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L infy "characterzzed by worsenlng water aIIQCatlon 1§sues. A fleld_f
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mapp1ng and drxll:ng program was carr1ed out by the Albetta;

'-reglon. The results Fron thls work have been compared and

model of regxonal groundwater flow 1n Ross Cteek Ba51n. ;]f
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Government 1n11983 84 1n order to dellneate aqu1£e(§ 1n the{*

contrasted wzth the zfotope data 1n assembllng a conceptual""
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',:these spr1ngs.”_3

several groundwater systems appe3<‘may have been'"“”

“'findlcated that thxs ﬁlter was recharged at approxlmately

‘3919000 years beforc P(ﬁ%entq$No altﬂkude effect on modern O

_u,;lgroundﬁaters was tound NG T_fi ~{gf(;1f,~'”:“'

- Rad1o1sotope analyses were compared to transzt t1me g

‘iffpred1ct10ns from numerlcal modellng of the ba51n. In th1s

w”=manner, the ef?ects of different levels of groundwater £10w
”‘Q‘could be accounted for in the age datlng of thxs largely
- funconf1ned hvdroloqzcal system It was demonstrated that the

',poorl, sorted mater1a1 capp1ng the Cypress Hllls 1s several

”;;orde s of* magnltude less permeable than was prevzously

-}”thought. The K. of the Cypress Hllls Formatlon was found to"

»

7fbe 10"m/s. In add1t1on the effects of reglonal and

I
"-jlntermedlate flow systems on:. recharge to a-: set1es of large

sprlnqs at the geoloolc contact between the Eastend . f?"

‘

"'sandstone and Bearpaw shale were noted to be m1n1mal even

<

g'though age dates 1n the sprlngs 1nd1cate watet-recharged fv‘

6000 to 7000 ybp\suocal groundwater systems, orzg1nat1ng

'

north of the HlllS appear to supply the bulk of recharge to'

lz’ » o - |
Groundwater management models for Ross Creek Ba51n must

Laccount for evaporat1ve losses from ponded recharge as well'

: '
*;as the localzzed nature of groundwater flow.

::recharged under cl1matzc cond1t1ons that are 3 to‘4 C’ colderf'*f
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’vo,npotable wate o sustazn.himself and hxs act1v1t1es--the

ff r1se and fall of manygpast/c1v1 1zatlons can be d1rectly“

i

e llnked to the avallablllty of abundant and clean water:-l[f

'd,resources. Modern man and modern technology have xncreased

thelr need for water and thlS has resulted 1n the i

o

“.degradatlon of ex1st1ng supplles at an alarmlng rate. Th1s

-ff treno has led to wldespread pess1m15m and speculatlon in the

:fpopular l1terature. (e g Hunt and Garrels 1972 Powledge f_, L

Whlle 1ncrea51ng our search for good quallty water:h

E.isoarces however mooern technology has aldb lent mank1nd the '
’,{tOOls to delzneate,_oevelop and manage these supplles more
Hileff1c1ently In the past several years str1des have been v e
.,;vmade in the sc1ence of groundwater hydrology whxch al thvf.;ii
‘dgsoc1ety to more effectlvely descrlbe, exp101t remedlate and :;;:
protect the world s subsurface water resources. Advances in. -
Jthe theoretlcal understand1ng of reglonal groundwater flow
“}(e g. Toth\1§62) have provzded a conceptual framework for
’;the 1nterpretat1on of featurﬁf on a large scale, 5ucb as |
ffthose encountered in a._ typical pralrle bas1n._1n the absence:5“

'l'of detalled data, accurate deczs1ons about the nature and

$e1“patterns of . groundwater flow systems may stzll be made

”'for answers.-"

———

w1thout haV1ng to turn ‘to more (and expen31ve) test drllllng i

oo f\j



'5”~ﬂ¥¥§ & thorough gather1ng and analys1s of tﬁf data that are

-"f chem&str1es and exlstJng well data are ea511y collected and
?5ffcomp11ed 1nto USeful 1nformat10n..W1th the a vent of

"ff%decades and the relatxvely 1nexpens1ve nature of these

'ﬁ-hftechnlgues.

S exploratzon 1n 196:. It was Hendry et al (1983) however,

:‘ﬁQPart of a complete understand1ng of

~_t-4\

?fxsotopzcrtechnology in hydrology over the past several

l

”jmethods, 1sotop1c analyses prov1de a further appl1catlon of

.

i reg1ohal groundwater ﬁlow theory to groundwater exploratlon

The use of mult1 faceted approaches 1n groundwater flow;

‘

'-1”system dellneatzon 1s not new' Harpaz et al proposed the

ﬁuse of 1sotopes along w1th more conventlonal technxques 1n a:

e
deta1led matrzx of needs and common methods in groundw ter
B

'”who descrlbed thls tﬁpe of approach as an. 1ntegrated" one,ff

: t'?_that through ‘the ‘use of as many techn1ques as the researcher_

o

frphas at’ hxs dlsposal a mult&ple 1nput system of checks and -

5:balances can be developed whlch w111 prov1de a clearer

\

-*ﬁnplcture of the real world than would otherwlse ‘be. p0551b1e ;7

The current study was undertaken w1th the pr1mary

Y

3 d\objecﬁlve of gather1ng, analyzlng and 1nterpret1ng 1sotop1c.

- —.—..—-

:' data on groundwater in: the Ross Creek Ba51n of southern

h

;lhlberta. These data were to be 1nterpreted ut11121ng an

"flzntegrated approach developed 1n a context .of the theorleS“
f-of reg1ona1 groundwater flow and analyzed 1n l1ght of knownh

V»_xnformatzon about the Canad1an praxrle env1ronment These“r"

?

iroundwater systemsp

avazlable.,Grounowater f1e1d mapp1ng technﬁques, groundwater



'fff;settxng of the pra1r1es would be achleved

,pychemlcal englneer1ng It 1s thought that these techn1§Ues :

o methods..These mocels prOV1de graph1ca1

"tracers in groundwa.er systems.,

:freal1zed by the other workers 1n the areas (e g Ophor1 f;?h”*”°

j”1986 Ophd%% and Torh 1983 1985) By fulf1ll1ng th1s

'iqfﬁﬁjectgve a further understandlng of the unlghe; ydrologlcal

A secondary purpose of the study was to reflne”the

B 7conceptual framework by wh1ch 1sotope analyses may be -

r-) B

7ﬁ7f1nterpreted Past approaches to model1ng real groundwater

— e

'""systems have been based on vast over51mp11f1cat10ns, man} of

"_‘whzch have been oorrowed from accepted tracer methods of'

(4

”'are best left 1n the laboratory where systems of plpes andbwz“

kﬁwell m1xed reservozrs are eas:ly descr1bed by mathematxcs'ﬁ

v

-under fleld condltlons mlxlng, heterogenexty and an1strop}'

'w:th1n the rock framework are the ‘norm, and thzs study hasa“ln’*’”

) tr1ed to model 1sotop1c age dates ut111zlng numerxcal

'v‘1ght 1nto the

transport of conservat1ve and sem1 conserv'_zve groundwatet:s

The structure of . the present study 1s as follows

= F1rst,'the background 1nformat10n for an 1ntegrated approach
'1w1ll be glven, and an. outllne of the methods oiﬂg‘ant1tat1ve".;ipl

tand f1eld hydrogeology and use of'groundwater 1sotopes

+

developed Second the de51gn of the study w111 be set out._ib
a’The conceptual and experlmental basis of the project wxll be"; .
nrd1scussed Th1rd the results cof the study Wlll be gzven andt”ﬂ

"j;w1ll be followed by a dzscuss1on and summary of the;



R

Basxn will be compzled and presented "@:faj:,‘: o
It 1s hoped that th1s study w111 prov;de a ba51s for;;-;h
:the w1se use of water resources 1n Ross Creek Bas1n and that
7i,the current pro;ect w1ll prov1de a blueprlnt for the future:h”z
gg?;_f;l;festudy of groundwater flow in. pra1r1e ba51ns. Perhaps somedayuf”ﬁ
riﬁfplanners wlll have the 1n51ght to utlllze all of the S
?whydrogeologlcal tools at *helr dlsposal 1n order to makejl
rf.xenllghtened ch01ces about the exp101tat10n of a valuable and.

::often scanty commodlty" the world 5 water,,:‘ A h*” e



-_became clear that the predlctlon of water deplet1on must be

L made w1th respect to proposed pumplng schemes._A*number o}

f{based ‘on - flow to pump1ng wells were brought forth Whlle

’h1full of over 51mp11fy1ng and partlally unrealxst1c’“"
passumptlons, tne'postulated well hydraullcs methods allowed
p for a mathematlcal examlnatlon of aqu1fer response and thus

"represented a dlstlnct ve area of research *n groundwater

' solutlon for tran51ent flow: to a well 1n a conflned aqu1fer

’.esystem wh1ch accounted for the propert1es of homogenelty,

“ZhijQuaﬁtitative*gethodseih.HYdroéeologyf 2

-j2 1 1 Aqu1£er Evaluatlon Methods

ihydrogeologlcal work today A proper and 1ntegrated approach
'gto’hydrogeology must therefore be - flrmly based on' i _g-»H\

-ﬂquantltatlve hydrogeologacal metbods.'?ij_pf".

'_groundwater resource exp101tat1on and development _as 1t A*

;solutlons to problems of subsurface water movement that were .

jhydrology

| 2. BACKGROUND INFORMATION

. .

Quant1tat1ve methods fprm the ba51s of pred1ct1ve -

i .4\

Quant1tat1ve technlques grew out of early worx 1n,

Thels (1935) was the flrst to develop an analytlcal :

‘1sotropy and hydraul1c 1solatlon from surround1ng geologlcal

Ghlts. Hantush and Jacob (1955) developed an analyt1cal

solutzon for pumpzng wells in leaky aqu1fer s1tuat1ons.

Later workers have developed methods of mathemat1cal



.“,

analy51s of wells under other, more general 5cenarlos

Along wrth determznatlons of permeablllty, effect:ve

izty and compre551b111ty, aqu1fer tests are useful

methods of quant1fy1ng the characterlst1cs of groundwater v

: systems These tests are summarzzed by Freeze and Cherry

(1979) and Krusemann and de R1dder (1979)

3 )

h"2 1 2 Groundwater Flow Model1ng

- The use ‘of quhnt*tat1ve groundwater flow modellno

'technlques began wz*h 19th Century ?rench englneer Henry L

.Darcy' In‘a’ 1856 report submltted to the C1ty of - Dljon fj%;hffﬁhfah

:‘7;Zdescr1b1ng the ppbllc water supply, Darcy publlshed the "1”

‘:bprocedures and results of experlments-performed w1th lengths‘dlhyfy
j‘°f sand f1lled plpe, and an eQUatlon that was later to: bear o

S §
: h1s name. In these exper1ments, water was 1ntroduced 1nto

~

-one end of a plpe and allowed to flow out the other, whlle

v the volumetr1c £

' of the p1pe,<l

';}manometers at each end recorded the hydraullc head at’ the
‘ *1nflow and outflow polnts. R | -

| . Darcy found‘that the spec flc dlscharge,;q, def1ned as *#ffaV‘

w rate d1v1ded by the cross sectlonal areaj'

4s 1nversely proport10nal to the lengtn of the i

’t1p1pe,and dlrectly proport1onal to the d1fference an water
h.levels 1n the manometers. If the proportlonallty 1s
717represented by a constant K the hydrau11c conduchlvlty,

| whlch is a functlon of the sand packlng 1n the p1pe,,then.~ . e

~.:]Darcy s law may be wrxtten as.;



CgTopewaya

'gjﬂsectlon of the pzpe; h- 1s the head 1n a manometer, l 1s the ﬁﬁf -

Jo

_u}ﬁlength of the pzpe and dh/dl is the hydraullcegradlent The ﬁiflif
- ”"e““°"-?~-f e
n_rbeen successfully der e o ;ba51c phy51cal pr1nc1p1es
‘;i_but 1t nevertheless allows for qUantlflcat1on of flow’

,ﬁ=through a porous ned Bh ln & s1ngle dlmensxon (Freeze and

‘H-*;Cherry 1979) Darcy s law has prov1ded the ba51s for jﬁu}'f;;}i_;-

lfnumerlcal and analyt1cal solutlons 1n hydrogeology., _v

n; Several exten51ons of Darcy s law allow for more »
‘% wreallstlc uses of the pr1nc1ple Charles Sllchter (189§)
U‘ll1nked Darcy 5 lau to the Laplace equat1on of potentla{.?:lii

'73 theory where part1al d1fferent1al eQUatlons are. applled‘ln')

| “~.V‘three dlmen51ons. Assumlng steady state flow through an

"“h;vuscOSItY 1“ Hubbert s appl1catlon, only permeabzllty

"1sotrop1c, homogeneous medium Darcy s law becomes' E

S BTR/BxT. 8n/byr 4 sinfbar = 0 Q Ctzey

N

Hubbert (1940) 11nked Darcy s lawgto phys1cal

‘“prlnc1ples by def1n1ng the concept of flu1d potent1al and

-

‘;exprestlng hydraul}c head in terms of energy Hubbert also '“

‘*dbroke K down into erms of permeab111ty, f1u1d dens1ty and

7’;rema1ns to be ascertalned for a part1cular aquzfer umfer
Sy A

,3emp1r1ca1 law. It has never{ew'ﬂ"



Loy

"exam1nat10n and, as dlscusged above. many permeab111ty__. o

: evaluatxon methods are now 1n constant use.;ujﬁ_ﬁ”;TJV““*

'Q} recharge area, the creﬁfé are a dlscharge lzne. The arrows _f'

through the system. f}jfdd

_;Hubbert (1940%&also sketched a flow net for a’ typzcal

0

vfl,gy cross secfional conf;gurat1on of hzlls and valleys. In d01ng

so he grapﬁzcally demonstrated the effects of topography on

groundwater flow patterns. Fzgure 2 1 1s a‘reproductlon of

groundwatenﬁflow sAstem owﬁ;he valley flanks and leaves v1a n

the stream bed The upland reglon 1s con51dered to be a

e
on the dlagram are streamlxnes wh1ch trace the path of wa*er

5
-

Toth 1ntroduced an analytzcal solutlon for heads 1n a

bas1na1 cross sect1on (Téth 1962 1963) He was able to
dlst1ngulsh between dszerent tyg&g of groundwater f10w f-;ﬁ'
systems,‘as shown 1n Flgure 2 2 Local flow systems were
def1ned to exlst between adjacentutopographlc h1ghs and

Ty

lows- 1ntermed1ate systems m1ght 1nclude one or more local

_Ev

;7.flow reg{mes Reg1onal groundwater flow sys*ems are f?{;/. ;;
| recharged at the hlghest p01nt and are d1scharged at the 2

lowest po1nt 1n a bas1n (Toth 1963) .pf ‘*[ U;i"f.”e,“r.ﬁlﬂvt

The analytzcal method of head calculatxons, wh1le i.f‘

useful m1ght have fallen 1nto d1suse had 1t not been for

S L}
'{_;cumbersome procedure of apply:ng long analyézcal solut1ons$

to large baszns,vﬂtthough for a t1me, electrxc analogue

*h:f;ﬂérnubbert s orlglnal (1940?‘flow net Water dnters a 'ﬁg?fg;v?{fféi7

' fgfythe advent of numer1ca1 methods and d1gztal computer' o *iiﬁ,%

h*;techn1ques 1n the 1960 s..Computers drastxcally 1mproved the'*
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%\Van der Heijde et a11£(198=) llSt over 550 computer models

v&:vsense 1f used alone. Freeze (1969a,_1969b)*prov1des an

.L.: ‘e

enszonal system

; Preeze (1969b) and Freeze and W1therspoon (1967) preSented a .

,;,l .

ff1n1te dlfferenog approx1mat1on of the twp d1men51onal
hgroundwater flow eguatlon and*because of the. use of
”lcomputers, were able to hlter model parameters such as
:t.geologY, reglonal slope and topography The result was. a

' '.useful demonstrat1on of . how real groundwater flow systems-*

J.
. ‘ L%

Followlng the work of Freeze aii others, the use of

compu*er modellng as a predtct1ve tool became a w1despread

nhpractlce In the 20 years 51nce the 1n1t1a1 work of Freeze,‘

"nand others, a; varlety of groundwater models have emerged

=2

jhthat.descr1be varlous aspec{s of groundwater flow Many are

o able to take 1nto accouh‘ 5uch functlons -as hydrochem1cal

.

Areactlons, heat transport and management practlces, but most

are based on Darcy S law and some form of the cont1nu1ty

Ceguation. T

Desplte thelf sophlstlcated nature however, groUhdwater

’:"models are seldom useful na mbre than a. sem1~quant1tat1ve

.

hpexcellent case. hlstory oﬁ the meldlng of. gompu T modela and

—

{

o

: other groundwater dellneatlon technzques. Hendfy et al S ;A'

'1(1983) cal1brate a computer model UtlllZlng geochemlstry and

- “

Jwell data. by work computer modellng must be comb1ned w1th

"other hydrogeologlcal methods,'



: 2.2 ﬁ{eld MappfngcTechniques 'fff'

’ﬁ2 2 1 Phys1cal Phenomena
In add1t1on to the quant:tatlve predlctlpns of S
'::groundwater cdnd1t1ons that are @fforded by aqu1 er ?';‘ .

A

“-dﬁevaluatlon technlques and computer mEdellng,.the occurrence

:'of groundwater may be dlscowered by reconnalssance f1eld

',mapp1ng. By ut11121ng a: systematlc mapplng technlque 1n much','

E»the same way that any geologlcal exploratlon 1s performed

L)

K g ounowater features su-h as: recharge and dlscharge areaS"

’;may be " located ina gu1ck and cost effectlve manner..;'

The sc1ent1f1c appllcatlon of surf1c1al groundwater

_mapp;ng on the Great Plalns began wlth Meyboom s descrlptlon:y

of the "Pralrle Proflle (1962) He noted that recharge on. ’

'”}the tlll covered plalns occurs. 1n topographlcally hlgh

tvareas, whlle system outflow is. man1fest as: r1vers and/or

evapotransplratlon 1n topograph1cally low areas.LHé states

that_mapplng of groundwater flow Systems may be accompllshedf

1n a cla551cal geoloolcal fashlon- that 1s by means of a

.
large number of outcrops (1962-10) Later workers, notably K

Toth.(1966) extended Meyboom 3 or1g1na1 defznltlon of

.groundwater outcrops to 1nclude surf1c1a1 features that

-_1nd1cate flow coggltlons and human 1nputs on the pralrles“"T;l
The systematlc dellneatlon of groundwater outcrops 1n R

th1s fash1on prOV1des a tool for hydrogeologlsts to descrlbel

'_‘large scale groundwater flow systems in the natural

'environment Such features as sprlngs, seepages flowing‘
: R . * '

.{f;ﬂ e Lo ‘é :

i
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oAy S
.2a2aﬁ/Cﬁémical‘Phenomena

wells gnd salt prec1p1tates denote dlscharge reglons, whxle i
good qual1ty water dry depre551ons and topograph1c h1ghs

1nd1cate recharge zones WOrk by rrebman and;Toth (1984)

Freeze (1969a) Llssey (1968) Meyboom (1962 1966) Mollardf:

(1970) and Toth (1966 1972) have dgne much to establ1sh

_ solxd l1nks between f1e1d features and groundwater flow

cond1tlons. Freeze'(1969a, 1969b) Ophor1 and. Téth (1983)
’ ~—

and Toth (1966) prov1de comprehen51ve studles demonstrat1ng

uhe appllcatlon of mapp*ng phy51cal groundwater phenomena

for pralrle surveys.. 0T ol

ffffgf”f%ue_fu;:;hhh':;fuft?bhi,_vfu-fftf‘E“hf

In add1t10n to the not1ng of physzcal f1eld features

o for use in groundwater mapplng, several cnem1cal phenomena"

may alsolass1st in the qua11tat1ve delxneatlon of flOw.g,g

systems- The methods are based on the 51mp1e pr1nc1ple that

‘as water moves in the subsur ace, 1t acqu1res an 1ncrea51ng e

IQUantity of’ dlssolved constltuents and undergoes an overall

- chemical. EVO;UtIOn process. As stated by Freeze and Cherry

IR

"It has been observed in groundwater 1nvestlgat1ons Ln man)

parts of the world that shallow groundwater in recharge
. / .

p areas 1s lower in dlssolved sol1ds than water in shallow

: zones in the dlscharge areas” (1979 241)

The Chebotarev.sequence is- often c1ted in descrlblng

the chemlcal evolut1on of the major 1ons found in

.

groundwater. ThlS emp1r1cal observatlon was based on the

1nterpretat10n of thousands of water chemlstry samples from

.v‘-

a3

,]



e v , 5 57?*5 S L ;,lefjf;;i
‘l;the Grea* Artesxan Baszn of Australla. From these analyses,-,IVh‘v
‘dlLChebotarev (1955) noted that groundwater changed from a |
_b1carbonate water througﬁ‘a dom1nantly su1phate water 1nto a

'\"fchlor1de water as 1t travelled along 1%5 flow path

Back (1960) found a typ1ca1 chemlcal evolut1on %%ttern

‘,'1n groundwater of the Coastal Pla1n aqu1fer of the mxddle Vdij'iffﬁus

o @ :
"Atlantlc reglon of the U S..‘He carrled the Chebotarev }'

"1.sequence oneLstep further by applylng t&e pr1nc1ples of
'hstratlgraphlc faczes to the major ion areas of the aqu:fer:~~
J:;Back 01960) deflned ooth catlonuc and an1on1c fac1es ano |
jpostulated that water in. the Coé%tal Plaln aqulfer could be
:fitraced from recharge to dlscharge zones by followlng thése o
\ifhydrochemlcal unlts.x" | |
81m1lar patterns have been observed 1n other»f
/groundwater settlngs (e g. -Back and Handshaw 1970- Issar and -
-,‘Rosenthal 1968 -as reported 1n Téth 1$80) Freeze (1969a)..w
.and Ophor1 and Tbth (1983) have prov1ded f1eld progect |
h1stor1es where hydrocheq1cal fac1es evolutlon have been

; -ﬁ? ut1llzed to map groundwater flow systems on the Canadlan 3

j“'prairles.

KONy

o~



‘,2.3 Isotopes 1n Hydrolqucal Studxes ””f: :.1.; SN

' LJZ 3. 1 The stable asotopes _‘M o e _
| The stable 1sotopes of oxygen ~ 18 ("0) and Deuter1um

(D) are useful t0015 1n hydrogeology,,for they functxon as

fenv1ronmental tracers. Un11ke most other groundwater tracers TT

Loy e

' honever,"'o and D are both a component of the water
:xffmolecule and are. conservatlve 1n that the 1sotop1c content
o‘ g'oundwater 1s generally not altered by physzcal or |
’chemlcal processes 1n the subsurface. The 1sotop1c content.
'V_1s generally f1xed at the t1me of recharge and 1s carrled
I unaltered to’ the p01nt of dlscharge.{:h" -

]

ﬁ"may be caused by

: [
1 .
R N

o

ftf“Seasonal dlfferences 1n meteorlc prec1p1tat1on values of

'hiﬁhoa-o and 6D~“7g ::7tiaQ'ii,h§&ur :

L

eegtf1Di£ferences:in-thejaititudeuof°recharge;_-]

:Q.':Temporalyand:clinaticueffects;

Rt B L
. ~\‘

-j,g{;'lsotop1c fractlonatlon processes, 1nc1ud1ng evaporat1on
In theory, stable 1sotopes may be ut1lxzed w1th1n the

'f'context of 1ntegrated regzonal flow 1nvest1gat1ons to

,dellneate sources and cond1t1ons of gg@undwater recharge.f
Us1ng tth recharge 1nformat10n, 1t may be p0551ble to.

:formulate a model of reg1ona1 groundwqter flow in a reg1on)
S : T BakEe :
"‘”“*?,v "»‘,'"~l‘;_”‘f’f'5;'» R

Varlatrons 1n the 1sotop1c srgnature of recharge waters

_.__.—.—-—————‘_.



In add1t1on-‘the un1que stable 1sotope content of a |
partlcular water may allow for that watef to be used as a

tracer 1n a st\dy area,_,_f7“

”;ié's : 1 Background _.iw_ﬂ;f;iaixaagig{__“ e
e hf?h“. Potent1aI~appl1cau1ons of the stable 1sotopes of
s e oxygen and hydrogen 1n hydrologxcal work have been well?
bf_;understood for over th.ee decades.‘Follow1ng the Secondd

T_ZWorld War, work at the Unlver51ty of Ch1cago by a group@;"

led by H C Urey resulted 1n the perfect1og o; a double;:f¢'-

e collectlng mass spectrometer for anary51s of the &1ght

:~fT<stable 1sotopes (McK1nney et al 1959) Throughout the

1950 s, worldwlde surveys of 1sotope ratzos in varzousvj.yfo

'.”substances were publlshed, w1th much attentlon focused e

eon the pa1rs."’C/"C° "O/“O and D/H (e g. Cralg 1952
E f'1957-'Epste1n and Mayeda 1953' Fr1edman 1953)

In natural waters, 1t soon became clear that the

”-D/h and "0/“0 rat:os were hlghly varzable (Epstezn and,fl"‘

v'Mayeda 1953- Frzedman 1953) It was not unt11 10 years

"f7later hovever, that Harmon Cra:g demonstrated the*:{lZ'
. L

y J"d_;:. b"systemat1c worldwlde relatzonshlp between 6D and 6"0, a.

. ‘ o funct1on that became known as the meteorxc water llne-
ai(Craigu196i) Subsequent work by Dansgaard (1964)
€Idemonstrated the extreme llnearlty of the 6D/6"O
'“covar1ance found 1n prec1p1tat10n samples taken durlng a;ﬂ'

SRR T S
T .




“'}worldwlde survey conducted under the ausplces of the

u;}Internatlonal Atomlc Energy Agency and the wOrld

‘“*ff;Meterolog1cal Organ1zat10n. The values of 8D and 6 ‘O at

8 SpeCIflc locatlon are dependent on the temperature at‘Jl#”Hff’

: whlch the condensatlon of the preC1p1tat1on occdrs and
'Lththe 1sotop1c content of the vapor reserv01r from whlch
‘b”-ffthe condensat1on derlves..Thus, stat1ons of 1ncrea51ng
ﬁiF:latltude and altltude have decreaSIng D/H and “O/“O
';;ratlos Flgure (2. 3) shows the meteor1c water 11ne as
Edflrst glven bv Cralg (1961) and latEr mod1f1ed o}
"Dansgaard (1964) to account for seasonal fluctuatlons 1n f
';drthe quant1ty of prec1p1tatlon collected at each stat10n., _
'd;fAs is apparent from Flgure (2 3) the worldw1de we1ghted .
ﬁw;monthly means of 6D and 6"0 1n prec1p1tatzon exh1b1t
-”hlgh posxtlve correlat1on Gat and Gonf1ant1n1 (1981)
:'glve a correlatlon coefflczent of T e 0. 997 for 74
stat10ns.e*; _ | | o |
| The slope of the me eorlc‘water llne appears to be d

frvery close to that der1_ed durlng column d15t1llatlon

under equ111br1um cond1 1ons (Gat and Gonf1dnt1n1 1981)
'Alr massbs wh:ch derlve from surface water bod1es such
as.’ the oceans (6D 6"0 = 0. 0 /oo vs. SMOW) move across

| the contlnents and progre551vely raln out"_the heav1er

’ 1sotopes, resultlng in a- res1dual mo1sture that becomes

: .1ncrea51ngly enr1ched 1n the lzghter 1sotopes. Th1s 1s

known as the contlnental effect“ Hage et al (1975)

L rqglewed the raln out and contznental effects on\1nland

+
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‘prec*pltatlon ﬂEffects of extreme var1ab1l1ty of 8D and

6"0 may be expected for 1nd1v1dual storms occurring 1n

tne m:ddle of contlnents. ';'_ s .
wHowever the dlstlllatlon of ocean water bodxesu

'i"does not occur under condltlons of c0mplete equxllbr1um

. !
) and rain along the coastllnes of cont1nents does not

usually have an 1sotop1c value of 0 /oo.lFOI thlS reason
_uthe 1ntercept of the meteorlc water 11ne 1s not at éDléf'
"vO 0 ,oo.‘In addltlon, the movement of a1r masses over .
Atig vg.jd13areas of hlgh altltude wlll cause 1sopop1c enrlcnment in
vnexcess of the ra1n out effect. Flgure (2 4) 1s a.
schemat1c deplctlon of a typ1cal change 1n 1sotop1ci*
f#}. values.that mlght be expected 1n prec:pltatlon from
'1fimov1ng air- masses as a funct1on of altltude and
'J;;':contlnental effects.‘Raln out effects wlll cauSe
..Rproport1onal sh1fts 1n 6"0 and 6D and result 1n
,movement of 1sotop1c levels 1n a gzven water that are . ‘n:iéﬁﬁfj;
L3 . . : ’ :
‘3parallel to the neteorlc water llne.vOther/processes,'
3 some. of whlch »111 be dlscussed/later, cause the uf'lﬁlf"ig;ﬂj;
.fhlsozopic.values of a water to plot off the meteorlcv”v‘t".lf5”f

f:water l1ne.;: o | | o
: The markedly'lxnear relatlonshlp between D and ‘fd
'hhﬁ gln meteorlc waters has rendered these 1sotopes very
Tuseful in hydrolog1c%1 studles. In reg1ons 11ke Alberta,;;

»the annual contrast in the 1sotop1c content of heavy

—d

"‘Hmeteor;cgwater ldne'a,strazght;
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N}?ievaluated as to the1r relatlve poS1t1on' changes 1n

‘ author 5 knowledge, no studles of thls k1nd have been

';d2 3 2 Stable 1sotopes as hydrolog}ﬂal tracers

-gluseful dellneators of m1x1ng between water 50urces w1th

:

-ﬂ;dmeteorlc water 11ne may be attrlbutedgto effects of
”*ftemperature whlle changes that result qn a sample :

irplottlng off of the l1ne have to be exPlalneafby

e

?jdnon-Rayle1gh fraéh;onatzon processes.,»fﬁ?[e*"'""'”'”"”

-

- £ g S
) In many hydrologlcal studles, stable 1sot0pes are

- ;d1st1nct1ve D and "O values.:Thls ls perhaps the least

Q-

sophlstlcated use of the stable 1sotopes, but may glve j%~‘“

ﬂk

'Wtan elegant tracer result Examplei off h1s type of

~

(1976) performed base fl W analyses durxng a runoff

;hygizgent from a razn storm havzng a unlque 1sotop1c
RNt

51gnature. Compar1son of the SD values of rlvers g1ven_

by Brown (1970) and those 1n prec1p1tat1on by Dansgaard

(19!%) and Hage et al (1975) show that th: potentlal

exlsts across much of North Amer1ca for th

_ of 1sotop1cally llght r1ver waters and heav1er 1ocal

groundwaters Aif. the groundwaters are assumed to reflect

the average 1sotop1c content of area prec1p1tat10n.(1n
the Edmonton area, thlS dlfference may be as much as

>

10 /oo for 6D and 2 /oo for 6“0 however to\the

.-

Hon .

eriment are presented 1n groundwater studles by Fr1t2’

(1976) and Payne and Schroeter (1978) Sklash et\’

separation e

*;nisOtoplc content or groundwater that are parallel to the'hf‘f?'*"

~.



kiéithls tYPe of approach

'}fvary between 0.1

N snow (Moser and Stlchler 1970) The altltude EffeCt is

"°re1%§f

2 3 1 3 Tne al&zﬁude effect

'-..:,‘* _J

decreas1ng vae
tempe‘gsure contﬂ :J_‘

: T
rellef the altltude effect" may be used to 1mply

(frecharge areas of a’ specrflc elevatlon..Thls technlque
- %

has been employed most successfully xn SOUthe:n Europe,ff;vjh.hﬁ

In almost all cases,_a regreSS1on l1ne 1s’

ffcalculated from the 6"0 or 6D of prec1p1tat1on and/or

rf“wher; extreme elevatron changes are hlghly conduczve to_;fh'

glocal groundwater. The 1sotop1c content of study waters _;i

"_are then taed to a spec1f1c alt1tude of recharge f'

ap’iut1l1zzng thlS relatlonshlp A summory Of PUbllShEd

'“altltude effects 1s gnven 1n Table 2 1, and s seen‘to

°/°o and 0. 5 /oo 6 'O per 100 mete.s
fofvelevat1on.. one study the altltude 11ne was plotted
as a negatlve value ‘when- derlved from snow samples,-

lhowever th1s was attrzbuted to the 1sotop1c a ng of -

]fseen as a- useful tool for groundwater recharge

'id@i&lflcatlon in. -areas wlth substantlal topographlc-'




NIt » - ALTITUDE.
S TYPE OF ° - .STUDY4 e UUEFFECT
CWATER - T LOCATION . . (0/00 PER M)

INVESTIGATORS - ...

N

. PR

“. GROUNDWATER ' "
_GROUNDWATER . " GREECE ~ . ... 0016 .
CPPT T ITABY D Y 001 t- 0084 -
S GﬁQUNDHATER~. " .CANARY:. - .. . .0013-.0025
i . e _.{SLANDS S o A

.| © 'GROUNDWATER ~  GREECE .. = 0021
[#Pt . AR & 7 VS 2N  ;g‘v ' 003 Y

. PPTTAND T [ JURA ALPS . ' . :0040-.0020
“GROUNDWATER = . | RS 0- 00!

“PPT AND: .. . ' 'NICARAGUA -~ | . 0020- 0031 - -

BAYNE AND YURTSEVER(1874) % °

CSTAML-ET AL.(1974)

«

FONTES . AND ‘ZUPPT( 1976)

GONFIANTINT €T AL~ (1976) & .

-

" KALLERGI'S "ANDLEONTIADIS(1983)

- T,

. BORTOLAMI ET AL.(1978)-

 STEGENTHALER E¥ AL (1970)

.

.

" s Table 2. 2.1, Values of altitudd
Lo the 11terature. ,
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’éffeéts;ff§m”'“~
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2.3.1.4 Stable zsotopes as paleocl;matlc 1nd1cators

* Isotop1c fractlonatron processes affectlng the 6"O,¢,f'f

' ‘and 6D of p:ec1p1tat10n have 'S0 . rar only been assumed to

. / . . .;».

| hfalter the 1sotop1c content of water 1n space. However,
h:as groundwater studles often deal w1th water of

on51derable age and 6"0 in prec1p1tag}on 1s well known

. to be dlrectly related to’ temperature (Dansgaard 1964)

'°yf1n many cases 1nformat§on about paleocllmates may be

1_" -

."ylelded by analvz1ng the stable 1sotope content of
"»groundwater " '

Groundwater samoles conta1n1ng levels that are” less_v7'

‘l

‘ than present day valﬂes are usually found to be

L

A’co1nc1dent w1th age§}¢{ several thgusand years ThlS haSj

'S

”(Salatl etval 1974) and ‘the Mzddle East (Bath et’ al

N &

'1978) 1In Manltoba, Frltz et al (1974) found depleted

,‘levels of 8''0 and 6D 1n water samples dated gt over

10, 000 years old Attempts to quantxfy the changes 1n

are g1ven by Clayton (1981) and Gat and Gonf1amt1n1“

Complex patterns of 1sotope values also may be

"manlfest 1n groundwater due to paleocl1mat1t changes.‘

These have been analyzed by Beck s} al, (1978) Alrey et

‘val (1978) and Sonntag et al (1978)‘ 'erllng (1984)

1nfer perlglac1al coastal and monsoonal weather o

"been noted in Afrlca (ﬁlncer et al" 1974); %outh Amer1ca’l

".annual temperatures represented by stable 1sotope shlfts'"‘h"

,ut1lzzed 6"0 values in so11 waters and carbonates to ‘ff



| e,,\\patterns duﬂlng the Qua*ernary perlod in the contlnentale

North Amerlca. It 1s not clear why ev1dence of thet.ﬂ'

. "Altlthermal"t a per1od of warmer tnan present clinates
; : _ Y o

L}

1n North Amer1ca, are .not noted in waters 3000 to'lIOOO‘
years old (e g Hendry 1986) "y;‘ uiol’; |

f5> ff‘ 2,3 5 Evaporat1on effects

-

R

'water result-ln proportlonal ShlftS in oxygen and

S a deuterlum Several mechanlsms ex1st tha* cause natural

waters to be sh1fted off of the met‘brlc water llne.

Non equ111br um evaporatlon 1s an 1mportant example

] o

of ‘a proceSs that resul*s in a Shlft w1*h !‘6D/6"O

A

: slope that is. 1ess than elght If wateér is allowed to-

o : evaoorate 1nto an atmosphere whereﬁequfllbrlum betweenv

the gaseous and llOUld phases\Ys not achleved then the

re51dual fluid\hecome 1ncrea51ngly rich in the stable

1sotopes and thlS process wlll affect oxygen “to- a,‘
' greater extent than hydrogen. A slope of less than elgh*
} : on a 6D vs 5"O-d1agram w1ll result Cralg et al (1961)
\\\/f*p . found that worldwlde evaporatlve llnes had slopes of

‘ area where a hlgh evaporgtlve potentlal exlsts must

examlne the 1sotop1c values in order to. detect

evaporatlon. M1s1nterpretat10ns mlght resulg 1f one were

'~'to analyse water samples for one stable isuiope and drau"

"conclu51ons about the d1fferences in 1sotope levels

.

w1thout ana1y21ng for ‘the second 1sotope. S )T'

Not all 1sotop1c fractxonatlon proc sses actlng on

'z—/‘between 4 and 6 Thus an 1sotop1c survey of water in an_~ ,
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]

T DT AR PRSP S T S A
.Bffcrts to quantlfy\evaporatlon effects utrllzlng '

early enthusxasm ror tne potentlal use of these tools. o

f‘u'@ﬁ, 6D and 6"0 have met w1th only llmlted success, desplte

The l1m1tatlons of the common méthods by whlch
evapotransplratlon 1s calculated are- well knownj(e;g{a
, Freeze ‘and Cherry 1979 Qartena 1974) . Cra1g et'al;b:'r
3 (1963) and Crazg and Gordon (1965) attempted to déScribem
' 5 emplrlcal relatlonshlps as well as derlve the ba51c | |

parameters of 1sot0p1- fract10nat1on durxng evaporatlon
\ -

These equatlons have been summarlzed and 51mp11f1ed ov
‘_ Gat (1971 1980) Gat and Gonf1ant1n1 (1981) and Whelan

‘“-,'~and=Frit21“197/) but -the modern researcher 1s left w1th‘

' only a. veryAcrude tool for calculatlng evaporation us1ng:
1sotop1c means. Constant values of 1mportant and» : v{l‘ ah'
non constant pa*ameters such as hum:dlty, w1nc speed and'
1nflux to the evaporatlng water body have to be assumed N

) (Gat 1971) Saltlng effects beg1n to be 1mportant at .

¥ later” stages of de51ccat10n (Frledman et al ‘1976 Gatg
v1980) ‘as’ does the slope of- the 5D vs 6"0 f%nctzon
Recent research by Knaus h and others (1986) at ‘Arizona. g
State Unlver51ty has suggested that near the end of
evaporat1on the evaporatlve llne takes on a parabollc

) shape whlch 1s in sharp contrast to the llnear trends
assumed by most researchers. ThlS may explaln ‘the -
greater than 50% error that 1s expected.1n evaporatlongf‘

h estlmates even when good data on system parameters ar ei,

ava1lable (Zlmmermann and Ehhalt 1870). .



