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' DU o ABSTRACT e

:" . : A . ) . ’ . ..
N\ ‘\ ' v ' . - ' v . ! -

. .
The study was designed to obtain information on ground--

. |

4 .
water flow,y and moisture above the watern table, at selected sitos

.

in the Vegreville area and to relage this _in[()rmut.ion_tn fogtures
* . . [ ‘

o sort T gene ST E LI eVEATEd by deTai Tod Soil mapping and an: Yo

y It was"concluded that while deep groundwater ,lf{nw LA

\ predominantly downward throughout' the study arca, numerous

. ! : ’ v
~shallow flow systoms are supcerimposed on this low which jn part
: ' 3 ' ‘ . : .
Vowe their complexity tao- permeability contvasts within bofh bedraock. -
‘\ (-] . ' - B
\;n-nd surficial materjials. inder these condit Lons, tensiomet o
. . ) : r .

}

3 .
“esn " 4

w‘-rv particularly useful, in combinht®ion with pieszbmeters, in

providing information on flow closc to Lhe water tabple gt 1ndividua
‘ : : .

sites. At high elevation wheroe. groundwatcer recharge pretiominates,

[

\ . ’ - .
solls ranged from Eluviated Black Chernozem -through: Humig Eluviiited

"Gleysol to Orthic Humic Gleysol with decrcasing depth to the water

table. At 'low elevations whereo groundwatoer dischargeé occurs.

7 . ®

L, pes

gypsum(and salt accumulation zones 'exjisted above the water table
in.all soils studied. Soils ranged from Alkalino Solonetz or

Saline' Black Soloneéty where the water table was within'o.5 m of

the surface through Black ;'nl(;n(‘t/. where depth (o the water gablo

was between 0.5 and 3.0 m, while an Orthic Black Chernozem ockurrod
IR . - . : P - : '
where the watcer table 'was around 2.5 m below the surtace and the

‘ratio of sodium to divalent cations in tHe discharging groundwatcer

was less than at other sites. ,
\ ‘ ’
Groundwater is undoubtedly  a contributing factor in =oil
\ o - - ’

|



gendsis in the Vogréville area,. but effects of other, factors;
“such as lateral flow above the water table ih the more permeable
P ‘ v . . N

csurface horg mhns and rooting deépths canpot He ignored.
. . . - . ) . ) .
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. INTRODUCTION

.

1
N Theories concerning relationships between soils and

.

,lgrnundv‘vater flow have existed for somé time, but nelatively few

studies ll:l\’(.‘ been made to confirm them (Pawluk et _al. 1969). An
area of 100 square kilometres (18.5 sq. miles) was chosen by Dr.

J.. To'th of the alberta Research Council and Dr. S, Pawluk of the
Uni\'_é‘rsil.y of Alberta for the purpose of i}w«ralig.’ﬂing groundwater

in relation to the genesis of Solonetrzic soile. Proximity to the

]
Agriculture Canada Rescairch Station, prescnce of gsalinity and

so.lnm_-‘t'/‘ic soils and a ph'y"si(igraphytl’:x‘i'lr‘ly ty_'pic‘al of the r(;gion
u‘.'s a whole, were gnnr;ng reasons for location uf‘th‘v‘urua Lo l’!w
'11<';‘tllo'ust. (»1 .\"(3gr(‘,.vi‘l.10. ‘L(*skiw L1971) related sorls Wi‘th.;ln the
chosen area tn.t,h'(: apparcent groundwater flow as indica’u:(l by

surface features, such as vegetation, seepages, salt crusts, and
g ' o o &
moist depressions (sloughs), and also by analyses Ifom existing
wells. Decep picrzometers were installed by the Water Resources

Division of the Department of Envivonment, but full information

from these could not be obtained before completion of Leskiw's
study. ~The present study was designed to obtain detailed inform-
. ation of groundwater flow at a few selected sites within the same
. N " . ” . 3 . T e .
-. . * - . - . N
arca, using piczometers. Ynformation was also to be obtained on
4 o . : e ‘ . ' o
moisture regimés above the water table using a neutron probe,
tensiometers and psychrometers, ard on ground temperaturés using’
buried thermocouples.’ This information was to be related to the

AV -
. soil characteristics around cach site revealed by detailed soll

mapping and by physical and chemical analyses, so as to cvaluate
. * . T N . , o . ‘




the influence

of groundwater flow upon soil gepesis.
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LITERATURE REVIEW

I . GROUNDWATER FLOW

" . : ‘ . ; :
3 . . . . . .
~ Several dlfle;gii/}pprnachcs have been used in studies
of groundwater flow. e first of these, the mathematical or

theoretical approach, is based on dependance of groundwater flow
. . . A : ' . .
on well-defined physical laws. <A second approach, plcerzometric

. . ' T . APS . . N .
analysis, involves actual measurcment of potentials in the ficld,

. . ’.
— —from-vhich flow-directions can--be-derived.- - Amthlrdwapproachuugusu-;>/

C— .o - -

surface features as indicatu:s.drﬁgrhquwatcr characteristics. A
fourth approach is the hydrngvocheh{cul approach which makes usc
4
of the chemical composition of groundwater in the interpretation of
, .

groundwater flow patterns. A fifth and final approach involves use

J ’ ! : 0

of struamvhydrographs to calculate groundwater qischurgc'bdt since
f‘ . ‘ _' : .
. this is useful mainly in humid arcas where a high proportion of the
| . ) .
- discharge. reaches the stream, and even then only on a,regional
o L . ' ' . . o,
scale, it will not be considered ‘here. The first four approaches
are however discussed in dectail below. : ~
r
-

Mathematical or theoretical approach
. %)

[S

Hubbcrt (1940) dcvoléped the concopivdf fluid potenﬁiull

as<éna1090us to electrical pptential.' He defined it as: the amount

-

of work that would be fequired to transport a unit mass of fluid
from some arbitrary chosen standard position and state to the

position and state considered. ‘Fluid potential includes a component

trom work against gravity and a component from work aQéinst pressure



PR §

. N - ’ ~. S
and can be expressed in the form: ;

= o i/f:dp gz
Po

P

P is pressure cexerted by a column of water; Po ix atmospheric
pressure; pois fFuid density; g is acceleration of gravity;
2 is= the height above datum of the potential in question.

o . v

Téth (1962), 1963) applied the work of Hubbert to an

idenlized case of the small drainange basin in the Prairic cnviron-

sment,. Such a basin, he defined as: 'An arca bounded by topographic

Chighs, its lowest parts being 6ccupied by an impounded-body of- oo

surfgce water! or by the outlet of a relatively low order stream,
. & : »

and having similar physiographic conditions over the whole of its
4 ;

surface'. He suggested that such a basin would not exceed an arca

of several hundred square miles. He showed that. in such basins,
river valleys are not cut into the landscape sufficiently to act
. . ! . . .

.
f

as line sinks, and therefpre groundwater discharge occurs through-

out the lower half of the .basin and is separated from groundwater
s . . . . .l. .

recharge on the upper slopes by a theoretical midline. Tdéth showed

’
\

that topographic irregularities within such a basin produced their
own groundwater: flow systems which were superimposed on the main

. : ) ] .
tregional) ﬂlowvsystem'of the basin. For convenience, he classificed

the flow systems as Regional, Intermediate and Local (Figurc 1),

though there is no theéretical upper limit to the number of flow

sysicms possible.
Mathematical solutions to groundwater flow prdblems

involve application of the steady-state form of Richards -equation

(Richards 1931) to find the fluid potential at variaous points

within a theoretical model of.a basin. The equation is valid for
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isotropic media, and for anisotropic media where the principle

directions of anisotropy coincide with the co-ordinate axes (Childs

1957) . It can be wfitﬂen in the form: ‘ ’ C T
9 g RO R R R0 f 3 [ R0 3e T
dx 3x dy oy ] o o1,

x,y-and v arve the co-ordinate axes; Kx, Ky, Kz are hydraulic
conductivities in the x,y and 2 direction respectively; Jo)
is potential; © is Volumetric moisturce contént: t.is time.

Even wiLh_illeLiékd”Tlow Ryste
T T

mathematical solutions using this-equation were impractical prior

ms and boundary conditions,

to the development of mudcrn.cqmﬁutbrs. Instead, two dinwnﬁinnﬂl
laboratory water-flow models or glectric analogues were .used, and

these are still considered usceful for solving groundwater flow

problems. “Freevze and Witherspoon (1966) have however succeeded in

using computers to solve both two and three.dimensional flow
. :

problems, even where several materials of contrasting permeabllity,
.

and anisotropy have been included. .The programs involve solution
of an extremely large set of simultaneous equations by an iterative

procedure, for every point within the basih,fur which the fluid

potential is required., Although of considerable value, such

mathematical solutions are all dependant on simplification of. the’
natural situation, and can never be a complete substiiute for field

\measurements.

' : Picvzometric analysis

Fluid potential can be. expressed as total head, which at

”

a_giﬁbn_pointwis‘the height of a. column.of water. that can be-



<

suppdrtcd at that point (pressure component). plus'the height of

‘. -

o . * v . . -'.._ ,.;" .
"that point above standard datum (eclevation component). /It=follows

/ " A

that the water luvéliin a tightly cased well (or,piezomctcr)
B (K .

expressed as height, above sea level, is 'a direct.measure of ground-

LN : .

water potential within the flow systfem, -at the point where the well -~
: o . . G ] o ' ’ .

‘or pieczometer termihates. Normally Sceveral piczometers are

installed at a single site, constituting a nest, as this ﬂlk6W§

vertical hydraulic gradients to be measured. Nests apre usuallys
; : C - e

. ’ ' . . ' ) I3 . . ' v
situated 4dn a line at right angles to a river, becausce flow
. ) i 1

_parallel to _the river is normally small companed to flow towards

- . . . T - ot
Jthe river, and can be necglected in the construction of equi-y

.ﬁotentiél linvﬁﬁin a simplified two dimensiondl diagram. It the
-assumption_can be made that the gcblngy is hnmogcncousiandbisn;

fropic,'then flow lincs.siﬁﬁly intersect.cduipn(un(iai lines at.
right angles. H;yévef, ih non—humbgéﬁeous mdteridls, refraction

.o? équipo{en#iul lines and flow'lihcs occufs at the 1ithologicai

contacts according to the tangent law of refraction (Hubpért 1940) :

Tan 6. K

1 1
\ ] - T
© Tan 82 KZ

K1 and K3 are the hydraulic conductivities of the materials
and 8 is the angle betwecen the eqqiputéntial line and the
lithological boundary or in the casc of a flowline, the
"angle between the flowline and the normal to the boundary.

Provided the degree of anisotropy can be estimated, and
<«

S -
3

it is usually very pronounced in sedimentary.materials, then angles
. . R 5 . '
,of'intersection_of,floWlincs,yith,eqpigotehtiﬁl‘fines can be

calculated for a diagram with'no vgrtical@cxaggeration.as desctribed | «
(1965). Where vertical exagger-

by Maasland (1957) and Liagdpdﬁ}os
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g' -‘. o . . '/""

0 .
i

ation is deésired, its effects on arfales of intersection must al €6

¢ -

be taken into .account (Van' Everdingen 1963).

Unfortunately, water movement into and out of é} well or
: <~ 3 A

piczometer results in a time lag in:rdgisturing changes in fluid

N .

potential, which can be significant in poorly permeable, material =,

~n

. . A
The lag may 'be minimized by reducing the diameter of. the upper
piczometer pipe stem. Usually hawever), corrections jare made for
. . . “‘ I3 . : . "
time lag using the method of Hvorslev (1951). Picvometer time
Ll _ : . -
lags may at the same time be used to estimate hydraulic conduct-
Avities which in combination with hydraulic gradidént- provide- afi— — -
. . N B - ‘ .o
.estimate of rates of flow, using Darcy's law. The procedures are
' o . " N . " , . .
explained in greater detail under 'unalyticnl'mcthods'}.
\ . ~ ) - o
L]

— "

-

Surface features

£

. -y

Surface features have been shown. to be reliable indica-

tors of groundwater conditions. Tdth (1966) presented the follow=

a

.ing classification of. such features observed in the Trochu area of

.

‘Alborta: o : o )

4

l. Features pertaining to environment:

¢
-

a) Climqf(z, b) Rel.i‘ef, c)‘Ge()lg)gy:

e L

Ze Fedtunes pertaining-to water:
. ' 2

a) Aspects of the actual presence or absence of water -

anq‘its physical and chemical pfopéffiqs. T
. Examples: 'springs, scepages,. groundwater levels,
e flowing wells, and chémical .and physical’ propertics
) S , ' g .
of the watcr, o Co
\ .
'_Lr‘ ’ - '}



b) Aspects associatey with presence or absence of water

and with its chemical and physical properties.

'
i

Examples: nmatural vegetatjon, salt precipitates,
. . . ,
"burnt crops", "soap holes", moist depressffons, dry

a

-

- -depressions, and man-made objects.

LN

19674a) emphasized the importance of

'S

Meyboom ( 1")66,

- - N ) - . ' - .
~..¥Yegetation as- an.indicator 0f groundwater conditions.in southe. . ..

- tentral -Saskatchewan. W flow-ringed sloughs for example indicated
. -the presence of hon-saline groundwater and while local diéthargu

occurred ipﬁﬂ;}hem in late spring and summepr, they acted as a

2 o e R AT SO, o i .
source of rcg*onal rechargge during the period when the willow
(Salix spp.) was dormant. Meyboom (1967a) listed various sther.

. \ e T . ° g '

shrubs besides wiLlow‘which_wcfe found to be ph?eatophytic, that 1is

b

capable of utilizing groundwater, and some of these Coqld facilitate
discharge from depths up to two metres. Halophyt@s, particularly

Western Sea-blite (Suaeda.dépressa (Pursh) S. Wats), Kco Samphire

(Salicornia rubra, A. Nesl) and Salt grass. (Distichl.s stricta

: ~(Ipr:41uR&dQ)'together with an abscnce of willows around sloughs
o el o .

indicatéd® saline groundwater discharge. ST ’

T ‘ : ’ , A )
. Lissey (1908) used plant communities as indicators of
- \ ! .

groundwater quality.in his classification of sloughs in the Oak
ks o v , .

River basin in S.W. Manitoba.. The presence or absence- of the

\

.following 'plant vones were considered diagqpstic: 1) permanent open._
. ¢ : T
e : :
V4 ‘e . . - R , ¢
water zone, 2) intermittent saline zone, 3) deep marsh zone,

- ‘ R . e , 3 | '
) .shallow marsh zone, 5) wet meadow zone, and GF. low prairic zone.
. . ;

) | ’ ’ " ey

ol

Y o .. [ ! ’ . . :
——Sloughs were cld$51110d into: 1) fast recharge, 2) slow recharge,

3)-fast fresh diéehargo,'h) slow fresh discharge, 5) fast saline

. -
o gt T A——
Crsapara TR



dischargd, and 6) slow saline discharge. Piezometers however

indicated that many of the fresh water discharge sloughs were
. ' N . % .
really transitional betwecen recharge and discharge.

’ Leskiw (1971) used the surface features employed by Tdth,

"

Mcyboom, and Lissey, in his mapping of groundwater in the Vegre-

ville study‘aruﬁ (Figure 2). He classified sloughs into four
. Y ; .. :

°

,caieganies;_fusy‘rcghargu,hs}pyurpqhgrge, discharge, and ind

0 . ‘. .

.i) recharge, ii) discharge, iii) indefinite, iv) discharge with

. ¢
isldhd'rochurgug and 'v) recharge with island discharge. .
- - . ‘ .
4’,"»'_';;'4 . )
. .
R . "“n;““
Hydrogeochemistry = 7. * .

,

Schoeller (1959) noted three forms of zonation which are

i

reflected inj.the chemi'cal gomposition of groundwater: 1) geological
i . . N .
zonation, 2) climatic zonation, and 3) vertical zonation.

Geological zonation is ithe most obvious. Chemical
: o =
‘composition is contrelled by minerals present and theilr solubility
Y ' ? :

and tendency for chemical reactions. @ Amount of solution or
reaction is influenced by time of contact between water and form-
ation, which in turn is infiltenced by  permeability, hydrauljic

gradient and length of flow path. "It ‘has becn noted (Chebotaroev

- 1955, Schoeller 1959) that as the flow path increases there s ans

f

increase in the amount of dissolved solids and a tendency for: the

. o - +. .
dominant cation to‘chango‘fromCa+ 'tﬂ_-Mg++ to Na*.and‘for the

—~

dominant anion to change from HCO,}T to SOQ—_ to Cl_.. The chénges

e . ’

afe mainly brought about "as- a result of exchange reactions which, =

- POTRY L

efinite.

. . . N . ' &>
The arecaas a whole was separated into five groundwater categories:y
i e , . .

-
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Figure 2. Groundwater in the Vegreville study area, as mabped by

Leskiw (1971) from surface features.,



i}

because of differences in ionic potential (ionic radius - charge),
favour retention of calc¢ium and magnesium and release of sodium.
and as a resbult of solubility differences. . Changes in anions

occur because of solubility differences in combination with the -

v 0

.dominant cations,‘and_through reduction of sulphates. Geological
formations in the Vegreville area are bentonitic, high in sodium,

and contain carboniferous layers,. and there should therefore be

" e e e

U O - SO = =

amplesgpportunity for all the above processes to occur. ) .

. ) : . -
Climatic zonation is caused mainly by differences in

, . £
rainfall. Low rainfall causes the water reaching the water table
to be higher in dissolved ions than is the case in areas of higher

rainfall. Tempbtrature also’inﬁlucnces the amount of water that
N ‘4, .

reaches the water table, but it also has a more direct effect on
ionic content through influencel on solubilities and rates of
Aeaction.

Vertical zonation occurs first, because ,the length of

flow path incre¢ases with JZpth.f'Watcr of shallow local flow

systems may therefore have a bomplctely different chemical composi-~

tion from that of intermediate and regional flow systems (Toth

1966) . Secoﬁaly, permeabilitics tehd .to decrcase with depth, so

increasihg time of contact{ und thirdly, in the absence of other

governing factors, more saline wators,,biiﬁuso of their higher

‘.

specific gravity, tend to remain below water of lesser salt content

(Back 1966).



I1 - MOISTURE MOVEMENT’

IN THE UNSATURABED ZONE

Liquid Flow

Darcy's law, developed for saturated moisture fl?w, can

also be dsed to‘describe unsaturated flow (Van Bavel 1969), but

”“{Hémh;a;gaiiémggnductivity is

moisture content_(Richards 19731,

no longer constant, but dependant on

Childs and Collis-George 1950).

Richards cquation (Richards 1931) which is?defivéq from Darcy's

law thercfbre applies, but in the noﬂﬂstqady stafe”fqrm:

| -

-3 -3 [kx 307 . 3

: K;MWBQ‘ v 3 ks a0

3t ax 9x 3y dy -3z dz

Kx, 'Ky, Kz are hydraulic éonductivftieg in .the x,y and »

directions respectively, ¢
volumetric moisture content

For flow in one direct

36 - .3 | kv 'a¢ ]

3tre T 3y 3z
'~ The term diffusivity,
has been used in connection with
as: ' o ) . -
- k|-9m_
deg
where ¢m is Lhe‘ma%ric component

‘diffusivity, the flow equation,

is fluid potential, © is
v tds time. |
ion, the cquation reduces to:

[N

. (Klute 1952)

]

analogous to hecat flow diffuéivity,

“unsaturated fiow. ‘It is defined

_bf;pbtéhtiai.v In terms.of"

.

ignoring gravity, becomes:



- 2@ - 3 [p 2e
- ot oz v

(Klute 1952)

.

s

Where gravity potential is significant, the oqudtibn for vertical

flow is:

- v

_ . ‘ . [ .

. ’ F - y it .J ‘
@ - 3 D 26 -7 0Kz (Philip 1957)° . -
at, ay az a7n .. v ?

These equatdons haveﬁbegn dcvelbped for liquid flow.

rcshlting_fﬁbm matric and gravity potentials. Osmotic potentials

» ~

Lo : - e - .
are usually- ignored as a mechanism for mofisture movement in the
. . -

- liquid phése, in-spite of evidence that soils high in clay may

. act partially as semi-permeable membrancs (Kemper and Maasland
‘ . : .

1664, Cary. and Taylor 1967). Other forces, also uéually ignorcd,
. L . N ¢ . S

.- . ] i 3
are London forces, adsorption, H-bond, and double layer effects.
All thgse'may however - be significant at. high moisture tensions,
though they are difficult to account fnrmquuntitativcly (Cary. and

. Taylor 1967).

: -. . I Vapour Flow
Water movement in the vapour phase, can result both from:

T

“conweétive (bulk) flow of soil air, and from diffusion of water Sl
‘molecules. Usually only diffusion is‘considered, sirice convective
flow is probébly significant only near the soil'surfacc. In frce

+

_-air, diffusion is Q§scribeq by Fick's law:

dq - K- de¢
diy dx -

- . . . o



a3

dq/dt is mass transferred per unit time pcrpendicular to Lhc
X-axis, D is the diffusion coefficient, and de/dx is the
concentration’ gradient in the x- direction (Evans 196)).

The equations may also be cxpressed in terms of conductivities.

but only where osmotic and thermal contributions to vupour flow

ﬂprc negliglble (Cary and Taylor '1967). The Tirst equation then

v

becames:

—d—(L o _ : K dd) ° N . ’ B Mw;‘r.w‘»

‘ h B U G Sk e i
i e _ o _ .

e = A

In*soils, 'the flow rate is usually many times that in

free air, and considcrably greater than predicted by simple theory

(Philip and De Vries 1967). The diScrepancy arises because of
e . S

:heterogencity of thcrmal conductivity of thc‘sOil's constitucnts

and also from an, accompany1ng thermally driven liquid phase moved

ment (phlllp and De Vries 1957, Woodside and Kukmak 1958). A

s 7

'tortu051ty factor, J, . which must be found cxpcrimentally for each

qpe01f1c 5011 and m015tu1e contcnt hdb thcrefore been 1nqerted in'

’ o

vthgnyapour flow oqudtions (Cary 1965).

Rose (196)) measured both lquld/gf; vapcur conduct -
1vit105 in <1x poroub materials. In a clay loam 5011 he éhcwed,

vapour‘phasevtransport accounted for only 5m of totpl moisturc

“ ' . : /

movcmenﬁ, where the pore _space wgq more than 1 5% filled 'The'pore‘

*

bpacc had to be 1ess than 5% flllcd before vapour phase movemcnt
reached 50% of the total He (1968) concluded that only at

tensions greater than 1) bﬂrs was vapour flow of any impnrtancc.
. . T

£

In rield situations nu)isilnﬁ:,moviuncnt must  therefore be. largely in’

‘

.the.liquid-phase, cxcept clcse to the soil surfaccQ An exception‘>

<

17



may be movement in frozen soils. . -

Flow in Frozen Soil

. ‘ © Moisture movement. in frozen soil may be of particular

-

significance in Alberta, where below freezing conditions daroe

encountered at some soil depth during seven months bfvthé year.w’
. . : : S ) . '
Flow in the vapour phase resulting from a temperature gradient, in

the absence of osmotic and moisture gradicnts can be described by

the cquation: .? "
dq dp _dT . o o
3 d - = —BD - - T (Phlllp and dC Vl"vl'eS 1957)
dt o AdT'. dz , ‘

B is the tortuosity fdctor described in. the previous section,

D is the diffusion coefficient in air, dpy, /dT is the relatlnng

sh1p between saturated vapour den51ty of water and temperature
"at’ the temperature concerned, which 'is obtainable from Dorbcy
(1940)°, and dT/dz is the temperature gradient.

Taylor and Cary (1960) showed that a thermal gradient may

cause large quanti{ieé of water to move in 'liquid phase, In a loam
soil, Cary (1965), Showgd_that with a tension of 0.066 bars. a

‘ thermdl grad1ent of 0.5°C per cm caused as much water flow as a

.‘ . ' \. : ' : ' N
hydraulic gradient of 2 cm of water per\cm;,and 80% of the °flkoWw was
in the liquid phase. At a tension of 2.2 /bars, thc.same thermal
gradieht mqvéd as much water~as a hydrai%gf\gradiént of 250 -cm

‘water per cm. L - ’ : N

Temperature ihduced liquid f/ow is complex, and occurs

from several causes. .First, flow from warm to cool zones occurs .
) - . Lo .

because the surface tension 6f water/against air increases as the.
. . v

temperature falls. Second, moisturg tension also increases with

"o . . i

10
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.

tcmperatufu fall, so contfibuting to this flow. Third, even under

saturated conditions, -some thermally induced movement occurs, and
. ! .

’

it has been sﬁggqstcd that this results from kinetic cnergy.changcs

associated with hydrogen bond distributiqﬂ\(Cary 1905). . Fourth,
: . ' ‘ , " - d
flow -may be caused by thermally induced osmotic gradients produced

by salt,migrétion, or the soret uffcct'(quton and Turner 1962).

-

Because of the complexity of thermally induced flow, Cary. (1965)

resorted_to the phenomenological equationi .. ... . ...

' dq B K _Q dT
dt gT az

K'is ubsatura{ed hygraulic conductivity; Q is liquid phasec
heat of transport, g is acceleration due to gravity, T is
,absolute temperature, and dT/dz is the temperature gradient,

Significant moisture movement s in Ira‘en soil have bedn
reported ih many locations (Lebedeff 1927, Meyer 1960, Jumikis
1962). Upward movements resulting in a fall in the water table

and increasing the soil moisture content to saturation hHave ‘been
® . . . .

reported by Schneider (1961), Ferguson (1964), Willis et al. -(1964)

o

aﬁd-Beﬁz e? al. (1968).  Evidence for this phénpmenbﬁ on Lhé
'Ca;ddian Plaf:s has been pontribdlgd by Meyboom (1967b5,1é01ton"
‘etlél.*(1968), &uivanSchéik and deé (1970).-.Moisture vapuﬁﬁ
moveméﬁt occurs along'a vaﬁour preS#urc Q;Adient, qs-in unffo)vn
sQil, bgtfit ié Fhe vapourvpreésure of ice that must héfg be
tdkéﬁ'into acdount_(H;ekstra‘1$é6). Mosi moistu;o movement 1is ;
'However probébly in the f;r@ of unfrozen liQuid filmsjiﬁ:equil-'
librium with'ice.(Jumikis 1962, Hoékstra 1965)-, yheh_mqi§ture
;iens;o? increaéqs,'freezing péint is 1o§ered, so Qith decregsihg’
tchperatufg; moisturé fiiﬁs beébme.thinnof'and.a;e heldihithn

4
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increasing tension. Liquid flow rates, unlike vapour movements,

are therefore -highly temperature dependarnt in frozen soil. Another
- t N . .
important feature of moisture movement in frozen soil is ‘that the
. . . : . ) ’ . . “’
driving force, which.results from differences 1n the chemical

potential of water, is’ almost independent of soil water content

o

(Hoekstra 1966). It is independant because, as soil water content

increases under isothermal condi(ions, the .ice phase increases

withoui neccésarily aftecting liquid film thicknesses (Hockétrd‘

1966). A frozen soil fhwloforeltends to act as a sink;_ Flow

ratos ainng a tempcrature gradient were reported by Hockstra to be

. a PO -
arog%d 0.25 mm to 5.0 mm per day per °C per cm, or of a sim¥lar
order to these .in unfrozen soil iZary 1966). Hoekstra used the

)

following equation to describe liquid flow:

49 _ dF _ _dT
dt dT . dz- ,

L is an experimentally found cgefficient, dF/dT is the Slupc
of the curve relating chemical potential of ice and water to
temperature and dT/dz is the temperature gradient.

>

Application of Unsaturated Flow Equations

The complexity of field conditions, with differing soil
horizons, soil cracks, and root distribution and hysteresis effects, . ..

and ‘with both liquid and vapour flow occurring simultancously in

respnnsc5to matric; thermal and osmotic'gradicntsf has meant that
the flow equations.have so far been of limited predictive value,.

All thé<quatiéns'émplby'coeffiqicnts.which generally need to be

found experimenially for each specific situation. Millington and



AR

.

.

“requatioinsTwill eventually be “dovedoped TorfmiTe Complex and™ -~
. " M 4 N . . .

.

A

.

© Quirk (1961) howdwer produced a formula for estimating unsaturated

' . -
P

liquid hydraulic conductivity from a soil's constituents which has
proved useful provi¥ed a matching factor was added {Jackson ot al.

at

1965) . Attempts at combining the,various flow processes into, one

e¢quation have "Cvgﬁﬁade (Taylor and Cary 1960, Freecze .19()7), but

it has so) far be 47 passible to apply such equations only to

simplified model situations (Freeze 1967). It is however liKely.

that with the increcasing size and speed of computers, uscful
‘ LY - ¥ g '

1

realistic situations.’



III - SOLONETZIC SOIL FORMATION o .
L Early. work on genesis of soIonotiic soils, méinly_iﬁ

-

Russia, was summarized by Joffe (1936) and de Sigmond (19 }. In

arid. or semi-arid .climates, alkali pr solonchak (saline) soils

were thoughf to have formed from materials high in sodium, particu-

larly where removal of salts was impeded by impermeable layers,
Gedroiz (1925) stated that presence of an- appreciable proportion
of exchangeable sodium ions resulted in dispersed soils. De

Sigmnﬁdf(1938) conS;dcredrthgﬂfif”S&diﬁdndééﬁéiéd more than 10 to

15% ol the exchange complex, then significant dispersion of the

~

clay occurred when the Lotal water soluble salt content of. the soil

-

was reéduced to less than 0.15% by leaching.  On drying, the dis-
persed colloids formed, the densce compact illuvial,horixbn typical
o S T g . L : ) :
of solonetz soils. Joffe (1936) described a, typical soil sequence
as prbgressing from zonal soils on upper slopces through solonctz

and solodized solonetz to solods on the lower slopes where greater

leaching was tﬁuught'to bevthe cause of solodization. 'Behtley_ahdi

Rost (1946) showed that although the same sequénce occurred. in

.
-

- . ) . N . 0 ’ - . v ‘A\.‘ -
Saskatchewan, another common sequence was' from zonal soils on' high

) AN

ground through solod, solodized solonetz to solonet# o01r solonchak
R . . : .. sy :

(saline soil) at the lowest positiomw. A high water tablc“wus

thought‘tb hdv@finhibitcd 1eachingfbn7ihésq.lowcr slopes, so R

s -~

" - L " .

) . . T e A . < L. .

accounting for lack of solodizaliongs Salinity on the Canadian'.
EY - . .

Plains also a;E:Z?éﬂgig;EoErélaue with braékish bedrock fermations ..

(Allan 19&33 Mitchell et al. 194k, Odynsky)19b5) and with proximity

9
1

~to the bedrock (Wyatt et di{_19§@);

‘Controversy existed over whether many soils in Alberta.

.
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A . .
. : W
v

-

. . - . e . .
and Saskatchewan which had the structural .features of a 'solonetz,

could be classified as such, because they lacked theilz exchangc;W

bablc sodium percentage considered by de Sigmond (1938) as o o
. ) Sy ) .

diagnostic. Magnesium was usually the dominant cation in these

soils (Rost and Machl. 1943, MacGrego?’énd#wyatl 1945, Bentley and
v SRR TR Y . . ‘ . -9 :

“Rost. 1946) but magnesium did not possess the dispersive quality. of

- . . . ~~

-

sodium. It seémod‘unlikélyuthat mechanical dispersion, suggested-

'by Bray (1935) cnuld acccdnr fnr Lhc formation of the éompncl B

»

horizon, since it could not explain why some soils formed solonct-
o e R L L I . e . - I R}

vic B-horizons while others in close prbximity did not.” The

consensus of opinion was that since the soldnetz soils contained
N o o . . ” .

moré exchargeable spdium-than solodized: and zdnal‘soilév(MadGTGQO{

and Wyatt 1945), sodium undoubtedly played a role’ in their forma-

‘tion while both bedrock and drainage had an impdrtantvinfluencc on

. . . ‘ ‘ R
the amounts of sodium present. B : L
R e . . .

— -
. N

v - GfﬁﬁndWatgr was emphhsized as a factor in accumulation
of salts in soils by, United Statcs laboratory staff (1954). A

saline so0il, that is a’soii:with'a satlirated electrical conduct-

.- lvity over 4 mmhos/cm, was considered to be caused by capillary

4

rise of groundWaters'high in'salis. Such a soil was'nbrmally
neutral to slightly acid. in reaction, but leaching, with consequent
depletion of the salts, COQIQ result in hydrolysis of- some-of the.

exchangeable sodium, and the formation of a non-saline alkali soil

with a pH between 8.5 and 10.0." Clay dispersion, as envisaged by’
devsigm¢hd, produced the densevilluVial;BLhorizdn; but with further

leéching;'calcium und'magnesiUm ions recturned by vegetation, and
produced. by solution\of”carbdﬁates'and gypsum (Kelley 1951) replaced

“
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.

