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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 approxiinately 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 bedrockhnderlying 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 cunently underway. . 

* Afiacfionoffl1ePCBsmdassodatedcontammantscanmigratewfihthegromdwawr along 
the groundwater. flow path-. Thus, a conceptual model of the groundwater flow system is needed 
before any interpretation of contaminant migration with the groun'dwa_ter‘is attempted. This study 
involves detailed analyses of the physical and inorganic chemical properties of both the fi’act_ured 
bedrock and groundwater at the By combining these data. a conceptual model of the 
groundwater flow system can be delineated. Such. a model‘ can be used in future 
simulations that will provide valuable insightinto the fate and transport of groundwater contaminants 
at the site. ’ 

-

' 

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

Current Status: 

Thereport to be released as a NWRI contributionand a less detailed version was
s 

submitted to a journal for publication, ‘ ‘ I 

Next. Steps: I 

This study is completed and tm objectives fulfilled. However, the results 
inthereportwillbeused—toaidfuturestudies'and developanumericalmodel. '



suMMARY 
During the year of 1997, astudy was undertaken to chemically theinorganic 

constituents in the fractured carbonate aquifer underlying the CWML site in Smithville, Ontario.
I 

At the onset of the smdy, samples were collected from seven boreholes drilled at the site - 

(boreholes 11, 1-2, 21, 53, 60, 61 and 62) 
V. 
In May 1997, two new boreholes were drilled 

(boreholes 63 and 65) and also sampled in phase of the investigation-. The objective of this 

investigation. is to combine previously accumulated hydraulicdata (Lapcevic et a1., il996)and — 

detailed rock geochemistry (Bickerton, 1997) with the measured inorganic’ groundwater chemistry 

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

. Smithville,40ntario. 

Groundwater samples for morgamc geochemistry analyses were collected in July 

and November of 1997. pH, Eh and electrical conductance were measuredin the field. 

Collected samples were ‘analyzed for trace metals by inductively coupled plasma spectrometry, 

anions by photometry and nutrients were analyzed using colourimetric Samples were 

also obtained to detennine the stable isotopic composition (8"‘O and 82H) of the groundwater and 

to determine tritium (3H) concentrations of the groundwater. 

Both physical and chemical hydrogeological observations obtained from field investigations 

are used to interpret the groundwater flow system in the fracture network. Geochemical 
I

. 

measurements indicate that the dolomite is into two groundwater flow systems 
' 

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

is characterized by water enriched in Mg and S04.-' Below the low zone, 

groundwater increases in salinity, and is enriched in'Ca and 804. Based on the geochemistry, the 

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

1



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

environmental isotopes (830 and 82H) suggest that groundwater now is mainly horizontal and 

likely governed by enlarged bedding plane The isotope geochemistry andtopographical 

features further suggests that groundwater recharge is just north of the site in a 

topographical low of overburden tllickrless. 

Sampling tllroughout the different (winter, summer and fall), indicated that very 
_

I 

little change was observed in the overall trends of the inorganic constituents with depth in each 

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

considerably. may have resulted from changes in" methods andianalyses.
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INTRODUCTION 
The Niagara Escarpmentis an extensive geological that extends along the western 

shoreline of Lalce Ontario 1). This feature is comprised of a stratigraphic sequence of 

dolostone and shale that includes the Lockport Formation as the cap rock (Tesrner, 1981). 

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

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

chlorinated solvents have contam_inated'the groundwater at several locations (Masalia and Johnson‘, 

‘1984,lYager 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 l5_km south of Ontario, on the 

Niagara escarpment (Figure 1). In 1985, itwas discovered th'atPCB oils and associated solvents 

had penetrated the overburden and pervaded the upper horizons ot’ the Lockport.Form'ation. This 

resulted in the closure of a local water supply which groundwater from aquifer. 

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

groundwater flow and contaminant transport in the bedrock is primary purpose of 

this study is to use both physical and geochemical hydrogeological observations in the construction 

of such a conceptual model. Physical hydrogeological observations include of the 

aisttibutiott of transmissivity and measurement of hydraulic head at selected depth intervals in the 

Lockport Formation. Geochemical observations include measurements of the inorganic ionic 

content, stable isotopic (5"‘o, 8D) and tritium (’H) composition ortite gtoundwater, as wen as 

determination of chemical composition or the rock units. ion concentration the 

groundwater is used in conjunction with hydraulic measurements to determine preferential flow .
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paths in the fracture network. Trends in the concentrations of dissolved inorganic ions are used to 

define groundwater .flow regimes and isotopic compositionis used as an indicator of
_ 

groundwater recharge. Thus, the geochemical provides information on the groundwater flow 

system that can notbe deduced using hydraulic information alone. Recent application of this 

approach was used to ‘develop a conceptual groundwater flow model for granitic rock in 

Aspo‘, Sweden (Sr_ne1lie et a_1., 1995) and for the fractured Chalk aouifer in the United Kingdom
’

K 
(Hisock et_ a1., 1996). 

-srrE cnorocynun HYDROGEOLOGY 
' 

The PCB contaminated site is located just north of the town of Smithville, Ontario (Figure
A 

l). The surface topography (Figure 1) indicates the presence of a swale oriented in the east-west 

direc" tion, located approximately 1.5 km to the north of the site and a river mfle creek) flowing 
i from the north-west to the south-east,—l'ocated approximately 1 km to the south of the site. The 

topographical gradient in the vicinity of the site, is relatively flat with a slight inclination of roughly
I 

10 mlkmsouth. Approximately 5 to 10 m of clay till overburden underlies the site (Figure 2). The 
clay till is of ‘minimal permeability (K ~ 10" to 10"’ mls) although pervaded by sparse vertical 

I

' 

fractures some of which may be fully penetrating (Golders 1995'). The Lockport 

Formation underlying the clay comprised or-iron: geological members consisting of fine to r 

»

, 

medium‘ grained dolostone that clip ‘in a southeasterly direction at an angle of 0.5° (Golders 

Associates, 19/95). The upper member of the Formation is 10 to 20 in in 

thickness and ‘is in a relatively uniform manner. the fractures can be as 

high as It)-2 m2/5 (Golders 1995). The Vinemount member, which underlies the
T 

Eramosa, is characterized by a weathered zone (1 to 4 in thiclt)'and a zone of

/
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rock of relatively low transinissivity (3 to 4 in in thickness). The lower members (Goatlsland and 
' 

Gasport) are 6 to 7 in and 8 to 10 in in thiclcness respectively. Fracture frequency in these units is
0 

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

‘ 

Lockport Formation is underlain by an impermeable shale of up to 17 m in thickness and is 
considereda regional aquitard (Golders Associates, 1095). 

