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ABSTRACT

A conceptual model for regional groundwater flow is presented for a fractured Silurian

- dolomite in the Niagara Escarpment area of Southern On‘tarioi. Both physical and chemigal

hydrogeological observations obtained from field investigations are used to ciedm:'e the structure of the

groundwater flow system in thé fracture network. The field study was conducted using six boreholes

drilled in the vicinity of the town of Smithville. The boreholes weré diamond cored through the entire

thickness of the dolomite formation (approximately 45 m), hydraulically tested using a 2 m packer

spacing and then completed using mﬁlti—packer casing strings. Measurements of hydraulic head were

‘ ob_tained on a weekly basis over a period of two years, and geochemical analyses for inorganic and
isotopic analyses were col__lectéd form each borehble interval. Transmissivity measuréments- indicate
that the dolomite is divide.d into two groundwater flow systems separated by an extensive unit of low
transmissivity throughout the region. The upper flow system is chéracteri_zed by water enriched in Mg
and SO,. Below the low transmissivity zon‘é, groundWaLer increases in salinity, and is enriched in«Ca
and SO4; 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 of hydraulic head in conjunction with
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the results of the analyses of the environmental isotopes (5'°0 and 82H))suggest that groundwater flow
is mainly horizontal and likely governed by enlarged be.dding plane fractures. The isotope

geochemistry and topographical features further suggests that groundwater recharge is occurring

~approXimately 2 km to the north of Smithville.

INTRODUCTION
Th_e.NiagaIa Escarpment is an extensive geological structure that extends along the western

shoreline of Lake Ontario (Fig.1). This feat;;‘re is compﬁsed of a stratigraphic sequénce of dolostone
and shale units that includes the Lockport Formation as the cap rock (Tesmer, 1981). The Loékport
Formation is an important sourcé of water for many 'o‘f the farming communities in the Niagara region.
It also underlies numerous industrialiZed cities and towns. As a result, chlotinated solvents have . - -
contaminated the grou,ndwét_er at séveral locatiéns (Masalia and Johnson, 1984, Yager et al., 1997).

| During the late 1970’s and early 1980’s a PCB management site was operated on the outskirts
of the town of Smiﬂﬁrille, located approximately 15 km south of Lake Ontario, on the Niagara
escarpment (Fig.1). In 1985, it was discovered that PCB oils and associated solvents had penetrated
the overburden and pervaded the upper horizons of the Lockport Fofmation. Th1s resulted in the .
‘closure of a local water- supply which utilized groundwater from this équifer.

In order to develop a remedial strategy for the site, a conceptual model for regional

groundwater flow and contaminant transport in the bedfock is required. The primary purpose of this

study is to use both physical and geochemical hydtogeological_observationsvin the construction of such
a conceptual model. Physical hydrogeological observations include measurement of the distribution of
transmissivity and measurement of hydraulic head at selected depth interifals in the Lockporf

Formation. Geochemical observations include measurements of the inorganic ionic content, stable
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isotopic (8'%0, 8D) and. tritinm (CH) composition of the groundwater, as well as determination of the
cher_n_iéal composition of the rock units. Inorganic ion concentration of the groundwater is used in .
conjunction with hydraulic measurements to determine preferential flow paths in the fracture nefwor_k.
Trends in the concentrations of dissolved inorganic ions are used to de‘fine differing grpundwater flow
regimes and iSotopic; composition is used as an indicator of groundwater recharge. Thus, the
geochemical data provides informatibn on the groundwater flow systém that can not be deduced using
“hydraulic information alone. Recgnt appliéation of this app;oach was used to develop a conceptual
groundwater flow model for granitic rock in Aspo, Sweden (Smellie et al., 1995) and for the fractured

Chalk aquifer in the United Kingdom (Hisock et al., 1996).

SITE GEOLOGY AND HYDROGEOLOGY
The PCB contaminated site is locatedjust.n_orth 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 approximately 1.5 km to the north of the sité and a river (20 mile creek) flowing
from the north-west to the south-east, located approximately 1 km to the south of the site. The
topographical gradient in the vicinity of the site, is relatively flat w,i’thra slight inclination of
approximately 10 m/km south. Approximately 5 to 10 m of clay till overburden underlies the site
(Figure 2). The clay till 1s of minimal permeability (K ~ 10 to 10™! m/s) although pervaded by sparse
vertical fractures some of which may be fully penetrating (Golders Associates, 1995). The Lockport
‘ Eor‘mation underlying the clay till is comprised of four geological members consisting of fine to
mediuﬁ grained dolostone that dip in a southeasterly direction at an angle of 0.5° (Golders ~ * -
Associates, 1995). The upper member (Eramosa) of the Lockport Formation is 10 to 20 m in

thickness and is fractured in a relatively uniform manner. Transmissivity of the of the fractures can be
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as high as 10 m%s (Golders Associates, 1995). The Vinemount member, which underlies the
Eramosa, is characteﬁ'ze_d by a weathered vuggy zone (1 to 4 m thick) and a zone of unfractured rock -

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

~ are 6to 7 m and 8 to 10 m in thickness respectively. Fracture frequency in these units is more éparse,

although transmissivity is no less than that observed in the Eramosa niernber. The Lockport Formation

- is underlain by an impermeable shale of up to 17 m in thickness and is co‘ris‘idered aregional aquitard A

(Golders Associates, 1995).