R

-
.

sodium_bn the exchange ;ompiex And ;nitiatcdfsolodtﬁfiion.i'it is
now recognizéd{ as:Shdgqsted by Nikiforoff (1937) that a soil need

@

. - .

not pass through all these stages. An alkali soil can be formed

‘difectly by Alkaline groundwaters, or by biological redpcﬁinn of

‘sulphat¢SrKWhitti§ and Junftzky 1963, Timar 1965), without being ye

~— L .
. PR ‘¢ - ‘. < .
initially a saline soil, while many salt-affected soils are
. » . . . ‘ v " v v ' .'
" probably in 'dynamic equilibrium', or perhaps more correctly, in

a 'steady state' with their surroundings (Simonsen 1959, Lavkulich:

1969) .

@

Muratova (1958) summarized carlier work in Russia
suggesting,fhat groundwater played an important role in salt

‘accumulation in s6ils. On the Mil'sk plain, a water table less ..

f i

than 1.8 metres below the surface’ was thought to result in soil’

%

salinity. .In the Belka Valley of Westbrn Australia, salinity was
shown by Bettenay et al. (1964) to be associated with discharge of
saline waters from an aquifer close to ‘the .ground surface. In

Hungary, all salt-affected soils are considered to h?vv becn
. KR . : ;

associated with mineralized. groundwaters (Szabolcs 1965, Varallyay
1968).v'Evidcnce4is the close inverse Curfclatidn'bctween salinity
and depth to the water table in the Danube and Tisza valleys, and

) : ., . - : .- - ) - . .. ‘ .
the occurrence of salts of decrcasing solubility with increased

‘depth. in the soil profile. In the Danube vallcy, net gfoundﬁate
dischargé and salt-influéﬂcéd»soils?ﬁormally only occur wherec the .
' - . ' - " v " T

“depth to water table is less than two metres (Varallyay 1968). 1In
"l ' R < . M-

Central Alberta, Solonetz” soils developed in Glacial Lake Edmonton®

P S L e N . Lo
sediments), were found in relatively 148t groundwater discharge

arcax where capillary rise from- the water tabflo -was prdébably o

- ! . N .
T~ . - R . = ce



\)

. . o - i . N ‘
factor in their formatioﬁ (Arshad and Bawluk 1966). Meybgom (1967)

\ )
. : ' { )
showed that in Saskatchewan, herb and shrub phreatophytes could
- ) . :
facilitate significant groundwater discharge with a water table .-

.

up to 2 metres from the surface, which agrees with the findings of

.

s

' : . . » . . ~
Muratova (1958) and Varallyay (1968). Although discharge is possible

. 1 . B .
-with a water table at gﬁcatcr depths (Nazir and<Ahmud‘1005, Meyboom

1967), amounts of discharge in such cascs are likely to be so

s1ight as to be pounteruc}ud by the influence of rainfatl inf;l—/

[ aiad . et

tration,,at least in the c¢limate of the Canadian Plains.

. "‘-‘ £ N . . .
N In the VJ%chille study arca of Alberta, Leskiw (1971)
.showed that soils were related to the groundwater flow patterns

“depicted by surficial features. In arcas of groundwater discharge,
. . . . N -y

the most common sequince of soils was from Carbonated Saline
. . . ¥

Gleysol. at the foot of the slope through Thin Biac& Solonetz to

Pl

. i
.

sequence up. 3 similar slope was: Orthic Humic Gj?i%gi
» . | . . , . .

, Humic
»

Eluviatéd Gleysol, Gleyed Eluviated Black Chernozem, Eluviated ,

Black Chernozem. - : ' . ;3

 Summarizing,. it can be said that although climate, parent

e
I3

material and drainage are undoubtedly impbrtant in format¥on of

K | ' - ) .

solonetzic¢ soils, groundwater discharge is increasingly considercd
‘. : c ’ .

to. play an impofiant'role. ) e

Black Solonetz with risingd?wunuh In areas ofirécharge, the usual

5

-

2.
i
2

A



IV - SOIL TEMPERATURES

o

Soil Lumpcfaturcé influenct rates of physical, biojogical

«_ and chemical progesses in soil. - In cold climates, soil temppra-

tures also have important cffects on moisture movement during

et Lo

winter and meltwater infiltration in spring (Pelton et al. 1967,
: . ; —_— .

. N ’ -+ .
— . Freeze and Banner 1970).. _Seoil: temperatures are usually measured
T , :

cither with thermistors or Lhermoqbdplcs# Both have the advantage
of spall size. almost instantanedus fesponse, low heat capacity

and adaptability to automaflc recording. Both are secnsitive to a

fraction of‘l”C.(Tayldr and Jackson 1965);; In order to allow

— 7 .

.comparison between experiments, toemperatures. shoul wrmally be

measured at standard depths of 10 efr, .20 ,cm, 50 cm, 100 cm, 150 cm

“and 300 c¢m (Richards et-al.'1952). L?ad.wjrcﬁ should always be

buried for several feet, to reduce effects of thermal conduction

along them (Taylor and Jackson 1965).
! ‘ . ' o s ,
Ong‘dimensional flow of heat is described by‘the equation:

dT K. 471 RN
L - = — -—-—,T)—- (Patten 1909)
b at - ¢ ax”

T is temperature, t is time, K is thermal- conductivity, C is
volumetric heat capacity which is cqual to the product of .
specific hédt and density, x 1s distance. ' oo

The term Diffusivity, equal "to K/C, -is often sqbstithtvd
in the above cquation.

Heat flow in soil is seen to. depend un,both'thc_thermal

conduc?QVity and heat -capacity of the soil’s‘indi@idual component s.
. ‘Both of these variables must therefore be taken into account when

o .

comparing soils differing in moisture content, otrganic matter

" : &



or somec other -component. For example, with increase in soil’
moisture content, K/C increades to a maximum and then decreases

3 4 .' . . . . ' « . o - .‘
(Baver 19560) . .Differences in soil temperatures within.a similar
climate may also arise becausc of variations in albedo, while
moisture evaporation from the surface can be important in keeping

P ) p

wet soils cold in spring. Effects of vegetative cover have lJgeoen
3 .

Pl . ' L]

“muﬁtlthoroughLyﬂinygsLigachwin;Rus§;n ¢Vznuzdayev 1967, Kuzmenko

1968). Both there, and elsewhere, il has been shown that while
vcgetative covelr increases winter temperatures and dccrcakes summer

temperatures, 1t does net necessarily do bo}h to an equal extant.

Investigations in Montana (Mueller 1970) and California (Quashu

. ' . ) ) LT - ’ )
and Zinke 196%4) show lowered mean annual temperatures under mature
trees, but the opposite is‘sqggestcd by .data for young sprucu'und
poplar trees at the University of Alberta"(Toogood, Priv. Comm.)..

"In any case, sn0il - temperatures may be affected at a considerable

o

distance from tree cover (Kaiser 1960). Carson (1961), and Quashu

and Zinke (1964)-consider that the main effect ol végetafivc,cove;

N

is to move the radiation surface away from ‘the soil surface. so’ .
. .

. ) =
increasing the effective distance -*x' 'in the heat flow equation.

However. its influence is complicatéd by such factors as air

circulation, foliage albedo characteristics, <0il moisture reglme
and winter. snow retention, the last of which may be partiquLdrly

important .on }he Canadian Plains (Austenscn‘nnd Anderson439p9\.

.~ .

‘Spow cover, like vegetation, moves the effective .

radiation surface away from.thé soil. 1In addition, warm air, which
L M i . . .
is high in watcr vapour from a thawed snow surface, affects the™

e “« SR S :
soil more rapidly’ through a layer of snow than cold air (Longley

<

o



1967). Because of this, and also because snow cover is largely .

confined to the =wu¢idest scason, its yresence tends  to raise mean
C ! ) 4

‘. : -
annual soil temperatures considerably.

£

LS



o V - SUMMARY

“,'
Groundwater discharge has increasingly been ‘implicated

in the transport of salts into saline and solopetzic so0ils. Evapb—4
. - . . . - ' + B '
transpiration causes concentration of Lﬁ%sc salts at a depth which R

is greatly inf}uenced by water table pbsition; the depth to water

table in turn. being dependent on ‘a balance between rates of

-

'"*g’f(')'u*n'd‘w‘atg] “d'j_gchargc-, "J'nd-'(:\"*ap()-:'t:x""ﬂi’i S'p-i—i‘"'at“i()n ~and--infil tration, . s e

Examination of the effects of groundwater on a soil requires a
. ) .

knowf@dge of both séturutod.und unsaturated moisture flows at

various seasons of the year, in the vicinity of the soil in
. - ! t.

quéstion. Although saturated flow is dependani onn well-defined
. physical laws, thc,cbmplcxity of* field conditions makes mathemat- -

ical prediction of the flow pattern difficult and field measurement s

of water potential remain the only ﬁethod of obtaining precise

.

qdanfita}ive infor%atioﬁ aﬁ individual siles. ~Piczometers arranged
iﬁ'a ncst.prnvide‘information primarily“on the vcrﬁicql hydraulic
gradient but they may also be ﬂScd to give' estimates of hydraulic
conductivi{f.‘ in addiiion; éitcg.;an be cﬂﬁguﬁAip-a'way that ulloQ$
coﬁstructipn of two—dimengi;nél Iloﬁ,diagrams, such us‘v;ilcy Cross-

sections. Surface features such-gs vegetation or salt-precipitates
oy . L

can provide reliable groundwater information of a qualitative
- , gt ke - '

naturé,_whilc supplementary inforhation can .be obtained by applyihg

-

b . .

" the principles of hydrogeochemistry to hnaljscs of water samples,

obtained both from surfac¢ sources and wells.
. 2 . * .
‘Moisture movement in the unsaturated rone is much more

‘complex than saturated flow, because hydraulic conductivities are

dependent on moisture contentd In‘udditiou, f1uw'is.arfcctcd'by



-prediction purposes than those used for saturated flow, and

. f:\ | K | | ;,
:f} : ' .
s, -

s0il horizon differences, soil cracks, root distribution,

hysteresis, and movements in the vapour geasé. Osmotic gradients

gradients may be considerable, even in a frozen soil. Equations
describing unsaturated flow generally employ phenomenological .

cdefficicﬁgs'which need to be experimentally found for each soil
situation. Such equations are therefore of even less valuce for

3

detailed tield measurements at individual sites are necessary,
cla H " ikt s
preferably with replication.. : '
. . . 1 .

' Studies of moisture flow can néver be completerwithout
information on soil temperatures; for these not only affect

~

physical, biological'and“chemicul_processes in soil, “but in the -

Canadian Plains climate, their role in causing moisture movement s

o

in winter and their effects on meltwater infiltration in spring,
requires further exploration. "It is known that soil tecmperatures
can 'vary markédly even wi't,:bta similar climate, as a result of

differences in soil moisture, organic matter content, vegetative
. M .

cover and. snow. cover.

‘ rrm
. N . . ! . !
have a small effect on flow, while the effect of temperature - .?M”“ -
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PHYSIOGRAPHY OF THE VEGREVILLE AREA

) . ) / L. -«
/ " Climate T
; —_——
/ ' .
Accardlng to Koppen's: sy:tem (Trewaﬁtha 1954), the
I
climate is cold humid/continental. The mean annual temperatufe
is 1°C (34 °F). . Wint%rs'are-cold, all months from November to
-Mafch averaging beléw fruezing, and the coldést month, Jﬂhuary,
e e - / — e i e e e — -
-averaglng -17°C (1°F) Summers arc howcvex rcldtlvcly warn, July

: / . _
haV1ng a mean of 17°C (6°°P) and an average daily maximum,of ol °C
. : o : B .
(76°F) .. Frost—ﬁ@ee‘days average 115. . Mcan annual precipitation

varies according to recording station between 410 mm (16.2 in) -
. // ‘ o '- “ . . ) v :
and 450 mm (17&7 in). Most - precipitation occurs durinu the
. - S ' . : - . o
N ) . /) ‘ . . N ‘. . '
" growing scasdn, wlth the maximum amount’ 81 mm (3.2 1n) falllng.

in"July. H;gh sunshlne amounts durlng Lhc grow1ng season (Tablc 1)

/
/ ».

together. with pcrsistenﬁ 1N

however combine to maintain -~ 7

potential jevapo-transpir tion ptes well above the precipitation

.” _. ‘ \\ /,)v . o : ' ‘ - e .
values for each month. Adequate soil moisture levels are therefore

PR : . . s ‘ §
‘dependent;:on storage of spring meltwater in addition to summey .

precipitﬁp}oh. Althohgh actual eVapo-trunspiratiqn is limited by

moistxre‘availablc, groundwater réchérge still occurs. Estimates
. / H N . X . ; -
! P . N

of gfoundwdtor recharge vdry-butweg? 0.73 and 3.8 cm per year

/ . L - » h
(Meyboom 1967)}?Lhc groundwater supply présumably~being’maintdincd
b) 1nf11trat10n duxlng and follow1ng the Lhaw Glatc March to mid

Aplll) but also by moist deprcgslons which capture surface runoff

from summer_stqrms as well as Spring meltwater.

.
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Table 1. Climatic 4:::::\}1941 1970; excepL w1nd 19&/—196)) for

May to Scptember in the Vegrcvxlle area.’

- May © June Juiy Aug Sept
‘"Téﬁﬁl”DEIIy“Méf“Cfmwm"““‘“‘17'WM;"‘Qﬁf iéﬁf'”"fié"”WTG:MNMA"'WM”
' Daily Min°C I 7 10 L9 s
;Precipitatioh mm S 36 66 81 72 45
Sunshine baily hrs. .- 8.5 . 8.6 9.7 . 8.4 . b:l
.vWind Spéed'Km/hr : ' i§ - 15 13 13 15 -
Evapo-trans. Péténtihl'mm, 76 104k 122 104 61
' Actual .mm 76 | 91 89 76 .1Q}:

.

1iﬁ"l‘empcrciturc (Environment Canada 1973a), Precipitation

~ (Environment Camada 1973b). and Sunshine (Yerk and Kendall
1972) were récorde& at Ranfurly while wind: speeds (Canada
Dept. Trdnspo:t 1968) are means of values recorded at

' Edmonton .and Vgrmlllon. Potential and actual hvapo—
transplratlon wilr calculated for Ranfurl) by MacIver (1970)



temporarily Lr pormanently.

Topagraphy of the study.areu is.mostf§ gently sloping or

« »

gently rolling, and much of the area is characterized by a dprangéd

.druinagc pattern typical of many recently glaciated rvgiuns; with

. abundant depressions in the landscape holding water cither

v

‘The Vermilion River nnd its tributaries

flow northwards OVUnLudlly Joining thc N. Saskdtchowun RJVOI.

<

~

Altjtudes ‘pgc mdlnly bclwoon bIO m nnd 670 m (”OOO—J 00 i) above ™

s

sea - level,

Veqetation"

“The natural ~.-get tion is Pdarkland Prairie, and prior to

cul(ivnﬁion two poplar consociations covered much- of the areca (Moss

1955). -~ Aspen poplar (Pdpulus tremuloides Michx.) favoured dry
sites, while Balsam poplar (Populus balsamifera L.) was more

N

abundant. in moisi lowlands. The dominant native &raSﬁ speciecs was.
i _ : . : ‘

Rough fescue (Festuca scabrella Torr.). Poplar is now largely

confined to isolated stands around farm buildings and along fence-

R

lines. Willow (Salix spp.) normally surreunds non-saline moist. or

water-filled déprcssions."Commdn wild rose (Rosa woodsii Lindl.),

Dogwood (Coznus stolonifera Mich.) and Saskatoon (Amelanchicr

~.....‘

alnifolia Nutt.) are common near the edgc of popldr stdnds.

& : . A
Wcstcrn snowberry (Symphqricarpué occidentalis Hnok.) and- Silvei-

' ¥
bcxrv (hlcagnu~ commutata Bornh ) oftcn occur on uncultivated

Chernovemic snils'WiLhin Arcns'nf Sdlonotzlc soll\. Nuttd1'< salt

i



meadow grass (Puccinclla nuttaliana (Schultes) Hitche), Foxtail

.

(Hordeum jubatum L.) and Red Samphire (Salicornia rubra L.)

dominate moist salinc situations (see Plate 1). Introduced species

common in pastures, arce Brome grass (Bromus inermis Leyss.) and

Alfé1lfa (Medicago sativa L.), while much of the arable area is used

to grow- Wheat (Triticim spp.) and smaller acreages of Rape (Brassica

-

napus.L.), Oats (Avena sativa) and Barley (Hordeum vulgare}, -

"BedrockK Geology & T T om

* . Thc bvdfock.guo;ngylyf‘thu rugiun,wns'gvsgribcd.hy Hume
anQ'Hage (1941), reviewed and reclassificd‘by Shaw th Huruihg
(1§ﬁ9) and more recently summarized by LeaBrctdn (16635..-Thc

_BclLy,E;vef F;rm;(ibh undoflivs‘all the arca around chruQilie_uhd
Coﬁsiéts of Qppér Cretaceoufbshalc nndsﬁnt&ﬂuno.beds of marine
undAmaring—deltaié origin. Thé cxgcﬁ dip ;fiﬁhe beds has been

difficult to determine because of variable horizon thickness. but
itiapproximatcs'B.S metres per kilometre (QU ft/mile) to the south-

west (Hume and Hage- 19/401)" =Tormation members of importance in the
Vegreville areca are, in ascending order, Ribstone Creek, Grizsly

.Bcgr.‘Bi{ch Lake, and Oldman. The Ribstone Creek member. 1=
e . ) . .

v, : . : ! . i .
described as magsive grey soft sandstone of continental and marine

T

deltaic origin.” containing 4;al seams and ranging in thickness from

VP
}(’t"‘l.‘c-r}<

almost nothing to 36 metres. The Git%zly Bear member consist-~ of

1‘:-7

dark bluc-grey  shdle of marine neritic origin containing ironstone

and sandstone nodules and ranging im_thickness.tn‘ﬂz metres.  The

Birch Lake has been separated into tower and-upper members both of.



which consist of soft qross~bedded buff coloured §and%tone of

fJ'm.'n'ix'n‘ deltaic origin. They are separated by the Mulga member

.whiéh»ﬁg sofit grey shale of maTine neritic origin eontaining some

"silt and carbonaceous layers.  The thtée Birch® Lake members arce

of val‘-iablc_ thickness, and toggeiher do not exceed 30 metres, The |
Oldman which is the upper member of the Belly River Formation : i

consists of light grey bentonitic sandstone and dark carbonaceous

shales= of continental and marine deltaic origin. It ranges in

-thickrmress up—to- J00-mettesy but-onk yrtbe “tower horizons occur—im 7 -
the study areca. -
Typically all these.members of the 'B.(:lly River-Formation

are brackish; sandstone as well ras shales are often bentonitic,

“and thin =cams 0f coal or carbohaceous material are usually present

They are generally soft, though some hard horizons exists

Surficial Geology

"Glacial and Fluvio_g,aniayl'_“drift. from the Le_xur_entide ice.
shect covers the b.cdroék alrn<);s"t completely ;md ranges ub to 30
m.t:t.l‘t'.\' thick. The drirt tom‘ls to '(1(;(.;t,-ntunt(r the ,bddr‘-q(:k t<;[)()91:;;;)k1y,'
areas near the v..:llcys 'b(;ing .Lyvpiculiy (:(n‘r(-re‘.d' by on_l‘y .1 Tfew m‘é‘Lr(:s

of Ground Moraine Till whercas upper clevatjons are coverced by 6

to 30 mﬁwﬁ“ummocky Disintegration (stagnant ice) soraine
konsisting of till mixed wi Lh}—'trat‘ifvicd drifi (Ellwood 1961). The

till is normally clay loam textured and contains 1,-'3%;car'bon‘atc_.

Stream trench materials of Sand and gravel occur. 'in*})laces, and may

-

be of importance in shallow groundwater movement (Gravenor aid
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Béyl‘()ck ‘1‘)5‘6) .

Vermilion River.

. . . C ‘ g . - n ]
Solonetzic soils are frequently cncfygntered at lower elovations.
. . . i .«

A narrow band of alluvium occurs along the

’

"

Soils

: A D

. 0 . . " . A} : -
Black Chernozemic soils are dominant in the area, -but’.
‘ . . T~

S
-

Smaller arcas of Gleysolic and Regosolic soils have becen mapped

in. and

Bowsor

detail

around moist depressions and scepages (Wyatt et al., 1944,

et al. 1962, Leskiw 1971). Soils aré describaod injgﬁenfvr

i

in subsequent sections. \

.
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SITES AND INSTRUMENTATION
. . : ‘f. X ’ /,’

(3

“

\ % . ;':" ) o

. . T . . . . na
In sg-luclin;f sites within the Vegreville study urca;»-it-

4 e
N . . . " / X
was desiravle to,include 'cyxmples of the¢ move important ground- »
' N S e o o, e
water features mapped by Leskiw (“‘N)?T)/ together with associated .
solls, It was also desifables that sites fol low a_ line approxi-

. . . . . . o . , ‘ |
R ;m"lt“;ly 4“"" - ‘l:'i—gll t.an ’:}l e t‘b ~mé ;}(—3~§ ~drain ageways—to -al -f‘(‘,w— TO E:;sr‘,jn < I'i an

X
' : . o i ) . oo
s of flow diagrams. - It was necessary where ‘posgible to avoid the.
o ) ) : . 5 . : )
* ihtl wenae of num«-‘m.adc dev ices such ds dams, dugouts, di tches and
X ’ . i e ”- .2 , ; 1 4 . ;
o 4 o . % . . o . ’ ! . e
@ wooded ’i.enc%l it The si L(:s also had t¢ be selected y - 1N Ny
' @ oay LN f . o A =1
' go- pporat oy, wit h Sfarmegs, where they .wmi"i'fd ‘not inteyfere with'
S 5 : 518 . . : LA . ‘ ’ 5 a, Ry '

'g’x'ups. The lim.itut.iu.ns left li,ttlc Ilna.b'duuu of ,l()¢a1j()r| and

i .
N . - . . . .
: - T o

@t two, 01 N t he i tis W()()dcd ]('ll(,('llll(_ conld nut, be '_-av.vo.i dcd,. ' .
} S ‘ f" . , vl‘u'.'xl‘ B . 'r . ._ [P K v )
.. Sites 1, & and 3 (Figures 3,h) were located, on lughngx mmd e &
'4-;_‘ — . T - i‘ ' o N . v “_‘1 6 .- ‘
(Sect. 64Tp. 5y Ro13-Wh) in‘a line r unning’ upha’? o a slough
s T Y ‘ ' W . i 3 - ' . o
L B K ‘ P : 3
" which was typicail af the slow 1"echqrg._e type (Lissey -1()68) . Thé -
' -g) ' n R , C ' ) .
L5011 seque nce wes: Orthic Humic Gleysol at Site 1 bluv1atod

Humic Gle)sol qr bltv 2.;:-.ax'ul',{)f‘thié Black Ch(:i‘no;_:(}_-ﬂr’t Site 3.

v

'!‘5‘:{: Silc 3 _unfurt_unatcly rece1ved .,shading and an exceptionally deep
’ . . \ X .
'ﬁ: FRI ’ ' B . [ . . _
- i shnwu)ver because of its situation. on the north’ Si’dp of a wooded’
. I . )

4 . . . . , . »
".,-;t;'én;pelinc (sce Plate 2). The remaining 'six sit es (Figures 304) were
fgitulited on lower ground (Sect. |- Tp. 53 R.’_ll.;wh) ~where both-t heory'

,f';‘ . ’-axig’l'sur_ficial features suggestcd gx't)uxl(ju'a{el‘ di scharge p.reginminéxu‘zd.
They 17()'1‘&10?1"‘&11'-';ppproxima_te linew‘running from 'Sil(‘ L, just bel.ojw
B " v . A Y e . . R
~the thvox(—-tlcdl mldllne down the slopuv to blt()’ 9 which was ne\t J;o
. N y . . . -
a slough ()1“1119 &low bdllllc dlehdI ge typv (Ll ssey 19()8)._ \ Sil,e' A
. .8 o
\y;xiﬁ_.’(lmrmtoﬁy %ted on the‘ wcst Rlde o-f a wooded fenc llnc;
* L . i . . - ' .
E S ,' "A—.ﬁ"" : v ' o



t%g soll btun) blﬁes u;ed in the prgsent stud).
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. Soil Study Site (along section.A-B) = T
ey Topographic Contour- R ——  wRoad . .77 . "
. ~metres above mean sea Ievel .
lnterval 20 metres
‘r fs*f¢
"Figure 3. " Abea <1ndi0 by Lcsklw (197 1) showing position of
piezometler LS 1n>tachd as part of his study, and
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Figure 3, II and III at an e#flarged scale .to include

‘I along section A —'B,of

- o study sites 1 to 3, and 4 %0 9 regpectiveijf' Dashed
lines. indicate sites offset from the line of section. -
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and. like Site 3, received an abnormally dcep snow cover. Site 6

was in a natural secepage-drainage way, while Site 7 was near the
: : . ’ &4 g

summit of!a slight rise, close to small- tempordry w1llow-11ngod
Hloughs whlch suggvxted recharge w1th1n the arean of ovoxall

discharge. Sites S5 and 8 were at intermediato,points\, SQiLn.

‘rangéd from Orthic Black Chernozem at Site 4 Lhrough Black

" Solonetz at Sitcs_S, 7 and 8, to Alkaliné Solonetz at Site 6 and

dllnP Black bolonetl at Slto 9 ncxt to the \lnugh

Four additional sites were located to provide supplement-
3 S T . o - A

ary shallow groundwater information. Site 54 was situatcd between

Sites 5 and 6. Sites 7a and 7b were situated_near .Site 7 in small
’ . . . .

wiilow-ningeq 51ough5 of the temporary fast recharge typd,‘nnd Site
/C wasvlocated at a sprlng, clmse to Slte 7b, but on lower ground.
' : o '
Ihstdlldtlon of pleznmoters was slarted early in June

1971. Thlck~wallgd black 1ron plpC of 9. . mm, internal dlametor

- ©
d

was initially used. A'ﬁqaded rivet was’attached to'one'end‘uf
the pipe and témﬁorarily,héld in place with sticky tape.. -A nar;dw
) oo - . ¢ o, A ' o
: P . Lo e B e E " )
hole was ‘made in the gnpund‘wd‘m_a_truck-mounpcd coring device
and thc_Fivutfed’cnd of the pipe‘lowered into ip,' A heavy
hummering devlco was inserted over. the top of th pipe, which.was

then poundad Lnto tho ground to the desired debth}.-An irbn‘rod»

1nsexted 1n;1de Lhc plpe wwb Lhennhhmme;gsr?own f1»e centldttre

-~

Lo removc thc rivet. and ureate a cav1ty S.cm ﬂonq and 1 6 cm
aiameter atvthe.lgwer qnd of Lhe,pipe; It was 1ntended that ‘the

plefumeters shnuld mcasure potentlals at 3. 0) me tres’ (10 ft) and

6.1 metr05 (QO.It) bclqw the apparent water Lablé.f Hard‘layers
or ruckslhoweverﬁlimitcd the depth o which pipes_cogld‘béﬂhammﬁrédf
. N - i oy

- ‘- . Re .;--’.' ‘.. E e _Q



so that thp final dcpth.oftcn'Qiffered from that intended. At
Site d.hérdlbcdrockrprcventcd’furthef peneirati@n thaﬁrz.ﬁ metres
wﬁilb the.greatést functioning depth reached was'7;3_met}és below
the surface,. in stratified ﬁrift'at §ite 2.

For informa§ion at greater debths, it was necessatry to
resoft to mechanical augering. A 20;340m.(8 in)~dihmeter'holc was
dry.augered.by Q-commefcﬁal firé ané a,l;OvcmZI.D.'pipc, hacksaw

o 7'\'?Iftféd‘Ht“fhb“IbWéFLéh&;'was‘ldwarad’into“the"horelijs&rficiﬁngfw%”
coarse lQ/ZO grddcd.ﬁand'QaQIpourcd into' the hole to cover the "

lower 30 cm of pipe. A small quantity of 150 augered material was

‘then added, followed by sufficient wet-mixed 4h0:50 parts by weight

cement and bentonite to fill a‘ﬁ.S m depth ‘of holeT ‘The rémainder
“of the hole was thetli refilled with augered material.- Piezometers

were inStalleq,By this method to a maximum of 2h.h metres (80 ft)

- . . : _ . L .-
below: the apparent water table. The final situation was that at

¥ cach of the main sites, Aiezometers terminated at appfoximat‘ly”

3.05, 6.1 4nd 12.2 met™es below the water table, and at Sitlsd, 4,
o : : ; I &
",. T ) . . ) ] . ) . . . . B - K

6,"™ and 9, an-additional piczometer terminated at 2h.4 metres

5
. s .

below the water. table.” Only two pieczometers were installed at

each of Sites Sa, 7a, -7b and 7c¢, all terminﬁtihg'nt less~than 5
metrés below ground level. In ‘every case, stems 90 cm long were

‘left above ground, to allow for measurement hnger snow cover, and
. for- the possibility.of above ground water levels. At the request
. . B ‘. ) ) . ° . - " " ) .- : ) ¢ )
< of. one of the farmers, these above ground portioris of the pipe
R . o . 3 - - > . . e S,
WQrQ'injpldccS,madaﬁtd'bé removable. ,
. coe o FEE .' R .- -‘-' e . .-"-_ ‘ )
Access tubes for measurement of soil moisturce with the |

'.nuut_rni'\ probe were made in July 1971 by hand pushihgj-'}.&l cm 1.D.



3, 7, 8 and 9, by 1nsert1ng them w1th narrow woodLn rods 1nto

The: holes _wcrc'Abac‘k_-fill'ed wi_»c

‘aluminum pipe into dpproximatély_} metres deep holés which were of 4

similar diameter to the outer diameter of the pipe. The depth was
in places limited to less than 3 metres by the capabilities of the

truck-mounted coring device in stony material. The lower 5 cm of.

‘each pipe was hacksaw slitted and the lower ends. were left open s0

that the tubes cbuld also be uScd~to measure dqpth'to the water -~

table. A remuvablv 60 cm 1engih of plpc was loft abnvc gxnund to

"ialjow access Tirwinter-and-this was: CGVCer“”lLi 4n&ula,1nq B —

r ‘\-..

material'to'reducc heat transfer. Althoughﬂthc_tubcb worked wollff»
5. . 7 . N " . .

IOF né@thoﬁ b;obg hcaéuremeht'above tﬁe.wéter table, they fﬁiled 
at mosf of‘the sité‘ to méasurc thc water table éccurgtely; At
th;eé sites, iﬁé whtcr table fell ip léﬁe 5ummcr‘be10Q_Lhe,boitom
of the_pipes ahd:at iwo,othey sitcs, respoﬁse was so;slowlthe

fluctuétlons could not be recorded and errors scemea io'befcauSed

by cntryvdf surfhéo water. Addltlonal water t ble acc@sb tubes

were installed at thdée‘sités-iﬁ the summer of 1972, using 1.3 c¢m '

diamctcn'pérfordted plastic pipe in 2.5 cm diameter holes which |
) ’ i ‘ o . ' .
e(tended to the- prected lowex limit of the water_table, This’

v

allow *d the wath table to be: meabured reasonably accurately'at

most df'the'Sités;'though slowness of response. caused bymlow

T P4 -
+ - A

permedbllltles uab"btrll a problem.

hermocoupleq’and psychromcters were 1nstalled in

fSeptember 19,1 at dcpthb of 20 cm,'pO cm and 150 cm at Sites i, A2,"

L.) cm dlamet holes made w1th the téuck mountcd corlng dev1mg .
N f - et e g .. v : .
H'the orlginal machLal. 1h0 w;rus

. ‘p. .

were extended for a distance o‘f at ‘least 1 m'(rt'ri: from t:l}gr 'hnl;?-,



‘and at 20 ‘cm at Site 6.