Groundwater flow in the fracture system generallyto the southeast, following 

stratigraphic dip of the geological units (Golders Associates, 1995). Based on the previous studies 

ofthe Lockport Formation conducted at this.site and elsewhere in the region, it is inferred that 

groundwater flow is governed by bedding plane fractures thateare laterally extensive and . 

have limited vertical interconnection (Novakowski and Lapcevic, 1988; 1990; Goiders t 

Associates, 1995). Thus, it is assumed that groundwater flow in the‘Lock'port Formation
V 

underlying the contaminated site is primarily in the horizontal direction, carried along bedding 

plane fractures» of unk_n,ow'n lateral extent and unlmown vertical interconnectivity. Previous site 

investigations (Golde’rs'Associates, 1995) indicate that some fractures, atleast in the upper 

Lockport members, are observed to be laterally connected over a of 1 km as evidenced by 
the downgradient transport of aqu.eousi-phase contamination emanating from the PCB source. 

' 

Hydraulic gradients in this zone have been estimated tobe 0.02 with 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. 
- 1905). Groundwater flow in localized areas may vary depending on the nature of the fracture 

_

. 

systetn. ‘The resulting variations in hydraulic gradient are subtle and therefore may be inadequate 
to identify inteiconnectivity.

I



FIELD INVESTIGATION 

To conduct-the field -study, six new 76 mm (N-sized) diameter boreholes (53, 60, 61, 62, 
63 and 65) were drilled in 1996 and 1997 the vicinity of thesite (Figure 1) using a diamond. 

core and triple’-tube wireline techniques. The boreholes were to penetrate the entire
I 

thickness of the Lockport; a depth of approximately -55 m below ground surface. Five of the . 

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

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

_ 

1988 with 1.25 inch diameter PVC ‘multilevel peizorneters having varying screen lengths (Golders . 

Associates. 1989). 
_

V 

I 

drilling was completed, hydraulic tests the constant-head injection method 

(Novakowski, 1988) were performed on boreholes 63, 60, 61, 62, 63 and 65 to obtain 

measurements of transmissivity over continuous 2 m depth intervals in each borehole. 
and maximum values-of trartsmissivity ranging between 1o"° m2/S and 10" ht’/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 ll, 12 and 21 using a constant‘ 

head packertesting method. This method has a lower minimum value (1o"—‘ tn’/s) than that 

used in the other boreholes (Golders l989). After completion of thehydraulic testing, '. 

‘the new boreholes were instrumented with a series of permanently+e'mplac'ed 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 a In thecase of 

the multilevel piezometers, measurements were obtained with a level meter. ‘Measurements . 

of hydraulic head were performed on a weekly basis over a two year period.



A total of 32 rock samples, collected fronl each of the geological lmits of the Lockport 
Formation, were submitted for chemical and analyses (Bickerton, 1997). Samples 

were prepared by crushing the sample using a ball mill to a powder (<l0O pm 
fraction). Samples were analyzed for mineral content umng X-Ray Diffraction (XRD) techniques. 

Concentrations of the major elements (SiO;, Tioz, A1203, cr,o,, Mn0, Fe2O3 mi, M_gO. CaQ,- 

Na;C_), K20 and P205) and trace elements (Ba, Nb, Rb, Sr and Zr) were determined using 

V 
wavelength dispersive x-ray fluorescence (XRF). Total concentrations of H20, CO2 and S were 

detemlined using combustion followed by infra-red spectrometry (Bickerton, 1997). 

Groundwater samples were collected in February, July and November of l_997, from the_ 

permanently-empla_ced packer systems and the lnultilevel wells. Only data obtained in November is
I 

incorporated in the main text as this data was most complete and up to date. Data from the other 

sampling dates are provided in Appendix A, along with a brief description of seasonal variations in 

the measured parameters. The samples from boreholes 53, 60, 61. 62, 63 and 65 were collected 

using a stainless steel sampling -chamber ( volume of 500 mL) connected to an electronic ‘actuating 

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

volume of water elltemal to the packer system is relatively small, mixing and diffusional processes
V 

equilibrate the geochemical parameters in each isolated groundwater zone relatively quickly. Thus, 

the need to_ purge the borehole or standing wateris eliminated (Black et a1., 1987). Samples from 

boreholes ll, 12 and 21 were obtained after purging the_vo1llme in each piezometer three times 

using a Waterra hand pump. 
'

A 

After drawing’-the sample" to ground surface, conductivity, ‘Eh. and pH were 
i 

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

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



n

. 

_ 

’ 

Ag/}.gCl internal reference, calibrated against the buffers 4 and 7 were to -determine pl-i. Eh 
" 

was measured using a combination platinum redo); and reference electrode.
‘ 

wasmeasured shortly after sample collection by titrating aknown volume of with 
A 

A

b 

0.16N sulfuric acid using a HACH digital titrator. Groundwater samples collected for inorganic 
ions and dissolved organic carbon (DOC) analyses were filtered in the field a 0.45 um nylon 
filter. Samples submitted for cation analyses were preserved at the time of collection with 

ultrapure HCI. 
_ 

V 4 

’ 

Analyses for metals were performed in the laboratoryusing inductively coupled plasma
‘ 

spectroscopy (ICP-MS). Anions (Cl, so. and sio,) were determined using ultraviolet photometry 

(COBAS).' concentrations or ammonia (NH;-N) and (N03-N) were analyzed using a
y 

Bran-"i-Luebbe TRAACIS-800 continuous flow analyzer. Analyses for DOC-were performed using 

ultraviolet digestion. Charge imbalances for the inorganic ions are less than 10% the 

exception of 2 samples. 

Samples were also collected for stable isotopes analyses ("0 and 2H) in July and_November' 

of i997. Analyses were performed using standard CO;/water and H2/W316!’ equilibration 

techniques. 5“o and 52H data were normalized to VSMOWISLAP and are reported relative to 

V 

VSMOW with reproducibility of +l— 0.1 and +/- 2.0 respectively. Samples were analyzed for ’H by 
using direct scintillation methods obtaining a detection of o-'lU. with a of +1- 

811}. Nineteen selected samples re—analyzed for enriched 3!! analysesin to refine the 

‘ 

estimate of concentration of 31-! in the at a few locations. The ’_l-I 

has a reproducibility ranging between +/.;o.o to +1. 1.3 ru. 