Groundwater flow in the fracture .syste‘m fs generally to the southéasu following ét_ratigr‘ap_hic _
dip of the geoiogical units (Golders A.ssociates,: 1995). Based on the prévioﬁs studies of the Lockport
Formation conducted at this site and elsewhere in the region, it is inferréd that gr0un<jWatef flow is
prim_alrily gbve‘m‘ed by bedding plane fractures that are laterally ex‘tenéi\./e and Have limited vertical
inter‘conneétidn (Novakowski and Lapcevic, 1988; Riechart, 1990; Gdlders Associates, 1995).. Thus,

it is assumed that groundwater flow in the Lockport Formation underlying the contaminated site is

. primarily in the hofizontal direction, carried by bedding plane fractures of unknown lateral extent and

unknown vertical interconnectivity. Previous site investigations (Golders Associates, 1995) indicate
that some fractures, atvle.a'st in the Upber Loékpon members, are observed to be laterally connected
over a diétance of 1 km as evidenced by the do'\;vngradient transport of aqueous-phase contamination
emanating from the PCB source. Hydraulic gradients mthls zone have been eStimated to be 0.02 with
initial e.sti.r.nates of groundwater velocity r’angiﬁg 20 - 6000 m/a Whereas hydraulic gradients in some of
the lower dolostone me_mbers are eStimated at values rangin_g f_rom 0.001 to 0.007 (Golders, |
Associates, 1995). Groundwater flow in localized areas may vary depending on the nature of the

fracture System. The resulting variations in hydranlic gradient are subtle and therefore may be

_inadequate to identify fracture interconnectivity.
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FIELD INVESTIGATION

To conduct the field study, six 76 mm (N-sized) diameter boreholes were drille;d in the vicfixﬂty
of the site (Figure 1) using a diamond core and tn'ple-i,ube wireﬁne techniques, T['he boreholes were
drilled to penetrate the entire thicknéss of the Lockbbrt; 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 groﬁnd
surface, and one borghble- (borehole 65) is vertical.

Once drilling was cbmpleted,'hydraulic tests using the constant—head injection _method
(Novakowski, 1’98'8) were performed on each borehole to obtain measurements of transmissivity over
continuous 2 m depth intervzﬂs in each borehole. Minimum and maximum values of transmissivity
r‘anging between 10™'° m/s and 10> m’/s were determined using this procedure. After completion of
the hydrﬁulic'tésting, the boreholes were »inStrumentéd with a series of permanently—emplaced packer
systems (Black et al., 1987). There are 5 -9 isolated depth intervals in each boreh('>1e.‘ Hydraulic head
measurements in each isolated inter\}al were obtained using a pressure transduce_r. Measurements of v
hydraulic head were obtained on a weekly basis over a two year period.

A total of 32 rock samples, collected from each of the geological units of the Lockpdrt
Formation, were submitted for chemical and mineralogical anﬂyses, Samples were prepared by
crushing the sample using a cefaxni_c ball mill to a powder (<100 MUm size fraction). Samples were
analyzed for mineral content nsing X-Ray Diffraction (XRD) techniques. V;Co’ncentrations of the major
eleﬁens (Si0s, TiO,, AlLQs, Cry0s, MnO, Fe; 03 w1, MgO, Ca0, Na,0, K,0 and P,0s) and trace
. elements (Ba; Nb, Rb, Sr and Zr) were determined using wavelength dispersive bxeray fluorescence
(XRF).- Total cqr_lcéntratior_l_s of H;0, CO, a,ndIS were determined using combustion followed b§ infra-

red spectroinetry.’
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Groundwater samples were collected in N'ovg‘mber,l997, from the permanently-emplaced
packer systems. The samples were collected using a vStainless.steel sam;)ﬁng chamber ( volume of 500
mL) conneéted to an eiectronic actuating device that draws in groundwater from the isolated zone
outside the packer system. As the volur_r;é ‘of wéter external to the packer system is relatively small,
mixing and diffusional processes equilibrate the geochemical parameters in each isélated groundwater
Zone r'elatiVely quickly. Thus, the need to purge the bbrehole of standing water is eliminated (Black et
al., 1987).
| After drawing the sample to ground suface, electrical conductivity, Eh, and pH were measuréd
ﬁ thé field on unﬁl_tered samples in enclosed containers-. A combination electrode with an Ag/AgCl
internal reference, calibrated against the buffers 4 and 7 were used to determine pH. Eh was measured
using a combination piatinum reddx and Ag/AgCl reference electrode. Alkalinity was measured
shortly after sample collection by titrating a known volume of filtered sample with 0. 16N sulfuric acid
usjng a HACH digital titrator. Groundwater samples.COlléCted for inorganic ions and dissolved
o‘_rgan,id carbon (DOC) analyses were filtered in the field using a 0.45 pm nylon ﬁltgr. Samples
submitted for cation analyses were preserved.at the time of éollection with ult,rapufe HCL

Analyses for metals were performed in the laboratory using inductively coupled plésma

spectroscopy (ICP-MS). Anions (Cl, SO, and 8iO;) were determined using ultraviolet photometry

(COBAS). Concentrations of ammonia (NH;-N) and nitrate (NO5-N) were analyzed using a
Bran+Lﬁebbe TRAACS-&OO continuous flow ahalyzer. ‘Analyses for DOC were performed using
ultraviolet digestion. Charge imbalances for_' the inorganic ions are less than 10% with the exception of
2 samples. ‘ _ - | _ s *

./

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 Hy/water equilibration techniques.
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80 and §H data were normalized to VSMOW/SLAP and are reported relative to VSMOW with
ieﬁroducibility of +/- 0.1 and +- 2.0 reép‘ectively. Samples were analyzed for *H by using direct
scintillation methods obtaining a detection limit of 6TU, with a reproducibility of +/- 8TU. Eieven
selected Saxripies were re-analyzed for enriched *H analyses in order to refine the estimate of
cbncem;ration of H in the groundwater at a few locations. The enriched *H analyses has a
reproducibility ranging between +/-0.6 to -t;l- 1.3 TU.

