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ABSTRACT

This thesis reports the resulis obtained, and
conciusions . made regarding research into the
hydrochemisty of a small impounded Xkarst area 1in

southeastern Australia.

Water samples were collected from a variety of sites
over a period of approximately six vyears and include
samples that are representative of ©Dbaseflow (drought
conditions) and flood (high flow conditions) the two

extremes of the flow regime.

Four distinct water types were found to Dbe
associated with the karst spring and cave water sites
sampled. In terms of physical, chemical and computed
parameter values these have been classed as TYPE 1 water
(median parameter wvalues similar to those noted for the
surface stream sSites sampled with catchments of non-
carbonate material); TYPE 2 water {catchment
predominantly of limestone); TYPE 3 water {catchment
predominantly of dolomite); TYPE 4 water {high median

chemical concentrations).

Spatial variation within the study area is
considerable and intrinsic factors such as catchment
lithology, the residence time of recharge. aspect and
vegetation c¢over are the major natural controls in

determining rhysical and chemical characiteristics.



Four flow tvypes can be identified in the Larst
spring and cave water sites and range from prgdominantly
conduit flow through to diffuse flow systems. Flow tvpes
can be distinguished by using the co—eificient of
variation of total hardness, the co—efficient of
variation of water temperature and the median Sl__, wvalue

obtained for each site.

A value for the co—efficient of wvariation of itotal
hardness of around 25% {notably higher that used to
differentiate between conduit and diffuse flow systems in
the northern hemisphere) is used to differentiate between
mixed conduit/diffuse and predominantly diffuse flow
systems. The higher wvalue found in this study is a
refiection of the inherent hvdrological wvariability
associated with many systems in Austraiia, in particular

those in southeastern Austiratlia.

Karst spring sites where the largest tufa deposits
oCCcury are associated with diffuse or predominantly
diffuse flow systems that record a median Slcax > 0.350.
Both inorganic and organic processes control tufa
deposition: inorganic processes dominate where strongly
turbulent flow occurs and organic processes dominate

where flow iz retarded and agquatic vegetation thrives.
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CHAPTER ONE

PREAMBLE

INTRODUCTION

The alteration and -solution  of .réCk material by
chemical weathering procesées _'iﬁparté :'particular
éhemical characteristics to natural groundﬁand surf@ce
waters. Chemical weathering is largely ”accomblished:by
rain .Water acting as é carrierl of .&iésolvedvcarbon
dioxide, together with various acids and organic
products derived from the scil. The variety of dissolved
constituents found in such waters can allow one to make
certain deductions .about their chemical origin. 'In many
parts of the world the resulfsuobtainéd.from the chemical
analyéés of dissolved cénstﬁtuents'in surfacé-and ground
Waters. saméled either.on a-lbcal or regional basis, have
been used to evaluate and identify lithologic effects and
source areas (Meisler énd Becher, 1867; Long and Saleem,
1974; Reinson, 1976; Trainer and Heath, 1976; Rosenthal
and Mandel, 1985; Ramamurthy et al, 19%85; Sen and Al-

Dakheel, 1986; Rosenthal, 1987; 1988).

Dissolved constituents (usually designated as that
which passes through a filter of a particular pore size)
can enter into sclution through a variety of chemical
veactions depending primarily upon which mineral or

minerals are involved and other physico—chemical
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character:stics such as temperature, gas pressures, rate
. of reaction, etc.. The more variables that are'involved
in a particular system the harder it is to assign the
chemical species found to particular chemical reactions.

The dissclution of minerals' such as halite (NaCl) and

gypsum (CaS0, 2H.0) proceed very repidly. under most
atmospheric coeditions that occur at, or near the earth's
gsurface, whereas for the dissoclution of calcite (CaC0sz)
or some of the silicate minerals quite a number of
yariables, even at constant temperature and pressure, are.
_involvea_ For instance, Garrels and Christ_.{1965) fcund
that there were.at the most, seven Variables-involved (at
‘constant temperature and.preSSure) ‘when they eondeered
the solubility of pufe calcite ﬁﬁder five.theoretfcally
different geologieal environments. It 1is the dissolution
of calcite and dolomite, the two major components of
limesfone_terrains, and the  release of <chemical species
from these ‘two minerals to natural ground and surface

waters that iz the main concern of this thesis.

CARBONATE SOLUTION

In their most generalised form the solution of
calcite and dolomite may be summarised by the following
reactions,

Calls + ‘HC o+ COz {=3 2ZHCOa— + Caf* {1.31)
(caloite) (water) (carbon dioxide] {@issolved calcite)

: 3 7 = 4k - * 2+ 1.2
CaWg(C0z3=2 + 2ZH20 + 2002 _ {=> 42'§C(?3 ¢ HMg=*+ + _Ca
{dglemi;; {wat;r) {carbon dioxids) {dissclved dolomita)




Thus, by thedchemical analysis of waters that drain
from a carbonate terrain, i.e. by determining_how much
Caz+, Mg2* and HCOs~ are in solution (assuming no
outside input) one can determine solutional processes and
rateg operating.in a particular carbonate region. It must
be remembered that the two feactions above are greatly
oversimplified and that  the actual  processes of
dissolution are quite compliéated and comprise a.number
of reversible and mutually interdépendent feactioné each
with its own rate and egquilibrium constant. - These
eguilibriﬁm. and rate effecté are discussed in more
detail in  this Chapter under the sectiohs._ headed
Equilibria = Mechanisms - and Chemical Kinetiés'_ and
Transport 'Mechanismé respeétively. The cohcentratidn of
lons in a particular water derived from the dissolution
of limestone or dolomite depehds primarily. on two sets
of factors.:— 1) equilibrium factors which determine the
mineral solubility, and, 11) kinetic—dynamic factors
thch determine the extent t¢ which .a water has obtained
chemiéal equilibrium, and according to Ollier f1982,
p.40}, "1t is of the utmost Iimportance in understanding
limestone solution to distinguish between equilibrium and

kinetic factors™.

EQUILIBRIA MECHANISMS

Thig gection provides a brief overview of

egquilibrium factors and for detalled expianations and

9]
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discussicns the reader i: referred to Garrels and Christ
{1965), Rogues (1969), Bdgli (19803, White (1984),

Trudgill (1985) and Dreybrodt (1988).

Labora{ory studies have shown that the solubility of.
calcite in pure water is abogt. 14.0mg/1 at 25°C
(Picknett, 1873) and slightly lower for dolomite, vet
greater concentrations of calcium and mégnésium ions
have'rbeen found in waters draining from Cafbonate
terfains than that predicted for pure water,'indicating
a substantiél increase_.ih. solubility. This éan_ be
explained by absorptipn by watér of .carbon dioxide.from
the'atmdsphere; and more importantiyl from_that derived
by-biological- processes in the soil _aﬁd the.subsequent
formation of carbonic acid (Smith and Atkinson, 1976;
Palmer, 1984; Jennings, 1985; Ritter, 1986). This "COa
effect” appears *to far outweigh any differences noted
between solubilily values obtained in the laboratory and
those in the field. In the following discussion the term
limestone will be wused to denote Dboth Ilimestone and

dolomite unless otherwigse stipulated.

H.0 - CaCOsz SYSTEM

in a closed pure water — calcite system, i.e. with
no transport of icns or water“info or cut of the systen,
CaCls readily dissociates at the sclid - ligquid
interface with diffusion of Caz+ and C0z2%— ions away from

the crystal lattice structure into the bulk of the




golution (Figure 1.1). Dissociation of sclid CaCOa can be

depicted by the fcllowing reaction,

C&C03(,,°1 fay {=) Caz" + COaz“ {1~3)

ion Concentration

777

=.
ZSolid 4 a2, | Mass.
éphose A ' | transport
ZCaCsA . 2- I i buik
/// ' CO3—> A o
/ . : -] -solution
_ f
4‘;ﬁ/_/l

Detachment Boundary layer

and diffusion of hvdroted

dissociation ONS ———gp

Figure 1.1. Simple dissolution of calcium carbcnate in
~ pure water; dissociation and diffusion down the
concentration gradient are the main processes
involved; mass transport in the bulk solution may act
to maintain a steep concentration gradient. (After
Trudgill, 1985). T S

Initial movement of idions away from the crystal
lattice 1is rapid and a steep diffusion gradient is
established from the solid to the 1liquid. Scilute
concentration will increase over time with a decreasing
gradient until saturation concentration is achieved
(Figure 1.2). Some of the carbonate ions from reaction
(1.3} combine with hydrogen 1ions, which are always
present in water, torform bicarbonate ions,

CO52- + H* {=» HCGs~ {1.4}

Some of the bicarbonate 1ions also combine with




hydrogen ions to form carbonic acid,

HCOa- + H+ e H2COs {1.5)

After a time, t, equilibrium is established in which
the forward and reverse reaction rates of the above
reactions are equal '(Figufe 1.3a), i§e€ diséQlution is
equal to precipitation (Fiéure 1.3b) and "the solution is
saturated with calcium carbonate éuch-thét, -

© Keas = (C22%)ealC00%)ue e
where Kea: is the solubility product of calcite (3.8 x
10-° at 20°C: Picknett, 1973)) and the round brackets
denote activities (mdlarl concentrations multiplied by

the activity co—efficient ¢f the particular ion).

Cobm——m e

=, L LI A A O D B

1 1 ! | i 1 i 1 1 ! 1 H J

Time (1)

Solute Concentratior {mg 171)

Figure 1.2. Increase of golute concentration over time
in & closed system. The concentration €, 1isg the
saturation concentration. The units will be defined
for any one solute under given conditions. (After

Trudgill, 1983).

It can be seen then that the addition of any
hydrogen ions (from an acid) to the above system, will
displace the equilibrium established 1in reactions (1.4)
and (1.3) in a forward direction and reduce [CO0z2-] and

{HCO5—1 . {Note square brackets indicate mclar




concentration).

R¢ Ry

Figure 1.3a. At equilibrium the forward reaction, Rf,

is equal to the back reaction, R.. (After Trudgill,
1983). '

DISSOLUTION PRECIPITATION.
*' Caz-* COBZ-.

Cal* cO3?

I
/ SOlid CaCO3 crystals/
0
Figure 1.3b. Calcium carbonate in pure water in a

closed system at equilibrium. {(After Trudgill, 1985}.

The 1ionic activity product, (Caz+) (CO0s2—), of
reacﬁion (1.3) no. longer cofrgsponds ﬁé the solubiiity
product K_o;, 1.e. Kcﬁl is disturbéd Ey'an iﬁbalance in
thé.solutions equilibrium with solid CaCOs by a deéletion
in  [COs="1, so more CaCls dissolves to re—establish
eguilibrium, i1.e. Kear = constant (which is dependent on
temperature and the partial pressure of carbon dioxide},

whereby [Ca=2+} increasingly predominates over [C0z2—] due

to reaction {(1.4).

CO0> - Hz0 - CaCOs SYSTEM

ks previously noted, the adsorpticon of CO; by water
anc the formation of HzCOz. a wezxk acid, is probably the
most important precess in the dissolution  of limestones.

In the aystem COp - Hx0 - £CaC0s., essentially the




following takes vplace (after Bogli, 1980), with an

overview given in Figure 1.4

(a) Prior to any dissolution of CacCO CO- diffuses

3

into water,

€0z gamy + H20 <=> COzcaa> + Hz0 {(1.7)
(b} COzcaq> reacts with water t§ form carbonic ‘acid,
CO2ca> + Ha0 <=> HkC05 - (1.8)
(c). As an acid HaCOs rapidly dissociates, and this
yields 2 source of acidity in wéter, o _
HaCOs <=> H* + HCOs | L)
The bicarbonate ion also dissociates,

HCOs= <=> H* + C0s2- | (1.10)
but at'a pH < 8.3, which is generally the case for most
natural waters, COz2- gan. be neglected because-of its
small préportion. Diséoéiatioﬁ'of 'Hzco; “into HCOs— and

COQZ— is controlled by pH as 'a master variable (this is

COz (gy
ATMOSPHERE :
LIQUID
C0: {aq)
HzO/\\‘&
H,C0,
¢ \\‘*-HCOf
H+
HCO; ‘i
L!QUiD

Sigure 1.4, BReactants and sroducte during celeium
carbenate disgelution in the prssence of carbon
dioxide: Calls + C0z ¢+ Ha0 -> Ca%* + 2HCOs~
T = products in solution. (After Trudgili, 1983},
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examined in more detail in tha discussion on equilibrium

conztants), and
{d) Selid CaCO; dissociates when in contact with
water,

CaCls(eci1a; <=> Ca%®+* + COz=2- {(1.11)

As in the Hx0 - <(CaC0Os system ‘the idionic activity
product is disturbed by association Qf H* ions from (1.9)
with COz2- ions from (1.1i) and renewed dissociation of
Hz2COsz takes place. But ”in_this system another variable,
‘carbon dioxide, must be - taken - into g_acéount;:iThe
equilibfium.eétablished between COzcaq)-and sz (1_aj ig
disturbed by the lower [H+], and ‘new COz - frqm the
atmoegphere diffuses ‘into-.  the solutioﬁ to..résfore
equillibrium, hence all steps are ré—activated until new
eguilibrium - ceondlitions are established. It. must.-be
remembered that these reactions are all dynamic and in
the natural environment ©boundary conditions will be
constantly changing and hence eguilibria will Dbe
estaklished, disturbed, re—-established, etc. It can be
seen then that to a large extent [CO; aq51 controls the

solubility of limestones.

EQUILIBRIUM CONSTANTS

For the general reaction,
sk + BB ¢ = > ¢C + 4D

an eguilibrium constant, K, can be used to describe
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chemical equilibria, i.e.
K = {7.1C).7alD1}/{7alR] . 7o [B]} _ (1.12)
where 7,IN] = (N}, ang Tn is the individual ion activity

coefficient of the ion N and K has a fixed value for any
given temperature. Individual ion activity coefficients

can be calculated by using the Debyve — Hickel equation

where,
logTn = {-AZA2.VI}/{1 + Ban¥i} _ (1.13)
R = .4883 + (8.074 X 10~*)T, B = .3241 + (1.6 X 10-%)T
(T = T°C). 2o = charge of the pérticular ion, an =
hydrgted radius - of  the  parti¢u1ar. ion and I.%'ionic

strength of the solution. Ionic strength of the solution
is related to chargé and concentration of the icns in

clution by,

0

1= 1/2{Z:z52.¢5) ' (1.14)
-wWhere Z; 1s the charge of the i—th species in solution

and c4 is the concentration of the i-th ion in mol 1—%.

. For the pure Hz0 - CaCls — COz system the icnic and
molecular species most commonly accepted as being
present are, H*, OH—, Ca=2*, CO0s2—, HCOx—, HzCOs, CaC0sz°,
C0z° and CaHCO»* (Picknett, 1973: Picknett et al, 1976}.
The index © ijdentifies the molecules as being in
soluticon ingtead of in & solid or a gaseous phase. The
concentration of the ion-pair CaHCOs* and also that of
CaC0,° and the incorporation of these molecules into
agueous models describing calcite dissclution is

disputed. Plummer and Busenberg (1882} in their study of
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the solubilities of calcite, aragonite and vatefite
between 0° and 90°C considered the concentrations of
these two molecules to be guite important, but others

such as Langmuir (197la), Wigley (1973), Dreybrodt (1981)

and Drevbrodt (1988) neglect [CaHCO5+] and [CaC0s°] on

the assumption that their relative concentrations are
negligible within the temperature and pH ranges found for

the majority of natural karst waters.

For the chemical reactions most  commonly used to

describe calcite dissolution,

COzcoas> + Ha0 < =5 COzcaa> + H20 <=> Hal0s (1.15)
H2C0> < = > HCOs~ + H* (1.16)

HCOs= ¢ = > €022~ + H* ’ - (1.17)
C8C0scmorsar < = > Ca®* + COa2- (1.18)

H0 ¢ = > H* + OH- . (1.19)

when eguilibrium is reached the concentration of each
ion 1is invariant and the concentrations of the ions are
related to one another by equations - involving

equilibrium constants, 1.e.

Keoz = (HzCOs)/PCO2 (1.20)
K» = {(HCOs)(H*)}/(H2C0s) (1.21)
Ko = {(C0s2"){H*)}/(HCOs") (1.22)

Kewr = (C82*)(COs2-) (1.23)
Kw = (H*)(OH) (1.24)

For dolomite,

Kao: = (Ca2*)(Mg?*}(C0:%7)7 {1.23)
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Nurerical values for these egquilibrium constants at

various temperatures are listed in Table 1.1.

TABLE 1.1. EQUILIBRIUM CONSTANTS FOR CARBONATE
REACTIONS. (K = - logK) '

T( oc) pKw pKCOZ pKl pKz chgl pKdo]_
0.0 14.94 1.11 6.58 10.62 8.22 16.56
5.0 14.73 1.19 6.52  10.55 8.24 16.63

10.0 14.53 1.27 6.46 10.49 B.26 16.71

15.0 14.35 1.34 6.42 10.43 . 8.28 16.79

20.0 14.17 1.41 6.38 10.38 8.31 16.89

25.0 14.00 1.47  6.35 10.33 8.34 17.00

306.0 13.83 1.52 6.33 10.29 B.37 17.i2

35.0 13.68 1.58 6.31 13.25 B.41 17.25

406.0 13,53 1.68 6.30 - 10:22 . -8.58 " 17.39

(Source: White, 1988).

As noted previously_pH is a ‘master variable and by
using_ the equilibrium congtants. K, énd K2z {equations
(1.21) and (1.22)). the 1onic fractions of individual

speclies in the HoO0 — COz(ma> System as a function of pH

can be calculated (Figure 1.5).

Fér pH < 4 wvirtually no HCOzx—~ and C0s2— ions are
present 1in solution only HzCOs™ exists ({HZCOS*} =
[COz¢aas] + { H2COx]). As PH increases HzCOz dissociates
forming HCGz— wuntil at pH wvalues clese to 6.4 both
species are present in comparable molar fractions. For pH
¢ 8.3 wirtually no COz2— is present. For pH > 8.3 HCO2—
starts to dissociate until! at pH 10.33 molar fractions of
-Hcos— and CQO=%— are comparable, for pH > 12 only COs=—

ions are present.
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Common pH range in nature

1070

wn-1L

102 L

lonic fractions e

1073

H

1074 — T .
Sz 4 8 - 8 10 2 14
ST . _

Figure 1.5. Ionic fractions of H,co,~ as Qo, HCOs— as
@» .and COs%*" ag a2 as a function of pH in the
solution. Note that the scale of the ordinate is
logarithmetic. a0 =[H2C05"1/Cr, ay = [HCOs~]/Cr, a2 =
C032-1/Cr, and Cr = [H2C0s"] + [HCOa~] + [CO22-]. (Cr
= total amount of carbon in solution in a €O - H20
system). (After Dreybrodt, 1688}.

CARBON LDIOXIDE AND ITS ROLE IN CARBONATE DISSOLUTION

For'the CO0x - H20 - {CaCOs system two possible
situations can Dbe looked at, i) the system is open to
the "“"atmosphere"”, i.2. the gystem is open to a fixed
partial pressure of carbon dioxide and gaseous exchange
is possible, 1.e. as [(COzcaqgy] decreases due to calcite
dissclution, there 1is an "open reservoir" of COs(gaws tO
replenish the system until equilibrium 1s eventually
achieved. Using the equilibrium constants and chemical
reactions given in the previous section it is possibls to
plot a graph relating carbon dioxide content of the gas
phase to the total amount of CaCO; that an equilibrium

soiuytion can dissclve (Figure 1.6}, and, i1} the system
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is closed. in this system water comes  to

an initial
equilibrium with [COz2(gas>] and then this source of

carbon dioxide is removed before CaCls dissolution takes

place.
T T T T T T L T T T T 3 T
-
[ ol -
Z 500 o oSt -
= : AR L
-
- -
o -
= P
@ 400 S _ : .
< -~ . 0@56\
2 /,/’ . _ pat - .
S 300 e . .
I3 S : _
- 7
s w0~ [/ _ R
© / - _
2 o0t _ =
1 | 1 { ' i 1 ! .! i 1 1 1
0 1 2 3 4 5 6 7 3 9 10 11 12 13

Percentage of carbon dioxide in the air {(volume / volume} .

Figure 1.6. Water at 10°C is brought to eguilibrium

- with air containing carbon dioxide and then the air is
removed. The solid curve shows the amount of calcium
carbonate (calcite) which can dissolve in this water.
The brecken curve shows the amount which can dissolve
when air is always present. (After Picknett et al,
1976).

The reactions ({(1.8) to (1.11) move in a forward
direction, so as the amount of COsz(ng; decreases {[HzCOs)
decreases}, there is no source of COz to compensate for

this loss and less (CalCls can dissclve than in the open

system (Figure 1.6). Drake (1683) uses the terms

oincident and segquential for the terms open and closed

g

rezpectively. [COo aas ] zan be calculated as a function
of PCOs in the coexisting gas phase by Henry's Law, where

(COztaq)} = KH.FC02 {1.26}
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and, from Plummer and Busenberg (1982),

logKsy = 108.3865 + .019T ~ 6919.53/T - 40.45154109T + 6693565,/T=
(1.27)

where {T = T°C + 273.16°K}. As PCO, increases so does

[CO2(aa>]., however the temperature effect is inverse, so
that the lower the temperature. the more carbon dioxide
that can go into solution, e.g. at a given pressure if we
assume 100% is in solution at egquilibrium at 0.0°C, then
at 30.0“C only. 37.3% of the .original amount is in

solution at equilibrium (Figure 1.7).

100 T T T T lrnxu'l n

E L . :

- .
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F i
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O e

3 o E

Q -

_

01 i i1t rgarel ! ol { RN

10-4 1073 07 107!

PCOZ {atm)

Figure 1.7. Solubility of carbon dioxide as a function
of the CO. partial pressure in the coexisting gas

phase, Calculated from the equilibrium constants in

Table 1.1 using equation (1.28). (After White, 1988).

As noted by Bogli (1980, p.18) in his discussion on
CO. on either side of the airisclution interface, "CO0z is

the only compenent in the CO0; — HzC - CaC0s system which

can vary uninterruptedly within wide margins'”. The
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partial pressure of CO, varies ccasiderably ranging from

around 0.03~0.035% (normal atmosphere) to 0.03~1.0% (cave
air) to 1.0-5.0% in the soil zone. The PCO: values given
for the cave air and soil zone are the generally accepted
range, although values of 1.0-6.0% (cave air; Jamesg,

1877) and 10.0-25.0% (soil zone;'quoted in ‘Bogli, 1980)

are Known to occur.

How do pH &nd calcium ion concentrations vary with
changing PCO5 Qalﬁes ? To evaluate'tﬁis in the pure Hz0-
CO0z - CaC0s system at equilibrium, equations (1.135) to
(1.19) ané are rearranged so that,

Kear = {{Ca2*}K:K=KeozPCO2}/ (H*) . (1.28)

Using Lhe charge balance = equaticn for
electroneutrality to be satisfied (neglect ion pairsy),
(Drever, 1982; Drevbrodt, 1988; White, 1988),

[H*] + 2iCazr} = [HCOa;l -+ 2[C0s%7] + [OH™] (1.29)
for the region 6 < pH < 9, the charge balance eguation

reduces to,

2(Ca®*] = [HCOz™] ' {1.30}

Using molar concentrations and ion activity
coefficients (7)) and rearranging we find,
{Caz+i3,, = PCOz.{XKiKca1Kcoz}/{4K2Tcaz2+T%ucoz-} {1.32}
and,

{(H+i%,q = {PLO2)2 - (K1} 2Ke{Kcoz!®Tcaz+ 1/ {2Kca1Tucoa-} {1.32}
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The solutions to which are plotted in Figure 1.8 for

different temperatures.

b00 T T T T T 11 g6
Calcite solubility
= o°C 84
A//}UC
400 - 20°C oC 782
"y i0°C
= » : - 80
£ 20°0C -
3 anm L o ' 4 yg
S 300 . _ 78
= .
U .
@ b ) R :'E:_
- Equifibrium pH a
= 200 | =74
3
'E - - 72
Q
O
100 - 170
- 68
o) I - { i ! I i 5-6
104 1073 1072 10~

COs PreSSure {gtm)

Figure 1.8, Solubility curves for calcite as a

function ¢f carbon dioxide partial pressure.

Solubility curves were calculated from equation {1.31)

uging the equilibrium censtants given in Table 1.1. At

equilibrium, the saturated sclutions will have the pH

valuez shown as calculated from equation (1.32).

{After White, 1988).

It must Dbe rememberesd that these egquations can be
solved only for eguililibrium in the open system, since
PCO2z remains constant during the dissolution process.
For cases other than the open system one has to take
into account the fact that PCO, decreases during

dissolution, since for each Ca2+ molecule released into

solution one molecule of COs,oqy 1is consumed.
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The higher CO, levels generally noted in the soil
zone (10 - 100 times atmcspheric level) are attributed to
bicgenic processes acting within the soil =zone. The
availability of this biogenic CO, allows rainwater that
percolates through the soil zone to greatly increase its
load of dissolved COp (due to reaction (1.15)) and
increase'its aggressiveness to limestone and dolomite.
it is .this' production of-biogenicicoz'and increase in
the solutional power of percolating -Qater- that many
researchers considér to be the overriding = factor in

carbonate dissclution (Smith and Atkinsdﬁ; 1976; Woo and

Marsh, 1977; Drake, 1980; Brook and Ford, 1982; Brook et

al, 1683).
This percolating water, as 1is often the case in
limestone fterrains, on encountering & "new atmosphere"

with a lower partial pressure of C0. (e.g. a cave) than
that present in the soil zone, degases (i.e. CO: iz given
off) to re—establish equilibrium and this 1s usually
accompanied by calcite precipitation as the resulting

water is commonly supersaturated (Figure 1.9).

The equilibrium reactions given in this section give
an overview of how the dissolution process of CaClz may
occur and by the use of such eguations one can determine
the maximum solubility of limestone and dolomite
assuming equilibrium is esgtablished. These egquilibrium

reactions do not allow one to determine the actual
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quantity dissolwved, in that these equilibrium reactions

do not indicate how fast or how dependent particular
reactigns may be under different boundary conditicons e.g.

laminar or turbulent flow.

Rainfall

ATMGSPHERE ~0-03%CO:z

Decaying orgonic matter’

SO AIR ~15% CO;

Dissolution and percolation -
through fissures ~1-3%.C0;

L/ — Cegassing and cgicite
i deposition

T CAVE AR -0-03-01%CO;

, ] i i ,,3 L water movement
I i i i ] i r T

Figure 1.9. Mode! for the formation of calcite
depogits in cave systems Dy degassing, the carbon
dioxide being primarily derived from soil air. (After
White, 1976).

CHEMICAL KINETICS AND TRANSPORT MECHANISMS

Rates of reactions {i.e. how fast does a particular
reaction occur?) and transport mechanisms (i.e. movement
of ions into and out of the bulk solution by convection
or diffusicn) are considered to be at least as important,

if not more so, than eguilibria factors in determining




T,

20

limesteone sclution and although it is bevond the scope of
this thesis to describe thesé mechanisms 1in detail a
brief outline of mechanisms involved is given here and
more detailed discussions_can be found in Rogues (1669),
~Plummer et al (1978), Morse (1983)., White (1984}, Herman
and White (1985), Buhmann ahd Dreybrodt (198%5a, 1985b)

and Drevbrodt (1988).

Drevybrodt (1988) considers that the dissolution of
calcite is a complex process comprising :three different

simultaneously acting mechanisms,

1} Transport .mechanisms '—-thié étep involves mass
exchange betweéﬁ a liguid phase and:a sélid and reguires
some kind o¢f transport methaniém, which 1in the case of
dissolution removes 1onic species released from the solid
surface into the bulk of the fluid and wvice versa for
precipitation, without which dissolution and

precipitation would not occur,

2) Kinetics of CCa¢aasy =~ this step invelves the
kinetics of the conversion of CO2 caa) into the
aggressive reactants H+* and HCOs—. Dreybrodt {1988)

considers this slow process 1is of the utmost importance
since it can be the rate determining step, 1.e. the rate
of this reaction can control the rate of change of the
whole system, especially in cases where ithe ratio of the

i i iy ntact
solvent voilume to the surface o¢f the solid in cont
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with the solvent is small. (White (1%34) also considers

the hydration of agqueous C0z to form HzC0s to be a rate—

limiting step and a critical parameter in surface karst
processes. From White (1984, €e.g9. at PCOz = 0.93 atm.
{COzcaa>] = 0.029m, whereas [HzCO0s] = 4 x 10-5. the

HzCOs concentration is only 0.14% of [COaceaqy]., and.

3} Kinetics of qaicite dissoiutiohf~_ this involves
the kinetics of dissolution_-betweén thé'éolQént-and the
'solid phase. Plummer et al (1978) 1in theif study of the
chemical .kinetics of vcalcite dissolution at various
temperature and PCO. valuesg found tha£ .'the net
dissclution rate (R) «could be given by an equation of
the form, | . .

R = Ky(H*) + ka(HoC05) + ko(Ha0) - Ka(Ca®*) (HCOs-) (1.33)
with_ unifs of millimoles per centimetre. square- per
second .and where k., kz and ks are first order rate
constants dependent on temperature, and Ka, ths back_
reaction rate, is a function of both temperature and
PCO-. The term ki is a result of the interaction of Ca2+
and HCOz— species 1in the bulk fluid with surface
speciliation. From the above equation they concluded that
the CalCls dissolution process consisted of three

simultanecous attacks at the calcite surface,

CaCls + H* <(=> Ca?* + HCOs~ {1.34)
CaCla + HaC0s <=> C(a® + ZHCO=~ {1.35}
CaC0> + H20 <=> Ca®* + (0= + Hz0 {1.36)

with the percentage contribution of each of these three
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mechanisms to the total forward rate varying depending

cn pH and PCO, values. For example, hydrogen ion attack
(which can be visualised as reaction of calcite with a
strong acid), (1.34). is the dominant forward reaction
at pH < 5.7 as a function of PCO, (25°CYy, with the
-carbonig-acid attack. - (1.33},::and the water feaction
(physical dissolution of caicite in watef},'€1.36}, each
being the dominant .forward reaction .under different
conditions. At pH > 7 and PCO. <0.03 atm, i.e. the realm
of most karst and natural.waters, tﬁe reéétioﬁ simplifies

to,

R = Ka(Ha0) — ka(Ca®+)(HCOa) - (1.37)

Buhmann and .ﬁreydrodt {1583a, 1985b} in their study
on the kineticé Qf Calc;te dissoluﬁioﬁ: and precipitation
under both open and closed coﬁditions. for both laminar
and tﬁrbuient flow found that dissclution or
precipiﬁation rates could be approximated by a linear
relationship,

R = a ([Caz*]oq ~ [Caz*]) {1.38}
where a 1is a function of COz pressure, thickness of the
water film covering the C(al0s surface and temperature
and [Ca2*].q is the Ca=2+ ion concentration at
egquilibrium, and that under turbulent flow the rates are
one order of magnitude higher than those for laminar
flow.

da: 1984b) in their study of

o~
[y
Qe
(ol
uil

Sinpberg and Rickard
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calcite dissclution kineties tocked at the dependence of
the dissolution rate on temperature and PH in aguecus KCI1

solutions of 0.1 and 0.7 mole 1—-t {concentration of total

carbonate gpecies normally <

10-°). They found that the

rate of dissolution of calcite could be described in

terms of three pH regimes (Figure 1.19).

M- DEPENCENT 1 RansiTion REGIME|  +7 - INDEPENDENT REGIME
3 L ]y i - | _
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. Figure 1.10. Summary of <calcite dissolution kinetics

depending on the pH of the solution and temperature.

{After Sjoberg and Rickard, 1984a3}.

At low pH (£ 4) at 25°C, the dissoclution rate is
almost pfoportional Lo [H+j and transport control
dominates; for 4 < pH < 5.5 at 25°C a transition regime
exists where [H*} dependence " varies and for pH > 5.5
{25°C} the dissclution rate 1s independent of [H+*] with
mixed kinetics, as temperature increases transport
control increases whereas 1f temperature decreases
=urface chemical control increases.
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The solution kiastics of dolomite differ guiie
markedly from those established for calcite 1in that
although its solubility at equilibrium is reasonably
~similar to that for calcite, equilibrium is achieved
much more slowly (Drever, 1982: White, 1984). In their
study on. the dissolution kinetics}of_dolﬁmite; Hermann
and White_ (1985) - found that the dissolution rate
initialiy- procéedS. rapidly buf as saﬁuration increased
the dissélution : raté' .deéreased;.3'and at solution
conditioné' still .far from: equilibriﬁm (ion a&ctivity
product = 10-29) the dissolution .fate - dropped off
sharply. They found that if they assumed this slow-rate
was constant for .the rest of the reaction to reach
equilibrium, the time required for TAP = Kao:
(équilibrium) was of the order of 1 té 2 vears (compared
with the " approximate ten to twentvy—-one days répofted.in
ﬁhe literature for éalcite'_saturation to :be achieved

undér laboratory conditicns (Ford, 1988; White, 1988} ) .

it can be seen then that the process of the
disscolution of limestone and dolomite is quite
complicated and that one must be aware of the differing
mechanisms involved that «can operate under different .

chemical and hydrolegical conditions.

OTHER FACTORS AFFECTING LIMESTONE DISSOIUTION

Investigations by & number of researchers have shown
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that Dbesides the equilibria and the kinetic-dynamic
factors discussed other factors can enhance limestone

(and dolomite) dissolution.

Thrailkill (1968) in his paper regarding cavern
excavation in the “shallow phreatic zone'" noted that
undersatﬁration'of previously saturated (with respect to
calcite) vadose seepage waters could be achieved by, i)
the mixing of ﬁarmer saturated seepage water with cooler
phreatic ‘water at .~ the watertable, 1ii) the mixing of
'Véddse seepage wéfér #ifh’_chemiéallf diséimil&r waters,
and iii) floodwaters. The 'flbbdwatefs he noted although
.maybe ﬁot'directlyfinvolved,_in the 'diésolutién process,
'céuid ~influence . and. enhance .both the.'mixihg and
temperature effect by the. floodwaters being cooler and
having PCO. values closer to those for surface waters.

These two effects are discussed below.

The mixing effeét, termed "mischungskorrpsionn
(mixing - corrosion) by. Bogli (1964) results from an
increase in the aggressiveness of a solution (sclutional
powe}) hy the undersaturation of a sclution, in this
particular case, with reépect to calcite, caused by the
mixing of saturated waters with differing COz(aa> content
(Figure 1.11). Dreybrodt (1681) further discusses this

‘'mixing corrosion' and its role in the karstification of

limestone rocks.
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s} ) 1 2 3 [cuwImole/1 ]

- [HCO5]

‘Figure 1.11. The equilibrium curve divides the

{H2C057] - (Ca2*] diagram into two parts. Above the
curve the solutions are gupersaturated; below
undersaturation = exists, Mixing of two saturated

gsolutions (A} and (B) leads to an undersaturated -

golution (C)}. The additional ameunt of Ca2+, which can

be dissolved after mixing is given by C!D!, (After

Dreybrodt, 1988). :

The tempefature effect 1s due to the ndn—linear
relationship between CO» and Ca2+ in solution in which
the cocling of a s=sclution, saturated or in equilibrium
with calcite, at a given PCO; wvalue reéguires less
dissolved COz for. equilibrium to  be achieved, i.e.
additional COz is available for calcite dissolution.
Thrailkill {1968) caléulated that when water at 11°C, 1in
equilibrium with an atmosphere of PCOz = 3 x 10-2, is
cooled to 10°C, in an open system - with the same
atmosphere,.the extra amount of calicite dissclved is
calculated to be 130 times the standard minimum

undersatyuraticon f{standard minimum  gaturaticen = 0.0108

ppm Caz«) | Booli (1980) terms this temperature effect
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"cooling corroéion“ and notes that in comparison with
the mixing effect, the temperature effect - 18 usually
limited to the uppermost meters of the rock as below a
certain depth groundwater will in most cases be at the

mean annual temperature.

As well as the ' temperature and_mixing1effects that

can occur when -carbonate waters mix, the chemical

cbmpdsitibn of ﬁhéﬁmixing':waﬁers can also be important
in either eﬁhahcing :or hinderiﬁé the. dissolution_and
precipitation processes (Runnells, 1969; Picknett et al,
1976; Jakucs, 1977; Drever, 1982). Laboratory work by
Akin and Lagerwerff (1965a; 1965b), Roques (1969),
Picknett (1972) and Picknett and Stenner (1978) has
shown that the intmdu_ct_iori'of solutions contdining:
fbreign_saits'{e.g- NaCl, MgCig and _Ca504} iht&I the €Oz
;.Hzo — CaCOs5 5ystem caﬁses shifts ih calcite
equilibrium, which fdepénding.on--ihevsait' added and its
concentfation, can eilther enhancé of reduce calcite

solubility.

The common ion effect (in which a substance, or
substances in solution have an ion in common with the
carbonate _syéteﬁ, Caz~+ or CO0x2—) reduces calcite
solubjlity because of'chdnges in the solubility preduct
caused by an increase in the cencentraticn of the common
ion, e.g. the addition of a CalClez solution reduces

111 j i 2+ {ons.
~alecite solubilitv because of the increase 1n Ca icns
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The iciiic strength effect {(in which & substance, c¢r

substances in solution has neo ion in common with the

carbonate system) increases calcite solubility due to an

increase in the ionic etrength. of the finallsolution

resulting in a decreaee _in'ieﬁ activities end hence to

satisfy..ﬂequiiibrium conditions -more. calcite must

_dissolve,'e.g.'the addition of a NaCl solution. Calcite

solubility is nearly doubled in seawater when compared to

freshwater at the same _temperatﬁfe “and PCQ2 value.

According to Plcknett et al (1976) ion—pairing can also
enhance caTClte solubility through the effect of the 1on—e
pairs on -ionic strength Whlte {1988) llsts the follow1ng'
1enfpe1rs as be;ng of'-the most importance to carbonate_
gfdundwaférs, | |

CaHCO5*, MgHCOs*, CaC0s°, MgCOs®, CaS04° and MgS0,°

The common 1on effect and the ionic strength effect
of foreicon ions 1n solution on limastone solubility are
best determined by wusing a  general .charge equation
(Dre?er, 1682), involwving the ions commonly found in
ﬁatural ﬁaterrsystems (neglect minor species),

{Ma* + mt 4 Qmmz* = Mci™ - 2msca®"} + Mca®* = Ducos™ + ZMcoz®T

[ A 3 (1.39)

Drever {1982) termed the first five variables, M,
and showed that if M is positive the amount of C(Ca=2+ in
eguilibrium with calcite 1is decreased {common ion

effect). and if M is negative the amount of Ca=2+ in
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equilibrium increases (ionic stréngth effect).

Trace metals such as Pba+  (Cu2+, Sc2+ and Mn2+ have
been shown to inhibit limestone solubility {Terjesen et
al 1961; Nestaas and Terjesen, 1969). Buhmann and

reybfodt _(1987)"in their “continuingIJWOrk on the
_diséolutiqn'.kinetics of caléife' féuﬁd_ that“ although
foreigh iﬁﬁs can displace.Calcite:solutipn equiiibriai{by
ionic stréﬁgth, ioh;pairingtand cgﬁmonuﬁon effecfs) the
kinetiéé of ﬁhé  diésélufion | process were virﬁuall?
unéhanged. .Furthér Wwork by them on the Xkinetics of
calcite dissolution' using four".different limestone
saméles and a white marbie.sample (a;l > 95% CaCQy), also.
showed that the effect - of lithology,. i.e. the chemical

composition, on dissolution rates were also very minor.

it is important to remember_thét the.equilibria.and
rate constants are mostly derived frbm experiments.under
controlled conditions in laboratories and that.in the'
“real world" boundary conditions and purity of minerals
etc., can vary quife markedly even within guite small {f

ikm=2) areas of carbonate rock.

CARBONATE PRECIPITATION

Carbonate deposition (predominantly as calcite or

i ithi i i lomite
aragonite) within ceaves found in limestone and 4o
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regicns is a well kno.m Phenomenon occurring world wide.

The deposition and formation bf the many different types
of speleothems found in the cave environment (see Hill
.and Forti, 1986) is predominantly attributed to the rapid
Outgaésing of CO, from,water containing a hlgh dissolved
load of CaCOs issuing from JOIDtS and flssures. {This of

_ course assumes that the 1ssu1ng water contains a hlgher 
.concentratlon of dlssolved COz than that corresponding to

"the PCOz 1eve1 of the cave 'atmosphere, e 'PCO§<§) }:
PCO;g,,). Evaporation leading to an increase in.
concentration' énd the oversaturation of Ca=+ _and

dissolved CQ. (which in turn caﬁses CO0z to be given off)

can also play a role in CaCOas depoSitiqn (Bogli, 1980).

Atkinson (1933)_in his._study :éf  gctive1? grOWiné_
calcite .é?eleothems beneath .a' high albiné terfain and
active giaciefS-(CastleguardfCavé, Canada).however found
that-éaicite  precipitation by COz_degassing, temperatufe'
effect and evaporation was minimal; Supersaturation and
the precipitation of.calcite resulted mainly from common-
ion effects (an increase in the Ca®* 1ion concentration
was bought about-by the oxidation of pyrite to sulphuric

acid with increased dissclution of calcite and dolomite).

Supergeturation or an increase 'in the degree of
supersaturation of & particular water is achieved by the
re—establishing of equilibrium under new boundary

conditions (e.g. new atmosphere of lower PCO; levels) and
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as these new eguilibrium conditions are met "excess"

CaCOs precipitates out of solution (Figure 1.12). This

precipitation of CaC0sz can best be summarised by the

overall reaction,

Ca2+ + ZHCOS— ( = ) Cacoscgolid) + Hzo + COZ(ggs) (1.40)

In which  the first step is the degassing of CO.
"accordiﬁg to thé'réaction,

H" + HCOs~ € = > HaC0s < = > Ho0 + COsconny . {1.41)

and as a consequence the solution becomes progressively

supersaturated with respect to CaCOs, with a rise in pH
also being ﬁoted due to the consﬁmption of Hf.iohs. at.
higher degrees of supersaturétionjCaCOa will nucleate,.
Caz* + C0s2~ ¢ = > Callscmorsar - (1.42)

énd précipitatign _and' degassing . oécur simuitan§0usly
{ovéréll réaétion).  Using the equations on page 11 and
the data giveﬁ.in Table 1.1, a'meésuré'of the saturation
sfaté of a particuiar solution'_cén_ be détefmined. For
equilibrium to be established between the solid phase
(mineral phase) and the ions in solution, say for
éalcite,

Kcal = (C52+)oq(C032—)oq (1.43)

where Koa: is the solubility product for calcite and

(Ca2+) o and (CO3% )es are the respective ion activity's

at eguilibrium.

Two numerical ways of expressing the "egquilibrium

atate" eof @ solution have Dbeen presented in the
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"Figure 1.12, Changes in the chemical composition of

~ water (rain) entering into the scil where (O, yptake

‘ig effected. During vertical seepage in the rock CaCOs
ig disgolved under open or closed system conditions.
Supersaturation in the cave develops by outgassing of
CO- and further by evaporation of water. (After White,
1976). '

literature {Calcite wiil-be used an example),

Sca1r = 1AP/Keca1 = {C232%*}2q{C022 )aq/Keal : (1.44)
solﬁtion is undersaturated with respect to calcite for
Seca1 < 1, at equilibrium with respect to calcite for Scga:
= 1 and supersaturated with respect to calcite for Sgca1 2
1. and

Slca:r = log{IAP/Kca:i} = loé{(Caz*}aq(COaz‘)aqcha1} {1.45}

solution is undersaturated with respect to calcite when

51 saturation index for calcite, < 0, saturated with

[=—¥_ N

respect to calcite when Slcar = 0 and supersaturated with
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respect to calcite for SICQ1.> 0. Note for both cases

(Ca%*)aa(C05%~}ae = IAP (ion activity product). The
logarithmic scale provides equal intervals between equal
degrees of either ‘undersaturation and supersaturation

(White., 1988) and is used in preference throughout this

thesis unless otherwise noted.

CaCOs dbés “hot'hecessérily'pretipitate'imﬁediately
nthe subersaturatioh is .reached: 'Plummer; ef al (1978}
have shb#ﬁ that nucleation is slow.aﬁd cfystallisatién ié
kinetically inhibited, and until  these kinetic
inhibitions = on . calcite precipitation are overcome
precipitation will not occﬁr._ Reddy (1977) in hisgsppdy
on calcite  seed Qrowth found that PO42— iohé could
inhibit célecite ‘crystailisation . by’ “adsorption. onto the
nuclei éurface  at acfivé growth éitésﬂ’E#cellent reviews '
on the kinétics of calcite precipitation can be“ found in

Morse (1983) and Dreybrodt. {1988).

Processes or effects that may govern carbonate
rrecipitation such as the role of +turbulence or the
presence of aguatic biota are discussed in more detail in

Chapter Seven.

CARBONATE WATERS

ing

]

The hvdrologic cycle for fluviokarst drainage ba

can be summarised by the diagram in Figure 1.13. in which
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it is assumed that the karst agquifer and asscciated
groundwater basins are embedded in a larger Dbasin
containing non-karstic rocks. Using the ideélised end—
members proposed by White (1869), carbonafe aquifers can
be classified according .to. their hydrogeological
properties into three main types with a number of sub-

types (Table 1.2).

Internal T Diffuse
runcff infiitration
a o .
: ' ’ a Surface
Alfogenmic Surface SUream System streams
streams - : .
) K‘ . Qr
@ . oo . )
"{ -Sinking : R L Bacsiovel
sIreams - " . o
: Subsurface - system surface streams
flow ' ) . - -
) . +lg Q¢ . g

: S Storage in Karst
Qg = Qa-:—Q{ + Q4 +0g-480g aguifer

Figure 1.13. Water balance for a fluviokarst drainage

bazin. (After White, 1986). : :

The main types are, i} Diffuse flow, 1i) Free flow,
and iii)} Confined flow'aquifers (Figure 1{14)..In diffuse
flow aquifers a well defined water table is present,
Solutional-enlargement of joints eté. is limited and flpw
obeys or nearly obeys Darcv's Law {(laminar flow) and

discharge is through a large number of small springs and

Seeps.

in free flow agquifers, water moves through well

1

s

developed and integrated condults under the influence of

i its i e of
gravity and integrated condults under the influenc
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TRELE 1.2. TYPES OF CARBONATE AQUIFER SYSTEMS IN REGIONS orF LOW
TO MODERATE RELIEF. (AFTER WHITE, 1969).

FLOW TYPE ~ HYDROLOGICAL CONTROL
I. DIFFUSE FLOW |  GROSS LITHOLOGY

| Shaly limestones; crystalline
. dolomites; high primary porosity.

[1. FREE FLOW |  THICK, MASSIVE SOLUBLE ROCKS

a) PERCHED .-t Karst system underlain by impervious
: roCKs near or above base level.

1. OPEN Soluble rocks extend upward to level
: surface-
2. CRPPED . Aguifer overlain by impervious rock.
'  b}_§EEP _ S Karst syatem extends to conszderab;e

~depth below base level,
_ 1. OPEN - N Soluble rocks extend to Iand surface.
:2; CAPPED I_:.' Acuifer overialn by impervious rocks.
111, CO 'F?N“D FLOW { STRUCTURAL AND STRATIGRAFHIC CONTROLS

a} ARTESIAN Impervious beds which forece flows below
' regional base level.

b) SANDWICH Thin beds of socluble rock between
impervious bede.

gravity and turbulent flow 1is often achieved; conduit
gradients are generally low .and the waﬁer table may be
essentially .horizontal .forr long distances despite
irregularities in the topography; discharge 1is often
through large sérings, usually consisting of a single
ocutlet, which can accumulate water flowing through vast
areas of underground drainage. Confined flow aquifers
are those in which recharge to the aguifer is restricted

beneath impermeable confining beds and water movement Is
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dictated by responses in hydrostatic pressure.

Recharge

Stream : ¢
. # o Karst landforms rare.and /or
' ' subdued

- Generally low relief surface

Random arrangement of
small cavities

Rel'at_ively dee'p flow

Sinking

Open spring mouth stregm

T . Sieam o I L | Shoft formation at edge:
: _%_!_ . S SR N I S of cop
o T N Ji T T : :
. . _ | . I Stream in open channel
T L i s under large overburden B
o - ; . Siope of channel determined
. L . ) by ‘slope of recharging bed
B Free fiow )

_Recharge

Y

Waoter table

Water percolates through -
limestone unaer confining beds

£ Confined flow

Figure 1.14., Classification of flow types in karst
aguifers, (After White, 1969).