»

o ra1nfall ;n reglons of unusually lpw“humldlty (Ehhalt et

"alj 1963; Gat anc Tzur 1967 Leguy et al 1983)

'f'water, ralnfall and/or surface water bod1es results zn'}”",

o 1sotop1c fractlonatlon very l1ttle ev1dence of 1sotope5-'

to accountafor the evaporatlve s1gnature tbere. Dune

: Undaunted by the 11m1ted theoretlcal and laboratoryfg'“"

Lo

: tos . o
g suucess 1n predlctlng evaoorat1on by the 1sotop1c fﬁ*QSG

however numerous studles have appeared in whlch the

water balance of lakes have been estlmated ut11121ng GQf“

and 8“0 (Dlncer 1968 Barry and Merrxtt 1970; D1ncer %t_i]ﬁ:
e

al.~1979n'Payne 1970) . 5011 sc1ent1sts have also

attempted to estlmate the amount of 1nf1ltrated water

that ‘is lost from the so1l due to evaporatxon' llkew1se' _

wzth 11m ted results (Allwson 19.Q All1son et al 1983;tf

llson ana Hughes 1983 B, nés and AlllSOﬂ 1983 1984;

J\.,,‘

' D1ncer et &l. *1974a Z;mmermann et al 53967) shGVed

i . ‘
¥ . 3‘*

thatiplant transpﬁragﬁon resulted in’ a negllglble

Evaﬁoratlon has been’ observed 1n

1 sotop1c &enr&chm#‘

< .
"5).;

,.

<.

Desplte the fact that evaporat1on actlng on 5011 fff'“

o

enrlchment due to evaporat1on Hé! been noted in f’_ﬂ ‘dY

groundw35er samples. Exceptlons to thls are two shallow

. SRR ,“”
' wells 1n Quatar whlch are reported by Yurtseveriand"

‘we

Payne (1978)' a few samples from the eastern Sahara'

4

(Conrad and Fontes 1970) ‘and groundwater samples '_r o .haig

u
D

collected near the Ch1mbo R1ver (Payne and Schroeter

1978) . Ponded recharge to the Quatar wells is, bel1eved “ﬁf_~?

v

evaporatlon causes the eastern Sahara wells to be

. 1



"\".vUn1vers1ty has found that theserw

’

"fractionated whlle the 1nfluent characterlstlcs of the f

'e_Chlmbo szer prov1des a source of evaporated groundwater”

in the Payne and Schroeter (1978) study

‘;2 3. 1 6 Deep ba51n 1sotope effects

e Non equrllbrlum evaporatlon is not Q&e only PFOCGSS.A

‘by wh1ch waters can become enrlched 1n the heav1er

: 1sotopes. Deep ba51n waters are often found to plot to

the rzght of the meteorlc water line (e g Fzg 3).
This 1s due to at least two' reasons'-"‘ |
1. eH1gh temperature rock water 1nteract10ns can result ;‘
gln exchange between oxygen~depleted waters and
oxygen enrlched rocks Slnce 11ttle nydrogen exlsts_*'
'.1n most rocks, thlS wlll cause the re51dual fluzd to'
_t be. enrlched‘ln."o as opposed to D These effects‘n

v

» ‘are dlscussed exten51vely by Sav1n (1980)

Z;T;Formatlon flulds have been noted to contaln more f@Ot'

'ithan ﬁkwhen compared to meteorlc waters., ThlS‘haS
' been noted for several stru"tural basxns 1n Nortb
F‘Amerzca by Clayton et al. (1966) and Verlfled in the:;
:;HAlberta Ba51n by H1tch0n and Frledman (1969) The ;

ireason for th1s sh1

_rhas been much debated but
recent work by Knau?ﬁﬁind.others at Arlzona Statu

K]

| ’v',
)J'

fects mag,he*due

4

to evaporatlon contemporaneous wrth depoS;tzom.of "

it

' uthe sedlments (P Knauth unpub11shed data, 1986).

%




=~

e

Te

2.3.2-§adioaCtive'tritium

' The 1dent f1cat1on of post-1952 water 1n the subsurface haS"

- v1t contalns It is est1mated that pre bomb"’trltxum values

: years~ the ocean contalns almost exclus1vely "dead" leVels

;fd Meteorlc treﬁas are expected .o occur 1n shallow
v-’p

ystems unless a means of m1x1ng w1th deeper:ffmv=~.
waters 1s malntalned Thls was oemonsrrated by Alrey et jffc:

"ﬁal. (1978)‘who showed that water from the Great Artesxan y;'f
Ba51n of Australla, desplte ranglng 1n ages up to. 3 5 x-'f
w105 years, plotted as meteorxc on a 5D versus 6“0

d1agram No ev1dence of exchange thh the host rock or

..-Z e o T
o

m1x1ng wlth formatlon flUIdS over that t1me was. noted o

-

.

The bulldup of nuclear arsenals has had few benef1c1a1

L =

effects ‘or the world but the 1nfu51on of. large amounts of

tr1t1um 1nto the atmosphere dur1ng the perzod of open alr ,'“‘

testlng has at least been of some,help 1n hydroc!%F ogy

been 51mp11f1ed because of the h1gh levels of tr1t1um that

B _were less than 2 4 tr1t1um un1ts (TU)Lubut levels 1n Ottawa,

o

Canada ralnfall reached a maxlmum monthly mean concentratlon.'
of approx1mately 7000 TU in. the summer of«1963 after th@m\;g

last major. open ‘air’ nuclear teSts by the superpowers (Freeze

L and Cherry 1979) At the\same t;me, the monthly mean of

Alberta peaked at over. 802£'TU as the m1ddle of contlnents

~_ had much hlgher values of trltlum thah d1d coastal areas

durlng the per1ods of max1mum fallout (Erlksson 1967)

However, because the half llfe:of tr1t1um 1s only 12 35 - ,)

"u

. . . . .- 5 . "‘



Zt\ytfof tr1t1um Whlch only slowly m1x wlth‘atmospherlc vapor; and
"_dfpolltlcal agreements have halted fresh 1nputs to the | '_ -
VI‘atmosphere,.tr1t1um levels have plummeted 51nce the earl ” ;d’
' ”1960 s (Ferronsky and Polyakov 1982) In 1984 85 trxtzu-rXr:'-3
.values in Alberta prec1p1tat1on averaged 28 TU but | |

- fluctuated between 10 and 70 TU (D Arnold unpubl1shed bl'

“e

"_data) Sgw' ;_(f | jf_ '_‘ j,";f‘i.* :; L

,f Unt11 recently, tr1t1um has been largely the tool of

'5011 sc1ent15ts in: hydrologlcal studles..Many 1nvestlgatlons

",

v-_:u51ng models of 1nflltrat‘on flux through the unsa urated

~

uj'zone have callbrated the bomb tr1t1um 1nf11trat10n proflle

'i;jas a. tracer (e g AlllSOn and Hughes 1974 Desaulnzers et ,uf-t
15al;'1981- Thoma et al 1978) Groundwater studies have
"hlstorlcally done llttle more than to dlStlngUISh between

dﬁipre and post 1952 recharge (e g. Hendry 1986 Mazor et al

-1974) Recent ‘more sophlstlcated uses of tr1t1um ﬁ?ovzd ”f

a

]encouragement for the ut111zat1on of tr1t1um analyses ln |

stud1es of reglonal groundwater flow. The work of Egboka et

x'fal; (1983) and Herweljer et al. (1985) w1ll be dlscussgd at e

more length below.

‘;f_‘2 3. 3 Carbon 14

The use of carbon 14 (“C) as a tool in age

deteﬁg1natzon of weter was flrst proposed by Munnlch (1957)

f'after W.F. leby ploneered techn1ques fo; the datlng of

.carboneous materlals. In theory, groundwater age dat1ng 1s

| V’uncompl1cated Although “C 1nputs to groundwater recharge



- 3'1'{,‘, )

'p‘have not techn1-ally been stable over the past sever;ﬁ
thousand years, “for groundwater dat1ng 1t 1s usually assumed

ffthat levels of "C 1n prec1p1tatlon nave rema1ned constant

e

~‘:unt11 the last 40 years (Mook 1980) Slnce the advent of

-

thermonuclear testlng g levels have approxxmately doubled

In the atmosphere, “C oxldlzes to form coz wh1ch is’ “\_“ ",'img

"ﬂy1ncorporated as dlssolved carbon in 1nﬁ11tratlon ‘water,

’“d.d1ssolved carbonate 1n groundwater systems 1s large,'and :

4

g becom1ng 1solated from the atmosphere and tbus supply1ng a»:;""
‘means for datlng the carbon if groundwater e atoms break
down 1ntc a,nltrooen a om and a, g part1cle"a process whlch
obeys the law of radloactlve decay By measurlng the LT
'act1v1ty of the dzssolved carbon in a groundwater sample,-
fone may ascertaln the amount of rema1n1ng 'aC and thus an
:hestzmatlon of the absolute age of the groundwater may be
.made. The radloact1ve half llfe of "C.ls 5750 years and

_thlS allows for the va11

datlng of carbon contalnlng
»mater1als up to approxlma ely 50 000 years old
Ir practlce,"C datlng in groundwaters 1s not very

-_strazght forward however The number of sources of

because each carbon source may have a unlque f‘C 51gnature, A ‘,';!
. B 3 J R |
=follow1ng carbon inputs along flow paths is: an extremely ‘ oy
R ¢

complex geochem1ca1 pﬂbblem (Mook 1980) Desp1te systemmatzc »_2/
e

o complex1t1es, many groundwater stud1es have utzllzed "C as’

an’ age 1nd1cator._Vogel and Ehhalt (1963) demonstrated the
f exlstence of two dIStlnCt groundwater layers in a

'j_Netherlands aqu1fer. Back and Hanshaw (1970) and Pearson and



9

'water 1n the Flor1dan aqu1fer u51ng equ111br

‘gpr1nc1ples."

2.3.4'Othervisotopes

;Hanshaw (1970) successfu1ly mapped the southward flow of

Other workers have found that the uses of age’ dat:ng

| fdfw1th e are extremely l mlted wlnograd and Farlokas (1974)_-f

',”found that the generatlon of COz downgradlent from the

o

ﬂ-recharge area of a New. Jersey aqulfer 1nva11dated
tradltlonal adjustments of 1nput factors for “C age

vf;convers1ons“ In addltlon, leakage from unlts conf1n1ng the

“

'aqu1f°r were seen to s1on1f1cantly affect the hydrolog:cal

propertles of the system and presumably, the age as

determlned by “C dat1ng L00511 and Oeschger (1978)

»_compared the ages of 12 well samples determlned from both
u”Ar and 1eC act1v1ty Whlle the general age trends were -

'7.S1m11ar, the absolute dates were 1n dlsagreement

Groundwater age datlng by the use of - TeCc methods 1s a

useful procedure, but bounded by many uncertalntles

fForemost among these is the fact that most of the arguments

1 féw have attempted'to pose'realxstlc conceptual arguments
for the flow of the water. Only w1th an understandlng of the;

: concepts of.reg1onal groundwater flow is.an 1nterpretat1on

-

- of. t?e 1sotop1c measurements rendered mean1ngful

B

o .

v In recent years, the use of 1sotopes other than"'o D.,'

_»"‘C and tr1t1um has come 1ntd)comgon pract1ce. These

mrQQOChemlcalf"f;



o reader is: d1rected to Ferronsky and Polyakav (1982)

‘1sotopes are generally radloactlv’:and used tc date.rf‘

groundwater in. aqu1fers. As th” current study only made use

. of "0 D tr1t1um and “C‘ the d1scu551on here 1s lzm1ted

.
\

to a toplc related dxrectly to these four 1sotopes The

1

Fabryka Martln et al (1985) and Fr1tz and Fontes (1980) for

et »

examples of work UtlllZlng groundwater 1sotopes such as.

3¢ Cl, *°Ar, :"’I and others.,-,‘”

2. 4 Integrated Approaches in Hydrogeology

BagR

Hydrooeologlcel 1nvestigaton§‘have a number of tools at

the d1rect1on of groundwater flow. Agu1fer tests and h -dlt'

computer modellng prov1de bases for predzct1ve evaluatlon of

., flow systems. Isotopes may. be: utlllzed both as tracers and

for groundwater age datlng. |
Unfortunately, past groundwater studles u51ng

env1ronmental 1sotopes have not had a sound hydrogeologlcal

o underplnnlng As well tradltzonal groundwater based -

pro;ects have -under- utlllzed the full spectrum of 1sotop1c_

J

‘g technology For a full and thorough sc1ent1f1c evaluatlon of
4

groundwater resources, 1t is 1mportant that the researcher.ff."

s

‘employ 1sot$§e meaSurements within a context of reg1onal
groundwater flOw theory, u51ng every ava1lable means to

1nterpret hlS results.'



about the bas1c pr1nc1p1es of hydrology, and began what

’mhels (1963) and Harpaz et al. (1963l were among the

o flrst hydrolﬁﬁhsts to 1nstruct the 1sotope sc1ence communlty

LU
8

. ".Hendry et al (1983) labelled an 1ntegrated approach" to

'fjemploy a mu1t1 dlsc1p11ned approach as part of h1s sczence,f»f"

"hydrogeology Thus the modern hydrolog1c researcher can-

ftake advantage of s'letaneous englneerlng, biol glcal

: -.and 1ncrea51ngly one sees. groundwater 1pves£;gai;pns thath o

'igaggnog1cal chemlca- and ph)s1cal arguments to solve complex_f e

-,_o'.

;problems.,nf ']. '.” 37_ .,fv .u'[éﬁinf”:
Certaln a%%hors have outllned the tﬁeorles of an.

Jntegrated approach (e g D1ncer and Dav1§'1984 Harpaz et

: :reseach group frOm the Unxver31ty of Waterloo 1n Ontarlo

,have employed these prlnczples in thelr work Examples of

(1978) Hendry et al (1983’ 1986) and Cherry (1983).‘
By develop1ng an 1ntegrated approach the A

.hydrogeolog1st is - able to make full use of the many.toolsv

,that are at ‘his dlsposal As will. be- demonstrated 1n the

‘_present work Ross Creek Ba51n, Alberta has prov1ded an’

'-'excellent S1te for the appllcat1on of these pr1nc1ples 1n a

’3large reg1on, for no- 51ngle, 51mp11f1ed model 1s adequately

' abEé to explaln the varlous factors 1nfluenc1ng the

,_:.f‘,

~

groundwater reglme. |

-

al, 1963 Wallzck and Toth 1976) other groups, notably the:4‘

: r:the 1ntegrated approach 1n pract1ce are prov1ded by Frltz et~fd



: a@i" . .

©%. .. 3. EXPERIMENTAL DESIGN . ¢

3 T Conceptual1zat10n and Szte Selectxon ””ﬁ»{‘;v_ ‘
In order to utlllze 1sotop1c techn1Ques as part‘of an
B 1ntegrated groundwater 1nvestlgatlon,va ch01ce had to be _hﬂ:‘

Lmdﬁe for the locatlon of %/study area.‘Alberta %Bv1ronment‘

o ,

had contracted D U Ophor1 then a Ph, D student at the '%‘w.'
Unlver51ty of Albe ta Ato examlne groundwater resources 1n‘h
'the Ross Creek Ba51n of southeastern Alberta. In the sprlng
‘oi 1984 1t was dec1ded that thls would prov1ce an excellert

: locatlon for applylng 1sotopgs as a reconnalssance tool

1983 Mr. Ophor1 mapped groundwateri e

voutcrops and took water levels and chemzstry samples -
throughout the area. In the summer of 1984, he returned to :

. carry out a dr1111ng proqram in: order to deflne groundwater

"73 resources 1n the area. Ultlmately, he was to formulate a

'fgroundwater management program for the bas1n (Ophor1 1986)
The cho1ce of Ross Creek Bas1n seemed 1deal for the

appl1catlon of 1sotopes. The ba51n 1s 1n the southeastern

“-77'corner of Alberta, between 49’E?6"and 50° 20 N lat1tude andff{

: 110° 11" and- 110° 36'W 1ong1tude (Flg 3}1). It. 1ncludes all'

’5por parts of Townsh1ps 8 to 13 Ranges 2 to 5 'west of the,-y

- 4th Merldxan The area has hlgh topographlcal rellef with

the Cypress Hllls }ooming more than 700m out of the plaxns*
:Therefore an altltude effect of 0 8 to 3. 9 /oo on 6"0 was
.expected from the h:ghest to the lowest poznts of the bas1n

‘;(Table 2.1). Few attempts to document altltude effectsc1n-{m[

. .. )
o
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; f.g/-?:‘ study was seen as a chance to evaluate‘éhls.phenomena. In “
| oy adaltlon to . the altltude etfect the potent1al use of stable -
1sotopes 1n separat1ng groundwater flow systems also
appeared prom151ng Wlthln a few months of the program '
¥ . L e
'1n1t1at10n, tge help of the: Alberta Research Counc1l 1n
i.securlng radlolsotope analyses At the Alberta Envzronmental
Centre 1n«Vegrev111e was recelved For the f1rst tlme 1n
Alber a, extensave use of 150+oges was to be made 1n\a;"u
groundwaber exploratlon prooram p 4
Desp1te 1ts h}gh topographlc rellef Ross Creek Ba51nih,'
" is a. typlcal pra1r1e ba51n.;1t 1s approx1mately 600 sq km IR
'and 1s def1ned by an 1r;fgularly shaped surface water _E.k ' ,g:'k}h

dralnage area, as shown in F1gure 3 " The ba51n channels

™ b e
dralnage 1nto Gros Ventre Creek and Ross Creek Bot reams.f'ﬂ_q'

R

flow northward w1th Gros Ventre channellng eastward several

» .

kllometers sout of the Erans Canada nghway to a polnt

L

M

where 1t meets Ross Creek and the two proceed northward
. S~

'_f;'; Ross Creek then flows onto a. large flat area, turns
fﬁff.‘; westward and fkows 1nto 1ts confluence w1th the South

b

Saskatchewan Rauegyaust east and downstream of the C1ty of -

’ ’ . {

wr

;.- s

“;ﬂ;' Med1C1ne Hat _;5}'“ ;«1;-' S
ﬂ]:ﬁ Early 1nd1catxons were that regzonal gr0undwater flow;“
systems, orzg1nat1ng in the Cypress H1lls, flowed out to
dlscharge along Ross Creek at the Trans Canada Hrghway 1f
the concepts put forth by Ophor1 and othe\z“on the bas1s of -

fleld mapplng in the reg1on could be verlfxed or re]ected

S



| tnrough the use of 1sotopes, the overall Ross Creek Ba51n

f*:1. Unfortunately, current 1sotop1c age datlng models -
'proved 1nadeqUate for appl1cat1on 1n Ross Creek Ba51n.-
':Because of" the lack of dlscrete, contlnuous aqu1fers 1n the‘
:farea, 1t became netessary to account for 1sotcp1c '
fxcoﬂtr but1ons from a varletj of recharge sources.be5:'

vymethodology for calculatlna aroundwater transxt t1me u51ng a

73.2 Backgroind to Ross Creek | .

' 1mportant 1nvestlgat1ons had.measured levels of stable

fflsotopes on the Canadlan pralrles.‘;7

'{Lake 1n central Alberta to determlne groundwater flow-'

| ﬂgroundwater study vould then be 1ntegrated 1nto a composzte,‘1
state of the art analy51s whzch ut111zed an 1ntegrated e

' 1nterpretatlon of chemlstry,'well test drllldng, 1sotopicf

—c’

. and computer generated groundwater data.

A DT
RPN

RN

\\.

j’steady—state numerlcal stream functlon model was assembled ,d/ﬁ_ﬂ'

B ‘,»

BN

' ”i3}2 1 Isotopes 1n pra1r1e groundwater 1nvest1gat1ons

As mentloned 1sotopes had not. prevzously been used in

Western Canada e1ther to del1neate ‘an altltude effect or as,“

'.'a groundwater reconnalssance tool HoweVer, several

‘o

Frltz and Krouse (1973) examlned the 6"0 values 1n

;carbona.e shells, groundwater and lakewater from Wabamtm =

>

. &
-dlrectlons and to 1nfe? paleocllmates. Frltz et al. (1978)
?_found 1sotop1cally depleted waters 1n a Manltoba agulfer,

dc;changes wh1ch were llnked by radlolsotoplc dat1ng to

.. : oL o~
; . .



nmajor 1on1c constltuents of groundwater from tne M11k River o

-

c11mat1c changes 51nce the Plelstocene era.

Large systematlc shzfts 1n the 6"0 8D and several

waqu1fer of southern Alberta have been observed by several
-dlfferent groups. These shlfts were noted f1rst by Schwartz
{}fanc Muehlenbachs (1979) and were utlllzed to- 1mply the‘g,,”

presence of a large scale dlsper51on process act1ng on the.llv

lfaqu1fer. Schwartz et. al (1981) found ev1dence of past

‘fhmvxlng w1th underlylng permeable unlts Recent modellng

,,stud*es have 1nd1cated that present day tran51ent f10w

@

‘;dynamlcs characterlze the M1lk Rlver Aqu1fer system (TOth

;and Corbet 1986) Re"ent attempts to date the water in the

U'un1t 1sotop1cally have elther oroved unsuccessful ( .g.g

“ISwanlck 1982) or have not been completed (M J Hendry and P, ;l‘

' ‘-F 1tz, pers _comm , C Robertson,«pers comm.) . ]r

Hendry et al (1986) utxllzed 1sotopes to demonstrate

.the or1q1n of sulphate 1n the weathereo tlllS of southern

7~Alberta by contrastlng present day values of 6"0 in water

o w1th those of sulphates, whlch are bel1eved ‘to nave been 1n1

'¢equ1llbr1um w1tn prlor groundwater condltlons. Hendry (1986;'; '

.5c1tes 1sotop1c ev1dence in- clazmlng that groundwater

-

-,fmovement in layers of weathered t1ll in- the prov1nce 1s

”’~con51derably more dynamlc than flow 1n'the homogeneous and

:unfractured layers of the unweathered‘tlll below it, HlS fﬁ“hf

-

1 Phe’ Mllk River: Format1on under11es Ross Creek Basin, butti '

“nearly.a .hundred meters of aqu1tard Separate it from the"

- 'shallow grounwater fl®w systems in the basin. It is thought | =
_that ‘the Milk River maquifer does not part1c1pate in the near . -

surface flow dynam1cs of Ross Creek Ba51n.' o R



RS

-y

the surrouno1ng dlssected plalns, the Hllls rece1ve more

Y

(Q;"..'--‘-'o

data alSO 1nd1cate fhat grounduater 1n Saskatchewan Sands

tlll.

3 2 2 Regxonal geology and hydrogeology

The geology of the Cypress Hllls has been well

1nvestlgated as the Plateau represents a major feature onvh

-

the Alberta lanoscape. Much 1nformat1on extsts on. the
glac1al features ‘of the area (e g. Stalker 1960) burled

jnels (e g.. Farvolden“9b3, Stalkerv1961)

_orphologlca‘ features (e g. Beaty and Young 1975)

Quaternary stratlgraphy (e g Stalker 1963 Veseth and
Montagne 1980) and reg1ona1 hydrology (e g Stevenson and
Borneuf 1977- Tokarsky 1974) , 'f'; | |
o The Cypress Hl ls are the hlghest of flve levels o‘
terraces left over from M1ocene sedlmentatlon and subsequent

eroszonal events. Because the Plateau protrudes 700m above

Qv‘

prec1p1tat1on ?:re cooler and thus support a more verdant

e
footh1lls typefbiota than otheraparts of Ross Creek Ba51n
,,,,, 5

| The h1ghest parts of the Cypress Hllls were not
R S

glac1ated durlng the Plelstogene %poch The Elkwater Drlft

the oldest and most extens1ye of the t111 unlts found in- the

Ross Creek Basxn, cah be found at elevatlons 1n excess of

1370m ASL on the north slope of the Hllls, but thlS 15 more e

than 120m below the surface of the Plateau,.Several other

draft sheets covef the remalnder of the ba51n 1n manygx(f‘7'

and Gravels are younger than waters 1n overly1ng/ungeathered ,f'



.places burylng the bedrock to depths of more than 30m The

:}: mapped 1n Westgate (1965)

"Unlts are v1rtually flat lylng and faultlng 1n the area 1s f%yi:m

“.'mln1mal, the gradual oecrease 1n elevatlon from south tO'u_dh

Jsttrata‘u Tertlary materlals occur only at the top of the'

oo prpress Hllls plateau 1n the extreme southern portlon of the ‘7"5

' 'hllls and are. underlaln by the Ravenscrag Format on--a sandy
'f7c1aystone Beneath the Ravenscrag lxes the fxrst formatlon ,iff}
:ﬁrof Cretaceous age,.the Frenchman Butte, a 1003ely |
'j‘consolrdated 51lty sandstone._A ma551ve, spectacularly

‘.{choss bedded sectlon of Frenchman Bu te occurs ]USt upslope

'”the near v1c1n1ty of the Hll
| extends several k1lometer'

',of Elkwater (Fig 3. 3)

: )-.
surf1c1al dr1ft unxts present 1n RossgCreek Bas1n are all- FEEEEE o

L -

belleved tq have been la1d down dur1ng the W1scons1n stage:.ff

Q

: of glac1al advances (Westgate 1968).1These drlft sheets are%“

T T

The bedrock stratlgraphy of the reg1on 15 shown 1n a

d1 grammatlc cross sect1on (Fzg ‘3. 2) andma map of’bedrockf

_logy is. 1ncluded as F1gure 3.3, Becausexthe geologlcal t;:f:*'7

oS

'f:north results in the exposure of progre551vely older’“;jf e f;r’

bas1n (Flg 3 3) ~The Cypress H1lls gravels and loess qap the

é’ oK

iy U

' 'ﬂyffrom the weste n edge of the town of Elkwater. Thq Frenchman‘“f‘*“*
‘f}Butte lor.xtlon is undenlaln by the Battle and Whltemud

ﬁFormatzons.FWh1le the afore ment1oned unlts are @onflned to'ﬂ

the Eastend Formatlon"_
P
“"e north and west of the town

———_———--—_—_——-—_-

kY

"Westgate (1968) states tﬁat several small h1gh angle normaLWW,

.faults exist in the extreme southeastern side of Ross Cr%ek G

. . Basin. No evidence for these features was. noted N the’
q,current work, however._ﬁ SRR o :
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Flgure 3.3, " Bedrock | geology map of Ross Creek Basxn
" Lines of sectlon refer ‘to’ Flgures 3 4 to 3. 6 o 43
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f'dGroundwater Informatlon Centre (GIC) flles (Albertav' -

&4,
in Westgate (1968) aﬂd from“fyk{t@stu&rrlllﬁ@?reSQlts o]

‘.iophorl a%d Toth (1985) The l1ne3fof sectxog_are shdgh 7

j-aniggoal lenses bhat may occa51onally be" found in. o&ha

‘mhe Bearpaw Format1on underlles the Eastend Formatlon' N

“;and d1rectly 5ubcrops the drzft throughout most of Ross\
-Creek Bas1n. It is a. th1ck shale un1t w1th only occas1onal
-;sand lenses and seams of lzgn1te (Flg 3 2) The Oldman n'h
:fﬂ Format1on 1s found beneath the Bearpaw Format1on.;Thls unlt‘

‘:-15 descrlbed as a sandstone by Westgate (1968) but was

3

"found to occur almost exclu51vely as‘a shaly 511tstone in’

...

"?the Ross Creek reg1on.AThe Foremost and Pakowk1 Formatlons
l'probably do not occur as the top_unlt of bedrock anywhere‘1n

3Ross Creek and are a. sllty shale and a shale,'respectlvelyagggf

Three structural cross sect1ons have been assembled for ”@

H*Ross Creek Ba51n from 1nformatlon obtalned from the

Env1ronment, Edmonton) stratlgraphlc decr1pt1ons contalned

¢ R 3,,,;

.:;Flgure 3 .3; the cross sectlons are g1ven as Flg%res 3 4“a 6‘5& l{ﬂ-
':and 3. 6 Strlp charts of 11tholog1cal 1ogs are Shown on the :ﬁ;ﬁ;

';f1gures,'1f avallzble, uS are geophy51cal logs.n o

N The Cypress Hllls and Eastend Formatlons prov1de thev

v ﬂNn 3 g

: un1ts. L1nes of sprlngs are found at both the CypreSS'
‘i:Hllls/Ravenscrag and Eastend/Bearpaw format1onal contacts,¢
o suggestlng that a substant1a1 amount of groundwater recharge

'.that enters flow systems in the Hllls 1s deflected laterally

to dlscharge at these p01nts. The lack of resxdents in- thlS T

_Q

. Qi g
o ¥
> only productlve bedrock aqulfers be51des dxscontlnuous saﬁd 7
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L _ 'K.r'ﬁz'5'=' oo IV
part of the ba51n means that lzttle explorat1on of elther du Q“
| 'un1t has occurred Table A. 2 2 (Appendlx I) l1sts the lfV
sampl1ng po1nts that are d1scussed 1n the current work and
that had 1n£ormatlon avallable 1n e1ther GIC flles or th//
Ophor1 test dr1111ng 2§sults (Ophor1 and Toth 1985)
As becomes apparent from: Table A 2 2 most of the |
B fm res1dents of Ross Creek are scattered through the teglondfg*;;g.lbg

'5f north of Townsh1p 8 and nost rely on shallow wells

completed 1nto permeable zones w1th1n Ehe glac1al drlft
These un1ts are not laterally eytens1ve and are not- re‘1ably
hiround One burled channel dep051t was. located by the test
drllllng program g; sect1on 10 12 4W4 (B Schne1der well .
Flg .3, 5 RCE 17, Table A 2.2), 'but attempts to locate one 7‘”
b'of two other burled glac1o fluv1al deposrts be! 1eved to
By eXLs* beneath the area and to run along the northward bd'?b”n;‘jff
trendlng courses oﬁ Gros Ventre and Ross Creeks were'"hflh |

unsuccessful (Ophorl 1986) '-5 l‘ 'r '._;'.‘j:’ fgu<"

: 1"‘,,{Jf¢ L1m1ted 1nformatlon on- the hydrogeology of th&@Cypress
WY »Q L :
H1lls and area is: also g1ven 1n Freeze (1969a), although thev;u

S &
_1nvest1gatlons were lxmlted to the Saskatchewan 51de of the'

R A
Cypress Hllls. Freeze (1969a) determlned permeabllltles for
the ﬁﬁrmat1ons d1scussed in’ th1s sectlon."~" : T L B
3 2 3 ‘The Ophorx/hlberta Envxronment work S - R
The structural cross sectlons g1ven 1n Flgures 3 4

\/ )

through 3 6 pqntray the geology of the Ross Creek Basxn. The
"A correlat1on of geologlcal contacts w1th groundwater features o

-l
ki



v’area 1s faLrly WEli known.,Some good 1nformatlon lS

jrextre{ely dlfflcultffj~é:ff”

N.ophorl 1n the summer of?l983 These results are summarlzed

'records from the GICQ yi
= )

,y..', '

. . . ,.

T

:»f? availabhﬁ from the GIC flles, but the.sparse populatlon 1n

7{4,,, \&‘ P

[

ﬁs ng the f&eld'reccnnalssance methods outllnedtbx Toth

,i(1966) nydrogeolog‘cal £1eld napplng was carx1ed out by

th (}983) and Ophor1 (1986) The locatlon of |

7northern part of’the ba51n.‘Houever the large uncertaln

,\_/

area 1n the ‘ent.e of the basm had ne ther dlscharge or

'Arecharge propertles a551gngd to 1t (Plg 3{j);'

In add1t1on %o thefhleld mappzng effort groundwater_ g)‘

'h‘quallty samples wera tahen throughout the Ross Greek Ba51n.:f

_vw"
: -

":These data were comblneihw1th valld exxstlng water chem1stry

Us1ng hydrochemlcal fac1es

, pr1nc1ples (Back 1960) groundwater fac1es types were

1_plotted on an aerlal map of Ross Creek,Ba51n. These are

“

'dvshown in F1gure 3 8 In addltlon, contours of total

1w”such as, the llnes ofaﬁprlngs at the Cypress Hllls/Ra%9n5crag

?”ﬁfand Eastend/Bearpaw becomes clear once the geology of the ‘u[;}fﬁ‘L

egbegh 1nTnse sznce the area was settled 1n the 1920 s, ~j'~‘~”

;méﬂe’ﬁgﬁlable'predlctlons about groundwater flow patterns _»'\

v,
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R *ﬁ,(mg 3 9.

“edlsSOIVed sol1ds (TDS) were drawn on a map of the area
After completang a orllllng program,-a compurer

_szmulat1on of flow condztlons fcr Ross Creek 8351n was ; o

5',’-:

rvffcallbrated Th1s would appear to conflrm the results found “ﬁ.f7 :

Ly .

’sﬁliby mapp1ng and the plottlng of hydrochemlstry parameters, as ,,*wff

”fithls work showed tha 'much of the recharge from the Cypress

;"5fiH1lls is. dlscharged in the northern part of the ba51n ”_f__.71

’ifv(Ophorl and TOth 1985)

f Later work bj Ophor1 has rocused onwthe callbra+1on and

'Lreflnement of a groundwa*er management model for Ross Creek

"'},:_Baszn (Ophor1 1986) Thls 1s a- qezfeptually souno 1dea, but _"

w:hj-the 1ack of good aqu1fers 1n the reg1on make a management '

"fﬁmodel dlfflcult to apply

'i,@&be determlned about the hydrogeology, the dlrectlons and

l),v

' 3 2 4 Poxentral appl1cat10ns of 1sotop1c techn1ques 1n Ross -

Creek Basxn" .

As one can see 1n Flgures 3 2 3. 9 much remalned to

;;ffpatterns of- groundwa+er *low and the hydrochem1ca1 d__L'p_ s;h'ikz

e and ver1f1ed the exzstence of large scale components of .“ﬁh

“’relat1onsh1ps 1n Ross Creek Ba51n at the onset of thlS

TR

'frprogram The 1nvest1gat10ns of 0phor1 and others proposed'

-

Cfreg1onal groundqater flow 1n Ross Creek Ba51n. However,v

' these ré§ults could not be quant:fled by any of the data' :

?Jgathered for the Ophor1/Alberta Envlronment work Because Of

"f7'the lack of prec1se deta1l it was dec1ded that the stablepj"'e"
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»'rad101sotopes of tr1t1um and “C. The del1neat1on of gﬂ

It i ﬁ;f
” hfaltltuoe effect for the ba51n would help to 1solate spequlc Lo
R o ,.‘ ) RO de ' . / T
_~;‘A'“‘}.Zt§charge areas and that groundwater age datlng would hblp to ~
‘ l,«*,z?yi v b

"hdel1neate 1nd1v1dua1 components of flow 5ystems 1n ghe»=<

' "

1J4

examlned cardfully £ determlne the age relat1onsh1ps of

R ) g e .

P 'groundwaters in bbe area.,More of tneﬁ"un@ertaln are9 S

R v : .9, - ‘\

L the gpoundwaterdd,scnarge and recharge map (T1g 7) could

» A )
t}qta 21ngtxsotop1c 1nterpretat1qg& The correlatlon ot~ o

K A S

h ;
. : Ty
sprzngs aﬂd geologlcal contacts (fﬁg 3 5) would be examlned

ior not the source of @3":yF

. -

'“ft@ Gr0undwa;ar qrac1ng w1th env1ronmental 1sotopes lends~_

Y much «a&‘xntegrated groundwategéﬁtudy An age value for

.....

groundwater holds the promlse of. be1ng an 1mportant b1t of
K‘% a’ 4&" "b E

8. .
awidence because from 1t groundwater veloc1ty may be‘j

E Y

| llﬁu‘,i calculated Thzs may be used as an emplrical clue in a.

determlnatlon of walues of dlSper51on and permeab111ty Inh

o

L the past4 most anglcat1ons of 1sotop1c datlng have used o ’héﬂ




= Perrectly conflned aqulrers cannot oe found

.

vast y over51mp11f1ed g*oundwater flow systems.

In the real world s1mpl1fled examples do»not exxst F
O

even the

or1g1na1 cla551c aqu1fer the Dakota Sandstone, has been ,w'

recon51dered 1n a recent serxes of papers from the USGS

(Jorgenson and Slgnor 1984) Therefore, the 1sotop1c age

1nterpretor 1s usually faced w1th a challenglng satuatlon'zrf_

| 3 how d1d ‘the bottle of water that was sampled end up havxng\

the 1sotop1c "ag

"-w.’.‘.

water orlglnate from a s ngle

11ne source’ Does

i

o* comp051t1on that 1t does’ D1d the

[

-/.;;. . S

represent m1x1ng7 Is the 1sotop1c age the same as that of

.

the water? ThlS dllemma 1s shown d1agrammat1cally in Flgure

"3, 10. Con51der the case of sampl1ng 1n a reglonal or‘:".ﬁg'

=1

‘.>'/v,v'

1ntermed1ate flow system as shown in Fzgure 2 2:

make qu1te a. d1fference to the groundwater age, dependlng on -}

where the sample was taken in. th;s proflle.

*: The use. of 1sotop1c age datlng‘W1ll not

yleld unequ1vocal quantltatlve results

It wou;d

Barrlng errors in

sampllng and laboratory metnodologv, the use of

L)

env*ronmental tracers, in many cases ’maygleave unsolved

more guestapns than the researcher had orlgknally hoped4bqbihv"

answer. However, the proper appllcatxon and 1nterpd§!%txon

of useful hydrologlc data (N1r 1973 80)

. To some studles even a sem1 quantltatxve answer 1s more

v ’

than enough 1n others, estlmates of groundwater veloc1ty

T

and age are useful in the callbrat1on or el1m1nat1on of

4
CE

of age dates has cons1derable potent1a1 to extend our . range

P

ol Sl L e :

unfortunately,“' :

F—
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.L3 3 2 Cur:ent models

i" Ffuprev1ously assumed models %; 1s th1s approach that w111 be

'*zpursued for Ross Creek Ba51n.v3*'

Where ie top1c age dates are applled one has to have a.
8%

Ir'model agalnst whlch the data may be evaluated The model may

'the model has been \erlfled f on the other hand the S

‘.be based on any comblnatzon of conceptual or f1eld data, and

-;1f the 1sotop1c dates appear to aggee, then one assumqs that

-

‘a'flsotoplc ages do not fit uzth those predltted by the model

f;then some of the oarameters that have been used in- acquirlng

»g‘declde how water at a sampllng poxnt ended up w1th the»ﬂx. ®

"ulsotope reseachers apply to hydrogeologlcal systems have ""“.fx '
o

5that 1nfluence the."C content of d1ssolved carbon spec1es

"been developed in chemlcaT englneerlng (e g. Levensp1el

1'1972) and only recently adapted for use 1n- natural"'

[:the 1sotop1c data or. 1n formulatlng the model would agpear"-

I

'“to have been 1ncorrectly conceptuallzed and 1mplemented

A major problem in. groundwater age—dafrng'is that whxle

2

q.

