOW, the 

water budget is calculated independently of the equation solution process, and provides 

independent evidence of a valid solution. In this ~ the % difference betWeen inflow and 
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outflow was -0.76 °/o and is within the traditional acceptable level of±l% (Guiguer and 

Franz, 1995). 

Figure 2.3.4 displays the equipotential contours (hydraulic heads) in layers 1 and 2. 

The equipotential surface roughly reflects the topography in the Makinsons drainage basin.. 

The surface is east-dipping, west of the stream and west-dipping, east of the stream. 

Therefore, ground water flow is channeled towards the valley where the stream runs and 

would appear to limit any significant lateral dispersion of contaminants from the salvage yard. 

Figures 2.3 .5 and 2.3.6 contain head values from layers 3 - 6. The pattern is similar but 

smoother and less pronounced than layers 1 and 2. This trend of decreasing complexity in 

simulated head patterns with depth bas been observed in other regional ground water flow 

studies (Gale et al.. 1987). Again, ground water tlow is channeled under the vaDey. 

Figure 2.3.7 is a cross section at column 34 and includes equipotential lines. Ground 

water flow is perpendicular to the equipotential lines and is generally horizontal from the 

mountain (west of the stream) into the vaDey where the stream runs. Ground water is also 

shown to be discharging into the stream. Figure 2.3.8 is a cross section at row 40 and also 

includes equipotential~ In Figures 2.3.7 md 2.3.8, ground water flow is near horizootal 

at depth. However, in the upper layers, ground water appears to be continuously discharging 

to the stream. To better illustrate the distnbution of recharge and discharge areas in the 

Makinsons drainage basin, a plan view of the basin was created to map the hydraulic gradient 

between layers 1 and 2 {FtgUre 2.3.9). Vertical hydraulic gradients (mlm) were caJodated by 

dividing the simulated heads in layer 1 by the simulated heads in layer 2. A head dift'erence 
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Figure 2.3.4 Simulated hydraulic heads for layers 1 and 2. Heads are in metres above sea 
level ( + 175 m). 
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0 600 1200 

Figure 2.3.5 Simulated hydraulic beads for layers 3 and 4. Heads are in metres above sea 
level(+ 175m). 
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Figure 2.3.6 Simulated hydraulic beads for layers Sand 6. Heads are in metres above sea 
level ( + 175 m). 
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Figure 2.3. 7 Simulated hydraulic heads for profile 8'-8. Hydraulic heads are in meters above sea level (+ 175 m). Vertical 
exaggeration is 2.5X. 
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Figure 2.3.9 Distribution of discharge (hatched) and recharge areas in the Makinsons drainage basin. These areas are estimated 
based on differences in hydraulic heads between layers 1 and 2. 
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greater than 1 (decreasing bead with depth) indicates a recharge area, while a head difference 

less than 1 (increasing head with depth) indicates a discharge area. The discharge areas 

(hatched) are confined to the north-eastern edge of the Makinsons drainage basin (Figure 

2 . .3.9). This corresponds with the slight valley in the topography as well as the course of the 

stream. If in tact., ground water flow in the aquifer follows 2 different patterns (upper and 

lower), it could be divided into two flow systems- a shallow and deep aquifer. Since the 

aquifer (s) appear to be consistently discharging to the stream, any surface releases ofPCBs 

or heavy metals should remain at the surtace and not be transported deep into the ground 

water system. In order to better descn"be this, a subroutine of MODFLOW, called 

MODPATH was performed to simulate pathlines of possible contaminants released in the 

salvage yard. Figure 2.3 .1 0 shows that any ground water migration of contaminants would 

be quickly directed towards the stream. 
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Figure 2.3.10 Simulated tlow paths of particles, in layer 1, released from the salvage 
yard area. 



Chapter 3. SAMPLING PROCEDURES AND ANALYSES 

3.1 Sediment and Soil Samplin& and ADalysis 

SMiment cores were collected from 27 sites in the South River estuary (Figure 

3 .1). Sampling was performed during March and April. 1994 since a layer of ice provided 

easy access to prefem:d coring locations. Sample sites were surveyed from landmarks in 

terms of distance and orientation to allow exact positioning on topographic maps and 

airphotos. At each site, three holes spaced approximately 0.50 m apart in a triangular 

configuration, were cut in the ice with a 100 mm diameter ice auger. A modified ball

valve coring device (Reasoner, 1986) was used to reaieve the upper 0.2~.40 m of 

estuarine sediment. Two distinct core barrel attachments were employed to recover the 

sediment samples. An 81.5 mm diameter plexiglass barrel was used to collect cores for 

trace metal analysis and a 62.5 mm diameter steel baml was used for PCB analysis. A 

third core was collected as a safety precaution in case of damage to cores during 

collection, transpo~ or storage. The procedure involved inserting the coring device to 

irs maximmn depdl into the ~ carefully retrieving the collected sMiment sample, 

and quickly capping the bottom. Tbc barrel was unscrewed from the coring device and 

any water trapped in the core banel was siphoned out using a length of polyethylene 

tubing. The upper portions of the cores bad a very high moisture content and could not 

be transported back to tbe laboratory iDtM:t. Tbcrefore~ t:bc upper 20 mm of each core was 

sampled in the field and placed inro clean glass jars. Sediment cores reaieved for trace 

metll aualysis were immediately extruded into a "Saran Wrap" (polyethylene) lined, split 
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Locations of sMimettt cores collected from the South River estuary. 

plcxiglaAA tube tD mjnimjze pos51ble couramjnarion aDd aid in core handling. 1be extruded 

core was tben wrapped in aJnminum foil. labeled. and placed in a length of eaves ttough 

to be transporU:d back to dJe labontory. Sediment cores retrieved for PCB analyses were 

extruded imo a tin foil lined, split. plcxiglass tube. These cores were tb.en wrapped in 

plastic: wrap, label~ and placed in a length of eaves ttough for transpOrt. 

Upon return to tbc laboratory. tbe cores were stored at 4° C and later split. 

photographed, and descnbed (color. texture, etc.}. The outer 3 mm of the core was 

discarded to minimiu bias due to smearing. Reconnaissance work into the presence of 
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PCBs in tbe Soud1 River esnwy, iDitially involved sampling tbe top 100 mm of 6 sediment 

cores (Figure 3 .2). These samples consisted of approximately SO g of wet sediment and 

were stored in pre-cleaned gla!s bottles suitable for trace organic analyses. These samples 

were ~ by courier, to Fenwick Laboratories Umited (Halifax, NS). At Fenwick, 

tbe procedure for detennining total PCB content includes extraction with methylene 

chloride, solvent exchange imo isooctme and analysis using capillary gas chromatography 

coupled with dual elecuon capture detectors (detection limit= 0.1 ppm). Two additional 

serljmem cores were sampled (Figure 3 .2) at SO mm imervals. Six samples (approximately 

SO g wet). from these two cores, were shipped. by courier, to Environmental Protection 

Laboratories Inc. (EPL) (Mississauga, ON). The procedure at EPL consisted of solvent 

extraCtion followed by chromatographic clean up and analysis by capill.a.cy gas 

chromatography with dual electron detectors (detection limit= 0.05 ppm) with external 

srandan:l area sumuyuion (accooting to U.S. EPA Methods No. 3550 I 3620 I 3630 I 3660 

I 8080A 1608). 

Two serljmc:nt cores {FtgUre 3 .2) anal~ for trace metals were sampled at 20 mm 

imervals and ston:d in acid-washed glass bottles. Samples were first oven dried at s 40° 

C for 48 hours, weigbed. and ignited at 450° C overnight to determine the loss on ignition 

(l.DI). Approximatdy 3.2 g of sample was pulverized (s 75 I'ID) for 10 minutes using an 

alumina swing mill. The swing mill was carefully cleaned between samples by pulverizing 

clean silica sand and washing with methanol. Exactly 3.00 g of pulverized sample was 
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Figure 3.2 loc:atioos of sediment cores analysed for PCBs and trace metals in the South 
River estuary. 
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carefully weighed. mixed with 0.42 g of phenolic resin and mixed on rotating drums for 

10 minutes. The resulting mixture was pressed imo pelletS and heated at 115° C for 15 

minnres. 1be peUecs were subsequently analyzed using an Applied Research Laboratories 

(ARL) 8420+ X-Ray Fluorescence insaument. The remaining sample that was not 

pulverized was wet sieved dJrougb a no. 230 sieve (s 63 1'111) in order to determine the silt 

+ clay fraction. 

Ten sediment samples were collcct&:d from tbe test stteam and two from the control 

stream (Figure 3.3). It should be noted that samples STS7 and STS8 were not analyzed 

for toeal PCB content. The control stream is located in an adjacent basin. nonhwest of the 

Makinsons drainage basin (sec Figure 1.2). The control stream was selected based on 

proximity to the M.akinsons drainage basin and similarity of geology. The control stream 

drains a relatively undeveloped basin and is located entirely within the St. John's Group 

(sec Figure 2.1.1). The sediment samples from the control stream were inteDded to 

represent background geochemistry of the area. Four soil samples were also collected 

from tbe Mak:insons drainage basin (Figure 3.3). Soil samples were collected with a soil 

auger and were typically 0.30 m below ground surface and below the water table. After 

eacb sample was collected. tbc auger was carefully scrubbed to remove soil and was rinsed 

in methyl hydrate to prevent cross-contamination. In addition. 1 soil sample from the 

control basin and 2 tidal marsh samples from the South River estuary. were collected. 

Subsequent sample preparations and procedures for analyses were as described above. 
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Figure 3.3 Locations of stream satiment, soil, and bedrock samples collected from the 
study area. 
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Description of sediment I soil sample locations is included as pan of a sampling matrix 

(Table 8 .1). 

3.2 Surface and Ground Water Sampling and Analysis 

Polyethyleue sample bottles (250 ml and 125 ml) were first scrubbed aDd soaked 

for 24 hours in 1.5 M HN03• The bottles were rinsed three times in deionized water 

(DIW), soaked for 24 hours in DIW, rinsed three more times in DIW and finally air dried 

in a fumebood. Fourteen water samples from the test stream and one from the control 

stream were collecu:d on November 16/17, 1994 (Figure 3.4). The control stream and the 

test stream were visually observed to be roughly tbe same size, drain roughly the same 

~and appeared to bave simjJar flow rates. locluded in the 14 test stream sites sampled 

on November 16/17, were 9 sites that had been previously sampled on August 28, 1994. 

Tbctefoo:. a surface water sample set was collected at 9 locations along the test meam on 

August 28, and again on November 16/17, 1994 (Figure 3.5). Description of the water 

sample sites is also included as part of tbe sampling mattix in Table 8.1. Electrical 

conductivity and temperatUre were measurec1 in the field using an Orion Model 122 

conduaivity meter. pH was also measured in the field using a picropHep pH meter. 

Twelve •JDini• piezometers were constructed using 12.5 oun (imide diameter) PVC 

pipe. A 0.30 m s;reen was coostructcd from 0.5 mm NITEX netting which was fastened 

over holes drilled in the PVC pipe. Tbe intention was to prevent sediments from clogging 
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Locations of surface and ground water samples collected from the stUdy 
area. SOWl through SOW12 are ground water samples while the 
remaining locations are surface water samples. 
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Figure 3.5 Locatioos oflbe two surface water sample sets collected on August 28 and 
again on November 16/17, 1994. 

the piezometers and to minimiu problems when filtering tbc ground water. 1bc 

piezometers wen: insmlled at two different locations along tbc test stream: approximately 

175 m downstteam from tbe salvage yard and approximately 200 m upstream from the top 

of the South River csrnary. At each location. tbrec piezometers were installed in a 



-51-

triangular pancm on either side of the test stream (Figure 3 .6). Figure 3 . 7 illustrates the 

geometry of tbe installed piezometers relative to the test stream. 

The holes for the piezometers were dug using a soil auger. The water table was 

encountered 0.2().().25 m below ground surface and the piezometers were installed at a 

depth that enabled the screens to be completely submerged. Native soil and rocks were 

used to till the hole to the top of the screened portion of the piezometer. A 70-100 mm 

layer of bentonite chips was pla.ced over the screen to prevent a hydraulic connection 

between the ground and surface waters. Native soil and rocks were again used to fill the 

remainder of the bole above the layer of bentonite. The piezometers were developed by 

repeatedly withdrawing ground water (60 cc. syringe and polyethylene tubing) to help the 

system achieve steady-swe conditions and minimize bias due to the disturbance of 

installation. After each sample was collectccL all equipment was scrubbed to remove soil 

and rinsed with medlyl hydrate to avoid cross contamination. 

Grouod water was sampled on November 16/17. 1994 and was withdrawn from the 

piezometers using the 60 cc. syringe and polyethylene tubing. The water was stored in 

pre-washed polyethylene bocdes and was treated and analysed as the previously mentioned 

surface waters. Depth to water level was measured (±2 mm) using a water level metre 

and tbe relative depths of the water table were calculated (±5 mm) using string and line 

levels. 
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Figure 3 .6 Triangular configurations and locations of installed "mini .. piezometers in 

the drainage basin. 

Water samples for minor and major cation analysis were filtered through Sartorius 

0.45 p.m cellulose acetate and acidified with distilled 8 N HN03 (2 ml acid: 100 ml water) 

to prevent precipitation of metals and biological growth. Water samples for major anion 

analysis were filtered only. Water samples collected for alkalinity titrations were not 

filten:d or acidified. For dissolved oxygen titrations, water samples were collected in 60 

m1 BOD bottles and preserved with Dissolved Oxygen 1 Reagent Powder Pillow 1 and 
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Figure 3.7 Geometry of installed piezometers relative to the test stream. Figure 3. 7a 
represents the piezometers installed 200 m upstream from the South River 
esruary and 3. 7b represettts tbc pic:zomctcrs installed 175 downstream from 
the salvage yard. Arrows indicare direction of stream flow. 
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Dissolved Oxygen 2 Reagent Powder Pillow (Hadl. 1989). All water samples were 

aansportcd back to tbe laboratory in a cooler and stored at 4 a c until analysed. 

Alkalinity, as HCo,- (ppm), was d.eterm.incd by titrating with 0.1600 N H2 SO~ 

(Digital Titrator) and using a Bromocresol Green-Methyl Red Indicator Powder Pillow 

(Hach. 1989). In order to determiDc dissolved oxygen coocemxations (ppm OJ, Dissolved 

Oxygen 3 Reagem Powder Pillow was first added to the bottle and allowed to mix (Hach, 

1989). 20 ml of sample solution was then titrated to a colourless endpoint with 0.200 N 

Sodium lbiosulpbate (Digital Titrator) ~ 1989). Alkalinity and dissolved oxygen 

titrations were performed upon retUrn to tbe laboratory ( < 4 hours). 

Major anion (SO .z-, a -, and NO, z- ) concenttatioos were detennined using a 

Dionex-DX 100 Ion Chromatograph aC>- Major cation (Na •, Ca 1 • , Mgl• , r ) 

concentrations were determined using a Perkin-Elmer model2380 Atomic Absorption 

Spectrometer (AA). Samples were spiked witb lanthanum oxide dissolved in HQ to 

reduce ionization interferences. Trace element concentrations were determined using a 

modified Perkin-Elmer SCIEX ELAN model 250 Inductively Coupled Plasma-Mass 

Spectrometer (ICP-MS). 

Relative surface water flow (l.lmin) was estimated, on July 13, 1995, at 13 

1ocatioos aloog tbe test stteam ~ W21Cr samples bad been previously collected (Figure 

3.4). Stream flow at site STS4 was omitted due to error in data collection. The cross 

sectional area of the stream was estimated by measuring the depth of water ( ±5 mm) at 
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0.20 m intervals across each location. Saeam velocity was esrimatcoD by the time required 

for a float to travd 2 m at the approximate ceotte of each transect. The average of S trials 

was used as tbe best esrimate of velocity. The average flow rate {Umm) at each location 

was calculated by simply multiplying the average surface water velocity by the cross

sectional area of tbe stream (Feuer, 1988). Unfommately. current metres were not 

available at the time of data collection. 

3.3 Bioreceptor Sampling and Analysis 

Clams (Mucenaria merct!llll1'ill) were dn:dged from the upper 0.20-0.25 m of 

sediment at five locations in the South River estuary (Figure 3.8). At each locati~ the 

sample was divided into two sub-samples: one for PCB analyses and one for trace metal 

analyses. The clams were rinsed of loose sediment aod stored in filtered (~ 45 J'ID) 

estuarine water for 48 hours to purge their digestive system conteot.s and therefore, 

minjmi:Te bias from ingesled sediment (Flegal and~ 1976). After 48 hours tbe soft 

portions were removed from the shells and frozen until analysed. 

Samples for PCB analysis were stored in aluminum foil and plastic bags while the 

samples for trace meW analysis were SU>red in pre-wadv:d plastic bottles. In most cases, 

30 or more clams were combined to form a homogenin:d sample of the population. 1be 

frozen samples for PCB analysis were shipped by courier to Zenon Environmental 

Laboratories (Burlington. ON). Analyses were performed using gas chromatography with 
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Figure 3.8 Locations of clam (Mercmaria IIU!TCt!1&tll'ia) samples collected from the 
South River estuary. 

an electron capture detector (detection limit= 0.05 ppm) and concemrations were 

expressed relative to tbe wet weight of tbe sample. 

The samples analysed for trace metals were first freeze dried and approximately 

0.30 g of sample was added imo the Teflon cup of a high-pressure acid-digestion bomb. 

Fdb:cn ml of doubly ctisdlled 16 N HN~ was added to the dried tissue and the bomb was 

sealed. Samples were digesred at 130 oc for 48 hours in a muftle furnace aDd transferred 

to 100 m1 snap-top vials. 1be sampJes were beated on a hot-plate at 90 oc and evaporated 

to dryness. 1bc samples were then made up to 20 m1 with 0.2M HN03• Following this 
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process. tbe samples were not completely digested and they bad to be retluxed with HN03 

and H10 1 (Friel t!t al . • 1990). The 20 m1 solution was heated on a hot plate and 

evaporarcd to 1-2 ml. Two ml of COJX:C:IJttatcd HN03 and 2 m1 of 15 % H10 1 were added 

and the solution was evaporated to dryness. One m1 of concentrated HN03 and 1 m1 of 

15 % H10 2 were then added and the solution was refluxcd for 1 hour, followed by 

evaporation to 1-2 ml. ODe ml ofcoocemrar.ed HN03 and 1 m1 of 15 % H20 2 were added 

again and the solution was ldluxed for 4 hours, followed by evaporation to near dryness. 

Tbe samples were then made up again to 20 ml with 0 .2 M HN03• This final solution was 

analysed for trace element content by ICP-MS. 

3.4 Estuary cbaracterizatiOD 

Saljnity influeuces 1be disttibulion of heavy metals aDd PCBs in the water col~ 

therefore estuarine dynamics were characterized. Synoptic sampling of the estUary was 

not practical so a successive sampling program was performed. Sampling at tbc pre

selected sites was perfoi'!Ded in as short a time as possible to best meet steady state 

conditions (Morris, 1978, 1985). As well as detecting spatial variation in salinity. 

temporal variation was also investigmd during four different sampling periods. Electrical 

conductivity and tcmperarure were measured within 2 hours after low tide at 9 locations 

along the western shore of South River on June 22. 1994 (Figure 3. 9). Electrical 

conductivity and tempera1Ure values were used to calculate salinity by the method outlined 
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Figure 3.9 Locations of salinity determinations in the South River estuary (1994). 
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in Cox t!l al. { 1961) (Appendix C). This method is accurate to ± 0.01 %o between 2.5-

41.6 %o salinity. 

A more complete investigation into the estua.rine dynamics of South River was 

completed over July 20 and 21, 1994. Twenty-nine sampling sites were marked with 

floats and weights and were sampled for electrical conductivity, temperature, pH, and 

depdl ~or near, low tide and high tide (Figure 3.9). The time required to sample al129 

sample sites by rowboat was 1 'h hours. Sampling on July 20 was at or near high tide 

(1739 hrs at Holyrood). commenced at site #1 at 1700 hrs and concluded at site lf29 at 

1835 hrs. Sampling on July 21 was performed at or ncar low tide (1204 hrs at Holyrood), 

commenced at site #1 at 1155 brs and concluded at site lfl9 at 1335 brs. Equipment 

malfunction did not allow pH measurements to be collected in the field but values were 

ob1'3inM wilbin 3-4 hours back at the laboratory. Bathymetry was measured (±30 mm) 

using a 2m staff marked at 10 mm intervals. The maximum depth was approximately 2 

m at the most northerly sample site (see Figure 3 .9) and the average depth was 

approximately 0.90 m (n=30). On August 28, 1994, electrical conductivity and 

temperarure were measured within 2 hours before low tide at 8 locations along the western 

shore of Soudl River (Figure 3.9). Electrical conductivity and temperatUre were again 

measu:red (approximately low tide) at 6 locations along the west shore of South River on 

November 17, 1994 (Figure 3.9). 



Cbapter 4. RESULTS AND DISCUSSION 

The main objectives of this study were to, first determine how PCBs and heavy metals 

are distnbuted in sediments, surface waters, ground waters, and ecosystem receptors (i.e. 

clams); and next to identify the roles that the sediments~ surface waters, ground wat~ and 

clams play in the transport ofPCBs and heavy metals. This chapter is organized according 

to these objectives with section 4.1 coataining the results of the sampling I analytical program 

within the Makinsons drainage basin and South River estuary. The spatial distribution of 

PCBs, elements, and oxides is first described in the soils and sediments within the stream and 

estuary. Next. the surface waters and ground waters are characterized and the spatial 

distribution of the major I minor ions are descnbed. Finally in section 4.1, the spatial 

distribution ofPCBs and trace elements in clams collected from the South River estuary is 

desaibed. 

In section 4.2, the geochemistry of the Makinsons drainage basin is assessed in order 

to distinguish between natural variation (i.e. background) and anthropogenic input. 

Desaibing the spatial distnbution ofPCBs and heavy metals was intended to document the 

extent of contamination within the basin. Therefor~ it is important to determine whether 

concentrations are above background variation and indicative of contamination. This 

assessment is much simpler with respect to PCBs since they are synthetic and any quantity 

detected is direct evidence of contamination. However, the distnbution patterns of heavy 

metals in the Makinsons drainage basin may be the result of background variation or 

anthropogenic input. Given that one of the main objectives of this study was to determine the 
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roles that the wate~ sediments, and clams play in contaminant migratio~ evidence of 

contamination must first be established before specific roles can be determined. 

The roles (pathways I receptors) that sediments within the stream and estuary. surface 

waters and ground waters. and other ecosystem receptors play in migration of PCBs and 

heavy metals are addressed in section 4.3. These roles are determined after considering 

similar investigations in the lit~ the hydrogeological framework, and the spatial 

distribution of the contaminants in the Makinsons drainage basin. 

4.1 Geochemistry of the MakiDsoas Study Area 

A problem tacing the consolidation of results in this study, was the number of 

parameters available to describe each data set. There were 3 2 parameters available to 

describe sediment chemistry; 33 parameters for both ground water and surface water 

chemistry, and 38 for the clam samples. Therefore. it was not practical to present the spatial 

distnoution of the parameters (Le. elements) individually, and groupings of elements was 

opted for. The next issue to address was the criteria on which the elements should be 

grouped Ideally, a multivariate starisricaJ procedure (i.e. factor or cluster analysis) would be 

used to group the elements, but the data in this study were not suitable. Fli'St of all, many of 

the parameters were not normally distributed and contained outliers (Rollinso~ 1993). 

Moreover. the IDJIJlber of parameters exceeded the number of observations in aJl the data sets 

and this created a problem with 04dimensionality" (Garrett, 1993). This "dimensionality" 

problem is that in order for reliable results to be obtained from a correlation matrix, the 
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number of observations must be at least 3 times as large as the number of parameters 

(Howarth and Sinding-I.arsen, 1983). Factor analysis and cluster analysis both start from the 

computation of such a matrix. therefore the data in this study were not suitable for groupings 

based on multivariate statistics. 

Given that one of the objectives of this study was to descnoe the spatial distnoution 

of PCBs and heavy metals in the Makinsons drainage basin. it was decided that elements 

should be grouped according to similarity of their distnoution patterns. In each of the 4 data 

sets (i.e. sediment. surface water. ground water. and clam), parameters were first compared, 

contrasted, and grouped according to their pattern of relative concentrations throughout the 

study area For example, in the sediment data~ Na..tO, MgO, K10, and Rb. all displayed 

sirmlar patterns within the Malcinsons drainage basin and can be descnDed as a group (Figure 

4.1). As a further simplification. one element (Le. Rb) is displayed as a representative of the 

group since all the elements display the same distnoution pattern. Given that the metals 

suspected of represeming contamination (Le. anthropogenic input) are individually presented 

in section 4 .2, this approach is considered acceptable. Greater emphasis will be eventually 

placed on these suspected contaminants since it is the roles that the sediments. wat~ and 

bioreceptors play in their migration that is of concern in this study. 

4.1.1 Sediments and Soils 

In order to describe the spatial distribution of PCBs and heavy metals within the 

Makinsons drainage basin, a sampling I analytical program was performed. Seven stream 
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sediment samples were coUected from the main course of the test stream and 3 from its 

tributaries_ In addition. 4 shaDow soil samples were coUected within 10 m of the test stream. 

Locations of the sediment and soil sample sites are displayed in Figure 4.1.2. Based on XRF, 

LOI. grain size, and PCB analyses, a total of32 parameters were available to descnbe the 

sedi01ent and soil samples. Given that one of the main goals of this study was to determine 

the roles that sediments and waters play in contaminant migratio~ it was considered beneficial 

to include main stream and tributary sediment samples. as weD as soil samples in the same 

geochemical profile. Based on the physical hydrogeology within the Makinsons basin (see 

Figure 2.3.4), surface water and ground water is channeled into the main course of the test 

stream. Therefore. the tributaries would not be subject to contamination from the salvage 

yard and sbould give a better estimate of background concentrations. Also, the soil samples 

are not subject to suspended material in the stream and should help distinguish between the 

roles that ground waters and surface waters play in the transport of PCBs and heavy metals. 