Saturation indices of various mineral phases were calculated using groundv&iater chemistry and
the geochemical speciation program PHREEQC (Parkhurst, 1995). Thermodynamic data used for
these calculations were provided in the PHREEQC database. The PHREEQC model calculatioiis jare

considered reliable in sodium chloride dominated waters with higher ionic strength (Parkhurst, 1995).

RESULTS
Mineralogy

X-Ray Diffraction analyses (Table 1) indicate that the three principal minerals present in the
units are dolomite (86-98 wt%), quilrtz (2-15 wt%) and gypsum (3-l8 wit%). However, none of the
samples from the Eramosa member are observed to contain any meésurable gypsum. X:=Ray
Fluorescence analyses indicate that all samples have a Ca:Mg ratio between 1.03-1.09:1 (Table 1).
Thus, most of the Ca in the samples is likely contained within the dolomite mineral structure. Any
excess Ca concenn'ations.will presumably exist as either calcite and/or gypsum. X-Ray Fluorescence
ailalyses also indicates that both a small percentage of Fe and Al are present in the rock sampies.
Based dn normative analyses of thg rock chemistry and visual identification in the rock _coré, mach of

the Fe is likely incorporated in sulfide minerals (pyrite) whereas Al is likely to occur in ‘clays.
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Water Chemistry .
Groundwater underlying the Smithville site (Table 2) is mainly reducing (Eh <0) at depths
greater than 20 to 30 m below ground surface (bgs). At shallow depths, conditions are more aerobic

(Eh>0 mV). Increased concentrations of HS' in solution and subsequent decrease in Fe

concentrations, suggest that redox conditions change from iron reducing to sulfate reducing with

increasing depth. The pH of the ‘grbundwater is near neutral ('6.8‘) to slightly alkaline (7.6).
Temperature of the groundwater ranges from approximately 10 to 11 °C. Ton concentrations that

increase with depth in solution are: Ca, Na, K, HS, Cl and SO; and those that decrease are: Mg and

- Fe. Alkalinity also decreases slightly with depth.

1
i

Hydraulic Properﬁes

Constant head injection tests performed at contiﬁuoUs two meter depfh intervals on éach
borehole indicate that transmissivity ranges between the testing limits of 10™° m*s and 107 m%s.
Highest transmissivities 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) respectively.. ~ApptoXimatély .9% of the testing zones measured below the minimum
testing limit (10™'° m¥s). Most of these 'zbnes are concentrated in the lower Vinernount and upper
Rochester units. Hdwevéf, a few low transmissivity zones are observed at the top of the Goat Islahd
(borehples 60 and 62) adjacent to the Vihemount/Goat Isiand bedrock contact. The _Era‘mosa, upper
Vinemount and Gasport units are chéracten‘zed by high transmissivities ranging from 10~ to 102 m%s,
whereas many low transmissivity measurements (10" to 107 m¥s) aré observed if the lbwer e

Vinemount unit and the Rochester Formation.
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- Hydraulic head fneasurements range frb_m 181 masl to 192 masl. Highest héad measutements
aie observed in the Eramosa member of boreholes 60, 62 and 63. In these bpré,holés, hydraulic head
decreases sharply'ﬁelow the Eramosa member. Hydraulic head is observed to be almost uniform with
depth in boreholes 53 and 65 with values rahging between 184 and 185 masi. In borehole 61 head is

observed to be highest at an intermediate depth (at 160 masl), resulting in an artesian condition.

Envi_mnmehtal Isotopes

In general, stable isotopic composition of the groundwater ranges widely from -9 to -14 %/,
and -50 fo -110 %o for 80 aﬁd 8°H respectively. The isotopic composition of the groundwater is
relatively enriched (-9 to -11 %/, and -50 to -80 %/, for §'°0 and 82H respectively) and changes little
with depth in boreholes 60, .61; 62 and 63 whereas values become significantly depleted at ~165 masl
and belqw in boreholes 53 and 63. Tritium values vary froin below detection to values greater than

25TU.