1n the water llttle effort ‘has beeg spent 1n try1ng to E

.q'

_1sotop1c 51gna*ure that 1t has. Most of the flow models that

'groundwater s:tuatxons by hydrologlsts (er 1973)
These models suffer from two major problems— Fxrstly, f
they are too r1g1d ‘The 1sotop1c age’ 1s calculated dxrectly

”from the appllcatlon of'whatever equatlon has<been derzved

‘0

‘:

- to f1t that~$ystem. In th1s sense, most of the models

IS

L T : .:; '. v ks

. e

‘_‘A .

e

'mu h effort has gone 1nto modellng thé geochemlcal processes 7{j‘



' utlllze a’ set of lumped parameters and few have the ab111ty

fgto be callbrated to flt a more sophlstlcated or dlfferent h"::ﬂ't'

'a751tuat1on. Secondly, they JUSt are not formulated o 1nclude

"‘Qvalzd assumpt1ons of reallstlc groundwater cond1tlons, as f-“

'shown in Fzgure 3 11 Mathematlcally, these models break
Hh:;down 1nto comblnatlons of plpes (PFM Flg 3 11a) well mlxed ﬁér
hahboxes (EM Flg 3. 11b)' cells that transfer lumps of RO

fh;groundwater and 1sotopes back and forth (FSN Flg 3 11d)
haand one d1mens1onal solut1ons of the dlsper31on equatlon
i w1th (DM Flg 3. 11e) and w1thout dlffus1on taken 1nto:f-‘”

"account (DM F1gu3 11f) The 11near model has not been

rg'applled in groundwater studles (LM Flg 3. 11c) ~Theser‘

‘n

S models are dlSCUSSed by N1r (1964) Vogel (1970); Przewlock1 ,

~and. Yurtsevef (1974)' Maloszewsk1 and Zuber (1985) and r

‘l:QJKreft and Zuber (1978) Maloszewsk1 and ZUber (1982)

hahut1l1ze valid groundwater modellng

‘7uFerronsky and Polyakov (1982) and Martlnec et al (1974)
EZ-revxew the varlous models from a. mathemat1cal standpo1nt,'~'zi“
"igbut 1gnore the hydrologlcal valldzty of the ‘ L“';: ‘ ';i_' j}fwg
"conceptuallzat1on rocess that went 1nto thelr formulatlon k

‘l"

._If a true 1ntegrated approach is to be appl1ed .one_must'- -

Several valzd appl1cat1ons of the d15persxon model have

S been carrxed out..Egboka et al (1983) used the chlorlde'

Q'plume from the Borden landflll to dellneate the center of
;-the groundwater flow path In thxs example, an analyt1cal 3
x'solutlon of the dlsper51on equat1on ‘was. appl1ed along the

“‘"uo

, flow path and ut1112ed to callbrate tr1t1um values wzth f

" ‘~‘ .,,.\

O R . "v"’. L . "'n_;"
» . . . . Tt N .



o Figqure-3.11. M ::'t models used in- groundwater age
" dating. a) PHE ;f’low model; b)- Exponent1a1 model;
" ¢) Linear mod®EXSE) Finite state mixing-cell model
j-) Dlspersxon model with diffusion taken into
bunt; f) Dispersion model without a. diffusion-

- N“ﬁ;ff1c1ent. a), b) and c) after Maloszewski and
"’ajZerr_(JSBZ) d) after Frlnd and Sudlcky (?981)

v

' ,:a_)"PF__M R o

- o) DM with diffusion Ll f)bM without diffusion -

A - S ' ‘ ’ ¢ ) . e . . e . . . .
SY . s TR ~ . . . FEP IR X ",’.v N
L PR o c : . B R Y o . (A . C

Sa T S, . . _ - o o oo ’, | ' ‘ |
& CU vt * ” . o - - C ! . . Seed T - . . .




known system parameters such as dlsper51v1ty, groundwatet

h?7flow veloc1ty and permeab111ty A numer:cal approx1mat10n of

the d1spers1on equatlon was applzec by Herwe;;er et al
‘(1985) in a tuo dlmen51ona1 1nterpretat1on of age dates in, a
U Netherlands aqu1fer. Callbrat1on of the model 1ncluded

'ad]ustment of geolog1cal confzguratlon, permeab111ty,.
.

,Z‘prec1p1tat10n por051ty and both transverse and long1tud1nal

[

~dlsper51v1ty factors._
However Maloszewsk1 and Zuber (1982) prov1de ev1dence

}f*hat dlsper51on *s not a major fac or 1n large scale

: 5:g§oundwater flow systems Because the age of a tracer such

' \ : RN . 7

as. analsotope LS assumed tq be dependent ‘on travel length

_"and average 11near veloclty,‘ :

R

S= /T, (3o

yo _ :
'where X 1s the d1stance from the recharge p01nt and T 1s the

travel t1me, whlle dlsper51v1ty, Dy /v 15 approx1mately a

‘then tlme is a dlrect functlon of tr

system constant (Anderson 1979 Wangiiid Anderson 1982)
v

B means that the. "d1sperszon parameter ot u‘micalﬁ_d'

englneerlng (D/Vx) becomes very small on;_he scale of

.freg1ona1 groundwater flow systems; Thls i§ demonstrated &n'_,5~

S distance, This :ff?"

'{ ’v’,'«'r Eas

olf

,'F1gure 3 12, Small values of the d1sperszon parameter,v»‘fjﬁ?““';g'

‘1mply1ng e1ther low dlsper51v1ty or a &ong trans1t,drstance,

begln to approxlmate tube flow, or the PFM As an example,vlv

waln ‘a system thh a dlsper51v1ty of 50m (Egboka et al JQB})ﬁ:'



3
L.

RELATIVE CONCENTRATION, C/Co

>

S-SR
o

0.05

‘Figure 3. Rad1o1sotope tracer concentr:

" v “ AR B ’..‘r n ‘r~ 2 4 .A T v vy ' - - 1. K 3 v Ty T vy
- CoE AFTER MALOSZEWSK| AND ZUBER, 1982
! 1
i 6‘4, R
L J/ 1 Loy Ny

61

" - Radrorsot pe Tracer Concentratrons as a _
o Functr n of Relatwe Turnover Tlme

S50 .},.100

’

.-4’1&“ ~‘ -

function of relative turnover time. Note h&u ® he

‘:vdlspersmn ‘parameter -D/vx’ approaches the plston flovr, ‘

model at large travel dxstances ‘ (

s



- samp’e taﬂlm at SOOm wlll 'esult 1n ‘a dlspers1on parameter-

”“, valu]ﬁof p.1. The value is" cloae to the- llne of the pzston,df

.fidzsper51on model in a large cale system, ‘an fact that 1s

'?flow model 1n F1gure 3 12 Thé&efore bthe appllcatlon of the'”

"_pzston flow model becomes a r%asonable approx1mat1on of a

R ;?'stated by N1r (1964) and M\own bY Maloszewskl and Zuber i

- (ies2).

"fm3.3,BEFormulationiof;sblution‘

3.3. 3 1 Conceptuallzatlon. |
It was dec1ded to model 1sotope dates 1n the ba51n"jf
‘f-ut11121ng steady state flow,'radxoact1ve decay and the =
sadjtstment factor Q Model1ng w0u1d be performed along_-:h
‘calculated groundwater flow paths,.by applylng the_-fﬂ
| plston type flow model (PFM)“along one or a number oF yf
'i‘streamtubes u51ng a 51mp1e method for the conver51on.oli¥d"'
'fsteady state gr0undwater £low models to calculate stregmlﬁVf
;functlons (Frlnd ‘and Matanga 1985) | |
The advantages of applylng such a model are.as °

1; A un1que model representlng the spec1a1 groundwater]'

a

'and geologlcal condltlons at each s1te may be f

.applled

2. ,The model 1s formulated accordlng to the theor1es of-
A P |
o reglonal groundwater flow and thus is" more

'S



- e

;@_',“ 1g_;4,'.Currént metno-

Sthan cgrrent methods.ﬁ_;_prn?gh
gff‘ ,,._ -ur, o Qgglf‘

'213,’ The numerlcal model ﬁ?run,constralned,by

PR

Tg_assumpt1ons of homogene1ty, 1sotropy or. p01nt

*recharge'_condltlej

S. that are 1nherent 1n other', i;f /o

of stream functlon calculatlon allow ,3
'-ror a- dlrect graph1cal determlnatlon of travel

- tlme, thus prov1d1ng a dlrect means for comparlson

“

_‘hth actual groundwater age dates ylelded for _' d,m"‘

D

IISOtOplC analyses.

X

s The dlsadvﬁﬁlaQes to thlS approach are. Ilmltxng, 'f;?.g~'
;:but not cr1t1cal for thlS study \T1rstly, by not

accdunt' Tfor dlsper51on the model'rxsks undervaluzng

‘ groundw*‘Tr velocxty However, as shown 1n Flgure 3 12
':“;the 0uter bounds of the system veloc1ty, namely those
.,ithat are calCLlated by plpe flow (PFM) and-a well m1xed-

H”::‘box (EM) _are known._These may be ut1llzed to show the
' max1mumgand m1n1mum t1me needed to transport a tracer of-
the analyzed apparent 1sotop1c age. In add1t1on, ‘the _ﬁl
"Qfeffects of d1spers1on 1n a large scale system are ”
m1n1ma1 B ‘

' Secondly, the appl1caflon of ‘a steady state model e

n

for slmulatlon of a system whzch has both trans1ent

qua11t1es and a laroe component of unsaturated ffbw is a r.'



‘fuubeen demonstrated to represent naturally changlng

‘plezometrld'condltlons (TOth and Corbet 1986)

¢ 91_ .

"'-Z.fﬁGroundwater levels 1n Ross Creek Basxn havd’begn

11to_fluctuate by Ophor1 (1986)

t>3rffMaloszewsk1 and Zuber (1982) express~rears that’

| fzsotop1c datlna is usually performedl1n a*eas of

. y
2 b

,hlghly developed gr0undwater resources thus
;1nvalidat1ng steady state concepts of groundwater

3E~movement

¥

- thle“Ross Creek Ba51n may;iep sent a. tran51ent

"dljsystem, the transzent nature of the’ bas1n 1s 1mportant

fonly in. terms of long term cond1tlons-”“:eu ‘on# the order

';of 0? years or more, rather than the 10’ to 10‘ year
i't1me frame that has been con51dered by the use of
Zradlocarbon and tr1t1um Water level fluctuatxons and
lgroundwater exp101tatlon are not 1mportant on the scale
Hof the basxn that wzll be modeled here. Clearly,_‘

lxappllcat1on of a numerlcal model that would take 1nto

' account unsaturated as well as saturated flow such;astf'

d'ﬂthat of Davzs and Neuman (1972) would have merlt,v_‘

f.althohgh modellng of large scale systems obvxates

T e




'1steady state groundwater flow are well known and

.functlons or the dzscharge per un1t of med1um hﬂ"

74¥<somewhat con51derat10ns of unsaturated flow.gij:

Overall 1t was felt that the formulat1nn of a fggﬂ*-“

’*_fnumerzcal stream functlon model 1n conjunctlon w1th the
-"calculatlon of age dates along stream tubes'was _d;'_,;ff;f'

1just1f1ed for use in a- varlably conflned system such as

. '

hRoss Creek Ba51n. The complexltles 1ntroduced to
A~;f150t0p1C age datzng by regzonal groundwater flow could
i fbe expedlentlv modeled and represent a con51derable .
5:f.1mprovemen+ over: past 1nterpretat1ons of 1sotop1c age'
‘;dat"‘ In the followlno SPCthﬂ the theoretlcal
'aformulatlon of the stream ‘unctlon method of 1sotop1cvvf**'

’d-age datlng Wlll be developed

BT

- 3. 3 3.2 Stream functlons and the f1n1te‘element method

In recent years, f1n1te element methods have becomed{---‘
f".a mseful technzque for the approxmatzon of partlal

‘n:dlfferentlal equatlons. The der1vat1onland formulat1on

*h<of flnxte element methods for use w1th the equatlon of

’

'h;dzscussed 1n detall by Wang and Anderson (1982) Typlcal

groundwater appl1catlons ut111ze a stated set of no f10u

- and constant head boundary condltlons to calculate
' ik

_potentlal functlons (heads) throughout the regzon

Recent work by Frlnd and Matanga (1985) Frlnd et

f;a;; (1985) and Fogg and Seng@r (1985) have demonstrated
..‘Jf‘the ease and usefulness of alterlng commonly ut111zed

~_.steady state computer codes to calculate stream

N ”_ésh{ffféﬁ



e el

r'"e:swcontourmg software packager the stream functlon method a

Y

On a flow net tne stream functlon contours are

:7- everywhere perpendlcular to the equ1potent1als prov1ded

that the cross sect1on 1s 1sotrop1c. Comolned witn ‘a

allows tor the generat1on and representatlon of elther
_” g“&&mw‘feﬁn :
equ1potent1al and/or stream llnes and thus the computer
alded generatron of a flow net The area boundedﬁby the
two stream llnes 1s called a stfeamtube and because the

7istream Llnes are contoured the dlscharge through each

' “,,streamtube'zn a cross sec*xon 1s the same and equal to;

T
‘ the numerlcal dlfference &n stream functlons between

f"each stream 11ne~ :j"
CAQ = ¥uo¥, = Ay oot T (302)
» . Jr PN . ” 3 . . / . '\ A . '\ '_', » :,_ :/ . . R
Te ’ : L ?. » : . ° . :

'_‘where AQ 1s the Darcy dlscharge w1th1n a streamtube and

n}wk and Wz are the numerlcal valu%s of the boundarvv'
‘?stream 11n§s (Frlnd and Matanga 1985) Thlsfﬁﬁ;showni“
ligraphlcally‘1n F1cure 3 13+ L |

By knowlng the dlscharge through a streamtube,~ t

'Twl ’ p0551ble to calculate the veloc1ty of water wlthln '1r*fy

1‘_che streamtube, and sznce the change 1n d1stance, As, S

'Q‘q

'_‘covered by a part‘cle of water hsprSSlble to measure oni

a cross sectlon- the t1me of travel of an advected

TR

i mater1al (such as\an envlronmental tracer) may be

calculated-'w”*viﬂ ﬁthft"“ .;‘fl,ft‘%i*'v ;331,/ R
g . ,' . , <
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.‘{3;4) [g‘dt

B
1

L Y

' "7q¢»*L"'gi]!fosfh/A¢Jpr¢5¥d§’ T
v where q 1s¢;&eﬁ5peC1f1C dlscharge, n. 1s the poros1ty of

the medlum Ap 15 the dlstance between two stream llnes
i;z 1s the trave} ttme and © is. the average 11near4fvfr/f
S /
;veloc1ty (Frlnd and Matanga 1985) It 1s 1mportant\¢o

jnote that Eguat1on (3 4) 1s expressed 51mp1y as the area A
:}f.of the streamtube (obtalnable from a plot such as Flg

Hi 13) multlplled by a constant

h13 3 3 3 Formulatlon of age determlnatlon for constant
'”’lnput cases *.”5\:-7 ,'5': P Tt '?“' o

To determlne the age of a tracer with constant L
":1nput to a: groundwater System at a glven t1me,_thec

.j::followzng relatlon may be stated

R | " T (RPN EREEEE o

ﬂftwhere A 1s the decay constant of the 1sotop1c species, RO
L 3% R

8 :
1s the ratzo ofﬁsaﬁpled tg*laltlal tracer concentratlon
.

and Q 1s a geochem1cal adjustmen,ffactor rR and Q are:

d;scussed 1n mdre detas& in Sect1on 3 4 For trc“*

analy51s, Equatlon (3 5) ylelds

$*5¥ i
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'-.travel t1me and must be related to the Alberta recharge

ﬂ";_functlon. It must be remembered that thls tr1t1um

ﬂ351nce 1nf11tratlon.

R 1 TR
B

Swemowmme o g

: e
S

e

B

.;:Therefore, the 1sotop1c age due to raa1oacr1ve decay can f

'qf;fﬁbe calculated and applled to the flgw path and dxscharge"

?iat1onsh1ps determlned by the steady state stream o

::fr.functlon model Thzs 1s mathematlcally equzvalent to;nl
:';applyrng the PFM along a prescr1bed number of .
“istreamtubes.-fjﬁgv;l,’ﬂfiffvrh}-f ,:VL_fh 7;}_,;lfgl;;a{_r
Ih‘3 3 3 4 Formulatlon For cases of varlable 1nput

% | Imp11c1t in the formulatlon so far has been an_
' »assumptlon of ccnstant'lnztlal tracer concentratlv. I
1nout proport1onal only to groundwater recharge ‘TR :
nput mass or act1v1ty‘to recharge has - ‘b en
assumed to :be constant over t1me. Whlle th15°

18 more or’ less:true for “C damlng, 1t cannot b'"held

5Tajgvalld for tr1t1um 1nput s1nce 1952 ,ru"& i

'f ‘Bomb tr1t1um 1nputs to the groundwater system must\f

' be calculafed from a yearly rechaﬁge functlon whlch has -

' been synthe51zed for the. Alberta settlng Each

* 6-" i

, s&'eamtube 1n cross sect1on wlll thus have a un1que

i

Y .
w

frecharge functlon must account for decay of tr1t1um

-y

‘C‘ St

: The Great Pla;ns reg1on of North Amerlca 15 unlque'r
. . ~ S

in thét tr1t1um levels 1n pretrp1tat1on have generally

been much n1gher than anywhere else 1n the world wrth

. ¢ -
‘e P
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T'fifp‘ o summer of 1963 Alberta trrghum levels were well over o

} ' o
-'8000 TU wh1le values 1n Ottawa reached a peak of 5000
"~fTU (Egboka et al 1983 Ferronsky and Polyakov 1982).
R 3
o Values of tr1t1um in. these reg1ons have only recently

S :d{nbbegun to approxlmate levels founq at other stations 1n-f7"

the woFld. ; "f

";;“:%l l”f‘f The flrst three columns in Table 3 1 lyéa the

‘:trltlum value? for Ottawa (Egboka et al 1983) the-

3T‘il" o ilil‘Netherlands (Herweljer et al 1985) and Alberta

»

j(complled from Brown 1970 Ferronsky and Polyakov 1982‘

: and Alberta an1ronmertal Centr P unpubllshed data)
A

Unfortunately, the IAEA statlon {n Edmonton was only in

S f'opera 1on dur1ng the m1d = 1960 s, so no data ex1sts for; ?
‘ ""the perlodsi1952 1962 and 1970 to 1983 The values from el

&

:'JnTable 3 1 columns 1 through 3 are plotted in: Flgure

On FIgure 3. 1"_he few: trltrum values that have

1ﬂ been recorded for Alberta‘are cons1stently h1gher than : b
'fthose recorded 1n OttaWa and much hlgher than 1n |
.-ﬂ Holland ‘At the he1ght of trltlam 1nput Alberta values
"pwere 10 tlmes h1gher than in the Netherlands and 2 5

' ﬁtzmes h1gher than at Ottawa..In recent tzmes however,.il

. ;’féig~_lfall of the tr1tlum values have begun to approach

‘pre bomb levels.'
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Table 3 T:ﬁtlum 1nput funct1on5 in trltlum -‘/ﬂ ﬂr)/
units' ITUi Sources: Ottawa from Egboka et al T
(1983) Holland from. Herweljef et al. (1985); o N
measured.&@berta (1963-1969) . from Brown (1970) - X
and D']A{nold (unpubl1j'“ EiiS

R%sumed’Alberta anhual®
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Fxgdre 3.14. 'I‘r1t1um 1nput functlon for Holland
‘Ottawa and Alberta. Also shown are the. radloactlvea '.
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‘3=,f1952 1962 as year to year levels 1nzthe prec1p1tatzon |

s
Vol

An 1npﬁt funftton for Alberta mayuthus be

extrapolated from tﬁzndata shown 1n Frgure 3 14 Th:s

ftunctlon w1ll not'%e %egy accuratevfor,the perlod

s i r, - 8]

% o

r'at Ottawa and NetherIands d1d not follow any part1cular’i‘,_::-f»'1j

1

,-pattern bUt Slnce the open aAr nuclear weapons t?éjlnglﬁ“ B

5ban in. 1964 levels have slowly decl1ned Alberta values

,n.,

may be assumeduto gradually dec11ne to the measurgd 1984 j;:jj“

value of 28 TU These estlmatlons are reasonably ?*ﬁ:;

r.- .“ Ste

accurate for’ the per1od A970-1983 andmxepresent ‘a-

dec11n1ng error functlon._tﬂflf‘.}

e . E : : B . B

Column 4 of Table 3 1 llStS the valbes of tr1t1um

7-. . u

’fallout assumed for Alberta for those years for whlch“no

o L ' T » -'\

‘recorded data ex1st These values are also shown 1n.

F1gure 3 14 The asSumptlon of constant values for the

L a.:

entlre prov1nce 1sfnot accurate becaué\\trltlum levels

- .
9“

1n the southern part p; Alberta should be less than in

e M
- - ‘_

the northern half however, because of errors comnectedtifaﬁn'

B : f B ~..'--'

PR N
¥

w1th an estlmatf%n,of xhls type and a postulated ,FV:V~eKT“~

o IR
PURFIEEE
d1£ference betwegn the average groundwater recharge 5=_ -

- . . ..
I‘Hf.i' N *

levels of tr1t1um and the average annual Values, th1s 1s'

. 1. . sy a

probably as accurate an est1mate as mayibe made to thls
. . N . c i . ‘ .

pomt B L C e

4 - P

Column 5 of Table 3 1 115ts the expected current

levels of tr1t1umkfor each year of 1nput 1f an Alberta_
R Y
groundwater sample was acquzred 1n 1984 These values
»

'x were calculated by' aklng tr1t1Um levels 11sted column 4




Sm;g3;4isamplln§ andfhnaly%isgérocedures"'

‘tvpand apply ng the law of radloact1ve decay Tlme, 1n thls

L

fsxtuatlon,.ls equal to 1984 mlnus the 1nput year.-Thus

1963 water ‘would conzaln a tr1t1um level over 1200 TU 1nffp'""

4"1984 ('I‘able 3. )

P .- . :

Tl

A total of 238 groundwater samples were collected for

':f,‘stable 1sotope analys s, Of these samples, 37 were collecteo

>

at sprlngs and seepages- 84 were taken from welis, of whach
- .

'*.8 were flowlng wells-‘and 26 surface water samples were
: analyzed In add1t1on, 28 prec1p1tatlon samples were

D

‘Rﬂsamples taken dur1ng three dlfferemt storm events, the. other;

."}’\

. 8- 10 were collected from snowbanks and dQUld not be'ﬁ

"°ire1ated to -a speczfzc meteorologzcal event

’ The remalnxng 53 cases are vepeat samples acquxreé

\

'ffsequentlally over thercourse of a year. fhese samples'werg'

P oA | : ke

taken to assess the amOunt of seasonal varxab1l1ty 1nherent

| ’1n the grBhndwater No q%alrtylcontrol samplps such a5'7"‘

'vfx were collected at one txme to ensure enouqh sample ﬁor at

f;{least 10 analyses for both 6"0 and 6D
. All of the po1nts sampled are- lzsted in Appendlx 11, 1n

1{<a table tHat 1s sorted by townshlp, range, sectzon and lsd

5;(Tab1e A 2 W) In add1txon, the samplzng po;nts for wh1ch o

B ¥

IS

v,,f\\heollected Twenty of. the 28 prec1p1tat1on samples wete fresh ;




.11thologlc data exlst are also l1sted 1n Appendxx II (Table 'E__ﬁf

a A 2 2) In thlS study, the numbers glven to the stable

i

;ﬁ"V.fh “"150tope sanples were the central 1ndex on wh1ch every other

~number1ng scheme was based Only one’ water referred to as
'vVRCD -.29 d1d .not- have a correspond1ng stable 1sotope sample
LR hcollectlon made. | B | o u |
_%rl»f}7 ~: Stable 1sotope samples were collected 1n wlde mouthed
e screw cap 150 ml plaSth Nalogene bottles (Sybron Corp.,
rfdaVallable from Flsher Sc1ent1f1c Corp ) It was felt that
150 ml of samole ensured suff1c1ent quantltles for both
. ;medzum term storage (as much as 3 5 years) as well as

quallty control work ""- ;j:";_ - "l, ygz

"- Samples were c0llected by flrst r1n51ng the contalner
~-w1th the" water to be sampled then refllllng the bottle.,The,
-"“contalner was fllled to overflowlng No r1nsxng was “

A

;performed durlng collectlon of snow. samples,:the snow ‘was

'ggjtamped 1nto the vessels as: t1ghtly as p0551ble In all

e
cases,.rlnsed-or not the bottles were capped tlghtly and

were later per10d1cally checked durlng the several phaSes of .

storage and handllng for analy51s to ensure securlty The |

\ﬁ*sample vessels were stored at’ room temperature untll the;fl

t1me of analy51s. All sampies-we(e analysedswlthln JO monthsfl

Stable 1sotope analyses were performed at the J; 4.{,‘“

‘of collect1on.

: ‘Unlver51ty of Albertg by the author. For 8"0 analys1s,

4«

modlfled form of the Epsteln and Mayeda (1953) COz |
equ111brat1on method ‘was used In thlS procedure, 10 ml of “d;
: : : : Voo :



’j;.water is p1peted into a sample flask and after evacuat1on of»fl'

the atmospher1c and dlssolved gases,.a measured amount of

'7;f nottleo COz from CE tank 1s 1ntroouced The water 1s alloweo .

to egu111brate in a shaklng water bath at 25 ,3° C overn1ght.ﬂ”yh

Samples were analyzed agalnst a calc1te reference gas (KMCCft'“

1471) on a M1cromass 602D mass spectrometer (manufactured,hL"ﬁ

by VG Isotopes, Ltd ) Approx1mately every flfth water

sample was extracted and analysed at . least tw1ce for qualltyif

!l.control purposes.

}n The method ut: llzed for D/H analys1s 1s that of,

Frledman (1953) 17uu of water are 1njected 1nto a vacuum

. lzne and’ passed across a uranlum furnace. The resultlng gas

is, con¢entrated 1n a sample contaxner v1a a Toepler pump. S

W1th1n several hours, the tubes are attached to a Mlcromass

-3E602C mass spectrometer (manufactured by VG Isotopes, Ltd )

7 and analyzed versus a. reference gas derlved from an

1nternatlonal standard water (Greenland Ice Sheet

Prec1p1tatlon, GISP 121) Fresh standard gases are made

every day that the sanples were: analyzed..Care is: taken to

avoid memory' ‘fects by careﬁhlly pump1ng out all J1nes 1n '

'; contact w1th the hydrogen gas between the sample runs. Only '

every 25 30 water samples were run more than once to ensure’””

D/H qualxty control | o : ' _ |
Oxygen analyses were carrled out 1n the Department of

Geology. Hydrogen analyses were performec in the Department

of Phy51cs._



The 21nc method (Coleman et al .ng) was used for aifo'd -
‘d__tlme 1n an effort to e11m1nate botb the small memory e‘fectsjajdd"n
"fanc t1me consumlng aspects of the uranlum method However
'preproducablllty became a concern- one sample that was
'*;analyzed 38 separate tlmes over a per1od of three months had;ttd‘:
' jQA'A da standard dev1atlon of analy51s of GD 9 6 /oo._W1th thebird'
- .:duranlum method the standard dev1atlon of three standard :;’
"fwaters ranged between 90 and 1. 10 /oo. Because of theSe
'f‘f‘dlfflcultles, the author elected not to use the 21nc methodtl
- Stable 1sotope anar)ses are reported 1n per mll’agn:i

( /oo) values-,7

o 5 ( /oo) (R1 R :/R: ) X 1,'000' S N WE L I AERAS
‘}fh?ﬁa{t- ;Where.R'is-tne‘ratio'o& —eavy to 1zght 1sotopes, and the<_ﬂ :
”*_égv-:subscrlpts 2 and 1 repy gent a reference and unknown'rat1o_**
QE respectlvely ;
T T T » . e S . B
"_%%-;{ _%ﬁmk Data from 5. d G‘Fd-analyses are- reported versus ‘
B .- B 9‘ ‘.;.. _‘.. . : .' SR ’- .
.Standaéﬁﬁyeqn;O" Water'(SMOW) proposed by Cralg (1961b)r'
. - DA . ‘v'-y"n : .
’fFresh samples of‘v enna SMOW (V SMOW) GISP and SLAP |
}i{f”'ff'--’i(Standard nght Antarctlc Prec1p1tatzon) vere . rece1ved fromf' | =
S 4 )
?,ﬁthe Natlonal Bureau of Standards ?aeltherburg, MD ) 1n i

SRR ,October of ]984 The orlglnal breakseaI contalners were
xopened in January,'1985 for an'oxygen standards run ana

]'__subsequently stored in a refr1g rator in glass contamers

vy1th plastlc screw top caps."

N



B The oxygen reference gas (KMCC 1471) derxved from a e
h'f-calc1te, was: observed to be -21 39 /oa versus V SMOW 135 onl'&7-"}Jg

:January 23 1985 6"0 levels were then converted to values B

dn'versus SMOW thh the formula"'ﬂ
e 5x -show™ 97880&.00201(6‘ft.08°/oo) -21. 36
% o 3 °./°,°_v B : ' ' :

e

,where 6“ 15 the value determlned from the mass specrometerzbu

',.and converted to the lsotoplc value of KMCC~1471 on Uanuary'

"I 19&5 and 6x SMOVV ,15 the isotop1c value of the sampleg_r-”
'ffbreported versus 'SMOW,. ::ffrbvf"' {;ffljfggf_f'

”"d The deuter1um samples were analyzed dally agalnst a

fdvfresh gas derlved from GISP 121 GISP 1s reported to be

'f-189 7 versus V SMOW (Gonf1ant1n1 1978) RaW deuterlum,) .

',f:levels were converted to values versus SMOW by the formula.”

Srcsmow™ +83492,0028(521.0%/0)

'55189 82.7°/00 e L ey

“?ﬁwhere 6’ 1s the raw value read off the mass spectrometer,v

‘"*corrected for H, productlon. Further detalls about the

-

'1[fcorrectzons utxllzed for conve151ons of raw stable 1sotope X

O

”‘udata to SMOW values, as well as the calculat1d

H_values, are glven 1n Freeman (1985) 'A FORTRANr77 program b

aﬂ:called DELSMOW was - wr1tten by the author to automat:cally

--‘cal&xlate the stated va]mae. nf c:i-ahln 1cn+nm 1mm1c hu"



. ' Equations (3.8) and (3:9).
,”1394 2 Tr1t1um samples ‘. S 2

3 A total pf 38 tr1t1um samples were collected at 3'7 d" -
'lfhfdlfferent S1tes One sample was: acqu1red from the town of L

’a qual1ty control sample._iv' f_~fl

: A

Elkwater well to check seasonal var1ab1l1ty and to serve as

.. ‘- -
. -,

”;T’., Sample= vere taken in- 250 ml w1de mouthed screw cap S f'fz"“

'”fNalagene plastlc conta:ners (Sybron Corp., ava1lable from *%‘wilifff

fFlsher Scxent f1c Corp ) ‘mhe conta1ners were rlnsed thh

Athe water to be sampled pr*or to taklng a grab allquot The-i'

“that tr1t1um and "C data could be compared‘?nd cont‘asted ’ff,‘.

bottles were'tlghtly capped after sampllng and dellvered hb_é7” t.;;

_promptly to’ the laboratory wlth no spec1alostoﬂage or’ ?lﬂ BT

handllng procedure Es ].g L ,av"' .,f . L_,‘si;_*ff.:e]'~~-73

“No’ dupllcate tr1t1um samples were taken, This 1sv* ! L

;'yunfortuhate, because WIth the ease of tr1t1um samplzngband:%'y %f‘i

analy51s, dupllcates would have prOV1ded some valuable da £ o8 .k?i

on the laboratory reproducablllty.« | vf;
Excepr for one s1te, RCA 56 tr1t1um Samples were. =

h‘:;iaoqulred whereyer a "C sample was collected It was él;iffjg o

. "

”1gto prov1de 1nformat10n about the groundwater system and 4" ‘tﬁff

='about the relzab111ty of each of the datlng technlquesi}‘ . j.

. ¢ S 4
e Tr1t1um samples .were analyze@ at the Alberta o /

5'were dlstllled and added to a quant1ty of Monoﬁhase 40‘”

‘ Env1ronmental Centre ln Vegrev111e by the Geochronology ﬁv;;}..r

| Sectlon of ‘the Envzronmental Technology W1ng The samples: A"‘{;“y”

Voot

. o .‘ eyl e _1”,,_..,_', e i.‘.,;,,.;.",..__.;:;, .?.'“



‘;;»ﬂ:-fiCOthall (Packard Corp ) and counteo on a Nokes/Spaldxng

“Ealat"”Jn “ume counteg or’ on a Tracore Mark III'-uged forpo_l*cjflg'

,fmple 51zes. The counteis are corrected da1ly for-" |

”vflieve s,oﬁfbackground act1v1ty (L. Arnold pers 'comm Ja

Levels of tr1t1um 1n the water%samples are expreSSed 1n;*"'

"-ftr1t1um unlts (TU) A tr1t1um un1t ms a dxrect measurement

_ :;.of the amount of tr1t1um content 1n a sample.ul TU 15 equal
» ) .. ‘-’ L -

-~ to 1gatom:per: O"‘atoms of hydrogen (Freeze and Uherry

- f979) Prec1sxonal errora'were stated for each trltzum

i_anaf§51s by the laboratory 7f ‘:f_fl-¢{¥7

'3 4 3 Carbon—14 samples na ln-l=‘ ;}g. S

A

7t-{'-;i3h lf 20 Tec samples were collected at 20 separate.srtes ln
R Ross Creek Ba51n Spec1al attent1on was ngen to thef
| "sampllng of~spr1ngs and shallow flowxng wells because'v
.gsamples could be collected at these p01nts w1thout hav1ng.tov;
]§bfif>pump or bgll large quantltles of water. In add1t1on, these
| .fp01pts represent speczflc hydrologic zones whereas mOSt

.‘.\,1

,5,'pfp_j. wells 1& the a”ea are generally perforatedeover thelr&Mhole g

P
j 32L of ~ater were cleected at each 51te 1n two;
: d - .

R colla951ble,plast1c camping type contalners. The vessels

'd;depth f’. > Tl{-

e

‘;‘were f1lled to overflowxng and all-a1r pockets worked out
%\iAj:j}'ll;lthrough the spout wh ch was subsequently closed off
kR B Upon complet1on of each day s sampl1ng, 20ml of
.Q_saturated NaOH (f1ltered to remove CaCO ) and 30g BaCl2 were ffl

f»fadded to lower the pH of the sample and to preczpltate the_"

-

-~.7 ; i

-

‘ o ‘ﬂ.'_n, o



'Vf_'carbonate,_respeEITVETy. The sample veSSels were agltated

't}fffseveral t1mes and allowed to 51t overnlght.vThe clear 11qu1d:lf7

:jthand one of the two containers collected at each 51te was

’carbonatep

FQQWas tnen%poured off leaV1ng the whxte or. yellowlsh whltef7v{_f"'

4 ST
rec1p1tate pn the bottom oi the contggner. Oncefyﬁ S

but the 1ower 3 or 4L of f1u1d were decanted the f;fh“7

\ Lo LA

samples were then\agltated re suspendlng the precrp:tate,;dfiﬁ-r

.......

p

o poured 1nto the second A1r was bled out through the spoutjh"

.."

H_Jand the bottle was sealed In th1s form the samples were

f'then dellvered to the laboratory Leftover usec conta1ners_;f”

" -sent at least one dupllcate to the laboratory, ,as extremeé

_hfwhere extremely low flow'rates resulted in prolonged

'h@exposure of the water to the atmosphere._Substantlal134

"and there 1s no way of knowlng exactly how much

"Sectlon of the Env1ronmental Centre. In standard procedures

“reuse.;“f'}ﬁ *ﬁh:i”p - -{_‘qﬁg_;n*“'"

fvar1ab1lxty 1n sampllng procedu:e 1s suspected to have

'fract1onat1on took place.

~at the laboratory, the large bottles conta1n1ng the aqueous tf

ﬂ;:were r1nsed wlth a d1lute dCl SOlUthﬂ and tap water for

Because of the 1nvolved sampl1ng procedure\\no quaﬁlty,,ﬁ hd

h*f:control “C samples were. collecred dur1ng thls studﬁi,As ":3_7§i

= ; :
T S

’V:dw1th the tr1t1um samples, 1t would have been useful to have ,‘;f

'caused most of the dlscrepanc1es in the results It 15

belleved that fract1qnat1on of the “C occurred in: cases

ﬁ*fﬂquant1t1es °f Coz appear to have been been lost 1n thlS way, T

» S . s \ o
»“C samples were also analyzed by the Geochronology

‘



Cers

7*gfslurry are transfered to)a giass contalner whlch 1s placed

1’5;;;under part1a1 vacuum to dr1ve off excess CO;. The COz from _fffja

.t

’Rﬁsolutzon 1s tnen 11berated oy ac1d1fy1ng the sample. The gas’;i'i
"ﬂf}1s equ1l1brated w1th CARBO SORBc ln a graduated cyl1nder f&}fgi

;fftrap at 6 to ? o water bath for 1 hour. The CARBO SORBov“f

"’zﬁﬁsolutlon 1s then mlxed w1th 12m1 of scznt1llat10n cockta11
""7fnfor countlng Qt the end of sample c untlng, a known welghtff
anof spzked standard 15 added to the mzxture"thxs provzdes 5-["'

: hnmeasure of count1ng efflc’encv (D Dougall pers. comm )

R : »

Oncquesults in- the laboratory have been obtarned th
e

'1y problem then becomes one of\correctzng the apparent date for

\

'bfjgcaybonﬁsources and sznks 1n the hydrologlcal system Thls n{'

BN

ff~ad3ustment becomes a; complex geochemzcal problem that has
f gbeen examlned}by a large nu!'ﬁr of researcners (e g Fontes'

‘x‘_;and Garnler 1979 McKay et al 4986 Mook 1980 Pearson and o

‘\ LI

“fffHanshaw 1970 Reardon and Frltz 1978 Walllck 1976 and
“j;W;gley 1975)‘»Because "C analy51s 1s carrled out on
'{ndlssolved carbonate 1n the groundwater, one must account for

:~,; all 1nputs of carbonate along the groundwater flow path"‘ifgg7"

\\:4 Trad1t1cnally,._h:."c geochemlstry 1nterpretors have

been d1v1ded between ”lumpers. and spl1tters N Lumpers tend

hfbto v1ew the ent1rerhydrochem1cal system Jh1le the~sp11tters
.1fbu11d complex arguments based on spec1f1c compoﬁents of the -f"#.
”"fihydrodynamlc system (E Wallxck pers. comm ). The,ﬂ{C‘of

o \
o 1nterpretatlons proposed 1n the current work w111 be

&

:?dec1ded1y on the srde of the lumpers. It is felt that any

‘dvhfgeochemrcal argument is only as good as the hydrogeolog1cal



7:_gframework from whlchwlt 1s developed

o ”an 1ntegrated approach

It 15 feltrthat-ln

-

‘ivmay be made thhdut serzously affectlng the overall accuracy,deffr

The values of 1‘C from Ross Creek Ba51n areﬁreported byfdfg;ﬁ;

":-fthe laboratdry as percent modern carbon (pmc)‘relatxve to a

rﬁrNat1ona1 Bureau of Standards oxallc ac1d w1th a spec1f1c

':ffact1v1ty,‘_ (def1ned as 14 d1s1ntegrat1ons/m1nute/gram of

'Qcarbon) of

. 1Because post 195 L“C levels are greater than 100 pmc, the
. ‘_\: -

7:1n1t1a1 act1v1ty is expressedlas a pre bomb act1v1ty The

. \‘ ;'..‘ o
(R) of sample actlvxty to spec1f1c act1v1ty'

o

'R = Alsample)/Ao.-x 100 - 0 oL o3y U

thus renéer1ng the value nn pmc (Mook 1980) ThlS rat1o

: Z?\expressés the amount of present day carbon rema1n1ng in the'd

sample. However, 1t 1s useful to calculate how long the
sample'hasvbeen'decayxng-%1 e.xhaw old 1t 1s The law of

rad1oact1ve decay 1s stated as"

. &A:ZAoe"’T e - _...v(i3

B R

"*7many cases est1mat10ns of 1mportant hydrochemxcal parametersf;dfff‘

~':ﬁhﬂ°f the results, as long as the analy5es are made 1n 1lght °£?”}f;f

Qid . ‘:,..3¢‘:TJ; d;~,ﬁx_rri.;;fﬁ.‘_ R
Aox = 0,95 x 13.56dpm/gC T a(3.10) 0

'7$<Cmeasured act1v1ty of-a sample may" be expressed as a ratlo ,,3Tﬁ?'f

D .