These issues will be discussed in sections 4.2 and 4.3 . 

According to the relative conceotration patterns, the 32 parameters were arranged into 

4 groups: I) Rb, N&z(). MgO, md Kp; 2) Si01o A120 3, Nb, Zr. Ga, lb. Sc, and Ti02; 3) Pb, 

C~ Zn, S, Ce, Y, P20~ organic content (LOI), CaO, and Sr, and 4) Cr, Ni, ~ MnO, Ba, 

F~03, V, Cl, and PCBs. A representative of each group is displayed in Figure 4.1.3. 

Coocamatioos oftbe first group (Rb, N~O. MgO, and K 20) are greatest upstream from the 

salvage yard (STS 1 ), decrease downstream from the salvage yard, and increase again at site 

STS4 (see Rb in F~gUie 4.1.3). Concentrations decrease at sites STSS, STS6, and STS8 and 
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Figure 4 . 1.2 Locations of the stream sediments and soil samples collected from the 
Makinsons drainage basin. 
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conc:entrations in upper basin soils are less than in the adjacent stream sediments. It should 

be noted that the soil samples were not collected at the exact location of stream sediments., 

but approximately I 00 m upstream at the St. John's Group location and 100 m downstream 

at the Conception Group location (Figure 4.1.3). Compared to the main stream course. 

group 1 conceuttations are higher in the tributary STS7 (draining an undeveloped portion of 

the basin) and lower in the tributary STS9. Elements and oxides of the second group (SiO~ 

~olr Nb, Zr, Ga, Th, Sc, and no~ also display an increase in concentration upstream from 

the salvage yard and again at site STS4 (see Si02 in Figure 4.1.3). But there is also a slight 

increase at site STS6 and soil samples in the upper basin are depleted relative to all stream 

sediments. Relative to adjacent stream sedim~ group 2 concentrations are depleted in 

tributary STS9. The differences between groups I and 2 are subtle and they could possibly 

be treated as the same group. Constituents of the third group (Pb, Cu..~ S, Ce, Y, P20,, 

organic content (LOI), CaO, and Sr) decrease in concentration immediately downstream from 

the salvage yard and display peak concentrations at sites STSS and I or STS6 (see Pb in 

Figure 4. 1.3). In addition, grain size corresponds to this pattern; the sih +clay fraction 

decreases downstream from the salvage yard and increases at sites STSS and STS6. Group 

3 concentrations are enriched, relative to all stream sediments, in upper soil samples. 

Compared to the main course, the relative concentrations of group 3 are lower in sediments 

from tributary STS7 and greater in tnbutary STS9 (Figure 4.1.3). Constituents of the fourth 

group (Cr, ~n. As, MnO, Ba, F~03, V, Cl. and PCBs) display an increase in concentration 

imrrwtiately downstream from the salvage yard (STS3) and agajn at sites STSS and I or STS6 
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(see Cr in Figure 4 .1.3). Compared to sediments along the main co~ group 4 

concentrations are lower in the tributary STS7 and greater in the tributary STS9. The 

distnbution pattern of PCBs in the Makinsons drainage basin corresponds closest with the 

profile of group 4 elements and this group may reflect salvage yard contamination. This issue 

will be discussed in sections 4.2 and 4.3 . 

The spatial distnbution ofPCBs, within stream sediments and soils collected from the 

Makinsons drainage basin and control basin, are graphically depicted in Figure 4.1.4. Two 

stream sediment samples were collected from the control stream but PCBs were not present 

above the detection limit ofO.OS ppm. However. PCBs were detected (1.76 ppm) in a soil 

sample (SOC 1) from the control stream basin {FJgUre 4.1.4). PCBs were also detected at two 

tidal marsh locations (ESOI and ES02) in the South River estuary at concentrations of0.06 

ppm. The entire stream sediment and soil data set is included in Table D .1. 

The spatial distribution of PCBs and heavy metals within South River estuary 

sediment cores was also investigated in an attempt to determine the extent of migration from 

the salvage yard-bog area. South River sample sites are displayed in Figure 4. l.S. 

Reconnaissance work into tbe presence ofPCBs in the South River estuary initially involved 

sampling the top 100 mm of 6 sediment cores. Two additional cores (E2 and E4) were 

sampled in greater detail (SO mm illteMds) to a maximum depth of300 mm.. Reconnaissance 

work into the presence of trace metals in the South River estuary involved sampling 2 

sediment cores (E4 and E9) at 20 mm intervals. Trace concentrations ofPCBs (0.02- O.OS 

ppm) were detected but not quantified (EPL) from the upper SO mm of cores E2 and E4 
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Figure 4 .1. 4 Entire stream sediment and soil sample set analysed for total PCB content. 
Note elevated PCBs in bog sample near control stream. 
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collecu:d in tbe Soud:l River esruary (Figure 4.1.5). However, PCBs were not detected (~ 

0 .1 ppm) in the upper 100 mm of South River sediments north of these two locations. 

Figures 4.1.6 and 4.1.7 present sedimem chemistry from two cores (E4 and E9) 

in tbe South River estuary. Core E4 (Figure 4 .1.6) consisted of dark yellowish brown (10 

YR 4/2) (Canada Soil Survey Committee, 1978) organic sediment (LOI ranged from 

approximately 20 to 40 %). Apart from natural variations, few of the constituents appear 

to display any distinct trends from top to bottom. However, Pb displays an unexplained 

sbaip peak in the top 20 mm of tbe core and again at 270 mm of depth and both LOI and 

A1 display a peak at approximately 160 mm of depth (Figure 4 . 1.6). Core E9 (Figure 

4.1. 7) consisted of dart yellowish brown (10 YR 4/2) sediment in the upper 170 mm and 

olive gray (5 Y 3/2) (Canada Soil Survey Committi:e, 1978) serliment in the lower 40 mm. 

The boundary between tbc two sediment layers is characterized by a sharp drop in LOI 

(>20 %to < 10 %). This was also observed in the laboratory since the olive gray layer 

appeared to be clean saud with little organic material. It should be noted tbat 

concentrations of Pb throughout both core E4 and E9 were consistently greater than 

concentrations reported from lake sedimcnrs in this region (Davenport et al., 1992). 

4.1.2 Surface Waters and Ground Watel's 

Eleven surface water samples were collected along the main course of the test stream and 

3 from its tributaries to describe the evolution of surface waters from the top of the 
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Figure 4.1.6 Sediment chemistry from core E4. 
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Makinsons drainage basin to the bottom (Figure 4.1.8). Ground water chemistry was also 

determined at two locations- samples were collected from 6 piezometers near the top of 

tbc basin and 6 near the bottom of tbe basin. Charaacrizing the surface waters and ground 

waters in the Makinsons drainage basin must take into account that the test stream crosses 

over two different bedrock units (see Figure 2.1). The headwaters originate in an area 

underlain by the St. John's Group and cross into me Conception Group approximately 550 

m downstream. 1be dominam rock typeS of the St. John's and Conception Groups are 

shales and sandstones. respectively (King. 1988). The three southern-most surface water 

sample sites in Figure 4 .1.8 are located wi~ or adjacent to. the St. John's Group and 

dJe remaining eigbl are in tbc Conception Group. Ground waters near the top of the basin 

are sampled on the St. Jobn's Group whereas those ncar the bottom were sampled on the 

Conception Group. The entire control stream is located on tbc St. Iobn' s Group (see 

Figure 2.1). 

Figure 4.1.9 is a Piper diagram (Piper. 1944) of the surface and ground warers 

collected in November, 1994. All samples are classified as sodium- and chloride-type 

waters except for SOW12 which is bicarbonate-type (Freeze and Cherry. 1979). 1be 

conttol stream sample is also classified as sodium- and chloride-type water but contains 

a lower proportion of Cl than surface waters from tbe Makinsons drainage basin (Figure 

4.1. 9). Surface warer samples ~ closely with grouDd warcr collected near the top 

of tbe basin. whereas ground water samples collected near the bottom of the basin appear 
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Figure 4.1.8 Locations of water samples collected from the Makinsons drainage basin. 
SOWl through SOW12 are around water samples and STWl through 
STW14 are surface water samples. 
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Figure 4.1.9 Piper diagram of tbe major catioas and anions measured from tbc main 
course of 1be test saeam and ground water samples collected on November 
16/17, 1994. Surface water samples= o, ground water samples from the 
upper portion oftbe basin=¢, ground water samples from the lower portion 
of the basin= ~, and the conttol stream sample= X. 
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somewbat differem than bodl upper basin ground waters and surface wa1er samples. The 

lower basin ground wan:r samples represent a trend towards bicarbonate-dominated ground 

water, wbkh is more c:baracteristic of sballow ground water (Freeze and Cherry. 1979 and 

Gale et al .• 1984). However, tbe average alkalinity remains constant at both locations and 

this apparent change in water type is most likely due to the lower concentrations of 

chloride in the lower basin ground waters. This trend may also reflect the change in 

lithology from the top of the basin to the bottom. Figures E.l. E.2. and E.3 contain 

remperamre. conductivity. pH. dissolved oxygen, and major ion chemistry of the ground 

water samples collected at cadl of the twelve piezometers and also includes the 

corresponding surface waler parameter for comparison. 

In surface waters from the Makinsons drainage basin. the average pH and total 

dissolved solids (fDS) were approrimatdy 7 and 60 mg/1, respectively. compared with 

7.6 and 20 mg/1 in the comrol stream. In both streams. alkalinity and dissolved oxygen 

are comparable ( < 10 ppm aDd 7 -10 ppm, respectively). These values were compared 

with the average reported for selected drainage basins on the A val on Peninsula (Gale et 

al .• 1984) and appear sligbdy diffcrem. 1be pH and TDS were both higher along the test 

stream tban values (4-6.5 and < 2S mg/1, respectively) reported by Gale et al. (1984). 

The couttol stream sample was comparable to results from Gale et al. (1984), except its 

pH was slightly higher (pH= 7.6). Ground wa1er quality from the 12 shallow •mini" 

piczomderS was also compared with water quality of deeper wells completed in 
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overburden at various locations around the Avalon Peninsula (Gale er al . • 1984). pH. 

alkalinity, suJfare, Ca. and K are comparable, but TDS, a. and Na coucenttations in the 

shallow upper basin ground waters are greater than those detected by Gale et al. (1984) 

from the deeper wells. The source of these discrepancies will be discussed in sections 4.2 

and 4 .3. 

Based on pH, ICP-MS, AA, and IC analyses, a total of 33 parameters were 

available to describe tbe waJer samples. These parameters were grouped according to the 

same criteria as the sediment parameters in section 4.1. 1. The 33 parameters describing 

surface and ground water chemistry can be arranged into 3 groups according to their 

relative distribution patterns dlrougbout tbe drainage basin: 1) Si, S04, Zn, Sr, Ti. Ba. Ca. 

and conductivity; 2) a. As, N03 , Fe, ~ La. Cd. HCq, Co, Mn. N~ Mg. and I; and 

3) ~ Ce, Co, Pb, ~ Ni, Sb, Rb, md Al. Constituents of tbe first group (Si, S04, Zn. 

Sr, Ti, ~Ca. aod conductivity) display a general decrease in concentration downstream 

from tbe headwaters and are more conc:enttated in ground waters than surface waters (see 

Si in Figure 4 .1.10). Ions oftbe second group (0, As, N03, Fe, K, 4 Cd, HC~. Co, 

MD. Na. Mg, mtl) may increase in coocenuation upstream from the salvage yard but are 

highest in concentration at the site (S1W3) downstream from the salvage yard (see a in 

F igure 4 .1.10). The overall pattern of this group is decreasing concentration down 

through tbe basin and grealer COIX:elltlatioos in grouDd watets than surface waters. Metals 

of the third group (Cu. Ce. Co, Pb, Sn. Ni, Sb, Rb, and Al) increase in concenttation 
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Figure 4.1 .10 Group behaviour as shown by Si. Cl. and Cu in surface water samples 
versus distance along stream. Hollow circles are surface water samples 
along the main course of the test stream. solid circles are from the 
tributaries, and solid pentagons are ground warer samples. 
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immediately down.stream from che salvage yard (STW2) and increase again further 

downstream near STW11 (see Cu Figure 4 .1.10). The overall paacm is still a general 

decrease in concenttation down through the basin and greater concentrations in ground 

warers than surface waters. Apart from Ce, the ground water concc:nttations of this group 

are much higher in the lower basin waters than the upper basin. In all three groups 

(FigUre 4.1.10), the pattern of decreasing dissolved load as the test stream flows through 

the basin~ is opposite to the typical pattem of increased dissolved load as a river flows 

through a basin (Freeze and Cherry, 1979). The patterns of pH and dissolved oxygen 

along the test stream are erratic and could not be grouped with the other variables. 

However, it should be noted that pH and 0 2 concentrations are lower in ground waters 

and uibutaries than in surface warers along the main course of the stream. The entire water 

chemisrry data set from tbe Makinsons drainage basin is included in Table F .1 

Temporal Variation 

Seven surface water samples WeR collected from 1be main course of tbe test stream 

on August 28, 1994 and a second set was collected on November 16/17, 1994 (see Figure 

3.5). Comparison of dlcsc two dala seu was included to assess whether there was seasonal 

influeoce on the solubility and subsequent migration of metals in the Makinsons drainage 

basin Stream gauge flow measured at Shearstown on August 28 was 0 .181 m3 /sec and 

0.750 nr/~ over November 16 and 17 (see Figure 2.2.5). This variation in stream flow 

is likely due to the fact that August was hotter and drier (17.7 oc and 2.5 mm/day) than 
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November (3 .0 oc and 4 .7 mm/day) (Figure 2.2.4). Summer samples., therefore, 

represem lower water table cxmdit:ioos. In general, doWD$tre3lil concentration patterns are 

the same in summer as fall, however, summer concenttations are bigber for all species 

except Oz and S04• Figures G . 1, G .2, G .3, and G .4 contain conductivity, pH, dissolved 

oxy~ major ion c:hemisny, aDd trace meraJ. chemisrry of surface Waier samples collected 

(August and November, 1994) from the main course of the test stream. 

4.1.3 Bioreceptors 

Clams (Mercmaria mercentlria) were dredged from the upper 0.20- 0.25 m of 

sediment at five locations (1 m~ in the South River estuary (Figure 4. 1.11). At each 

location. S - 30 individuals were combined to form one homogenized sample for PCB 

analysis and one for; trace IDdal analysis. Based on clam size, and ICP-MS and sedimettt 

grain size analyses, a total of 38 parameters were available to describe the sediment and 

clam samples. The 38 parameters describing clam cbc:mistty em be arranged into 3 groups 

according to their distribution panems among the 5 sample locations in the South River 

esruary. Examples of these patterns are illmtrated in Figure 4.1. 12. Most of tbe elements 

(Fe, Mn, Cr, Co, Sb, Se, Cl., Ca. Sr, S~ Ce, U, 4 Cs, Zn., V, AI, Ti, U and Ba) 

display peak co.ocenua1ions in clams coUc:ctcd from tbe d1inl si1e (El4). It sbould be noo:d 

that this sample contained the lightest mean individual weight and shonest mean shell 

length. Tbe other two groups illustrated peak concentrations in clams collected from the 
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Figure 4.1.11 Locations (stus) of clam (Mercei'IIV'ia mercmarill) samples collected from 
the South River estuary. 

founh site (El6) (Cd~ I. Pb, Mo~ As, B~ Rb~ md Si}, or the fifth site (El8) (~ Ni, S, 

P ~ and Ag). Samples were collected for PCB malysis at tbe same five sites but PCBs were 

not present~ O.OS ppm (wet weight). Tbc entire clam chemistty data set is included in 

Table H.l. 

4.1.4 Quality Control 

Table I.l COIIIaiDs tbe results of replicate sample analyses by X Ray Fluorescence. 

1bc replicaie samples are a good measure of sample homogeneity ~ except for Cl, the 

chemical constituents are all within S %. The precision of the XRF instrument is 
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calculared to be within ± 1.5 sd (l.ongerich, pers. comm.) . Due to the excessive cost of 

PCB analyses, external replicate samples were not analysed. However, the analytical 

(instrumc:n1) precision at EPL, Zenon, and Fenwick is calculated to be within ± 10 %, 

±20 %, and ±10 % respectively. 

Blank samples (DIW and distilled 8 N HNO~ and several replicate samples were 

also analysed by IC and AA for quality assurance purposes. R1 values from regression of 

standards were all ~0.989 for the AA analyses, and ~ 0.999 for the IC analyses. Table 

1.2 comains tbe results of replicate and blank sample analyses by IC and AA. In the case 

of replicate samples, tbc cbcmical constituents are all within S %. However, it should be 

noted tbat the blank samples contained up to 0.19 ppm ~ therefore the acid may have 

conttibuted ( <2 %) to theCa concentration. The analytical precision of the IC and AA 

(waters) are boch calcnlated to be within ±5 %. 

Table 1.3 also conrains replicare and blank sample analyses by Inductively Coupled 

SpccaomtUy. One blank and one n:plicate clam sample were analysed. In the case of the 

replicarc sample, tbc chemical constituents are all within 10 %. The analytical precision 

of tbe ICP (waters and biological) is calculated to be within ±5 - 10 %. depending on the 

element. 
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4.l Cootamiaatioo io the Makiosoos Study Area 

Descnbing the spatial distnbution of PCBs and heavy metals in the Makinsons 

drainage basin was intended to document the extent of contamination. Therefore, it is 

important to determine whether concentrations are above background variation and thus 

indicative of COI:IWrJinarion. The most significant natural inputs reflected in the geochemistry 

of the study area are believed to be: l) erosion and chemical weathering of bedrock and 

glacial till, and 2) precipitation (wet and dry deposition). Additional natural influences 

affecting conceutrarions after input to the system include manganese coprecipitation, organic 

content, grain ~ mineral precipitation, and redox conditions. 

Discrepancies in concentrations of major elements expressed in percent between 

sediments I soils and unweathered bedrock are not reliable indicators of actual gains and 

losses am sed by chemical weathering (F~ 1991 ). A more appropriate means of estimating 

actual gains or losses of elements, as a result of chemical weathering, is based on the 

assumption that the concentlation of one of the major~ement oxides has remained constant 

(Faure, 1991). ~03 is the most often chosen oxide due to the limited solubility of Al(OH)3 

at pH values between 6 and 8 and the conservation of AI during incongruent solution of 

aluminosilicate minerals (Castaing et aL. 1986 and Faure. 1991 ). Therefore, sediment I soil 

samples with a similar metal to A120 3 ratio as local bedrock will most likely be derived from 

the bedrock. However, samples with a greater metal to Al20 3 ratio than bedrock have been 

subject to either additional natural processes (Le. soil formation) or anthropogenic influences. 

The metal to ~03 ratio is commonly (Helz et aL. 1983) expressed as an enrichment factor 
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(EF): 

(XI AI) sediment I (XI AI) Earth's crust 

where XI AI is the ratio of the concentration of element X to AI. The dissolved load in both 

surface waters and ground waters of a drainage basin may also reflect the suscepnbility of 

local bedrock I till to chemically weather. For example. waters flowing through shales often 

contain elevated concentrations of Cl and Na (Drever. 1988). 

Precipitation is an additional source of solutes to the Makinsons drainage basin. It 

may be poSSible to differentiate betWeen natural and anthropogenic sources of cenain major 

ions and some metals by comparison with a reference species. For example, sodium and 

chloride are the dominant ions in the waters sampled in this study and are also the dominant 

ions in coastal area precipitation where they both originate from sea spray (Faure. 1991 ). If 

Cl is conservative, concentration ratios of major ions and Cl should indicate any excess of 

these ions relative to the natural marine input. 

This enrichment rationale may also be applied to influences by manganese 

coprecipitation, organic content. grain size, mineral precipitation, and redox conditions. 

DiRct correlations between MnO, LO~ and silt+ clay %; and metals in sediments I soils may 

suggest that these natural influences are occurring, resulting in possible enrichment. :Mineral 

saturation in ground waters and surf3ce waters may also result in the enrichment of sediments 

I soils due to precipitation. 
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4.2.1 Sedimeots aod Soils 

The results of the analytical program include geochemistry ofbulk sediments. Bulk 

sediments refer to the filet that the analytical insuuments used in this study did not distinguish 

between natural aluminosilicate contributions and organically bound anthropogenic 

comributions. However, this was one of the goals of this ~ and an alternate approach was 

followed. When interpreting geochemical da~ factor analysis is commonly used to 

distinguish betWeen aluminosilicate input and other sources I processes. Unfortunately, as 

was previously mentioned, the data in this study were not suitable for multivariate statistical 

procedures that stan with correlation matrices. Therefore, enrichment factors were used to 

distinguish between weathering ofbedrock and anthropogenic input. 

Weathering of bedrock was first considered and assessed as a natural process 

cor:ttributing to stream sediment I soil chemistry. Gla.cia1 till in the Makinsons drainage basin 

is assumed to be derived from the local bedrock (King, pers. comm. ), therefore bedrock 

geochemistry is also assumed to represent tiD geochemistry. In the test stream (IF 1 0) and 

control stream (n=2) sediments, the average XI AI ratio was calculated for each chemical 

constituent. There is no consensus in the literature regarding the XI AI ratio for the Earth's 

aust. Some workers (Fatima et al.~ 1988 and Rule, 1986) use the average crustal abundance 

summarized by Taylor (1964), others (Helz et al., 1983) use the average crustal values for 

specific rock types (i.e. shales, granit~ etc.) descn'bed by Turekian and Wedepohl (1961), 

and some workers compare both (Sinex and Helz, 1981 ). Therefore, the XI AI ratios in this 

study were compared with average austai values (Taylor, 1964), average shale and sandstone 
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values (Turekian and Wedepobl, 1961), and also the bottom of core E9. The bottom sample 

of core E9 (-0.21 m) was clean gray sand and was believed to be the best sample to represent 

background sediment chemistry in the area 

Table 4.1 lists concentrations for each of the estimates of background geochemistry. 

Of the 29 chemical constituents measured in test stream sedimen~ only 7 (Zn, Cr, F~03, Pb, 

As, MnO, and P20J could not be explained by bedrock weathering. They had an EF >I when 

compared to all four methods and may represent contamination in the Makinsons drainage 

basin. Only MnO was enriched in the control stream sediments. The EF for the 7 enriched 

constituents are listed in Table 4 .2 and the remaining 22 are in included in Table J.l. Figure 

4 .2 .1 individually presents the ratios of the 7 enriched elements I oxides along the test stream. 

Since Mn0 was also enriched in the control stream. it may represent manganese coatings on 

the sediments in both the control stream and test stream. It should be noted, however, that 

the EF (MnO) for the test stream are at least 10 times those of the control stream (Table 4.2). 

Since all7 metals and oxides have similar distribution patterns (Figure 4.2.1), a similar source 

of enrichment is suspected. 

Given that Zn, Cr, F~03, Pb, As, MnO, and PzQs are enriched in stream sediments 

collected from the Makinsons drainage b~ they may represent contamination. In similar 

investigations, the majority of these metals and oxides have been considered indicative of 

industrial input. For example, Zn and Pb have previously been considered as landfill I 

industrial associated contaminams (Mantei and Coonrod, 1989; Mantei and Foster, 1991; and 

Ntekim et aJ. 1993). Concentrations in this study (Zn= 80 - 1085 ppm; Pb= 20 - 84 ppm) far 
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Table 4.1 Chemical concentrations in four different "background" methods used to 
estimate enrichment in str~ sediments in the study area. 

Na20 
MgO 
A1203 
Si02 
P205 
s 
Cl 
K20 
CaO 
Sc 
Ti02 
v 
Ct 
MnO 
Fe203T 
Ni 
cu 
Zn 
Oa 
As 
Rb 
Sr 
y 
Zr 
Nb 
Ba 
Ce 
Pb 
1b 

Backgouad 
Sediment (1) 

(ppm) 

16500 
15000 
114800 
606000 

1600 
9152 
10 

21600 
7300 

16 
7300 
78 
55 

1100 
58300 

13 
6 
90 
19 

<detection 
85.5 
124.3 
31.2 

245.8 
16.1 
474 
100 
10 
9 

(I)- 8oamD ample of Clift E9 (- 0.21 m). 

Average 
Crust(2) 

(ppm) 
31520 
36520 
157340 
609760 

1050 
260 
130 

30280 
50040 

22 
9180 
135 
100 
950 

67960 
15 
55 
70 
IS 
1.8 
90 
315 
33 
165 
20 

425 
60 

12.5 
9.6 

<2r Annp c:bam.caJ caaaposlbOD oeE.nh c:nast cray~or. 1964).. 

Avenge 
Global Sbah: (3) 

{ppm) 
9600 
15000 
80000 
73000 
700 

2400 
180 

26600 
22100 

13 
4600 
130 
90 
850 

47200 
68 
45 
9S 
19 
13 

140 
300 
26 
160 
11 

580 
59 
20 
12 

(3)- Awr~Fc:bamcal .,."•••o., oCikJbUstWe(TunltiiDIDd w~ 1961).. 
(4r Aw:nce c:bamc:al O ....... lbaG of alot.lgnddnne (Turelam llld Wedepohl. 1961). 

Average Global 
Sandstone ( 4) 

(ppm) 
3300 
7000 

25000 
368000 

170 
240 
10 

10700 
39100 

1 
1500 
20 
35 
90 

9800 
2 
9 
16 
12 
1 

60 
20 
40 

220 
0.09 
90 
92 
7 

1.7 
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Table 4.2 Enrichment factors of stream sediments collected from the study area. The 
7 enriched metals I oxides in the test stream are included. 