KARST SPRINGS

There exists iﬁ the literature a confusing array of
"karst spring categories” that have been used . for
classification. In this section an overview will be
cresented of these karst spring categories in order to
determine which of these "cilassifications™ best

determines spring type for the karst springs found in the
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study area examined in this thesis. Study area details

are presented in Chapter Two.

For the majority of limestone and dolomite regions,
karst springs, or_'risings; represent - the downstream
out}et for recharge to carbonate aquifers. Tﬁeéerkarst
springs predominantly occur at the- interféée between
surface and subéurface environments = where water derived
from either autogenic or.allogenic sources, returns to
the_surface {Eigureul,iSJ. _(Aufogenic.=- any recharge to
the SYSme is:ﬁoiaiiy derived from within'thé carbonate
Cafchment; Allééenic - recharge to the system'is derived -
ffém non—qarbohéte soufces which'usﬁal}y'sihk on reaching

carbdnate rocks) .

Karst springs occur in a variety of forms (see
Sweeting,.1973; Bogli, 1980; Jennings, 1985), with most
types fitting ihto the three general classifications used
by Myrolie (1984). These are :—

| i) Gravity Springs — these are springs where water

under gravity leaves the subsurface following a

down-slope gradient and where the actual opening

may be partially bloéked by coilapse or colluvium,

ii} Artesian Springs -~ these are springs in which

water flows from a confined aguifer due to a

hydrostatic pressure gradient and not a down-slore

gradient; included in this type are vauclusian and

alluviated springs, and
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iii) Qverflow _Springs —_ﬁhese are simply springs that
are oniy activated under high flow (flood)
cbnditions, where the volume of discharge is too
great for the nofmal spring to "cope'with_ Depending
upon passage characteristics, overflow Springs can

be either grav1ty Oor artesian springs.

Evapotranspiration

Precipitation
3 1 A
: : Lzha surface
- =] Wails 1-—1 Bordariznds ——§ Karst surface feermma) Caprock aress |- - cmm e m e o
1 1 i T

Sinking streams Soil waters - [ Vertical shafss
. Szenage intarnal Snaft
sater runoff T odraing

Sl

Cave str gams

h
[2

Warer able ) .
’ Skhallow conduits

Phreatic sterage

Springs and diffuse
discharge

Figure 1.15. Internal flow system of a karst aquifer.

{After White, 1988). :

Karst springs can also be classified according to
the origin of the waters they discharge, 1i.e. autogenic
or allegenic inputs can be usedfto differentiate between .
karst springs océurfing in a particular karst area, and
accerding - to the classification given by Bdgli (1980)
they are,

i) emergence - larger karst springs witheout further

avidence of the origir of the water,

ii} resurgence — the re—emergence of a swallet stream

at the surface, (equivalent to allegenic), and
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iii) exXsurcence — autochthonous seepage water flowing

out (equiyalent to autogenic).

Jennings (1985) uses only the terms exsurgence
{spring fed entirely by séepage_through karst rocks) and
resurgence (spring where .a former surface stream re-—
appears, assumed.to be flowing over non-carbonate rocks)
as a means of classifying spring types, although he
carefully notes.that karst springs exist that represent

-every_staée . of transition between.these_two endFmembers.
Lauritzen (1981} in his study__cf_'87.-k§£st _springs in
Norway,_'divided  spriﬁgs; intof eitﬁef _resurgences or
exéurgenbes, depending upon the origin. of the spring

waters (see Figure 1.16 for more details). .

Physical ﬁarameters {e.éi storm and baseflow
hydrographs, water temperafure, visible water tracers,
conductivity, etc.), chemical parameters (e.qg.
concentrations of Ca®+, HCOs~, water tracers, etc.) and
computed parameters {log PCO;, séturation indices of
calcite and dolomite, coefficient of variation of total
hafdness, etc.) derived from measﬁrements made on water
samples collected'from autogenic percolation systems and
karst springs, have also been used by many researchers as
2 means of classifying the recharge and discharge
characteristics of carbonate aguifers (Thrailkill, 1968;
Shuster and White, 1971; Bde, 1975; Atkinscn, 1977sa,

1677b; Williams and Dowling, 197%; Cowell and Ford, 1980;
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Figure 1.16. Karst drainage tyées in geological

settings that are typical for the cases found in
Norway. : .

1} Autogenic karst drainage - The whole catchment area

1s in limestones, and the springs are consequently fed

by limestone infiltration only. Water emerges as.
"exsurgences” {E). : ' S -

2) Allogenic karst drainage - Water from non-limestone

catchments enter the limestone through "sinkholes™ (S5)

and reappear - in  "reaurgences” [(R). The autogenic.

~infiltration is diluted by the allogenic input. (After
Lauritzen, 1981}. : S -

Thrailkill and Robl, 1981; Williams, 1983; Crowther and
Pitty, 1582; Crowther, 1383;: Krothe and Libra, 1983;
Troester and White, 1986; Scanlon and Thrailkili, 1987;

Crowther, 13889}).

For example, on the basis of hydrogeologic evidence
Shuster and White {(1971) classified a number of carbonate
springs 1into either diffuse—-flow feeder systems or
conduit feeder system types (the two end-members of their
classification). These two classifications are from White
(1969). They also compared, over a year long period,
variability of carbonate hardness, fluctuations in spring
water temperature and the gaturation index with respect

to calcite, and found that the springs they sampled on
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the basis of the above paraneters fell into either of one
of the two tvypes. The diffuse flow springs shqwed little
seasonal variation in carbonate hardness, i.e. the co—
efficient of variation of total hardness was < 5.0%, the
Springs were on aﬁerage._near saturation and generally
warmer with small fluctuations in water temperature. On
the other hand, conduit flow springs were very variable
in terms of hardness values .throughout the_.study (co—
efficient of vériatibn of carbqnate hardness 10 - 24%).
they were always undersaturated -witﬁ_respect to Ealcite
and showéd-'-largef'_ fluctugtibnsx. iﬁ_flsprﬁng water
tempefatufes'than;ﬁoted.for.ﬁhe gjffuse.rfl¢w-3prings. In
their _discﬂésion on. the _.Qse of- ¢h§mical_ data to
chafactefise spring  types = they noted that the
classification of ~a spring into the diffuse  flow
category was not as straight forward as fér classifying

conduit flow springs.

Using the diffuse flow — conduit flow end-members
propésed by White (1969), Atkinson (1977a, p.108) in his
study of the hydrogeology of the Carboniferous Limestone
of the Men&ip Hilis concluded that "limestone agquifers
are two—component systems in which the majority pf
storage is in the form of true groundwater found in
narrow fissures, where laminar flow prevails. but the
majority of water is transmitted through the rock by

turbulent flows in solutionally enlarged conduits”.
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Krothe and Libra (1983) used sulphur isotope data as

well as hydrological and geochemical data to classify
springwaters as diffuse (deep) flow, conduit (shallow)
flow or mixed flow (based on Shuster and White, 1971) in
~their study of flow syétems iﬁ' thé-karst terrain of
southern Indiana. Scanlon and Thraiikill (1987) on the
other hand, in their study of spring t?pes in the Inner
Biuegrass Karst Region of Kentucky. found that although
dye—tracing experiments identified two phvsically
distinct spring types (local highflével-_springs which
diéChéfge. fr0m shallow 'floﬁ. patﬁs.and"major low—level
spriﬁgs §hich discharge from deép integrated conduit flow
systems}_thé use of spriné water chéﬁistry or seasonal
variations in épring watér chemis£f§ could not
distinguish between the two spring tvpes. They
attributed the chemical similarities noted between the
twe spring types to the fact thét recharge of the major
low-level springs is from both percolation and high—level‘
spring discharge and that most chemicél reactions occur
.néar: fhé recharge zone. In comparing spring
chafacferistics found in their study with those found by
Shuster and White (1971) in Pennsylvania they conclgded
that (p.277), ‘“the differences in relationships between
chemical and physical attributes of springs 1n the Inner
Bluegrass and Pennsylvania reflect fundamentatl

differences in bedrock geology and structure”.

Hence it can be sSeen that aquifer and spring
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characterisation can be achieved by a var.aety of physical

and chemical techniques, preferably wused in conjuncticn

with one another and that geological and structural
controls on a particular Xkarst system can greatly
influence spring characteristics. In this thesis spring

waters from a small karst area will be analyséd and -

discussed in this context.

The hydrochemistry of karst springs and the

. characterisation of water feéeding these springs has been

reasonably well -documented for Karst sYstems in the

- northern _hemﬁsphere' (Jacobson -~ and. Langmuir, 1970;
Paterson, 1971; Gunn, 1974; Atkinson, 1977b; Cowell and
Fofd,_1980; Jawad - and .Hussein; 1986), whereas detailed
temporal studies - of the phvsical and chemical properties
of karst spring waters are virtgally non—existent for
Australian karst areas. The exceptioﬁs are the long term
study by Jenﬁings (1973a;. 1972b; 1983) in southeastern
New South Wales and the study by Goede (1973) in

southwestern Tasmania.

Other studies of karst waters from the different.
limestone areas -of Australia (Sweeting, 1960; Jennings,
1963: Jennings and Sweeting, 1963; Handel and James,
1977. Dunkerley, 1981; James et al, 1682; Jennings,
1982; Houshold, 1984; Dunkerley. 1987) have usually been
based on only a limited number of water samples from

R s ; i h
individual sites (mainly due <t© time constraints or the
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inaccessibility of particular karst areas at certain

times of the vear). Recent eVidence presented by McMahon
(1982), Finlayson et al (1986} and Finlayson and McMahon
(1988) demonstrates that Australian rivers have a higher
variability of annual flow . and more extreme flood
behaviour than streams in other continents with the
exception of Soﬁthérn Africa, so & knowledge of the
temporal .- variability o¢f discharge and the chemical
composition -of Australian karst spriﬁgs is of prime
.imporﬁance when calculatiﬁg denudation rates and for
compariﬁg karst spring da£a.'fr0m one .karst. area to_

another .

QUTLINE OF .THIS STUDY

Tne Buchan limestone area provides an ideal site to
investigate the tempéral and spatial variadbility of karst
waters for an area in which wvery little information
regarding the chemical composition of carbonate and non-
carbonate-watérs is available. Details of the geclogy,
hyvdrology and climate of the study area aré presented in_
Chapter Two. In Chapter Three sampling _proéedures and .
physical and  chemjca1 methods of analysis are described
with the results of these analyses being presented in
Chapter Four. In Chapters Five and Six spatial and
temporal variability of the sites sampled are locked at

as well as spring water classification. Deposition of

CaCOs (as tufa) at spring sites is discussed in Chapter
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Seven, and Chapter Eight summarises results and trends

found.
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CHAPTER TWO

STUDY AREA

INTRODUCTION

The study area lies in the southern paft*of the
Bastern Highlands of Victoria, Austrélia, soméIBSka east
of Melbourne (Figure 2.1). It is én area Qf.stréﬁg relief
#here diésécted uplands flank'either side of a broad open
ndrth~séuth Itrending intefméntane basin (L;C.C°; 1982).
This basin (Z;iOkm wide and Z0Kkm long) has been erodéd:in
the limestones andrmudstones of the Buchan Grour and is

surrounded by rhyolitic volcanics. The study area is the

largest of a' number of karst barrés in the Eastern

Highlands (Figure 2.1). A Xkarst barré is a - area of
limestone completely surrounded by impermeable rocks
'across_which the output of the karst area must pass to

‘yeach general base level i.e. geomorphological

development is dependent upon the wvariations in base

ievel within the surrounding impermeable rocks (Sweeting,
1673;  Bsgli, 1980). Jennings (1985) uses the term

impounded karst synonymousily with the term karst barreé.

GEOLOGY AND GEQLOGICAL HISTORY

The ocldest rocks in the area are a thick segquence of
metamorphosed Middle teo Late Ordovician marine sedimentis

forming the Wagga (or Omeo) Zone (Figure 2.2), which is
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KARST AREAS OF EASTERN VICTORIA

Mitta Mitta
]

VICTORtA
Melbourne

~ ~ o= Llimestone
. . :
: . \3“5‘, W
R o
& ™~
= ~
. . ‘\‘\
New Guinea-Jockson’ .
s Crossing .
2 STUDY AREA ~.
2 - ~.

Errinundrg

/ : - ! - 30 km

- Figure 2.1. Study area location and karst barrés of
eastern Victoria (After Fabel, 1587).

part of the Lachlan Fqid_Belt‘(Talent.'1969; Vandenberg
and 0'Shea, 1981; Cas, 1983). During the Benambran
Orégeny (EBarly Silﬁrian) these sediments were tightly
folded and subjected to localised high—temperature

metamorphism and granite intrusion.

Furthef.deposition of marine sediménts occurred. in
the Laté.Silurian. and these strata were folded prior to
the extrusion of acidic velcanics (Thorkidaan Velcanics)
which in turn were deformed and faulted during the Early

Devonian. Vandenberg and 0'Shea (1581) ascribe both these




48

>

R
£
{ >
o
i

,

%
&
:.0

®]

%
%

R
A A
X R
e

Gilingal

o,

s

T
b
pteted

.
&
Ay

et
s
Sa%e

&
%

(3
3

7
o)

;.
5o
5

(7
4,

Yol

GO DDE: ¢ 1D

o g Y+ . -
AT .H%u,'

P — r - -

(TR A el .,,J&i

+ e e W

W

7%

®s ;o' Sand and gravel

TERTIARY —
A Older Volcanics

] Murrindal Limestone
% Taravale Formation

OoeR Buchan Caves
ytele)
BEXRH Limestone

D Snowy River
Volcamcs

=+ Granite. granodiorite
SILURIAN [ L 3 diorite s

FFaity  Ck,

L3
[
of

DRDOVICIAN-F Sediments (frequent-
SILURL m ly metamorphosed }
LURIAN
sandstone, sitstone,
slare shale, hornfgls

b, Faylt

A——A Cross-section

IR R EE
P R R R
A A A

e s vt et rar P

. £ T LR
LR R L )

A+t ot vedvssrs
P T
R R
PR L
P s

1 2 2 4 S

Map location:

v

Figure 2.2. Geology of the study area (After
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periods of deformation to the Bowning Orogehy.

Prior to the widespread deposition of the shallow
marine carbonates of the Buchan Group there was a period
of widespréad sub—aerial acidic volcanism (Snowy River
Volcanics}. According to .Vandenberg' {1976) the Sﬁowy
River .Volcahics either overlie unconformably, or are

faulted against all older ' rocks. The Snowy River

Volcanics = underlie 'and' surround jthe Buchan Grbup

carbonate rocks fhroughéﬁt.fhe étudy area -(Figures.2.2
and 2.3). The Snowy River Volcanics are a thick (3,000m
at Buchan} and stratigraphicaliy complex seguence of
predomihantly ignimbritic acid volcanicsr(fhyolite and
rhyodacite_ with minor intermediafe rocks) interbedded

with fluviatile ‘sediments’ including volcanogenic

' conglbmerates, arkosic sandstones and occasional shales

(Fletcher, 1963; Vandenberg and.O'Shea, 1981).
THE BUCHAN GROUP
The Early Dewvconian (Emsian;rMawson, 1987) limestones

and mudstones of the Buchan Group are preserved 1in &

large, north—south trending svynclinal belt Dbetween

~Murrindal, Buchan and East Buchan (Figure 2.2), in a

large half-graben at Bindi (north of the study area) and
in smaller grabens at Gillingal, The Basin and the
Jacksons Crossing—New Guinea Ridge area: there are also

. - . mn.
smaller patches elsewhere (Teichert and Talent, 1838;
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Vandenberg

Buchan Caves
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subunits: i)
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composed of three

Formation, and 1iii} the

Taravale

the

ii)

Limestone,

e

ILimestone (Teichert and Talent, 1938).

Murrindal
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Taravale Formation is known only from Bindi and Buchan—

Murrindal, while the Murrindal Limestone occurs only at

Murrindal.

The oldest of the three main subunits, the Buchan
Caves Limestone, disconformably overlies the_Snoﬁy River
Volcaniés (Husain, 1981) ahd reaches a-maximum thickness
of 423m just south of Buchan (Cdckb#in, 1970} . Around
the margins of' the Bﬁchan'Syhclinoriﬁm this limestone-
“unit is sémewhat:thinner-'(see. éfoss—sections' in Figure
2.3). The éuchan Caves Limestone unit begins_with the
lenticular Spriﬁg Creek Member, which consists of masSivé.
sandstone,  volcanic breccia and = interbedded
sandstone-mudstone (Orth, 1982). Deposition of the Spring
Creek Member changed from 'non—marihe'to-ﬁafine as the
main frénégressién bécame_establiShed._and'it is overlain
by poorly. fossiliferous dolomite and-dolomitic limestone
which grade upwards into fairl? pure limestone (Teichert
and Talent, 1958; Cockbain, 1970). Chemical analyses of
sevenfy—five Buchan Caves Limestone samples by Jenkin and
Baxter (1$68) gave values ranging from 51.9% CaCOs and
42 .8% MgCOs {dolomite) to 96.5% CaCls and 1.4% MgCOs
(limestone). The Buchan Caves Limestone was deposited in
very shallow intertidal conditions, probabiy largely as

mudflats deminated by blue—green algae (Pilapil, 1987);

Thne Taravale Formation conformably overlies the

Buchan Caves Limestone throughout most of the Buchan
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area. The Dbasal portion of +the Taravale Formation is
often differentiated as the Pyramids Marlstone, which
consists of thin beds of calcareous mudstone and
fossiliferous calcareous nodules (100m thick at Buchan).
The Taravale Formation itself;{BOBm.thick at Buchén) is a
.sequsﬁée of mudstones; shales and impure 1imeét6nés
which occupies most of the southern part.df;the Buéﬁan
éasin, Towérds the néﬁth{ this unit intérfingers with the.
 muffinda1 Limeétoné, _and.éléo.partiy-undérlies_it as the

Pyramids_Marlstoﬁe {Figure 2.4).

Rocky Camp Limestone

il

Taravale Formation

v v v v v v v ¥ v v v v v ¥ v v V¥ vy
v v v v v v v v v v SnowyRiverVoleanics v vV ¥ vV vV v v v v
v v v. v v

vvv\:'vvvvvvvvvvvvvvvvvvvvva

Figure 2.4. Diagram showing the relationships between

stratigraphical units of the Buchan Grous.

The Murrindal Limestone is divided into two members
(Figure 2.4). The Mclarty Member comprises 60-190m of
well-bedded dark grey limestone while the upper Rocky

Camp Member consists of 60-100m of light grey massive

ini i v
limestone contalining a variety of well preserved

fossils.,
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Wallace (1982) was able to show that the Rocky Camp

Member was deposited as a large carbonate bank, facing

the open ocean to the south, where the Taravale
Formation accumulated. Behind the bank to the north, was

a shallow. lagoocnal environment now represented by the

McLarty Member (Figure 2.5).

Open ocean o Hocky Camp Limestone _ _ .
. SO\ -Lagoon : NORTH

I3

SOUTH

i

MclLarty Limestone

e e, — T —
e == = == Pyramids Marlstone ===

'Figure 2.5. A reconstruction of the environments of
deposition within  the Murrindal Limestone (After

Wallace, 1982).

The Buchan Group was extensively deformed during the
MiddleFLate_Devonian; by thg Tabberabberan Orogeny_whiéh
ﬁéﬁéed_féiding,.faulting and thrusting:of-.thellimestones
and mﬁdStones_ The underlying volcanics resisted folding
and réspondéd to stress by shéaring (Jenkin ;nd Baxter,
'1968). As a resuit of this deformation, the north-south
trending Buchan.Synclinorium was formed, and small blocks
of }imestone. were downfaultéd into the wvolcanics
elsewheré in eastern Victoria. Altogether 14 structurally
preserved outcrops of the Buchan Group are exposed in the

Eastern Highlands with the two largest being at Buchan

and Bindi (Talent, 19635).

The Buchan Synclinorium is asymmetrical; the eastern

limb dips uniformly at a shallow angle to the west. %
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However, the western limb dips more steeply; it contains

a number of anticlines and synclines and is aiso cross—
cut Dby two high-angle dip-slip faults with relatiQely
small displacement (<150 m) (Webb et al, in press: ). The
East Buchan Thrust, a shallow dipping reverse faulﬁ'
(45°E), has also-affected the southern -pdrtioh of the

eastern limb of the synclinorium;'

L%ﬁe PalaeoZoié_and Mesozoic.sediménté are Qbsent in
tﬁe'Buéhan.area, which':?robablyz.dnderwent a :perﬁod of
extended erosion at. this time; ‘Early Tertiary (Late
Ecocene) volcanics occur as discontinuous outcrops  to the
north and southwest of the study area and aré associated
_with_valiey filling'flows'(Weilman, 1974; Webb et - al., in
Presst) . Mi&die. to 1até'Tertiary sands and gravéls.écguf
mainly in the southern 'pért off-thg study area and are
aésociatsd ﬁith ancestral or prior river'valiéys tWebb et
al, in pressi),.Recent' deposits  are limited to stream

alluvium and colluvial deposits (Douglas, 1977).

GEOMORPHOLOGY

Three distinct geomorphic units occur within the

Fastern Highlands: i) plateau remnants, 1i) deeply

dissectéd highlands and iii) intermontane basins
(Vandenberg and O'Shea, 1981; L.C.C.. 1982). The study
area contains the latter two units. y: broad copen

intermontane basin has developed because of the reliative
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ease with which the carbonates of fhe Buchan Group,

particularly the mudstones of the Taravale Formation, are
eroded in compariscn to 'the very -Yesis+ant Snowy River

Volcanics. The latter form dissected hlghlands flank1ng

either side of the Buchan Syncllnorlum

Drainage of the area is provided by the southerly
flow1ng Buchan andr Murrindal - Rivers (Figure 2.6},
Upstream of the Buchén -Synélinorium, ‘the Buchan River
flows through narrow gorges and’ steep . v-shaped valleys
cut in Snowy Rlver Volcan1cs before it emerges 1nto a
.broad valley south of Mount Dawson.. W:thxn ‘the Buchan
Synélinorium the fiver meénders across the a11uvia1 flats
of a.'1;2km  wide ;va11eY. cut 'in._the easily.erodible
'mudstoﬁes.of the Bﬁdhaﬁjsroup. River térrdces are:presénﬁ
in the valley (Plate 1. Sweéting t1960) recognised.three
distinct 1evels; .upper terrace;'middle.or main terrace
and lower terrace. Recént work by Webb et al (in press2)
has shown . that the terrace 2m above the éresent flood
plain is the most'extensivé with  on1y smaii remhants of
the upper river terraces remaining. The Buchan River re-—
‘enters the Snowy River Volcanics 6km east of Buchan and

continues eastwards for about 3.5km to its confiuence

with the Snowy River.

The Murrindal River also has its headwaters in non-
carbonate rocks, and on vreaching the Buchan Group flows

southwards approximately along the noundary betwesen the
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Figure 2.6. M2p of the main drainage lines in the
study area.

Snowy River VolCanicé and Buchan Caves Limestone. There
are steep limestone cliffs (up to 80m high, Plate 2) on
the western side of the river. Near the Pyramids the
Murrindal River disappears underground during periods of
low flow into a gravel choked sink (Pirana Cave), and re-

appears through the Sub-Agua cave system some 1.2km
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Flate 1. Plate showing the Buchan River valley and
terrace development cut inte the Taravale Formation
3.5¥m north of Buchan township. c -

further south (Plate 3). After turning east and leaving
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River then flows through a

rugged tract of Snowy River Volcanics before joining the

Buchan River immediately downstream from where that river
smergses  from the Buchan Group. The wvalley c¢f the

Murrindal River is gsnerally guitse narrow though there
are  sSome local areas of minor wvalley widening {just

cownstream of the Puichers Creek conflusnce and again

The Eiver wvalley has cnly been widened where
T flows acros=s  the move easily erodible Taravale

it is cut in Buchan

by
Ly
A
<

3
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I
.
+
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Plate 2. Cliffs cut in Buchan Caves Limestone alcong
the Murrindal River downstream of Sub-Aqua resurgence.

Caves Limestone, the wvalley  is quﬁte- nérrow with
limestons bluffs and c¢liffs on the southern bank. The
Murrindal River flows mainly 1in Buchan Caves Limestone
and has therefore not Dbeen able to develop a broad

ntermititent streams fe.g. Scrubby Creek

sre Z.2% have headwaters on the
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Plate 3. Entrance to Sub-Aqua Cave, where under low

flow conditions the Murrindal River reappears.
Snowy Riwver Volcanics and sink o¢n reaching the
limestone. although after Teavy rain they usually

persist  as surface streams o reach the Buchan River.

Thess intermittent streams form part of the surface
retwork of dry valleys and small blind valleys that have

Zeveloped on the limestone and are active generally only

under high flow ceonditions (Finltavson and Ellaway, 1987).
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Surface stream sinks are all diffuse ingurgences

(Myiroie, 1984), with flow wusually percolating through
sfream—bed gravels. BSurface flow, if any. in many of the
blind valley networks (<200m in valley length) is
predominantly channelied_ undérgréund by the.simple_fact
that these valleys-ferminate in a "doline" or "sink“: the
word “doline” is wused IbrOadiy_ here_iﬂ_the context of
describing a surface,de?ression {which.vary éonsiderably
in shape and siée} into whibh surface funoff is
channélléd. Some of these valleys are of the dlassib_
'bliﬁd—vailey Category.“i.e alil sgrfacé'flow is- channelled
underground (Plate 4); others are of the "semi-blind

valley" category, in which on the majority of occasions,

Dlate 4. Biind valley in which all surface flow ie
diverted underground.
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when surface flow is evident, all of the flow disappears

underground; on rare occasions, depending upon rainfall,
antecedent wetness, doline shape and size, etc., the
rate at which surface flow arrives at the "doline" is.
greater than the rate at which _it'can'be channelled
underground and surface .flow is evident “doﬁn valley"
from this point (Plate 3). This surface flow does not
usually persist as such, for.any great distance before it

is fcaptﬁred“ by ancther doline, 1i.e. they are

characteristic of overflow insurgences (Mylroie, 1984).

Finlayson and .Ellaway (1987) concluded - from ‘an

analysis of'extféme: values of rainfall and ruanf that.

Dlate 5, Semi-blind valley in which under high flow
conditions some surface runoff i3 diverted d4own
vgllay.
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the surface dry valley networks on the Buchan limestones
are probably active reasonably frequently, perhaps at

intervals of less than eight vears on average.

The Horse ©Shoe Cave - Wilson C(reek system (Figure
2.7) is probably the best example in the study area_of a
biind valley diverting.'ﬁater. aéross-_a  topographic
 dréiha§e' diviﬁe“'into' a surface stream system. Blind
valleys in the Bﬁchan area usuélly'cohsiét of a sequénce
of .two.'to. f§uf déiines in a vélley that divert'wéter
undérground and it is usually .only under high flow
conditioﬁs that a surface stream wiil persist to a large
doline at the end of the blind 'va1_1ey. The well
developed blind valiey systems in the study area usually

- c¢onnect. to caves.

The best developed éﬁd most abundant _large'scale
topographic karst féatufes in the study area are the
dolines (Plate 6). The best examples of ‘this landform
occur on the Murrindal Limestone in the Pothoies area
where many dolines can be found; many cave entrances are
found - in these dolines and more than S0 caves are

recorded from this area (McCrae—Willlams et al, 19881}.

Other large scale exokarst features are uncommen,
although where the Buchan Caves Limestone outcrops along
the edges of the synclinorium, small areas of Dbare and

coverad karren can be found. It is interesting to note
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Figurs 2.7. Sketch map of Horse Snee Cave - Yilson
Creek system.
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Plate 6. Doline and. entr'ance.to Stormwater Tunnel.

(Site 19, see Table 3.1 for site description}.
the_different surface.patterns' developed beneath a soil
covey  con the limestoné and dolomite sequeﬂces of the
Buchan Caves Limestone. The limestoﬁe surface is_usually
Very smooth ané¢ sharp -edged along one or more faces

whereas the surface developed on dolomlite 1Is criss—

crossed by guite desp {1-5cms) channels {(Plates 7 and
8)

Smail—-scale surface solutional and other weathering
features are commoen  on the limestones with
*ne meozt widespread forms being rillenkarren (Plate &)
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Sub-gurface  weathering features on'Buchan

Caves Limestone

Plate 7

Note smooth and rounded surfaces.
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Piate 9. Small scale solutional flutes (rillenkarren)
developed on limestone. '
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Piatse 11. Dolomite showing the preferential dissolution of

calcite veins due to the different solutional Kkinetics of

calcite and dolomite. ' R '
2G6-30cm - in  lasngth. Surface solutional features on the
dolomite seguence of the Buchan Caves Limestone are

limited +to a itype of etching” in which the veins of
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prings, occur only where the
chan Caves Limesicne cutcrops along the edges of the

ur. These resurgsnces are iccated predominantiy

the limestone or where

lines intersect a change in gradient

bt

5f & dAry surface stream valley. The limestone springs
vopyaegent Lha end-point  of fiow svystem ranging from
e insurcences to mere complex flow sYstems,
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e.g9. the Fairy - Royal - Federal - Dukes cave system

(Figure 3.3). Most springs, have both allogenic and

autogenic inputs.

Extensive tufa deéosits{ both modern and old, are
evident at 'two of the spring outlets (Piéteé 12 and 13},
with two other spring sites having much -smaller tufa
deposits present. The hydrelogy and - chemical
characteristics of the.water_'dischéfging from fhe karst
springs are discussed briefly.in Chapter Four, with more
detailéd discussions being found in .Cﬁépfers Five, Six

and Sewven.’

‘The Eariy Devonian limestones of the Buchan district
are one of the largest outcrops of cavé and karst fofming
limestones in southeastern RAustralia and approximately
300 caverns, sinks and karst related features have been
identified by the Australian Speleological Federation

(Matthews, 1983).

Caves are relatively common in the Buchan Caves
Limestone {(on both edges of tﬁe synclinorium) and the
Murrindal Limestone (northern part of the synclinorium).
None of the known caves that occur in the Murrindal
Limestone extend into the Buchan Caves Limestone because
of the presence of the non-cavernous Pyramids Marlstone
hetween the two limestone units. The caves in +the Buchan

araa can pe broadly classified into two main groups:-—

o
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1) Pothdle t¥pe caves - these are predominantly
vertical caves wvarying from simple dead-end shafts
and rifts to more complex joint—controlled mazes.
This cave type can be found throughout the area with

the best gxamp;es found in the Murrindal Limestone,

and,

ii)_Hdrizontai 'ér sfream-passagé'bﬁves'; these caves
occur oﬁly in Buchan Caves Limestone and have mostly
developed parallel  or adjacent to éurface.valleys
and  streams. Some have  active streams flowing
through  lower levels, with abandoned upper levels

modified by collapse.

CLIMATE AND HYDROLOGY

The Buchan district has é ﬁafm temperate climate
(Képpen— Geiger classification Cfb) and is subject to
the influence of vigorous depressions off the New South
Wales coast and incursions of warm, moist subtropical air
from the Tasman Sea wﬁich together supply the bulk of the
rainfall (Linforth, 1969). Rainfall varies considerably
with topography, ranging from around 1500mm per annum in
the highlands (New Guinea Ridge 800m above sea level
(as1)) to 818mm at Buchan with an elevation of S1im asl
(Frank and DRavey, 1977; L.C.C., 1882}. The long term
menthly rainfall averages for Buchan {Bureau of

Meteorclogy station no. 084005, over 100 years of record:

R




71

Table 2.1) show that on average, rainfall is féirly

evenly distributed throushout the ¥Yeay; maximum ang
minimum monthly rainfall averadges are 79mm (October) and
S58mm (February) respectively. However. drought and flood

conditions are not unusual. The coefficient of variation

of annual rainfall is 23.9%.

TABLE 2.1. MEAN MONTHLY AND MEAN ANNUAL RAINFALL DATA (mm) FOR
BUCHAN (1883-1989). SOURCE: BUREAU OF METEOROLOGY, MELBOURNE.

| STATION NO. 084005, BUCHAN (91.0m a.s.l.)
JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT; NOV. DEC. TOTAL
66 58 590 65 67 78 66 60 71 79 74 75 818

No daily air-temperature data ére officially
recorded at Bﬁchan but mean daily maxima and minima are
available for B&irnsdale' {station ﬁo, - 085279, 5m asl;
65kms solUthwest Buchan) and_OrbostU{staﬁion no. 0684030,
41m asl; 36kms soufheast of Bﬁchan) and. are given in
Table  2.2. Both stations’ record mean daily air
temperature maxima in Febrﬁary (26.3°C for Bairnsda1e and -
25.4°C for .Orbost) and mean daily minima in July (3.7°C
for Béirnsdale and 4.1°C for Orbost). The mean daily
minimum and maximum air temperatures for the Buchan area
would be relatively similar and most probably lie within
1-2°C of the above figures. Orbost commonly records the
. maximum daily air-temperature during the winter months
for the State of Victoria, and Linforth (1969) attributes
this to a Féhn type effect, with nertherly winds warming

as they descend from the highlands.
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TRELE 2.2. MEAN DAILY MINIMUM AND MEAN DAILY MAXIMUM MONTHLY AIR

TEMPERATURE DATA (°C), FOR ORBOST AND BAIRNSDALE. SOURCE.
METEOROLOGY, MELBOURNE. CE: BUREAU OF

STATICN NO. 084030, ORBOST (1938-1989). (41.0 m asl)
JAN.  FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT.. NOV. DEC.
a) 13.0 13.5 12.1 9.3 6.9 5.1 4.1 4.8 6.2 8.3 10.1 11.7

b) 25:3 25.4 23.8 20.8'17.6 15.0 14.6 15.8 17.7 19.7 21.4 23.6

_ STATION NO. 085257;'BAIRNSDALE'COHPOSITE-(1970—1989}._(5.0 m: as1)

JAN. FEB. MAR. APR.. MAY JUN. JUL. AUG. SEP. OCT. NOV., DEC.

D

127137 14.1 123 9.6 6.9 48 3.7 4.8 64 £.4 10.2 12.0

B) 25.8- 26.3 24.1 21.118.0 15.0 15.0 16.3 18.3 20.3 21.7 24.3

mean’daily minimum alr temperature
mean daily maximum air temperature

.
b

i

Limited air-temperature data from Nowa Nowa (closest
metéorologi&al statién to Buchan for which reliabie data
is available) for the periods 1948-1956 and 1965-1975
(station no. 084028, 16m asl; 30kms south of Buchan) show
‘that mean daily maxima (25.8°C for January and February)
is reasonably similar to that observed at the two above
stations. Mean daily minima of 1.8°C (July) for Nowa Nowa
is notably cooler than that observed for either
Bairnsdale or Orbost and is probably closer to the value

which would be expected at Buchan.

No evaporation data are available from Orbost or
Bairnsdale but by wusing the method of Thornthwaite
(modified by Crowe, 1671} rotential evapotranspiration

can he calculated for both stations. Orbost is closer
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than Bairnsdale in terms of elevation and mean annual

rainfall (41.0m asl! and 853mm respectively) to Buchan

{51.0m asl and 818mm respectively), so potential
evapotranspiration was only calculated from the Orbost
data (Table' 2.3). Mean monthly rainfall at Orbost
exceeds potential evapotfanspiration for May, June. and
~July, equals.it for August ahd is less thén pofential
evapotranspiration for the other 8 months of the vear
giving an overall ahnual'aéficit of 342mm. Frost and fog
are Common in the ﬁucﬁan valléy and maﬁniy'décur between
April and September. Daily summer air-temperatures of
. 30°C and over are guite éommon and can produce effective
drought for two to three months.

TABLE 2.3. MEAN MONTHELY RAINFAiL DATA (mﬁ) (1883—1985) AND MONTHLY .

POTENTIAL EVAPOTRANSPIRATION (PE) FOR ORBOST (mm). SOURCE: RAINFALL
DATA, BUREAU OF METEOROLOGY, MELBOURNE. A

" JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC. TOTAL
MEAN 70 58 69 73 75 85. 68 60 70 78 69 78 853

PE. 162 129 129 91 67 45 ‘52 60 82 106 116 156 1195

Mean annual runoff in the Buchan Rivér ig 203mm
with a coefficient of wvariation of 65.3% (Table 2.4),
(Rural Water Commission, station no. 222206 at Buchan).
The Buchan River is also highly variable in terms of
fiood beha#iour with the ratio of the 100 vyear return

period fiood to the mean annual flcod being 6.9.

Mean annual runeff in the Murrindal River is 146mm

1ive
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with a coefficient of variation of 98.5% (Table 2.4).

However as the discharge record for this river dates only

from March 1976, and given that the 1974-75 water vear

discharge for a number of East Gippsland streams is the
largest on record (e.g. Timbarra, Buéhah and Tambo
Rivers) the results obtained must be treatéd with
caution. The Timbarra River, which lies just to  the west
of the study area (Figure 2.1) and has a similar sized
.catchment to that of the Murrindal River, has a mean
~annual runoff of 275mm . with_a  coefficieﬁt of variation -
_'of 62.8% (usiﬁg watef year data frém-1957—1984). Similar
ivalues probably apply to théVMurrindangiQérql

TABLE 2.4. RANGE, MEAN AND STANDARD DEVIATION OF DISCHARGE DATA

FOR BUCHAN 2AND MURRINDAL RIVERS (WATER YEARS), ALL VALUES

GIGALITRES. (10° 1) EXCEPT n = NUMBER OF WATER YEARS. SOURCE:
HYDROGRAPHIC SECTION, RURAL WATER COMMISSION OF VICTORIA.

BUCHAN RIVER | | MURRINDAL RIVER
(STATION NO. 222206) - - (STATION NO. 222216)
range. 23.602 - 500.214 | 2.765 - 124.194
mean 172.482 o | 45.129
8.4. 112.620 44,441
n 37 11

SUMMARY

In this Chapter particular geclecgical, gesomcrpho—
logical and climatological aspects of the study area have
bean discussed. These three attributes ¢f the study area

are copsidered to be the major determinants influencing




s
the physical énd chemical 'characteristics of thé ground
and surface waters sampled, which is the major concern of
this thesis. The physical and chemical results obtained
from the in-situ field measurements and water samples
collected from the various sites within the étudy area

are .examined and discussed  in relationship to the aboye

attributes in Chaptérs Four, Five and Six.




CHAPTER THREE.

METHODS OF ANALYSIS, SAMPL ING
SITES AND SAMPLING PROGRAM

METHOD3 OF ANALYSIS

Water temperature, condﬁctivity, pH and Eh'values'
weré measured ;in—situ ét edch site. A Yeiiow Spriﬁgs
Instruments model 33M SCT ﬁas.used_ for:wétér tem#erétufe
and conductivity measufemeﬁfs,_while'a_Raaiometer PHM 80
digital portable pH meter with the apprgpfiate.electrodes
was used for.pH and Eh meaéufements. Calibration of the
conductivity'ﬁeter was carried out befofe each sampling
trip in acéordance with the manufactures instructions,
‘Calibration of the portable pH meter was carried . out in
‘the field - after the buffers (pH 4.00 and 7.00) and
Zobells solution (Langmuif, 1571b; Eh measurements) Wefe
adjusted to the temperature of the water being sampled.
Water teméeratures were also measured in the field using
& calibrated mercury—-in-glass thermometer (0-50°C) as a
check against the water temperatures measured by the
Y.3.1. meter. Air temperature measurements were also made

with a calibrated mercurv—-in-glass thermometer (0-50°C).

Three separate water samples were collected at each
site. Two of these samples were filtered in the field

{one for cation analysis and the other for chloride and

) . . Fori Fi clder
sulphate determinations) using a Sartorius Filter H
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and Whatman GF/C filters (47mm  diameter), The.filtrate

was collected 1In acid-washed poly~ethylene bottles (6M

HNO3), which were rinsed 3 times at each site before

sample collection and then placed on ice. The un-filtereqd

sample (approx. 500 mbls) was collected for alkalinity
determination in a pre-rinsegd polyethylene bottle and
placed on ice. Depending upoﬁ which. particﬁlar éhemiéal
analysis was -required, e.g. _cationjanalyéis;-chloride
analysis,_etcl; Sample preservation ﬁechniques were used
in accordance ‘with methods .évéilable-i(Parkef; 1972;
A.P.H.A., 1976; Stainton et al, 1977; U.S.E.P.A., 1979},
.e.g. for chloridé determinations, watef samples were

rlaced on ice and Xept below 4.0°C and analysed within

seven days of beihg cellected.

Alkalinity was initially determined withiﬁISix hburs
of sampling by electrometric titration by titrating
against standardised 0.02M ﬁCl to pH 4.5 using an Orion
Ioﬁ Analyzer énd an Orion 'pH elebtrode (U.S.E.P.A.,
1879} This method was found to be very time consuming
and a modification of the alkalinity determination method
prcposed by Rose (1983) was found to much qgicker Wwith
very similar results i.e. within # 2.0%. In the method
used the sample is titrated within six hours of sampling
égainst standardised 0.02M HC1 {as opposed to
Sténdardised 0.1 H,504,) to a pH of 4.5 using BDH 4.5

Indicator Solution.
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Chloride was initially determined using a Corning
model 501 Chloride Meter but reproducibility was not good
and this method was abahdoned in favour of titration
against mercuric nitrate (0.0141N) as in Stainton et al

{19771} .

The filtered water sample collected for cation
analysis (Ca2+, Mg2+, Na+ ~and K*) was acidified éfter
collection in_the field using a ratio _bf 0.5 mls of
analytical reagent quality: concéntrated ~HNOs (nitric
-acid) per 100 mls of water.Sémp1e collected.- Céi#ium_and
_maénesium - were | determinéd='=by- afomic _abéorétidn
'sbectfoséopy using. a Vafiaﬁ 'Mddei'475: dﬁal beam Atomic
.Absorbtﬁbn :Spgctrophétdmeter. 'Sodiﬁm and ééfassium were
determined bf flame photometry using a Corniﬁg 410 Flame
Photometer with an air-propane mixture. The acidified
water samples c&llected for cation analysis were,.before
being analysed, subjected .firstly to a 1:5 and then
either a 1:25 or 1:50 sample dilution (using MilliQ
.Water) depending on ion ceoncentration {using conductivity
values as a roﬁgh guide to ion concentrations) and all
finai samples to be analysed, including blanks, were madg
up to 10,060 ppm .1anthanum. Lanthanum is added as a
releasing  agent (Parker, 1972; U.S.E.P.A., 1979).
Calibration standards were prepared from 1000 ppm BDH
stock standard solutions for the respective cations,
trepared specifically for atomic absorption spectroscopy,

with the Caz+ znd Mg2* standards alsc containing 10,000

o
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epm lanthanum.

Nitrate was determined using an Orion nitrate ion
electrode (model! no. 93-07) only on the samples collected
in October 1982, and as all values were below 0.5 mg/l no
further nitrate analyses were carrled out . Sulphate was
determlned grav1metrlca11y (Vogel 1979) on water samples .
collectec for a number of fzeld—tr1ps (actual number of
determihaticns varled from site | to szte) - but was

discontinued  because 'the levels of sulphate determlned

did not appreciably effect the anion—cation balance of

the water samples collected 30 that the tzme expended on

Y N Yo

thls analy51s could not be JUStlfled

NS
e
A
-
o
T
|{

The results 'obtained from  the in—situ_'fieid
' measurementé ‘and the chemical analyses were processed
using the chemical speciation program, WATSPEC'(Wigley.
19773, and water samples were rejected or re—analysed if
the ion balance was > = 4.0%, i.e.,
((Seations - Zanions)/(Zcations + Zanionsg)lix 100 > + 4.0%.

(Note cations and anions expressed as milliequivalents).
WATSPEC can determine, depending on input data, the level
of saturation of the solution with respect to calcite and
dolomite (saturation index) and elso the theoretical CO,
'parﬁiel oressure of a hypothetical coexistent gas phase
that is exactly in equilibrium with the analysed water.
The saturation index of calcite and dolomite is a means

of describing quantitatively the deviation of carbonate
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waters from equilibrium (White, 1988), and is defined as
S = log{IAP/Kgp}, where IAP and Kagp are

respectively, the ~ion activity product for the

dissociation of a mineral and the solubility product
constant of the same mineral, e.g. for calcité, |

Slecar = 109(Ca2*)aq(C052-) uq/Keas,
where a water sample 1is exactly saturated with calcite
when Slca: = 0, undersaturated and aggressive when Sloa:

< 0.0, and supersaturated when Sleca: > 0.0 ({as noted in

Chapter.One).

'SAMPLING SITES AND SAMPLING PROGRAM.

The'remoteness.-Of the study area'ailoﬁed a limited
number of ﬁéter sambles to.be collected ffom a'variety.of
sites over the length of the study périod. Water éamples
were collected at the sites chosen ﬁnder 'q variety of
hydrological regimes with théftwo end-membérs of possible
flow conditicns being drought (baseflow) and flood
(highflow). The number of water samples. collected from
each sité varied considerably = depending  upon
accesgibility aﬁd flow conditions. Sites sampled included
the main surface streams in the area, {all of which.have
headwaters predominantly on Snowy River Volcanics),
intermittent surface streams, karst springs and cave
waters and also sites that have been observed to flow
only after heavy rain. As the water sampling brogram

progressed, a number of other sites were included. These

.
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sites were' not sampled
usually only sampled to see if the water at these sites

could be linked to other sites e.g. two farm dams ang a
borehole were . sampled on only one occasion to.test for

high chloride levels found at three cave sites nearby.

As noted above a variety of sites were sampled and

these can be. divided into groups of similar_sites. A

 brief description of each site sampled is given in Table

3.1 and its -location _Shown. in either-'figure'3.1 or

Figure 3.2.

The main groups of sites are,
1) - major surface streams in the study area,
2) — tributary streams to the Buchan and
o :Murriﬁdal Rivers, |
3) — karst spring an& cave water sites,

“and 4) - miscellaneous sites.

Water samples were collected over a period of nearly
six vears and include the extremes of drought (February.
1683) and flood (July., 1984). By using rainfall deciles

as drought indicators and according to the clagsification

used by Gibbs and Maher (1967), rainfall for 1982 and

1986 is *“"very much below average', "pelow average” for
1987, “average" for 1983 and 1984 and ‘“above average”
for 1985. Monthly rainfall data over the study pericd and

annual toials are given in Table 3.2 together with mean

81

O a regular basis and were
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TABLE 3.1. SITE DESCRIPTIONS (SEE FIGURES 3.1 | |
LOCATIONS) . AND 3.2 FOR SITE

GROUP 1: MAJOR SURFACE STRERMS,
SITE NO.

1) BQCHAN_RIVER - $ampling.site 300m upstream of bridge over
rlvir in township; catchment predominantly on non—carbonate
rocks. - ' o .

2) MURRINDAL RIVER - Sampling site just before river enters main
part of Buchan Synclinorium and upstream of Butchers-Cfeek
- confluence; catchment mainly Snowy River Volcanics and Eocene
- basalts; may receive input from small outliers of Buchan Caves|
" Limestone. . : I

~ 3) SNOWY RIVER -~ Major drainage stream in the area which connects
to the sea; sampling site upstream of outlier of Buchan Caves
Limestone located at New Guinea Ridge: extensive catchment
upstream of Buchan River confluence (>10,000 km2) with
predominantly non-carbonate rocks. o

AN T

"
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GROUP 2: MINOR TRIBUTARY STREAMS.

Y Y Y

4} SPRING CREEK ~ Minor tributary (to the Bucham River) which
flows through the Buchan Caves Reserve; usually sinks in
gravel bed just below Snowy River Volcanics' / Buchan Caves
Limestone contact; continuous flow downstream of site 14 input
with a small zone of active tufa depcosition in bed of stream.
also receives input from site 10; water samples collected just
upstream of stream sink; catchment predominantly Snowy River
Volcanics and small patches of Eccene basalts. :

5) BACK CREEK - Intermittent stream with catchment of Snowy River
Volcanics and Buchan Caves Limestone; basal part of Buchan
Caves Limestone exposed along lower reaches of Back Creek;
sampling site just below bridge on Buchan—Orbost road.

6) TARA CREEK - Nertherly flowing intermittent stream Vith
catchment mainly Taravale Formation; sampling site just
upstream of Buchan River junction.

7) SCRUBBY CREFK 4 — Minor tributary to Buchan River in which
flow usually only persists downstream of Scrubby_Creek Cave’
input; upstream of input, stream follows Snowy Rlve; Volcanics
/- Buchan Caves Limestone contact; catchment Snowy_R:ver
Volcanics, Buchan Caves Limestone and Murrindal Limestone;
sampling site 50m downstream of site 1Z2c.




TABLE 3.i{coent.)

vROUP 3: KARST SPRING AND CAVE WATER SITES.