.lél-f



'T54Mook (1980)

o

fof tne substanCe For’

‘ﬁ

f"derived from prec1p1tat1on and atmospher1c CO,,.Z) soil co,

uﬁ;’dqr1ved from decom9051t'on of organxc materlar and plant

4

N

"f’root resplratron"3) exohange wxvh{solld carbonate 1n the']:~

‘}.

!

k; Sroundwater flow systemﬂﬂ;hese and other processes wh1ch

4 ."\l"'"

ft gﬁect the carbon:oontent ofﬁgroundwater are‘dlscussgd by b
L

i

Much research ha§ been spent try1ng to moﬂel

;'sources of carbonate to a groundwater flow system. Reardonf

- 'tand Frltz (1978) and\Cheng and Long (1984) ut111zed?

fequ1l1brum geochem1ca1 modellng to estlmate 1nputs. W1gley_ 

,e_(1975) and PeaWson and Hanshaw (1970) est1mated the:“__
. fo

"gfﬁproport1on of“norgan1c carbon or "dead“ oarbon from thef

~‘,1d1fference’1n "C v‘!bes of modern atmOSpher1c COz and thei;




”=ffr0m 1norgan1c sources. Thus a corre_ted'age of carbon,‘t»;’j

;””7fr{ﬁmay be calculated bY 1“tf°d“Ci"g an ad;ustment Q 1nto

5f]fff’rf;where Q 1s 1nterpreted as the fract1on of modern catbon

'rifthe system.AAS carbon 15 added beneath the water tahIE.by.
--dlssolut1on of carbonate or oxldat n of organlC matter,'éd.-
j:r:._"._:;lszpi'owe"ed as the result of d11utlon.HWh11e there are mané
. problems wlth the slmple agpllcatm" of a0 facw" o

"fhhemp1r1ca1 values of Q have?been demonstrated to range

'Lffbetween LE 5 and 1 O (Freeze and Cherry 5979 W1gley 1975) Q i ‘

les lower when 6"C and alkal1n1ty are h.gher.{_f:’"'l E
ffv»f:}ddhdffaz Consequentlyy 1t was decxded tha* Q values would be thl;fpd.
;g}i;;rjlrﬁﬁ'estxmated as a funcvion of alkallnlty and 6"C Table 3.3 ke
| nf_a‘ﬁhtishows the data fﬁbm the current work' the R values exgressed
v‘:ias pmc, the 6“C values expressed versus the PDB standard,,_‘h
:-alkal1n1ty and errors. The result1ng 1n£ormat1on 15 very
Azncomplete- out of the 20 1‘C sanmﬁes sent to the lab only

two have a full set of values for “C 5'=c and for'}lﬂﬂ‘ﬂ-

alkalxnxty. Several samples d1d not react wlth CARBO SORBo‘r5“

: < X

" vy

o -
- -



kLKAL.INIT-Y &

0 FAGTOR %

. mg/Lyr

. (ESTIMATED).:
- (ESTIMATED)

W .

35830385 88883 1|

" Table 3.

“anal

ST

— = 2"'..‘:..
yses. .

Car

..

»bdhff4 

.

P




. : * M : .‘
1ncrease as R decreases,-1mp1 1ng that carbonate 1s acquzred :

5
" '
.-i
-

llffaddltlon, the s1ze of the error attached Qo R 1s enormous

A— ‘0

R +U 20 pmc. Thls far outwelghs the effectsqof Q 1n most cases o

. .. -

“;1f Q is assumed to range between 0 5 and 1. o.zﬁﬁ;:fff)
‘}ﬁ*{ It was dec1aed that an exped1ent method of adjustlng R

'gﬂvalues was by estzmat ng Q,:u51ng the examples c1ted by

f‘:ﬁfffW1gley (1975) and F*eeze and Cherry (1979) as a gu1del1ne..t”
ﬂ-.Q s.were Judged to be low,_that 1s,‘close to 0 60 for hlgh DR
’hﬁlvalues of alkallnlty and 6'°C approach1ng 0 /oo(PDB) Q s

;were }udged to be near to unxty wltn 6‘fc close to —15 /oo‘"

wand low levels og‘alkal1n1ty. In all cases; Q was attached

\although a max1mum error of R equal €o 13300 years ( 8270 ln

"0 20) was assumed

oY ’ :
.

The values of Q and the1r assoc1ated error values are




3 4 4 Data and statxstxcal prOCessxng

yu;ﬂ( All samples uere 1dent1f1ed by the order 1n wh1ch they

r'_were collected for stable zsotop1c analy51s. As f1ve major;”'

:1““f1eld trlps were dwde, all hav1ng un1que reference codes o

vflRCA RCB, nndwgo on)thhe samples were numbered

-'-Qsequentianly thh RCA~1. &5 number 1 and RCE 38 as number yhi_ig;?

,9238 An excepr1on to this pattern are the 51x MT samples,_",f_}'\l;”"-»':\~

’°Qcollected 1n Aprxl 1984;° whlch are out of orderv,”

o chronologlcally The MT samples are numbers 195 200 Tablef51°fi

jﬂf3 3 llStS the samp11ng t11ps that were made 1n Ross Creek ’_-

. N

Tl Ba51n, wlth the reference codes Da;a sortlng and pazrxng'-t.

, procedures were done bv computer.:'
Statlstlcal procedures con51stedvof three ba51c types o

'-:”of analy51s-'1) llnear regresslon'-z) product moment

”f:jcorrelatlon, and 3) cluster analysxs. The ba51s for these

“techn1ques 15 well understood and 1s dlscussed 1n detazl 1n

';"stazlstlcs textbooks such as Sokal and Rohlf (1981) ahd Tlll"

';(1974) e >'57f"'

L4 R

Lrnear.{egresslon was. ut111zed to analyze the 6D‘versus ;'
_6"0 relatlonshlp of samples. Cla551ca1 methods of | -
f'_least square regre551on were applled w1th the use of a
.fstandard StatlStkpal software package, SPSSx (SPSS Inc.,
f1983) GD was assumed to be - the dependent varzable. Wb1le
"_not a totally va11d assumptxon (Gat and Gonfzant1n1 1981-‘y
h‘Fzgeman 1985) th1s has become an. accepted technlque 1niw‘
f’»1sotope hydrology and as such 15 appl1ed 1n the current

,,'

”work
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dﬁ_f?Just1f1cat1on of th1s techn1que mlght be to po1nt out that
r-f1mproved correlatlon coefflclents for two llnes were noted
fjbut thzs represeq;s a C1rcular argument and 1s probably not

‘ .l._l_:strlctlY tvue.g’;f.,

o were technlques 1ncorporated 1n the present work to probe
:ﬁthe data for groups of l1ke varlablgs and trends between
' ;J:varlables. Pearson correlattons;were pertormed w1§(,SPSSx.V |
eﬁh(SPSS Inc.,1983) and were attemgted'for all 1sotope, well L?ii
7??and chemlstry data.vAny strong pos1t1ve or negatlve tgrfﬂﬁdf

'.tcorrelatlons between varlables would have demonstrated a.

ﬁﬁmeteor1c water 11ne from those that d1d not A partlal;i,g.

»

~jf Pearson produc' moment correlat1on and cluster analysxs

g

W

-——

i\fp_covarlance and perhaps helped to h1ghl1ght the expected i;
*fpco-dependance of d1fferent data such’ as 8"0 and elevat1on3wli

'”(f»(the altltude effect) or “C and percent m1111equ1valents"fk
‘<;dhlor1de (age and hydrochem1ca& fac1es relatzons) Pearson o
jf:correlatlon tests were ]udged to be largely/%nproductxve ::? ff?i
'»'ngthout é more detalled analy51s of the actual data. 2?’1»¢i'adel

Cluster analyszs was run u51ng dhe MIDAS software_',f,“?}“'

*package (U“1V9f51ty °f Mlch;gan) for 6"0 data D1fferent
ﬁ_“group1ngs Qf isotop1c data, such as all the sprlng waters,:f?57:

’ or alL well waters, were a“alyzed in a recon%a1ssance 7f“ e







EfV«if:“All notable p01nts 1n the Park were named eather by an

"ejoff1c1al name-'such as "N1cholls sprxng“ d@ by a name ngen s
tfy?by the author as 1n the Case of_ehe "Sk1 Run Sprzng II"AE"V‘57“
'ﬁ]ustands Ebr the wells put in by Albeuta Env1rdnment"”Duke

;‘:_fAE" wells were drllled as part o£ the OohOtl/Albertal'

.%Vand are plotted 1n a serles of gxgures‘tﬁat dembnstnate

__-——

;fcharacter5§t1c features of the data._In/Chap er 5 these }FEF”51

Table 4 1 115 s the i’% famples that were'anaiyzed for

t’?3?60 and 6"p 1n Ross Creek Ba51n..Severa1 p01nts g&out ;he

e

3_ ownerv.and "descrlptlon 'columns in Table 4 T deServe O

v;fclar1f1cat10n. The abbgﬂgiatlon CHPP stands for CypreSS';;i:tif”f

'7¥lells Prov1nc1al Park S1tes wnthln the Park,were located 35

.
e

:?ﬁiaccurate1y as posszble but may not be exactly p1np01nted

4’

g;Env1ronment aqu1fer del1neat1on program. Sqme df thb AL

L. 'y ®

HfdPYEClpltat1on ( ppt ) samples were g;ven expl1crt labels»-?

’”d"d*-15fa flrn snow sample taken dur:ng the RCE tﬁ1p,r n" “egfj?f

"_a sample of week old snow acqu1red at the'same tlme. "W1nterc

\ .v"

”'?Bpt" 1s snow summer ppt"‘1s a raxn sample.J"”'“Q'Eghjfg}fwfgij
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P Table 4
. .U OwnER
LOCA1|DN . DESCRIPTION . °
{J'll 8 ‘Jwa cupv NICHOL s
T4 Ne 8 dwa . CHPR-MITCHELL
77238 Jvd_ CHP —Frn:nocx

14524 @ s CHPR-ELKWATER
12.23° B Iwe.. CHP .
1724 8 W4 ELKWATER -TOWN
1125 8 "IW4 A PETER
436 8 'IW4 ' A.PETER .

19 3% 8 JIwae . B SCHORR. - .

13149 Jva' 'ﬂ.v:!ss~rlELD
4249 IWd - B.WEISS-HOMEST
1S 9 "9 JwA . J.IGNATIUS -

V227 9 3wa " B VWEISS-CORRAL
7.26.-9 Jwe'  W. SWADLING
.o 259 W4 > ' C_HERMANN

‘9.13 ‘9, Iwa . J. ENGLER .
430 87 w4 - E.MACK-CORRAL
13 .89 3wa - E.MACK-FIELD ~ .
119 .9 2Wa D € MACK-HOMESTE. -

L8119 9, dwa o, NEUBAUER

13 1A ava ,A.scuona
24 1410 3Wa " F (BOLLINGER
6 2410 W4 - XRAUSS

| 9.26.10 Iw4.  C.UANS
12 3% 10 Jv¥s.. " B.OTTO:

1679610 " Jwa VA, RANCN
12 c&§40~ﬁ¢--\:os

16.-30. 10 - 294 | SCHO
A1 31 11 2wa - IRVINE P- AN'
1112 IW4 . CH.AMAN
16.32 11~ 2W4- " A.BROST

16 7127 .2w4 . M_BROST .

-8 15 127 3w4 . R_FRANZ .-

11 24 12°-3WA° AL ZELLER .
112412 3wa " A ZELLER
8 24 .12 3Wa  J.ZELLER "

C1.30°42 awa . C.21EGLER
‘4 36 12 IWA - R .NAUSAUER
9 2112 ‘Iv4. < H.BROS

. 820 12 3We  R.AOTRS. .

L 12:33 12 Iwae . E.MILL S

15,01 12 Jwe  C MORISCOLL -

16,13 12 4Wd - B, ZIEGENMAGEL
S 11812 Jwe ‘G.ZTEGENHAGEL
'V ST12 dwe  ROPFAFF
233 11 w4l K. FRIEMAGK
3 13 8 -JWa: - CHPP-MITCHELL
12 .12 8 ¥4 SUMMER

4 7. 8 2¥4 - - CHPP
T T8 aWa . CHPPT Y

~1.17 8 2da° CHPR. .
©2.2% 8@ 2W4  CHPP-PINES
1430 8. 2vq FELESV
14 30 |8 Iwa.  SUMMER -

14 ©2 9 J¥a . D.LYALL - .
15 159 Jve  H.SELYZ Y
‘70410 Ive R JANSIHOUSE O
6 4 90 I¥We R.JUANS-STOCK
130, 9 'IW4 . D.SCHORR
1 110 4wé - M. RATH-OLD ‘MOU. -

1410 awa . REJGER
13 98 10, IWa O, UENTZ .

13718 10 Iwar SUMMER .

.10 30 10. w4 .C. GILL » )
176 14 ave va:ﬂt?:LpAcx
15 5 11 Jve W STUBER
9:33°10 Iwé  L.ZIEGLER
3 13594 3va | SUMMER
13 V7 1 Jdwae | @ .DEERING

13 23 11 3Iwa R RESCH
148 9 2wa . . . MACK-FIELD

L2724 9  4va - X_SALLER .

a:13 8 9 - Jwa.. U.PFIEFFER.
1130 -8 Jvs BROWN EST.-H
6 29 '8 Jwa  BROWN £357.-

14 12 .9 4v4e - FLATG -
16 2.9 aws A RATM

10 4 9 ava . DRAUOSONZI ™
116 9 4v4a - ORAUOSONe2

1°30 9 4V4  BURGEVITZ .
13 2) 9 4p4 BOSCHEE
.23 9 -4v4 | GCIGLE -

s 3.10
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LAKE

" SEEP

MELL
VELL
7 'SLOUGH -
SLOUGH .
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SPRING
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el

F.WELL
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DUGWELL
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WELL
WELL

Resul*s

C)

DELTA UIVR
CtRAw)-

2,41

2.76

3.52

1.43
12.1%°
5.3%"
1 04
1,83

2.89. .

S OELIA O1R

(VS SMOUI

092,
38
as
83 -
77
LL]
62
.32 !
216

.54
.93
.91
:s:'
.60
.74
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R.REIGER DUGOUT
G.SEITZ ‘WELL
0. SCHORR. - “ - =DUGOUT
_;rnqxv»' - WELL ¢
LANGE. _MELL
1.NEITZ - WELL
A WUTIKE wELL, |,
“RUSSIL . SPRING, -
JUEUKWATER TOWN © wELL .0

C4LGILL .,59w|~a'<
E.YANKE - * TWELL
CWILDE WL
RENKE CMELL

: ARIEGER VELL
€. JANS - WEL

'sbnluc
wELL " -
SLOUGH'
wELL °
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" SPRING :
OAVIES VELL
DUNMORE CAIPGND WELL -
CAVAN . . WELL |

T LA POULET FARM . WELL. -
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- HOFFMAN COFLWELL
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- DUGOUT.. .
SEEP
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. : TwELL - C
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H.SENTZ L SPRING °
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vINTER(O)

S,

f
.. ~Table 4
" 2R
P OwnER
SAMPLE LOCATION VESCRIPTEON
RCD .Y ‘9 27 8 2we  WINTER ',
- ACo 2 7 7.8 2da. CHPP
gco- ¥ T T 8 2wd. ewee o
[aco-4 12 12 8 dwa wINTER N\
RGD-S * 13 31 8 dwa . CHPP-NICHOMNS
aco-6 27,23 8. IvW4é CHPP -F 1READCK

. RCD+ T L1723 8. Iwa LMINTER .
’cD-8 ,73°13 '8 3wa  CHPP-MITCHELL
RCO-9 DT 248 IWa - EUKWATER TOWN
CRCD-10 - 10 16 B IVa - T KAJEWSKY
RCO-1v. - -4 27" 8. IWd - AUSSIL -

TIURCD-12. 1% 16 .9 dwa | HOSEITZ

..RCO-13 18¥16 9. ‘dwa . WINTER
‘RCD- 14 - 1279 Ivs 8. WEISS- connn
RCO-15 S 18 9 Iw4. -y MACK :
RCO-16" 1 4 9 2wWe < HOAD ALLOVANC(
RCO-17 13 '7 10 "3w4 A SCHORR
RCO-18 ‘6 '24 10 *Iwa  KRAUSS .
RCO- 19 11.30 8 3ws: -BROWN EST -H
ACD-20 2 % 9 ava.  x SAILER
CRCO-2Y 919 ‘97 2wa n(ueAu:n

® RCO-22 173012 Swa vmrtn
RCO-2) 12 34 11 Jwa WINTER
QCO-34 ...~ % 4. 11 “Iwa  WINTER.

RCO- 23 ‘s J4 . 8. Jwa WINTER

' RCO-26 2 w8 8 2we WINTER
RCD-27 - -8 7. 8 2Iwa.  WINTER
RCO-28° 124 -8 dwa . CHPP-ELXWATER
RCO-29”" - 4 2% .9 .JW4 . ROSS .
Y- 1073% 12 '6W4 . SOUTH.SASK-MH
uy-2- 1327 10 34 SNOWBANK
 MY-3" 13 1011 Jwa - SNOWMELT
TMT-a .16 33 9 3Iva  VOSSLER
-9 .7 24 8 2wa ELKWATER TOWN
N1 -6 . 7 1T 8 2we C CHPP :

LI £X 10 1212 4ve T VINTER(W) .
‘RCE-2 10 12 1A AWd . SNOW.
fCE-D . 9.9 w4 . WINTER(N)

. RCE-4 - 16 26 8 IWé WINTER(O)

g RCE-S 0 % 19 8  2v4 WINTER(N)
RCE-§ . - 6 24 .8 IWa - CHPP AE22094E
‘RCE-T - 12 8 -8 2we . DUKE-AEF2093E
RCE-8 12 .8 8 ' 2Iv4a  OUKE KEF2084E
RCE =9 12 8 L.ave WINTER(N)
‘RCE~10 12 8.8 2w4 ~ WINTER(OJ
RCE-11" 11 341t Iwd - BOSS:

CURCE-12 - 18,31 1Y 2¥a CIRVINE PZ {CAN

. RCE-1) 2% 1 ~°'K“ K. FRIEMARK
RCE-14 "1 %12, Wk R .PFAFF .
RCE-1S - - 8715 12 4wa B SCHNEIDER . |

S RCE-16 1610 12 ava  DUKE AE#2008E
RCE- 1T 16 .10 12 awa . DUXE AF#2087E
RCE-18 16 10 12 4w4 . DUKE AES2086E

RCE- 19 8 15 12 Aws . SNOW
RCE-20 . 8 195 V2 . 4W4 - WINTER(N):

T ORCE-24. 16728 1. dwe " OUKE AE#2080€

-—-u:-.?‘-—w-sb-u aw4 . DUKE unoou
.. CRCE-2 123 11 Jwd U SNOW

CCRCE-24. 1D 26 1) - AW4 WUTCH . :
RCE-2% [} 8 11 Ava . DUKE AE22092¢
RCE-26 .- 8 PTiv awds | DUKE AE#2091C

. RCE-27 13 35S t0 4wa  C.ZEIGLER
SRCE-28 - 7 20,11 4we C.SCHMIDEX . - -
RCE-29.° " 8 2% 37 6W4 SOUTH SASK-MH .
RCE-30 - /19 24 12 Swa - HOFFMAN |
RCE-31 . 3 . -OUE -AE#2089E

Do ORCEADID a 33 OUXE AE#2079€
RCE-23 0 12 2% D METER
CRCE-34 . .24 U SNOW
RCE-I% - i s WINTER(N)

. RCE-I6 7 .34 ELXWATER TOWR
RCE-37 . .12 11 @ Iwe - A.SEITZ
CRCE-IA . 12 vt 9 Jwe

P | - . 3
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110t Of OELTA-O18 "~ DELTA OtR] ERROR DELTA M7
'un(n C(Raw) . (NS SMOW) . (1 S1GMAY SRLIVIE
ot : . ‘- . .

epY : -n a9’ oS B &
- DUGOUY ey JH‘ 2016 9T 1,
SEEP L1120 . 0 18 L RS B
pPY -28 65 Q 15. Toocara
SPRING -19 15 LO1s T s
wELL -18 67 .. 0.13 . 52 v
PPT .-28 .96 Qs S $34 &
“SPRING . [ -18 -8R .0.15 - 92,6
WELL . -19°30 L 0.15. E a9 .4°
SSPRING . 2. <18 59 015 . 54 3
SPRING ¥ -19 61" o ofia 4510
SPRING 0. <30 68 R T - T - TR
L PPT-. 6. -28 10 0. 15 . -28 2
SPRING 2. - -18 62 0 1S 51,6
S SPRING: - S -18.15 - 01s.. .0 7 .6d 4
fwELL 2. ‘.19 08 Qs . 3072
wELL (N -20 04 0. 14 Y 402
F oWELL 10.02 1154 0. 15 R 91 2
SPRING 2.08, -19.32° 0 15" R 43 6
SPRING © 3740 -18.03 0 13 85 ¢
SPRING 2:47 -18 94 0:.19 " - s1.3°
. PPY. .. -7.00- ~28 21 0 15 E -33 7
ceev.. -1.81 =29 00 LOs . . 22390
PPT. ) -6.99 -28:20. 0.15. -6 6
Pt -6 1% -27 18 015 -2 &
PP . -5 61 -26.85 0.15 - AR T B
L3 B .6 18 -27 a1’ 0.15. .- -22.3
LAKE . 11,17 -tQ 43 0. 19 108 6
" CREEK ! e .- : me
RIVER . 3:23 ~18.20, 015, 8T 2
PR .. -2.15 -27.46 T0.15: > .86

© PUDOLE 0 71 =22 05 I - B L I 21 2
$.SEEP. ,‘,'.é:‘n . +8.37 1016 110316
wELL - 92,05, ©-19.3% 0.15 . 41 1
ouGOUT . - 2.51" -18.80 | 0:1% .7 - 548
epY. -1.69 ©-23.04 $0:15 14
MELT .05 :20.33 015 . 8.5
PPT . g :5.47 426 7% 0.15 - . “18.4

. oPPT 2.8 -18.5}% 0.15 2 A |
.pPY. T ©0.33 -21,04 T 0.5 . 351 .
| WELL 2.54 -18 87 BT %313
CWELL 2.49 -18.92° 0.15 54.7

- WELL 3.78 -17.66 oe Y ... 62.6
L PRY . .97 r17.47° Loy 734
i A -5.28 -26.%) ots -12.%
CREEX -0.58 ~21.93 . 0. 15 . 2s 1
vt - 2.967 T-18.46 7" Q: 15 . .'50.8"
SPRING 2.83 1859 - o f5 . 510
SPRING 0.46 =20.90 . - 017 ’ 28 7
SPRING S~ 2.59 -1a 82 0 15 . 49.5"
wELL - 1.5% -19 .84 -0 15 X a2, 2’
MELL . © 73.00 .18 42 0 1% 37 1
wELL . @ 124 -20 05 o 1s : 86
L 18} ) 4. a9 =19, 90: 0.13. ¢ oA s
PPT 1.20 <20 19 LS ’ a1 3
wELL 200 o190 g.-18 L &
WELL 10:02 AT o186 96.0
wELT 225 L9 16 01 - ag
SLOUGH® S 69 *15 19 . 0.1 T 66 e
wELt 3 20 - S 18.23 0o 1 : 55 .6
wELL | R -18 61 0.1% - L D
WELL 3.38 -18.0% ‘015 o ee 2
_SPRING 1°0% “20:33 . 018% . S04:2
‘RIVER 2.20 . =19, 21 0T . 48.6
“F WELL ‘2 80 62 o 13 - ar's
wELL 9.09¢ . . ~12 46 0.1% a1 3
wELL 9 25, -12 3t 0 1S .95 6
CWELL -0 70’ to22 09 ol jp 22

. MELY o1 14 . -19 66 013 / J9 €
. PPT- 266 - -18.76 o 13 155 7
wiLL i 80 -19 60 S0 15, T
SLOUGH . i 1 0.08, -21 28 o5 © Y 30
(L3 I R & I -23 04 6 15, . 141
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%
4 1 1 Meteorxc and surface waters.l;i~'t:’gﬁ';."”f ;?{‘1_f'};"‘
B Wlde varlatlons 1n the 6"0 and 5D of precxpltatzonv o
Hszere noted over 20 /06 and 160° /oe. %espect1vely These
Kwenormous var1atlons are typlcally found 1n the reglon but
'imake Alberta a unlque locatlon worldw1de in thls regard The:fu”
'f&f_fhf»dr&ierences reflect both seasonal var1at1ons and the fact

€

"';that the eastern 51de or the Rock1es derrves 1ts ueather.

fpatterns from four separate sources' the Pac1f1c Ocean
. A ' .
'VHudson s Bay, the Arct1c Ocean and the Gulf of Mexxco

; Flgure 4‘1 shous.'he varlatlons 1n 6"0 of" prec1p1tat10n.f; :"‘4;.“

| "fsamples collected in Ross Creek Bas1n dur1ng the var1ou5'*5

, ’

' sampllng trlps{ For cont rast the range of _non= evaporated
' e
groundwaters contalnzng "bomb" levels of tr1t1um is: 1ncluded
\

in Flgure 4. l Clearly,‘recent groundwaters show 11ttle :

var1a_t1on m"a"o values 1r compar1son to the prec;\-tatlon

am‘natlons of prec1p1tat10n data frow the RCA

Samplin trlp showed that an altxtude effect ‘can be found ”~Ft2//71

'c'for a 51ngle ra1nstorm (Flgure 4. 2) The slope of 0. 0046 /oo "y
,7per meter 1s well w1th1n ‘the range of values repor;ed 1n the

/"
llterature (Table 2 ). However results from subsequeq‘ -

\prec1p1tat1on eveﬂts,'such as the major October storm
collec!ed dtr1ng the RCD tr1p (Flgure 4, 3) did not glve :‘
e further ev1dence of a 51gn1f1cant alt1tude effect 1n Ross
Creek Ba51n. S1m11ar11y, no altltude effect was noted in 11;
non evaporated groundwaters contalnlng post-1952 levels oft

"b
tr1t1um (Fqg 4, 4)
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* MTTUDEEFFECT
Slngle Rcun S’rorm_ 5

 ALTITUDE (METERS)

| e 80=-9.9 - ooase

B R T AT S |

A:..fJ‘  F1gure 4 2 Altltude effect ina. s1ng1e rain’ storm.
¢ Samples. taken durxng May( 1984 rainj; RCA sampl1ng

tr1p ; -

T
by

 DELTA OXYGEN-18

-4,

RN +_13 ‘
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CALTTUDE (METERS) -
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%

oS30 =2 T e 27 e s
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F;gpre ‘434 No° altxtude effect ‘was -found in a
. October, 1984 snow . storms Sampleé\ﬁaken dur1ng RCD
e sampl1ng tr1p T : o .

.'_,.
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T theie‘ceptlon of the RCA ra1n samples and one<:F~‘7'

aésﬁéi;”iasﬁqmple‘from the RCC storm,_Stable 1sotope values of_,rﬂfhﬁﬁ
o prec1p1tatlon from Ross Creek Ba51n can be plOtted along a.
straxght l1ne whzch is 1nterpreted as, an approx1mate fl,j
f met%orlc water l1ne for the area. The equatlon of the ,;.oh.
§§7"v1 f"'meteorzc water l1ne, calculated for‘the 24 non evaporated .l.
e samples 1s-fﬁj'i3v;nlf” ’ " N

8D =17.7-8100.+ 2.00%/60 U4

'r5=79974T ‘A d1agram of the Ross Creek meteorlc waterllne

‘and all of the prec1p1tat10n polnts 1s g1ven in Flgure 4 5

lv,.jf 6D levels of surface water samples were plotted agalnst,‘lz

[y

6"0 and are shown 1n F1gure 4.6. ‘These results also £1t a
w

stralght l1ne w1th the equat10n° -

'SDf%I5:1f5l;d - 52.47%/00

w1th an r’ = 96’23 Because the surface water samples are

from locat1ons where evaporatzon occurred durlng the summer,w““'

1t is assumed that Eguat1on 4 2 descrlbes an evaporatlve

"_,waterﬂllne’éor Ross Creek Ba51n.

4.1 2 Groundwaters\f";, r

As 1nd1cated by Flgure 4 1 fmodern groundwater samplesi

from the basln ‘occupy a: much d'hrower range of values on an

1sotop1c plot than does the prec1p1tat1on. However, Qhe~ ¢;:‘L“
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: Flgure 4 5 Meteor1c water line in Ross Creek Bas1n :

" The 5 samples that’ plot to the rlght of ‘the line
,_were not con51dered in the regress1on analys1s
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R Fxgure 4 6 Evaporated water 11ne in Ross Creek
- 'Basin. The isotope values of 38" surface ‘water
- samples are shown o RN .\ :




range of all samples 1s Still extreme. over 12 /oo for Q"O

and 80 /oo for 6D Fr:tz et al (19?8) noted an 11°/°°

varlatzon 1ntgroundwater samples frbm the wlnnlpeg area°~"

wh1le Schwa nd Muehlenbachs (1979) noted ShIftS o£

:[ Therefore to a flrst appr :uhtaon the Ross Creek Basan

4lgure 4 7 shows that only the

"y

more 1sotop1cally depleted groundwater Samples from Ross

on the pralrles..Howevei'

Creek plot on the meteorlc water 11ne descrzbed by Equat1on

7;3@;13 The 1sotope data from Ross Creek Bas1n groundwatﬁr that

do not fall on the meteor1c water l1ne plot close to tn\\

. evaporatlve 11ne (F1g 4 7) No dlfferences between the

enr1ched waters of any part1cular type of groundwater ~1‘

R4

feature were. noted _1f g aphed alone, evaporated sprxngs

have a: slope of 4 7. and an e 87987' whlle wells have a Lf*f>.’

slope of 5 5 and ‘an . r‘— 92748 Thls does not 1mply that all .

groundwater 1s evaporated ‘a 51gn1‘1cant number of samples

"cluster near the meteorlc water llne, (F1gure 4 7) but many

are clearly enrlched re‘at1ve to meteorlc water

.‘samples collected 1n 1984 mlght not,glve a representatlve.

meteor1c 11ne for Ross Creek Basxn over the long term.‘As

shahlow groundwater samples are often ut1l1zed 1n 1sotop1c

-

LIt was thought that the 11m1ted number of prec1p1tat10n

studles to- del; eate a local meteorxc waterllne for an area,_

-oe»all of .the waters sampled in Ross Creek Baszn were used to. ?“’

d1st1ngu1sh both comp051te meteorzc and evaporated l1ne




=
2 .

Lo

T

c21s04

2504 e — rJr —
A

PL‘T OF O 8 VS DEUTERIUM

Ross Creek Al erfcl Groundwcn‘ers-ff?7:?-4:‘*}"?“_-,.::."ﬁ_,fj"-7

" METEORIC WATER LINE L
-ao=71zoﬁoozoo P

tvuonr:p.vmtumt B T I
D E3A3dt0-s2a

. 0\/ 5 o

-30/_ —25 o —20 5. -0 =S

o “DELTA OXYGEN 18 LT g

: E1gu're"4' A Plot of all groundwater samples in Ross '
Creek Basin. Also shown are the meteoric and ' - -
ehporated water lmes from Flgures (4. 5) and (4 6)

. e

g e - .
g% .
« \,I--Q (AN .



"?'dcalculated by Equatlons 4, 1 and 4 4 The plot of all Ross
‘5Creek Ba51n 1sotop1c samples 1s g1ven 1n F1gﬁre 4 8 All of
.'?the sample values fall very close to elther the evaporated

"lor the meteorlc water l1ne for the b351n.;‘7 e*ffn#'”--7"

B summar1zed as follow5°”{a.

The comp051te meteorxc water l1ne ‘ound for Ross Creek Bas;n ”

has an aﬁuatlon of _.j,ij;:.jf'; .1~>? ?“9?;5i‘*3 5‘ ‘

‘fcfﬁdescrlbed by the eﬁ:§t1on-7:jfeﬂ'h

NA

. -.. 6D =5 ;4 ) "O“ 50. '.2-3“01/9 o _ / B ..

§

v_"Tne ri= 9440}These two trends are very cl-ose to those

to

N.

b‘,

Cluster analy51s of 6"0 Values of samples allowed for ‘ R

- A T

further dellneatlon of d1fferent groups of groundwater 1n

'Ross Creek Ba51n..These grouplngs reflect a b1as towards.ff'

"

_evaporatxve effects because clusterlng Vas performed only on

-~

,:'dthe 6“0 varlable. Th:s b1as would not have been as marked
xihlf clustef’analysxs had 1nvolved’6D However. it was thought
‘that such an analy51s could be more easzly made usxng 6"0
““because the varlatlon 1n samples was proportxonally larger'd
‘jthan for 6D The resultant clusters were numbered in oader :

:~of 1ncreas;ng 6120 content. The characterzstlcs may be

Lel e o . [ . - L Lo L ] .
e R v, Lo . . e RS "
o e LI o C . . e
S i . N e PRI Ty
o : b LY o - Lo . et

L
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',;>non eVaporated groqapwaxers mQre. closely

water llnes in Ross Creek. The. Tinés are very

' .51m11ar to those” shown in 'Fiqures (4.5) and (4i6)

but ‘the meteoric line describes  the’ trend of..

4

SRR e e \.:
jF1gure 4. 8 - The comp051te meteorlc and evaporated
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SRS o
T

'-22 00 to -23.10 °/oo. vae wells,; extremely depleted"

o in 6"0 relatlve to the rest of the groundwater'

\"

: 57:group1ngs Th1s group of . waters occurs only near the

l—20 24 to -21 00 °/oo. Th1rteen wells anq sprlngs ;very

. \ e
town of Dunmore and 1n the center of the baS1n (Flg Lo

A

T

“pdepleted""ln 6“0 relatlve to the rest of the tfﬂ:--”;f".

f'groundwater grouplngs. ThlS group of waters occurs

-1

-'hf}largely on: the western 51de of Ross Creek Bas;n (F1g .iih

'f"19‘83 to 20,1 0)°/oo~ Nlne groundwaters "depletedw in:,a”-

—

SAPET

~ L

';_6"0 relatlve to the average grouplng Thzs group of

’

| 'waters occurs on the western 51de of the ‘basin w1thrmany;

'v:p01nts near the town o‘ Dunmore (F1g 439l}~_

.'.—19 30 to -19r84 °/oo._mwelve wells and spr1ngsv

r}{d

slzghbly depleted" relat1ve to the average. Thls group

”oF waters is mqbe evebly'dxstrlbuted throughout the'

'-bas1n than Groups 1 to 3, bur is found more - often on the‘r.5

& -

lliwestern 51de_qhan on the eastern %K?g.;4.9).

 -16. 93,tég;lﬂ;ﬂi_f/od.fFifty-sixfgréuﬁawatef sampfg; S

that represent the average groundwaters 1n Ross Creek

i3
J o~

Some sllghtly evaporated samples vere thought to be

_f1ncluded 1n this group,.but cluster ana1y51s does not

2f‘d15t1ngu1sh these

LN

.:6;

-

;414.4]{to —J6.531°/o¢.psixteen "enriched” samplesl_These”‘

.ﬂﬂﬁ\\\Sﬂ.i‘ Afpgép
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'Samplmg”Pomts _'.-'Figutvé 4.9, Lo§tlon map 8t Groups 1to

v .. .-.4 waters. Thes ndwaters ,which -

o @ Gf‘OUP 1 o .are depleted i flative to the R
@ "G.rm; 2 . average. Virtually ajll are found to the.

‘ ; P e R west of Highway 41, h- the most - : :

- @ Group 3 ‘depleted, Groups | F 2 4 found néar the- < -

- o .. -~ town of Dunmore and in the center of the “? N

- @ ‘Gr(')ﬁp"{t e basm



f»are,interpreted;asvhawingfundergone;eVaporatiOn;
- T._]?Q 477t01*T3 57. FlVe very enr:ched" samples from

wells. These have undergone a great deal of evaporatlon

As shown in. F1gure 4 9 Group 1 waters occur 1n the"
Ca . *-—'

T U e AL T

A

,nOrthwestern portlon oF’the basln near ‘the town of Dunmore_'

-

“,and 1n the center of the ba51nlnear an. area of h1gh TDS o
r.f(Ophorl and Toth 1983) Groups 2'and 3 waters are '“ﬁﬁi
| redomlnantly found 1n'the northern and western portlins‘of3
.iéhe ba51n Groups 4 to ; waters occur un1formly throughout:“

- Ross’ Creek Bas1n. Groups 6 and 7" are plotted in’ Flgure 4.10. B

rGroup 5 waters ‘are not represented because of the great
number of samples in thlS cluster but they are found
'throughout the ba51n | L

i Of the ’0 groundwater 51tes that were sampled more: than
'fdone t1me durlng the f1eld collect1on program only 4 showed
7'%ns1gn1f1cant changes in 6"0 content between collectlon -
7:‘ftr1ps" Var1at1ons over. the course of the year are shown in
_.F1gure 4..1, The seep at’ the top of the Cypress Hllls .
h(7—7a8-2w4l shows the largest var1atzon of groundwater overv
‘the year, the source of water for the seep is local ‘and thus
5subject to seasonal effects in prec1p1tatlon. The three'
7*wells (Resch Krauss and SChorr) reflecf much more modest L
“-6"0 var1atzons, but these were also borne out 1n 6D data
’(Table 4 ).vAlso shown on:F1gureg4.~ _ls,thejcontrast;fb -

<

e - -

"S1gn1f1cant changes were assumed to be sh1fts that’ were

C_greater than 1%/00. . . A LT
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ANNUAL STABLE ISOTOPE VARIATIONS
Ross Creek Bosm Alber’ro Groundwoters
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Annual var1at10ns in some groundwaters

. The Resch, Krauss and Schprr

“wells demonstrate: sllght changes in '%0. when . ,
" compared to ‘the Elkwater wellﬁ%The seep in Cypress

. Hills Provincial Park had a. 1acge shift,

- however.

