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EC Priority/Issue:

During the late 1970’s and early 1980’s a PCB waste management site was operating on the

outskirts of the town of Smithville, located approximately 15 km south of Lake Ontario, on the
Niagara escarpment. In 1985, it was discovered that PCB oils and associated solvents had penetrated
the into the ground and pervaded the upper horizons of the bedrock underlying the site. This resulted
in the closure of a local water supply which utilized groundwater from this aquifer. An ongoing
investigation into the extent of groundwater contamination is currently underway.
' A fraction of the PCBs and associated contaminants can migrate with the groundwater along
the groundwater flow path. Thus, a conceptual model of the groundwater flow system is needed
before any interpretation of contaminant migration with the groundwater is attempted. This study
involves detailed analyses of the physical and inorganic chemical properties of both the fractured
bedrock and groundwater at the site. By combining these data, a conceptu‘al model of the
groundwater flow system can be delineated. Such a model can be used in future numerical
simulations that will provide vahiable insight mto the fate and transport of groundwater contaminants
at the site.

This works supports EC priorities on Ecosystem Health and Ecosystem Initiatives under
COA Stream 1.4 (contaminated sites) and Stream 1.6 (groundwater).

Current Status:

The report is intended to be released asaNWRIcontribuuon andalessdeta%dvemon was
submitted to a journal for publication.

Next Steps:

{

This study is currently completed and the objectives fulfilled. However, the results presented_

mthereponwﬂlbeusedtomdfunnesmdxesanddevelopannmemalmodel




EXECUTIVE SﬂMMARY
During the year of 1997, a study was undertaken to chemically characterize the inorganic

constituents in the fractured carbonate aquifer underlying the CWML site in Smithville, Ontario. |
At the onset of the study, samples were collected from seven boreholes drilled at the site -
(boreholes 11, 12, 21, 53, 60, 61 and 62) - In May 1997, two new boreholes were drilled
(boreholes 63 and 65) and also sampled in phase III of \the investigation. The objective of this
investigation is to combine previously accumulated hydraulicdata (Lapcevic et al., 1996) and -
detailed rock geochemisﬁ'y (Bickerton, 1997) with the measured inorganic groundwater chemistry

to provide a conceptual model for groundwater flow in the fractured dolomitic aquifer underlying

- Smithville, Ontario.

Groundwater samples for i morgamc geochemlstry analyses were collected in February July
and November of 1997 Alkahmty, pH, Eh and elecmcal conductance were measured in the ﬁeld
Collected samples were ‘analyzed for trace metals by inductively coupled plasma spectrometry,
anions by photometry and nutrients were analyzed using coloinimétric techniques. Samples were
also obtained to determine the stable isotopic composition (5'%0 and 8°H) of the groundwater and
) détefmine tritium (°H) concentrations of the groundwater.

Both p’h).rsical and chemical hydrogeological observations obtained from field invesﬁgaﬁons
are used to interpret the groundwater flow system in t.ha fracture network. Geochemical -

measurements indicate that the fractured dolomite is divided into two groundwater flow systems

K separated by an extensive unit of low transmissivity throughout the region. The upper flow system

is charactenzed by water enriched in Mg and SO4. Below the low transxmwvny zone,
groundwater increases in sahmty, and is ennched in Ca and SO,. Based on the geochemistry, the

rate of groundwater migration in the lower flow system is surmised to be less than that in the upper



system. Measurements df_ hydraulic head in conjunction with the results of the analyses of the

environmental isotopes (3'°0 and 8’H) suggest that groundwater flow is mainly horizontal and
iikgly governed by enlaiged bedding plane fractures. The isotope geochemistry and'topographical
features fuﬁhgr suggests that groundwater recharge is occumng ju_st _north of the site in a
topographical low of m1mmal overburden thickness.

Sampling thr,oughoﬁt the different seasons (winter, summer and fall), indicated that very |
little §hange was observed in the overall trends of the inorganic constitﬁents with depth in each

borehole. However, for individﬁal zones sampled, dissolved ion concentrations may vary

considerably. This may have resulted from changes in samphng methods a‘nd‘analyses.
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INTRODUCTION

The Niagaf‘a Escarpment is an extensive geological structure that extends along the western
shorelirie of Lake Ontario (Flgure 1). This feature is comprised of a stratigraphic sequence of
dolostone axid shale units that includes the Lockport Formation as the cap rock (Tesmer, 1981).

The Lockport Formation is an important source of water for many of the farming communities 'in’

| the Niagara region. It also underlies numerous industrialized cities and towns. As a result,

chlorinated solvents have contaminated the groundwater at several locations (Masalia and Johnson,
1984, Yager et al., 1997).
During the late 1970’s and early 1980°s a PCB management site was operating on the

outskirts of the town of Smithville, located approximately 15 km south of Lake Ontario, on the

Niagara escarpment (Figure 1). In 1985, it was discovéred that PCB oils and associated solvents

had penetrated the overburden and pervaded the upper horizons of the Lockport Formation. This
resulted in thé closure of a local water supply which uulmad groundwater from this aquifer.

In order.to develop a remedial strategy for the site, ﬁ conceptual model for regional
groundwater flow and contaminant transport in the bedrock is reqmred. The primary purpose of
this study is to use both physical and geochemical hydrogeological observations in the cdnstructioh
of such a conceptual model. Physical hydrogeological observations include measurement of the
distribution of ransmissivity and measurement of hydraulic head at selected depih intervals in the
Lockport For'métion. Ge<;chemical observations include measurements of the inorganic ioﬁic
content, stable isotopic (60, 8D) and tritium (H) composition of the groundwater, as well as
determination of the chemical Vcomposit’ion of the fock units. Inorganic jon concentration of the

groundwater is used in conjunction with hydraulic measurements to determine preferential flow
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Figure 1: Topographical map of the Smithville fild site and borehole locations




' paths in the fracture network. Trends in the concentrations of dissolved inorganic ions are used o

define differing groundwater. flow reglmes and 1sotop1c composition is used as an indicator of
groundwater recharge Thus, the geochemlcal data provides mfoxmatlon on the groundwater ﬂow
system that can not be deduced using hydraulic information alone. Recent application of this
approach was used to develop a conceptual groundwater flow rnodel for fractured granitic rock in
Aspo, Sweden (Smellie et al., 1995) and for the fractured Chalk aquer in the United Kingdom )

—

(Hisock et al., 1996).

SITE GEOLOGY AND HYDROGEOLOGY

" The PCB contaminated site is located just north of the town of Smithville, Ontario (Figure |
1). The surface topography (Figure 1) indicates the presence of a swale oriented in the east-west

direction, located 'approxi'mately 1.5 km to the nbrth of the site and a ﬁVer (20 mile creek) ﬂowi‘ng

- from the north-west to the south-east, located apprommately 1 km to the south of the site. The

topographical gradient in the vicinity of the site, is relatively flat with a slight mchnanon of roughly |
10 m/km south. Approximately 5 to 10 m of clay till overburden underlies the site (Frgure 2). The
Clay till is of minimal permeability (K ~ 10° to 1™ ms) although pervaded by sparse vertical |
fractures some of Which may be fully penetrating (Golders Associates, 1995). The Lockport
Formation underlying the clay til is comprised of four geological members consisting of fine to
medium grained dolostone that dip in a southeastely direction at an angle of 0.5° (Golders
AsSoc_iates, 19;>5). The upper member (Emmosa) of the Lockport Formation is 10 to 20 m in
thickness and is fractured in a relatively uniform manner. Transmissivity of the fractures can be as
high as 102 m*s (Golders Assomates 1995). The Vinemount member, which underlies the |

Eramosa, is characterized by a weathered vuggy zone (1 10 4 m thick) and a zone of unfractured



‘ . .

