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ABSTRACT

A regional geochemical reconnaissance by bottom stream sediment

sampling, has delineated an area of high metal content in the north central

sector of the North Creek Watershed. Development of a geochemical model,

relating to the relative chemical concentrations derived from the chemical

analyses of bottom sediments, suspended sediments, stream waters and well

waters collected from the north central sector, was designed to discover the

source of the anomaly. Samples of each type of material were analysed by

the A.R.L. Direct Reading Multi-element Emission Spectrograph Q.A. 137 for

elements: Na, K, Ca, Sr, Si, As, Pb, Zn, Cd, Ni, Ti, Ag, Mo, Be, Fe, Al,

Mn, Cu, Cr, P and Y. Anomalous results led to the discovery of a spring, the

waters of which carried high concentrations of Zn, Cd, Pb, As, Ni, Ti, Ag,

Sr and Si. In addition, the spring waters had high concentrations of Na, Ca,

Mg, SOi^, alkalinity, NO3, and low concentrations of K, CI and NH3. Increased

specific conductivity (up to 2500 umho/cm.) was noted in the spring waters

as well as increased calculated total dissolved solids (up to 2047 mg/1) and

increased ionic strength (up to 0.06). On the other hand, decreases were

noted in water temperature (8°C) , pH (pH 7.2) and Eh (+.154 volts).

Piezometer nests were installed in the anomalous north central sector

of the watershed. In accordance with the slope of the piezometric surface

from wells cased down to the till/bedrock interface, groundwater flow is

directed from the recharge area (northwest of the anomaly) towards the

artesian spring via the highly fractured dolostone aquifer of the Upper

Eramosa Member. The bedrock aquifer is confined by the overlying Halton

till and the underlying Lower Eramosa Member (Vinemount Shale) . The

oxidation of sphalerite and galena and the dissolution of gypsum, celestite,

calcite, and dolomite within the Eramosa Member, contributed its highly,
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dissolved constituents to the circulating groundwaters, the age of which

is greater than 20 years as determined by tritium dating. Groundwater is

assumed to flow along the Vinemount Shale and discharge as an artesian spring

where the shale unit becomes discontinuous. The anomaly is located on a

topographic low where bedrock is close to the surface.

Thermodynamic evaluation of the major ion speciation from the anomalous

spring and surface waters, showed gypsum to be supersaturated in these spring

waters. Downstream from the spring, the loss of carbon dioxide from the

spring waters resulted in the supersaturation with respect to calcite,

aragonite, magnesite and dolomite. This corresponded with increases in

Eh (+.304 volts) and pH (pH 8.5) in the anomalous surface waters.

In conclusion, the interaction of groundwaters within the highly,

mineralized carbonate source (Eramosa Member) resulted in the characteristic

Ca*Mg*HC03*S0t
t
spring water at the anomalous site, which appeared to be the

principle effect upon controlling the anomalous surface water chemistry.
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CHAPTER I

INTRODUCTION

The objective of the North Creek Watershed (Map 1) study was to

examine and interpret distribution patterns for twenty elements in bottom

sediments, in order to identify the locations of any observed geochemical

anomalies. Any anomaly would then be identified as an "area of interest".

Further investigation would concern the chemical analyses of bottom stream

sediments, suspended sediments, stream waters and well waters, in terms of

the geochemical history of the area and the origin of the anomaly.

LANDSCAPE GEOCHEMISTRY

The writer felt that the concept of landscape geochemistry would

greatly assist the reader in understanding the source and origin of any

geochemical anomaly. The discipline of landscape geochemistry is of great

assistance in comprehending the principles behind soil-water interaction

and thus inter-connecting it with the results obtained from any geochemical

data.

Landscape geochemistry consists of a holostic approach to the

circulation and behaviour of chemical elements in nature; involving

geological, hydrological, pedological and ecological parameters.

Essentially, rocks, soils, water, biological organisms and the atmosphere

are examined as "totalities" rather than separate entities of natural

systems with hardly any chemical interaction between them. Fortescue

(1974) identified four fundamental principles which are essential to the

understanding of landscape geochemistry. The first concept refers to

elementary landscape types and the various chemical relationships between

the daylight surface and the hydrosphere. The second concept utilizes
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volume units to describe landscapes which extend from the bedrock to the

atmosphere. The third deals with general flow patterns of chemical

substances through landscapes. Concept four includes the description of

landscapes in relation to the hierarchies of space, time and complexity.

PREVIOUS WORK

The flow diagram in Figure 1 (Fortescue, 1971) summarizes the principle

behind stream sediment geochemical mapping. As shown on the left hand side

of the diagram, mineral deposits may be discovered by this method, while

the right hand side of the diagram shows that this method can be used to

detect the nature and degree of man's activities in a given environment or

area. Fortescue (1971) clearly established the usefulness of stream sediment

geochemical mapping in his study of the St. Catharines area (Ontario). In

that study, he identified trace element distribution abnormalities resulting

from natural causes, from man's activities in a rural area, and from man's

activities in an urban area. In addition, the bottom stream sediment

geochemical prospecting method has also been shown to be successful and

efficient by Boyle (1955) in the Yukon and Webb (1973) in Ireland.

The case history concerning Boyle's investigation in the Keno

Hill-Galena Hill District (Yukon) , demonstrated the applicability of

geochemical prospecting for heavy metal deposits. Boyle (1955) stated that

the immediate source of the heavy metals may be a spring at the head of a

tributary stream, but the actual source of the metal is usually a vein or

series of veins some distance from the spring. Consequently, he showed that

the stream sediment method is satisfactory in tracing anomalously high

levels of heavy metals to its source in areas of known mineralization, as

well as in undeveloped areas.





FIGURE 1. FLOW DIAGRAM SHOWING THE PRINCIPLES OF STREAM SEDIMENT

GEOCHEMICAL MAPPING (Fortescue, 1971)
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Webb (1973) performed a geochemical reconnaissance survey in Northern

Ireland by stream sediment sampling. The oven-dried, minus 80-mesh sediment

samples were extracted and analyzed for Al, Ba, Ca, Cr, Co, Cu, Ga, Fe, Pb,

Mg, Mn, Ni, K, Sc, Si, Sr, V and Zn. These elements were analysed using an

ARL 2900 B Quantometer, a 40-channel automatic emission spectrometer. This

low-density, regional geochemical reconnaissance was implemented by

delineating broad-scale patterns of element distribution towards selected

"areas of interest". Results indicated that the main factors influencing

the abnormal geochemical patterns found in Northern Ireland, varied with:

1) the bedrock geology, 2) the nature of the overburden, 3) environmental

conditions and 4) contamination. Webb concluded that his geochemical atlas

of Northern Ireland could assist interested researchers in 1) areal

selection for mineral exploration, 2) delineating suspect agriculture areas

of clinical and sub-clinical trace element disorders in crops and livestock

and 3) in a variety of environmental studies, including land-use and public

health.

Overall, Boyle (1970) included the stream sediment method along with

the analysis of natural waters and their precipitates under the heading of

hydrogeochemical methods.

PRESENT STUDY

Chemical analyses of stream bottom sediments (aggregate of mineral,

rock and organic components) was first approached on a preliminary basis in

the North Creek Watershed (see Map 1) on April 1976. It was anticipated that

a bottom stream sediment survey would identify any existing geochemical

anomalies resulting from natural processes or man's activities. Fifty grab

samples of the bottom sediments were collected in the month of May 1976,

each sample being taken 15 metres upstream from a road bridge location.
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Analyses of these indicated areas of high values of heavy metals (ie.

Zn, Pb, Cd) within the watershed, especially in the north central

sector.





CHAPTER II

STUDY AREA

Location

The North Creek Watershed (Map 1) is situated one-half mile south of

the village of Smithville within West Lincoln and Grimsby Townships. North

Creek is a tributary of the Twenty Mile Creek, situated along the crest of

the Niagara Escarpment (Map 2).

Topography

The topography is generally flat, for the watershed is situated within

the Haldimand Clay Plain. The ground surface rises slowly to the north on

to the flank of the Niagara Falls moraine. The clay plain is broken mainly

by the Twenty Mile Creek, and its tributaries, which meanders across it in

an easterly direction. Maximum relief is approximately 15 m.

The most prominent topographic features near the study area (Map 2)

are the Niagara and Eramosa scarps and the Vinemount moraine.

Bedrock Geology

The North Creek Watershed is underlain by Silurian rocks, which have

a regional dip of approximately 30 feet per mile (Caley, 1940) to the south

(Note the close proximity of Silurian outcrops northeast of the watershed

in Map 2). The stratigraphy (Bolton, 1957) of the Lower and Middle Silurian

sediments for the Niagara Peninsula is shown in Table 1. The strata are

well exposed along the face of the Niagara Escarpment.

The bedrocks underlying the watershed are the Lockport and Guelph

Formations. The Lockport Formation forms the crest of the Niagara

Escarpment; it consists of three Members, 1) the finely, crystalline and

7
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TABLE 1.

STRATIGRAPHIC SECTION FOR THE NIAGARA PENINSULA (Niagara Falls-Hamilton)

(Bolton, 1957)
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crinoidal Gasport Limestone at the base, 2) the overlying cherty, very

finely crystalline Goat Island Dolostone, and 3) the dark brown aphanitic

to finely crystalline Eramosa Dolostone as the upper unit. This last

Member consists of a lower dolostone section with black, bituminous, shaly

partings; the so called "Vinemount Shale" defined by Hewitt (1960), which

contains up to 50% insolubles (Bazinet, 1977). In addition, the upper

section of the Eramosa Member is a dark grey, very finely crystalline

dolostone. The Guelph Formation overlies the Lockport Formation and is a

dark brown, aphanitic to finely crystalline, porous dolomite. The Lockport-

Guelph contact zone (Table 1) lies just north of the watershed as mapped by

Liberty (1975).

It should be noted that the Eramosa Member is bituminous and for the

most part dolomitic throughout the section and contains fine specimens of

gypsum, celestite, dolomite, sphalerite and galena (Guillet, 1967). Warren

and Devault (1961) performed chemical analysis (ie. aqua regia extraction)

on the Eramosa Member. Their results showed the presence of 325 ppm Zn and

61 ppm Pb.

Quaternary Geology

A part of the quaternary geological map for the Grimsby-Smithville area

as published by Feenstra (1972, 1975), is reproduced as Map 2.

During the Port Huron Stadial (13,100 years B.P.) in Late Wisconsinan

time, the Ontario-Erie ice lobe deposited a fine-textured, greyish-brown

silty-clay till, the Halton till (Feenstra, 1975) over the area of the

watershed within the Niagara Region.

As the Port Huron ice sheet melted from the Lake Erie basin, meltwaters

were ponded and proglacial lakes formed. The stratified glaciolacustrine

silts and clays, found overlying the Halton till of the study area, are

correlated with proglacial Lake Warren (12,900 years B.P., Feenstra, 1975),
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whose waterplane is recorded at Fonthill (850 feet a.s.l.), 14 miles east

of the study area. The clay, which appears to be varved, was deposited

under deep water conditions while the uppermost silty-clays were probably

laid down as Lake Warren shallowed.

Feenstra (1972) postulated two ice advances on the basis of stratified

very fine gravelly silty clay units in the Twelve Mile Creek re-entrant.

Both units are believed to be the Halton till which are intercalated

between glacial lake clay, silt, and fine sand, with few clasts. The

earlier advance can be correlated with the formation of an ice margin delta

in Lake Warren at Fonthill. Feenstra correlated the formation of the

Vinemount moraine along the top of the Niagara Escarpment with the later

advance. Other parallel earlier recessional moraines, the Fort Erie and

Niagara Falls moraines, occur a short distance to the south of the Vinemount

moraine, respectively just west and northwest of Smithville (see Map 2).

These recessional moraines found in the Niagara Region are confined to areas

where bedrock is close to the surface (Barnett, 1975; and Feenstra, 1975).

Other very temporary proglacial lakes succeeded Lake Warren as the ice

sheet retreated from the Niagara Escarpment into the Lake Ontario basin

(Lakes Grassmere and Lundy, respectively - time interval between 12,800 -

12,700 years B.P., Prest, 1970).

Lake Iroquois formed in the Lake Ontario basin and the drainage of

the Ontario-Erie ice lobe was directed eastward into the Mohawk Valley via

Rome, N.Y. Lake Ontario was initiated 10,500 years B.P. (Fairbridge, 1975)

after Iroquois waters fell through successively lower stages to the

Admiralty stage.