Chemical Enrichment Emiclm!ent Emic:hment Enricbmeat 
Constituent Factor (I) Factor (2) Factor (3) Factor (4) 

Zll 
IGI(n•10) 4.2S 1.50 2.11 5.21 
cOIItrOI(, .. 1) 0.66 1.16 0.43 0.11 

Cr 
lesl(,-10) 3.20 2.41 1.36 1.09 
c011tnJ1(,• 1) 1.21 0.91 0.51 0.41 

Fe%03 
test(n•/0) 2.34 2.76 2.02 3.04 
cOiftnJI (,a ]) 0.12 0.97 0.71 1.07 

Pb 
tat(tr""IO) 3.91 4.29 1.36 1.22 
cOIItnJI(tr""1) 0.73 0.80 0.2S 0.23 

As 
IGI(tr•/0) NIA 75.26 5.30 21..53 
cOIJti'OI(,- 1) NIA S.86 0.41 1.68 

MaO 
IGI{tr-10) 32.70 S1.89 29.49 87.03 
t:t1111r01(,- 1) 1.26 2.00 1.14 3.36 

Pl05 
IGI(tr•IO) 1.34 2.11 2.14 2.76 
COIIIrOI(tr•Z) 0.43 0.91 0.69 0.89 
(I)- 8oaam llllqlle of care £9 (• O.l1 111). 
(2)- Awn,e c:blmical• •w 11 •i•ina of Ed c::rUil (Taylar, 1964). 
(3 )- Awn&e difmjQI • • i1iJi llSitioa of llobli sbale (Tan:tia IDd Wedeplbl. 1961). 
(4)- Awnp difmjQI! c cq ;w ·rm of llobi'IMM • (T~ IDd Wedllpobl , 1961). 



1.4~ 

'-"' 1.2£.02 
$a LOE-02 

< l.OE-03 

~ 6.0£.03 

4.0£.03 

..---------:;:::----..,·93· • STS9 

2.0£.03 ------.....: 

8 
N 

< .. .. 
u 

8 
N 

< .. 
.c 
A. 

'-"' 
0 
~ 
< 
0 
c:: 
~ 

4.0E-03 

3.5£..43 

3.0£.03 

l.SE-03 

2.0£.03 

1.5&Ql 

l .OE-03 

S.OE-04 • 

• 

• 

3&04 ... ....S ..... . ..... ····· l·~·· lE-04 • 1£.04 

• 2.0 

1.5 

1.0 

1000 2000 

Distmce along SbaiD (m) (So>N} 

4 

3 

2 

3.0£.03 

l.SE-03 

LOE-03 

S.0£.04 

o.os 

0.04 

0.03 

0.02 

0.01 

• 

• 

• 

A 
__ j······· · :h. 

0+-------~------------~ 
1000 2000 

DistaDce along sm:am (m) (So>N) 

Figure 4.2.1 XI AI ratios in the sediment and soil samples. The sediments along the test 
stream are iDdicated by hollow diamonds joined by a line while samples from 
tributaries and ditches are indicated by solid diamonds. The average ratio in 
the soil samples at each of the two locations is also indicated by a solid square. 
The maximum natural X/AI ratio (i.e. shale, core E9, etc.) is included as a 
dotted line for comparison. 



·94-

exceed those detected by Mantei and Coonrod ( 1989) (Zn= 11 • 51 ppm; Pb= 10 - 56 ppm). 

This does not appear to be the result ofbackground variation in the study area since the Zn 

and Pb values in the test stream sediments are roughly 5 times the concentrations in the 

control stream(< 3 times in Mantei and Coonrod, 1989). Rule (1986) used X/AI ratios in 

river sediments to determine which trace metals were associated with industrial input. He 

too, found increased enrichment of Zn and Pb towards the industrialized section of the 

Elizabeth River, Vtrginia An earlier study of river sediments in the same area (Rule, 1986 

after Johnson and Villa. 1976) also suspected similar metals ofbeing associated with industrial 

input: Cr, Pb, Zn, and Fe. Fatimaet aL (1988) also used X/AI ratios from 17 sediment sample 

sites to determine which trace metals were associated with industrial input in a Belgian 

estuary. Suspected contami•aants included Zn, As, and Pb. Using XI AI ratios, Biksham et al. 

(1991) detected eorichmeot ofFe, Mn, Cr, and Zn in suspended sediments from the Godvari 

River basin, India_ Mantei and Sappington (1994) suspected ~ Pb, and Cr contamination 

of stream sedimems from a sanitary l.andfiD in Missouri and Sinex and Helz ( 1981) considered 

enrichment of Mn, Fe, Zn, and Pb to be indicative of industrial input in Chesapeake Bay 

sediments. 

Additional natural influences affecting concentrations in sediments and soils after input 

to drainage basins may include manganese coprecipitation, grain size, organic content, and 

mineral precipitation. Manganese is known to "scavenge" or coprecipitate metals (Hornbrook 

eta/., 1975 and Maynard, 1983). This phenomenon was investigated in the Makinsons 

drainage basin in order to distinguish betWeen natural input (i.e. bedrock weathering) of 
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metals into stream sediments and elevated concentrations of metals due to manganese 

coprecipitation. The distribution pattern of MnO in sediments along the test stream 

corresponds closest with Cr~ Ni, As~ Ba. F~03, V, Ct. and PCBs (see group 4 in Figure 

4 .1.3). It should also be noted that stream sediments from the tnbutary STS9 are enriched, 

relative to adjacent stream sediments along the main course, inN'~ Cr, As, F~03, MnO, Ct. 

CaO, Sr, and Cu. Site STS9 has the highest concentration ofMnO (15.5 %) in the study, 

which may be respoDSlble for coprecipitation of these elements. Sample STS9 is from a 

tnDutary draining a bog and the elevated concentrations ofMnO and Fez03 may be due to 

secondary mineral formation of pyrolusite and bog iron, both associated with bog and swamp 

deposits (Maynard. 1983 and Whitten and Brooks, 1972). 

Spearman rank correlations were calculated (SYSTAT, 1992) in order to provide 

statistical support for these observations. Spearman rank correlations were considered the 

most robust statistical method of confirming relationships in all 4 data sets (i.e . sediment. 

surface water, ground water~ and clam), since some of the parameters were not normally 

distributed and contained outliers (Rollinson, 1993). Garrett (1993) recommends the use of 

Spearman rank correlations in applied geochemistry~ since it does not require linear 

relationships between variables. Samples with missing values were omitted from the analyses. 

Sediment I soil variables significantly (n= 12) correlated with MnO are: F~03 ( 1 ), As (1 ). Ba 

(10), Cl (10), and Nb (10); based on a one--tailed test of correlation coefficient (r3) 

significance (Rollinson, 1993) (the Spearman rank correlation matrix of the sediment and soil 

data is included in Table K.l). The numbers in brackets represent confidence limits (±C.L. 
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%). Table L .1 contains significance tables ofthe Spearman rank correlation coefficient. 

Grain size of test stream sediments, measured as % silt and clay, is significantly 

correlated (directly) with LOI (10), P20 5 (10), Pb (10), S (10), Y (10), CaO (10), Cu (10), 

Ce (10), and Zn (10); based on a one-tailed test of correlation coefficient (rs) significance. 

This means that smaller grain size of stream sedim~ corresponds with increased organic 

content, P20,, Pb, S, Y, CaO, Cu, Ce, and Zn. In additio~ organic content (LOI) is 

significantly correlated (directly) with P20, (0.1), S (1), CaO (1), Y (1), Ce (1), Pb {1), As 

(10), Cr (10), Ni (10), Cu (10), Zn (10), and Th (10). Based on the Spearman rank 

correlations, LOI appears to be the parameter with the greatest influence on distribution of 

heavy metals in the sedimems IDd soils of the drainage basin. Enrichment of heavy metals bas 

been known to occur in sediments with high organic content and small grain size. For 

example, Subramanian et aL (1989) iDvestigated 18 samples of bed sediments in the Cauvery 

Estuary, India, and discovered the greatest concentration of Fe, Mn, Zn., Cu, Cd, and Hg in 

sediments with the greatest organic content and smallest grain size. 

Mineral saturation in waters may also enrich sediments I soils due to precipitation. 

This phenomenon was investigated in the Makinsons drainage basin using the MINTEQA2 

geochemical speciation model (Allison et aL, 1991). Saturation indices (SI) (Allison et al., 

1991) for 106 minerals were calculated (Table M 1) but only six minerals were satmated in 

any of the ground water and surface water samples: Al4(0H),0S04, alunite 

(KA1)(S04h(OH)J, boehmite (AIO(OH)), diaspore (AJO(OH)), gibbsite (AJO(OH) ), and 

bercynite (FeAl20 4) . Therefore, precipitation of metals dissolved in surface waters and 
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ground waters was eliminated as a significant influence on sediment and soil chemistry. Even 

though these calculations are theoretical, the composition of the minerals seems to suggest 

the importance of weathering reactions. 

It was diffirult to distinguish between background variation and anthropogenic input 

in the South River sediments. Even at high tide, the water depth was <0.50 mat both core 

locations. Based on personal observation, it is strongly suspected that ice activity during 

spring thaw disturbs and mixes the sediments, which may have obliterated any natural trends 

in sediment chemistry. Few parameters showed any distinct trends from top to bottom of the 

cores. In core E4, both LOI and Al display a peak approximately 160 mm of depth (Figure 

4 . 1.6). This is unusual since increased aluminosilicate clastic input to sediments is 

traditionally correlated to reduced organic input. Natural environmental conditions may be 

a significant control on the sediment chemistry from core E9. The trend ofLOI corresponds 

directly with= C~ Cu. Pb, S, U, and Zn, and inversely with: Ba, Cr. K20, MnO, Rb, and Sc 

(FtgUie 4.1.1). The sharp decrease in LOI at the bottom of the core appears to be related to 

tbe lithology change from tbe dark yellowish brown sediment to olive gray. Nevertheless, the 

presence ofPCBs in South River sediments (Figure 4. 1.5)~ suggests that some transport has 

taken place, yet the extent is not known. 

Various "hotspots" of suspected contamination were detected in the Ma.k:insons 

drainage basin. Six metals, as well as PCB~ were detected in sedimeut I soil samples 

exceeding criteria set forth by the CCME (1991). This information is included in Table 4.3 

and suggests that sites STS3, STS6, and STS9 deserve the most attention. Wrth respect to 
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Table 4.3 Sediment and soil sample sites which exceed CCME (1991) criteria 

Elemc::at I Chemical Sample Site CCME criteria 

PCB STS3 Sppm 

Cr SOSl. STS3. STS9, STS6 250ppm 

Ni STS3, STS9, STS6 100 ppm 

Cu SOSl, SOS2 100 ppm 

Zn SOS2~STSS, STS9,STS6 soo ppm 

As sos~ STS8, STSJ, sTSS~ 30ppm 
STS9, STS7, STS6 

Ba all sites ex~t SOS2 soo ppm 
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PCBs, only the stream sediment sample STS3 (15.10 ppm) exceeds the criteria for Parkland 

I Residential areas (5 ppm) set fonh by the CCME (1991 ) . Another interesting observation 

was the extleme enrichment of metals in the tributary sediment sample STS9 that drains the 

bog (Figure 4 .2 .1). Either this area is anomalous compared to background conditions or 

there is an unidentified source of contamination in this area. 

Zn., Cr, F~03, Pb, As, MnO, and P 20, are the only chemical constituents that could 

not be explained by bedrock weathering and are enriched in Makinsons drainage basin 

sediments (Figure 4.2. 1 ). These elements and oxides may reflect contamination and poSSible 

sources I transport pathways will be discussed in section 4.3 . The presence of PCBs 

throughout the basin (Figure 4. 1.4) is direct evidence of contamination and poSSible sources 

and pathways will also be addressed in section 4.3. 

4.2.2 Surface Waters and Ground W aten 

Given that local bedrock accounts for most of the elements and oxides in the 

sedim~ the composition of the dissolved load may also reflect chemical weathering of 

bedrock. The lithology change from the St. John's Group shales to the Conception Group 

sand and siltstones (see Figure 2.1.1) may contn'bute to the decrease in conductivity, CL Na, 

etc. along the test sneam as it flows through the Makinsons drainage basin. The three surface 

water sample sites at the top of the basin are located on, or adjacent to, the St. John's Group 

and possess a significantly higher conductivity than the remaining samples on the Conception 

Group. Ground waters collected from the St. John' s Group are much more concentrated in 
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Na and Cl than surface waters and lower basin ground waters (Figures E.2 and E.J), and may 

represent dissolution of the St. John's shale. Drever (1988) maintains that waters draining 

shales often contain elevated concentrations of Cl and Na. In addition, the Piper diagram 

(Figure 4.1.9) indicates that lower basin ground waters contain less Cl than both upper basin 

ground waters and surW:e waters. 

Decomposition of organic material in soil typically consumes oxygen, and increases 

carbonic acid and natural organic acids (Gale et aL, 1984). However, in the Makinsons 

drainage basin, calcite and possibly dolomite most likely exist in sufficient quantity in the 

bedrock to consistently maintain the ground water pH above 6 and alkalinity typically above 

1 S ppm. Calcite may also react with the oxidation products of pyrite (FeSJ (Drever, 1988 

and Freeze and Cherry, 1979) which upon dissolution, could mimic the dissolution of gypsum 

There are no known gypsum deposits in this area (ICmg, pers. collllft. ). therefore the similarity 

of distnbution patterns observed for dissolved Ca and SO 4 (see group 1, Figure 4 . 1.1 0) may 

be due to pyrite and calcite reactions. 

Precipitation (wet and dry deposition) is a natural input to the geochemistry of the 

Makinsons drainage basin. Greater ion to chloride ratios in precipitation, relative to seawater, 

may be due to dissolution of mineral particles derived from soil or dust and I or anthropogenic 

contamination (Faure. 1991). In this study, ratios ofNa and Cl in the drainage basin and 

control stream sample correspond to natural marine input (Figure 4.2.2). The slight excess 

ofNa may be due to the dissolution of albite. F18Ufe 4.2.2 also displays other major ions (Ca. 

~and S04) versus CI concentration relative to ratios in seawater (Ca= 0.021; K= 0.021; 
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Figure 4.2.2 Ratio of sodium, calcium, potassium. and sulfate to chloride concentrations 
in the water samples coUected.. The solid lines represent the ratios in seawater 
and the dashed line is the average ratio in coastal rain water (Faure, 1991). 
Hollow squares are surface waters and solid squares are ground waters. 
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so.= 0.14) and the maximum enrichment factor (Ca= S. 7; K= 2.4; SO= 3.6) that is 

commonly detected in rainwater over coastal areas (Faure, 1991 ). Many of the samples 

( mcluding the control stream sample) are enriched in Ca relative to meteoric precipitation and 

dissolution of calcite, dolomite. anorthite, and apatite present in the basin (Hsu, 1972 and 

King. 1990), may be responsible. Potassilun appears to be depleted with respect to Cl (Figure 

4.2.2). Depletion of so. in some of the ground water samples may be the result of reduction 

to sulfide (Siegel et aL, 1991). Some of these samples did not contain any measurable oxygen 

and were probably collected from a reducing environment.. Previous workers (Ehlke, 1979 

and Mather et al., 1983) also detected lower concentrations of S04 in anoxic ground waters 

affected by landfill leachate. The abundance ofMg, N03 and HCO., in coastal ram varies 

irregularly (i.e. nonconservative behaviour) (Faure, 1991) and were excluded from this 

approach. 

The assessment of precipitation as a source of trace elements is less exact. Jamieson 

(1993) measured trace dement composition in wet deposition at the Salmonier Nature Park, 

30 km south of Makinsons (see Figure 1.1 ). The average concentration of each element 

(n=24) estimated from Jamieson (1993), was assumed to represent precipitation over 

Makinsons. This value was divided by the average concentration measured in the surface 

waters collected in the snmmer(IF9) and tall (n=l4), ground waters (n=l2), and the control 

stream (n=l). The percent contribution of precipitation to the dissolved load in the SUl"face 

and ground waters was estimated and listed in Table 4 .4 . This information was interpreted 

according to the criteria that if the concentration of trace metals in precipitation is 
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Comparison of surface and ground water chemistry with prectp1tation 
chemistry(Jamieson. 1993). The estimated contribution of precipitation(%) 
to each of the dissolved constituents in the drainage basin is included. 
Contributions less than I 00 % indicate additional processes to precipitation. 

Chemical Sur&.ce-Couttol Surfilcc-Fall Surface..Summc:r Gro~ 
CODStitueut (u=l) (u=14) (n=9) (u=12) 

Pb 521.3 94.6 33.9 22.0 
Cd 315.9 73.3 48.5 20.5 
Cu 274.0 90.6 53.5 30.3 
Sn 200.0 65.8 30.4 17.7 
Ni 12S.2 52.5 48.0 17.5 
Sb 115.2 39.8 35.2 13.6 
As 73.2 25.1 11.2 4.7 
Ti 20.9 14.3 6.2 3.1 
Rb 18.4 8.8 5.8 4.3 
Co 18.1 7.4 0.9 0.6 
I 15.0 7.1 3.3 2.2 
Sr 14.7 8.7 4.4 3.2 
Fe 11.5 5.4 o.s 1.0 
La 8. 1 2.1 0.9 0.4 
A1 4.8 4.4 4.1 0.2 
Ce 3.1 1.5 0.6 0.2 
Mn 2.0 0.8 0.1 0.1 
Ba 1.8 1.9 1.2 0.9 
Zn 1.5 1.3 0.7 o.s 
Si 0.4 0.4 0.4 0.2 
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approximately equal to (or greater than) the concentration in the water samples. there are no 

significant additional processes. In the control stream. precipitation appears to account for 

Pb, Cd, Cu. Sn. Ni, Sb, and As in the dissolved load. In the 14 surface water samples 

collected from the test stream in the &11, precipitation can account for Pb and Cu. Ground 

waters. and the suite of surface samples collected in the summer appear to be subject to 

additional influences. since precipitation does not contribute as significantly to their dissolved 

loads (Table 4.4). 

Redox conditions were considered as an additional natural influence affecting 

geochemistry of the Makinsons drainage basin. Redox conditions in the surface waters and 

ground waters were not measured but dissolved oxygen concentrations may provide insight 

into possible reducing or oxidizing conditions since reducing environments t~ to be 

relatively anoxic (Siegel et aL, 1991 }. The solubility of metals increases under reducing 

conditions and an increase in dissolution of precipitated species may occur (Siegel eta/. , 

1991 ). A one-tailed test of correlation coefficient (r ~ significance was performed to assess 

whether low dissolved oxygen concentrations in the ground water and surfiace water (fall} 

were correlated with increased dissolved load in the basin (the Spearman rank correlation 

matrices of the ground water and surfilce water chemistry data are included in Tables N. l and 

0.1 }. In the ground water data set, dissolved oxygen (02) is significantly (n= 12) correlated 

(mversely) with 16 ofthe 34 water chemistry parameters: Fe (0. 1}, Sr (0.1), Ti (0.1), As (1), 

Ba ( 1 ), Ca ( 1 ), Ce (1 ), Conductivity (1), Mg ( 1 ), Na ( 1 ), Cl (1 0}, Co ( 1 0), La ( 10 ), Alkalinity 

(10), Cs (10), and K (10). It should also be noted that only 6 parameters were directly 
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correlated with dissolved oxygen. In the fall surface water set, dissolved oxygen (02) is 

significantly (n=l4) correlated (mversely) with 10 of the 33 water chemistry parameters: Fe 

(10), Ce (10), C1 (10), La (10), Alkalinity (10), Cs (10), Al., (10), Rb (10), N03, and K (10). 

In the surface water data set, only 4 variables were directly correlated with dissolved oxygen. 

Therefore, the Spearman rank correlations lead suppon to the theory that reducing conditions 

may be present and enhancing mineral dissolution in the basin. Also, the greater number of 

inverse correlations in the ground water data set (compared with the surface water data set), 

correspond to typical conditions where ground waters are less oxidized than surface waters 

and tend to be a more reducing environment. 

Temporal variation in surtace waters may also influence mineral dissolution. Except 

for~ and so. concenuations are higher in surface water samples collected in August than 

those collected in November (see Figures G.1, G.2, G.J, and G.4). This pattern may be due 

to: 1) a decrease in solubility due to an increase in temperature, 2) less dilution of the stream 

water due to less precipitation (i.e. rain), 3) increased rock-water interaction, and 4) increased 

evaporation. Dissolved oxygen is expected to be lower in the summer due to increased 

biological demand (BOD) and the fact that gaseous solubility decreases with an increase in 

temperature. 

It was not poSSible to distinguish between natural and anthropogenic input to the 

surface waters and ground waters of the Malcinsons drainage basin. For example, enrichment 

of surface waters and ground waters, relative to seawater or precipitation. may be due to 

chemical weathering of bedrock, soil, or dust, as well as anthropogenic input. In fact, many 
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ofthe ion concentrations could be explained by natural marine output (see Figure 4 .2.2) or 

wet I dry deposition (see Table 4 .4). 

4.2.3 Biorecepton 

In order to determine the role that bioreceptors play in the attenuation and migration 

ofPCBs and heavy metals, it was first necessary to establish whether contamination was 

present inMercenaria mercenaria (clam) populations collected from the South River estuary. 

The rationale behind sampling these sedentary bivalves was that they are known to 

aca.amulate these contaminants even when ambient levels in water and sediments are below 

critical concentrations. 

Trace element concentrations in the S homogenized samples from this study are 

compared with average concentrations in M mercenaria along the Atlantic Coast of the US 

(Phillips, 1977 after Pringle et al., 1968). Clams collected from the South River estuary are 

comistently emiched relative to the Atlantic coast of the US. Common metals in both studies 

are listed with the enrichment factor in brackets: Cr (2.2), Co (1.8), Ni (3.3), Mn (3.2), Fe 

(11.2), Zn (1.6), Cd (2.5), Pb (1.42), and Cu (l.S). Additional elements are compared to 

typical values reported forM mercenaria in the literature (Eisler, 1981 ). These comparisons 

are less rigorous since contaminated or pristine sample locations were not distinguishect 

Elements and enrichment factors are as follows: Al (1.2), Sb (2), As (0.6), Ba (0.2), Bi 

(0.003h B (O.S), Cd (0.071 Ce (1.1), Cs (0.9), Hg (<0.07), Mo (O.S), Rb (1.2), Se (O.S), Ag 

(0.2h Sr(2.7), Sn (1.7), TI (1.4), and V (0.2). However, factors that were not accounted for 
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(i.e. ag~ sex, reproductive status), may be influencing the chemistry of the clam samples. 

The chemical analyses may also be biassed by environmental influences and individual 

clam size. Clams are filter feeders and obtain trace elements from food, solution, and the 

ingestion of inorganic particulate matter (Moore, 1971). Therefore, the physical 

characteristics of sediments from which the clams were collected may influence their 

chemistry. Since there is not a consensus in the literature between bivalve size and 

aconmdation of contamiMnts (Phillips, 1976a), the size of the clams collected in this study 

may influence the quantity of metals and PCBs accumulated. Concentrations of elements in 

clams that are significantly (n=S) correlated with sediment grain size are: P (10), S (10), Se 

(10), and I (10); based on a one-tailed test of correlation coefficient (rJ significance 

(Rollinson, 1993) (the Spearman rank correlation matrix of the sediment and soil data is 

included in Table P.l). AD correlations are inverse and suggest that conceutrations decrease 

with increases in% silt +clay. Sediment LOI is significantly correlated (mversely) with only 

Cu (10~ Mo (10), and Ag (10). Due to these funited condations, the physical characteristics 

of the sediments appear to be independent of clam chemistry. Most elements display peak 

concentrations in sample El4 (FtgUR 4.1.12); the sample containing individuals with the least 

mean dry tissue weight. Average shell length and average dry tissue weight are expected to 

be highly correlated (r3= 1.000). Average shell length is significantly correlated with LL AI., 

TL V, Cr, ~Fe, Zn, Sr, Cd, Cs, B, Ce, Pb, U, Si, Co, Rb, and La. Average dry tissue 

weight is significantly correlated with Li, AI., T~ V, Cr, Mn, Fe, Zn, Sr, Cd, Cs, Ba, C~ Pb, 

U, S~ Co, Rb, La. Therefore, individuals of smaller weight and length appear to contain 
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higher concentrations of the above elements. Based on these results, individual clam size 

appears to imroduce the most bias into the data set and influence the concentrations of many 

of the heavy metals. In this study, the size of M mercenaria is inversely related to metal 

concentrations and corresponds with Phillips (1976a, 1976b) who found that smaller and 

lighter individuals were found to contain signific:antly higher concentrations of heavy metals. 

Clam samples (Mercenaria mercenaria) were collected for PCB analysis at the same 

five sites but PCBs were not present ~ 0.05 ppm (wet weight). This is a significant discovery 

since bivalves are sedentary and known to bioaccumuJate contaminants by extremely high 

factors (Farrington et al., 1983). In a si011lar stUdy, Shaw and Connell (1980), detected PCB 

concentrations in nu1ssds (Mytilus corscus) that were up to S times the concentration found 

in estuary sediments. 

4.3 Transport of PCBs and Huvy Metals iD the Makin sons Study Area 

Prior to this study, detailed work by FFCIBEAK ( 1992d') identified the salvage yard

bog area as a source ofPCB contamiuation in tbe Makinsons drainage basin. In additio~ the 

results of their reconnaisance work within the basin suggest that PCBs have been migrating 

from the salvage yard-bog area into the downstream ecosystem for a significant period of 

time. Therefore, the purpose of this study was to provide a more detailed investigation to 

determine how the PCBs, as wen as heavy metals, are distributed in the downstream basin and 

whether they are available to bioreceptors in the South River estuary. 