CLAY & TILL
OVERBURDEN
-y ey - k
,“
ERAMOSA P
MEMBER L B e A S S PP,
/ Vi i I {
il IR | J A AN J _J
] S | I Ji
_J I f- i B |
i 1 f S f
. FA / - f [ J /|
2 S — " —
o -
= ,
< | VINEMOUNT
2 | MEMBER |[r—eTaTar— 316m
e | . :
- ,
& | goar A A | 7
8 ISLAND v [V 57m
& | MEMBER
0
-l
DECEW
FORMATION
ROCHESTER
FORMATION

Figure 2: General stratigraphy of the Lockport Formation



rock of relatively low transmissivity (3 to 4 m in thickness). The lower members (Goat Island and

" Gasport) are 6 to 7 m and 8 to 10 m in thickness respectively. Fracture frequency in these units is |

more sparse, although transmissivity is no less than that observed in the Eramosa member. The

' Lockport Formation is underlain by an impermeable shale of up to 17 m in thickness and s

considered a mgional aqnttard (Golders Associates, 1995).

Groundwater flow in the fracture system xs generally to the southeast, following
stratigraphic dip of the geological units (Golders Associates, 1995). Based on the previous studies
of the Lockport Formauon conducted at this site and elsewhere in the region, it is inferred that |
groundwater ﬂow is pnmanly governed by bedding plane fractures that are laterally extensive and
have limited vertical interconnection (Novakowski and Lapcevic, 1988; Riechart, 1990; Golders '
Associates, 1995). Thus, it is assumed that groundwater flow in the Lockport Formation
underlying the contaminated site is primarily in the horizontal direction, carried along bedding
plane fractures of unknown lateral extent and unknown vertical interconnectivity. Previous site
investigations (Golders Associates, 1995) indicate that some fractu'rés, at least in the upper
Lockport methbers. are observed to be lateraﬂy connected o‘vér a dxstance of 1km as evidenced by

the downgradient transport of aqueous-phase contamination emanating from the PCB source.

| Hydraulic gradients in this zone have been estimated to be 0.02 with initial estimates of

groundwater velocity ranging 20 - 6000 m/a whereas hydraulic gradients in some of the lower

- dolostone members are estimated at values ranging from 0.001 to 0.007 (Golders Associates,

-1995). Groundwater flow in localized areas may vaty depending on the nature of the fracture

system. The resulting variations in hydraulic gradient are subtle and therefore may be inadequate
to identify fracture interconnectivity.



FIELD INVESTIGATION

To conduct the field study, six néw 76 mm (N-sized) diameter boreholes (53, 60, 61, 62,
63 and 65) were drilled in 1996 and 1997 within the vicinity of the site (Figure 1) using a diamond
core and triple-tube wi:éline techniques. The boreholes were drilled to penen_‘a,t,e: the entire |
thickness of the Lockport; a depth of approximately 55 m below ground surface. Five of the .

boreholes are inclined at angles ranging from 55° to 57° with respect to the ground surface, and

‘one borehole (borehole 65) is vertical. Boreholes 11, 12 and 21 (Figure 1) wefq completed in

- 1988 with 1.25 inch diameter PVC multilevel peizometers having varying screen lengths (Golders

Associates, 1989). | |

| Once drilling was completed, hydraulic tests usmg the constant-head injection method
(Novakowski, 1988) were performed bn boreholes 53, 60, 61, 62, 63 and 65 to obtain
mgasurements of transmissivity over continuous 2 m depth intervals in each borehole. Minimum

and maximum values of transmissivity ranging between 10" m?s and 107 m?/s were determined

- using this procedure (Lapcevic et al., 1996). Transmissivity tests were previously conducted by

Golders Associates in 1988 at 3 m intervals in boreholes 11, 12 and 21 using a similar constant’
head packer testing method. This method has a lower minimum testing value (10 m¥s) than that

used in the other boreholes (Golders Associates, 1989). After completion of the hydraulic testing,

‘the new boreholes were instrumented with a series of permanently-emplaced packer systems

(Black et al., 1987). There are 5 - 9 isolated depth intervals in each borehole. Hydraulic head
measurements in each isolated interval were obtained using a pressure transducer. In the case of
the multilevel piezometers, measurements were obtained with a water level meter. Measurements

of hydraulic head were performed on a wé;ekly basis over a two year period.



A total of 32 rock samples, collected from each of the geolo‘giéa] units of the Lockport
Formaﬁom were Submitted for éhemical and mineralogical analyses (Biéketton, 1997). Sampleé
Weré prepared by crushing the sample using a ceramic ball fmill to powder (<100 pm size.
fraction). Samples were analyzed for mineral content using X-Ray Difﬁ'action (XRD) techniques.
Concentrations of the major elements (SiO;, TiO;, Al,03, Cr203, MO, Fe;0; v, MgO, CaO,

Na;0, K;0 and P;05) and trace elements (Ba, Nb, Rb, Sr and Zr) were determined using

- wavelength dispersive x-ray fluorescence (XRF). Total concentrations of H;O, CO; and S were

determined using corhb‘ustion followed by infra-red spectrometry (Bickerton, 1997).
Groundwater samples were collectcd_ in February, July and‘November of 1997, from the
permanently-emplaced ﬁagker systems and the multilevel wells. Only data obtained in November is |
incor,pdrated in the main ieXt as this data was most cbmplete and uﬁ to date. Data from the other
sampling dates arfe provided in Aﬁpendix A, along with a brief description of seasonal VMOﬂS in
the measured parameters. The sampleé from boreholes 53, 60, 61, 62, 63 and 65 were collected
using a stainless steel sampling chamber ( volume of 500 mL) connected toan electronic actuating

device that draws in groundwater from the isolated zone outside the packer system. As the

‘volume of water external to the packer system is relatively small, mixing and diffusional processes

equilibrate the geochemical parameters in each isolated groundwater zone relatively quickly. Thus,
the need to purge the borehole of standing water is el_iminatr;d (Black et al., 1987). Samples from
bor’eholgs 11, 12 and 21 were obtained after purging the volume in each _piezémetér three times
using a Waterra hand pump. ' |

After drawing the sample to ground surface, electrical conductivity, Eh, and pH were

| measured in the field on unfiltered samples in enclosed containers. For boreholes 11, 12 and 21,

these measurements were obtained using a flow through cell. A combination electrode with an



‘ |

h AgIAgCI internal reference, calibrated against the buffers 4 and 7 were used to determine pH. Eh

* was measured using a combination platinum redox and Ag/AgCl reference electrode. Alkali 'niAtyl ‘

was measured shortly after sample collection by titrating a known volume of filtered sample with
0.16N sulfuric acid usmg a HACH dlgxtal utrator Groundwater samples collected for i morgamc
ions and dlssolved organic carbon (DOC) analyses were filtered in the ﬁeld using a 0. 45 pm nylon
filter. Samples submitted for cation analyses were preserved at the time of collection w1th
ultrapure HCL

| Analyses for metals were ‘performed in the laboratory‘uSing inductively coupled plasma |
spectroscopy (ICP-MS). Anions (Cl, SC)_4 and Si0;) were determined using ulu'ayiolet photometry
(COBAS). Concentrations of ammonia (NH;-N) and nitrate (NO5-N) were analyzed using 'A ,
Bran+Luebbe TRAACS-800 continuous flow analyzer. An'alyses for DOC-were performed using
ultraviolet dxgesuon Charge imbalances for the i morgamc ions are less than 10% w1th the
excepuon of 2 samples |

Samples were also collected for stable isotopes analyses (**0 and H) in July and November

of 1997. Analyses were performed using standard CO,/water and Hzlwater ethbranon

| techniques. 8'°0 and &°H data were normalized to VSMOW/SLAP and are xeponed relative to

- VSMOW with reproducibility of +/- 0.1 and +/- 2.0 respectively. Samples were analyzed for *H by

using direct scintillation methods obtaining a detecuon limit of 6TU, with a reproduci ibility of +/-

8TU. Nineteen selected samples were re-analyzed for enriched °H analyses in ordef to refine the

* estimate of concentration of *H in the groundwater at a few locations. The enriched *H analyses

has a mproducﬂnhty rangmg between +l-0 610 +-1 3 TU.
Saturanon mdlces of various mineral phases were calculated usmg gmnndwater chem:sny

and the geochemical speciation program PHREEQC (Parkhurst, 1995). Thermodynamic data n_sed
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for these calculations were prdvided in the PHREEQC database. The PHREEQC model

calculations are considered reliable in sodium chloride domihated_waters with higher ionic strength

 (Parkhurst, 1995).