The present North Creek catchment basin was initiated as the Lake

Warren water-plane fell to a low stage in the Lake Erie basin, sometime

prior to the formation of Lake Iroquois. Therefore, the development of the
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North Creek drainage system along with soil forming processes on the

exposed glaciolacustrine material, have been in effect for about 12,800

years.

Feenstra (personal communication, 1977) described a well drilled three

kilometres west of the watershed to a depth of ten metres to the bedrock

surface. The log of the well showed two metres of Halton till at the base

which is overlain by eight metres of glaciolacustrine silts and clays

(ie. varved) . Dropstones occur in the stratified silts and clays and are

found throughout these deposits within the watershed.

Barnett (1975) performed chemical analyses (ie. HF - HCI0 4 extraction)

on samples of Halton till collected from a site six kilometres northwest

of the watershed boundaries. Results showed the presence of 575 ppm Zn,

40 ppm Ni, 55 ppm Cr and 45 ppm Cu. Barnett showed that the high Zn content

in the till at this locality is the result of derivation of Zn from the

Lockport Formation. Barnett also showed that the Zn content of the Halton

till drops suddenly to 100 ppm northward and southward from this site.

Soils

Wicklund and Matthews (1963) included the Smithville area with the

Haldimand Clay Plain and classified its soils as the "Haldimand Series",

a part of the Grey-Brown Podzolic Group. This group contains soils which

are generally well leached, basic or slightly acidic, with a diagnostic

illuvial "B" horizon. In the study area, they developed on well weathered

alkaline base-enriched parent materials, such as the glaciolacustrine silts

and clays.

Recently, the Ontario Soil Survey has prepared a soil map of the North

Creek Watershed. Patterson (personal communication, 1977) from the Ontario

Soil Survey, had classified the random distribution of soil types from

one-third of the watershed as Orthic Humic Gleysols and two-thirds as Orthic
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Grey Brown Luvisols. In addition, Patterson reported on the general

thickness of the soil horizons from pits that were excavated in the watershed

as: 0-20 cm. depth for the A horizon; 20-50 cm. depth for the B horizon;

and 55 cm. + for the C horizon (ie. subsoil horizon).

Land Use

Land use data, reported for the North Creek Watershed (Agriculture

Canada, 1974) shows 53.3% utilization as forage and pasture; 12.4% as small

grains; 16.8% as corn; 13.8% as forest; 0.4% as soybeans; 1.5% as fallow

and 1.8% as miscellaneous, including roads, buildings, etc. Basically, the

entire watershed is classifed as rural, devoted primarily to various

livestock operations.

Groundwater

Scott (1967) reported on the hydrogeology of bedrock underlying the

North Creek study area. Scott showed that the bed thickness within the

Lockport and Guelph Formations, vary from thin to thick, and that vertical

and horizontal joints are well developed in both formations. These rock

formations are recorded to have average well yields in the order of 10

g.p.m., but in some places, may exceed 600 g.p.m.

Mucciarelli (1975) concluded that groundwater supplies above the Niagara

Escarpment (in the Beamsville area) , are mainly obtained from the Lockport

Formation. Well yields from this formation are much greater than from the

Queenston Shale Formation found below the escarpment (50 g.p.m. as compared

with 2 g.p.m.). This is a direct result of the extensive fractures and

joints in the Lockport dolostones, which makes them the better aquifer in

the Niagara Peninsula.

Scott (1967), believed that the amount of mineralization of the

groundwaters derived from the Lockport Formation can be excessive, especially
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where small inclusions of gypsum or disseminations of sulphide minerals are

present.

The Niagara Escarpment contains shale units of low permeability which

restrict the movement of groundwater. Scott (1967) claimed that many

springs occur along the contact of these shales (ie. Vinemount Shale) and

the overlying fractured dolomite (ie. Upper Lockport and Guelph Formations),

Mucciarelli (1975) studied the groundwater flow two miles east of

Smithville and concluded that the general direction of groundwater flow is

eastward similar to that of the surface water flow direction above the

Niagara Escarpment. Mucciarelli also found that groundwater divides

coincide with topographic divides and as a result , he concluded that

groundwater moves from topographically high areas towards local stream

channels.

Drainage

Surface water drainage of the North Creek is from west to east, being

controlled by topographic divides. Discharge data gathered by the Ontario

Ministry of the Environment (1976) throughout the months of 1976, at a

gauging station two miles upstream from the mouth of the North Creek

Tributary (part of the Twenty Mile Creek Drainage System), is recorded in

Appendix I.

Climate

In general, the climate of the Smithville area results from the

interaction of warm air from the south and colder air from the north.

Sanderson (1976) of the Windsor Industrial Research Institute, had

quantitatively determined the average monthly and annual precipitation

values (see Appendix II) from a recording station located within the North

Creek Watershed.
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The increasing importance of the atmosphere as a source of nutrients

or trace metals is of great significance today in the Niagara Peninsula.

Sanderson (1976) studied the monthly precipitation chemistry, as recorded

in Appendix III, for the North Creek Watershed in the period from May 15,

1976 to December 4, 1976.





CHAPTER III

DESCRIPTION OF METHODS

(1) FIELD METHODS

Bottom Sediment Sampling

A detailed study was undertaken in order to account for the spatial

distribution of the chemical elements in bottom sediments in the North

Creek Watershed and to identify all possible point sources of pollution.

This was based on 250 sample sites with bottom sediments being cored to a

depth of ten centimeters during the months of June and July, 1976. All

sediment samples were cored with a hand-held plastic coring apparatus

(Sutton, 1974). These samples were described in the field and then later

stored in labelled, manilla bags for laboratory study. This detailed study

was expected to confirm the validity of the conclusions derived earlier

during the preliminary stream sediment survey on April, 1976.

A further and more detailed survey was done in order to discover the

origin of the anomalous values in the north central sector of the North

Creek Watershed. The north central sector of the watershed was visited

twice weekly between September 1, 1976 to November 26, 1976, collecting

bottom stream sediments, suspended sediments and stream waters at fifteen

sampling sites (sites A-0 inclusive as shown in Map 3 and the aerial

photograph of Plate I). The well waters were collected from the three

piezometer drill holes (Nl, N2, N3 located in Map 3) which were cased down

to the bedrock/ sediment interface. The results of the analyses on the

samples collected, were designed to show possible chemical relationships

that may exist amongst the four types of materials collected from the

vicinity of the anomaly.

16





tr.





18

Suspended Sediment and Surface Water Sampling

Representative stream water and suspended sediment samples were

obtained by use of a U.S. D.H. - 48 water sampler which has a teflon intake

valve, thereby minimizing any possible metal contamination. At each sample

location, depth integrated water samples were taken from three points along

a traverse across the stream. Water samples were then poured into two,

prewashed (1 M HNO3 and deionized water rinse) one liter polyethylene

bottles. Note that the water samples were not filtered through a millipore

filter (N.B. Filtration of water samples through a 0.45 micron cellulose

acetate paper would yield the desired dissolved state without any suspended

particles). Instead, the water samples were centrifuged for 10 minutes at

2000 r.p.m., and the supernatant liquid decanted into a clean polyethylene

bottle (one litre). It should be understood that some fine particulate

matter may be mixed within the liquid of the stream water samples. Forstner

(1976) stated that there usually exists a marked increase in metal

concentration as the sediment particle size decreases (ie. increase in

surface charge)

.

The addition of two ml. concentrated nitric acid as a preservative to

one of the one liter bottles prevented precipitation of metallic ions so

as to avoid spurious results during later, metallic determination. The

second bottle was not acidified so that a determination could be made of

the soluble elements only.

Coring and Well Water Sampling

Three holes were drilled at the anomaly site for the purpose of

obtaining representative groundwater samples; samples which could be

chemically compared with local surface waters on a biweekly basis. In

addition, samples of soil and bedrock from the drill core were analysed to
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determine the geochemical distribution with depth from the daylight surface

to the underlying bedrock. The soils were also analysed for cation exchange

capacity, percentage carbonates, percentage organic matter, pH, and texture.

Subsamples were taken at 10 cm. intervals from core Nl and at 5 cm. intervals

from core N2. These measured parameters could be used to define the

composition of the Quaternary deposits and of bedrock.

The core drilling was carried out using a truck-mounted drill (CME

Model 55) equipped with hollow stem augers from the University of Waterloo.

These couple together in 1.7 m. lengths. The augers are 16.8 cm. in

outside diameter with a hollow annulus of 8.3 cm. Drilling samples were

collected at 60 cm. intervals through the auger annulus using split-spoon

sample tubes and the soil characteristics described in the field. The

samples were wrapped in plastic bags, labelled and stored at a temperature

of 4°C for future laboratory study. A diamond drill was used to obtain

samples of bedrock to depths ranging from 60 to 150 cm. below the bedrock

surface. At each test hole site (Map 3), piezometers were installed and

cased down to the sediment-bedrock interface and also in bedrock. In

addition, an observation well was installed adjacent to wells Nl so as to

record the water table levels. From these wells, water samples were drawn

up by use of a battery-powered electrical water pump. Preliminary

precautions were first taken to ensure representative groundwater samples,

involving rinsing of the pump and associated tubing with deionized water

followed by pumping of well water until the whole system had been rinsed

with it. Two, 100 ml samples were collected, only one sample was acidified

from each site.

Measurement of Eh-pH

Geochemical environments may be characterized more quantitatively in

terms of oxidation potential (Eh) as well as pH. (In addition to alkalinity





20

and total dissolved solids of the natural waters) . During the study period

of September 1, 1976 to November 26, 1976, the pH measurements of the waters

were performed immediately after sampling and return to the laboratory.

When the Eh-pH measurements on the waters were performed on May 10, 1977,

an accurate pH measurement was made. Because temperature compensation is

necessary for accurate pH measurement, a bottle of temperature controlled

pH 7.41 buffer was brought into temperature equilibrium with the stream

waters for 15 minutes. Afterwards, the temperature compensator of the I. B.C.

pH Trophy meter was adjusted according to the stream's temperature. Then,

the pH meter was calibrated by placing the glass electrode into the

pH-controlled buffer solution while still in temperature equilibrium with

the stream. A pH buffer 6.86 was used as an additional check for the

calibration of the pH meter. Finally, the stream water was measured for

pH by immersing the glass electrode in the aqueous medium.

For determining stream water Eh, a Corning manufactured platinum

electrode, with a calomel reference electrode was used. (The use of a

platinum electrode in preference to the many other electrodes is discussed

by Zobell, 1946), The I. B.C. pH Trophy meter was used to measure the

potential between the electrodes, when immersed in the stream water. The

final EMF reading was recorded after an equilibration time of approximately

a half an hour.

The stream sediment Eh was also measured in a similar fashion, with the

exception that the platinum electrode was placed firmly into the mud, while

the reference electrode was situated near the surface of the water as a

precaution against interference from the charged-clay particles.

Garrels (1960) stated that the measured voltage of the inert electrode

reference pair (Eh ,) is added algebraically to the potential ofr measured

the reference electrode (Eh , J to derive at a correct Eh of the half
calomel

cell reaction occurring at the platinum electrode. It is imperative that
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the change of potential of the saturated calomel electrode (see) be

corrected for temperature according to the equation given by Glasstone

(1942):

Eo, x
= 0.2415 - 0.00076 (T-25)

(see)

where: Eo = Eh , .. (units in volts)
calomel

T = Temperature (units in °C).
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(2) LABORATORY METHODS

A. Chemical Analyses

Trace elements of the drill core samples, bottom stream sediments,

suspended sediments, stream and well waters were determined by the A.R.L.

Direct Reading Multielement Emission Spectrograph (Plasma Source) Q.A. 137

for elements Na, K, Ca, Sr, Si, As, Pb, Zn, Cd, Ni, Ti, Ag, Mo, Be, Fe,

Al, Mn, Cu, Cr, P, Y. What follows is a detailed description of the

sample preparation on the collected material at the anomaly site and on

the accuracy and precision of the chemical analyses determined by the

emission spectrograph.