‘material. Where .the water table wa

installed atl depths of 20;cm, SO.cm; 150 cm andQZBO c

t

~along a "15 ¢m deep tfcnchpfb,térﬁiﬁhtqhat a wooden post, so

minimizing heat conduction down the wires and effects of trampling.

the snqm. cover in winter. In ng 1972,'add@tional\thermOCpuplcs'

were installed so that they were then présen§ at ‘all nine sites at
depths of 20.cm, 50 cm, 150 ¢m ahd 300 em. At the same time,

psychrometers were installed at 20 cm and 50 cm at Sites 4 and 5

e In May 1972, tenmsiometers were jnstdl{eﬂ Lh 7,5.cﬁ

diameter‘hoibs made either with a hand auger or with the:truck-f

mounted coring device. A slurry of soil was uscd to backfill the

holes to ensure good contact, and fhe'toﬁs of the holes were-

sépled‘with dry bentonite.: The upright,vSfoppqred top:of cach

tensiometer protruded from the soil for access, while the tubc

: o e R
leading to the mercury manomectér was buried under at least. 10 cm

0of soil. Manometer tubes from the 4 to -8 tensiometers at each

site were moun(ed'togé@hcr.un a sin&le:post of aluminum I-beam

o SR :
s likel'y.to excegdga,ﬂepth of -
R - o :
250- cm, as was the case at Sites 3, L afd 8, tansiﬁmgtdrs were
Rl . ot . L . - PR
, with two
- . - o ) .

tensiometers, separated one tor two metres apart, at each depth.

At Sites 2, 5 and'7, where the water tablc-&as»expectéd_to remain.

above 150-cm, the 250 cm installation was omitted. However,  at

Site 7., the 150 cm>téﬁsidmeters later ‘indicated a deeper water -
tabie, 0 tensiometers were then installed al 250 cm .at this site,

At the wet sites, 1, 6 and 9, instalrdﬁion was madé only at'dcpphs

cof 20 cm. and 50 “cm. -

Lo
igh

kd -
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- - SAMPLING, MAPPING AND RECQRDS
' ‘ )
| .

Pits, approximately 1 metre deep.wdre dug'at Qaéh site

and the soil profile described and photographed._ ngbles of ecach

.o : . M : . ) ; .
horizon were then taken from the walls of cach pit, so as to be.
. . . - L
. . .

representative of a metre square area horizontally. Thick horizons

.

were split for sampling into fwuvqr three cqual depth intervals.

© . Samples WQfé trahsboricd‘in bays,, air-dried Lhc;following_day,‘nnd‘

- S NN e e [ O U S P g P

crushed and sieved (2 mm) prior to analysis. The truckemounted
coring device was used to obtain 4.7 cm diametper cores, to 'a

max imum depth of 3 metres, but to a lesser depth at wet Sitcs. B

-

Thcsoiweré ubtéiped»whére-possi£IC'atfdcpths of 120 Em, ﬁSO cm,
ZQOfém anﬁ'jOO cme Additional.COres ut.dvﬁﬁh; uf less fhan 10Q‘pm{
were obtained with n'small ﬁénd—coriugldcvigo.“ quﬁlbflihcsc;cdres
.weré packéd m0jst inaééqﬁaihers and ihen‘plgéod.ih cold sloragc

..pending analysis. Ho&évef, some of the cores Trom depths greater
than 100 cm were air-dried and sieved to supplement analytical

information from theé pit samples.
Water samples were obtained from observation wells and .

all piezometers, in October 1971.. Deep piezometers installed
pirior to this sﬂudy wéréﬂghmp%ed by lowering -a bucket-device. ' The
) . . ) ' . o ;‘ ‘”,*.-." -s‘_"‘ oo« ‘ B . . . ' )

other piczomecters arl abstrvadiop yells were sampled as . close to-
th.hqitom as possible, using‘a plastic,tube.L,Samplcs were stored
in polypropylene bottles in a refrigerator until analyses could be
made’ . ¥

((vﬁédilfmappihg*ai.a scale of "1 : 528vaas,carried out ‘glong 3:3}

a’narrow strip .50 m_widq*cnuloSing the 9 sclected sites. ‘Eleva-~ -



-

tions werc mapped in detail with a survey level, using as a

: o ¢ . ) [ .
reference, a benchmark situated slightly over 1 Km south of Sites
1. to 3.

Visits to take readings at the Vegtreville sites were

made initially every few days following installation of piezometers

in June and August, 1971. After Septembcr 1971, visits were made |
. _ ‘ ‘ - : : - B

‘at twofweckly'intervals.. The decp piczometers installed prior to

this study werc at first read every two wéceks, but because of

.

o
.

——ingreascedT recé®ding worky “readings-were—subsequently-takengonly
at every sgcond visit. The shallow picﬁgﬂeters, because of their .
(.;‘f' . T . kg . o . -
A : . .
greater flucfuations, were read on every visit. ~Thermocouples,

following their installation in October 1971, were read every (two
weoks.  Psychrometers installed at the same time were read cvery

:

tw6 weeks, but only during the period midepTil to mid-November.

. S . e e - :
Neutron probe readings beﬁTﬁﬁiﬂgmﬁchber 1971 were made at every
: JEAE oo ‘ .
. o : .

second visil during the winter anthsf%nd'at every visit from 1st

April to 1st October. Tensiometers W@FQ reaa'eQery two weeks from

May to October 1972. 1In-addition, slough levels were recorded at
. a ] " . ¢

o

, cach visit during summer and occasionally in wintér. Snow depths

were recorded at cach site during winter, and cores were-takcn\fnr
N

o e ST . 4 - R . : ) . .
measdrement of snow density in March, just prior to runoff, in
order to calculate the quahtity of water present.

i
i
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ANALYf&gAL METHODS

"I - PHYSICAL ANALYSES

-Hydraulic potential from Piezometers

.The static water level in a piezométer, installed .so that’
it iy only open at the bottom, is a measure ofwihé hydraulic head
S : . . : ’ !
. . : P ‘ . R
at the bdase of the pieczometer. The hydraulic potential is the

hydraulic head multiplied by acceleration due to gravity, but =

because gravity is constant, it can be expressed numerically as

hydraulic head above a chosen reference point. Because groundwat er

. , S . . . )
sotentials are always changine the water g i measured in ‘a
I L oy )
v ; S R .

pjezomc&éf may differ significantly from the static water level or

NEASEN

the true hydraulic pbtential, paftiﬁhlarlyfwherc the piczometer
i . " - v v

- Lo .

. ) . -
terminates in a poorly permeable mgierial. In such casés, it may

be possible to install a:narrower‘Bigg/ﬁr”'reducer' inside ‘the
existing:pipe stem whigh;wiTT/Z;:;o more rapid response to chandes
P . . - : . R .

N Fl

ial‘(Lissey“1968).»‘The narrow pipe diameters’

'

"in greundwater potent
. - N L

used in this study ‘and expeﬁSb, pfécluded use of this'mothod.,'The

alternét@Ve method outlined by Hvearsiev (.1951), édesting piczometer
readings to takc»accbunt-qivlag time, wés»thérofdre,used. -The
recovery rate of each pieczometer aftcf‘rémoéal of wafér; was'(

©

mcdsureq..'Thc ratio Ht/Ho (difference be thween th‘findl'lcvbl and
“the level at time t&ﬂividediby diffﬁre%co hetween the final;lCVCl

and the levél -immediately following water removal) was then plotted
.on a log scale against time on a linear scalei The 'basic time . . .

i R

""lag” ‘which is the Lﬁgoretical time réqu@fed'£Or_éau5LiZatioﬁ:if'the

«
B : . Lo X : 2



N

initial rate of ris (follow1ng balllng) was . Tﬂrntalned corxespond

* 10"H1/ng; 0.37 on ﬁhe gtagﬁ.- This value wa's found for cach

piezometer. Where basic timc lag exceeded two weeks, its value.

was used to correct piezometer readings. Where the value was less

than two weeks as in over half the functioning piezometers, its
. -~ . P o . . .

‘effect on readings was too small for adjustment to be significant

on a seasonal scale, and readings wére left unadjusted. Hvorslev's

method of adjustment is based on the equation E = BT where E is

SR the crror in rate of ise or rectssion; Bis actual rate of vise. .. .

T T S e i e e e e e o : L
v+ wor recession, and T is_the basic time lag.. Since most piezometer
readings varied anhuallywin_a‘sinusoidél*manncn; adjustment of

" ‘amplitude and phase shifl according to Hvorsiev's method was

; B R | T : . Lo
relatively simple.’ Wherce the dhahges were more complex, annual

-curves were split into segments épproximating a hﬁir wavé'leng@h
. ' ‘: . . * '
. for adjustment. .
, .

Hydraulic conductivities from piezometers, cores, and disturbed

soil samples

Hydraulic conddétivitiequaﬁ Hé derivéd'from drawdown

Jecovery tests on ple7ometers (Luthin_ and Klrkham 1949) 'Interﬁgb-

tation is bdsed on the quatlon Lo :;3”. "; :
. . | ) ‘ ) . ) “;'::_.( . - B e T
N . . 2 . T e
# s e

Ln Zl/ZO - ) ‘ C T

S(t1 - t'))

‘r 1s the radlUb of pipe and Z1 and Zo aré¢. the dopths te water
at times 11 and tp meéasured from the original level prior to .
drawdown. ™ S is a pleaometer shape Yactor. :

ir thn‘basicaiime lag (T), dofined in thé‘prcvibus‘socgjon
is substit teq‘infthe equation (HVUrslgw 19)1 it becomes:
SR R R : e = T



()"

(S) T

.
o

he value of~the.shape factor S, varies not only with

-

the dime 1sions of the Cav1ty at the ple/ometer baee, but also with

the assumed degree of anisotropy of the‘mdtérial‘in which the

thvity is situated. Since. three dlifercnt typcs of ple?omcter

were used and the llthology varied, several differpnt situationm

. P
i occurred as follows: .~ . o
1. Piezdmetérélin augcfcd and drilléd holes
- The foxmulu glvon by Hvorslev (19)1) 15
\ “ . .
s -

JKh/Kv where Kh/Kv is ,th‘pSSumcd degree of anlsotrop\.
L is cavity le ngth 30 cm. for' augered holes. and 90 caf for =
drilled holes. D.is cav1ty diameter, 20 cm for augerpd
‘holes, and M)cm for drlllod holes. S '

_ R ' - . E o
Where o exceededvz,,asﬁwas usually the case, hydraulic
X : a5 b Y \ o
:condUCtivity_estimates were increééed 0ver~the calculatcd

‘Vaers by a small factor bhnwn expcrlmenially b) Al Dhaer"

and Mérgenstern (1968) tu be nccessaty.

2. Plezometer pipes hammered into tho ground rivet on the
end knocked down 5,cm.

(a) LOOSe sands} o o , .

-

A

_of anlsotropy of the sand is assumed to be 1, then S - E,TSD

. : : \ . :
where D . is the plpe 1nternal dlameter, here 0.95 ¢m (Hvorslév

Ir the sand. is dSSUmed to re- flll Lhe cav1tv‘abo§e-the-f~ri
. ™

“:'rivet but not to enter ‘the pipe approclably, and 1f the dCJ[CQ



195t; Luthin and Kirkham 19&9)1, : .
- : v \: . - “
(b) Firm materials, Till or Bedrock,

€ . e e .
- Here, the'materials are sufficiently resilient to

. . Lo
..

deformation that the cavity is assumed to‘remain of 5 ém. L
length and\l.b'cm diameter. Al- Dhah;x dndﬁyorgonstorn (1968)
R h w.

-

consider that Lhc S value 01 a“cavity such as this, qldSQd

\

- : - _.x S s [ [P

at both endb, dxf(oxq llttle 1rom one closod only at une end

1

4 ',‘4-',1 W

. g ' - . N ~ ';:
and the method usedf{or-augcred and drilled holes therefpre .

.
- {
3 -

‘A;’\.-._ ) : Lo L

Q1

épplieb

-

Hydrdullc LQﬂdUCilVﬂ'l? calculated from piczumoiers“r_,u~

2 L . . -",‘

‘%kﬂepend‘on,gstimutdd degrec of anlsotroby. Prceze (1969)'@&0[0',

nhisotropy values ofﬁlo'to 100 fur bcdrock

1 Lo

exceeding their diamoter§;c0mbin@ ro«

flqw.

to large errdrs. and therefore whefgltheéb &fﬁx

.Lhcfmain'cdﬂduc&o{;'aﬂvwateh.
- 5 . ‘ . T .

h) dr auli

uonluining’mQ# ;
. B

<
% °

unity, Logethex with piezometer av1ty sh@pe§ihav1ng hv;ght\_

takén

rs

(Y»Iot‘ Llll ‘and'

. ¥ )
100 mr stritii‘.ied drifts. Deirées'

A - T .
inlsoLrOpy, much-aﬁdvc

T\

R o s

'v:J.'- 3 C ‘3

The calculat d“vertlcgl hydraull cOnduc11v1tlc‘ are subjﬁct

" . . -

aﬁzimportandsg

PO . B R . ’ :
. {q -“ * > S - % s

supplementary evidence - obta;nod by means othe than piczometens_is
-

bt . N

nductivixie_:have been rPIa%cd to
wene .

e

> o

. ", .BH-(

ye (]Au‘(v) L(L by .}‘l w*‘/v v( i‘)()‘)T ' hl i ':
B e : oo I :

- . - "

&
hto 4ccount g’ 1es qpotcd by iambc and Whltman

Y e '
& tt - e A - - ~ -~
.3 . L PN
? 2 ) . . i - IS 4_‘-;5 . .
- . :.‘f i, &7 2

_(:1 clay uml »ndgum u:nn»n% vfn '
° “)}

-
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(1969).

conductiv

- 'l.o‘ . -8
diameter ’Cm*es nbtaliaed with the mechani?h

dmpllng

cores'weﬁe from bedrock. fhe cores,

‘perforate
dotcrmlne

by K] ute‘

v

4 ‘ R R
ity was psfv1ded by lubs)ratory dLL

Lo
a4

n - . ... . L

v,;'g
was llmited to a depth of j me_tr{f ;

d plast:c capiand hydrau.lu1 @Mlﬂ}t

o B T A _' et 1
d.by Lhn f&lllng HCad mLLhod $'1m11ax“ to lf}dt -d‘_,'- ibe _\‘,-:::; 4
" v Y Lo 1Y ‘e

. o2 et ,y d-’-n ;»’é’
(19()5). I‘hc water used had .\pprox1matcly t“}n(, ﬂ- mé? 'salt_; AR
. ‘u - : AR
J i el
e @ %

v

’
‘ content as thc groundwater‘”irom ngem tv(; pre; fwj htdln(,d ' v

K . . . # ‘fl‘-”" - "r ?ﬁ’

& Hydx aullc co;1dl,hct1.v111c wm e .{!.djusied fo.r ofiects ni 1<_mpm ut,ux ey
di iiex ences e‘,tween ,lvab(")ratsd':y (md groundwat(‘r";}w watler \51 s(,usit) .
. . . FrOERE . [ )
Adjustm’gpt,é‘ for w‘ltcr denplty dif feronces wu‘(‘ (:onqlder( d to l)i} L
EAE . B ‘.
. . Yo ’9‘ o ' : o . ; bl B
too small for lnc_lu's;on:\. . o N
. A . ah " .
. ' - ) -
. batuxdtcd."‘hydi‘aull(. conductivity was also det mmln( d on v L
L . *« - ‘w . J - ‘ " .' . 5 . . A
) ’ . * S - g ) e * "
disturbed 2 mm s:_u:Ved vSamples of Ah‘_\_}?orl zons by -tahe .constant head s
. - . - . . . PR ) ’ - ‘ ' % . -‘ . ¢ ‘ak)v O
method.  THe s:fni’f)iesh, Ain p'lastic per colatlon tubeb, were saturated,
from belowﬁrlox*‘ to measurvmont and an 1nverted flask *was used to,:
. . ) . - . Je
¥ : .‘ - : - w . ) M ] .
ie ‘head (Fi'remg\n 1‘){1& );. . . . ' ..
- : T - . - ! . 2 . .
e * o ' -, . ‘ . & 7.
N ’ “". ° M “ -, . - s M * ! " . . gl * ¢ .
. R L s o T ? B S ST
: : Néutebn Probe Moisture Readings . _ »
\’; ¢ . \.- .;, o . .. o _o ) ‘ ' & R
s e . : - e - A .
c « ~ . 3 I . A o - -, .. . R - .
A ,alumlnum dCCt‘b% tube wlth d[l ﬁnt-ex nal diam'e.tgr. ol ..
- ,g" . . v

S
.mounted; c

o “ N . . - . - . .
3.8%cm was pglshc,d 1nt © a holu m“‘adq at (:aﬁ:h si1te withha tr'uck- A
3 i . . B R ' N

g

h .. 1. .‘ . L -
R 2 N ~ “‘ A 0

'*'-.’)

. . "., ‘{“""’ P ) .
ori n§ ;;f"dr.,\vi.co . I‘hlt, diameter:o f thLﬁhOl(‘ yd inay % r:d(_‘l un—r) . i"@
O S

‘-"ally-larg'el than U}(* uulsulo d),amet(,r 81 t}}i tubo "Ihut I\Jbus el_er‘(: »

,

o - . R % : o Cw
. S TS I - ) - . e B :
- ) . . . L . . - - .
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made Lo protrudé GL cm abovo ground to facilitate(usqgé under snow

- 1‘ . . . R
cover, Théy were nut sealed at tho bottom as often recommended,
- - - N . . » . ! N B -
.. but rather, the lower 15 cm was perforated to provide informdatign
- . . X H A ) . o
- - N . . . ‘

: L b ' . C, i
on the pooition of the water table. Insulating material was

; . : AR ) g ’ .
-wrapped around above grbund portionsfof the pipo to reduce heat

e ; an%fex, even though it has be¢n shown that cfiects of CunducLioh

ﬁlx along thv p1pe on molsturL tfﬁhsf orin - the q011 aré T SHall (DLLRL)

© et al.flaﬁh). A NUClCﬂl—ChlLdQO model P19 neutron probe w1th

’ ' ) V- vy . v
! N . : : . .
scaler. 'was ‘used to take two minute counts, with the source at
’ S ’ ' . . ’ .o t J . '

. et

«. g Tdepths o‘f_'w, cm, 20 cm,. fjo'cm, 50 cm and beyond that at 50 cm
LY " . L i - , . .
inLcha1§ to the tube 11m1t or to the water table where this was

above . the tube llmlt.. Rcudlngs were obtalned ovcxy‘lwur wgok% while

s the ground su1fac0 w'§~frozon (mld Octoboxfto carly Aplll) and at

¢ . 3 . Ly . s
L

other time s evely two weeks: Inltlally, wtandand Lounts were taken
‘ . . s , . K ) u o .. . v
only two to thrve times durinq a ddy of toadlngs. iﬂﬂun%uq it

‘

became apparent that durlng coldor weather, cuuntb varloq much mére

: o, . R
L s

. B , ) -
.than-the,normaIHZ—B% ap lecs*reachlng 7 8% A change in proc duxn‘
gwda thexcfo?fiadopted i' rly March 1972, standard’ceunts.bcing

L - e . ; )
" takcﬂaat the start and’ flnrbh of readlngs at each lnd1V1dUdl Hlte -

F E
‘,
v - . , . ' . . . N -

4

lhe standaxd count a551gned to Lach 1nd1v1duafdrcad1ng was then .
" , ek

B - % t .

ik osleat d by 1ntcrleat;(n@0vc: tﬁo pCllOd of reaglngb at. the site

. x - »
.in questian.’ The xut'o of npadlng to 1t ﬁ:tandard count was then T
Ly S R . ¥ . K_, i e -
:bﬁtained Slnco counts are part}y depen&&nt on temperature a large *
o’ oo ! . : . . . ’ v .
S 'leldtlnn durlnq ind wcathor can bc expocted, becauxc of thb-widu :

o ; _ ’
tumprrngurv d]lfvrcnllud bvtuccn agcvss h”bUR‘de th« oul srde th.

oL ; / N A$‘“” e _yl ‘ _ '5{
Be 1()\\‘ 10 °l‘ (12 ‘;C} o rapy Ld%sks 'I‘J«—oif in count values-occurs, wlu ch’ -
BN . -
1nc:eases ihe er( Cansr nxxxeadlng& wero & moqt 1mpo>s1b1c 1o

. L

b2 . ° >

a~_“,' T
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obtain at O°F'(-J8°C) ana at -10°F (-23°C), almost no cnunts‘wefé

recorded} ‘Thus, whe ever ppsslble, rcadirgs were -taken when the 4

S 4
- : v

]
a* temporaturc excgeded e

Callb) atgtél

N accomﬁlished by jkgtrlc sampllng. For depths to 100 cm. . ‘
.y - . ‘ N \." ) ‘ ,.

‘0 P

(-13”c)." L

the,¢uunt fafios_hith s0il. moisture w&f?

t“v A

samplés were obtalned &1th1n a 2 metre radids of thé accgss tubey .

- . .- . . . . .

. ' . : N : -«'—’).’.. . - . .
T using ‘a small hand auger., . hach;gpp ipetric determination was. . .
Ak A ottt T " e A . R PN ,3. N - v . N K A )

R “‘m‘ . ) C . . . * . : .oa . i
U performed on oA cymposite sa'm;ilte.-*ii il 'ist0(¥01 3 subsamples -
N - .. S REIETRNRTIL A by R - € : : . -

-

.

o . . . T W %2, 4 - S
taken‘on‘dlffgrént sides of. the. apces wboet “Samples were taken
y, June dnd October 1972, Qt,
. -» -’ . Y .-

T "v' ' . - - W
coring device wasg uscd, but
.' ,r‘ - ’ .

T R M - L
once in Oclobper ld » and again in M
v e L s
dcpths bvlow ]00 om,-the*truCk—mountc

K

. ; P N

sampling'ﬁatcs weye Limitédltbﬁnncv'ix early May and”once in late

. - ! : ) v’ :i
October 1972. . . .g*mu . "
: St . _.‘q.“ .»: [ 1 I

Volumotxlc m01stuxe contcnt

N
alculatcd from gravimetric . .

#

samples and‘bulk densities,' was plottéd'against Neutron Probe count

7§ératios'forfeabh depth samplcﬁ',A cohsﬁderable“qcuttbr Bbtainuﬂ

i

&

FCOUld be 1 ‘xrqﬁly ﬂ\plalnLd by Lhc normal Vg[& Lon,invOlqu inocov
M T - :

s ¢ 4 '
RS A vy e TR : i : : Co
grfb?motrlc sampllng.nwA§g?ayimctric dcpermlndtzhn must be baszed on
ir - . H . ) o @
. -al‘ 4 : - L. . ) . .
about Zﬂflﬂld bdmples for the orrox to be the Same.as for one

n

" qghthon probe ’fount (Stone. Shdw aqg Klrkham 1960) bUL'soil diss

R . . v
turbdnce and thL work involved made th1 numbcr of samples impract-
s ‘ L % : _ . . ‘ T

’ . i ! .,'.J' . L. - : ’
~icable. 'Comparlson,of the probe ratio-moisture content relation-

»w ships showed that samples from 10 cm depth differed significdntly

from other samples. | Their abnormality COuldrbe~prccted to result

I A L o . ’ . . '

from iﬁfluCnce"of'Lhe 5011 suffacé—air inte rfacc (Lawless ot al..
’ ¢ - 3 ' ’ . .l s
lvG}ﬁ Vlsvullnqham and Tandy 197“). Moisture contents £ol Lhis(
¢ L o T ‘.' e ‘

de pth der 1vcd 11 om r(*gr'css] on’ lino st could . therefore. only boacon- .

1 . R . L . o . . o




()
~1

sidered valid-provided snow.or water cover was absent, and even e

=#then could not ‘provide as accurate an estimation of moisture
¥ contént as results from deeper levclé. : _ ' T o

A measure of the sample volume involved by neutron prub(w_
. . . R A 1,.(“)

‘determinvations i's the Sphere of Influence. _This is defined «ls the
LN : : ) - . . / ) . ) . ' . . :

sphere ardund the saurce that contains 95% of all thermal neutrons

Ry S S :? ‘ A N . . - ) o ) N ) N . .

“wr U (Nuclear-Chicage Goifa.- 18742) . Its radius is given by the equation:

.y

é._Sphcrg‘z of Importance
(Mortiex‘.’et al. @ sphere around the

source v;hi_c'h- ir all Lhe 5011 and water outside the éphe'r_e ‘were

it

removéd,. woul(_l'yiold a neutron flux at the source that is 95% ot

¥ ‘
~: ' the iluxkbtalnod in an 1nf1nlte medlum. Its rvadi'us.é's givén by o

" the oquat !! o G -

100 7. - ' T

. room n ———— ~ i - R
' < (0.1 x,%H20 volumef -+ 1.4 & S ; B

o »

s At a moisture éontcnt of 35% by“v'olumlc},-;bot_h-"'v"'tl.'le ﬁphn'ru o‘,f' o _;3 .

é

R A

Inf_’lufb;fr-‘)_‘c"é and Sphere of Imr')orftancc-k&-r?.‘ clouc t(-> 20 cm. Wh(,n, ' ‘3

. . T A . i ;
ho_wev_e;r, the “mdi st'urg content 1is (’)_n*ﬂ),o, tho Spher, e of Influw;l&’ R

K - . L .. .. o ) " . 5 . . B

1§ 33 cm and thc ,Sphere of _Impo!-"l‘tah'(’:e_ is _~i12 -ch - ’I_‘his

-

s

i

.:i. IS :
_whqn mnlsturo c<mtents wexe%ow, readlngs ta}‘{en at ’JO cm and 30 énrx

a ‘ """' v : v :'.

A\

'gr'otihd Surﬂa‘c'd :ind i'{_‘,- woula.betfcaso’nabliz O expcct th.xt show’ covea -

qhoulc& 1ni‘luonco xeadlngs at thesc depths.. However, experiments. S

£ -

. PN ’ 3
by Vr"odenbur g and W1111 ( 197()) ‘ shg}g&' neyg l‘figiblvg ‘effects of snow
7 B ﬂ% v ’ . ’ ’ £
o , _ A ’ .



“

upon readingé ﬁ;‘ZQ-cm,:but significant effects at 5 cm, 10 cm. and

‘

15 cm.y It is'prqbabQ& safe tofconclude that effects of énow;coﬁefq~,

LIPS

. f

7'é;1fﬂon'prpbg_readfdgs éré-insignificdhtly small at dcpths grcater tnan
v

.. . Cw - ) ‘).‘q

Yo} Cme ﬂvngthc.normal ‘range . of m01stune contents. pxovallxng in

_ B \kb : ?
winter. . ' R ' .

Samplcs showcd no‘significant d,fference“betweon’sitcs in

molsture contont count ratios rclatlonthps. Poollng of regreselon

data there foxe secemed likely to give the mo st accurate equation for
N} - o r " ) . . o “‘ /" . - . !
prediction, and a correlation coefficient r of 0.892 was obtained - -
‘ s . Cy¢ : ! . . .

. for the relationship between ddgnt ratio apd moisture where all 113.
) ) M . ¥. . .
T . . '."" ) ) ] ) o . :
vﬂluesfobtained from depths grqéter than 10'cm were included. ‘
- : . 7
*' Slnce a small 1nc1case 1’¢gount n(currcd w1th 1ncr0use i dépth uL
. - ' ey ) K

. ' o . I
all sites, 1nBlubLun of dcptg “in a multxpLe regression cquatlon
b"". '.v . . ) . v '. . ’ : e . . .
was considered an improvememt over slmpﬁo_regress;on.« The inclusion

of Logio'depth in'ﬁhe'equatiun gave little improvcmcnﬁviﬁ'fit over
- s

51NCe 1t waé

ust depLh howcv ' thls 1orm st‘considcrcd supefior -
J B
. . _— .

reasoned, that thc vfﬂ@ct uf dvpth shoulg decllne dw dopth 1ncr0ascd.

. »
L4 Lt . . . el =
‘ . 4 LN ~

Thc flnal equatlon (Flgure 5) gavola multlplv corrolatlon coeIilc- _"} *
M : . fx o ] C St .\" .

1ent of 0. 896 - »v . o ‘ ’ - el L

The'increase in probe reading with dcpth'was'not .

- une xpected q1hae cou?ts ard knowg to be Anflue nced poqltlvgly by g
- a . o .
A Ty
bulk density as well as by neutron qbso)blng elvmont such as o o
_magnesium and potassium (Visvalingham and Tandy 1972), and both of .
- -these increase with depth in most soils. "However, organic mattcer
which- also-increases the count; decrcaseS'wi€h'depth,jand should ST e
therefere have some counteracting effect. At shallow depths, an
R I et . ' : U .
E) Lncrease 1n count with-depth can also be expected from decreasing
A . . . .o N P ) . . - R A O -
. - ! ‘ ¢ N e
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# e . o a g . . @ . .

v

effects of the soilﬂsgrface-éir.interfdcel“Bulk gn51ty did, not

N .

account for’ as mucMpvariation as depth when subst@% de in the

ol . . . T
regression equatjion, and fnclus;on,of_electrlcal,conductlvity as

a third inbependen{ variablé did ot sighificdhtly~impfove fit.

Thc most qatlsfactory equatlon thexeforc anOlved only m01sturo

] iy

. et . . ( . R R

’iL__~_3293depth in thc predlCtl%P of neutron probe i adlng “and this
cquation was thcrcfore used to calculate m01qtuMC contbntb at .
. " LI - . ey ‘~

Y v

;—u~u~4depth2—0f HO—Gm—and—mo¥e—at all %1te5.~—A~Hepaxa%e~61mple-regaesq-——fm~#¢

o ion zelatlonshlp (Flgure )) was uscd Ior 10" ci, dopth npadlngq. .
W . e :g) ,,..- P “-, R '. _\.’
o o ) Tho porcentagc error as%oc1@ted'w1thnpaobe roadlng ' ¥
" T » g T K . N K

becomes smaller, the largcr ‘the Count»(Nuclcay-Cﬁicagd'Corp,‘1962){
. S . SEAAs SR

P v . . te S

;buf:a§¢An absolute qﬁantify,thc error is‘smallcsthatildﬁ'muistqrc'

 and Knbéfr-1961) Baseéd on the »

- . \

%ﬁopv of the m01sturc Count rntlo rclatlonshlp ifund -here, and.p

. "
LA . . . B - '.!{
-

'95% probablllt) ievel, the confld ence 1ntcrval dt-j)% mnlstuac'”
. "* .

» .. . » ’ -

" (by leume) should:bc': 1% Mol%ture, At - 100 molstﬂve iL should bo
i i ] w

Lot

T z 0.55% Moisturc,iand'at 5%-moisture, f'0;39%5M6i5£3f$.5 lfﬂis

- . Cy .
. . . -

'possible that statistiqal'acqufacy majfhavenbecnfihprQVQdrélightly
R S o Yy I
over these figures by_adoption'of individual ‘standard- counts,  but

for-calculations involving moisture changes, it would scem reason-

able to.apply’Values Of'dt least this'order sincé o¢rrors-arising = -
A ' . B = R
onm 1naccy?§Ey gf slopo of the regros51on llno is also involvad.

’

3 3

Avstillflarger crror isﬁinvoLV§§%iﬁ.thc prcdiction of ncthal'SOil

moistuﬁc.rathcr‘{han'simply moiéturevchangcs, for here the full

errors associated with prediction from gravimetric samples and

A .. . ...l [ ':» :‘ ; -‘” " . - [ N o ,v . E o {,
» - bulk density mcasurcéments areé -included. - . ‘

I : N R . . - L .
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M01 Lurg tenblon from ten51ometer> andgpbychrometers

'Tensinmotcfﬁ.arc the onlx,well-éstablishcdfdiréct method

v 0

.of measuring matric soil moisturd tensions in tho field. though .

‘ o .
they suffer fxom certain drawback.. First, they will not measure

k - i | ) B o | ) o |
Mmolsture tensions in excess of 0.8 bars: ﬂnd ;bcond; they require

it

—. ‘constant maintenance: One advantagc is thelr ablllty to mLaiuro
. : . 9_ :
small-positive pressures bcluw a water’tablc._ Tensiometcrs

.

avalldble commercla}lv ‘rp H; ensive . 50 to minimize cust they
‘ ‘ Do o X3 o '
were hansemblcd from f‘el‘atl\n_ly 51mple mdtmlalb, ess ntldlly
: b ) m,- .
. M\'

as descrlbed by Webster (1966). : dCh con51sted of a’ 7.9 mm I.D.,»
nylon tube'with a’ceramic cup glued to the base, and a nylon T-

piece; glued to the top to form a-side brdnch. Joints were covercd

\

with rubber sleevihg toAimprpve seala A 11ne 0. 86 ‘mm I D. ﬁylnn
“tube was. inserted with one end inside the porous cup, and was

threaded out through the side arm of the T-piece by way of..'
i PN . . L ! » N ’

. . . Ve . : :
rubber stopg to términate at the pther end in a vessel of
SRS - ;:_. . J Z”). '4'~ . L
.mercury, wheq? 1t was looped to 1oxm manometcr. The other

S ) o
. L : _— A .
(upright) branch of the T-piece was c10$éd~with a remqvablb rubber

‘stopper and uscd,fthﬁopﬁing?up wiLh'waLér. D“ﬁ'vlﬂ% of tho fine

»

‘nylon tube was perfoérmed by attaching one end of a rubbcr hosc to

the T-piece and QIOWing at. the othe}'qnd,' Once in operatioh, a

. © . e
. . . Sy

. . . . . : A . ! N .
continuous column of water extended fromA:RéhsollgaL the poro@s

‘Cup. to the mercury in~ihu.manomeier tube. Thc~finanuss of the

" matiometer: tube served two- puxpo»vw, First, vulume“{ water moves

“‘ment owas rveduced’ tu'.;x minimum, this b(-an Cssentiallin k(-(eplng
...-v"' . Co R . .

o .

o D SayL T . o o s A
response -times within reason in poorly permeable materials. .