DISCUSSION

Major ion analyses of the groundwater samples indicate that three chemically distinct zones are

present in the flow system (Figure 3). At shallow depths (elevations > 170 masl) Mg ahd SO, are
observed to be the highest concentration of ic;ns in solution. At elevations between approximately 150
to 170 maSl, Ca and SO, enriched waters dominate. At greafest depth (elevations <150 masl) in
boreholes 53; 61, 63 and 65, the groundwater chemistry approaches briné coﬁdit’ions_, cha:acterized by
high concentrations of Na and CL | ~T
| The location of these cheniical zones can be readily explained as a consequence of mineral

dissolution and precipitation reactions. For instance, calculated saturation indices (Figure 4) indicate
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that groundwater in most boreholes is undersaturated_ (SI ~-0.5 to -1.0) with respect to gypsum ét
shallow depths (~ 20to :30 m bgs 6r >165 masl). Below this, gioundwafer is observed to be close to
equiﬁbﬁum with gypsum (SI ~ 0) suggésting fhat the aniount of Ca in the groundwater is controlled by |
chemical éqﬁilibration reactions with gypsum. Atall depths groundwater tends to be undersaturated

or near saturation with respect to both dolomite and callci_tve‘ (Figure 4). | ,

Mineralogical studies indicate that the geological merﬁbers in the lower units contain a small |
percentage of gypsum whereas no gypsum was obsen?edin the upper Eramosa member. Thus, the
dissolution of dolomite and calcite alone will control the amdunt of Ca concentrations in the
groundwater loéated in this upper unit. The presence of gypsum in thg lower formation members
indicates that undersaturated water (i.e. reéhafge water) has not extensively reached this hor_iz_on_. The
high Na concentrations and overall salinity observed in groundwater at greater depth (elevaﬁons of
approximately 150 masl or less; Figure 3, Table 2) indiéates high residence time and therefore sluggish
groundwater velocity. |

' The measured hydraulic parameters (transmissivity and hydraulic head) in each borehole are
compared to measured geochemical pﬁarameté‘rs (Figure 5). The boreholes are arranged based on
location upgradient (boreholes 60, 62 and 63; Fig. 5a) of the PCB co_ntaminatéd. spill site, in an area of
possible groundwater recharge veréus those located either immediately adjacent to the site (boreholes -
53, Figure 5b) or in possible areas of discharge along the river (boreholes 61 and 65; Figure 5b). l |
Superimposed on these Figures are the distributio‘ﬁ of the three f:hemiéally distinet groundwater iones

discussed above.
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Upgradient botehples

Although the ovefburden is relatively thick in the vicinity of boreholes 60, 62 and 63, it was |
initiaﬁy surmized that these boreholes are situated immediately downgradient from a pétential zoné of .
recharge. These boreholes are located approximately 1 km south of a swale which trendS east;west.
Due to a slight southward dip in the bedding planes, the thickness of the Eramosa member in these
boreholes 1s less than that observed in the doanradient wells. The distribution of transmissivity
follows the general observations (i.e. high transmissivity in the Eramosa, Goat Island and Gasport
members). Lower transmissivities are observed in the middle to lower Vinemount member. An
exception to this is borehole 62 wﬁi‘ch exhibits lower transmissivity throuéhout ihe base of the
Eramosa, Vinemount and Goat Island members, with higher transmissivity evident only in the Gasport
member.

Th'e. distribution of hydraulic head indic.ates a persistently downward gradient with increasing
depth in all three boreholes. In each case, the transition between higher and lower hydréulic he.éd
occurs at the base of the Eramosa member or top of the Vi‘neméunt member, across a discrete zone of
- low transmissivity. In the case of ‘boreh‘oie 60 and 63, the hydraulic head belbw“ thé low transmissivity
zone ié uniform. The stgady decrease in hydraulic head with depth observed in borehole 62 may
indicate vertical fracture connection through these units within the immédiate vicinity of this borehole.

Electrical conductivity is relatively uniform with depth in these boreholes, ranging from ~2000

us to 4000 ps. Similarly,,stable isotopic composition of the gr_oundWater sampled is also uniform with -

depth, ranging from 9% 10 ~11%, and -60 %o, and -80%, for §'*0 and 8°H respectively. Average
8"%0 and §°H values in precipitation collected in Simco, Ontario, (located approximately 100 ki to the

east) during the period from 1975 to 1982, are approximately -10%4 and -70%, respectively

(IAEA/WMO). Thus, the groundwater is of recent origin. In addition, many of the sampled zones
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contain me,asufable concefxtraﬁons of *H indicating thaf gréﬁndwater.in these zones is of pgSt wwi
agé_. In boreholes 60 and 62,. *H coﬁcentraﬁOns are highest in the shallc)'v_v depths (eleveitions >165
masl). Howeuver, high transmissivity z,orj_es in the lower Vinemount and Goﬁt 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 depth.‘sugg'es.ts that m the ﬁpgradi,‘ent boreholes, gfo‘undwater in both the upper

Eramosa member and the in the lower members are of a common origin. The presence of *H at

- various depths (i.e. shallow and deep) further indicates that younger water is infiltrating the flow

‘system. As the clay till overburden is thick and‘rel,atiIVel'y impermeable overlying these boreholes, this

suggesfs that recharge is localized to the swale and a bedrock ridge which lies immediately to the north
of the site. Overburden thickness along this swale is minor and ranges from 1 to 2 m in thickness. The
bedrock ridge immediately north of the swale has a topographic high of 10 - 15 m above the swale and

consists of Eramosa member rocks. North of this ridge towards the escarpment, overburden thickness

. increases. Thus, the source of the water in the Eramosa is most likely the ridge and swale area.