Saturation indices of various phases calculated using 

and the geochemical speciation program (Parkhnrst. 1995). Thermodynamic data
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torthese calculations were provided in the PHREEQC database. The PHREEQC model ~ 

calculations» are considered reliable in sodium chloride dotninated__waters with higher ionic strength 

t \(Parkh.urst,1995). 

RESULTS 

Mineralogy 

X-Ray ‘Diffraction analyses (Table 1) indicate that the principal minerals present in all 

rrlenlbelis are dolomite (86-98 'Wt%), quartz (2915. wt%) and gypsum (3-8 wt%). However, none 

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

Fluorescence analyses ‘indicate that allsarnples have a Ca:Mg ratio between 1 (Table 1; . 

Bickerton, V1996). Thus, most of the Ca the samples is likelycontained the dolomite 

mineral structure. Any excess Ca concentrations presumably exist as either calcite and/or r 

gypsum. "X-Ray Fluorescence analyses also indicates that both a.s'r”nall percentage of Fe andAl are 

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

identification in the rock core, much or the Feis ljkely incorporated in sulfide minerals (pyrite)
i 

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

Water Chemistry 

Groundwater underlying the srnithville site (Table 2) is <0) at depths 

greater than 20 to 30 m belosygroundl surface (bgs). At shallow depths, conditions are more 
aerobic lnV). Increased concentrations of HS’ in solution and subsequent decrease in Fe 

concentt-ations, suggest that redox conditions change iron to reducing 

e increasing. depth. An eltcepfion is observed in borehole 63, were redox conditions remain

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

10 to 11 °C. In general, ion concentrations that incjleasewith depth in solution. are: Ca, Na—,_ K, 

«HS, Cl and S04 and those that decrease are: Mg and Fe. also decreases slightly 

depth.- 

’ Hydraulic Properties. 

Constant head injection tests performed at continuous two meter depth intervals on the 

Westhayinstalled boreholes (53, 60, 61, 62, 63 and 65) indicate that ranges between 

the testing of 10'” in’/s and 10'’ mils. Highest transmissivities measured at the 

level <10" tn’/s) of the transinissivity test (3% of the total number or tests) ‘are observed in 

boreholes 61, 63 and 65 at ~l65, 155 and 170 meters above sea level (masl) respectively.
V 

Approximately 9% of the testing zones in these boreholes measured below the testing 

limit (-10"° ill’/s)-. In boreholes 11, 12 and 21 transmissivity ranges from the testing limit 

of 10”" m’/s to IQ" mzls. In these holes, approximately 22 % of the testing zones measure below 
the minimum testing limit. Most of these low transmissivity zones are concenu-atedjin the lower 

Vinemount and upper: Rochester However, a few low transmissivity measurements are also 

observed _at the top of the Goat Island (boreholes ll, 12; 60 and 62) adjacent to the 

Vinemount/Goat Island bedrock contact. The Eramosa, upper vinemount and units are
‘ 

by high ranging from '10‘: to 10" mzls.
A 

Hydraulic head measurements range from 181 masl to 192 masl. Highest head 

measurements are observed in the member of boreholes 60, 62 and 63._ In 

boreholes, hydraulic head sharply below the Eramosa member. Hydraulic head is
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observed to be almost uniform, with depth in boreholes 11, 12-, 21, 53 and 55 with values ranging 

between 184 and 185 masl. In borehole 61 head is observed to be highest at an interlnediate‘ depth 
- (at an elevation of 160 lnasl), resulting in an artesian condition.» 

Environmental Isotopes 
‘ 

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

°/.. and -so to .-110 °/.;. for 5% and 82H respectively. The isotopic composition of the 
_ 
groundwater is relatively enriched (-V9 to -11 °/.,., and -50 to -80 °/;,. for 8“0 and 62H respectively)

V 

andchanges little withdepth in boreholes ll, 60, 61, 62 and 63 whereas values become
i 

significantly depleted at ~155 to V165 mas] and below in boreholes 12, 21, 53 and 65. Tritium 

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

DISCUSSION 

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

are present in the flow system (Figure 3 a, b). At shallow depths ielevafions > 170 rnasl) Mg and
g 

S04 are observed to be the highest concentration of ions in solution. At elevations between
A 

approximately 150 to 170 masl, and so.. enriched waters dominate. A1 depth . 

(elevations <l50 masl) in boreholes 12, 21, 53, 61, 63 and 65, the chemistry 

approaches brine conditions; by high of Na and C1. 
‘The location of these chemical zones can be readily explained as a consequence of mineral 

dissolution and precipitation reactions. For calculated saturation 4 a. b) 
i indicate that groundwater in most boreholes is (SI; -0.5 to -1.0) with respect to 

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

15
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to close to equilibrium with gypsum (SI ~ 0)_ suggesting that the amount of Ca in the » 

"groundwater is controlled by‘ chemicalequilibration reactions with 
V 

At all depths 

groundwater tends to be undersaturated or near saturation, respect to both dolomite and 
'

I 

calcite (Figure 4 a, b). 

Mineralogical studies indicate thatthe geological members in the lower urlitscontain a 

percentage of gypsum (whereas no gypsum was observed the upper Eramosa member. 

Thus, the dissolution of dolomite and calcite alone may control amount of Ca concentrations in 

the groundwater located in this upper unit. 7I_lle presence of in the lowerformation 

membersindicates that undersaturated water (i.e_. recharge water) has not extensively reached 
' 

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

(elevations of approximately 150 masl or less; Figure 3, Table 2) indicates high residence time and 

therefore sluggish. groundwater velocity. 
’

I 

The measured hydraulic parameters (lransmissivity and hydraulic head) in each ‘borehole are 

compared to measured geochemical parameters (Figure 5). Theboreholes arrangedbased on _ 

location upgradient (b_oreholest60, 62. 53 and 11: Figure.5a, b) ofthe l>cl3 contaminated site, in an 
' 

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

(boreholes '12, 21 and 53, Figure 5b,- c) or in possible areas of discharge along the (boreholes 

61 and 65; Figure 5c); Superimposed on these are the distribution of the three chemically 
' 

distinct grolnldwater.zones discussed above. 