K3



Second,; the amount of mercury Yvolved, .an expengive ‘§tem, was

few years havé refinements bedn such as to

. St AT
iy

K

o

minimized,

. . .’
Al}l items cxcept ceramic cups were available ‘locally.

The cups were made and bakeéd in the T ratory. using clay and

i

casting material from a local ceramic supplies.
The tehision at the porous cup was calculated from the

equation T = 12.6 M - H, where M was the héight of mercury in the

¢

manometer above that-in the vesscl, and H was the depth df>thgituﬁ'

. o e

of the porous pot below the vessel mercury level (Webster 1966).
: ’4 . 0 V‘A . . K .
Under conditions of growing plants; soil water s not aty
cquilibrium, this being particularly :the .casc in poorly permeabli.
Jpat - : . , &
materials wal'ubqve the water table. = The effect i that lateral
variation in moi .tuare tensions is cgnsidérable, making replication

~almost essential. ¢hQstur (1960) nsiders that the geometric
. ~ 3 o . . .

L ’ ‘ oo R e o Co A
mean of a minimum of “hree tensiom@ters should be used. In this
_ ) L : e ! : . - S

study, tensiometers were only in duplicate, .but since they were
mainly used to.provide information on hydraulic potential-close to

i

the water table, where changes in tensions arc s w, 1t was -thought

that .valuablie informaﬂﬁwh could .still be obtained.

R ) - .
Psychrometers were originally introduced for the measure-

. . s oo P o ".‘
ment of soil and leaf moisture tensions under laboratory conditions

(MontGith'and'dwen 1958; Koryen7qnd.Tqugr”]f)9). -Only in the last

\courage their tenta--

tiye ﬁ%e,in the fieTd (Rawlins and Dalton 196

: Rawlins 1971). The

Se . ]
- !
A,

e / : . e C . v ‘ -
s0l1l psychrometer ds in‘%icht a wet<dry bulb thermometer sensitive

to changes”in rdfﬁfive-hﬁmidity in the range 95-100%. A'Vory fine

/ . .
I iy
'

o o . ) ‘ ; _
Cupp?&#ﬁhromck thcrmocuuple,junption is’Wﬁt}od by passing an

ey



B""_’ ' '
clectric.cunreni‘through.it to cool it by the 'Peltier efféct' el

i - : t -

(Spanner _1951) and the temperaturc of the wetted junction is o

_compared to the temperature*of the same junétion when dry, electri-
. . . . r ' *

cally. 1ntcrpretation is based on the formula:

L ,. ¢ o= ew - Ap (Ta - Tw)

. ' el . - . . . .
¢ i'd vapour' pressure of air; ew is saturated vapour pressure

. with respect to ice or water whichever is applicable; Ap.is
atmospheric pressure; Ta and Tw fire the temperatures of- the

.

Nl

wet and dry bulbs respectively.

i. : ﬁ;. ‘ lv . . W‘r  o e

The so0il moiéturu tension in bars, AP, is related: to

”
’

. Fl - - . ..‘>
vapour. pressures-py the formula: : N S ) PRI

yor . ) . : - PN

; . AY = -RT Ln = O ~ .. , - RS
' o .V - LCW

* . . v, . L . Lo . . . .

' v " ' . . .. . 3 . . . o
‘R is the gas constant, T is the absolute temperature, and v
t ‘

is the partial molar volume of water. : g ) o ’

C LA o P

> . -

: : _ S L kv ST . .
A%ﬁlow temperatures, a%lowering pfzd%e‘satu‘uted vapour pressurc
a . R X Lo B i . b .
3 o , o T I S '
of water results in loss of.prugﬁsiﬁn. Once:freezing occurs, the
’ R L ‘ T :

. . ‘ v "

. . . . N R . " 0 N L e . Y:

* sQturated vapour pressure of ice.és involved, which being highly %g
B . » ‘L A . - L o B o A . . . .

o ! ' v ) . "".«’..' S K .
temperaturc dependent, makes rcsultS“ﬁlflkpuly to,.interpret. Lo -

Ll B )

’

Psychrometers then, like tensiometers, provide information on L .

tension gradients in the soilJ&Aihly-dUring the growing scason.

i

-Information obtained from psychrometers however difgerssfrom that

of tensiometers in two. important respects. First, a psychrometer

reading includes bothvusmoticAa(ﬂﬂmatricﬁcbmponcnts-of_moisturc
. . - . ' . R .

Lo

ténsion. WhHere significant .amounts of sidlts. are present, osmotic

tension must therefore be calculated separatiely and subtracted to . oo
_ R o S v . T e ; . o

’ .

- i . . V' : . ' -
obtalnlr matric suction. "Second, psychrnometers cover a much wider

. ’ : P . . ’ ’ . 1 . . B
rangvgof tensions than tensiometgrs. ,ThcvWLscdr Inc, model PT Gt

e .




1

. somewHat dubious assumpﬁiOn'thay.thcir a&l

" : : ! ~

psychrometers used *in this study have a range of 0 to 50 bars, but

it was found impggcticablo under tield conditions to make replicate 'y

e T, . -

measurements, and individual values were repeatable only to about .

: - . | I . ‘
‘Lhe-neare§t bar. It was essential therefore, that tensiometefs be

used in gonjunction with psychrometer's to adcquately cover the | : <
range 0O-1 bar. Psychrometcrs‘werc used mainly at shallow soil TR

depths where high' teéns 1uns could be expected, but because of

| A . . o . =
cexpense, only one psychrometer was installed at each depth location.
PRI : N . . ! . g : . .
’

~-Measurementls were taken-with-a-Wescor Incs - mndLL“MJ S5 microa— e oo e

s - : . ' . S . ’ ",
voltmeter, and psychirometers were individually calibrapcd in snlL
SR . ¢ ' : . : , :
solutions prior 4o installatiun.'.Whero osmotic potentials appeared
significant, thoy were es ledtud fxum knuwlvdgv of ‘the chemical

.o . - N
Loe . . .

Xtracts, Lhc'moisturu content of the 'soil

. . . «

paste prior LdeX:-:Ation'and@ficld,ﬁoil moisture contents obtained
from neutron probe .readings. .They were thcrvfdne.based on the

1A0n9h1p w1Lh moisture

%?

content was ‘a blmplc dilution foect qhdjthc‘salt Content ufbthe

" o <.
G . 2

ﬁ011 was constdnt Ihese psmotiE p&tential' worﬁ&thgn bubtracted

irom pgikhromoter valueb to pxov1de rough estimatcsaof matric'
do

e : L Lot B L . :
poﬂcntlals.' : s o Lo - b

&

. : . . R .
PO .. T4 R . . o ..

_?‘v ) ‘ ’ . . t; } . . e ',ﬁgiw 'y
‘ Insulated copper-constantan thormocoupln w1r0 e s u~u§5

-,.

to measurce soil temperatures with the Wescor Inc. modul_MJ‘557miqfu;- S

. . o : . e, i

. PR

voltmeter mentioned above. - Thermocouplcx werc.chtckcd lq lhe

e

laboratory and iﬁdiVidudl.balibratioh was’

. , Y v R
. . N K R %

we T
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2 . y
‘During winter, abnormal.variation ogcurred presumably as a result
s . . . ) N N . .

of imprdﬂgr functioning.of the built-in reference junction in cold
N he ‘ - . .
PR T . . . :

«

ail temperatures, - and readings during this period were therefore
. - ‘. R ’ . .

. corirected by reference to a thermocouple immersed in ice-water '

'
x

. ' . . '.‘?jb"- ;
mixture and,carried in the field. Températures appeared to be
reproducible to - within about 0.2°C.
IS !

3

\

‘Bulk Density - o . . ""; o

Bulk dchsizles were CalcﬁiézﬁdnT}JmWYHEMEEAﬂ“dTWEhréEHW

. . . P Y . ) - " L
5 cm diameter coges= obtained at cach site using .a truck-mounted:
. : I I ST .

coring device. When applied to calculation of porosity and
volumet: ic moisture cdntontg; it became obvjous that the core
"‘method considerably over-estimated bulk densities of mear surftate. .,

v . L
. . . v

. " " ." L . LB
samplés, .presumably because of compaction. ‘Deétefrminations wé
thercfore repeated using a Nuclear-Chicago model 5901; surface . .
moistureydgnsity‘gauqe, which derives moist density from -degree
o e, R ) - L
of' . gamma radiation. ‘scattering-in a. sample approximately 15 cm

deep in situ; below the gauge. A gravimetripvmoistufe determin-

H .

o N ' . - .
ation was made on a.large sdil sample which. incorporated the 13 tm
of soil immediately below the gauge and this was then used to

the manufacturch$

correct the?moist~density values derived fnbm'
_calibration curve to .bulk density using the equation: bulk dengity.

)

= moist density / (1 + (% moisture/1Q0)V.” -Bulk @emsiﬁy détermin--
ations re_presehfi.ng Esample depths f& e LD 50 ém were .(")bALaincd"" o

M v .

by ‘successive  soil excavations to 4 g vith the probe lowered

i .

e et Lo T . L. -

 intQ;th§ shalr0w ﬁfL so formed.




. q‘ oY ;
- pts J
e i v Bt i 1
T ., The gamma radiaty®m method has the advantage df measuring
y "soil in itsg natural state,; and as expected, \lalues obtained ¥ere’”

“lowef than for the core method particularly .at the wetten sigges
‘where core safipling presumably caused the most compapti_d‘g\. \m,‘bfh
increasing depth, however, bulk densities obtained by the core¥
o o ! : e

o method approached those from the radiation methwoer, and it ,is=.

. e : ‘ : .
thought that at 100 cm and deeper, the cores gave a reasonably

true value. B(;twecn- 10 'em and,’ S50 ¢cm <¥é‘pth,”dnly*t,}fe Fesults of the

density gaude method were uscd. ‘Valucs were correctoeg ¢ the
A ToT T JTeTT T e '.':‘“ "’; A :"_“-‘ W T e e "' s o “-”""‘ T :"T‘_m‘ A
v -~ - v

hearest 0.05, gm/cc,” Since it i's doubtful if a closer approximation

_.,,- . v

-be obtained by ei t;h(;‘r method, because of sample variation.
X . .

Particle ‘D(.-‘nsity.@ , T . L

1.

.

This was determined by the pycnometer method using 50 ml.. -
T L : i £ T o

: ’ < . - ' t2 .
' **specific gravity bottles {Blake . 1()6‘55‘, and a 10. gm .quantity of soil.
o 'with water as the displacement fluid. -The method is _i‘ep;tmlu'u_i‘l;‘lv .
3 to the third pl.acg}"‘.o‘fdecimals‘, but _vz‘xltxés contain errors from .t_wo' ¥
~Known: sourcesi fJ.‘hc Sfirst-of” L-h;ese, over-cagimat 1

cactivity of the clay fraction, is normally considéredg,to be less

on arising from

{": .. N . A N
“than 1% (Gradwell 1955). The.sécond .source- of error is from BRI 4
solution of salts. Therextent of this error can b scen by taking - <2
. as an’ example, a sample Righ <in ®alts. The Ah hontizon-of the o
. > . vy . . '. . . N .

- o - Ny N . ST . ,‘ . . L. N
saline solonetz soil at Site 9, with an electrigal c()uxioucti\'it;y of )
.28 m; mhos/cm, .containgg approximately 1.6% Na;50, . 0.4% Mgso, ~and

.o e . . - - ; o T + . g ‘t !
1% Caso, . ZHéo (Gypsum) was also present. Thé concMitration of- [P
o _ydi’ssol.ve.dv J’fi‘a,.;',SO',.‘ in the pycnometer bottleisolution: showld have been - « & .
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L ar the solute

tabout 0.5%.

@

~where_ amount s
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Range of particle size analyses for 5amples from fluvio-.

glacial drift and bedrock at the’ 5011,study 51tes, using
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of . ¢cal clul‘,lul' ing hydraulic conductivity from piczometers, it was
Vissumed to be cqual to one.  Agreement i€ fairly good between
hydraulic conducétjvities calculated from piczometers, a laBora-
tory determination, gid a prediction made from particle size

analysis using Hazen's line (Table 5. The approximatce value, of

4 cm/hr is much higher than for the other surficial materials or

bedrock. e . \
. o
e deOther s Stratiticd—dritts and Till “ﬁf"ﬂum’r‘i@k’v Disgintograti u’ﬂ“‘_“"\"“‘ -
‘Moraine origin. - - .
'
Hydraulic conductivity values obtained from these .
. . : ’ SR A

materials were extremely variable (Table 6).  Calculation of

horizontal conductivities from piezometers was based on a degree

of anisotropy (Kh/Kv) of 10 uscd by others for similar materials

(Freevze 1969). Hydraulic conductivities obtained from cores

were much laryer than those predicted from particle size analyses
using information from Lambe and Whitman (1969). Some cracking
” o

or shattering of the cores may be the reason for this discrepancy.
o ’ ‘

It would be difficult to provide an ov@rall estimate of Hydraulit

conduc’tiv-ities ,appil\.\lcable to cither the stratified drifts or the ...

till, 'since both are’ intermixed, and at Sites 1 and 2 they alko
] .

appear to be part,ial.ly intermixed with the loose sands.. At Site
3 where the till is predominarit, values for horizontal conduct-

_ivitS"(Kh) of 0.002 cm/hr' and vertical conductivity (K\f) of-

.

0.0002 cm/hr are tentatively suggestoed.

\



:
1

l":.nhl.«-'f',. Hydraulic conductivity ()l".'.l()()so sandy nfaterials from

- o piezometers, laboratory cores, and predicted fram
particle-=ize analysis. '
h"M...w..,v'—-w“““"":'!‘ 4.-——«—«v~—' SR
. ‘ ’ .' ) . - "1‘1 ! . . ' '
Site Depth . Hydraulic condudtivity cm/hr
oem : Piezomete I . Labd ratory . Predicted
. \ _ . . .
1 300 3.2 : - -
‘ 600 P 9.7 . - ' -
) ~ ‘ @‘ ’ ! ! )
2 300 i - 1.0 2.5
L30 1.6 : - -
. A
Means - h.8 Lo 2.5

Table 6. Hydraulic conductivity of stratifiecd drifts of Hunmocky
‘ Disigitegration Moraine from piczometers, laboratory.
cores and predicted from particle sizoe analysis.
. ' ] . -

.

— :
Site Depth ‘ Hydraulic conductivity cm/Rr
cm Piecsometer Laboratory Predictaed
Horizontal(Kh) Vertical(Kv) Mean (Km) ’
STRATIF1IED DRIFT
1 150 - : _ 0.012 *0.001
1 200 - ) : o.l()lm 0.00007
o 150 - - 0.52 . - 0.01 -
2 7730 0.00008 - - _ R
3 © 420 - 0.12 ' 0.01
3 520 ., 0.15 ¢ - ) -
Means T 0.08 , 0.17 - 0.005 )
- .
- -t > . , .
: . T TILL
3 150- - - - . - 0.00003 0.00007
3 200 ;- - 0.0007 0.00007
3 230 - 0.0011 0.00007
- 3 250 e - - 0.0007 * : 0.00007
3 00 C - 0.0013 ©0.00007
3 820 0.0002 - -
Means , 0.0002 0.0008 0.00007
.- . }
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' ¢ x‘ ',. : . s K
s ‘ : . R
"% 3. Ground Moraine Till g
N ’ . s A " ¢ X
! a

Results for the three methods of estimation are not

diss&milur’ (Table 7) if allowance for anisotropy is. made, It is

-

likely that degree of anisotropy (Kh/Kv) is closer to 5 than 1o,
- ) . ’ - ' . - . e ' " . * . e

since there is a‘relative lack S Sttt fied mytcerials in these

deposits, and a value of 5 gives a better agreement , between

N "

piczométer and laboratory determinations. Average values are

. * .

assumed to be OwOO1 cm/hr for lcnrizﬁ‘nl conductivity ,(Kh) and

T 0.009% em/hr for vertical condnctivify (Kv1. . o , .
- -
v * ’~§
h. Bedrock . o - .

N ! ' . R . .
With cquipment avai lable, core, samples could only be o

.
) . . .
obtained where the bedryock was close to the ground®Bur face.

N . .

Consequently-only three laboratory determinations were wrthe .
. . . . .

~ LY . .
. . - .

The mean of two determinations an- sandstoae was 5.6 x 10 ).cm/hrq

. ' * -~ . - . ‘
while a valut of 7 X '107° cm/hr was predictéd from particle size

analysis. The remaining core, described as shale but more .

. ' ' . _4
properly siltstone, {Folk 1954), gave a value of 2.1 x 10 cm/hr
. ' . . . -3
in'the laboratory, rather smaller than the value of 2.5 x 10 -

. ~ - .
cm/hr predicted from'particle size analysis. The very low valucs

. ' o <« v .
for sandstone are a consequence of a high montmorillonitic colay

<content and retatively small silt.content.
. R N

3

1

A total of 43 piezometers which terminated in beditock

provide estimates of hydraulic conductivity where assumptions
- 1N

concerning anisotropy are made. The value chosen for degree of »
: . , » 4

o

-based on research results on similar bedrock

anisotropy is 50,

h
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7. Hydraulic condugtivity of tills of ground m();‘gind from
picin,me!,(z'rs u.%ing two assumed values for degree.of
anisotropy, from lfnb()ratory cores, and predicted from
particle size analysis: '

& N v v
Site  Depth T Hydraulic cbnductivity cm/hv
oocm Piczometer Laboratory o Predicted _
- T U Ho T zontal (Kh Y T T VeErtical (KvY T T 7T 7T Mean (km)
‘ Kh/Kv_10 Kh/Kv=5 ' S '

4 200 - - 0.o012" 0.00073

!y 300 - : - Vo0.0011 \ 0.0015

h 676 0.0035 0.0031 . - o=

5 . 150 - - ©0.00003 0.0003

5 200 - - 0.00007% 0.0003

5- 00 .- , - T 0.0001 : 0% 0010

5 460  0.0001  0.0001 - - '

5a 180 © 0.0002, b.oooz ", - . i -

6 150 - - 0.00006 . 0.00007

6 180 0.000% 0.0002 - ' -

7 150 -~ - - 0.00002 o 0.00007

7 200 - . - , 0.0001 0.005

7b 180  0.0028 0.0024 - _ -

7c 180 0.0003  .0.0003 - : -

8 150 - ' - 0.0001 0.001
Means 0.0012 C0.0010 0.00073 0,001

N ) ; :j "
A )
A%

e 18 .



* materials (Freoez 1969) . VaLuus'obtained for horizontal

*hydraulic conductivity (Kh) ;&Ow.un enormous range (Table-8),
but statistics for the s0il study thvs were remarkedly in

{

agreement with those obtained trom the dOUp plezometers installed

. . . ) '
as part of Leskiw's (1971) study. A most no ticeable feature was
» » ’ )
the very skgwed distribution of vgdlues (Figure 8). This -

presumably arises because occasional fissures &r bands of very
high permeability (aquifers) oxist in a material, the bulk of

Y

_RiTEﬁ"hhgmﬁfVEry iOW'permch}TEIy,. Thauskcwgd d1 Lrlbutlon has .

4 . . ey : q-
el i g - '
te be taken ifito account in st 1m.111ng an 'average' value for the

bedrock,,” The arithmetic mean is over-influenced by the ew very

high valués, so the median, or mean of the logged values sho"uld

be more rcb%esun}ptivc.» bhnuld Lhc‘vvry hlgh values rcprcsent

horl/ontal bands thlng much 1n11ucncu on horl/ontal ilow but

-

little cffect on vertical flow, then it 1s possible that thie mean

.

mayicomb,clos}gnggJ;the‘modinn in cstimating horizontal conduet-"’
1v1ty,'whflb“ he modlan or mean log rvprespntlng the bulk of

3
mdtexlal may be closer to thc vcrt1ca1 hydraullc conduct1V1ty.

Approximate values, whf@h are in-agreement with those found on

-

similar;mﬁterials clsewhere (Frceze 1969), are O;QOA cm/hr for

. v e _
horizontal conduetivity and 8 x 10 2 cm/hr‘fpr vertical conduct-

~

ivity, but where applied to individual sites and depths, some

Lo

account should-bqsiaken of the actual‘values_a} &hosc locations.

@ v, ~ Y
A ] b
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‘Table 8, Hydrauli¢ conductivities in bedrock, calculated from
piuzqmetérs. 0o’ _ o,
- . .
b v
(“‘ Statistics . -
: Soil Study “Deep Picezoneter All
Sites Nests Piezometers
_ . a3 .
’ . [} ~ o . -~ ‘ : o
Samplé Size 28 . 15 . 7 Iy
* Maximrum,. cm/hr 0. h2 0439 T0Jhe ",
. at Site ly I1r : ’
“at Depth, m 12.8 h7 o - 12.8
‘Migpimum, cm/hy 5 x 10-6 3 x 10D : -&5 x 10-0
_AatNsite, ooy g0 Loand-FHl— - -y
at Repth, Sl 124, 97 Zhy b
“Mean, \em/hr 0.019 0.027 0.022
Median \ cm/ hi 0.00010 0.00017 (. 0001
Mean. "log cm/ hi O.00020 0.000732 0.00028 .
- - .
. &
b
i ;
o ’.? -
. ! .
Table 9. Saturated hydxaulu, conduct1v1t1(\ C(K) in 2 mm sieved
~%01il from Ah and Ap horizons.
o . ] o L
’ e . Sites .

. 1 T2 3 A 5 .6 7 - 8 9
H()I‘J.-ZOI] CAh P AR e Ap Ap Ap Ah Ap Ap Ah
K cm/mq S2.2 2.8 2.0 . 1.5 0.4 1.8 1.7 1.6

i,h_ * o
e B e .
4 . .
- A Xz
N L -
’, it o :
; e ! )
B
5 .
e ¥



o ! ' ‘ ’ ltmx
S ) v v . .

, . .
5 . T
o ho- 1 \ e
Q. /
= . .
- 3 . I .
= w oo
o « 8 o .
o T1L Tl
< &
[ - T o )
o 4 .. TTTTTTTTITIT T T T ry T ri . TT
— .
b, » . . A
] 4) ................,.....{..:., ........ R T, S *
— Y () ().0()()1 0. 0002 0.00073 O.0000 0O.0005
. - ,
HYDRAULIC CONDUCTIVITY Cm/_hl‘ w
C P
L 4
5 . T TT T °_ '
4. T TT T
wn . \
« y .
003 . TTIT TT.
= v
- c . . . .
a2 . TTTTTTTTT. T T
= - ' |
S 1 . T TTTTFTTITT T T\T T T TT
. ' . . '
() esevcossncnacas C e et e et e mea .e
. . .
'10-6 10-5 10" 1073 1072 10-1 100 -
HYDRAULIC CONDUCTIVITY cm/hr
Figure 8. Frequency. histograms -showing, distribution of Bedrock
<hydraulic conductivities on an arithmetic scale . (above)
and on a log-'scale (below). - _ - .
. . (\\‘



0

. .

<

extent to which Ah or Ap horizon permeabilitios might limit
*Vrainfall op snowmelt infiltration in different soils.. Unsaturated

flow would however be a more usual condition than saturated flow

4 in surface hovizons. . Solongtzic soils (Sites 5=91, as (:xp(w:*!'d,
. “~
had smaller hydraulic conductivities than seils at othd®r sitas,
o "
and the only alkaline Solonety (Site 6)" had the smallest valuc.

mal'ntalnlng flocculatidn, presumably

Balts in solution, by

[

contributed to thé mueh larger value in the saline S()lmn-l.'{ at

Site 9, than in the alkaline Solonetz. With the 8¥reption of the

. - - ~ 4 . /‘\‘ -
alkaline Solonetz, differences between soil s were not large, and

it idppears that the Ah and Ap horizons are able to absorb and

tran=mit water tairly freely, even in most Solonetzic soils.

~

8y



11 - GROUNDWATER CHEMISTHRY

3 o - T
A < " - . . . '
. AN . .

ac
-

Analy=ces of watoer samples from picsometeors

T installed as part of Leskiw's (1971) study, after its cdmpletion,

~

are in o general contformity with conclusions reached by Leskiw
himself from well and spring watoer samples obtained trom the

/:s'n[mr area. Results of thége analyses presentoed as a computer

A__A;_u:iut:uut-'_di—.xgr——ﬁmA---H-'-LUuri- I obtaited s the cnhtou”ng

program Symap (Sh«fp_.’n‘(l 1970, Symap Manual I‘)7,1) m'i; therefore
[ S e ' .
only briefly discussed here., With dv line in site eclevation, s
' F

there is an increase both in total dissolved solids and in the

‘sum ot sodium and potassium toncentrations (mainly- sodium since

potassium amounts are small) as a proportion of total cations,

S ' '
CThd="i s to l)(!‘(\xpt‘ctod lrom increase. in length of groundwater

.

flow paths and thus time of Qontact between water and llthol()g)
towards the vall(-y floor (Chebotarev 1() 5, Schoeller 1() 59). The

sum of sulphate.and chloride concentrations as a proportion of
total apions also increases with decline in site elcvat’ior‘)ut

only near the ground surface. Since little chloride is pre sent
PR .

in groundwatérs of this area,; the sum of sulphate and‘."chloride
. . .

closely refle{&: sulphate alorne, and as suggested by Leskiw (1971),

the small amounts in deep samples near the valley floor may result

‘o
.

from sulphate re_ductfozx\, The ratio ofr calc1um to magnesium, whlch
» .

can be expected to deélln(r with increase in flow path length (Td'th
. >
1966), did 'not 1ollow any COnblstent patt.ern “here;, presum.ablyv

because of almost negllglble a_mounts of magnosium in many samples.

. R} . .
Aspects ()&T gruundwater chemistry of interest here are

NS b
s o,

S 3
SN . 5" -.j
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- “lﬁiguruhlUl4upreéumabl}wfﬂFUPPnﬁnns*ﬁiiiﬂ?ﬁéﬂ*ﬁbbvq. WTthin the

high total dissolved solids and high sodium CUnteanat Site GLJ ‘

y e

—

. . ¢ -
those most likely to l)-'\vo a bearing on soil genesis at the
individual =il studéjsitus. In Lhis'CUnnbcjinn, total dissolved

. . . ‘ )
solids, sodium as a proportion of cations, and Lo a lessor extont,

sulphate as a proportion of anions, weré constdered of most

interest in waters from the upper and bwvr soil study areas. -
) . ’ - . .
There is’a lesser content of dissoffved solids and proporvtifn of

sodium in the upper study arda than in the lower study area v

upper study arca. total dissolved solids are least at intermediate

depths where .'1'\ sand layer is located and most in the till,.and in
.

% »

the abscnce of. large "amount s of sodium ‘or potassium yresumabh .
¢ . LI nat

3 [N
.

- . . . o ¢ . Lt
largely reflect calcium and magnesium content of The lithology.

’ - -
Sodium amounts as 4 proportion of total cations are larger in the
| . N . . R
. «
sand layer, which is close to the surface at Sites 1 and 2., and

/ . . ) .
reflect -a low calcium and magnesium content rather than a greater

absolute sodium content. In the lower study area, both total

T . s

dissolved solids and. sodium as a proportion of cations are greatest.

close to law lying areas around Sites 6 and 9 ‘Wwhere groundwater
discharge of deep origin might most reasonably be expectad.

Evapo-transpiration has .presumably aided in concentrating total

L]
dissvlved solids close to the ground® surface.| The. extension of

o

westward to beneath higher ground\\qat Site '7 wvhere local recharéé"
Y N L4 )

— N

would be expected to cause decline in salini'ty, rﬁay result from °

a

strong lateral flow towards the river within more permeable

layers of the bedrock (see p.115).
. - .9 N .
Sulphate as a propoquﬁ of total anions doe

. A _ I -

v . T

$ not follow

-

M
-
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as‘consistent a pattern as total dissolved solids. or sodium

)
¢ i

and “zones+@f high and.low concentration occuff in both upper and

.
)

lower study attcas (Figlire 11). In the upper study area a high
(R Ve ot : A

sulphate content appears to be associated with the tild, which is

thick at Site 3 and thins towards Site 2 while low concentrations
‘. <. '

eXist in the, sand’layer-which underlies the till, and the bedrock.

o

R LI . _ : . .
In the lowet .dtudy area, sulphate near the ground surface shows

R , v
some relationship with expected concentrations of groundwater
’ P - '

dischargc,-but“qs?dLééussud in connection with piezometers -

installed as part of Leskiw's (1971) study,. sulphate concentrations

——

deep witﬂinjtho bedroek are fairly low thruughuutﬁthe flow system.
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IV - GROUNDWATER FLOW

Groundwater flow bencath the whole west slope

Piezometer nests installed by the Department of

Environment have provided information on deep groundwater flow

which should be applicable ovdér much of the western sloping
portion of Leskiw's (1971) study arca, including the sites

. R .. . 3
involved in this study, which approximately parallel the nests,

0.5 to 2 km to the South. Except for a few of the shallower
piezometers, secasonal water level fludtuations were extremely

— e mee - e [REURT —_—_ e PR

small and dince differences between annual means for the two
:

years of study were élmost negligiblc, the mean lcvch\forithh

period October 1972 to October 1973, for which fullest information .
. : . ‘ N . ! ' .
is available, were¢ considered reasonably representative of the

whole study period. Hydraq}ic potentials of surfaqé'wntcr bodies

were included along with thes¢ piezometer means to aid in
calculating the cotrrect position of equipotential lines using

the computer contouring ﬁrogram Symap (Shepard 1970, Symap Manual

‘

o

’1971): This prog}am.uscd in cdnjunc(ion with the subroutine

o

CContr prepared by the Civil Engincefiﬁg énd Computer Services

Dépértments at the - University of Alberta cndbled-drawingﬂoﬁ
equipotential lines to be performed by a‘Calcomp 770/663 plotter.

o . ' L ot qui Pal’
Flow dgfectlons\were then calculated from these equipotential

lines to,takg‘account of bolh a bedrock anisotropy of 50 : 1 and

the vertical exaggeration (Figure 12).
o
Downward flow predominates throughout the area) i hy

t
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hydraulic grad1cnt being greatest and most consistent between
..mest I and II beneath topograph;cally hlgh hlevatlons. At nest

N ,
III, near the theoretical mid@inc (Tdth 1962 » shallower flow

CY
Y

remains \downward but dceper flow is more confused becoming mainly
R ,
lateral al around 600 m elevation between nests II1 and IV. At

nests IV and V, deecp flow is stiil‘downward ‘but at shallow depths
.o 4 -
small 2zones Of upward flow arc lndlcat >d both to the west of nest

IV. and at the Vermilion River, scparated by a ldcal~d0wnward flow"

.

beneath a small Yvise in _around level. Supporting evidence for

discharge in the - nest IV is provided by the shallowest

-

piezometer at this: astr_sincemitphad~a~mean~wﬁter-tévcfwjust:’

above ground level, which is at “least 1 metre above the estimatoed

-

pogﬁmion of the water table, and in September 1971, the water
leved in this piezometct\roso_tn a peak of 0.8 m above‘thc gruund.

A prcdomlnantly downward regional flow even bcnoath .

topographlcally low elevatlons is a depdrturc from the ideal
L]

'small.drainagc basin' of Tdth (1962), but not a unique situation

on the Plains. Meyboom (1967b) describes such a situation in the

2

Arm River valley of Saskatchewan where regional flow towards the

river is superimposed on a deeper regional downward flow into the
,highiy permeable Beechy Sandstone.. bxamlnatlon of qtrdtlgraphy
v -

of .the- Vegreville arca (Shaw and Hardlng 19&9) does not chhal
the plCSCnCC of buch a wellx dcf1n0d’aqu1fe below thc Vermilinn

Rlvor, but beds of sanhdstone such as the VlC%;lld membur 01 Lhc

f
<

Belly RlVQF Formatlon should be prcsent 100 m.or so below>thc

rlvgr and could‘cause downward flow in the less permeable beds

>

above by conveyiﬁgbwater-nonthwards to discharge at lower



~

elevations downsteream.