One of the main objectives of this study was to identify the roles that surface waters 
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and ground waters, sediments within the stream and estuary, and other bioreceptors, play in 

the attenuation and migration of PCB and heavy metal releases. These roles are considered 

as major or minor pathways, and I or major I minor receptors. PCBs can migrate along 

atmospheric, ground water, and surface water pathways, yet surface waters with their greater 

load of negatively charged suspended and particulate matter, are asSJ•med to be the main 

mode ofPCB transpon within aquatic environments (Dexter and Pavlo~ 1978). One of the 

purposes of this study was to assess if this dominant mode of transpon was operating in the 

Makinsons drainage ~ or whether there was evidence of the lesser suspected atmospheric 

I ground water pathways. 

Given that PCBs are considered relatively insoluble in natural waters (Abarnou et al., 

1987), the salvage yard is considered to behave as a continuous source of contamination to 

the Ma.kinsons drainage basin. Additional support is that the majority ofPCBs released to 

the environment are proposed to be adsorbed on fine grain sediments near their point of 

release (Nisbet and Sarofim, 1972). If the salvage yard is behaving as a continuous source 

of contamination to the drainage basin, one should observe increases in contaminants in 

stream sediments sampled immediately downstream. Stream sediments enriched in metals 

would suggest adsorption on material carried into the stream by surface runoff from the 

salvage yard. Roberts et aL (1982). investigating a PCB spill in Saskatch~ concluded 

that transport on particles in runoff was the most significant mechanism for migration. 

The spatial disttibution of PCBs in the stream sediments and soils implicate the 

salvage yard as a source to the downstream basin. Three patterns were observed to support 
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this conclusion: /) an increase in concentration in the stream sediment sample (STS3) 

immediately downstream from the salvage yar~ 2) lower concentrations in the 2 upper basin 

soil samples, compared with the stream sediment sample STS3 (located 150 m further 

downstream from salvage~ and 3) concentration peaks at sites STSS and I or STS6 (see 

Figure 4. 1.4). These 3 patterns can be explained as surf3ce runoff carrying contaminated 

sediments from a somce into adjacent streams or ditches (Chou and Griffin. 1984 and Roberts 

et al, 1982). Stream sediments immediately downstream from the salvage yard (site STSJ) 

are expected to contain high concentrations of contaminants due to proximity to the source 

(i.e minimal dilution with uncontaminated sediments). The highest concentration ofPCBs 

detected in this study ( 1 S .1 0 ppm at STS3)~ appears to be related to proximity and is not 

influenced by grain size or organic content (silt+ clay= 8.7% and LOI= 11.9 %). Lower 

ooncemrations in the 2 upper basin soil samples (compared with the stream sediment sample 

STS3), confirms the importance of stream suspended matter, versus ground water percolating 

through soils which contain little or no suspended material (Fetter, 1993). The influence of 

grain size and organic content on stream sediment chemistry, however~ is evident at sites 

STSS and STS6 which have very high silt + clay fractions (89. 7 and 94.2 % ), substantial LOI 

(67.1 and 42.0 %), and high PCB cowations (1.89 and 3.54 ppm) (see Figure 4. 1.4). The 

3 relative distnbution patterns of PCBs in this study, correspond to results from Law et al. 

(1990) who investigated the distnbution ofPCBs in 11 sediment samples downstream from 

a contaminated industrial site in the UK. They too, detected a progressive decrease of PCBs 

in sediments downstream from a source with a slight increase further downstream where fine 
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sediments were accumulating. 

The numerical simulation of surfilce water I ground water interaction in Chapter 2.3 

was intended to determine the influence of physical hydrogeology on contaminant migration 

in the Makinsons drainage basin. Beneath the salvage yard. the equipotential surface of the 

aquifer is east-dipping, west of the stream and west.mpping, east of the stream. Therefore, 

ground water flow is cbannelled towards the valley where the stream runs and would appear 

to limit any significant lateral dispersion of contaminants from the salvage yard. In this study, 

PCBs were detected in 3 of the 4 shallow soils samples and this may be evidence that some 

transport ofPCBs is occurring by subsurface processes. Nevertheless, the aquifer appears 

to be consistently discharging to the stream, and any quantity of PCBs reaching the 

aquifer should remain near the surface and not be transported deep into the ground water 

system. Therefo~ the vertical dispersion of PCBs in the aquifer would also appear to be 

limited and any ground water migration of PCBs would be quickly directed towards the 

stream 

The detection of PCBs in shallow soil samples suggest that ground waters may be 

playing a role in their migration. However, the results of the numerical simulation indicate 

that any contaminants reaching the aquifer would be channelled towards the test stream. 

Therefore .. the numerical simulation supports the hypothesis that the test stream plays the 

dominant role in the transport ofPCBs in the Malcinsons drainage basin. The equipotential 

surface of the aquifer roughly reflects the surta.ce topography which is considered to be the 

major factor controlling surf4ce hydrology in the basin. During periods of increased 
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precipitation. surface releases ofPCBs in the salvage yard would be transported by surface 

runoff: also flowing towards the test stream. However, surface runoff is not expected to 

contain relatively large amounts ofPCBs unless PCBs are transported on suspended particles 

(Roberts et al., 1982). 

PCBs were unexpectedly detected in two tnbutaries of the test stream- STS9 ( 1.22 

ppm) and STS13 (0.05 ppm) (see Figure 4.1.4). According to the numerical simulation in 

Chapter 2.3, these locations are upgradient from tlow that would originate from the salvage 

yard and suggest an additional source of PCB contamination. The presence of PCBs in test 

stream sediment sample STS1 (1.82 ppm) and in the soil sample SOS3 (1.20 ppm) (both 

located upgradient from the stream), also suggest an additional source (see Figure 4.1.4). 

The most likely additional source ofPCB contamination is the oiling of roads to control dust 

before they were paved. Several local residents of Malcinsons have confirmed this and 

apparently the owners of the salvage yard did in fact use transformer oil for dust control in 

the 1950s and 60s. Trace levels ofPCBs (0.06 ppm) were detected in tidal marsh samples 

(ESO 1 and ES02) from South River (see Figure 4 .1. 4), and in the top SO mm of sediment 

cores (0.02 ppm-0.50 ppm) (see Figure 4.1 .5). The source of PCBs to the South River 

estuaty may be transport from the salvage yard, but is more likely the oil that was used on the 

nearby roadways. Based on the numerical simulation in Chapter 2.3, any PCB contamination 

resulting from the oiling of the roadways would also be channelled towards the stream. 

Heavy metals are also relatively insoluble in natural waters (Sholkovitz, 1976) and 

their attem aation and migration in the environment is believed to correspond closely with that 
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of PCBs. Their main mode of transport is believed to be surface waters with their greater 

load of negatively charged suspended and particulate matter. In the Makinsons drainage 

basin, a group of elements were found to display chemical behaviour that corresponded 

closely with PCBs: Cr, Ni, As, MnO, Ba. F~03, V, and Cl (see group 4, in Figure 4.1.3). 

The chemical behaviour of these elements illustrates the three relative distribution patterns 

previously described with respect to PCBs. Given the fact that these elements display similar 

distnbution patterns to PCBs, they may be transported by the same processes. 

However, according to their EF (see Figure 4.2.1}, only Cr, F~03, As, and MnO are 

enriched relative to the Earth's crust. The Al20 3 ratios provide the best support of 

enrichment, therefore the salvage yard is strongly suspected as a source of Cr, F~03, As, 

MnO, and probably Pb. Pb is added to this group since its EF pattern (see Figure 4.2.1) 

indicates a peak downstream from the salvage yard. This investigation appears to provide 

evidence that Cr, F~O; ~ MnO, and Pb, are originating from the same source (i.e. salvage 

yard). This group of metals display simiJar chemical behaviour as PCBs (synthetic 

contaminant) and also are detected above background variation in the Makinsons drainage 

basin. 

One of the goals of this study was to describe relationships betWeen PCBs and heavy 

metals in order to possibly predict PCB behaviour based on associated metal contamination. 

In order to achieve this objective, relationships and statistical correlations between PCBs and 

heavy metals were carefully documented. Sediment I soil variables significantly (n=l2) 

correlated (directly) with PCB are: Ni(l), Cr{l), Pb (10), Cu (10), Zn (10), As (10), Y (10), 
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CaO (10), Cl (10), S (10), and Ce (10); based on a one-tailed test of correlation coefficient 

(r,s) significance (Rollinson, 1993). The observed patterns, as well as the Spearman rank 

correlations., suggest that Cr is the heavy metal most indicative of PCB contamination in the 

Makinsons drainage basin. 

Due to limited vertical and areal sampling in this study, it was not possible to define 

a plume of dissolved metals down gradient from the salvage yard-bog area since one could 

not be sure if the increase in dissolved metals was due to the leaching of scrap metal, septic 

influence, or dissolution of the metal-rich St. John's shale. It should also be noted that this 

study staned ±150m (upstream/downstream) from the salvage yard. Even so, the relatively 

neutral pH conditions would seem to prevent significant dissolution of metals. Unless strong 

leaching agents are present in sufficient quantities. the solubility of heavy metals is low and 

they will tend to precipitate or adsorb on sediments for a considerable period of time 

(Ramamoorthy and Rust, 1978). Even if metals were leached within the salvage yard. most 

of them would be likely adsorbed or precipitated before they could be transported outside of 

the yard (Mantei and Coonrod, 1989; Mather eta£, 1983; and Spoljaric and Crawford, 1979). 

There is, however, a group of metals that display peak concenttations in the surface water 

sample (S1W2) immediately downstream from the salvage yard-bog area: Cu, Ce, Co, Pb, 

S~ N~ Sb, Rb, and AI (see Cu in Figure 4 .1.10). Several of these metals have been 

previously associated with similar industrial dumping practices.. Mather et al (1983), 

investigating landfill contamination in the ~ discover-ed slight increases in Pb, Cu, and Ni 

in landfill leachate. Based on a study that included 6 surface and 8 ground water samples, 
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Ehlke ( 1979) suspected Pb as a contaminant originating from landfills. Borden and 

Yanoschak (1990) also associated Pb with contamination from industrial-related landfills. 

However, these metals (Cu. Ce. Co, Pb, Sn. N'1, Sb, Rb, and AI) are considered unlikely to 

represern a dissolved plume in the ground water, since their concentrations are greater in the 

ground water samples collected more than 2 km downstream from the salvage yard, than in 

the grotm.d water samples collected immediately downstream from the salvage yard. Based 

on the above eWience, the contribution of the salvage yard to the dissolved metal load in the 

Makinsons drainage basin, is considered minimal. 

Septic effluent is probably an additional source of contamination in the Makinsons 

drainage basin. Unfortunately, the exact locations of individual septic system releases in the 

Malcinsons drainage basin was not able to be determined. However, the piezometers located 

near the top of the basin are suspected of having been pla.ced in an area of septic eftluent due 

to the characteristic odour detected during installation. This theory is further supported by 

the extremely low dissolved oxygen cooce:mrations in the 6 ground water samples (SOW! to 

SOW6) and tbe surfdce water sample (STW2) collected from this site (see Figure E.1). Since 

microbial activity associated with septic efBuent consumes dissolved oxygen (Alhajjar et al, 

1990; Cantor and Knox, 1985; and Robertson et al, 1991), the septic effluent may be 

creating a reducing environment and increasing ion solubility. Another factor to consider is 

that the efflue:at itself is contributing to the increased dissolved load in the upper basin ground 

waters. 

Considering the time frame of activity in the salvage yard (approximately 25-30 years), 
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it is clear that PCBs have been released to the downstream ecosystem for a significant period 

of time. This study intended to determine whether PCBs and heavy metals are available to 

bioreceptors (Mercenarla mercenaria) in the South River estuary. The salinity 

determinations in Figure C. l were intended to address the issue that increases in salinity is 

known to reduce concentrations of dissolved and partic:ulate phase PCBs in estuarine waters 

(Larimer, 1989). The bioreceptor sampling program in South River were intended to span 

the area where fresh and salt waters mix. This area of mixing displayed seasonal variation but 

generally occurred south of the sample sites. Fe. Mn. Cr, Cd, and Pb are all suspected 

contaminant~ in the Makinsons drainage basin and are believed to be migrating downstream 

adsorbed on suspended sediments in the stream. Except for Pb, all the metals are enrichec:L 

by a fActor of at least 2., relative to average concentrations in M mercenaria along the 

Atlantic coast of the US (Phillips, 1977 after Pringle et al, 1968). Based on these results., it 

appears poSSible that these metals adsorbed on particulate matter may have been transported 

from the salvage yard and then deposited and subsequently made available to the bivalve 

bioreceptors. However, PCBs were not detected in these bioreceptors from the South River 

estuary. Therefore, PCBs originating from the salvage yard and adsorbed on suspended 

material, are either being deposited closer to the salvage yard or are being diluted in the South 

River estuary by uncontaminated suspended matter. Both theories may be possible, but the 

filet remains that significant quantities ofPCBs are most likely not available to these relatively 

immobile bioreceptors in the South River estuary. 



Chapter 5. CONCLUSIONS AND RECOMMENDATIONS 

The first objective of this study was to dctcrm.ine bow PCBs and heavy metals are 

diso:ibur.c:d in the surface waters~ ground waters. sediments within the stream and estuary, 

and other ecosystem recqxors. Based on the these spatial distribution patterns, sources 

md padlways of cooramjnation in the Makinsons drainage basin were identified. Within 

stteam sMimcnrs in chc M.akinsoos drainage ~ the relative distribution patterns of Cr, 

Ni, As, MnO, Ba, Fez03, V, a, and Pb correspond to PCBs. Based on enrichment 

factors however, only Cr, MnO, f~~. As., and Pb (as well as PCB) are enriched, relative 

to background (i.e. narural input) levels, and are conclusive of contamination (i.e. 

anthropogenic input). These metals are suspected of originating from me same source as 

PCBs. The major pathway of contamination in this study, is believed to be surface runoff 

carrying contaminam adsorbed on scd.imemary and particul.arc matter from the salvage 

yard to the stream. However, PCBs were UDexpectedly detected in locations upgradient 

from the salvage yard suggesting an additional source of PCB contamination. This 

additional source may be related to the oiling of roads to comrol dust before they were 

paved. 

The salvage yard does not appear to significantly influence the surface water and 

ground water cbcmisny of the Makinsoos dr3iDage basin. Due to limited vertical and areal 

sampliDg of ground warers in tbis study, it was not posstble to define a plume of dissolved 

metals down gradient from the salvage yard-bog area since one could not be ce.rtain if the 

increase in dissolved metals was due to the leaching of scrap metal, septic eftluent, or 
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dissolution of rhe metal-rich St. John's shale. Even so, the relatively ncuttal pH levels 

detected in drainage basin ground waters, would limit the solubility and subsequent 

mobilization of heavy metals. Septic effluent is suspected as an additional source of 

contamination to surface wcuers and ground waters in tbe Makinsons drainage basin. 

Dissolved oxygen consumption associated with septic eftluem may be creating a reducing 

environment and increasing ion solubility, or the emuem itself is conmouting to the higher 

conductivity in the upper basin ground waters. 

Fe. Ni, ~Cr. and Pb are included in the group of metals suspected of being 

adsorbed on saeam. su.c;pended mattt:r and migrating from the salvage yard. Except for Pb. 

their concentrations in M. mercenaria collected from South River, are enriched (by a 

factor of at least 2), relative to average concentrations in M. mercenaria collected along 

tbe Adanric: coast of tbe US. Therefore, these metals may have been transported from the 

salvage yard to the South River esnwy, and subsequendy made available to the bivalve 

bioreceptors. PCBs however, were not present ~ O.OS ppm (wet weight) in samples 

coUectcd from these same locations in South River. Because these bivalves are sedentary 

and are known to bioaccnmulalc contaminants by extremely high factors. significant 

quantities of PCBs are most likely not migrating this far from the salvage yard. 

There bas been considerable public concern over the dumping of PCB oils at the 

salvage yard in Malcimc:Jm over the last 30-40 years. Since the salvage yard was opened, 

oily sheens. suspected of originating from transformers, have been observed by local 
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residerus throughout drainage basin surface waters. There have also been complaints of 

skin irritation during harvesting of bay at the exact location where the piezometers are 

installed ncar the top of the drainage basin.. Residcms suspected that PCB-conramjnatcd 

dust derived from the salvage yard was being carried downwind. More recently, several 

drinking water wells had to be abandoned because of PCB contamination. Considering 

these public concerns, as well as PCB concentrations of up to 470 ppm in salvage yard 

soils. tbe results of tbis SIUdy do oct indicate extensive migration of PCBs from the salvage 

yard. as one would have expected. 

Due to incomplete records by me salvage yard owners, it is not possible to perform 

mass balance calculations on PCBs in tbe Makinsom drainage basin. However. PCBs have 

been detected in stream sediments and soils from the drainage bas~ and traceS have been 

detected in the upper reaches of tbe South River estUary. It is difficult to estimate tbe 

amount of PCBs that may have been transported by suspended material into Conception 

Bay, or volatilized from the salvage yard into tbe aonospbere. Due to low aqueous 

solubility of PCBs and their tendency to bind to negatively charged sediments I soils, a 

significant portion of me original mass of PCBs probably remained in tbe salvage yard and 

was n:cently removed under me National Contaminated Sites Remediation Program 

(NCSRP). Therefore, the input of PCBs to the marine environment (Conception Bay) is 

most likely negligible. 

Upon conclusion of this study, there are two main recommendations for fumre 



-120-

efforts in lbe Makinsons drainage basin. First of all. additional remediation work should 

coocemrate on removing fine grained sediments from areas of deposition along the test 

stream. lbe high correlations between PCB concentrations and the silt +clay fraction in 

die stream sediments. suggests that these areas are enriched in PCBs. and if disturbed in 

tbc future, may act as a source of contamination to the downstream environment. Since 

loog term exposure to low levels of PCBs may be unsafe, future effons should concentrate 

on removing these areas of contamination downstream from the salvage yard. Secondly. 

an array of multi-level piezometers down gradient from the salvage yard. would provide 

the vertical and areal sampling resolution necessary to delineate a possible plume of 

dissolved rnmts originating from dle salvage yard. Unfortunately in this study. the exact 

sources (i.e. salvage yard. septic eftlueut. etc.) of 11')C"t31s in the drainage basin waters were 

not able to be distinguisbed. An array of multi level piezometers would definitely belp 

alleviate the uncertainty. 

Since anecdotal evidence (i.e. oiling of roads) from local residents assisted in 

arriving at conclusions in tbis study, extensive interviews, especially with the elder 

residems of Makinsons. would be imp:>tWJl in discovering the extent of handling of PCB

cxcuaminam:t oils throughout the community. This could help to determine if additional 

locations were used to dispose of PCB contaminated oils, especially during early salvage 

yard operations. Fmally. I would recommend similar holistic studies into the distribution 

of PCBs and heavy metals in surface waters and ground waters. stream sedimentS, and 
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ecosystem receptors, downstream from any uncontrolled landfill known to contain PCB-

cooramjnared waste. 
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APPENDIX A 

meta ortho ortho meta 

para para 

meta ortho ortho meta 

Figure A.l Structure of a biphenyl molecule indicating the positions (i.e. onho. para. 
and meta) where chlorine substitution is possible. 



Table 8 .1 Sampling Matrix. 
Sample Sample Date( a) Grain Sample Site 
Site 10 T¥£1 Collected Size LOI XRF PCB AA IC ICP-MS 02 ALK Description 
MtkJnaona Buill 
SlWI surf. water 28-Aug X X X X X samples collected in ditch next to road 

16.Nov X X X X X upstream from salvage yard. 
STS1 aedlment 28-Aua X X X X 
S1W2 surf. water 16.Nov X X X X X sample collected approx. 175 m downstream 

from aalvaao ~ard. 
SOW I a. water 16-Nov X X X X X sam2tc collected from Eiezomcter I. 
SOW2 a. water 16-Nov X X X X X sam21c collected from ~jozometer 2. 
SOW3 I· water 16-Nov X X X X X samfiC collected from fioZOmetcr ) , 
SOW4 I· Wllor 16-Nov X X X X X sam21c collected from Eiezometer 4. 
sows I· water 16-Nov X X X X X sam21o collected from flczometer S. 
SOW6 I· water 16-Nov X X X X X aamete collected from fiezometer 6. I -SOSI toil 28-Aua X X X sample between piczometcra 1 1o 3 w 

w 

(12fl0ll. 30 em. d~~· 
I 

SOS2 aoll 28-Aug X X X sample between plczometen 4 to 6 
~·eerol . 30 em. d~~· 

SlWJ 11urf. water 28-Aua X X X X X 11amptes collected In teat atrcun; approx. ")() m 
17-Nov X X X X X downtlream from aalvaae yard. 

STS3 sediment 28-Aua X X X X 
SSI bedrock 28-Aul X X 1reen aillatone bedrock ~Conc!2Uon Orouf~· 
S1W4 awf. water 17-Nov X X X X X samelc collected downttream of culveru ~< 2 m~. 
STS4 sediment 28-Aul X X X X sametc collected at rink. 
S1W5 surf. water 28-Aua X X X X X samples collected lOOm downstream from rink. 

17-Nov X X X X X 
STSS sediment 28-Aua X X X X sam2lc collected SO m Uf!lream &om lmall f!lll· 
S1W6 swf. water 17-Nov X X X X X samflea collected in small f!llt. 



·' 

Table 8.1 cont. .. 

Sample Sample Date( a) OraJn Sample Site 
Site ID TD: Collected Size LOI XRP PCB AA IC ICP-MS 02 ALK Descrietion 
STS6 sediment 28-Aul X X X X wnetes collected in small e"l· 
STW7 surf. water 17-Nov X X X X X samples collected in small tributary draining an 
STS7 sediment 28-Aua X X X undcvclo~ 1!2rtion of the draila1c basin. 
STW8 1urf. water 17-Nov X X X X X samples collected lOOm downstream from 
STS8 sediment 28-Au1 X X amallaulll. 
STW9 surf. water 28-Aua X X X X X samples collected in small tributary drainins a 

17-Nov X X X X X boa located next to a roadway. 
STS9 ICdimcnt 28-Aul X X X X 
STWIO su.rf. water 28-Aug X X X X X samples collected in an era with four car 

17-Nov X X X X X wrcc:b nearbl. 
STSIO acdimeat 28-Aul X X X X samele collected in stream ~next to horae l!!hn~. 
STWII au.rf. water 28-Aua X X X X X samples collected in stream approll. 200 m 

16-Nov X X X X X UJ!Itleam fiom South IUver ~also a hone J!Uiure~. 
I -~ 

SOW7 I· water 16-Nov X X X X X lamfiC collected fiom eiczomcler 7. t 
sows I· water 16-Nov X X X X X samelc collected from eiczomcler 8. 
SOW9 I· water 16-Nov X X X X X wnele collected from f!iczomcler 9. 
SOWlO I· water 16-Nov X X X X X SlmfiC collected from eiezomcter 10, 
SOW II I· water 16-Nov X X X X X wn2lc collected fiom 2iezomcter II . 
SOWI2 I· water 16-Nov X X X X X •amelc collected from eiezometer 12. 
SOS3 soil 28-Aua X X X X sample between piezometm 7 

to 9 ~al!rox. 30 em deepl. 
SOS4 soil 28-Aua X X X X I ample between piezometen I 0 

to 12 ~1f2101l. 30 em deep). 
STWI2 au.rf. water 28-Aua X X X X X sample collected juat before main course joinJ 

16-Nov X X X X X a ditch near the bottom of the buin. 
S1Wl3 au.rf. water 28-Aua X X X X X samples collected in amall ditch near bonom 

16-Nov X X X X X ofbuin. 
STSlJ acdlment 21-Aul X X X X 



.. • 

Table 8.1 cont. .. 

Sample Sample Datc(s) Orain Sample Silc 
Site ID Type Collected Size LOI XRF PCB M JC ICP-MS 02 ALK Oescri~tlon 
STWI4 surf. water 23-Mar X X X X X sample collected 10m upstream from South River. 

28-Aua X X X X X 
16-Nov X X X X X 

Control Basin 
CSI surf. water 16-Nov X X X X X samples collected in controlatream (approx. 10m 
SCSI sediment 28-Aua X X X X u~strcam from South River~. 

SCS2 acdimeot 28-Aua X X X X aam2lc collected in cootrolatroun. 
SOC I aoll 28-Aul X control stream bol sample. 
Soutb River 
ESOI sediment 28-Au1 X tidal marsh aam21c collected in South River. 
ES02 sediment 28-Aua X tidal marsh aam2le collected in South River. 
E2 core April94 X sediment core collected from South River. 

I 

E4 core April94 X X X sediment core collected from South River. -w 
E8 core Apri194 X top I 00 mm of core analyzed for total PCB content. "" t 

clam 17-Aul X X and homoacruzed clam aamele. 
E9 core ~ril94 X sediment core collected from South River. 
Ell clam 17-Au1 X X homoaenized clam aunelo. 
Ell core A2rit94 X . toe I 00 mm of core anallzcd for total PCB content. 
E14 clam 17-Aul X X homoaenlzed clam sample. 
E16 clam 17-Aul X X homo.cnlzed clam aunelo. 
E18 core April94 X top 100 mm of core analyzed for total PCB content. 

clam 17-Au1 X X and homoaenlzed clam aamele. 
SHI bedrock 28-Au1 X X blac:k shale ~St. John's Oroue~· 
SS2 bedrock 28-Au1 X X red alllstono bedrock ~CobCeption Orou~!· 
E22 core April94 X toE 100 mm of core anal~zed for total PCB content. 
E25 coro A1!!!194 X t~ I 00 mm of core anal~zcd for total PCB content. 
E27 core AEril94 X toE I 00 nun of core aoaJlzecl for total PCB content 
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APPENDIXC 

Salinity Determination Equations. 