Sample Preparation of Bottom Sediments

The sample preparation of the bottom sediments and drill core samples

for Q.A. 137 analysis consisted of oven drying the sediment sample at a

temperature of 105°C for 24 hours; manually grinding the sediments to a

powder in a mortar; screening the powder through an eighty mesh screen;

weighing a 500 mg. aliquot of the minus eighty mesh material on a digital

Cahn Electrobalance and placing it in a test tube. This was followed by

the addition of 10 ml. of cold 12% v. v. hydrochloric acid; shaking the

mixture for a period of eight hours; centrifuging the sample for ten

minutes at 2000 r.p.m.; decanting the extract and nebulising it into the

argon stream of the emission spectrograph plasma.

This method of cold hydrochloric acid extraction (Bradshaw et. al.,

1972) of metallic elements from soils and bottom stream sediments, has been

used extensively in environmental geochemistry. Although this method does

not extract the entire metal content from the sediments and rock matrix, it

does bring into solution the non-residual metals which have been adsorbed
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from the aqueous medium. Agemain and Chau (1976) note that this partial

extraction technique shows no association with the type of rock forming

the sediment and gives results only for the weakly held metals, which

include those originating from polluted waters. Using this method, a

measure can be found of the complexed, adsorbed and precipitated metals in

the sediments of the North Creek Watershed. Further applications in using

the partial extraction technique for analyses of non-residual elements are

described by Bradshaw (1973), Fortescue (1971) and Gawron (1973).

Sample Preparation of Suspended Sediments

Suspended sediment analyses were performed by centrifuging the sampled

stream water in test tubes taken from the two one liter bottles corresponding

to each specific locality and then decanting the liquid before removing the

sediment. The particulate matter was collected with a teflon spatula from

the test tube, placed on a watch glass and then oven dried at a temperature

of 60°C for 24 hours. The total weight of the dried suspended sediment from

each sample site, which seemed to be high in suspended sediments, was then

weighed and recorded. A 500 mg. subsample of the suspended sediment was

placed into a test tube and then extracted with 10 ml. 12% v. v. hydrochloric

acid; using the same extraction procedure as outlined for the bottom

sediment analysis.

Sample Preparation of Stream and Well Waters

Stream and well water samples were centrifuged at 2000 r.p.m. for 10

minutes and then the supernatant was introduced directly into the nebuliser

of the emission spectrograph.
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Monitoring of Instrument Drift

Throughout the analyses by the emission spectrograph, a check on the

precision was maintained by frequent analysis of a sediment standard. A

sediment standard was made by adding approximately a gram of bottom

sediments from each of the sampled watershed sites to a container and

shaking it for eight hours to obtain a homogenized mixture. Similarly, the

instrument drift during the analysis of water samples was checked using an

acidified deionized water standard.

Precision

A reproducibility test of analytical results and extraction procedures

for the sediments was carried out by weighing ten 500 mg. aliquots of the

prepared sediment standard and extracting the samples each with an equal

amount of 12% v. v. hydrochloric acid. The results are shown in Table 2.

In addition, a comparative test for the elements Cu, Ni, Pb, Zn, was

conducted to compare the analytical results obtained with the emission

spectrograph (Q.A. 137) and the atomic absorption spectrometer (A.A.S.

Perkin-Elmer model 403) . Reference to Table 2 showed that the coefficient

of variation for the emission spectrograph is less than that for atomic

absorption. For example, the coefficients of variation for Pb determined

by the emission spectrograph was 1.96% and 7.2% by the atomic absorption.

Thus, the emission spectrograph seems to be more precise than the atomic

absorption for most of the elements studied.

Analyses of water were also subjected to a similar test for replication

of the results by the emission spectrograph. Five samples of a single

batch of water from a single site were analysed and the mean and variations

calculated. These showed a low coefficient of variation as indicated in

Table 3, yet not as low as that achieved in the sediments reproducibility
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TABLE 2

PRECISION TEST ON SOIL STANDARD

(i.e. 10 duplicates)

(Note: All Samples Performed on Q.A.137; exception (*) on A.A.S.)

ELEMENT
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TABLE 3

PRECISION TEST ON WATERS

(i.e. 5 duplicates)

NOTE: All Samples Performed on Q.A. 137

ELEMENT
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test in Table 2.

Overall, Bradshaw (1974) had found that the emission spectrograph has

comparable limits of detection and precision to the atomic absorption

spectrometry and it has a greater sensitivity in the case of some elements.

Accuracy

This test requires that the sediment standard be weighed in duplicates

at 0.1 gram increments, ranging from 0.1 gram to 1.0 gram inclusively. Both

sets were extracted with 12% v. v. hydrochloric acid. To one set, a spike

of a known element is added. This "method of additions test", if plotted

in such a way, that the original sample weight versus element concentration

should theoretically have two parallel lines, the lower line passing through

the origin which if so would suggest that the analytical analysis for that

element is free from bias. Also, the two parallel lines should be

separated by the amount of known spike addition. The accuracy of the

analyses is indicated by the closeness to the theoretical. Figure 2

indicates that the analyses by the emission spectrograph for the elements

Sr, Zn and Cu are accurate and free from bias. There is some positive

bias for Pb. The accuracy of atomic absorption analyses are similar to

those of the emission spectrograph, although Zn, Cu and Pb all have

positive bias as shown in Figure 2. Nickel, when determined, showed an

extraction deficiency in the upper weights from 0.6 grams to 1.0 grams

and also a corresponding bias in each of the analysis. Although the

absolute nickel values may be erroneous, the values are useful in that

comparisons may be made with material treated in the same way during

regional reconnaissance.

The amounts of Zn, Cu, Pb and Ni determined from the performance tests

made on the emission spectrograph were plotted against those from the tests

on the atomic absorption spectrograph and the results are shown in Figure 3.
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FIG. 3.

COMPARATIVE ANALYSES BETWEEN EMISSION

AND ATOMIC ABSORPTION
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These indicate that there is little difference in values between the two

instruments for Zn, Cu and Ni. However, in the case of Pb, at the time of

analysis the emission spectrograph gave higher values (ie. the mean of 10

duplicates of sediment standard in Table 2 shows 57.8 ug/g Pb determined

by the emission and 33 /ug/g Pb determined by the atomic absorption).

Although the precision of lead analyses were excellent, certain errors may

be encountered which can lead to inaccuracy. These errors which caused

the high Pb concentrations are the result of matrix effects within the

emission spectrograph (For example, the spectral interference of the Pb

line with the Ca line is explained by the extraction of calcium rich soils).

In the future, a technique will be devised in order to compensate the

interferent's properties or determine its concentration in order to subtract

its effect from the analytical results.

Conclusively, the precision and accuracy tests based upon the use of

the emission spectrograph, indicated that the Q.A. 137 chemical analyses

was suitable for the purpose of the present study. However, due to the

inaccuracy yet good precision for some of the elements determined by the

emission spectrograph, the geochemical relationships existing between the

bottom sediments, suspended sediments, stream waters and well waters, were

determined only on an empirical basis.

B. Additional Chemical Analysis

Cation exchange analyses were performed on the bottom stream sediments

and also on the drill core sediments from the anomaly site. The results

of this study may have bearing on the transportation mechanism of the heavy

metals in this anomalous environment. The sodium acetate method (Chapman,

1965) was chosen for determining the cation exchange capacity (CEC) . Briefly,

a five gram aliquot of the minus eighty mesh material was weighed and washed

repetitively four times with 30 ml. sodium acetate. Preliminary precaution
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in adjusting the pH of the sodium acetate solution to pH 8.2 prevented

the solubility reaction of the carbonates with sodium acetates. Bower

(1952) noted that this precaution in the sodium acetate method did not

effect the CEC values attained for soils by the presence of CaC03. The

treated sample was then washed repetitively three times with 30 ml.

isopropyl alcohol and later extracted four times with 30 ml. ammonium

acetate in order to replace the adsorbed Na . The sodium content was

determined by atomic absorption (Varian Techtron A.A.6. at Guelph

University) and the CEC of the sediment sample calculated in milliequivalents

per 100 grams.

The percentage organic matter in the bottom sediments and in the

adjacent core sediments was determined to see if any relationship existed

in relative patterns between the cation exchange capacity and the organic

matter in the sediments. The percentage of total carbonates was determined

in the bottom sediments and in the core sediments to see if any increase

in concentration may be due to the underlying carbonate bedrock. The

organic matter and carbonate contents were done by the method of loss on

ignition on sediments as explained by Atkinson (1958). The combustion

temperature for the organic matter used was 420°C while that for the

decomposition of carbonates was at 850°C. There has been much controversy

if the method of loss on ignition is accurate for either determinations.

Errors in the ignition of soil at low temperatures from 450°C to 600°C,

range which concerns the greatest part of the weight loss due to clay

mineral water, is considered to be overrated provided that the temperature

was kept below 450°C (Ball, 1964). Similarly, Ball (1964) has concluded

that the traditional errors of the ignition of soil at high temperatures

(ie. loss in weight caused by volatilization of clay mineral structural

water) to have been highly exaggerated.





32

The presence of sulphur and hydrocarbon was examined by mass

spectrometry of material collected from stream bottom sediments in the

anomalous area. The weighed minus eighty mesh fraction of the sediment

sample (10 grams) was placed in a thimble of the soxhlet extractor and

extracted with 100 ml. anhydrous ether for a period of eight hours. The

liquid was then collected for mass spectrometry analysis.

Systematic measurement of the pH of the stream and well waters prior

to May 10/77, was conducted in the laboratory by the use of a I. B.C. pH

Trophy meter which was first standardized with buffers pH4 and pH8 before

actual measurements were made. Laboratory pH measurements were measured

directly at room temperature (about 21°C). Similarily, samples from the

drill cores and bottom sediments were measured for abrasian pH by dispersing

ten grams of sediment in 10 ml. of 0.01 M CaCl2 solution. The use of CaCl2

solution in preference to plain water is discussed by Peech (1965).

C. Textural Analysis

Particle size analysis was chosen to provide information about the

size fraction in the stream sediments and in the core sediments; in addition

to any correlation that may exist between the sediment particle size and

the trace element concentrations. Grain size analysis was performed by

the pipette method (McKeague, 1976). Bouyoucos (1934) found that the

hydrometer method in comparison with the pipette method, failed to give a

fair estimate of the clay content in surface soils yet was quite comparable

with the pipette method for subsurface soils.





CHAPTER IV

RESULTS

A. Geochemical Reconnaissance Survey

The results from the detailed geochemical study on bottom stream

sediments in the North Creek Watershed, collected during the months of

June and July, 1976, are shown in the geochemical base maps (Maps 4-7).

The relative concentration of each element is plotted at each respective

location. The distribution patterns for the geochemical maps are

interpreted empirically and have not been subjected to a statistical

analysis as yet. While the uniform concentrations of Y (Map 4) within the

watershed suggests an isogeochemical landscape, ie. an area where geochemical

parameters are uniform (Veska, 1976), the anomalous values of major and

minor elements in the north central sector of the watershed for Maps 5-7

shows this is not the case. The anomalous north-central sector of the

watershed is indicated by high concentrations of Na, Zn and Pb shown in

Maps 5-7 and K, Sr, Si, As, Cd, Ni, Ti, Ag, Mo shown in Appendix IV. These

anomalous values range anywhere from two to ten times that of the background

values (these background values were determined by the norm of a histogram

for a certain chemical population of 250 bottom sediments analysed for

the entire watershed). Concentrations of Be and Fe in Appendix IV were

found to be low within this anomaly site, and the concentrations of Al, Mn,

Cu, Cr, P in Appendix IV seemed to be randomly distributed. Overall, this

detailed geochemical survey confirmed the previous conclusion of the

preliminary stream sediment survey (April, 1976), ie. there is an area

of high metal concentrations in the north central sector of the twenty

square mile watershed.

33
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B. Geochemical Follow-Up Study

What follows is a geochemical hypothesis to explain the origin of the

anomalous site in the north central sector of the North Creek Watershed.