~Flow towards the 600 m elevation at nbst II1 and away

o
| . .

from it at nest IV suggests the presence of a horizontal aqﬁifer
. [ }
at about this depth. The piczometer terminatlng at 610 m
. ) " ‘ ‘ . " .
clevation at nest III showed that the material at its base has

a horizontal hydraulic‘conductivity’JOOO timeg the median for the

bedrock,. providing further evidence for the existence of such -an
v . . . .
‘aquifer, which if terminating néar nest IV ‘could contribute to

the near surfacer discharge obscrved therce. Such effecls causcd

by lenses of high permeability aru'éxplained in more detail in

'*'”a‘subquuentmscctinn“63?&’pb:“101,TU3Tr“’“l*’“ T

w

Groundwater flow at the soil- study site&,

’

- e

l. Characteristics of Hydraulic Potentials at shallow déchs

‘ ' - .

Hydraulic potentials at shallow depths exhibited markod\\;

fluctuations. In_the upper study area (Sites 1-3) and at Site h
’ I rl <‘ N . .
in the lower study area sharp rises occurrod.h1¥tsponsefto spring.’
P )

fhawipa and the very heavy rainfalls of summer 1973 with declines
in lévels'during winter (Figuro 13). In qontrnst, potontiuls at

sites further downslope were generally little affeéted“by'shurt

. .

term weather changes, and in the extreme cases of Sitgs 8 and 9,

followed almost perfect annual sinusoidal curves (Figure 14). At

Sites 7, S.And'f, fluctuations in pptenti?l‘at differépt‘dgpths'
7yere'gene;a11y not iﬁ‘phase as was ndrmally the ;ase'at t;é Highcr
t i : : : . L e
4sites. - The shallowest piezométers sﬂoweq ﬁgkimum hydraulic:'
potentials in AugusL_atvSite'7 and i; $¢P$Cmber7at §itcs S;AJA y -

o
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while potentials at greater depths reached peaks progressively

later suggésttng a possible lag effect in addition to reduction

in amplitude with dupth,.nhd also a possible lag effect with

respect. to position downslope. Some small delays in adjustment

to seasonal infiltration might be expected because of .small

4 .
though significant _complessibilitics of both water and rock
(Ferris et al. 1962) and these would of course be enhanced by
the presence of any entrapped gases.  Probably more important

factors contributing to lag cffécts are permeabilit y contrasts
. . ' (. -
causing cffective scpurathnlandconnuctiop between different flow

. — e e = - bl - e

i&ncs,Hénd>ng graa;uirlgf;rél movement of watqr downslope through
the more permeable near-surface layefs both above and below the
‘water table. Frost effects must be taken in£o accquﬂt in the
interpretation of.some ncaf—surfacé water level fluctuations. - The

decline of near-surface water tables in winter has been partly

attributed to upward movement of water, into the frost layer, and

. T \ T ‘
the rapid risb'in spring partly to subsequent thawing -(Schneider

1961, Willi; ct al. 1964, Meyboom 1967b). 'Site 1, situated 3 to 4

metres from open water showed a decline in both water table and
. Lo . a

t

shallow piezometer pOtentials from levels only slightly below the .
adjacent open water (slough) in October to around 1.5 m below the

sloughnby‘winter‘s end. Although limited neutron probe moisture

readingg’pvailable for winter 1971 showed a suffbcient increase in,

moisture content of the unsaturated zone to account for the fall in
water tablé-level (Figure 15), most of this moisture increase
~occurred pribr to December. 31 while: less than 50%, of the watoer

table fall had occurred by this date, and ‘the ‘deeper moisture -

v

L
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Figure 15. Changes in sdil moisture, and water table level relétive‘
’ to ice level in the adjacent depression, at Site 1 over

winter.
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y- readings suggest that the soil was still saturated well above the

rapparent water table at winter's end. Although a more thorough

v . $
evaluation of moisture changes would have been possible with

inclusion of neutron probe readings below the yvater table requiripyg

-‘ o E N .
scaled access tubes rather than open ones used here, it nevertheless

————— ]
appecars that thoe w 7 > ~shallow pieczometer readings

reflect oniy the, level of unfrozen water, which by late winter

may be overlain by soil saturated with ice. This is also supported

by the close relationship between depth of the 0°C isotherm (Figure

6) and the nppnreﬁ% water table., "This rulutinnshiplmight be

expected under conditions of recharge, since downward watoer move-
s

. Cht

ment, by lowering the unfrovzen water lével below the frozen zone

(3

above, would allow. air to enter latera y between water and ice 7
. . . !

surfaces so creating a new apparent walter table at the base of the
- _frozen layer. s However a similar fall in hydraulic potential 2.4 m -
. .

below the ground Surfacg at Site 9, to . a level well below the water

in the adjéceni depréssion, suggests that recharge is not essential
i !

for Lh%& phenomenon.  As suggested by Hopkstra'(JOGG),ithCrmally

.

driven moisture movement  towards growing ice surfaces, which occurs

because of difterences in chemical potential in a-so0il below 0°C
//-,/"' . - . .

“is capable of, causing moisture contents above the water table to

increase beyond calculated saturation levels. Consequent ice lens’

A _ .
formation and frost héaving perhaps(CauseS cracks through which

air cnters reﬁulting'in'the apparent™ fall in‘water table.
‘ a .

Both reductions in émplitude of fluctuatdion and‘delayed
effects with depth, whatever their cause, have an important

1 N ) - ’
bearing on conclusions that can be made regarding flow gradients,

>



For example, where mean annual hydraulic potentials vary little
with depth, such as at Site 8, cither the reduction in amplitudce,

of fluctuation, or the .lag effect with depth, suggests changes

.

from recharge at one scason to discharge at another which may be

b . .. ~ :
/ more apparent than real. C()llC/iUSl()nS regarding groundwater flow

/ . | .» "
‘based on a period of less than one full wavelength _of-Tluctuation

o -
, . f—

;must thFF?TUTv—bv*TnthT“kpecﬁfﬁlivu, particularly near the

s

discharge cnd of the flow system and where a wide depth range is

involvedy During 'winter, flow dircct-dons cannot be based on

differences in levels between open ice surfaces. and piczomet or

levels, since movement between the Two is resdricted, and not%at
. . . ‘ .
equilibrium in’ the usual sense, and in spring, some 6f the
: . !

apparent water rise must be attributed to melting within the

ground rather than to infiltration of rain or snow meltwator. '

>

2. . Groundwater flow from piezometers in the Upper study arca

-

.

Although the high elevation above the rivei of Sifoes
1 to 3 suggests that groundwater recharge should be dominant,

»

some‘loéal discharge would nn{ be unexpggtvd bﬁcausé ol the
position of the sitcs:pe;r tﬁc foot. of a ib m %igh ;lppe. Piczo-
meters éhbw'a dn&nyard flow~gr5diunt into thoibedréck tﬁroughou%
the year (Figurq_lé) with a flow rate estimated'fp'bé around 0.2 cm
.per year (Table‘lQ), but in the highly befmeéble sand above the.

bedrogk, gradients wére‘small and rather iQCOﬂsistent. At Site'},
Lhe'mean Qradient, though,;mall; was upward withi: aﬁq above khe'

sand layer suggesting that at this site4aﬁ upward groundwater

flow overlies the downward flow into the bedfock. Since the



A\

i

"?oua.tajoua

——0s43j9 J1uny o_c:o:
3

umw pepnioutr syios zaﬂz.rmhon.ua.pwnoﬁoc 03 '2l61 ‘'t 42Q0300 JoF sueaw pur ‘gl6l S
el -pu speay JS[Tneapiy uo paseq -eaie Lpniys 1ros aaddn ay3z UT MOTJ Lmamzuz:omo *91 w&amﬂm
- — I'S'Wwe 'sanew Speay dineiphy o , .
segawtl G O J1qe} JSIBM  Ohesie* T L2 W) 17 V SRS . UONORNP MO} IRIBMPUNOIY o
N T s v 5o+ 3 i aul 188
3TVOS TVINOZIHOH pus JsleWozald vpiEs * .Arepunog [eaiBojoy peay oynelpAy 1enbs jo auin |
. »\.w:kii N : . 299
[ v 859 . Ctesms Wt : 3201pag . wvww
I : M } S e S N, s logg
e T e e i S . n . \ : q99
. T Teams ‘ ‘ * pueg. e loze
. Ty ) - : N 2 7L I 2.9
*ae ™ = h e o rL9 @.,N‘ . .»M Ty 1,
—k . N AT *1rst9 1 J¥48  m
e e == T R S * -9:5 4 1949 m
o : 10819 g0 T
S a e e R e te) LT T e  — -
N £061 5200 oot 150 I — logg =
u — TEAR > - e .9
*eLuy iyt 217 _ ' o T e e 2 EZ
- - Lo e * B . -~ 300ipag LS e *zz2L9 mww w
\ ¢ e - ’Q — T - g .
e/ L : T feg .0 - Negg
* t6y19 W R I \ pues \ S {oze . 8
; L : IS | 1 Sl 2.9% on
. “esns *sras T 1mmnw;|11m.>¢|’ S ‘H\l*hxm;‘HHLw,a ety W b9 mﬂ
N T e e - ST YA Ranhiti e S P T VT SR M
P s MO iy . e T BhLes 99 . S
. 2SI * L : ;
IS W it 6 T : vy e ———— it e Fommmo .1 1849 3
ol Cod Q_\wf Blsem dge &
- . L %om it
*ozae . *ro-zL9 T 3o0Jpag . - v99 @
* * T 999 o
. T ; - S e B . Jsos @
* 80-£L8 * (1519 : pueg \.. . ) | oz o
; . . AR 'Y T M 219
* 80-£19 * Z0EL9 ‘ I *v. Wit [} o A*Yi T . o
= T _, T RUE S ..w--._..w.-“ 519~ BT g vi9
05019 (343 B2 T T --] 1949
: T P 1829
Lo To =leon ———J Jogg-
Y3ILVAA . ¢ )
. I 3118 zus . €S

wazowiay) oelg pajeian|3—
° $710S

9.

o



lustsueay apnyour Kew sportgad a1

-

v

J10Hs uo Uowmn asoyy,

IEACIAS CREETEY, w~omouo£uvouc pue - aomhww

u.mﬂmws aeak

1" Uo paseq adae wo:ﬂﬂy abopw 1

< €0°0 ¢

dTIneapiy Hmﬂnvucz

M ¢-01 X 9. %00 Mdoapag. (d)7*%z (d)ye ©
o 200 @ _ o1 xg 70" 0 Ao6.1pag . (d)B°9  (d)yrg -
£{1uo. isuung 20 a ¢-0T X 9 ©8T°0  ° ooupag (d)%°2 pue (1‘g)erqes
L - . ‘ 191EM pajetodiajur " 6
v 11°'0 q g X g- "~ 1170 Mooupag Amv pue afqej Lmam: ‘g
e : €60 ¥ | ¢-0L x g  Govo do0apag _Amvw.mﬁ (d)l-¢
_ BT 90°0 ¥ ¢-91 X8  goro A20.1pag (d)L79" (d)l-¢
*  4ATuo uLfemm 1t°0 q L c-0t x g 91°0 xuoguom_ Amvsx.m pue: (¢ d)erqes ‘
) ﬁ R L ’ 1 T, 1931em Uwumﬂoahwu:H L
o . coro @ . __ot x 8 . €oco Mooupag G O AL AN F Y- RY S
g €oro @ . _ ot xg %0°0 Aooupoag (d)1*9  (d)g"1 9.
, go*o0 a .¢-ov X 1 80°0 ApE/TTTL (d)€*%  (d)g*1 . eg
'ATuo sowuwng 6100 g | 01 X T I1°0 . 11T (d)9*%  (1)S°1
£Tua isuwwyng . 0s°0 aq y-Ol X 2 ofto 1Tl (d)1°T  (1)S°1 S
- Cayg - R A - . . . .t
, . 9€*0 a . 5-01 x 2 #£02°0 1T . (d)2*9 (d)o*¢ -
PR - .- ” , . . : L
810 W | _ o1 xg ¢z*0 A20IP2E T 291TS ' (d)H (1 (d)€-L .
. 61-0 ¥ c-Or X g lz Aooupag. 1 e1ts 3e (d)zrar (d)t*g . ¢-1.
.mW . B . me%\eo ey LL\EU 10E:mm< .E\E.wum>. AthwawEOHmzwﬁ 10
Sjuawwoy - abae om 10 1TAT10NpUOY jusaipeuay d LmuoEONwﬂm .wou:ow
. H{D : (d)
, . Amvwmhmzomm ! UHH:muUhr

,E,wspmmv wommhsm Zoamm 291198

;mu:mﬁvqgm.mﬂﬂzmuv»: woisy saq1s 1UBI8IITp a0y pajewrysa S6ieyosip

|

=

g

*S9I3TAT}ONpUOD

dTIneuapiy paunsse puve - .
pue sbuaeyosaa Jo S931ey °*01 aTqeg



T T e B o
d, .
L !

potential in the waterffillcd depreésion (slough) Qasmalmost
always higher than that of the water table at Sites 1 and 2,

.

fluw diagrams suggest that the source of dischnrge at\%ito 1 is

from the sloudgh itself which #n turn muqt r0001vq most ‘of its
~.
water by overland flow posqlbly supplcmentod by’ d;schargc fr

the east. ' H

[
v . -

3. Groundwazer‘flow from piezometers in the Lower study Atca
. /

i ey

~

N - The énly. unifying charncteristic of groundwater flow

;iﬁ this area, is thovoverall wostorly flow gradient in the dircction

oy

of the Varmlllon River (Flguxe 17) Vertical flow directions aro .
ﬁcxtremely variable. Only at Site 7 is @ downward dlrectlon
1ndlcated by all p1040metoxs “and only at Site 9 is a éonsistcntly

‘upward flow‘suggested. ElseWhere, reversals in vertical direcctjon

occur at varying depths presumably as a result of varlatlon\ in
- -

llthology. Such reverbals 1nad1ibct10n ate mosﬁ‘probablb where -
. ' ,"‘\~’-/'r~"
“

thln horizontal lenseq high in permeabllltz r”Lracks dnd flS%UTQﬁ
exist in.,a medium of'overall low permeablllty (Plguxe 18).  Ssuch

lenses ?re common. in the till, WhllP'LD tQEJbedrock, seams of coal,
[ ) .
oF sandstone  lacking the usual high bentonit; Lontent (Shaw and

Harding 1949) could serve a 51m11ar 1unct10n. \ﬁch allens or
fracture in the bedrock must almost certalnly be ‘the dause of a-

. '

flow everbal at Site b from an upward dlrectlon above 63) m

'H, ’

i

elevatlon to "a downward dlrectlon below th1 elevatlon. The -

Ahydrébllc conduct1v1ty readlng obtained from the p1e7ometer

terminating at 634 m provides cvidence for this,  as Lhe value
. - o . _ T T
of 0.42 cm/hr for-horizontal. flow was 3000 Limvsﬁthv'modinn viluco

R
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\
in the_bedrock.>.BctJ$en Sites 5 and 6, vertical flow diroctionb .

. \ .
are variable, again prequmably becausc of contrastlng permeabil-

¢

1ties, though no c6n51¢tent pattern tq permeabilities could ke

perceived elthor from hydraulic COnductivity measurements or

”nock’&oscriptiohs. HOWéVUF SltCH 5a and 6 togothe suggest a
domrnantly upward flow in-. th1 area. Benenth the sllght rise in‘
grouhd at Sltc 7, the flow appcuxs reversed, and definitely
ddwnward.' This is an areca o} humerous smail‘tehpdharily wa¥er—
fillcd depressioné;.whlch whorc undlsturbcd .axe notmally willow-

“r;ngeﬂ {sce. Plate- 6) 'On’thb_bdée“dfwahé @ﬂth w1llow 11ngcd~

. " I) - "
depression, at Site 7a. >1cuomctnts endln 2.1 m und a9 m bolow
b ’ el

L3

ghohnd surfacc.éhowcd upward flow,. though the shallowox piezomcto%“
only iunctloncd propcrly late in the.study pcrlod while at the
céntre of anothér‘similar dcpress1on (Sltc 7b) flow'betwecn
élmllar depths was do&nward Such variations appqér'npfmhl in

an area of w1llow-ringed'sloughs (Meyboom 1?66) and resﬁli‘from
small locél syétnmq bécom' g established around cach depression
'partlcﬁldrly duxlng the 5ummex mohths. ’ T '

At Site 8, thé’C‘iS ﬁ,falrly strong dlschargc gradlont
abuQe fhe bedrock, Wthh from plO/nmcter 1ecords (Flgurv 1h)
apnoafs to he fairly consistont_throuéhout thc'ycar,- Thiﬁ is-xuporT
imposed on é“mainlyfhorizoni;} flow qt»grcater depths;' ht Site 9
'the vertical g;adiéht, though apparently weak ‘is'chhsiﬁténtiy _ -
'upwarq fkom a considérable depth..,Howevcr tho pleaometer termlna—A"

ting at 609 m cle Vatlon had not fully :tablllzed aftcr two yeqr

o ‘(1 ~

o

Ko the magnltude of" the gradlent bctween 609 m and 6&1 m elevatlon

.

is rather speculative. The level of open'water.ngagpnt to Site~9'



- . ”
. r

suggests outward movement from the slough gimilar to that occurring

“at Site 1, but unlike at Site 1, water is not lost to grecater
- - N
Lo'q :

@,

depths through recﬁ;{gég
Because flow directions vary botwoon different OIOVdLlUnb

at thcisame-slté,‘thObe calculatod ut greoat. depth bclow the WdLO‘

‘t;ble may not be the most appllcablv to’ gvnesls of the soil above.

It is thcrefore important to obtain flow informaiion as close to

the water table 'as possible and althoughishallow piecrometers can

hrb?ido some of this information, valuable supplumchtary evidence
. o . . . . v‘ .

can be obtained from tcnsiomc}giﬁ_ggd_ipgqtpnquﬁignmgjmnpar:Ad«“U"Am,

surface lithology.- Unfortunately in the climate of the Canadian

Plains much &f this information is available only during the summer
, . ,

mdnths,;and bccause near;surfacu flow 1is most subject to short

term fluctuatlon, 1t may not rctlcct the lungex term s1tuatxonﬁ
Vcar—burface flow information has Lhe efore been used with'sgme
géservations in the site by sitc analysis below.

Groundwater flow clos¢‘to the water -table during,summef

1Particular care was taken in intorpreting watcflluvels

. - , ' L A_ -
in perforated pipes, -since a highly permeable lens penetrated by B
. . .t . .

such. a pipe causes the water level to roflectlthe groundwater
. potential in the lens rather than the'true position'of the‘wafc

table. L1kew1sv whcre severa1=such thln lenses aro anctraLed by

a perforated plpofln a mﬁierlal of OthLFWLbQ low pcrmoablllty tho
D e .
water leveluln tbe pipe under conditions of cither recharge or
. - N “ . ’ N . * -

dischargc.varioé_with the depth 6f_pipe.  Under such“cbnditionsé

£



.

nests of tcnsiometcrs; which act as-piQZUmQLérs when below the . -

ater table, were able to he lp in c\tnb11Qh1nq the ‘true position

..

of the water table by inte rpmlatlon. 'Fluw.diagrams_bascd on

[

combined 1nformation from piczometers, perforated pipes, tensio-

for early June and mid September, because these times represent A

meters, and to a very limited extent psychrometers are presented

a

. ‘ . . ) _
approximately the scaspnal extremes within the Limitod frost .

" free period for which full accurate ihfnrmatiun was available.

s

Some flow diagrams bascd on limited information available during

.

Flow diégrams for 17 August'1973 ﬂ}e included because this date

B

7Iqllgygg‘Qp‘gxggpyignal;y#ignguschl.QfmweL.weuLherrtandbit—was¥f~w'

also ‘the ‘final dﬁteApn which nearly fuil information was obtaincdéd. .

}

winter at depths below the 0°C isotherm are included for cnmphriSon,

“and to assess the continuity of flow conditions through this period.

Sites 1 to 3 : ‘

The diagrams (Figures 19,20) confirm that below the

e

water table groundwater movement 1s predomlnantly downward In a

e

_summer of fairl normal rainfall such as 1972, an excess of evapo-
3 : ’ p

transpiration over rainfal&;causes an upward potential gradient

o' become established above the waﬂir table which in.éumbination'

with-recharge4results in a falling‘watér tablo;levcl over summer.

The .very wet summer 6T 1973 however provides an exception to this.
Since the watorhtablc normally dccllne< for a qhort distance away

from thc pcrmancntly water filled depreSblon near Slto 1, outwara

.movementvof water from this“slbugh act as a supply not only for

glunal recharge but for a vgr) local dlqcharge closc to 1t
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- potentials in the unsaturated zone included.
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Sites 4 to 5

At'Site'h, the watbr table access tube was considered

to act d% a p1C/ometor termlnatlng 3 m below the surface, becayse

et | ' 0
a sand layer penctrntud the well at_phis”dnp(h and the haterial

above appeared t&#gd comparatively impqrmgablc. . Inclusion of
ténsiémcter botentinls c;nfirms the existence of an upward flow
difecfiQn towards.pho water table at'this.;ite and towards the .

eep;gc drea»aownslaggnfxom lhc *lt;'(Plg;;g;“é;ZQQj.m’; lnck of -
data valués for potcntldls between Si'tes 4 and 5 mcans Lhat'flnw'
dlxectlons Betwecn thesv sites 1s'ruther spcculhtivu;- |

of I <o

'-Sites;«S'..t(;?Q L D R | .

-

@

Although flow dircct‘\s based on pliez,ome"'t.c;r*s alone

suggest recharge at Site 5, inclusion of information from tensio-

a

meters: and- shallow access -tubes shoux that diéchargc afﬁost

cé;pginly.tékos place near the water pgblc; 'A;properly fhﬁctioﬁing

watcf tablq{accesé»hbie wQs nut]obﬁéihed until 1atc,1972,~bup even’

Qnior to tﬁgt, coring:opgfations and water %chls in?thczﬁuuyﬁon.

probe access tube suggested that water in a 'sand 1ayvr oom bcio&
. . . ; .. :

the sufface maintains»a hydraulic potentldl throughout most .of "

the year at about .1 m below, ground level Wthh is cerpgfnly above -
’tho lcvel of the water tablc buggestlng dlbchaxge -The 'water,
with an eloctrlcal conduct1v1ty of u.8 mmhos/cm was moré.suiine *

than water at gredter.depths,«also'SuggeStinQ upward flow.

_Tensiometerévatllso-cm'below the surface, which actéd as piééo}H
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meters since -they were below the water table, ralso suggested
‘ - . . 8
discharge gbove this sand layer in s@mmer (Figures 21,22). | )

. o S

Unfortunately tensiometers were not available on August 17,‘1973,

i
.

because farm opg¢rations necessitated their removal.

’

The two picrzometers at Site 5a suggest upward flow
while ot Site 6 an erratic though predominantly upward fl6w is

suggested by piezometers.  Tensiometers were nét® installed in

sufficient number or at sufiicicnt depth to fully confirm upward

movement immediately below Lﬁp water table, but flow diagrams
i e = e S ,_.__.._ s — H:._.‘i., e e e e e e
(Figures 273,24) suggest that upward flow is dominant. Since

the site is in a drainageway with buried gravel layers above the

bedrock, some mixing of surface water probably occurs within these,

-

bayeis following rainfalls.

At Site 7,'piezomotchs alone indicate an apparently
) - a N . C .., : A
simple condition of downward  flow, but additional information

. i ‘ .

suggests that the situation may be more complex. -Attempts at

installing a properly functioning water table access tube met
. » . .. > ) . ) ° N o

with little success, as wells penetrating less than 3 m below the
surface produced'little water, and so poor response’ while a.highlyf

‘ T : o K . .
. permeable layer was penctrated at 3.m below . the.surface which

. Q ; .

produced a water level the same as that in.the piezometer ending

. N © . .
' - . B .

3.7 m below the surface. The level of thiS watér fluctuated in a
regular annual cycle with a peak in late summer dhd this,[togqthur
with its salinity which was thqﬂhighesi'analysed (Figurd 1h),-

suggests a non-surface origin. Also, even though an‘observatioh

well penetrating 2.4 m below the surface.- gave a very poor response,

-

differences between thé.water levels in it and in the pieZOmepcr‘

4
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entering the moté permeable ‘layer

R

~

L(rmlndtlnq 3.7 m bclow ground lev

dlbdhd;d; - For ‘example on 17 July
at 637.01 m elevation and falling
piczometer was at 637. )h m-clo ati
(}‘1gnres "5‘,._‘/1) with' Lvnslomct(‘r\/ i

cupward flow abovo abnut 635 m vlev

v

) ..

Site 6. However, itasncms possibl
. . _

summer, when the water table is lo

R

may be compensated, at lOQ\L partn

Jollow1ngthe spring thaw or as sug

f

rechargpéfnllowing heavy rains,

~

:1 .
Sites'8 to 9

A perforated [)Jip()"'p(.'rwt,r‘
. . ¥, .

‘was thought to pr6vid0 a reasonabl

table position at Site 8, since no
penetrated. the well: Continuous u

suggested@twoc'n the shallowest pi

- elevation and the water tableé, and

‘shallowest picznmetcr,fluctuated'i

with this situation (Figures 25,20

peaking in September when surface

-x

and salinity was slightly less in

(700 ppm Na) than at the - water tab

these phenoména would not be norma

,occurring.‘ It is possible that a

i
(4

¢l could at llme only mean

1973 the Qateg well lcvoi was
‘;!hi le the lt'vul; in @hv. decepor
on and rising. Tho flow dlugxdms
nIArmatxon 1ncludvd also suggest

ation with water poss:bly

at . this elevation from east of

¢ that discharge occurring in -.
wered by ov apn—transplldtlon,~

ully by rccharqv 11y w;nto‘ and

gested for August 17, 1973,

: ' [ e

ating 3.7 m below ground surfacoe

y accurate measure of the water:

highly'pbrmeable layers
pward Jroundwqte? flow is

i ometer Lerminatin@ at 630.5 m

b
w

tensiometer ﬂ%@dlngs conformed
- e
‘e

). .Tho Qaterglevel in the
n an aundal }hythMi@;ménnbr,
wutorfggvé}s hruAndrhaIEXxlmw, .
water from t.his.";)i(‘:/.t;rn(;t(‘_-r‘

le .( 1020 tpp;n Na). 'Bo.th'ul'

1 le‘xcept wherece discharvgc is

small deprvsgjph siﬁuatéd jqu
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to the north ‘which is frequently filled w1th water to a ievel at

least 1 m abovc the water table at Site 8,_cou1d be a source of

'

some of thls dlschargc.'.

At Site 9 where d1scharge extenés from: a greate; depth
‘than at Site 8, tensiometer readings generully confoxmed w1th -
dlscharge s1tuatlon except in carly June 1973 (Figure 26)'when‘f

suggested shallow recﬁarge'Was probably very temporary.: Since

hydraulic potentials derived from pieczomecters at Site 9 were

always less than that of watér in the adjacent depression, {he
. . v _ i

‘Mslohﬁh‘QAQEF";ﬁésze idfgéiym&é;ivéa'f£oﬁ'éél}i;ﬁé;}Ié;_}ALher
than discharge and it Lhen acts as a supplementaxy scurce of

descharge watex around the ftlnges nf the depresq1on in d.mnnner'
.similar to that at'Slte 1, bul w11h the importent d;fferenco thut

no permanent loss of water occurs by deepex 1echaxge wigh the

ﬂ
result that salts become concentrdted (F1dure 27).
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V - MOISTURE FLOW ABOVE THE WATER TABLE

\
Presence of irost llmlts dlrect'information on water

potentlals above the wabcr table to the‘period between ecarly

N

June and mid October, thbugh con51dorable moisture movomonts

|

obv1ously occur. at other tlmeq, particularly during spring - -thaw

-which in some yéars may be thc only period durihg which downward

'w1nter, hlgh m01sture suctions rebultlng from partlal-freezing

.
o

flow gradiénts extend throughout the unbaturated zone. During

of water near Lho ground surface, Qrgagemupygfq;figymgnaqignts;"”mm

though moisture movements may be small since permecabilities o

within unfrozen «films at high suctions are inevitably low. During‘

winter and .spring, information on molsturo flow must bv obtalnod
from 5011 moisture content wplch in this study were obtuindd'with.
a neutron probe. ‘ . ' g i

o ‘Moisture flow during Summer

Durlng summer 1972, ralnfall was near normal and‘ép

.

- '.‘\‘
,slteb whe ‘the waterftable eXceeded-l metre depth, matric suction.

heads 1ncreased with dlstance above the watex .table (Figure 28).

Except for short perlods at Site } these inqrcaécs_were‘consisténtly

-greater than elevation head differencés so. that hydraulic gradients

'Iﬁafbated continuai- upward,flow in ‘the ] to 2 m@tre zone 1JEE:}aC-

.n
*

ely above the water table from cdrly Junu Lo late Octobcr.'

Suctlons ‘measured at 20 cm depth where sallnlty was low, using

psychrometers (Flgure 29) were, mostly between 1 and 20 Bars (3,and

4 3 on the log scale) oxcept at. Slte 3.- At Site 3 observatibn”
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following storms suggested that the lesser suctions theregmay have

resulted from additional moisture flowing from higher ground within

the Ah horizon or along fhc ground surface. However a faulty

psychrometer cannot be 1uled out, since wnlikc the tensiometers,

v

" psychrometers were installed without duplication. Hydraulic

o

. August. Site 5 where thclsoil'ié Blac

“exception, and at Sile 7 tensiometer f4

?

ﬂtheré may -

. depth by amounisﬁwhibﬁ_exceeded the

P N

gradients werc not consistent during the/ very wet Summcr.of 1973

3

...“"-. - . R . . »
aﬁd‘at'most sites mfisture infiltrationd appeared to reach the

water table followil heavy rain in mid{June and again in mid

Solonetz, may have been an’

e U

ilure resulted in lack of = -
'information‘(Fidurq 28).

Af-Sitc;Al, Q'aﬁa 9, the watler table is sufriciéﬁ£1y
close to Lhe.ground surface to maihia nymétric‘éuciions within

. . . b L )
tensiometer range throughout summer.

Excqpt,fo{ brief peribds;
matric suction:hedds wereé greatOr'at"ZO.cm depth than qt‘SO cm.
.O_cm eicvation head
difference (Figure 30), so -that hydrfaulic gradientsvindiéatcdi
almost'continuai upWard'flow. o
_!& ' The fésultsvéhééest that }loh‘is normally ﬁpwapd above

the water table during summef:except following chy pnolodged -

rainfalls.: The particularly large suctions at 20¢cm‘5€BTB‘Th‘the f 0

"Black Solonetz soils at Sitﬁg“?
. - . . .1‘,} She,

and 8 during 1972, suggest that

&

hich 1ittlé muisture penctrates

-below.the

Quantitative est{Ime®es of moisture movement betwoeen
ity s :
Yo E

;different depths which could be fclatéd‘to the vqry small rates

..af recharge and disqﬁqrgc‘would;réqqiro knowledge of HBydraulic.

v




-conductivipy—?pCtiqn relationshipé of an ﬁcéuracy grcgtcr thng
co;ld be‘derived from dqteimincd‘pressure;plate moisture-suction:
. : .. . e . o ‘

relationships using phc'methqd of Marshall (1958). The tyicc
monthly neutron probe dcterm?na}ions aisg chnnogwbrovide:diféct
moiétufe.infofmation'of mueh~&uantitative value during summ0r}
partiCQlariy withoﬁt detailed informatioh on rainfali and evapo-
tf;hspiration at caéh siiet :COrrclation bétwech,ﬁoisturc suetions
obtained in situ and those derived from neutron prohé’moisfurc
contehtsiusing prcééurp pla}; relationships gaye.a coefficiont

'~JrJ~of}onlyw0763‘for"350~values;-“Sample~vufiutinn is-involved

in both direct tension measurements and in obtaining cores for

'fhe préssure’plate while additional error res@lts from core
deiQrBance, and the neutrén probe'sHSphcfe_of:Influencc inter-
sécting layérs‘outside thqse of interest. “Further treatment of

lreadings nb'aihedtduring ghé.summer is therefore not.warrgntéd.