The following procedure for determining salinity is outlined by Cox et al. (1967): 

1. ~ = C,. .s I C,. .lS 

2. C,..s (mmho/cm)= measured conductivity at in situ temperature (T}. 

3. C,..lS = 29.03916(1.0+0.0297l7T +0.000l5551T2 +0.000000789T3
). 

6. 6 15 = 10-~<Rt-l.O)(T-15)[96.7-72.0~+37.3~2-(0.63+0.21~ ~(T-IS)] . 

8. Salinity (~) =~.08996+ 28.29720Ru + 12.80832Ru 210.6789Ru 3 + 
0.98624Ru 4-1.32311Ru5

• 
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APPENDIXC 

N AJJSUSt 28194 (Low Tide) Novembu 17194 (Low Tide) 

lCXX)m 

Figure C.l Salinity Variation (%o) in the South River Estuary (1994). 



APPENDIX D 
Table D. I Sediment and Soil Chemistry Data. 

Sample Date Elevation ~itude Latitude Orainsiz.e LOI Na20 MgO AJ203 
sametc Description l:te! 11R1Picd ~m~ ~u 'M~ ~UTM~ Sheen ~'Y· <63mm~ ('Y·~ ~wt "·~ ~wt%~ ~wt "·~ 
M080201 SOS2 soil 28-Aug 55 281045 5261050 no NA 78.59 0.38 0.74 87.90 
M0802lF SCS2 sediment 28-Aug 0 281990 5263150 no 1.7 2.30 2.35 2.65 17.00 
M08022B STS8 sediment 28-Aug IS 281900 5262530 no NA 61 .83 0.86 0.94 39.65 
M08023Y SOS4 soil 28-Aug s 282090 S2629SO no 15.6 6.40 2.09 1.79 15.70 
M08024V STSil sediment 28-Aug 0 282110 5263165 yes 15.1 6.70 2.51 1.83 15.17 
M08025S STS4 sediment 28-Aug 30 281485 5261765 yes 26.5 12.20 2.06 1.63 16.98 
M08026P SOSI soil 28-Aug ss 281035 5261050 no NA 50.85 1.74 1.63 22.40 
M08027L STSJ sediment 21-Aug so 281245 5261280 no 8.7 11.92 1.98 1.53 12.37 
M080211 SCSI sediment 28-Aug 0 282010 5263220 no 0.9 1.32 2.46 2.39 16.09 
M08029F SOS3 soil 28-Aug 5 282105 5262950 no 26.7 12.05 2.46 1.34 16.43 
M080310 STSS sediment 21·AU8 IS 2811)5 5262420 yes 89.7 67.06 1.16 0.87 14.87 
M08032Y STS9 sediment 28-Aus IS 2819.50 5262575 85.9 44.17 0.15 0.71 7.05 

I 
yes -M08033Q STSI sediment 28·Aug 70 28084S S260800 97.7 11 .28 2.2S 1.92 16.00 

w 
yes \() 

M08034J STS7 aedlment 28·Aug IS 281865 5262470 2.5 10.94 2.40 1.54 14.20 
I 

no 
M08035B STS6 sediment 28-Aug IS 281855 5262430 yes 94.2 41.95 1.15 1.00 16.94 
M08036T STSI9 sediment 21·Aug 10 282070 5262760 yes 11.9 11.05 2.26 1.75 14.50 
M08037L SS2 bedrock 28·Aug 10 283450 5263940 0 NA 0.73 2.38 3.64 16.90 
M08038D sst bedrock 28-Aug 20 282025 5262535 no NA 0.68 2.86 2.03 14.78 
M08039V SHI bedrock 28·Aug 45 282205 5263905 no NA 1.35 2.33 3.20 16.87 
PCB 13SED ES01 sediment 21-Aug 0 282070 5263290 yes NA NA NA NA NA 
PCB 14SED ES02 sediment 28-Aug 0 282045 5263280 yes NA NA NA NA NA 
PCB 17SBD SOC I soil 28·Aug 0 281980 5263180 yes NA NA NA NA NA 



APPENDIX D 
Table D. I cont ... 

8102 P20S s Cl KlO CaO Sc Ti02 v Cr MnO Fe203T Ni Cu 
Desaiflon (WI%! ~WI IY•! (ppm) (ppm! ~WI ty,) ~wt lYe) (ppm! ~wt 'Ye) ~m) !ffm) (wt 41ft) ~wt "•! !ffm) !i.£m) 
SOS2 17.30 1.00 S008 39 O.S3 1.28 33 0.33 36 235 0.09 1.38 87 183 
SCS2 62.72 0.09 390 54 2.84 0.35 17 0.82 102 113 0.14 7.04 36 8 
STSI 42.01 0.41 .Sill 373 0.98 1.08 14 0.52 68 165 2.75 12.93 62 47 
SOS4 .S9.6.S 0.13 SS3 9S 2.53 0.31 14 0.72 86 liS 2.24 9.22 39 13 
STSI3 65.01 O.IS 906 174 2.47 0.60 18 0.71 76 124 0.37 7.44 36 18 
STS4 63.47 0.16 671 146 2.34 0.40 12 0.88 96 108 0.20 8.05 32 II 
SOSI 61.66 l.I.S 3292 IS 2.62 0.88 47 0.96 103 2S7 O.IS 4.39 72 133 
STS3 53.26 0.21 992 347 2.20 0.67 13 0.68 97 346 1.34 23.73 116 42 
SCSI 62.67 0.11 194 62 3.00 O.S6 12 0.73 87 79 0.26 6.19 21 II 
SOSl 64.30 0.18 619 127 1.94 O.S9 16 0.73 84 144 1.06 7.01 4S 17 
STSS Sl.ll O.S4 47S4 124 1.38 0.74 IS 0.76 96 234 6.36 17.54 96 60 
STS9 33.41 0.36 3121 672 0.86 2.39 < 9 0.44 67 283 15.42 36.07 liS 47 I 

STSI 61.94 0.18 1212 IS3 2.63 0.81 IS 0.87 91 160 0.14 7.37 54 48 -
~ STS7 60.05 0.11 662 127 1.98 0.67 13 0.6S 80 146 3.09 9.S6 ss IS 

STS6 62.89 0.42 4334 Ill 1.38 0.82 21 0.78 98 318 0.78 10.49 Ill 40 
STSI9 61 .42 0.14 1346 119 2.29 0.63 13 0.66 II 167 0.46 9.34 ss 17 
SS2 62.11 0.06 24 64 3.82 0.81 15 0.76 93 33 0.18 7.37 16 II 
SSt 62.S7 o.os 30 66 2.87 0.76 10 0.62 68 26 0.15 5.S4 II 12 
SHI 60.10 0.13 2921 73 2.92 0.64 16 0.73 121 68 0.12 7.87 23 30 
ESOI NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
ES02 NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
SOC I NA NA NA NA NA NA NA NA NA NA NA NA NA NA 



APPENDIX D 
Table D.l cont. .. 

Zn Oa As Rb Sr y Zr Nb Ba Ce Pb Th u PCB 
Oescrlftion (ppml ~m) (ppm~ ~m) ~eml ~ml (ppm) (ppm) ~em> ~em> ~em> (ppm) ~f!!!) U!em> 
SOS2 1627 22 63 27.4 89.4 214.5 119.1 8.5 220 6ll 85 IS 11 1.23 
SCS2 88 21 14 94.2 105.2 28.6 247.9 16.6 532 73 12 10 <3 < O.OS 
STS8 419 18 142 43.8 92.2 67.9 IS4.0 11.4 562 32S 76 6 <3 NA 
SOS4 94 18 53 90.5 95.7 30.2 260.8 16.6 737 107 18 8 <3 < 0.05 
STSI3 130 18 < 14 84.2 116.3 30.8 2Sl .6 15.6 586 47 27 7 < 3 o.os 
STS4 80 21 18 89.4 88.2 28.4 277.6 18.8 544 43 20 10 < 3 < 0.05 
SOSI 178 24 28 96.0 120.4 119.4 342.7 24.7 631 sso lOS 22 11 0.09 
STS3 213 18 252 74.7 89.4 34.7 199.1 I S. l 766 187 61 1 < 3 15.10 
SCSI 82 20 < 14 93.8 108.7 29.7 246.7 13.4 609 67 9 8 < 3 < 0.05 
SOS3 93 20 34 77.0 107.3 30.9 256.9 18.0 544 209 34 9 <3 1.20 
STSS 744 II 181 59.5 96.4 65.5 215.0 15.6 988 390 84 8 5 1.89 I 

STS9 lOIS 8 218 38.5 149.7 42.6 121.3 9.S 178S 203 so < 3 < 3 1.22 -~ 
STSl 379 21 < 14 94.8 110.0 38.5 279.9 19.1 606 98 64 9 <3 1.82 -I 
STS7 184 II 100 72.7 122.3 25.7 228.9 14.4 748 99 26 6 < 3 NA 
STS6 695 17 123 61.9 84.6 65.3 213.9 16.6 601 382 73 ll < 3 3.54 
STSI9 156 17 33 82.2 109.8 29.3 242.6 16.0 627 81 21 9 < 3 0.14 
SS2 101 22 < 14 122.9 108.2 39.9 257.6 15.2 707 82 14 8 < 3 NA 
SSt 71 21 < 14 95.1 103.3 26.2 209.6 13.0 694 66 s 9 4 NA 
SHI 52 22 25 100.4 110.0 30.9 232.3 16.7 512 58 21 10 <3 NA 
ESOI NA NA NA NA NA NA NA NA NA NA NA NA NA 0.06 
ES02 NA NA NA NA NA NA NA NA NA NA NA NA NA 0.06 
SOC I NA NA NA NA NA NA NA NA NA NA NA NA NA 1.76 
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Figure E.l TemperatUre, conductivity. pH, and dissolved oxygen measured at each 
of the 12 piezometers. Included is the appropriate surface water parameter 
between each set of piezometers. 
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Figure E.2 Major cation chemistry measured at each of the 12 piezometers. Included 
is the appropriate surface water parameter between each set of 
piezometers. 
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Figure E.3 Major anion chemistry measured at each of the 12 piezometers. Included 
is the appropriate surface water parameter between each set of 
piezometers. 
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APPENDIXF 
Table F.l Water Chemistry Data. 

Sample Dare Elevation Longitude Laritude Temperarure 
Sample# Oescrieuon T~ sampled (m) (UTM) {UTM) (Celsius) 

S11611W STW1 surface l~Nov 70 280845 5260800 4.1 
S21611W STW2 sur&ce l~Nov ss 281040 S2610SO 5.6 
S31711W STW3 sur&ce 17-Nov so 281245 S261280 3.9 
S41711W STW4 surface 17-Nov 35 28147S S26113S 3.0 
SS1711W STWS surface 17-Nov 30 281540 5261855 3.0 
S61711W STW6 surface 17-Nov 15 281855 5262430 3.4 
S71711W STW7 surface 17-Nov 15 281865 5262470 3.5 
S81711W STW8 surface 17-Nov IS 281900 5262530 3.0 
S91711W STW9 surface 17-Nov 15 281950 5262515 3.5 
S10171IW STWlO surface 17-Nov 10 282015 S262610 2.9 
S111611W STW11 surface It;· Nov s 282100 5262950 5.2 
S121611W STW12 surface l~Nov 0 282095 5263160 S.2 
S131611W STW13 surface 16-Nov 0 282110 5263165 s.s 
S141611W STW14 surface 16-Nov 0 282100 5263195 S.4 
Cll611W CS1 surface 16-Nov 0 282010 5263220 S.3 
P11611W SOWI ground 16-Nov ss 281045 5261050 6.0 
P21611W SOW2 groqD4 16-Nov 55 281045 S261050 6.4 
P31611W SOW3 ground 16-Nov 55 281045 5261050 6.1 
P41611W SOW4 ground 16-Nov 55 281035 S261050 6.0 
P51611W sows 8JOUDd 16-Nov S5 281035 5261050 6.2 
P61611W SOW6 grouad 16-Nov 5S 281035 S261050 6.1 
P11611W SOW7 aroUDd 16-Nov 5 282105 S2629SO 7.1 
P81611W SOWS ground 1~Nov 5 282105 S2629SO 1.0 
P91611W SOW9 puad 16-Nov s 282105 5262950 7.0 
P101611W SOW10 grouad 16-Nov 5 282090 5262950 7.1 
P111611W SOW11 grOUDd 16-Nov 5 282090 5262950 7.3 
P121611W SOWI2 gJOUDd 16-Nov 5 282090 5262950 7.4 
S12808W STWl srOUDd 28-Aug 70 280845 5260800 21.7 
S32808W STW3 surface 28-AIIg so 281245 S261280 15.8 
S52801W STW5 ~ 28-Aug 30 281540 5261855 19.5 
S92108W STW9 surface 28-Aug 15 281950 5262515 17.4 
S102108W STWtO sw~ 28-Aug 10 282015 S262610 19.1 
Sl12108W STWll surface 28-Aug 5 282100 5262950 17.8 
Sl22108W STW12 surface 28-Aug 0 282095 5263160 16.9 
S132108W STW13 surface 28-Aug 0 282110 5263165 16.1 
S142108W STW14 surface 28-Aug 0 282100 S263195 17.1 
S142303W STW14 surface 23-Mar 0 282100 526319S 0.9 
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APPENDIX F 
Table F.l com ... 

Conductivity 02 Alkalinity Na K Ca Mg 
Desr;ription unS/cm) fH (ppm) (ppm HC03) (ppm) (ppm) (ppm) (ppm) 

STW1 165.6 7.2 13.4 4.1 19.524 0.580 7.944 1.323 
STW2 133.0 7.2 1.2 4.8 17.508 0.663 3.588 1.280 
STW3 162.3 7.1 8.9 7.8 22.032 0.967 3.958 1.476 
STW4 90.6 7.4 10.6 4.7 12.590 0.193 2.363 1.077 
STWS 87.0 7.4 10.4 4.7 11.901 0.221 2.307 1.059 
STW6 81.7 7.2 11.7 4.5 11.()95 0.359 2.136 1.009 
STW7 39.1 7.4 10.9 3.5 4.721 0.193 1.566 0.863 
STW8 73.4 1.5 11.6 4.5 9.934 0.415 1..908 0.984 
STW9 105.1 7.1 8.8 5.5 15.885 0.774 1.823 0.674 
STW10 74.4 7.3 10.4 4.3 9.934 0.442 1.936 0.973 
STW11 72.4 7.2 10.9 4.1 9.934 0.304 1.823 0.923 
STW12 77.8 1.2 9.0 4.3 10.721 0.387 2.107 0.959 
STW13 86.2 7.7 6.8 4.2 11.606 0.470 1.936 1.102 
STW14 79.0 1.5 10.6 4.0 10.475 0.387 2.107 0.991 
est 40.1 7.6 10.1 3.9 4.574 0.221 1.310 0.977 
SOW1 479.0 6.1 0.0 16.2 75.490 2.073 12.641 4.097 
SOW2 445.0 6.1 1.0 17.2 61.228 1.575 8.798 3.170 
SOW3 366.0 6.0 0.0 20.0 45.1~ 1.271 11.303 2.778 
SOW4 306.0 6.3 1.9 16.0 40.032 0.193 9.082 2.792 
sows 478.0 6.2 0.0 20.8 66.146 0.553 10.933 3.883 
SOW6 80.8 6.2 3.2 11.2 9.787 0.719 3.844 1.155 
SOW7 74.0 6.4 S.1 18.8 8.311 0.193 3.872 0.848 
SOWS 134.1 6.5 S.9 14.8 14.754 1.271 6.691 1.376 
SOW9 102.9 6.5 4.1 16.8 12.590 0.249 6.008 1.059 
SOW10 115.6 6.7 5.4 13.6 10.573 0.912 2.176 1.205 
SOWll 71.0 6.8 6.1 9.2 11.016 0.138 1.610 o.m 
SOW12 78.1 6.3 4.6 21.2 8.852 0.442 1.196 0.561 
STW1 254.0 1.2 9.3 9.1 33.049 0.359 7.944 1.922 
STW3 371.0 1.2 1.9 15.5 53.999 1.216 8.940 3.277 
STW5 136.0 7.6 9.8 9.9 18.590 0.249 9.367 2.179 
STW9 223.0 1.2 5.2 62.8 31.377 0.553 8.855 2.350 
STW10 106.6 7.4 9.7 8.4 14.213 0.332 2.762 1.237 
STW11 114.2 8.6 9.9 10.0 15.717 0.359 3.104 1.319 
STW12 131.5 6.3 12.7 11.1 17.7S4 0.608 3.445 1.433 
STW13 196.8 6 .. 9 0.0 32.9 19.574 0.276 4.100 1.558 
STW14 133.4 7.0 8.4 12.8 17.361 0.221 3.318 1.455 
STW14 145.6 7.1 13.8 6.2 21.295 0.608 2.648 1.169 
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Table F.l cont ... 

C1 Nilnte Phosphate Sulfate Li Be 8 A1 
Description (ppm) (ppm) (ppm) (ppm) ~b) (ppb) (ppb) (ppb) 

STW1 29.210 1.130 0.00 11.410 0.88 <1.87 <205.81 77.0 
STW2 27.790 2.110 0.00 6.040 3.29 <1.87 <205.11 99.2 
STW3 39.065 2.720 0.00 5.380 3.30 <1.87 <205.81 92.8 
STW4 22.29S 1.340 0.00 3.395 <0.63 <1.87 <205.11 87.9 
STWS 21.335 1.315 0.00 3.405 5.03 <1.87 <205.81 15.4 
STW6 17.895 1.450 0.00 3.740 7.01 <1.17 <205.81 61.5 
S1W7 7.219 0.214 0.00 1.945 <0.63 <1.87 <205.81 18.5 
STWI 13.156 0.512 0.00 2.690 0.96 <1.87 <205.11 73.3 
STW9 21.805 1.110 0.00 5.520 2.75 <1.17 <205.11 21.4 
STWlO 14.127 0.601 0.00 2.825 1.58 <1.87 <205.11 72.4 
STW11 13.917 0.592 0.00 2.136 6.92 <1.87 <205.11 74.9 
STW12 23.508 1.662 0.00 2.922 <0.63 <1.87 <205.81 75.4 
STW13 23.905 L510 0.00 4520 1.20 <1.17 <205.11 117.2 
STW14 19.696 1.618 0.00 3.402 0.78 <1.17 <205.81 78.0 
CS1 7.246 0.308 0.00 2.235 <0.63 <1.17 <205.81 71.9 
SOW1 113.840 1.970 0.00 9.320 6 .67 <1.87 <205.81 296.3 
SOW2 106.890 2.140 0.00 10.340 5.52 <1.87 <205.81 422.8 
SOW3 74.900 1.070 0.00 4.480 9..25 <1.17 <205.81 608.6 
SOW4 66.255 1.045 0.00 4.020 1.89 <1.87 <205.81 303.1 
sows 109.760 0.000 0.00 5.580 3.76 <1.17 <205.81 356.6 
SOW6 11.088 0.713 0.00 1.312 7.29 <1.87 <205.81 601.0 
SOW7 12.220 1.710 0.00 6.101 21.31 <1.87 <205.81 301.2 
sows 24.045 1.485 0.00 3.955 2.23 <1.87 <205.81 42.2 
SOW9 18.770 1.375 0.00 3.130 3.07 <1.87 2369.07 11736.1 
SOWlO 14.292 1.031 0.00 11.531 11.13 <1.87 <205.81 43.9 
SOW11 12.596 0 .652 0.00 4.610 2.19 <1.17 2148.37 3259.9 
SOW12 11.595 0.285 0.00 4.154 4.18 <1.17 <205.81 44.6 
STW1 57.320 1.115 0.00 7.670 7.30 <1 .87 <205.81 100.0 
STW3 92.530 2.970 0.00 2.630 1.28 <1.17 <205.81 55.9 
STW5 30.810 1.690 0.00 2.355 1.45 <1.87 <205.81 43.0 
STW9 40.165 0.970 0.00 1.060 1.69 <1.87 <205.81 42.5 
STW10 28.775 1.115 0.00 2.405 0.76 <1.87 <205.81 56.6 
STW11 28.640 1.265 0.00 2.800 21.02 <1.87 <205.81 28.0 
STW12 31.565 2.395 0.00 3.040 0.17 <1.17 <205.81 28.5 
S1W13 32.135 1.655 0.00 1.250 0.97 <1.87 <205.81 377.4 
STW14 29.740 t.ISS 0.00 3.000 2.22 <1.17 <205.81 35.8 
STW14 36.615 1..905 0.00 3.585 <0.63 <1.17 <205.81 67.6 
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Table F . l cont. .. 

Si p s Ti v cn2 Mn FeS7 Co Ni 
()esc I iptiOD !fEb) (ppb) (ppb) (ppb) ~b) ~b) ~b) (ppb) (ppb) (ppb) 

SIW1 3056 <346 <1682 2.25 <0.83 <0.47 133.68 281 0.94 1.13 
STW2 2498 <346 <1682 1.75 1.02 1.02 148.25 429 0.63 1.21 
STW3 2420 <346 <1682 2.08 1.16 <0.47 289.74 456 1.09 1.06 
STW4 1852 <346 <1682 1.12 0.15 <0.47 148.48 181 0.26 1.19 
STWS 1784 <346 <7682 1.01 <0.72 <0.47 1.22..26 146 0.22 1.01 
STW6 2004 <346 <1682 0.63 <0.73 <0.47 136.49 146 0.26 7.12 
STW7 1910 <346 <1682 0.52 <0.62 <0.47 24.46 91 0.08 2.2S 
STW8 1837 <346 <1682 0.67 <0.69 <0.47 62.22 104 0.10 1.22 
STW9 1655 <346 <1682 0.80 <0.15 <0.47 117.48 126 0.19 1.12 
STWlO 1830 <346 <1682 1.14 <0.70 <0.47 81.64 215 0.22 1.01 
STWII 1806 <346 <1682 1.14 <0.69 <0.47 43.64 104 0.10 1.55 
STW12 1833 <346 <1682 0.95 <0.71 <0.47 46.S3 113 0.10 1.10 
STW13 2205 <346 <1682 1.80 0.78 <0.47 1-5.78 321 0.14 1.39 
STW14 1761 <346 <1682 1.00 <0.71 <0.47 46.94 123 0.10 3.37 
CS1 2082 <346 <1682 0.82 <0.61 <0.47 39.58 96 0.13 0.77 
SOW1 3043 348 <1682 7.94 2.59 0.76 993.92 1087 3.55 2.96 
SOW2 2852 375 <1682 6.40 3.15 0.91 595.17 617 2.65 6.65 
SOWJ 3634 <346 <1682 11.69 2.85 0.91 762.72 4420 6.21 4.9S 
SOW4 2762 <346 <1682 6.91 2.06 0.63 634.10 2019 3.92 2.33 
sows 3309 <346 <1682 11.30 <1.78 <1.78 710.30 3597 6.30 3.03 
SOW6 28S3 <346 <1682 6.00 1.1S 0.94 343.92 1488 3.71 4.81 
SOW7 1089 <346 <1682 S.63 1.97 1.97 180.73 175 0.70 14.35 
sows 1345 <346 <7682 0.62 1.00 <0.47 879.36 <29 2.33 4.96 
SOW9 7377 <346 <7682 S.43 2.91 0.57 978.98 76 1.94 7.98 
SOW10 1181 <346 <1682 l.40 <0.70 <0.70 6811.23 1S7 3.56 8.18 
SOW11 7179 <346 <7682 3.08 1.06 <0.47 1409.41 42 1.22 3.71 
SOW12 1926 <346 <1682 0.68 <0.67 <0.67 2801.21 29 7.22 2.10 
STWl 3059 <346 <1682 4.47 1.44 1.44 261~ 699 1.58 3.33 
STW3 2663 <346 <7682 3.&S 2.05 <0.47 67S.64 552 2.29 1.91 
STW5 1606 <346 <1682 1.40 <0.83 <0.47 326.36 190 0~ 1.09 
STW9 1836 <346 <1682 1.75 1.28 <0.47 2S33.74 691 2.19 4.31 
STWlO 1663 <346 <7682 0.99 1.09 <0.47 47.41 143 0.14 2.22 
STWll 1660 <346 <1682 1.16 <0.79 <0.47 49.62 65 0.09 1.07 
STW12 1786 <346 <1682 1.35 <0.81 <0.47 56.21 69 0.09 0.91 
STW13 2762 <346 <1682 8.68 l.S9 <0.47 2803.08 18123 16.18 1.98 
STW14 2239 <346 <7682 1.26 1.08 1.08 196.02 531 0.67 1.19 
STW14 1628 <346 <1682 1.41 0.93 <0.47 74.42 70 0.13 2.75 
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Cu ZD As Br Se Rb Sr Mo Ag Cd 
Oescriftion ~b) ~b) (ppb) ~b) ~b) ~b) ~b) ~b) (ppb) (ppb) 