. The annual variability in groundwaters were very

B 'slough AT N A

small- compared to the pre01p1tatxon and the Wutch »
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4.2 'l‘r1t1um Results

lTr1t1um levels do not appear to be geograph1cally f?

: ,controlled AT wﬂ‘V o -r e‘f'«h\btp'7}“'f';’§“7

‘.f,between these annual groundwater fluctuatlons and the | |
dh;var at1ons 1n\8rec1p1tat1on values and the Wutch slough Thef

-'@latter had the most enr1cned values of 6"0 and 6D that were,*~fd
iti:sampled 1n Ross Creek Ba51n in July, 1984 but showed al

R d11ut1on effect because of m1x1ng w1thvzsotop1cally depleted

snowmelt when sampled and analyzed 1n March 1985: _f'

N

5: Twentypsamples were collected for trxéﬂum analy51s in .-

q.

:9Ross Creek Bas1n and are presented 1n Table 4 2 The‘results

) f;vary from O (below detectable 11m1ts) to 154 TU-'spannlng a.v-.,
fwide range of waters 1nc1ud1ng pre~1952 1960—1970 s water'
iand 1980 s levels of tr1t1um,,as descrlbed by the tr1t1um 5 }f"

jlnput functlon for Alberta (Table 3 1)

Table 4 2 and Flgure 4,12 1nd1cate that tr1t1um levels

-nare not constant for any partzcular type of feature, the

}’levels 1n wells,‘sprlngs and prec1p1tat1on all vary w1dely

AN

\ Lo

Laboratory error values for tr1t1um analyses are also
y -

"'lquoted on Table 4, 2 The 1nd1cated prec1s1ona1 errors are
]ﬂhlgh and often equal to or greater than the level of tr1t1um
“vpresent. Tr1t1um errors are. due. to var1at1ons 1n the

—count1ng v1al walls~ background v1al act1v1ty, varlatlons 1n j

> T

T laboratory techn:que and from background levels of radlatlon

‘1n the envxronment (Egboka et ‘al. 1983) Levels nf

N

*.background act1v1ty at the Env1ronmental Centre are h1gher I

: ej}fﬁ[f'”;ff*iifﬁ;f;'?7FE{‘filf'*f;l1?¥i?~7‘75




v sAMPLE;aZ :

e

A .
AN OW s DO L NINW

-

N OO®O.~NWo®

'LOCATION |

-

[ I '-‘-‘ . .
NOLAN-O LD

12 .
12 .

464.
16
16
. _516'
16

‘Table 4.2.

iy

.8 3wWa
8 3Wa
8 . 3w4

9 . 3ws
J9- 2wa
10 3wa: -
11. 2W4. .
12 . '3wW4
11 3w4
‘8. 3w
9w
8  3w4
8 a3w4 .
12 5W4
.8 3w4

9 2w4-
8 3wa
‘9. 2Wa
9 3wW4

8 3w4
.8, 2wa
S8 2wa.
8 2w4
127 4W4
12 4we
12 4w4
12 4W4’
A1 awa .
110 4Wa o
11, .4wa:
11 4W4
10 .. 4W4 -
11 4wa -
12 . 6W4
10 3w4
10° ~3w4
10 "aw4

8 3w4 .

“ OWNER'"

uescnxp ON

____—--_'-’q,..--
(.7“*:4 P

CHPP=NICHOLLS :
_CHPP-FIREROCK
"ELKWATER TOWN:

B.WEISS-CORRAL

DL NEUBAUER

KRAUSS .
IRVINE P-CAN -
R.PFAFF
K.FRIEMARK :

CHPP-MITCHELL

K.SAILER .-

‘BROWN EST".
"RUSSIL |

HOFFMAN -

"KAUEWSKY - *
-ROAD ALLOHANCE.
. WINTER :

J.MACK
ROSS. -
CHPP . AE#2094E

.. DUKE -AE#2093E
DUKE - AE#2084E

WINTER(N)
B.SCHNEIDER

DUKE AE#2087E
DUKE. AE#2086E

DUKE 'AE#2081E

C.ZEIGLER,
C. scHMIDEK,

“SOUTH SASK#MH
_ DUKE_AE¥2
- DUKE AE#2d79€

D.MEIER

" ELKWATER TOWN

" DUKE AE#2088E -+
' DUKE AE#2080E -

. DUKE AE#2092E
DUKE AE#¥#2097YE

SPklNé_:”-'

WELL

- WELL.
- SPRING’
L SPRING °
“FL WELL
TWELL
" SPRING

SPRING -
~ SPRING.
“ SPRING

SPRING . :

SPRING
. SEEP
'SPRING’

SPRING
CREEK
WELL
WELL

UWELE -
PPT. @

. SPRING"
WELL
WELL

COWELL .
WELL

WELL

WELL . - .-

CWELL.
WELL .
- SPRING
.RIVER"
WELL -
VELL~M1

WELLY

WELL

F. uELL‘f
CPRTL

HI ACTIVITY'
(TRITIUM UNITS) .

ReSUlts3cfotrftium‘anaJYSes.

R RY SHR

- ERROR "

(2°S1GMA)
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v ‘> Lo _ . '
,than in many other 1nst1tutlons (D Arnold pers. comm ) and

--f the detectlon 11m1ts are between 25 and 40 TU £pr any g1ven-"“

ii»:countzng day Th1s thresnold 1s establ1shed by the oally
i'background act1v1ty. Numbers that are. quoted at less than

"'the detectlon 11m1t then,‘are con51dered to be useful only

as a rough 1nd1cator. On Table 4 2 these values have been
1Treported as raw values._' _ | |
v The. problem w*th u51ng reported values less than a.

llg1ven detectlon 11m1t has been dzscussed by Egboka et al

Sale (1983) who determ“ned that values obta1ned by standard
o :
- bg;fi countlng technlques that were recorded at 1ess than 15 TU
‘~;_i_1nvar1ably contalned less. than T or 2. TU when analyzed by
T

‘l-tr1t1um enrzchment A s1m11ar result 1s~ant1c1pated w1th the -<ﬂd“9:
4'733Ross Creek Ba51n samples. RCB 22 and RCC- 31 are bOth

'.?,reported to conta1n slzghtly less than 20 TU wh1ch 1s under

*

R

E ~the detectlon 11m1t but greater than 1 TU the assumed
,"'value of tr1t1um "dead" water. Both samples have: very lOw
°li;ll;values of "C 7 and 42 pmc respectlvely, 1nd1cat1ng that ?:
';vthey have been out of contact wlth the atmosphere for much
4zlonger than 35 years. Although enrlchment would help to'

tver:fy this h pothe51s,“1t 1s evxdent that values of trlllum

”less than zO TU may be con51dered to be dead whzle values;,‘

between 20 and 30 TU should be exam1ned carefully before a»l:
dec151on is made as go whether or not the sample contalns a
a0 :

, 51gn1f1cant post 1952 component of tr1t1um.

e T L E

}’35”2’ Three groundwater samples (RCA 6 -RCB-3 and:RCE- 28)

| vl fof between 20 and 301U (Table 4. 2) L
: \ . ':‘, ’. - e LT e ,." R




'5n"tr1t1um stud1es.

o and is probably dead

x L3

,f;RCA 6 15 from the Elkwater rown well whzch when resampled '
‘;;had a value of 34 TU It is- assumed that RCA 6 represents a‘r-d
' ;irmodern 1evel of tr1t1um or around 30 TU In contrast fhé/' :
:€-f§a1ue of 22 TU for the Brown estate sprlng TRCB 3) does not'ﬂd
f;appear to be modern, as a vaer of 23 pmc for.“C suggests

;gjthat th1s water was recharged prlor to the 1950 s.v‘

'tfand 1s seen to represent recharge dug"g an earller cllmate

.

The d1ff1cu1ty w1th e11m1nat1ng all values belou 20 ”U"

1s that no provxslon 1s made for m1x1ng of post- and
.

F:;pre 1952 waters, as requlred by the modellng techn1que
'proposed in Sectlon 3 3 ThlS 15 unfortunate, a more

.;haccurate method of ana1y51s wQuld be advantageous for future L

'.‘
i '

.

"1:, It was 1mpor¢ant that some‘quallty control work be.“

’flncluded w1th samples dellvered to the laboratory For thls'
study, two repllcate samplds were taken at the Elkwater Town
well on succe551ve sampllng tr1ps.,Seasonal var1at1ons m1ght¥‘
" be. expected tobcause varzat1ons 1n the tr1t1um content, but

’;as fluctuat1ons 1n the 6"0 content were not noted 1t may

be that tr1t1um levels also remalned constant 1n the well

2

7The tr1t1um levels detected for the two samples are. 51m11ar'

.25 TU(RCA 6). and 34 TU(RCE 36),“1nd1cat1ng that the quallty

o

control test was pos1t1ve.

Except for groundwater from the Eastend Sprxngs (Fzg

"4 12) tr1t1um in Ross Creek groundwaters show few'h*' @

4

uaffS1m11ar11y, the Schnelder sprlng‘(BCE 28) 1s a Group 2 water: i d'f7

. ;vi‘l‘i)‘ .



'*ifVSlgn1f1cantﬁ”pat1a1 trends. ThlS 11ne of sprxngs or1g1nate

:uliat the contact between the Eastend and Bearpaw Formatzons
lﬁffffand of - tne 51x sprzngs sampled fzve contaan no appreczahle
ilﬂﬁ;levels of tr1t1um Thls 1s con51stenc wzth the concept thatj"v
”e{1ntermed1ate level dlscharge occurs beqause low permeabllxty
:’f1n the underly1ng Bearpaw Format1on causes horlzontal | .
"*groundwater flow an the Eastend Formatlon. The one sample‘

y

"':that d1d contaln post 1952 tr1t1um levels (RCA 20) appears

e

diito derlve a smbstantlal amount of.looal recharge from the'vff.v~"'

"“Sldes of the dlst1nct coulee through vhlch Ross Creek flows‘

‘A-fand 1n whzch the Neubauer sprlng 1s located

In contrast three of the four groundwaters collected

.sfrom 51tes at the top oﬁhthe Cypress Hllls contaln h1gh

100 ]54 T ) levels of trvt1um, 1nd1cat1ng water w1th an ,-'

)

-w;jrage age of 10 25 years (see Table 3 1) As the Cypress
_lells Formatlon 1s very permeable and the hLlls are clearly
préi?)source of recharge,zlt is nvt/at all surprlslng that ;lf |

hallow groundwater samples would conta1n post-1952 trltlum._';_
The fourth sample (RCE 8) was taken from a 70m deep well on:
top of the h111 and contalned no measurable tr1t1um. Sznce j,§<.

[ 38
the sample.at 15m contalned 100 TU (approxlmqtely 12 18

‘_-vyears average age"Table 3. 1) th1s suggests that the

t vertlcal component of recharge has a rate that 1s at least

ﬁ,y 1m/year near the top. of the prolee, but is less than

o

2m/year further down 1n the sectlon (0 TU 1mply1ng at least

» ’

'35 years 51nCe recharge, at 70m) Groundwater movement

' through the Cypress H1lls gravels w1ll be d1scussed i%gmore/}




j-'v'.A."and completed 1nto the Oldman Formatlon (Table a. 2 2);“'

'i‘thought that su£f1c1ent vert1ca1 gradlent and permeablllty
: do not exist. at thls s1te to result in downward movemen% at~.o
C such a: rate.:

ll,lwells also. An

; wells. It 1s also poss1ble that the Ophorl/Alberta

deta1l 1n Section 5 3 ."iffif;”f?~rf'"""' |
- ‘ : . ‘
R The Krauss flow1ng well (RCA—ZB),_whlch exh1b1ts
. a,

'.” 'seasonal fluctuaf*ons 1a Stable 1sotope values (Fzg._;-lrl}"

' was cbserved tpg?

1nd1cates thag%gf:yg ;‘

R

and thaeﬂthe shof y“;ahsit t1me 1nvolveo does not permlt ;d ’

m1x1ng in the subSurface.;;F. 37°' O

3d(zii_” Trztlum results may also be ut1l1zed to e11m1nate four 7ﬂ~'¥
'f=of the Ophor1/A1berta Env1ronment samples (RCE 25 RCE 26

“"RCE 31 and RCE 32) from further con51deratlon 1n an analys1s

BN
"oﬁ'1sotop1c values. Whlle these samples contaln post 1952

'levels of tr1t1um, tvo of the wells (RCE 31 and RCE 32)

'd]fappear to be s1gn1£1cantly evaporated (Table 4 1) Further:

t

*‘.sbecause the well Wthh suppl1e sample RCA 32 1s 237m deep

. U )
i ’lar 1nd1cators e11m1nate the other three

v

_a1y51s of sampllng and complet1on

' technzques 1s reqmred it is lzkely that the;urgmg of

several well volumes of water prlef-to samp11 would'havep'

,:max1m1zed the rel1ab111ty of the tr1t1um results in- the

bthe%$r1111ng f1u1ds were removed from the 1mmed1ate well

boﬁeuv1c1n1ty ' *}_ e .‘s' S .
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5 DL
o ,

20 groundwater samples were collected 1n Ross

\)

7;fsampl1ng was d1ff1cult and ohly two of the or1gtna1 Samples -

:ffhad complete sets of data descr1b1ng chem1stry,,6"c and

B

'1_w1th1n a large range-ffrom 200 to 30000 years.vFlgure 4 3 iifhh.j

- (w'é

‘,h expected level of "C is. less than expected Because the

a

levels_}hat would a1d one 1n méklng reasonable hypotheses
about the contrlbutlo% of lnorganlc carbon to the system. In
addltlon,.fractlonatzon of carbon due to the exsolut1on of

L}

CO, durlng collectlon may have affected several of the’~.

k samples wlth repcrted low pmc values Apparent dlscrepanC1es S

between tr1t1um and"‘C levels were found to ex1st wh1ch

caused several of the<"C samples to be el1m1nated~{rom

|8

con51derat10n. o o f.,-_.bjﬁ_i*?~' L "} "'a,ff’.j“

Nevertheless, progected Q values were ut111zed to

calculate “C age. Groundwater ages are .nterpreted to fall

shows a map view of the uncorrected "C values‘

*: Most of the values appear to f1t the concepts of flow

v1sua112ed so far for the bas1n. F1ve of the s1x spr1ngs

sampled at - the Eastend/Bearpaw ccntact have ages“between* o

6000 and 10000 years before prjsent (ybp) whxch 1s'°

con51stent w1th an 1ntermed1ate groundwater flow system. The

51xth sprlng, RCA- 20 ;.s 1mterpreted as. modern although the
t

water conta1ns hlgh levels of tr1t1um,‘1t is thouqht that
thlS sample should contaxn more than 100 pmc, but 1t has -

p0531b1y become dzluted

S L
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Most of the po1nts sampled near the Cypress HlllS y1eldii'

f"i"C ages of less than 3000 years, con51stent thh a model of

:_local tlow systems 1n th1s reglon Groundwater in the ,ﬂ

”9j1mmed1ate Cypress Hllls area appears to have a short tran51t

t1me after recharge.

:,' - . L . ; .

Water from the Meler well (RCE 33), 1n the mlddle of

= Ross Creek Ba51n and from the Hoffman flow1ng well (RCB 41)_

in the extrene northwestern corner of the area, contaln
'extremely low levels or:"C The ages are 1nterpreted as

15be1ng 900%.ybp and 30000 ybp respectlvely However, RCB- 4”

'uappears to: have undergone fractlonatlon and it 1s thought

3j,that thzs may have occurrec durlng sampl1ng The»NaOH

. \

"{301utlon was not added to the conta1ners before they were

‘fllled and the sampre took a long time to flll as the well

. outflou has an exceed1ngly low flow rate. Ag:tatlon of thedw

>~

water by the sampllng process and the fact tnat the bottles

awere left open to the atmosphere for‘ 0 -~ 20 mlnutes dur1ng4 :

jcollectlon could have resulted in the exsolutlon of ‘a

¢

-51gn1f1cant amount of b1carbonate'as COz ThlS 1s borne out °

by the unusually h1gh 6"C value for RCB-41 ( -5.9 0/00)

whlch suggests a fractlonatloh of at least 7 to 9 °/oo when s

)compared to RCA—4/ (-1 2 °/°o, Table 3 2) RCA 47 was taken
"dlrectly from a. reserv01r that has beep bu1lt around the. |

'sprlng, and llttle agltatlon of the sample occurred

Nevertheless, 'RCB-41 probably»represents a water that

:has been recharged at. con51derable dlstance. Dlschargxng Ofvfﬁi

:reglonal or 1ntermed1ate flow systems around Dunmore cause

4



o the wate' of ,*hat v1c1n1ty to conta1n lou values of modern

carbonate The Meler well XRCE 33) also app;;?F:to derzvg -_g )

i . its recharge at con51cerable dlstance

S
bl

Another sample that has a, susp1c10usly low value of
is. RCB 22 Whlle thlS sprlng 'did not conta1n an apprec1able g
dw level of tr1t1um (Table 4 2) the reported value of 7 pmc |
would place the tran—s—lt t1me o‘ J.he groundwater at 20000
years ‘The Ru551ll sprlng ts a Very low y1e1d1ng sprzng
| (approx1mately 0 02c/sl or - the s1de oﬁ‘a large hummock whlch ;J§>n

wr

Cypress hllls Plateau

Ve flow system at.thls
poxnt wo%ldvbe h1ghly unlrkely becaQse of 1ts prox1m1ty to
the H1lls Westgate (k968) mentlons that seved%l hxgh angle'bﬁev

e_normal faults.1nithe bedrogk may be present on thxs 51de of )
Ross"Creek“ﬁasln and thls could prov1de a‘means £or

| thYdraulic'cdnnection w1th more deeply seated flow systems» TR
: { Howevér ‘1t 1s thought ‘that fauits do not. cause bhls low‘i o
| value of "C and that e;solutlon of coz dur1ng the sample
collec$§on rs -a more llkely explanatlon.-

| N g . o~

Values pf 43 pmc at the- Frlemark (R”A 46) and Schnelder

S w oo

(RCE 15) sprrngs also reflect unusually low amounts of“‘C

l\ fdt'd in v1ew of the fact that both contazn bomb tr1t1um and that

“ N

both sprlngs are locallzed dlscharge features. Sampl1ng

techn1ques are a l1kely culpr1t in causzng exsolutlon of CO; R

’v'x,

dur1ng collect1on of these samples.le 'f'_ﬁ D T R
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4 4 Hydrochemxstry

The results of groundwater qual1ty analyses from the‘

' Ross Creek Basxn are ngen in Append1x III (Taoles A.3.1 and

-

.A 3 2) These data have been taken from Ophor1 and Téth

Dr(1983 1985) and the?records of the Groundwater Informatlon

Centre. Append1x III also contalns the results of several

hydrochemlcal fac1es analyses (Table A 3. 3) Ophorl and Toth

d”_(1983) performed chem1ca1 balances on, the data publlshed in :d

'.fthe1r report, but bes1des thlS, no attempt has been made to o

assess.the accuracy:cf these-data, and~they are,lncluded E

'l;solely for thefnorposepof compieteness.




5. DISCUSSION OF RESULTS

e

5 1 Introduct1on o

From the results presented 1n Seétlon ‘4 1t 1s apparent
%vthat data COlleCted 1n Ross Creek Bas1n reflect very complex
processes of m*xlng, evaporatlon and chem1cal reactlons, No';'
‘ 51mp1e patterns, such as’ those noted by Schwartz and others ﬁif
in. the lek R1ver Aqu1fer or by Fr1tz et al (1978) ‘in thes

Carbonate aqu1fer of W1nn1peg are found 1n Ross Creek Bas1n

-~ The complex1ty IS part1all, a functlon of the ba51nal

,;._',\‘."ﬂ- "‘. . S

h stratlgraphy,.f v dlscrete aqu1fers exzst 1n the reglon and
'evenfthese ar°fSO small that they haVe very mlxed sources of - Vf
recharge Apply1ng an 1ntegrated approach to qmwg Frea
\become° a nece551ty as no 51mple model .can explafn the
hydrochemlcal and hydrodynam:c patterns observed d‘[,mj-l‘ -rf
Desplte these complex1t1es,,the 1sotope data are td f@
worthwh1le and help to evaluate the patterns of groundwater\f
flow 1n the ba51n Conceptually, lsotope based P ._,k'J
fhteroretatlons of groundwater flow cond1t1ons may bev
represented by Flgure 5. 151A11 of‘thellsotopes may. be |
‘ut111zed to d15t1ngu1sh the mechan1sa§1\the locatlon -and" the c;

L condltlons of groundﬁhter recharge. Stable 1sotop1c l

arguments may be based on altltude, evaporative and

Lpaleocllmatlc pr1nc1pleé. These data may help to p1np01nt
sources of groundwater recharge. Slmllarly, stable 1sotqpes l
can ‘be used to d1st1ngu1sh between flow systems. Thls type o

of dellneatlon may be applled over the entlre spectrum of
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;'groundwater flow cond1tzons rrom recharge to d1scharge areasf
,; Ideally, groundwater age catlng may be applled in both

‘.recharge and d1scharge areas. "Young '1sotop1c dates 1mp1y T
' fareas of recharge*‘the veloc1ty and grad1ent of recharge may:

’ be 1mp11ed from radlo1sotop1c measurements such as, trltlum. K

i"Old" age dates can 1mply dlscharg;ng condltlons.

) Not all age datlng mechanlsms are necessarlly va11d
‘Qlover the txme range,that one flnds in a- large,:shallow ba51n'5:
'such as Ross C ee? ~and tnerefore one must utlllze dlfferent'
']”age dat1ng tools. Informatlon fnom 1sotop1c age dat1ng may - B
‘:be 1ntegrated w1th other knowledge of flow cond1t1ons 1n the

area to arrlve at conclus1ons based on the,k_

recharge/dlscharge relatlonshlps of Flgu*e 5. In ROSS'_

,_Creek several dlfferent methods of dellneat1ng groundwater
_ages were, used and are shown on: Fzgure 5 2 to. 1nd1cate the |
'tlme scale over whlch they are valld Tr1t1um and "C dates;e=

.1nformatlon from stable 1sotopes such as paleocllmatlc | |
1nd1cators,'evaporat1on and“luc*uatlng values of 6"0 and :
6D may all be used as 1nd1cators of the t1m1ng of

groundwater recharge to a flow system In addlt1on, the

;_ldellneatlon of fl@w systems that. have been recharged w1th1nj:

'1ithe past 80 years is p0551ble by p01nt1ng out wh1ch waters

conta1n apprec1able levels of n1trate and n1trogen
o In subsequent sectlons each of the methods utlllzed to
1mply both groundwater flow cond1tlons (Fig 5. 1) and age

N (Fig 5.2) ln'Ross.Creek Basmnvwlll‘be examlned:'The
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) iWIIl also be. dlscussed

130

)
4 .'._

'w1ntegrated methods used to estabesh a model for the bas1n

[

5;2h1§otopic:Tracersfin'RQSSHCreek'Bagiw

»5 2.1 D1st1nguxsh1ng groundwater flow systems _

£

The most practlcal feature of stabIe 1sotope analyses

1n RosS Creek Ba51n has been the1r ab111ty to dlstlngu1sh

\J

. between types of water Whlle th1s approach does not

vbnetgﬁsar ly yleld any 1nformatlon about groundwate*.tvi

' ” * 2y : DR
-j-provenance, 1t does allov oné‘to del1neate dlfferent types
i g W : . R . .
of water,,

In this'evaluation of the RoSS‘Creek%Bap'
‘have been used to 1) 1solate dlStlDCt}Vé groun
grouplngs, several of whlch have been 1nterpreted as i(y:
reflectlng reéﬁarge cond;tlons' and 2) conflrm or reject
';IsotopLC'age results The groundwater grouplngs (F1gures 4, 9
'andléglO) help to conceptually dellneate groundwater flow
rpatterns in Ross Creek Ba51n some of whlch are 1mportant
.bgeographlcally. For example, there is. a dlstlnctly "O |
depleted groundwater in ‘the v1c1n1ty of Dunmore. Thrs is
qrdemonstrated by the many occurrences of Group 1 and 2 water

v1n that area (F1g 4 9) In addltzon, much Group 2 water may

be found along the western edge of Ross Creek Basin ’wh1le a

.1nsmall one of Groups 1 and 2 water may be found d1rect1y in.

11 the center of the reglon. It is thought that net

permeablllty contrasts 1n ‘the Cretaceous bedrock between the

.



,:ﬁ-pvmrf:t,g”h p‘::ﬁ 3 :f;f;" 3?35;5j" _,,_glfb;;jii__ff‘

_veast and west 51des of the ba51n may lead to an older and _
'1sotop1cE§Ey more depleted water dlscharg1ng around Dunmore :

"Thls d15t1nct1ve ‘water may oe ev1dence for a reglonal

s

'groundwater flow system that is’ dlscharglng in th£ Dunmore
. area. The. water present 1n groundwater flow systems on the

L‘popp051te 51de of the ba51n around Irv1ne ‘15 elther dlluted ;;
,_by local flow systems or continues out of the ba51n where it
15 dlscnarged 1nto the South Saskatchewan Rlver north of =
;A‘; %ownsh1p 13, ;dﬂffft | : | i .
| Slmllarlly,.the d1scharge of 1sotop1cally depleted
‘water 1nhy%e center of the baszn neat the high TDS area

» 4 .

(Flgs. 3. 9 and 4 9) mlght be due to tﬁe presence of \,_?p

hydraullc permeablllty contrasts in the bedrock w1th the o
dlscharge der1v1ng from a large SCale 1ntermed1ate or |
reglonal groundwater flow system Nor ard trendlng flow ~Tﬂ-
.mlght be deflected to. the surface i thls area because of an;ﬂr'
h-underly1ng hlgh permeablllty zone such as a: lens in the .
Uh“Bearpaw shale or underlylng Oldman Formatlon. |
The presence of other 1sotop1cally d1st1nct1ve
groundwaters may be due'*o varylng recharge condltlons As;
shown‘ln'Flgure 4 10,. llttle geographlcal control on the.
d1str1but1on of Groups 4 to 7 waters may be seem and thus
the dlfferences that are ev1dent reflect processes that are’
“‘f' spat1ally unlform around the ba51n.‘Group 5. represent the
v}, average 1sotopro values o}ﬁwaters currently be1ng recharged_

~in Ross Creek Ba51n For the Groups 6 and 7 waters,_the‘

dlstxnctlve values of 6"0 and 6D are, thought to. have



")resulted from evaborat1on. The evaporatlon of recharge..
fwaters wlll be dlscussed more completely 1n Sectlon 5. é 3 :
anese dzst1nctlons are lsotoplcally easy to make, and userul

"for dellneatlng types of recharge 1n Ross Creek Bas1n.': B
The stable 1sotopes are also helpful in- ver1fy1ng
'lgroundwater age dat1ng/resu1ts. A comparlsozgof 1sotope datafd'

'afrom RCA-1 (NlChOllS sprlng) and RCA 47 (Mltchell spr1ng)

'demonstrate th1s type of applxcatlon.«The two sprxngs are .

"very s1m11ar- they both occur strat1graph1ca11y near the»_

Cypress Hllls/ Ravenscrag format10na1 contact' they havéﬁi:

R

'Slmllar groundwater cheﬁ%strnes (Appendlx III) the sprlngs ’w',

tr1t1um contents (Table 4. 2) and they have ;

: v1rtua11y the same levels of stable 1sotopes (Table 4.1).

' Therefore when laborarory results showed that RCA-I had 69
Cor

fpmc, whlle ‘RCA- 47 contalned 98 pme., the occurrence of .
yfractlonatlon of RCA—I dur1ng the “C sample collect1on was

':»1nd1cated Whlle the water quallty and tr1t1um results

. suggested that the waters are 51m11ar the 6"0 and 8D

"prov1ded the conc1u51ve eyldencé for poor_"C samplxng

technlques »
As demonstrated 1n Ross Creek the stable 1sotopes

prov1de an elegant means- for comparison of waters. o
' .Distinction. of water types. however does not suggest & po;nt‘i

&

:'of or1gln. Thls wlll be dlscussed 1n subseguent sectrgns.

7

'"ff132]f,?w



5 2 2 Meteorxc waters 1n Ross Creek”Ba51n r3”lws PR
S e £

Ehe def1n1tlon of both average meteor1c water,_as velI _

'L;ias the yearly varlatlon 1n 6"0 anc 6D s of paramount

'1mportance to a. study whlch uses 1sotopes to determlne

':forlgln of groundwaters..The average meteor1c water may. be"

'”jldetermzned by long term sampl1ng and analy51s, estlmatlon»‘-

. &
;from temperature/lsotope relatlonshlps; or by extrapolatlon

B from nearby results. A meteorlc water lme may@e deflned 1n._' :
51m1lat ways, except that the yearly varlat1ons rn the

1sotop1c content of preC1p1tatlon may. be utlllzed to perform.

--a regre551on for a reglon. :
. ‘

The expedlency of deflnlng a meteorlc water l1ne by‘
'-takan samples over a short perlod can been seen in E1gure
4.5, Although several of the evaporated ra1n samples areu
located to the rlght of the meteorlc llne,:the fact that
;such a w;de range of 1sotop1€—values'are found 1h o V

preC1p1tat1on from Ross Creek means that a statlstlcally

"_s1gn1f1cant line- (r’- 99741) may be drawn From the results'f

. ¢
shown in F1gure 4 R it may be suggested that many years: of

irprec1p1tat1on collect:on and analys1s would not
_s:gnlfxcantly alter the equatlon for thls lzne. o “E'h

- The slope of the meteorzc water 11ne found 1n Ross

.:

7‘Q”Creek Basxn 1s less than that glven by Craig (1961) for

~‘worldw1de prec1p1tatlon, but several other authors have also
e repOrted metedklcoslopes less than 8. These 1nclude Bradbury_’

L (1984 Wlscon51n)



b

-7De5adliersjet'al,t(}981-0ntari9)§ﬂ‘_

8D = 7.9881%0 + 0,86 . o

P S
N

9.

Fritz et@l. (1978=Chile): .. .© . 07
K \v _l R - '_6."‘:' ) » ' S L :
8D = 7.86'%C +i915j, | R
4;anijath:et.alg_(19?8—England):
8D = 6.6610 + 1

' Hage e‘ al (1975) noted ‘that . slopes of less than 8

1nvar1ably occurred at elght North Amer1can sta'ns on the L

IAEA WMO network 1f regre§%1on llnes for the prec1p1tat1on

: . over the course of the year are calculated Dansgaard (1964)

- -

noted a wide var1at1on in the slopes of meteorlc water llnes
t 1nd1v1dual statlons Thxs is not surprlslng, conszderlng
that the Craig (1961) 11ne 1553 spat1al (worldwzde) effect

whlle annual varlataons at a 51ngle locat1on are neceSSarzly
temporal Annual slopes of less than 8 are attr1buted to the

derlvatlon of warm season preczpltatl n from re- evaporated

g water temperature prec1p1tat10n, on’

¥

he other hand more
closely approxzmates the prodesses of condensat1on from

ocean vapor (Hage et al./5975) Why ghe,meteorzc lxne of a

v



. o : ) v .

k coastal statlon (Bath et al 1978) should have a slope cf

A

6 6 1s n0t explalned by the model of Hage et al (1075) but

®

tms explanatlon would appear to Ilt very nlcelz'/condltlons ’

on" the Alberta pra1r1es. Certa1nly the der1vat10n of = f_7 f _%?

m01sture 1n summer a1r masses from re- evaporatlon could have o
' resulted 1n a meteorlc water llne of less than 8 for Ross 'Y_ay

Creek Basxnh

“do

' 7
l1ne, -an average meteorlc water for the regxon must be

'.calculated Slnce llttle annua‘ fluotuatlon of 6D anc

-

S . “

fh addltlon to the del1neat10n of a meteor1c wate‘q"7

2 _
of groundwaters in Ross Creek Ba51n 1s noted (F1g 4%&1),
o

1sotope ratlos 1n groundwater are not expected to reilect'

>

. the Ulde range of summer and w1nter preczp1ta~1on vaIUes’and

thus must have an 1ntermed1ate recharge. ThlS 1s harder to L

measure than the annual meteor1c water llne, for as shown in’

Flgure 4, 7 a wlde range in groundwater samples 1s seen. '

P

Therefore a varlety of methods wvere utlllzed to estlmate

thls value' - e y S C

» i . L e

‘:;The average value.of annual meteor1c watel could ‘be’
?,hcalculated by determlnlng the 1ntercept of the meteorlc NS
hand evaporatedq&ater llnes. This would account for' .
ﬁﬁdlfferences 1n annual prec1p1tat10n amounts,»as all that‘
':was ava1lable for evaporatlon was belng enrlched along
.g‘the evaporatlon llne. Accordlng to th1s method the

"flntercept of the llnes is at 5"0 -'-21 0° /oo and 6D

:



‘:Tjé;rrp

K ﬁﬂ" S ‘:-,‘

';'Slmllarly, the 1ntercept10n of the tuo comp051te llnes

>

'7.m1ght approxlmate average groundwater as samples from

'T;the subsurface are 1nc1uded in the calculatlon of the

L-21.0° /60 and’ 6D ? '164 /00~1f |

»fcalculated by thlS method 1s very s1m11ar' 6"0‘-' -f

' regre551on 11nes The average meteorlc water 11ne

: ﬂThe aVeraging of"TJ”non-evaporated'samples'containing

: '

_bomb tr1t1um ylelds 6"0 values that are hlgher than is

' predlcted by (1) and ( ) above By assumlng that

~Vﬂpost-1952 tr1t1um levels are” 1nd1cat1ve of recharge

th-may be applled .lﬁztb..‘w";

Sigl

‘taverage temperature of 5 1

'°w1tn1n a time span of 51m11ar cllmatlc cond1t1ons, a -
?nmore dlrect measurement of grounduater recharge can be e

:made The resul*s calculated u51ng thls method are §“‘O5ubn

8 *.'

: : “18 8 ,00' 6D ~-148 /00 . - v I _1

f__The temperature Vs 6“0 relatlonshlp of Dansgaard (1964)u.5'

'Athere ta 1s the mean annual temperature A ten'year°

=C for Med1c1ne Hat may be

'calculated from cllmatlc records (Ophor1 and Téth 1983)
jthus @n 1so;pp1c mean" of -10 1 /oo is. pred1cted Wh1le
“:Equatlon 5 1 was determ1ned for 5oasta1 stat1ons and

f1n1and northern Canadlan p01nts have been noted to

serlously affeCt 1ts accuracy, nevertheless at 5.1°C,

‘,



*_even poor

| hﬂs relatlonshlp 1s thought to be representat1ve..U51ngf.fdi

wj-the methods of Cer11ng (1984) ‘an average 6“0 content fsdﬁ'

| hfof approxlmately -10 8 /oo 1s pred1cted

a

= As seen above, noted values of average meteorlc waterS’n?

'f{(s*'o -f—18 8 to‘-21 0° /oo,,éD —148 t0'-164 /oo) in Ross
17_Creek 8351n dlffer con51derably from those pred:cted from

mean temperature/ 1sotope relatlonshlps (6"0 —1-10 . to

e

‘5ﬂ—10 g° /oo) In comparlson, the average meteorlc water valuesgf_}

bj'11sted for Edmonton are 6"0 -:-17 g° /oo and GD .= 37"3°/55'”7

'(Hage et al 1975) Schwartz and Muehlenbachs (1979) noted

T that meteorlc water 1n groundwater= from shallow un1tst<

h'overlylng the Mllk Rlve; aqulfer was’ 5"6 -,-19 7 /oo:_ bT?;f';"¥

YT
Lhe

".:"159 /oo-‘

Thus the average values of recharge to southern Alberta

"';groundwater systems appear to be 1sotop1cally depleted (i.e. .

7represent
i

;rvan the heavy ;sotopes than prec1p1tat10n at.a
R R 2 B

statlon several hundred k1lqmeters further to the north

. o ¢
.Thls suggests;tha* rethasge}hn the reglon depends more

‘theavlly on the contr1but1on from w1nter prec1p1tat10n and‘fjf

vspr1ng recharge than from summer ralnfall Thls 1s not
‘ . .

surprlslng because the snowmelt event 15 generally a. t1me'f

”when con51derab1e amounts of m01sture are aVallable_for

1nf11trat10ﬁ ngh evapotransplratlve potent1a1 means that'

nllttle of the mo1sture generated‘durxng the summer months

iactually reaches the water table.w}fffd_fs”f;['g;f_'h?;'

w”colder water) than the local recharge and are,db

f-q&“;. :



'—,Group 1 waters were. recha

R

o

' groundwater_proved unsuccessful 1n Ross Creek Ba51n (F1g

03 . |
§

?'4;4)~'ltx;s assumed that the effects of m1x1ng and vﬂin;

i;evaporation'mask any alt1tude effect that may be present.

o -f Waters_reflectlng recharge under cllmatxc condltlons
’5"colder than.those found today are represented by the Group1

-HAJ, and to some extent, Group 2 waters (Flg 10)
UEquatlon 5 ]1s used to calculate the. apparent annual

.

tenperature the temoerature that corresponds to the

:.observed average meteorlc water COﬂdlthﬂS' a. ta é -7 5 C

A

x,concluded The average e ccntent of the flve.Group 1,

ﬂ['waters'ﬂé"o —‘—22 4° /oo,;results in. the calculat1on of
. » o

—12 ch as the average apparent annual temperature of

. SR S oy _ L L
Attempts to dlst1ngtlsh an altltude effect 1n meteorlc

'recharge for these groundwaters. Thus there may have beenianggie

: ’ - %
,;~actual cllmatlc decrease of 5 degrees between current ‘

.recharge condltlons and thosevref%ected 1n the Group 1f;tf>
: waters. If one uses the method,oijerllng (1984) to gudgeb‘
”the temperature change that 1s‘represented by a 3 6° /°°'j o
7ldepletlon 1n 6"0 the c11mat1c sh1ft 1s cléser to. 3 4 C'
b'tls also poss: ble that the cllmate d1d not Qbange S1nce the

rged but that the 1nf11trat1on of_

/

' meltwater from thex

%G (A # 4

w

lto the usually low vay

PR
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., of glac1a1 1cesheets cohtrlbuted;-

of staBle 1sotopes in groundwater. o

5,2, 3 Isotopxcallyrenrzched groundwaters hn Ross ngek Baszn‘J

F1nd1ng levels of 6“0 and 6D 1nd1cat1ve of evaporat1on fl

in Ross Creek Bas;n was unexpect?d (Flg 4 7) There exzsts

¢ 4.

l
o : .. ‘
T L R R
’ R o . ’
: fuw

"

e
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lzttle eV1dence for enr1ched groundwaters 1n the llterature
THalthough close examlnatzon of the data of Hendry (?986) and;rl
:hWa111CR \1984; shows the presence of these waters elsewherefy

51n southern Alberta. ngh values of &"O in. deer. bone _gsff

”»fphosphates from southern,@dberta have also been noted by A

N '~Corm1e (pers comm ) and 1t is. antlcxpated that more ‘]u'if'”

ev1dence of an’. evaporated 51gnature on pralrle groundwaters_

';=w1ll be found 1n the future by varlous workers utlllzlng

.]-stable 1sotop=s

The QUestlon or how grou1dwater bbcomes evapo'ated mustﬁxff

o

’ibe addressed Sevesal p0551b1h1t1es may be con51dered

-fl,ﬂ.It:could.befdue#to1eyaporatingfprecipitationf
T T DI SN g
.4v2,. Water could b&levaporated through the ground
R L >§ 3 SRR

,“\_ L

’-3; A survey b1as due to sampl1ng, storage or ana1y51s
RN »

o technlques may exmst y-f IR
4. Watir could be lost from recharge to the groundwater
e o {)‘ 3 . L R . N

R

system.‘ ’ .‘kv._.‘:v: A ‘ ‘ N '

l
T
“

¢ "

w;”These poss1b111t1es wllI be addressed 1n order.“'

Evaporated ralnfall has been noted 1n other parts of
L ‘i

'Vfthe world by Ehhalt et al (1963) and Vogel et aI (1963)

\":l1ght ralnfall rn Ross Creek Ba51n in. May, 1984 was noted to

L
; .