RESULTS
Miheralogy

X-Ray 'Diffracﬁon analyses (Table 1) indicate that the three principal minerals present in all
members are dolomite (86—98 'wt%), quartz (2-15 wt%) and gypsum (3-8 wt%). However, none

of the samples from the Eramosa member are observed to contain any measurable gypsum. X-Ray

Fluorescence analyses indicate that all samples have a Ca:Mg ratio between 1.03-1.09:1 (Table 1;

Bickerton, 1996). Thus, most of the Ca in the samples is likely contained within the dolomite
mineral structure. Any excess Ca concentrations will presumably exist as either calcite and/or

gypsum. X-Ray Fluorescence analyses also indicates that both a small percentage of Fe and Al are

present in the rock samples. Based on normative analyses of the rock chemistry and visual

identification in the rock core, much of the Fe is likely incorporated in sulfide minerals (pyrite)

whereas Al is likely to occur in clays (Bickerton, 1997).

Water Cliemistry |

Groundwater ﬁnde‘rlying the Smiihvﬂle site (Table 2) is mamly reducing (Eh <0) at depths
greater than 20 to 30 m below'ground- surface (bgs). At shallow depths, conditions are mare
serobic (Eh>0 mV). Increased concentrations of HS"in solution and subsequent decrease in Fe

concentrations, su'ggeét that redox conditions change from iron reducing to sulfate reducing with

 increasing depth. An exception is observed in borehole 63, were redox conditions remain aerobic

10
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and Fe concentrations in solution actually incjeaée with depth. The pH of the groundwater is near
neutral (6.8) to slightly alkaline (7.7). Temperéture of the giongdwater ranges from approximately

10 to 11 °C. In general, ion concentrations that increase with dépth in solution are: Ca, Na, K,

‘HS, Cl and SO, and those that decrease are: Mg and Fe. Alkalinity also decreases slightly with

depth.

- Hydraulic Properties

Constant head injection tests performed at continuous two ine_tor depth intervals on the
Westbay installed borcholes (53, 60, 61, 62, 63 and 65) indicate that transmissivity ranges between
the testing limits of 10 m¥s and 10 ms. Highest ir\ansmissiviﬁa measured at the maximum
level (10 m%s) of the transmissivity test (3% of the total number of tests) are observed in
boreholes 61, 63 and 65 at ~165, 155 and 170 meters above sea level (masl) r’espectiw)’ely.
Approximately 9% of the testing zones in these boreholes measured below the minimum testing
limit (10° m%s). In boreholes 11, 12 and 21 transmnsslvxty ranges from the minimum testing limit
of 107 m’/s to 10 m’s. In these holes, approximately 22 % of the testing zones measure below
the. minimum tosﬁng limit. Most of these low transmissivity zones are conéentratedj\in the 'lovVer
Vinemount and upper Rochester units: However, a few low lransm:sslvny measurements are also
observed at the top of the Goat Island (boreholes 11, 12 60 and 62) adjacent to the
Vinemount/Goat Island bedrock contact. The Eramosa, upper Vinemount and Gaspon units are
characterized by high transmissivities ranging from 10° to 102 I

Hydraulic head measurements range from 181 masl to 192 masl. ﬁighest head
measurements are observed in toe Eramosa member of boreholes 60, 62 and 63. In these

boreholes, hydraulic head decreases sharply below the Eramosa member. Hydraulic head is

12
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Figure 3a: Piper diagram for groundwater chemistry of samples collected from -
. Westbay packer installed boreholes '
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observed to be almost uniform with depth in boreholes 11, 12, 21, 53 and 65 with values ranging

between 184 and 185 masl. In borehole 61 head is observed to be highest at an interm_edia,te depth

(at an elevation of 160 masl), resulting in an artesian condition.

Environmental Isotopes
" In general, stable isotopic composition of the groundwater ranges widely from -9 to -14

/oo and -50 t0 -110 %, for §'*0 and 8°H respectively. The isotopic composition of the

_ groundwater is relatively enriched (-9 to -11 %, and -50 to -80 oo fo 8'°0 and 8°H respectively)

and changes little with depth in boreholes 11, 60, 61, 62 and 63 whereas values become
srgmﬁcantly depleted at ~155 to 165 masl and below in boreholes 12,21,53 and 65. Trmum

values vary from below detection to values greater than 25TU.

DISCUSSION

Major ion analyses of tlre groundwate‘r sampies indicate that three chemically distinct 2ones
are present in the ﬂo‘w system (Figure 3 a, b). At shallow depths (elevations > 170 masl) Mg and
SO, are observed to be the highest concentration of ions in soluuon. At elevanons between
approxxmately 150 to 170 masl, Ca and SO; enriched waters dommate At greatest depth
(elevations <150 masl) in boreholes 12, 21, 53, 61, 63 and 65, the groundwater chemistry
approaches brine conditions, characterized by high concentrations of Na and Cl.

.The location of rlxese chernical zones can be readily explained as a consequence of mineral

dissolution and precipita’tion reactions. For instance, calculated saturation mdwes (Figure 4 a, b)

‘indicate that groundwater in most boreholes is undersaturated (SI~-0.510-1.0) wrth respect to

gypsum at shallow depths (~ 20 to 30 m bgs or >165 masl) Below this, gronndwater is observed

15
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 Figure da: Calculated saturation indices using PHREEQC for dolomite, gyps
from Westbay packer installed “upgradient” boreholes 60, 62 and 63 and “downgradicnt”




Upgradient S BH11

2 -1 0 1

Mg

2| 100 a
v X
160 + f(

140 +

. Na

—— . Sgporation of ciffeing groundwater chemical compostion = ' ' : ' o
- oo Caiche saturation indices ] Overburden %W\em g Gaspon 7 B “\
o0 Dolomite saturation Indices Eramosa [ eodt isana [ Rocheger

Ll

Figure 4b: Caiculated saturation indices using PHREEQC for dolomite, gypsum and calcite calculated with gmhndwater chemistry
. from muliilevel piczometer instatled “upgradient” borcholes 11 and “downgradient” borcholes 12 and 21



-

to be close to equxhbnum with gypsum (SI~ 0) suggestmg that the amount of Cainthe -
groundwater is controlled by chemcal equiltbrat.ton reactions thh gypsum. At all depths
grotmdwater tends to be undersaturated or near saturation w11h respect to both dolomite and |
calcite (Figure 4 a, b).