Upgradient
w 

1 

Although the overburden is relatively in the vicinity or ll, 60, 62 and 63, it 

was initially surmized that these boreholes are situated dovvjngratlient from a potential 

187
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zone of recharge. These boreholes are located approzrimately 2 km south of aswale which trends 
east-west. Due to a slight southward dip in the beddingplanes, the thickness of tlle Eramosa 

member in these boreholes is less than that observed in the downgradient wells 5 a, b). 

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

Eramosa, Goat Island and Gasport members). Lower transmissivities are observed in the middle 10 

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 persistently downwardgradient 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, 

a discrete zone of low transmissivity. In the case of borehole 60 and 63, the hydraulic head below 

the low transmissivity zoneis uniform. The steady decrease in hydraulic head with depth observed 

in borehole 62 may indicate vertical fracture connection through units within the ilnmediate 

vicinity of this borehole. The hydraulic gradientin borehole 11 is observed to be uniform with 

depth, indicating predominantly horizontal groundwater ilowinthis vicinity.
_ 

h 

Electrical conductivity is relatively uniform with depth in all these boreholesranging 

~2000 its to 4000 its. Similarly,'sta.ble isotopic composition of the groundwtttet sampled is also 

uniform with depth, ranging from 99°/..‘to -12°/.. and -60 °I.. and -80°]... for 8"0 52H 

» respectively. Average 8“0 and 82H values in precipitation collected in Ontario, (located 

approximately 100 to the east) during period from 1975 to1982. are -l0°I.. 

and -70°/..,, respectively (IAEA/WM,0). '_I‘llus, the groundwater is of recent origin. In addition,
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‘

- 

- many of the sampled zones contain mcasllmble concentrations of indicating that groundwater in 

these zones is of post WWII age. In boreholes 60 and 62, concemrations are highest in the 

shallow depths (eievations >165 masl). However, high tlansmissivity zones in the lower . 

Vinemount and Goat Island to upper Gasport also exhibitrnoderate to very high ’-H 

concentrations.
_ 

The fact that there islittlev change in electrical conductivity and in the stable isotopic 

with respect to depth suggests that in the upgradient‘ boreholes, groundwater both the 

upper Erarnosa member and the in thelower members are of a common origin. The presence of 3H 
A 

at various depths (i.e. shallow and deep) further indicates yolmger water the flow 
system. As the clay till overburdenis thick and relatively impermeable overlying these boreholes, 

this suggests that recharge is localized to the swale and a bedrock ridge which lies immediately to 

the north of Overburden thiclmess along this swale is minor andranges from 1 to 2 m in 
thickness- The bedrock ridge immediately tiortlt. 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 thiclmess increases. ’I'_h_us, recharge to the area is most likely located in the 

ridge and swale area where infiltration is facilitated. 

Downgradient boreholes 
_

A 

In general, the lithology logs for boreholes 12,21, 53, 61 and 65 show a 

overburden thickness and an in the thickness of the Eramosa member in the downgradient 

direction sb, c)_. The elevation of the top of the Rochester formation (the underlying’ 

aquitard) is --8 m below of the up_gradient.boreholes;
\



The distribution of 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 EramosalUpper Villernount. Goat Island and Gasport members are observed. The 

exception, is boreholes 21 and 65, which has more sparsely distributed zones of limited 

transmissivity ac" to 10*‘ m2/S) in tlleGoat Island and Gasport members.
p 

Contrary to many of the boreholes upgradient, boreholes 12, 21, 53 and 65 have a 

"relatively distribution of hydraulic head with depth. The hydraulic head disuibution in 

borehole 61 is dissimilar to all other boreholes in that thebhigllest hydraulic head is-observed at 160
I 

rrlasl corresponding to the high lransmissivity zone t(l0" m’/s) that straddles the Eramosae 

Vinemount member contact. This zone is in vertically upward and downward 

gradients elrlanating from this horizon. 

The electrical conductivity in boreholes located downgradient generally increases with 

depth (Figure 5b,c) with the exception of borehole 611. The most profound change in elecuical 

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

. us in the shallow zones to values than 20,000 us in the zones. Electrical
I 

conductivity in boreholes 21 and 65 is observed to steadily increase with depth. whereas in 

boreholes 12 and 53 electrical condllctivity mainly increases at the Goat IslandIGasport contact 

and below the Erarnosa/Vinemount contact respectively. In borehole 61 conductivity 

increases only slightly from -2000 to soon 

ln boreholes 12-, 21, 53 and 55, 8“o and 5211 concentrations are relatively enriched in 

_groundwater located in the Erarnosa and Upper Vinemount mbers (>165 values 

‘ between -9 °l.., and -11‘ °/.. and -50 ‘ll... to -80 ° .. respectively. Below the Vinemount 

member. the isotopic signature significantly more depleted with values ranging between
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-l_3°I..' to e17°/.., and -80°/.. to -1 l0°l.. for 8"‘0 and 82H, respectively. The change -in isotopic 

signature- occurs below the low transmissivity zone located in the Vinemount member. In 

boreholes 12, 53 and 65, 3H (analyzed by direct methods) is not observed in any of the sampled 

groundwater. However, enriched 3H values obtained from borehole 53, indicate that the presence 

y 
of ‘H (6.3 enriched Tu +/- 0.8) at 175 masl, close to the contact between the Eramosa and 
Vrnemount units. A small amount of ‘H is observed at ~175 masl in borehole 21. 

,The isotopic composition of the groundwater in borehole _61 varies with 8"O and ' 

5'3 ranging from -9°/.. to -11°/.., and -55°/.., to —so°/.. throughout theborehole 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 located in the middle of the Eramosa member. - In 

borehole 65, a small amount of 
A 

3H is observed at 150 masl. A second sample from this zone 
obtained 5 months later confirmed the‘ presence of ‘H (3.8TU enriched +/4 _l.3). However. this 

' 

zoneis of low transmissivity (-10*’ mzls) and it is likely that drill water was entrapped during ~

' 

installation of -the pennanent packer system. Dissolved chloride concentrations are elevated 

(~8000 mg/L) in this zone but not as elevated as that observed at the levels in borehole 53 

t~l9,000 mglL) which may suggest that drill waterhas not entirely with groundwater. I 

The pronounced shift with depth in isotopic composition electrical conductance 

observed in boreholes 12, 21, 53 and 65 that two flow systems are present. As 

with the upgradierit boreholes, low zone in Vinemount unit or upper Goat 

Island to be the dividing horizon between older water at depth younger water present 

inthefiramosaunit. Inhoreholes12and2l,thisareaof lowtransmissivityzoneisobservedtobe 

in the upper Goat Island. The absence of ’H concentrations observed in groundwater from the
A
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upper Eramosa unit in boreholes 21 and 65 that, although water is young, recharge in 

theimmediate vicinityisunlikely. 