The anomalous area was examined to delineate any chemical relationships

existing amongst the stream bottom sediments, suspended sediments, stream

waters and well waters. Samples were taken biweekly for a total of fourteen

weeks in the months of September, October and November, 1976. The four

sample types were chemically analysed and inter-compared on a model basis

(ie. Figures 4,5) for the entire anomaly for elements, Sr, Na, K, Ca, Be,

Si, Fe, Al, Mn, Zn, Cd, Pb, Ni, Ti, As, Ag, Cr, and Cu. Due to the lack

of discharge measurements, it was not possible to accurately monitor the

streams water loading chemistry with time. However, each of the four

sample types had high chemical concentrations at site "H" (located in Map 3)

in the north central sector during the fourteen week period. Thus, the

geochemical model concerning the chemical relationships (see Figures 4 and

5) for the November 26, 1976 samples will only be investigated as a means

of chemical comparison amongst the four measured characteristics in the

anomalous North Creek waters. Note that only the well waters from the

sediment /bedrock interface were studied for their chemical constituents,

the reason being that the relative chemical concentrations for groundwaters

collected from the interface and from within the bedrock were similar.

Extreme anomalous conditions are well defined for site "H" in Figures

4 and 5 and in Appendix V for the November 26, 1976 collected samples. As

will be seen at site "H", Na and Sr are the only elements which show a

positive correlation in the chemical distribution patterns of the bottom

sediments, suspended sediments, stream waters and well waters. Empirically,

a positive correlation does exist between well waters and stream waters for

most of the elements studied. A direct relationship exists amongst the
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suspended sediments, stream waters, and well waters for elements, Ca, Mn,

Zn, Pb, Cd, Ag, Ni and Cr at site "H" . However, an indirect relationship

at site "H" exists between the bottom sediments and the other three types

of material for the above elements. Elements that are abundant only in

suspended sediments are K, Si, Fe, Al, Be, As, Ti and Cu.

In order to discover the reason for the lack of correlation between

the data of the stream bottom sediments and the suspended sediment, stream

waters and well waters, an extended program of analyses was embarked upon

including mass spectrometry, cation exchange capacity, loss on ignition

and textural analyses of the bottom sediments. Mass spectrometry analyses

made on the bottom stream sediments showed small chained hydrocarbons to be

present in all of the fifteen samples sites; however, only sites "H" and "M"

contained elemental sulphur. Cation exchange capacities were found to

increase for sites "H" at 44.7 meq/lOOg. and "M" at 44.7 meq/lOOg. as shown

in Figure 6. Similarly, the organic matter content, shown in Figure 6,

increased in relative percent at sites "H" (9.89%) and "M" (9.70%). By

contrast, the relative amount of total carbonates (Figure 6) decreased at

sites MH" (15.5%) and "M" (14.0%), yet increased at sites "I" (19.4%),

"K" (19.9%) and "L" (21.8%), evidently corresponding to the pH increase for

the latter sites as in Figure 6. Grain size analyses (Figure 6) on the

bottom stream sediments revealed that the size of the sand fraction increased

downstream corresponding to a decrease in the mean size of the clay size

fraction. By comparison, the silt size fraction remained fairly constant.

The detailed textural and chemical analyses of the bottom stream sediments

is summarized in Appendix VI.

Surface water analyses, sampled on November 26, 1976 and performed by

the Ministry of the Environment are shown in Table 4. The anomalous site

"H" contained high concentrations of Na, Ca, Mg, SOi* , NO 3, alkalinity and

low concentrations of K, CI and NH3 in the waters. In addition, the waters
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at site "H" showed increases in specific conductivity up to 2500 umho/cm;

calculated total dissolved solids up to 2047 mg/1 and an ionic strength of

0.06. Table 5 records the cation-anion distribution in these waters.

These surface water analyses are diagrammatically shown in Figure 7. It

should be noted that the cations were determined spectrographically by the

atomic absorption; the SO^ content by colorimetric analysis; the N0 3

content by the reduction method, followed by the colorimetric analysis;

the CI content by the colorimetric method and the alkalinity content by the

potentiometric method (ie. titration).

The 1962 drinking water standards (Hem, 1970) , recorded concentration

limits at 500 mg/1 total dissolved solids, 250 mg/1 sulphate, 250 mg/1

chloride, 45 mg/1 nitrate, 5 mg/1 zinc and 0.05 mg/1 lead. Observation of

Table 4 indicates that the anomalous surface waters at site "H" are above

the drinking water standards for total dissolved solids and sulphate. The

zinc and lead concentrations were 0.02 mg/1 and 0.016 mg/1 respectively as

determined by the Ministry of the Environment for the November 26/76 water

samples. Therefore the anomalous surface waters at site "H" are not above

drinking water standards for the high heavy metals, zinc and lead.

The data has outlined the general anomalous north central sector

towards site "H" , as shown on Plate I. Search of the area led to discovery

of the opening to a spring at site "H" , on the south bank of the creek. The

location of the spring is clearly shown on Plate II while its effluent is

visible in Plate III, draining into the creek from the bank. Note the gas

bubbles emanating from the orifice and the occurrence of yellowish and

reddish-brown residues in Plates IV and V.

The bubbles rising towards the surface from the spring's orfice shown

in Plates IV and V, were checked for the presence of CO2. Two simple

chemical tests, the burning splint test along with the limewater test,
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confirmed that C0 2 , . was responsible in part for the effervescence in

these waters.

In addition, field measurements showed the spring waters to be much

colder than the surface waters - 8°C compared with 18°C (see Table 6).

Study of the Eh-pH relationships in the anomalous area, as shown in

Table 6, indicates that the surface waters are in an oxidizing environment.

Observation of Table 6 indicates that flowage of spring water from the

springs orifice to surface waters at site MH" , increases the springs Eh from

+.154 volts to +.240 volts and similarly for the pH, as from pH 7.2 to

pH 8.5. The Eh-pH relationships for the sediment-water interface is similar

to that of the anomalous surface waters. For example, Table 6 relates the

difference from the spring site to the anomalous site "H" as an increase

in pH from pH 7.1 to pH 7.3 and Eh from +0.005 volts to +0.140 volts.

Therefore, the spring waters, showing the presence of a very low oxidizing

environment, are assumed to be derived from a reducing environment and

subsequently their redox potential rose as the direct result of the mixing

with oxygenated surface waters.

Wells Nl, N2 and N3 were drilled respectively adjacent to the anomalous

site "H" and sites "L" and "B" shown in Map 3. A drawing of the logs of

the well cores from the anomaly site, indicating the materials encountered

in each core as described in the field, is shown in Figure 8. Note that the

cores are subdivided and described in sections of 60 cm. intervals. The

bedrock, drilled to a depth of 150 cm. in core Nl is vuggy (Plates VI and

VII) and the small vugs are commonly lined with crystals of calcite and

dolomite and occasionally with sphalerite and galena.

The material found in cores Nl and N2 were examined in order to

determine the source and mobility of the major and minor constituents

occurring at the anomalous site. A chemical distribution with depth on core
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sediments from wells Nl and N2 resulted in some characteristic patterns.

Those elements that increased in concentration in sediments of the upper

N13 section just above the water table and very slightly near the bedrock

surface for both cores were heavy metals such as Zn, Pb, As, Cd, Ag, Cr,

Ni, Mo, Cu (Figure 9). Those elements that increased in concentration

in sediments of the upper N13 section just above the water table and near

the bedrock surface were the elements having soluble salts Ca, Na, K, as

shown in Figure 10. Elements that were deficient in concentration in

sediments of the middle N13 section at the water table and near the bedrock

surface were Fe, Al, Be, Si, Sr and Ti (Figure 11). Finally, those elements

with a random distribution in concentration of the sediments throughout the

entire core section were Mn and P (Figure 10)

.

The geochemistry of bedrock from core N2 (Figure 10) indicated that

the soluble salts Ca, Na and K are somewhat higher in concentration than

the chemical concentration in sediment just above the bedrock surface;

while chemical concentrations of most of the heavy metals in the bedrock

(Figure 9) were equivalent to that of concentrations in the overlying

sediment

.

Variation with depth in chemical characteristics, together with

textural analyses, were studied on the material from core Nl which seemed

to be the most anomalous in terms of elemental concentrations as shown in

Figures 9-11 (refer also to Appendix VII) . Appendix VIII and Figure 12 show

that pH values for the core sediments are the highest (pH 8.2) when measured

just above the water table (recorded August 31, 1976) in the upper N13

section. Similarly, the cation exchange capacity, percent organic matter

and percent total carbonate values increase in the upper section of N13

just above the water table, ranging from 11.08 to 29.3 meq/lOOg. , 1.98 to

4.9% and 9.89 to 25.2% respectively (Figure 12).





51

*, f I

I ill 1

-

O)

j
F^P+^W??5

! je^gg-esS!

oM

5 jpgg^q o

iES3 pTTj^'pT^q jezjrlv vi^





52

cr
LU

I

LU
UJ
a.u

i
t-
£T
O

5

m
' IMI IIUII

ifiiriiMi>Mr"iiiiiBi»

crzxoxiJuEE
* t i t t >~r~i l TZJZTZI_!

8
<
oz
< a

LU S

o I

5

LUO
<
Q
<

<O
I-
(!)

LU
>

........





53

>;••»•' • ••
Mill

GO ^~

</)

<
o
< a

i
LU Si

™
i

o
<
Q<

<
I-

UJ
>2

oo

<o
LUXo
o
UJ

oM

? I < <
< s .

IjlfiUJ D u « ^J s m in e
ESBB O

* t «

R ., 1
.
«„ , j.ttftl

1

\
|

i
| M'j'.","q





54

POSITION WITH DEPTH

i

i t t I Tln:ra

in





55

Textural analyses on core Nl are shown in Figure 12. Note that the

percentage of clay content is low both for the sediments in section N13

and the sections N16, N17 near the bedrock surface. It is noted that the

lower section of N13 just below the water table contains the highest sand

percentage at 31.8%. Observation of Plate VIII confirms the latter

conclusion on the abundance of sand in the lower N13 section.





CHAPTER V

INTERPRETATION OF RESULTS

Speciation of the Anomalous Surface Waters

Major ion surface water data (collected on November 26, 1976) were

subjected to list ion speciation by a WATFIV computer program (WATMIX)

,

developed by Reardon (personal communication, 1976). A similar type of ion

speciation was employed in WATEQ by Truesdell and Jones (1974). The main

advantage of this computer program is in its expediation of the chemical

equilibria calculations of the major ion species in the anomalous surface

waters.

Ion pairing plays a significant part on the detailed composition of

water and on saturation indices with respect to various minerals. Wigley

(1971) stated that the relative percentages of free ions and charged or

uncharged ion pairs are determined by the equilibrium constants for the

various dissociation or pairing reactions which may occur in the secondary

environment.

The mixing calculation is dependent upon the total concentrations of

the major element species in parts per million, temperature and pH of the

natural waters. Note that the total concentrations for each element are

defined by similar relationships to that for magnesium, ie:

Mg
Total

= Mg++ + Mg0H+ + M8S0t*° + M8HC0 3

+
+ MgC0 3

°

WATMIX then distributes the ions into ion pairs, such as: H2C0 3
°, MgOH ,

MgSO^", MgHC0 3

+
, MgC0

3
°, CaOH

+
, CaSOi, , CaHC0 3

+
, CaC0 3

°, NaSO^", Na2SO l+
°,

NaC0 3
", Na2C0 3

°, NaCl°, KSO^", KC1° , HSOi,", H^O^ , HC1°, H^SiO^", HgSiO,,"

and H^iO^ , and then lists them into the respective parts per million,

56
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molality and activity units. It should be noted that the limits of

uncertainty in the mixing calculation of the major ion species in these

natural waters made by WATMIX, lie in the accuracy of the equilibrium

constants used and the accuracy of the calculated activity coefficients.

The activity coefficients were determined by the Debye-Huckel equation,

which is applicable to dilute natural waters with an ionic strength of less

than 0.1 (N.B. Since the maximum ionic strength for these anomalous waters

was at 0.06, then the Debye-Huckel equation was selected for these equilibria

calculations). The equilibrium constants used, were derived from the Van't

Hoff equation, which is dependent upon temperature and the enthalpy change

of the reaction.