'd

cqhtaln 1sotopfjally enrlched values of prec1p1tat1on (Flg ,

j4 5) W1%ter preC1p1tat1on d1d not contazn enr1ched 1evels

'.',of stable 1sotopes. The average values of Ross Creek Ba51n

ST



'lhgroundwaters are substantlally depleted 1n the heavy

'-*1sotopes relatlve to summer prec;pltat1on as has been
[dlscussed prev1ously II recharge of evaporated summer

-prec1p1tatlon caused the 1sotop1c enr1chment of

‘groundwaters, both the avegage value of recent groundwaters

S

'rand the 1ntercept of the meteorlc and evaporated water llneSat-o

wrshould be closer to the values of summer ra1ns than they

'_'f:are. In. add1t1on, most summer preczp1tat1on is lost as B

._fevapo transplratlon and therefore does not enter the

b‘groundhater flow system (Op@or1 and Toth 1983) Isotoplcally
,enrlched ralnfall 1s not belleved to ‘cause the evaporatzve
':;shlfts observed fhf,fffd}. r‘ve S f:";l; o

| Bvaporatlon through thelground surface 1n Ross Creek

'Baszn is a p0551b1l1ty for cau51ng 1sotop{tally enrlched

'"“grdﬁnduaters Dlncer et a1 (1974a) descr1bed evaporatlon

R :
' ;occurrlng through sano dunes 1n the Sahara Desert. Whlle 1t

”‘, is p0551b1e that evaporat;on through Alberta 50115 does

'_doccur, it seems unllkely that thxs process would result 1n
) enrlchment 1n any but the very top’ layers of 5011

| ‘f A h1rd source of enrlched gnpun‘&ater”samples may be

_through the mechanlsm of 1nadequate‘%%rVey, stOragevahd/or
.1aboratory procedures. The latter two p0551b1ﬁ§t1es were
»;m1n1m1zed by the use of hxgh qual1ty contalners and by

: mqualxty cord rol procedures. (see Sect1on 3 4 and Freeman
;‘1985) Thxs does not e11m1nate the poss1b111ty that the

.dfgroundwater samples collected came from poorly sealed wells

_that vere. not adequately purged before sampllng Several

1 T S



BTSN

”dfwell volumes were not removed pr1or to collectlon thus therehj;ﬁj

‘1s no guarantee that the sampled water came d1rect1y from

Taghthe aqurfer. Inspectlon of the fleld notes for some. of the;f,..ﬂb

vorrg1nal groundwaters separated out 1n Group 7 durlng

| cluster analy51s revealed some questlonable sampllng p01nts,f

such as abandoned wells or undeveloped sprlngs and seeps-”j
:;?Where ponded water could have contamlnated the. sample. These;d;"
:f11p01nts were subsequently e11m1nated from further study as. B
groundwater R "7; S , . f&"ﬁ

Whlle 1t 1s st ll poss1b1= that the present study

e

results were’ caused by raulty samplrng technlques, there 1s ;me

no denylrg that a strong evaporat1ve trend ex1sts.vAs an
3{ample, RCA 23 1s a flow1ng well where a good sample was

collected yet thls qx*og;ra,water vs’en‘i‘zf@bd in 5'-0""."'

: ) ,u‘: !‘5‘ 'é,E ‘ %.. R4
ﬂ,;;lea§t 5° /oo. The evapor% Sutrend appearswto ﬁ%
: . %’% s g w - M% ‘
f.jA fourth mechanlsm for cau51ng the grgundwatergﬁ%%

',"isotoplcally enrlched 1s through the evaporatron of rechamgeu,f,

,water.“In th1s area groundwater recharge ‘¢can: often occur
. when water is: ponded on the so 1 surface after snowmelt or
;} heavy ralns. At thlS t1me it can undergo 51multaneou§J'.%?&'
- ;ﬁ?' 1nf11tratldh 1nto the vadose aone and evapora%&on..fﬁlsmh%”
"t shown d1agrammat1cally on. Flgure 5 3.‘;?'*« g
The 1dea that groundwater recharge on the pra1r1es
fboccurs through the many sloughs and potholes 1n thlS reglon'
ipls not new (Meyboom 1966 Téth 1966 Elsenlohr et al 1972

. and; L1ssey 1968) L1ssey (1968) dubbed the 1nf11tratzon that
' .0

-;reached the water table 1n thzs manner "Depre551on focused""lf_
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recharge‘ a phenomenon thi‘ haslbeen d/cume\ted by
ﬁ.' N .

'.Jelectrlcal res1stance te' nxques on: the Suff1eld Weapons

_ - , v
lvRange north of Ross Creek oy Schwartz (1975 977). ochwartz ;lf:
dﬂobserved that even 1n an area W1th few blg potholes, : .

d?;snowmelt recharge was concentrﬂted 1n small shallow.- o
1depre551ons 1n upland reglonss-It is: postulated that much of

',lthe 51multaneous reéharge and eJaporatlon takes place from:'y

ithese depresszons.d”he aﬁount of snowmelt 1n ‘some of the

".plarger depre551ons-may be enhanced by the redlstrlbut1on of

' v_snfwrall by ch1nook w;nds Téls phenomenon, comblned w1th

ﬁlithe low relatzve humldlty cam cause evaporatlon potent1al to

‘obe h1gh even 1n the early sprlng months of March Aprll and :

4
. 'Lt) -»-,v
‘~May Slmultaneous recharge Fgg.evaporatlon of ponded surface

:.-waters, partlcularlly snow élt, 15 an, attr%ct1ve mechanlsm
|

gor expla1n1ng 1sotop1cal}y enr1ched values of groundwaters

\ -
< C e L gy

l; 5.2, 4 Snowmelt in Ross ¢reek Ba51n :
_ The RCE sambl1ng trzp’ﬁas undertaken to examzne the

fumechan1sm of recharge and poss1ble evaporatlon occurrlng

*from snowmelt puddles in topographlcdlly lowo Eas The tr1p o

‘),\ i .

'sndﬁStorm struck .southern Alberta in Ma‘ghfof

g B
was: carr1ed out appfox;ma@ely;one week afte; a gésor sﬁgﬁg
1

It waS’ R{id N\
'f‘._&"_'; :
hoped that pondlng would be observed and tha¢ sambles of the.A S

L]

2 water could be collected that demodstrated evaporat1on. -

2

&

The tr1p was successful 1n that many samples of snou
.and adjacent snowmelt'puddles were collected and exten515€}

pond1ng was observed. dn some places along the Trans Canada ‘.‘



ey

Hzghway, the water was up tv the top w1re on the fences..

f“—“i%mdlng on the scale descr1bed by Schwartz (1975 1977) was %

also observeo°.not only were the sloughs tnat are on the,'”

ﬁ.order of tens of meters ‘across fllled but depre551ons only

s

.-.a few meters across had accumulatlons of snow and snobmelt? S

\‘n

. However, it was*not clear whether or not evaporatlon was_f.“

3

;: occurr1ng, as - temperatures were low the sky d1d not clear :

Euntll the mlddle of the second day and the wlnds vere not

P

' blowlng.

The labora orv results showed that the snow that was

1~1

~<”collected plotteo on the meteorlc‘water Ilne and though the

* ._-J_snowmelt had become 1sotop1cally enrlched -1t d1d not

dev1ate from the trend In no: case was non equ111br1um
‘evaporatlon noted_ln snowmelt that was adjacent to a melt1ng
snowbank ?0551ble reasons for thls are* 1) elther the{
'vf-conceptual model of sxmultaneous recharge and evaporatlon 1s
not vallo- ?) the phenomenon had not: begun to occur, or, 3)
the snowmelt event sampled was not typlcal of the "average

Ty represented 1n ti? groundwater It 1s assumed that ezther or

’fﬁﬁ

both of the latter two p0551b111t1es was: encountered o "

~

' snowmelt was noted durlng the RCE fleld tr1g,but these'
shlftsvoccurred parallel to the meteorlc water llne ‘as

‘aopposed to the expected enrlchmqaf‘ which would have d' |
1resulted 1in snowmelt p01nts plott1ng to the r1ght of the:f
meteorlc water 11ne. Flgure 5 4 demonstrates that the values

of ponded snowmel; (c;rcles) are- enrzched in comparlson to

R
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DELTA DEUTERUM -~

'.—120

) .‘ _—,140; -

- -along the lines shown

PLOT OF O18 VS DEUTERIUM
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—30 .-=28° =26 -24 .--22 =20 —lgﬁ =16 =14

Ross Creek Alber’ro Snow Aglng Effecf/s

pa

RANGE OF AVERAGE GROUNDWATERS

- METEORIC WATERIJNE ,
,-6D=77260+200

Legend

@ SNOWBANKS
= STREAMS

OCTOBER STORM -
T E FRESHSNOWt

ﬂ ® PONDEDSNOWMELT O

- DELTA OXYGEN=18.

B oy :
.Fxguré 5.4. Isotope aglng effects in. snow. Old Sﬂbw
1s enriched compared to the major snowfall of the .
winter (circled). Snow in snowbanks (labeled) - - .4,
appears to evolve to the values of pondedanowmelt ',;

Coa
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L v T T B et T o
".a;ad]acent*snowbaqks-(squares) These snow dr1fts 1n turn are

u_«'enrzched in 6D and 8“0 relatlve to the October snow storm'hv'

n“?ﬁﬁjfi:";}thohght to occuifdue to homogenizatzon by snowmelt

>,

. ybser*and Stlchler 1970) and through equ111br1um exchangeii

e

-?gﬁtﬁ%tween bothla solld 11gu1d and solld—vapor phase (Arnason
T 2
{1970) n L _‘v.; L R S _
’”f{ﬂhh"fﬂ ‘;d.f Isotoﬁe\exchange dur1ng snow ag1ng causes; f1rn to be
'f">‘ .~”jenr1ched§w1th respect to fresh prec1p1tatlon.iThe enrlched’
{ tsnow underg“es rapad.klnet1c 11qu1d vapor exchange as 1t
meltsuend i \Hollettedfln shallow depre551ons, where 1t
iundergoes sqmu tqneous recharge and non- equ111br1um
. v a'rdevaporatlon.‘i
o . - RS S .

e grox.\ndv;\vat:er:"'7

/J;

“rﬁ»groundwater management 1n Ross Creek Bas1n are not clear at

' athls 901ﬁ%:”Further work 1s needed to guantlfj recharge,
_ e$apoigtaon and 5011 mo;sture in the reglon over ‘the long
term. The fact that a sxgnlfzcant portlon of recharge 1n
'Ross Creekﬁderlyeg from 1nf11trat10n of snmeelt agregs
.qualltat1Vel¥%ﬁ1th the results of Sophocleous and Perry ‘
| _(1985) 1n.Kansas«~as well as the 5011 moxsture budgets g1venh;5
. by!Ophaé: and' “(1983) and Ophor1 (1986) However,
hixnelther of these models takes 1nto account evaporatlon o§
recharge waters'fln partlcular Ophor1 and Toth (1983)’used

b

imonthly averaged prec1p1tatlon in thexr model 1mpl;c1tly'

.« e .
‘ L

{;(c1rcled) Thls phenomenon is a. typzcal ag1ng process and 15¥ifg

kfjaf.-;ltrauon (Judy et al 1970) redlstrlbut1on of snow f{,ggfuf



:?‘assunrng ar s1multaneous‘recharge to elther the :‘1*.
.;;/so1l/groundwater system or evapotransplrat1on._Recharge £;¥s}.,i
u'fhappears to- der1ve rrom an- accumu;at1on of snow fgbm severalvixaf
“fiw1nter months and 1f addltzonal evagorat ion occurs durlng |
f'the early sprlng, the amount of potent1a1 recharge that
' actually reaches the water table may be reduced p0551b1y
-resultlng 1n 1sotop1cally enr1ched groundwaters._d )
-5 .3 Groundwater Age Datxng v B e ‘
" F1gure 5. 2 dlagrams the age datlng tools that have been‘
’fapﬁaaed in dellneat1ng groundwatezftlow systems 1n the Ross_hh
hCreek Ba51n. The t1me span over whlch each method utlllzed

JIS va11d 1s also shown. Whlle none of the techn1ques

'-employed in the current study can be expected to y1eld
'strxctly quantltatzve 1nformatlon they may be d1v1ded 1nto j.V:
fqualztat1Ve, semi- quant1tat1ve and quantltatlve technlques.l“d

ﬂw“Methods such as the use of nyarochemlcal fac1es

S el

| relatlonsh ps may be cons1dered as qualltatxve, whlle thevf'e"
modellng of" rad1o1sotope values may be consxdered to |

é@ s';':?*;'approxlmate quant1tat1ve technlques.:Because of the spec1a1

Wk S . @

.f1nterpretatzon applled to all three levels of age dat1ng

| ‘,1nformat1on, they w111 be dlscussed separatelg 1n subsequent ,
“g.SeCtIOnS.‘ o - ,’::‘H . } ) ,' S  . % . .‘“ .fm.-;
. 5 3 1 Qual:tatxve datxng methods '_:: '
?-t“. A o S
r{“; Hydrochemlcal facxes merely 1mply age relatlonshlps in.

groundwater systems in that 1t 1s p0551ble to dxst1ngu1sh

S 4



Vba51n.;

e

'beetween dlscharge and recharg T;f : _h_”»':
4]concentratlons of 1ons 1ncrease alongathe d1rect1qp of flow
erdhowever 1n some cases, even these results are obscured\

]'Schwartz (1974) found that concentratlons of most d1ssolved

cconstltuents'decreased 1n the d1rectlon of grouuoﬁ:;;fﬂ"‘
751n a reg1on of southern Ontarlo As suggested.by‘Schwartz
"lj(pers. comm ) the ab111ty of groundwater‘to dlssolve the

.'7Porous medlum- the degree of chemlcal aggress1veness l3f*-ff
. "' “ PR

inherent ‘in water 15 flxed at the tlme of recharge. In a

.hbas1n llke ﬁhss Creek where rechgrge condztlons ‘have B
‘-iiundoubtably changed markedly over the tlme span of "C ages
2ifound mlxed hydrochem1ca1 relat1onsh1ps may be expected
| A Nevertheless, rgasonable re5u1ts can be obta1ned by the :;d
o hmapplng of hydrochem1cal fac1es (Flg 3 9) and dlssolved 3g
ffSOlldS (Fzg 3, 10) These methods help to set the stage for.

”'_an 1nterpretat10n‘of groundwater flow,‘and 1n the process
:;1mp1y where the youngest and oldest waters should be sought;
AIn the Cypress Hmlls, hydrochem1cal Facxes 1nd1cate that s

“‘“recharge occurs along the Plateau, 1n the d1ssected areas fu

v;}north gﬂ Elkwater and in other topographlcally hzgh places-

The use of paleocllmatlc 1nd1cators 1s qualltatzve ln‘,.*"

‘T

;fthlszzype of*Sett1ng If recharge cond;tlons d1fferent fromif'
”gthose found currently exlst in part of the bas1n (Sectlon
5, 2 2) the obv1ous explanat1qn is a paleoclxmatxc change...

":Th1s is d1ff1cult to 1nfer in. the current study as few of °

.}?' .

e

r e, et SRt e

lhghlle dischﬁhge Qccurs along the major water courses 1n the"



R

e q,n

'ffth:v"C dates are relzable. Only the modern average o

e croundwater values (51'0 -.—18 30 /Oo) two values around

o

B , -
; ;»6000 years \RCE 31 ‘and RCD-15 o“O = -18 78 /oo’and, ;;;:

- J'_;"-le 15 /go respect1vely),,and one 9000 year old value

o

';.(RGE 33 6"0 —"-22 04 /oo) are thought to accurately) 7l“115”

1nd1cate d1f£erent recharge eras. Whlle the change 1n 6"0 '",\1

~

‘<ffﬂvalues from modern values to 6000 ybp 1s barely greater than‘fat

N one standard devzat1on of the average modern value, the 6"0

1 - ~

.shlft from modern (and 6000 years) to- 9000 @ars is

't-7a';substant1al f.fd“l ’\;;L e

e

However, whlle the depleted groundwaters are probably

B

v.'v -, 'vi‘ . /.)
- ov just when th1s water was recharged/probably cannot be

ascertalned from a s1ngle "C measurement A colder water‘f-‘
- :

| ;j:recharglng 9000 years ago would not agree w1th the thlnklng»."'

'»of Hendry et al (1986) who place the Altlthermal Perlod, a,;

..vwarmer and drzer perlod at 3000-11 000 ybp Slnce three of,“?

’”,the drlft sheets found 1n the area ‘were- dep051ted between

L X

10 000 and 15 000 ybp (Westgate 1968) 1t is p0551b1e thﬂt':
‘_mthe 6"0 and 6D depleted watsrs may be assocvated with
hdeglac1atlon ‘in southern Alberta. h*s may havertaken placeb’
around 9000 ybp in Ross Creek Ba51n Cledrly; further data'ﬁ
are needed in order to render the paleocl1matjc 1nformat1on»._
yaelded by the stable 1sotope values of any more than l?

' qualltat1ve use 1n the Ross Creek Ba51n.r,‘
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S 3 2 Sem1 guant tat1ve age datzng
L . Jst
Fluctuatlons in. the stable 1sotope contens o&

‘._groundwaters have been 1nterpretec as 1nd1cat1ve of

"1ncompletely dlspersed and thus extremely young waterst‘Thef

R

"Vyffour groundwater sources that demonstrate seasonal

'var1at10ns in 1sotop1c 1nputs are shown 1n F1gure 4 1. That
: \ i
the waters are young\is supported by post bomb tr;tlum

1

f'leveLSfln the Krauss

B

In addztlon, the’hydrogeologlcal settlng of the CHPP

lowlng wellu

-*seepage also suggests that the @arlatxons in- 1sotope levels

. . L
ggare due te flUCtuatlng con ent of stable 1sotopes fn

“recharge that occurs OVer the course of a year Th1s seep

feeds @ small dugout on\top of the Cypress H1lls Plateau at’ L

approxlmate y 4710 feet (1435m) Indzcatlve of the extremely

hlgh water table founc in the Hllls, the seep can only

. derlve 1nput 1n the very 1mmed1ate area and it 15 clear that iR

- 'the water emerglng from the seep. must have - recharged on&y a

VShort time before. L 5
~~Tr1t1um data are . useful when appl1ed 1n a
sem1 quantltatlve manner because post 1952 recharge can be

v

'fdellneated Exceptlons tO»thls occur° 1) when the*tritlum

and 2) when values of less than 30 TU have been cons1dered
to contaln no tr1t1um due to the gxtect1on 11m1ts of thevﬁf
";laboratory (Table 3. 4) even though tr1t1um levels 1n

.uw‘post 1980 recha:ge may be expected to. fall 1nto thlS range.

-

T T O ST\ S
LT e *-'r'f_va’“ T S R

O

value 1=_more than 2 TU but less than 30. TU. Such a case "f

’

'would result “from mlxlng between pre bomb and recent waters,,"

o . . E - y . : ! - .
. A 3 . > . - . - . " . . 4
K b . A . . i o L - . . L o,



o R : SRS S & a1
: When v1ewed spatlally the trLt1um d1str1butaq§ was not
‘“f;#u:v 51gn1f1cant (Flg 4 12) but 1t d1d demonstravefthat shallow;dg‘

LR -':(‘qau»

local grounowater systems occur throughout Rogg Creek Ba51n;g'7

kﬁﬂ' S Recharg1ng CODdlthns were 1nd1cated by trataum levels “n.

‘,, the Cypress Hxlls_wells~‘the deep Ophgég hlberta EnV1ronment't'

‘f'wello(70m) had 0 trftlum, whlle thed m well 1n the same

group xndacatedurecharge that was an average of 15 20 years.
'y .

. Q

old Séasonal varlatlons in the staBle 1sotope content of

‘o, . \

theaKrauﬁs jlowlng well conf”“ :d recent recharge.»'g"

Q

e » e
S ; fOphorz/Alberta EnVironméht wells have both a shallow local“ﬁ _
.I' R " - A .“‘. ra o ‘ « - ,

e gV

flow xomponent an?'é deeper, older aspect of groundwatY
Fooa anﬁé L Theqlntermedlate (36m) and deep (74m) wells at the sxte’Q
;Q;#;fhi'contalned no detectable trltlum, whlle a sample taken fromA\A.v*

‘;dthe burlgg channel well (15m deep)'conta1ned 103 TU ThlS ;ff’

' latter level 1s 1nterpreted td:QEpresent water wzth an.

,.

‘fﬁ_@fgt ;3_, . TheﬁToynshlp 12 S1te was not modeled usxng the methods N

' ’?‘ &
f axl?hed 1n Sectlon 3. 3 b '1t is thought that the volumes-~‘

: oﬁ Vater mov1hg through the 6&dman and Foremost Formatlons

hnqare.suff1c1ently low -1 that l1ttle dllutlon Or leakage into-
éf:?f”amgd'ihthe burled channel aquzfer occurs. The channel aqu1fer )
. -Aprobably eXhIAItS strong horlzontal movement as sllghtly
l;older water 1s noted at ‘the: Schnelder spr1ng only a few - dmft
"ihundred meters north of the well s1te (124 TU) Pumplng of

’.the shallow Ophorl/Alberta Env1ronment well 1nd1cated a’



T

':'data, and sem1 quantltatlve deductlon. The Pfaff spr;ng

Tthe Ross Creek Valley however, the two sprlngs exhlblt

Do

"_constant head boundary at dlstance,fwh1ch results from f-ff”“””

}vhydraullc connectlon wlth Ross Creek (Ophor1 and TOth 1985)

The Scnnelaer sprlng is. locateo at Ross Creek

I

'3

PR

1 The dlfference between shallow‘ 10Cal gfeundwate; flowhif
.,systems and ‘more. deeply occurrlng flow patterns can be .;f"~

, revealed by exam1nat10n of both trxtlum and stable”1sotope ,"

€

(RCA 45) and the Fr1emark sprlng (RCA 46) are\approx1mately

- 3 km apart and at.. flrst ance it was thought that the two. f“fAT

£l -

"~ were under 51m11ar ‘low reglmes as both occur. on the sharp

o ‘.
\venbankment on the south 51de of the Trans Canada nghway iny

\‘

;hdrast1cally dlfferent levels of stable 1sotopes ,RCA 45 1s a-
throup 2 water (F1g 4 9) wh le RCA 46 is a Group 5 water.
‘ 'Negl1glble tr1t1um levels occur in RCA 45 (17 TU)

DR contrastlng wzth pOSt“952 Values in RCA t6 (67 TU)

suggestlng that dlfferent flow cond1t1ons ‘are. present..It 1s

'thought the RCA 45 has a deeper sogrce, pérhaps_fromaan

1ntermed1ate or. reglonal level ‘while, much of ‘the water "35_'

] - 4. '*ﬁs

.~com1ng 1nto the Frlemark Sprlng is. of shallc?uhlocal orlglw.

'These effects are also supported by the stable 1sorope

| group1ngs (Sectlon 5 2)

‘method has serlous 11m1tatzons. ‘As noted by Freeze and

l h1gh nltrate n1trogen leyels in groundwater are almost

,“:

et

Nltrate n1trogen levels from water qual1ty analyses can' :

'-be used for sem1 quantltatlve age datzng purposes, but the

”_'Cherry (19794 Grlsak (1975) and Kaplan and. Magar1tz (1986)



ralways assoc1a+ed w1th anthropomorph1c act1v1t1es, although
;ithe exact nature of h1gher than background levels may be
‘dfattrabutable to elther fertlllzer use,‘contamlnat1on from
":f}ti.manure, or the cultlvatlon'of nat1ve grasslands. H1gh
Hlfh1trate nltrogen levels in Ross-Creek-BaS1n groundwaters"
;t.then nght be a. product of recharge that has occurred after fi
1900-1920 bwhen the reg1on‘was f1rst settled Background
llls.levels for the area are approxlmately less than j ppm-gﬁ
h‘_(Appendlx ITI"Table A3. 2). One must be careful however
' vwhen drawlng conclu51ons about groundwater based on
"rnltrate n1trogen levels because wooden crlbblng in- old wells -
‘”;appears to be a suspect in allow1ng contamlnatlon of the
‘ﬂi:well water from surface sources. Wlthout representatlve
lsampllnc of pure aquifer water, it is dlfflcult to assessv
b[,the degree of contam1nat1on 1mparted to the. well waten
;_through the cr1bb1ng | A "
| ; Two sampllng p01nts that contaln post bomb triti um,t.
‘fTRCA 20 and RCA-23 (Table 4, 2) also contaln substantlal :h'llfv’“
flevels of n1trates (Appendlx III' Table A3. 2) Slmllarly, -
o the well from wh1ch sample RCB 12 was collected was not

%{sampled for trltlum but 1t does have a~hlgaglevel of NO,

wh1ch may 1nd1cate recharge w:thln the past 80 years, 51nce

Qit 1s a flowlng well and the seepage thrOugh cr1bb1ng

adegree.
"C analyses may- also have a sem1~quant1tat1ve'

appl;catlon in d1st1ngu1sh1ng young (;fe less than 1000



®n .

e

'jxybpl wa*ers from older water; (1000 50 000 ypb) The only
lf fposszble sxga of reglonal groundwater flow was the Hoffman
"flow1ng well (RCB 41) nqw@ver thrs age 1s belleved to havevﬁhh‘

;}been severely affected by 1nadequate sampllng technlques and?

B

"]t‘not truly representatlve of the groundwater age. o

. 5.3, 3 Quantxtatlve age datxng

{.area. SR 51‘;u‘.=';“3“ .

_mdeeper seated system could I dlt in thle"C age.'a o

{fUnfortunately, the loss of the RCA 45 sample negated any

*

';'chances of prov1ng that very@pld water, poss1b1y orlglnat1ng{7“

'3-1n a deep—seated flOw system dlscharges 1n the Dunmore_ﬁ

The Meier well (RCE 33) was postulated to be 1ocated 1n;775

lthe mldst of a large scale d1scharge area (Ophogl and TOth |
,:1983) Whlle the gsotope age date of 9000 ybp lndlcates ani'm’;t
lh;old water,txt is felt that more . t1me would be needed for
groundwater to move from the Cypress H1lls to th19 area‘v

'f'However, m1hture of a shallow component df flow wléh a’ :"-fg -

g

-3

o
" d

The 51multaneous sampllng of "C and trltlum revealeo

"the relatlve 1nsen51t1v1ty of"‘C analyses at ages belowv
Bt 3000 ybp. “C ages of less than 1400 ybp (RCA -6) appeat to
_reflect modern’ recharge as 1nd1cated by post- 1952 leyeTs\th

.‘_trltlum ‘even though levels greater than 100 pmc. are’<7

Cepeetea, . oo b T T

L oa . . . o
. . - ) L P .
. . . . ’ R

v/ .

'. Numer1cal modellng analy51s was carr1ed out for LWO. of .

’}‘1

_the sates sampled for rad101sotopes utll1z1ng the methods

,outllned 1n Sectzon 3 3 The-igtes modeled were the Cypress




By

'-'fjﬁllls/Ravenscrag rormatlonal contact sprlngs and the spr;ngsﬁi.‘

‘wh1ch occur along the Eastend/Bearpaw format1onal contact

It was felt that 1f rlow through these zones could be;jvff*

'VUL}'Emodeled then a s1gn1f1cant portlon of the flow in’ Ross Creek”ﬁ»‘
";would be accounted for. Quantltatlve age dates at these 4_if7:};
"iki51tes would help to cal1brate the ba51n model The rat1onaledj_'

| beh1nd each of the models was to correlate 1sotop1c datlng

.

{:w1th the known‘hydrologlcal parameters of the reg1on.’;fm

In each of the - scenarlos, the age dates were felt to be

1 “accurate Two szm lar tr1t1um results were obtalned from theT"

B N1cholls and M1tchell sprlngs (RCA-1 and RCA 47) on the

‘north 51de of the Cypress Hllls. These sprlngs were judged

f ages at two of the Eastend spr1ngs agreed and are belleved

Vfto obealn 51m11ar recharge and are located at approxlmately

'5'1fgequal pos1t10ns 1n the stratlgraphlc proflle S1m11arly,”ﬁ‘cé7i&

fto have been collected wzthout coz fract10nat1on.] h, 7pfd t{:;f;

Values of hydraul1c conduct1v1ty ror each format:on ER

ARS

‘““f(1969a) These values are compared to those ut¢llzed by

. terms of mz In all cases, values of K were adjusted from

"sthose 91Ven by Freeze (1969a) as part of the calxbratlon f{{:.

o

:'Ophorz (1986) and the ranges cf permeablllty coeff1c1ents
‘:-';uséd in. the current work 1n Table 5, 1 The reason why the K :ﬁf
F values used in the present study (Table 5 k) are multlples N

.dof 3 4 1s that Freeze (1969a) utlllzed unlts of 1ga1/day/ft’i

~;and the current study calculated the area of a streamtube 1nfhv”

ffprocess. A K /K ratlo of 100 1 was ma1nta1ned 1n the model o

IR S

"fwere kept as close as posslble to those determlned by Freeze{dwf
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b"was modeled»ln‘the

o

l‘51des of the system, whlle a subdued water table formed a

: sloplng boundary on the top The area modeled thus tapereddﬁp'

- components of hydraullc COﬂdUCthlty, respect1vely

.‘l'(‘

. o ; ) ‘ ]' ' ‘a t) 3
Th1s was adjusted ut111zlng the results of. Freeze (1969a)

'f and by comparlson WIth the values assumed by Ophorl"

(1986)‘ .

The hydrologlca 3 ttlng of Mltchell sprlng (RCA 47)

uf’sztuated 1n the lod epole p1ne forest on the north slope of

the Cypress H1lls. Because of 1ts topographlcal p051t10n

post-1952 levels of tritium and modern values of . stable i

1rst set of 51mu1at10ns.:Th1s sprlng 1s

1sotopes _Mltchell sprlng is thought to der1ve its recharge _”

from the Hi lls. It has a dLscbarge of around 0. zm’/mln ano

t one time' was used as the water supply for the Town of

Elkwater. For the model S a two- layer system was developed

lw1th -a hlghly permeable layer overlylng a less permeable"

un1t 1n order to 51mulate the relat1onsh1p between the )
Cypress H1lls gravels and the R{venscraq Format1on.~:

Impermeable boundarles were set on the ‘south and bottom_uf

‘into ‘a wedée..Permeab llty contrasts between the upper and:f

!

lower layers were malntalned at Ao less ‘than 10:1, Flgure;f
q. .

IF S

5 5 shovs a typxcal system conﬂﬁgu;atlon of the type -
[i¢ v); .
ultlmately used 1n the 51nulat1ons. The streamtube area~

assumed to contrzbute to the. Mltchell spr1ng 1s shaded and

> N
A

the streamtubes are numbered

viat?}’

The value of K, for the Cypress H1lls gravels (Layer 1))

was orlg1nally set. at 340m/d (Freeze 1969a) However,

‘K, and K, are def1ned as the hor1zontal and Vertlcal

N R : . = ?eVa

w

-; LT . - B . > L M

. ,_r/ s L ' - Lot
L . : R PN
R ! . - <. o : :
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'”hecauaﬁ“the“tritium'vavue'of'the'sprlng:(152fTU):representsf,hf“” 8

3Pan age of 20%5 ybp water (Table 3.4), the value of Ky fdr'

the top layer was su%geé%ently scaled down..Results of the

‘bfour 51mulat10ns that st f1t the tr1t1um data are g1ven 1n:;f'_¢};

Table 5 2. As may be:ﬁeen, the K. for the Cypress Hllls >
_gravels that best fit the tritium data 15.:appr.ox1mat§1y e

o ﬁTO';m/s.f‘-

v Thus, useful 1nformat1on about qroundwater flow/ngar“‘
fthe top of the Cypress HlllS has been obta1ned It a* ears
”vthat most of the recharge to the system is. dlscharged‘alonc
‘athe north slope of the Plateau, resultlng in 11ttle downwardﬂ;
r»mlgratxon through the Ravenscrag and underlylng formatlons hr-‘
It does-appear-however, that the values-of K ;fiﬂ>.
calculated for the . Cypress HlllS gravels are too low. ._
10"n/s_ls the same value as that used by Ophor1 (1986) for ,e
_ 51mulat1ng the Ravenscrag/Cypress H1lls Formatlon as & |

.51ngle unlt, but Freeze and Cherry (1979) 1nd1cate that the,

ab111ty of unconsol1dated gravels ranges between 1 to

u10"m/s, whlle the lowest Kx value of the Cypress HlllS

';j-Formatzon that Freeze~41969a) noted was, 10‘5 m/s (Table
"’.51) | o " T

The reasons ‘for: th1s d1screpancy are unclearr Posglbly

' the gravels are poorly sorted and thus less permeable than -
or1g1nally th0ught. Perhaps dzsper51on plays a- more
fs1gn1f1cant role than was preV1ously con51dered f a.
dlspers1v1ty of 100m is assumed for the gravels (after

3
' Anderson 1979)~ at an average travel d1stance of 400m to theil
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”Tjstlll contalns

--surfacef

;{real llfe s tuatlon w1th absolute prec151on. f“f';k{;”

?gfractlonatzon durlng sampllng The two: rema;nzng valu ’

pgeologlcat contact However,‘xt vas unknown-whether the flow

h;fM1tchell Sprzng, th_ndispeﬁyion H@Epmeter 'D/vx becomes

n ) AR &

-'.f}F1ga_3 12)q anc a value of’1sz TU may represent uater that

Y

\ N
.con51derable c0mponent of m1d¥1960 sy‘

74

iEN . Jr‘)? *d'

:fitratlum that 1s,o;ly slowly be1ng dlluted and dlscharged

.q¥addat10n,pthe locatlon oﬁ the spr1ngs on the h1ll$4an§@$he:'

l

.r‘.\' '.

(X

It is fe}t that overal1 a K equal to 10"m/s 1s a R

e

Computer technlques were also applled to model flou )

l

duisprlngs “C ages of 6 sprzngs 1n thxs area.ran ed from 300
: f to 10000 }bp (F1g. 13) but as mentloned the 3 0 ybp value
g has been shown to conta1n recent recharge, whlle the three |

fvvalues of. 8500 to 10000 ybp are belleved to have un ergone

| "nca 31 (6500 '¥bp) and RCD-15 (sooo ybp);-are believed t

'.represent val1d ages for groundwate >dlscharge along thlS

Vo

&

mwsystems represented by the “C dates are 1ntermed1ate flow

E 7p1f100m/400m 0 25 Therefore d sper51on 1s not negl1g1b1e

.1t 1s péss1ble that “the 51mulatlons do noﬁ f1t the'tlt;

;;reasonable result Certalnky much more 1n£ormatmon has been .

,reiatlonshlps that occur at the Easﬁend/Bearpa- COntact ff”"#“

-

‘lystems orxglnatrng in the Cypress Hllls (0phor1 1986) or

G LA
ﬁtravel d1stance 1s not known exactly, and therefore 51nce .-
'the gravels have been dep051ted on top of an{eroslonal ;Mtﬁﬁgfy..




- 15 shown 1n Fzgure 5. 6

':"c age 'was assumed to be

whether a s1gn1f1cant portlon of the flow 1s der1ved f omv

C

-}recharge on: the broad sloplng area north of Elkwater Lake.'~

Tne J Mack sprlng (RCD 15) was chosen ror s1mulatlon."

s

f;Th1s sprlng is 51tuated 1n the mzdst of a cluster of 12
'ﬁ-major sprlngs that occur w1th1n 5 km o£ each~other. Thus theﬂg F‘ |

- Mack spr1ng should be representatlve_o- a large port&on of

a dlscharge of approx1mately 0 OBm /mln and is used for

household and barnyard purposes Excess water from'the

sprlng flows 1nto a, trlbutary of Ross Creek Tne proFlfe L

that was. 51mulated was a 5- layer system (Flg 5.6). Layer 5

. _the groundwater that dlscharges 1n th1s area. The spr1ng hES‘F””-A

represents the Cypress Hi lls Format1on and was assumed to be‘

50-100 t1mes mbre permeable than the underlyxng

Ravenscrag/Frenchman Butte Formatlon whlch forms Layer 4

‘ Layer 4 was 10 20 tlmes more permeable than Layer 3 (the

oBattle and Whltemud Format1ons) The Eastend Formatzon '

(Layer 2) tHe largest section 1n the prof11e, Qas assumed ‘

PO

”“;f to be 100 tlmes more permeable than Layer 3 and 1000" tlmes '

v

-2 more permeable than the Bearpaw Shale (Layer 1 .LK;/K,‘was;; "

oo

kept equal to 100 1 1n all of the layer ':A typlcal

- conf1guratlon of permeab1lxt1es throughout +the cross sectlon

%,

E The K s were chosen to agree with the values ngen by _’

Freeze (1969b) and were adjusted in the model 5 calzbrat1on;

$

between '6000 and 7000 years."'“':

The bottom, left and rzght boundar1es of the model werey

assumed to be no flow boundarles. It.was felt ~that while =
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,that go through the
'Ravenscrag Form

: thls approach

norders of maon1

X thls assumptlon 1mposed some unrealxst1c cqutgam ts on flowj-ff

Y

to the rlght 1n the system as well as downwaf'r"h/ough thef

}ﬁd /A o "-,",.e-—‘
’”Bearpaw Formatlon, quant1tat1vely thls problem was not

‘“_.5ubstant1al A comparlson of the number of stream funct1ons T

ni Hlll Formatlon 1nto the

_i‘on 1n Flgures 5 5 and 5 6 helps to jUStlfy7;f

between the layers, whlleyln Flgure 5 6 when tha larger-
h

“-fscale system i modeled very few stream functlons pass 1nt0g}

'ithe Ravens ag Pormatlon..A 51m11ar conf guratlon ex1sts at'

the astend rlngs tne Bearpaw Formatlon 1s ﬂbout two

A
O] -

::de less permeable than the Eastend

Formatlon. The fact that the Oldmen Format1on has a K‘"‘

.:postulated to beklntenmedlate betweon those of the overlyzng_'f‘m
: f5€ghta Wlll affect the flow 1n those un1{s very lzttle, much
iln the manner that Layer 3 in. Flgur° 5 6 does not serlously :

1“ialter flow condrtlons ‘near’ the top of the Plateau. The

fl’.i

: better resolutlon of the numerlcal solut1on of the steady

1

vstate f1n1te element equatlon due - to greater node den51ty 1n,l

-a small proflle was felt to be of. hzgher prlorlty ghan was R

the mapplng of the 1nconsequent1al amount-of groundwater

o

Y

'f~fflow through the Bearpaw Formatzon in a, large cross sec 1on{

F;gure 5. 6 shows that two groundwater d1v1des are

gcalculated on elther s1de of the hlll north df Elkwater

t:~Lake. ThlS would appear to decrease the posszb111ty that

substant1al amounts of groundwater flow from the Cypfessvlf N

————

U'}i‘HlllS dzscharge along the Eastend/Bearpaw contactw The flow’”~h

S : )
f o . . .