~Moisture changes  during Winter

1

The effect Qf'upwafd mogsfure_movemont has alrgady_bcén
ﬁentionéd in cqﬁnec}ioh with its e;fect on water t%bles close to
-the groﬁnd éurgace (sée‘ﬁ.QS). The ngutron probe normallf givcs‘
little useful ihformatioﬁ over winter whéfé ;hg wafef table is
ver& ¢lo§e.to thqﬁﬁurfgée,-as gt Sites 1,‘6 aﬁd 9, because
mgésuremehfs inithe region bf interéétuinvo}vé'infersection'off
the<gr9uhd surface and snow cover by'the instrument's Sphere of
Influence; I; isﬁalso.difficu;t to ascribe‘moiSture inc;eases

to a particular source, .since movem&nts into the ground can occur

-
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ot

from abové,»parficularly in the vapour phase when air thﬁeraturcs,

exceed ground temperatures (Longley 1967). At other sites tho

period between late October and late February was cﬁdsen to
cvaluate whether significant upward moisture movements occurred
(Figure 31), because there was little thawing in the two winters

‘of-study during this period,‘while day-time thawing started'in iﬂww

ecarly March. :
7

Large increases in moisture above the water table
i . ) .

: . I . .
occurred in both winters only at Site 2. At Site'}, an’ increase

appears to have occurred in the first winter, but not in the. -7
) - : - : . .
second.  Possibly the high initidl moisture levegl jusLAahové the
. : ) ‘ . L
water table is the reason for lackfof-additional mé7i sture increase

e

in the second winter . At Sites 5 and 7 neutron probe information
was limited in depth by the water level in the access tubes, and

moisture. increases close to the  ground surface which occurred ‘at
Site 5 in the first winter and at. Site 7 in the second winter s

could have been caused by moisture movements into the ground from.

v

above. Information on the water -table at these two sites jis
o . ‘ . |

lacking‘bccguse of freezing. At Sites % and 8, where the water |
table, at around'B metres below the surface, was relatively decep,

moisture changes over winter appear small. Slight moisture
. . k]

increases between' 50 cm and 100 em depth at Site ' are of dn order
' . . . . . ' R |
that cauld easily be ascpﬁbed to cxperimental error,- particularly
since{;ow‘€émperatures sometimes affected kcadings %n winter.
S - . . Y :

&
»

3ﬁMoisture movements from above do not appear to be the

cause of most of the moisture increase ‘above the water table at

.

Site»2,,sihpg'in,the,sccond winter.little-aqcompanying increadse
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occurred-close to the ground surface. A feature distinguishing

this site frqm the~othérs is the hlghly permedble loamy sand

which forms a dlscont1nu1ty at abuut 100 cm beneath the ground

‘surfaqu {C:j Platc 7) and it is within lhls layur or just abovc

. .
it that moisture increases to a lcvcl mucg
r
N 6
likely under unfrozen candltlons, prvsumabl

upward migratlon towards grow1ng ice qurfac

dxscusaed 1n Rcsults section Iv. »ih the.fi

gainfabovq the wntcr tablg was calculuted a

the moisture loss below thu-iniﬁial water

Wwater table decline, was 16.0 cm water.  In

gain was_06.9 cm and the loss below 13.2 cm.

resulting from a fall in water table, there

for any increase above.

i

Upward molstuxc movements, measur

\

of high bermeability, must presumably occur

where the permeability is lewer. “The incre

around 100 cm below the. surface at Site b,

groater than would be

Y _by the mechanism of
e )

Qb (Hoekstxd 1966)

rst winter, the moisture

s 8.7 cm water, ‘while

abln, as a roesult of
the sccond:winter the
, s
ol H -
B "o
M01g5Lre_losses.

fore more than account,

able under conditions
to a lesser extent
ase in - moisture at

thouqh perhaps not

significant, 001neldcd apptox1mdtely wfth the zone of salt

accumulation, and it is p0351b1e that upwar

‘into the frost . zone, whlch are probdbly lar

_‘d

phaSe'(Jumikis 196Q, CavY 1965, Hoekstrb 1966) , Lould be: a \

mechanlsm for transfer of\salts.

. Xi

A

d m01sturn movement s

gcly in the 11qu1d

' - L o
Moisture changes during'SErinq'

. 4
- e -
- T T

In spite ot sbil tgmperatugcs below-O°Cnduring the thaw

[
» . . 3,
. ‘ IS
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period, much. waler. from melting snow appeabs to enter the ground
. ) ' ' . ’ N
(Figure 32). Total amounts entering the ground calculated from

: ' o, , . w O
neutron probe and water table information (Tablq_11)vnre however
- . - . . - .

A

only approximatc.-; @bservation suggests that when the snow melts,
. a .

e,

the thawed soil surface is close to saturation, vand this moist

*.layer must influence recadings at gréaper-depth due to‘itsvintcf—

;

ception by the instrument's .Sphere of Influence. Moisture increases

o i

calcuylated from water table risc are based on the assumption that

the moisture content below the measured watern table is at satura-

B . ' . . ]
tipon and that this is equal to the determincd porosity. Bg}é??ﬁ?ﬁf"f

-

ations of soil water increase are therefore most accura?ﬂ where

the water. table isclow, wher¢ a large depth range iSiin&g}véd in
. Co. . : - IR

moisture readings .and where little change in thc_lévtl of the water .

table occurs. 1In dpite of limitations, compafison of moisture
‘increases over the thaw period with calculated amounts of watbr

- -available.(Table 11),.where the waterlfable was more- than once metre -
beneat thefsurfacc, suggests that, on"ayerago, a relatively high

proportion of the meltwater entered the soil. Smaller moisture
increaées-atréites-S and 7 than at othqr‘éitcs.in‘1973'are probably

due to fairly high water tables and relatively impervious HBnt

-

horizons. At Sitg 2 water ih'tﬁQ‘unerlying’snndy material origin-
ating frém the nedrby‘leUQh,-is probably j?e cause of an excess. of

moispuré increase over that available -in 1973 .
N R . . " ’ . B . N

In general, the_data suggest that spring snow meltwater

is‘importantbin replenishing soil mpisture,fand in some years it
. o ~ : . e '
may be the®only time of the year during which a downward flow

N ’ '

gradient exists between =0i} surface and ihe water . table.

. .

- . - . ‘ ) ,__4‘1 Lo

Sar o . : : R
s - . . o .
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Table 11. Soil water increase from 1nf11trat10n and water table.
rise compared with water -‘available from meltlng.and
fpxec;p1tat10n during the thaw period at six sites where
: the depth to the water tdblo cxcovdvd one metre,
o
3
- Site. Water® Water iHCFOd\L during,lhﬁ vmipﬁiﬁ. - Water
Availablo indicated s0il depths, cm Table
cm ”Sﬁ-em—~ﬁg-lau <m 150 ¢m  Total Rise cm
/ 197 2 ,
2 o 13.8 1./ 3.3 7.3 11,7 5h
3 29,1 6.7 A0k 5.9 23.0 197
A ’ N, ‘).‘Q 7.3 4.9 22.0 h5
5 3.8 502 im0 0.0 5.2 K
7 2.z 1.3 0. 0.0 1.3 R
8 R 8 ~ Lo, 7 ' () 22,03 -6 )
-Mean-—— - 1, .E¥ “'“*‘“”“‘1” T ) i o 4.3
1973 Lo , -
2.2 7 BN - 5.8 114 o
6.3 - 2.9 0.7 9.9 -3
1.7 1.7 4o 17 .4 61
1.7 0.0 Yoo 1.7 F
2.6 0.0 - L 0.0 2.6 F. - i
2,0 0.0. . 0.0 2.0 -8
L 7.5
* Water in snow at the bcginning of the thaW‘perind (Marchvil,. “
197” and March 13, 1973) " plus vac1p1tat on between then and i
the vnd of the thaw period (April. 20, 1972 and Agaril 10, 19773) -
minus evapoxatlnn. Water in snow was bascd ori defh measure-
ments at ‘each site and orie overall dunsltyomcan of"ten v
heasurcments. PloClpltatlan was the mean of thd( at va:ev1110
Ranfurly and Warwick. hvapoxdtlon estimates (0. cm.ln 1972;
0.8 .cm An 1973) were. based on the Penman oquatlon-(Pcnman 1948)
using sunshlne wind, tempe:atur and, hﬁmiUitv al surrounding
'statlonb, radiation tables of Brunt (1934) and. an assumed
value¢ for . albedo of U.() for conh@nuous SHow cover and 0.50
~for the last 16 days of the thaw ﬂoflnd
F means frozen.



'ér !.gabl¥ en5urés'thatvthe water remainsvweli o}ygenatod and

Priésumably, even-at Site, 1, where discharge
. b .

'

VI - SOILS'AND THEIR RELATIONSHIP TO GROUNDWATER_CHARACTERiSTICS

. ' Upper soil study drea

The dominant soil in this area is Eluviated Black
Chernozem (Figure 33), while smaller arcas of Humic Eluviated

Gleysol occur around topographic depressions. Orthic Humic

‘Gleysouls arce laryely confined to land covered by water for periods

cach year. At Site 1.lwhcrv tho'watg{ table variedYfrom above the

Y.

surface to about 1 m below the surface, and ncar surfacce ground-
: ; A ek _ y R

-~ water discharge was indicated; -the soil is-Orthic—Rumic Gleoysols

With increase in depth of the water table at Site 2, ﬁnﬂ_a“changc
. ‘ | ' )
to groundwater reghgmrge, the Soil becomes Humic Eluviated Gleysol.

At this Site,'thc change in lithology, to sand bencath’ the solum’ "

: L. _ )

(sec Plate 7), appeared to be the reason, over winter and spring,
-ty . : ' o

for aqdﬁmuration of moisture near the+soil surface which must

account for prominant mottling well above the recorded water table.

Further up-slope at Site 3, where the water table is normally

'
. -~

: ) r - . . . . .
deeper and the recharge gradient stronger, than at ' Site’ 2, -a change
) . | - .«. . »' g P . . . .
to Eluviated Black Cherhozem occurs. Although the water table at"

this site ‘is close to .the surface for short periods, mainly follow-

-

_ing snow melting, rapid dissipation of this water, together perhaps

with low microbial aqtivify in cool spring soll temperatures,

»

significant " mottling is ndt-initiatéd.
» - - S S

]
B

'Dctcctablq salinity and gypsum are absent in these soils.
originating from the

. . i - ) . - - ’ coe
slough is suggested, the deeper downward groundwater. flow,- of the

i

LA
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order of 0.4 cm per year', ensures.that salts_ are continually.,

removed from circulation (Figure 27). Carbonates are absent from

the top 1 m or so of atl three sdils“(Figuro 34), presumably

.

because of leaching in the case of §ites 2 and 3, but.perhaps ..

“aided by accumulation of colluvium and washing out at Site N
where discharge, which prevails excgpt when the site is under
water, and the high water table should discourage leaching.

Lower so0il study area

S0ils change down the siupn from Orthic Black Chernozem
- . . ) N ‘ N . .
at Site 4, through a narrow strip of Solodic Black Churndzow to

3

dominantly Black Solonetz intvr#ébtpd by small bands of Alkn)inv
“Solonetz and S{Lﬁnb Carbonated Clnyhd Regosol in secpages and

. . ’, A:\‘

drainageways (Figure 35). The rise in ground ﬁuvbl to the west
of . Site 6 is reflected in a changed s0il situation. Although o
: BBlack Solon@tz“sti}l.prédbminatps,bsmall areas of shallow water

evident following-snow melting or summer raing, .willow=ringed

—_— .- e . : ,
where undisturbed, givf -rise to islands of Gleyed Black Solonetz,
. \ Hor . ..l‘ ) . ’ ‘. -

>

. . : . . i v b.«l" -
also Orthic Humic Gleysols and occasionally Huﬁﬁc Eluviated

Gleysols. - Fairly. largeﬁaréés of Sdlodic Black Chernozem. are also:

<

cin evidence. A fringe-of white surface salts around .the -openn water
+ . : Ty . . v

La) . - . n

at’ Site 9 (seé Plate 11) is associated with ‘a harrow band of SaFinc

Black Solonetz soil, while-closer-to the water's edge this merges
v k : . 9 ery
. - - L : . T . . <, :

into Qrthié HumichIGYSol.l Because sitqs'in the lower study aren

are spread-over a considerable distance and therefore affected by

. .

" grouyndwater characteristi®s which differ considerably, cach sited -
<. - ol AT p PR ) ) . o o .
. o Sl ﬁ;h . ’ %
v £ = SN S
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is discussed individually below. ‘
. . s . i

Site 4 o B
. . / . ) ’
All evidehco suggebtx groundwater dlscharge at thl sitc;

coe
L

and the s0il, although Orthlc Black ChCrhOADm, is close to the

'

‘boundary-with'solls shuw1ng so%gnetzic fcéturcs. Effects of_dis;
‘ . P )

charge on the Soil are cv1dont 1n the content of soluble'sult
domlnantly magncslum, thch have accumulatod 1oquthvr‘wlth gypsum
at lho p051t10n of maximum Lalbonate content- in theé top of the C

hml/“" (Figure JG) th <‘_1,f’,9.y!‘._£_c_s'e;;,;qons,m_cjt1\z_itt-.y-»-_u1"—-¢'K%%~*ﬂf«f~—~

tion extracl’at'thi@ﬂpdsition was 4.5 mmhos/cm. 'Salt:cOntean‘afo

low 1n both A ‘nd B hQleonb and the C : Na‘rafio‘on the exchange
FC - . : i o

complex of the B hoxlzon rangu “between 20 : 1 and 50 ¢ 1 with

LalCLum'exceedlng magnesium ih Lhc'ratio_3 :'1..‘Severdl'fac{ofs

have probably combinéd Lo produce a Chernoz emic soil-ratheér than

a solonetzi¢ soid. at thisﬂéiig. The most important of these is.

. "

probaQly the content of sodium in (he groundwater and the propor-
. . e . e . L
‘tion of_§oaium,relativg.to divalent ions, both of 'which, although

N
.

high compared to waters in“the upper stud 'arhn, were much Jess
: . wa P .

}han-from sitcs at‘ancr'ele vations (Plguro 10) This is presumed

s

to be bOCauso of prox1m1ty 01 blte h to the théoretical_'midlinul

'Andbconsequent shallow shbrt groundwater flow béths. Afairly deep

water tablelpresumably discouragos salts from acchmulating Highor

in th@ proflle where they would cause sd11n17at10n of the ‘B horllon.

- R LN

The ' lower bulk den51t1eb in thls 5011 than at othernsites,‘whethef

-

'»paxt;ally a,consequenoc'of‘arnOn—solonetz SOil,;or a cause of this

/

..

condition, encourage. a combination ofwrupid mbjsiuru Infllirution”
‘ . ) . ’ : p B - - : .

iYLy ‘\
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f

add deep'robting;”bothﬂof which ensure g, cycllng of non-saliine

1

surface water in the upppr s0il horizons whlch also dlscourages

!

upward migration of salts,.

Flnally, the  slope cncouragea a

. . ° .
lateral flow nf water through murc bermeable surface hor1zons

(ihtorflow) whlch should contrlbuto to “a gradual depletlon od

salts in the solum, Since the s

in the Ah horizon is more than

-

»

The highest content

Tas a m(:chanhism nf d(:—sulinizg!_.;ui_gr_l._v,,,,, S s s e o

aturated hydr;ullc conductivity

2000 times that of the 1ill, the
. -

'vffects of interflow, barticularly following snow melting when

lower horizons are s1ill below 0°C, should not be underestimated

€

Q

ot sbdium salt is in the lower B

and upper C horizons closely LOLHCldan w1th the position of

maximum carbonate. accumulatlon (Plgure jb). Gypsum content is

low in this soil. The hlghcst

cmld‘u._ctivikty, 8.1 mmh(is/cm

e

saturation extract electrical

-

was in the BC hoJllUn but leups of

-the Bnt horlxon rospvctively.

Llele and 2.0 mhns -emroccurred in the up er and lower ortions of

The hlqh salt kontéht close to the

SOiJ surface 15 presumubly larqoly;a ConHQqHCHCC of a combination

B

[

of dlschalge from a saline bOUFCe of water in a sand lens. 2 m

below the* surface, ahd-a water

Lablo which remains around 1 m

below the surface all Year round. In the process of formatlon'of

. - 3
I

such;awsoil,.a high>wator tablc, b) l1m1t1ng the depth.qf s0il

availablo for rotcntlon of 1n111trdt10n watpr, slowing infiltration

fétes, and at tho bame time llmltlng rootlng depth thcréby reduces

Lho dopth of so0il avallabh“

»

for

cvcllng nonisaline wir+
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-~ 3

A But horizon, once formed, acts as a further barrier to moisture

penetration as evidenced by very high matric suctions (calculated

4 .

. ’ N N L3 ’ .
from psychrometer readings) at 20 cm depth, in. spite of the high
.o . , : . ’ : ) N ‘
water table and low- tensions below the Bnt, .at 50 cm depth, The
fact that the position of the sodipm’maximum islclnse to that of" ~

carbonate: in Luﬁksoil profile, if not slightly beluow it howcver

'
‘ S

"suggests an increasing depth of influence of surface water, though
. . .

’ £, ‘ .
this does not necésgsarily imply reduced discharge. It
. L . ’ . :

Pl

v . . . - . . B . . . -
anyway be a constCquence of short-tern moisture flow vari:
: ersture 2 Lovalaakd
—— e . fees e e B U U - i
?
. . - .
Site 6 : - - U .
—— . . . B . )
, i . . . .
e . e B o v g . . 2 v - . ..
The Alkaline Solonets soil with both carbonabes and Y
. o v .- s . ' - ..
- - S, .

. . . .. . . . . ’ i
sodium salts prescnt to. the soil- surface appears to have:beon,

affcpted‘by the following factors in its formation. ,Firsth

discharging groundwaters briug considerable salts upwards as o
5 o :
evidenced by a fairly high water salinity (Figure 10)." However O o

‘the position . of this site in a d~ninag&way:probably resud ts i

o -

shme dilution by surface. water, as cvidenced by a decline’in soil ’
. .o 3 5 . K .

“salt content within 20 cm and 1 m of the soil.surface (Figure 36).
This is probably, au%gksy amgyavel layer,. the IICﬁqflunwzon,

70 cm below the surface, which if continuous may conduct the

mixture of waters downstream along the .drainageway.. Much salinity
. ) ) '

-, "

¢cc as a result of evapo-

however obviously reaches the soil surfa
. . . . - b ~ .

“itrangpiration above a very shallow water table when the drainageway ’

S

is not flooded, but periodic'incgrSions of surface-water may be
par¥ly the cause, through alkaline hydrolysis and removal df 

Sulphateé;“ofhhigh alkalinity_innthc_upperl70.cm, though.this may. .- . ..
, S - ' R



be aided by biolugiéal sulphate reduction in the frequently water-

o

‘1ng§ed $0il surface where microbial activity shbpld be greatest
. i ; o ' ; f :
(Gotoh and Yamashita 1966, Daragan 1907).

Site 7 -

. ‘ : » N "_ . .
* The soil is a Black Soloitetz (sce Plate 10), but little
“soluble salt is present in th@.BnL horizon, the maximum of both
salts nrul.g)j)sunl()qctn'ri}u) below that of carbonates in the C

horizaon, "Thc‘_Bu! appecarced to be physically' toughcr“ﬁ'\nn'in» the

otlier Black. Solonetzs soils, presumably reflecting the grcatef'bulk.
density of this soil. The Ca ¥ Mg :~Na,rat>pgon_Lhc cexchange
complex was around 7 : 4 - . throughout the Bnt horizon, so that

although lacking Troee sa: ! S, “and in. spite of a pH ranging from
S.ﬁ at the tbp to 7.0. at the bottom, the hofiznn ncﬁerthulus§:
h o . . - - ’ . '. (_’é)‘\‘:
“makes the chemical dcfini}inn of a Bnt. “The soil suggosté'ihat
. E . - k4 . .

a gradual leaching out of salts is in process, but although
' groundwater flow at depthéfgrdater than 4 m belew the ground.
surfuace is undoubtedly downwards, and the position of the site
' | R o . o e
~mear the summit of a’slight rise suggésts local recharge) upward

flow from a source of water very ‘high in sodium (Figures 23,. 24)

ErN
;

apparently occurs near the water table, at least temporarily:

during the sumper monttrs. » Perhaps over the long terar, rechargece

predominates or .perhaps lateral flow moving above the -water table
) a; ‘ ‘ : i - .

towards= lower airownd, has bedn responsible or the depletion of

. T ,
salts in the upper soilt horizons. = - : S . ¥
! ; ! . Do
. : . . BN
: >
.



‘Site 8 : - L :&L

e Black Soulonct# soil shows a large accumulation of

sodium and magnesium salts in the"BC horizon (Figure 36) where

e¢lectrical condhctivity of Lhu'shyuration extract reached 10 mmhps/

cm. Apprcciabl?famounLS of salts also occur in'thc‘Bnt horizon
as at Site 5, bﬂ% uNlike at that site, the’maximum accumulation

A
. .

. ' ] B ’ - ! '
zone of soluble sddimqu:inmgnesium galts is above that of gypsum
N : ' . .

. Y

and carbonates &uggesting upward movement of salts even though .an

Ae“ho.izun'exfendingjintd the top of "the Bnt horizon (see Plate 10) =~
suggests gradual breakdown of the Bnt from above. A congistent
¢ N . ) . . .

& .
.groundwater discharge patiern throughout the year provides an

explanation for upward movement of salts. - The water table hdquq

v “ [

fluctuates at simﬂlaruﬁcpthﬁ to-that at Site 4 (Figure 37), whcr;
.:‘ o . . ‘ . i B . .‘
in spite” of a similar consistent dischafge pattern, the soil was .

an Orthic Black .Cherffozemn.. Groundwater -disdlarge rates based on

sreugh estimates of hydraulic cﬁnddciivity (Fidﬁrc 37) are not
'syfficicnt}y different to ' provide evidence for the differences in

: ’ '. : - ! N : )

'soil ‘and the main explanation‘prubably_lies'with_thc‘ion conteént

ol the discharging water, since groundwater samples from the water® -
~table showed a content .of sodium at Site 8, three times as great as
at Site 4 while the ratio ‘of ;sodium to - -divalent cations. was 4.9 at

Site 8 compared to only-0.7 at Siﬁ¢:h.‘ ggsﬁ interflow from higher

Cor L _ . i
ground at Site’ 8 than at Site 4 where the §iépo is steeper, ‘hay
have also contributed to soil differences between the two . sites.
o ] . , ) o - L - N
; : oo
L w—.b - iﬁéér
PERSRICK:
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; N Hod . VAN e . .
The ' .Salj ne Sologetr soil. at this site” 18 chr('mely hlgh v
. . ‘\'X ;\_;:\ . . e ] ." .) v » o .
}Jts (FEgurce A,ﬂ). BRe saturation ext ract (_!11 ctrical  conduc—
— ; , " ! ’ . .
) " a ; : ) R
%A : . v o - N Caam b
ivi t) '1‘ v @ A;k hm i L()l) wha s 2k mmhos/cm while the immediate — 7 ]
oy ')4."._ . L o . ' S N
ssurface crust was foundedo*be still more \.s:ulinu. A low pHy 506" .
in ti¢ Ah and 6.7 in the Bn horizon is preo sumably largely & - o

. . , ' . , - ) ‘
result of salts b(rjng nm’inly sodium and magnesium S:ulphéxt«-s‘_ ‘which

(. - R '

“have rjsen i th(- slowly di \Lh.n(Wl(] (Jr()undwutus trom Lf)tl\ldt‘ldl)’l(‘

N ‘ w~ ¥ .. - M ’ " .
«lg‘pth, but it. may also be .'-njdc‘fd by oki«l&tiun .ky!"r‘(edljced 551(5; ’forj

dfiction- put vnt ial measurement

“oxidatiof

that the bedrock 3 m betlow the sur‘.facu_‘,wqﬁ "nluch.\rc(iilciﬁd', .w.llil('s,"“-
. . ‘4 S . . v‘.'“ .

w . the 'water 't.alylcb:df{h}~pll 15 . lower than: at -Site 6, dllows ()\1d1(1ng

(,ond Yions, t?o. p*\uu l u(un the Sail »sur,i‘ucc. "lh;' .-Wdté r ‘1 d‘b_lp is Lo ~
- Y ' P o . B . .
- 1 P e ' . . ’ Yoo S
lmwovc:r %uffl(,l(*l)( ly high . to ma_inl.u_ug) a Jar’rf[y mo ,l,ﬁl condition .
"‘, . . . . lr . . " ' ‘ . . ’, . ! c e
cat t.h(_-,,'s()i 1" surface whi ch - bogt‘:the": wi th a }u qh bod1um (,onf m)t e
: ’ . K ‘4 D B . - . . Q’ - . »

limits 1111 iltration .1‘(1 oncdurag( £ tho muvmnvnt _(;,f s;xl ts r‘Al,ght to.
. ) w o . _\-. SRR .v' . . ‘. - ) o
the surface - whire They b(;cmn_p E 1}; ljél’(,(‘(]’ by « "1;)0-! ranspiration.
. A { o * ;
Theg permanent waters idr, Uﬁe dd 1°xccn(,
. ey . :

.
. . .
dopr es hl()ll supplemoents Lthe

P

di se‘h’argc . but

v

e . °
19 «fairly saline,’ accumulating

saline surface sSil, it is

N . £ . - - - T
Vo K

. muf_ch less ei‘foc;t iv'e' i 'l‘e(_iucin‘g'" étul:-i 'conccn.tr'zﬁ.'i ons than utbili LT .
6. but 1n>toad dldq 1u 11.u~h1nq Lxlsung .sdlt s l() Lhc:sur chﬂ - o
A . . : . 4“ + ” s " 'I ”'A
i g e ; ‘ | -
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o SUMMARY AND‘CONCLQSIONS

. The deeper groundwater “flow is downward throughout the
s ~w
.west slope whicgjincludes the soil study sltcs, but'supcrimposud
‘ Ce . rrr— ’
: ‘on this flow.is acomplex pattern of shallower flow systems
.which- are greatly influenced by permeability ‘coptrasts both -
within_th@AbgdPock_und surficial materials. Ir is arca of

- e

normally low permeabislities, iopographic'dcpressions10510ugh5)
o d ” ' : o

accumulate waler. mainly by overland flow producing 'groundwatoer

v

” L. ' . ’ -

“munndSLJWiLhi”“bﬁthmrechﬁrﬂﬁ‘U”ﬁ‘diSChaFUF'al.us which "act aw i

> . . . ‘ R .
sourceé’of water. for local dlschnrgv.nround depression. fringes.
.Scasonal Vuxldtluns in potontlul aroe (nnsldoxdhiv w1th1n shallow
, S -

. ’

ilow systems, bUt it is‘difficult tn‘drnw-couclusions regarding
seasunal LhHHQEh 1n flqw dllO(tlU“ because oi reduction in %a'

. : .

-

amplltudL of flugtuatlonb wlth-dopth lag, rros}, and other.

. effects. The main’ source of water for infiltration and fechurgv
-, N LN . . . ) . - .
is,melting snow in spring.' Durin@ summer Iittlc water reaches o

] “ -

. !hg water tdee exc pt follow1ng oX ceptlgnally pxolongcd Idln\ ‘
, . g : e ¥ ,

. K . . . : )
and the vertlcal 1low grddlont.ubovv the watc tabFfe Is normally

3

“upward., v An'upWard-Iluw grndient continuws,through the wjnlé} and

A - : o @
bccbmbsjcuhqnéed’by effects pfvfrnﬁl,'but except whoru‘peﬁmﬁnhil— ,:
. v ' ; otk o ‘ S
_1t1051are hlgh, dnd'lhe‘watcr tablc 18 gloqo cnouqh to - lbc'\uriucc
.-4 s a _ Lo -.._. i »

to be ponetrated bv frostn_ampuﬁzs oI.moisLurevmoVQd-up@ardfdu%ing
U

B ¥ ’ ’ ]

L : P v .
v winter afeﬁpﬁybahlyksmall.
In the Upper stud?‘ared, the only dlscharge appodri to

. . -5 ) . - PR , q& o ; o
. [ . T
‘forlglnate from a clough angL,Lsﬂconfined tq_ips friygcs,:hhcfvas‘

‘ ._.-/ ' v X

benéath,the-ayca as . a Whole, a ‘steady recharge =takes pldce’ ifito = - Q§*
A . . -‘ . " vy ) " > . .

[



~~W poxmvablc»laycrs.;.SOils

v

tow

-’fcarbunagcd,Gleycd'Regqsél, and baano Black boloneté bOll _occur

wher%}the water table is usually w1ih1n 0.5 metres od the surface

v
[ atiatl A g

the bedrock and is presumably respon51plc fufma low contont of

l"w ReCrtag . AT AT ATty ST
.
J,-r AN PN TR P PP IPAr

total dissolved sollds and sodium as a proportion of cations: in
the groundwater. Séils reflect this,situution-shuwing no zones
'of;salt'qf?gypsum accumulation and range from Eluviatéd Black -

Chernozem through Humic Eluviated Gleysol to Orthic%igmic Gldysol

."t ' S -

asing proximity of the water table Lonthe gfound’éurface.

’ In the lower study arua, verﬂgcul ilow leGCflons oft(n

v v

. o \

l‘@%“ N AN
'sh)';gkponsistencie presumably because af tho ef{fett of hjgh

: 1
ermeablllty lenbcq within tho materlal of ovorall low permenbil'-

4

at all thebu.bltes W th.L%c pns 1blc vxccptjon of onc sithﬁtédwuu
- \- Ty, [
g . S SRR U A o . B

ailly wator flllo dtpr bSlOnH- Salihi;y of {hc gfoundwater'is
- 2  » F o -._ v . o
= much’ﬁvedter than 1n ;hg;upper'stUQy area, the concentration of

P

salt; belng greatost in to

ographic depressions wherc discharge
3 R . v v : .

’ < v v ‘. .
of doep origin: occurs.and to the west of one such dépression where

-

it is pfosﬂmably Lrunéported‘bvtstrong lateral {loﬁ within more

o . [—- R .. T~ . o

the gites in the lower study area
s £y i PR

-.‘-',v;, ) . o : L
‘show salt and gypsum nccumuidtlon at some distance abovo the water

.
.

table Lhodgh not.all are solonqtzib.'_ AlkallTv bolonotz, Sélinc«

o »

S ’ o . A ’ ]
‘and discharging groundwaters are very saline. Black Solonetz
‘soilg pfedominéto where discharge still occurs, but the wbtef
table is at least!D,5 metres ben@ath the surface. With a water

"

: ey, oo
- —lLV-—--IeflblﬂﬂlﬁuI%’gld J-‘.g&‘) of ‘near “_Slll’facl"Il‘hdl(jgy'hdv(‘ how- e



iable‘averadihg“z metres or more bcneafh the suriace‘the'ZOnc of”

. salt- accumulatlon is suff1c1cnily deep that occaa1onally q0119

of the Chernozemlc order occur in splte of groundwater dlbcharge

. o Ly
In . such cases, a low sod1um to Ca1c1um, at1o 1n the dxscharglng 4

groundwater ma) dlscourage Iormatlon of a Solonetzic B horizon.

A lack of ballnlty 1n the A and B hor1 ona is thcn présumably -

-partiqlly malntalned by a comblnatlon of hldn‘surfaco

R4 SRS
v . . ’
and- deep rootlng whlch togcthox encourage oycllng oi surface water, o
~ - } . A
. : -whllo atdral flow thrnugh th“mn!U peymeablc near-surfacv horlxuns B

pormoabillty

1% }')T‘Obdbly dlb() animpmtant dv—sallnlz.atum

uf buch lathval Ilow bhould not bc undor- ' ﬂ-‘ . f'

d hydraullc conduct1V1tlns of Ah and.
.the unhgr1Ying

hd'times'as great as
e . : T :
Balone are useful in providing inform-,

5ation on gréuhdwater‘flow over thc‘brdader.arCa, thv addltlon of

.

tcnsiometers 15\neccobba1y in o;dc‘ to accuratcly doflnc’?

. .
_ : s o
R Lablo p051t10n an? to charactorlbo the shallow flow situation

he:watcr’

-
’ —

roldtlng Lo s011l gcne51s

.

atflndiVLdUaL sites. - This g particula[ly-

. . . v
Ep where undcrlylng matexlals dIO of vory Vdrldble permc:bjllty.-

) Most 1nformat10n is probably obtalned where

sltvs Jare din closo'\

. . ey . . : R & vo . . ;o . . .
' - : K]
proxlmlty, but on- dlfierent $o0ils, “so thdt unknnwn 1nflULn %ro; o

P

T
minimized. and flow cond1thns

ond can'bp closely d?fln% . Y.
R "' ; © « R
o o _ 0 . Lo .
J? . A;ﬂ E
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Appewdix 1. Soil and lithological- doscr'ptlona at thc nine study

e oL sites. . .
rd Y - ' .
. , » . " \ .
. Site 1. :
o~ . LY s
PSR - - - PR - — j S ' e —
DESCRIPTION OF SOIL
) o ' i .\ .
Classification. 'Qrthic ﬁhmichleysol' . “Elevation 075.m-
‘Parent material. Colluvium from Till | Slope . 1%
Drainage'Clas§.7 Poorly drained As%cct - NE,
Vegetation. - - memon plantain Plantago .- Water Lablv 0.3 Lo 1.0m
f b '

<0 : : mazor .
. Taftafy buckwheat, o
Figopyron tartaricunm

Toad rush, Juncus bufonis
o .. . Water sedge, Carex aquat111 , -
Location. ~° - NW -« 6 - 53 - 13 - 4t : .
. " Edge of water-filled depression. .