In addition, the computer program calculates the ionic strength and the

theoretical partial pressures of carbon dioxide as shown in Table 4. The

partial pressure of carbon dioxide (P„_ ) was calculated from the gas
CL)2

solubility constants (K) and the water analyses (in activities, a) as applied

for the equation (Truesdell and Jones, 1974):

108 P
C0 2

= log K + log a
HC0 3

" + l0g a
H

+
" l0g ^20

The saturation indices (S.I.) are also calculated for minerals derived

from the above ion speciation process. The saturation indices were determined

by considering each of the mineral's solubility product (K.s.p.) at a

specified temperature near 0°C (This is the approximate temperature at which

the waters were sampled on November 26, 1976) and its respective ionization

product (K.I. P.). A solution will then be thermodynamically oversaturated

with respect to a certain mineral, if the latter (K.I. P.) exceeds the former

(K.s.p.). In this way, the anomalous site may yield easily identifiable

concentrations of unusual constituents in surface water near the spring, and

thus provide a natural tracer by which a possible bedrock source of the

spring water can be identified. This is similar to work done by
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Langmuir, 1971. For example, the individual mineral saturation indices will

indicate whether dissolution or precipitation processes occur at a certain

site in these natural waters. Thus, the importance of the computer

equilibrium concepts in this surface water study (ie. spring-derived waters),

is their capability for establishing boundary conditions on chemical

processes involved in the secondary environment of the anomaly.

Figure 13 indicates that minerals such as brucite, hydromagnesite,

nesquehonite, and huntite were all undersaturated in the surface waters,

whereas minerals like aragonite, magnesite, calcite and dolomite were all

saturated or even supersaturated in the anomalous surface waters, especially

at sites "H", "I" and "L". Specifically the waters are supersaturated with

respect to aragonite, magnesite, calcite and dolomite at sites "I" and "L"

and just saturated at site "H". This is of interest for the degree of

saturation at the three sites correlates with the abundance of carbonates at

these sites. Furthermore, activity and predominance diagrams are conveniently

provided so as to represent a graphic summary of the mineral sequences if

equilibrium were attained. The activity diagram in Figure 14 shows that the

anomalous surface waters are more stable in the dolomitic phase rather than

the magnesite or calcite phases. The predominance diagram in Figure 15

provided additional information, that the anomalous surface waters are in

equilibrium between the aragonite and huntite metastable phases, yet

completely equilibrated in the dolomitic stable phase. Overall, the surface

waters at the anomaly site seem to have some contribution of carbonate

constituents from the underlying material through groundwater interactions.

Since the surface waters are supersaturated with respect to dolomite,

one would expect it to precipitate from thermodynamic considerations.

However, for kinetic reasons, this is not the case. Blatt (1972) pointed

out that the nucleation of highly ordered structures, such as dolomite is a

slow process at low temperatures and when in competition for Ca
4"4"

and C0o
=
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ACTIVITY DIAGRAM FOR THE SYSTEM HC1 -lUO-^O-CO
;
-MgQ IN THE ANOMALOUS NORTH CREEK WATFRS AT r Slmnjui nn Nnv. ?6/7fi

it.no

FIG. 14.
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( Helgensor., 1969)

PREDOMINANCE DIAGRAM FOR THE STABILITY OF CALCIUM AMP MAGNESIUM CARBONATES IN THE ANOMALOUS NORTH CREEK WATERS ON NOV.26/76

FIG. 15,
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pheres) and [C» * *]'[M( * * ]. Solid tines show equilibrium reuiw>rw

NW stable phases: dashed lin«i show equilibrium relations

between metastable phases, and between mecastable and stable phases.

[From a flfwre by A. t. Carpenter, In Schm.it (ed.). eft. ol. p, 24; by

( Garrels and Christ, 1965 )
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ions in a solution with respect to calcite, dolomitic precipitation is

prevented. The same principle applies to other carbonates, in that

nucleation is needed for precipitation to occur. Stumm and Morgan (1970)

stated that the rate of nucleation is dependent upon the interfacial energy,

supersaturation, temperature and the collision frequency efficiency factors.

Thus calcite, for example, will precipitate if the following conditions are

met: high pH; low carbon dioxide partial pressure; supersaturation; high

rate of nucleation; common ion effect; minimal solid solution with other

metal ions; and finally, minimal shielding action of the electrolytes.

Generally then, if the thermodynamic and kinetic factors in these natural

waters are satisfied, precipitation of the carbonate minerals will result.

Another complex example of a given solubility relation at the anomaly,

is that of magnesite, which exists with one of the stable hydrates, either

nesquehonite or hydromagnesite. Krauskopf (1967) found that magnesite is

formed either by high temperature or by slow alteration of these stable

hydrated carbonates. The latter process is probably responsible for the

saturation of magnesite in the North Creek waters at the anomaly, as indicated

by the saturation level diagrams in Figure 13. For example, the nesquehonite

and hydromagnesite phases are undersaturated in their metastable states,

while magnesite is slightly oversaturated.

It should be noted that the anomalous surface waters at site "L"

contained low pC0 2 (Table 4). This can be explained by the work of Bassett

(1976) , who found that the lower equilibrium C0 2 pressures would result in a

high degree of saturation in carbonate minerals for a given flow rate.

Similarly, this would have a significant control on the state of saturation

of the carbonates in the anomalous surface waters.

At the anomaly, sodium carbonate and sodium sulphate minerals were

undersaturated in the surface waters, as shown by the saturation levels in

Figure 16. Minerals like anhydrite were undersaturated in the surface waters
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at the anomalous site "H" while gypsum was found to be supersaturated.

Blatt (1972) explained that the formation of gypsum often takes place under

low temperature conditions, while anhydrite is favoured at higher

temperatures.

Therefore, the spring water emanating towards the surface waters at

site "H", was saturated with calcite, aragonite, magnesite and dolomite and

supersaturated with respect to gypsum.

The Origin of the Anomaly

The ratio of Ca:Mg is useful in studying waters derived from carbonate

rocks. Hem (1970) stated that the Ca:Mg ratio (with Ca and Mg concentration

units in milliequivalents per liter) in waters from a dolomitic source, tends

to reflect the 1:1 composition of those ions in the rock, as long as the

solution is not subjected to too many influences that may cause CaC0 3

precipitation. Table 5 indicates that the Ca:Mg ratio is low (0.34) at the

anomalous site "H" (location adjacent to the spring site). Figure 17 shows

some Ca:Mg ratios characteristic for certain sedimentary rocks, where the

low Ca/Mg ratio in the anomalous surface waters at site "H" corresponds with

the Ca/Mg ratio for the hydrolyzate types (Hem, 1970). In addition, the

low HCO3/SO4 ratio for the spring-derived waters at the anomaly, directly

corresponds with the characteristic HCO3/SO4 ratio for the hydrolyzates

(see Figure 17). Reference to Traverse "A" on the well lithologies in

Figures 18 and 19, indicates the presence of a shale (well no. 31) which

terminates just west of the anomalous site "H". This shale unit is probably

the "Vinemount Shale" of the Eramosa Member, which is present in Hamilton

yet is known to pinch out somewhere towards the east. Note that the

Eramosa Member consists of vugs containing sphalerite, galena, calcite,

dolomite, gypsum, celestite and many other minerals, and it is probable that
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the dissolution and oxidation of these minerals contributes high

concentrations of major and minor dissolved constituents towards the

circulating groundwaters as they flow along the Vinemount Shale and discharge

at the spring site.

While the writer feels that the Vinemount Shale is the source of

constituents causing the anomaly, he thinks that it is possible that these

constituents were also partially derived by groundwaters flowing along the

Rochester Shale and subsequently issuing at the spring's orifice. However,

the two shale units (see Table 1) are separated stratigraphically by

approximately 30 m. of limestone and dolomite that comprise the DeCew and

Lower Lockport Formations. Because of the lack of deep well data in the

study area, and because of the absence of chemical analyses of groundwater

relating to these underlying units, it is impossible to accurately pinpoint

the specific formation which is causing the anomaly. However, an

investigation of bedrock and the overlying surficial material may indicate

the groundwater flow of the dissolved bedrock constituents towards the

spring site.

Geochemical Hypothesis with Respect to Depth in the Anomalous Area

A crossection description at the anomaly in Figure 20, classified

bedrock and the surficial deposits. This included the Lockport and Guelph

Formations; the Halton till (where in Table 7 the cores till description

matches with the local Halton till composition found nearby) and the Lake

Warren glaciolacustrine silts and clays (which are identified from the

varves). Figure 20 also includes the soil horizons for the anomalous site;

the soil type belonging to the Luvisol soil group.

The chemical variations with depth in Figures 9, 10, 11, from cores

Nl and N2, led to the conclusion that the upper N13 section is anomalous with
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TABLE 7

COMPARISON OF TILL UNDERLYING THE ANOMALY WITH THE

NEARBY HALTON TILL COMPOSITION

Texture-

% Clay

7o Silt

% Sand

% Total

Carbonate

7o Dolomite

7. Calcite

Calcite/

Dolomite

Ratio
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respect to its surrounding horizons. For example, zinc is four times more

concentrated in the cored sediments in the upper N13 layer above the water

table (measured August 31/76) than in the upper layer at N23 in the adjacent

core (also above the water table level). This is shown in Figure 9. For

sections N13 and N23 adjacent stream sites, "H" and "L" respectively, the

concentration of zinc in bottom sediments at site "H" is ten times greater

than that at site "L" (see Map 6). Therefore, it was decided to study the

lithology and geochemistry of the sediments of core Nl to determine if

other correlations exist between the abnormal N13 section and that of its

adjacent stream site "H"

.

Figure 21 illustrates the close association in the high concentrations

of Sr, Ca, Na, K, Zn, Pb, As and Ni with chemical patterns of increasing

pH, cation exchange capacity, percent organic matter, and percent carbonate

in the sediments in the upper section of N13 (ie. above the water table). It

is a possibility that the abundance of organic matter in the sediments of

the upper N13 section, which is high in cation exchange capacity, controls

the high metal concentrations by the process of chelation with organic

ligands. Below the water table, within a sandy layer situated in the lower

part of section N13, the Fe, Al, Si and Be show a decrease in concentration;

a decrease which may be correlated with a decrease in clay concentration.

(Note that the clay size fraction is composed chemically of silica, alumina

and water, frequently with appreciable quantities of iron, alkalies and

alkaline earths). Titanium's deficiency is explained by its immobilization

in the stable 4+ oxidation state in an oxidizing environment. The

characteristic Mn distribution in Figure 21 shows a relationship with pH

and the redox environment; for example at high Eh and pH conditions,

manganese will precipitate oxides. However, this relationship is not

always the case as seen in Figure 21 because inorganic and organic chelating

agents can complex manganous manganese in solution even when prevailing
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FIG. 22.

TEXTURAL COMPARISON BETWEEN BOTTOM STREAM SEDIMENTS OF THE STUDY AREA

AND SEDIMENTS FROM CORE"Nl"

-V

POSITION DOWNSTREAM-(ieA-Oinclusive)
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conditions favour precipitation (Fairbridge, 1972).

Figure 22 shows that the lower section of N13 (sediment sample no. 15

location with depth) , best fits the textural dimensions of the bottom

sediments at site "H" rather than the upper N13 section (sediment sample

no. 13 location with depth). In addition, the heavy metal concentrations,

such as 500 ppm for Zn in the bottom sediments at site "H" corresponds best

to the 500 ppm Zn concentration in the sediments of the lower section of N13

rather than the 2000 ppm Zn concentration in the sediments of the upper N13

section. Therefore, it appeared that the spring water carrying the dissolved

bedrock constituents, moved laterally through the sandy sediments of the

lower N13 layer (seen in Plate VIII) , and discharged towards the daylight

surface at site "H" . The sediments of the upper N13 layer was assumed to

collect the bulk of the major and minor dissolved constituents in the

organic and clay size fraction.

Comparison of the Chemical Composition of Spring Water with that of the
Anomalous Groundwaters

The chemical relationship that exists between the anomalous groundwaters

collected from piezometer Nl (ie. piezometer cased down to the sediment/

bedrock interface) and spring waters taken adjacent to the anomalous site

"H" on July 21, 1977, is shown in Table 8. A dilution effect in the chemical

concentrations of the major ions is assumed, if groundwaters migrate from

the bedrock, upwards to the spring site. This would be explained by the

adsorption and precipitation of some dissolved constituents in bedrock and

in sediments.