Tritium, 8“O and 82H concentrations in borehole 53 show the presence of recent waterin 

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

‘ 

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

V 

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

the fractures 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 3H from the recharge areain a 

horizontal fracture can be simulated. Using the Tang et al (1981) solution, simulation of transport‘ a 

in a discrete fracture having an aperture of 500 um, a velocity of 30 m/day and adjacent .m,atrix 

porosity of 5% shows that 3H concentrations as high as 15 are possible at borehole 53 when 

input conditions at borehole 60 (i._e. 30 TU) are employed. The low concentrations of ‘H present 

ill the low transmissivity zone in the upper Goat Island may be remnant drill 

The results for borehole 61 are complicated by the presence of the artesian hydraulic head
i 

in the high transmissivity zone in the Lower Eramosa and Vinemount units. The waterin zone 

is observed to contain ‘H '(l5TU +/- 3) and shows a similar isotopic to water from the 

recharge area. The of this water is Hydraulic connection from the recharge zone 
’ may be present. ‘However, the upper Eramosa is exposed on the river bottom at several locations 

both upstream and downstream from borehole 61. Thus, it is also likely that the source of this
i 

water may be from aconnection with river water in the stream direction of river flow. 

Groundwater in the stratigraphic above and below zone show stable « 

isotopic signatures to that in tin: zone. Although these waters contain low or
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concentrations of ’,H. it is likely that they from the zone,..through 

vertical connections, or are recharged at locations furtller up the river valley. - 

l 

CONCEPTUAL MODEL AND CONCLUSIONS 
Since networks are, in general, complex with the nature of interconnection V 

being uncertain, interpretation of groundwater flow from borehole to borehole using hydraulic 

parameters is also complex. The previous discussion supplements the hydrological data with 

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

. conceptual model (Figure 6) represents a two dimensional cross-section, using selected 

boreholes ‘located in-the direction of groundwater flow (northwest to southeast). For the - 

conceptual model, only data from boreholes 53," 60, 6l, 62, 63 and 65 are considered," 

Transmissivity tests conducted on boreholes ll, 12 and 2l 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 inform_ation. 

Hydraulic head and measurements of transmissivity can provide only a general idea of 

groundwater flow in the immediate vicinity of a particular borehole. For errarnple, the tmiforln 1 

A 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 these boreholes, withlittle interaction between the individual planes.

l 

Alternatively, the uniformity of the hydraulic distribution could imply that thejhorizontal
1 

fracture planes extremely well connected such that no vertical gradient could 

the chemistry and isotopic composition of the in these boreholes shows the water



above the Vinernount to be markedly different than that below, suggesting that little interaction 

between the water in these two horizons has occurred. 

Conversely, in upgradient boreholes and borehole 61, transmissivity measurements are 

equally yet distribution of hydraulic head with depth is not The change
V 

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 by the geochemical results which show that the sharp change in hydraulic head 
A

4 

distribution occurring at 175 masl in the ‘upgradient boreholes (60, 62 and 63) divides two separate 

flow systems. The presence of 3H at depths below low transmissive zone (e.g.,_ borehole 60)
p 

suggests that even though there is limited vertical hydraulic connection, there is enough to allow 

for-the penetration of some freshwater across the low transmissive banier. Thus, in both the 

upgradient and downgradient vicinities groundwater flow is predominantly horizontal. Flowis
\ 

likely controlled by large bedding plane that have been observed in the L0d£P0rt 
" 

formation (Tesmer, 1981, Novakbwski and Lapcevic, 1988, Yager and 1998). The 

presence of bedding-plane partings 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 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 uparadient holes (on, 62 

and 63) and the overall similarity to that of recentprecipitation values, suggests that groundwater 

recharge is occurring upgradient of these boreholes. recharge for the area likely 

occursthroughtheEramosaunitandislocalizedtotheswaleandridgelocatedimmediatelynorth
9 

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

member. zone or low transmissivity varies in thickness yet appears ubiquitously. It is this 
A 

horizon of low transmissivity that separates groundwater flow into the upper and lower flow
A 

regimes in the region. The upper flow regime is present in the Eramosa member, the lower flow 
I regime is prese'nt.rnainly in the Gasport and Goat Island members’ (Figure 6). 

Inorganic ion concemrations of groundwater and subsequent geochemical speciation 

modeling suggests that these regimes are physically chemically related to the geological 

bedrock; Shallow groundwater is found to be dominated by high Mg concentrations due to 
equilibrium reactions with dolomite which control the amount of and Mg in solution. However, 
in the lower" flow regime, groundwater is dominated by high Ca and S04 concentrations due to the 
higher amount of gypsum minerals present in the rocks. 

'

' 

Transmissivity measurements in the lower flow regime are observed to be just as 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 However, the high

’ 

electrical conductivity observed.in the downgradient boreholes 53 and 65Aat depth indicates that 

groundwater residence time in this zone is much than in upper zone. Also, the 

observed depletion in stable oxygen and hydrogen isotopes at depth in these boreholes suggest that 

there is relatively less dilution from yotmger recharge water. As recharge is observed to occur in 

bothregimes in the upgradient boreholes, it is therefore implied. through geochemicalvobservation, 

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

’ 

Groundwater discharge from the new system is lesswell defined. ‘In borehole 61, located
’ 

downstream. from the town center, groundwater appears to interact with 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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APPENDIX A
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In_o_rfganic'Ion Concentrations? in the Groundwater related to Seasonal Changes 

Before speculating on the changes in ion concentration with each sampling session, there 

are several factors that must first be taken into consideration. Firstly, samples obtained _in February 
' 

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

_ 

were analyzed at the National Laboratories for Environmental Testing (NLE'l'). Both of these 

institutions are located in Burlington, Ontario. Subsequently, anions from the February sampling 

session were analyzed by ion chromatography and by ultraviolet photometry in the other sessions.
’ 

During the second round of sampling, "NLET had determined that the high S04
_ 

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

concentrations of cations in the groundwater. As a result, spiked samples had a low percentageof 

recovery. It was then determined that for major‘ cation analyses (Ca, Na, Mg, K), a l to 10 

dilution with double distilled water provided the best. recovery rate. and was optimum for analyses. 
_ _ 

Thus, during the third round of sarnpling, dilutions were performed for all cation samples 

submitted "to the laboratory for analyses. 