'n Flgure g’S no flowAls calculated to pass -f['?



) :Jprov1des ev1dence that the water emerglng -from sprlngs at

to theseesprlngs deraves solely from the*hummocky slope3~“°';

‘1ﬁnorth of the lake. Most of’ the groundwater that 1s rechargedvﬂ o

tf“ln the Cypress Hllls olscharges at the Cypress Hllls spr1ngs'_g

;s;(F1gs. 5 5 and 5 6) wh1le the rema1nder seeps out along they.~l
;unorth sldpe of the Plateau and 1nto Elkwater Lake. S
' | Tabfb % 3 summarlzes the results of three of the.ﬁ

‘fécal1brated Mack sprlng modellng rums. As may be seen by ,

, eiK; for the Eastend»Formatlon tha-u s predlcted by the
f:simulations;is_approximatelypiof‘m/sj Thxs'agrees;well witha

[the value of>4 X 10“m/sadetermined,for{the'Eastend'

-Formatlon by Freeze (19693) -t"?:'ft 1.?” th

The values of hydraullc conduct1v1ty predlcted by the4

i

ﬂf,sxmulatlons compare favorably WIth known values. Thzs
: /

ﬂthe Eastend/Bearpaw geologlc contact are not fed by
W e v e -

- 1nf11trat1on 1n the Cypress Hllls, but 1nstead result from
, recharge 1n the humﬂpcky grasslands north of Elkwaégr,Lake.,”
‘ ’;Actual prec1p1gat10n in thls area is. felt to be 51m1lar to g

"that predlcted by Oph r1°and Téth (1983) for the whole.

- f '
’._baSln, and on an average yea , one would predlct that ‘some -

' v,of the surplus sprfhgt1me water budget lS avallable for

'hrecharge to the grqgngrater system. Th1s recharge prov1des a .1'”

'source of groundwater for spr1ngs along the Eastend/Bearpaw

contact. o f”é ';
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The s1mulat10n shown 1n Flgure 5 6 also demonstrates
‘d,several other features d! the groundwater flow patterns
‘1§ around the Cypress Hllls._ ';.{’vfb. | V

ll. The Sa11er ‘and Brown sprlngs (RCB J and'RCB 3
‘hrespectlvely)ﬂmay derlve trom recharge 1n the Cypress
-*{‘Hllls ‘The model of the Mack sprlng d 'S not extend to't

~ the westernrporélon of the bas1n, where the Eastend ,
:Format1on p1nches out much closer to the Plateau than 1n.
the eastern segment df the 3351n \Fzg 3 3). Therefore,z‘
.h1t 1s felt that 1ntermed1ate groundwater flow systems
‘]‘may contr1bute to groundm?ter dlscharge along the
ﬂhEastend/ Bearpaw contact on thls side’ bf the bas1n.ih

,‘: | 'Unfortunately, trustworthy "C samples were nottobtalned
S L) .

Ce

;iLn thls area.

'72.77The Mack Spr1ng models support the Mrtchell sprlng

~

fvmodpls in sﬂgﬁ}ng that most of the. recharge that 0

e

ccurs
'<'on top of the Cypress Hllls i's dlscharged at the Cypress'
.':H1lls/Ravenscrag formatlonal boundary Water-that{is-not:t
: dlscharged in' the sprlnge-probahly feeds the large:,'
’streams that beg1n on the north slope of the élateau.

[ B

*f:3g.}D15charge occurrlng along the base oﬁ the nbrth ‘incline
| ”-.of the Hllls (1 e. the KJJeWSkl Spr1ng, RCA 26 and the
Elkwater Town Well RCA~ 6) 1s-part1a11y der1ved from
recharge along the top of the Cypress HlllS. Most of

"&_

rth1s flow 1s localby derlved however.



..an

"the result of locallzed systems.

"f}Cneek Ba51n.,_"

B,
e

'*5 4 Integrated Groundwater ModeI E jléf~:?"t. 1-nif.f:5hc

:tovdellneate groundwater flow patterns. The work @; Ophor1--f”5

"fpatte Tns. of dlscharge and recharge 1n the reglon but

' ’

: provzded only a qual1tat1ve evaluatlon of Ross Creek Ba51n'

"'Many of the hydrologlcal manlfestatrons of groundlater flow;f

that are attr1buted by *hose authors to reglonal effects are

On the ba51s of results obtalned the follow1ng may be -

,stated thh regards to groundwater flow condltlons in Ross

.

) The water that recharges in the Cypress~Hllls is .

'-; d1scharged v1a large spr1ngs, seeps and 1nfluent streams

on the Inclane and at the base of . the Plateau.

WﬂPrec1p1tat10n 1n thlS area IS s1gn1f1cant and 15 .
e a@

'~probab1y much greater than the 500mm assumed by Ophor1

r—

are :ound in the Hxlls than exlst in the rest oé}fhe*

¢from tlj

o

ﬂ:ls. Th?s_

.ﬁ. The USG Of 1sotopes as. part of an 1ntegrated R c_.-'«”

others (Ophor1 1986 Ophor1 and Téth 1983 1985) mappedV” _

Iba51n,,A large volume ot recharge to ‘the groundwater\in o

"ih drogeologlc 1nVestlgat1on in Ross Creek Ba51n has helpec.t"h

j'{:h and Tgth (1983%»-In addrtron cooler cllmat1c_cond1t;0ns_ﬁ :



. . : al

nibserles of large sprlngs 1n Townsh1p 9 These springs do'f

;not reflect an} cllmatlc d1fferences from present day

7

Qlcondltlons, altnough tne water appears to have been

‘frecharged around 6000 ybp

. A

=]

i,Permeabllzty contrasts 1n the Bearpaw, Oldman and

'ﬁForemost Formatlons result 1n the dlscharge of deep F:rni“

-,systems 1s dlfflcult to ascertaln, but local effects arel,f-.'

'was 9000 years agog ‘:

seatéd flow sys ems in a small area 1n the center of

k)

.thoss Creek Ba51n and near the town %f Dunmore. The

;.volumetrlc contr1but10n of these 1arge scale flow

N

largely masked 1n the center of thls dlSCharge. Af?"df’

"clzmatlc change¢Q£ -3 to 4° C d1fferent than present day»f

cond1t10ns 1s suggested by low values of 6"0 and 6D A

X

srngle “C datum suggests that the average recharge age RURE

‘. .

-The western edge of Ross Creek Ba51n appears to conta1n

an. older and more deeply seated flow than the rest of

the basxn and may represent a’ less marked (or more

e -
v .

,;dllute) example of the processes dlscussed 1n (3 above.

‘ Waters in thlS area are depleted in 6"0 and 6D w1th

”'frespect to waters from the rest of the bas1n. No .;”l

' rel1able “C age dates were collected 1n thfs area to

_substantrate'a hypothesxs of paleo recharge cdndltzons.,7

_"Present day recharge 1n Ross Creek 3351n appears to be

;sdﬁ%ect to evaporatron dur1ng 1nf1ltratzon. ThlS is a

-

' phenomenon that makes thxs area unlque. The degree of



'> would be dlifleult to quantlfy, but 1t may have

v .

»

7.

'S

water lost to}sxmultanepus evaporat1on and re”harge

51gn1f1cant negatlve 1mp11cataoné for a groundwaterani;,}{

10phor1 1986)

..0 .Au’

management MOdel of the area (e.g{

v
K

shallow sources of recharge The long term qUalzty and

quantlﬁy of dxscharge from these features wlil depend on
. tvr -
env1ronmental factors such as 51multaneous : ‘

A ,J B '-_.. . - _"~ . e e A L ORI
s o ',-,. ',:__n"-. -~ S et 4 ’.:,"'*

Dlscharge(quantltles at the Schne;der ranch (Townsh1p

12 Range 4w4) May be 51gn1f1cantly affected by thé“

- 1

presence of g burled channel qravel dep051t ?reatment

h) \ . “,"

of thlS featpfe as a lcng term, regtonal source of

14

dlscharge may result’ln premature depletmon of the ]f .
A IR

e LN

Rl e L

i3} : A‘ & ‘l




.-approach

.,_:;' . ( .‘,' ‘ ‘, o vz'f\{;,’
'4elsewhere.’, o -;‘“*f/, v
‘ e e

A

frecharge on the)Pah1ns. Temporal meteorxcuw ter l1nes are

,quant1tat1ve 1nformatzon 1s yxelded by these analYSeslﬁjn
thxever No altltude effect could be. de11neated to- ass;{
'i1solat1ng sources of recharge. Evaporat1on is vzrtually'"

T
ixmpossxble xo est1mate over such a w1de area and

. e . v Sy LTl .
.. . . . PN - . , .
e v
. _‘:)' Lo
K '/ K
' ’.""' ‘j.“’
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6 CONCLUSIONS AND SUMHARY

R

'The current study has demonstrated that reglonal groundwater”"'t

A

"urlow systems arg extremely-complex and often elude tho"

:U

b,hfdata. Th1s complex:ty holds especxably,true 1n the glac1atedf
'Plalns reglons of North Amer1ca because of the constant _’

’ 1nterrelat10nsh1ps between flow systems that has developed

; -,
IW’a study su-h as the current work an overwlew must

' be malntalned that 1ncludes pr1nc1ples cf hydrochemxstry,”vv
'1sotope geochemlstry, climatology, and: hydrology, as well asi*'

{.conceptual hydrogeology ThlS has been termed an 1ntegrated ft"

Syt

The currenf‘study has enhanced the conceptual ﬁbdel o{ ;;?1;¢

5groundwater flow 1n Ross Cteek Basxn through the use of

_w[stable 1sotopes, rad101sotopes, and numerlcal 51mulat10ns.'

.5P051t1ve and negatlve results have been found wh1ch should

}be of use not only 1n Ross Creek \but in 51m11ar studles-

Stable 1sotopef'

[groundwater flow syStems and help to eluc1date mechanlsms ofj

VY 'I“

R
easy to def+ne 1n the reglon because of thexwrde”annual

vu - . “

var1atlons 1n the 1sotope content of prec1p1tat1on. Lr.tle-:'

S

v

.

‘f,appl1cat10n ofifradltlonal models 1n the absence of detalledg

o Gamame e I



rz}a551st in future uses of th1s hydrologxc tool However,

jlhave been an asset.

: stream funct1on method proved to be a useful way of _fu

“3fage date modellng ‘in groundwater_‘

A"tr1t1um in smaller proflles.s«_“

o2

@dates to be of use.'=dhi*“'

Tr1t1um analyses were proven to be excellent 1nd1cators

<;of recent recharge components in groundwater flow systems.

. ”?ﬂDeflnltlon of a. tr1t1um 1nput functlon for the reg1on should

».

no longer able to rellably,detect tr1t1um ‘in prec1p1tat1on.

v?-Already it 1s dlfflcult to. dlstlngu1sh some confxguratlons

-

Vjof pre- 1952 angd post-1952 waters ’j_ 'fsf

'77"“C sampllng proved to be of l1m1ted value 1n Ross

1Creek Ba51n malnly due to a. faulty sample collect1on_ '

3

s

Idysample contazners rendered many of the analyses useless
fThls 1s un‘ortunate,lbecause rellable age datlng 1n several

”faréas of dlstinct1vely depleted levels of 8"0 and 6D would

”ﬁ

[}

Numer1cal 51mulat10ns of groundwater age dates by! the

N
w

jbe a s:gnxflcant 1Qprovement over past technlques of 130tope

S1mulat1on of }éc dates in

| filarge scale systems provedrto be more successful than for

»

RN

In addatlon to prov1d1ng answers about the patterns of'

jvunless add1t}onal tr1t1um 1s 1nput tv’the atmosphere w1th1n.“'

‘jthe next few years, convent10na1 countlng technlques will’ be'~

"Jyprocess Fract1onatlon of COz because of exsolutlon from the -

fverlfylng 1sotope age measurements. Thls-has been shown oo .ff“

';groundwater flow 1n Ross Creek Bas1n, the current study has”ui

4‘_paleocl1mat1c 1nd1cators must be comb1ned w1th rellable age L

PN .
T e

u Y v'f'_,‘-"" S

Tyl



s

p01nted out several 1ssues that should be researched 1n"

greater detall in the future.AThese 1nclude-z”

nfhliﬂlMethods of “C sampllng Valuable 1nformat1on was lost
o f1n thls study due ‘to poor,"C sampl1ng methodology
Reflnements of these technlques m1ght 1nclude the_.ﬂ;w
f'constructlon of 1nstrumentatlon for small volume?“C
’lcount1ng or. the formulat1on of a. sampl1ng program that
"flncludes a convenlent method for collectlng largei-'

amounts of water wlthout exsolv1ng COz.

.2.n;The formulat1on of detalled tr1t1um-1nput functlons for

;;Q_;Alberta. Wlth the recent ava1lab111ty of trltlumr
1analys1s fac1l1t1es in the prov1nce, more klberta

:':?;;fhfi“ ' "sc1ent1sts are. llkely to utzllze thls 1sotooe in thelr

‘if;i;."‘; ,hf.work Detalled data as to. the pro;ected levels of

T p"mqtrrt1um 1n Alberta ralnfall 51nce 1952 w ll have to be a

' worked out before these techn1ques can. become"

:~-mean1ngfu1 however.

S e

v'3 The modellng of 1:Otope data. Further theoretlcal
' development of the stream functlon techn1ques of .

modellng 1sotop1c age dates is needed ?h1s method shows
great promlse for future appllcat1on, espec1all} in

’s;tuat1ons where unconf1ned aqu1fers exlst i

bfg4. Isotoplc trac1ng of groundwater recharge. There 15 much*
that rema1ns to be learned about the movement of water

E through the unsaturated zone._Thls study has suggested




PP

e”that evaporatlon occurs durlngvrecharge on the pralries,:}ﬁfi'
‘fiibut the actual mechan1cs of th1s process are not -
':;ﬁunderstood nor are the dynam1cs of other phy51cal or

7<Hchem1cal processes that take place dur1ng so1l mozsture_-ﬂf'f“

'1nf1ltrat10n.,~

i';‘Sr“ Isotoplc aglng proceSses of snow.,Thls study‘found that:.
| 'j snow in Ross Creek Ba51n underwent an 1sotop1c j" s
1.enr1chment process dprang aglng In add1t1on snowmelt
yl/‘f'r f'hrapldly equ111br1ateg ‘to remarkably unlform 1evels of
R "8"0 and 6D throughout the reglon. Any study of snowmelt

’1nf11trat10n utlllzlng stable 1sotopes w1ll have to be i”'

—

.f;‘able to model the 1sotop1c ShlftS of both snow and n ,
‘h"fF‘wsnowmelt prlor to recharge.;c ’ Tg”%ﬁ? : ‘ ?;t
1t IS llkely that the temperature data
bobtalned from 6“0 levels could have been attached to'a
hfspec1f1c t1me per1od M@ #d1t1on, the hydrochemlstry of
"o1nd1v1dual water samples may also co{fr1bute to a future o
) ,understandlng of the prov1nce S pale nv1rdhmenta1;.wr_'; thg
; ¥
s

" O S S T
W o B ST T AR )



Overall the appl1catlon of an 1ntegrated approach 1n

“"JRoss Creek Ba51n has helped to del1neate groundwater flow

»

‘!jpatterns and has a1ded in quantlfylng the resource. Water P#;;‘p

-p45carce on the Great P1a1ns and 1t 1s onl} through careful |
i,def1n1t1on, development and management of~thls valuable |
- commod1ty that long tetm 5uppl1es 1n th1s reglon w111 be .

ensured Future 1ntegrated approaches in hydrogeology wi

o_utlllze wdrk done 1n Ross Creek Ba51n and ultlmately,__ ,:'

'beneflt to future generat1ons w111 result
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A steady state, f1n1te element two d1mens1ona1 cross

sect1onal proflle PORTRAN code wrltten by E. 0 Fr1nd +1971)

..

is 1n popular use at the Un1vers1ty of Alberta, Department'f ZlT

of Geology. The program ls poorly documented but well
understood by graduate students 1n the Hvdrogeology program._,

It 1s eas:ly altered to calculate stream functlons as

3

outllned by Frlnd and Matanga (1 985)./

‘t?; : '_ The actual changes to the code are stralght forward To

51mu1ate a cross sectlonal proflle wheré the upper bounds of*‘“'

L]

tne system are assumed %o be represented by a constant hd‘%

boundary~4water table cond1t10n) the followlng revisions -
: § Do '
were /instltuted

-

-

1. ‘Alter K. to 1/K, ana x;'to K,

2. The boundary condltlons are changed First- type boundary
e condltlons (constant head) 1n the potentlal solutlon
become second type boundarles (constant flux) in the

-

N stream functlon calculatlon and v1ce versa.,Thls means

that no- flow boundarles (51des and bottom of. the
-'vpsoflle) are spec1f1ed as constant values of.stream_
:funct1ons and are commonly equal to zero. SR
| Values of flux along the water table muSt'be;read
| into the F matrlx, after_the:place 1n.the cOde ;here ith
is lnitialiaedutoVaeros: These_water-tableiflunes:are
f_calculated'forha.node_along‘theﬂwAter tableiby.averaglng

207
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'vﬁ,;

':“*f: Q'the;head'differencesbon@eitherdside:'

l//?é}ﬁ:"ft?

. Flux(Node 2) =4 {Head(Node 3)-Head(Node 1)} = . (A.1:1)
8 e -

-:Thesetfluxes arehnotfleft;as'cohstants.»g_%?f?'ﬁﬁ'ff -
;ﬁ'3QI'I/O should be adjusted to read 1n the water table and ‘.:-‘7
| f'no flux nodal values "7‘l ”hf f"7¥{' ;.jfi_°if’:ﬂa_;3f:

ﬂ'A llst1ng of the altéred code is 1ncluded as - F1gure A T

ln oroer to fac111tate changes between 51mulat1ons jgad

j~code for generat1ng a f1n1te element gr1d was. wrltten An

> S
Q.FORTRAN 77 By uszng the gr1d generat1ng programs, a. regular»-

'adjustments.

g mesh of nodes and element may be created for each modellng

'h““51tuatlon whlch requ1res geologlc or topograph1c

‘.

All comput1ng ‘was done on the Unrver51ty ‘of Alberta

n

-fAmdahl 360 malnframe computer. FORTG and FORTRANVS level
"compllers were ut1llzed to convert the FORTRAN codes 1nto

_mach1ne code.,“

Contourlng of stream functlons was performed through

the use of a- program owned by the UA Computlng Servlces.‘”

e ThlS code, called SURFACE II (Sgdpson 1978) produces flles |

‘that can be plotted on a Calcomp graphlcs system The

g callbratlon and adjustments assoc1ated wzth the use of

’ SURFACE 11 made th1s part of the exerc1se very frustratlng

’ B N
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IR -

- Vace s

4

RCB-22°
RCD-11

RCB-3.
RCO-19
RCA-9

- RCA-8 .
RCC-31:

RCO =W
RCC-32°
RCA- 18
RCA-71
RCO- 13
RCA-19

Table A

.2 1

range,

* LOCATION

47 8 2ve
T7 8 2we
.78 2ua
L7 7.8 ave
7.7.8 294,
ST B 2w
T T8 2Ma
7 78 ave
“77 8 2ds
BT 8 24l .
127788 awa
127078  2v4
12 "8, 8 .2%e
127°8 .8 2wa
14 & 8 2va
© 218 8. wa
2.18 8 2wel -
618 8 -2wa
13718 8. .2w4
S 19 8 awe
10 190 8 2we.
Y231 s 3w
‘7 23 8 Jwa
723 8 V4
723 8 3ve
1223 8 w4
© 6°24°°8 w4
7.24, 8 JIwa
724 8:3v4
7-2¢ 8. Jwa
7 24 8. 3Ive
7 24 8 Iwe
"7 24 8 -3we
8 24 .8 Iwe
11 @p 8 v
1124 8 2Jwa
11 24 8 3w4
11,24 81 3wa
1128 8 Jwa
. 16 26 -8 Jwa
427 8 Ivs
T4 27 .8 v
629 8 awa
11°30 8. 3Jwa
1t .30 8 Jwe
1135 8 3w4
‘4 36 8 Jva
t 4 9 2w
1 4 9 2va
8 S..9 2w
19. 8 9 2wa
14 0 9 2vwe
S 18 9 aws
1719 9

".WINTER(O)

" «FELESKY

. 'OWNER
- OESCRIPTION -’

VINTER(N)

.- DUKE AEIZOQDE
*-DUKE AEI?OI‘E
SUMMER. - o
YINTER

cmwgo(os: PAST
cHPP=8KT

" CHPP-SKI ‘MILL

 MINTER(N) .
CHPP-GROUP CANP
CHFP-PINES .
_CHPP-PINES & .
-CHPP-SPRUCE
CHPP -MUSKEG
. SUMMER

WINTER . :
CHPP~5 . COULEE -
" CHPP-BENCHES
SUMMER .

- FELESKY °
CHPP-NICHOLLS .
“CHPP-NICHOLLS

- CHPP-KICHOLLS

SUMMER
SUMMER

WINTER .
CHPP-MITCHELL. .
CHPP-MI TCHELL

. CHPR=MITCHELL
" CHPP-MITCHELL

KAJEWSKY
KAUEWSKY
WINTER -
‘ CHPP<FIREROCK
CHPP-FIREROCK
CHPP-F IREROCK
CHPP :
CHPP AE#2094E

ELKVATER

. ELKWATER
© ELKWATER -

ELKWATER
ELKWATER
ELKVWATER

TOWN
TOWN

TowN

TOwN
TOWN
TOWN

VINTER

- *CHPP-ELKWATER

CHPP-ELKWATER
CHRP-ELKWATER
CHPP-ELKWATER
‘A.PETER-
WINTER(D)

- RUSSIL

RUSSIL

BROWN EST. -F
BROWN €ST, -M
BROWN. .EST_-H .
8. SCHORR o
‘A PETER ...
ROAD ALLOWANCE

" ROAD ‘ALLOWANCE

£ NEUBAUER _
E.MACK-FIELD
E.MACK-FIELD
ULMACK

€ . MACK-HOMESTE -

tvpc oF
_WatER

eeaec e naa

PUDOLE
oUGOUT -
DUGOUT

- OUGoUT

‘DUGOUT . -

~SEEP
SEEP "
‘SEEP

- SEEP
PPY . ..~

PPT
PPY,
WELL |
CMELL
PPY

PPYT.

SEEP

SPRING ™

STHREAM
“PPY.
WELL -
SPRING
SPRING
. GREEX

- SEEP -

PPY. . ¢
PPT.
“SPRING

SPRING -

PPt

COWELL

WELL
“SPRING’

SPRING'

SPRING

PPT. ¢

PPY .
PPT .
SPRING
SPRING

© SPRING

‘SPRING.

SPRING -

© SPRING.

“ppY-
WELL
WELL
WELL
SEEP
WELL
WELL
WELL

WELL
WELL
wELL
VELL
PPY

- UAKE
CLAKE

LAKE

© LAKE

WELL

. PPT.

SPRING -

SPRING
SPRING

. SPRING
SPRING

SLOUGH
StouGH

CF.MELL

FoWELL
SPRING
ouGouT
SEEP

SPRING
SPRING

All samp11n
locat1on. L1sted 4in orde’
section ‘and 1sd.

' SAHPLING POINT

r.

o of

ALT!TUOE oF.

4150 o]
4760 0
4740 Q .
4660.0
. 4660 ©
. 4660.0
4660.0
4100.0
100 O
. .0
40%0°0
417%.0
4180 0
4100,0°
4060.0.-
40%0.0
4050.0
4028 ©
40200
40%0.. 0~
40%0.0

4010 0

3980 0 |
3990 0
'3990. 0
' 3990.0
4000.0
4010.0
3875 0
4000 0"
3900 ©
3750 0.

3150 0 ¢
.3975.0
3975 0
4010 O’
, 4000 O
. 3942 0
13717% 0
3740 ©
37128 0
~362% O

Townshxp,

ToesTH L
o weLl

T a2

g poxnts sorted by
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1O wareR
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. -RCA=27 |
lCA~2l ’
RCC=38 -

RCA-B0
RCA-97
RCC-38
RCA-22

8CA-§2 .

RCA~ET -
RCB~24"

. RCA-22

RCD-18
RCA~24
ny-2

" RCA~-64
T RCC-38°
© RCC-18

. RCE~I1 .

ncE-32
mcc-18
mca-e7
"CA-28

"RCC=29 - .

RCA-26¢

"RCA-GO0 -

RCC-33
RCB-12
RCB-~ 18

nCe-17, -

RCA-§ Y
)
 |CE-33
ace-26

RC8-20 §;

. RCB-21
- RCE-27

- NCm-1T . v
RCA-29

mec-22
RCE-12
fCA-I1.
JRCD~24
ncl LT}
© RCE=2S.
| mca-ge’
‘NCA-GS
RCE-I

ava
CAawa -
.

aya

tave

.. 4ave

ava:
J4we
‘. 4vae

a4

. Awa,
Svae .
- v
‘2wa’

e
M4

‘2ve

ZVC

" Jva .

Jwe

AWe
v

Swa

va
ave

24
e
e
Iva
Ive

7}
Cdve

8.WEISS-CORRAL
B.MEISS-CORRAL

| B.MEISS-CORRAL
-8, 'EISS-WESYA'

- ROSS - L
" C.HERMANN

‘™, SVADL!NG :
. D.SCHORR -

" vossLer

AL RATH
osuwsoun
FLAIG -
DRAUDSONS? -
"BURGEVITZ
"QEIGLE -

. BOSCHEE
K. SAILER

o K.SAILER

R.REIGER -

- -RIREIGER - )
M RATH- cnnaﬁu 5

JG.SEIT2
A SCHORR
A . SCHORR
A, SCHORR

ROSS - ©. o i
- B.SCHORR
'8, SCHORR

N

R.JANS-S YOCK

. R.UANS=HOUSE

R . JANS -HOUSE
F,BOLL INGE®
“J.LENTZ
SUMMER . .
J.GILL
KRAUSS
‘KRAUSS,
C.UMNG:

- SNOg

E

" SUMMER-CLOUD
OUKE A£#2089
DUKE > AE#2079E

SUMMER-CLOUDS .
;. L.ZLEGLER

8.07T70"
‘8.0TT0
‘@.V.M, RANCH

. .RATH=OLD. HOU :

M. RATH-STOCK
FALCON ukucu
CLARK = . .
SCHEFFELMELR .

M REIGER -
 LANGE

D.METER
WILDE.

- L.NEITZ

A WUTZIKE, -

. C.ZE1GLER

0.SCHORR -

IRVINE P-CaAN
IRVINE P-CaN -
IHVINE P-CAN

vlmn(u)
W.STUBER |
G;!(T!L!ACK:

. WINTER(N)

‘TYPE OF -

-ALTITUOE OF
wATER . gaweLING Polur

SPRING i 3625.0 .
SPRING ) 3640:07 - -
CREEK - . 3390.0":
S.sEep . . 3480.0
CFLMELL L 3%10.0 " |
“SEEP . - - .3625.0 °
,S.SEEP . ' " 3520.0
MELL 362%.0
WELL " - 3650.0-
SUF MELL. 3400.0
L MELE o 3600.0
OUGWELL ~ - .. . 3%75.0.
- WELL © . . 34%0.0
CFLWELL .. 3375.0
. SPRING o 3%40.0°
SPRING ~ . - 3%80.0
DUGOUT . . "332%.0 -
WELL K ‘4360.0
WELL - 1 . 35350
wELL 3525.0¢
WELL: - 73190.0 |
WELL - . . . .3190.0 -°
WELL ’ - 3190.0
CREEK .. .3180.0.°
OUGWELL - .. 311%.0
DUGVELL ) .31145.0
WELL L 3400.0
F.MELL- - 3375.0 -
CFLWELL . 3315.0°
WELL - .3200,0
-pusour .317%.0
PPY. - 3178.0
SPRING - - °  :°2312%.0-".
- FLWELL 307%.0
F.WELL .. " . 3075.0 .
DUGOUT . - 12950.0:
PPTL T L o L Y2700.0
WELL . - 3070.0
WELL - L7 3078.0
RUNOFF ~ " 2950.0
WELL - 29710.0
CMELL L . . 2970.0
. SUREE 2975.0
C WEGL . - ..2960.0
WELL - 302%.0°
OUGWELL . . "3025%.0
WELL . L 3100.0
S MELL P, -3%500.0
WELL . . .7 '3%2%.0
F.WELL . 9175.0 .
L OWELL - .. 3310.0
WELL = 3090.0
+ SPRING " - 3960.0
. WELL S 31080
- WELL . 3000.0 -
WELL - ) 3000.0
WELL - . . 2925.0
L.weL . . 28s0.0
CLUMELL - 3000.0
- OUGoUT . .3140.0
wELL - oo 2%00.0 -
TWEWL . 2500.0
WELL 2%00.9
- DUGOUT : 2575.0
PPY. 33715.0
MELT. " . 2960.0°
PPY. L 2960.0
- DUGoUT . .'2920.0
oUGouUT N 2940.0. -

CBRY.T .7 ap3s o

—,




REe-19
RCA-42.

.RCE-22
‘RCB-29

RCB-31 .
RCB-44; "

-RCA-232

TRCC-21

RCA-37

" Rcai3g

RCA-4S

RCE-44 .

RCA-33

lCC‘2O.v.A
RCA-44.
RCA-40"

RCA-36
RCA-JS

1 RCAZ34

RCA-39

RCC-18

 RCA-41

RCA-38
RCB-33

RCB-32

RCB-37

.RCB-26
"/RCE-16

RCE-17
RCE-18

- RCB-24

RCE-2
€-1
A-43

ace-3s

" REE-19

“RCE-20
RCE- 18

RCB-29

"“RCB:40

.RC8-83

. RCB-J8

RCB-43

RCB-42'

.. RCE-J0
- RCB-41

RCD-22
RCE-29
MYt

N ‘/ .

‘Table A.2.1.

13790 1

EIRERIED
' '-"‘,'3 1741

1t

523 1t

1528 11

11734 11

12- 34 11
338 14
335 117

1

1t 24 12

1 24 12
14 24 12
130 12
8 33 .42
10 3% 12"

Jwe.

“.>LOCiTlDﬁ o
Javae .
Jwe -,
“awe

Iva

‘Ive
7

e

S Jua

w4
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4100.0 . GLaCIAL TILL 0.0
39200 . EASTEND FM. - 119.0. °
(3808.0 . CASTEND FM. 00

U 3679.0  GLACIAL TILL 0.0
6.0 ° GLACIAL TILL = . 0.0
3740.0  GLACIAL TILL S 0.0 .
38623.0 ° GLACTAL TICL - ‘0.0
3800.0  GUACIAL TILL' 0.0
3490.0  GLACIAL TILL .. , 0.0
673.0 ~ GLACTAL TILL .7 0.0
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2628.0 | ,Gucxu. T, - 0.0
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2420.0°  GLACIAL TILL (]
2450.0  GLACIaL. TILL . 0.
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30%5.0 " GLACIAL TILL - - 12
2306 . BEARPAW SHaL(. s

.0 . GLACIAL TILL . 5.0
2495.0 , GLACIAL TILL €50
3740.0 " GLACIAL TIAU 0.0
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1 able A.3.2. Avallable phys1ca1 well and sprlng
“data. The. zone of. COmpletlon 1s calculated from
. the elevatlonvof the sampling point,.
100 feet of glacial drift- ‘everywhere north of
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'number of samples 1nvolved No correlatlon between

r .,.Appsuoxx,_ux: .GROUNDWATER HYDROCHEMISTRY A

Groundwater quallty,‘1s 1n general poor in Ross Creek

.

lBagln, as .t 1s 1h most tlll covéred areas of the Great
Y,Plalns. Potable water ex1sts only near. recharge po1nts 1n,
i .rthe Cypress Hllls, and the qualzty 1s doubtless enhanced by

"the lack of tlll in thls regTon‘ Groundwater qual1ty

degrades rapldly as. one travels north from the Plateau

In the Qresent study, groundwater chemlstry data were

- con51tuents and 1sotope content..In partlcular, it was

thought that relatlonshlps between hydrochemlcal fac1es such

. .as potass1um and sod1um versus "C age mlght demonstrate a
R R e

'H-between the stable 1sotop1c content of the groundwater and

r

the chemlstry were also sought.

' Few p051t1ve results’?ere noted in Pearson correlatzon

"analyses These analyses were fraught w1th two major

dfffzcultles 1)there were too few tr1t1um and “C analyses

for 51gn1f1cant trends to be p01nted up 1n the calculat1ons,

’and 2)very low correlatlons between the stable 1sotopes and

hydrochemlcal fac1es factors (such as percentage chloride)

~and “C were noted ‘In addltlon, weak positive correlatlons

L

_were found between the stable 1sotopes and most 1on1c
.constltuents. Closer examlnatlon of the data .and p0551ble

tfuture v151ts, w1th s1multaneous 1sotop1c and groundwater

L 220

PO

»Tpr1nc1pally utlllzeo to examine rela*zonsths between 1onrc-

i_;Stfonle P051t1Vé c0rrelation 'In add1txon, p0551ble llnks .