Stability Relation of Some Chemical Element Species in the Anomalous Waters
as a Function of Eh and pH

Eh-pH data for the spring waters (low redox potential) in relation to

the surface water environment (high redox potential), were plotted for
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TABLE 8

SPRING WATER AND GROUNDWATER ANALYSES

IN THE ANOMALOUS AREA

(samples collected on July 21/77 ; water temperatures @ 10 C)

SPRING WATER GROUNDWATER FROM

PIEZOMETER Nl

(at bedrock/till interface)

(mg/1) (meq/1) (mg/1) (meq/1)

Zn 0.14

Pb
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systems S-H2O-O2 and Fe-H 20-02-S in Figure 23 and Zn-H 2 0-0 2 -S and

PD-H2O-O2-CO2-S in Figure 24. Observation of these Eh-pH diagrams showed

that sulphate (SOO , hematite (Fe203), zincite (ZnO) and anglesite (PbS0i+)

were predominant in the spring waters. It must be considered that these

Eh-pH diagrams are for specific environmental conditions (see print in

Figures 23 and 24) and results could differ due to sampling conditions.

Nevertheless, the given Eh-pH diagrams show a first approximation as to the

prevailing redox condition and also an indication as to the general ion(s)

and precipitates in the anomalous waters.

Relative Age Determination of the Anomalous Groundwaters

The relative age and pH of spring waters and of groundwaters collected

from piezometer sites Nl, N2 and N3, were determined so as to approximate the

redox condition underlying the anomaly. In addition, these determinations

would lead to the type of groundwater flow (ie. either regional or local)

responsible for the occurrence of the spring.

The two kinds of isotopes commonly used for obtaining approximate "ages"

(Cherry, 1975) of groundwater in subsurface environments are tritium and

carbon-14. Tritium was used in this study for the main reason that it does

not become significantly affected by any reactions other than radioactive

decay (Freeze and Cherry, 1978). Tritium is defined as a radioisotope of

hydrogen, where one tritium unit (T.U.) is equivalent to a concentration of

one tritium atom per 10 18 hydrogen atoms. It has a half-life of 12.3 years

and is present in the environment due to natural and artificial processes.

The most recent level of tritium concentration recorded from Ottawa

precipitation, is shown in Appendix IX (Cherry, personal communication, 1977).

The results of pH and tritium determinations of groundwater and spring

water in the anomalous area are shown in Table 9. Groundwaters having
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TABLE 9

TRITIUM DETERMINATIONS AND pH MEASUREMENTS OF THE ANOMALOUS GROUNDWATERS

Site
Location
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concentrations below the detection limit for tritium, as present in the

material collected from piezometers Nl and N3, revealed that no water younger

than 20 years is present. In other words, Cherry (1975) concluded that

groundwaters with a tritium concentration below the detection limit would

take more than 20 years to reach the sampling point from the recharge area.

This is the case for most confined aquifers (Cherry, 1975). However,

groundwaters with a tritium content greater than 20 T.U., as experienced in

spring waters along with waters collected from the observation well at

site Nl and from piezometers at site N2, are of recent origin (Cherry, 1975).

It should be noted that there is a slight increase in pH in groundwaters

from site N3 eastwards to site Nl. Notably, the pH in groundwaters at site

N2, increases significantly.

As a conclusion, if groundwater moves towards the spring site from the

west (Mucciarelli, 1975), then the flow is assumed to be regional (ie. under

reducing conditions) and possibly within a confined aquifer. However, as

water approaches the anomalous spring site, the groundwater Eh increases due

to the interaction of the infiltrating, oxygen-bearing surface waters.

The high level of tritium and increase in pH (pH 7.9) for groundwaters

collected from piezometers at site N2, can be explained by local groundwater

(high redox potential) flowing within a possible recharge area just east of

the spring site.

Interpretation of the Chemical Distribution of the Major and Minor
Constituents in the Bottom Sediments, Suspended Sediments, Stream Waters
and Well Waters at the Anomaly

Figures 4 and 5 indicate, that only Na and Sr have high concentrations

in all of the four measured types of materials (the bottom sediments,

suspended sediments, stream and well waters) at site "H". This however

+ I i

does not mean that Na and Sr have a greater exchangeable cation status
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than the other cations, since ions like Ca and K may be incorporated

onto clay mineral surfaces of the shale beds and surficial deposits during

aqueous transport from the bedrock to the daylight surface. There is a

correlation in the bottom sediments between the high cation exchange

capacity (CEC) at site "H" and the increased concentrations of Na and Sr.

However, it should be noted that the CEC values determined were only a

measure of the exchange capacities under specified conditions of the given

laboratory test (ie. Na replaced NH^ on the exchange sites). This does

not necessarily represent the capacity that exists if the sediments are in

contact with an aqueous environment of different electrolyte concentration.

Instead, the given CEC method acts as a useful basis for comparison of the

exchange capabilities of different geological materials (Freeze, 1978) as

shown for site "H" with respect to its adjacent sites.

What follows is a discussion of the chemical relationship with each of

the four types of materials analyzed from the anomalous site "H".

1. Surface Waters

Note that there exists a positive correlation in geochemical patterns

between the well waters and stream waters for most of the elements studied.

The surface water data in Table 4 with respect to the abundance of

major cations (Na , K , Ca , Mg ) at the anomalous site "H" , is similar to

the data presented by Sugisaki (1962) in his geochemical study of groundwaters.

Sugisaki found that Na , Mg and Ca are the major cation constituents in

groundwater and that K cannot be considered as one of the predominant

cations. The reason being that potassium in water does not become hydrated,

yet it best fulfills the crystallochemical condition (Millot, 1970) required

for the stability of certain clays. In this way, potassium is much less

abundant in solution of the hydrosphere than sodium. In addition, K is an
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essential plant nutrient and thus may be involved in organic activity which

is high at site "H". The source of Na and K is best explained by its

presence in NaCl and KC1 associated with anhydrite and gypsum (Cherry,

personal communication, 1977) in the Lockport and Guelph Formations.

The high Ca and Mg concentrations are assumed to be caused by the

dissolution of the calcite and dolomite minerals of the Lockport and Guelph

Dolostone Formations, in addition to that of the Halton till. The alkaline

earth ions, Ca and Mg , are generally considered by most water chemists

to be two ions that behave similarly in the hydrosphere. On the other hand,

Hem (1970) stated that the chemical behaviour of magnesium is substantially

different from that of calcium. Magnesium ions are smaller than sodium or

calcium ions, and therefore, have a stronger charge density and a greater

attraction for water molecules. This may also explain the low Ca/Mg ratio

in the anomalous spring waters, for magnesium tends to form soluble hydrated

complexes, while calcium forms precipitates (calcite) under low temperature

conditions. Another alkaline earth ion which was high in these spring waters

was Sr . The increase in Sr may be explained by the dissolution of

celestite (SrSO^) which is known to exist in the Eramosa Member.

The high concentrations of the heavy metals in the anomalous surface

waters at site "H", particularly Zn and Pb, are explained by the oxidation

of sphalerite (ZnS) and galena (PbS), commonly found in the Eramosa Member.

Cadmium is also high in these surface waters because of its direct chemical

association with Zn (Fairbridge, 1972). Similarly, for the other heavy

metals (ie. Ni, Ti, Ag) studied, the direct association as trace elements

with the sulphides present in bedrock, caused their relative abundance in the

anomalous spring waters.

Observation of anions in the surface waters at the anomalous site "H" ,

(Table 4) showed low concentrations of chloride yet high concentrations of
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nitrate, sulphate and high alkalinity. The combination of lesser chloride

content with higher nitrate content is the result of chloride sorption in

clays (Feth, 1964) or by the subsequent incorporation of the chloride ions

into organic matter found in the subsurface horizons (upper N13 section)

underlying the anomaly. The high nitrate may be derived by bacterial action

within the organic matter present at site "H"

.

The high sulphate content results from geochemical processes within the

Eramosa Member, such as the oxidation of the sulphide minerals and dissolution

of gypsum and celestite by groundwaters. (It should be noted that sulphate

has a natural tendency to form ion pairs and complexes with metal ions)

.

The high sulphate may have also been derived by bacterial action. The high

alkalinity, which is dependent upon the pH and the dissolved content of

carbon dioxide in the anomalous surface waters, was probably derived from

the dissolution of calcite and dolomite by circulating groundwaters within

the Eramosa Member and the Guelph Formation. The bicarbonate ion predominates

over the carbonate ion since these waters are in the pH range of 7-11 (Hem,

1970).

Therefore, the heavy metals and major cation constituents which are high

in the stream waters at site "H", are probably the result of cations

chelating with inorganic ligands (ie. OH , C03~, HCO3 , and particularly SO^ ).

2. Suspended Sediments

Elements such as Fe, Al, Si, Be, K, As, Cu, Ti, increase in concentration

only in suspended sediments at the anomalous site "H" rather than the bottom

sediments, stream waters and well waters. It is probable that some of these

elements are incorporated as hydrolysates such as Fe as Fe(0H) 3 and Al as

A1(0H)3. In addition, the increase abundance of organic matter at the

anomalous site "H" corresponds to the high heavy metal content in the
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suspended sediments. Thus, heavy metal-organic interactions may be present

in the particulate fraction in the spring waters.

3. Bottom Sediments

After the release of the dissolved constituents (from the underlying

bedrock) into the anomalous surface waters at site "H" via spring discharge,

the formation and precipitation of oxides, carbonates and sulphates of the

alkali earths (ie. CaC0 3 , CaS04.2H20) and heavy metals (ie. Fe 2 3 , ZnO,

PbSO^) in the anomalous surface waters, depend greatly upon kinetics,

supersaturation, pH, precipitation, discharge of the surface and spring

waters, etc. Forstner (1976) determined that the concept of co-precipitation

of heavy metals with hydroxides, carbonates and sulphates, is a very important

means in controlling the metal concentration in an aquatic environment.

For example, the heavy metal patterns of Zn, Cd, Pb, Ag, Cr, Mn in the bottom

sediments as in Figures 4 and 5, are identical to the distribution pattern

found for the thermodynamic precipitation of CaC03 (Figure 13) . Thus a

possibility exists that certain heavy metals may have co-precipitated with

CaC03 in these anomalous surface waters. This would then account for the

chemistry of the bottom sediments analyzed.





CHAPTER VI

DISCUSSION

The anomalous geochemical results (Maps 5-7 and Appendix IV) discovered

as a result of the present study in the north central sector of the watershed,

are due either to natural causes or directly from the result of man's

activity (see Figure 1). Pollution from atmospheric sources, derived from

major cities nearby during the sampled period interval is ruled out as shown

by the atmospheric loading data in Appendix III in which there is apparently

no significant contribution to the nutrient and heavy metal concentrations

of the North Creek waters. In addition, an indirect relationship in surface

waters at the anomalous site "H" appears to exist between the relatively high

heavy metal concentrations and the values for nutrients, phosphorus and

nitrogen (usually applied locally as fertilizers to the soils). Therefore,

because man's activities do not seem to be significant with regard to the

anomalous geochemical results obtained, then the anomaly must be largely due

to natural processes.

The geological aspect of the anomaly is shown by the topographic and

bedrock contour maps (reference to site "H") in Maps 8 and 9 respectively.

The source of heavy metals occurs on a topographic low where bedrock is close

to the surface. Supplemented by the lithological description in Figures 18

and 19 and the bedrock contour map in Map 9, the regional groundwater flow

(if assumed that the flow occurs along the sediment /bedrock interface) is

recharged from the northwest end of the watershed and discharged towards the

southeast (ie. towards the spring site situated in the central part of the

study area and beyond to the valley of the Twenty Mile Creek into which it

is discharged) . Note the steep gradient of the bedrock surface (Map 9)

,

approximately 20 feet per mile, towards the southeast.

84
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MAP 8.
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When the rock types of the three well sections of this study are

compared along Traverse "A" of Figures 18 and 19, their relative importance

in influencing the flow of groundwater into the anomalous area can be seen

from the cross section of Traverse "C" in Figure 25. The groundwater flow

model of Figure 25 indicates a confined bedrock aquifer, consisting of the

Guelph Formation and the Upper Eramosa Member, which is confined by the

overlying Halton till and the underlying Vinemount Shale. The piezometric

surface, derived from the elevations of the hydraulic heads in piezometers

Nl, N2 and N3 (cased down below the till aquitard) for the fall season,

indicated the direction of groundwater movement towards the spring site.

Groundwater is assumed to flow along the contact between the Vinemount Shale

and the Upper Eramosa Member and to discharge at the anomaly as an artesian

spring. The groundwater discharge occurs at the spring site, where:

1) the bedrock is close to the daylight surface, 2) the shale unit becomes

discontinuous near the proximity of the spring, 3) the thickness of the

overlying aquitard is thin and 4) the hydraulic connection from the bedrock

to the surface is made accessible through a sandy lens (ie. lower section of

N13) . This then explains the origin and hydrogeology of the abnormality.