STW1 4.84 139.74 0.33 73.00 <1.52 0.79 35.31 0.14 <0.25 0.07 
STW2 8.51 96.90 0.54 119.84 <1.56 0.91 15.93 0.04 <0.25 0.07 
STW3 5.49 48.26 0.63 97.63 <1.54 0.90 19.86 0.03 <0.25 0.14 
STW4 5.10 503.18 0.39 50.36 <1.51 0.55 12.09 <0.03 <0.25 0.27 
STW5 3.29 52.19 0.23 <44.27 <1.49 0.69 12.87 0.04 <0.25 0.17 
STW6 5.31 85.91 0.41 50.31 <1.51 0.69 12.52 0.05 <0.25 0.15 
STW7 9.73 362.49 0..50 <44.27 <1.49 0.50 9.61 <0.03 <0.25 0.21 
STW8 5.19 190.94 0.29 <44.27 <1.49 0.58 11.28 <0.03 <0.25 0.07 
STW9 3.46 61.78 0.28 <44.27 <1.50 0.80 9.73 <0.03 <0.25 0.09 
STW10 5.33 90.56 0.30 <44.27 <1 .50 0.61 11.06 <0.03 <0.25 0.09 
STW11 7.69 161.40 0.26 <44.27 <1.50 0.77 11.44 0.03 <0.25 0.07 
STW12 2.87 43.91 0.44 <44.27 <1.50 0.68 11.87 <0.03 <0.25 0.09 
STW13 5.71 77.80 0.29 <44.27 <1.49 1.05 12.04 0.11 <0.25 0.14 
STW14 8.41 222.41 0.43 <44.27 <1.50 0.15 12.82 0.05 <0.25 0.18 
CS1 1.93 137.57 <0.14 <44.27 <1.49 0.35 8.35 <0.03 <0.25 <n.04 
SOW! 5.11 182.32 3.03 83.45 <1.53 1.30 16.26 0.50 <0.25 0.22 
SOW2 19.20 182.01 2.93 69.62 <1.52 1.67 73.76 0.24 <0.25 1.01 
SOW3 9.74 228.70 6.01 118.36 <1.56 1.93 78.17 0.24 <0.25 0.21 
SOW4 9.59 104.41 2.98 62.03 <1.51 0.67 43.50 0.09 <0.25 0.22 
sows 5.29 228.19 2.54 84.15 <1.53 1.38 62.76 0.04 <0.25 0.11 
SOW6 16.54 329.14 4.47 63.05 <1.52 1.23 25.77 0.14 <0.25 0.39 
SOW7 72.62 2021.01 0.62 65.38 <1.52 2.64 17.85 0.20 <0.25 1.10 
sows 10.02 84.51 0.29 6).51 <l.Sl 1.67 24.76 0.04 <0.25 0.41 
SOW9 17.04 163.11 0.44 60.02 <1.51 1.08 23.45 0.21 <0.25 0.42 
SOW10 26.84 514.33 0.34 86.10 <1.53 2.20 13.36 0.07 <0.25 0.65 
SOW11 12.28 241.10 0.32 56.82 <1.51 1.07 10.78 0.20 <0.25 0.46 
SOW12 4.89 128.31 <0.17 <44.27 <1 .50 0.99 7.24 <0.03 <0.25 0.21 
STW1 17.86 886.61 0.89 111.54 <1.55 1.62 36.14 0.09 <0.25 0.37 
STW3 5.91 171.58 1.29 90.34 <1.54 1.58 45.87 0.05 <0.25 0.13 
STW5 4.70 79.53 0.43 74.33 <1.52 0.85 20.80 <0.03 <0.25 0.08 
STW9 21.01 228.94 1.18 96.34 <1.54 1.30 37.78 0.07 <0.25 0.32 
STW10 15.94 607.80 0.59 76.37 <1.53 0.19 18.51 0.07 <0.25 0.33 
STW11 5.19 35.40 0.42 70.83 <1.52 0.10 19.70 o.os <0.25 0.13 
STW12 4.92 169.33 <0.24 60.60 <1.51 1.19 21.97 0.05 <0.25 0.07 
STW13 8.11 160.45 2.08 75.01 <1.53 0.66 23.38 0.14 <0.25 0.25 
STW14 5.36 185.51 0.56 71.13 <1.53 1.17 25.45 0.35 <0.25 0.08 
STW14 10.79 206.33 <0.29 <44.27 <1.50 0.76 14.59 0.04 <0.25 0.18 
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Sn Sb I Cs 8a La Cc Hg n 
Description ~b) ~b) (ppb) !fEb) ~b) (ppb) (ppb) (ppb) ~b) 
STW1 0.19 0.06 4.44 0.01 59.48 0.38 0.61 <0.19 0.02 
STW2 0.24 0.22 4.16 0.02 28.10 0.10 0.88 <0.19 <0.02 
STW3 0.14 0.11 6.34 0.02 50.84 0.76 0.78 <0.19 <0.02 
STW4 0.21 0.04 2.98 0.01 22.93 0.68 0.31 <0.19 <0.02 
STW5 0.16 0.06 9.79 0.01 39.70 0.33 0..34 <0.19 <0.02 
STW6 0.21 0.04 8.13 0.01 49.01 0.30 0.25 <0.19 0.02 
STW7 0.31 0.02 2.15 0.01 30.77 0.22 0.23 <0.19 <0.02 
STW8 0.21 o.os 3.42 0.01 45.98 0.26 0.21 <0.19 <0.02 
STW9 0.16 0.02 5.19 <0.01 51.44 0.10 0.16 <0.19 <0.02 
STW10 0.22 0.03 3.05 0.01 46.47 0.23 0.35 <0.19 <0.02 
STW11 0.28 0.04 5.61 0.01 56.62 0.25 0.28 <0.19 <0.02 
STW12 0.16 0.03 2.43 0.01 22.68 0.42 0.33 <0.19 <0.02 
STW13 0.17 o.os 2.72 0.01 56.38 2.32 0.94 <0.19 <0.02 
STW14 0.26 0.04 2.86 0.01 49.60 0.45 0.42 <0.19 <0.02 
CS1 0.01 <0.02 2.13 0.01 46.62 0.14 0.21 <0.19 <0.02 
SOW1 0.25 0.22 9.00 0.03 129.37 2.60 3.81 <0.19 0.02 
SOW2 0.22 0.12 7.63 o.os 182.39 2.37 4.60 <0.19 0.03 
SOW3 0.28 0.23 32.84 0.04 185.24 5.28 12.71 <0.19 0.03 
SOW4 0.41 0.07 10.63 0.01 40.43 1.50 3.20 <0.19 0.02 
sows 0.23 0.06 16.30 0.03 236.43 2.31 5..34 <0.19 0.03 
SOW6 0.46 0.23 19.19 0.03 86.22 3.29 7.06 <0.19 0.02 
SOW7 2.39 0.39 38.16 0.04 142.04 2.13 4.78 <0.19 0.04 
sows 0.28 0.10 8.23 0.01 23.47 7.41 0.98 <0.19 0.02 
SOW9 2.SS 0.20 7.92 0.01 22.46 2.27 2.95 <0.19 0.06 
SOWIO 1.14 ~.19 20.66 0.02 61.35 0.27 0.44 <0.19 <0.02 
SOW11 0.99 0.13 3.17 0.01 13..54 0.96 0.33 <0.19 0.02 
SOW12 0.27 0.09 3.85 0.01 14.76 0.25 0.60 <0.19 0.02 
STW1 0.84 0.07 9.74 0.03 95.11 0.81 1.09 <0.19 0.06 
STW3 0.37 0.19 8.59 o.os 124.08 1.48 0.63 <0.19 0.03 
STWS 0.17 o.os 7.70 0.02 34.17 1.88 0.29 <0.19 <0.02 
STW9 0.90 0.04 18.70 0.01 39.35 0.50 0.59 <0. 19 0.03 
STW10 0.52 0.03 5.94 0.01 80.95 o.ss 0.38 <0.19 0.02 
STW11 0.21 0.04 14.35 0.01 74.26 0.62 0.14 <0.19 <0.02 
STW12 0.34 0.04 4.66 0.04 29.33 1.35 0.26 <0.19 <0.02 
STW13 0.39 0.06 10.56 0.01 64.53 3.19 6.36 <0.19 <0.02 
STW14 0.40 0.07 5.10 0.03 90.69 0.48 0.44 <0.19 0.04 
STW14 0.50 0.03 1.71 0.02 11.93 0.36 0..34 <0.19 <0.02 
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Pb Bi u Charge 
Description ~b) ~b) ~b) Balance ( "•) 
STW1 0.72 <0.01 0.02 6.943 
STW2 2.26 <0.01 <0.02 0.266 
S1W3 1.03 <0.01 o.os 6.164 
STW4 l.OS <0.01 <0.02 4.866 
STWS o.ss <0.01 <0.02 6.S81 
STW6 0.73 <0.01 <0.02 3.S90 
STW7 1.71 <0.01 0.03 2.782 
STW8 0.81 <0.01 <0.02 2.681 
STW9 0.46 <0.01 <0.02 3.323 
STW10 1.04 <0.01 <0.02 2.651 
STW11 1.06 <0.01 <0.02 2.388 
STW12 0.49 <0.01 <0.02 13.880 
STW13 2.06 <0.01 <0.02 12.010 
STW14 1.40 <0.01 0.03 2.884 
CSl 0.20 <0.01 <0.02 2.378 
SOW! 1.37 0.01 0.04 5.311 
SOW2 2.15 0.02 0.17 4.509 
SOW3 2.09 <0.01 0.08 2.764 
SOW4 2.23 0.01 0.02 1.189 
sows 1.26 <0.01 0.05 0.712 
SOW6 8.36 0.01 0.07 9.449 
SOW7 15.31 0.03 0.22 20.270 
sows 4.86 <0.01 <0.02 8.360 
SOW9 7.09 <0.01 0.05 32.110 
SOWlO 6.01 <0.01 0.02 5.218 
SOWl1 5.41 <0.01 <0.02 15.650 
SOWl2 0.62 <0.01 <0.02 29.270 
STWl 12.14 0.02 0.14 0.50S 
STW3 1.18 0.01 <0.02 1.184 
STWS 1.29 <0.01 0.04 7.614 
S1W9 3.69 0.01 o.os 21.340 
STWlO 3.Sl <0.01 0.03 12.680 
STWll 1.21 <0.01 <0.02 11.320 
STW12 0.78 <0.01 <0.02 16.800 
STW13 3.07 <0.01 0.03 1.622 
STW14 0.81 <0.01 0.18 10.080 
STW14 1.62 <0.01 <0.02 6.168 
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Table H. I 

Sample 
Site 
E08 
El2 
E14 
E16 
Ell 

Sample 
Site 
E08 
El2 
E14 
E16 
E18 

Sample 
Site 
E08 
El2 
EJ4 
E16 
El8 

APPENDIX H 
Clam (Mtrctnarla merctnarla) Chemistry Data. Dry weight concentrations have been converted to wet weight 
(division by 4 . .5), traditionally reponed in the literature (Greig and Sennefelder, 1985). 

Date Sample Dry Mean Dry Mean Shell ad Shell longitude lalitudc Oralnsize LOI 
Sampled Size Welpt (§) Weipt (g) Lenfh (em) Lcnfh (em) (UTM) (UTM) :% < 63mm. (%) 
17-Aug s 0.3272 0.06544 2.29 0.12 282070 5263640 92.9 26.7 
17-Aus s 0.2338 0.04676 1.99 0.12 282200 .5263870 85.8 28.2 
17-Aus 10 0.2022 0.02022 1.62 o.os 282290 .5264005 97.7 18.9 
17-Aus 10 0.2191 0.02191 1.64 0.09 282345 .5264160 12.9 17.6 
17-Aus 10 0.2.567 0.02567 1.67 0.05 282400 526431.5 37.4 13.9 

Li Be B AI Si p s Cl Ca Ti 
(ppm) (pem) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (pem) (ppm) 
0.11 <0.01 0.70 .56.76 7.78 S.53.78 .521.33 < 12.7 244.67 2.3S 
0.30 0.02 3.08 132.38 IS. II 1634.44 17.51.33 30.22 787.11 7.08 
0.71 0.02 2.78 296.67 23.11 1600.67 1710.00 34.89 1030.22 14.17 
0.48 0.02 3.70 223.24 24.22 1863..56 1898.89 30.67 602.00 12.37 
0.22 0.02 1.92 121.49 1.5.33 1872.89 1932.67 29.56 611.78 5.92 

v Cr Mn Fe Co Ni Cu Zn As Br 
!fem! !ffm! ~em> ~m) !ffm! !ffm) <eem> !fErn) ~m) <Eem> 
0.11 0.28 l.u 126.00 0.33 0.31 2.22 12.00 0 . .51 <0.32 
0.26 0.46 8.6S 216.67 0.31 0.61 3.74 26.25 1.42 1.82 
0.60 1.17 28.30 616.00 0.40 1.27 4.12 54.49 1.07 2.18 
0 . .53 0.6.5 18.94 .502.44 0.41 0.44 4.49 45.64 1.49 2.62 
0.29 0.84 22.60 214.67 0.34 1.29 5.68 30.42 1.26 2.79 

I -0\ -I 



Table H. I 

Sample 
Site 
E08 
Ell 
Hl4 
Hl6 
E18 

Sample 
Site 
EOB 
Ell 
El4 
E16 
Ell 

PCB 
SAMPLES 

cont ... 

Se 
(ppm) 
0.21 
0.61 
0.58 
0.70 
0.62 

Ba 
(ppm~ 
0.40 
1.07 
2.54 
1.81 
1.06 

Rb 
(ppm) 
0.43 
1.18 
1.32 
1.35 
l.ll 

La 
~pm) 
0.21 
0.36 
0.51 
0.47 
0.28 

Simple 
Size 
10 
IS 
30 
30 
30 

.. 

APPENDIX H 

Sr Mo Ag Cd Sn Sb I Cs 
(ppm) (ppm) (ppm) (ppm) (ppm) <rpm> (ppm) (ppm) 

2.79 0.17 0.03 0.01 1.09 0.00 0.02 0.01 
8.02 0.3S 0.04 0.02 4.14 0.00 0.04 0.02 
12.46 O.SI 0.07 0.06 4.57 0.01 0.03 o.os 
8.24 0.63 0.07 0.10 3.80 0.01 0.08 0.03 
1.05 O.S4 0.09 0.04 3.15 0.01 0.06 0.02 

Ce Hg Pb 81 u 
~m~ ~pm) ~pm~ !fpm) (ppm) I -0.40 <0.01 0.19 0.00 0.22 0\ 

N 
0.70 <0.01 O.lS 0.01 0.46 I 

1.19 <0.01 0.47 0.00 0.75 
0.97 <0.01 2.18 0.00 0.69 
0.55 < 0.01 0.35 0.00 0.42 

Wet Mean Wet Mean ShCII ld Shell 
Weig!lt (&) Weipt (&) Lenfh~an) LenfhJcm) Total PCB 

8.9 0.89 2. O.S < O.OS ppm 
8.2 O.SS 2.1 S 0.1 S < O.OS ppm 
7.2 0.24 I. 70 0.07 < O.OS ppm 
10.0 0.33 1.84 0.53 < O.OS ppm 
9.5 0.32 1.77 0.12 <O.OSppm 
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Table 1.1 R~licat.e samEle results (XRF). 
SCSI ~licare SHI ~licare 

Na20 2.46 2.44 2.33 2.36 
MgO 2.39 2.38 3.20 3.25 
A1203 16.09 15.87 16.87 17.12 
Si02 62.67 62.00 60.10 60.96 
P20S 0.11 0.11 0.13 0.13 
s 194 197 2921 2987 
Cl 62 78 73 47 
K20 3.00 2.94 2.92 2.96 
CaO 0.56 0.55 0.64 0.67 
Sc 12 12 16 17 
TI02 0.73 0.12 0.73 0.74 
v 87 88 121 117 
Cr 79 78 68 68 
MnO 0.26 0.25 0.12 0.13 
Fe203 6.79 6.76 7.87 8.01 
Ni 21 23 23 23 
Cu 11 10 30 30 
Zn 82 83 S2 55 
Ga 20 19 22 21 
A3 8 9 lS 30 
Rb 93.8 93.5 100.4 100.1 
Sr 108.7 110.4 110.0 110.6 
y 29.7 29.0 30.9 31.6 
Zr 246.7 246.2 232.3 233.5 
Nb 15.4 15.7 16.7 16.9 
Ba 609 593 512 532 
Ce 67 13 58 72 
Pb 9 11 21 20 
1b 8 9 10 10 
u 1 2 3 2 

Table 1.2 Replicate and blank sample results (IC and AA). 
STW5 ~lic:ale SOW1 ~tice Blmkl Blaak2 

Cl 30.88 30.86 113.84 109.35 0.00 0.00 
N03 1.69 1.445 1.97 1.76 0.00 0.00 
S04 2.36 2.28 9.32 8.74 0.00 0.00 
K 0.25 0.19 2.07 1.99 0.00 0.00 
Na 18.59 18.58 75.49 15.24 0.00 0.10 
Ca 9.37 9.66 12.64 12.78 0.14 0.19 
Mg 2.18 2.21 4.10 4.03 0.01 0.01 
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Table 1.3 Replicate and blank sample results (ICP, clam analyses). 
E18 replicate Blank El8 replicate Blank 

u 1.07 1.00 <0.09 Br 10.99 12.56 <1.83 
Be <0.05 0.07 <0.05 Se 2.93 2.n <0.10 
8 10.79 8.65 <2.31 Rb 5.14 5.08 0.01 
A! 512.1 546.7 4.7 Sr 32.45 31.72 0.01 
Si 6S 69 <11 Mo 2.46 2.44 0.01 
p 8053 1428 <12 Ag 0.42 0.42 <0.00 
s 8273 8697 <556 Cd 0.20 0.19 <0.01 
CI 99 133 <72 Sn 14.51 14.17 2.89 
Ca 2663 2785 <107 Sb 0.03 0.03 <0.00 
Ti 27.23 26.63 0.14 I 0.29 0.29 <0.01 
v 1.34 1.32 <0.01 Cs 0.08 0.08 <0.00 
Cr 3.0 3.8 0.15 8a 4.75 4.78 0.08 
Mn 3.78 3.69 0.02 La 1.26 1.28 <0.00 
Fe 902 916 <6 Ce 2.5 2.48 0.00 
Co 1.49 1.52 0.00 Hg <0.04 <0.04 <0.04 
Ni 5.71 5.81 0.12 Pb 1.54 1.56 0. 13 
Cu 25.54 25.55 0.22 Bi 0.02 0.02 <0.00 
Zn 135.73 136.87 12.50 u 1.94 1.91 <0.01 
As 5.66 5.69 <0.01 
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Table J .1 Enrichment factors (EF) of the met~ Is I oxides not enriched in the study area. 
,.,.,...._, Em il:aiiDml e.· • • & · · c ... ....._ FKScW~l FKriii'Ql F.aar{4l 

Na20 
-1('11-10} 0.13 O.J9 0.99 0.90 
~(lo-1) 1.01 0.1) l.l1 1.10 
MaO 
181('11•/0) 0.71 0.40 0.$0 0.33 
--(lo-1) 1.17 0.66 0.11 0-'4 
Si02 
.... -10} 0.71 0.97 U2 0.26 
~(lo-1J 0.72 0.91 4.1.5 0.26 
s 
wr(lt•/0} 0.11 9~ 0..51 1.61 
-"'(lo-1J 0.02 1.07 0.06 0. 11 
0 
-l(lf-10) 3..2A5 2.40 0.11 4.97 
-"'(lo-1) 0..51 0.43 0.16 o.a 
IClO ..,..,a, 0.67 0.66 O.ll 02) 
~{lo-1) 0.94 0.92 o.n 0.41 
c.o 
• tPt• IO} 1.14 0.23 0.26 0.05 
~(lo-1) 0.43 0.09 0.10 0.02 
Sc 
•tlre-10} 0.61 0.61 0.52 l.l3 
-.i{rt-2} 0.63 0.63 0-'4 2..19 
TJ02 
•l(a-10} 0.74 0.76 0.12 0.19 
--'fr-1) 0.73 0.7.5 Ul 0.71 
v 
.... ,OJ 0.17 U9 0.36 0.'74 
-.I(Jr-1) O.M 0.67 G.l.S 0.72 
Ni 
---10} 4.90 1.16 0.6.5 6.94 
-.i{rt•)} 1..5.5 0.37 O.ll l.I9 
c. --·I OJ 4.7.5 0.71 0.44 0.69 
-.i(lo•1J 1.09 0.16 0. 10 0.16 
c;. 
181('11•10} 0.69 l..lD 0.41 O.l4 
--.-1) 0.7.5 I.JO 0..52 0.216 
lUI 
_.. .. JOJ 0." O.M O.Z7 O..liO 
-.1(11-11 0.76 0.99 0.33 0~ 
5I 
.... ,OJ 0.72 0..33 CUI o.-
--.-2} 0.60 O.Z7 0.11 0.11 
y ..... ,., 1.06 l.J1 U9 0.11 

-· 2} 
0.6.5 O.M 0..54 0.11 

lz 
---/OJ 0.69 U1 0.74 0.11 
-.1(11-1) 0.10 1.43 0.75 0.17 

"" ..., .. ,0) 0.'73 0.11 0.7.5 lUI 
-•'(lf-2} 0.69 0.76 0.10 16.19 
a. 
..... ,01 1-'4 us (UI 1.'17 
---1) O.M 1.21 0.41 QJI6 
C& ..... ,., 1.44 ].l!J 1.10 o..w 
-.l(lo-Z) 0 ... 1.11 0.$7 0.11 
Tla 
--·/OJ 0.63 0.11 0.33 0.1) 
--.i(lo•1) U.7U U.l'l U..JO U.IU (I,..._ ..... .,._I!!J(• o.lt-(2,..A.....,..._. .,.~-cr.,._ , ... ). 
(3,..~..._. .,.....,..,...cr..__.w_..,.,). 
( .. ,..~ ....... .,......, __ (1'1.oba_..._.. .•• l). 
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Table K.l Sediment Chemistry Spearman Rank Correlation Matrix 

GStZE LOI NA20 MGO AL203 

GSIZE 1..000 
LOI C.539 1.000 

NA20 -0 . 427 -o . 789 1..000 
MGO -o . 315 -o .au 0 . 770 l.OOO 

AL203 0 . 298 0 . 371 ·O . l.U -0.042 1 . 000 
P205 0 . 615 0.952 -0 . 771 -0.697 o . uo 

s 0 . 543 0 . 776 -o . 732 -0. 597 0 . 147 
CL 0.060 - o .1u 0 . 056 -0 .092 -0.559 

1<20 -0 . 203 -0 . 606 0 . 6 44 0.915 0 . 095 
0.0 0 . 591 0 . 693 -o . 692 -o. 557 0 . 085 
sc 0 .312 0 •. 280 -0 . 053 -0 . 028 o . n5 
CR. 0 . 221 0 . 497 -o . 644 -0 . 551 -0 . 203 

MNO -o . 099 -0 . 077 -0 . 167 -0 . 370 -0 . 725 
F£203 -0.049 -o . 084 - o . 261 - 0 . 223 -o. 799 

NI 0 . 249 0 . 510 - 0 . 704 - o . 633 -0 . 350 
co 0 . 508 0.678 -o . 620 -0 . 410 o . uo 
ZN 0.560 0 . 629 -0. 789 -0. 608 - 0. 11.2 
AS 0 . 032 0 . 406 -0 . 674 -o . 743 - 0 . 406 

y 0 . 627 0 . 790 -0 . 722 -0 . 608 0 . 294 
SA 0 . 032 -o . 001 - o . 306 - 0 . 071 -0.720 
CE 0 . 466 0 . 776 - 0 . 683 -0.696 0 . 343 
PB 0 . 515 

0 · '" 
-o . 599 - 0.477 0 . 343 

TH 0 . 270 0 . 476 - 0 .1"4 - 0.11.7 0 . 874 
PCB 0 . 391 0.341 -o . 343 -0.436 -0 . 242 

SI02 -0 . 11.2 -o .40 0 . 761 0 . 530 0 . 259 
%Jl 0 . 021 - 0 . 343 0.515 0.731 0 . 420 
RB -o . l.Sl. - o . 531 O . U.3 0 . 162 0 . 231 
NB 0.214 -0 . 211 0 . 466 0 . 574 0 . 456 
GA 0 . 056 0.1!3 O. ll4 0.219 0 .781 

TI02 0 . 332 0 . 036 0 . 191. 0 . 417 0 .349 
v 0 . 172 0 . 126 -0 . 074 0 . 124 0 . 182 

SR 0 . 072 - 0.102 0 . 2l.S 0.21.l -0 . 343 
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Table K. l cont ... 