»

.chemlstry data were often 51gn1f1cant because of the- h1gh o

™~



' * ~ ,\/ L

quallty sampl1ng are needed to draw conETUszons about the
g;oundwater chemlstry 1n the area. _‘f o  ‘t’w'%
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‘Tablé A.3. '; Groundwater qual1ty results- Part 222
“All values given in mg/L. Source: Groundwate; :
Informat1on Centre f11es and Ophor1 and Téth

- (1983).
L ’ ovuu . _TYPE OF . PR . o
SANPLE LOCATIDN . DESCRIPTYION wATER - CA - MG . K N St sS04 . co3. HCo3 -
13 1% 8 3Iwa SCHPP-NICHOLLS - 'SPRING - -  64.00  4.2% ‘0.3% - 2.30 --4.80 . 1.17 0,0 .. 175.50..
1124 8 Iwe " CHPP-ELKWATER ~  LAKE 29.00,° 35.00' 3.70 © 14.00 :.20.00 5.00° 0.0 :251.00
734 8 Jve ELKWATER TOWN ~ WELL ‘%1700 .26.00 ' 0.0' 96.00 78.00 4.00 0.0 436.00
1125 8 'Iwe - APETER . - WELL ., . 26.00 €.10. - 6.26 2,30 . 7.20 3.55 0.0 112.8%
‘11.3% 8 JwWe . B.SCHORR . - stouc 27.00 - 13.98 .23.43 2.30° 2.40 7.09 0.0 186.0%
13 14 .9 2w4 " B.WEISS:FIELD .~ SPRING 86.00 - 29.77 - 13.69 296.70 .420.00 14.18 10.80 . 642.94
18 9 9 3v4 - J.IGNATIUS TUSPRING 81.00  30.38 9.38 195,50 ' J324.00 .' 5.32 0.0 S31.82
726 9 JIvse  W.SWADLING - FLMELL T . 220,00 131.00. 8.70 269.00 1266.00 3700 - 0.0 472.00
9 13, 9 3vwe  J.ENGLER . -+ . SPRING 67.00, 21.87 - '7.43 142.60 141,60 ° 3.55 - 0.0 539.24
4.30. 97 2wd , E.MACK-CORRAL . SPRING 92.00  40.00 6.20 106.00 239.00 8.00 10.00 431.00
9 199 2Wd D.NEUBAUER. SPRING - . 200.00 130.00° 0.0 .167.70 176.40 - 0.0 0.0 0.0
13 .7 10 . 2wa - A SCHORR |UweLL 160.00  99.61  J4.41 94.30 433.60 33.68. 0.0 395.B9 -
€ 24 10 IWe .  XKRAUSS. . ' F.WELL 138.00 127.8%8 13.69 264.50 720.00 . 88.63 0.0 - 589.26
12 3% 10 3ws s.0TTO. DUGWELL 130.00  43.7¢ 8.60 34.5%0 237.60 7.09 . 0.00 395.89
1636 10 "I . 'G.V.M RANCH . WEtle-goo - . 0.0 0.0. 0.0 0.0 2200.00 " 41:00° 0.0 432.00
16 30 10 2wda  B.SCHORR - '~ DUGWELE” ' - 264.00 144.00 .0.0 . 0.0 '910.00 35.00 0.0 419,00
18 31 11 2wd . IRVINE P-CAN WELL 331.00 82,00 7.40 - 198.00 750.00 72.00 0.0 ' .677.00
16°32 41 2wa’ A .BROST = . DUGOUF . . .. 20.00 1.22  18.77 18,40  31.20 - 12.41 0.0 50.02 -
16 7 12 .2w4  M.BROST. wELL 72.00 40.00 4,50 .182.00 394.00 . 800  5.00 402,00
818 12 3We R.FRANZ L MELL 100.00  84.44 . 6.26 234.60 614.40 . 19.50 0.0  €0S.12
11 24 12 . 3we. . A ZELLER . WELL 0.0 0.0-° . 0.0 0.0 - 2311.00  46.00 - 0.0 00.
.0 24 2 JIwa. J.ZELLER SPRING 60.00 120.00 0.0 0.0 184.00 '25.00 0.0 0.0
1 30 12 .2we ' C.IIEGLER wELL 0.0, 0.0 " 0.0 0.0 853.00 166.00 0.0 = 868.00
4 36 12 IW4 - R.HAUSAUER . . WELL 60.00 - 34.00 12.00 8.00 . 26.00 5.00 0.0 '3%1.00
9 27 12 Iv4  H.BROST VELL ..66.00 '71.00 8.50 S82.00. 982.00 22.00 0.0- 924,00
- 8.20 12 Jwa . R.ROTH = - WELL. :;2.00 158.00 0.0 . 278.30 .1105.00. . 21.00 0.0 . 490:00
1531 12 Jwa. v oRiscoLL WELL, .00 77.00 - 0.0. 0.0 414.00.. 27.00 0.0 = 280.00
16 13 12 4W4 B.2]1EGENHAGEL WELL 45.00 27.30 4.30 453.407.427.20 1595 0.0 919.88
338 11, IWe K. FRIEMARX SPRING 101.00 43.50 0.0 0.0  4%7.00 7.00- 0.0 ' 324:00
313 8 3w4 CHPP-MITCHELL. = SPRING ., . - 100.00 50.00 0.0 *.0.0° -10.00 . 2.00 -00 . 0.0
221 8 2W4  CHPP-PINES . SPRING .89.00 - 12.7¢ - 039 4.60 7.20°  '3.%% . 0.0 " 321 47
14 30 8 -2w4 . FELESKY TOWELL L €4.00 '48.00 0.0 0.0 - 25.00 .00 0.0 0.0
18 19 9, 3We  H, SEITZ SPRING ~ 146.00 S7.11.  7.04° 115.00 .376.80 8.86 0.Q. 5%1.44 °
T 4 10 3W4  R.JANS-HOUSE . F.WELL ¥62.00 63.00 - 0.0 0.0 1000.00 " 21.00 0.0 "796.00
13 18 10  JIva .y LENTZ - ‘ ouGouT 420.00 .375.44 15.64 303.30°2740.80 23.04 ' 0.0 585.60 }
10 20 10 3we  C.GILL - WELL 430.00 $73.48 16.03. 609,50 3811.20. 120.54 0.0 S562.42 .
1 611 JIWe . G RETELBACK ouGoUT 0.0 0.0 85.00 1700.00 5820.00 135.00 0.0 '220.00
i5 .5 11 3we . STUBER ouscouY 2.00 2.00 2.80 464.00 28.00 268.00 .29:00 -725.90
13 17 11 IWa  R.DEERING . WELL 160.00. .84.00 0.0 0.0 . 180,00, 20.00 0.0 0.0 .
S 8 23 .11 3we T R.RESCH ’ WELL . 156.00 - 63,00 - 17:10 148.00" 548.00 ‘18.00 14.00 453.00
;2 247 9. 4wa . K.SAILER SPRING 144.00 - 75,00 5.40 150.00 430.00 4.00 Q.0 '788.00
3.8 9 Jwa L.PFIEFFER WELL 715.00 24.9% 0.78° .4.60 . 16.80 , 1.17 6.60. 343 .43
1130 8 3we  BROWN ESY.-H SPRING . 133.00 - 60.14 $11.73 . 128.80". 432.00 5,932 0.0 516.06
14 12 9 4ve. FLAIG F.WELL 112.04  41.31. 10.95 292.10 489.60_ 7.09 0.0 + 702. 11
13 23 9 4w4 BOSCHEE F.WELL 218, .96.00 0.0  470.50 1169.00 18 00 0.0 658.00
8 3 10 .4WA  FALCON RANCH F.OWELL 0.0 0.0 0:0 0.0 49.30 . 10.70 0.0 '$20.00
16 8 10 . ewa  SCHEFFELMEIR WELL ‘. 210,00 '116.00 < .0.0 0.0 = 674.00 106.00 0.0 S44.00
t1 20 ¥ 4wa  R.REIGER WELL ‘'334.00  315.90 9.30.; 144,80 1848.00 - 70.90 " 0.0 S03 .25
823 9 Swa Q. SEITZ : . WELL' 46.00 170.00 0.0 60.30° 180.00 136.00 0.0 .302.00-
| CWELL 7230.00° 270.%8 3.77 :205.20 ++18.40 207.38 0.0. '823.%0
s wELL © 142.00 - S4.68-" ‘6.65 .135.70 441.60  15.9% 0.0 484,95
[} vELL - 201,00  69.86 4.69. '117.30 €43.20 . 12 .41 0.0 - 414.00
.4 . SPRING 71.00 30.00 t.30 3.00 - 29.00 1.00 .- 0.0 = 332.00
3 SPRING - 137.00 . 82.00 0.0 145.60 $10.00  11.00 . 0.0 - 420.00
" CWELL - 144.00  68.04 - 3.52 27.60 160.80 . 10.64 : 0.0 ~606:9%
i WELL - . - ~424.00 ' 52.26  14.86 101.20 312.00° 23.04 - 0.0 .- 496 54"
1 VELL .- - 189.00 €5.00° %.90 128.00 402:00 -35.00 00 .432.00
3 ‘WELL .. 30.00 12018 213 374.00 ,69.60- 790 40 45.30 882 90
[} ! SPRING 83.00. 52.00 3.70 - 132.00 293.00 3.00 0.0 486.00
. 534 11 . . WELL 114.00 49,00 25.00  19.00 124.00 33.00 . 0.0 463.00
8 7 127 4wa OIETELE .cn WELL 297.00 130:00°° 12.40 600.00.2377.00 48.00 0.0 328.00
4 10 12, awd  DAVIES WELL ., 99.00° 43.70 ' 1.56 . 13.80 112.80 3.5 . 0.0 417 .24 -
J. 9.12  4W4  DUNMORE cnwhuo WELL © LT 14.00 8:72 . 8.21 . 52.10 . 14.40 8.86 . 68.40 94 55
€ 12 12 SWe ' CAVAN verr @ 107.00 S4.00 ©.15.20 . 63.00 319.00 - 26 00 0.0 419.00
119 .12 4w4 . LA POULET FARM WELL 45.00 40.70 - 3.91 -39%.60 410.40 44 31 0.0 829.6D .
1132 12 awa - SCHMIPF | 133 W .42°00 '33.00 .60  6€50.00 462.00 . 98.00 0. .00
14.24 12 SW4 MOFFMAN USEER 217.00 '94.00 0 80 $9.00 288.00 200 'O <00
7.23 12 Swda  J.STOCK CWELL . .28.00 -30.00 5.90 244.00. 30.00 S50 QO 4 00
19 36 11 4w4 - A_ELHARY CWELL ) 160.00 160.00 . 0.0 51.20 28.00° 12:00 [¢] [
Q19 8 2v4  CHPP-GROUP CAMP wWELL. i %7 00° .12.00 0,60 4.00. " 8.00 1.00 o 00
©3 15 1t "3vWa . ACREAGE - wELL B I57.00 60,00 . 13.80" 195.00. 750.00  36.00 0. .00
13 28 t1 Jwe coullLaro, wELL i o [ 0.6 . 0.0 42.70 . 97.00 222.Q0 : O. 00
112 12 SW4  DUNMORE  TOWN * wELL . 36.00 0.0. . 422 379.00 .0¢ 0. .00
10 27. 8 ."2W4  CHPP-S. COULEE . SPRING ' 1 S 115,00 '0.0° - 0.0 2%.00 400" 0O .0’
"6 18 .8 2W4  CHPP-SKI RUN . ' SPRING : \ aooo 1.20 $.00 - 14.00 1.00 ) .00
124 11 ave  E.PINOER WELL %’2 .. 1.90 1 183,00 $9.00 2.00.% " Q0 .00
V.4 9 w4 ROAD ALLOWANCE . F.wELL" - 180, 97. 20 . 8.21 ..57.50 42000 v 8.85 ' Q.0 .
"4 110 4W4e W, RATH-STOCK. WELL © o '270.00 t91.00 0.0 . 3000  £Ql0;
13 38 9 4AWa. M. AATH-GARDEN - WELL 93.00 00.88 . 5. .47 ;29 3,85 *13.20
518 9 w4 - Y. MACK . SPRING 60.00.  24.00 6.80 139 2700, :r’%_:o,;r',’
128 8 2vae  DUKE AEs2093E ~ wiLL 37.00 . 16.00 7 00 195005 0%d"
12. 8 8 2wd  OUKE AE#2084E  "WELL - 77130.00 S8, 09 14,60 13000 0.0
- 18 12 4W4 B.SCHNEIDER  ° .SPRING - 146.00 . 54.66 6.6 “14.18 . 0.0
wCE~21 16 23 11 4we  DUKE AE#2080f°  weLe T15.00° 7 3,007 8,00 1500 o .00
/CE-22 16 2% 11 4dws ' DUKE AE#2081E WELL .143.00 '75.00. .14.00 %o,oo - 0.0
RCE-28 T 20 11 4awe  C.SCHMIOEX . EPRING - 98,00 66.00 - $.00 - 17.00 ~ 0.0
aCE-J01 . 8 33 10" Iv4 ' OUKE AE#2089E VELL . 176.00 109.00. 13.00° 21,007 0.0 .
.00 .00 '23.00 $60.00- 209.00

RCE-32..° "8 33 10. Ive  OUKE AEs2079E . wELL g



~

7 Part 2. Values of pH and*EC(us/cm) excluded,.

. Table A.3.2. GréBhdvater quality results: ~ 223

all levels given in mg/L. Source: . -~ = -
- +Ophori-and Tqth (1983). = . S ¥

. OWNER TYPE OF : L . AT o - ] E o
SAMPLE LOCATION DESCRIPTION | wATER . P JEC - mARDNESS N L T N [ ALk . fE - 10%
lecmacea . vepesccce® emacesew '-..---“ mere e me—— R T eeee cmmsacaaacl semmel eeias P PN LAl .t
ACA-1 13 4y I¥4  CHPP-NICHOLLS SPRING : 90 270.00 177.

R

8 W 80 005 _ 030 0 10 176.00" 18445,
RCA-4 41 24 .8 3we  CHPP-ELKWATER LAKE 8.20 438.00 .217.00 . 0.0 - -0 0% 0 28 206 00 230 35
RCA-6 - 7 24 '8 IJva.. ELKWATER TOWN WELL 7:70° 0.0 23400 . 0.0 . 0.0 - 0 15 - 188 00 469 9)
RCA-7 1125 .8 Jva. " APETER . - wELL 0.0 . 0.0 26000 0.0 - 0.0 00 o0 St 94
RCA-9 .. 11 35 8 JIv4 .B.SCHORR T SLOUGH 0.0 2520100 120.000 0.0 00 .. 00 . 145.00 183 36

“RCA-10 13 14 9 3¥e B .WEISS-FIELD .. SPRING . /8.20,3060.00_ 109100 0.0 ©0.62 0.16 387 00" . 1098 99
RCA-12 - 15 .9 '@ 3Wa .y.IGNATIUS . SPRING . 8.20 139000 '600.00 003 , - 243 . ‘0 21° 432 00 927 €3 °
RCA- 14 7 26 .9 IW4. W.SWADLING F.WELL . 8.40 1087.00 - 296.00 00 ., 028 0 ta:', 500" 1936 13
RCA-16 - 9 13- 9. 3Wa U ENGLER "SPRING 8 40 1700.00 39750 0.20 ;0 0% 0.74 %45 00 T 30 .
RCA-17 . 4.30 .9 2W4 . E.MACK-CORRAL - SPRING 8 40 1103.00 J9500- 0.0 0 4% 0 25 370 00 71848
' RCa-20 "9 19 9 . 2Wa . D.NEUBAUER SPRING 0.0 0.0 * 3%0.00 oo 38 257 0.0 250 00- 0:01 101) %6 - .
RCA-21 13 7 10 2vW4 A, scHORR - WELL - 820 380.00 22%.00 0.10 075 0 263286000 - 0 01 1018 718 )
RCA-23 . 6 24,10 '3wa - KRAUSS F.WELL 8.20,1700.00 810.00 ' 005 S2 90 .0 )4 32% 00 003 784 38 o _ ..
"RCA-25° 12 35 10 Jve 8.oTTO . DUGWELL- ~'8.70 2100.00°  15.00 0.6 1.45.77°2.27 €43.00 "2 70 8% 48 -

- RCA-26 16.36 10 3W€  G.V,W.RANCH CMELL - 8.20.1640.00° 710.00 0.05 .08 028 '482.00 . .'¢C 37 2%30 99
RCA-28- 16 30 10] 2W4 B.SCHORR . DUGWELL 8.10 2920.00 88%.00 020 005 - ©048. 63700 1 13 n:[gﬂ (Y3
RCA-29; $1.31 11 2we IRVINE P-CAN  WELL . 7.90 2200.00  916:00 048 - 0.0 0'60.6%5 00 . 0 20 1824 30
RCA-31 ° 16 32 11 . 2wa: A BROST . © DuGout 8 60 9940.D0 4080.00° - 0.15 .0 10 .. 026 .208 00 014 227738
RCA-32. ° "16_ 7 12 2W4 _M.BROST - WELL 8 00 2150.00 “398.00 " . 0-80 .1 %5 0.60 523 00 0 92.1022_09
RCAr33 S 15712 3W4  R_FRANZ WELL 8 00 0.0 - 48%.00 00 -" 0.44 0 20 192 00 0 20 1298 9% -
RCA-34 V124 12 3W4 A ZELLER. wELL 8.00 3230.00  459.00 00 004 . 023 1%8 0O 0.85 2812 33
RCA-236 8 24.12  3wa - U, ZELLER . SPRING 8 80°2000.00 180.00 . 00°. ‘00" 0.0 387 oo 0.10 '60) 30
RCA-237 1.30°12 2W4  C.ZIEGLER. W WELL 0.0 0.0 0.0.. 00 26 00 00 %2% 00 0.0 1449 18"
RCA-38 4 36 12 3JWe R MAUSAUER . WELL 0.0 - 630.00 . 28800 oo 045, . 0131 288.00. 040 270 .19
RCA-39 9 2712 3I%W4.  H.BROSY - ©WELL 8.40 1385.00 2343.00° 0.0 1080 0.32 333 00 0.06 1980 20
RCA-40 8 20 12 Jwa R.ROTH. ", wELL ‘00 - 0.0 1074.00 00 8.00 022 480 00 0.0% 2061 719
RCA-42 15-31.12 3w4 W, DRISCOLL CMELL 8.50 1130.00 487.00 0.0 - 045 . 0 46 658 00 0.10 1001 a9
RCA-43 16 13" 12 4w4 B ZIEGENHAGEL  WELL 7.90 '750.00° 427,50 . 0 0% 2.00. 0716- 3432 00 - © 03 1129 a4
acA-46 3 35 11 IV K. FRIEMARK - . SPRING 7.80-5160.00 2172.00, . 015 ' D.10 0.40 -482.00 . '0.32 898 46
RCA-47 -3 .13. 8 3IW4.  CHPP-MITCHELL .| SPRING 00 " .00 150.00..00 .. 0o 00" 17000 00 26400
RCA-52 T 272148 "2ve. EHPP-PINES - “SPRING - , 8.10:1300.00- 392.50"' - 1.10 o 10 O 25 '427 00 - 0 37 374 46
RCA-S3 - 14 30 B 2W4  FELESKY T WELL . 8.00 480.00 112.00 . 00 ©0.0 0.0 ° 136 00 0 16 223 76 .
ACA-56 1S 15 v -3vWe HUSEITZ SPRING ©8.30.1340.00 $70.00  0.0% 108¢: 028 438 00 0.04 1008 3G
RCA-57. 7 4 40 3IwWd4- R.JANS-MOUSE JFMELL - 8 50 730.00, 392.50 . 0.0% 7:0% 0 33 214 00 ‘ 0.01 1465 64 .
ACA-62 13 18 10 3IW4 J.LENTZ : oUGOUT 00 0.0 0.0 o0 0.0 - oo 00 0.0 . 3882 22
ACA-64 1030 10 avwe cCc.GuLL. - . WELL 8.J0 1090.00 -467.00 0.0% 1 0 26 270 00 0.1% 3729 33
RCA-65 ! 6 11..3w4  G.RETELBACK. .DUGoUT 8.10 1040.00 1 640.00 .0 0% 2.30 '/ 029 498 00 . O 47 8049 .43
RCA-66 15° S 11 Iwa W STUBER ouGouT 8.00 0.0 .2680.00 ,030 . 23.80 " 170 18000 - 0 10 980 .43
RCA-69 13 17 11 IW4 T RIDEERING ©OWELL 7:20°2000.00 244.00 . @0 0.0 00 600 0.09 627 69
RCA-70 5 23 11 3we  R.RESCH WELL 7.50 0.0 . 496 O® .. 0,0 ° "« 60 0 22 N SRR F R 1Y
RCB-1 224, 9 4v4  K.SATLER. ) - SPRING ©'7.70 1830.00 667.00. " '0.0 -0.22. 0. 24 W ;0 16 1787 13
"CB-2 13 S 9 JIW4  L.PFIEFFER WELL 8 50 1500.00 705.00°" " 130 . "0 10 T - 0:12 580 42~
RCB-3 11730 8 3Iw4  BROWN EST.-H SPRING +7.70°1830.00, €67.00.-.0.0 0.22 0 24' 646 00. .0 16 1189 72 T~
RCB-S 14 12 9 4avw4  FLAIG - . [F.MELL 8.40 830.00 49%.00 . :0.10 . 033 455 00 -0.Q8 1228 7%
2CB- 10 13 23 9 4wa goSCHEE - . F MELL 0:0 0.0 '931.00 0.0 10°21...%39°00.  0.19 2376 26
RCB-12 © . 5 3 10 4W4 FALCON RANCH CFLMELL . 0.0 0.0 100t 00 0.0 .. 0 19 54400 .0 11 1181 76"
RCB- 13 16 9 10 4wk SCHEFFELMEIR WELL 0.0 0.0 22¢9.00. . 0.0 096 226 DO . 0.41 1817 91
RCB-14 1+ 28 8 4W4 R REIGER. ~ = WELL ., 8.20 940.00 555,00 ' 010 0 30 '342.00°, - 1.4373050 1%,
ACB-16 S 36 9 “Swa.  G.SEITZ, - WELL . 0.0 0.0 812:00 " 0.0 01577248 00 71 0. 11 2026 1y
RCB- 18 4 .6.10 4v4e CLARK . wELL ", 8 10 1400.00 580.00 - 0.10, 0 28 398 0O . O 04 24%8 60O
RCB-20 ‘S 28 10" 4aW4 I NEITZ : WELL > 8.20- 1700.00 790,00 . © 0..10 "0 24 346°00.- 0 .08 1001 10 "
RCA-21 - 8731 10 awd A WUT2KE . WELL . - 8.20 "685.00 500 “00 - Q.50 248 00 - 0.04 1238 27
CB-22 4 27 8 Jwa. ausSIL S SPRING . 7.80° 525.00 300.00 [ 0.0 , 023 26400 030 296 19
RCB-24 322 10 AW U GILL - . . _sPRING 7:60- (500.00° 6€79.00 - 9 O 0.2% 420 00° - 025 1171 96
RCB-2% 117,211 awe . E_YANKE - WELL 00 ' 00 - Q0 <00, 007 6500 "5 00 438 60"
AC8-27 S 'S 11, 4wa - RENKE- - ' VELL '8 10 2470.00 660.00  ~ P:3s 0.1 156 00 0.07 ‘721 47
RC8-28 ' 8 11 avw4 . A RIEGER . wELL . 9 10 1200.00 $2%.00 ‘0. 0% 0 24 407 00.  ©0.03 1114 0O DR
RCE-29 13 30 11 4wa  E.JANS Lo WELL 7.70 3270.00 417.00 g0 "1 12 894 00 " 9 .06 1126 73 J
RC8-30 8 21 11 4awa W LENTZ SPRING 8.30 1440.00 427.50 - G.60 , 0 26. 424 00° 038 821 €7 -
ace-at 5'34.%1 awa - G LENTZ © - MELL 7:60 1741.00 " 740.00 0-0 3 172 00 016 354 00 0 02 1338 38
ace-33 S. 7 t2 4wéi  DIETELBACH WELL 8 20 1670,00 %90 .00 0.08° 70317 1298 00 0 57 3707 %) .
RC8-326' | 4 10 12 awe. DAVIES ) WELL 10 00 - '340.60 7%.00 0 .10 0 24 197 00 0 16390 .21
RCB-37 3 912 4wa¥  DUNMORE CAMPGND WELL - - . . 7.90.,240.00 125.00 12.40 . 0 10 4153 00 -. 0.08.° 199 &1
RGB-38 € 12 12 Swa - cavan ¢ WELL . . 8 10 165100 '409.00 * 0. - O 82 %89 00 0 62 -939 19
RCB-J9" ,. 1 18 12 aws LA POULET FARM >wWELL 8 60 3210.00 -72.30 . 10 - ©'0-85 1332 00 ‘TS0 1747706 -
RCB-40 1132 12 4wa - SCHMIPF - - wELL 8.30.3100.00 241.00 00. . 0 421070 00 | 1 94 1941 a8
RCB-41 14 24 t2 Swa  HOFFMAN .SEEP 7.40 139700 7930.00 . 0.0 * ", / O 467 61% 00 .0 09 1068 98
RCB-43 7723712 Swa- g STOCR . WELL '8 40 130000 -.191.00 .00 - 0 17 608 00 6§ 3¢ €103
RCB-44 15,36 11 awa ' A ELHART WELL [oc] 0.5 .00 oo 0 . - 00 310 0Q 0°0 . 597 20
RCB-47 10719 8 2w4 ' CHPP-GROUP CANP  WELL' 8.10° 395 08 100 00 ao'::z’ 0 18 202 00 004 - 204 81
RCB-%0 ‘3 1S 11 IW4 . -ACREAGE | MELL . Q.0 '+ 0.0 . 1320 00 00.: "™s 40 . 0.720 260 00 00" 160% Q-
RCB:S ¢ 15 28 11 3w courLLarD ) T WELL ) .0 1657.00 - “648 .00 6.0% " 2830 €,37 39 00 003 729 12
RCB-53 W2 17 SWA  DUNMORE TOUN ©  WELL : :&L " 0.0 24000 .0.0 410"~ 0.60 $59.00 0.0% 1225 a1
RCC~4¢ 10 27 8 2W4  CHPP-S. COULEE - SPRING 0Qs " 0.0 215 00 0.0 00 0.0 - 330 00 1.00 . 543 60
RCC-10 6 18 8 2we . CHPP-SKI. RUN SPRING 7.60 .509.00. 246.00 \0 0O 022 016 262 0O 0.02 7%% 49
RCC-17 ! 24 11 4we £ _PINOER. . WELL 8.20 " €85.00 S.00° 00 - 022. 0.5 348 00 0 04 4% 74
RCC-31 - ' 4 9 2w4  QOAD ALLOWANCE  F.WELL 8 30, 41000 . 275.00 0 0% 0. 43 O 21 264 00 0 04 926 89 - -
RCC-33 4° 110 4v4 WM RATH-STOCK VELL 0 0. V070 1458 -00 00 . a9 1:10. -289 00 0°32.2337 €4
RCC-34. 13 36 9 4wa .M QATHM-GARDEN wELL | 8. 10y 730.00 . 827 0. ' ss 0 20 220, 284 00 0-13 442 24
RCD-15 S 18 8 2wa Ty MmacK- . SPRING 8 90 36000.00 .129% 00 020 005 "0 18 4%4.00 : O 18 664 0
RCE-7 12,-8 8 2wd . DUKE.AE#2092E WELL " 1 60 218000 <183 00 0 07/ 007  1.00°378°060.  .0.70 1465 3
RCE-Q 127 8.8 2Ww&  DUKE AE#2084E . WELL : 8 001540 00 %65 00 - 0.6% 003 - 020 '390 00" 1,20 1117 42’
RCE-18 818 12 4We’  B.SCHNEIOER - SPRING _ . 8.20 3080300 818 00 0 0O . 098 Qg1 %4m 00 . 0 26 ¥TiG 48
RCE-21 16 25 11 4we. - DUKE. AE#2080 WELL: 8.60 2090.00 - . 40.00 084 . 007 QA7 65400 . 16671389 37
ACE-22 716 23 11 AW4  OUKE AE~2081E WELL € 80 173000 665.00 02t 007 0 a2 248 007 4
RCE-28 T7.20 11 4W4. C.SCHMIDEK. SPRING: 00 ° .00 %2000 .00 0.0 0'0 390 00 .
ace-31 8 33.10 "3Iv4  ODUKE AEC2089€ WELL ¢ 7 20 21%0.00 890 00 0.49 . 063 0,48 447 0 B
RCE-322 ~ 8 33 10 3W4  DUKE AC#2079€ .. WELL 9 00 " 823 0 o

80 3090 00 10 14° L L LY
. . o o
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. 224
, calculations. Ca/Mg given as- a ratio; ~all other =~ .%°% -
. . . N T den ‘ i
‘values given as the m1111equ1valent percentage .~ - 0N
of ‘the total anions or cations. Source: _
S - ‘Groundwater . Informatlon Centre files and dbhor;A ,
. . and Téth (1983). S S
' : e " owNER, ' TYPE.OF - - _— L . . .
SAMPLE LOCATION'. - DESCRIPTION WATER - %ea XMG . XNASK.  XCASMG . NCL - XS04 . XCARB  XSO4sCL Cff“c_
RITENE '~|J 118 34  CHPP-NICHOLLS - SPRING ' ~  90.22  ~5.99- '3.79 '96.2t -'0.97 - 2 64 95,3:/;5 1506,
. BCa-4 11 24 8 3JIW4e  CHPP-ELKWATER LAKE - T 35.3%0 42.84 21,66 78.34 1,81 Y 25 . 90.94 9.d¢/. 0.83
L RCA-6 - 724 8 3IW4 . ELKWATER TOWN WwELL | 20.48 15,03 .. 55.49  44.S51 0.77 1506 . 8417 . 1%.83 - 1.96-
‘nca-7 t1 2% .8 3IW4 ' A.PETER - MELL 6).94 15.00 21.0%. 78.95 2.87 i5.83 91.30 s._?g 4.26
. - - aca-w .91 3% 8. ¥4 . B.SCHORR . SLOUGH 40.46 .20.9% ' 38.60 - 6€1.40 3.63. 1123, 9895 4B 1.93
et “T U acA-10 13 14 9 Jwa . 8.WEISS-FIELO - "SPRING ‘. 20.18" . 6.99. 72.83 ' 27.17 1.30 38.63 60.Q9 "39.91 2 89
STl Rca-12 15 9 9 ‘Iwe J.laNaMus SPRING 25.61. . 9.61 64.78  35.22  0.62 : I7 62 61.76 - 38.24 2.67
.. . RCA- . 7726 9 JW4  WM.SWADLING ' . . .F.WELL 34.99 | . 20.84° 44.17 -55.83 .- 2.08 . 71 32 26.59 ' 73.41 . . 168
Sl ncA-ve $ 12 9 3ve U ENGLER .. SPRING 28.05 9.5 62,80 37.20. ' 0.52. . 20.63  78.79 21.21. J06.
T RCA-17 430 9 2¥4  E.MACK-CORRAL" - "SPRING J7.67 16,38 45.95 S4.05 1.16 .34 T4 - 64.10 , 35.90 . '2.30
aca-20 9 19 -9 2w4. ' D.NEUBAUER SPRING . 38.63 28.87 32.39° 67.6%. 0.0 . 100 00 v‘}o.;o 100. 00 133
RCA-21 13 7 10 2¥4 . A, SCHORR. WELL' 41,20  25.66 33.14 66.86 3.81  S1.36 4:83 : 55 17 1.61
-RCA-23 "6 24 0 3Iv4  KRAUSS F.WELL 25.38 23.46 51,16  48.84 6.34 .51.51 42.15 .§7.85 1.08
fCa-2% 12 35 10 . Jwe . 8.0T1D oucvzu. $9.95 20.17 19,88 80.12 .14 37,09 -61.80 .38 20 2.97
RCA=26 16 36 10 ' IWd ~ G.V.M RANCH " WELL . 0.0 0.0 0.0° 0.0 ¥ 1.53 82.30 . 16.16 81 84 0.0
RCA-28 16 30 10 2wa . 8.SCHORR OUGWELL ~ ~ 64.71 .3%5.29 0Q0  100.00° - 2.57 .66.72 30.72 69 28 1.83 -
. RCA-29 t1 31 91 2w4 . IRVINE P-CAN WELL 53.53 13.26 33721  66.79 480 SO 01 . 45.16  55.84 -3 04
\. RCA-31 16 32 11 . 2v4 ° A.BROST C'OUGDUT . 24.2S 2.09 "63.66 36.34. 1325 33 37 53.42 46.58 . 1639
’ Y RCA-32 16 712 2wva  M.BROST WELL 24.12 13,40 62.48 -37.52°- 0.99 4070 50.31 - 49.69,-> 1.80
" RCA-33 - 5 15712 3wa - R.FRANY: WwELL '23.951 19.85 56.63 43.37 1.57 .49 59.° 48.84 S1 16 V.18
M RCA-34 11 24 12 3Iwd - A ZELLER WELL 0.0 0.0 0.0 ‘0.0 195 98 05 0.0 10000 - 00 -
SR © RCA-J6 8 24 12 Iv4  J.ZELLER SPRING 33.33  66.67 0.0  100.00 :11.96 B8 04: 00 100:00 . 0.50
't - RCA-31 t 30 17 2Wa  C.ZTEGLER WELL 0.0 0.0 0.0 0.0 . '8.80 4520 46.00.-54.000 0O
TLOTU T RCA-3ET. 4 38 12 JWA RIHAUSAUER UL WELL $2.63 29.82 17.54 - 82.46° 1.31_° 6.B1 '91.88 - B.12  .1.76
R ‘RCA-39 9 27 12 3vs  H.BROST TWELL 9.06 %75 '81.19 - 18.81. 1.14 S0 93 47.93 5207 . 0.93
. T ¢ oeca-40 8 20 12 Ive R.ROTH WELL 28.04° " 26.06 . 45.90 . S4 10 1:30° 68 38 3J0.32, &9.68 1.08
: . RCA-42° 15 31 12 Jwd  W.DRISCOLL WELL $3.05 . 46.95 0.0 ~ 100.00 3.74 57 42 238.83 " 61.17 1.13
: e RCA-4Y 16 13 12 4w4 - B.ZIEGENHAGEL. wELL - 8.46 5.13  86.41 13.99 1.17 31 34 €7.49 3251 1.65
. RCA-46 335 11 Ive K. FRIEMARK SPRING £9.90° - 30.10 0.0 100.00 0.89 57 99  41.12  58.88. 2.32
v RCA-47 D13 8 3Ws - CHPP-MITCHELL '  ,SPRING 66.67° 33.33 .00 - 100.00  16.67 ' 83 33 _0.0 100.00 2.00
RCA-52 .0 2°21 8 2w4 _ CHPP-PINES SPRING * - 83.37 1195 4.67  95.33 1.07 . 2.17 .'96.76 3.24 6.97"
RCA-53 14.30 8 .2w4- FELESKY - WELL - 57.14 42,86 0.0 100.00 16.67 83 33 0.0 -100.00 1.33
. dch-se 1515 0 3W4 H.SEIT2 SPRING 44,90  17.%6° 37.53 - €2 47 0:95 40 21 *.58.85 4115 2 56
- RCA-S7 7 410 2Jw4 R, JUANS-HOUSBE F.WELL. 72.00. 28.00 . 0.0 1ooeoo.‘ 1.6 '55 04 43.81° 56 .19 2.57
RCA=62 13 18 10 3ve . U.LENTZ oucour 37.5% . 33.57  28.88 12 0.69. B1 83 . 17.48 82.52 1 12
RCA-G4 10 30 10 Jw4  ..C.GILL TWELL 26.40  35.20 38.40 s' 60 2.68 84 80 12.51 . B7.49 0.75 .
. RCA-€8:: , 1 6 11 W4 . G.RETELBACK oUGOUT 0.0 0.0 10000  0.0" 2.19 9425 3.5 96'44. 00
TR RCA-66 . 11 -.3¥4. W.SYUBER © - .0UGOUT 0.42 0.42 - 99.15. Q.85 25.%52 2,67 71.81 2819 - 3.00
R ACA-€9 11, Iva - R:DEERING VELL €5.57  34.43 0.0-: 100.00 © 10.00. -90 00 0.0 100.00 .1.90
W RCA-70° 1 5.23 11 Iwe R.RESCH WELL 40.61°  16.40 . 42.88 _%7.02 1.74  S3 0S. 45.2% S4.79 ° 2 48
D rca- ¢ 1224 .9 4awd K. SAKER SPRING ' 34.7%  18.10° . 47.15. 3285 0.33 .35 13 64.48 35.52  1.92
. mCB-2 I3 S 9 3wa  L.PFIEFFER wELL ’ 7¢.23 - 23.66 S. 11 - 94.89 048 . 4.5 94.86 , 504.° 3 Of
RCO-3 v11 30 8 3We BROWN ESY.-H - SPRING - 39.86 - 18.02 - 42. cz@ 57.88 0.56 45 31 5413 ' 45.87 2.2
RCB-8  ~ 14 12 8 4w - FLAIG -+ - F.WELL 24.54 9.05 'sq,u .59, 0.59 40 84 W¥S8.57 a4t 43 2 1
.RCB-10 13 23 9 ‘awa  BOSCHEE F.WELL 27.8%  12.28 ° 60.20 .80  0.98- 63 36 35.66 64134 2.24
RCB-12 "8 -3 10 4va  FALCON RANCH FLOMELL . ‘0.0 Q.0 0.0 -™ 0.0 1.84 850" 89.66 . 10.24 0.0 .
RCB< 13 16, 9 10. 4wd4 ' SCHEFFELMELR CMELL - 64.42 . 29.58 o0 |oo 00 8.01 50 91 . 41 09" u 91 1 8¢
RCB- 14 11°28° 9 ‘awse R.REIGER - WELL 41’33 39.28 - 19.18 80.82 2.93. .76 30 2078 79.22 1 06
RCB-16 ."8.36 9 Sw4 G.SEITZ WELL 16.64.  61.48 21.868 78.12 - 22.01 29 13 48.87 S1.13 0 27
. RCB-18 4 € 10 aw4 - CLARK . WELL 25.86° 41.66 . J2:4p 67.52 9.65 'S2 04 - 3832 61.68 . 0.67°
RCB-20 . . 9 28 10 4wse - 1.NEITZ WELL 41.88 16,13 41.99 58.0% 1.69 ° 45 85 . 51.45 48.%5 2 60,
. RCB-21 8 31 10 4wWe A WUTZKE WELL: $§1.16- 17.78 31.05 68.95 .16 60 13 .- 38.71 . 61.29 2.be’
- RCB-22 4 278 3v4. . RUSSIL "SPRING "67.43 . 28.49 4.080 95.92° 0.28° '8 01 . 9171 -8 29 2 37
. RCB-24 .3 22 10 IW4  J.GILL SPRING 37.858 . 22.49° '39.83  60.07 147 ° 54 20 44.63. S5 3T i 6T
LRCB-2% 112 1Y awa . E.VANKE WELL $9.22 27.98 1280 - 87 20 1.37. 2066 77.98 22 02 2 12"
: nca-27 8 .8 11 awe  RENKE . L MELL 42.42  17.88 , 39.70 | 60.30.. 2.77 17-52. 8. 71 40 29 - 2.37
: RC8-28 108 11 awe  A.RLEGER +MELL 4872, 16.76 . 34.52. 65 .48. 825 44 22 47 52 . 57 48 2 9
aC8-29 13 30 .11 awa’  €.JANS WELL . 7.16 2.90 89 95 10.0% 8.3 € 39" 85230 14 70 2 47
Aca-3Q 8 21 11 ava W.LENTZ ;. < SPRING 30.66  19.21 - $0.13 . 49.87 0.28 37 47  62.15 37.85.. 1.60 -
RCB -1 8 34:1) ava  .Q.LENT2 WELL | $5.07 23,67 21.26. - 78.74 $:32 .20 00° 74.68 -25.32 233
RCA-J2 S 7 12 aws . D!ET!LBACN wELL 28.57 12.51 S8 92 41.08 1 63 80 49 . - 17 88 82 12 2.28
' RCB-J6 T4 10 12 4we  DAVIES. . WELL 62.63 27.65° 972 90 28 0.67 21 14" 78.19  21.8t -2 27
RC8-27 39 12 ava " OUNMORE CAMPGND WELL - 16.66 1157 7117  28.23 476 773 87 81 12 49 1 sa
. aca-;u 6.12 12 swe CAVAN <., WELL 4273 22.%8 32 .69 ‘61 2 J 40 41 715 54 84 a5 16 198
RCB-29 1.19 12 aws (A POULET Farm ,\'ELL‘ . 9.27 8.19 B2.34 17166 3. 45 31 95 64.60 IS 40 RERE]
ncs-40 11 32712 ava.  SCHMIPF : WELL * 5.76 4.5 89.7v © 10.29 5.26 2479  §9.96 _ 30.04 127
RCB-41. 14 .24 12, SW4  HOFFMAN o SEER 58.51 2534 . 16.15 . 83.65 .0 18 .25 95 . 7] B8 - 26..12 2 2
RCB-43 . . 14:,!?_ SW4  U.3TOCK MELL 9.09 9.74  81.16 18 84 6 06. D 64.-- 90 30 9 10, 0 93
< v ReB-ae o8 8B ¥eeT awa el gLmanT . WELL 432.10, 43.10 13.79 86.2¢ 3000 TOO0 00 100.00° - 1.00
y ACB-47 10.187°8  2w4 . “CHMPP-GROUP CAMP WELL 77.45 ° 16.30 6.25 93.75 - 0.39 ° 3 13 96 48 3.%2 475
‘RCB-%0 3 15719 Jwa® -ACREAGE L WELL 87.08 9.8%9 - 33.37 66.63 230 47 86 49 84 . 90T "8Gy
. RCB-8t 1S .28 14 w4 COUILLARD S WELL 0.0 ‘0.0 100, 00 0.0’ 24 64 10 17 64 S9. I5.41° QO
‘o MCB-93 19 72 13 SwWd4 . DUNMORE TOWN WELL - . 7.47 7.27 85.26 14.74° 075 3% 45 €3.80 36:20 . 1 03I
© RCC-4 - 1027 8 2W4  CHPP-S. COULEE.  SPRING 63.49  36.%51 0.0 100.00 1379 86 2t 0.0 . 100.00 1.73
“RCC-10 €18 8 2wa - CHPP-SKI RUN SPRING 71.81 1,421 €7 6.83, 9317 0.30 418 9552 4 48. 330
RCC-17 - 124 1) awe £.PINOER TWELL 0.5¢ 0.%4  .98.9) . 1.07 0.4 12 16 B7 42 12 %8 V.00
- 8CC-3y - t 4 8  2wa: 'ROAD ALLOWANCE  'F.WELL $2.49 28 35 19.16 80.84 OS82 6146 3802 6t 98 - 185
RCC-I) 4 1 10 ave M. RATH-STOCK WELL 4198 29.70 28 .32 11968 -, 1.68 B2 7 1€ 1S 83 °8% 1 Ay
LACC-2a 13 36 9 awd4 M RATH-GARDEN - WELL S5 61 23.25 . 21.15. 78 8% 0.75 21 28 7788 22 02 2 39
aco- 18 3189 2wa yMACK . SPRING 26.10 . 10 44 63.46 6.4 0.29 23 29 76 42 23 %8. 2 %0
RCE-7 .« 12 8 8 24 DUKE AE#2093E - WELL 127 214 89,59 10 41 1.60 59.66 238 74 €1.26 2 I
RCE-8 12.8 '8 24 OUKE AE#2084€ wELL 37.2%°  16.62 46.13 33 87 130 5125 47 46 57 sS4 224
RCE-18 8 48 12 ' awa - B.SCHNELIDER SPRING 6. 66 - 13.7) 49.61 50,99 131 53 1% 44 94 55 06 "2 67
BCE-21 " 1625 ‘11 4w4 - DUKE AEF2080F,  WELL 2.10 - 0.%7 97.%32 2.68 .- 089 37 21 €V 90 38 10 3 61
" wce-22 1628 11" 4w4  OUKE AEs2081E .  wELL IS.87  18.66 45.77 $4.2) 1.8 69 16 2901 .70 99 . 1 g1
o ~Rct-2 T 20 11 4w4 | C.SCHMIDEK _SPRING: 36.4)  24.34  39:0) '60.97. 147 5227 ' 46.26° 'S3 74 1 48
T RCESAY 833 10 Iwa . DUKE: AE#2089E wELL . - . 34.38° 21:29 | 4434 55 66 1.53. SB 15 39 12 &0 28 V6
~ Rcr-22 83310 Iw4  DUKE AE#2079€  wWELL - @ . o 11 - 93 SA 0 47 44 03 o aa 03 a4 a7 00