Finally, no comparison can be made using wells 63 and 65, as these wells were sampled 

only once, in November of 1997. As these wells were first drilled in May, .1997, some time was 

required before inorganic ion concentrations in the are consideredlrepresentative. 

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

individual sampling zone, the concentrations of dissolved ions may vary (Tables A1 a, 

b and c)_. However, sampling throughout the different seasons (winter, summer and autumn) 

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

For example, in all sampling sessions, cations that increase with depth are: Ca, Na, K, HS. Cl and 
a S04. Thos‘ethatdecreasewithdepth'are: MgandFe('l'ablesAla.bandC). Thefactthatthere

37



-X;

I 

is little orno change in trends throughout the seasons suggest that rates may be too low 
to cause a significant.change in groundwater chemistry or that chemical reaction rates between 

infiltrating groundwater and rock are very fast that slight changes in recharge throughout the 
“A 

seasons cannot be observed.
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mu A1: Summaxy of:inorgani(.j groundwater chemistry from February. -1997 -sampling
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,9) 3 150.3 101.0 7.0 -143 250 1%’ 1H‘ 13.5 0.N 13% 330 2.00 - 

‘O 4 140.5 151.0 7.4 -1& 103 003 231 1130 
5 

30.2 0.00 1100 2350' - 5.17 - 

5 140.4 140.5 7.1 -131 255 3010 474' 2400 74 0 0.12 1020 0010‘ me - 

g ‘ 1a; 1312 1.11 433‘ _1gL 4Lw. «so 2119 L04 Lm gm Q5; Q - 

.,.....—._;v-......-:2.._..........;.....,.................._.....:.,..,...,.-........1 ;. . .... = . . . . .. .u.. x z, . . 1.: . 1 .4 ; . . 1 x .=| .
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Table.A;2: Summary of inorganic groundfwamer chemistry from July, 1997 sampling 

20110 ~ 

1 . 001 
2 185 
-0 210 
4 200 
0 1010 101.0 - . . .- . . . . . . - 

0 101.0 1000 712 -102 220 421 11:1 00:1 1020 000 1140 100 
_ 

002 00 
7 1400 , 1000 120 -00 212 400 100 147 1020 000 1100 417 4.00 007 
0 142.0 1400 1.00 -110 100 400 110 200 1100 000 1020 000 1004 000 

- 

. .1 -121 124 2g gm 01g 111,99 11,90 gggg mg kg 11,; 
00 1 1001 101.0 11 112 400 200 401 11 000 000 12200 

_ 
0.4 000 11 

2. 1101 1024 721 000 240 120 00.0 01.4 2210 1.00 400 1.0 000 102 
0 1002 1100 700 -01 - 240 000 102 100 120 010 000 242 4.00 10.0 
4 1000 101.4 120 -10 204 104 110 41.0 4.40 011 . 1440 001 1.02 101 
0 1000 1002. 1.04 114 201 411 - 112 401 4.00 -1.04 100 01.0 020 000 
0 0 'L1_5 00 2_z_0 £1 124 241 1000 0Q fifi 104 0.10» 100 

' 81 1 175.0 182.2 7.11 263 815 241 -3,08 95 5.80 1.12 1890 -8.1 0.l_l)- 14:7 
»2. 1011 11450 1.10 -11 - 204 

0 

401 00:0» 400 420 — 000 1110 400 2.20 '12 

0 1002. 1004 7.10 . .11 100 ' 001 000 , 400 410 000 -1000 01 000 12.0 
4 1004 1040- 100 01 240 V. 200 010 ‘ 400 010 000 001 040 2.11 10 
0~ 1011 1040 100 -114 100 440 00.1 101 1.00 0.10 1400 021 11.02 000 
0- 1400 1000 1.20 -01 202 - - - - - - 4 - - - ‘~ 

7 141.0 1440 000 -110 100 000 10.1 120 000 0.00 1440 100 047 
, 
000 _ '3 ~ 7 1-! EL 12! M - E4 1.§Q:3..§9. 17.10 El _' 1:! 

02 1 1 1 00 200 040 410 104 4.00 1000 2140 140 002 114 
\ 

2 171.8 173.4 1.81 48 - 400 142 63.8 9.80 4.40 161!) 87.4 8.N 
0 1000 1100 0.00» -100 

' 

.220 417 04.2 20 010 010 1000 02.0 000 1.71 
4 1002 1001 7.14 . .107 100 007 014 070 1.00 000 1240 001 010 001 
0 mg -11 - «m. 100 039 17. . .

V 

'3 1 110.0 1040 - - - - - - - - - - A - .- 

2 114.7 1100 - - - - - - - - - - - -- 

0 111.4 1101 - - - - - 7- - - - - -. 

4 101.1 1104 - - - - -- - - - - .- - - 

0 101.0 100.1 - .- - 
_ 

- - - - - - - - 

3 . . . . . . . . . . . . 
-0 2 1102 % . . . . . 0. - . . . . . 

0 104.1 174.0 - - - -. - - - - - - - -. 

4 100.2. 100.0 - - - » v- -. - - - - - - 

0 1001 1000 - - - - .- - - - - - - - 

0 1402 102.0 - - - - - - - - - - - 

-7 1.101 159 - - - - - - - - 1 - - - 

11001. ~ 
11 1 TT'0 .0 ""'i104. 7.10 22 - 00 70.0 410 2.00 000 000 201 0.04 1410 

2 172 170.0 002 -10 112 000 12.0 100 440 004 010 00 000 1040 
0 

_ 
1000 1004 - 0.00 -00 211 000 01.0 17.0 4.00 000 1020' 114 020 1010 

4 107 1001. 100 -110 100 400 111 . .100 1140 010 1020 000 4.01 0.110 V ._. 5 45! E.‘ ~£Q £21 .11? H ‘ 5 
12 1 1102 100.0 1.17 172 021 120 . 270 00.1 0.00 151 1400 10.1 0 12.00 

2 1000 171.4 7.00 02 217 -040 
‘ 

14.0 00.0 4.10 010 1200 00 -0.00 10.00 
0 104.0 100.2 0.00 -01 -100 / 071 11.0 00.0 000 001 1000 174 002 1000 

4 4 .1400 102.0 0.10 -140. 100 1210 000 2000 0000 0.00 1110 0000 004 100 
0 0 .0 13,0 -1 7 ~

2 

21 1 1%: 170.0 91.3% 00'; g I1? $3 001 010 ~ 000 000 00 0.10 1010 
2 1101 1100 1.14 -20 . 270 122 107 00.0 2.00 000 417 00 041 1000 
0 100.0 101.0 1.10 -100 - 202 010 110 200 1040 001 1000 020 000 10.40 . 