Mineralogiwl studies indicate that the geological members in the lower units contain a
small percentage of gypsum ‘whereas no gypsum was observed in the upper Eramosa member.
Thus, the diesolu_tion of dolomite and calcite alone may control the amount of Ca concentrations ilt
the groundwater located in this upper unit. The presence of gypsum in the lowerfo‘rmatiOn

members indicates that undersaturated water: (iv.e. recharge water) has not extensively reached this

~ horizon. The high Na concentrations and overall salinity observed in groundwater at greater depth

(elevauons of approxunately 150 masl or less; Figure 3, Table 2) tndrcates lugh residence time and
therefore sluggtsh groundwater velocity. |

The measured hydraulic parameters (transmissivity and hydraalic head) in each borehole are
compared to measured geochemical parameters (P“lgttre 5). The boreholes ate/arranged'based on

location upgradient (boreholes 60, 62, 63 and 11; Figure 5a, b) of the PCB contammated site, in an

 area of possible groundwater recharge versus those located either imxnediately adjacent to the site

(boreholes 12, 21 and 53 Figure 5b; ¢) orin posstble areas of discharge along the river (boreholes

61 and 65; Figure 5¢c). Supenmposed on these thures are the distribution of the three chemlca.lly

' dxstmct groundwater zones discussed above.

Upgradient boreholes |
~ Although the overburden is relatively tlnck in the vicinity of boreholes 11, 60, 62 and 63, it

was initially surmized that these boreholes are sitnated immediately downgradient from a potential

18
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zone of recharge. These boreholes are located approximately 2 km south of a swale which trends
east-west. Due to a slight southward dip in the bedding planes, the thickness of the Erar:hosa
member in these boreholes is less than that observed in the downgradient wells (Figures 5 a, b).

The distribution of transmissivity follows the general observations (ie. high transmissivity in the

‘Era_mosa, Goat Island and Gasport members). Lower transmissivities are observed in the middle to

lower Vinemount member. An exception to this is borehole 62 which exhibits lower transmissivity
throughout the base of the Eramosa, Vinemount and Goat Island members, with higher
transmissivity evident only in the Gasport member. Lowest transmissivity in borehole 11 is
observed mainly in the Goat Island, Gasport and Rochester units.

The distribution of hydraulic‘ head indicates a persisterrﬂy downWard‘g‘rad'ient with

increasing depth in boreholes 60, 62 and 63. In each case, the transition between higher and lower

~ hydraulic head occurs at the base of the Eramosa member or top of the Vinemount member, across

a discrete zone of low transmissivity. In the case of borehole 60 and 63, the hydraulic head below
the low transmrssrvxty zone is uniform. The steady decrease in hydraulrc head with depth observed
in borehole 62 may mdrcate vertical fracture connection through these units within the nnmedrgt_e
vicinity of this borehole. The hydraulic gradient in borehole 11 is observed to be uniform with
depth, indicating predominantly horizontal groundwater flow in this vicinity. |

| Electrical conducuvrty is relatively uniform with depth in all these boreholes, ranging from

~2000 jus to 4000 ps. Similarly, stable isotopic composition of the groundwater sampled is also

uniform with dept.h, ranging from -9%, t0 -12%, and -60 %, and -80%.. for 5°°0 and 5°H

- respectively. Average 8'°0 and 5°H values in precipitation collected in Simco, Ontario, (located

approximately 100 km to the east) during the period from 1975 to 1982, are approximately -10%,

and -70%, respectively (IAEA/WMO). Thus, the groundwater is of recent origin. In addition,

22
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- many of the sampled zones contain measurable concentrations of *H indicating that groundwater in

these zones is of post WWII age. In boreholes 60 and 62, 31'1 concentrations are highest in the

-shallow depths (elevations >165 masl). However, high transmissivity zones in the lower .

Vinemount and Goat Island to upper Gasport also exhibit moderate to very high *H
concentrations. |

The fact that there is little change in electrical conductivity and in the stable isotopic
signature with respect to depd: suggests that in the upgradient boreholes, groundwnter in both the

upper Eramosa member and the in the lower me‘mbers are of a common origin. The presenc‘e of *H

 at various depths (i.e. shallow and deep) further indicates that younger water is mﬁlu'anng the ﬂow

system. As the clay till overburden is thick and relatively impermeable overlymg these boreholes,
this suggests that récharge is localized to the swale and a bedrock ridge which lies immediately to
the_north of the swale. Overburden thickness along this swnle is minor and ranges from 1to 2 m m
thickness.. The bedrock ridge immedia‘tely north of the swale hasa topographic lngh 'of 10-15m
above the swale and consists of- Eramosa member rocks. North of this ridge towards the |
escarpment, overburden tluclmess increases. Thus, recharge to the area is most likely located in the

ndge and swa]e area where mﬁltranon is facrlnated

Downgradient boreholes

In general the hthology Iogs for boreholes 12, 21, 53 61 and 65 show a d:mmxshed
overburden thickness and an increase in the thickness of the Eramosa member in the downgradient
direction (Flgure 5b, c). The elevation of the top of the Rochester formation (the anderlying

aquitard) is ~8 m below that of the upgradient boreholes.



The distribution of transmxssmty in these boreholes is similar to that for the upgradxent

~ boreholes. Low transmzssmty zones in the middle to lower Vinemount and high transmissivity

zones in the Eramosa/U pper Viner_nount, Goat Island and Gasport members are observed. The
exception, is boreholes 21 and 65, which has more spar‘seiy distributed zones of limited
transmissivity (107 to 10* m?s) in the Goat Island and Gasport members. |

Contrary to many of the boreholes located upgradient, boreholes 12, 21, 53 and 65 have a
relatively umform distribution of hydraulic head with depth. The hydrauhc head distribution in
borehole 61 is d1ssnmla_r to all other boreholes in that the highest hydraulic head 1s-observed at 160 |
mas} oonesponding to the high transmissivity zone (10 m%s) that straddles the Eramosa-
Vinemount member contact. This zone is artesian, resulting in vertically upward and downwaro
gradients emanating from this horizon__.

The electrical conductivify in boreholes located downgradient generally increases with
depth (Figure 5b,c) with the exception of borehole 61. The most profound change in elecuical_

conductivity is observed in boreholes 12, 21, 53 and 65 where measured values range from ~1500

. Msin the shallowzonestovaluesgreaterthanZOOOOusmthedeepestzones. Electrical

conductmty in boreholes 21 and 65 is observed to steadily i increase with depth, whereas in

boreholes 12 and 53 electrical conductivity mainly increases at the Goat Island/Gasport contact

‘and below the Eramosa/Vinemount contact respectively. In borehole 61 electrical conductivity

increases only slightly from <2000 to 5000 ps.
In boreholes 12, 21, 53 and 65, §"*0 and &H concentrations are relatively enriched in

groundwater located in the Eramosa and Upper Vinemount members (>165 masl) with values

ranging between -9 %o, and 11 %, and -50 %, to -80 %o respectively. Below the Vinemount

member, the isotopic signature becomes significantly more depleted with values ranging between

24



~13%05 10 -17% and -80%c to -110% for 8'*0 and §°H, respectively. The change in isotopic
signature occurs below the low transmissivity zone located in the Vinemount member. In
boreholes 12, 53 and 65, *H (analyzed by direct methods) is not observed in any of the sampled

groundwater. However, enriched *H values obtmned from borehole 53, mdtcate that the presence |

of °H (6 3 enriched TU +/- 0.8) at 175 masl, close to the contact between the Eramosa and

\Fmemount units. A small amount of *H is observed at ~175 masl in borehole 21.
‘The isotopic composition of the groundwater in borehole 61 varies little with §'*0 and

&H ranging from 9% t0 ll°/°° and -55%s to -80%, throughout the borehole depth. This

. signature is similar to that for the upgradient boreholes. As with the upgradient boreholes,

substantial °H concentrations are also observed in borehole 61, particularly at the shallowest
interval and the high transmissivity zone located in the middle of the Eramosa member. In
borehole 65, a small amount of *His observed at 150 masl. A second sample from this zone

obtained 5 months later confirmed the presence of *H (3. 8TU enriched +/- 1 3) However. this

' zone is of low transrmssmty (~10% m%s) and it is likely that drill water was entm‘pped during

mstallatton of the permanent packer system. Dissolved chlonde concentrations are elevated
(~8000 mg/L) in this zone but not as elevated as that observed at the deepest levels in borehole 53
(~l9,000 mg/L) which may suggest that drill water has not enﬁrely ethbrated wit_h groundwater. -
The pronounced shift with depth in isotopic composition and electrical conductance
observed in boreholes 12, 21, 53 and 65 suggests that two distinct flow systems are present. As
with the upgradrent boreholes, the low tmnsmxssmty zone in the Vinemount unit or upper Goat
Island appears to be the dividing horizon between older water at depth and younger water preseat
in the Eramosa unit. In boreholes 12 and 21, this area of lowtransmissivityzoneisobservedtobe

in the upper Goat Island. The absence of *H concentrations observed in groundwater from the
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upper Eramosa unit in boreholes 21 and 65 suggests that, although this water is young, lecharge in
the immediate v1c1mty is unlikely.