8) NEW GUIﬁEA 2 (NG-2) - Spring located in outlier of Buchan
. Caves Limestone at New Guinea Ridge; catchment mainly Snowy
River Volcanics; important archeological site. C '

9) NEW GUINER 6 (NG-6) — Karst window; spring located in large
doline in same outlier of Buchan Caves Limestone as sites 8
and 18; assumed to be resurgence of cave stream in Nuigini
Namba Faiv cave (NG-5); catchment similar to sites B and 18.

10} MOONS (B-54E) - Sbring at end of Moons Cave; catchment mainly
Snowy River Volcaniqs and Buchan Caves Limestone.

11) ¥M-4 - Only spring to have been observed t¢ have ceased flowing

- (February 1983, April and May 1987, and March 1988); catchment}
mainly Buchan Caves and Murrindal Limestone; pessibly receives
water draining Snowy River Volcanics. _ -

12a) SCRUBBY CREEK 1 (M-49) - Sampling site inside cave at pool
near. waterfall, upstream of two large pools covered with
~ calcite rafts. ' : '

12b) SCRUBBY CREEK 2 (M-49) - Spring at end of extensive cave =
system (1600m surveyed passage); catchment similar to site
11; extensive old and new tufa terraces; sampling site where
water first emerges. . :

i2c) SCRUBBY CREEK 3 (M-49) - Sampling site at end of extensive
series of tufa terraces just before confluerice with Scrubby
Creek (= 65m downstream of site 12b).

13) BITCH OF A DITCH (EB-49) - Spring near contact between Buchan
Caves Limestone and Snowy River Volcanics; catchment mainly
~dolomite sequence of Buchan Caves Limestone; massive rglict
tufa deposits present. : '

14) DUKES (B-4) - Spring at end of extemsive cave network
connecting Fairy, Royal and Federal Caves (3000m surveyed
passage); old tufa deposits nearby with active tufa @egos1tlon
taking place in Spring Creek; outlet extensively modified.

15) SCROOGES VAULT (B-56) - Extensive cave containing deep pools
of water usually partially covered with calcite_raftg; located
in outcrop of Buchan Caves Limestone that contains s;tes 16
and 17; catchment mainly Taravale Formation but 90551?1y
receives water draining from Tertiary sands and graveis.

16) B-87 — Cave containing a small stream @hat has been_linked by
dve tracing to the ocutflow at Dukes {s?tg 14}; ca@gzthrafts
noticed on some occasions; catchment gimilay to site 1o,
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17}

18)
19)
120)
21)
22a)
22b) .
22c)
23)

24)

23)
26)

27)

B-41 - Omall cave (approx. Bm in length) that ends in a
calcite covered pool; catchment similar to sites 15 and 16.

GROUP 4: MISCELLANEOUS SITES.

UN-NAMED SEEP - Small seep located in outlier of Buchan Caves
Limestone at New Guinea Ridge; evidence of small tufa dep051ts

on Snowy Raver Volcan1cs downstream of Seep.

UN-NAMED CREEK - Surface strean that only flows after heavy
rain; water sinks at end of blind valley (Stormwater Tunnel,

_M—43) assumed to be connected to Scrubby Creek Cave system

BUTCHERS CREEK - Minor tr1buea;f of Murrlndal Rlver upstream
of main llmestone body; catchment predominantiy Snowy River

Volcanics but may rece1ve input from outliers of Buchan Caves
Limestone.

SUB-AQUA (M-26) - Spring outlet for all of Mnrrlndal River

discharge during low flow conditions.

SPRING  CREEK (FALLS) - Sampling site just below 10m high
waterfall cut into Gelantipy Rhyodacite (member of Snowy
River Volcanics); usually only pools of water in gravel
stream-bed when sampled about 1.2km upstream of site 4.

SPRING CREEK UPSTREAM SITE 14 - Small seep in. bed of Sprlng ’

Creek 100m upstream of s1te 14 1nput

SPRING CREEK BETﬁEEN SITES 14 AND 10 - Sample site in stream
~channel about 8m upstream of input from site 10.

'FEDERAL CAVE (B-7) - Sampling site pool of water in lower
level just before connecting sump to Dukes Cave.

FAIRY CREEK - Intermittent stream observed only to carry flow
on rare occasions; joins Spring Creek in Buchan Caves Reserve.

WILSONS CRVE (EB-4) - Intermittent outflow cave which was
observed to flow only on one occagion; headwaters on Taravale

Fermation.

ROYAL CAVE (B-5) - One of the main tourist caves at Buchan,
water sampled from stream observed to flow only on one
occasion.

SCRUBBY CREEK ABOVE - Pool of water above spring input (site
12b).
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TRBLE 3.1 (cont.)

28) FARM DAMS - Two farm dams sampled only once; upslope of Buchan
Caves Limestone outcrop containing sites 13, 16 and 17;

possibly fed by water seeping through Tert1ary sands and
‘gravels.

29) UN-NUMBERED BOREHOLE — Un—numbered borehole south of sites 15,
16 and 17; sample taken 0.5m below water surface

30} TEA-TREE CREEK - Interm1ttent creek which drains the Tertiary

sands and gravels 1n a southerly dlrectlon away from the study
area.

31) OVERLAND FLOW - One sample collected of overland flow on
Taravale Formation during heavy rain.

FEH 4 wge i

32) BELOW BlTCH OF A DITCH —~ Sample site about 10m below large
tufa bank.

B Cu R Y EE A S &?—l &
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33) RAINWATER - Ra:nwater samples collected on three different
. occasions. :

R I e A T T S P
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monthly and mean annual rainfall for Buchan.

Water samples representative of'droughtsconditions

were collected in February 1983 when the lowest monthly
discharge value 1in 37 years sf continuous  gauging record
for the Bucﬁan River was recorded (0.059 gigalitres). Thsf
1982—83 water vear 1is the driest on record with a
discharge wvalue of 23.6 gigalitres (mean water yvear

discharge wvalue is 172.5 gigalitres and has .a co-

efficient of variation of 65.3%). Using the method of

Srikanthan and McMahon  (1986) for predicting the

recurrence intervals of long hydrologic eyents, yys

return periods of the 2, 3 and 4 water vear sums ending

1982w83 vere 37 57 anpd 345 vears regspectively. The

return period of 345 vears [Or the 4 water year Sums
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TRBLE 3.2. MONTHLY AND YEARLY RAINFALL DATA FOR BUCHAN 1982-1988 (MEAN
MCNTHLY AND MEAN ANNUAL RAINFALL DATA (m) USING ALL AVAILABLE DATR
SOURCE: BUREAU OF METEORGLOGY., MELBOURNE. o

STATION NO. 084005, BUCHAN (91.0 m a.s.1.).
YEAR JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC. TOTAL|
1982 83 4 119 18 31 48 85 10 55 50 10 52 565
1983 30 15 68 9 147 35 86 73 84 7 40 59 837
1984 99 66 35 38 46 71 217 54 109 28 26 73 862

1985 32 4 57 89 22 98 55 94 146 147 136 20 1084

1986 58 11 17 36 28 25 72 33 63 57 145 30 575
1967 38 76 61 16 60 48 114 52 61 50 50 87 713

1988 61 26 30 82 90 24 14

mean ' 66 58 59 65 67 78 66 60 71 79 72 74 815

monthly discharge in February 1983'(0.000, gigalitres). s {

LA L o B

Annual diséharge data .{in water vears) for both the
Buchan and Murrindal Rivers commencing the  water vear

1982-83 is given in Table 3.3.

The highest monthly mean daily air temperature on
record for both Orbost and Bairnsdale was recorded'in
Februar§ 1983 (29.3°C and 29.1°C respectively). At the
time the water samples were collected, February 1983,
both the Buchan and Murrindal Rivers had ceased to flow
and consisted only of pools of water. All but one of the
karst springs continued to flow (Ellaway and Finlayson,

1984y .

Water samples representing high flow ({flcod)
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TABLE 3.3. ANNUAL DISCHARGE DATA (WATER YEARS) FOR

AND HMURRINDAL - RIVERS COMMENCING WATER YEARTHElggg§é§
{GIGALITRES) . MEAN ANNUAL DISCHARGE, STANDARD DEVIATION AND CO-
EFFICIENT OF VARIATION USING ALL AVAILABLE DATA. SOURCE:
HYDROGRAPHIC SECTION, RURAL WATER COMMISSION OF VICTORIA. |

BUCHAN RIVER MURRINDAL RIVER
(Station no, 222206) (Station no. 222216)
(1948-1987) - {1976-1987) -
1682-83 23.602 3.950
1683-84 176.285 54.860
- 1984-85 162.915 ' . 64.817
1985-86 282.740 124.194
1986-87 80.441 . . 10.472
mean 172.482 . 45129
s.d. (c.v.) 112620 (65.3%) 44.441 (98.5%)

~conditions were collected'in' July 1984 ~when over 110mm

O
Fh

rain fell in a 48 hour périod {28th and 29th) onto an

N

8

-

ready wet catchment causing severe flooding of the main
surface streams in the area. Rainfall for July 1984 up to
the 28th was 107mm (41mm over the long term mean for
July). Dry wvalley networks were suddenly activated and
caves in the area that had previously been assumed to be
cbandoned were observed to be carrying large volumes of
highly turbid water. The tourist caves in the Buchan
Caves Reserve were closed due to severe flooding. The
iretantaneous maximum flow of 19.3 gigalitres/day ?as the
‘ifth Thighest on record for the Buchan River and the
highest  recorded during the study _period. Maximum

. : e
instantaneous flow of the Murrindal River at the gaug

gigalitres/day. the highest

.

Zi1te in Fast Buchan was 32.7
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on record although records are only available from March

1376. Recurrence analysis of the flood event, using both

~zinfall intensity (mm per day) and discharge data for

the Buchan River (mean daily flow) by Finlayson and

RS

Ellaway (1987) gave an average recurrence interval of

cetween four and eight vears.
SUMMARY

In this Chapter the 'varietf of sites from whi&h
water samples were collected and the methods of analysis
tsed to determine particular _ parameter. values .are
described. Hydrological and climatological conditions

cperating in the study area over the study period are

. fu

!so briefly described. Karst' spring water samples that

(

re assumed to represent the two end-members of possible

low regimes, i.e. baseflow (drought -conditions} and

h

i

h flow (flood conditions) were collected in February

-
7

o

983 and July 1984 respectively. The effect of these two
events on the long term chemical behaviour and flow
characteristic of the karst spring sites sampled is

briefly discussed in Chapter Four and examined in more

R
R,




ni laboratory work are presented in three sections:—

CHAPTER FOUR
CLASSIFICATION OF WATER TYPES

INTRODUCTION

In'this Chapter the rPsulfs obtained from the field
i)
Z2, 11) chemical paramelerJ, and
13 computed parameters, with each of these sections

f

n—=itu field measurements

=ing subdivided 1nto the categories of sites samplpd In

zpter Three 1t was noted that the sites sampled were
vided into four groups:; in this Chapter the ma jor
rface and minor tributary stream sites w111 discussed

cne group and not aé two sepavate groups for the
scussions on thé resu? ts obtained for the ;g::;;g field

zsurements and the computed parameters

Based on results and trends found for each section

g
w

ites sampled are subjectively classified into sites

ving water of particular physical ~and chemical

aracteristics. A cluster analysis technique is then

Assuming the data obtained for each parameter at

st site are normally distributed the arithmetic mean

.77 the standard deviation (S.D.) would be the best

ures of central tendency and dispersicen respectively.

“rxtistical analysis of the data obtained at each site

:"ows that some parameters are not

normally distributed
indicated by high positive or negative skew. For these

rameters the median value (Qso) and the seml inter-
le range (SIQ) provide the best measures of central

tndency and dispersion.

Sinee it 4is inappropriate to include the mean for
median for others. the mean and
the standard deviation {(S5.D.}

(§.1.Q.y, are

we parameteys and the

2dian together with
inter—guartiie range
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W

TET

o

o

Towy River {site 3)
501 Sorubby Creek 4 (91

4 smallest (5.5°C) rang

= based on median values only. It is

~TER TEMPERATURE

ciw 12.0°C  at Spring Creek (site 4} to

g2

:ptey. Skewness, a measure of the degree of asymmetry

- Zistribution is also given.

- - g - T h
o facilitate discussion, comparisons between gites

felt that the
| : of the samples collected,
ing  little affected by vparticularly - low and high

iues which - can make the arithmetic mean completely

Nl

dian is more representative

srepresentative (King, 1969; Chase, 1976). Also where
sz éré'approximately normal the median and the mean are

uite similar in value.

IN-S1TU FIELD MEASUREMENTS

" The range, median, S5IQ, mean, 5.D. and skewness for

~er temperature (°C), Eh {(millivolts, mV), pH and

cnductivity (uS cm—2?, 25.0°C) are given in Tables 4.1,

w2 and 4.3 for the groups of sites sampled (see Table

., 1.e. the major surface streams, the minor tributary

-

ms, the 'karst spring and cave waters and the

M
{u

szcellanecus sites respectively. Also presented in Table
. are the range, median, S5.1.Q.. mean, S.D. and
“ewness for available monthly water temperature, pH and

[

cnductivity data measured by the Rural Water Commission

%W.C.) for the Buchan River (1975-1989) at Buchan and
Snowy River at Jarrahmond (1975-1989). ' :

il

2 0R SURFACE AND MINOR TRIBUTARY STREAM SITES

Median water temperatures found in +his study ranged

18.5°C at the

with the Murrindal River {site 2}

+e 7) having the greatest (25.0°C)

es respectively {Table 4.11}. Cf
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in February 1983 (Buchan River

the four sites sampled

957

I
\

ite 1), Murrindal River, Snowy River ang Sering Creek)

{n

11 recorded the highest water temperature measured over

the study period, although in the case of the Buchan

River this water temperature value was recorded'on one

other occasion.

It is'interesting to note that the warmest water

temperature recorded for the Buchan and Snowy Rivers over

the wstudy period, using the R.W.C. data, were also

recorded  in  February 1983  (25.0°C .and  29.5°C
respectively). - These = maximum water :teﬁéerature values
werefnotéd_to occur'oﬁ only thrée othefioccasions er the
Buchan River andIOh only one bther'occaéion'fbr the Snowy
Hiver usiné ‘all R.W.C data and this is an indication of
how extreme conditions weré in the study area in February

1583,

Of the five sites sampled during the high flow event
in July 1984 (Buchan River, Murrindal River, Snowy River,
Sering Creek and Back Creek (site 5)), four of the sites
.24 water temperatures very similar to one another (S8.0-

lG.O'C).with the Snowy River site recording 12.0°C. Back

“reek was the only site sampled in this group for which

1t was the minimum value recorded.

Median water temperatures for t+he Buchan and Snowy

: imi} with
“ivers (using the R.W.C. data) are gquite similar,



4.1. RESULTS OF IN- HEASUREMENTS OF WATER TEMPERATURE 24
 ERjav) . (H AND CONDUCTIVITY (uS ca 25-¢) FoR mpgon oo

R TRIBUTARY STREMMS (SITE NUMBERS AS IN TABLE 3.1 RANGE,
TOAN. SEMI INTER-QUARTILE RAGE (S.1.0.), MEAN, STANDARD Bveociy
331 AND SKEWNESS VALUES GIVEN (n = NUMBER OF SAMPLE:

S). DATA FOR
SUCHAN (#4) AND SNOWY (**) RIVERS FROM RURAL WATER COMMISSION.
© 2ITE NO. WATER TEMPERATURE  n PH  CONDUCTIVITY
‘ ' o mv) (U8 cmr 25°¢)
| MR
- "1} range 7.0 - 2.5 331 - 504 6.86 - 8.16 54 - g0
median 14.5 420 7.53 99
5.1.Q. 4.4 16 0.19 48
mean 14.9 423 7.56 155
S.D. 4.7 29 9.33 146
gkawnesa -0.09 1.33 0.10 2.13
; n o= (20) {16 (20 (18)

2} range 6.0 - 31.0 361 - 440 7.02 - 8.18 224 - 522
median 17.0 416 7.51 . 271
5.1.0. 4.4 15 0.15 . 28
mean 16.4 413 7.51 1301
5.0, 6.3 gz g.gg X gg
sXewnags 0.45 ~-0.95 . . -
n= (19) an o an gy

3} range 11.0'~- 24.0. 386 - 435 7.38 - 8.53 135 - 245

- : 185 4co 7.83 - 185
madian 18, e

i 5.1.Q. 4.3 11 0.31

; ; 410 7.84 183

! mean 17.8 79
oo %% 1 SE 8'22 0.12
axewness -0.11 L2t . .
_nx- {10) (8} | {10) (9)

; - - - 880

. #* range 1.0 - 25.0 6.307 52.30 32 p
median 1_4.8 : 0-30 57
5.1.4. 5.5 - 92 1os
mean 14.2 0 40 “ag
5.D. - - -0.61 6.38

i gXewness ~0. 74

. o= (152) - (112) (174)

. - 62 - 240

i ** range. 3.0-29.5 - 6.507 93-50_ 128

dedian 15.0 - 0 35 23

: 5.1.4Q. 5.7 . s 151

i mean 15.6 - o as 35

| oD *0 - -0.49 0.27

! zkewness -0.10 (97) {173).

: n - {107) -

®IY~D IETBI[ BEX E BEBHS X

; - 7. 149 - 1015

! 4 range 7.0 - 19.0 301418457 6.827‘3; 8o 955

! median 13.0 ¥ 0. 39 107

: S.I.Q. 2.6 08 7.33 A36

i mean 12.4 440 027 233

i 5.D. 3.2 - —0.05 1 03

gikewness -0.08 —1_-6 (23] (22)

; n - (23} {16) _

5 - 7.865 264 - 984

. S range 9.9 - 16.0 18735’435 6.8 - 7 a1

median 15.5 g 016 58

; 5 1 3.0 3 723

: s-1.4. 3167 7.39

i mean. 14,1 0.34 206

- 3.2 e ~0.61 -1.13

skewness —((Elg')? 'lig) (10) 3

B n=

5 ~ 7.88 612 -~ 790

L5 range 9.0 - 22.0 344 57433 7.32 -7 596

. median 18.0 A 0.14 46

: 3 2.9 z 576

: 5.1.9. 398 7.62 ¢

mean 16.5 -0 64 -0.46 0.41

skewnegs ~0.51 o 018 38
_— (11) {7)
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~rziT 4.1 (cont.)

= vange 13.5 - 15.0 391 - 432 7.80 - g a2 -
' median  15.0 419 8.02° 455552610
s 1 1.5 11 0.09 36
| mean 15.5 415 8.01 546
5o, 1.7 15 0.4 51
| skewness 0.60 -0.65 0.39 -0.62
; a - (13) (8) (13} {13y

the median values obtained 1in thig study for the'Buchan
River. Back Creek and Scrubby Creek 4 also being

rezsanably similar.

ne minor tributary stream sites record smaller

5.1.%4% s than the major surface streams. This pefhaps is

a raf
silreams are, ’for most - 0of the time, fed by seepage and .

ground waters rather than surface runoff and hence do not
Ies;oﬁd a5 readily of as easily as the. major.surface
rsam  sites do due to seasonal effects. This is
griicularly the case for Scrubby Creek 4 whose flow is
Pred-minantly derived from the Scrubby Creek cave system.

[5iz "ssasconality” factor is discussed in more detail in

median Eh's are reasonably similar for all Sltes'

B

“i°7 "t mincr tributary stream sites, .except Scrubdy

5. tending to have the greater range (Table 4.1

Er's obtained in this study are plotted together

. : H
“itLonsdian pH's for the respective sites on an En/p

i i in the
“iiran (Figure 4.1) and are noted to lie within

iection of  the . fact ‘that the four minof surface'

E
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1000
800 —
800 ~
400 -
‘mv} 200 —
0
=200 . o shallow groundwater
@ fresh water
-400 —
-éoo 1 ! 1 1
0 2 4 & 8 iC 2.
pH

Figure 4.1. Eh/pH diagram with median Eh and pH valuea
plotted for surface stream and karst spring &nd cave
water siteg (-). Shallow groundwater and fIresh water
boundaries after Bass Becking et al, 1960.

rproximate “boundaries“ of Eh and pH values for shallow

N

£

¢roundwater and fresh water environments assembled by

i

255 Becking et al (1960). Also the median data for the

o
n2rst spring and cave water sites is given in Figure 4.1.

»

411 sites are tightly clustered together and indicate
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zimilar oxidising env1ronments

It must be stressed that the Eh measuréments made in

this study were taken simply to distinguish between

oxidising and reducing _ env1ronments and not as

electrochemlcal data for thermodynamic interpretation. In
broad terms, lower Eh's were noted to occur when stream
u1scharges were low; thls was partlcularly noticeable for
three of the minor trlbutary streams--(Spring Creek, Back

Creek and Tara Creek)' more so than for the other sites

sampled.

oy,
o}

Mediaﬁ pH' for the major surface stfeam'sites.were
within. the rangé of median vélues noted for the minor
streams; although the major surface stream sites
generally exhibited the greater range of values found
{Table 4.1). Of the five sites sampled.during the high
flow event (July, 1984) the four sites that recorded
similar.water temperatures also recorded guite similar pH
“zlueg (7.27-7.38). For these four sites the similar
water temperature and pH values could indicate the same-
cource of water. That is, it possibly indicates runoff
Fassing through the system so quickly that there is
‘ittle chance of any chemical reactions taking place.
This is examined in more detail in the chemical results

Tection.
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CONDUCfIVIT?.

Unfortunately no conductivity measurements were
obtained for any of the sites sampled in July 1984, but
&n  approximation of cdnductivity can be obtained by
mﬁltiplying the concentration of each ion determined by
the appropriate ' conductivitf factor énd summing
(A.P.H.A., 1976). For the sites sampled in July :1984 the
cél;uléfed cOﬁdQ@fiVityivéiue is the iowest for all sites

except the Buchan Rivér.

Median conductivity Vafied conéidefably between the
sites. and within tﬁe two surface stream groups (Table
4.1). Spring Creek had the greatest range and largsst
S.1.0. be both groups although its median was
intermediate between the medians obtained for the major

surface streams and the other three minor tributary

treams. Broadly. three different tvpes Qf. waters -can be

i

n to exist if median conductivities . are used to

@ -

ur

=

Zistinguish between the sites: — A): 99-i85 uS cm-2
“Huchan and Snowy Rivers); - B): 271-3535 usS cm-?
‘Murrindal River and Spring Creek); and - C): 932-781 usd

tmTt {Scrubby Creek 4, Tara Creek and Back Creek).

The range in median conductivities'for these sites
varied Cohsiderably (89-781 uS cm—1} and as conductivity
LEoan indirect measure of the concentration of ions iIn
zsiution, conductivity is perhaps simply reflecting the

“ffect of catchment lithology on water chemistry. For
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example, the Buchan and Snowy Rivers which have > 99% of

thelr respective catchments on less soluble non-carbonate

lithologies have relative low median conductivity values
whnen compared to minor tributary streams such as Back and
Tara Creeks which drain catchments composed of
predominantly carbonate materia1. ' This effect of
catchment-lithdlogy_oh water chemistry and chemical ion
:oncentrations{ is examined 1in .mofe' detail in Chapter

-

Tive and Six.

The.highest conductivity reading observed for the

tr

uchan and Murrindal Rivers over the study period (600

nd 522 uS cm—1 respectively), were recorded in February

£

1%83. The highest conductivity readings recorded for the
Buchan River using the R.W.C. data were in February and
March 1983 respectively (770 and 880 uS cm-1). For Spring

Creek the second highest Value'recorded (851'uS cm—1) was

.17 February 1983.

Comparing the results found in this study for water
“emperature, pH and conductivity measurements for the
Zuchan and Snowy Rivers with the data available from the
¥ . W.C. for these two rivers, the values measured in this
sTudy tended to lie within the range of values found by
‘s R.W.C. for all  parameters. Median pH, water

Lzmperature and conductivity values for the Buchan River

“zre relatively similar for both data sets. For the Snowy

- . =% alad
“iver, only median pH was similar to the R.W.C. dat

Fuganii

!
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witn the median water temperature and conductivity values
feund in this study being considerably higher than the
corresponding  medians using the R.W.C. data. The small

numosr of In-situ field measurements made in this study

h
@]
ky

this site, particularly with more measurements
ocourring during the warmer months could heip explazn
‘some of the discrepancy, the other belng the time perlod

over whlch the data from the R W C were assembled

KARST SPRING_AND CAVE WATER SITES

' WATER TEMPERATURE
The'range'of median = water temperatures noted for
this group of sites (Table 4.2) lie within the range of
median water temperatures.noted 'for.the.-major and minor
swrfaee' streams Medians for sthis group ranged from
.3°C (New Guinea 6 —.site_ 9) ta 17.0°C (Bitch of a
Sitch and B-67 - sites 13 and. 16 respectively). In
Comparing the data for this group of sites with that
ohtained for the major and minor surface streams the
crsiderably smaller S.1.Q.'s associated with the karst

EPring and cave water - sites are quite noticeable as 1is

ths range of values noted at any of these sites. This 1s

th= result of the damping effect of storage delays in the

¥arst agquifer. This issue is discussed in more detail in

led i
Of the nine sites in this group that were sampled in




TABLE 4.2. RESULTS OF IN-

{n = NUMBER OF SAMPLES).

MEASUR
{mV), pH AND CONDUCTIVITY (uS cm-2
SITES. (SITE NUMBERS AS IN TAELE 3.
RANGE (5.1.0Q.}, HMEAN, STANDARD DEVIATION (8.D.)

EMENTS OF WA
25°C) FOR KiR
1). RANGE, ME

TER TEMFERATURE {(*C), En
ST SPRING AND Ccave WATER
DIAN, SEMI INTER-QUARTILE

AND SKEWNESS VALUES GIVEN

8) range 12.0 -~ 16.8

median 14.0
5.1.Q. 0.9
rean 14.2
5.D. 1.6
gkewness 0.51
n o= ’ (83
9] range 12.0 -~ 15.0
median 13.5 :
5.1.Q. 8.5
mean ©13.5
S.D. . 0.9
" gKewness 0.0
n = (83 _
10} range 12.86 - 15.0°
median i3.5 .
5.1.4. ¢.5
mean © o 13.8
3.D. : 0.9
skewnegs g.86
n = {29)
11). range i0.5 - 17.0
- median 15.0
5.1.4. o 0.4
mean : 14.6
S.D. 1.5
skewness -1.33
n= (18)
12a) range L 14.0 - 17.0
- median '16.0
5.1.4q. 0.6
mean ’ 15.8
5.D. : 1.1
" akewness -0.82
n o= (12)
12b} range 11.5 - 17.0
median 16.0
S.1.Q0. 0.8
mean - 15.7
S.D. 1.2
skewness -1.98
n = (22}
12¢c) rangs 11.5 - 18.0
median 16.0C
5.1.Q. 0.8
mean 15.6
3.D. 1.8
skewness -0.13
n = (21}
"13} range 16.0 - 18.0
median 17.0 .
s.1.q. 0.3
mean i6.8
5.0, 0.4
skewneass 0.25

noo {26)

SITE RO. WATER TEMPERATURE

Eh
(mV)

386 - 448
413
¢
416
1%
0.21
€7}

414 - 452
426
9
432
14
0.25
{7

357 - 463
425
10
423
23
-1.23
{15)

391 - 430
416
12
414
13
-0.31
(12)

| 381 - 423

414 |
9
409
i3
-0.92
(10)

373 --427
411
8
4190
13

~-1.29
(13)

373 - 427 -

4135

9
411
15
-1.12
(14}

375 — 443
413
5
414
17
-~0.57
{16)

PH

.09 ~ 7,93

7.38
0.35
7.44
0.33
0.33
(8)

.68 - 8,00

7.44
0.24
7.37
0.40

-0.23

(&)

.87 - 7.95

7.41 .
0.11
7.45
0.24
-0.03
(29)

10 - 8.21

7.65
0.26
7.68
0.34
-0.14
(18}

.12 - 7.04

7.49
0.22
7.52
0.28
;.08
(12)

.05 - 8.01

7.64
0.10
7.58
0.27
-0.96
(22)

.10 - 8.23

7.94
0.14
7.83
G.34
-1.07
{21)

.00 - 7.56

7.48
0.16
7.44
G.25
0.24
{20)

CONDUCTIVITY
{uS em—* 25-C}

210 - 514
246
77
297
118
6.80
(8)

160 - 517
268
70 .
294
116
0.84
- (8)

208 - 668

567
158
496"
161
-0.62
(28)

389 - 890
690
73
661
146
-0.45
(17)

325 - 732
610
74
594
125
-0.97
(12)

330 - 713
611
57
504
102
-1.30
(19}

319 - 633
543
. 44
832
80
-1.06
(20}

710 - 1080
898
18
852
a3
-1.16
{17}
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TABLE 4.2 (cont.).

14) range | 13.0 - 18.0 380 - 483 5.62 - 7. - 16
median 15.9 416 7.12 45 5423541616
5.1.¢Q. 0.3 12 0.14 - A6,
mean 16.6 417 7.09 1303
3.D. 0.9 .23 ¢.20 T
skewness  -2.1 1.18 -0.29 ©~1,94
n o= (31) (18) T (30) (30)

15) range: 15.0 ~ 17.0 400 - 441 7.11 - 7,51 B40 - 1159
median 16.5 410 7.31 ' 1064
5.1.G. 0.3 9 0.09 50
mean 16.5 415 7.31 1643
5.D. 0.7 15 0.15 106
gkewness -1.53 0.91 0.2% -0.97
n= (7 (6) e 7

16) range 12.0 - 19.0 337 - 430 6,77 - 7.39 1122 ~ 1824
median 17.0 T 414 7.06 1691
g.1.4q. 6.5 22 : 0.08 45
mean 16.6 401 7.08 " 1854

- .8.D. . 1.27 30 0.14 144
skewness = <2.15 . ~0.92 0.3 -2.46
n= (22} (15) ey (2D

17} ‘range 14.7 - 17.5 401 - 439 © 6.89 - 7.21 1281 - 1809
median 16.5 416 7.69 . 1602

.5.1.G. - ¢.3 S10 . 0.97 10
mean -15.3 418 : 7.05 1603
S.D. 0.8 13 0.10 . Coo121
gkewness  -0.86 0.25 -0.08" -1.16
n - 13 8y {13) _ (13

zbruary 1983 (New Guinea 'Z (site 8), New Guinea 6, Moons
7, Scrubby (Creek 1, 2 and 3 (sites 12a, 12b and
ectively), Bitch of a Ditch, Dukes (site 14) and

AR

ure over the study period on this cccasion or in

of Moons, Scrubby Creek 1 and Dukes on one other

8]
: P
E-A7) all except Bitch of a Ditch recorded highest water
t
e

Also on this occasion the range o©f water
-zinperatures recorded for this ‘group of sites, 15.0°C
‘New Guinea 6) to 19.5°C (Scrubby Creek 3) is
sinziderably Smallef, and the individual sites were
| range and individuat values

- (D

P

lv cooler than the
tributary streams on this

£d for the major and mincr
° 31.06°C Murrindatl

n (16.0°C - Spring Creek Lo

OFf the seven sites sampled during the high flow
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4 {Moons, M-4, Scrubby Creek 2 and 3

s

8
3itch of a Ditch, Dukes and B-67) all except Moons
recorded the lowest water temperatures noted over the
study period. Bitch of a Diteh showed the least amount of
change; only 1.0°C lower than the medlan The other sites
.recorded values in the range 11.5° C to 13, O'C -wfich are
marginally warmer than the 9.0-10. O C no*ed for three of

ra majOr nd minor. surface stream 51tes sampled on'this

divided into three groups with similar - median water

:emperatures: Group l; 13.5-14.0°*C (3_sites); Group 2, -
5.0-16.0°C (4 sites); and Grour 3, 16.5-17.0°C (5 Loz
ites).-fhis_‘gr@uping of'tﬁe karst spring and cave water
Sites-iéidiscussed in more detail in other sectiohs_of

inis Chapter

tr]
St

Median En wvalues for these sites are relatively
"“m"ar and together with the relevant median pH are

shown  in Figure 4.1 together with the median Eh/pH

;J‘I

lues for ﬁhe major surface and mincr tributary streams.

ey show that these waters are all well oxidised.

T
o

Median pH wvalues ranged from 7.06 (B~67) to 7.94

"Zcrubby Creek 3) which 1is reasonably sgimilar to the




o
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range of wvalues noted for the major and minor surface

Treams.

ity

For the high flow event in. July 1984, five of the
saven sites sampled (M-4, Scrubby Creek 2, Serubby Creek
3. Bitch of a Ditch.and B—67) had pHE values. in the range
7.04=7.11 with the two other sites having oH values of

7.38 (Mccnsg) and 7.43 (Dukes).

In Chapter One it was noted that degassing of karst

9]

pring  water- as it flows downstream ~from the spring

.;iet.is a majof cOntrél'Ch PH valués, i.e pH was shown
o increaée as degaésing bontinued, This ié mosf evident
ihe:Scrubby Creek-sites-whére median pH"increases from
7.49 (Scrubby Creek 1 - cave water) to 7.64 (Scrubby
reek 2 - spring outlet) to 7.94 (Scrubby . Creek 3, =65m
downstream) to 8.02 (Scrubby Creek %, ‘a further S0m

downstream) . This degassing effect is discussed in more

i2tail in Chapter Seven.

CONDUCTIVITY
Median conductivity wvalues varied considerably from
te to site and ranged from 246 uS cm-1 (New Guinea 2)

316 45 cm—r (B-67) with B—-41 and Moons having the

Ww
-

small

0l

3t and largest 5.1.0.'s respectively.

As noted previocusly for the major surface and minor

“ributary streams, no conductivity values are available
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for any site sampled in July 1984. For most sites
conductivity measurements made in September 1984 were
the lowest recorded over the study period. Calculated
conductivity values for the July 1984 water samples are
notablyllower than the September conductivity values fér
all sites except Dukes. Whether the conductivity
measuﬁemenﬁs'madej in Sepfember 1984 . were étill being
influenced by ‘the July high flow eﬁent.isl $ matter of

conjecture and Wi11 be=1ooked-at in Chapter Six.
Karst Spring and Cave Water Types:

Using the medians obtained for_watef temperature, pH

and conductivity = the karst spring and cave water sites

“can be divided ihto:siteé exhibiting four different types
of'jwater: .The-'thfee - Scrubby Creek sites are grouped
io?etﬁér_és'they' in fact represént “the same:'bOdy of
ground water; .differences noted in median conductivity
and pH values for these three sites are attributed simply
to degassing and calcite precipitation (see Chapter
Seven) and unless otherwise noted only Scrubby Creek 2

data will be used.

TYPE 1 -~ ©HNew Guinea 2 and New Guinea 6: low median
conductivities (2464268 usS cm—1) which are closer to
the median values obtained for the Murrindal River
(271 4S cm—2) and Soring Creek (355 uS cm—1) than

for those obtained for the other karst spring and
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cave water sites. Water Lemperatures are usually the
coolest of the karst spring and cave water sites,
with the exception of Moons, and are similar +to the
median for Spring Creek. Median pH's are similar to

that observed for Spring Creek and Moons.

TYPZ 2 - M-4 and Scrudby. Creek 2: median
cdnd@ctiﬁiﬁy values {6i1f690 us cm—l)'lge within the
mediaﬁ ranée.nptedifor'three of the mihof tribuﬁary
' streaﬁs"(BaCK Creek, 'Tara'Cféek and S¢fubb§ Créek
4); median pH values (7.62-7.64) similar to that

for Tara Creek (7.63); median water temperature

(15.0-16.0°C) similar to that noted for Back Creek .

and Scrubby Creek 4.

TVPE 3 .;:BitCh of a Ditch and Scrooges Vault (site
lei median water temperature, pH and conductivity
values of 16.5-17.0°C, 7.31-7.48 and 958-1064 uS

cm~1 yrespectively.

TYPE 4 — B-67 and B-41 (site 17): highest median
conductivity values of all sites sampled (1602-1691
LS cm—* respectively); lowest median pH (7.06-7.09);
median water temperatures similar to that observed

for TYPE 3 waters (16.5-17.0°C).

Median in—-situ values for Moons and Dukes, in

carticular the conductivity's (567 and 1364 uS cm—?

o
Cou?
b
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brjef1y and in rélation to the resulﬁs found for the
sites sampled in the previous two sections. From the
results presented 1in Table 4.3 the in-gitu field
neasurements made for this group of sites were generally
within the range of values obtained for the major surface
and minor tributary sﬁréams'and the-kafst spring and cave

water sites.

Un-named Seep (Site 18) - small seep locatéd.in.same
outiigf of Buchan Caves“'LimestoneIas Neﬁ.Guinea 2
and New Guinea 6 and is unusual in that the median
pH and conductiviﬁy differ quite markedly when
compared to the respective medians for the two New
Guinea’ sites, particularly in - the case of
f.COhductivity which is notably higher; median water
.temperature similar to the median for these two

sites.

Un—named Creek. (Site. 19) - intermittent surface
stream that only flows after heavy rain with flow
most likely connecting into the Scrubby Creek cave
system; median water temperature, pH and
conductivity similar to those noted at.Scrubby Creek

2.

Butchers Creek (Site 20) — minor tributary stream to
the Murrindal River with median values for altl

parameters, except water temperature, similar to

L T T o e oy e o S a2
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= AND CONDUCTIVITY  (u8 em™1l
AS IN TABLEZ 3Z.1). RANGE,
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JE-2ITYU MZASUREMENTS OF WATER TEMPERATURE (°C). Eh

25°C) FOR MISCFELLANEQOUS SITES (SITE
MEDIAN,

SEMI INTER-QUARTILE RANGE

¥IAN, STANDARD DEVIATION (S.D.) AND SKEWNESS VALUES GIVEN ONLY
WHERE n 4 CTHERWISE RANGE OF VALUES CR VALUE ONLY GIVEN (n =
SAMPLES)
SITE NO WATER TEMPERATURE En PH CONDUCTIVITY
e (mV3 (uS cm~1 25°C)
range 9.5 - 16.0 383 — 431 W70 - 7.13 302 -~ 1001
median 14.5 410 7.11 a0s
5.1.Q. 3.5 3 0.04 43
mean 14.8 409 7.02 726
g.D 4.2 16 . D.18 259
skewness -0.08 =0.1¢ -1.40 -0.89
n= 3) ’ ' (3 sy (3
5) range . 11.0 - 15.0 403 - 423  7.15 - 5.05 455 — 499
median 16.5 412 7.64 N I
5.1.0. 3.3 7 0.38 -
mean 13.8 i 412 7.82 -
2.D. 4.0 8 0.44 -
gkewnessg ~0.,28 - 0.27 -0.06 -
n o= (4 (4) RCI (3)

30) range 7.0- 21.0 414 - 428 7.10 - 8.12 161 - 270
median 3.8 - 7.30 180
£.1.Q. ‘3.7 - 0.29 24
mean 3.9 - 7.46 108
£.D. 3.8 - 0.46 50
sKewness 0.0% - 0.97 0.51
no= (4) (2) (4) (4)
range 11.0 - 20.0 405 - 421 .08 - 7.86 258 — 380
median 16.0 - 7.35 - 291
5.1.Q. 2.5 - 0.17 32
mean 16.0 - 7.46 303
5.D. 3.7 - G.31 . 51
gkewness -0.24 : - 0.14 0.64
no=. (5) (3 (5) 4 {5)
range  11.5 - 15.3 ‘398 - 425 .89 - 7.3¢ 289 - 460
n = (3) . (2) (3 : (3

22h) value 15.8 n.a 7.16 1027

Z22¢c) range iz.9 — 18.0 n.a .54 - 7.81 301 - 1487
median - €.4 - 7.58 1227
s.1.0Q. 1.1 = 0.04 102
mean 6.1 - 7.55 1186
S.D. 1.7 - 0.18 321
skewness - —0.26 - -0.21 -1.02
n = {4) - (4) (4).
range 10.5 - 1£.8 n.a. .10 - 7.55 354
n = (2) - (2) (1}
range 11.0 — 13.0 407 - 437 .40 - 7.83 212
n = {(2) (2} (2} {1)

2Z valus 5 n.a 7.6C n.a.

261 value 16.0 428 7.88 330

73 .value. 0 421 7.61 241
283

I8) wvalue (i)  28.0 n.d. 7.96

‘ S UL 230 317 7.96 247
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TABLE 4.3 (cont.) -

29) value 16.5 380 7.93 149

20) wvalue 8.0 n.a. - 7.02 . 197

31y value 11.0 n.a. 7.10 n.a.

32) range  17.0 ~ 19.0 398 - 413 7.68 - 7.81 845 - 924
n = 2 (2) RN ¢)) (2)

33) wvalue -8.0 n.a. 5.64 coona,

a.

the mediéns obser?ed fof_the major'sufféce sfream
sites.

Sub~Aqua (Site 21) - resurgence of the Murrindal
River "with medians for water temperatﬁre and
“conductivity similar to the réspective medians for
the Murrindal .River; slightly lowéf medién pH than

that Observéd for the Murrindai River.

With the remaining sites the results obtained are
Setter discussed in the context in which the measurements

wzre ‘made and a better understanding is achieved when the

0

gy

)

ts of the chemical analyses for these sites are
~iscussed with the results obtained from the other sites
sampled, in  particular the karst spring and cave water

sites.

CHEMICAL ANALYSES.

5. 1.0., mean, 5.D. and skewness

The range, medial,

A




111

veluss for Ca2+, Mg+, Na*, K. Cl-, SO.2-,
a~3 t>tal hardness are given in Tables 4.4, 4.5 and 4.6
s-y tha water samples collected and analysed from the
»zinr surface and minor tributary stream sites, karst
zpring and cave water sites and the miscellaneous sites

respectively. Total hardness values are calculated from

the Ca2+ and Mg2* values found for each water samples

ccilected by multiplying  by__the-_appropfiate factor to

-obtzin equivalent calcium .carbonate concentrations

(2.2 H.A., 1976). i.e.,

Total Hardness (mg/l CaC0s} = (Ca®* x 2.497) + (Mg2* x 4.116)

Also presented in Table 4.4 are the ranée, median,
JEQL, mean.'S.D. .and. skewness values for the above
p:raméters obtainéd_from.chemical data availabie from the
R.ﬁ.ci for the Buchan Rivér at_ Buchan (1978—88) 'and.the

Growy River at Jarrahmond (1977-85).

¥AIi0R SURFACE AND MINOR TRIBUTARY STREAM SITES

“irJOR SURFACE STREAMS
Of the three major surface stream sites s;mpled the

=.chan River showed the greatest range for nearly all

B

mical parameters and also had the lowest medians for

{ ]

t parameters. Of the other two major surface stream

5. the Snowy River had the smallest range in values.

Zit

o

highest medians

“hile the Murrindal River recorded the

“2r all parameters.

alkalinity

24 F
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The range of values, and associated medians, found

in this study (for all chemical parameters) for the

guchan and Snowy Rivers, are reasonably similar to the
range ‘and medians noted in the chemical data obtained

from the R.W.C. for these sites.

Thé_highest fchemical ion con;entratiohs fOund for
the Buchan and _Murrindai RiVefé over the study period
are_associated with_water‘ Sam@lés céiiected. in February
i983 (as noted in Chapter Three-both Streams had ceased
1o fldw). The incfease_in chemical ion COncentrations is
certainly mbre noticeable (when compared to median
chemical ion values) for the Buchan River than for the
Murrindal River. Chemical values for thé Buchan River
2re between 3.7 (for Na*) and 9.5 (for Ca2+) times
higher ﬁhaﬁ the respective' medians and'~assdmin§ Ci-
diséla?s' "conservative behaviour" (see discussion lin
Chapter Five) are assumed' to be dus to concentfafidn by

evaporation (based on  almost 9 fold increase in Ci-s

rather than dominance by ground water input.

For the Murrindal River the February 1983 chemical
ion values ére between 1.2 (for Cl-) and 2.7 {(for Ca=2+)
Limeg higher.than the respective medians and based cn the
zhove reasoniné possibly indicates either dominafice byl
ground water dinput or increased dissolution of carbonate
witerial rather than concentration by evaporation. For

_ . ; were
‘e Snowy River the February 1983 chemical levels
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~iv slichtly higher than the medians observed for most

O

1czl parameters  at this site. The chemical data
chprained from the R.W.C. for the Buchan and Snowy Rivers
ruary .1883) shows very similar trends to that
stserved in the results for this study, i.e. highest
vziues on record for most chemical _pafameters were
recorded for .the Buchan  River, whereas most chemical
rarzmeters for. ﬁhé Snowy Riverfwére.cniy.slightly higher

than the respective median values.

The chemical data obtained  from water samples
celiected in July 1684  (high :fléw event}) for' the
Yurrindal Rivér were the lowest values recorded at this
site over the study period (with the exception of K+y,
whereés.for ~ﬁhe Buchan and Snowy Rivers Iqwer chgmicai
values for most parameters__were recorded on one or. two

oihier occasions.

Using ionic proportions (in meq/1) of the median
vzlues obtained for these three sites for both cations
ang aniéns (alkalinity is assumed to Dbe same as HCOz~,
l.e. HCOa~ (mg/1l) obtained by multiplying alkalinity as
53/1 CaCOs by 1.219 — Wigley (1877, p.6)). For the three

sites HCOs— is the dominant anion with Cl1— accounting for

Sétween 24.3%-36.5% of the total anion concentration andé

5042~ usually cohtributing < 5.0%. For the cations, K+

. - trati
zccounte for < 4.5% of the total cation concentration

slative ionic proporiions of the other cations
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varying from site to site:— Buchan River, Caz+ > Na+ >

Mg=+; Murrindal River, Ca=+ > Na+ = Mg2+ and Snowy River

Mg=2+ = Na* > Ca=+,

Comparing the cationic and anionic cdmpqsition of
the water 'sampies collected under'low fldw ahd high flow
conditions, it'is.intEresfiDQ'to:nOte that for all three
sites Na* is the dominant cation (45.6%-47.9%) under

high flow conditions, with Ca2+ = Mg2+ for the Buchan and

Snowy Rivers, and Ca?+ 3> Mg2+ for the Murrindal River,

with K* accounting for 4.0%8.9% of the . total cation

concentration.

Under low flow conditions (February 1983} a dramatic
change is noticed in which for the Buchan and Murrindal
Rivers, Ca2+ and Mg=+ ﬁons account fof'79.7% and 78.9% of
the ‘cation éoncentrationj(meq/l) respectively, with Na*
contfibuting = 20% and K+ contr#buting' = 1;0%} For the

Snowy River under low flow conditions the cationic order

of dominance is Mg=2+ (37.5%)} > Na* (31.0%) = Ca®* (28.8%)

> K+ (2.7%) which is similar to the median order of

zation dominance.

In the case of the anions ({(only Cl— and HCOs™

‘considered), under both flow regimes HCO:~ is the

Zominant anion for all three sites, but actual percentage
Zontribution of Cl— increases under high flow conditions

or

-9,

4%

Murrindal River, Cl— contribution to totai anion
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concentration varies from 24.0% (low flow) to 40.0% (high

flowj.

The usual cationic and anionic order of dominance in
the majorit? of Australian fresh and iehtic  watefs isg
sccording to Williams (1967). Na+ > Mgz > caze 5 ke
Ci7 > HCOs™ > 5042, but as noted by Hart and MeKelvie
{1$86) in a review of chemical limnology in Aﬁstralia,
one must be'aware ofrthe vast range df geographic and
ciimatic differenges exiéting. In summing they_éondluded

that most Australian streams are dominated by sodium and

bicarbonate ions, although chloride can often be similar

in;dominance to bicafbondte in headﬁater -streams.'TheY
alsc noted - that' the..fast' flowiné'_permanent_ coastal
Streams in Eastern Australia. are “"rainfall dominated”
i.e. most of the salts come from the atmoéphere,_whereas
inland flowing streams tend to be more "rock dominated”
10 their lower reaches..with higher proportions of Ca=2+,

Mg*®* and HCOs— due to the interaction between rainfall

m

14 catchment litholicgy.

For the surface streams sampled in this study

catchment lithology appears to be of more importance in

determining streamwater chemistry  than atmospheric

contribution but the switch to Na* dominance under high
consistent with the known surface

fiow cenditions is

Fathways of flood waters.

A N

.«-\::

Y

ey

ey
i




¥INOR TRIBUTARY STREAMS

tr|

uor'thé minor tributary stream sites, Spring Creek
sﬁowed the gréatest range of values for all parameters
except Mg2+ and had the lowest medians_for Ca2+, 5042,
alkalinity and total'hardnésst In_férms-of medién values
for most chemical parameters Spring Creek is closer in
terms of water chemistry to Murrindal _Rivér water than

water sampled from the other minor tributary streams.
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median cation and anion values for Spring Creek (Na* >

e
-
®

fg2+ > Ca2+  >> K+ : Cl= > HCOs~ >> S042-) are more
typical of Wiiliams”s.'(1967)' description Qf.Australian

fresh wateré; .although - the éctual values in mg/l are

Q-

vite high when compared to the median chemical values

found for the Buchan and Snowy Rivers.