. Downgradient boreholes

In general, the lithology logs for boreholes 53, 61 and 65 show a diniinished overburden
thickness and an increase in the thickness of the Eramosa member in the downgradient direction
(Figure Sb). The. el_évatio_n of the fop of the Rochester formation (the underlying aquitard) is 8 to 9 m
below that of the upgradient boreholes. |

The distribution of transmissivity in these boreholes is similar to that for the upgradient . «

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

in the Eramosa/U pper Vinemount, Goat Island and Gasport members are observed. The exception, is
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borehole 65, which has more sparsely distribufed zones of limited transmissiviiy (107 to 10® m¥s) in
the Goat Island and Gaspoh; members. |

Contrary to the bdreholes located upgfa,dien,t, boreholes 53 and 65 have a relatively uniform
disuibution of hydrauﬁc head with depth. The sligﬁtly lower hydraulic head observed at 175 masl
~ (middle of the Eram‘oéa member) in bvorehole‘53 may be atuibuted to the ongoing pump-and-treat
facility, located at the PCB spill site, that extends only a few meters into the upper bedrock. The
hydraulic head distribution in borehole 61 s dissimilar to all other bOrehoies in that the highest
hydraulic head is observed af 160 masl corresponding to the high transmissivity feature that straddles |
the Eramosa-Vinemount member -eontaet.' This zone is artesiari, r“es‘ulti_ng in vertically upward and
downward gradients emanating from this horizon,

‘The electrical conductivity in boreholes located downgradient generally increases with depth
(Figure 5b) with the exception of borehole 61. The most profound change in electrical eonductivity is
ebserved in boreholes 53 and 65 where measured values range from 1500 ps in the shallow zones to

values greater than 20,000 s in the deepest zones. Electrical conductivity in borehole 65 is observed

to steadily'in_creaSe with depth, whereas in borehole 53 electrical conductivity mainly increases below

the Eramosa -Vinemount contact located at 162 masl. In borehole 61 electrical conductivity increases

“only slightly from ~2000 to 5000 us.
In boreholes 53 and 65, 30 and 8°H concentrations are relatively enriched in groundwater
located in the Eramosa and Upper Vinemount members (>165 inaSl) with values ranging between -9

%o and 11 %00 and -50 %e0 10 -80 %o respectwely Below the Vinemount member, the 1sotop1c

<

s1gnature becomes 51gn1f1cant1y more depleted with values ranging between 13°/ t0 -17%0 and

’

-80%00 to -110%, for 8‘80 and 8°H, respectively. The change in isotopic signature occurs below the
low transmissivity zone located in the Vinemount member. In both boreholes 53 and 65, *H (analyzed
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by direct methods) is not observed in any of the sampled groundwater. However, enriched ’H values
obtained subsequently from borehole 53, indicate that the presence of *H (6.3TU +/- 0.8TU) at 175

masl, close to the contact between the Eramosa and Vinemount units. The isotopic composition of the

 groundwater in borehole 61 varies little with 80 and §°H ranging from -9%c 10 -11% and -55% to

-80% throughout the borehole depth. This signature is similar to that for the upgradient boreholes.
As With the upgradient boreholes, substantial,3H concentrations are also observed in borehole 61,
particularly at the shallowest interval and the high transmissivity Zone locai‘ed in the middle of the

Eramosa member. In borehole 65, a small amount of 3H is observed at 150 masl. A second sammé

" from this zone obtained S months later confirmed the presence of *H (3.8TU enriched +/- 1.3TU).
" However, this zone is of low transmissivity (~10® m?s) and it is likely that drill water was entrapped

durmg installation of the permanent packer system. Dissolved chloride concentrations are elevated

(~8000 mg/L) in this zone but not as elevated as that observed at the deepest levels in borehole 53
(~19;OOO mg/L) which may suggest that drill water has not entirely equilibrated with groundwater.
 The pronounced shift with depth in isotopic composition and electrical conductance observed

in borehole 53 and 65 suggests that'tw'ovdistinct flow systems are present. As with the upgradient

~ boreholes, the low transmissivity zone in the Vinemount member appears to be the dividing horizon

bet:\'&een older water at de‘pth and youngcr water present in the Eramosa member. The absence of .3H
concentrations observéd in gmundwatef from the Eramosa membefin borehole 65 S’Uggeéts that,
although this water is young, rechargé in the imrﬁediéte vicinity is unlikely. |

Tritium, 8"°0 and §°H concentrations in boreholé 53 show the ‘presénce of recent water in the
high transmissi.vit-y zone at the base of the Erarnosa and the upper Vinemount. A value of 6.3 (+/-0.8
TU) for-enriched *H was obtained for this interval. The soﬁfce for this water is likely throﬁgh

connection with the upgradient recharge area. Considering that groundwater velocities in the fractures
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W‘i;hin the lbwer Eramosa range from 10 to 30 m/day (Radcliffe, 1997) and matrix pofosities range
from 5 to 15% (unpublished data), ﬁmpoﬁ of the *H from the recharge area in a horizontal flow |
system can be simulated. Usiﬁg the Tang et al (1981) solution, simulation of transport in a discrete
fracture having an aperture of 500 um, a velocity of 30 m/day and adjacent matrix porosity of 5_%
shows that *H conéentraﬁons as high as 15 TU are possible at borehole 53 when input conditioﬁs at
borehole 60 (i.e. 30. TU) are employed. The low concentrations of *H present in the low transmissivity
Zone in the upper Goat Island is likely remnant drill water.
| The results for borehole 61 are complicated by the presence of the a._rtesian hydraulic head in

the high transmissivity zone in the Lower Eramosa and Vinemount-ﬁnits. The water in this zone is-
observed to éontain’ *H (15TU +/- 8)and shdws a similar isbtopic signature to water from the recharge

area. The source of this water is uncertain. Hydraulic conneéﬁon from the recharge zone may be
b‘resent. ‘However,, the upper Eramosa is expoéed on the river bottom at several locations both
upstream and downstream frém bbreholeﬁl;. Thus, itis more likely that thé source of this water is _
through connection with river water in the stream direction of river flow. ‘