A conceptual model relating to the geochemical history of the abnormality

is shown as a schematic diagram (reference to Traverse "C" of Figure 25) in

Figure 26. (Note the presence of bedrock outcrops of the Eramosa Member in

Map 2, just 3 km. west of Fulton, 1 km. south of the Eramosa Scarp and 13 km.

northwest of the anomalous spring site). This figure relates to four major

areas of geochemical processes which influence the characteristic water

chemistry. For example, the areas discussed are: 1) the recharge zone,

2) the confined bedrock aquifer, 3) the emanating spring waters and 4) the

surface waters downstream from the springs orfice.

In the recharge zone, surface waters infiltrate through the subsurface

layers and become enriched in carbon dioxide from the soil gas. Carbon
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FIG. 25.
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dioxide may also be derived from living organisms such as chemoautotrophic

bacteria (Bostrom, 1967) which accelerate reactions involving dead organic

matter present in the groundwater. Decomposition of organic matter leads

to the formation of H2, CH^, CO2, H2O and organic matter with a high

fraction of graphitic material. The H2 and CH^ released are later oxidized

to H2O and CO2 by various oxidizers. Nevertheless, most of the carbon

dioxide present in the groundwaters are usually derived from atmospheric

sources. With the protolysis reaction of carbon dioxide with water,

carbonic acid (H2CO3) is formed. Feth (1964) shows the relationship between

carbon dioxide and the chemical reactivity of water through its hydrogen ion

content as follows:

C02
(g)

+ H2 = C02 (aq)
+ H2 (1.1)

C0 2 (aq)
+ H2 = H2C0 3 (1.2)

H2C0 3 = H
+

+ HC0 3

~
(1.3)

Thus calcite and dolomite minerals present in bedrock of the Eramosa Member

(Hewitt, 1965), in addition to some secondary carbonates dispersed throughout

the surficial deposits, will dissolve in the resultant carbonic acid. This

reaction will produce large amounts of bicarbonate as the hydrogen ions are

used up in the dissolution process (ie. when the equilibrium of equation 1.3

shifts to the right) . Frederickson (1951) described the penetration of

hydrogen ions into these mineral lattices. For example, the electrical

neutrality of the dolomite mineral lattice is upset, as an atom is displaced

from its molecule in order to compensate the penetrating hydrogen ion. This

then accounted for the high Ca , Mg and HCO3 ions released into the

groundwater flow system.

The minerals, gypsum and celestite within the Eramosa Member, dissolves

quite easily with waters from the recharge area because of its high
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solubility in water. Therefore, the groundwaters are enriched in the Ca ,

Sr and SO4 ions.

In addition, the high heavy metals, such as Zn and Pb, are derived from

the oxidation of sulphide minerals, predominantly in the recharge zone of

the Eramosa Member. The oxidation phenomena for sulphides is described by

Sato (1960) who explains that the direct oxidation of a simple sulphide

mineral at low temperatures is a process in which the metal atoms move into

the surrounding solution to become aqueous cations, accompanied by a step-wise

decrease in the metal to sulphur ratio of the remaining solid phase. When

sulphur is left over, it undergoes a series of reactions to be oxidized to

the sulphate ion. For example, Boyle (1965) writes the oxidation reactions

for both sphalerite and galena as:

ZnS + 202 = ZnSO^

PbS + 202 = PbSO^

There is in addition some ferric sulphate in the aqueous solution resulting

from the oxidation of pyrite and marcasite disseminated throughout the

Eramosa Member. This further attacks the sphalerite and galena, producing

soluble FeSOi+j ZnSO^, PbSO^ and elemental sulphur:

ZnS + Fe2 (S0it ) 3
= ZFeSO^ + ZnSO^ + S°

PbS + Fe 2 (SOO3 = 2FeS0 lt + PbSO^ + S°

Zinc sulphate is soluble in water and moves with the circulating groundwaters,

while lead sulphate being relatively insoluble precipitates anglesite.

Aerobic biochemical activity may have affected the relative trace metal

concentrations by acting as a catalyst in the oxidation of the sulphide
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minerals. Bacterial oxidation can be applied to the cycles of iron, sulphur

and nitrogen. Baas-Becking et. al (1960) reported iron bacteria oxidizing

both sulphur and iron compounds; thiobacteria (ie. Thiobacillus and Beggiotoa)

oxidizing sulphur compounds (ie. sulphur oxidizes to sulfite and later to

sulphate); and Nitrosomonas which oxidizes ammonia to nitrite, while

Nitrabacter oxidizes nitrite to nitrate. The presence of elemental sulphur

at the anomalous site can also be explained by the Baggiatoacene species, as

comprising of several genera of filamentous bacteria which are capable of

oxidizing sulphides and storing elemental sulphur as globules within their

cells (Fairbridge, 1972)

.

Once groundwater is saturated with mineral constituents from the soil

and bedrock in the recharge zone, it flows downslope further within the

fractured and jointed surfaces of the Upper Eramosa Member. Within this

carbonate aquifer, the groundwater approaches a fracture-porosity type of

flow through the vertical joints and fractures and is eventually discharged

as an artesian spring because of stratigraphic features (Shuster and White,

1971). For example, groundwater is discharged as a spring where the

stratigraphic contact of the Vinemount Shale/Upper Eramosa Dolostone

interface becomes discontinuous near the proximity of the anomalous site "H".

Within the carbonate aquifer some of the geochemical processes

occurring include the dissolution of calcite, dolomite and gypsum.

Quantitatively, the dissolution of calcite and dolomite can be determined

with respect to the groundwater chemistry tabulated in Table 8. For example,

considering reactions (1) and (2) in Table 10, assume that all the bicarbonate

concentration (ie. "reference") in groundwater comes from these two reactions.

Stoichiometrically, the calcium concentration can be calculated theoretically

from the dissolution reactions of calcite and dolomite, shown in steps (1)

and (2) in Table 10. In addition, if the sulphate concentration for

groundwaters in Table 8 is assumed to be the "reference" in the dissolution
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reaction of gypsum, then stoichiometrically, the calcium concentration can

be determined as shown in step (3) in Table 10. Therefore, the total,

theoretical calcium concentration in the anomalous groundwaters, calculated

from the calcite and dolomite dissolution processes together with the

dissolution of gypsum in Table 10, is recorded at 75 meq/1. However, if the

actual calcium concentration in groundwater is recorded at 15.9 meq/1 (Table

8), then 59.2 meq/1 of calcium is unaccounted for in the groundwaters

analyzed (Table 10).

As calcium ions in excess are being released into solution from the

dissolution processes within the Eramosa Member, calcite precipitates,

which is assumed to happen, as described in bedrock taken from drill core

Nl. This is the result of the incongruent dissolution of dolomite as:

CaMg(C0 3 ) 2 + Ca
4"1" = Mg

44
+ 2CaC0 3

This caused the low Ca/Mg ratio (Table 8) along with a decrease in the

supersaturation of dolomitic waters at the anomaly (see Figure 13 with

reference to the dolomite stability in the anomalous surface waters at site

"H"). Freeze and Cherry (1978) stated that the incongruency relations would

therefore be controlled by the difference in the effective dissolution rates

as well as temperature and P,,-. . He claimed that, if groundwater dissolves

dolomite until it becomes saturated at lower temperatures below 10°C (ie.

the temperature range of the spring waters on May 10, 1977), then the water

becomes slightly supersaturated with respect to calcite. Thus, the

differences in the dissolution rates for calcite and dolomite will determine

the Ca /Mg molar ratio (Freeze and Cherry, 1978).

The Ca/Mg ratio in groundwater could be further decreased by ion exchange

processes within the Vinemount Shale as well as in the Upper Eramosa

Dolostone Member. The cation exchange would be a very important process
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affecting the groundwater movement along the top of the shale unit

(containing up to 50% insolubles) because of the order of absorbility

(Ca > Mg > Na) for clay minerals. Thus, one Ca will replace one Mg or two

Na as shown below:

Ca + Mg(X) -> Mg + Ca(X)

Ca + 2Na(X) •* 2Na + Ca(X)

where (X) represents the adsorbing constituent. As this bias in cation

exchange for calcium continues, released Mg is measured in the spring waters

at higher concentrations than Ca, giving rise to the low Ca/Mg ratio.

Sulphide oxidation in these groundwaters is not extensive throughout

the carbonate aquifer, since oxygen replenishment in this subsurface

environment is very limited; thus restricting oxidation processes towards

the recharge area. For example, assuming that the solubility of 2 in

groundwater to be 11 mg/1 (.34 mmole/1) @ 5°C (Freeze and Cherry, 1978) and

considering the oxidation process for a sulphide mineral such as pyrite:

FeS
2(s)

+ 15/4 2 + 7/2 H 2 = Fe(0H)
3(s)

+ 2S0!," + 4H
+

the S01+ concentration produced is 17.3 mg/1 or 0.36 meq/1 (0.18 mmole/1).

Thus it can be concluded that the high SO4 concentration in the anomalous

groundwaters, observed at 62.46 meq/1 in Table 8, is largely attributable

to the dissolution of gypsum and only slightly from the oxidation of the

sulphide minerals within the Eramosa Member.

Aerobic bacteria is probably non-existent in oxidizing the sulphides

in the aquifer because of a low Eh assumed in the groundwaters. Anaerobic

bacteria may possibly exist in the aquifer, although there was no detection

of H2 S, , in the spring waters or even in the groundwaters collected from

piezometers at the anomaly.





95

The resultant low HCO3 /SO^ ratio in the groundwaters and spring water

is an indication of increased sulphate and low bicarbonate concentration, thus

upsetting the carbonate equilibria. For example, in the reaction:

Ca"*
-1

" + S%
=

+ 2H2 «- CaSOit .2H 20, .

equilibrium shifts to the right in the presence of excess sulphate.

Therefore, gypsum will be supersaturated (see Figure 16), possibly

precipitating in the spring waters because the high sulphate content controls

the chemical reactions.

The groundwaters carrying the major constituents, characterized by low

Ca/Mg and HCO3 /S% ratios, passes from the confined bedrock aquifer

(particularly along the Vinemount Shale/Upper Eramosa Dolostone contact),

upward along a sandy permeable lens identified as the sediments from the

lower N13 section of core Nl, to be finally discharged as an artesian spring

on the stream bank at site "H" . (Note that Figure 26 shows the possibility

of additional groundwater contribution from another carbonate aquifer

confined beneath the Vinemount Shale. However, additional deep well core

data, along with piezometers cased below the Vinemount Shale is needed to

justify the above statement) . Generally, the movement of minor constituents

in groundwater within the carbonate aquifer, can be predicated from abiotic

chemical reactions or by biochemical reactions (Lee and Hoadley, 1967) . From

the water chemistry at site MH" on November 26, 1976, the sulphate

concentration was apparently high simultaneously with the high trace metal

concentration, suggesting that certain heavy metals were transported by

abiotic means, such as complexation with sulphate ions. Heavy metals may

also be complexed with other inorganic ligands (ie. OH , CI ) , or even form

precipitates (ie. PbS0i+, .).
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Organic substances are also significant in determining the speciation

of trace metal ions; largely because heavy metals found in natural waters

are in the organic fraction (Rubin, 1974). The percent organic matter was

found to be high at the anomaly. This may have been derived from groundwater

interaction with the soil's fulvic acids (ie. this organic acid is produced

by biochemical processes). Humic substances will bind metals, such as

cadmium, to a greater extent than any of the major inorganic ligands in

natural waters (Reuter and Perdue, 1977). In addition, the binding energy

of organic matter would not only explain the heavy metal uptake, but also

the uptake of major constituents (ie. Na, K, Ca, Mg)

.

The third occurrence of the geochemical processes is shown in Figure

26, indicating the path of groundwater flow leaving the spring site. The

spring waters contained high total dissolved solids and a low redox potential.