For the other minor tributary streams, catchment
litholegy is assumed to Dbe of prime importance in
determining water chemistry e.g. alkalinity {as HCOz-)
sccounts for between 69.0% — 83.0% of the total relative
anionic proportions (median values), Witﬁ Ca2+ and_Mg2+
accounting for.74.3% to 87.2% of the total median cation
concentration. This lithology effect is examined in more

detail in Chapter Five.

Wﬁen comparing the chemical data as a whole for beth

. . ; 3 i han
roups, and if the median values osbtained for the Buc

W)

Diver are taken as background readings for an area of
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streams all show increased chemical levels (using median

.
v
-

ives) for practically all parameters and this primarily
is attributed to the presence of the more soluble

carbonate material in the catchments of these sites.

Discharge = obviously infiluences - chemical  ion

concentrations and it'intefesting td_note_ that four of

. the five sites'.sampled in July 1984 (Buchan River,

Murfindal 'Rivér; Spring Creek and - Back Creek) had
reiatively similar total hardness values ranging from
14 2mg/1 (Buchan River) to 20.4mg/1 (Spring Creek) with

the Snowy River being higher at 31.0mg/l. As noted in

the in-situ field measurement section these same four

sités recorded similar water temperature and pH values

which reinforces the idea of the high_flow,watgr being of

ihe same source i.e surface_runoff.

Of the four sites in this group. 6hly Spring Creek
was sampled in February 1983 and the relative ionic
sroportions noted for water samples collected at this
“ime fér the Buchan and Murrindal Rivers are very similar
t> *hose observed at Spring Creek, i.e. CaZ2+ and Mg=2+

sccount for ~ 77% of the total cation concentration

mes/1) with HCOa—- accounting for = 74% of the total

znicn cencentration.

i i 3 in resk and Back
Only two sites in this groug. Spring C
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Creek, wWere sampied in July 1984 (high flow conditions)
and the order of cation dominance is almost identicai for
reth sites, for Spring Creek - Na+. (55.7%) > Ca=2+
(22.0%) > Mg=2* (16.2%) > K* (6.0%) and for Back Creek -
Na* (55.7%) > Ca=+ (20.2%) > Mg=+ (17.9%) > K+ {(6.1%).
?or.thé anions however the rélative ionié proporticns are
diffefeht;_ for SpringhICreek HCOo— (60.3%)'13 dominant
wgereéS'for' Back Creek fhe:Cl4 and HCOa;_céﬁtributionS

]are.relatiVely similar i.e. 52.7% and 47.3% respectiﬁely.

For Spring7Creek the relative proportions of the
median anion values indicate that water at thls site is
usually Cl' dominated, vet the chem1ca1 data for both
Fe bruary 1983 and July 1984 indicates that HCOa— is the
’ﬂvlnant aﬁlon The high flow cnemlcal results for Back
urgek.were ‘the lowest .recorded whereas for Sprlng Creek
Eowér cﬁemiCal 1evels-'were recorded on one other

occasion.

KARST SPRING AND CAVE WATER SITES

The data presented in Table 4.5 shows that water

chemistry varies considerably from site to seite and for
the majority of sites that have been monitored the most
sver the study period a wide range of results are npted.

'As noted previougly in the section dealing with the

sites sampied in this

in-gsity field measurements, the
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Frovp. wWEre on the basis of similay medians Sividsd into
four Zifferent. gFrours each of a Fartisular wates TVET
The melizn chemical Valges. obtained and ths  range of
aluss  ohssrved adds further weight o this Sub;eé::\e
;-aSS:f::at:oﬁ ©f the 'sites 3into - the different water

TYPE I —  New Guinea 2 .and New Suinea §:

h - r
LOWesy

[}

median ualues_for most chemical parameters and are.

@

erally closer -to the medians observad for th

t
e

Murrindal River and Spring (Creek than  those no e

i

3

ner sites in this group. In terms of io

Q

‘proportions {(median values in meq/l), TYPE 1 water

is_predominantly “a Caz+ - HCOa— type water (= 55%

o
.,
~J
e

% respectively) with Na+ (= 25%) > Mg2+ (=

18%) >> 'z_<+ (= 3%) and for the anions Cl— (= 21%) >>

TYPE 2 - M—4 and Scrubby.ICreek i, 2. ;nd 3:
mecian Ca2-, alkalinity and total hardnésé values
are approximately 3—4 times the respective medians
noted for TYPE 1 water. Water is dominated by.the
ions  CaZ2+ and HCOs—  with the relative
contributions being 71.6% and 83.2% (M-4) and 78.6%
and 84.0% (Scrubby Creek 2) respectively. Higher
median Mg2+, Na+, Cl— and SO%Z— values than those
noted for TYPE 1 water, although when expressed as

relative cation and anion proportions the
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respective 1on contribution to the total is

smaller.

TYPE 3 - Bitch of a Ditch: Highest median
alkalinity of all sites .with the fespective cation
and anion proportions (median vaiués- in megq/1)
being Ca=+ (58.2%) > Mg2+ (29.4%) > Na* (12.1%) »>

K* (0.4%) and HCO»— (81.7%) > Cl— (17.1%) > SO42—

_(2.5%). Mg2+ contribution to the cation total is

the highest of a11 sites in this group and refleéts

‘the fact that the catchment of this 'site is.

predominantly dolomite. Smallest 'range in values

for nearly all parameters of . the sites that have

been sampléd the most over the study period.

TYPE 4 - B-67 and B-41 (site 17): Highest
medians for all parameters except alkalinity. In
terms of ionic préportions {median values meq/1)
water composition is Ca=+ (#33%) > Na+ .(% 27%) 2
Mg2+ (= 20%) >> K+ (< 1%) for the cations and Cl-
{= 50%) > HCOs— (= 48%) >> S043 (= 3%) for the
anions. Although the median values of the cations
(excluding K*) are approximately 7-9 Itimes higher
than those found for TYPE 1 water, relative ionic
proportions are guite similar. It is interesting to
note that although the number of water samples
collected from B-67 1is = double the number

collected from B-41, median chemical values for all

sb 24
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parameters are virtually the same which is taken to

indicate the same body of water.

of the remaining sites,:Moons is certainl& closer in
terms of median chemical valués to TYPE 2 water rather
than TYPE 1 water. Median chemiéal.vaiues foun& at Dukes
are closer to those observed for TYPE 4 water than the
cther water TYPES and this is not unexpected as wéter
from B-67, aé noted previously, has been “linked by

fluorescent dye :tracing-to the spring outlet at Dukes.

The lower'medians observed'at_Dukes indicate dilution by .

mixing of B-67 water with water or waters of a unknown

but lower chemical compositiOn._This can be explaihed by
the_fact'.that Ci% éan be termed a;"cohservative elément”
and exhibits conservative behaviour (see discussiocn in
Chapter Fivej, i.é. it is an element where anﬁ increase
or decrease in concentration can simply be explained in
terms of the mixing of ground waters with different Cl-

vaiues,

Scrooges Vault water isr unusual and perhaps should
represent another water type 1in that aithough it lies
within =50m of B-67 AND B—-‘-‘}l. (TYPE 4 water) med;‘.an
chemical wvalues are notably lower and for_particular

carameters 1ie between medians found for water TYPES 2, 3

32

né 4. Median cation proportions are very similar to

I .
- . 3 v
‘hose noted at Dukes although for the anions relative

. — 3 £ 4
ionic proportions are very similar to these Ior TYPE
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weter. [t was first assumed that water from this site was

mixing with B-67 water and exiting at Dukes, but dye

" tracing xperiments from this site has so far ‘been

unsuccessful and ‘water three months after an atiempted
dve trace was still hiéhly_ coloured. with lissamine
indicating very slow movement of water at this siteL Tﬁe
chemical characteriétiés of water at Dukes, Scrooges
Vault, B-67 and B-41 are discusséd in more detail when
the spatial variaiions in median chemical values are

examined in Chapter Five.

The behaviour of the Kkarst spring and cave water

sites to recharge events operating in their respective

catchments and how.this water is tfansmitted through a-

particular system is examined in Chapter Six.

MISCELLANEOUS SITES

The results for these sites are presented_in Table
4.6 and as noted previously for the results obtained from

the in-situ field measurements, the results obtained from

Y

each particular site are best discussed in terms of the

results obtained from the other sites sampled.

Un-named Seep: Notably higher median values for
Ca2+. Mg2+, 05042—., alkalinity and total hardness
than those observed for the two New Guinea sites

which are iocated nearby (Figure 3.1}, Ca=* and Mg=2+

Yo,
g
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(as relative ionic proportions of the median

chemical values in meq/1) account for = 90% of the

cation total with HCQO5- accounting for = 85%

=

of the

anion total, which is quite different from the
results obtained for the two New Guinea sites. In
terms of median chemical valueés and relative icnic

pfqportions found at all other sites, water at this

‘site is relatively similar to that found at Bitch of

‘a Ditch (TYPE 3 water).

Un—named Creek: Median chemical wvalues all slightly
lower than those noted for the nearby Scrubby Creek

sites. In terms of median ionic¢ proportions water is

predominantly ~a Ca2* - HCOs~ (82.4% and 92.5%

respectively) type water.:

Butchers Creek: This :tributary stream to the
Murrindal River has similar median Ca2+, Mg2+, Na*
and total hardnéss values to thosé 'fof the Snowy
River with X+ and <Cl~ medians being = 'double those
for the Snowy River. In terms of relative cation and
anion proporticons (median values meg/l), order of
dominance is Na+ (37.9%) >. Mg=+  (30.9%) > Ca=*
(26.9%) >> K+ (4.4%) and Ci— (52.7%) > HCOs~ (47.3%)
which is almest the séme as that_notéd for Spring

Creeck water.

Sub—Agua: This low flow resurgence of the Murrindal
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River has, a=z would be expected, quite similar

medians for Mg2z+, Na+, K+, Cl— and S0.2- to those

noted for the Murrindal River, although medians for
Ca2+, alkalinity and total hardness are marginally
higher. This increase (®10 mg/l, 22mg/1 and 14mg/1
respectively} between the  two sites can be
explained in- terms of.'aggfeséive  Murrindal.River

water'-sinking {based 'oh Slca: values) and flowing

‘underground through limestone  where dissolution,

‘depending upon flow regimes, takes place until water

re—emerges with more Ca=+ and HCOs—'in'solution.

_Sprinj Creek — Falls (site 22a): Median chemical

values noted Iat Spring - Creek sink (site 4, 1.Zkms
downstream of this site) lie within, or are

relafiveiy similar to the range of resﬁlts'found at

"this site.

Spring Creek - Dukes (site 22b): Ca3+, Mg2+, Na+*
and X+ wvalues similar to the respective medians
found for Scrooges Vault, although  alkalinity and

Cl— values are different.

Spring Creek - Moons (site 22c¢): Median chemical

values guite similar to the medians found at Dukes.

Federal Cave {(site 23): Water sample cellected in

July 1984 had the second highest Ca2+ value of all




i3

sites sampled. C§2+ — HCOa— dominateg tyre water on

both sample occasions although relative proportions
of minor ions differed, Juiy 1984 - Na+ (8.9%) >
Mg?* (5.9%) >> K* (0.7%) and Ci- (6.4%) > SQ0.2—
(1.8%)., and for February 1988 — Na+ (8.6%) = Mg=2+
(8.2%) >> K+ (0.6%) and Cl- (12.5%).

'Faify Creek (site 24) : Water samples collected 1n

- 1984} had chemlcal values similar to those noted for

Spring Creek in which Na* and HCOs— were the

dominant cation and anion respectively. For the

September water sample Na*+ (39.2%) = Ca2*+ (37.1%) >

Mg=+ (20.4%) >> K* (3.3%) and HCOa— (58.9%) > Cl-

(31.6%) > 50.2— (9.5%).

Wilsoné Cave (site 25)& Water sample collected in

' July 1984 in which thé dhemical valueés were guite

similar to the July 1984 wvalues found at Spring

Creek and Fairy Creek.

Royal Cave (site 26): Water sample.collected in
September 1984 in which  chemical values were
relatively similar " +to those values obtained in July
1984 for the water sample collected at site 23.
Relative ionic proportions (meg/l} are CaZ+ (79.9%)
>> Na+ (10.0%) > Mg=2+ (7.1%) >> K* (0.7%) and HCOs™

{83.6%) >> Cl— {12.3%) > 50.2~ (4.0%).

4
k3

CJuly and September 1984 The high flow sample (July

N
r’:
o
s
-
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Scrubby Creek Above (site  27): Chemical values

similar to the median values found for the Murrindai

River. Notably lower Ca2+ ang alkalinity values than

those observed 30m downstream at Scrubby Creek 4.

Farm Dams = (site 28i) and 2Bii)): Two  farm dams

located near ‘Screoges Vault, B-67 and B—41 (51tes

15, 16 and 17 respectlvely) ‘Sampled to see if high'.

Na+ and Cl— values noted at three abqye:s;tes could
‘be traced to Tertlary _sands and gravels.tﬁét form
part of the catchment in. this_afea. In.terms of
relative ionic proportioﬁs Na+ and  Cl= are the
dominant cétidn (48.3% and 49. 1%) and anion (55.0%
and 58 6%) respectively, although relatlve chem1cal
values at the farm dam _51tes are certa;nly much
lower than those noted for sites 15, 16 ‘and 17. Of
interest is that the' K+ values found at these two
sites are the highest recorded at. any of theISites

sampled.

Un—-numbered Borehole (site 29}: Relative ionic
propecrtions (meq/l) are Na+ (65.7%) > K+ (15.9%) >
Mg2+ (11.7%) > Ca=+ (6.6%) and ECO=— (63.0%) and Ci-
{37.0%). This site was sampled, as were the two
previoué sites, to see if high Na+* and CI".noted at
2ites 15, 16 and 17 could be detected at this site.
Chemical wvalues gimilar teo the median wvalues

chbserved for the major surface streams.

o
T
o
et
T




133

Tea-Tree Creek (site 30): Chemical values gimilar to

those observed for the major surface streams. Na+—

Ca®+ — Cl- type water.

Overland Flow (site 31): Surface runoff sample
collected in July 1984 draiﬁing from Pyramids
Marlstone in which Ca®* (59.6%) and HCOs— (83.3%)
are -the dominant cation and anion regspectively.
Higher Ca2* and alkalinity values than those noted
for other surface _stream_ sites. sampled on this.

occasion.

Bitch of a Ditch Below (site 32): Site sampled on R

A

two occasions to see if Caz+ and alkalinity levels

noted at Bitch of a Ditch decfeased downstream away

?

from the_ spring outlet. Ca2+ values decreased by
8% and alkalinity by = 6% with the other chemical
rarameters remaining virtuaily coﬁstant. Decrease iﬁ
Caz+ and HCOs— values attributed to calcium

carbonate depositicon as tufa.

Rainwater (site 33): Rainwater samples collected on
three occasions with chemical wvalues of Ca=2+, Mg=+,

Na*, ¥* and Ci- only.
COMPUTED PARAMETERS

The range and medians cbtained for 10g{PCUz}, Slca:
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and Slaci are given in Tables 4.7, 4.8 and 4.9 for the

witer samples collected from the major surface and minor

tributary streams, the karst spring and cave water sites
and the miscellaneous sites respectively. The parameters
log{PCO2) (the theoretical-partial pressure of CO= with
which the water sampled is in equilibrium), Sl.., (the
saturation index with respect to calcite) and Slas: (the
saturation index with respect to dolomite) are oﬁtéined
by proceésing the results obtained from both the in-aity
field measurements and the chemical anélyses by'using the
chemical Speciatién' prdgram.WKTSPEC_ (Wigley, 1977)¢'The
saturation indéx  is a measure 0f the.éaturation-staté of
thé water sampled with résﬁéct to a solid _miﬁerallphése_
(see Chapter"ohej; Briefly, a negative index indicates
undersaturation, a positive index indicétes super-
saturation and a value of 0.00 indicates that the wéter
sampled is in equilibrium with that particular mineral

rhase.

MAJOR SURFACE AND MINOR TRIBUTARY STREAM SITES

Median 1log(PCO.) wvalues ranged from -2.98 (Snowy
River) to =2.07 (Back Creek), with Spring and Tara Creeks
having the greatest and smallest range respectively
{(Table 4.7). The Buchan and Snowy Rivers (median
1og (PCOL) values of -2.98 and —2.96) are the closest of
the sites sampled tc the atmospheric log{(PCOz) value of =

-3.5 i.e they contain = 3 times more COz than the

-~ s




TABLE 4.7. RESULTS OF COMPUTED PARAMETERS
S1ae:) FOR MAJOR SURFACE AND  MINO

35 IN TABLE 3.1).

RANGE AND MEDI

Log(PCO2) AS ATMOSPHERES; Sl..: AND

S

(LOG(PCO2), SI..; and
R TRIBUTARY STREAMS (SITE NUMBERS
ANS GIVEN (n = NUMBER OF SAMPLES) .
Slao: DIMENSIONLESS.

- {SITE NO. Log (PC02) Slcas Slacs
1) range (-3.63) - (-2.10) (-2.27) - (0.90) (-4.70) - (1.61)
median -2.92 =1.40 -3.16
‘n = (20) (20) - {20)
2) range (=3.07) = (-2.04) (-2.22) - (0.90) (-4.81) ~ (1.61)
median -2.65 -0.63 -1.48
n = (19) {19) (19
3) range (-3.25) - (-2.44) (-1.81) - (0.04) = (-3.41) - (0.29) .
median - -2.98 - -1.03 -2.02 ¥
n_'= {10} - {10) _ {10
4) range (-3.23) ~ (-1.53) (-2.26) - (0.42) (-4.34) — (0.33) 5
median - =2.61 .=-1.05 -=2.09 o
n = {23) (23) (22) P
5) range (-2.88) - (-1.44) (-2.28) - (0.83) (-4.75) — (1.47)
median -2.07 0.24 0.32
n = (10) (10) (10)
. 6) range (-2.49) - (-1.95)  (0.04) - (0.65) (-0.46) - (0.70)
: median -2.26 0.34 0.09
; n=. (11) (11) (11}
|7 range (-3.01) - (-2.43)  (0.57) - (1.02)  (0.24) - (1.15)
é median -2.43 0.83 0.78
% no= (13) (13) =

atmosphere. . Seasonal trends in log(PCOgz) values. are

Giscussed in Chapter Six.

It is interesting to note, although not unexpected

“nen one considers the lithology of the catchment areas,

T >
‘hat the three major sSurface streams and Spring Creek

‘ . . : i indicating
“ave negative median Slcea:r and Sleox Vaiues




i3é
Back Creek, Tara Creek ang Scrubby Creek

undersaturation.

4 are certainly different in that they have higher median
10g{PCO2) values than the other four sites, and all three

have positive median Si_., and Slae: values indicating

supersaturation with respect to both calcite and

dolomite.

For the Buchan and Murrindal Rivers the only
occasion on ‘which these sites were supersaturated with
respect to ‘either calcite .and dolomite was in February

1983.

The Buchan River, Murrindal River, Spring Creek and
Back Creek 'éll recorded similar iog(PCOé), Slcaz: and
Slac: values in July 1984 (3.01 to -2.81, —2.28 to —2.01
and-~4.él to.~4.26 'fespectively) with all exceét_Spring
Creek récording the lowest Slca: and Slue: values noted

over the study period.

KARST SPRING AND CAVE WATER SITES

Median log(PCOz) values range from —-2.43 {New Guinea
2) to -1.44 (B-67) (Table 4.8), which are respectively =
12 and 120 times normal atmospheric carben dioxide level.
Alll sifes sampled in February 1983 were supersaturated
with respect to calcite with all sites, except New Guinea

&, alsc being supersaturated wiith respect to dolomite.

i
B
S
oy
i
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TABLE 4.8. RESULTS OF COMPUTED PARAMETERS (LOG(PCO;), SI.., and

Slac:) FOR KARST SPRING AND CAVE WATER SITES (SITES NUMBERS AS IN

TABLE 3.1). RANGE AND MEDIANS GIVEN (n = KUMBER OF SAMPLES
L0G(PCOz) AS ATHOSPHERES; Slcay AND Slac: DIMENSIONLESS. T oio)"

SITE NO. Log P(C0,)  Sleas Slaoy
8) range (-2.83) - (-2.10) (-1.10) - (0.47) (-2.85) - (0.38
median -2.43 © -0.76 - -2.08
n = (7) (7) (7}
9) range (-3.40) - (-1.79) (~1.68) - (0.15) (-3.79) - (-0.27)
median -2.34 : -0.34 ~1.45
n = {7) SN C) (7)
10) range (-2.68) - (-1.68) = {-1.32) - (0.83) (-3.12) - (1.05)
median -2.25 : 0.11 -0.37
n = 29 28y C(29)
11) range’ (-2.81) - (-1.75) (-0.88) ~ (1.07) (-2.75) - (1.50)
median -2.19 0.52 . 0.40
A= S 6} B (18) S (18}
12a) range = (-2.54) - (-1.72) (-0.50) - (0.99) (-2.09) - (1.01}
median - - -2.06 - .41 R 0.00
n = (12 (12y (12)
12b) range (-2.52) - (-1.54) (—0.9'6) - (1.03) (-3.18) - {1.06)
median -2.18 0.54 0.22
n = (22) (22) (22)
12¢) range (-2.84) - (-1.93) (-0.96) - (1.13) (-3.18) - (1.32)
median -2.51 0.70 0.52
n = (20) (20) (20}
13} range (-2.34) — (-1.37) (0.04) - {1.08) (-0.62) - (1.87})
median - -1.87 0.62 0.86
n = 20 (20} (20)
14) range (-2.140 - {-1.05) (-0.29) - (0.61) (-1.18) ~ (0.70)
median -1.54 5.23 -0.05
n = (30) {30) (30) -
15) range {~2.13) - (-1.75) (-0.05) - (0.42) ({-0.64) - (0.31)
median ~1.62 .19 =0.08
n-= {7} {(7) {7}
16} range (-2.06} — (-1.18) (-0.69} - (G.65) (-2.04) - (0.83)
median ~1.44 0.27 6.1
n = (22} (22} (22}

17} range (-1.62) - (-1.30) {0.64) - (0.46} (-0.37} - (0.47)

median -1.48 £.27 0.i3
n = {13} {13} (13}
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Of the sites that were sampled in July 1984 (high

flow event) Moons, Dukes and B-67 recorded lowest

i0g9(PCO2} wvalues noted for these sites (all were

undersaturated with respect to both calcite and

dolomite), M-4 and Scrubby -Creék 2 had log(PCOz) values
gimilar to their respective'median value whereaé.Scrubby
Creek 3 and Bitch of a Ditch recorded a value notably
higher than its respective median value. All sites
sampled in July 1984, with. the  exception of Dukes

recorded lowest Slea1 and Slac: values with Bitch of a

Ditch being the ohly 'site that remained supersaturaﬁed

with respect to calcite.

As noted previously in this Chapter (see discussion

on jg—gjgﬂ.and c¢hemical results) particular sites in this
group can  be designated. as having water of particular
physical and chemical characteristics. The results
rresented in Table 4.8 reinforce this idea of different

water types, and trends noted are —:

i) New Guinea 2 and 6: generally undersaturated with
respect to both calcite and dolomite; generally
lowest 1og{PCOz) values of the. karst spring sites

sampled. Classified as TYPE 1 water.

ii} M-4 and Scrubby Creek 2: very similar median
log{PCOL) and Slca: values: both sites only

undersaturated with respect to both calcite and

of
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dolomite in July and September 1984. Classified as

TYPE 2 water.

iii) Bitch of a Ditch: supersaturated with respect
to calcite on all occasions, only undersaturated
with 'respect to dolomite on one occasion (July

1984). Classified as TYPE 3 water.

iv) B-67 and B-41l: very similar medians for all
parameters; usuﬁlly supersaturated with respect to
calcite; supersaturated with.réspéct..to'doiomite on.
60%-70% of 'oécasions}.'genéra11y highest log(PCO,)

values. Classified as TYPE 4 water.

v} Degassing of COz i.e. a decrease in the median
leg(PCOz) value is noted is going from Scrubby Creek
1 -> Scrubby Creek 2 —-> Scrubby Creek 3 —>.Scrubby
Creek 4; the increase in Slga: and Slac: median
values is associated with the rate of degassing
exceeding that of CaCOs precipitation ({see Chapter

Seven for further discussion).

vi) Results for Moons, Dukes and .Scrooges Vau1t are
similar to those noted for the chemical resultis,

i.e. medians tend to lie between those for the four

water types designated.
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MISCELLANEQUS SITES

The results for this group of sites varied

censiderably as one would expect for such a. variety of
sites (Table 4.9), and as .noted previousiy with the
chemical results, values obtained. are bést' discussed in
the context 1in which the sites were sampled. Remembering
that the number of water samples collected from all sites

in this group is limited only tentative conclusions can

be made.

Un—named SeéP:'Again ﬁotably'_different resﬁlts from

those noted “for ‘the two New Guinea sites. Median
IOQ(?CO;) value # - 100 times.'atmospheric .value-as
opposed to = 12 times for the fwo New Guinea sites.
Although median Slc.: indicates supersaturation with
respect to calcite, this site was only super-

saturated on three out of five occasions.

Un—named ACreek: Undersaturated with respect to
calcite only in July 1984; median log{PC0z) similar

to that noted for Scrubby Creek 3_

Butchers Creek: Typical of results expected (from a
surface stream draining from non—-carbonate rocks,
i e. undersaturated with respect to calcite and

dolomite: median 1og(PCOz) wvalue similar to that

noted for the Murrindal River.

o
o
o

6




TAELE 4.9. RESULTS OF COMPUTED PARAMETERS (LOG(PCO.),
FCR RLL MISCELLANEQUS SITES EXCEPT SITE 33 (SITES
2.1). RANGE AND MEDIANS GIVEN FOR SITES WHERE n (NUMBER OF

NUMBERS

141

Slcer and Slae:
AS IN TABLE
SAMPLES) 2

4, OTHERWISE RANGE OR VALUE GIVEN. LOG(PCO.) AS ATMOSPHERES; S1..,
AND Slao: DIMENSIONLESS, |

SITE NO. Log P{Coz) Si. - 51a
i8) range (—2.08} - {-1.33) (—0.86) — (0_19) . (_208) _ (0.00}
median -1.54 0.07 ~0.668
n= {3) (3) (3)
19) range -(-2.69) - (-1.93) (-1.31) - (0.82) (=3.90) - {(0.62)
median © =2.46 - 0.45 -0.16
n = (4) . (4) (4)
20) range (-3.41) - (-2.58) (-1.99) - (<0.58) .(~3.96) - (-1.24)
median -~ -2.68 . -1.57. - . .-3,08
no= (4) S (4
| 21) range (-2.67) - (-2.23) (-1.28) - (0.20) = (-2.85) — (~0.02)
median -2.37 -0.58 -1.48
o= (5) (5) © (5)
223) range (-2.37) - (-1.90) (-1.38) - (-0.79) (-2.65) - (-1.53)
n = 2. @ (2) =
22b) wvalue -1.66 - 0.17 -0.14
22c) range (-2.58) - (-1.99) (-0.62) - (1.03} (-1.52) - (0.50)
median -2.20 ©0.75 1.01
n = {4) (4) (4)
23) range ({-2.33) - (-1.76} (-0.22) - (0.06) (~1.71) - (-0.90)
n= (2) {2) (2)
24) range (-2.91) - (-2.88) (-1.82) — (-0.93) (-3.78) - (-2.18}
n= (2) (2) (2}
25) value -3.10 -1.55 -3.40
26) value -2.62 0.45. -0.17
27) value -2.68 —0.64 -1.66
| 28) value i)  -3.24 -1.10 172
value ii) -3.14 -1.18 :
29) value -3.35 -1.75 -3.26
| 30) value -2.44 -1.78 -3.96
' 31) value -2.14 -1.08 ~3.69
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TABLE 4.9 (CONT.)

(1.25) - (1.82)

(2}

§ 32) range  (-2.19) - (-2.07)  (0.76) - (0.92)
i n= (2) (2}

Sub-Aqua: Supersaturated with respect to calcite on
one occasion: higher median - 10g(PCO.) than that
noted for the Murrindal River. o
Spring Creek Falls: Values typical of a surface
flowing stream and Withih the range 6f.vélues noted

for Spring Creek.

Spring Creek Dukes: Very similar to values noted at

Dukes.

Spring Creek Moons: Notably - supersaturated with
réspect_to calcite and dolomite_and records highest -

median Slea: and Slae.: values of all sites sampled.

Fairy Creek: Values typical of those found for

Spring Creek under similar flow conditiens.

For the remaining sites wvalues obtained for ail

s

hree parameters lie within the range of values noted for

211l other sites sampled.




CLUSTER ANALYSIS

As previously noted im this Chapter, the karst
spring and c¢ave water sites that have similar median

values for physical, chemical and computed parameters

were subjeéectively classified into groups of sites. A

cluster analysis technigue is used here to see if the
above groupings, and assumptions behind the groupings are

reasonable. Cluster analysis is used (using median

parameter values) on the data set for all sites sampled,_

not just the karst spring and cave water sites, where n.

the number of water samples collected, >4, to identify

"clusters" (groups of sites), and to see if . one can also

identify physical and :chemicai'controls:on_gréundwatef

chemistry. The technigue of cluster analysis is well

documented. It is frequently wused by ecologists in

hierarchical classifications of vegetation (Mueller-—
Dombois and Ellenberg, 1974; Williams, 1976). It is an
objéétive technique for detecting natural groupings in
data; classifying sites into groups where neither the
number of groups nor the members of the droups are khown

in advance.

An agglomerative polythetic classification was used
2n  the data matrix in which all wvariables were
standardised due to the differing scales of measurement,

e .
-g. pH, water temperature, conductivity ete. .

D

Standardised values were expressed as standard deviations

LR faali s
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clustar

The

€. Z Scores,
assigned to a

mean of zero, i.

a
each site

“around

zanalysis technigque
cluster with a single member and then agglomerates these

begins with
clusters into a hierarchy of larger and larger clusters

until finally a single cluster contains all gites.

The Cluster Module in PC SYSTAT was used to perform
distancé

A normalised euclidean

‘the c¢lassifications,
matrix was calculated wusing the average linkage method

for3défiq§ng clﬁéters-‘aqd"distances-:between clusters.
Output is generated in . the form of a dendogram (or tres

diagram) in which dissimilarity increases as the number
of clusters, or groups, decreases.

For the 23 sites selected (Table 4.10) 15 parameters
The parameters were

data matrix.

were entered into the
Ca2+, Mg2®+, ©Na+*, K+, Cl—, alkalinity, total hardness,
10g(PCOz}, Slcai, S5laci. water temperature, pH,
Caz2+/Mg=+ and Na+/Ci—. The vresulting

conductivity.,
is shown in Figure 4.2.

cendogram,

In Figure 4.2 it can be seen that the most “similar!
i.e. they are joiﬁed

are Dukeé; R-67 and B-41,
at the lowest level of

ites

i

together 1n a cluster
“issimilarity. The next clusters to form are the two that
and Scrubby

cluster

a

~ontain Scrubby Creek 4 and Scrubby (Creek 3.
2, followed Dby

Creek 1 and Scrubby Creek




TABLE 4.10. SITES AND. SITE NUMBERS USED IM
CLUSTER ANALYSIS (SITES NUMBERS THE SAME AS IN

TABLE 3.1).

1}
2)
3)
4)

6
-7
" g)
- 9)

11)
12a)
12b)
12c)
13)
14)
15)
16}
17}

19)
20)
21)

3)

10)

ig)

' S1TE NUMBER

SITE NAME

Buchan River

Murrindal River

Snowy River
Spring Creek
Back Creek

Tara Creek

Scrubby Creek 4
;New Guinea 2

New Guinea 6

Moons

¥d

Scrubby Creek 1
Scrubby Creek 2

Scrubhy Creek 3

Bitch of a Ditch

Dukes
Scrooges Vault
B-67

B-41

Un-naﬁed Seep
Un-named Creek.
Butchers Creek

Sub—Aqua

A e i
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DISSIMILARITY

LEVEL 4

L o— ﬁ LEVEL 3

20

y} G—

LEVEL 1

10 L GROUP A,

1
| GROUP Ay,

12¢

EGrROUP 2., !

12a

T

19

IS
o

13 GROUP B,

18

14 GROUP B

16

17 B ' GROUP By

s

Pigurs 4.2. Dendogram derived by Ciuster Analvais.
(8ite numbers as in Table £.10).
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containing New Guinea 2 and New Guinea 6. It canm be seen

then that at different levels of dissimilarity differing

numbers ¢f <clusters occur, e.g. at level four, nine

groups occur; at level three, six groups are evident and

at levels two and one, three and two groups respectively.

It must be Stressed here that these "levels“ are

~ chosen subjeétively_ and do not represent_a'particular

level of significance. The level at which one “looks at”

the clusters is open to interpretation: one needs to

~ensure a sufficient summarisation of the data set, while

at the same time retaining information about important
differences between clusters of sites and it is this

ordering of the sites that ﬁill now bé looked at in more

-detail.

THE TWO GROUP LEVEL.

It.éan be seen from Figu;e'f4.2 that two distinct
sroups of sites exist at this particular level of
dissimilarity. Group A comprises sites 1, 2, 3, 4, 6, 7.
g, 9, 10, 11, 12a, 12b, 12¢, 19, 20 and 21 which includes
sites from all the categories listed at the start of this
Chapter, i.e. major and minor surface stream sites, Xarst
spring and cave water .sites and miscellaneous sites.

Likewise GROUP B (sites 5, 13, 14, 15, 16, 17 and 18)

'also includes sites from all categories. Recalling the

four water TYPES propcsed in the chemical resulis section

L B T e e it

T

o e Sl
R
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cf this Chapter for the karst spring and cave watef

sites, it is interesting to find that sites classified as
having TYFE 1 or TYPE 2 water are in the GROUP A sites,
whereas sites classified as having TYPE 3 or TYPE 4 water
are clustered together in the GROUP B sités. Mean
parameter values and standard deviations fér the ﬁwo

groups of sites are given in Table 4.11.

It:must be réﬁembefed: fha# _tﬁese_ ?aiues_.are the
gfdés'ﬁéan values at_a'ﬁafticqiaf'levei of dissimilarity.
in broad terms, the GROUP B sites have a slightly higher
mean water température, have notably higher mean caticn
and anions levels '(heﬁce higher mean _cbhdﬁctivity and
total hardnéss ~values), except' _for _K*,. and are

Supersaturated_with respect to_both calcite and_dolomite

_wher compared - to the GROUP A sites. The GROUP A sites.

have higher mean pH, Ca2+/Mg*®* and Na*/Cl- values.

THE THREE GROUP LEVEL .

At this level of dissimilarity it can be seen that
the GROUP A sites are subdivided into twe groups (GROUP
2. and GROUP A,) whereas the sites in GROUP. B remain
together. Mean parameter values and standard deviations
for the three grdups"ére_given in Table 4.12. More subtle
differences that .exist betweeh the sites in GROUP A (TWO
GROUP LEVEL) become evident — GROUP A, sites are lower in

- . lare i y in mean
conductivity, mainly due to large differences in
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Ca=2+ and alkalinity values when compared tc the GROUP A,

values, these sites are also undersaturated with respect

to both céicite and dolomite whereas the GROUP Ay sites
are supersaturated with respect to both _these.minerals.
Mean water temperature, Mgz+, Na?, Cl- and 'Na*/Cl*'moiaf
ratio values are virtually the samé between these

two groups.

The 'GROUP Aa sites comprise predominantly surface
stfeam sites (both major and minor) together with karst
spring. sites - New Guinea 2 and New Guinea §'(TY?E-1
water sites). It is interestihg to_.noﬁe thaf although

Tara Creek (tributary 'stream} records median parameter

values much closer to those sites in GROUP Ay, it is

clustered in with the GROUP A. sites. The GROUP A, sites

(Scrubby Creek 1, 2, 3 and 4, Moons, M-4 and Un-named
Creek) comprise predominantiy karst spring sites, and as
noted previously in this Chapter all except the Un—named

Creek site were classified as being examples of TYPE 2

water.

THE SIX' GROUP LEVEL,

This level is the most significant level at which to
discuss the clustering of the _sites due to the
"individuality" of +the groups. At lower _levels of
dissimilarity individual siteg start tc appear as

i S £ i i
individual groups. Particular groupings of sites, 1in
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particular GROUP B, (Dukes, Scrooges Vault, B-67 and B-

41) and GROUFP Apy (Scrubby Creek 1. 2. 3 and 4 and the

Un-named Creek site) are not that unexpected as these

groups -represent sites that have been previously
classified as being TYPE 4 and TYPE 2 water respectively.
Mean parameter values and standard deviations. . are

given in Table 4.13 for the six groups of sites.

GROUP A... Buchan Rivef, Spring Creek, New Guinea 2 Lo
and 6 and'Butchers Creek: - This grouping is gquite

surprising in that the two New Guinea karst Spring sites

are clﬁstered in this grodp, in particular with the
Buchan River¥ The'other:tﬁb surface_stream“éites in thié o “;;
gfoué (Spriﬁg and Butchers :Creeks)'afé .qui£e similaf in
respect to .fhe majorit? of median values.noted'for New
Guinea. 2 and 6. In fact ‘Buichers Creek, as  roted
previodsly in Chapter Three, receives runoff from the
opposite side of the ridge where New Guinea 2 and 6 are
located. Notably lower mean Ca2*, alkalinity, total
Eardness;.SIcal, Slac: and water temperature values than

those observed for the respective GROUP Aap parameters.

GROUF A.n. Murfindal River, Snowy River, Tara Creek
and Sub—-Agua:-— Sub-Agua is as noted in Chapter Three”a
cave  entrance through which, depending upon flow
conditions existing in the Murrindal River, all or part
of the flow re—emerges, and hence its grouring at lzast

with the Murrindal River is not surprising. The inclusion
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cf Tara Creek in this cluster is certainly surprising
that for the majority of parameters the median values at
this site are certainly much higher than those recorded
at the other sites in this cluster. Tara Creek appears
to be clustered in this grﬁﬁp-due to its high'median

water temperature (18.0°C) and high pH valﬁe (7.63).

GROUP Ab&.. Moons and M-4:- M-4 has. usually been
more closely associated with Scrubb? Cfeek 2 and 3. The
main différences bétweeﬁ this group and GﬁOUP Apr are the
higher mean Mg®* and K* values (almost.doublei'noted, as
well as a lower 'meén' water _ﬁemperature: and Ca=2+/Mg=z+

value. -

GROUP.Abb, Scruﬁby éreek.l, 2, 3 éﬁﬁ 4 and Un—naﬁed
Creek:- It would have been more surprising if these sites
had not- béen clustered together. As noted in Chapter
Three (site degcriptions) the four Scrubby Creek sites
represent four different locations along the same systemn,
iLe. cave . water, spring'_outlet; =65m downstream of the
spring outlet and =30m furthér downstream. The Un-named
Creek site when it does flow, channels water underground
which is presumed to connect into the Scrubby Creek cave
and spring system where the other four sites 1in this
group are located. Hicghest mean Ca=2+/Mg2+ molar ratio of
all the GROUP A sub-groups which 1is a litholegy related

factor.
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GROUP Ba. Back Creek, Bitch of a Ditch and Un—named
Seep:— Bitch of a Ditch had been assumed to be in a class

by 1itself and the clustering with two other sites is

surprising, although when one looks at the physical and
chemical evidernice the grouping of these three sites makes
more sense. Back Creek is located close to where Bitch of

a Ditch 1is located and hence the chemical] effect due to

‘both sites having catchments predominantly of dolomite

mostly likely expléins the clustering of these two sites.
Also the physical_evidence suggests'that Back Creek is
fed by diffuse flow. The Un—named'Seep_site'is located in
tﬁe same-putiiéruof.Buchan Caves Limestéhé és._New Guineé

2 and 6, and the physical and chemical results obtained

are Ceftainly differeﬁt'ffom:thoée noted at the -two- New

-Guinea sites.

GROUP B, , Dukes, Scrooges Vault, B-67 and B-41:— As
noted for GRCOUP Aypn, if these sites had not been
clustered together it would have been surprising. Main
differences between the.two'B GROUP's are that for fhis
group, i) higher mean CaZ2-, Na+,.K+, Cl-, total hardness,
Caz+/Mg2+ and water temperature values are noted, and ii}

lower mean pH and Na4/C1- values are noted.

THE NINE GROUP LEVEL.

At this level of dissimilarity it can be seen

(Figure 4.2) that individual sites, e.g. Hoons, ¥M-4 and
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the Un-named BSeep site, are "clustered " as individual

groupsS. With two of the other groups consisting of oniy
two sites. It would seem then that the groups defined at

the six group level allow a better overall discussion of

the "groups™ rather than at this particular level in
wnich, for some cases, individual site_characterﬁstics

are being discussed.

Overall then :it {can':be ‘seen that ;thé~ cluSter:
analysis teéhnique'is_a.uééful téol_ for ciﬁSféring'sites
with pérticﬁlar charééteristics together. Thézlevel of
dissimilérit? at which the clusters of sites are looked
at is fairly subjective, and in the cluster analysis of
the data collected in this study, the six group 1eve1.ﬁas : e
decided'upon_as it provided fhe,best summarisation of the

data set.

Céméaring the Kkarst spring and .cave watér sites
‘which  had previously ©been classified by chemical
characteristics into 4 water TYPES it is interesting to
ﬁote that +the cluster analysis technique, at the SiX

GROUP LFVEL, clusters these sites into 3 groups.

PROPQSED GROUPINGS CLUSTERED GROUPINGS

TYPE 1 WATER - SITES 8 AND 9  GROUP R.a - SITES 8 AND 9

TYPE 2 WATER - SITES 10, 11, GROUP Ap. — SITES 10 RKD 11
12a, 12b AND 1lZ2¢
: GROUP A, - SITES 12a, 12b
AMD iZc
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TYPE 3 WATER ~ SITE 13 GROUP B, — SITE 13

TYPE 4 WATER - SITES 14, 15,  GROUP B, - SITES
16 AND 17 e i?"ls' 10

It can be seen then the only real difference between
the above groupings is that the TYPE 2 water sites have
been split into two groups. At the THREE GRCUP LEQEL, as
noted previously, it is interesting to note that all of
these sites are grouped together. Hence the groupiﬁgs
propoéed are Justified bY the resulté of.the cluster

analysis technique.
SUMMARY -

.In.this Chépﬁer'the results-ébtainéd__from, i) in-
§l§§ifie1& -ﬁeasuremenfs; iij chémiCal'anaIYSes, and iii)
the computer speciation program have been presented for a
variety of sités that were sampled during the study
pericd. Based mainly on differences in median chemical
values the karst spring and cave water sites were
subjectively classified into groups of sites having water
of one of the four proposed TYPES. Cluster analysis also
reinforced the idea of, at least four different water
types existing for the Karst spring and:cave water sites.
Other sites .that were sampled during the study, in
particular the  minor surface streams which have
catchments of predominantly carbonate rocks, were alsc
classified 1into the different groups noted above. The

spatial variation of the physical, chemical and computed

\

e et o e am e e ST



138

characteristics of the karst Spring and cave water

sites, as well as some of the other sites sampled, will

be examined in the following Chapter.
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CHAPTER FIVE
SPATIAL VARIABILITY

in the previous Chapter it was shown that the karst
spring and cave water sites could be divided into groups
on the basis of physical and chemical charaétéristics of
the water sampled. in this Chaptér the spatial
‘distribution of measured and.domputed,parameters wiil be
examined and reasons Proposed for- the spatiai

variability noted.

INTRODUCTION

In theéry, for a homogeneous and stratigraphicaily

uniform carbonate terrain, the physical and chemical

characteristics of spring waters discharging from such an
area would bé expected. to show litile spatial variation

in parameters measured, e.g. total hardness.

In TFigure 5.1 the range of mean total hardness

values, for spring waters gply. from various carbonate
locations are shown together with the range of median
total hardness values for the karst springs sampled in
~this study. It should be noted that the ranges of values
giQen, unless otherwise noted, are ranges cf mean values,
which for some locations include springs discharging both

zllogenic and autogenic recharge while other springs may

only discharge autogenic recharge.




MENDIPS+

NAHANNIS* | [ ' i

160
TOTAL HARDNESS (CaCOs mg/1)
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LOCATION %0 400 500
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DERBYSHIRE? f—4
KANI KEDRIZ —|
YORKSHIRE® =i

KENTUCKYS | }——]

VENEZUELA®® I

NITTANY® i |

CENT, PENNS.s* I

EAST MENDIPS1© ' | |

BUCHAN2 g E

.* Chriistopher,  1980; =2 Jﬁﬁad and Hussien, 1986; 3 Cooper and Pitty,

1577; @ Atkinson, 1977b; © Harmon and Hess, 1982; ¢ Brook and Ford,

'1582; 7 Gascoyne., 1974; © Shuster and White, 1971; ° Langmuir, 1971a;

*®.Drew, 1970; ** This Study. - :

FPigure 5.1. Range of mean total hardness values for

spring waters from various locations (as mg/l CaC0s).

Buchan data median wvalues. * Grouped gpring water

data. ® range of single values only.

It can be seen then that in reality, for some
carbonate terrains, e.g. Derbyshire, Kani Kedri and
Yorkshire, the spatial wvariation 1in mean total hardness
is small. For other carbonate terrains the_ spatial
variation 3in total hardness wvalues tends to be more
diversified, and a range of = 1 to 4 times the lowest
mean spring wvalue is not uncommon. It can also be seen

R . . : 1 1
that the Buchan spring water data (median tetal hardness)

TR
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shows considerably more spatial variation than that found

in other parts of the world and possible explanations for

this variation will now be examined.

SPATIAL VARIATION OF BUCHAN SPRING WATER

CHARACTERISTICS

The median values of selected parameters for the
karst springs examined in this study are given in Table
2.1 together with the respectiye Gata for a number_of.
other sifes. Data for the othér sites are_.inciuded for.a
number of reasons, i) the. four cave water_sités are
‘included as the? represent-"limeétone groundwater" :ather
“than "karst spring water® and-ﬁlsé becéuse water from two
of these sites is known to discharge at two of the karst
springs;. 1i} Back Creek and Tara Creek are included
because they are surface streams draining catchments of
predominantly dolomite and predominantly Taravale
Formation respectively; 1ii)} The Un-named Seep site is
included because of Iits .proximity to two of the karst
spring sites (New Guinea 2 and New Guinea 6); and iv)
Butchers Creck is included as the median chemical values
obtained at . this site best represents water draining
from Snowy Rivér Volcanics, and hence can represent
“background” chemical levels, i.e. water with no

carbonate rock ceontact.

Spatially, the karst spring water sites show a wide

[
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TABLE 5.1. MEDIAN VALUES OF SELECTED PARAMETERS FOR KARST SPRING
WATER (SITES 8 TO 14), CAVE WATER (SITES 12a, 15, 16 AND 17) AND
THREE SURFACE STREAM SITES (SITES 5, 6 AND 20). Ca2+ AND Cl- AS
mg/l; Ca®*/Mg®* AND Na*/Cl- AS MOLAR RATIOS (EPM); LOG(PCOz) AS
ATMOSFHERES; Slca: DIMENSIONLESS AND Wr = WATER TEMPERATURE °C.

SITE KC. Ca2* Cl- Ca2*/Mg2* Na*/Cl- Log(PCO2) Slea: Wr
KERST SPRING SITES '

g 25.3 19.5 3.4 1.03 _—2.43. -0.76 14.0

9 27.1 19.2 3.21 1.10 ~-2.34 -0.34 13.5
10 73.5 41.0 2.82 0.82  -2.25 : 0.11 13.5
11 98.9 37.0 4.45 0.71 | -2.19 | 0,52 15.0
12b 97.8 33.0 8.08 0.77  -2.18 0.54 16.0
13 121.2 61.2 2.01 0.?4 -1.87 0.62 17.0
14 157.8 211.0 2.9% 0.55 -1.54 | 0.23 16.9

CAVE WATER SITES

12a 102.7 31.1 9.65  0.81  -2.06  0.41 16.0
15 120.5 180.5 3.27 0.49 -1.92  0.19 16.5
16 177.6 300.2 2.73  0.54  -1.44  0.27 17.0
17 176.4 297.8 2.71 0.54  -1.48  0.27 16.5

SURFACE STREAM SITES

S 68.2 ¢64.4 1.18 0.78 -2.07 0.24 15.5
6 80.0 62.1 3.98 £.93 -2.26 0.34 18.0
20 8.9 29.8 0.84 0.75 —-2.68 -1.57 13.8

variation in median values for all parameters, and this
is most noticeable when a comparison is made between the
data obtaiﬁed for New Guinea 2 and Dukes. Median Ca=z+,
Mg2+, Na* and total hardness values are = & times higher

at Dukes +han the respective median values noted for New

AT
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Guinea 2, with median Cl- values being

3

= 11 times higher.
The median CC2 value.for Dukes is = 8 times the medién
value for New Guinea 2 (2.88% compared with 0.37%). It is
interesting to note that although median chemical values
differ quite markedly between these two sites, the

" respective median Ca2+/Mg2+ molar. ratios are  not that

dissimilar which possibly reflects the control of
catchment lithology on spring water composition. Other
controls such as the residence time of water énd soil CO5
levels are also quite - important arnd may in  fact
overshadow. the efféct of ¢atchment lithology'on SPrihg_

water chemistry.