Tritium, 8'°0 and 8°H concentrations in borehole 53 show the presence of recent wster_in

the high transmissivity zone at the base of the Eramosa and the upper Vinemount. A value of

~ 6.3TU +/-0.8 TU for enriched *H was obtained for tms interval. The source for this water is likely

~ through connection with the upgradient recharge area. Consideﬁng that groundwater velocities in

the fractures within the lower Eramosa range from 10 to 30 m/day (Radcliffe, 1997) and matrix

porosities range from 5 to 15% (unpublished data), transport of the *H from the recharge area in a

horizontal fracture can be simulated. Using the Tang et al (1_981) solution, simulation of transport '
in a discrete fracture having an aperture of 500 pm, a velocity of 30 m)day and adjacent matrix
porosity of 5% shows that °H concentrations as high as lg TU .are possible at oorehole 53 when
input conditions at borehole 60 (i.e. 30 TU) are emp}oyed. The low concentrations of *H present
in the low transmissivity zone in the upper Goat Island may be remnant drill water.

The results for borehole 61 are comphcated by the presence of the artesian hydraulic head
in the high transm:ssmty zone in the Lower Eramosa and Vmemount units. The water in this zone

is observed to contain *H (15TU +/- 8) and shows a similar xsotoplc sxgnature to water from the

recharge area. The source of this water is uncertain. Hydrauhc connecnon from the recharge zone

' may be present. However, the upper Eramosa is exposed on the river bottom at several locauons

both upstream and downstream from borehole 61. Thus, it is also likely that the source of this
water may be from a connection with river water in the stream direction of river flow.
Groundwater in the stratigraphic intervals above and below the artesian zone show stable -

isotopic signatures similar to that in the artesian zone. Althongh these waters contain low or
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immeasurable concentrations of *H, it is likely that they originate from the artesian zone, through

verticni_ connections, or are recharged at locations further up the river valley.

' CONCEPTUAL MODEL AND CONCLUSIONS

Since fracju"ire networks are, in general, complex with the nature of fracture interconnection

being uncertain, mterpretanon of groundwater flow from borehole to borehole using hydraulrc

parameters is also complex. The prevrous drscussron supplements the hydrologrcal data with

geochemical data to provide evrd_ence for hydraulic interconnection on a large scale. The

- conceptual model (Figure 6) represents a two dilnensiOnal cross-section, using three selected

boreholes located in the direction of groundwater flow (northwest to southeast) For the -
conceptual model, only data from boreholes 33, 60, 61, 62, 63 and 65 are consrdered
Transmxssmty tests conducted on boreholes 11,12 and 21 are less sensitive than those conducted
on the other boreholes and sample intervals are coarser. Also, zones sampled are much smaller
and more infrequent in these boreholes and thus provide less reliable information.

Hydraulic head and measurements of transmissivity can pro‘vide only a general idea of

groundwater flow in the immediate vicinity of  particular borehole. For example, the uniform

- distribution of hydraulic head in boreholes 53 and 65 coupled witb large varia'tions observed in

transmxssrvny measurements may indicate mat groundwater ﬂow is primarily horizontal in the
vicinity of these boreholes, with. httle interaction between the individual fracture planes.
Alternatively, the uniformity of the hydraulic head dism‘bution could imply that the horizontal
fracture plenes are extremely well connected such that no vertical gradient could exist. However,

the chemistry and isoto‘pic composition of the groundwater in these boreholes shows the water



above the Vinemount to be markedly different than that below, siggesting that little interaction
between the water ini these two horizons has occurred.

Cohve:sely, in the upgradient: boreholeé and borehole 61, transmissivity measurements are
equally varied, yet distribution of hydraulic head with depth is not uniform.. The change m |
hydraulic gradient with depth may suggest a large amount of vertical groundwater interaction or
this could be just another manifestation of horizontal flow. Evidence for horizontal flow is
provided b'y the geochemical resixlts which show that the sharp change _in hydraulic head A (
disu‘ibutiop occurﬁﬁg at 175 masl in the ‘upgradient boreholes (60, 62 and 63) divides two separate
flow systems. The prese:ice of *H at depths below the low transmissive zone (e.g.,_ borehole 60)
suggests that even tﬁo.ugh there is limitéd vertical hydraulic connection, there is enough to aﬂow
for the penetration of some freshwater across the low transmissive barrier. Thus, in both the
upgxadient and downgradient viciﬁitie,s groundwater flow is pr’edotﬁi_nantly hbﬁzontal. Flow.is

~

likely controlled by large bedding plane fractures that have been observed in the Lockport

" formation (Tesmer, 1981, Novakowski and Lapcevic, 1988, Yager and Kappel, 1998). The

presence of bedding-plahe partings is common in sedimentary rock sequenceé and are usually
caused by stress chaﬁges. Enlarged bedding plahe partings have been found to control
groundwater flow in the Lockport formation at Niagara Falls Ontario, and in the Newark Basin,
New Jersey (Novakowski and Lapcevic, 1988, Michalski and Britton, 1997).. |

The uniformity of the stable isotope composition with depth in the upgradient holes (60, 62
and 63) and the overall similarity to that of recent precipitation values, suggests that groundwater
recharge is occurring upgradient of these boreholes. Groundwater recharge for the area likelf
occurs through the Eramosa unitandisloc’alizedtotheswaleandridgelocated lmmedmtely noi‘th ’

of the upgradient boreholes, where overburden thickness is minifnal. -
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In all boreholes, a zone of low transmissivity is located in the middle to lower Vinemount

member. This zone of low transmissivity varies in thickness yet appears ubiquitously. Tt is this

~ horizon of low ﬁ'ansmissivity that separates groundwater flow into the upper and lower flow

regimes in the region. The upper flow regime is present in the Eramosa member, the lower flow

 regime is present mainly in the Gasport and Goat Island members (Figure 6).