P205 s CL lt20 

P205 1 . 000 
s 0 . 776 1. . 000 

CL ·O . U4 - o . 1.u 1 . 000 
lt20 -0 . 421 -o . 51.4 -0 . 1.55 1.000 
00 0 . 775 0 . 792 0 .1.27 -0 . 393 1.000 
sc 0 . 41.3 0 . 427 - 0 . 469 0 . 1.1.6 0 . 297 
CR. 0 . 571 0 . 671 0 . 301 -0 . 444 0 . 753 

MNO -o . 1.52 - 0 . 120 0 . 401 -o . 429 -0 . 146 
FE203 -0 . 142 0 . 021. 0.648 -0 . 321 0 . 002 

N"I 0 . 550 0 . 671 0 . 322 -0 . 567 0 . 707 
co 0 . 776 0 . 139 -o . 112 -0. 225 0 . 155 
ZN 0 . 647 0 . 167 0 . 091 - 0 . 577 0 . 155 
AS 0 . 351 0 . 371 0 . 256 -o . 73 7 0.342 

y 0 . 891 0 . 853 -0 . 175 -0 . 391 0.141 
SA 0 . 072 0 . 112 0 . 287 0 . 025 0. 177 
CE 0 . 144 0. 741 -0 . 357 - o . 489 0 . 654 
PB 0 . 880 0 . 846 -o .168 -0 . 250 0 . 106 
TH 0 . 506 0 . 350 -0.594 0 . 004 0 . 170 

PCB 0 . 311 0 . 51.5 0 . 462 - o . 447 0 . 5l.l 
S~02 - 0 . 431 -0 . 531 0 . 196 0. 514 - 0 . 502 

ZR -0 . 205 -0 . 476 -0.357 0 . 866 -0 . ·428 
RB -0 . 363 -0 . 559 -0 . 217 0 . 972 - 0 . 428 
RB -o .on - 0 . 351 -0 . 200 0 . 71.7 - 0 . 217 
GA 0 . 259 -0 . 081 -o . n1 0 . 402 -0 . 039 

TI02 0 . 170 -0 . 062 -0 . 051 0 . 605 -0 . 123 
v 0.214 0 . 049 0 . 070 0 . 331 •0 . 039 

SJl -o. ou 0 . 025 0 . 042 0 . 342 0 . 292 

sc CR MNO PE20 3 NI 

sc 1 . 000 
CR 0 . 119 1 . 000 

MNO -0 . 570 0 . 183 1 . 000 
PE203 -0 . 71.5 0 . 392 0 . 794 1 . 000 

lri -0.05' 0 . 951 0 . 310 0 . 543 1 . 000 
co 0 . 462 0.622 -0 . 246 -0 . 154 0 . ,01 
Dl 0 . 161 0.720 0 . 092 0 . 231 0 . 783 
AS -0 . 287 0 . 694 0 . 709 0 . 649 0 . 830 

y 0 . 580 0 . 664 -o . 1.21 - O . l.SS 0 . 636 
8A -0 . 483 0 . 406 0 . 655 0 . 750 0 . 531 
CE 0 . 566 0 . 601 0 . 028 · 0 . 1.82 0 . 594 
PB 0 . 615 0.671 -o .289 · 0 . 21.0 0 . ,01 
TH 0 . 615 0 . 049 -o . n5 ·0 . 623 -0 . 091 

PCB 0.019 0 . 735 0.236 0 . 384 0 . 7'15 
SI02 0 . 217 -0 . 503 -0 . 317 ·0 . 329 ·0 . '57 

ZJl 0 . 224 - 0.601. -0 . 493 - 0 . 511 -0 . 706 
RB 0.112 - 0 . 503 -0 . 444 ·0 . 375 -o . 629 
RB 0 . 225 - 0 . 319 -0 . 421 · 0 . 388 -0 . 512 
GA 0 . 497 -o.u.o -0 . 751 •0 . 875 ·O . Sl5 

TI02 0.186 - 0.146 -0 . 374 ·0 . 137 ·0 . 244 
v 0 . 154 0 . 217 -0 . 042 0 . 161. 0 . 203 

SJl 0 . 01.4 •0 . 014 0 . 004 - 0 . 088 -0 . 042 
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Table K.l cont ... 

co y 

co 1 .000 
ZN 0 . 132 1 . 000 
AS 0 . 245 0 . 546 1.000 

y 0 . 916 0.111 0.312 1.000 
IIA 0 . 196 0.301 0 . 511 0 . l.12 1 . 000 
CB 0 .720 0.629 0 . 511 0 . 902 o .on 
PB 0.916 0.720 0 . 252 0.951 0 . 00 
TH 0 . 203 ·0 .021 ·0.231 0 . 336 ·0 . 5" 

PCB 0.494 0.632 0 . 580 0 . 54 0 0.220 
SI02 ·0.5" ·0 . 720 ·0 . 694 ·0 . 497 ·0 .51.0 

ZR ·0.2" ·0.657 ·0.785 ·0. 31.5 •0 . 203 
RB •0 . 301 ·0.657 -0.746 -0 . 413 ·0.00 
NB -0.270 -o.5n ·0 . 631 -0.225 •0.193 

GA 0.193 ·0.263 ·0 . 577 0.151 · 0. 543 
TI02 ·0 . 007 ·0 . 291 ·0 . 458 ·0 . 011 0 .033 

v 0 . 056 ·0 . 1.26 0 .077 0 . 154 0 .2" 
SR. 0 . 270 0. 067 ·0. 214 0 .091 0 . 347 

CB PB TB PCB SI02 

CE 1.000 
PB 0 . 125 1.000 
TB 0 . 441 0 . 441 1 . 000 

PCB 0.441 0 . 5U -0.096 1.000 
SI02 - 0 . 50) ·0.357 O.l.ll -0 . 266 1 . 000 

ZR -0 . 315 ·0.175 0 . 322 -0 . 515 0.594 
R8 - 0 . 455 ·0.210 0 . 140 -0 . 529 0 . 552 
NB -0 . 196 ·0.070 0. 4 60 ·0.316 o . u 8 
GA 0 . 1.44 0.235 0 . 518 ·0.393 0 . 193 

TI02 -0 .109 0 . 193 0 . 400 - 0 . 050 0 . 459 
v 0 . 161 0 . 322 0 . 329 0 . 284 0 . 203 

SR. -0 . 049 0 . 0,3 -0 . 350 -0 . 2 0 6 0 . 004 

ZR. RB 1118 TI02 

ZR. 1 . 000 
R8 0 . 937 1.000 ... 0 . 916 0 . 132 1 . 0 00 
GA o. n o 0.47S 0.467 1. 000 

TI02 0 .750 0 . ,66 0.836 0 . 357 1 .000 
v 0 . 392 0 . 371 0 . 551 0 . 0 74 0 . 797 

SR. 0 . 116 0 . 259 0.070 -0 . 000 -o . ou 

v SR 

v 1.000 
SR. - 0 . 291 1 . 000 
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Table L.1 Significance tables for the Spearman rank correlation coefficient for sample 
size n, at the 10 %, 1 ~ . and 0.1 % significant levels (one-tailed test) and the 
20 %. 2 %. and 0 .2 % significance levels (two-tailed test). 

One-sided test 

D to•.t. t•h O.t•h 
4 1.000 
5 0.800 1.000 
6 0.657 0.943 
7 0.571 0.893 1.000 
8 0.524 0.833 0.952 
9 0.483 0.783 0.917 

10 0.455 0.745 0.879 
12 0.406 0.687 0.818 
14 0.367 0.626 0.771 
16 0.341 0.582 0.729 
18 0.317 0 .550 0.695 
20 0.299 0.520 0.662 
25 0.265 0.466 0.598 
30 0.240 0 .425 0.549 
35 0.222 0.394 0.510 
40 0.207 0 .368 0.479 
45 0.194 0.347 0.453 
so 0.184 0.329 0.430 
60 0.168 0.300 0.394 
70 0.155 0.278 0365 
80 0.145 0.260 0.342 
90 0.136 0.245 0.323 

100 0.129 0.233 0.307 

20% l•h 0.2% 
Two-sided test 
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Minerals for which saturation indices were calculated using MINTEQA2 
(Allison d al .• 1991). 

1 ALOHJ(A) 
2 ALOHS04 
3 AL4(0H)IOS04 
4 ALUNI1E 
5 ANHYDRITE 
6 ARAGONITE 
7 ARTINITE 
8 BARITE 
9 BOEHMITE 

10 BRUCITE 
II CALCITE 
12 CEI..ES'ITlC 
13 DIASPORE 
14 OOLOMITE 
15 EPSOMilE 
16 GmBSITE 
17 A1203 
18GYPSUM 
19 HAUIE 
20 HUNl1TE 
21 HYDRMAGNESin 
22 MAGNESITE 
23 MEI...ANtER.rrE 
24 MIRABIUIE 
2S NATRON 
26 NESQUEHONITE 
27SIDERITE 
28 Sl'R.ONTIANilE 
29 TIIENAR.DllE 
30 TIIERMONATRI1E 
31 wrrHERl1E 
32 RHOrxx::HROSITE 
33MN~4H20 
34 MNS04 
35 MELAN01HAil.IlE 
36CUC03 
37 CU(OH)2 
38 ATACAMITE 
39 CU2(0H)3N03 
40 ANI1.ERl1E 
41 LANGITE 
421ENORllE 
43 CtJ(X;US04 

44 CUS04 
45 CHALCANllmE 
46ZNCU 
47 SMl1HSONITE 
48 ZNC03. IH20 
49 ZN(OH)2 
SO ZNS(OH)8CU 
51 ZN2(0H)2S04 
52 ZN4(0H)6S04 
53 ZNN03)2.6H20 
S4ZNO 
55 Z1NCITE 
S6 ZN30(S04)2 
51 Z1NCOSITE 
58 ZNS04. 1H20 
59 BIANCHITE 
60 GOSLARITE 
61 ZNBIU. 2H20 
62ZNI2 
630fAVITE 
64CDCU 
65 CDCI.2. 1H20 
66 CDCU.2-SH20 
67 CD(OH)2(A) 
68CDOHCL 
69 CD3(0H)4S04 
70 CD30H2(S04)2 
71 CD4(0H)6S04 
72 MONTEPONIIE 
73 CDS04 
74 CDS04. 1H20 
75 COTUNNITE 
76PHOSGENm 
nCERRUSITE 
71 MA.SSICOT 
79UIHARGE 
80 PBO • .JH20 
81 PB20C03 
82 U\RNAKITE 
83 PB302S04 
84 PB403S04 
85 PB302C03 
86 ANGLESITE 
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87 PB(OH)2 
88 LAURIONITE 
89 PB2(0H)Ja. 
90 HYDCERRUSITE 
91 PB20(0H)2 
92 PB12 
93 PB4(0H)6S04 
94 NICOJ 
9S NI(OH)2 
96 NI4(0H)6S04 
97 BUNSENITE 
98 RETGERSriE 
99 MORENOSriE 

100 MALACHITE 
101 AZURITE 
102 LIME 
103 PORTI..ANDriE 
104 WUSTrrE 
lOS PERICLASE 
106 HERCYNITE 
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Table N. l Ground Water Chemistry Spearman Rank Correlation Matrix 

c::»ro 02 ..... K CA 

c::JN!i :.coo 
~ -0.796 1. .000 
NA 0.916 -0 .7!.: :.coo 

I(' o . ~t6 -0.470 0. 558 :..coo 
CA 0.881 - 0. 803 0. 867 0.519 1.000 
HG C.965 - 0.746 0.902 :) . 642 c.8ae 
c:. 0.923 -0.683 0.965 0.544 0. 8118 

IIUAAtt 0 . 294 - o.ou 0.259 0.498 0 . 406 
SULFAtt 0.308 -0.120 0 . 245 0.302 o. :.4 0 

Z,,! - 0.049 -0.155 -0 . 2 80 0 . 298 -0 .049 
AL -c.1.1S - 0.204 0 . 06 3 -0.309 o. :l42 
S! 0 .161 -0.373 0. 427 -0.070 0 .252 
r.: 0 . 657 -0.901 0.657 0 . 246 0.797 
HN -0.098 0. 33!. -0 .028 C.049 - 0. 322 
n: 0.~73 -0.831 0. 497 c. :93 0.678 
-;::) 0.385 - 0.535 0.217 0.2l: o. :82 
H: -0.210 0.331 -0.287 0 .067 - o. uo 
C'.J -C . 3l8 0.423 -0 . 420 -o . :Jo -0 .322 
IN -0.315 0.099 -0.364 - c. :37 -o.:Je 
AS o. 524 -0.7!2 0. 462 : .J54 0. 678 
51'\ 0.853 - 0. 859 0.!118 :. 63:! O. !IJO 
CP -c . 41.3 0.526 -0 . 38~ - C.086 - 0. 347 
SN -C.~Ol 0 . 596 -0.666 -: . 6o: -~. 490 

sa -C . 256 0.007 -0.308 :.~21 -.: .ot: 
: 0.140 -0.261 -0.105 0.109 0.294 

cs 0 . 384 -o.549 0.249 o. 4n 0.425 
SA 0.643 - o. 732 0. 483 C.481 ::1.67! 
u 0. 497 -0. 408 0.483 C.632 0.629 
a 0 . 420 -o . 739 0.294 0.305 0.594 
PB -0.580 0.535 -0.580 -0. 368 - 0.392 

Tu.P -0 . '729 0. 773 -0 . 676 -0. 420 -0.82'7 
PH -0 .676 0.904 - 0 . 560 -o. 597 -0 . 687 

A:.JC C.210 -0 .501 0.154 0.098 0.280 
R8 0.165 -0.004 - 0.011 o. 4:!'7 0. 186 

MG a. NITRAl'E SULE?.n: LI 

MG :.000 
c:. 0.902 1.000 

tnT'AATt 0.315 0. 343 1.000 
Sut.F7J£ 0.329 0.3'2 0.!.12 1.000 

I.I -o.056 -o.U2 0.049 0.476 1.000 
AL -o .154 -0 . 042 -0 . 175 -0.259 -0.021 
SI 0.119 0.287 -0.273 -C . 210 - 0.238 
TI 0 . 692 0.636 - 0.035 0 .1'75 0.189 ,., -o.231 -0.028 -0.252 0.175 -0 . 147 
FE 0 . 629 0.469 - 0.161 0 . 105 0.266 
co 0.266 0 . 154 -0.552 - 0.105 -0 .007 
N'I -o.168 -0. 161 0 . 469 0.238 0. 476 
cu -0.273 -0.336 0.329 0 .217 0 . 420 
;of -0.210 -0.322 - 0.259 0.413 0.716 
AS 0.594 0.399 0.!.33 -o .ooo 0 . 329 
Sit 0.867 0.783 0 . 371 o.:o5 0. 084 
c:> - O.J19 -0.294 0. 469 0.315 o. 347 
SN -0.634 -0.616 -0 . 039 -o.270 0.1.40 
S8 -0 .214 -o.zao 0.319 0 . 032 0.725 . 0.210 o.ooo 0.042 0.147 0. 664 -cs 0. 421 0.307 0.264 0 . 509 0.7!7 
8A 0.611 0.545 0.140 0. 420 0.517 
u 0.517 0. 406 0.538 -0.266 0.035 
a 0. 448 0.273 0.091 -0.091 0.413 
PB -0.434 -0.559 0.2!7 -0.203 0.238 

~EMP - 0.796 -0.602 -0.236 ::.:30 0.060 
PH -0.623 -0.518 -0 . 141 -0 . 099 -0 . 289 

ALJ( 0.112 0.266 -0.091 0.147 0.!.89 
RS 0.186 0 . 144 0.417 0.532 o. 704 
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Table N.l CODl.-

AI. St TI 

AI. 1.000 
S! 0.804 l.OOO 
TI 0.385 0. 44 1 1.000 
HN ..0.266 0. lfil -0. 455 ~.ooc 

Ft 0.301 0.301 0.944 -(. 503 1. 000 
co -o.Zl7 0.049 0.343 o . :..:!6 0. 46.2 
N! O.ll3 -0 .21 7 - 0.224 •C.210 -o . u2 
cu 0.224 -o . U 4 -o.252 - 0. 101 -o . ue 
ZH 0.259 -o.ooo 0.154 -0.147 0 . 252 
AS 0. 364 O.ll5 0.874 -o. 552 0.895 
SR o . :.&a 0.294 0.946 -o. 4 34 il.769 
CD 0.!65 -0.249 -0.354 -o .112 -0 . 350 
SN 0.249 - 0.0! 4 -0.396 0.067 - 0.291 
sa 0.326 0.053 0 .!3C - 0.23! O.llO 
- -c . :os -C . :!94 O. 40E -c. 4 2~ o.58o . 

cs 0.~83 - 0 .055 0.608 -o .5o-: 0 . 586 
8A 0.070 -0.007 0.769 -0 . SS9 0.176 
u 0.!12 O.l40 0.378 -o. 44 1 0.329 
c:: o. 3.22 0. : co 0.776 -c.-:s5 ::.804 
i'9 0.252 -c. :61. -0 .322 -c . 3:5 - o. 203 

~EMP - 0.095 -0. 246 -~.~-! ::.433 -.: . -:78 
PH -o.U3 -o . uo - o. 7!15 0. 426 •C .725 

A:.X -0.028 -0 .0211 O.JZ!! - ·: . :33 0.238 
Ra -0.186 -0 .3111 o.o&: -\: .. ~: ~ c.::7 

co If: cu ZH AS 

co 1.000 
NI -0.636 1 . 000 
cu -0.671 0.916 1 . 000 
ZH - 0 .224 0. 455 0.538 1.000 
AS 0.238 -o . on -0.049 0.238 1.000 
SR 0. 252 -0.112 -0.231 -O.U6 0 .832 
Q -0.802 0.851 0.932 o . 44 1 -0 . 172 
SN - 0.525 0.522 0.592 0.396 -0 .210 
sa -0. 427 0.529 0. 494 0 .644 0 . 410 

I 0.1!9 0 . 392 0.301 0.573 0. 517 
cs 0.004 0 .355 0.3!! 0. 5:2 0.63C 
8A 0.252 0. 189 0.070 0.336 0.678 
u -0.049 0 . 133 - 0 .04 9 -o. uo 0.531 
a 0.273 0 . 056 - 0 .014 0.245 0 .818 
l'8 -0.692 0 .706 0. 1132 0. 483 -0.021 

Tt)(p - 0.296 0.285 0 . 299 0.169 -0.863 
PM • C. 507 0 . 299 0.377 0.070 -o . 111 

ALl( 0. 448 - O.U7 -0 . 343 -o.ll 2 0 .035 
R8 - 0.263 0.753 0.560 0.525 0 . 126 

SR CD SN sa t 

S1l 1.000 
CD - 0.277 1.000 
SN -0.553 0.505 1 . 000 
SB 0.102 0. 414 0. 482 l.OOC 

I 0 . 308 0 . 0111 0.252 0.504 1.000 
cs 0. 593 0.264 - 0.332 0 . 471 0.523 
8A 0.748 - 0 . 061 - 0. 44 5 0.196 0.636 
LA 0 .727 - 0 . 074 -0. 319 0 .284 0.245 
a 0 . 734 - 0.186 - 0.210 0 .368 0.608 
l'B -0. 343 0 .732 0.837 o. 578 0.322 

Tt)(p - 0.873 0 . 406 0. 346 -0 .061 -0.338 
PM -0 .835 0 .409 0.686 - 0.129 -0 . 246 

ALK o.:to -0.368 -0. 447 -:: . :.&:. :l.tOS 
R8 0.210 0.523 0.051 0. 470 0.644 
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Table N.l 

cs 8A :.A ::1: l'B 

cs 0..000 
lA 0.8'78 1.000 
:.A 0.403 0. 4'76 :. . ooo 
a: 0.'750 0 . 832 0 . 622 l.OOC 
PB -0.00'7 -0 . 196 -0 . 00'7 -0 . 04: :.JOO 

1'0G' -o.J1'7 -o. 5zs -o. 595 -0 . 634 0.183 
ftl -0 .682 -o. 129 -0 . 512 -0.'7 95 0.518 

ALX 0.333 0.441 -o. 042 0 . 392 -O.:S'73 
R8 0.671 0.609 0.329 o. 329 ::.::59 

1'DU' PH AIJC R8 

!'IMP :..ooc 
PH 0.683 1.000 

ALIC 0.042 -0.504 1.000 
R8 0.0'79 -a. :.o9 O. l33 :. . ooc 
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Table 0 .1 Surface Water Chemistry Spearman Rank Correlation Matrix 

COND MA K CI. 

COHO 1.000 
NA 0.987 1 . 000 

K o.S88 0.582 :..ooo 
CA 0.787 0.773 0.27 4 1..000 
c:. 0.817 0. 898 0.610 0.765 l.OOO 

NITRATE 0.569 0.607 0 .396 0.666 0.158 
SULEATE 0.916 0. 903 0.656 0.639 0.820 

n: 0.592 0.586 0.512 0.581 0. 117 
MN o. 732 o. 731 0.215 0.174 0.499 
FE 0. 793 0.772 0.605 o. 737 0.802 
co C.853 0.839 0. 472 0.845 i).706 
NI -0.383 - 0.396 - 0 . 333 •0.317 -o. 400 
cu -0.363 - 0.373 -0.064 -C.284 -o. Ju 
ZN -o. 332 - 0.400 -0.474 -C.2C3 -0:. 413 
SR 0.732 0.722 0.278 0.926 c. 719 
co - 0.018 -0.094 -0.553 0.004 -0.134 
sa 0.583 0.592 0.362 0.723 0.571 
: 0~ 4ll 0.439 O.l96 0. 346 ':. ~34 

cs 0.570 0.6:.3 0.110 o.:S4 :. 463 
LA 0.516 0.541 0.249 0.675 e.14l 
C£ 0.534 0.510 0 . 401 0.655 :1.7:.9 
PB -0.209 -0.221 - 0.108 -C.097 - C.086 

TEMP o.ao 0.222 0.335 c.:12 J. 454 
PH -0.430 -0. 496 - 0. 459 -0.248 - 0.378 
02 -0.311 -0.354 -0. 474 - 0.023 -0. 487 

ALK 0.589 0.645 0. 429 0.389 0.437 
HG 0. 723 0.'709 0 . 352 0.878 0.741 
AI. 0 . 279 0.295 0. 080 0.359 0.497 
SI 0. 424 0. 430 0.295 0.556 0.516 
AS 0.16'7 0. 186 0 . 168 0.376 0.326 
RB 0.609 0.630 o. 734 0. 30'7 0.671 
SN -0.524 - 0.565 - 0.571 -a. 333 -c. s1s 
BA 0.209 0.183 0. 430 - 0.062 0.1.34 
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NITRATE SULFATE TI HN 

!(~TE 1.000 
SUU"ATE 0.582 1..000 

n o. coo 0.550 :.ooo 
MN 0.398 0.525 0.284 :.ooo 
n 0.619 0.122 o.n-: C.604 1.000 
co o. 414 0.128 0.61:. C. 880 0.864 
NI -0.141 -0 .163 -0.380 -c .345 -0 .389 
cu -o.u5 -0.240 -0.062 -C .252 -0.148 
ZH -0.521 -o. 398 -0.185 -O.U6 -0.350 
$1l 0.692 0.688 0. 614 0.613 0.661 
CD 0.105 -0.212 -o. 341 C.038 -o.018 
sa 0.498 0 . 540 0 . 64: :. 481 0.638 

I 0.099 0 . 433 0.116 C.S74 0.269 
cs o. 356 0.579 0.187 ::.463 0.405 
LA 0.8ll 0. 455 0.594 =-~88 0.659 
C£ 0. 640 o. 486 0.845 :.:cc 0.789 
PB 0.064 -o . 143 0.235 -~ . .:;:. 0.:.52 

TtHP 0.527 0.431 0 .367 -C.~65 o.:.76 
PH -0.224 -o. 459 -o . :.-~: --:.484 -0 .230 
C2 -o. 540 -0.331 - 0.309 : .. :C9 -0.46:! 

ALK 0.393 0.437 o.:.z c ::. - 3;; 0.487 
HG 0.613 0.618 0.1::. ::. S96 0.830 
AI. 0.464 0.224 0. 48- ::.:09 0. 440 
s: 0.291 0.402 0. 466 : . H: 0.579 
AS 0.517 0.103 0.03:. :: . .!99 0.246 
R8 0.559 0. 810 0.63'7 \).!30 0.617 
SN -0 . 469 -o. 499 - 0.22: -~.:!52 -0. 401 
8A -0 .130 0.398 0.429 -c. :38 c. !83 

co Nt cu ::N SR 

co 1 .000 
NI -0.397 1.000 
cu -0.292 0.615 1.000 
ZH -0.274 0.565 0.582 :..ooo 
$1l 0.124 -o.us -0.108 -0 .191 1.000 
Cl) - 0.104 0.168 -o .ooo 0.483 -0.036 
sa 0 . 615 -0.145 0.114 - o. :.47 0.828 

I 0.559 -0 . 222 -0.262 •C.358 0.424 
cs 0.419 -0. 282 o.ou -C . J71 0.:.29 
LA 0. 432 -0.020 0.059 - 0.!65 o.no 
a: 0.506 -0.116 O.U1 -c. 086 0.692 
l'B -0 . 136 0. 491 0.1146 0.530 0 . 011 

tDa -0.074 0 . 351 0.372 - 0.100 0 .325 
PH -u . ·471 o . 324 0.308 C. 475 -0 . 112 
02 -0 . 115 0. 400 0.086 0.538 -0.002 

ALK 0.601 -0.515 -0 . 360 • C.411 0.245 
MG 0 .171 -o.156 -0.011 -c. :.21 0.881 
AI. 0 . 156 0.105 0.421 O.l34 0.422 
SI 0.552 0.101 0.226 0.024 0.503 
AS 0.222 0.148 0.343 0.042 0 .290 
RB 0.421 -0 .043 0.05'7 ·C. 458 0.486 
SN -0 .372 0.606 0.663 0.884 -0.305 
8A 0.143 0.156 0.064 - .:.::13 0.:.41 
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CD sa I =s :.A 

CD 1.000 
sa -0 . 279 1.000 

I -0.221 0. 442 1.000 
cs -0. 237 0.117 0. 322 : . 000 
LA 0.132 0.672 -0.103 :: . 080 :.ooo 
CE -0.067 0.703 -0.095 : . 080 0.868 
PS 0.136 0.190 -o . u s -~. 080 0.363 

TO& - 0 . 253 0.272 -0 .241 C.231 0. 515 
PH 0.368 0.001 -0.507 -C . 652 0.163 
02 - 0.012 •O.llO 0. !.3"1 - C.581 - 0. 410 

A:LY. -0.075 0.348 0.539 : . "Ill 0.203 

ICi - 0.004 0. 8":1 0.262 : .:.20 0. 815 
AL 0.242 0 . 485 - 0.385 : .080 0.759 
SI -O.lH 0.565 -·0.029 :.080 0.521 
AS 0.201 0 .. :.!: -0 . 328 :.:!58 0. 409 
RS -0.38~ 0.523 C. 33C : . ~7 ! 0. 4"15 
SN 0.156 -0.278 -0.369 -.:: . 382 -0.::39 
BA -0.329 0 . 145 0.358 ::.092 -0 .068 

a PB :D1l' :~ c~ 

C£ l.OOO 
PB 0. 468 :..occ 

't"EMP 0 . 485 0.438 l.OOO 
£Iff 0.167 0 . 444 - 0.083 :.ooo 
02 - 0.410 -0 .!76 -o. 371 : . !03 1.000 

ALK 0.071 -0 . 336 -0 .238 - .;;. 4"12 -0.467 
MG 0.829 0. 204 0.219 :.007 -o.u:. 
AL 0.739 0.612 0.557 ::.28 l - 0.383 
sr 0. 525 0.323 0.277 - C.120 0 .062 
AS 0 . 284 0.321 0 . 326 -C -225 -0.099 
RS 0 .557 0 . 139 0. 684 - : . 340 -o. 542 
SM -0. 14!. 0.654 0.018 :. 361 O.H'T 
BA O.l34 -o .o3., 0.243 -C .l79 0 .135 

ALK MC AI. s: AS 

ALl<' 1.000 
MG 0. 307 1.000 
AL -0 .088 0 . 594 1 .000 
SI 0. 053 0.714 0.576 :.ooo 
AS 0 .041 0. 308 0.509 C.530 l- 000 
RS 0.272 0. 462 0.3!8 C.::!77 -0.004 
SH -0 . 550 -0 . 285 0.1011 -0 . 035 0.094 
BA - 0.210 0.121 -o.U! 0.046 -0. 3111. 