-SPATIAL VARIATIONS IN CAICIUM AND MAGNESIUM AND Ca2+/Mg=+

MOLAR RATIOS

Ca2+/Mg2+ molar ratio values have Dbeen used
extensively. in groundwater_ studies to delineate the
iithological control on groundwater flowing through
gither 1i@estone or dolomite or mixed carbonate aquifers.
Ca2+/Mg2+ molar ratios of = 1.0 are taken to indicate
sroundwater flow through predominantiy dolomite bedrock
{Hsu, 1963; Douglas, 1965; Meisler and Becher, 1967;
Shuster and White, 1972; White, 1988), with molar ratios
in the range 3.0-10.0 or greater indicating flow through
limestone and molar ratics of 1.5-3.0 generally

indicating flow in a mixed dolomite—1limestone agquifer.

H

L Rt
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For spring waters discharging from carbonate

azuifers both Douglas (1965} and White (1988) stress the

point that low Ca2+/Mgz2+ molar ratios do not necessarily
imply flow through dolomite bedrock or a mixed carbonate
bedrock seguence but could Simply be due to the

enrichment of Mg2+, in terms of molar proportions, by the

ioss of Ca?+ from solution by calcite Precipitation.

Catchment litholoQQ, i.e. the. chemicél-compbsition
of the rock types within a particular spriné's catchment
and tﬁe percentage contribution  of .these rock types
within the catchmentlboundary, at least for'the springs
@t Buchan, ‘is perceived to have . an important effect on
gpring water composition. For instance, as noted in
“hapter Three, although all springs occur. only in Buchan
Taves Limestcone the préportions of carbcnate and non-
carbonate rocks within a particular spring's catchment
-Area can Qary considerably. Aiso to be taken into account

is the fact that the carbcnate group as a whole varies

I

Wy

roup <comprises three different carbonate units), as
wsll as the fact that the chemical composition of the
Buchan Caves Limestone unit varies considerably ranging
from 52.9% CaCOs and 43.5% MgCOs (dolomite) to 95.6%
CaC0s and 0.2% MgCOs (limestone) (Jenkin and Baxter,

1568y .

Using the data set assembled by Jenkin and Baxter

{1968) for the chemical compositicn of the Buchan Caves

sy




1.69 (dolomite) to 663.9'(1imestone).
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~imestone unit (n=79), Ca2+/Mg2+ polar ratios range from

It must be stressed

that these molar ratios would only be obtained in

b
¢t

clu

0

ion 1f congruent dissolution is assumed, i.e. the

54

ntire solid dissolves, and there i1s no external input of
Ca2+* or Mg=2+ intoc the SYystem or loss of these ions from
the system. An average composition of this unit gives a

Caz2+/Ma2+ value of 7.84.

For all the karst springs at Buchan, except one
(Bitch of a Ditch). water discharging at the spring can
Le 'thsically traced- varying distances back into cave
systehs with all of these.systems- beiﬁg ﬁactive“, i.e.
they are actively de?ositihg‘calcite-speleothems such as
fiowstone, stalagmites, etc. Hence when looking at the
median Ca=+/Mgz2~+ values obtained, - some Ca2* ions,
depending on flow regimes etc., may - have already been
iost  from the system, i.e. precipitated out as CaCOas.
¥edian molar ratio values obtained would then be lower
“han those expected if after dissolutidn ne loss of Ca2+

Soours,

For example comparing the results obtained 1in
“napter Four for the four Scrubby Creek sites (i, 2, 3
204 4) although median Mg2+ values are = the same for all
‘our  sites, median Ca2+ values differ and the median
“~lar ratio decreases in going from the cave (9.83) to

“he spring  (8.08) to the end of the tufa terraces {7.24)
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ro ® .50m downstream (6.85)._Hence for the karst springs

at Buchan these molar ratios give a rough indication of

catchment lithology. It must be remembered that the above

iimitations can apply especially when the water emerging

v

t the spring is in effect a "mixture of waters" that

have taken a variety of pathwavs through the system.

For each site sampled, _particularly.those draining
zarbonate lithologies, . field observations. .on the

predominant catchment lithology were -made in order to

ol

ssess median Ca2+/Mg2+ values obtained. For the Buchan

9]

aves Limestdne member, dolomite was distinguished from
iimestone by eithef the surface weathefing features (see
Chapter One) and/or by the use of dilute hydrochloric
acidg. Murfindal Limestone was distinguished from Buchan

Caves Limestone by the use of geoclogical information

g

{Teichert and Talent, 1958; Jenkin and Baxter, 1968). It
was  felt that despite the obvious limitations in
delineating - carbonate rocks on the above criteria, the

rzthods used were, at a broad scale, reasonably accurate.

F The spatial distribution of median Caz2+/Mg=+ molar

¢s7ics are shown in Figure 5.2 for the karst spring sites

25 well as for other sites sampled that have the majority

0 f their catchment in the study area and where n z 4.

S P AR
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Pigure 5.2. Spatial distribution of median Caz+/Mg=+
“molar ratios., Site numbers as per Table 3.1.

Back Creek has . the lowest median Ca?+/Mg2+ molar
ratio (1.18) of all sites and this is consistent with
this site having a - large proportion of dolomite

suicropping in its catchment. For the karst spring sites,

"

itch of a Ditch has the lowest median Ca2+/Mg2+ molar

ratic (2.01) with this site having the highest proportion

2f dolomite in its catchment for the Kkarst spring and

. .
cave water sites. Scrubby Creek 2, for the karst spring
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water sites, has the highest median Ca2+/Mg2+ molar ratio

%

2.08) and is consistent with this site having virtually
il iimestone 1in its ~catchment. As noted Previously,
Scrubby Creek 1 (cave water site) has a molar ratio of
2.65. The Un—named Creek site {(an intermittent surface
gstream) located <close to the Scrubby. Creek sites has a
median Ca2+/Mg2+* molar ratio of 11.4. This Qalue is
asspmed to Dbe representative of surface runoff in this
part of the. study area before it is chénnelled
underground. For the other kafst spring water sites
ﬁédian Ca2+/Mg2+ molar fatibs. rahge' beiﬁeen .tbe two

values given above.

It can be seen that in the southern half of Figufe
5.27a11.3ites, excluding Scrooges Vault and Tara Creek,
record molar ratios indicating dolomite or a mixed
dclomite—limestone type aquifer, if Ca2+/Mg#®+ molar

ics of = 1.0 and = 1.5-3.0 are taken tb infer the

-y
o]
ot

respective type of aguifer. Tara Creek has a catchment of
sredominantly calcareous mudstone (Taravale Formation)
which may explain its relatively high molar rétio. The
difference noted in median molar ratios between B~67 and

E-41 (2.73 and 2.71 respectively) and that of Scrooges

[

Yault  (3.27) is gquite noticeable. Posgible reasons for

*his difference will be proposed when the spatial

variation iIn median Cl— wvalues are discussed. The

central sites, excepting Sub—-Aqua, vrecord the highest

T P R A e

either, a lack of the basal

wlar ratios and indicate
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sart of the Buchan Caves Limestone (dolomite) or the

influence of the high purity Murrindal Limestone. Based
on field evidence it would appear to be a combination of
poth (see also Figure 2.3). The lower median molar ratio
noted at Sub-Agqua (2.22 compared with 4.46-9.65 for the
cther sites in this area) is attributed to be simply due
zo the dilution of limestone groundwatef (e.g. M-4) with
'watér draining from non-carbonate ropks-(e,g;-Butchérs

Creek) .

For the New Guinea Ridge sites the molar ratio at
the Un—-named Seep site (2.32) indicates a mixed type of
aguifer, while the ratios for New Guinea 2 and New Guinea

& {3.44 and 2.21) possibly indicate a limestone aquifer.

o

Y]

n difference _between -these sites 1is pbssibly a
refleéﬁiéﬁ of . residence timé rather than a-lithologicai
factor. Flow through times  are quite Critiééll.if
equilibrium with respect to either delomite or limestone
is achieved; White (1988) notes that a year Or more may
he pecessary for water in contact with dolomite to reach
equilibrium, whereas water in contact with limestone for

= 10 days can reach equilibrium. This is examined in more

detail when median Slea: and Slac: values are discussed.

The influence of the contribution of Ca%* and Mg2+

icns from non-carbonate rock types within a particular

¥azrst springs catchment to the concentratien of ions

easily

.I

. . - i ot
found  where the spring discharges iS5 0
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calculated. This is due to the fact that mest of the
runcff from . the nqn—carbOnate rocks generally percolates
into the soil profile developed. albeit a shallow system,

and 1s not easily traced before it disappears on reaching

the iimestones and dolomites in the study area.

There are no readily accessible straightforward
zxamples of small surface streams draining from the

surrounding non—carbonate rocks, disappearing underground

on reaching the limestone and reappearing some distance

away at one of the spring outlets s0 that the 1nputs from

'non—carbonate sources ' can be calculated. Runoff from_the

Snowy River Volcanics is assumed to have physical and

‘chemical. characteristics similar to those noted for

Butchers Creek. It is interesting to note that"Butchere
Treek receives runoff from the opposite side of the ridge
in which New Guinea 2, New Guinea 6 and the Un-named Seep
site are located and has a median Ca2+/Mg=+ molar ratico

-f 0.84 with a catchment of non-carbonate rocks:

Of the karst spring sites examined it is obvious

5

:t for New Guinea 2 and New Guinea 6 (iowest median
742+ and Mg=2+ valees) anf contribution of these ions in
zslution from the eurrounding Snowy River Volcanics will
22 of a greater influence than the contribution of these
ions to the median values noted at any of the other karst

ing sites. If the median CaZz* value for Butchers Creek

Pr

(=

;g taken tc¢ representative of water draining Snowy River
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volcanics, it represents = 30% of the median wvalue for |

New Guinea 2-and 6 and = 7-12% of the medians for the

other karst spring sites that have Snowy River Volcanics

in thelir catchments.

3—67 and B-41 record the highest median Ca2+ ang
¥g2+ values noted at any @f. the sites sampled in this
study. Whether these respective median values are really.
.representgﬁive'of.uncbﬁtaminateé grdﬁhdwater or not is
Zdiscussed  further :when'.thé ségtiaIIVafiafion_of median

Ci= values is examined.

Inpuf'of Ca2* and Mg2+ ions from atmospheric sources
are assumed to be of minor importance given the results
j:-Chapter Four, and would appear td.have very little, if
?nY,.affeCt on the overall chemical composition observed
at any ©f the karst séring sites and would“certainly

contribute nothing to the observed spatial variation.

SPATIAL VARIATION IN CHLORIDE AND Na*/Cl- MOLAR RATIOS

Median Na* and Cl— values vary considerably_gver the
study area ranging from 13.4 and 19.2 mg/l respectively
z% New Guinea 6 to 104.2 and 300.2 mg/l respectively at
Z-57 (factors of = 8 and ~ 15 times respectively).
“ztchment lithology would appear to play 1ittle, if any

. R ionifi ial
rsle at all in explaining the  significant Spat

S . 3 } it are located in
variation noted, as both the above sites
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Buchan Caves Limestone.

To obtain. a clearer Picture of possible causes or

effeéts that may explain the spatial distribution noted,
median Cl- and Na+/Cl— molar ratios_ for selected sités
are shown in Figure 5.3. (A molar ratio of 8.86 is
assumed to 1indicate a straightforward recycling of

atmospheric NaCl derived from séawater — molar ratios of
Na*/Cl- in two rainwater saméles at Buchan were found to
be 0.91 and 1.01 respectively, indicating_a molar excess
of - Na*. +ion  concentration oﬁer_';molar 'HCi— | ion

concentration).

" From Figure 5.3 it is interesting to note, i) the
highesﬁ médian Cl- vélues {also the 1ovest median Na+/Cl—
mclar ratios) are assocliated with the four sites located_
in the southwestern corner of the study area (B-67, B-41,
fukes and Scrooges Vault) and would appear to be quite
localised; 1i) four sites with different cétchment
.;ithologies (épring Creek, Back Creek, Tara Creek and
Zitch of é Ditch) and located in the southern part of the
study area all record similar median Cl- values ranging
f}om 61.2 mg/]l to 64.4 mg/l. Three of these sites (Spring
Treek, Back Creek.and.Bitch of.é Ditch) also record very
zimilar median Na+/Cl1— molar ratios (0.74-0.78}; and,
1ii) for the remaining sites, sites that are located at
"he  bottom of discharge areas (e.g. HMoons, Butchers

“reek and Scrubby Creek 2) record median chloride values
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Figure 5.3. Spatial  distribution of median Cl- and
median Na*+/Cl- molar ratio values. Site numbers as per

Table 3.1.

znging from. 28.6 mg/1

(Sub~Aqua) to

2 molar ratios < 0.86. Sites

i

that

41 .0 mg/! (Moons)

are located at a

in a particular catchment or

native vegetation have median

~‘s ranging from 12.8 mg/l (Un—named Creek} to 30.0

]

! {(Un-named Seep site}. These

sites

righest molar ratios (0.93 to 1.159}.

also recorded the
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=-67, B-4l, DUKES AND SCROOGES VAULT

These four sites certainly stand out from.the rest

cf the sites sampled because of the quite high median Na+

and Cl— ({also Ca=+) concentrétions found at these sites.
in particular B-67 and B-41 (Table 5.1). As noted.

previously three of these four sites are 1ocated ciose

tcgether (B-67, B—41 and Scrooges Vault) with the fourth

site ({(Dukes) having been connected to B-67 by fluorescent

: dve tracing (a straight 1line distance of approximately
Z2.5km with a flow: time of 24 days (flow rate of 0.12

cm/sec) under "normal” flow conditions, i.e. dischafge at

Dukes is = 41/s5). -

. The highef .médian Na+ an& 15 valués notéd'at these
foﬁr.siteé whén coﬁﬁaréd £o the median values noted at
the other‘sités sampled are not easily explained bﬁt high
positive correlations of Na*+ with Ci- | values (all
significant at - the 99% level; r = 6.915 (B~41), 0.96
{Dukes), 0.97 (B-67) and 0.995 (Scrooges Vault)) indicate

% close relationship between these two ions.

One possible source of this high Na+ - Cl— water

zculd be the Tertiary sands and gravels that are located
“sst to the south of three of these sites (B-67, B-41 and

icrooges Vault, Figure 5.4). As these gravels are of

] ) ) . ot to
“1uvial and not marine origin, they would appear not

sampling showed this to be

oy

the source area and spot

‘re case. Spot water samples Were collected from, a) two
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fearm dams  (sites 28 i) and ii))., one located 400m

dewnslope from the refﬁse dump (tip) and the other about
200m further downslope, b) a minor stream draining
southwards from. the sands and gravels (site 30; Figure
3.2}, and c) a borehole (site 29; Figure 3.2) located
approximateiy. ikm south of the refuse dump, in an
sttempt to locate the origin of this high Na+ - ¢]-
water. The range of ' Na* and Cl— values obtained .wére,
16.4*29.85g/1 and 14§O—52.9mg/1 respectively, which are
notably lower than the median values recorded at any of
the four aboye gites which tendéd -tq- prové that the

sravels and sands were not the source.

Another source co@ld be ~that leachate from the
refuse dump, located in the sands and gravels about 700m
upslope from B-67, B—41 and Scrocges Vault, infiltrates

into. and contaminates the groundwater (Figure 5.4).

Cases of groundwater contamination Dby 1eachate from
refuse sites have been reported in the literature world—
'widé {RQasim and Burchinél. 1976; Agpar and Langmuir,
1971 Kimel and Braids, 1974: Zenone et al, 1975; Kunkle
snd Shade, 1976; Murray et al, 1981; Das and Kidwai,
1983; Knight, 1983; Shug and Young, 1987; Mulvey et al.

587; Xnight and Beck, 1987). The contribution of

pot

centaminants, both organic and inorganic, to a
sroundwater system 1is extremely diversified and depends

Jpon a myriad of considerations, €.g. type OF types of .
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refuse being dumped, whether it is sgoliq or liquid

wiether or not it is compacted, whether or not a landfii}
site is cffectively lined, etc. s this aspect is beyond
the scope of this study readers are referred to Lu et al

{1983} for further references and discussion.

The.iﬁorganic chemicai compoSitiqn of leachate is,
es  noted ébd@e, i extremely diverse. fbr"instance,
Fungarols (1971, in Lu et al, 1985) quotes _rangeé of 
coﬁstituenﬁs from. S0-2,400mg/1 Cl—; 100-4,000mg/1 Na+
and 300~6,000mg/1 fotal hardness in leachate: Johansen
and  Carlson (1976) in their study of leachate from
iandfill sites in both Norway and America repofted‘Céz*,

-

Mg

., ‘Na* and Cl- concentrations ranging from 99—400m9/1}'
13-96mg/1, = 35-462mg/l and  68-680mg/l respectively;
Zenone et al (1975) in their study of leéChate from three
isposal si£e$ iﬁ;Aiaéka -reported dissclved constituents
renging from 2 to’ 20 times greatér than levels fdﬁnd'in

the surrounding unaffected groundwater.

Chloride because of its conservative nature has been
2Z2d quite extensively as a tracer to delineate inputs.
znd  outputs in leachate, recharge and groundwater
Tovement studies (Agpar and Langmuir,.197l; Peqk, 1983;
Mather et al, 1983; Sharma, 1987; Mazor, 1987; Johnston,

537a, 1987b: Macpherson and Peck, 1987; Williamson et

1987; Revnolds and Pomeroy, 1988). For example Agpar

1

274 Langmuir (1971) in their study of leachate from a
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sanitary landfill noted of the species in the leachate

chioride was most ‘readily leached from the refuse and

since 1t is wvirtually unaffected by reactions

in the
soil, 1.e. ion exchange processes, it passed straight
into the groundwater system. Therefore because of

chloride's  conservative nature, the median Cl- values

found at Spring Creek (62.9ma/1), Back Creek (64.4mg/1).

Tara Creek (62.img/1) and- Bitch of a Ditch (61.2mg/1)

are assumed to represent background Cl— levels for this,

.predominantly cleared; sbutherh Qaft. of the S£udy area.

Hence median Cl—'s at Scrooges Vault, Dukes, B-67  and B-

sl

I are = 2 to 4 times backgroundlevels, with the refuse
dump appearing to be the most obvious source of this

contamination.

ks noted above, spot water samples were'cbllected'

from two farm dams. which are located directly downslope

from- the refuse dump. Based on the results. of the.

chemical analyses of water from these two sites it

£

sxampie Ci- values  were 30.9mg/1 and 52.9mg/1

X

o

sectively which are notably lower than the respective

i
)]

1

mesdians at B-67, B-4l and Scrooges Vault. It is
Typothesised that leachate from the refuse dump
‘nfiltrates vrelatively gquickly through the sands and

ravels where it is located until 1t reaches the

141

underlying limestone where it mixes in with the limestone

sroundwater.

zppears that leachate by—passes' these +two sites. For

P
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median a2+, Mg2+ and Na* values found in
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As noted previously (Chapter Four) the highest

this study are

alsc associated with groundwater at B-67 and B-41. If as

zssumed above, the high Cl- wvalues found are due to

contamination by leachate, and given the possible ranges
of ion concentrations found in leachate . for these ions

{see'above}, it would appear likely  then that the high

Ca2+, Mg2+ and Na* noted at B-67 and B-41 could also be
due to cohtaminaﬁion ahd are not, as essumedein Cﬁapter

‘Four, representative of "limestone" groundwaters in this

rart of the study area.

Tre lower median Ca2+, Mg=2+, Na*, HCO3~ and Cl-
values noted at Dukes when compered. to :the respective
Jeﬁlans noted at B-67 (and BE-41) are assumed to be simply
due to the m1x1ng of water from B- 67 w1th water or waters
derived further down in the catchment._Th1s ig examined

in more detail in Chapter Six.

The lower median 1ion concentrations noted at
Scrooges Vault when compared to the regspective medians at
2-67 (and B-41) are harder to explailn particularly when
cne considers the relative closeness of these three
sites. (Median ion values at Scrooges Vault are = 68%, =
7%, = 55%; = 58% and = 60% of the respective median -
Ca2+, Mg2+, Na+, HCOp— and Cl~ values at B- 67). As noted
in Chepter Four groundwater movement at this site has

been extremely hard to determine and perhaps even though

S
SRS
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311 three sites are located ciose together, groundwater

zt Scrooges Vault does represent a different groundwater
pody than that found at B-67 and B-41. Given that the
*groundwaier level" or "water table" (assuming-.one.does
- exist in limestone areas) - is at the same height for all
three sifes this would appear unlikely. Where the
ieachate from the refuse dump first mixes with the

“limestone groundwater! and its preferred flow path need

to be resolved before the this can be fully addressed.

One effect of the high Cl- values noted is that-more_
a2+, and posSibl? Mg?f; ions EQUId_be re1¢aséd -into the
groundwater than thatjpredicted by équilibrium.reéctioﬂs
beﬁause of increaséd dissoiution'of ;arbonaté_bédrock due

S to the..ionic strength effect (Back énd.Hanéhaw, 1970;
Loﬁg and Séleem, 1874; see also Chapter Oﬁe). Drever
{1982} showed that general charge balance egquation for
carbonate waters (ignoring minor gpecies) could Dbe
written as,

Dnes + Mge + 2MMgze — Doi— — 2Msca- + 2Mcez+ * Mscos— + 2Mcos—

1 M }
and that if the expression for M was negative more
~arhonate dissolution could take vplace. Median. M values

for the karst spring and cave water sites are,

% New Guinea 2 —: 0.545
| New Guinea 6 —~. 0.518
®

% Moons —-:  0.487

M—4a —: (.948




e
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Scrubby Creek 1  —: 0.448
Scrubby Creek 2 —-: 0.248
Bitch of a Ditch -~-: 2.700
Dukes ~-: 0.008
Scrooges Vault -: —0.9584
- B-67 —: —0.544
B-41 -: ﬁo.zei
hence it 'éaﬁ be seen that, ' for at 1eaét_B~67, B-41 and

' in this part of the catchment, and 1ii) to elucidate

181

Scrooges Vault, increased dissolution can take place.

It can be seen then that for these four sites a more
detailed water sampling programme, including a number of

groundwater bores'at specific locations, is needed to, 1i)

rh

fully resolve the effect of the leachate on groundwaters

groundwater movement and mixing processes.

T T

AELL OTHER_SITES . .

The spatial variation in median Cl- values shown in
igure 5.3 for all .sites, xcept for the four sites
ciscussed above., is assumed to be primarily related to

snether or not a particular sites catchment has been

“leared and converted to pasture rather than catchment

iithology. Sites with the higher median Cl— wvalues, e.g.
Sack Creek and Spring Creek drain catchments that have a
large Proéortion of ﬁheif catchment cleared of native
/egetation and ére used predominantly for cattle or sheep

i - : the "bottem"
grazing. These two sSites are also located at
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their respective discharge areas, i.e they are the end

4

(Y

zoints of their respective catchments.

increases in Cl- levels in ground and stream waters

 following the conversion of land covered by native

vegetation to crop and pasture production are repofted
guite extensivély- in. the, 1iterature {Peck, 1983;'Anon.,
1987; Johnston.  1987c; Peck and Williamson, 1987;

Williamson et al, 1987; Borg et al, 1988; Schofield and

Ruprecht, 1989). The increase in Cl- values is attributed

to an increase in salt storage in the soil profile due to

a decrease in precipitation - interception and

ranspiration following clearing which results in a rise

in the water table. Soluble salts bought in by

precipitation = are . concentrated in. the sotl by

svapotranspiration and are easily transported to shallow
sroundwater aguifers and surface streams when they are

flushad from the soil profile (Figure 5.3).

Johnston (1987a, 1987b, 1987c) found what he termed

"salt bulges" . (shown in Figure 5.5) in a number of soil

-

cores examined in his study of the distributiop of

i

chloride and its vrelationship to subsurface hydrclogy

]

fter the clearing of native vegetation  (i.e. the

u

mechanisms of water flow and recharge to groundwater). He

' as s distri tically
found  that although salt was distributed ver ically

‘within the  profile the maximum salt concentrations

; 11 zone and much
~courraed as a salt bulge in the unsaturated
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iewer salt  concentrations were observed in the saturated

mone {Johnson, 1987c¢). It nmust be remembered that no

where in  the present study area would the depth of soil

development noted by Johnston exist, and that the “salt

o]

‘i1
ES

ge”, 1f on does exist, would be closer to the surface
cempared to that at = S5m depth noted by Johnston.
Williamson et  al (1987) in theif study of the séme'five
tchments Johnston used in  his studiés;' estimafed that
_the equilibration timé fof a new salt balance follow1ng

~learing ranged from 30 to 200 years.

Effecis of clearing — an example

ey apotranspiration =
650 mm per vear

Il . T
sucalvpt forest gty rainfall =
70 mm per vear

It

{gper L) irati
N evipotranspiration =

A2t mm per year

N

stream flow

= 20 mm
(when forested)
= 60 mm
(under pasture}

"'.i.a...‘

waler table under paS.H.J;C...

depth (i)

preferred pathways
for water flow -
- -_-_-—-y-—v-"

_'n::f}\‘/'f—;’-—g—.ﬁ'z;-;ﬂ,”—:“ ‘;9""-"" et -"-" s 2

f/ﬁ.( T
7 ] PRI B J\-:"g
bedrock's <3 eyl Phann iy AT Y

2o .1

Figure 5.5. Clearing reduces evapotranspiration, so
more water reaches the water table. This rises,
carrving salt into the stream, {After Bell, 1988/89).
Schofield and Ruprecht (198%9) in their study on the

regional analysis of stream salinisation in Western

found that although chloride concentrations
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increased in stream  and ground waters (hence

szlinisatlion)  following clearing, annual total rainfall

cilaved an important role in determining in how gquickly

this 1ncrease took place. They found that soil salt

storage was strongly correlated with annual total

=

ainfall, i.e. catchments .with lower annual rainfall

totals (<900mm yr—2) which had been cleared, recorded

9]

ver a 20. yvear period, a _rapid’ increase in stream

gaiinities.

Hence although it has been proposed that £hé_spatiai
¢istribution of median’ Cl='s noted in _this_stﬁdg is
mainly attributéd io-théi.cléaring of néiive vegetation,
' the strong rainfall gradient that‘ekiété acfoéé the study
érea (818mm yr;iuat'Buchan township to = 1500mm yr—* at
.New Guinea Ridge) will obviously be important in

determining recharge and flushing rates. As noted fpr the

h
0

ur sites assumed to be affected Dby groundwater

it

cntamination, a much more detailed sampling and
monitoring programme - is needed before deciding whether

clearing is more important than annual rainfall.

SPZTIAL VARIATIONS IN MEDIAN LOG(PCOz), Slce:r AND Slaca

+ALUES

Median log(PCOs) values for the karst spring sites
‘Table 5.1) ranged from —2.43 (New Guinea 2) to -1.54

P : . . . ; ilibrium with an
‘Dukes) indicating theoretical equilibri

FE
ey
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stmosphere containing 0.37% and 2.88% COo, respectively

Jverall, median log(PCOz} values ranged from _3 &8

(Zutchers Creek, = Q.21% COz) to -1.44 (B-67, = 3.63%

CCz) which are respectively = 7 and = 120 times normal

stmospheric COz level.  The spatial distribution of

median 1og{PCOz) values for selected sites are shown in

™

“igure S5.5.

. The spatial 'variatiOns noted in medianilog(PCOaj
'valueé are aséuméd te be mainly related'to_ﬁhe regidence
time of recharge with catchment lithology and vegetation
céveriplaying minér roles. Sites that are assumed to have
fest fiow through.times for recharge have little chance
for equilibrium to be established between "fecharge" and
bedrock (éee.discussion earlier in this'Chapter).'This is

most evident for the three New Guinea Ridge sites.

The area where all three sites are located is
zovered in native vegetation and as such soil PCOz levels
are assumed to be the same, catchment lithology is also

zssumed to be similar. Recharge for New Guinea 2 and New

Ziinea 6 is assumed to move through the system relativé
suickly in comparison tc water emerging at the seep site
“ith this being reflected in the median 1log(PCOz) and in
#articular the Slgeas values noted at these sites. As
roted by Drake gnd Wigley (1975, p.959)., "The saturation
:ndex tells how far the water has evolved towards

ziuilibrium and is therefore dependent on residence time
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Figure 5.6. Spatial distribution of median log{PCOz)

values. Site numbers as per Table 3.1.
in the équifer“. Furthermore Sl.an: values have often
nean used to distinguish between conduit flow (fast flow
*hrough times) and diffuse flow (long _residence times)

zystems (White, 1969; Shuster and White, 1972; Drake and

'Wigley, 1675). This classification of flow types is

iooked at in more detail when the response over time of
the sites sampled (temporal variability) is examined in

Chapter Six.

i,

Pt i i T



IR R T L T

187
New Guinea 2 and 6 are both undersaturated with
respect to calcite {and délomite) and record median CO,

values that are = 11 and = 14 times atmospheric COz level

{compared with = 7 times for Butchers Creek). For the

seep site, median Slcay, value indicates water just

supersaturated with respect to calcite (0.07) and a

theoretical COz  level = 100 times'higher that of'normal

ztmosphere.

All other karst spring sites, as well as the cave

water sites - and Back and Tara Creek record positive

median 5lca:r . values indicating supersaturation - with

respect to calcite with all of these sites also recording

iarger median log(PCOz) values than New Guinea 2 and 6.
Of these sites all, except Moons and Dukes, are either at
egquilibrium (Scrubby Creek 1) or are supersaturated with

respect to dolomite.

Unfortunately no sbil or cave carbon dioxide levels
were measured during this study, but cave COz levels
ranging.from 0.05% {Moons Cave, median value of 30 cave
2ir samples coilected between 10.3.1985 and 2:1.8.1985) to
5.074% (Lilli Pilli Cave, median value of 36 cave air
csamples collected between 6.3.1985 and 17.8.1985) to spot
values of approximately 3.0% to 4.0% (M-100 and Stirlings
Cave ; ?otholes area, Figure 2.6} have peen reported from
“he Buchan area (Canning, 1983; Ackroyd, 1987; 1988;

“989) . when expressed as 10g(PCOz) values a range from-
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3.30 to -1.40 is obtained. The log(PCO,) value of _1.40

is very similar to the median values noted at B-67 and B- -

!
L

1. Cenning {1983} also gives a value of 0.21% for a soil

CO0z value found near Lilli Pilli Cave.

SPATIAL VARIATION IN MEDIAN WATER TEMPERATURE

Based on  the aésumption - that  groundwater
temperature approximates mean annual air temperature
(MAT; Drake, 1980) and using air temperatﬁre.daté.that is
avallable for the two closest meteorological stations to
the  study area (Orbost and Nowa Nowa, Figure 2.1,
groundwater temperatures would be expected to be around
14.0-14:4°C. It is interesting therefore that for the
karst spring and cave water sites, seven:Qut_of the
elevern sites (Table 5.1) are notably warmer (median water
temperatﬁre values from 16.0°C to 17.0°C) than MAT and
four sites are close to, or afe slightly cooler (median
water température from 13.5°C to 15.0°C) than MAT.
Median water temperature values for the Buchan and Snowy
Rivers (using all available R.W.C data, Table 4.1) are

'4.8°C and 15.0°C respectively).

One reason for this discrepancy noted could be the

way that MAT is calculated. As noted in Chapter Two no

air temperature data are available for Buchan but air

temperature data are available for Orbost {1938-1%89) and

T P R T R R

Howa Nowa (1948-1956 and 1965-1975) . MAT for each station

rid
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wss calculated as the average of the sum of mean monthly

minimum and mean menthly maximum air temperatufe and was

“

©4.4°C for Orbost and 14.0°C for Nowa Nowa .

Jennings (197%a; 1983) in his studies of the Blue
waterholes noted an appreciable difference between Spring
water temperature (10.8°C — Cliff Foot Rising) and MAT

(7.4°C) . Two possible reasons were suggested for this

Glscrepancy (Jennings, 1979a), i) soil temperatures were

‘higher than  air  temperatures  (this would affect

percolatioh.Wétér temperature), and ii) as most of the
drainage goes underground it escaped the efféct that cold
ir pondage. over the Plain had on surface streams. Based
% the mean tempefature of drip waters (10.8°C) in Murray

Zave {close to the surface), Jennings accepted the first -

Crowther (1982) noted a cooling rather than a
wgrming effect in his study of the thermal

characteristics of seepage waters in four Malaysian

oy

[l

ves. He found that average seepage water temperatures

szve 2 to 3°C cooler than MAT. Soil temperatures, on
z.cpes with native vegetation, he noted were = 2°C lower
nar MAT and that this effect as well as the fact that

cave.

[y}

air temperatures were also lower (no direct
1“5013ti05) contributed to the discrepancy Dbetween

sszpage water temperatures and MAT.

sy
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Shimane (1988) 1in a study of over 300 spring water

sites in and around the Aso caldera found that spring

water tlemperatures were = 2.0°C higher than MAT. This

discrepancy was considered to be due to either, i) a rise
in recharge water temperature by its passage underground,
cr 1i) higher recharge rates occurring during the warmer

early summer to autumn period, with a answer vet to be

resolved.

Assumihg that gfoundwater teméerature approxiﬁates
AT another factor could be that the sites where the
warmer water températures are noted have catchments that
nave little or no native vegetation cover due to either
cléaring, or because large areas of vrock outcrop exist.
These sites also mainly have a north to north—west s1ope
zspect and .that these areas act as ﬁeat sburbe for

percolating waters.

Another factor could be that catchment elevation
ziays an . important vrole in. determining groundwater
zzmperatures, i.e. the higher the catchment the lower the
sroundwater temperature. For example, Shimano (1988)
found  an invérse relationship between spring water
temperature and altitude where,

Tw = -0.00641H + 18.17 (n > 300, r = 0.694)

% = spring water temperature and H = altitude in metres.

No soil temperature data WwWere collected in this
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study but for the cave water sites that were sampled

A T R P R R T

cazve alr temperaiure measurements were also taken at the

3|
]

int of water sampling. Quite notably B-67, B—41 and

Scrooges Vault all recorded median cave air temperatures

cf 17.0°C. For OScrubby Creek 1 the median cave air

temperature was 16.5°C. Hence it can be seen that at

ieast for these sites, if MAT is around 14.0 to 14.4°C,

scme source of heat transfer is taking place.

In Figure 5.7 median water temperatures (and
standard deviations) for the karst spring and cave water
sites are shown. For the kafst sprihg and cave water
gites, leaving - cut Moons for the moment, median water
temperature values decrease as one proceeds northwards,
i.e. the 'sites sampled in the southern part of the study
area tend ﬁo be warmer. The exception to this "trend" is

 Moons, which is very similar in water temperature to that

for New Guinea 2 and 6, also of interest is that the

Y]

stual spring outlets for Moons and Dukes are only = 70m
zpart on opposite sides of Spring Creek yet median water

“emperatures differ by 3.4°C.

There is no clear relationship in the data between
water temperature and elevation as all of the karst
Zpring and cave watér sites occur below the 300m contour
‘Tigure 5.7). However the two karst sprinés located at
lzw Guinea Ridge have catchments >600m in elevation,

shich are the highest spring catchments in the area. In

el

F P I S
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Figure 5.7. Spatial distribution o;- @edian. wetqr
temperature values with standard deviations given in
brackets.

the case of Moons median water temperature and standard

~eviation are exactly the same a5 for New Guinea 2 which

Y]

nds te preclude elevation as having an effect on water

“emperature. 1t is felt that elevation plays a minimal

if any, in determining karst spring and cave water

ures.
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The median water temperatures for two minor

L r~ibutary sireams also reinforce the idea of the

importance of slope aspect and vegetation cover. Spring

Creek (median water temperature of 13.0'C) drains a

catchment that is predominantly forested and has mainly a
scutherly aspect whereas Back Creek (15.5°C) drains a
catchment that has been mainly cleared of

hative

vegetation and has a northerly slope aspect.

i o . How récharge 1s transmitted through a particular

xarst springs catchment and its role in influencing

un

pring water temperature is discussed in the next Chapter

when temporal variability is examined.

SUMMARY

For the karst spring and cave water sites it has
been shown that the median values for particular
thysical,  chemical and computed  parameters  vary

considerably over this small karst area and in some

cases, e.g. Ca2+ virtually span the range of Ca®~ values

1uoted in the literature for karst areas with temperate
climates (see Smith and Atkinson, 1976; Ford and Drake,

18823 .

Catchment lithclogy, vegetation cover {native or

zsture}, the residence time of recharge and slope aspect

if not the major role, in

3y

play important roles,

'
et

- et
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sxplaining the spatial variability noted for particular

individual parameters.

For some parameters this spatial distribution is
spatial
distribution is more difficult to explain. For example,

the spatial distribution of the Ca2+/Mg2+ molar ratio

appears to be very much controlled by catchment

iithology while the actual concehtrations of Ca2+ and

Mg=2* ions- Iin solution., although dependent to a certain

extent upon'lithology, mdy well be detefmined by flow

rates which in turn determine whether or not equilibrium
is éStablished  between bedrock and the water passing

through.

The spatial wvariability noted in this study for
particular parameters such as Ca2+ and karst spring water
temperature show that some caution must be exercised in
“characterising“ a particular Xarst area in terms of
“average' parameter values selected to evaluate climatic
control theories for .landscape development in karst.

Zreas.




CHAPTER SIX
TEMPORAL VARIABILITY

In the previous Chapter it was shown that the median
value of particular physical, chemical and computed
parameters of the sites sampled varied considerably over

~the study area. - This spatial distribution provides.no

information regarding the long or short term behaviour

of. in particular, the karst spring waters.

In this Chapter the at—a-site variability of
selected parameters, mainly for theé karst spring and cave
#aier sites, will be examined although data for some of

e other sites. sampled will also be included for

comparative .purposes.
The role of discharge, - residence time and
ceasonality in explaining some or all of the variability

noted will also be examined.

INTRODUCTIGON

In Chapter Four, for the presentation of the results
re median value of the parameters examined was used in
rreference to fhe.meén, or the average, pecause of the
Wiy in  which tﬁe mean is biased by extreme values. For
in-site variability, if the median value is used, the

semi-interquartile range (SIQ. defined as (Qss — Q=s)/2,
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Agets

re O,s and Qus are the 75th and 25ta percentile points

gespective;y) provides some information concerning the
variability of a data set. According to King (1969

-

©.268), "The Dbasic problem with this measure (the SIQ) is

that 1t ignores many of the values obtained and focuses

attention only upon a specific wvalue. The standard
deviation takes 1into account all wvalues within a
particular data set and gives an indication of

distribution about the mean". The standard deviation is

alright for individual parameters at individual sites but

10}

enerally  precludes = comparison  between different

A

arameters (differing unites of measurement), and also

between SiteS'having significantly different'mean'valuesu

In.:a number' of studies on karst waters, the co—
efficient of variatién of & particuiar“ parameter (e.g.
total hardness, calcium hardness or spring water
temperature} has been used as an indicator of variability
or a particular site, and for comparing data from
different sites. The co—efficient of variatiqn is defined
25 the ratio of the standard deviatién to the mean and is
usually expressed as a&. percentage,
wrere C, (%) = {(o/%)100, =~ © and. % are the standard

deviation and mean respectively.

Pitty (1966) in his study of seepage, pool and cave

stream waters in Poole's Cavern examined calcium hardness

variability: Cou's of calcium hardness ranged from 3.19%
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‘standing cave water) to i3.36% (stream water where it

first re—emerges 1in the cave). C.'s of seepage waters

ranged from 4.93% to 13.19%. He notes that the value of

22.56% was very similar to that recorded for surface

streams 1in the same general area (14.07% to 23.19%) and

attributed the high degree of variability to the_varyihg

_ supply of water from allogenic sources. The Seepage sites

nhe considerecd were all percolating water sites.

Paterson  (1671) records C_.'s - of ca1cium hardness

ranging from 1.0% to 4.7% for 10 Berkshire springs, and

~notes that the small Cu's of the spring waters were

e

within the saturated zone.

-Shﬁster and ‘White (1971) propdsed a method - of

3ot

tinguishing between conduit flow and diffuse flow
springs 2n the basis of the C. of total hardness (note
ﬂot the C, of calcium hardness).' They found that sites
#xhibiting diffuse flow behaviour had C.'s of total
nardness < 5.0%, and sites exhibiting conduit behaviourr
nad Co's between 10.0% and 24.0%. Shuster and White
{1972) using the data presented in their 1971 paper found
“hat C.'s of total hardness around 10.0% were probahbly a
tore reliable cut-off point. for diffuse flow. They
carefully noted that this classification 'was not a

- .

ifinitive one, i.e. some sites that exhibit diffuse flow

ehaviour (based on field evidence - lack of conduits,

robably an indication of the slow circulation of water

Hny
HEERE A

R S e o
1 mm&g%ﬁ
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i

tc. ) may have C,'s > 1p.0%.

For the data from 14

Cantral Appalachian springs, Cu's of total hardness

~ranged from (0.96% to 10.23% for the diffuse flow Springs,
with CL's of 9.1% to 24.0% for the more variable conduit

£]

flow springs.  They also noted that conduit flow spring
waters'wer¢  undersaturated with respect to both.éaICite
znd dolomite -and that the high degree of variabiiity
notéd at 'these sites was a reflection of variation in

recharge, fast flow—thrpugh times * Aand sSlow kinetics of

zguilibrium between water and rock.

In a study of -iiﬁestone: sprinﬁé-_ih thg Cehtréit
Fennines, Terhan é1972)-fouﬁd that ﬁﬁé tempofai.yafiatiQn
iir calcium hardnésé of.'théiépfingé éxamined_waé highiy
correiatéd.:with flow-through times and a @iéiindtion_

could . be madé between allogenic karst waters and diffuse

Allogénic systems were associated with high <calcium
rzrdness variability (mean € of 13.5%) and rapid fiow-
ihrough.times, while a lower degree of calcium hardness
variation (méan C., 5.8%, range 2.2-10.6%) and ‘longer
flo?—thr§ugh times characterised diffuse systems. Using

‘e data from 41 - springs Ternan found that the

=

relationship between the C, of calcium hardness and flow—
‘hrough time could be described by the eguation, lecg Co
- 1. 543 - 0.524l0gT. (r = 0.84 and T = time in davs),

and concludes that (p. 320), "In addition to providing

information on recharge to the limestone aquifers, the
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ficient of variation of calcium hardness provides an

so—ef

i

;ndex of the residence time of circulating groundwater in
these aquifers., which in turn may be related to factors
such  a@s degree of permeability, conduit development or

the distance to the major recharge centres",

Newson (1972) and Ede  (1972) both noted the
applicability of the Shuster and White classification;

Ede notes (p.54), "The categories used by Shuster and

Wriite may be considered the end-points of a continuum
. into whiéh many springs fit. It 1s important that these
snd-points be clearly defined so that work can proceed on

the recognition of the intermediate stages".

| Cooper and Pitty (1877) in their study’ of 6

rkshire risings recorded C.'s of calcium hardness

b
[

-

nging from 16.49% to 19.74% with theé ¢C.'s of spring

]
[$2]

W

ter temperatures rancing from 17.34% to 32.29%. Using

Qu

ne data of Cowell and Ford (1980; 1983) the C. of Ca=2~+
isn concentratiom for conduit springs was 24.0% and 14.0%
tor diffuse springs. Althoush Atkinson (1977b) recorded
Z.'s of total hardness from 2.4% to 3.1% for 3 Mendip
zprings which suggésted that the springs belonged to the
Ziffuse flow category of Shuster and White (1971), he
noted that, on hydrogeclogical evidence (Atkinson,
1%77a). 60-80% of the spring flow wés through conduits,
zlthough 80% of the recharge to the aguifer was by

ercolating water.

g
%
!
g
P
i
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geohydrology of . the " Ingleborough .aréa classified.the

'risings into 5 groups based on mean CaCOs values. and

hardness rarging © from  11.4% to 13.8% for 6 springs in

northern Irag. Thev noted that although these values were

| 200
Thrailkill and Robl (1981) in their study of vadose

waters in 3 Kentucky caves recorded C_'s of Ca=2+ ion

concentration ranging from 21-35% for vadose flow 3-7%

for low—Ca wvadose seepage and 5-24% for high-Ca vadose

seepage: Johnson (1981) in his study of The Sinking
Yzlley Resurgence Complex recorded C.'s of total.hardness
ranging from 15.3% to 24.5% for conduit systems and C.'s

sf total hardness from 8.1% to 13.0% for diffuse flow

)]

erings. Halliwell (1981) in ~ his study  of .the

variability (Co of calcium hardness). Mean C.'s for the
first 3 gfoups were 40.2%, 25.0% and 18.7% respectively,
with  the twoe  other groups being divided into >10% and

1%.0% groups.

Jawad:and. Hussien (1986) recorded CY's_ of_total

slightly higher than those propésed by Shuster and White
{1971) and tended to indicate conduit rather than diffuse
flow, thevy coensidered (based on the relationship between
“discharge response time to rainfall rather than the C, of
“otal hardness) the springs were of a diffuse flow

nature .

Scanlon and Thrailkill (1987) recorded C.'s of totai

;ardness for major springs (10-17%) and high level
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springs  {(11-17%) and although physically the méjor

zprings corresponded to conduit springs (catchment areas

-+

with deep sinkholes and caves) and the high level springs
were simillar to diffuse springs, they could not
di:stinguish, in terms of chemical wvariability, between

Them.

| cfowtiq'er_ (1989) used the C, of Cas+ as a measure of
calcium .Qéfiabiiit? . at siteé whére 6 or moré water -
zamples were taken ih'ﬁié study of.autogénic kdfst Qaters
in Péﬁiﬁsular-MalaYSia..Cv's . ranged from _0}67% to 34f9% 

‘average of 7.74%)., with diffuse seepages having the

towest Cu's. Discharge wvariability (C,Q correlated
positively  with CuCa=2+ (= 0.65, né112), and as CuQ
diminished wiﬁh' increasing thickness of overlying

iimestone, C,CaZ* also decreased.

Hénce _it éan: be seen that distiﬁctionskbétWeeh
':cnduit'fiow springs'and' diffusé_flow _SPrings-héve beeﬁ
made on thé basis of the C. of totalshardﬁess for calcium- -
nardness or CaZ2+ concentration 1in some cases). although
Zetling a érecise C. value to distinguish between conduit
and.diffuse flow systems appears not to be reliable as
they certainly will fluctuate from location to location.
“ne should also.bear in mind the following gquote from
#hite (1988, p. 208); “The characterisation of the type
~f flow systems by hardness.variations seems to work well

: ' ! : 1ima . Large.
‘2r emall drainage basins in temperate climates g

=
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vzsins (>100 km2) showed smaller variations even when the

=rring is known to be fed by conduits, because of longer

=ravel times, the contribution from the diffuse flow parf

uf the system,

and the averaging of water chemistries

from different parts of the basin.”

It must be stressed that the co-efficient of

variation of either total or calcium hardness is not.thé

definitive means of- classifving spring types, but an

iﬁdicator that can be .used in conjunction with other

‘measurements and observations, e.g. €, of Xkarst spring

water ' temperatures, known characteristics of cavés,
iegree of calcite saturation, etc. tc help delineate

ring types (White, 1969; Shuster and White, 1971; Drake

4]
T
F

93]

nd'Harmon, 1973; Dfaké and.Wigley,'l975};

In conclusion, karst springs that are . fed by
aélogehic wéters which pass into and travel thr@ugh the
iimestone iﬁ'a'conduit generaily have: high C. paramefer
slues . For a karst spring that is fed physically by a
conduit but receives water. that is -predomiﬁant1y either
ﬁiffuse aliogenic and/or autogenic recharge C. parameter

values are generally low.