-

, , . 3 o i

Horizon, . : X

fDeEth : ' ’ - Description
Ah ' Very dark gray (10YR3/1m) sandy loam; moderate
O- 10 cm . ‘medium subangular hlocky structure; friable;

B

-abundant fine roots and pores._clear smooth
boundary,'ﬁ‘ﬂz i — thldk pH 5.7.

%mgl - Dark gray. (1OYRh/lm) loam. common flne pxomlnanl

1%;“22“&m,; yellowish red (5YR4/6m) mottles; weak fine and ~
" ' medium prlsmatlc breaking. to weak platy structure;
_¥ ) friable; plentiful fing¢ roots; common edium and °

-~ fine pores; clear.smooth boundary: 12-16 cm thick;
pH 7.0. ' :

Bmg2 - Light b1u1sh gray (5BY7/1m) clay loam; common fine
22- 65 cm .promldﬁnt strong brown (7.5YR5/8m) mottles; weak

medlum subangular blocky eructure, very sticky;

1rregular boUndary 41 45 cm thick; pH 7-5.

few very fine roots, common very fine pores; dlffuse_

BCg nnght gray (5Y6/1m) clay loam, common fine promlndnt
65~ 86 cm _yellowish brown (10YR5/8) mottles; amorphous;

. sticky; few‘stones; clear .wavy boundary; 19-23 cm

" thick; pH 77 -
.Ckg o -Very dark grayish brown (10YR3/ ’m) vaxlab&y toxtured
86'cmf¢ mainly loam; amorphous; friable to firm; Alew stoncs,'

calcareous; ‘pH 7.8. : _ -

»



DESCRIPTION OF LITHOLOGY . .
; .

Description .
B

Light brownish grey tikl: very few pcbbhés-

Brownish grey slightly-silty sand. \

Dark grey titl; very few pcbblvs.

4 a

Shaly sandstone bedrock. -
. Id

Lo : s i
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Site 2
. | # | :
o DESCRIPTION OF sOlL .

.

.

Classification. Humic EluviatedaGleysol. blvvatlon 676 m
. Parent material. Till with lenses of water ‘Slope 5%
(::§ . e sorted material 0 e Aspoct ol NE-- R -
':DféihéQGEEIéss.4-Impcrfectly drained " Water table 1.2 to YJ0om .
Vegetation. .Alfalfa, Medicago sativa S
Brome grass, Bromus 1nermls . . e
Location. . NW - 6 - 53 13 - 4, ' ' :
‘ RO m SW of te 1. ‘ . -
4
"Horizon, - ' _ :. . -y, S
DeRth Y . . 7 Description ‘ ,
Ap ‘ Very.dark grayish brown (10YR3/2m)., dark gray
O- 9 ¢m - - (10YR4/1d) sandy loam; few:fine distinect dark
. yellowish brown (10YR3/4md) mdttles; moderate

. medium subangular blocky structure; friable;
abundant fine roots and pores; abrupt wavy .
boundary; 8-10 cm thick; pH 6.73. . -, .

.;\' -
& -

Aeg‘v * " Dark grayish brown (10YR4/2m) , )1ght gray (10\R6/1d)

95 13 cm' sandy loam; many fine and. medium distinct yellowish
brown (IOYRS/Gmd)'moLtlL\ weak platy structure:

friable; .plentiful fine and very fine roots;-

abundant very fine pores; clear -wavy boundary;

1-7 cm thlck pH 6.0. ’

Btg : Light olive gray L5Y6/ 2m) loam; -many fine and
13- 42. cm . medium prominmant yellowish red (SYRh/um) mottleb
- ' weak medium pnismatic breaking to moderaté. med1um
. . subangular blecky. stiucture:; few very fine roots
abundant fine and very fine pores; diffuse bmooth
boundary )5 33 cm; thlck pH 5.5.

- BCg . Dark gfayish brbwn (2.5Y4/2m) loam: common medium
~h2- 80 cm - “and coarse dlstlnct yellowish brown (10YRS5/%m)
L e L. mottles; weak coarse’ prismatic breaking to moderato’
. _ . medium- subangular blocky structure; friable to
e ‘ Lirm; .very few fine roots; commgon fine and very
I ' fine pores; few Stones: 3h-42 cnt thick; abrupt-
. - - .ﬁmuolth‘ boundary?f pH G.4. ’ ’ - .’
IICg o Lighﬁ yellowish brown {(2.5Y6/4m), with llﬂhl qruy
80 cm+ . (2.5Y7/2m) bandk and along root channcls, bodded
' ‘ loamy sand; atruptuxélcss -lnoso‘ non-calcarcous;

pH 7.4. Ce
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A DESCRIPTION "OF ).HuoLocy ‘ L
Aupthnl : o : Description’ -
} . T . -
@.8 - 8.0 m Byownish grey silty sandj; some small pebbles.

\ .
8.0 - 13.4 m+ Shale bedroch.
o : . ”



v

Classification.
Parent material
Drainage class.
~¥Yegetation, .

Location.

Horizon, - I
RN XA

Depth
Ap

0O~ 20 cm

Ahe

20- 45 cm

- Bt

/,5_

A
68 cm .

~Sery fine roots;

BC .
68-100

Ck -
100 cm+

'

.

©18-21 cm thick;

Aoundary; 2h-31 cm thick; pH 6.4,

“friable
“\.

”»

DESCRIPTION OF SOIL  «
‘ . . N
Eluviated Black Chbfnnzem Elevation 679 'm
. TH11 : Slope 5% ¥
Well drained Aspect NE
-~ Alfalfa, Medicago.sativa. .. Water table 0cb-to-337me s
- Brome grass, Broemus inermis v
NW - 6 - 53 - 19 2 ) s !
05 m SW of Site 2¢ P
.
&

Description

Very dark quyﬁ.h brown (10YR3/2m), grayish’brown .
(10YRS5/2d) loam; moderate coarse subangul ar bluckﬁgﬁ?
breaking to moderate fine subangular blocky éww,
structure; friable; abundant fine and very fine

roots; many fine pores; clear smooth boundary;

pH 6.4, '

'}' "

Very darR browhn (TOYR/2Zm) ,~prdle brown (TOYRG/ 3d7
loam; weak medium prismatic breaking to moderate
fine granular structuré; friable; plentiful very
fine roots; many very fine pores: gradual smoi;h

Yellowish brqu'(ioYRS/hm), with grayish brown
(2.5Y5/2m) ped coatings and dark grayish brown
(2.5Yh/2m) ped inferiors.-clay loam; moderate
medium prismatic breaking tb moderate médium
subahgular blocky §tructdro; friable; plentiful
many fine and very fine. pores;
diffuse smooth boundary; 24-28 cm thick:; pH 6.0.
Grayish ‘brown (2.5Y5/2m) loam; weak coarse
breaking to weak mediumasuQangular bloéky'struCturez'
friable; few very fine roots; common'fine,pdres}
diffuse smboth bouhdary; 30-34 cm thick; pH 5.7.

prismatic;

-

o ’ o v . : .
Grayish brown (2,5Y5/2m) loam till: fragmented; .
to firm; somé stones: ca lcarcous; pH-7.1.

.
"
~ .



DESCHRIPTION OF LLITHOLOGY g :
oo : o ‘
Depth * ”' Description
_1.(f - 7.(3 @ Biownish giﬁiy till. S
7.6 = 9.1 m Dark grvay till. ' .
9.1 - 12.2 m Silt; a few pebbles. s

. 4 N
14.7 m+- Bluish gray reworkeds,shale bedrock containing a

few pebbleso i



g Site 4 '\\\ ' '
- 7 '\\\.,‘1 , x
DESCRIPTION OF SOIL "\\\\\
. - B . h ~ .
Classification. Ollhlb Blu(k Lhn:nu/vm. Elevation Ohy m
Parent material. Till . ’ Slope 2% o
Drainage class. Well drained’ ’ . Aspect W v '
que ntlon.,MJMVuﬂxgmg;gyQ§5+_Brumus_“wum»,Mamuerable~4;8'tniafrm-“*m*mm“
inermis L : : N
Crested , Wheatgrass, Co, . A N
Agrol))h‘(m cristatum
Well fertilized pasture.
Location. ' NE - 11 - 54 - My < iy, -
: - Upper member ()I‘?}()W(-r sequence. C . b
Horizon” ' S F _ )
Depth = =~ ' o Desgtlptlox '
Ap’ Black (10YR2/1m)}, dark gray (10YR4/1d) loan:
0- 18 cm moderate. fine qrdnulax structure; friable
abundant fine roots; many fine pores; abrupt
smooth boundary; 17-19 cm thick:'pH 6.1. 7
Ah . Very dark brown (10YR2/2m) grayish brown (1OYRS5,2d) .
18- 3? cm loam; weak coarse prjsmdﬁlc breaking to fine and !
medium subanguldx blocky structure; friabte;
plentiful veiy fine ;fotﬁ, many fine pores; (l¢nr
smooth. boundary, 16-20 cii"thick; pH 6.1,
. Q- * ¢
"Bt . : Dark yellowlsh brown (10YR3/hm§ loam; moderau
36~ 00 cm medium prismatic bréqklng to moéderate finc and
' medlum subang&lar blocky$ firm; few very f1nv
lnots' common flné and very fine pores: ‘gradual
. wavy bQunddry. ”T 58 omithlck pH-7.1. X
Ccasa> ' nght ollvo bxown (u.)Y)/hm) loan, fxagmonted firm:

60- 85'cm stones; gxadual wavy, boundhry: 20-30 cm ghlck,
: stones: Lalcaxeous Tﬂ{ 8.0. :

. Csk B JYellow1qh bxown 1OYRS/hm) loam till; fragmented;
85 em« . - flrm. sﬁonps ca arcous, pH 7.8, o
. . A ‘
. L - . . “* : s
e " DESCHIPTION R LITHOLOGY

| - ‘ e i @ )
1= T S . : . . s

Depth S ) : vﬁ Ddscription - o s

2 . [N :

0.9 - 'h:6'mf',Brdwhish'grey'tiﬂyﬁ Very,few'pebble. . :
l'_.v . g ';’;1 . w . X . . N

i .



7"5 - 15.0 m
A

L] . 'Y

4 b v

Description

Giey, very sandy *till.

a

»

Interbedded shaly snnds(u’;(!'- and shale, bedrock.

]



. ‘ﬁ; .
) . . Site 5
,,.-.-—"'l":'_\—-q"“j' ’ —f_"
¥ DESCRIPTION OF SOIL
3

Cldgsification."yBihck Solonety

Parent material. Till

Drainhg@_anss, Moderately well drainecd
Vegetation. Brome grns&,‘Wromus
e - Tnermis -

Crested whvatg;:ass,
Agropyron _aristatum

- Well 1‘01'11’.;1120(( pasture.
Location. NE ~"11 - 53 - 14 - 4

g , 23 m W oof Site 4.

<
Dcscrietion

Horizon.
L e0on

-

Elevat ion 6HO m
Slope o 1%
“Aspect W

Water table 1.1 ta 1.5m

subangular blocky structurc;

$m06th'boundury; 16-18 cm thickf

Depth
. ! , -
Ap Black (10YR2/1m), gray (10YR5/2d) sandy loam:
O- 17 c¢m - moderate fine and medium
) fri}ble; abundant fine and very fine roots; -many
- fine pores; abrupt
1 ‘ I)H _?;7/‘ - - .
Bht jk- ‘Very dark gray (7.5YR3/1m) ped surfaces, with dark

]7—_. 33 .em
i . Ybam; strong coarse columnar
nd medium blocky structurce;

vellowish brown (10YR4/Lm) ped interiors, clay

breaking to strong fine
very firm; very few

roots;. few ores; clear smooth b undary; 15-18 cm
H P : _

thick; pH 7.8.

8

2ot i
W T

€.

Dark grayish brown.(ZﬂSYh/zm) clay loam; common

salt pre-

till containing

BCcasa
33- 50 cm . . medium distinct pale vellow (2.5Y7/4m)
v w'c'ipitatgs-s: moderate coarse columnar structure to
amorphousivvery firm; very few roots;, few pores;
abrupt smooth boundary; 1618 cnm thick; pH 8.3
© Csk Yellowish brown (10YR5/4m)' to dark brown (10YR4/1m).
50 cm- loam till; amorphous: very firm; stones:
e calcareous; pH 8.2
‘ ' DESCRIPTION OF LITHOLOGY
Depth Desc.riplinn
. . . ) ’ ’
0.5 - 4.3 om Brownish g}‘ay, becoming gray below,

" layersiof sand.

186°



Dépth

hyd - 13.7 me

Description

Interbedded shaly sandstone and shalé b'drn'ck.
‘with a hard layer at 105 m depth.

18
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Lo AL T e Site 6.
rofide, ot g
ggéég” .
4 Vo
e DESCRIPTION OF SOIL
. | .

“rerf

188;

Sla MCRbonated Qlcysd Alkaline Elevation 638 m
o 3 “¥dhlonet 2 g . Slope Flat
Parent ygcri&PKQHll » Aslect None
D¥sinagé~class. *Povbrly drained Water table O to 0.6 m
W .
‘Vegetation, Nuttals salt mecadow grass L o o
S s - s Paccimel i a nut talTana . T »
' : Red Samphire, Salicornia trubra
Location. NE - -1 - 59 - 14 - ). i
100 m NW of Site 5 ; .
Horizoq, . \ . N Y
Depth ' Description’- . :
Ahsk . Very dark grayish browh-(IOYRB/Zm) loam;-modoratg -
0- 4 cm fine and medium granular and -subangular blocky
structure; friable; abundant fine roots; many fine
) pores; abrupt smooth boundary; 3-5 cm thick; pH 7.8.
Bnsakg Dark gray (2.5Y5/2m) sandy clay loam; cygmmon coar®se
h- 12 cm faint light brownish gray (2.5Y6/2m) mottles within _
peds; moderate medium columnar‘structure; firm; : s
plentiful very fine roots; common fine .pores; )
gradual wavy boundary; 5-14 cm thick; pH 9.2,
. . . . -
Ccasg_ {Light browhish grayf(SYG/Bm) loam; common medium
12~ 22 ¢cm distinct yellowish_ brown (10YR6/2m) mottles;
fragmented; few roots anL pores; stones; clear
. smooth boundary; 8-13 cm thick; pH 9.5..
Cskg Gray (5Y6/1m) sandy loam; manyiéoarse prominant
22~ 70 cm yellowish brown. .(10YR5/8m) mottles; amorphous; very
few roots and poress;. stohes; ébrupt sépothqsoundary;
calcareous; pH 9.2, T R
IICsk Black (10YRZ/1m) gravelly sandy loam; few medium
70 cm+ prominant dark reddish brown (SYRB/hm)-mottles;
. - Loose; 30% stones; non-calcareous; pH 6.1."
DESCRIPTION OF LITHOLOGY
Depth E DO?‘riptiun' .
0.7 - 1.8 m Brown aﬁd bluish grey till-containing gravvl layers.



L ' : - . ( - - ) - 189
-Depth Description -

. 1.8 - 4.4 m Interbedded shaly sandstonce and shale budr_ock-. - g



®

*

Classi{icntion.

Parent

L, ¥
Drainage class.
Vegetation.

Ap

0~ 12
. Ae

12- 14

Bnti~

142 24

"Bntﬁ
24851

Cca sa-

51- 75

Cksa
75 cm+

L]
Location. . .

. .
o '
: i : - . o ,

Site 7
(¢4 ;‘ *
' DESCRIPTION OF ,SOIL ° . :
R . : Y
Blakk 5610n¢tz ' : Elevation'..ﬁjo m:
material. Till C. Slope” 1% - -
Moderately well dralned © Aspect . Variable ‘
Brome grass, ‘Bromus ‘ Water table 0.3 to 1.5 A
inermi's o . - o
’ \Foxtail, Hordeum . jubatum C N T,
e~ NE _~._11 53 1 ¢ e o P
123 m NW of Site 6 ’ ’
. . u . . - i
Dcscription ) N -

cm

cm

cm

cm

cm

" 6- IQ'cm thlck -pH ).h.

l'Very;dark grayish brown (10YR)/2m) ped surfaces, ,..-

thick; pH 7.9. o L2

Very dark gray (10YR3/1m)., gray (IOYR)/ld) sandy

-loam; moderat® - f1no granular structure; friable; ]
" abundant very finb roots $; many fine pores; abrupt

qmonth boundary‘ ﬂ-l} cm thick; @H 5.0. .

Vexg dark grayish brown (IOYRG/ , light brownlbh
gray (10YR6/1d) lvam; moderate platy structu:e

friable; plentlful very fine roots;. common very )
fine -pores; ¢lear” 1rregular boundary, 1-4 cm thlck .
pH 5 (). : ) : . ; '. e

- A

Dark brown (725YR3/2m) pgd surfaccs, with' dark o
yellowish brown (1OYRQ/Qm) ped’ 1nter1ors, clay ﬁ'“__ ’ i,
loam; strong medium columnar structure; ‘very’ flrm BEER
very few rqoots; few’ pores, gradUal smooth bbundary,

v B 4 . L ‘¢"' 13
LR

with dark yellowish browh (10YRA4/4m) . bed 1nter10rs,
clay loam grading to loam’ bglow; strong coarse, .+ 4_,
‘columnar’ structure; very firm; very few roots; few ';,'
pdres; clear smooth boundary, HQ-BI cm 1h‘ck, pH 6. 6
Ollve brown (2 5Y4/ bm) loam, many medlum dlstxnct _ )
light gray (2.5Y7/2m) carbonate and salt preCJpl—' SR
tates; amorphous; very firm; roots and pores absént; .
stones; calcareous, gradual wavynboundafy, 19~ ZQ»CW

.
B

Olive bréwn (2.5Yh/km) loam ti1l; common medium .
distinct pale yellow (2 )Y7/4m) salt precipitates;

amorphous; veéry firm; s}ones, calcareous-_pﬂv¥vq‘;‘ . -
’ * * - - € R . . : . .
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- .t 4 DESCRIPTION OF’LITHOLOGY.

-

Description

,prownish gray tilil

,,:ltbmo - 12.8 m fInterbcheQ'shalj sandstone and shale

with shale predominant ;

[

- . . ‘
; .
T + N .
. . : .
. ) . R 4
Lo . A

4.5 m depth.

\

bedrock,

carbondceous layer at

191



.

L 0-, 12 em

S 12- 16 cm

“Ae

‘,an..
.23~ h0 cm

N0~ 57 cm o

Vegetation. -

. Location. '

“Horizon,

~:Depth.’

Ap; 

. s . ’
Site 8 - .
DESCRIPTION OF SOIL - ' - _
CL&SsifiCafidh; Black Solonetz - . o Elevation 636 m
Parent material. Till .~ - ' Slope 1%
'‘Drainage class.’ Well drainéd o f: Aspect W
Brome grass, Bromus - Water table 1.8 to 3.0m

inermis
s BN

NW - 11 - 53 - 1k - &4
- 379 .m NW of Site 7

+ Description

v

Véfy‘dark gfay”(iOYR3/1M)'dArkugrAy (10YRL/ 1d)
loamj moderatc fine and medium subangular blocky;

"frlable abundant fine and very fine roots; many °

f1ne pores; abrupt smooth boundary; 11-13 cm thick;

_pH 5 J-

'JVery,dark gray (10YR3/1m), dark gray (10\uh/1d)

loam; moderate medium columnar breaking to medium
subangular,blocky structure; frlable plentiful

fine ‘and very fine roots; many fine pores; clear

"~ broken boundary; 0-7 cm thick; pH 5.6

16< 23 cm

Girayish brown .(10YR5/2m), light gray (10YR6/1d) loam:
“moderate medium columnar breaking to platy structure;»
A:frlable, plentiful fine and very fine FOOtb, many
“very fine: pOFeb, clear wavy boundary, Lo11- cm-thick;,:

‘pH 7.2. ! '

S
\

Very dark gray (10YR3/1m) ped coatings, graylsh

brown ( OYR5/2m) ped interiors, loam becoming clay
loam below; strong coarse columnar structure, flrm,
few very fine.roots; common very fine pores;

.gradual wavy boundary; 14-21 ‘cm thick; pH 7.7,

BCsa

Gray (1OYR5/1m) ped coatings, yellowish brown .

(10YR5/5m)- ped interiors, clay loam; with few

~ 'medium distinct white (10YR8/2) salt precipitates;

moderate coarse columnar to amorphous;- friable to-

firm; very few very fine roots; few fine pores;

‘Ccas,

clear smooth boundafy; 15-19§cm,thick- pH 8.0: -

Yellow1sh browm (10YR5/6m) var10usly toxturod but
produmlnantly loam tlll many finc dlstlnct whlte-

\

c e

_Foxtail, Hordeum jubatum, - '~ . . L



( 10YR8/2m) salt precipitates; fragmented;. firm;
. stones; calcareous; pH 8.3.

“DESCRIPTION OF LITHOLOGY -
;Depfh v . _ ‘ - Dgscréption
0.6 - 4.3 m Brgwnish gra; tili.
- i Gew -t 0 m --Iﬁtérbedded:shaly'Srownish‘gruy”s&ﬁdstdnC‘aﬁd‘

shale bedrock with-shale predeminant. Hard
layer at 6.1 m depth. N

. o . |

1



[ .,’ o - ' . . . . . . Cem : 19[’

'\
Site 9
DESCRIPTION OF SOIL
\
‘Classification. Saline Black Solonetz - Elevation 633 m
Parent material. Till and Bedrock Slope 1% N
Drainage class. Poorly drained - Aspect W ’
Vegetation. . Foxtail, Hordeum jubatum Water table O to 0.6 m.,
. : Nuttals salt meadow grass
_ Puccinellia nuttalliana )
' , . "7 T Red Samphircey Sdllcornla rubrgr: oo e e
Location. " -NW - 11 - 53 - S1h -k
Lowest member of lower sequence and
adjacent to-water-filled depression.
| !
Horizon, o : .
Depth - B Des011pt10n
Ahsa Black (2.5YR2/1m) loam; thin white (10YR9/1d) layc
O- 13 cm = of salt at soil, surface; weak medium subangular
-t . - blocky breakingf to fine granular structure; friable:
abundant fine gnd very fine roots; many fine pores
abrupt’ smoo oundary; 12-14 cm thick; highly
saline; . ca careous only .at soil sur face; pH 5.0,
but pH 7.2 in surtdce b cm. -
Bn sa . ) Dark graylsh brown (1UYRh/am) ped surfaces becomlng
13- .25 cm . ~ very dark brown (10YR”/ 2m) below, very dark grayish
' ‘brown pcd interiors, loam; common fine distinct
white (10YR8/1) salt précipitates;~strbng medium
columnar structurey firm; few very fine roots; '
“common very fine pores; Sclear wavy boundary; 11-14
cm thick; pH 6.7. ‘ '
BCsa - ‘Very dark grayish brbwn (1OYRQ.)/am) clay loam;
25~ 29 cm Common coarse distinct light gray (=.)i7/am) salt’
- preglpltates, weak subangula1 blocky structure
friable; very few roots; few flne porus, clear
Smooth bounddry. 3-06 cm thlck calcareous; pH 7.5. "
ol
Csak | Dark graylsh brown (2.5Y5/6) Clay loam; common fine
29- ho cm - distinct light olive brown (g.)Y)/Gm) mottles and -
' cemmon coarse prominant. llght qray (u.)\,/um)
. precipitatési fragmented; IrLdblO‘ roots and poros
absent; stones; calcdroous, clear smooth Jboundary;
. 9-12 cm thick; pil 8.2 L o _
Ccas o Olivc‘brown (B.SYh/hm)'1oum;,frugmcntod; friable; (

L4o- 83 cm © clear wavy boundary: 38-48 cm thick;'pﬁ 8.3.



195

S

Horizon,

Depth escription
IICsk . 'Bluish‘gray'(SBYS/l ) sandy clay Loam; common
83 cm+ * fine prominent yellowish brown (10YR5/8) mottles;
’ ' = -amorphous; extremely lard; calcareous: partially‘
weathered bedrock; pH 8.1. ' -
. DESCRIPTION OF LITHOLOGY
w“mgpgghw_ﬁM“M,gmmw,zhu_w.ww;ﬁrk~m~mDeﬁerip:ion - T

0.8 - .. 3.0m Bluish gray- sandstone bedrad with a hard layer

. between 350 and 3.4 m. :
3.5 - 22«9 m ‘Shale containing hard bands at 5.8 m, 14.0 m and

18.3 m depth and a carbonaceous, layer at 8.8 m
depth. : I :



Appendix 2.

Particle
at the soil sites

size analys

using the pipette metl\od

is of 3011 and underlying materlalb

Bracketed

values are on a carbonate-free basis, otherw1be

carbonates were not excluded.(U:upper,L:lowor,M:ini‘ddle.)

. o
site WORIZON tEx. PERCENTAGE WITHIN INDICATED 512E FHACI IO
OR DEPTH TUfE Sand Frun‘\na n omm. lful.u Siit Claey
cm .. 2.0-1.0 1.0-0.5 0.5-0.25 0.25-0,10 0.10-0,0% sang !

1 Ah o SL L2 11.8 1.7 5.1 104 Gl 2801 10,7
Bmg1(L ) L 1.0 6.} Te0 . LU 10,1 h5ah $G. 3 8.1
Bmg1(L) L 1.0 hat)e b2 17.9 13.0 RID Yot 2d.h
Bmg2(L) L [T 3ot [ 1.2 6.7 it 1707 2H.
Bmg2(L) 1 0.9 1.8 4.8 6.9 11,7 sH. - 350 26,4
BCq L , 0.8 3.9 h.5 17.5 I § I [ 15.0 20,0
Ckq L 1.9 .2 4.7 17.9 10,9 YO L6 249 26,0
150 SL 1.5 10.5 15.3 27.R 7.2 oL, ) L] 15.7
200 scL 1.6 8.y 1201 she 9.5 55.7 ';.{v 20,0

TTITTTRp T SL e 1.5 113 Ll RUPR 57.0 251 W 37.9
Aty SL | 1.1 8.6 10.7 13,0 11.0 Shh 8.1 17.4
Brgit) L 1.4 .7 5.6 . 11.0 Wi STV ha b
Bogti) 1 1.3 e (S0 8.1 9.0 .8 31,0 2741
BCyuL ) L 0.8 5.3 6.8 REI] 9,1 45 1240 2u.1
BCgil) L 1.2 5.7 5.8 1.8 10,7 29,2 25,7
11Cq LS 1.2 15.1 20,z Teh 3.3 T 16,6 5.9
120 - - - - - . - - - -
150 SL 0.1 7.2 21.4 $0.1 W6 Theh 1h.5 12,0
Zoe - - - - - . - - , - . -
3on s tou 26,3 [ 2300 .ot 8 5.5 LT

4 Ap L 1.2 .5 5.7 15.9 10,9 38.2 Aok 1.4
Ahe(l) L e 5.7 5.1 20,1 1201 [¥hd! 36.9 20,9 *
Ahe(L) L 0.9 1.6 5.5 20,9 S11.0 h1.9 4.7 23.5
Be(r) cL 0.8 4 5.7 th.3 100} 35,4 36.2 28.3
Bt{L: cL 0.3 3t 6.3 17.6 9.7 7.0 ¢ 2.0 31.0
BC L 0.8 .2t .8 18.5 147 41,0 34,6 2hh
Cx L 0.8 1.5 | 23.3 2 1007 Wi 6 30.0 25.5

| Y (hb. <) (31.1) (2h.5)
RN cL 0l .0 1.8 184, 1.1 306.8 43.9 29, 3
150 L " e Gl 2. 1.5 "7 52.0 28.8 o, 1902
200 Ci. b G0 5.5 1. 7.0 Jb.h T 1207 &S 311
ST Ol 18- 5.7 3ot 16,34 9.9 37.8 31,7 Ts0.5
3 ' . -

f Ap K L L2 b,y Gohy 22.6 9.0 48.6 L27.2 4.1

. AhtL) L 1.0 7.0 7.6 23.5 8.8 h7.9 29.2 22.9,
AR(L) L 2.0 7.8 9.6 3.2 Toh 50.0 29.8 20.3.
Bt (L) L .2 7 9.8 2144 8:8 48.5 28.0 23.5
BtjiM» sCL | 8.1 9.7 20.7 7.0 48,2 25.3 20.5
BtjyuLy ‘L 1.0 Ted 9.5 19.0 8.9 45.7 3001 24,

< Ccall) L 1.2 6.4 12,1 16,77 7 b.u h3.3 ja.2 26,5 .
. s (48.3) (31.5) (20.2). -
Coatl i 1.0 7.7 - 8.9 19.7 © 7.0 Y 28.7 26,9
. ., ' (48.8) . (28.1) (23.1)
Ck sCL [T 4.9 10.0 KR 641 49,6 26.2 ‘24.2
. ) L. . 2 (52419 . (25.4) (e2.5)
150 SCL . 2.0 8.1 9.6 RUNSY 8.4 2.2 28.6 21,1
200 L ‘1.8 8.3 8.4 ca, e 8.0 46.7 33.5- 19.9 -
Jus 1. “t.0 T 7.5 9.1 20.3 11.1 49.0 34.0 16.9 -

5 Ap st 1.0 18.0 Teh 19.3 10.7 56,4 . 29.2 RURY
Bntjkit cL 1.} 7.3 7.0 1h.5 10.9 4.2 ©30.2 28.6
JBntjkiL) cL 0.9 76,0 6.4 15.1 10.¢ 19.5 -30.8 .29.8

) . O . 136.9) (36.0) (27.1)
BCcasa{l) cL 1.5 5.9 . 6,3 1h. L 10,5 8.8 31.5 3o.1

- ' . - . (36,79 ~ (36.7) . (26,7)
BCcasal(l) cL 2.5 L U5.7 10.7 1 6.3 18.1 J1.2 30.7

. ‘ : S (36.8) -(338) (29.4) &
Csk cL t.2 6.4 8.3 9.9 7.z h3.0 . 26,8 Jo.2
R (44.2) (32.7) (23.0) .
, 150 L 1.} 6.2 8.0 2002 10.4 46.1 . 33.2 20.6
200 L Yy 7.0 8.3 19.6 10.8 7.8 J2.6 19.7
190 SL 0.8 7.3 6.1 24.9 - 13.2 52.3. 5 34.5 13.2
" - . - P
- & ) (Continued) : .