Groundwater in the stratigraphic intervals and below the artesi‘é.n zone show stable isotopic
Signamres similar to that in the artesian zone. Although these waters ..do nof contain fneasurable ’H, it
~ is likely that they originate from the artesian zone, through v‘erticai connections, or are recharged at
locations furﬂler up the river valley. |
CONCEPTUAL MODEL AND CONCLUSIONS

Since fr_éctme networks are, in general, complex with the nature of fracture interconnection
being uncertain, interpretation of grouridwat_cr flow from borehole to borehole using hydfaulic '

parameters is difficult. The previous discussion supplements the hydrological data with geocheinical
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across the low transmissive barrier. Thus, in both the upgradient and downgradient vicinities

data to provide evidence for hydraulic interconnection on a large scale. The conceptual model (Figure
6) represents a two dimensional cross-section, using three selected boreholes located in the direction
of groundwater flow (northwest to sbutheast).

- Hydraulic head and measurements of trafismissivity can provide only a general idea of
’ N

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

distribution of hydraulic head in boreholes 53 and 65 coupled with large variations observed in
transmissivity measurements may indicate that groundwater flow is primarily horizontal in the vicinity
of thesé boreholes, with little interaction between the individual fracture planes. Alternatively, the

uniformity of the hydraulic head distribution could imply that the horizontal fracture planes are

extremely' well connected such that no vertical gradient could exist. However, the chemistry and

isotopic composition of the groundwater in these borepoles _Shbws the water abdve the Vinemount to
be mérkedly different than that below, suggesting that little interaction between the water in these two
horizons has occurred. Wp can also infer.frém the uniformity ih hydraulic head that there are no local
gr'ouridwétef sources (recharge zones) or drains (discharge zones) néarby.

Conversely, in the upgradient boreholes and borehole 61, transmissivity measurements are
equally varied, yet distribution 6f hydrauliﬁ head with depth is not uniform. The change in hydraulic
gradient with depth may suggest a large amount of vertical grouadévater interaction or this could be
just another ma.nifestation of hogiiontal flow. Evideubc for horizontal flow is provided by the
geochemical results which show that the sharp change. in hydraulic ﬁead distribution occurring at 175
masl in tﬁe upgradient boreholes (60, 62 and 63) divides two separate flow systems.' The presence of "~

*H ai depths below the low transmissive zone (e.g. borehole 60) suggests that even though there is

'litriited_ vertical hydraulic connection, there is enough to allow for the penetration of some freshwater

N
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groundwater flow is predominantly horizontal. Flow is likely conprolle;d by large bedding plane
fractures that have been observed in the Lockport formation (Tesmer, 1981, Novakowski and
Lapéevic, 1988, Yager and Kappel, 1998). The presence of bedding-plane par‘iings is common in
sedimentary rock sequences and are usually caused by stress changes. Enlarged bedding plane partings
have been found to control groundwater flow in the Lockport foﬁnaﬁon at Niagara Falls Ontario, and
in the Newark Basin, New Jersey (Novakowski and Lapcevic, 1988, Michalski and Britton, 1997).

The uniformity of the stable isotopé cdmposition with depth m the upgradient holgjs (60, 62 and

" 63) and the overall similarity to that of recent precipitation values, suggests that groundwater recﬁarge

is occurring Upgradient of these bo‘reholeé. Groundwater recharge fbr the area likely occﬁrs through
the Erarﬁosa unit and is localized to the swale and ridge located immediately north of the upgradient_
boreholes, where overburden thickness is minimal. | |

In all boreholes, a z,dne of low transmissivity is located in the middle tb lower Vinemount
member. This zone of low transmissi’vity varies in thickness yet appears ubiquitously. Itis this horizon
of low transmissivity that separates groundwater flow into thg- upper and lower flow regimes in the
region. The upper flow regime is present in the Er_amo_sa member, the lower flow regime is present
mainly in the Gasport and Goat Island members (Figure 6). |

Inorganic ion concentrations of Qbundwater and subsequent geochemical speciation modeling
suggests that these regimes are physically and chemic_ally related to the geological bedrock. Shallow
grou_n,dwﬁter is found to bg dominated by high Mg concentrations due to équilibrium reactions with
dolomite which control the amount of C,a’ and Mg in solution. However, in the lower flow regime,
groundwater is QQmihated by high Ca and SO concentrations due to the higher amount of gypsum |

minerals present in the rocks.
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Transmissivity measurements in the lower flow regime are observed to be just as high as that in

the upper flow regime. Thus, calculations based on equivalent aperture width would suggest that

~ groundwater veloéity in both flow regimes should be similar. However, the high electrical

conductivity observed in the downgradient boreholes 53 and 65 at depth indicates that groundwater
residence time in this zone is much greater than in the upper zone. Also, the observed depletion in

stable dx'yg'eh 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 both regimes in the

upgradient boreholes, it is therefore irnplied, through geochemical observation, that groundwater

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

\

' Groundwater discharge from the flow system is l‘ejlss‘well‘ defined. At borehole 65 located

upstream of the town of Smithville along the banks of 20 mile creek, vgroun.dwater in both the upper -

and lower ﬂow systems appears to completely underflow the river. However; at borehole 61 located

downstream from the town center, groundwater appears to interact with the river water, at least within

the upper flow sjstem. In’boreholé 61, a high transmissivity zone in the Goat Island/Gasport exhibits |

the lowest hydraulic head at depth of any of the boreholes. This indicates significant underflow of the

lower flow system although most of the water appears to be entrained in the direction of river flow.
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FIGURE CAPTIONS

Figure 1: Topographical map of the Smithville field site and borehole locations.
Figure 2: General stratigraphy of the Lock_port For‘mzition. ,

Figure 3: Piper diagram for groundwater chemistry of samples collected from Westbay

packer installed boreholes.