It should be noted here that for the majority of
studies that involve the use of data obtained from water
zamples collected on a regular (e.g. weekly) or a random

basis, the water samples collectec

are generally biased .

e
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zsefiow, and hence low variability conditions

-
b3
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g CONDUIT OR DIFFUSE FLOW SYSTEMS ? POSSIBLE MEANS OF

DISTINGUISHING BETWEEN FLOW SYSTEMS

Co—efficients of wvariation for six parameters (as
well as median values)-afe'given in.Table-6.i fbr each of
the'karét spring éhd cave_watér.sitéé één@led (where thé

: numberfof watef :éamﬁies,: n, .;__6).- Also intluded for
'ccﬁparéiivé'_reasons Jare  déta ffom four suffacé sfreamsl
‘two major and  two .minor surface étreams) and data

shtained from the Rural Water Commission (RWC) for the

el

vchan River for the periocd 1978-1988 (three monthly data

"

or &ll parameéters except -~ for conductivity and water

temperature for which monthly readings are availabile).

Sl

The karstISpring and cave water-,sites can- on the

nasis of similar C. of total hardness (C,Tothd.) (Table

S.lj_be.divided intc three groups Qf.sites va Ca2+_samé
Frouping), | | . ' E
i) New Guinea 2., New Guinea 6 and Moons — 47.5%
to 58B.8%,
ii} M—4, Scrubby Creek 1 arnd 2, Dukes and B-67-
19.3% to 24.4%, and

{ii) Bitch of a Ditch, Scrooges Vault and B-41-

6.3% to 9.3%.

1f & CoTothd. value of around 10% is used to




" Wr Tothd.
KARST SPRING SITES

- |8) median 25.3 4.8 13.5 '19.5 14.0 88.9
C. (%) 55.9 59.8 25.0 10.9 = 11.0 56.2

9) median 27.1 5.4 13.4 19.2 13.5 92.4
C, (%) 61.2 54.1 21.2 12.1 6.9 58.8

10) median 73.5 14.6 21.7 41.0° 13.5 237.0
C. (%) 50.8 40.7 23.5 32.2 7.0 47.5

11) mediah. 98.9 14.1° 16.9 37.0 15.0 303.7
Co (%) 23.3 26.2 15.8 15.0 10.6 23.1

12b median 97.8 7.8 16.0 33.0 16.0 279.6
C. (%) 23.3 30.8 .20.6 24.0 7.9 24.4

13) median 121.2 37.1 28.8 61.2 '17.0 458.9
C. (% 6.4 17.3 19.7 20.5 - 2.5 9.3

14) median 157.8 30.5 77.0.211.0 16.9 522.2
C. (%) 22.1 25.9 23.2 28.0 5.4 22.9

TABLE 6.1. MEDIAN AND CO-EFFICIENT OF VARIATI
VRLUES (C. %) FOR KARST SPRING, CAVE WATER lgg
SURFACE STREAM SITES WHERE n 2 6. Ca2*, Mg2+, Na*
Cl- AS mg/l; WATER TEMPERATURE (Wy) ‘C;.TOTAi
HARDNESS (Tothd.) AS mg/l CaCOs. #RWC - DATA FOR
BUCHAN RIVER FROM RURAL WATER COMMISSION. -

SITE NO, = Caz+ Mg2+ Na* ClI-

CAVE WATER SITES
' 285 .

\2a)median 102.7 7.8 16.1 31.1 16.0 1
C. (%) 24.5 30.7 21.1 22.2 6.8 23.9
15) median 120.5 22.9 57.8 180.5 16.5 393.1
C. (%) 7.4 19.0 20.1 20.1 4.3 8.6
16) median 177.6 39.9 104.2 300.2 17.0 611.0
C. (%) 19.0 20.7 19.3 21.2 7.4 19.3
17) median 176.4 40.2 103.2 297.8 16.5 597.4
C. (%) 7.3 6.5 .82 7.7 4, 6.3
SURFACE STREAM SITES

i 5 29.8

1} median 7.4 2.8 6.7 8.0 14.5
C. (%) 120.4 100.9 75.8 123.2 31.3 113.5
ia 31.5

$RWC median 7.0 2.9 6.6 7.3 14.8
C. %) 120.5 114.5 73.8 141.6 42.1 112.1
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TARLE 6.1 (CONT.).

Z2) median 20.2 8.7 ) . . 03,
Co (%) 43.6 34.7 21.0 24.3 3B.4 37.9

4) median 17.7 13.0 28.7 62.9 13.0 98.9
C. (%) 116.3 62.9 31.4 40.1 259 89.3

5) median 68.2 36.6 29.6 64.4 155 -326.5
Cv (%) 47f3: 43.7 30.5 35.3  36.7 45.3

distinguish between -conduit and diffuse flow Sy5£ems,
then the first two . of the above three groups of 51te5
Would be classified as conduit flow systems (CVTothd

rznges  from 19.3% .to 58?8%). The sites in group iii)

would be cléssified as'diffuse:flow systems.

The Conduit flow systems consist of gites from-
three Qf the four water TYPES proposed in Chapter Four.
The pllcablllty ‘of u51ng the co— eff1c1ent of Varlatlon

of total hardness (CVTothd ) in thlS study as a means of

.M‘Stlngulsh1ng between flow types and the Cr1t1"a1 value

of Cv-othd; whlch dlst1ngu15hes between  conduit and
diffuse.flow systems will now be examined. This will be
determined by 1§oking at how each of the three groups of
sites defined above by C.Tothd. respond under different
rydrological regimes. The use of C.'s for other
sarameters, e.g. water temperature, as well as the
calcite saturation index will also be examined. As noted
by White (p_zig_ 1988),  "The calcite saturation index

depends almost entirely on vresidence time. Open conduit

of  water,
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cndersaturated waters appear at the Springs and the .

vstem 15 very sens;tlve to flushing by storm runoffn

White {(p.213, 1988) notes that waters with

14|
s

turation indices (SI..;) greater than -0 30 generally

indicate aquifers with residence times greater than the =

==

- ten day period required for calcite - to reach equ111br1um_
ziﬁ:;ﬁhe' laboratory. Waters sampled 1n this studyﬂwith .

computed SIchi values:>' -0. 30 w111 be ‘taken to infer

dif fuse flow COPdlthHS operatlve

It . must be stressed here that the observations =
rnoted and inferences made are based on varying numbers
of water samples collected from each of the different

sites Sampled. For'example, eight water samples only were

.Cﬂ,lecLed from New Gulnea 2'and New Guinea 6 over the

period October 1982 to February 1985 and do ;not intlude_-

(due to access problems) samples for’ the hlgh flow event-
[July 1984) as do most 'of” the other sites, whereas
“hirty—one ‘water samples were céllected'from'Dukes over
the period October 1982 to May 1988. From the data found
in this study for the Buchan River and that obtained from
the RWC for this site, it can be seén that the respective

median  and C. values do not differ appreciably (Table

in this study

£.1), and hence water samples collected

would appear to be reasonably representative of the range

and values expected even though water samples were not

L

collected on a regular basis. Extrapolating this so that.
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1t includes all the karst SPring and cave water data

wauld appear to be temuous, but it

is felt +that even

zonsidering - the limitations of socme of the data,

veascnable conclusions can be made.

e

ARST SPRING AND CAVE _WATER SITES WITH A HIGH COo~

EFFICIENT OF VARIATION VALUE FOR TOTAL HARDNESS.

New Guinea 2 and New Guinea 6
These two Sités-stand out gquite mérkedly from the

 rest'of the karst spring and cave sites in that they

[
D
[

)
]
o

the highest C_'s for a2+, Mg2+ and  total

nardness.

Median values for most _parameters for these two
.fars; sprlng sites-are morg'Similar. to_those'noted-for
Some of the-surfacé.stream siieé (e.g. Spring Creek and
“he Murrindal River) than ths medians observed at the
other karst épring sites. As -such these median values
reinforce the idea of these two karst springs being fed
by conduits, For these two sites, recharge water
‘predominantly allogenic recharge) is generally shunted
through the system guickly and, although aggressive, has
iittle opporﬁunity to increase its dissolved load of Ca=~+

i Mg2+ ions and hence reach equilibrium with the

ounding bedfock; This is also emphasised when looking

tn

-t and comparing the Ca2+, Mg2+, alkalinity and Slce:

7zlues found at the nearby Un—named Seep site (assumed to
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nave @ large diffuse flow component of flow, see below)

when all three sites were sampled on the same occasions

Onoalls casi 2+ 3 C
2noa occasions Caz+, Mg=2+ and alkalinity values were

notably higher at the seep site (z 2 to 5 times for Ca=+,
= 3 To 8 times for Mga~+ .and = 2 to 4 times_for
alkalinity) than at the two karst spring sites. Slecal
values were also notably higher ét thé_seep site and on
ﬁhree occasidné- were . supérsaturated with respect to

caiclite (Slea: 20.00) indjcating diffuse flow while Slcas:

values at the two nearby karst spring sites were < -0.30

indicating conduit flow conditions.

Although thesé two karst spring”éitesfare assumeduto

te conduit flow systems it is interesting to note that

+ Zata obtained, ¢n -two' occasions (February 1983 and

(e}

fenruary 85)  indicate diffusé' flow conditions
crerating. (Table 6;2). Data obtained from the Buchan
miver for the two -above occasions are also included in

Table 6.2 to see if the =same sort of effects governing

water chemistry for the Buchan River were also operative

oy thegse two karst spring sites.

Ao noted iﬁ'Chapter Three water samples.collected in

the worst

February 1983 were collected during one of

. . s i this
droughts experienced in  southeastern Australia

century, and as such, are assumed to be representative of

d New Guinea 6

the low flow end-member for New Guinea 2 an

. .e. conditions representative of diffuse flow behaviour.

&
.
E
E
i
g
s
B
5




TABLE 6.2. VALUES OBETAINED FROM NEW GUINEA 2 AND
IN FEBRUARY 1983 AND FEBRUARY 1985 (MEDIAN VALUES gEgOGgiggﬁlé
Caz>, Kg=2*- Na* RND Cl- AS mg/}, Slca; AND Sla, DIMENSIONLESS,

ALKALINITY AS mg/]1 CaCOs AND WATER TEMP e -
BUCHAN RIVER ALSO. INCLUDED, ERRTURE °C. DATA_ FOR THE

Caz+ Mg+ Na*  C1- Slcar SI'do.l Alkal. Wr
NEW GUINER 2 | | | | |
Feb. 1983 70.1 '12.6 145 '24.0 0.38 0.21 225.1 16.8
Feb. 1985 58.0 11.1 20.0 21.3 0.47 0.38 200.4 14.0
median 25.3 4.8 13.5 19.5 -0.76 -2.08 93.8 14.0
NEW GUINER 6 _
Feb. 1983 73.5 13.1 11.8 17.0 0.15 -0.27 226.9 - 15.0
Feb. 1985 91.5> 8.0 15.5 19.7 0.09 -0.46 169.5 14.0
median 27.1 5.4 13.4 19.2 -0.34 ~1,45 95.8 13.5
BUCHAN RIVER - S :
‘Feb. 1983 70.1 14.7 26.5 60.0 0.90 1.61 207.2 21.5
~Feb. 1685 22.1 5.8 13.3 21.8-0.45 -1.23 78.0 20.0
_'_ : median . ' 7-4 2.8 6.7 8.0 -1.46 -3.16  33.0 14.5
E” All-ﬁhrée.-sites.'sampled in“ Febfuar? "1983 record
Zuite similar 'Ca?*; Mg 2+ and alkalinity values and are

supsrsaturated with respect to calcite (New Guinea 2 and
the, . Buchan River also supersaturated with respect to
dolomite) . For the Buchan River site, which, as noted in
Thapter Three had ceased to flow, the high ion
concentrations and supersaturation noted. are agsumed to
vz, mainly due to. a concentrating effect due to the
drsught conditions operating rather than the dissolution
<t carbonate material. This concentrating effect is mogt
zvident in the Na* and Cl— values found on this occasion

shich are = 4 and = B times higher than the respective

median values.
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For New Guinea 2 and 6 the high Cazs Mg2* and

zikalinity values nected (= 2 to 3 times the respective

median) are assumed to be due to diffuse flow conditions

cperating and not a concentrating effect as noted for the

Buchan River (and other surface stream sites sampled on
this occasion).. This is reflected by the fact that Na+
and C1¥- vqlues.fouﬁd_ at-both' sites aré"éimilar'to the

respective median _Values,_aithdugh watef témﬁeratures at
roth sites indicated some warming (2.8°C and 1.5°C above
'éh$ fespeé£iQeHLmedian_waterItemPeratﬁre for New Gﬁinea 2
s74 New Guinea 6) but nowhere near the 7.0fC.notéd for

e

~he Buchan River.

Similariy, the data -obtained in February 1983 for

~ tne two karst spring - sites represents diffuse flow

I
D
"y

nditions  operating. with Ca2+, Mg2* and alkalinity

Leing = double the  respective median values. The

sfproximate 2 tc 3 fold increase in Ca2*, Mg2* and

P | | alkalinity values . for the Buchan River are alsc reflected

F

‘n the Na+ and Cl- values and as noted for the 1983 data

indicates a concentrating effect.

Of particular interest for these two springs are the

totably low C,C1—

’

C Wr and C.Na* values when compared to

 the other C, values noted at these sites. The most likely

reagon for tﬁe low Cv ~values for le and Na+ is that

supply" situation

+

these two iong are in a more "regular

; . ; . i yenced to
‘ran Ca2+ and Mg2+ ions; i.e. they are not influ

o T

3 rj*
1
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~he same exteni as a2+ and Mg2+ ions by whether or not

Ziffuce flow dominates the discharge.

C. ¥+ for these two sites are notably lower than ahy

~f those obserwved at the_surface stream sites, which most
rrobably is a reflection of a- lack of “seasonality" at
ieast for water temperatures, i.e. the spring waters do

not undergo the wide range of temperature_fiuctuétions,

nence  variability, experienced by the surface stream

7

6

ters. “"Seasonality” will be discussed in. more detail

iater in this Chapter.

For these two Kkarst: spring sites the high Cv-

asso;iated with tbtél,'hardngss: (and _Cazf):__uSed- in
cﬁnjunctioﬁ_with.the_ﬁédian calcite satura#ipn”indéx.besf
ieécribes.condﬁit flow conditions. Watef_samélé aﬁdlysis
shows that conduit flow predominatés for the majority of
the time although under. low recharge .conditions, the
diffuse flow component becomes increasingly motre
important, as indicated by the saturation index for
calcite. C., - of water témperature is a useful parameter
. for disfinguishing between karst spriné waters and
surface waters that have similarly high Co values of
tetal hardness (or Ca2+). This  interpretation 1is

consistent with observations made, and knowledge of these

=ites,

NN
R amﬁ
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Moons-
In Chapter Four this site was noted to lie between

wvater TYPES 1 and 2. C\,'S for Ca=+, Mg=+ and total

hardness certainly lie closer to those noted for the two

_New“Guinea karst spring sites (and Back Creek and the
: Murrindal_RiYer) than those for'tﬁe ~o£her karst spring
énd Céye"'wdtér'“éites .ahd _woﬁid_ f§nd ;£§  indicaté a
 pfedomihant1y qbndﬁit.floﬂ-system! | | |

£, as for New Guineq 2 and New Guinea 6 an S1.as
value 2 —OKSO is taken to infer diffuse .flow.conditioﬁs,
_then for this sité diffuse flow Conditions wgré operating
£2% of the time this site was sampled, i.e. 18 out of the

2% sampies collected at this site recorded SIC,IIValues

> —0,30 (median-SIcal value_= 0.11).

Tﬁié_sité-fesponds qﬁickl? £o hi§h-jrainfali”events,
in-iwhich watef éheﬁistry: (a$. wei1 ' as the water
teééefatﬁfe and 'the séturation _indek ‘with respect to
Caicite} | dramatically alters ana conduit flow
credominates. As such it is a good example - of a mixed
sénduit/diffuse flow system. An example of this quick.
response time and rapid change from diffuse flow to
conduit flow conditions is best éxemplified by comparing
iata obtaiﬁed.ai this site with that obtained from two
nearby sites (Spring Cfeek and Dukes), all of which_were

aampied-over_a four day period in November—December 1987.
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.In Figure 6.1 Caz+: HCOS_, . Slcal and Wa.tEr.

temperature vaiues are plotted against time for Spring

Creek, Mocns and Dukes which were sampled on day 1 (=
i800), and day's 3 and 4 (= 1200) following 57mm of

fainfall in a 12 hour period on day two. Additional water
samples' were  collected .from Both Mocons and Dukes at =
0800, 1200 and 1600 on day 3 and :z_:osoo “on day 4. Also
'sh§wn:in_ Figﬁfe éll is tﬁé”dischaf§e hydrogfaph.reCQrded
by_a'Stevens'waﬁer Level Recérder (MOdel.?lA) .sét up at

. Dukes outlet:(l/2.90° v—notch weirf BSI, 1981). .

DAY 1 For Spring Creek and Moons, Ca2+, HCOg—,

water temperature and S5lca: values were either the same

5

s the respective median value or higher.

At Dukes,_Ca?4.IHC03— ah&“SIc,; yélues were slightly

_ldwer than the  respective median value with water

temperature being the same as the median value.

DAY 3 i Following the S7mm of rainfall on déy 2, the
water cﬁemistry at Spring Creek and Moons was
Zramatically different to concentrations noted for these
iwo sites on day 1. Both sites were cooler, Moons only

marginally, and undersaturated with respect to calcite.

At Dukes constituent levels were approximately the

| - ' ‘day 1
same (also water temperature) as thgt recorded for Y

: : Figure
21though discharge had increased roughly 6 fold (¥ig
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Figure 6.1. Changes in Ca3+, HCO>~, water temperature
and Sl.., values for Spring Creek, Moons and Dukes égr
the period 30th November to 3rd  December 13 :
Diacharge hydrograph for Dukes also shown. Note 0 o

x-axis = 0000 hours on 30th November .
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©.1y; water  Jjust out of equilibrium with respect to

-alcite (Slga1 = —-0.01).

Discharge for all three sitesg increased with Spring

Creek.and Moons sﬁoWing the'most dramatlc 1ncreases at
.*ﬁese two sztes 1arge volumes of hlghly turb1d water weére
ohaerved. The _Water at Dukes. remained gquite clearu
Unfortunately no discharge data is available for Spring -
reek and Moons to indicate when_peak discharge occufred,
and observations are strictly .1imited to ﬁoting.the
‘water level" wheﬁ ‘each. site was sampled. For Dukeé

however, peak discharge for this site was noted to occur

o

t 1500 on day 3 with a value of 5853_1/5 compared with a
pear: value of 9.6 1/s on da?.l (Figufe-s.i)i'For'Mooﬁs
the highest “Qater level” wééi noted té_ occgf when the
16500 hour water-sample was collected.on-day-B. It mus£ be
stressed here that the - "water level” noted éf Modns'is
2ly’ based on oDservat1ons made when water samples wWere
coilected on the five occasions between = 0800 (day Sf

and = 1200 (day 4).

DAY 4. Constituent levels at Spring Creek were
Jirtually unchanged from those noted on day 3 although
water tempefature was cooler. At Moons, Ca2* and HCOs™

<2re marginally higher than the respective day 3 values.

Tor Dukes wvirtually no change in chemical values; this

noted is discussed in more

o

i

ck of ‘"chemical response”

f¢stail later in this Chapter.  --
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It woald appear then, that at least for Moons énd

Dukes, that although the response time to high rainfall

events may Dbe similar. the chemical composition of the

laischargjng_water certainly ‘differs and this is very

.dépéndent -upbh “how recharge.is’transmittéd.throughﬁthé

‘respective systems.

- The rapid response to the high rainfall event'noted

s

ai Moons is ailmost a copy of the response noted at.Spring
Cfeek. This indicates that recharge to ﬁhis pafticular
karst spring fcah ‘Qn occasions be:rapidlY'transmittedf
tﬁfough the system. Ittis hypothesiééd thét a particular .
recharge thréshéld exists which, once:ekceédéd, actiVatés'j'

Ilow paths that are normaily.'inactivei An example of

this-behéviour could be . Spring Creek itself.

Fer the majority of the time Spring Creek downstream

[

f where it is sampled  is . a . dry .stiream ghanngl. Only

aftef highx or prolonged rainfall events does it become

w
&)

tive and depending upon the type of event floodwaters'
1*2m in debth haﬁe been noticed. The rapid change from
Lffuse flow to conduit flow conditions noted at Moons
=ite could be partially explained by the.channelling of
Ticodwater from Spring_:Creek via activated._fiéw paths
irtc the Moons Cave“.sYstem, although it is not possible
L% distinguish between this floodwater and storm runoff

devived from the nearby Snowy River Volcanics with the

zvailable data. White and Davey (1977) established a link
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petween a septic tank outflow (located along the bank of

Spring Creek) and the stream passage in Moons Cave and

this could be one 0of the flow

iuorescent dve tracing experiments under "normai flow

- cenditions” in Spring Creek, i.e. where the water sinks

{zite 4), have failed to Prove'-'(or "disprové)-'anY

connection between these two systems.

if - the C ~of total hardness .was alone used to
ciaésify this site it would be classifiéd as having
predominantly.;Qnduit_fiow; However SIc;, values obtained-
tené_tq'diséute'this.énd.as'sugﬁ'this.-sité is classified

215 a mixed conduit/diffuse flow system.

ks noted for New Guinea 2 and New Guinea 6 the Cv df

water temperature . ‘is a. useful - parameter for

distinguishing between karst springs. and surface waters

that have similasr high C.Tothd. values.

For this group of sites although C.Tothd. indicates

cenduit flow, all sites record median Sleax values 2 0.00

L

“hich as noted previously is assumed to infer diffuse

£ ow conditionsg The most interesting observation about

“his group of sites 1is that over the period they were

campled (October 1982 — May 1988) Sleay values < ~0.30

paths activated.
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were only -recorded for water samples ccllected in both

July and September 1984 for M—4 and Scrubby Creek, July

1984 for B-67 and September 1984 for Dukes.

LEs noted in Chapter Three water samples collected in
July 1984 are assumed to be_ representatlve of the_hlgh
flow end—member_ of p0551b1e flow reglmes Ra:nfall for
2 first_six_menths of_1984_ (January lst .tQ.June 30£h)
waSIBSémm,-inghtly below the long tefm average.of 393mm.

. Rainfall for Juiy.1984-up until the day before the sites

were sampled ﬁas 107mm {compared with a.monthly-meah of
E6mm) with anqthef 110mm of rain falling over the two day
periocd the _sifes-were sampled. Unfortunately no chemical
or physical daea were collected before the high rainfall

CEVEnL to determzne what, if any effect the dlready above B

@

rage rainfall for July had had on parameter values at

the sites sampled.

'--I'“ne lowest ® Ca=z+ Mg2+, .N'a#, Ccl-.. a-lkal_in_it'y.. total
F rardness ahd.water temPeratLlre (all Si£65 .excepf M-4)
:aiues. detected aﬁ the above sites are all associated
with water samples collected in July 1984. The second
lowest values for the above parameters are associated
#ith the September 1584 water samples. It would appear
‘hat the water samﬁles_colleCted'in.September were still
DEing iafluenced to some extent by recharge waters from

‘he' flood event at the -end of July although to what

=wtent is hard to determine. Rainfall for August was
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ziightly below the long term mean, S4mm comparsd with

f0mm, and up until the water samples were collected in

Szptember, rainfall was below the monthly mean.

In  Fjgure _6;2, expressed"as_-a percehtage of the
résﬁéctiyq médian‘Qalue'f§r Cé2+'and'alkalinity, aata are
vlotted. against - day of rthe yYear  for water .saﬁples
zollected in May (day 137) before the high flow event in

july  (day 211) and for water samples collected  in

fl

1

cpTember (day 260) and November (day 320). Slca: values

are  also: plotted against day of the year. The data

oresented is important because . it gives a rough ..

iﬁglcation'Cf “theé “recovery time" of each of these sitesf

3

ver this period, i.e. time required for parameter values

P

. return back to approximate background levels (median

values). - This “recovery time" is . assumed to be a

[

‘eflection of each sites ability to return to "normal”

-y

cllowing a high flow event, which 'in turn 1= an

inaication of how long it can  take storm water from a

carticular storm event to be completely transmitted

through the system.

All sites except Dukes, had Ca’_‘"+ and alkalinity
concentrations -roughly eguivalent to the respective

medians at least by the time water samples were collected

ir November 1984, if not earlier (Figure 6.2). The lower

' ot easily
Ca=+ apnd alkalinity values noted at Dukes are .

ascme nigh

cvplained but they could possibly be related to
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- dzys under "normal"” flow conditions (i
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tlow event water still making its way through the

gystem. As noted previously, water from B-67 has been

‘inked to water exiting at Dukes with a lag time of = 24
.e. discharge at

. .1

Twikes 1ls

%

4.0 1/s). Therefore although B—67 chemical
v;iues were back to around - median . levels in November,

this “baékground water” had not vet reached Dukes.

As noted above; and in Chapter Four, the effect of

the July 1984 high flow event on all sites sampled was

guite dramatic. It 1is interesting to note that if the

July and September 1984 data are omitted from ‘the data ..

sets gathered from each site in this group, quitef

C.Tothd. values of 11.6%, 10.3%, 12.6% and 3.2% are
Jbtained for M-4, Scrubby  Creek, Dpkes and B-67
regpectively coméared with' C.Tothd. values of 23.1%,
24 4%, 22.9% and 19.3%. CuWy also differs noticeably for

i1 sites except M—4 if the July and September 1984 data

- is omitted)'be Scrubby Creek, Dukes and B-67 . the values

Cire ~ halved (3.6%, 3.1% and 4.0% compared with 7.9%,

5 4% and 7.4% respectively) whereas for M-4 the’
difference is .much less (9.6% compared with 10.6%) . The
=mall difference noted at M-4 is attributed to the fact
that tﬁis site draiﬁs a relatively smaller and shallower

sroundwater aquifer than the other sites and appears to

st more “seasonally” affected than the other karst spring

. - t that
and cave water sites. This 18 reinforced by the fac
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M-~-4 is the only kafst spring site that flow w&s noticed

to have ceased on four different occasions when flow was

detected at all other Xarst spring and cave water sites.

It can Dbe seen then that although a particular

C.Tothd. or C. Wr value can be obtained for .a particular

site it can only be used as an approximate measure unless -

" water samples collected are proportionally representative

of all flow conditions.

Fbr the Sites in. this group then, a CvTothdL.of

10% to distinguish between predominantly diffuse flow and

ke

redominantly conduit flow systems is unrealistic. These

0

time and cnly rarely is conduit flow behaviour displaved.

I+ would appear then that a C.,Tothd. value of = 24% is

 more appropriate, at least for the sites in“thiS'grQUP to

distinguish between predominantly diffuse flow systems

and mixed condﬁit/diffuse:flow 5ystem8-

XARST SPRING AND CAVE WATER SITES WITH A LOW CO-EFFICIENT

~F VARIATION VALUE FOR TOTAL HARDNESS

In any discussion about the sites in this group it

2

R

ites display diffuse flow behaviour practicaily' all the

15 important to vremember that Scrooges Yault and B-41

nave bnly been sampled since May 1985 and as such no daté
is availablé that 1is representative of high flow

sonditions.

et
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‘Bitch of a Ditch is ‘the only site sampled tnat

records Slcai values > 0.00 on all sampling occasions

even for water samples collected in July and September

1584, and as such is assumed to be the only true diffuse

fiow- system examined 1in this study, no matter what

"recharge conditions apply in its catchment.

What effect a high flow eveﬁt would have had on

water chemistry at Scrooges Vault and B-41 is difficult

 to determine. Certainly at B—67, which isulocated_heafb§,

& dramatic decfease in chemical cOncentrations'(ﬁheh:.
compafed to ‘median chemical valués} #é:e noted. Thé fact
thatimediaﬁ-parameter-Values at B-67 and B-41 -are aimost
identical tends to suggest they are the same body.of
water (seé Chapter Five) and that' water_ at _B—41 wéﬁld
show the same response noted at Bf6?;.For Séfpéges Vault

%ith the data available it is almost impossible to

determine.

For Bitch of a Ditch, C.Tothd. ahd'éva values in
conjunction with Slca1 values _adeguately describe the
3iffuse flow nature of this system. If the July and
Jeptember 1984 data are omitted from the data set for
this site CuTothd. is = halved (4.3% instead of 9.3%)

whereas CoWr remajns'virtually the same _(2.3% ¢0mpared

S with 2.5%) .

The C,'s obtained “in this study  for the karst
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R : . + .
zpring, cave water and surface stream sites, particularly

those for €a2* and total hardness, have a much greater

range than those published in the literature (see

discussion = at  the start of this  Chapter). Two
“explanations are possible.. '

The higher C, wvalues noted ih -this study could

possibly be related to the fact that the study area is a
comparatively small ‘impounded Xkarst with all surface
waters having - their origin on Snowy River Volcanics and

carnnot be directly compared to an extensive karst area.

The higher C. values obtained in this,étﬁdy could

T}

Isé'siﬁﬁly . be a reflection of the gréateﬁ*variabiiity.-
inherent iﬁ many Auétréiigﬁ systems (McMahon, :19825 
Finlayson et al, 1986; 'Finlayson and McMahon, 1988;
Xunnel et al, 1990), in which C, values for rainfall and

-discharge of 25% and 65% respectively are not unusual.

"2 value of around 10% for C.Tothd. (or C.Ca®*) to

L

istinguish between diffuse flow and conduit flow systems

s suégeéted. by Shuster and White (1972) 1is not

L

soplicable in this study. A C.Tothd. value used in
conjunction with CuWr and a median Slea: value are

suggested as the minimum three variables needed before a

reaéonable assessment of each sites flow character;stlcs

can be made.

1 .
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Examining the physical and chemical evidence for the

it would appear then

that nc site displays conduit flow behaviour over the

whole range of hydrological conditions experienced during

‘this study, particular those  operating under drought

conditions. Only one site (Bitch of a Ditch) dﬁsplays

diffuse flow Dbehaviour over the range of hydrological

imes.

Y
[§4]
Le]
b

Ranking the “karst spring ‘and cave water sites (by
uging CuTothd. (%), CJWr (%) and median Sl.a: values)

into sites ranging from _diffuse_flow-'dominatdon through

to conduit flow: (Spring. Creek 'used_,as an example)

dominpation is as follows:

DIFFUSE FLOW - C.Tothd. CoWr  Slea: (median)
BITCH OF A DITCH 9.3 . 2.5 ~0.62
SCROOGES VAULT 8.6 4.3 ~0.1¢

PREDOMINANTLY DIFFUSE FLOW

B-67. (B—41) 19.3 (6.3) 7.4 (4.6) 0.27 (0.27)
'DUKES 2209 5.4 0.23
SCRUBBY CREEK 24.4 7.9 0.54
M-4 | 231 10.6 0.52
MIXED FLOW | | |
- MOONS 47.5 7.0 0.11
PREDOMINANTLY CONDUIT FLOW
NEW GUINEA 6 58.8 6.9 ~0.34
NEW GUINER 2 56.2 11.0 -0.76




MINOR SURFACE STREAM
~ SPRING CREEK 116.3 25.9 ~1.05

As noted in Chapter Five the spatial variation in

median water temperature for the karst spring and cave

water sites was assumed to be related to catchment aspect
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and © vegetation cover. Correlation- of median water

temperature and CyTothd. for - the karst spring and cave

water Sites indicates a negative relationship (r = 0.904,

=

gnificant at 99.97% level). This relationship,

logWye = 1.244 — 0.002C,Tothd., indicates that

the residence time of water is also an important factor

in influencing waler temperature for the karst spring and

cave walter sites: diffuse flow - higher median water
temperature; conduit flow —~ . "lower  median water
temperature.

SURFACE STREAM SITES j o

For.the Buchaﬁ River and Spring Creek, C,'s for all
oarameters are higher than any of the corresponding Co

h)

salues noted for any of the karst spring and cave water
sites, particular so for C.Ca?T, C Wt and C.,Tothd.. For

“he Murrindal River and Back Creek, C.CaZ+, C,Mg#+ and

C.Tothd. values are noted to lie between those values

) . A _ ) New
~bserved for three karst spring sites (New Guinea 2, Ne

SGuinea 6 and Moons) and those values noted for the

' ' ites. This is
rémaining karst spring and cave water site

T et T A i e
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=gzumed to indicate the

&3

impuortance  of groundwater

coertribution to  sustaining flow at these two surface

stream sites.

3

ATl fpur_'_éurfaCe . Sﬁream $i£es,. have quite
significantly highér cva_.Value5*~wgen:;¢¢mpared_ £O the
range ¢f wvalues found .for this.pafamétér at the karst
spring and cave water sites, and it would appear.that
perhaps this -parameter 1s the most important ih.
dist;néuishing bétween_surface and sub-surface flowi_Thé
high€r C§WT' value noted_;at #ﬁe-.surface stream:sites is
?rimari?y'éftributed to.séaSOhalit§_ i:e. fluctuatiéhsfib  
_air'_tempérafure} How important_thé role of seasqnélitY 3

is'in explaining any of the variability noted at the

W

arst spring -and cave " water sites is examined later in.

CHEMICAL RESPONSE OF KARST SPRING WATERS TO

PARTICULAR HYDROLOGICAL REGIMES

.In this section the chemical response. noted at the

varst spring sites under low flow and high flow regimes

15 examined and compared with vmedian flow" values to, i)
zee if the same responée patterns operate for the
iifferent karst spring categories defined by C.Tothd..

nd  ii) to postulate possible flow mechanisms for the

L

i ] ine
iifferent karst spring categories. Rather than eXam

cach site individually one site only is selected from
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zch category and is  assumed to  be, 1in gensral

vepresentative of  kKarst spring in that particular

TaLegery.

- Data gathered from Moons and Dukes OVér-a. fouf.daY-

‘geriod.  (November 30th - Décember '3rd'_1987) iis.also

exvamined briefly at the end of this section.

In Figure 6.3 ionic proportions (%) of the major
cations and anions. (as meqfl) for the two end-members of
possibié'flow regimeé (10w-flow_and'high'flow)“agzwell.as
"median flbﬁ“” afe shown for the differéﬁtlkarét sprinﬁ

oA
(w4

rt
D

gories. Low flow results for all sites are from water

th
in
pnd

m

i3]

les.collected in February 1983. High flow results are

3
=

r

om water samples collected in July 1984 for Moons and .

1

fi

crubby Creek, and in September 1984 for New Guinea 6 and.

o

Zitch of a Ditch.

LOW_FLOW CONDITIONS

' Under low flow conditions Ca2* and HCOs™ are the

zdbminant cation and anion respectively for all karst

sring categories. In Chapter Four 1t Was noted that

)

imilar trends could -be found for the major and minor

[6)]

i}

zurface stream sites.

For the predominantly conduit flow springs (e.g. New

Guinea 6) ionic proportions of Caz+, HNa+, X+, Cl7 and
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exampie of & predominantly diffuse flow system, and b}
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HCCs~ under low flow conditions differ quite markedly

from median ionic proportions. The notable increase in

Ca®+ and HCOs~ proportions are assumed to be due to
increased.-djssolution of__carbonate'material due . to the
-_diffuée_flow'component of_flow_dominating._:Although:most
- recharge for: this categofy'.of.kaféti sgfiﬁ§é:is:derivéd

from the Snowy River Volcanics (allogeﬁic recharge)} which

are assumed to have little water storage capacity in-

comparison to the 1imestonés, flow persisted in February
1983 when a number' of.surfate ' stream siﬁes and. a karst
spring site (M—4) had ceased'to fiowl It appears thenk
that foflthié cQtegéry éufficieht:Sﬁorage capacity exists
'té sustain Dbaseflow éven at .times ‘of maximum ﬁatef

 stre5sﬁfIt,isihypothesised that this water storage gXists

almost entirely in the limestone component of each sites

Catcﬁment-and occurs in what Williams '(1983}-terms the
subcutane"ous zone . '_Willi_ams (1983)  found that the
subcutaneous zone (upper weathefed laver of.rock beneath
the sdil;profile, .but  above the_ phreatic (permanently
.Saturatéd} zone ) has a high__degree of secondary
"perﬁeability.and'is quite important- in karst hydrology
'and.that water storage in this 2zoneé should at least be
considered a possible component of a karst spring sites

ability to sustain baseflow.

For Moons (mixed conduit/diffuse flow), Ca=2+, Mg=+*

and HCCs— proportions are marginally higher than the

median proportions indicating an increase in limestone




[
4

dissclution due to diffuse
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flow dominating. A=z for ﬁhe

predominantly conduit flow karst springs, that this site

was still . flowing in February 1983 is attributed to

sufficient water  storage capacity existind in the

" subcutaneous zone:

-For the predomihantly. diffusé flow sites '(é.g.
Scrubby Creek} and Bltch of a Dltch (dszuse flow) lonic
sroportions vary only slightly’ between the resulf
obtained for the low flow end-member and the resuit
obtajned using median.values. This-again reinforces the
;dga-'that' for these sités. diffuse 'flow-is'the rule -

razther than the exception.

HIGH FLOW CONDITIONS

Under high flow conditions ionic proportions of Na+
and €Cl— become increasingly more -important  (at the

expense. of ”a2+ and HCOa— ionic proportions) for. the

apredomznantly Condult flow -and. mixed condult/dlffuse flow

kafst springs. This is assumed to ‘be due to the guick
YéSponse of these sites to high flow event water derived
Primarily from Snowy River _'Volcanics (allogenjc

echarge)..For'.New Guineé 6 it 1is also guite noticeable

that cation and anion preoportions found under high flow

conditions, except perhaps for K+, are closer to median

flow conditions

croportions than those found under low

indicating more "normal" conditions.
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or trte predominantly diffuse flow sites although

1

the Na* proportion = doubles, the Ca2* proportion is only

slightly lower. For the anions when compared to the

median proportions, orly . minor changes are noted.

' For the diffuse flow site,. it ..i_s-éhé only site at

b

hich the ‘Ca2+_' énd Na+ proportioné significantly
incfeased gnd decfeased respectively when‘coméared to the
respective mediaﬁ proportions. Mg=2~ 'propoftion ~also
notably 1oﬁer than the median proportion. The decrease in
1~ 'proportion .and 'increase in. HCOs~ proportion (when
compéfed .to_ ﬁedian and ilow  flow Proportions{ ;s--'
sttributed to the mixing of steorm watef.wifh Qld_pré%
sform'watef. The'dilution-noted is due to. the_“shuﬁtihg“
or ”fiushingf 50f 61d.pré—storm wéter_(median.ﬁarameter
values) from the_vadose zone f{e.g. subcutanecus zqne)'and
its subsequenﬁ-.mixing with the ﬁore_ dilute rapidly
arriving storm.water: The fact that Bitch nf a Ditch had
in. genefal,' lower chemical values in  Séptember 1084
rather than July 1984 is obviously a reflection of how
much Siower storm water is +transmitted through this
system when compared to transmission times for.the other

xarst spring categories.

NOVEMBER — DECEMBER 1987

in this
A= noted previously 1in Chapter Four and also 1n

on Six

each sampled
Chaptey, Moons and Dukes were
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g;casions over a four day monitoring period in November-
December 1987 with 57mm of rainfall falling on .day two

§ The results obtained over the four day period reinforce

the idea of Moons showing a very rapid response to

rainfall events of a particular magnitude and intensity

.iFigufe 6.5Y.

'Watér at Moons changed ffoﬁ'a-Ca2¥ ~ HCOs- dominated
wa:er'type on day 1 to a Na*+ - HCOs— = Cl- typé_wafer on

jo N
£

y 3 to a Ca2* = Na* - HCOs™ type Qater on day 4. The
change in cation and anion proportions on day's 3 and 4

Wwhen compared to day 1 are attributed to the'rapid'

r

arrival and mixing of storm water with pre-storm water.
The “shunting® or “flushing" of old preéstorm water
tnrough  the system by storm water appears to be

completely overwhelméd by the rapid'afrival_ of allogenic

In marked contrast, chemical constituent values

{Hence ionic proportions) vemained virtually constant at

Dukes over the sampling period (see Figure 6.1) although
discharge increased = 6 fold (see previous discussion on

Moons].. The fact that chemical constituent wvalues

. i -storm
remained -constant indicates no miXing of old pre-=s

water with storm water. This 18 attribptéd to the
“flushing”.or “shunting” of old pre-storm water from the

h a distinct pulse. As

&

o
e

ikar

it
Wil

tic mone by storm water Wit
s (1989, P_150—161) npiffuse

L.

noted by Ford and Williams
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Figure 6.5.. Changes in ionic’ proportxons (%) of major
: cations and anions noted at Moons over the period.
i : . 30th November . to 3rd December 1987. (Note 0 on the x-
: ' : axis = 0000 hours on the 30*h November :
éutogéni;f rechargé.'”can.' aisc ~géneraté _:pulses in
peréolation' throughput, alfhough _some.'Of' theﬁ water

displaced may bhe many months old due to storage in'the

epikarstic aquifer". Unfortunately only a 1imited number

O
Hh

wateyr samples were collacted during the recession limb
of the hydrograph and as such one is unablie to determine
when storm dérived_ recharge appeared at the spring.
Aithough.the storm hydrogfaph from Dukes 1S typical gf
thét depicted in-the l1iterature for a Condﬁit-ficw gpring

“he chemical evidence supports the predominantly diffuse

‘zec‘nargé nature of this site.
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It can be seen then that for Dukes a more careful

interpretation is needed to distinguish between discharge

peaks related solely to high intensity rainfall events

and those ) I'Eflectlng a Cotnbina_tion. of new! storm

derived recharge and “old" water already in transit

&

'{hrough"the':system; As well as recording stage height

other parameters such as water temperature,
conductivity and turbidity need teo be continuously
monitored, particular over the peak and recession oarts

of the  hydrograph before being able to distinguish

electrical

between the different flow components. Driess (1989) in.

her study -of three karst springs in Missouri found that

by using a catlon balance of "old" prestorm karst water

nd ”new”_ storm water one could determine the component

LU

of, asSumingIStraight forward mlx;ng, of "new" water as a

croportien of - the total discharge. : She also noﬁed
tfp.124), “The maximum chemical perturbatlon occurs ‘during
the .récession of the sprinag discharge hydrograph and
répresento the arrival of relativél? dilute water at the

spring outlets”

SEASONALITY

[ebeTaY oA lelm  m

If mean monthly air temperature data (obtained from

the Bureau of Meteorology for Orbost or Nowa Nowa) 1S

plottéd against month of the year (Figure 6.6} a

ceazonal trend is observed With warmer and cooler mean

summer and winter

air temperatures oCccurring during. the
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¥L). Mean discharge for the
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=mnths  respectively. Similarly using morthly water

remperature data for the Buchan River obtained from the
BWC (n=152), a seasonal trend is observed (Figure 6.6) in

which, as .expected, lower water temperatures generally

coincide with the winter months, with higher water

temperatures occurring during the summer months.

Both the meae.ﬁonthir air temperetureiand:the weter'
temperature plote apprOXimate'coeine: curves; Taking into
‘,count.the lag effect'-of actual air_tempereture beh}nd
the solar seasons it 1Is possible.to compute a regression
zgquation that aecounts for the -greatest .amount of
variation. For both mean monthly air temperature aﬁd

+

water temperature the line of best fit approximates a

(@]

o

mn
;_n

ine curve with a 1ag tlme of 25 days i.e, there is &

o

e

5}

sSoha

pomt

lag of 25 days For mean monthly a1r temperature

[

e the line of best f1t is, _

Ar = . 114.374 + ' 833(cos(iay—25)) C4n =39, r = 0.922).
For Bucban Rlver water temperature (WT) the.liee. of best
flt is;

Wr = 13.938 + 7 718(cos (day—25))., (n = 152 , r

Il

0.958) .

Both significant at the 99 .9% level.

Discharge for. the Buchan River is also seasonal

“1th the hlghest mean monthly discharge (megalitres, ML)

t
sceurring mid—spring (October — 22. 900 ML) and the lowes

mean monthly discharge in early autumn (March

'three'winter and the three

B o
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spring months 1is 53,800 ML and 61,100 WL respectively

indicating & slight springtime domination over winter

#ischarge (summer and autumn discharges are 25 330 ML.

and 23,740 .ML respectively). Using the classification of
' ’rivgr ﬂregimes- proposed by Haines et al (1988}, the
‘Buchan River would be classified as .being:ai Group -14:

tarly Spring type vriver regime system. As noted in

!

hapter 2f' mean monthly rainfall is relatively uniform
throughout the year'with the driest and wettest months

‘being February (58mm) and October (79mm).

Therefore for the study area seasonality does exist,

st least for .air and water .temperature and discharge
‘whereas rainfall 'is ‘'non-seasonal”, i.e. there is no

fdistinbt wetter -~ or drier period. Unfortuﬁat61Ya3nO

monthly soil carbon dioxide measurements are available
‘o assess “seasonality” in the soil  profile. - 1f any
5611 carbon dioxide measurements were available it is

hypothesised that higher values would be expected to

sccur  in. . the peak growing —periods of late-winter to

carly—summer and also perhaps in mid to late—autumn,

periods . -in which  potential evapotranspiration 18

relatively 1ow (minimhm water stress)’ (see Table 2.4)

and biological activity at a maximun. As noted in

Chapter One, many éuthors (see references in Chapter

One) consider soil CO, levels, produced 1in the near—

in karst

surface zone, the major control on (0= levels

213,  1988), "Near-—

waters., According to White (p-
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in

urface processes are  strongly infiluenced by climatic

variables (or one could say that CO_ production is a

-limatic variable)”. He also states that,” The seasonal

cgcillation in COz partial pressure observed in soils and

S zave atmosphgres also appears in the chemistry of karst

wahers“.g;if1 this -seasbnalityjeXists then the 1o§(Pc02j

values computed for karst spring and cave water sites in

¥

+his study would be expected to show this.

‘To see if "the above ”seasonai signal" is evident'in
the data'collected frpm the kKarst spring sites ih this
correlated against cos(dayl’and .sin(day) of the year on
ich date _ﬁas-collected.. A césine curve 1s ESSUmed to
approximaté seasdnality'for wéfer température_énd é.sine
curve is’ assumed  to approximate seasonality for
.EOQ(PCO%).' To _determiné - seasonal lags, if . anY; a
viltivariate general liﬁéar modei was used to model an
squation accounting for tﬁe most vafiatiOH- With lag
times ranging from 5 to 85 days (in O day steps) for both
5os;ne'and sine curves.

Buchan River data was also used to see 1if the data

~~llected in this study compared favourably with that

“htained from the RWC (water temperature data only)

. — itch of
indicating no specific sample Dbias. Moons, M-4, Bitc

¥ ent
- Diteh and Dukes were selected as they best repreds

the karst spring sites sampled 2

n-
s

ztudy, water femperature -~ and log(PCOz) wvalues were

nd the length of pericd




S

DRSSEIS

“ponssible '.flow systems (mixed cOnduit/diffusé
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ser which the sites wWere sampled. The four karst sprinc

s:tes also represent three out of the four water types

ropoesed (TYPES 2, 3 and 4) and three out of the four
flow,
ecomlrantly diffuse flow and dlffuse: flow). The data
or sztes: with TYEE 1_water (New Gu;nea_Q'dnﬁ'New_Guinea
¢) is limited (no high flow data) and nas not been
considered here .although out @ of the karst spring and

caves water 51tes sampled, they are mostly likely to be

"ne most seasonal”, i.e. their predominantiy conduit .

flow nature more closely resembles that of the minor

urface streams

th

4

.Water_tempefature_and 1Qg(PCOz) pldts for the. Buchan

jray

or water temperature a coslne curve with a lag of 253

Ll
5.]:

aYs explains 92.5% of the variation :noted,(significant

ét the ~ 96.9% ievei}. A 51ne curve w1th a lag of 25 days

zccounts for 53.3% of the variatlon noted in log(PCOz)

values (significant at the 99.9% level).

Comparing plots of ﬁater temperature and log (PCO2)

<

salues against day of the vear for the four karst sprlng

i

ites (Figures 6.8 to 6.11) with those obtained for the

- e much
Suchan River, any seasonal signal would appear to b

_ C.'
tess subdued if present at all. Moons and M-4 record =

water temperature of

karst spring water

if a "seasonal signal” does exist 1in

iver'(Figure " 6.7) both show a strong seaSonal signal.-

7.0% and 10.6% respectively and
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cemperatures it should be evident at least at these

two sites.

Moons spring is the most "seasonal" of the karst
spring sites | (significant at the 99.9% level) with 42 3%
'of the varﬁatlon in water temperature belng accounted for
.by_a 0051oe curve 'w1th a lag of 70 days The'longer-lag
time at th15 szte wnen compared to the seasonal lag noted
for the Buchan ‘River, is attributed predominantly to
"d'lay times in grouﬂdwater storage at thlS 31te (1 e, the'

rffuse flow component) ‘rather than ‘the conduit flow

component-noted_atkthiS'site.

For M—4, if the confidence level is relaxed to the

T

9.0% level, 36.0% of the variation in water temperature

can be accounted-for"by seasonality. For Dukes : and Bitch

¢f a Ditch no-'51gn1L1cant seasonal effect 1s noted onaa

water temperature velues wblch re1nforces'-the 1dea of
-;seasonal effects beang well dampened by the predomlnantly
'diffuse flow and total: diffuse flow: nature-respectlvely

of these sites.