The stability of several minerals in the spring waters in Figures 13 and 16,

shows that the natural waters at site "H" are saturated (ie. equilibrium

situation) with respect to calcite, aragonite, magnesite, and dolomite and

supersaturated (ie. disequilibrium situation) with respect to gypsum. Note

that the carbonate mineral equilibrium (Freeze and Cherry, 1978) is influenced

by the effects of ionic strength and complex ion formation at the anomaly site

for the spring waters, which contain significant contents of non-carbonate

mineral forming ions such as SO^ and NO3 . Observations of the water

chemistry, showed that sulphate is the controlling mechanism in the chemical

equilibrium of these natural waters at the anomaly. Thus the solubilities

of calcite and dolomite in groundwater are somewhat larger at the anomaly

than in some groundwater containing only a two or three component system.

At the anomaly, the high heavy metals in the suspended sediments may be

scavenged by hydrolyzates, primarily by Fe(0H)3, which explains in part the

turbidity of the spring water (Boyle, 1955). However, not all metals are
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scavenged by the insoluble ferric hydroxide. Some elements, such as arsenic,

are primarily transported by hydrous iron oxides due to its positive surface

charge and the arsenates negative charge; while cations such as zinc and

lead may be transported by absorption onto manganese oxides carrying a

negative surface charge.

Downstream from the spring, as shown for the last occurrence of

geochemical processes in Figure 26, the creek waters appears to have the

reverse situation, in that calcite, aragonite, magnesite and dolomite are

all supersaturated, whereas gypsum is undersaturated. The pH of the creek

waters (sampled on May 10, 1977) increases downstream pH 7.2 to pH 8.5,

together with the temperature range of 8
C
C to 15°C, from a point corresponding

to the orifice of the spring. As a result, the P _ in the water drops from

0.0039 atm. near the spring site to 0.0006 atm. at site "L". downstream in

a distance of 1000 m. Therefore, the loss of carbon dioxide (ie. "degassing")

results in a supersaturated carbonate solution, downstream from the spring,

causing an increase in the pH of the surface waters. However, at site "M",

200 m. downstream from site "L", the P_n increases to 0.0288 atm. Figure 13
LU2

shows what happens to the spring-derived waters after equilibration with the

atmospheric carbon dioxide (ie. the P_ in the atmosphere is approximately

0.0003 atm., Garrels and Christ, 1965), resulting in an undersaturated

carbonate solution in surface waters downstream from site "L". Therefore,

the water chemistry, along with the type of precipitate, will depend upon

the temperature and the pH and Eh changes in these natural waters. In

addition, it was assumed that heavy metals are co-precipitated with CaC03 in

the anomalous surface waters downstream from the spring site.

Qualitatively, the surface water discharge and precipitation levels

(recorded by the O.M.O.E. gauging station, 3 km. downstream from the

anomalous site "H") controlled the mineral equilibria in these natural waters

during the PLUARG study (Veska, 1977) from September, 1976 to November, 1976.
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Precipitation plays a dominant role in supplying the groundwater with carbon

dioxide, as surface water seeps through the soil zone from the recharge area

northwest of the anomaly. Discharge effects the residence time of the

groundwaters approaching equilibrium with respect to the wall rock (for

example, the rate of dissolution and oxidation processes will control the

amount of dissolved bedrock constituents released to the circulating

groundwaters) and the time of the spring discharge into the North Creek

waters after the initial infiltration of surface waters in the Silurian

bedrock. The geochemical model based upon the bottom sediments, suspended

sediments, stream waters and well waters collected biweekly between September

and November, showed qualitatively, that the increased runoff for the month

of October had a considerable influence upon the water chemistry in the North

Creek waters. As a conclusion, precipitation and discharge, together with

ion exchange, diffusion rates through the carbonate bedrock aquifer, and

other related factors, controls the relative chemical concentrations as

reported in the anomalous waters.

A similar bilateral study by Langmuir (1971) in parts of a Pennsylvanian

aquifer, showed that the incongruent dissolution of dolomite occurred at times

of low water table levels and the dilution of dissolved bedrock constituents

by recharge water at times of higher water levels.





CHAPTER VII

CONCLUSIONS

The multi-element geochemical approach whereby analysis of materials

by the Direct Reading Emission Spectrograph Q.A. 137 has succeeded in

initially demonstrating the presence of an abnormality in the chemical

assemblage in the north central sector of the watershed. Conclusively,

the precision and accuracy tests based upon the use of the emission

spectrograph, indicates that the partial ionic extraction technique used

on the sediments studied for geochemical reconnaissance, is suitable for

the purpose of the present study.

The combination of data derived from the geochemical and water quality

studies, as well as the chemical, electrochemical and textural determinations

used in this anomalous area, showed that the anomaly is in fact caused by

natural sources rather than by man's activities. The results obtained in the

present North Creek Study showed that natural spring waters are responsible

for the anomaly. The spring waters contained high values for total dissolved

solids; specific conductance; ionic strength; the anions, SO^ , HCO3 , NO3 ,

together with minute amounts of CI ; soluble cations, Ca , Mg , Na ,

together with minute amounts of K ; and heavy metals, Zn, Cd, Pb, Ni, Ag,

Cr, together with low concentrations of Fe and Be.

The major groundwater recharge for the artesian aquifer, is assumed to

be northwest of the spring site. Tritium determinations revealed that these

groundwaters are older than 20 years. It has been hypothesized, that the

groundwater flows primarily through the confined, carbonate aquifer of the

Upper Eramosa Dolostone Member and along the Vinemount Shale/Upper Eramosa

Dolostone interface. Groundwater is then discharged as an artesian spring

in the vicinity of the discontinuity of the Vinemount Shale and also where

the overlying aquitard (Halton till) is thin. In addition, groundwater
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discharge at the anomaly is where the surface topography is low and the

bedrock is close to the surface.

The anomalous water chemistry at the spring site is explained by the

dissolution of carbonate minerals (ie. calcite and dolomite by carbonic acid)

and sulphate minerals (ie. gypsum and celestite by groundwater) of the

Eramosa Member, as a long-term solubility situation by the interactions of

the regional groundwater flow. This is in conjunction with the oxidation

of the disseminated sulphides such as sphalerite and galena in the recharge

area. The groundwater becomes saturated with respect to the dissolved

bedrock constituents and emanates at the spring site, thus contaminating the

North Creek surface waters. Sulphate is assumed to be the predominate anion

in controlling the spring water and the groundwater chemistry, by complexation

with the soluble components and heavy metals. Gypsum, thermodynamically

precipitates at the orifice of the spring. In addition, iron hydroxides

precipitates at the spring, suggesting that heavy metal scavenging may occur

in the spring waters. Therefore, the evolution of the water chemistry from

the recharge area towards the anomaly, is caused by an open system dissolution

model, involving dissolution processes within the Eramosa Member with a

constant supply of O2 and CO2, to transport and precipitation processes of

the dissolved bedrock constituents towards the spring site via groundwater

flow.

Downstream from the spring site, gypsum becomes undersaturated in the

surface waters and the spring-derived waters lose carbon dioxide on moving

towards equilibrium with the atmosphere, resulting in a supersaturated

solution of calcite, aragonite, magnesite, and dolomite. Thus, carbonate

equilibria is more important in the North Creek waters downdip from the

spring site than sulphate chemistry.

As a final conclusion, the anomalous water quality is hypothesized

to originate from the highly mineralized groundwaters within the bedrock
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aquifer of the Upper Eramosa Member, whose waters emanate as an artesian

spring at the geochemical anomaly in the north central sector of the North

Creek Watershed.





CHAPTER VIII

RECOMMENDATIONS

The writer considers that there are a number of geochemical aspects

that would be of value in an investigation of the anomalous area of the

North Creek Watershed.

A follow-up study, concerning the water quality variability in major

and minor constituents of the daily spring water discharge and the daily

stream water discharge would give the unit area loadings per element by

season leaving the confined aquifer and the watershed respectively.

A complete groundwater study, based on numerous piezometers located

throughout the watershed should be carried out so as to determine:

1) the transmissibility and coefficient of storage of the confined bedrock

aquifer, 2) the groundwater velocity in the aquifer, 3) the nature of

groundwater dispersion throughout the carbonate bedrock aquifer and 4) the

lithology and thickness of bedrock from deep well cores.

An analysis of the dissolved oxygen content in these spring waters and

groundwaters should be determined to confirm the Eh measurements on the

redox condition of this secondary environment at the anomaly.

The computer processing of the multi-element geochemical data on a

statistical basis would improve the empirical geochemical interpretation

used in the present study. For example, with the use of histograms, scatter

and ternary diagrams, the raw geochemical data may be expressed in graphical

form. In addition, a cluster analysis would display the dominant inter-

element associations in the form of a hierarchical diagram or dendogram,

based upon the correlation coefficient for any two elements.

The next step would be to discuss the chemistry for each element and

explain the direct or indirect relationship that should exist between two
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elements. Then, the mobility of each element through groundwater

interactions in the secondary environment at the anomaly should be examined

from dissolution processes to transport and precipitation.

The filtration of water samples with a 0.45 ^i Sartorius Membranfilter

would separate the dissolved and particulate states. Thus an accurate and

valid relationship between the two types of material could then be made.

This would delineate the possibilities of heavy metals being transported

either by particulate or dissolved matter within the anomalous groundwaters

and surface waters.

Mineralogical and chemical studies of the precipitates found around

the orifice of the spring, should be carried out in an attempt to explain

further the springs water chemistry and trace element behaviour.

The determination of the nature of biochemical activity in the spring

waters would be of interest to see if any significant relationships exist

with the anomalous water chemistry.
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APPENDIX IV

TRACE ELEMENT DISTRIBUTION MAPS

FROM BOTTOM STREAM SEDIMENTS

IN THE NORTH CREEK WATERSHED
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APPENDIX V

CHEMICAL CONCENTRATIONS IN BOTTOM SEDIMENTS . SUSPENDED SEDIMENTS . STREAM

WATERS AND WELL WATERS IN THE ANOMALOUS NORTH CENTRAL SECTOR OF THE NORTH

CREEK WATERSHED - sampled on Nov. 26/76

POSITION DOWNSTREAM -Oe. A- inclusive)-
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CHEMICAL CONCENTRATIONS IN WELL WATERS

ELEMENT

Zn

Cd

Pb

As

Ni

Ti

Sf

Na

K

Ca

Ag

cr

Fe

Al

Mn

Be

Si

Cu

WELL N3

(mg/1)

.525

.092

1.71

4.09

.174

N.D.

1.2

28.2

22.6

103

.012

.149

.046

.193

.043

N.D.

5.65

.013

WELL Nl

(mg/1)

1.04

.168

2.38

6.97

.707

N.D.

12.8

72.1

33.9

140

.025

.248

N.D.

.242

.150

N.D.

7.06

.013

WELL N2

(mg/1)

.697

.130

1.89

4.05

.210

N.D.

5.5

23.6

29.4

110

.012

.149

.184

.193

.016

N.D.

7.06

.013
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APPENDIX VII

CHEMICAL CONCENTRATIONS IN SEDIMENT CORE Nl,

WELL CORE Nl
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APPENDIX VIII

ADDITIONAL CHEMICAL AND TEXTURAL PARAMETERS

ON SEDIMENTS FROM CORE "Nl"

SAMPLE 7. Sand 7. Silt 7. Clay 7. C03 %

ORGANIC

CARBON

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

20

21

24

25

26

29

30

31

33

WEU. CORE k:

tggT

15.33

6.82

13.04

16.14

18.23

19.53

29.26

31.82

5.97

9.32

8.84

9.99

21.30

23.98

16.46
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PLATES
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Dl ATC I! LOCATION OF THE SPRING ( loft side of photo) AT THE ANOMALY SITE "H"

PLATE J]!
SPRING EFFLUENT EMANATING TOWARDS THE ANOMALOUS SURFACE

WATERS AT SITE "H"
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PLATE |V EFFERV*SCENCE OF Cb2(g)
FROM THE SPRING'S ORfflCE

PLATE; V PRESENCE °F A ODDISH- BROWN TO A YELLOWISH RESIDUE

AROUND THE SPRING'S OHFICE
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p|_ATE V| VUG FROM CORE Nl LINED W,TH CALCn^ AND DOLOMITE

PJ_ATE VII VUG FROM CORE Nl CONTAINING HONEY-COLOURED SPHALERITE
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PLATE VIII

CROSS SECTIONAL VIEW OF WELL CORES AT THE ANOMALY SITE

OF THE NORTH CREEK WATERSHED

COfiF CORE
N1 SECTION- N2 SECTION-

N11

N13

N14

N15

N16

N21

N12 N22

N23

N24

N17
