Inorganic ion concentrations of groundwater and subsequent geochemical spéciatibn |
modeling suggests that these regimes are physically and chemically re!ated to the geological
bedrock. Shallow g_roundwatér is found to be dominafed by high Mg Eoncenuaﬁons due to
equilibrium reactions with dolomite which control the amount of Ca and Mg in solution. However,
in the lower flow regime, groundwater is domina‘téd by high Ca and SO, concentrations due to the
higher amount of gypsum minerals present in the rocks. |

Transmissivity meastirements in the lower flow regime are obsefved to be just as lngh as
that in the upper flow regime. Thus, calculations based on equivalent aperture width would
suggest that groundwater velocity in both flow regimes should be similar. However, the high
elect,ricai conductivity obse"rvédin the downgradient boreholes 53 and 65 at depth indicates _th-a_t
groundwater residence time in this zone is much greater than in the upper zone. Alsd, the
observed depletion in stable oxygen and hydrogen isotopes at depth in these boreholes suggest that
there is relatively less dilution from younger recharge water. As recharge is observed to occur in
bpth.r‘egimés in the upgradient boreholes, it is therefore implied, through geochemi.cﬁlvohservatio}n,

that groundwater velocity in the lower flow regime is considerably slower than that in the upper

flow regixﬂe;

Groundwater discharge from the flow system is less'well defined. In borehole 61, located

downstream from the town center, groundwater appears to interact with the river water, at least
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| ‘within the upper flow system. In this same borehole, a high transmissivity zone in the Goat

Island/Gasport exhibits the lowest hydraulic head at depth of any of the boreholes. This indicates

that the lower flow system appears to completely underflow the river.
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Inorganic Ion Concentrations in the Groundwater related to Seasonal Changes
Before speculating on the changes in jon concentration with each sampling session, there

are sevéral factors that must first be taken into consideration. Firstly, samples obtained in February

~ of 1997 were sent to Water Technologies Institute (WTTI) for analyses, whereas all other samples

- were analyzed at the National Laboratories for Environmental Testing (NLET). Both of these

institutions are located in Burlington, Ontario. Subsequently, anions from the February sampling
session were agél_yzed by ion chromatography and by ultraviolet photometry in the other sessions.

During the second round of sampling, NLET had determined that the high SO,

concentrations in the groundwater were causing interference effects when trying to determine the

concentrations of cations in the groundwater. As a resu‘lt, spiked samples had a low per'éentagebf
recovery. It was then determined that for major cation analyses (Ca, Na, Mg, K)y,alt 10
dxlunon with double distilled water provided the best recovery rate, and was opt:mum for analyses.
Thus, during the third round of samphng, dilutions were performed for all cation samples
submitted to the laboratory for analyses.

F:ﬁally, no compérison can be made using wells 63 and 65, as these wells were sa‘mpled
only once, in November of 1997. As these wells were first dnlled in May, 1997 some time was
required before inorganic ion concentrations in the groundwater are considered representative.

Despite these few differences, some obvious observations can still be made. In each

individual sampling zone, the concentrations of dissolved ions may vary consldetably (Tables Al a,

b and c). However, sampling throughout the different seasons '(ivinter, summer and autumn)

indicated that very little change was observed in the overall trends of the inorganic constituents.

For example, in all sampling sessions, cations that increase with depth are: Ca, Na, K, HS, Cl and

- 804. Those that decrease with depth are: Mg and Fe (Tables Al a, band ¢). The fact that there
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is httle or no change in trends throughout the seasons suggest that recharge rates may be too low

to cause a s:gmﬁcant change in groundwater chemistry or that chemlcal reaction rates between

infiltrating groundwater and rock are very fast that shght changes in recharge throughout the

seasons cannot be observed.
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Table Al: Summary of inorganic groundwater chemistry from February, 1997 sampling

) Botiomzone Top 2one [ ] Eh  Afkalinlly Ca g Na K Fe 80, o He
Somsholo_Zone  (mas) {mesl) (mgll} _(mg mgA) ___ (meh g po). o B 28
[X) 1 1764 1918 74 220 - 420 218 482 1 0.8t 1.62 2240 122 0.00 -
- 2 1739 1757 73 161 275 219 84 38 29 0674 701 a8 0.00 -
8 1676 1.2 74 163 m 150 87 429 328 0788 5§20 25 000 -
4 1628 168.9 70 28 205 263 114 499 463 0.18 899 354 0.07 -
[ 1§76 161.9 7.2 T19 208 174 224 686 are 185 1830 170 2.13 -
[ ] 1519 1568.8 70 -100 220 673 163 151 203 0.026 1850 201 231 -
7 1468 150.5 73 -84 213 605 162 228 22 0.038 1840 475 220 -
8 1426 - 145.5 10 =108 205 678 174 449 3.9 0.014 1840 1050 255 S
— 9 __ 1890 447 88 -80 161 2690 1170 7630 15§ o 1800 16900 273 -
60 ¥ 1881 “ 197.0 7.0 167 405 316 [33] 143 821 124 2680 165 001 -
' 2 1787 1824 79 . 189 262 - - - - - - - - -
3 168.2 1749 A 21 250 282 146 108 7.09 017 870 220 1.73 -
4 159.9 167.4 74 3. 288 148 121 4711 803 0.536 619 21 0.42 -
[ 156.8 169.2 73 25 310 443 i28 489 343 284 1450 185 0.1t -
6 1690 {558 18 M 810 508 137 187 |77 0244 9580 208 012 B
.81 1 176.0 182.2 69 233 348 228 270 83.7 653 1.03 1440 424 0.01 -
2 170.1 1743 7.0 68 268 421 ‘102 637 588 0.112 1280 8§03 1.05 .
3 168.2 . 1894 kA 14 303 410 102 827 as2 0.052 1220 524 117 -
4 1654 1845 70 7 253 205 13 814 268 0.024 809 451 0.40 .
§ 1847 1648 70 40 240 5ot 1te 96.1 564 0.022 1660 27 0.57 -
8 145.6 . 160.9 A -53 218 s1¥ i18 110 = 788 0.019 1460 208 0.31 -
7 1419 1448 (A 18 228 2 - 112 118 2.4 1.84 1710 198 0.40 -
— R 78 7y 77 ee> 416 257 736 136 710 440 -
62 L3 5.0 1854 73 118" 2683 428 688 168 87 8.99 3050 208 40.99 -
2 1ma 1734 7 43 208 510 185 893 1339 .78 . - . -
8 1639 17068 74 50 221 573 138: 458 140 0102 1690 28.0 017 -
q 188.2 163.1 1A% -08 212 554 123 74 1e 0.098 1650 33 8224 -
— [ 4 5 P 218 - . - - - - _ - -
= B E— i . —_—
2 - 117 1788 C e - . - . - - - - - -
8 M4 1m7 . - - - . - . - . - - .
4 167.7 1704 . - . - - - - . . - . -
: 1618 168.7 - . - - - - - - . . - -
- ® QR S —— e
9 1647 1740 - . - . . - - - - - . -
4 160.2 163.6 - - - - - - - - .. . - .
5 183.7 188.0 . - - - - . - . - - - .
[} 149.2 1525 - . . - - . . - . - - .

Mulitleve! Watls

Sample Zone BlL.ofScresn TopolScreon pH Eh Alkalinity ca . Mg No K Fe 80, (-] Hs 10,
\ !& Y g »4,0-0 ., UL . m‘_ mL L O - i
i [] !sg.o 1847 7381 8 261 885 848 = 432 0 0.62 209. 288 0.02 -
2 172 1768 708 112 27 54 854 203 44 -0.02 883 16.6 6687 -
9 1686 1884 706 -08 . 260 449 [:1] 205 88 007 1160 821 548 -
.4 187 1604 . 705 - 120 " 622 140 e . 18 0.04 1630 158 .19 -
R 1 1998 488 708 - 850 €2 (49 245 165 009 1610 5 :
12 - 1 176.2 1803 1.2 51 308 a5 125 528 22 0.08 478 19.7 0.00 -
H 1685 1714 1.6 87 800 180 128 629 29 078 €65 245 0.2t -
3 184.9 160.2 703 ) 269 681 - 118 103 [-X) (3]} 1570 334 - 1.00 -
s 4 1469 1628 142 -118 233 T4 m 628 236 004 1730 180 1.70 .
28 137.3 628 710 .68 220 1190 2n 1700 6110 7.10 -
F{) 1 180.2. 1765 712 -20 201 123 118 <48 23 361 470 8.63 0.08 -
H 170.1 1736 - 7.2 A3 248 483 ese | 832 as 0.06 1080 140 2.54 -
FRY 8 1883 1618 78 -143 260 108 106 1385 0.06 1380 33 208 -
O 4 1485 1518 74 -1 188 863 231 1080 882 0.09 1700 2350 ¢ 847 -
[ 1404 1436 tA -184 256 3910 a4 2480 74.8: o.12 1820 6010 1.09 -
8 ¥ 1.2 kAL 131 185 4700 __ 4160 2170 184 0.1t 1650 288090 504 .
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Table A2: Summary of inorganic groundwater chemistry from July, 1997 sampling