Correlation of log(PCOz) against day of the year for
the karst spring sites show no significant relationship
exists Dbetween log(PCO;)' and. sin{day} of the vyear,

although.in the case of Mocons, if the significance level

i

is telaxed to the 095.0% level, there 1is a positive
be

correlation in which 12.5% of the variation. can
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day of the year on which data was collected for Dukes
{an example of a predominantly diffuse flow site with

a medium C.Wr valuej.
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accounted for by sin(day-20) indicating some seascnal

fluence on 1o09(PC0,) values at this site.

In his discussion on the Seasonal variations in

carbon dioxide, White notes (1988 p.210-211), = ' The use

bf kafst sprlngs as sampllng p01nts has the advantage of
avevaglng the detazls that ~cause varlatlons_:ln Pcoz.oft
water following diﬁfgrant flow. paths through the aquifer.
The Cﬁz__contehtg of most karst __water is 'generally-.
inéepeddeht;df dzstharge and 'isinot 'closely reldted'to
diiution rand .flushing out—effects. '.Uﬁtike the .higﬁ
variability - in hardness in conduit-fed springs, the
calculated Pcoz 'tends to reflect mainiy the seasonal
variations; _Indéed 'smodthef time curves were obtained
from condu1t spV1ngs than @ from diffuse sprihgs..Difque_
low sbrings have ‘residence times that are-ioﬁg with
respect to . the spaczng. between seasonal' maxzma _gnd._'
éinima;_'thus} }Pcoz calculated from the water chemlstrY_f

may not keep up wzth the seasonal cycleS

The log(PCO,) results obtainedfin this study tend to
reinforce Whité's point, particularly so in the case of
the predominéntly diffuse and diffuse flow systems where

2Ny seasonal response is unable to be detected. For these

: ' i the
Sités in would appear then that, as noted by White,

' : ' i i e to
esidence time of.recharge.water 1; long w1th“respnct :

. . inima and
the spacing between seasonal max1ma. and min A

. . with the
log(PCO;) values computed do not Kkeep UuP




seasonal cycle.

_In general Pooa may be independent of diScharge

but  for = some sites, e.g. Moons, dischargé ‘can  on
particular:'occasionS' gréatly affect log(PCOQ) values
This " is best’ exempllfled by - comparlng log (PCOZ) values

computed at Moons and Dukes over the four day sampling
period in Novémber—December 1987. For Dukes log (PCOL)
values were reasonably consistent over the four day

periced; for  Moons, although 10g (PCOZ) _valﬁes were

iiff ere nt from that noted on- day one 1ndlcat1ng that at-
ieast fdr'thié. site dlscharge__can influence log(PCOéy
valgés..”ﬁs. noted prev1ously in thlS Chapter, allogenic .
“input wh 1Ih exits at Moons can at a partiqular dischafgé
threshold play a major role in determining spring water
chémistry'and.hence 169(??02).va;ﬁes which are after all,

computed from the raw chemical data.
SUMMARY

For the karst spring and cave water sites it has

been.shown in this Chapter that the variability (using

coefficient of wvariation} of selected parameters can

differ considerably between sites. The coefficient of

: ' e for
variation of total hardness -is a useful measur

i end—-members
diszstinguishing Dbetween the two Spring

t sure
‘diffuse flow and conduit flow) althcugh one must en
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ol

t water samples collected from each Particular site

ir2 representative of the
Lhatocan exist. Karst springs with Cu's of tota] hardness

-.Fyihg between the twg end"mémber values are harder to
ﬂggparate and - other 1nformatlon :-ih_.partlcular the
satura tzon state of the water with respect to

needed Lo.3551st in delineating spring type.

TYPE 1  water is found at the predominantly condult'

s-i\

low sprlngq When medlum to high fléow cond1t10ns operate

Quder- low.=fLOW@-conditions,- the diffuse flow component

zeproaches that of TYPE 2 water.

TYPE 2. water is .. associated with both, mixed -

zendult/diffuse and predominantly diffuse flow springs

ang  1is Yeprmsentative of water draznlng predomlnantly

boms

imestone catchments, Updﬂr hlgh flow conditions, storm

fzrived recharge dominates-possible components of flow;

tvis effect is more noticable for mixed conduit/diffuse

flow épringé thanr for predominantly diffuse flow springs.

TYPE 3 water typifies diffuse flow springs with a

izrge proportion of dolomite in their catchment.

TYPE 4  water 1is associated with predominantly

Y contaminated by leachate

(S

1ffuse flow systems possibl

from a yrefuse dump.

different hydrological regimes -

-calcité'is

2comes increasingly more  dominant -and water chemistry: "
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For the _the predominantly diffuse flow sites

zlthough most recharge to the respective aguifers is of a
diffuse flow nature, recharge water is predominantly
transported in conduits, i.e. caves.

epikarstic zone is considered

in maintaining baseflow for -the karst sprlng SlteS durlng

-drought condltlons “The bes evi dence of water storage 1n 
this zone is. proyided by -examlning the 'physical'andl

chemical response noted at Dukes following one particular

torm event.

9]

Seasonality would appear to have only a marginal, if

any influence at all, on water temperature and log(PCO,)

valueS'recorded-fér the predominantly diffuse and diffuse

low systems. For Moons (mixed conduit/diffuse flow

system) seasonality does have some influence, although.

discharge'followind a storm " event of' a large magnitudé'-

can completely overwhelm any seasonal effect

MOdeié.déveiéped.for karst systems in the northern
'hemisphere do  not necessarily - apply to Australian karst

svystems and one must be aware of a certain amount of

hvdrclogical wariability inherent in the Australian

landscape that does not exist in other parts of the world

with the poséible exception of parts of South Africa {see

Finlayson et al, 1986).

Water storage in the

to be of pr;ﬂe 1mportance




CHAPTER SEVEN

CARBONATE DEPOSITION

INTRODUCTION

~ In:previous  charters of this thesis it was noted

that a number of the karst spring sites 'sampled record a

mealaﬁ'.SIcal . value > 0.00 indicating supersaturation
with respect to calcite. Chemical and physical results
obtained from - these sites. in particular the spring at

Scrubby  Creek. &re examined in more detail -in this
‘Chapter to, 1) investigate whether supersaturation with

respect to calcité is a reascnable  indicator of a karst

th
S
3
)
jnl

ing site’'s abllity to ‘depogit calcium carbonate, ‘and -
1i)- examine possible = mechanisms . for calcite deposition

where it ig present at these sites.

"TUFA OR TRAVERTINE 7.

"~'Chemica1 and. physical studies of karst spring
waters ‘carrying a high dissolved 1load of carbonates

o

ch deposit CaCOs in surface streams, have Dbeen

5
=

reported from many Barts of the world. For example,-
.S A.. Barnes, 1965; Herman and Lorah, 1987,.1988:

“oyah and Herman. 1988; Hoffer-French and Herman. 1989;

Seymany: Jacobson and Usdowski, 1975; UsdQWSki et al,

Wi t
1579, Frapce: Dandurand et al. 1982; Canada: Wigley @

-1 3973, Brook and Ford, 1982 England: Pitty, 1971;




253

Seuth Africa. Marker, 1973; Yugoslavia: Emeis ‘et al

1987; Australia: Dunkerley, 1981, 1987. Ellaway and

Finlayson, 1984; Ellaway et al, 1991.

- The two main types pf_parbdnate _deposifé formed are
-genérally called- eithér tufa.,or: traver£iné élﬁhough

recise definitions are often not given. A ndmber of

(o7

£5 LS - A s . :
gfinitions of  tufa ‘and travertine taken from various
501

ources are given below:

Sweeting (1973, P.335) —: tufa - soft, porous
concrellons of carbonate re-precipitated from

saturated karst water, often around plants.

travertine — regular, laminated - concreticns of
crystalline ‘carbonate, of similar - origin ‘to, but
harder than, tufa. ' Co R

Jennings (1979b) - —: ‘tufa - spongy or vesicular

calcium carbonate deposited from spring, river or
iake waters. ' : '

travertine - compact calcium carbonate deposit,
often Dbanded, precipitated ~ from spring, river or
lake water. . : 3

Bogli (1980, p.184): calc-tufa - friable, porous,
freshwater °limestone which forms, as a rule, with
“contributions from  assimilating plants, mostly
‘mosses -and algae.

calcareous sinter -— non—porous, crystalline and
hard, occurying only where there are no
assimilating plants.

wnitten and Brooks (1983, p.66-67): calc tufa —ba
general name for deposits of Ca?Os _formed t_y
deposition from solutions of calcium blqarbona e,
Ca(HCOa)z: . ’
i O
Ca(HCO=)s < = > CaCOs + H20 < CO= _
Calc tufa ?52 mainly found 10 ]imestone reglons.

f11ling cracks. joints. [ 4
the rocks, and around sSprings arn

fissures, and -cavities in
resurgences of
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water which have traversed
calc tufarformed in the cases 1is often SPO

cellular in character and may enclose fragmezig O?
rock, piants or animal remains. Calc tufa sometlmgs

cements superficial gravels t
O produce i
known as calcrete. material

~limestone strata. The

travertine (p.454) - a kind of calc tufa depos1ted
by cerLa1D hot sprlngs irn volcanlc reglons

Whittow: (1984.  p.555): tufa,  calc—tufa - a
sedimentary deposit formed around ~a  calcareous
spring  and comprising calcium carbonate (CaC0y)
derived by solution of  calcium bicarbonate. It is
found mainly in limestone regicns where it in-
fille cavities, builds stalactites and stalagmites
and cements superficial gravel to produce calcrete.
In the vicinity of hot springs a type of tufa is
known as travertine. Tufa is deposited when water
saturated with CaCOs and - €Oz  is. . subjected to an-
increase in temperature or a decreasé in pressure.
lLoss of water by evaporatlon w111 also. cause it to
e dpposwted : : S

ertzne {p 549) — a light colcured concretionary
=it of calcium carbonate deOSJted by ‘precipita—

from highly impregnated: groundwater around a
‘spring. It 'is - sometimes  referred to. as
icareous tufa or calcareous 51nter

&

3

o O PR

@ Qe (R

et Q0 SJJ
O

a

[

and Forti (1686, p.397) —: only definition
“travertine - calcium - carbonate - which 1s
posited from hot or cold ground water 1. a series

flowstone - dams; specifically  in caves, any
owstone or dripstone deposit. g

[

FhoO £ T
b bh (DO

in- - the context of the above definitions. the.

~arhonate deposits found 1in +the study area downstream gf.

mere the karst spring waters emerge are highly porous,

o
J

’ 1

impurities such

srtext of the deposits found

1qﬁorporate plant material, particularly leaves,

11 twigs and the roots of plants growing in the stream

. ici : ag
e.g. watercress (Nasturtium officinale), as well

as detrital material, and only in the

in the gtudy ared will the
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taym tufa be used. . '

CaCOs DEPOSITION IN SURFACE STREAMS.

Before the results and the processes or effects

governing_CdCQs deposition are ekamined'it 'is.important
etto?.";j- bfiefiy' feyiew theechemical'reECtiene inﬁoi#ed;
'Zaﬁd_ii) 1éok.at'theV'methdd_:meSt 'cbmmoﬁl?l_used. in'tﬁeu“
_Eitefat@re. to ecalculate whether or. net watef froa ;i
'_pérticular_ karst.-'sbrihg'“site  is;-uhdefsaturated _ofi

supersaturated with respect to calcite.

CHEMICAL REACTIONS AND SATURATION INDEX

As noted 1in Chapter One the precipitation of CaCO3
15 best summarlsed by the follow1ng overall reactlon

CaZf * 2HC03 <= Cacosc,olid) + H20 4 cozcg,,> ;*_ (7 1

-Aithoﬁgﬁ'tﬁist reactidn_providesl anroverell-summary
it  does not really explain what the controls are that

guvern.this reaction. From the work of Usdowski et al

\1079)  Dandurand et ai (1982) and Hoffer-French and

Herman (1989) it 1is noted that the above reaction (7.1}

iz in effect composed of two lndependent reactions.

Wﬁeﬁ keret spring waters first appear at the surface
| much higher

they generally contain COz concentrations

d to that of

R . o
{in some cases up Lo 100 times) when compar
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atmosphere, i.e. they are out. of equilibriuﬁ with

-

normal

an atmosphere that_has.a'log(Pcoz) valﬁe of = -3.5. 1
- — . . S a .

result ¢f this disequilibrium CO; is given off as th
e

system strives to establish eguilibrium once again
i.e.,

H* + HCOa~ < = > HaCOa ¢ = > COzcgass + HaO (7.2)

It can be seen then that H* and HCOs“.ibhs.jaf; ioﬁt-

from solutior as COz degases. The loss of H* ions from

U
0

lution results in an increase in pH. As a consequence :

e

f  reaction '§7.2). eguilibrium ‘conditions - that were'
established between bedrock and the grbundwatéf under a
higher PCO-  atmosphere no longer ‘apply and the water

SeCOomes more snd more saturated with respect to calcite,

"L

M

further away from equilibrium, - before Cal0a

‘nucleates and begins to precipitate,

Caz+ + C0s2~ € = > CaCOacmorsar [ 2

It must be remembered that supersaturation does not
sutomatically lead to precipitation as riucleation of

CaCCs crystals 1is slow and a nucleation barrier exists

which must be overcome Dbefore calcite can start to

srecipitate. For instance Dandurand et al (1982) found

+rat although according to a thermodynamic point of view

the calcite colubility product may D¢ exceeded (hence

supersaturaticnl. the activity of CO=2— plays & dominant
' | - i leates.
‘yole in determining whether or not calcite ngc

~ 22 % 10°° along &

123

They found that aC0s,2— values ot
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o
i

warst spring fed stream needed to  Dbe

»

exceeded before

srecipitation began (i.e. nucleation barrier exceeded)

TOM

)
o

red to ® 4.5 x 10-5 3t the spring outlet (aCaz+.=

1.5 x  10—=). .Precipitation of calcite may alse be
.;nhgbjteQ'py-other ions_ and naturally occurring organic
cﬁmp¢gnd§f_fcgﬁa;'in ‘karst spring waters either by the
blqcking of active growth .sités'or by fhe - poisoning of

crospective nucleation sites (Rogues, 1969; Morse, 1983).

As noted previously (Chapter One) whether or not &
particular water is. supersaturated with respect. to
calcité,.is_calcuiated by,

Slew s log (IR(TO/Kear ('O o 7a

© Briefly. IRP =315n'actiyity.pron¢t_of the solution
in,queéﬁioh .at temperaﬁuré T°C {fCaé+),;.(C032—),q}-and
Keamr =, soiubility préduct of calcife at temperéture T°C
{(Ca2+quﬂ{C032+j°q};.The values for thﬁs iﬁdex iﬁdicate
Superéaturation'for Slcal > 0.00. equi}ibrium for Slecar =

- 0.00, and'undersaturation'when'SIcal < 0.00.

TUFA DEPOSITION IN THE STUDX AREA

Of the five karst spring sites with median Slea1’

0_54;'Bjtch of a Ditch, 0.62Z: and Dukes, 0.23) active

. : o QCng,
+ufa deposition 1S evident at all sites except M

ot Scrubby (reek.

with the more extensive deposits beind
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' Yoad is belie?ed to have destro
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" 3 : FE _ - . .
fme o term S active tufa depusition is used here in the
_ _ ] _ T,

sontext that some form of tufa formation is evident jn.

+me present sSitiream channel at each karst spring site

Relict tufa deposits are evident at all karst spring

sites except Moons with the more exten51ve dEPOSItS

1~ccurr1ng at’ Bltch of a DltCh The tufa dep051ts at Bltch
of a Ditch are' now belng 'undercuL by the Buchan Rlver'

 with collapse"of__an extensive" sectlon of a tufa bank:

~e1og ev1dent {Plate 14). A U-Th 'date for a speleothem=

_camp1e co1lected below the 1ip of +the remaining. relzct'

.fa section returned a date of = 2,000 yearé (Webb et
21, in pressiy . This ‘date indicates that this collapee
feature is at least 2,000 vears old with the tufa-deposit 
“eiﬁd at.  least thlo' old 1f not much greater 1n age

Cori nc.of the tufa bank (u51ng a lm, dlamond tzpped corer).'

to obtcwn 1ai sujtable'_sample_ for U—Th datlng proved

occeSCfLE dLe to the 3pOrouS:.nature' of the depos:t

Coresokept dlslntegratlng beyond a depth of'x-35¢m, and

of 'the core obtained secondary ‘calcite deposition
virtually throughout the length of the core rendered it

aseless for dating puUrpOoSEes (Plate 13).

Extensive mod1f1catlon of the ocutlet at Dukes sprlog.

angd & -
by the constructlon_ of a concrete sw1mm1ng pool

yed what were once gquite

' . ' : itgs can
extehsive'tufa deposits. Evidence ‘of these depoSi

day bed of Spring Creek just

e found, i) in the present




Plate 14. Evidence of collapsed tufa bank at Bitch of
& Ditch: due to undercutting by the Buchan River,
Present day "stream channel” .and active tufa towards
right hand side of photograph.. Note abundance of

aquatic vegetation (watercress: Nasturtium officinale)

right-fbxe—ground.

Plate 15, Core taken from the tufa bank at Bitch of 2
Ditch. Note highly porous nature of-.ghg depgsit and
svidence of secondary calcite depogition imn pore

gpaces. Scale in centimetres and inches.
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upstream of

enters, and 1i) about 85m further downstream is a smal]

deposit = 1.0 to 1.5m above the Present stream bed of

Spring Creek covered by a soil prefile (Plate 16). Based

oen a U-Th date of = 99,000 years obtained from a

speleothem.sample collected from the stream .bassage in

Moons Cave (Webb et al, in  pressi) and taking into
account the felative height of the stream paésage in
Mcons -and the reiict scil covered tufa deposit it would
appear it is > 99,000 vyears. in age. Active tufa
deposition downstfeam of Dukes outflow is_ﬁow_limited tp
one small area'iﬁ_ Spfiﬁg Creek (Figure 7.1 and~Platé'

17). Reasons for the apparént”lack_¢f'COntemporary active

; 1
Blate 16. Relict tufe Dbank now _covggggk by soi
downetream of Dukes outflow into Sering .

where overflow Wwater from the Swimming pooil

4



35}
h
;aﬂ}

NVYHIONEH

93“‘3

Figure 7.1. Location of active and

deposits in and along Spring Creek,
Reserve.

relict tufa
Buchan Caves

i t+ i iti in Spring
Plate 17. 3Site of active tufa depoaition
Creek downatream of Dukea outflow. Not? zgungzﬂge of
vegetation in stream channel and scour of ] .

—

i i i ig Chapter.
rtufa depasition are discussed later 1n thi

it i used 1in the
The phrase "relict tufa deposit is
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context that particalar tufa deposits in the study area

~rcupy a place in the landscape well above any possible

:nfluence of the present day karst spring waters

Chemical analysis of the acid soluble proportion of

relict (M—4,'$CrubbY Creek, Bitch Of._a_Ditch and Dukes)
and _éctivé-'(Scrubby"Créek and Bitch of a Ditch):tufa

S fL

epos1ts showed that % CaCO0s ranged from 86.4% (Dukes) to

91 2% (Bitch of a Ditch) and from 97.8% (Bitch of a

o

itch) to 99.1% (Scrubby Creek) respectively. % CaCOs was

W

etermined by multiplying % Ca®  (Table 7.1) by 1.785
C{IG.F.W. CaCOB-“) / (G.F.W. CaO)]. 'The data~presentéd'in'
Table 7. 1 was obta ned by the chemlcal analysis Qf-a'
1:206'di}ution of & fllteved extract: of = 1 gram of:tufa
Cruéhed, p&ﬁdered and then dlssolved in .a minimum émount
5f 1M HCL. % 1.0.1. (1055 on ignition) was determlned by
‘he % weight loss after = 10 grams of powdered tufa
ompie was  heated a+ $50°C for four hours,_ % acid
r*“eo1uble residue was determlned by the % tufa sample

KEtaihed_on a breéweigﬁed-filter after acid digestion.

For both relict and active tufa deposits % MgCOs (% .

MgO x 2.092) 13 quite small in comparison to % CaCOs and

o

only for one of the Dukes relict tufa samples 1s_1t >

] _ i ta
1.00%.  This 1s consistent with the ;1m1ted da

. : . ical
available 1in the literature regarding the chem

; . 1668;
composition of tufa's (irion and Muller

Pentecost, 1981; Viles and Goudie. 16380} .
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The % acid ins-luble residue of the tufa samples

inalysed 1n this study varied considerably with higher

proportjohs cccurring - in the relict tufa deposits

rayticularly those from M-4 and Dukes. This ie_no£
unexpected, particularly considering that the depoéit
near Dukes has -a 5011 developed upon it and that both the
'Dukes and M— 4 tufal dep its,are subject to occasional:
inundatlon by floodﬁaters' from Spflné 'Creek ‘and the
‘Murrindal River recpectlvely Tufa samples collected from
JOLh of these sites show evadence of secondary depOSJtlon
and cemen?ation of:detrital._meterial and as . such appear
to be leésfpofodef~thaﬁﬁ_tufé*_nbﬁ' being depdsited The
relict .tdfa'.degeeité'}lt' Scrubby Creek and Bltch of a
1 have.notably 1owef ac1d lnsoluble re51dues than the
ahove. tWol'Sites= withﬁfthe most. 1ikely““source- ‘being
eirital materlel becomlng trapped and being 1ncorporated
into the_ tufa matrlx.' Secondary calcxte deposztlon 18
also evidedt in theséisamoles partlcularly in the spaces
left by plants that have died'.after'being-éncrusted by

calcite

Irion and Miller (1968) in their study of the

chemical composition = of tufas from the Schwablsche Alb

‘Germanvy) found acid insoluble residues ranglng from

5 0% to 9 1% with CaCOs accounting for > 99.0% of the

s-id soluble proportion of their samples. Viles and

id 13 idue
Soudie (1990) reported an average acid insoluble resi

from
©f 9.1% for 50 tufa samples (range 0.80% to 42.6%) ir
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the Napier Range (north Western Australia). They found
that the acid insoluble residue was predominantly silica
'mainiy 'iﬁ' the_ :fofm “of small qﬂértz gréins ‘and
cryptocrystalline material, with the most likely source

being either impurities in the Napier Formation or dust

derived from the surrounding area.

5'  TheftQ6:a¢ti?é th§ deéoéité_aﬁaljsedf in this study
wéré'_quife.-différént' ffom éa¢h :b£ﬁef;'in'teX£ure and
form. The 'Scrubby, Creek_:¢s§mp1e Cénsiétéd fof fine
_CKYStéls  affan§ed.:iﬁ-.a fiTament_formation'and;aﬁpeared
to have been _depoéitéd _érdund 3Qery._finé, ‘almost ﬁair

i

bnds

e, réotg-'(?late_ 18). The Bitch of a Ditch deposit
. consisted of coarser crystaiiihe_ _material. depositéd_
sround watercress '(Nésturtium officinalé) and biackberry
- pfanches (Platé 19Jﬂ 1t_must_be s£reSsed_that:othéf forms
.:Ef a¢ti?é 'tﬁfa.depositioh' are”éyidéht :a£ the3above two
éiﬁéé_with"a mor§.;detaiiéd_éﬁamihdﬁibn:”béing needed, in

_.particulér one _that;lboks_at the influence of mosses and

ol

lgae on tufa shape -and form, to characterise the
variety of tufa forms present (Chafetz and Folk, 1984;

Pentecost and Lord, 1988).

The distance over which the present day spring

'.Watefé'fiowa from Moons, M-4, Bitch of -a Ditch and Dukes

- | , ' is quite
pefore they vreach a particular surface stream 15 4

. -+ ch have
limited (generally < 15m). M-4 and Bitch of a Ditcn fa

: rively
surface flow for possibly i0m and 15m respectl
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1 '_i:‘ 1 1 l)lﬁa.i-:r-ifl_-.l'l i [ lllﬂ-l_ LRI _ M “'n I

Plate 18. Photograph of a. form of tufa deposited
around fine root like hairs in the present stream
channel at Scrubby Creek. Scale bar in millimetres.

lats 1§, BActive tufe deposit collected from pregen
sgream cha:nel at Bitch of a Ditch. Sca;e_ in |

centimetres.
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refore  they flow into the Murrindal Rlver argd’ Bu han

Liver respectively. TFor Dukes the overflow . from the p001

e piped directly lnto Spring Creek,' which on most

cccasions 1s usually dry upstream of this point. Spring

wabter from “Moons flows for ® S5m before it joins Spring

b

Creek 80& downstream of Dukes infldw (Figuré 7.1).

At the - Scrubby Creek sprlng site, .sprihg:ﬁétéf flon
'pver an exten81ve system of tufa terraces for a dlstancé.
of 5 65m before 1t f ows over a tufa waterfall.and drops-'
= am to join .Scrubby Creekf LASZSUCh ‘this site-prov1des
the Tbest .oppoftﬁnity"toi eﬁamine pdséiblé:thSical_and
chemicai, anges in karst sprlng waters as they.ve -ad just
o ﬁdrmal .atmospheric cond tlons As noted in- Chapter
Thfee {Tabié_Bfl'— Site DeScriptions)'=water samples were
é?llectedffrdﬁ.{fouf:différenf IIOCatiOnS-at'.th181Site -
ccave water, sprlng water as .it' first emerges spring'
..water aftéf it has been subjected to normal atmospherlc
_"ﬁfﬂﬂt1ons and agltatlon, and sprlng water downstream of

the maln zone. of tufa dep051tlon.

Median values for selected parameters for the four

Scrubby Creek sites are given 1n Table 7.2. 1In general

;' Srms,
N =2 . . ) - i R

B | _ o .
downstream as the karst spring water degases &

CaCOs precipitates (reactions (7.2) and (7.3))

5 atively
whereas other ion concentrations are rel
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TABLE 7.2. MEDIAN PARAMETER VALUES FOR THE FOUR

TABL D R SCRUB

SITES. 1O CONCENTRATIONS AS mg/1; TOTAL  HARDNESS BKSC§§§§'
CaCOs; LOG(PCOz) AS ATMOSPHERES: Slcay, Slac: pH AND Caz/Mgze
DIMENSIONLESS; WATER TEMPERATURE (¥r) °C. e

PARAMETER  SITE 12a®*  SITE 12b SITE 12¢ SITE 72
Caz+ ©102.7 97.8 88.0
Mg2+ . 7.8 7.8 7.9 78
Na* 16.1 16.0 16.1 16.1
cl- 31.1 133.0 32.5 33.0
HCOs— : 318.8 315.1 282.2 - 276.7
- Log (PCO2) -2.06 -2.18 - -2.51 ' -2.78
Slces 0.41 0.54 0.70 - 0.83
Slaen 0.00 0.22 ©0.52 .. 0.78
pH 7:49 7.64 ©7.94 . 8.02
Wr 16.0 16.0 16.0 15.0
Caz+/Mg2* 9.65 - 8.09 7.25 1 6.85
Total Hard. 285.1 279.6 ' 250.7 248.8 .
{(n) 12y 22 (2D 1y

* Data collected 1982-1987 2 Data collected 1985-1988

constant at éll.féur sites,

ii}-aléo.ds a {result- ¢f reaction {7:2)“109(PCO;)
decreases downstféam as the.'karst .spfing water
strives to -re—establish equilibrium under new
boundary conditions and COz is given pffi

111y  pH increases downstream as H+ ions are lost

from solution (reaction (7.2)).

iv) S5lca: and Slao: 1lncrease downstream as the water

becomes more and more saturated with respect to

these minerals as the system degases at a rate

greater than CaCOs» or CaMg(COs)=2 can precipitate,

nd v) median Ca®*/Mg®* and total hardness values

- ' Ca2+ from
decrease downsiream due to a 1osg of

solution by precipitation.
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ol + i i
[ne rate of change in median parameter values such

4y
[84]

©a®*, HCOs~., 10g9(PCO2), Sl. ., and PH  are greatest

3 (]

tween sites  12b and  12c with only slight differences

tccurying between sites 12a and 12b ahd.between 12c and’

site 7 (Table'7.2). It'must be remembered that the data
ted in Table 7.2 are. medlan parameter values w1th n
{the number' of water 'qamples collected) varylng qulte
markedly and éslsﬁch only general observations can be
made. To get a better understanding of chemical processes
cr effects operatlng,.'chemical' data and other results.
collectedf from .ail- four _51tes Qn .the Same- sampllng

oocasion (only between May 1985 and January 1987) need to

be GY&;lPeG

Data preéenﬁedenin.Tabie-7.3:represents.ﬁhree of the
five cccasions on which all four sites were sampled on’
the same occasion. The August 1986 and Januafy 1987 data
regresent  the miﬁimum and maximum CaZz" énd HCO»— ion
¢oncentrations recorded: over the perlod ‘May 1985 to

Jarnuary 1987 respectiveiy, with .the May 1985 data being

=

foughly the “average” of data recorded over this period.

Spring discharge was calculated by the salt d11ut10n

Technigue (Finla?son, 1979) and was # 12 1/s in August

65 and =~ 8 1/s in May 1985 and January 1987.

W
(oY)

‘ 1 - jon concentrations
Percent changes in Ca2* and HCOx— i0 nce

sample sites are given

53

PCO, values between the four
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TRELE 7.3. PARAMETER VALUES FOR THE FOUR SCRUB '
SAMPLED IN MAY 1985, AUGUST 1986 AND JANUARY 1987, C§Z+CRE§K2§I§§g
500~ AS mg/1; Log (PCOz) AS ATMOSPHERES; WATER TEMPERATURE (We) A

-C,’ PH, SIcni ’ SId.ol m aCOaz— DIMSIONLESS aCO o
OETAINED FROM WATSPEC COMPUTER SPECIATION PROGRAM (Wigley. 1977)

SITE NO. Caz+ Mg=<* HCOs~ log : PH Slca: Slaca Wr aC0s2-
: {PCO2) (10-%)

¥y 1985 R

172 112.0 6.3 351.7 -1.73 7.20 0.18 -0.66 16.0 4.6
17b 109.6 6.3 341.3 -2.28 7.74 0.70° 0.38  16.0 .15.4
12 96.3 6.3 304.8 -2.63 B8.04 0.8% - 0.83 16.0 26.5
7 93.0 6.3 295.9 -2.73 8.11 0.92 0.89 15.0 29.3
AUGUST 1986

178 93.4 8.0 314.1 -1.94 7.37 0.25 -0.35 16.5 4.2
(22 91.9 8.5 310.5 -2.32 7.74 0.59 0.37 16.0 0.4
2 89.4 B.0 280.2 -2.76 8.12 0.89 0.95 16.0 19.6
7 5.2 '8.0 275.0 -2.67 8.02 0.76 0.68 14.0 15.0
uwmRY 1987 . S

2 1213 7.7 378.0 -2.44 7.94 0.98 0.99 16.5 18.0°
12z 112,90 7.6 369.5 -2.52 8.01 1.03 1.06 16.5 20.6
220 1012 7.4 316.0 -2.81 8.23 1.12 1.32 17.0 29.7
7 97.1 7.6 311.8 -2.72 8.14 1.03 1.15 17.5 34.8

" 1r. Table 7.4 for the above three data sets.

As noted for the data in Table 7.2 Ca2* and HCOs~

.Cﬁﬁcenﬁrations.decrease'dGWnstréam. For all three data

sste, HCO34 'concentraﬁions show the greatest rate of

icsrease between sites 12b and 12¢ when compared tg

fa2+ ion concentrations for the

ust 1986
557 data also show the same results. For the Augu

is T ; occuy
iztz the greatest amount of ca2+ change 18 noted to
| 12¢c and 7. This iS8 assumed to be simply &

noted on thig occasio

Letween sites

nn than

finction of higher discharge
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TABLE 7.4. % CHANGES IN Caze AND. HCOu= 1oN

CONCENTRATIONS (mg/l) AND PCO. VALUES BETWEEN
SAMPLE SITES 12a AND 12b, 12b AND 12c AND 12¢

AND 7.
12a-12b  12b-12¢  12¢-7
- MAY 1985
sCaz+ ~2.0% - -12.1% - -3.4%
SHCOs— -3.0% -10.7% = -2.9%
SPCO, -71.9% | -55.7%  -19.7%
sCaz+ - . . -1.6% ~2.7% -4.7%
| s8COS- - -1.1%  -9.6% - -1.8%
C8PCO, 0 -58.3% | -63.7% . +23.6%
. JANURRY 1987
sCaz+ —2.0% -14.9% -4.1%
GHCOs— . -2.2%  -13.7% . -2.3% |
6PCO, . -16.9% _48.7% +23.2% |

that notéd_fér the other two data sets.

Usihg indiViduai' ion:specieé mélalitégs_whigh téké
{Hto' aécbuht .'ionmbairs (coméutéd. by .WATSPEC)  and
.é um;ﬁg one méle of Ca2+ reécts wzth two molesidf HCOz~
.ireactlon (7.1})3. HCOs* 15 1n molar excess over Ca=2+ for
511 ddta sets 5etween sites 12a and 12b and between sites

12b and 12c indicating that the degassing of COz occurs

is is also
st a faster rate than CaCO> can precipitate, this 1S

. Similar
noted  in an 1ncrease in SIc.1 and pH values

' and
results have been noted by Barnes {1963), Jacqbson

' 3 et al
- Jedowski  (1975), Dunkerley .{1981), Danduranc

: iey (1687), Herman
1982), Brook and Ford {1982). Dunker

. Hoffer—
and Lorah (1987), Lorah and Herman (1988) ?ﬂd
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french and Ferman (1989; 1n thelr respeclee StUdleS of

tufa dep051t1ng karst Spring waters.

Between sites 12¢ and 7 for the August 1986 and

January 1887 .data, changes in Caz+ jion concentrations

are.in molar excess over HCO5— changes 1nd1cat1ng that
be;weeﬁ these - two sample sites CaC0s is prec1p1tat1ng at
a faster rate than COz dega581ng For the May 1985 data
mo;aV_”phanges_ in :Ca2f ion concentration aré.'almost:
béiaﬁced-by'.moia£ 'chan§e$ -iﬁ_qﬂcQé‘; i¢n.¢oncenfratiﬁﬁf
indicating tﬁat Cdgfdegéséiﬁg'éhd CaCOafﬁfebipitdtion'are 

coocurring at approximately the same’ rate.

For the May 1985 data a Slea value > 0.70 and a
5C052~ value: >.'15.4 10 —S would - appéar to have been
ﬁecéssary i'beforé : 51gn1f1cant _' amounts | of 'Cacda-
“recipitatédd Fof .thé January 1987 data a SIcal value >

-u3 ond a aC0s2- va1ue > 20.6 x 10f§ are. need¢d_b§fore

sagnlficant__amounts- of CaCOs prEcipjtate_-WhiCh are

(J}

imilar to results reported ~in the literature. Usdowski

=t a2l (1979) -noted that spring water needed to reach

. 2
shout 17 times saturation (Slca1 = 1.08) with an aCOs

sxlue = 29 x 10-6 for CaCOs deposition. Dandurand et al

1382) noted .that five to ten times supersaturation

- x 'x 10— was
Olear 0.69 to 1.00) and aC052~ value » 22 x 10 -

s d. Thi=
ﬁeeded before significant CaC03 d89051t10n_00¢urre -

. . H
an increase 1in P
HCrease in aC0z%— values 13 caused by _ e

; : nan and Loran
L 4 0O, degassing (reaction (7.2)1. Herme
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cf2y in thelr study noted that values of Qp to fifteen

=3 supersaturaticn were recorded (Sical % 1.18) whe '
. : : _ _ ) where
wxter turbulence was considerable which caused a rapig

pluw of COz degassing, which also corresponded with a

i
T
O

f significant CaCQOs deposition.

Spring.waters__which_emerée supersaturated'have also
22n %épgrted'by Jacobson and Usdowski ;{1975),_Dun£erle?
:3;=ai) and Ellawa? et a1 (1991), In other studies, spring -
wzter at :emérgénce: ﬁaé' bgen' féﬁortéd3 éé .just uﬁder—
sazufaféd_(Br06k”.and FOrd;' 1982;:Dahdurand et a1j11982;.2
Hcffér+French and Herman,:1989)  ¢rf just .saturaﬁed with
_fespecﬁ_ to éaléité— (Barnés, 1965}’Duﬁkerley; 1987) and
i%eﬁs'ﬁo flﬁﬁ,_iﬁ'somé_ casés-.up. to a Ikm (Lorah and
Herman, 1988). befére' a signifﬁcaht- level of 'superw
Sjturatibﬁiié.achievéd'and'Cacba deprition takéslplace.
s ﬁotéd  previous1Y supersaturation:does not necessarily

.éméfy_CaCda érecipitatioﬁ :fSﬁareZ} 1933i_.TTQ?5ter and

fae T

ilite, 1986; Emeis et al, 1987). For example Emeis et al

1987) found that although Slca: values of 0.33 to 0.78

were observed in fast moving streams dralning carbonate

c-cvs no  evidence of CaCOs deposition in these streams

: have
So far in this section only chemical effects .

. . . . Z+ CO=—
‘eern looked at to explain the depletion 1in Ca and HCCas

S _ S ing, other
.~rn concentrations . qownstream of the sSpring

| . ' nsidered
| o . i1l now be c0©
“ontrols noted in the literature ¥
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vooSee 1D they play any role, major or minor, :in

:nfluencing CaCls deposition at Scrubby Creek. Data
-w-lected from the other karst spring sites will also be

swamined.

- CONTROLS ON CALCITE DEPOSITION

Acgording_td Ford (1989) the.controlliné factors on
Calla deposition'afe.
1) sgpefsaturatiqﬁ'with respeqt'to calcite,
Jii)'watér fémperafﬁreé genefal1y'>212;O C,
i11) tu?ﬁﬁienceQ" .
iv) low ﬁjéSblved.organié cérﬁéh'cbhféﬁt,
 vi;pfesenbe Qf-biué;gréen'algaé (cyéhObacteria)f'

and . vi) loss of CO by cooling (thermal waters only).

To those controls listed above Dunkerley (1987,
1988) found that evaporation was also & significant
factor in tufa deposition, ~particularly in a seasonally

2rid area, and .should be taken into account.

The processes involved can, for convenience, be

; - t.
4ivided into an inorganic and an organic componen

Inorganic effects' ére solely related to the degassing of

' ~adi to normal
"%, from Karst spring waters as they re ad just

associated chemical and

stmospheric Cohditions with the

: i ol ; ived and
“inetic effects, i.e. the chemical reactions 1nvo

: included
, ] ccur. Also incC:
"he vate at whic these reactions ©
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:rxve should be  any  chnemical changes bought about by

«nges 1n physical parameters such as Wwaler temperature,
curbulence, evaporation, etc.

Qrganit procesées are more. controversial and are
mainly _attributéd _to. either_ CO?_ uﬁtéké_’dué».to the
mgtaboli¢. activity of Imicro~brgéhism5 :(éyanobacﬁeria{
Llue green algae) or.to the assimilation of CO, by lower
:rder_plants..-Whether .the 'trapping of 'minute calcite

cyystals or the role Qf.plants as a subStfate for calcite

[
[
b
(D
i
t
[
O

ion can be termed “organic processes" or not is
extremely difficult  to determine. For convenience these

trocesses are grouped toéethérf undef a_ brqad.heédihg'of'

nrganic processes.

.Barhes  .f1965)_ “in .hié'.studf of?“d -travertine
depositing stream in ‘an IArid .area of -Califofnia'found'
that calcite brecipitétfon Was clcsely.associated with

plants, butisuperimposed On_ these biologic..éff§¢ts were
the inorgénit.jeffects_brought abqut by Coz_degaS$in§ and-
_ihcreasés.in waﬁer  tempefaturés; _He noted that water
nEcame inéreasingly saturated with respect to calcite in

' ed
s downstream direction as the rate of CO- loss exceed

re yate of calcite precipitation. The role of

- ' : . to water
zvaporation in aiding increased saturation (due

of
i~ss) he noted was minimal. He found that Scal_values

1) were
% to 4.1 (i.e. Slga: values of 0.52 to 0.61)

b : in and
e ; a jon could begl
serhaps needed Dbefore calcite eposit




276

[l
r

perhaps vegetation surfaces acted as nucleation

-
80
in

l"l"

Pitty (1971) in his study of tufa deposition at

Ty

]
|
i

edale Scar found - that seasonal responses of plant

£,

crivity could':influence” tufa  deposition’ by metabolic

o
"

processes. On .the other hand studies by Usdowski et al

e

7

¥s)

[

). on a calcite depositing stream in Germany, and
Dendurand et -ai §1982) on a calcite depositing strezam in
France, found ﬁhat metaboliq__éfféets were negliéibie in
systemSngith' ﬁigh -Supply-‘raﬁes_@f'diséolved carbonate

_ speéiési71n -botH theséf étﬁaiéé'Qariationg'_in-major_ion

ZIéompOﬁehtS.ahd the isotépic_fracﬁiohétion-@f ESC ahd 1§O_:-}

 3?er.ga"“diurhalfncyclé  iwéré  within the errofs_'of

Zetermination and as such negligible changes were noted.

Fmeis et . al  (1987) in their examination of

r

ol

vertine formation in Plitvice National Park found
“hat calcite -deposition was closely related to'biogenic

fictors. They found that' three pre-requisites needed to

he satisfied before CaCOs precipitation would take place.

i) calcite supersaturation,
ii) presence of calcite seed crystals,
iii) biological activity.

ey considered. the 1loss of CC2

from solution DbY

. ration)
Liclogical activity {hence increased gupersatu

and mosses

7 ae
was minimal, what they found was t“ét algs
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substrate that

cravided a eithcr trapped calcite
sarticles or

provided: fresh growth sites for calcite.

Hoffer-French and Herman (1989) in their study of
the hydrological and biological _infiuences on COz
degassing found that the concentration gradient between
dﬁSSOlVEd 'CCZ in the stream water 'and  théi_fof‘the"
'partiai 'preSSure in the atmosphere was-ZSufficientiy:

steep that biological effects on CO. degassing were

- Marker (1973), Dunkerliey (1981), Dandurand et al
{1982),: Herman and Lorah .{(1987; -andrlorah and Herman
(1988) found that turbulence was the main driving-force

ch

ty
A

nd CO

[T

degassing and calcite precipitation in their

N

5

[T
U]

i
-

m
¢t

s'bf'tufa'deéoéiting' streams..Théy ‘all noted th@t
turbulence iﬁCréaSés ﬁhe éurféce area of solution expésedr
tc the atmos?hére which in tﬁrn' alléws a':highéf_fate:§f 
CQz. degaésing _td .oEcuf Cat the gég—iiqﬁid :in£e£face”
(reaction (7.2)) - Roqﬁés (1969) found similar results in
Eaboratofy studies in that nucleation of CaC0s increased
a2s .the :étirriné rate of a supersaturated solution

increased.

At Scrubby ‘Creek turbulence appears to be the main
driving force hehind +ufa  deposition particularly
between sites 12p and 12¢ in that it enhances COz

: : higl gz o©Of
degassing. For systems with high supply rat *
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5

3
1}

solved carbonais species  ranfing from 1.2g9 HCGa—/s
tdacebscen and Usdowski, . 1973 to = 259 HCOz— /s
;Dandurand et ail, 1982) +to 10lg. HCOs—/s {(Lorah and
Herman, 1688) metabolic effects have been shown to be
rogllgzble Using the médiéniﬁcos_ value for site 12b and
;assumzng an average’ dlscharge value 3df '8f l/s- & Supply
:rate of 2. Sg HCOS /s is obtalned for: Scrubby Creek whlch

fits in with the above data.

As 'noted -at the start Of}' this Chapter tufa . .

depos1t10n_;in the study area_ occurs predomznantly in-

'-assoc1at10n w1th e:ther liﬁihs' df' dead plant materlal

(Plate 20) and 1t wou‘d appear that it plays a - major role

sy e1;her trappang mlnute ca101te crystals and hences_f

i~enhahcing'-ca1c1te_-jgrowth sites or by providing a
substrate for nucleation sites (Barnes, 1965; Brook and

Ford, 1982; Emeis et al, 1987; Herman and Lorah, 1988).

g

As noted .préviously in this Chapter. active tufa

| deposition is evident at. three dther karst . spring gites
in the study area (M~4, Bitch of a Ditch and Dukes). For
hoth M—4 and Bitch of a Ditch active tufa deposition is

evident immediately downstream of the point

emergence. This is assumed to' indicate that althoqgh

+
discharge and turbulence are notably less than that

cbserved at Scrubby Creek (discharge generally between

of'

0.0 and 1.0 1/s and between 0.2 and 0.5 1/s8 for M-4 and

+ 5 c radient
Bitch of & Ditch respectively) @ sufficient ¢

TR
<
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Plate 20. Incorporatzon of both 11ve and dead plant
material into tufa matrzx in pool of shallow water at
Scrubby Creek

still .exists -betWéeﬁ CO0z2caq> - and COzcasr> to enable

rapid degassing;of”CQz _td occur. Watercress (Nastﬁrtiﬁm
officinale).is"abundant in the “stream channel" at bqfh
sites and often obscures any evidence of flow. It would
appear fhat tﬁe presence _Of watercress, due-tg the tufa
formS'found; ﬁlays-an important role in tufa'deposition
at  both these sites. Whether this is mainly due to

metabolic processes or a restriction on flow that enablgs

éj .
g

a given body of water more time to degas or the presepce

of a substrate for calcite growth sites 1is hard to

determine but most likely is a combination of all three

processes {(Ford, 1989).
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_Based on chemical data collected from Dukes spring
and a site in 'Spring Creek below where active tufa

deposition is evident, significant changes in Ca2+ ion
concentration downstream indicating CaCOs3 depositioﬁ were
recorded on onl?'qne out of three occasions {(Table 7.5).
One possible reason for this now apparent lack of tufa
activify couid be due to a change in' the'chemistry of
water now disbh&rging.at Dukgs_from that in tﬁe éééf;
 TABLE 7.5. SELECT PARAMEHER VALUES FOR DUKES (a)
SITE IN SPRING CREEK - BELOW WHERE ACTIVE TUFA DEPOSITION

OCCURS (b). :ION- CONCENTRATIONS: IN mg/I - LOG(PCO2) AS-
- ATMOSPHERES; SIcax AND PH DIMENSIONLESS L

Feb. 1985 Nov. 1987  March 1988
| 2 B ® B a b
Caz+  160.0 148.6  144.3 143.5 171.8 168.4
Mg _:.-23;9“ 2.8 29.4 28.4 35.1 34.3
- 203.8 1957 206.0 208.0 236.5 235.6 |
1og(PCO;) -1.61 -2.37  -1.34 -1.99 -1.52 2.03
Slear 0.34 1.03 _' 6.03 - o,sef. 6.37_ _0)83'
i 717 7.1 6.8 7.5 712 7.16
HCOs~ 4462 431.5  420.6 420.6 483.9 459.3

As noted previously in this thesis water discharging

at Dukes has Dbeen traced to water from B-67, which in

Chapter Five was assumed to have been contamnnated by

ieachate ffom. a refuse dump. Possible effects could be

that calcite growth sites are being poisoned or blocked

i i ic ] . j nés
by particuler inorganicC elements and organic compou
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in the leachate causing inhibition of CaCls
ieposition. hnOther. possible reason for this apparent
tack of  tufa activity could be that the conéfruction oI
the swimming poql and road have greatly altefed flow
characteristics of the spring water from Dukes. which
| obviously will affect degassing rates. Flash floods in
Spring Creek will also play a paft in limiﬁing-tufa build
.up fh thaﬁ under ﬁigh.discharges. scour df"tﬁé'ﬁaﬁkiand

stream channel occurs. -

.The 1éck' Qf éviqéﬁée'of_tufa deposition aﬁ Moonsfis
crimarily attributed to its mixed 'éénduit/diffuse flow
behaViour;_i which = in ©turn influences séring water.
.tempefature and secondly tQ .tﬁe-very;-short distance (£
Sm) the spring'wéﬁér flows before it:joins Spring Creek.
.The shdrt'distance'travelled ‘means tﬁat  there is vgrg
wlittie time for the ‘discharging spring water to_reach-q
.SUfficiéﬁt _léve} of supersaturatiqn _,béforé_ ¢é;¢ite

deposition will take place. -

'Mooﬁs_ records the 'Iowést median water temperature
(12.5°C) of the five karst springs with median Slcaa

values > 0.00 and is only marginally warmer than the

minimum value of 12.0°C noted by Ford (1989} as being one

of the controlling factors behind tufa deposition whereas

median water'témperature values range from 15.0 tp 17.0°C

at the other karst spring gites.

P
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The flo- characteristics'of each karst spring i.e.