4 1400 101.0 1.07 -144 200 000 120 011 2200 0.00 1000- 1200 0.11 0.00 
0 1,404 1400 100 -104 100 8 ' 

»_ _. 100 1210 -01.00 010 1440- 0000 001 0.00 
A 9-___1zg1 133.2 1.10 -141 g 1 

* »000o 0 120



'l‘ableA3‘: of inorganic groundwater chemisuy -from .N9vemb9r, 1997 sampling 

~~ 

uuuunnno 1999999 911‘ 911 49911911; . 9- my 112 1: F9 99. 91 119 919. 

99 1 119.4 191.9 99 929 999 299 411 121 199 191 2919 942 999 199 9 

2 1199 1191 12 299 199 214 . 12 922 2.49 9.99 929 919 992 12 1 
9 191.9 .1192 1.2 199 129 192 91 419 299 9.49 919 192 999 199 
4 192.9 1999 12 29 

A 

291' 299 129 99 429 919 941 941 919 122 
9 191.9 1919 1.9 -99 199 992 119 491 29.9 919 1949 1299 9.42 1.49 

9 191.9 1999 99 -199 299 999 194 119 12.9 999 2199 219 499 199 
1 1499 1999 1.9 -99 121 919 1 299 19.9 9.91 1929 914 999 9.22 

' 9' 142.9 1499 99 -94 292 999 194 491 991 999. 1499 1991 999 999 
4 -7 $3 -103 .1..." 1% IE M vL4§7_ 580 

99 1 1991 191.9 99 99 499 499 929 299 919 19.99 2949 19.4 999 - 199 
2 1191 1924 12 199 291 149 119 91.9 2.29 9.91 919 11.4 994 199 
9 1992 114.9 19 -19 294- 999 199 119 919 999 1199 -919 991 192 
4 1999 191.4 11 -99 249 119 122. 919- 929 9.99 194 12.9 2.91 . 12.1 
9 1999 1992 1.9 99 299 9424 99 491 949 1.19 1112 999 191 

_ 5 1&3 7-2 E EEL EL 1:! 
4 

9834 3 -7 

91 .1 1199 1922 1.9 -9 999 249 299 929 929 1.99 1499 94.9 929 14.9 

2 1191 114.9 99 -19 
1 

919. 991 99 44.4 449 — 9.99’ .1299 99.9 999 12.9 
~.9 1992 1994 19 -29 219 441 199 99 999 999 1129 999 991 12.9 

4 , 199.4 194.9 19 -2 291 219 112. 91.1 499 999 199 A 991 -1.11 129, 
9 1911 194.9 99 -99 294 499 91 199 999 999 1449 199 919 9.99

‘ 

_' 9 1499 1999- 99 -99 999 121 - 121 999 9.91 1499 «919 ‘991 999 
v 

3 
141.9 144.9 1.9 -29 299 992 191 199 9-19 999 1919 224 2.19 11.9 

1 

141.1 11 9 Q1 1 9 . . 

'

. 

'5 1 1199 199.4 1.4 119 299 992 9% 129 999 999 2219 191 9.99 12.1 
2 111 9 1194 1 1 41 249 991 191 999 192 929 999 192 999 199 
9 1999 119.9 11 -92 299 991 121 999 192 999 .1149 44.9 9.99 1.99 
4 1992 . 1991 1.1 -99 119- 929 129 994 1.19 9.99 .1999 91.9 911 1.41 

21. m 7!L ' 

2.» A2: 2L - 

1 119.9 1 1.9 92 214 149 111 99 2.99 1.99 912 11.1 9.91 14.9 

2 114.1 1199 - 19 199 294 199 191 999 299 1.1 142 14.9 999 199 
9 111.4 1191 99 199 224 919 991 92.4 499 1.11 1919 11.4 992 199 
4 191.1 119.4 19 92 291 992 129 491 4.49 999 1994 91.1 912 11.9 

9 191.9 199.1 12 191 219 . 111 991 4.99 9.494 929 91.4 919 11.9 
. .,. IE! '3' M m Ii! "1! In 2!: 1” 5% 1% $4! 294 1% 99 92.9 2.99 9.292 419* 92 919 199 . 

9 1941 1149 19 119 229 299 - 119 12.9. 949 2.99 912 199 949 12.9 

4 199.2 1999 99 -119 1112 199 191 924 92.9 - 9.999 1999 1419 4.99 994 
9 1991 1999 9.9 -99 -. 1919 219 1999 91.9 9.949 1449 1999 442 . 924 
9 149.2 192.9 9.1 -199 149 199 229 2199 429 9949 1499 9499 9.99 921 
I |§ 5 

-1 « :=‘ 

4111119111 

1 
A 

. . 

2 112 1199 1.19 -99 149» 921 11.9 299 499 999 1991 11.9 9.99 12.1 

9 1999 199.4 1.94 -21 194.. 494 999 249 4.99 999 1999 19.9 911 12.9 

4 191 1991 12 -u 191 991 199 194 E 1&1 1999 999 999 914 A 

‘ 

" ' 

2 AE lHI_..$.:1J..4 M1: 
2 - 199.9 1.99 '2? ‘F9939 192 1% 912 999 1.92 1299 1999 992 199 

2 1999 111.4 129 -91 191 219 191 499 499 949 . 1911‘ 99.99 -949 -19.9 

9 1999 1992 1.21 -19 191 999 199 199 499 9.99 1129 m . 4.99 9.91 
I 4 1499' 192.9 9.94 -191 221: 1229 414 2949 49.9 9.94 1994 9919 999 1. 

Q 5 *1“; ’: 
‘ ‘.51’ ' 

.,'.,1 I 1: I, , 
' .- 

3? 1 1992 ‘ 1199 1.99 99 9.19 
V V 

*

. 

2 1191 1199 1.49 -21 194 999 912: 291 929 994 
. 