_ Weotbey boreholes

N

E

Bettomzone Yopzone  pH

Alkafintty

53 1 1164 1618 €01 126 ] 233 432 428 720 130 2350 134
2 1739 176.7 798 399 188 215 704 312 2.10 0.38 788 57 003 133
3 1678 1732 738 218 219 187 102 434 250 0.60 549 17 0.01 136
4 1628 166.9 7.18 10 260 250 125 516 4.00 0.12 889 288 0.83 134
5 1678 1819 . . . . . . . - . . -
6 1513 156.8 T2 R 228 a7 113 85:1 1520 008 1740 1 682 o8
7T 1483 15806 725 95 212 430 108 147 1330 008 1700 a7 4.69 837
8 142§ 1455 708 .18 180 489 115 285 1760 005 1520 680 1504  B53
I z 665 -121 124 2660 1030 6180 11700 008 1480 {7700 188 13
&0 t 1831 197.0 79 172 400 289 407 131 5.0 808 2260 04 0.00 7
2 1157 1824 721 303 243 120 299 a4 2:10 1.8 430 73 003 132
3 1ea2 1749 708 91 248 300 182 108 7:20 0.10 058 242 468 105
4 1509 187.4 728 -0 204 154 18 413 440 641 1440 381 152 137
§ 1666 1589.2 708 14 281 “ar - 12 46t 490 1848 76 943 026 959
8 1830 _156.8 216 60 218 501 124 247 1560 020 2350 134 078 183
"6l 1 17650 182.2 741 263 a3 241 ‘308 3 5.80 ‘.12 1680 -20.4 0.00 14.7
2. 1701 174:3 78 - 204 407 896 480 420 005 170 488 228 1?
s 1852 1694 748 - T © ant 89.8 483 410 005 1080 3 0.00 125
4 1564 1845 705 4t 243 . 253 019 435 370 008 o87 2.0 219 13
5 1617 1548 708 114 105 440 89.7 131 7.60 013 1460 827 11:02 068
6 1455 1509 726 9 232 . - - - . - . - -
7 1410 1448 688 110 190 339 764 725 5,80 053 1440 183 047 0.65
_ 8 v X 1.22. 240 492 1 1 B A
& 1 % E‘u 7. g 256 348 ?;‘3 i%: 450 1030 2% % 0.02 1.4
| 2 "3 1784 761 48 - 404 142 638 9.80 4.40 1800 674 606
8 1830 1708 688 150 228 a7 942 25 2.10 010 1390 328 508 .1
4 1852 163.1 744 197 168 887 o014 376 7.60 0.09 1240 €81 618 631
B___1614 1646 163 -1 - 403 163 290 1790 405 1750 (1] .
(] 1 1796 1643 - . - - - - - - - - - -
2 147 1786 - - . . - . . - - - - .
3 74 1797 - . - - - . - - . . -
4 1617 1704 - . - . . - . - - . . -
5 1616 163.7 . - . . - - - - . - -
— "] 1634 . . . . . . . . - . - -
65 2 1762 }ﬂ!m - - : . - - - - - - - -
3 1647 1740 . . . .. . - - - - . -
4 1592 1636 - . - . - - - . - - - -
s 15837 1880 - . . . - . - - - . . .
8 1402 1526 - . . - - - : . - - -
11468 1430 = : : : : : z z 2 z C :
Multilove) Wello - July, 1887
Sampis Zone  Bl.ofScreen Top of Gorosn pH En Alkelintty ca o Na K Fe 80, ] “s 810,
MASL MASL L Co (mpAL [ory : : :
(1] T 616 1647 7.16 22 229 00 783 ae 230 (Y3 309 207 0 14.70
2 2 176.8 6| M 172 305 728 188 440 0.04 876 98 665 1240
3 1685 1684 898 80 297 339 619 173 430 008 1020 14 628  13.10
» -4 167 160.1. 708 118 180 483 " 130 1140 - 040 1920 336 461 035
o— §. 1458 185 - 894 j1.20 O3 1620 —875
2 1 1782 1808 XTI T ) w0t 120 . 270 00.7 3560 157 1480 10.1 002 1280
2 1688 mae 708 & 217 U0 4B %63 4.10 013 1260 s 600 1260
3 1540 160.2 ess 188 - ‘877 73 €58 850 oo 1390 17 662 1080
4 4 1850 1528 676 148 . 163 1210 300 2680 5860 005 1710 m a; 7.80
s 5 3 44 1790 1 :
21 1 %z 176.5 !1.5_" '-es! R &% !% 109 38.7 310 - 030 €58 (Y] o078 1370
2 {704 1738 74 20 210 12 107 359 280 033 o7 36 0.4t 1250
3 1683 1618 746 185 202 513 16 203 1340 OO4 1580 823 608 1040 -
4 1485 1518 707 -4 209 603 128 511 2200 008 1350 1200 674 0.30
8 5 1404 1436 708 -154 168 738 4T 1210 3160 010 1440 83000 387 0.05
@ 1282 131.2 748 a4t 55 1140 850 2610 5300 003 1770 6420 749 1420




Table A3: Summary of inorganic groundwater chemistry from November, 1997 sampling