Figure 4: Calculated saturation indices using PHREEQC for dolomite, gypsum and calcite

using chemistry from groundwater samples collected at selected borehole depths.
Figure 5: Composite diagram of measured parametérs in-a) boreholes 60, 62 and 63 located
upgradient from the PCB spill site and b) boreholes 53, 61 and 65 located downgradient from

the PCB spill site. e; represents enriched *H values.

Figure 6: Conceptual model of two dimensional flow at the Smithville site in the general direction of

groundwater flow.
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Table 1: XRF and XRD analyses of rock samples collected from various geological units at the Smithville site.

Formation  Elevation Si B 1) Al Fe(total) Mn Mg Ca K H,0 c P - s Dolomite Quartz Gypéum Calcite

/Member  (masl) {mmof) (mmol} (mmel) (mmol) (mmol) (mmol) {mmol) (mmol) (mmol) (mmol) (mmol) {(mmol) (%) (%) (%) (%)
Eramosa 183.3 166 0.13 5.88 1:256 0.42 512 638 0.64 333 1059 0.14 1.25 973 2.7

Eramosa 179.9 5.0 0.00 1.96 0.00 0.70 515 | 546 0.2t 278 1059 0.28 1.25 937 2.5 38
Eramosa 176.1 183 0.13 5.68 2:50 0.85 511 . 536 0.85 333 1061 0.70 2.81 9741 29 .
Eramosa 1716 3.3 0.13 1.96 2.50 1.4 8522 540 0.00 1711 1079 0.14 0.62 870 040

Eramosa 1685 3.3 0.00 . 1.96 . 3.76 211 521 539 ., 0.00 16.7 1079 0.14 0.62 97.6 .24

Vinemount2 173.5 110 1.38 490 1226 . 099 458 481 134 66.6 961 0.85 162 ‘940 6.0

Vinemount2 1656 . 86.5 113 39.2 10.0 0.85 474 - 495 8.07 66.6 979 0.70 134 96.9 3.1
“Vinemount2 139.7 616 0:38 137 5.01 1.13 489 521 2.55 444 998 0.6 9.98 9141 .55 3.4
Vinemount t 1739 102 0.50 216 100 1.27 467 504 6.52 389. - 973 0.42 13.7 916 8.4

Vinemount t 1729 ‘35.0 050 - 118 5.01 0.85 496 629 2.12 389 1032 0.42 717 89.3 3.0 77
Vinemount'1 1716 138 0.88 167 13 - 1.97 458 493 4.67 444 948 . 042 . 212 87.6 8.7 36
Vinemount' 1 161.6 749 0.63 17.7 5.01 1.13 482 514 3.82 600 995 0.28 8.05 89.8 2.8- 7.4
Vinemount 1  159:5 849 .0.63 177 5.01 - 0.89 480 611 - 425 389 985 0.28 747 924 7.6

Vinemount 1  156.0 333 0.25 7.85 2.50 0.85 606 531 1.06 278 1043 0:14 3.12 963 - 3.7

Goat Island  169.7 107 0.88 255 7.51 0.99 473 498 6:37 388 975 0.28 8.42 93.7 6:3

Goal island  168.2 383 © 038 18 6.26 1.27 601 529 2.12 278 1036 0.42. 5.61 967 3.3

Goal Island  168.1 133 0.13 3.92 3.76 113 513 537 0.21 222 10686 0.28 1.56 91.7 2.0 63
GoatIstand 167.6 15.0 0.00 3.92 3.76 .1.55 516 636 021 . 16:7 1068 0.28 0.62 964 3.6

Goat Island 1544 ~ 133 0.00 1.96 3.76 1.13 516 536 0.21 222 1068 028 ° 094 96:7 3.3

Goatlsland 1508 250 0.13 7:85 5.01 0.85 508, 532 '1.06° 333 10456 0.56 561 96.6 3.4

Gasport 1639 133 0.13 588 5.01 1.27 - 494 641 0.42 61.1 1011 0.14 259 83.2 2.1 4.6

Gasport 163.1 53.3 T 013 5.88 3.76 113 498 524 0.64 278 1038 0.28 1.87 . 800 3.0

Gasport 160.3 245 0.88 29.4 100 1.55 422 . 447 7.43 389 875 0.42 9.67 845 - 155

Gasport’ 1657 433 0:63 b I A7 g 6.26 - 099 466 521 - 2.55 333 - 1009 0.42 3.12 9786 24 B