R8 SN SA 

RB 1.000 
SN -0.433 1.000 
BA 0.585 -0.161 l. OOO 
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Table P. l Clam Chemistry Spearman Rank Correlation Matrix 

WEIGHT .. -· 8 AI. 

WEIGHT 1.000 
LI -0 . 900 1.000 

8 -0.500 0.700 ! . 000 
AI. -0.900 1.000 0.700 1 . 000 
CA -0.600 0.700 0.300 0. 700 1.000 
':I -0.900 1.000 0.700 l.OOC 0 . 700 
v -1.000 0.900 0.500 0.900 0.600 

CR -0.900 0.700 0 . 200 0.700 0. 700 
MN -o.8oo 0.500 -0.100 0.500 0.400 
n: -0. 900 1.000 0.700 1.000 0 . 700 
NI -0.500 0.300 -o.ooo 0.300 0.700 
ZN -1.000 0.900 0 . 500 0.900 0.600 
I«) -o . 100 0 . 500 0 . 600 0.500 0.100 
SR -0 . 900 :.ooo 0 . ~00 l.OOO 0 . 700 
=tl -0.900 0.800 0.700 0.800 0.300 
SN -0.100 0 . 900 0.600 0 . 900 0.900 
: -0.400 0 . 300 0.700 0.300 -o.ooo 

cs -o . 975 0 . 975 0 . 616 0 . 975 0 . 667 
8A -o. 9oc 1.000 0.-:'00 1.000 .:J . -:'CC 
C& -o. 90o 1.000 0.700 o..ooo 0.700 
1'8 -0.872 0.872 0.8Z1 0.872 0 .359 
u -0.900 l.OOC 0.7~0 !.000 0.700 

u:NGTH 1.000 -0.900 -o.soo -0.900 -o.600 
GSIZ£ -o.!OO 0 . 300 -0 . 200 0.300 0.300 

LOI 0.500 -0.!00 0.000 -0.!00 0.100 
S'!. -0.900 o . eoo 0 . 700 0.800 0.300 

I' -0.300 0.100 0. 400 0.100 0.100 
s -0.300 0 . 100 0.400 0.100 O.lOO 

co -o.eoo 0.600 0.400 0 . 600 ·0.000 
cu -0.600 0 . 300 0.300 0.300 0.200 
AS -0.300 0 . 400 0.900 0 . 400 0.100 
S£ -0.400 0.300 0.700 0.300 -o . ooo 
R8 - 0 . 800 0 . 900 0.900 0.900 0.400 
AG -0.667 0.359 0.205 0.359 0.359 
LA -0.900 1.000 0.700 1.000 0.700 
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Table P . l cont ... 

~: v CR HN n: 

TI l.OOO 
v 0.900 1..000 

CR 0.100 0.900 1.000 
MN 0.500 0.100 0.900 !. .000 
FE l.OOO 0.900 0.100 o.soo 1..000 

ta 0.300 0.500 0.100 0.600 0.300 
%N o. 900 1.000 0.900 0. 800 0.900 
tC) 0.500 0.100 0.600 o.soo o.soo 
SR l..OOO 0.900 0.700 ;j.SOO t.OOO 
CD 0.800 0.900 0.700 0.600 0.800 

SN 0.900 0.700 0 . 600 0.300 0.900 

I 0.300 0. 400 0.300 0.100 0.30 0 

cs 0.9 .. 5 0.975 0.82:. 0.661 ::.975 

8A !..000 C.900 0.'700 : .500 :.ooo 
CE 1.000 c. 900 0.100 0.500 :..ooo 
P8 0.812 0 . 812 0.516 : . 462 0.172 

u 1.000 0.900 0.700 :;.soc : .coo 
::.£." .:i':'M -0.900 -1.000 - 0.900 - v.SOO - C.90C 

::;.s::£ 0.300 O.lOO -0 . 000 ::.:.oc :.3CC 

:.OI -0.100 -o. soo - 0 . 600 -c . -oc -c.:.oo 
s: 0.800 0.900 0 .'700 0.600 ::.100 

p 0. 100 0.300 0. 400 ::.:!00 :.:.oo 
s 0.100 0.300 0. 4 00 0.200 o.:.oo 

co 0.600 0.800 0 . 600 0.100 0. 600 

C.J O. JOO 0 . 600 0 .700 0.600 0.300 

AS 0. 400 0.300 0.100 - 0.200 0. 400 

S£ 0.300 0. 400 0 . 300 o.:.oo 0.300 

1Ul 0.900 0 . 100 0 . 500 0 . 300 0 . 900 

1IG 0.359 0.661 0 . 121 0 . 111 0.359 

tA 1.000 0 . 900 0 . 700 0.500 1.000 
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WI %H MO SR co 

N1: 1.000 
ZN 0.500 1.000 
MO 0. 400 0.'700 1 . 000 
SR 0.300 0 . 900 0 . 500 ~ .000 

co 0 . 300 0.900 0 . 900 0.800 1.000 
SH 0.400 0 . '700 0 . 200 0.900 0.500 

I 0.300 0 . 400 0 . 900 0.300 0.700 
cs O.ClO 0 . 9'75 0.616 0.975 0.872 

SA 0.300 0 . 900 0.500 1.000 0.800 

CE 0.300 0.900 0.500 LOOO 0.800 
PB 0.205 0.872 0.821 0.872 0 . 975 
u 0 . 300 0.900 0 . 500 1.000 0 . 800 

:..DIGTM -0. 500 -1 . 000 -0 .'700 -0. 900 - 0.900 
GS:Z£ -0.300 0.100 -0 . 600 C. 30C - 0.200 

Lo:lt -0.500 - 0.500 -0.800 - 0.100 - .::1.600 
SI 0.300 0.900 0.900 0.800 !.000 

p 0.600 0 . 300 0.800 0.100 0.500 
s 0.600 0.300 0 . 800 0. !00 0. 500 

c:: 0.100 0.800 0.800 0. 600 :;.900 
:::'4 0 .700 0 . 600 0.900 0.300 C.700 
AS O.l!JO 0 . 300 0.700 0 . 400 0.600 
S£ 0.300 0.400 0.900 C. 300 C.700 

iU! 0.100 0.800 0 .'700 0.9CO C. 900 
AG 0 . 121 0.667 0.821 0. 359 0.66'7 
:J. 0.300 0 . 900 0 . 500 1.000 0 .800 

SH I cs SA C'£ 

SH 1.000 
I 0.100 1.000 

cs 0.82! 0 . 359 1.000 
SA 0. 900 0 . 300 0.915 1.000 
C'£ 0.900 0.300 0 . 915 1.000 1.000 
P8 0.616 0.667 0.895 0.812 0 . 812 
u 0.900 0.300 0.975 1.000 1.000 

LtNG'nf - 0.700 -0 . 400 -0 . 915 -0.900 -0 . 900 
GSt%£ 0. 400 -0.800 0.205 0 . 300 0.300 

t.OI 0.200 -0.600 -0 . 308 -0.100 -4.100 
SI 0.500 0. 700 0.812 0.800 0 . 800 

p -o .ooo 0.900 0.205 0.100 0.100 
s -o.ooo 0.900 0.205 0 . 100 0 . 100 

co 0.200 0 . 500 0.118 0 . 600 0 . 600 
cu 0.100 0.800 0.462 0 . 300 0.300 
AS 0.300 0.900 0.359 0 . 400 0 . 400 
S£ 0.100 1.000 0 . 359 0.300 0.300 
IUl 0.100 0.600 0.812 0.900 0 . 900 
AG 0 . 205 0.667 0.526 0.359 0.359 
LA 0.900 0.300 0.915 1.0 00 1 .000 
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PB u :.DIG!'H GSIZ£ LO! 

PB 1.000 
u 0.1!12 1.000 

u:MGtH -0.172 -0.900 1.000 
GSIZ£ -0 .103 0. 300 - 0 . 100 ~.ceo 

LOI -0.410 -0.100 0 . 500 0.600 t.OOO 
St 0.9'75 0.800 -0.900 -0.200 - 0.600 

p 0.410 0.100 - 0.300 -0.900 -0.700 
s 0.410 0.100 -0.300 - 0.900 -0.700 

co 0.821 0.600 -0.800 -0 . 100 -o. 100 
cu 0.564 0.300 -0.600 -0.700 -0.900 
AS 0.667 0.400 -0.300 -0 . 600 -0.200 
S£ 0.667 0.300 -o.4oO -o.aco -0.600 
lUI 0.975 0.900 -0.100 -o.~co - C. 20C 
AG 0.526 0.359 -0.667 -0.564 -.:).872 
tA 0.872 1.000 -0.900 O.JCO -0.100 

sr p s cc C.J 

SI ~.000 
? 0.500 1.000 
s 0.500 1.000 .. . ooo 

co 0. 900 0.300 0.300 :. .~oc 

cu 0. 700 0. 900 0.900 0.600 : . ooo 
AS 0.600 0.700 0.700 0.3CC 0. 500 
st 0.700 0 . 900 0.900 0.500 0 . 800 
lUI 0.900 0.300 0.300 O. '!CO 0.400 
AG 0 . 667 0.821 0 . 821 0.564 0 . 975 
tA 0.800 0 . 100 0.100 0 . 600 0.300 

AS S£ lUI AG tA 

AS 1.000 
S£ 0.900 1.000 
lUI 0 . 700 0.600 1 . 000 
AG 0 . 359 0.667 0.359 :.~co 
LA 0.400 0.300 0 . 900 0.359 :..ooo 
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mobilization of dissolved metals from the salvage yard-bog area was found to be 

negligible. Relatively neutral pH ( > 6) conditions detected in drainage basin ground 

waters most likdy limited tbe aqueous solubility of metals and resulted in the predominant 

species being adsorbed to the soil framework. An additional source of contamination to 

the drainage basin is suspected to include domestic septic effluent. M. mocoraria 

collected from the South River estuary were enriched in Fe~ Ni~ ~ Cd. Cr. and Pb. 

relative to average concenttations of M. tMrcmaria collected along the Atlantic coast of 

the US. However~ PCBs were not present~ O.OS ppm (wet weight) in M. !114rcenaria 

from the esruary. Therefore. PCBs adsorbed on suspended material are either being 

deposited closer to tbe salvage yard or are being diluted by uncontaminated suspended 

matter. Regardless, PCBs are not available to these relatively immobile bioreceptors in 

the estUary. 

-m-



A~KNOWLEDGEMENTS 

The wort carried out in this study was funded through a cost-slwed program under 

the Canada-Newfoundland Agreement Respecting Water Resources Management. This 

program is funded by Environment Canada and dle Newfoundland Department of 

Environment. Matching funds were shared between the Department of Graduate Studies 

and NSERC operating grants to Professors J. E. Gale and M. A . Wadleigh. FracFlow 

Consultants, Inc. and BEAK Engineering Ltd. (FFC I BEAK) are also acknowledged for 

work performed under the National Contaminated Sites Remediation Program (NCSRP) 

rhat delineated the problem with PCBs and heavy metals at the Makinsons site. FracFlow 

Consultants, Inc. also generously provided software and computer facilities for the 

numerical simulations. It should be llOled dJat Chapters 1 and 2 of this thesis are exttacted 

from a manuscript "Distribution of PCBs and Heavy Metals Releasd from an Old Salvage 

Yanl in a Small Drainage Btlsin" that is cmrently being prepared by Gale, Wadleigh, and, 

Bourgeois. Drs. Jobn Gale and Moi!e W adleigb ably supervised the project and were very 

co-operative, especially during the final stages of thesis preparation. 

Many thanks to the numerous field assistants wbo braved every type of weather 

imaginable and shared their lunch when I frequently forgot mine: Colin Jackman, Dale 

Noe4 Rob Taylor, Marc Cutler, Allison Pye, Graham ~ and Phyllis McCrindle. 

Dr. Tun Wright and Paul Barnes were very co-operative in renting vehicles on short notice. 

Drs. Henry Longerich and Simon Jackson were extremely patient and sympathetic during 



"tbc great ICP-MS fiasco of '9S" and supplied software and PCs for most of the statistical 

analyses. Pam King was quia: helpful during IC and AA analyses as was Helen Gillespie 

during grain size analyses. Dr. James Friel and Mr. Claude Mercer of the Biochemistry 

Dept. deserve thanks for tbe use of tbeir lab during preparation of clams for ICP-MS. Dr. 

Max Blouw of UNBC generously supplied NlTEX for tbe piezometer screens and advice 

on srarisrics. Dr. Jerry Payue of DFO was very ~ in discussing clam chemistry. 

Glen Bursey and Bob MacLeod of FracFlow Consultants, Inc. were also helpful and ~ 

operative during the field portion of this stUdy. 

Many thanks and apologies to Graham Dillabough and Sandy Archibald whom I 

incessantly badgered for the use of their school supplies. Terry Christopher generously 

provided tbe use of sedimem coring equipment and crucial advice on core collection. 

Special thanks to Mr and Mrs. Hector Belbin of Clarke's Beach for the cake and coffee 

after a few bard days of rowing. 

I would also like to tbank my homes away from home: especially the Molloys in 

St. John's and also the Buckles in St. John's and Jackmans in St. Pbillips. My entire 

fmliJ:y never ceased in their eucouraging support throughout this ordeal. Moire Wadleigh 

deserves a special thanks for a loan of $5 the very first time I met her. She surely must 

bave tbougbl, "What in 1be wodd am I getting involved with • . Special thanks to John and 

Colin at Discovery Graphics and the staff at St. Stephen • s Elementary School in 

Stephenville who were very helpful with the final drafts of the thesis. 

-v-



TABLE OF CONTENTS 

ABSrRAcr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . u 

ACKOWLEDGEMENTS .. .... ................................ iv 

T ABI.E OF CONTENTS ...................................... vi 

UST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii 

UST OF FIGlJRES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix 

1. INTR.ODUCfiON . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
1. 1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
1.2 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
1.3 Objectives and Scope . . . . . . . • . . • . . . . . . . . . . . . . . . . . . . . . . 9 

2. HYDROGEOLOGICAL FRAMEWORK . . . . . . . . . . . . . . . . . . . . . . . . 11 
2. 1 Backg:I'O\JDid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
2.2 Field Investigation . . . . . . . . . . . . • . . • . . . . . . . . . . . . . . . . . 19 
2 .3 Three-Dimensional Numerical Simulation of Ground Water Flow . . . . 26 

2 .3. 1 Model Construction and Input Parameters . . . . . . . . . . . . . 26 
2.3.2 Numerical Simulation and Results . . . . . . . . . . . . . . . . . . 31 

3. SAMPLING PROCEDURES AND ANALYSES . . . . . . . . . . . . . . . . . . . 42 
3.1 SMiment and Soil Sampling and Analysis . . . . . . . . . . . . . . . . . . . 42 
3.2 Surface and Ground Water Sampling and Analysis .. ... .. .. ... . 48 
3.3 Bioreceptor Sampling aDd Analysis . . . . . . . . . . . . . . . . . . . . . . . 55 
3.4 E.unary Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 

4 . RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 
4 .1. Geochemistry of the Maldnsons Study Area . . . . . . . . . . . . . . . . . 61 

4.1 . 1 Sedimems aDd Soils . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
4.1.2 Surface Waters and Ground Waters . . . . . . . . . . . . . . . . . 71 
4.1.3 Bioreceptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
4.1.4 Quality Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

4.2 Contamination in the Maldnsons Study Area . . . . . . . . . . . . . . . . . 87 
4.2.1 Sediments and Soils . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 

-vi-



LISr OF TABLES 

Table blc 

Table 2.1 Hydraulic parameters used in numerical simulations of ground water flow 
in the Makinsons drainage basin. . . . . . . . . . . . . . . . . . . . . . . . 32 

Table 4 . 1 Chemical concenttations in four differem •bactgroUDd• medlods used to 
estimate enrichment in stteam sedimems in dle study area. . . . . . . 91 

Table 4.2 Emichn~CQr factors of sueam satirre:Jcs collected from the study area. 1be 
7 enriched metals I oxides in tbe test stream are included. . . . . . . . 92 

Table 4 .3 Sediment I soil samples which exceed CCME (1991) criteria. . . . . 98 

Table 4 .4 Comparison of surface and ground water chemistry with precipitation 
cbemistry (Jamieso~ 1993). . . . . . . . . . . . . . . . . . . . . . . . . . 103 

Table B. l Sampling matrix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 

Table D. I SMiment and Soil Chemistry Data.. . . • . . . . . . . . . . . . . . . . . 139 

Table F . 1 Water Chemisuy Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 

Table H . I Clam (Mercenaria mercenaria) Chemistry Data. . . . . . . . . . . . . 161 

Table 1.1 Replicate sample results (XRF). . . . . . . . . . . . . . . . . . . . . . . 163 

Table 1.2 Replicate and blank sample results (IC and AA). . . . . . . . . . . . . 163 

Table 1.3 Replicate and blank sample results (ICP-MS). . . . . . . . . . . . . . 164 

Table J . l Enrichment factors (EF) of tbe metals I oxides not enriched in tbe srudy 
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 

Table K .1 Sediment Chemistry Spearman rank Correlation Mattix. . . . . . . . 166 

Table L. l Significance tables for Spearman rank correlation coefficients. . . . 169 

Table M.l Minerals for which saturation indices were calculated using MINTEQA2 

-VUl-



LISr OF ftGURES 

Figure 1.1 Location of stUdy aiel in dJe towns of Makinsons and Clarte's Beach. 
Newfoundlam. . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . 4 

Figure 1.2 Regional map of smdy area indbring tbc salvage ~ test saeam, estuary, 
additional streams aDd ponds, roadways, ecc. . .. . . . . . ........ S 

Figure 1.3 Median metal couccmrations detected in salvage yard soils (FFCIBEAK. 
1992d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

Figure 1.4 Maximum PCB concentrations detected in salvage yard and stream 
sedimeuiS (modified from FFCIBEAK 19924). Arrows indicate direction 
of st:ream flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 

Figure 2 . 1. 1 Regional geology surrounding the study area. . . . . . . . . . . . . . . . 12 

Figure 2 .1.2 Surficial geology surrounding the study area (modified from Henderson, 
1972). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 

Figure 2 . 1.3 Drainage basin, stteam., and topographic coD10Ul'S. . • . . . . . . . • • 16 

Figure 2.1.4 Drainage basin and saeam ourlines, aDd inferred direction of groundwater 
flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 

Figure 2 .2.1 Topographic gradiem (m) and relative stream flow (Q) {Umin) along test 
saeam. Vertical exaggeration is lOX. . . . . . . . . . . . . . . . . . . . 20 

Figure 2.2.2 Potentiometric surfaces (mm) at each of tbe four locations of "mini" 
P~- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

Figure 2 .2 .3 Perspective view of tbe topography in tbe Makinsons drainage basin. The 
view is towards tbc nortbeast and vertical ex.ageration is 2X. . . . . 22 

Figme 2.2 .4 Montbly variation in precipitation and temperUUie recorded at Budcrville, 
Newfomxfland (1994). . . • . . . . . . . . . . . . . . . . . . . . . . . . . . 24 

Figure 2 .2 .5 Daily variation in precipitation (Butlerville, Newfoundland) and stream flow 

-x-



(Shearsto~ Newfoundland) during 1994. . . . . . . . . . . . . . . . . . . . . . 25 

Figure 2.3. 1 Configuruicn of 3D model grid over tbe Malrinsons drainage basin. Grey
shaded cells are no-flow cells, white cells are active cells, and the black 
cells are constant bead cells where tbe stream is located. . . . . . . . . 27 

Figure 2.3 .2 Configuruicn of model layers for profile B' ·B. Layers 1 through 6, as well 
as dJe location of the stream are indicated. Vertical exaggeration is 2.SX. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 

Figure 2.3.3 Configuration of model layers for profile A'-A. Layers 1 through 6, as 
well as tbe location of the stream are indicated. V ettical exaggeration is 
lOX. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

Figure 2.3.4 Simulated hydraulic heads for layers 1 and 2. Heads are in metres above 
sea level(+ 175m). . .... . ...... . ......... . ....... 34 

Figure 2.3 .5 Simulated hydraulic beads for layers 3 and 4. Heads are in metres above 
sea level ( + 175 m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 

Figure 2.3.6 Simulated hydraulic heads for layers Sand 6. Heads are in metres above 
sea level ( + 175 m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 

Figure 2.3 .7 Simulated hydraulic heads and ground water flowlines for profile B'-B. 
Hydraulic beads are in metres above sea level ( + 175 m). Vertical 
exaggeration is 2.SX. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

Figure 2.3.8 Simulated hydraulic heads and ground water flowl.ines for profile A-A' . 
Hydraulic heads are in metres above sea level ( + 175 m). Vertical 
exaggeradon is lOX. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 

Figure 2.3.9 Distribution of discharge (hatched) and recharge areas in the Ma)cjmons 
drainage basin. Tbcse areas are estimated based on differences in hydraulic 
heads between layers 1 and 2. . . . . . . . . . . . . . . . . . . . . . . . . . 39 

Figure 2.3.10 SimnJatrd flow paths of particles, in layer 1, released from the salvage yard 
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

Figure 3.1 Locations (stars) of sediment cores collected from South River. . . . 43 

-xi-



Figure 3.2 I..ocatiom of sediment cores analysed for PCBs and trace metals in the South 
River estuary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 5 

Figure 3.3 Locations of stream sediments, soil, sediment cores and bedrock samples 
collected from me study area. . . . . . . . . . . . . . . . . . . . . . . . . . 47 

Figure 3.4 Locations of surface aud ground war.er samples collected from tbe SlUdy 
area. SOWl through SOW12 are ground water samples while the 
remaining locations are surface water samples. . . . . . . . . . . . . . . 49 

Figure 3.5 Locations of tbe two surface water sample sets collected on August 28 and 
again on November 16/17, 1994. . . . . . . . . . . . . . . . . . . . . . . SO 

Figure 3.6 Triangular configurations and locations of in.u.alled "mini" piezometers in 
the drainage basin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 

Figure 3. 7 Geometry of installed piezometers relative to the test stream. . . . . . 53 

Figure 3.8 Locatioos (stars) of clam (Mercenmitl mercenmitl) samples collected from 
the South River estuary. • . . . . . . . . . • . . . . . . . . . . . . . . . . . 56 

Figure 3.9 Locations of salinity determinations in tbe South River estuary (1994). 58 

Figure 4.1 Concentrations of group 1 parameters along tbc test stream. . . . . . 63 

Figure 4.1.2 Locations of stream sediments, soil. and bedrock samples collected from 
tbe Makinsons drainage basin. . . . . . . . . . . . . . . . . . . . . . . . . 65 

Figure 4.1.3 Groups 1,2.3, and 4 behaviour, shown by Rb, Si02• Pb, and Cr in 
sediments aDd soils versus cfistana: along stream. . . . . . . . . . . . . 66 

Figure 4.1.4 Em:ire saeam sediueur aDd soil sample set analysed for total PCB content. 
Note elevated PCBs in bog sample near control stream. . . . . . . . . 69 

Figure 4.1.5 Entire South River sediment sample set analysed for toW PCB and ttacc 
JDeta1 content. . . • . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 

Figure 4 .1.6 Sediment chemisrry from core E4. . . . . . . . . . . . . . . . . . . . . . . 72 

Figure 4 .1.7 74 

-xii-



Figure 4.1 .8 Locations of surface and ground water samples collected from the study 
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

Figure 4 . 1. 9 Piper diagram of the major cations and anions mcasun:d from tbe main 
course of tbe test stream and ground water samples collected on November 
16/17. 1994. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 

Figure 4.1.10 Group behaviour as shown by, Si, Cl, and Cu in surface water samples 
versus distance along stream. . . . . . . . . . . . . . . . . . . . . . . . . . 81 

Figure 4.1.11 Locations (sws) of clam (Mercm.aria ~rcDIIlria) samples collected from 
the South River estuary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . M 

Figure 4.1.12 Fe. Cd. and Cu (ppm) in clam samples collected from the South River 
estuary plotted versus distance from south to nordl. . . . . . . . . . . . 85 

Figure 4.2.1 XI AI ratios in the sediment and soil samples. . . . . . . . . . . . . . . . 93 

Figure 4.2.2 Ratio of sodium, calcium.~ and sulfate to chloride concentrations 
in the water samples collected. . . . . . . . . . . . . . . . . . . . . . . . 101 

Figure A.l Sttucture of a bipbcnyl molec:ule indicating the positions (i.e. onho. para, 
and meta) where chlorine substitution is possible. . . . . . . . . . . . 132 

Figure B.l Location map for sampling mattix. . . . . . . . . . . . . . . . . . . . . 136 

Figure C.1 Salinity Variation (%o) in tbe South River Estuary (1994). . . . . . 138 

Figure E. I Tcmperawre, cooduct.ivity, pH. and dissolved oxygen measured at each of 
the 12 piezometers. Included is the appropriarc surface Water paral1ld.er 
between each set of pic:zometers. . . . . . . . . . . . . . . . . . . . . . . 142 

Figure E.2 Major cation cbemistry measured at each of tbe 12 piezometers. Included 
is the appropriare surface water parameter between each set of piezometers. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 

Figure E .3 Major anion cbemistry measured at each of the 12 piezometers. Included 
is tbe appropriare surface water paran""1ft between each set of piezometers. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 

-xili-