Bottom 2one  Top zone pH' €h Allsiinlly ca "] No K Fo 80, ot ] 810,
[ <) 1 1764 161.8 69 820 ~
H 1789 178.7 72 259
8 1676 1732 72 165 4
4 1626 . 166.9 7.2 29 . asT 250 126 [ ] 4.20 0.16 a4 84.7 0.79 120
B 578 161.0 73 -0 138 1”8 481 263 0.13 1840 1200 842 748
8 1651.8 1568 66 «100 209 558 154 116 1285 009 2105 218 448 1.08
7 1463 160.6 70 -80 127 678 163 208 1086 0.07 1920 514 5.88 8.32
’ 8 1428 145.6 69 B4 202 683 164 407 501 0.05 - 1405 108¢ 6.68 8.50
— 9 1m0 412 63 -1 180 2000 §47 7000 137 005 48] 5.68
€0 1 183.1 1970 69 [ 400 400 520 260 570 1060 2043 184 009 - 158
e 1%7 1624 12 165 201 140 110 813 220 0.01 818 1.4 004 13.0
8 1882 174.9 10 - 234 838 138 1"Ho 810 005 1185 31§ 5.81 102
4 1688 1674 A 83 240 173 122 519 620 0,09 704 728 a3 12.7
8 1586 © 1802 70 [ <] 288 42 80 451 540 1.1 Hn 80.6 0.27 187
- 8 _ 1530 1658 10 @ 255 607 17 90 193 006 1670 884 364 117
[]] 4 1760 1822 70 -9 300 248 265 929 6.20 1.00 1430 4.8 0.20 14.0
2 1701 174.8 69 13 - a0 887 8 44.4 440 009 1268 §8.0 3.6 128
-8 tes2 169.4 70 25 218 4“7 103 86 2.80 0.08 1120 68.5 .07 123
4 1654 164.6 10 -2 237 b1 "2 1.7 4.00 0.03 73 - 387 wn 128 .
8 1517 154.6 69 -5 204 465 3] 708 8.50 008 1443 163 a.13 0.83
n 6 1456 1509 - 6.8 -6 638 121 - W 6.80 007 1450 373 581 0.38
: 7 1419 1448 70 -28 230 662 . 107 100 870 0.0 1678 224 2.3 1.0
‘ 8 1411 A 0 231 BOO 126 3. 1 .13 Y
@ [ 178.0 198.4 74 118 285 892 344 120 5.00 9.69 2210 164 0.00 127
2 s 1734 LA Y Y 4 245 651 107 85.0 10.2 §.20 2350 75.2 0.00 748
8 1639 1706 1A -8 208 637 7 88.0 102 005 1745 445 596 790
4 1565.2 163.1 14 -85 176 520 120 804 .70 008 1633 87.8 6:11 .41
5 R e - 204 710_ 704 265 482 {003 168¢ - 742
() [] 17106 [] 73 62 214 149 1w 65 280 183 6r2 1.1 0.0 145
2 1788 79 153 204 139 167 539 260 1.7 742 14.3 0.00 139
8 . 1ne¢ 1797 89 103 224 are 8.7 24 4,50 .7 1310 174 002 130
4 1671.7 1704 73 02 31 as2 120 @ 439 440 585 1834 e 0.12 1.8
(] 1681.6 168.7 18 101 216 "7 80.¢ 4.50 549 023 314 0.10 119
[ g 1&3 100.5 7.»% 54 204 % 88 920 260 0232 418 82 078 18
8 164.7 1740 10 179 220 268 - 170 720 - 6.40 298 12 70.0 049 120
4 150.2 1638 . 69 -115 177 769 101 624 20 00589 1380 "o 493 684
8 183.7 188.0 69 -80 . 1010 3 1500 818 0.048 1440 1300 442 624
[} 1402 1628 67 -106 145 788 25 2180 428 0.049 1450 5480 968 827
I 1458 1480 68 106 144 1650 940 2000 671 005|120 7700 - 865
MultDevo! boreholos
Sampls  ZTone
[i] [] 181.6 . [
? 172 1788 7.49 56 148 21 b2 ] 208 4.60 0.03 1087 1"He 638 127
3 166.5 1684 754 27 164 464 84.0 240 450 0.09 1380 160 811 123
4 157 160.1 72 -89 197 651 183 154 10.1 007 16908 235 6.89 874 I
5 T2 235 134 000
2 [] % 180.9 138 -5 %g 132 1‘2% a1.8 3.50 1.82 1256 18.80 0.02 180
. 2 166.5 171.4 128 -7 167 249 107 489 4.00 048 .40 89,80 249 139
] 0,08
‘4 0.04
! ‘ DO
w 1 038
2 0.04
3 008
4 008
[ 0.08
B g o
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Table B List of i isotopic analyses from groundwater samples collected in July and November ,1997

Sample dopth bet* Bottom zone Top zono Oxygen Hydrogen Tritlum Enriched .
{m) MASL MASL Standordized Doita _ Standerdized Delta_ 1) (1)
BReG-18 16 183.11 —eTor — a8 . 819 22 T e
BHE0-18 18 175.65 182.37 1026 -66.82 10 -
BH80-27 27 168.19 174.91 11.08 -71.87 6 3.34/-06
BHB0-36. 36 159.80 167.44 -10.61 -69.98 29
BHBO-46 46 186.58 150.15 10338 - 67.01 <6 -
BHE0-50 50 15302 155.84 ___-1088 -71.82 8 4.4 406
BHe223 . 23 176.01 19545 0.7 608 18 B
- BHE2-26 28 171.30 173.44 ' 10.28 T 5612 <6 6.0 +-0.7
BH82:305 305 163.88 170.56 © <108 _ 70.75 8 15 4-1.0
BH62-39.5 385 155.23 163:14 999 . €621 10 1.8 +-10
BHe2-50 50 _ 151.36 154.49 1006 -69.32 - <B -
1685 165 176.45 I ) 6323 <6 .
BH53-185 1905 178.63 175.69 1051 69.47 <6 -
BH53-225 225 167.64. 173.18 -144 7097 <8 65407
BH53-30 30 162.61 166.89 1025 -68.89 <6 6.3 +/-0.8
BHS3-36 36  187.58 161.85 1303 - 8483, 1.64+-0.6
BHs342 42 151.20 156.82 1487 -104.20 <6 .
BH53485 495 146.26 150.53 1394 8063 <3
BH53-555 555 . 142.48 145.50 1222 84.22 <6 <0.8 +-0.5
BH53-60 60 138.96 141.78 1354 -06.37 <6 -
61-7 7 ~ 175.08 ~182.24 -10.01 6422 17 = .
BHB1-10 10 170.12 174.29 1052 «65.83 <6 -
BHB1-16 16 165.20 169.38 -105 <7000 <6 1.6 +-05
BHB1-22 22 155.37 164.46 -10.38 6427 15 -
BH61-34 34 151.68 154.63 -10.91 <7353 <6 -
BH61-375 375 145.54 15095 -10.59 -70.92 < <0.8 +/-0.4
"~ BHB1-46 46 141.85 144.80 ° -10.8 -72:88 < -
BHE1-51 51 138.41 141.12 __-1086 -r2.21 <6 -
63-15 15 ~170.60  194.35 -10.32 56.92 b 1.4 +-05
BHE3-105 195 174.69 178.62 -10.15 : 63.44 7 2.4 4/1.1
BHE3-255 255 171.41 17311 . -1018 64.66 15 48 1.3
BH63-205 205 16773 170.43 1017 £5.84 7 84411
BHE3-34 34 161.58 166.74 103 _ 50.73 <$ 26+-05
BH83-415 415 153.39 160.60 -10.25 . 5343 <6 -
: 4 181.66 187.16 X 52.08 & -
' BH65-7 7 17516 . 180.48 .91 : €827 <6 -
BHE5-135 1385 164.66 173.96 -10.08 -66.01 <6 6.9 +-0.7
BHE5-24 24 150.16 163.46 -16.07 -107.72 <6 -
BHE5-205 . 20.5 153.68 157.96 : 1521 _+104.15 18412
BHe5-35 85 149.16 - 152.46 15,01 -105.97 .8 88 +-1.3
BHE5-39 39 145.59 147968 -14.24 -101.05 <6 -
River Water by 61 . o 12,39 - - 8731 16 .
River Water by 65 86 -82.78 10 -
Semple depth bet* Bt of Screen Topof Scnen Oxym Hydrogen Tritium Enriched
(m) MASL _ MASL Standerdized Delta __ Standerdized Delta _TU - TU
“BHiia 59.8 139.8 145.6 -11.68 —-75.60 <6 -
BH11¢c 868 157 160.1 12 <72.43 <6 -
BH11d 27.1 1665 168.4 -10.55 68.94 <6 -
BH11e 216 172 . 176.8 -1068 -67.56 1 -
BH11f 121816 184.7 -10.33 645 10 .
1a 66 128.2 181.2 1308 -88.19 <$ -
BH21b 541 140.4 1435 1811 -88.47 <6 .
BH21c 46 1485 161.6 -12.06 87.77 <6 -
BH21d 86.2 1583 T 1618 -11.60 <7323 <% -
BH21e 244 1701 173.6 -10.43 _ 69.74 ) - .
_BH211 18 180.2 1765 21039 . -6785 " <B >t
BHi2a 54 1378 142.6 ' 1454 -08.19 <6 -
BH12b 454 1459 1528 . <1449 -88.44 <% -
BHi2e - 384 154.9 1602 1007 -71.63 <6 .
BH12d 248 166.5° 1714 ENTY 6743 <6 “.
8H12e 15.1 176.2 180.3 -10.23 -63.69 <6 -
45
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