Gasporl 1538 94.9 1.00 432 6.26 0.56 474 493 106 50.0 961. 0.70 4.37 963 3.7

Gasport - 1515 117 0:88: 34 5.01i 0.99 468 -489 8.49 444 966 0.42 2.81 921 78

Gasport 1454 - 28:3 “0:25 7.85 5.01: 1.41 499 537 0.85 50.0 1018 Q.42 150 912 - 23 6.5 . :
‘Rochester 154.6: 115 0.50 157 100 1.69 469 499 2.97 333 970 0.56 8.42 92.1 7.9

Rochester 163:1 816 0.50 157 7.51 1.27 481 612 2.97 333 993 0.56 7.80 93.0 7.0

‘Rochester.  147.1 251 2:38 90.2 175 0.85 398 413 285 717 809 0.56 20.90° 875 125

Rochester 1413 283 275 96.1 188 0.85 393 409 304 88.6 ‘798 0.56 21.62 733 6.2



Table 2: Geochemical analyses of groundwater samples collected from boreholes at selected depths. '

Bottom zone Top zone pH Eh Alkalinity Ca . Mg Na K Fe S0, cl HS Si0,

Borehole (masl) (masl) ' (mV) (mg/L CaCO,) (mglL) (mgl) (mgA) (molL (mgl) (mgh) (mgAh) (moA) (mgl)
53 1764 191.8 6.9 320 300 268 477 127 7.00 1.67 2810 64.2 0.00 16.3
- 1739 175.7 7.2 259 180 214 72 322 2.40 0.35 628 6.70 0.02 127
1676 = 1732 72 195 125 132 97 410 2.60 0.46 519 16.2 0.00 133

162.6 166.9 C72 29 257 250 125 53 4.20 0.16 847 347 0.79 129

157.6 161.9" 73 <30 138 662 178 451 253 0.13 1840 1200 342 7.46.

151.3 156:8 66 -100 209 - 558 154 116 1256 0.09 2105 216 448 7.08

146.3 1505 7.0 -80 127 575 153 206 105 - 0.07 1920 514 586 = 832

1425 1465 6.9 94 - 202 663 164 407 5.91 0.05 1495 1061 5.56 8.50

139.0 1417 - 63 . -103 180 2000 847 7000 137 0.05 1457 18017 __ 5.68 26.4

60 _ 183.1 197.0 6.9 98 400 400 520 260 5.70 1060 _ 2043 19:4 0.09 159
1757 . 1824 72 156 201 . 140 110 313 220 0:01 616 ~ 114 0.04 13.0

: 168.2 174.9 7.0 -78 234 ass 136 119 8.10 0.05 1185 315 5.81 10.2
1599 167.4 71~ -63 248 173 122 519 520 0.09 794 725 2.3 127

156.6 159.2 7.0 93 268 342 80 . 45% 5.40 113 172 80.6 0.27 137

153.0 166.8 7.0 -62 265 507 127 370 19.3 0.06 1679 864 3.64 A1.7

61 175.0 182.2 70 -9 300 248 285 929 6.20 1,00 1430 348 0.29 14.9
170.1 1743 6.9 43 310 a7 83 444 4.40 0.09 1265 58.0 3.35 125

166.2 169.4 7.0 25 218 447 103 56 380 006 1120 56.6 3.07 123

155.4 164.5 7.0 22 237 278 112 51.7 4.00 0.03 763 387 177 128

151.7 154.6 69  -65 204 465 91 708 650 006 1443 163 613 983

, 1455 1500 6.8 63 232 538 121 127 6.90 0.07 1450 a73 5.81 9.38
1419 1448 7.0 -28 230 562 107 100 6.70 0.09 1678 224 213 11.0

138.4 141.1 74 10 231 600 125 324 137 208 1196 1025 0.13 9.42

62 1750 195.4 74 118 2865 392 341 129 500 .60 2270 164 0.00 127
171.3 173.4 7.7 47 245 551 197 850 102 5.20 2350 752 ° 000 746

1639 1706 74 92 - 206 537 . 127 36.0 102 °~ 005 1748 445 5.35 7.90

156.2 163.1 74 -95 176 520 120 304 7.70 0.06 1933 675 5.11 7.41

151.4 154.5 76 - 28 204 710 238 704 25,5 4.52 1903 1654 - 7.42

63 1796 194.3 73 162 214 149 177 65 2.80 1.83 672 XK 0.01 145
1747 1786 73 153 204 139 167 539 260 17 742 14.3 0.00 139

171.4 1737 X 103 224 376 887 324 450 1.77 1310 17.4 0.02 130

167.7 170.4 .73 - 92 231 352 129 431 4.40 5.95 1334 314 012 11.8

161.6 166.7 7.3 101 216 323 117 39,1 4.50 543 023 374 010 119

153.4 160.6 7.3 94 193 359 134 435 4.30 3.38 1176 31.0 0.22 1.1

65 = 1752 1805 74 14 204 114 86 320 2.60 0232 418 8.2 0.76 1566

164.7 1740 70 179 229 ' 268 170 720 5.40 298 - 9812 70.0 049 128

159.2- 1635 - - 6.9 -115 177 753 191 624 320 0.053 1390 1410 4.93 6.84

153.7 . 1580 6.9 -80 - t010 273 1500 316 0.045 1440 1300 442 6.24

1492 ¢ 1525 6.7 -105 145 708 225 2190 426 0.049 1450 5490 3.56 6.27

145.6 ' 1480 68’ -105 144 1650 340 2000 57.1 0.051 1280 7700 - 6.65
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