1919 99.99 4.19 199 
9 199.9 191.9 1.99 -99 299 ' 419 119 249 

_ 

11.1 9.99 1999, 911 9.99 192 
4 1499 191.9 1.99 -92 149 941 124 499 19.1 999 1919 1229 4:19 991

_ 

h 9 149.4 149.9 121 -129 199 149 299 2199 42.4 999 2999 9919 2.99 921 
1-1 fl-‘£1 AQ '75 E
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Table B: List of isotopic analyses from gronndwaner samples collected in July and November .1997

~ 

sample 555111551‘ Bottomznns 7599555 oxygen Hydngun 171115111‘ 51111511511
_ gm) uA5L M551. 4 sundorandndu aandasiaadnotta Lu Tu .'§Fl5fi% 15 

9 

155.11 
“""" 

197.54 “""""_"'.9.52 
. 

' ""'-5'_1.92 * 22 7 - 4 

51155-15 15 175.55 15257 ‘ -1525 
_ 

-5552 15 - 
B!-I80-27 27 155-19 174.91 -11.55 -71.57 5— 55, 41-55 
BI-I55-55. 55 159.95. 157.44 -15.51 -59.55 29 
BH60-46 45 155.55 159.15 -15.55 - -57.51 <5 1 -

' 

BI-I80-50 55 - £5.92 15%. . -1595 -71.92 5_ 4.4 4-55 ‘ 

EFE-25" . 
'25 175.51 195.45 -9.7 -55.5. 15 

>

- 
- BH52-25 25 171.55 17544 ' 

-1525 - -55.12 
_ 

<5 5.5+:-5.7 
BHG2-30.5 30.5 155.55 17555 - 

A-15.5 . -75.75 _5 1.5 +1-1.5 
BH52-59.5 595 155.25 155.14 -9.99 . .5521 15 1.5 «-1.5 
51-52-55 .55. _. 151.55 1545; -15.95. _ _ . -5952 -4 - 

155 155 175.45 151.75 ’ ‘ 

. 4155 -55.25“'f <5- - 
BI-155-19.5 19.5 175.95 175.59 -1551 -59.47 <5 - 
BI-I53-22.5" 22.5 157.54. 175.15 -14.4 -75.57 <5 5.5+!-5,7 
BH55-55 55 152.51 155.59 -15.25 

' 

-55.59 <5 5.5 41-55 
BI-153-.55 .55 

_ 
157.55 151.55 -15.55 V - -5455. 1.5+!-5.5 

BH55-42 
V 

42 15129 15552 -1457 . -154.29 <5 - 
51-155-495 

_ 
49.5 14525 155.55 -15.94 -55.55 . <5 

B_H55-55.5 55.5 . 142.45 14555 -1222 -54.22 <5 <55+I-5.5 
BH55-55 59 155.95 14_1.75 -15.54 -55.17 <§ - 

_ 

1-7 7 ’1‘7'3.55 
~_ 15224 -1551 -54.22 _ 17 - 

BH51-15 15 175.12 17429 -15.52 -55.55 <5 - 
as-151-15 15 15525 159.55 

' 

-155 ; -75.99 
V 

<5 1.544-5.5 
BH61-22 22 155.57 154.45 -1555 -5427 15 - 
BH51-54 54 151.55 154.55 -15.91 -75.55 <5 - 
51151-57.5 57.5 145.54 155.95 

_ 

-15.59 -75.92 <5 <55 44-54 
‘ 51-51-45 45 141.55 144.55 ‘ 

-15.5 -72.55 <5 - - 

51-51-51 51 155.41 
' 

141.1g ,, -155_5 -_7_221 <5. - _ 
. 

15 ‘15 4179.55" ““ 
194.55 -15.52 -55.92, * “<5 1.441-5.5 

5_H55-195 19.5 174.59 17552 -15.15 ‘ 

-55.44 7 24 «-1.1 
25.5 171.41 175.71 . -15.15 -54.55 15 4.5 +1-1.5 

BI-I55-295 29.5 - 157.75 175.45 -15.17 -55.94 7 54 4-1.1 
BH55-54 - 54 151.55 155.74 -15.5 

_ 
-55.75 <5 2.541-55 

5|-I55-415 41.5 _ 155.59 155.55 -1525 5 -55.45 _<_5 - 
b 4 151.55 157.15 ‘ 25.9“ -52' .'55"' 55 - 

-BH55-7 7 175.15 .7 155.45 -9.91 - -5527 <5 -
. BH55-155 15.5 154.55 175.95 -15.55 -55.91 <5 59 4/-5.7 

5|-155-24 
_ 

24 159.15 155.45 -15.57 -157.72 <5 - 
5.1155-29.5 . 29.5 15555 157.95 4 -15.21 ..154.15 154-12 
51155-55 55 149.15 -- 152.45 -15.51 -155.57 . 5 5541-15 
BH55-.59. 59 14559 147.95 ‘ 

41424 -151.55 <5, - 
'mEwa1arby51 

, 

- 

. 

7 ‘ 
-12.59 - ’» .-57.514‘ 15* - 

Rwe1wa_h_erbv55 -5.5 .-52.75 15 . 

Sample doprlhbet‘ 3551 Screen Topofscrcon Oxygen Tdglygn Bulehed 
gm; MASL, . .IMSL snnderamd‘ ssandannudoalcn ...'m . Tu ‘El-1115 55.5 159.5 145.5 -11.55 7"‘ " 

‘-75.59 <5 - 
Bl-1115 55.5 157 1551 

5 

-1121 -72.45 <5 - 
BH11d 27.1 1555 -155.4 ‘-15.55 -55.94 <5 - 
5|-I115 21.5 172 . 1755 -153 -57.55 11 - 
51-1111 .12 _ $51.5 154.7 -'1g5_1_1 -54.5. . __ 15 - 

15 155 1252 151-2 -1555 7 

-59.19 <5 - 
BH21b 54.1 - 145.4 1455 -1511 -5547 <5 - 
311215 45 1455 151.5 -12.95 -57.77 <5 - 
51-1215 552 

‘ 

155.5 ' 

151.5 -11.59 -7525 -5 - 
_BH21e 24.4 

, 175.1 
5 

1755 -1545 
_ 

-59.74 9 - ~ 511211 15 15_g.2 17_55 -15.59 .. _.._ ' <5 -‘
. 

129 54 157.5 142.5" ‘ -1454 -95.19 <5 - 
BH12b 45.4 145.9 » 152.5 . -14.49 -5544 <5 - 
BI.-I125 - 554 1.54.9 1552 -15.97 -71455 <5 - 
Bl-l12d 24.5 1555- 171.4 — ‘-15.5 -57.45 <8 ' — 
511125 15.1 1752 155.5 91525 -55$ <5 -

45
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