196



* @ ~
@ . N v,
3 :
B
. “
- - . - »
s1pe MORIZON ¢ .. PERCENTAGE YITHIN INDICATED SI1ZE FRACTILION »
‘UH DEPTH TURE . Sand Fractions in mm - Total Silt . Clay
‘cm 2.0-1.0 1,0-0.5 0,5-0.25 0.25-0.10 0,10-0.05 sand ..
. . ! ’.
(0 Ahsk ' L 1.9 9.1+ 9.5 17.6 7.0, 5.7 s2ah 218
: Husakgtl) SL - u.8 14.7 1.1 24,3 8.1 2.0 2.6 Lol
Bnsakgtl) sCL. R 10.5 12.5 .23 B.2 56.8 22.7 2029 .
Coasg L. 2. . 9.0 9,7 18.0 7.h hooh jL.7 20,91
Cok sL o2 12.8 19.1 LT 5.8 71.8 15.4 10.8
IICsk ° SL 6.0 18.8 104 12.6 . ha) Se.l - 31.7 1 16,1
120 : - - - - - - -
150 CcL 0.8 1,5 ot 9.1 . 5.7 23.2 foz 336
200 Sik PR 0.5 [ ho2 18.0. g3 55.0 21.7
T AR 51 0.7 10.8 19.1 . ©o1l.h 51.6 3701 11,9
Av R 0.7 RS T : P R A A P SN PO PRI STV T
. Bat cL 0.8 8 7.6 16,6 8.2 . 19.6 © 8.3 B ]
‘5 Bnro(t) ! sCL 1.} 7. 8\‘(» 20. % Qb 46,8 . . 24T '.:qu
Buvzt Ly L e 6.9 a.¢ 20.5 9.9 47.8° .8 R
Ceasa L- (P 6.2 . 8.0 201 10.4 65,9 29,8 PIART -
b R 150.4) (29.2) (20.4) .
Cksar L 1.3 L7 8.31 S20.9 1.2 48.1 27.8 ehot
. o : (50.2) “(29.5) (20.2)
1 L 1.5 * 7.9 7.8, 21.1 11.0 9. . 0.6 2001 .
150 L 0.6 T Bl 2006 11.6 CoaB.h 0 29.7, 21.9
200 L 1.5 7.7 8.t 19.8 1.1 44,0 6.1 14.9
$6n e ez %.7 5. 2.9 11.0 15.6 8.7 ya.y
8 Ap LN al8 - 40 1.2 1 9.7 40.8 Wit 18.1
Al L NoLh Do [ 15.8 12.6 h1.1 - k3.8 : 15.1
A L 0.8 - 5.5 hi?o 13.7 2.8 17.5 L h9LT Tozia
Bttt i vt V.7 4.8 9.0, 10.5 . 8.7 45.5 5.7 .
Brutil CocL 5.5 C7h T 1.t 9.2 - 1B.3 b 0.
BCnall'y SCL 1. 6.6 9.5 18.9 9.8 ho.1 - T25.8 ©oouB.
BCsatly sCL 1.0 6.4 7.8 20,8 10,2 45.6 2ho9 89,9
Coas L 1.1 5.z Tl 1749 11.5 b0 12, ©2h.5
‘. ’ (46.0) RSINY (1y. 1)
126 [ 1.0 S5.1 8. 21,7 149 W9 he J1.1 19.5
150 1. 1.0 . 5.5 5.1 20,4 1.5 hh.6 17.6 17.8
=00 L Poh CohLb [N 20.7 ¢ 11.6 .0 ho.1 . 16.9
100 1 1.6 B DX h.0 16.5 10.5 36.5 L2, 6 20.8
) Ahsa L 1.6 6.8 , 5.8 14.0 14.3 §2.5 4.4 141
Brsall.) 1. 0.8 1.3 Joh 10.5 15.3 033.3 % . 430 S a3.7
Brnsatll)} L S 1.0 Yo hoO 12.5- 15.7 36.5 | 42.0 . 21.6 .
BCsa Cl 0.6 L2 3.6 8.7 12.8 28.0 - 37.9 3401 L
Cnak CcL 0.5 " 7.3 10.7 19.6 7.7 T 45.8 36.0 1.4 ,
Ceas L 0.6 2.4 3.6 9.2 L1504 30.7 30.0 26.0 -
11C sk : sSCL 0.1 0.2 0.3 37.8 ‘7.6 56.0 17.5 26.4
150 scL 0.0 0.1 0.2 . 38.8. . 19.5 -58.6 17.0 . 24,4
180 ° ‘- sCL 0.1 0.5 0.5, 52.4 9.9 63.4 15,8 20.7
"




'Appendix'jrvtbulk density, particle density, calculated po;osity

‘and pressure plate moisture retention values for

S various depths at the soil study sites.
7
S1TE  DEPTH ﬁ;iz ’ ::ti :‘;‘;(;' ’Molbl‘l'l'(h CONTENT. 'v!/‘\ﬂ at indicated bars suctian
“ L ams e am, co a - 0.05 . U.lu 0.3 0.85 1.0 5.0 15.0
| 10 Vo35 Zob 48.5 - - - - - - -
=0 150 Zuth hie6 - 1.8 ] - S16L7 1he) iy ,
10 1,50 2.68 hiyo - oL 8.1 ’ 16.8 thed ® 1301
50 1. 60 2,69 hO 5 - 2304 2.7 - 20,2 17.0 4.5
T 1 R B L B e LU SRS - e B —_— e =
150 1. 50 2,68 .0 - - - R L - -
2 10° 1.5 Jabd ey - - - - - - - -
’ iy 1.0 Sobn A8.0 - LT 2104 - 18.6 15.8 th.7
$0 1030 ZiTn 51,9 - 2703 20,0 - 18.4 15.6 1thet
a0 1,475 2.0 he o - Shaty 19,2 - 17.0 1thoe 12.9
100 1.60 LU Wit - 0.6 18.9 - 16,9 15.0 leas
150 1.70 Zoht 1l - 10,4 Teb - - - -
. 200 t.75 R ) Pty 11.49 - - 3.8 - - -
. § 14 L0 ST ) - - - - - - -
20 1,27 2ol T 2t 2.7 ‘. “1.0 17.6 163
TS 1,50 2.U8 478 - 204 - 18.5 1h.4 1.6
S0 1o Z.08 7.8 - 18.6 - 15.9 13.0 1.5
100 1.5% HY] 2.6 - 1.0 - 18.6 15.5 13.9
150 1.85 2060 (RIS - - - - - - T-
2060 HIT S 2904 1h.b tho2 1 g.2 - - -
250 b St 204 h 14,8 1h.5 1250 9.z - - .
) 1o uHS = 07.C - - - - - - -
oo Gaan ZohT 6.t - hoes . 2Bl - o5 2101 1907
10 .o .61 59.8 - 8.0 23,0 - 1900 15.2 " lh.5
S0 125 2,68 S1.h - 20.9 7.2 - 13,9 12,6, 10.7
. 1otw 1.65 2.7 19,1 - RPN 17.5 - 15.1 2. 10.0
L 150 1.65 Z.bu 18.7 2.2 19.3 17.0 2.1 - .. -
200 1.70 260 16.8 18. 17.5 15.9 12,2 - - - .
250 1. 8o Z.08 2.8 173 16.6 15.1 11.3 - - -
K |13] .10 205 50.9 - - - - -, - -
R 1,40 260 YTk - 2240 18.1 - 16.6 1th.b 13.1
A 10 1,55 Z.67 W1,y - 19,7 16,2 - 1h.3 11:6 10.0
50 1o LaTe {70 - 1B.0 15.5 - tho2 11,5 9.7
100 1,00 7 .70 29,6 - 173 .9 - 3.2 11,0 9.2
150 La00 204 25T - - - - = - ‘ -
[Th. 10 [Ty 2465 50,4 - - - - - - -
20 1,50 2609 48,0 - 17.0 15.1 - 12.0 9.1 6.2
B 1,50 2. 08 o - 19,0 17.5 - 15.8 12.9 10.2
. 50 < - - 2243 19.5 - 20.5 15.4 12.1
. 150 .77 Cob7y $5.7 - - -~ - - - -
T 10 1. 10 T2 - - - - - .- - L2
20 1.55 41.9 - 22,5 21.1 - 19.4 16.73 17
. 10 1.60 19..6 - 22.4 19.8 - 18.0 15.4° 14.0
50 '1.80 331 - 20.0°  17.0 - 15.5. 12,9 10.6
CE 100 2,00 26,2 - 15.0 13.1 - 12.2 10. 1 8.4
8 10 1.00 60,5 . - - R - - -
20 0790 65.9 - .3 23,9, - 19.5 15.8 13.7
0 1.20. 55.4 - .8 20.5 - 18.5 th.1 11.8
30 1.55 . 42.6 - 2201 16.6 - 14,4 11.7 10.8
100 1.70 37.0 - 20.0.  16.5. - 1h.1 10.4 8.5
150 1.80 2.8 - 17 2 15.6 - ~. - -
- 00 190 204 17,7 S I FURY - - ’
8} 10 1.19 2.59 55.6 - - - - - - -,
) 1.0 2071 52.0 - 25.5 -2y - 21,5 17.5  14.9
30 1.5 .o Th 1-',".1 - 25.8 2246 - 20.9 16.8 4.6
. S0 - - - 22.9 200 - 19.2 16.5 14.1
’ 150 1,77 337 - - - - - - -

17U
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Apnendix ., pH, exchangeable cations, cation exchange capacity, ,

h ‘Bléctrical condyktivity of saturation eXtracts, organic
carbon, calfium carbonate equivalent and gypsum analyses
of soil and underlying materials at the study sites.
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R TP P 1‘7«‘,(. (X It w'.(v_n [
Moy o ot [ T [ t it [EFREN
[ty .t " ' [ el R Y trerre
R Lo . e e e e e B o4 ‘. IRENET RT3
- [ R . IRINETH D00l
N [ (R . frate e
. A . [ A e cin - -
. ey IO T LR . et T .
e . WL F i} 1 frgins [RTT] oyt (ISR
gy [N I el T . - LR - - -
. Byt t, s . . ; el TR T - oo oL
HIRTIN| ‘ a1 ', 1. 1A oL H - o8 1t -
T . [ . . [ s . . et [T
1. . - . . T PN o
. . ‘ o P i
" . . e - [l st Gt
) : . :
A e : R PO e [ LR Lo
f ke . . Sl - [ - -
® RYITE| ] , . 158, ~ -, .
: he e oo T 1t [ t PR Tas
oy ‘{' Mo - - -
it al,, . . - -
- bt o, . Yn . on
H - - ' Vi -
. - P o0 - b Tt [LR
St - P .l [Nt [P
- . o - o Ot [INET:}
. A [ . B D T , - - -
ALt [ PN 1.t Lt [P} l . [ T T T - (bt s
o .. . ST v, LY, RS . B .
J O ‘ N % B T [ 1hL 0 [ Y] 1.1 I (RN ¥R [
EEREE] . : AT o L P o 13 18y N e ety
RN | hooal o ¢ B Ny N b fao (AP e
Rl . - : AU Gt ‘o 781
", - . ' L Tobo
- .&‘7:‘,,‘ - - v ra H.8 G
M [ - {
LA . - T \‘ .
" . v . N R IR
., ‘ 4 A - - BEEIR | ULl
. # - - oL o - .t et Gals
't . ) o
v a . PR R Jer o1 - Traliy (RSN
[ . o HeH [Z [ o [T [
A NI Mo U ', o T LY . [ oo Coains Gy
[NETRRIP o . R - - - T.. .8 KN Hove 0,40
i el - - - - B.1 L 8.0 [0 1 0.8
- e, - . - Tl o Uota [ el 0,85
. . = - - - - -
! b _ _ : R o P - S 0,00 0Ly
Lo B - - - H - Z5 N TR TT)
L - - EP) g8 - Lo 0060 O.04
. D . - -l
AN o N - B iht Vo oo T o
Breakget o, - - - - - [T 3.7 Qoiny
Bris koo [ H - - 1B [ et 0.00 (R
[ : - . K - T. W8 8.1 OL00 0.0
[~ I - - - - TL0 2.t St b [EPRA
- R . - - [ L2 G L8 1019
B . - - - liot Gt 1.6 [
- < - - | G H Z.0 1,44 1:40
- - o i BRI L 0.5, Lot oLay
) . . LContinued)




Spre  NoRIzoN oM LACHANGEABLE CATIGN S oyis » ‘ o R, ‘ .
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Cations and anions in soil extracts expressed as

Appendix 5. s
i content in soil. (Tr=trace,L=less than 0.5 méq/100 g
§ S04, ) . '
CSITE HOoR 205 TONS IN SATUHRATION EXTHACT LONS DN LAKGEs WATER VoL ME TR LN T
OR FXTRAGT® ExTieacis”
DRPTH meq, 100 g suil : C meg, 100 4y aoi) meqo 1ot g sw |
oem Ca’l oMy NaT K] S047 ¢l Mooy call Mgt SNat R s04" Lo '
1 Al VLt Ot D02 0,01 0,059 T; O, 1 o, ‘F“"l—) [E AT B NI VI -
., Bmgiui - - | - - - - - W8 01T Lot nan - -
Bmgr(lL} 0,00 .04 GO0 000 0,00 0000 08 () T T S PR ST R DS A | ios
~Hmag2 o Ggoably D0 D02 Dooo . G0t Ir d, 00 th, 1.'-.u.n" et} Mo
Bmagcot i DU R N S0 .02 0,00 L, Do 00 O 1N NI :-'r.', i 16,
. iy BT SN CL0y Ot 0,02 Tt LR O,15 G.o] GO,o8 1 0
Lk Q.09 0.0 oy O 0t Q.00 0,00 o, e a4l (1N l‘l [ VIS Liros
0 0000 DLt 0102 0o 0,006 000 G008 o811 0,20 0,11 o.o0 | {40
200 .11 Os b 0.0% 0,00 0,08 0,01 0.1 Q.01 Oy328 0011 o0z L Hoon
/"
2 Ap -~ - - - - - .18 .08 Oioa L . V-
- c I L -~ e JUDE 0,030 0T I
Br i DL 0,00 O.01 00U 002 .00 O.0c 0LOB OV OGO Gy L -
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. - . . ) .
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. Bt gt foos 0.8 0021 0003 179 0.01 D0 527 L 0L Ay 0,25 Wk 2ok 2.y
Conti odi 2098 060 0004 1086 0,01 0.1 1,00 0,20 9y 220 5.2 .
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Appen‘giix ‘6. Analysis of water samples from piezometer;{';'Allt’,'soil
study sites and at piezometer nests installed as
part of Leskiw's (1971) study (overleafr).

R\
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6.7 8.8 1.8 1he 0,50 Oh 0.3, 0.7 10,0 ° uJoo 6.29 0.00 .
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.'Appendix‘ 7. Anaiy,s'is. of’ 1:5 water extracts of drill samples Trom
. : " the soil study sites. ‘

N 0
SiTE DEPTH LITHOLOGY p‘“ . E.C. 'CATIONS‘ meq por‘}i(rv‘ e ANION§ méq pe"l:\- 11“‘1_'
metres . . ) mmhos/cm  Na K Ca Mg’ sd,” Hco,” <l
. . w . . A R [
e eeBeGe . TiMl . ... Z.B_ . _0_10. 0.13___0,05 0.29 . 8.39 0.0 0.59 0.00
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holy Bedrotk B.6 ° 0.36. 3.4 ,0.09 - 0.06% 0.02 1.5 2.75  0.00
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Appendix 8_

Water levels in pleaometers installed as part of

»

Lesklw s (1971) study terminating at depths indicated.

9.

NEST AND  PLEL. % WATER LEVELS metres above mean ses. level e
"LEVEL m  DEPTH  May Juni Jun Jun Jul Jul Aug Aug Aug | Sep Sep
aumes.l m 25/71 /71 747 15/78 /71 2371 W/71 1871 j0/7t /71 eBe7y
) - - B ‘
1 L B0 67522 675.16 (‘_.',‘5.17 675. 70 675.15 675,13 .675.13° 675.08 675.06 675.1() 675. 14
16,0 66T A 66T 00 ﬁl\' hS 66T M6 667,40 667.50 667.52 667.50 0667.50 667.52 667.%h
B3.8 645,06 651,10 655,20 656,50  657.76  057.93  657.97 657.95 657.95 657.95 657.94
12529 GOZUEB 603,67 605,01 606,29 609.80 611,93 613.7 615.99  617.77 618,15 619,44
11 O.1 671,08, 671,00 671.02 671,01 671,08 671.03 671.06 670.93. 670.89 670.79 67"0.74
it 609248 609,50 669.50N660.60 669,65 660.72 669.77 669.80 661.83 669.86 669,86
. 8.8 GA4 96 BAT.9E 650.24 652,09 659.85 6060, 3k 660.35. £60.33 660,33 660.33 660.31
) G, BB 640079 BN 10 643,84 644,22 64440 6hLh. Ll UL L6 OLhL, 47 kh.hﬁ
105,00 601,71 604,29 606,50 608,59 m.;SM,- 616.28 61B.3) 626,77 62:.67 623.00 2h.20
111 - Wb BR0LAB 656,40 656,40 656,44 b5UTAL  b56. 39 656,37 656,14 - 655.95  656.02 655,9%
Ao 6 638,80 648,79 63B.8) 638.8: 6)B.84 638.87. 638.88 ©38.83 638.81 638,82 . £18.81
T 64T Th 639,00 69, e 63049 639,62 639164 619,67 679.6h 6319.63. 679.66 6166
G6.0 SB6.20 5B0LBG SBTL 10 58T.50 58B.u1 58B.70 SBU.Yh 590.19 590.50 % 591,11 501.74.
av 1o 638.40) - - DTS 638,79 63B.9% 639.12 639.28  639.%4 . 639,43 639,41
22060 L0007 616,02 636,76 - 636,81 636,80 63IL.7BY 636.78 636.77 *636.76 636.77 636.76
7.0 G1hL2T 619108 62003 624,73 6200170 630.9% 631.96  632.85 63314 633.82
Te.n 5BuLB6 SHL BT 5950150 597017 602,73 606 4G 609.42 612,51 614,97 616.76
. i 1.7 629,08 609,08 629,07 1 629,06 619,09 629,14 629,20  629.25 629.17
P ER Go70h  6LT.67 LUTLOB. HLT.TO 617.TR2 627.69  623.67 ¢ 627.71
’ P GurL06 621,20 bWl 623,70 62h. 31 6Lh, 60 b24 .80 624, e
68,1 LU, BOTGOTL 61 610039 615,61 bx.. 33 61B.45 619,48 620,16 620,57
, -
«
L
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NEST AND S PIRZ. ) WATER LEVELS metres above mngn”;ea level & .
fEVEL m. DEPIH Ot Qct Nov Nov Dec Dec Jnn Feb Mar Apr May
vema ol m 1t T LT 9,71 RE VS 8,71 18,71 - 1677 /72 11/72 10/72 10/72
r’( . :
1 T80y bTsuaT 675.19  675.18 - 675,01 675.16 675.17 _ 675.04 674.99 675.03
Go.0 667,55 667.52 667.46 667,49 667.52 667.55 667.58 667.60 667,60
83.8 0657.95 o 657.86 657.84 657.85 657.87 657.89 657.90 657.94 657,93
LsLh 62057 621,30 6e¢h.09 624.61 625.96 626.93 627.84 628,77 634i29°
11 0017 670,74 670,73 670,68 670,59 670,64 670.52 670.49 . 670.37  670.23 670:43 671.86°
Prob 609,87 -669.86 ¢ 669.84 669.81 669.77 669.76 669.62 669.59 669.47 .669.41 669.49 °
48.8 660,32 660.12 660.3 660.72 660.22 6bU.24 660.29 660.30 660.)4 660.34 660.39
THel Bhh Y Ghhhh 640G 6LhLhY 64443 644,36 644.)8 6hL.41 6LA.43  6LA.L3 644, 35 ™
115.2 625,07 625,80 626,36 626.80 687.09¢ 627.35 .627.91 628.33 628.76 629.09 630, 7J -
111 4.6 655,86 655.8) 055,82 655.76 655.71..655.67 655.60 655.45 655.33 655.57 65b. ?6~ <
dv.6 ©)8.8Br 638.81 638.80 638.81 63)B.74 .'638.76 " 638.80 638.82 6318.84 638.83 638.81
TI.B 614,67 619.65 639.63 639.64 ¢639.53 639.56 639.60 '619.62 639.64 639,67 639.66
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621,48

* Fullowing addition of water to pipe to hasten

stabilization.
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Appendix 9.

Hydraulic hcads.at the s0il study sites givert by
sloughs, water table access tubes (WT), and piezometers
terminating at depths indicated (below ground level at
the water table access tube), with values corrected (C)

where necessary for basic time lag.
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STIL AND DIEZ. - ¥ HYDRAULIC HEADS meties above mean. sea Jevel ’
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- - 6TATOTTTRTAVOY eI IBS TE7 ISR T 6T IV EY 6T L T 67130 67322 e L AN T T
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HYDRAULIC HEADS ‘m(eh‘cs above mean sea bevel

SITE AND PIEZ. . .
LEVEL m. "DEPTH, Mar Mar Apr Apy May May yJun Jun Jul. , ful
a.m.s. 1. m. 11/72  eh/72. o1w0/72 0 26/72 10/72 Lys72 6/72  20/72 Vi Y. KRN
1 Slough - - 674,47 675.1h. 675.12 675,06 6M.95 674.84 67h.797 OLTh.T5H
wT 673.46 673.42 673.38 671.45 6ThH.AB 674071 6T7h.7L O7h.TH 6TH.TE GTMLGB
* " 3.05 673.04 67%.08 673.21 67h.20 674.86 674,96 674,76 67h.T1 674,67 €7H.B7
6,10 673.08  673.08 673.19 671.99 6T4.91 674,92 674,77 67H.65  6TH.6) uThL 0 Toeee |
12.19 672,23 672,20 0 672,37 672k 672,79 672,93 67L.00 b7e .89 678 oTouB T
o - - - . 674.21 674,50 6Th.A9 67h A0 07,
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673,37 67313 673.25 673.33 673.54 0673.79 O673.97 034,08 6Th.1Y 6ThOT
© 673,17 671,17 67Y.29  673.58  074.h 674,31 JO7H.26 C6Th.2h 6Th L2 6Th L
13.41 672.08 672.04 672,01 672.11 672,27 672046  67E.52 670,50 OTULST 67000
3 w1 . oY L 67B.4B 677.97 677.64 677.43 677.31 07T.21 677.08
5,18 675.3h 675.3% 675.32 627.26 677.19 677.24 677.05 0676.88  676.07 0676.3%
.23 673.11 671.07 673.03 672.95 b672.90 672,99 673.05 673.11 673.05 673,10
14,13 - - - - - &7z 672,22 672,20 672.20 67 oy
c - - - - 672,22 GYu.22 . 6720220 672,22 6T2.uh 6TLL2Y
s wT 641,98 © 644,00 * Ghli k1 604 H0 6RL.69  OL4,96 6hh.9h  6LhLTO GLN.50  GALLSS
6.7 646,75 644,81 645.()9 645,48 645,64 6105'..63 6h5 hh G6h5 20 645.04  64%.87
12,80 645,21 BhS.21 6h5.45 645,69 6h5.86 6k5‘88 645.87 645.7Hh 645,66 645,58 7
2h.99 - - 643,18 6h7.21  643.20 63,19 643,17 643.19 64319 6L3.1T
e’ - - 643.23 643.21 647,20 647,18 643,16 64).15  643.14 64318
5 wT - - - - - - - 619,14 639,160 639.15
4.57- 639.08 639.10 639.11 639.1h 639,16 639.18 639.20 639.20° 639.20 *639.20
c 639.11 639.11 639.13 639.16 639.17 639,20 639.22° 639.22 639.19 639.17
T.62 638,64 - - - - . 638.66 - - 638.56 638.56
13.72 639.35 639.31 639.32. 639.31 639.30 639.28 - - 639.21 - 639.18
c 639.37 639.31 -639.32. 639.31 639.29 639.28 639.25 639.24 639.21 639.18,
6 T - . - - - 637.48 -r637.27 637.17 637.20 637.21
1.83 - - - - - - 637.22 637.19 637.18 637.20
4.27 637.29 637.10° 637.30 637.31 637+R9_ 637.23 637.13 637.09 637.07 637.06
6.10 637.50 637.52 637.52 637.53 637.57 637.56 637.56 637.53. 637.50 637.49
. e 637.51 637.52 637.52° 637.55 '§17.57 '637.56 6317g55 637.52 637.50 637.46
12.19 - . - - Y - - - - - - -
c - - - - - - . - .- - -
. 24,138 617.89 '637.89 637.90 677.91 637.89 637.87 637.82 637.82 637.8B2 637.82.
c 617.93 637.92- 637.93 637.91 . 617.88 637.85 637.81 637.82. 637.82- 637.82
7 wT - - - - .- - - - ., 837.54 637.53
3.66 636.87 636.89 636.90 616.92 636.96 637.15 637.30 637.46 637.48 637.44.
6.71 - . - - 636.70 636.70 636.70 636.69 6316.68 616.67.
, c - - - - 636.53 636.54 616.55 6316.57 {@§6.61 636.67
12.80 - - - - - 636.66 636.75 6136.64 36.62  636.61
¢ - - - - - 636.66 Z 616.49 636.43 636539 _
24199 . 635.97 615.98 615,98 . 636.00 636.60 635.99 636.01 636.02 636.03 636.03 -
. c 635.97 635.98 6135.99. 636.00° 636.02 636,02 636.03 616.04 636.05 6316.06
8w - -, - 63370 ,613.71 633.65 633.58 63354 633.50 -
5.18(1) 632.61 632.59 632.57 632.55 632.52 632,62 632.77 .633.01 633.17 633.30
(2) "632.71 612.68 632.62 63:.59 632.59 632.61 632.66 632.72 632.84 632.96
Y (3) 632.76 632.71 632.67 632.65 632.6T--632.70 632.64 632.68 '632.78  632;89
8.23 " 633.19 633.12 633.04 632.88 632.B5 632.79 632.72 632.66 632.65 633.66
c © 631.03 632.97 632.84 632,73 632.65 ,632.59 632.58 632.60 632.63 632.72 '+
14.13 633.04 633.04 633.05 633.05 633.04 633.05 633.05 633.05  633.04 633.04
9 Slough - - 633.00 .633.13 633.09. 632.88 632.83 632.65 632.65 632.46
wT : - - - -+ 632.80 632.7B 632.78 632.77 632.78 632,78
2.4k, 632.32 632,27 632.2) 632,28 632.36 632.46 632.55 632.64 632.69 6)2.74"
c 632.21 632.20 6323 632.31° 632,41 632,49 632.58 632.67 632.72 612.77
6.10 . 632,42 632.41 632,37 632.43 672,46 632,50  632.50 632.59 632.67 632.76 -
- 632.37. 632.35 632,37 632.43 632.50 632.55 632.60 632.68 632.74 632.83
12.19 632.917632.91 632.91 632.91 632.89 632,87 632.87 632.77 632.72 632.67 g
' 'Bc 632.96 “632.94 632091 632,86 '632.82 632.78 6)2.72 $32.66 612.61° 633.55:
24.38 - - - - o - - - o - L
. . B Y
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SITE AND - PIEZ. . . HYDRAULIC HEADS metres above mean sea level i
LEVEL m. DEPTH Jul Aug Aug Sep Sep Oct ©  Oct Nov Nov Dec
a.m.avsl. .m. 26/72 15/72 27/72 2/72 206/72 10/72 ehyTe 6/72 21/72 a9, 72
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‘6.10 f'ulq. 55 67h.55 674,42 - 6Tk, 670840 L7419 HOTh. 6 6T 35 H7h B 6T
12.19 672.79 - 672.78 ﬁ,-.?- 672.69 67:.6h 67260 672,67 LTL.00 672,67 LYLL6H
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1hod bra2.26 672.20 672.C 672.25 ,41,...... 672,26 ,'.......() bT2.25 LT2.lh
¢ 672.26  672.15 To.08  67zLos b?..dh 672.26 672.26 672.25 6Ti.ub y
s LW 6hh.26 64l 6hh .07 “6hh 0 G’n’n.l)i 6hL 00 643,99 Oh3.99  Lh1.9B  b6h3. 08
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Moisture at 10 ¢m depth between Apr11 and Novcmbe

'. Appendix 12,
o dcr1Vcd from Ncutron Probe readlngb.

r.

o . s 7"
DATE - ) S .SITES.912/4-1 Lo |
1 2 3 h 5 . 6/ 7° 8 9
- 1971 L / : .
-Qet 27 «-31.7—21, ﬂfwzo;7Am13;3*'f7:2“ 76 T2 - )
t v Nov 23 32.7  21.2° 20.8- 13.4 C7e3Y - 17.7 12,2 -
1972 . Y 0 S Tl
May 10 &, 24,1 37.4 23.h 27,1 - 27.9:730.8 W74
May 23 . - . 23.6 36. .2: 18.8 18.9 - 2hi9 . 26.4 39,8
Jun- 6 p 11-6 28.6- 9.6 ALz -t 11ln 0.4k 38.1
Jun 20 - 21109 8202 0 6.5 4,2 -l 9.7 7.8 21.6
Jull 3 - 1 2267 b tunowi L0 0y 8 T 14074 .30.Q
Jul 18 25.6 18. 172005 8l2 gae -0 1301 8.9 21,2
. Jul,?s 23.7 23.5 2hki9 - 13.7 1.6 L 20.9 12, 26.8
Aug "157-24.2 " 25.8 32.2  21.1 25.6 o L e 222 2301 2301
Aug 27 - 21.4.21.3 24.6- 9.2 - 7,00 0297y 805 bl .
Sepﬁlz_'&;.z"d7,J‘ 19.5 ~9.6 7.8 Yo 1n.6. 19.h 243
- SepR6 31030 23040 320 3.8 kil 1 uhl6 21.3 26,6
Qet 10, 23.9% 1975 “30.6° 25.0  17.9° < 18.3 17.5 A
Nov ”6 "26.6: "‘s;Q-_'._:z(),,‘B- .:.7.;:)""’:;-"3:_;-_";7-,.” - 20.8 25,9 27,7
1973 L g o
Apr pr' - 53,0 254 = };2.5 28. 9 34. 1
.prf?eh:~i_,~ 34,9 85.8. 7 - -9 28.47 33.8
o May. 5.0 - 36.7 27.3 - A27.9 31,6 33.4 )
Mayazz - »l23.2 0 17.5 0 = 18.h 18.4 -20.9
Jun’ 6. - ook 23000 Lo - 004 7,8 14,
mn_'lq,.,. - 135.9 °39.3 < 33.6 37%7 39.7
dul o3 o 2&.9  27.9 - 25.5 34.8 40.1
Jul- 17 . 113,70 7.1 - 12.1 20.7 . 22, %
o Jul 31 - S25.7 2305 ., L1 20,6 29.6 27.%
. Aug 17 .= 274 - - 32.1 38.2 36.8 o
“'Sep. 9. - 2543 - - - 36.8 33.9
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Appendix 16.“(_)xlidution po‘tentijals determined on core samples in
the field at the soil study sites.

SITE HORIZON Eox SITE HORIZON Eox
OR DEPTH May 8/72 Sep 28/72 OR DEPTH May B/72 Sep 28/72
« 1 Ah ~0. 12 -0.15 6 Ahk -0.25 -0.17
Bmgl -0.0120 0 L0417 : . . Bnsak -0.31 | -0.2h
Bmg: -0.08 ~0.18 Ccas -0.35 -0.09 D
BCg -0.32 -0.18 ' Cak -0.19 -0, 14 :
100 cm ~0.41 -0.18 © 100 cm -0.10 -0.13
150 em ~0.h2 -0.18 : . 150 ¢m - -0.04 -0.13 '
200 em | -0.139 -0.15 200 cm -0.16 ~0.04
* 4 E50 cem -0.:07 -0.12 . . 250 cm . ~0.0h -
CT 00 em -0, 12 - . 300 cm -0.0b - .
R Ape o L o=0.h5 . L A e a7 AR L 0WLG o 0.2b6
Ae 040 ' e Ae,. -0.45 -0.28 ¢ 7
Btg -0.47 Bnt1 . <0.45 . -0.27
BCg - - -0.50 Bnt2 . -0.38 -0.27
100. cm ~0J49 Ccasa 0. 46 -0.29
150 cm -0.35 100 cm <0.46 -0.29
#2200 cm -0.18 » : 150 em -, -0.45 -0.29
250 cm ~0. 36 < T R . 200 cm -0.45 -0.04
L : : 250 om S0.40 0 ~0.04
3 Ap -0 h5 300 cm -0.33 -
Ahe ~0.Ah7 I '
© Bt -0.45 -8 - Ap . ! ~0. 44 -0.17
Bc - ~0.46 AR T L0.48 -0.,17 -
- 100 ¢m ~0h5  -0.2) - . - Ae . -0.48 -0.17
150 cm -0.42 -0.17 Bnt ~0.49 -0.16.
200 cm =00 L -0.17 R ‘BCsa -0.50 -0.16
250 cm 06 20017 . 100 cm -0.40. -0.16
30U am ~0.47 20019 . - 150 cm  -0.41 -0.16
. . [4 200 cm -0.43 -0,20
Y o Ap ~0. 31 ~0.17 3 - . 250 cm -0.45 ‘ -
Ah -0.135 -0.17 300 cm ~0.41 -
) -0.306 -0.21 i :
) Cea 0,36 0. 17 o . 9 Ahs . -0.35 -0.27
100 cm -0.39 ~0.17 o ' : * Bnsa’ -0.35 -0.19
150 em | <0,18 -0.17 . Besa - -0.35 -0.20
200 cm ~0 ho -0.17 . . ’ - Caak -0.35 -0.20
250 cm | -0, - -0.17 : Ccas ~0.42 -0.20
300" em -0.18 - ' ' 100" cm -0443 - -0.20
. v " 150 cm -0.45 -0.06
5 Ap -0.32 -0, 22 : 200 cm ~0.44 -
Bt jk - -0.h1 -0.21 = . . 250 cm «0.33 T -
BCcasa®  =0.40"  -0.21 ) ’ 300 em . .0,21 -
50 cm -0.41 -0.20 '
100 ¢m ~0.h 3 =0.19
150 cm ~0.47 -0.20 .. o . . .
200 cm -0.30 -0.03 ' :
250 cm -0.30 -0.03
JO0 cm -0.731 =0.03
)
[ 8