Fhere it iies along the diffuse-conduit flow continuum

is considered to be a major factor, at least for the
¥arst springs at Buchan, in determiniﬁg whether or not -
tufa deposition takes place at a particular karst spring
cite. This is relinforced by the fact that the karst
spfing_siies with the most notable tufa deposits (Bitch
Cof & 'Ditch,' Scrubby Creek and M—4) -are diffuse to
preddminantly flew systems respectlvely whlcb are highly
supersatureted with respect.ito_ qa1c1te 'on-.almost all
occasione_ i.eﬂ” SI;QI__> 0.50 ﬁhere Spring'water firSte
emerges. ﬁﬁereee af. Moons -conduit' fidw. behaeiour:ahd
LﬁderSGturatlon w1th respect to caicite. is.much more
evideﬁt} The dlffuse/predomlnantly dlffuse flow nature of
tﬁe aQuifers_.means'that an almost_ constant and regular
'Supp‘y of water supersaturated w;th respect to calcite

.eXists. and this provides a situation 1dea11y sulted for

,ceicite deposition. =
' SUMMARY

The most notable tufa deposits (relict and active)

found in the study area oCCur at diffuse/predominantly

diffuse flow karst spring sites, 1p particular Bitch of

Ditch end' Scrubby Creek. This is primarily attributed to

the practically constant and. regular supply of water

' ' ' i : 13 “and
supersaturated with Trespect to . calcite. Inorganic

i nd what
Orga 1ic mechanisms oOr processes determine where @
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form or Varigty of calcite devosition takés place. The
rejatjvg'jmpo:tance ‘of inorganic ahd_organic mechanisms
varises from sité to sité'ahd alseo varies cénsiderably.
from place to place at each site. Where water flow is
turbuient inorganic processes will generally dominate due
to'an increase in the degassing rate. In quieter sections
or where flo# is reduced organic pfocesses are assumed to
&émjnaie due to the .proliferatibn..of1 Parti§ufar;water

plants.

Kéfst,spring::sitesfneed ito bé saﬁpled-o?er a range-
bf_hydrological éonditﬁons.before ”a reaSonabié éétimate
can be made of a 'site's ‘ab'ili'ty to deposit calcium
carbonate ‘and a.median Sleca1 value > 0.50 would appear to

e necessary, at least in this study area.




CHAPTER EIGHT
CONCLUSION

The results ebtained and presented in this thesis
show the importance of such studies in identifying the
controls and processes that can operate in karst areas..

This is particulariy see fer_small iméounded karst_areas
._:ii.e eoutheestern ‘Australia  for which' vefy_zli£t1e_
.infofmatien .isi avei}able cohcerning the hydrochemlcale

'characteV1st1cs of earbonate waters present

Principally, four. distinct ‘water  tvpes “and four . -
.distinct flow types are found to be associated with the

ParsL SPring end cave. watev sites qampled 1n thls study .

A subjectlve c1a551f1cat;on was used to separate the
Q1tes into groups on the ba51s of physical and chemlcal'
':Cnaracterlstzcs of the water Cluster analysis .also

"conflrmed the approprlateness of thlS grouplng of 51tes.

The spatial variation observed_for particular median

parameter values (e.g. water temperature, Ca2+, Mg=+, Ci-

and Ca2+/Mg2+ molar ratio) 1s considerable. The spatial

variability noted for three of the four water types found

(TYPES 1, 2 and 3) is._controlled by intrinsic factors.

Particuler aspects .of catchment lithology, residence

Lime of.recharge, slope . aspect and vegetat;on cover_are

] ' ] ' ' he major factors
"in-built"” into each systenm andg are t
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't

nat ceatrol  and  determine the physical! and chemical

aracteristics noted.

Sites with TYPE 4 water, as well as being controlled
by'intrinsic factors (as for the above three;Watef tvpes)
are also _possibly affected 'by eontamination:b§ leachate
from.a_refuse duﬁp.:HenEe althoﬁghtffeur water etypes~are.

und, only three water types are in fact considered to

ke

be representative-of "natural" carbonate waters: found in

the study_area.

The :co—effiéient 3ef'_§ariatioh:;of 'thlpafticular
éarameters, notably total hardness (Cv;TOthdu)'ahd waterﬂ'

eufe (CVWT), used_in conjunctlon with the medlan

ot
T

£m
Slcan Valte are suggested ae belng the mznﬂmum number of
variables-requlred 'for an reasonable assessment of flow

type to Dbe achieved; in some cases further information

may be reacuired to delineate flow types. A C,Tothd. wvalue
of = 25% was found to be useful in dzstlnguzshlng between
sites wjth_ mixed conduit/diffuee flow and sites with

predominantly'diffuse ‘flow systems, in particular for

karst spring sites with median Slca: values > 0.00. A

CoWr value of = 10% alloﬁs for a distinction to Dbe made

between predominantly conduit flow systems and surface

waters with similar median parameter valges and similar

CuTothd .. Median Sleai values < 0.00 are taken to

generally indicate predominantly conduit flow systems,

with median Slee: values > 0.00 indicating flow systems

4
R

M
&
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lying between the mixed conduit/diffuse flow ang diffuse

flow end members.

A summary of water and flow tvpes found in the study

area for the Xkarst spring and cave water sites with

general observations are given in Table 8.1 .

The co-efficient of variation of total hardness

~value used in ﬁhiS' study to differentiate between mixed

conduit/diff@se.dnd preddﬁinéht1yrdiffﬁse flow sysfémsjis
notab1y ﬁighér thah‘tﬁat sﬁgéeéfed-by Shuster and White .
01971;' 1972).5as being useful = to  distinguish between
conduit and diffuéer flow ~systems (= 10%). This is
believed to-be_due tO'the féct that Australian hydrologic

systemg, 1n particular those in southeastern Australia

have an unusually high variability by World standards._

This inherent variabi1ity has best béen;dembnstrated

when . stream discharge  -.and runoff  variability for

Australiah sysfems are compared with data obtained from

different parts of the world (McMahon, 1982; Finlayson et
al, 1686; McMahén et al, 1987; Finlayson and McMahon,
1988: Kuhnel et al, 19%0). Kuhnei et al (i990) 1in thejr

recent study found that the higher rainfall variability,

hence higher  runoff . variability associated  with

Soutﬁea5£ern. Australia streams (when compared to those

from southeastern U.S.A.), could pe partly  exp1ained by

rainfall patterns associated with the EI! NanHSoutnerﬁ

o

=
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g devices for a number of Parameters (e.g " stage

er tempe ure sir - - 3 N
rPerature, air tempelature and conductivity) at

°h of  the karst spring sites is needed to elucidate

b
D
)
[ -
L

ence times of recharge, the mixing of old FPrestorm

- and new storm water, the influence of slope aspect

12
8
ct
27
o

O
J
Ie}

:oundwater temperature and the relatlonshlp between
®an- annual air temperatpre and groundwater temperaturee
before the hydrological and chemical processes.operatiﬁg

at each site can be fully understood.

'Although  not;ia_'mejor pert 0f. this tﬁesisj'the
possible contamihatien'of: -ground Waﬁer ;by' leEChate from
the refuse dump_is' of parﬁicular concern_and highlighfs
potential or existiﬁg-problems associafed_when_euch sites
are lccated in er near cerbonetel terrains. The-probleﬁ
of pessible ~contamination  at . Buchan ie'.further'
excaberated Dby _fhe fact that water at Dukes spring.is;

S used to'meintaih, -wi£hoﬁt prlor 'treatment;i a sﬁimming

p001 for the public w1th1n the Buchan Caveb Reserve and“

is also ueed as a water- supply to wash ca101te formatlons

in the two main tourist caves .at Buchan.

e

M,
"
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APFENDIX A.

P
T

ITU FIELD MEASUREMENTS AND RESULTS OF CHEMICAL ANALYSES FOR ALL
SAMPLED. Caz+ . Mg2+, Na*, K*. Cl- AND 5042~ &S mg/1;

INITY (ALK.) AS mg/l CaCOs; pH DIMENSIONLESS; Eh (mV),
IVITY (COND) uS cm~?, 25.0°C. WATER TEMPERATURE (Wy) °C.

YEAR'DAY Ca2* Mg2+ Na* K* Cl- ALK. S042~ pH Eh COND W,

SITE 1 (BUCHAN RIVER)
1982 295 9.0 .2.5. 5.5 0.7  B.0027.5 3.7 7.73 504 92 14.5
1983 54 70.1 14.7 '26.5.1.9 60.0 207.2 .. 8.11 412 600 21.5
1583 310 - 7.6 2.6 5.1 0.7 8.0 29.5 2.1 7.34 407 94 18.0
i%64 59 14.4 4.2 8.8 1.8 14.0 49.5 3.7 6.86 391 231 20.5
1984 135 6.2 2.5 5.9 1.6 B.0.29.0<0.57.04439 . 10.5
1684 2106 2.9 1.7 6.3 1.7 7.0 22.3<0.57.38407 . 9.0
1984 259 2.6 1.5 :.8 0.9 6.0° 15.9 <0.5 7.50 443 68 10.0
1664 318 7.1 2.8 8.7 1.8 5.6 38.2 3.7.7.51 396 100 18.0
1985 .50 22.1 5.8 13.3 2.7 21.8 78.0 1.1.7.70 . 198 20.0
1985 126 11.5 2.8 14.5 1.6 13.6 48.1 . 7.30 . 144 14.0
1686 175 7.9 2.5 7.8 0.9 6.0 40.5 2.9 7.35428 174 9.0
1986 232 2.4 1.2 €.0 0.9 ~6.1-21.2 . 8.16 462 59 9.0
1986 291 3.2 1750 3.5 1.0 4.0 17.2 . :7.91419 54 14.0 -
1986 214 6.5 2.7 4.0 1.0 5.5 31.4° . 7.79. . 6217.0
i567 13 6.02.8 5.5 1.2 7.0 29.6 "8.01 420 83-20.0
1987 S5 6.8 3.4 7.4 1.6 9.0 34.6 . 7.55 391 98 21.5
1987 83 B0 3.5 7.0° 1.2 8.0 38.9 . 7.59 429 11014.5.
1987 116 8.0 3.2 9.0 1.6 11.0.41.4 7.39 425 113 16.0
1987 134 . 21.2 16.5 29.9 5.4 68.4:101.0 7.39 398 460 13.0
1587 195 5.5 2.6 5.4 0.7 6.5.30.0 7.38 . 78 7.0
SITE 2 (MURRINDAL RIVER) |
1982 297 18.9-11.3 16.9 1.8 36.0 70.1 6.C 7.50 430 0
19583 55 54.7 16.5 23.8 2.3 43.0194.8 . 8.18 361 .0
1983 313 19.4 6.8 9.9 1.5 22.0 73.7 3.87.58 416 .0
1984 59 132.0 10.1 17.1 3.6 29.0 115.0 4.2 7.51 391 .0
1984 137 25.9.11.2 16.9 2.6 35.0102.3 4.0 7.05 435 .8
‘1984 211 3.9 1.4 7.9 2.5 10.0 20.8 7.32 411 -0
1984 319 16.2 §.0 20.5 3.8 33.9 80.8 . 7.49 409 -0
1985 S2 20.5 6.9 14.9 4.7 30.4 72.0 2.97.76 0
1985 127 19.0 11.5 16.2 4.3 39.1 85.3 7.54 . .0
1986 176 20.2 11.5 15.5 2.3 34.1 8L.9 7.91 445 -0
g 1986 232 21.0 11.3 16.7 2.1 41.3 76.8 7.39 43 S
- : ' 1686 3i5 20.5 8.1 14.3 3.2 32.9 76.4 7.20 sis -2
1987 13 17.8 8.5 16.1 3.0 31.0 72.2 7.62 -0
1987 55 29.9 8.7 17.1 4.3 31.0110.8 7'2% -
1087 119 16.5 6.8 15.2 2.7 27.0 64.2 ;.02 -2
1987 134 19.5 6.8 14.7 3.2 31.9 3.8 7.02 5
1987 195 28.3 13.7 19.1 2.0 46.2 108.3 793 9
1987 334 23.7 9.9 17.9 2.3 35.0 87.0 727 3
1983 87 20.0 7.6 17.3 2.8 29.2 80.9 :




- DAY Caz- Mg2e Ne*  K*  Cl-  ALK. 5042~ pH Eh COND W

JITE 2 O(SKROWY RIVER)

1320286 110 5.7 9.1 0.7 14.0 48.2 1.2 7.80 401 135 14 O
1533 058 11.5 9.1 14.2 2.1 23.0 67.8 . B8.15 386 218 24.0
1983 313 8.5 6.5 8.1 0.5 13.0 46.3 4.3 7.63 337 151 22.0
1984 60 10,4 8.4 12.9 1.7 9.0 67.0 3.1 7.44 398 209 21.0
1984 137 7.8 5.7 10.0 1.3 16.0 46.4 1.0 7.38 45% 159 11.0
1984 2311 6.3 3.7 .13.2 1.9 18.0 36.0 7.853%% . 12.0
1984 259 4.6 5.2 10.4. 15 13.0 35,1 . 7.53 436 138 13.5
i584 318 8.2 8.1 14.3 1.8 16,7 57.0 4.3 8.14 402 185 21.5
1985 52 10.4 9.2 15.3 2.3 21.8 68.5 - .- 8.53 . 211 23.0
1585 131 12.0 8.9 16.7 2.0 27.6 68.7 S 7.97 . 245 14.0
SITE 4 (SPRING CREEK) -
1682 295 17.7 14.9 27.3 ‘2.7 50.0. 78.6 9.1 7.05 457 338 12.0
1983 5S4 91.2 25.9 41.7 10.3% 82.0 333.7 . -7.10 381 'B5L 1.0 -
1683 310 7.9 6.9 1G.5 2.0 32.3 52.0 2.1 7.39 423 230 14.5
1584 5¢ 11,6 11.5 28.3 7.3 58.0 60.4 10.4 6.96 412 308 16.0
16R4 155 0 13.6 12,6 32.2 4.6 -74.0 60.5. 2.5 6.82 423 363 9.0
1384 210 4.7 2.1 13.6 2.5 14.030.0<0.57.38 422 . 9.0
1984 25¢ 3.0 3.5 1B.2 2.3 25.0 28.4<0.5 7.50 438 149 10.0
1984 316 0 R.E 8.2 -25.3 5.5 406 ©57.3 3.9 7.63 408. 328 15.0.
1R 175 16,3 116 27.4 4.5 665 70.1 4.2 7.45 438. 330 8.0
1GRE 331 27.6 18.6 47.0 4.4°114.6° 83.2: 8.6 7.45 436 522 9.0 .
1886 261 12.6 i1.4 31.2 5.1 62.9. 63.9. . 7.63 413 335 12.0 -
1386 219 45.8.15.4 31.1 2.0 71.2 185.1- 7.8¢ . 56814.0
1987 13 21.2'14.6 31.8 4.5 62.0107.7 7.79 403 444 14.5
1987 54 12.6 i0.0 16.8 4.9 4%.0 49.1 7.37 412 300'15.2
187 83 37.8 13.¢ 28.7 4.8 65.0 13%9.8 7.46-429 478 11.5
14g7 118 89.5 21.2 34.3 7.% 74.0 288.0 717 332 693 13.0
1087 134 113.%1 23.7 30.9.8.5 76.6 342.3 7.23 301 845 13.0
1987 135 17.7 13.3 28.4 3.4 82.3 55.0 7.54 . 347 1;-g
1987 334 34.0 13.0 32.1 7.4 56.0 136.2 7.05 . 443 58
1687 336 5.8 5.7 14.4. 4.1 26.0 33.1 7.16 . 162 13.
. 3m : : 8280 29.2 7.51 . 157 11.7
1987.337 5.7 5.2 '14.0 2.8 '28.0 5 i015 15.5
1928 ‘65 144.4 29.4  30.9 4.6 74.2.435.4 7.19 . 298 7.0
1988 206 20.4 13.5 40.1 2.2 83.0° 73.0 7.00 .. .

SITE 5 {BACK CREEK)

1083 312 26.2 14.0 16.9 1.1 34.0 égg.g g.g 2.3? zgé ggj %;-g_
1584 59 53.5 7.0 28.8 5.7 56.0 . .9 6. 7.
1984 135 68.4 35.9 30.7 2.9 64.0296.4 5.0 ;.3; ggg 800 1;.3
1584 211 3.9 2.1 12.3 i.z ig.g zgg.g <g.g T 07 592 150
1984 316 49.2 27.0 36.7 1. . : 9 7. / ‘
1086 233 6B8.0 40.0 27.4 1.4 64.7308.6 9.1 ;.2? ?gg Sgg_ié.g
1987 15 84.8 40.0 34.1 1.8 66.0 342.8 7.6 2 a4 16.0
1087 55 90.4 43.1 39.6 6.5 87.0 328.1 73 350 708 10.0
1087 165 74.9 37.3 30.3 1.8 70.7 319.8 7.54 708 10.0
1cas 87 95.8 40.5 37.4 1.0 70.1359.9 7. -




voii DAY Caz+ Mg2+ Na+ K+ Cl- BALK. 5042 pH Eh  COND W
SITE € (TARA CREEK)
1963 312 89.1 12.3 31.0 1.1 54.0 254.4 19.3 7.70 344 713 19.0
i584 59 84.4.12.5 37.6 3.5 61.0 237.5 16.5 7.32 351 720 i8.0
1984 136 91.4'13.0 39.3 2.5 76.0 248.4 13.0 7.88 417 790 12.5
1984 319 79.4 11.5 45.0 2.8 65.4 262.2 15.6 7.60 407 696 18.0 -
11985 5z B0.4.12.3 37.9 2.9 62.6 243.5 7.78 . 702 22.0
1985127 - 8G.0 12.2 39.2 3.1-61.2 229.0 . 7.63 . 709 14.0
1986176 86.0 13.7 36.6 . 3.6 61.0°231.8'16.3 7.66 433 612 9.0
1986 233 77.7 13.0 '37.3. 2.1 63.7 226.2 15.1 7.82 431 616 12.5
1686 314 72.5 10.9 36.8 . 62.1 218.5 7.5 . 616 20.0
1987 15 72.1 12.3 39.2 2.6 60.0 213.7 7.32 401 624 19.0
1987 57 73.812.8 39.5 4.5 68.0 209.0" 7.54 . 643 17.0
STTE 7 {SCRUBBY CREEX 4) -
1985 50 101.2 7.7 20.0 2.0 32.6 270.2 . 7.90 . 61019.0
1985 128 93.0 6.3 18.5 1.8 34.0 242.7 4.8 8.11 4i8 589 15.0
iG86.177 8.7 8.4 145 0.9 36.2 227.0. 4.9.8.08 412 517 13.5
1986 232 85.7 &.0. 16.0 1.1 36.4.225.6 4.0 8.02 425 539 14.0
1686 292 87:8 7.1 12.5 1.9 30.6 225.3 - 7.86 432 554 14.0
1986 314 . 88.8 7.6 .14.3. . 35.9 232.1 7,80 . 595 14.0
ieg7 13 97.1 7.6 .16.1 "1.4731.0 255.8 §.14 397 581 17.5
1957 S5 G61.3 ‘8.1 16.9 ‘1.4 320 248.2 7.98 427 600 17.0.
5087 116 B6.8. 7.2 17.6 1.6 32.0231.7 7.98 420 545 16.0 -
1587 134 83.8 7.8 16.5 1.9 34.2 2248 7:82 391 510 16.0
1987 165 7z.3 8.2 15.6 1.0 33.2 204.0 8.32 . 455 14.0
1588 85 R7.0 7.9 16.4 1.3 31.5 225.0 8.08 . 552 17.0
1988 205 76.3 8.4 9.8.1.4 33.0196.9 8.03 . 455 14.5
SITE 8 (NEW GUINEA 2} - .~ = S
1682 296(M24_4 g 1 15.2 2.2 21.0 90.0 8.6 7.80 411 275 13.5
o83 55 701 12.6 14.5 2.2 24.0°225.1 . -7.67.422 514 16.8
loms 313 26.2 4.8 8.1 1.7 19.00 81.7 2.47.37 386 240 }4.0
1984 60 23.3 3.3 12.4 2.8 17.0 69.2- 6.6 7.12413 228 *6.3
1984 137 202 4.8 ii.l 3.0 19.0 93.3 2.0 7.09.448 260 13.0_
1584 761 20.3 2.6 1t.1 2.2 20.0 . 6.07.13 421 210 i4'0
1984 520 202 3.5 15.0 7.5 18.2 78.5 3.9 7.39 409 232 140
1985 52 58.0 11.1 20.0 4.9 21.3 200.4 7.93 . 462 14.0
SITE 9 (NEW GUINER 6) _ |
1982 296 27.3 5.5 11.8 1.6 16.0 86.7 7.88.00 iég e 1§'g
1983 55 73.5 13.1 11.8 1.4 17.0226.9 . 7.4 a2e o o0
1983 313 44.8 5.3 7.9 1.6 20.0119.8 2.9 7.43 232 14.0
'] 3.6 21.0 72.9 3.3 6.68 444 .
1984 60 16.9 4.3 15 2 8 4% 290 13.0
1oR4 137 26.8 6.6 15.5 4.3 22.0 95.1 2.0 L 160 12.0
: 1084 261 14.0 2.4 11.2 2.4 16.0 g'o S 57 420 198 13.0
: 1684 320 14.1 3.7 23.5 3.8 18.6 . 66 399 14.0
: 1985 52 51.5 8.0 15.5 3.8 19.7 169.5 . 7. .
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VEAR DEY Caz+ Mg2+ Na* K+  Cl- - -
L _.“g Na* K+ Cl= ALK. S0a%- pH Eh COND Wi
SITE 10 (MOONS) | N :
g 1987 295 74.7 18.8 2 “ | . . '
1987 29 . . 1.8 1.5 45.0 236.8 9.8 7.71 463 61
1583 54 90.7 15.7 21.0 3.1 43.0 264.7 . 7.49 SPaEOa):
Lo83 310 438 610 16.0
1983 310 44.8 10.9 14.8 1.3 39.7 140.8 5.1 7.33 418 402 13.5
}2§4 59 24.9 8.5 22.2 4.4 43.0 92.8 3.3 6.87 409 301 16.0
1984 135 76.6 16.2 21.7 2.8 41.0 236.3 2.0 7.32 430 606 14.0
1984 250 11.9 2.9 14.4 2.2 21.0 48.1 <0.57.38 3%7 . i2.0
1984 259 34.1 7.3 16.3 1.9 27.0 104.9 11.0 7.43 430 306 13.0
1984 273 35.7 7.6 16.4 2.0 28.0 109.6 11.0 7.10 425 312 12.0
1984 318 45.6 11.0 19.0 2.5 34.3 154.8 11.6 7.24 . 442 13.5
1985 50 96.5 17.3 22.0 3.4 31.8 301.5 L 7.74 . 645 14.0
1985 126 64.9 11.4 23.3 3.5 44.4187.8 . 7.54 . 567 15.0
1986 175 104.0 23.1 12.1 2.8 33.5335.2 9.6 7.74 441 630 12.5
1986 231 . 74.8 21.8 28,3 2.8 :85.5200.9 9.9 7.75 440 © 658 14.0
1986 291 45.6 12.9 26.8 2.4 '69.5 145.2 7.53 408 485713.0
1986 315 78.9 14.6 194 .. 50.5.226.1 7.41 . 659 13.0
1987 13 69.4 .15.1 23.9 4.9 37.0 232.1 7.45 427 606 14.0
1987 54 73.8 12.8 39.5 4.5 68.0209.0 7.37 413 600 14.0
1987 83 84.8°16.1 22.7 2.9 44.0 255.3 7.67 416 658 13.0
1957 118 88.8 15.9 23.0° 2.7 42,0 277:2 7.49 424 640 14.0
1987 134 98.7 18.1 19.3 2.4 43.4 294. 7.34 .- 668 14.0
1987 195 94,3 19.4 18.9 1.9 41.1 308.1 7.89 . 525 13.0
1987 334- 84.6 14.8 21.8 1.5 41.0 243.9 7,38 . 566 13.9
1987 336 15.0 6.1 22.9 4.2 36.2 60.0 7.36 . 255 13.3
1987 336 13.8 5.6 17.5 3.5 33.0 34.6 731 . 208°13.3
1987 336 14.4 5.7 20.9 3.0 35.0 56.9 7.32 . 219 12.8
1987 337 20.0 7.1 2i.8 2.5 30.0 80:0 7.51 . . 260 12.8
1987 337 23.2 7.3 22.8 2.3 33.0 86.2 7.40- . 282 13.5
1566 B85 96.8 16.3 20.1 2.8 38.2280.3 . 7.96 . - 610 14.2
1988 206 73.5 15.8 19.2 2.0 353.0 219.8° . 7.03-. 556 13.0
SITE 11 (M-4) o o -E
1982 206 62.5 14.1 16.9 1.8 34.0 193.7 10,3 7.90 414 405 13.2 ;@
1982 311 95.2.12.1 i1.4 1.6 33.0 256.0 11.1 7.32 391 504 15.0 i
1984 59 109.4 14.8 .17.3 2.6 37.0 297.111.1 7.58 417 738 16.0 :
1984 137 96.4 15.0 17.3 2.8 38.0 270.9 g6 B8.21 411 756 15.0
1984 211 35.8 2.7 8.5 3.6 19.0 93.4 . 7.10.400 . 11.5
1984 260 54.3 6.0 14.1 3.1 26.0 142.8 5.0 7.13 430 389 15.0
1984 320 103.3 12.4 18.6 3.3 35.7 280.9 11.1 7.44 418 689 16.0
1685 =7 107.0 14.1 18.7 3.4 39.4 303.511.5 7.74 . 703 17.0
1985 127 101.8 14.6 19.0 3.1 39.3 282.0 7.24 . 773 15.0
127 1
7 161 15.2 2.2 39.0 297.1 8.6 B8.01 425 882 15.2
1986 176 110.6
1086 232 95.9 15.9 16.8 1.9 39.6 292.8 4.1 7.91 427 890_12.8
1986 292 102.0 15.0 14.8 2.8 34.4 286.8 7. 53 429 668 i4{5
13,2 16.1 . 38.6 274.5 7.60 . - 659 14.
1086 315 98.8 _ 90 15.0
1008 14.5 18.0 2.7 37.0 299.0 - 8.01 404 6 .
1887 13 .109.8 1 7. 96 396 704 14.5
1987 55 100.3 15.7 18.0 2.6 40.0 281.5 %€ A
1987 138 97.6 13.4 15.3 2.4 39.1 276.5 7.61 . 274 10'5
) 1 1 i5.2 2.0 35.2 199.0 8,19 . 4 :
log7 334 99.0 13.1 18.3 1.6 35.0 290.1 .69 . 3 15.5




Ca2+ Mg2+

88.

Na*+ K+ Cl- ALK. S042- pH Eh COND Wr
SITE 12a (SCRUBBY CREEK 1) |
1982 287 85.2 9.9 15.7 1.0 30.0 229.C 6.6 7.91 419 603 16.0
1983 55 89.0 8.7 16.2 1.3 35.0 234.9 . 7.68 413 600 17.0 -
1983 311 97.6 5.5 9.9 1.0 22.0 250.2 6.1 7.47 381 512 14.5
1984 61°124.5 8.0 17.8 1.5 31.0 320.6 11.9 7.45 398 732 17.0
1984 260 49.1 2.8 11.7° 1.9 :19.0129.7 ‘4.0 7.18 420 325 14.0
1984 272 64.1 3.6 12.9 1.9  21.0 169.5 5.0 7.12 423 407 14.0
1984 319 118.1 6.1 21.8 1.5 24.7 324.9 9.6 7.63 415 677 16.0
1585 51 125.0 7.8 20.1 2.3 35.0 334.0 ., 7.76 . 714 16.0
1985 131 112.0 6.3 18.5 2.2 35.5288.5 . 7.20 . 681 16.0
1986 177 107.7 8.5 15.2 0.9 37.0 265.2 4.9 7.51 401 570 16.5
1986 232 93.4 8.0 16.4 1.6 37.8257.7 4.2 7.37 418 617 16.5
1587 13 121.3 7.7 16.0 0.5 3i.1 310. 7.94 402 695 16.5
SITE 12b (SCRUBBY CREEK 2}

1982 297 81.0 16.4 15.7 1.0 31.0 225.0..7.0 7.75 418, 557 16.5
1983 55 .96.8°10.0° 16.2.°1.2 36.0.250.4 . .° 7.66 422 600 17.0"
1983 311 95.3 5.5 10.0°- 1.0 :21.0 249.6- 6,4 7.48 409 610 13.0
1984 61 124.5 8.0 17.8 1.5 '33.0 318.4 13.2 7.06 406 677 16.0 ~
1984 136 96.4 8.3 16.9 1.5 34.0 256.4 2.0 7.54 417 620 15.5
1984-210 27.0 1.1 8.3 3.0 9.0 '80.0<0.57.10373 . 1il.5
1964259 48.7 3.0 11.6--2.2 18.0127.9 4.0 7.05427 330 14.0
1984 272 63.7 3.6 12.9 1.8 20.0168.4 5.0 7.07.426 384 .14.0
1984 319 103.7 6.0 19.6 1.5 24.4292.1 9.6 7.63 . 677 15.g_
1985 51 121.1 7.8 20.0 2.0 33.4 320.6 7.68 ggg %gro-
1985 128 109.6 6.3 18.3 2.0 35.4 280.0 . 7.7g o i 18-
1586 177 103.2 8.4 15.2 1.0 37.0 256.7 4.8 7.7C ¥
1 6 .  38.1254.7 . 7.74 . 572 16.
1986 232 91.9 B.5 16. e g

.3.1.9 31.6 260.3 7.73 409 . :
1986 292 98.5 7.4 13.3 7o
: ‘ 14.5 .  35.5263.4 7.56 411 649 15,
1986 314 101.0 7.7 14. | :
1987 13 118.9 7.6 15.9 1.4 31.0 303.1 . 8.01 403 684 16.0
1087 55 119.4 8.5 17.0 1.4 32.0 311.4 . 7.83 421 713 ig.g
1987 119 102.5. 7.7 -17.4 1.6 35.0 273.1 7.62 411 . 3
: : 1 9 34.2 266.5 7.62 403 593 16.
1687 134 97.4° 7.7 16.0 1. .2 266. - 7.04 60
2 1 33.1236.5 7.86 . 509 16.
1987 195 85.2 8.2 15.7 1.1 33 165
: : 3 31.7.282.2 7.62 629 16.:
1988 .85 109.5 8.5 16.7 1. : : reos ols 1.3
1988 205 9 8.6 9.6 1.5 33.0232.5 N




SRR CAT T2t Mg2 Nat K+ Cl- ALK, S042- pH En COND Wy
SITE 1Z: {3TRUBBY CRIZK 3

(830287 85011003 15.8 1.0 31.0 196.5 10.3 8.15 406 512 180
1323 055 BS.6 9.0 16.3 1.2 36.0 228.2 . 7.90 414 S70 19 5
1583 311 88.8 3.5 9.9 1.0 22.0 245.7 8.3 7.96 405 528 16 %
1584 63 1111 Bl 17.6 1.5 32.0 285.4 5.8 7.51 424 576 16 0
1384 135 86.5 B.4 17.6 3.2 34.0 231.5 2.0 7.87-415 463 14.5
1584 210 27.0 1.1 8.3 3.0 S.0 B80.0<0.5 7.10 373 . 11.5
1954 250 49.1 2.6 11.5 2.2 18.0 132.0 4.4 7.21 427 319 140
1584 272 £3.3 3.6 12.7 1.7 21.0 167.2 4.6 7.12 423 390 14.0
1984 3i% 890 6.1 19.B 1.5 24.0 273.6 9.6.7.76 418 527 16.0
1335 5@ 104.2 7.8 20.0- 2.0 .33.0 277.7 . - 7.98 . 633 1§.0
18RS 128 9.3 6.3 185 2.0 34.5 250.0 . B.04 . 503 16.0
1586 177920 8.5 15.2 1.0 36.4 226.4 4.8 8.16 427 523 15.0
1386 232 8%.4 8.0 16.0 1.6 36.8.229.9 4.0 8.12 386 541 15.0
1986 214 95.0 7.6 14.3 . . 35.9 233.8 7.60 . 58%-15.0
1087 13 161.2 7.4 ©16.2 1.4 31.0261.7. . 8.23 407 3593 17.0
1987 53 L S .254.9 L 801 . 617 185
1687 1% B6.3 7.6 1B.1 1.6 29.0 232.5 7.82 418 545 15.%
1637 134 BZ.6 7.% 16.3 2.1 34.5225.7 7.80 406 515 16.5
1957 195 73,1 B.¢. 15.7 1.1 33.1 204.9 8.14 461 15.0
iG8F 85 B85.9 B.2 16.7 1.3 321.8-232.0 7.94 560 17.0
1368 205 71. €.0 9.6 1.5 33.0190.6 7.56 450 15.2
SITE 13 {BITCH OF 2 DITCH) .

1982 296 122.4 39.3 31.5 1.2 65.0°416.7 12.1 7.00 418 1003 18.0
1583 55 126.7 38.3 33.0 1.2 68.0424.2 . 7.19 412 . 7.2
1983 211 115.2 32.7 19.4. 0.8 49.0.392.7 13.6 7.35 4141056 17.0.
1984 359 123.6 37.4 30.0 1.6 62.0413.2 9.9 7.96 415 960 17.0 .
1984 136 124.4 37.1 28.8 1.7 65:0414.6 2.0 7.12 423 968 10.3
1984 211 103.5 16.5 13.8 0.6 17.0 333.4 2.1 7.11 375, . 16.0.
1084 756 99.6 22.6 18.5 0.8 -36.0 330.4. 2.1 7.27 445 710. 17.0
1G4 31 1106 30.3 39.3° 1.7 53.2 394.4 12.7 7.17 426 871 16.5
Tlme e P e o .47 972 17.0
1985 50 122.0 37.8 28.8. 2.0 60.1 4156 - . 7 o5 170
1585 128 124.0'32.7 29.9 1.9 63.84iz.2 . 7.49 433 1080 17.0
1986 175 124.1 39.8  26.5 1.4 61.4 407.7 11.9 7,42 :

1 3 3 4 1.0 61.5 413.8 12.0 7.49 425 936 16.3
1686 233 109.1 39.5 27. ] _ 82
1986 314 126.7 35.7 26.6 0.8 62.2 412.9 7.48 384 854 17.

" I ' 7.86 404 968 16.5
1987 13 124.3 36.9 28.6 1.6 59.0413.2 7.8 408 o
187 55 120.3 39.6 29.1 1.6 61.0 420.3 7. : "
1987 83 118.8 41.4 28.9 1.5 58.0C 418.7 7.58 413 959 17.

i 5356 30.7 1.7 63.0 426.2 7.51 405 928 17.2
1967 119 1:%. 2 750 406 937 16.5
1987 135 119.2 36.1 28.8 2.6 63.6 422. 7o 559 17.0
1987 195 116.4 34.6 25.2 1.2 58.9 418.0 T TS
1988 85 122.3 37.0 30.2 1.5 59.5413.4 .81 -




Ci-

315

VERR DAY CaZ+ Mg2+ Na* K |
ST Mer K ALK. 5042~ pH. En COND W

SITE 14 (DUKES) |
1882 295 163.8 34.3 90.0 -
1953 54 178.3 362 839 3.0 356.0 200 0 £ o8 4y 100 17,0
1583 207 1046 1805 459 2.2 13722656 o0 L e ie

1983 310 100.7 17.9 35.1 1.6 99. 3 133 705 4i4 poy o&-D

1354 55 16373106 71.9 3.4 212°0 1001 To0s 6162 433 1980 173
1584 135 163.9 33.9 80.8 5.2 240.0 380.4 11. ‘B4 416 1040 170
10564 210 60.5 11.8 41.2 4.1 '68.3 194.0 S5 Soa a1t 1440 47,0
1984 259 64.5 10.9 . 25.1 2.4 61.0 165.4 5 7 47 5a0 1570
1984 273 66.1 10.8 26.7 2.3 60.0 171.1 10.0 7 34 455540 1500
(064 213 120.7 2019 606 305 134.9 315.8 213 7,37 405 1095 17.0
1985 50 160.0 28.9 70.5 3.9 203.9 366.0 S50 717 133163
1983 126 165.9 30.1 78.3 3.9 366.0 7 A
1983 126 16t 13 3.9 203.9 366.0 15.0 7.16 . 1440 17.0
1996 175 1616 34.0 74.8 2.7 206.8 366.1 16.9 7.13 413 1296 17.0
1986 231 157.8 35.0 71.3 2.1 217.1 373.9 16.9 7.30 437 1377 16.0
1986 291 156.8 31.3 74.3 2.9 209.5 368.7 7.12 394 1439 16.5
1986 315 164.4 31.4 74.9 . 224.4 350.3 7.21 . 1430 16.5
1987 13 158.9 30.5 69.6 3.2194.0 361.1 . 7.45 412 1365 16.0
1987 54 165.2 35.8 777 3.7 223.0 3831 7.27 401 1476 16.5
1987 56 164.7 35.8 77.4 3.7 229.0 377.2 . 7.27 395 1452 16.5°
1987 83 153.4 33.8 69.4 3.0 205.0 364.9 7.23°419 1331 16.5
1087 118°162.0 35.5 76.8 4.1 226.0 381.5 . 7.31 393 1440.17.0°
1957 134 1650 34.2 0.6 3.7 241.5387.2 . 7.12 420 1458 17.0
1987 195 163.5 34.0 80.6 3.1 252.2-394.7 7.06 . 1452°17.0
1987 334 144.3 294 77.6 2.6 206.0°352.4 6.89 . 1344 17.2
1987 336 145.9.26,4 78.9 2.7 211.0 359.4. . 6.84 . 136217.2
[087 336 146.3 29.4 77.6 2.7 212.0 355.5 6.86 . 1328 17.0
1987 336 145.9 29.6 79.3 2.7 211.0 359:4 6.96 . 1350 16.9
1957 337 144.3 29.6 78.9 2.7 210.0 354.0 . 6.96 . 1344 16.7
1987 337 1439 29.4 79.3 2.7 210.0 354.0 . 6.98 . 1331 16.9
988 B85 171.8 35.1 838 3.0 236.5 397.0 . 7.12 . 1510 18.0
1988 206 155.1 30.5 77.0 3.1 233.0 353.2 7.02 . 1341 17.5
SITE 15 (SCROOGES VAULT)

1985 130 108.6 12.9 31.9 3.1 99.3 221.0 7.18 407 840 17.0
1986 261 128.1 25.5 66.3 3.4 203.0 244.6 7.31 405 1159 15.0
1986 312 120.5 22.4 63.0 . 200.0 224.4 7.31 441 1112 16.5
1087 14 124.8 21.2 55.7 2.7 179.0 235.6 7.51 412 1035 16.5
le87 83 111.3 23.1 57.0 2.9 174.0 275.7 7.24 423 1107 16.5
1587 120 107.8 24.1 57.8 3.2 180.5 220.9 7.11 400 984 17.0
1988 86 126.2 22.9 61.1 2.2 192.2 237.6 7.50 . 1064 17.0




SPEMEAREC I T

3i6
L?‘?\ D;“Y . Ca=z+ Mg2+ _Na" .K"' C1- ALK Soqz_ pH Eh COND WT
SITE 16 (B-67)
1982 297 187.0 43.2 102.5 2.9 306.0 405.9 33.3 6.85 412 1824 17.0
1983 55 186.6 29.9 110.0 2.9 305.0 408.8 . 7.09 369 1771 19.0
J 1983.311 174.5 39.8 89.9 2.0 297.0 398.3 24.7 6.77 354 1722 16.0
g 1984 61 187.1 42.0 106.1 3.9 308.0 411.0 23.9 7.06 368 1630 16.0
1954 137 180.4 40.4 106.5 3.5 312.0 404.9 14.1 6.98 418 1720 16.0
1984 210 42.2 6.8 23.7 1.9 41.0 116.9 3.1 7.14 337 . 12.0
1984 272 114.8 25.9 ' 67.6 2.9 188.0 262.5 13.0 7.13 4251122 16.0
1984 319 180.1 37.6 98.0 5.0 304.9 409.3 24.07.05 427 1722 16.0
g 1985 50 187.5 38.6 105.0 3.6 304.1 402.0 . 7.12 . 1758 17.0
] 1085 130-186.9 40.1 109.4 4.3 308.9 405.3° .- 6.90--. 1800 17.0
3 1986 176 182.4 43.0 109.3 3.1 296.3 401.1 14.4 6.86 420 1754 17.0
i 1986 233 174.7 43.4°104.4 3.1 299.0 404.1 31.0 7.17 429 1620.17.0
1986 261 177.8 38.5 106.5 3.1-303.9°406:1 . 7.31'387 1701 17.0
1686 312°177.3 38.4 106.0 . -268.9 400.2 7.14 . 1693 17.5
1987 14 186.2 39.9 103.6 4.0°288.0 402.6 .. 7.35 414 1691 16.5
1987 82 174.7 44.2 102.1 .3.8 294.0 408.8 . . - 7.03 430 1647 16.5
! 1987 118 174.6 41.6 102.3 4.3.261.0 408.8- - . 7.10 421 1638 17.0
1987 135 175.6 38.6° 99.3 3.7 301.3 407.2 7.09 408 1654 16.5
1987 196.171.8 38.3. 97.8 3.1 307.0-411.4 6.99 . 1500 17.0°
1087 336 165.1 37.9 104.2 3.0 295.07391.7 6.94 . 1638 16.4
1988 86 181.7 40.3 104.1 3.0 290.3 398.0 6.8 . 1710 17.0
1988 205 176.4 38.5 111.1° 3.0 313.0 401.4 7.01 . 1633°17.0
SITE 17 (B-41)
1955 130 188.9 40.2 108.2° 4.5 308.9 406.5 26.8 6.97 418 1809 16.5
1322 1?2 ias_z 43.3.108.9 3.0 300.0 402.9 14.1 6.90-411 1599 16.0
956 233 156 .1 42.9 104.0 2.7 300.0 408.9 21.0 7.05 428 1540 16.0
1986 312 182.9 39.3 106.0 . 297.8396.6 . 7.20 . 1667;17-2_
1587 14 187.5 40.3 103.2 3.8 288.0 402.6 . 7.21 414 167g 12.5
1987 55 160.9 41.4 95.6° 4.0 275.0 378.1 7.09_430_1577_1 2
1987 83 178.2 43.9 99.5 3.8 292.0 408.8 7.09 439 1657 16.
. 17 6.4 4.0 286.0. 407.1 . -7..09 406 1602 17.0
1987 118 171.0 38.5 96. 0 - 407 T Aol 1624 165
1987 135 175.6 38.6 99.8 4.6 301.9 408.9 1624 35.2
1087 196 172.6 38.3 99.5 3.2 307.4.409.7. 7.11 . 12
1087 336 144.8 34.3 78.5 2.3 225.0 337.0 6.96 . 1691 16.8
1988 86 180.2 40.3 103.3 3.1 289.6 386.2 ﬁ.gg e e
1988 205 176.4 37.9 132.0 3.0 314.0 401.3 6. . .
SITE 18 (UN-NAMED SEEP)
720 12.0
1983 313 70.5 22.8 18.8 2.1 39.0 232.3 ig.g g-zg_igg aos 190
1584 60 10i.9 26.6 18.7 2.6 30.0 333.7 192702 451 1001 9.5
1984 137 121.1 28.2 18.9 1.8 3509007 "9l 711 410 302 14.3
1984 261 31.8 9.2 5.7 2.0 F0e0 20i'5 9101 7.13 406 805 19.0
i9g4 320 102.8 25.2 26.5 3.2 '27.2 393 :




YEAR

.K-a- Cl_

317

DRY Céz* Mng- Na+ ALK. S042- pH Eh COND W
'SITE 19 (UN-NAMED CREEK)
1984 211 18.3 0.8 3.8 3.4 7.3 55.5 . 7.15 414 . 11.0
1984 260 79.9 4.5 9.7 1.1 12.0 215.2 5.6 8.05 405 455 15.0
1984 272 94.1 4.8 10.2 1.0 14.0 243.7 6.0 7.34 423 499 14.0
1984 319 79.3 4.8 16.3 6.9 13.5 230.0 6.8 7.93 403 483 19.0
SITE 20 (BUTCHERS CREEK) |
1987 119 8.1 5.4 13.5 2.8 28.5.31.4 7.24 428 167 13.5
1687 134 7.0 5.0 13.5 2.9 28.1 30.8 ©7.10 414 161 14.0
1987 195 14.510.5 17.0 2.2 50.3 51.6 8.12 . 270 7.0
1587 334 9.6 7.0 15.3 2.8 31.0 43.9 7.36 . 193 21.0
SITE 21 (SUB-AQUR)
1983 313 27.9 6.7 9.2 ‘1.4 21.0 87.7 4.9 7.35 405 258 16.0
1984 59 29.6. 8.1 14.6 3.0 26.0 "99.0 6.2 7.34 409 291 20.0
1984 137 20.2 7.5 14.5 2.6 -34.0 69.1 2.0.7.08 421 262 11.0
1585 S2 40.9 9.3 1B.4 4.8 28.6 143.5 4.9 7.86 380 19.0 -
1985 127 29.7 8.7 17.1 3.9 35.4 98.5 4.3 7.68 325 14.0
SITE 22a (SPRING CREEK FALLS)
1987 118 20.7 14.5 35.4 5.9 81.0 77.8 7.31 425 435 11.5 ..
1987 134 ©21.1 16.5 29.9 5.4 68.4 101.0 7.39 398 460 13.0
1987 334 17.2 14.5 33.9 ‘3.9 60.C 90.8 . 6.89 289 15.3
SITE 22b (SPRING CREEK UPSTREAM SITE 14)  © LR
1987 334 121.6 25.7 §7.5 2.3 146.0 315.5 . 7.16 . 1027 15.8
SITE 22¢ (SPRING CREEK BEIWEEN SITES 14 AND 10)
_ : .
1985 50 148.6 26.8 68.9 3.9 195.7 354.0 7.91 ., 1230 16.
1087 334 143.5 28.4 78.0 2.6 208.0 352.4 7.54 1224 ig.g
1987 336 24.1 8.9 28.6 3.8 49.0 87.0 7.54 32% 13.9
1988 B85 168.4 34.3 84.6 2.9 235.6 376.8 7.61 14 .
SITE 23 (FEDERAL CAVE) |
| 4.17.16 . . 10.5
1984 210 79.9 3.4 9.7 1.3 11.0222.4 4.1 7. .
1988 85 $9.5 3.6 7.1 0.8 15.7.155.4 . 7.55. 354 16.8




DAY Caz+ Mgz+ Na+ K+

Cl= ALK. 5042~ pH Eh COND Wo

SiTE 24 (FAIRY CREEK)
1984 210 5.9 3.4 9.9 3.4 16.3 29.2 7

IR 33, : : . 7.40 407 . 11.0°
1984 259 15.6 5.2 18.9 2.7 22.0 52.5 14.0 7.63 437 212 13.0
SITE 25 (WILSONS CAVE)
1984 210 6.7 2.5 1Q,o 3.7 15.0 30,0 7.60 11.5
SITE 26 (ROYAL CAVE)
1984 259 66.9 3.6 11.8 1.2 18.0172.4 8.0 7.88 428 390 '16.0
SITE 27 (SCRUBBY CREEK ABOVE)
1887 35 20;1:.574f-i7ﬁ1_.4,9 21.0 78.3 7.61 421 241 15.0
szl;-zagf?ARM-DAMS)
1983 .54 4.1 6.7 23.2.12.7 38.0 43.9 7.96 317 . 247 23.0
1986 86 2.4 11.1 29.8°12.2 52.9 52.6 7.96 . 283 28.0
SITE 29 (UN-NUMBERED BOREHOLE)
1987 14 1.7 1.7 17.0 7.0 14.0 33.7 .7.93 380 149 16.5
SITE 30 (TEA-TREE CREEK)
1088 207 14.0 4.8 16.4 ‘1.3 35.0 38.% 7.02 197 8.0
SITE 31 (OVERLAND FLOW)
1984 210 23.0 0.5 13.8 5.4 12.0 87.5 7.10 11.0
SITE 32 (RELOW BITCH OF A DITCH) c

| 924 17.0

1987 135 110.3 36.4 28.8 2.6 63.6 398.1 7.68 413

1987 119 111.6 38.4 30.8 1.8 62.0 402.2 7.81 398 845 19.0
SITE 33 (RAINFALL)

1083 311 0.72 ©.11 0.53 0.49 0.73 . -
1984 210 0.40 0.05 0.21 0.04 0.56 5.48 . :

1985

130 0.83 0.12 ©0.47 0.53

g



APPENDIX B.
SAMPLE SITE NUMBERS AND SITE NAMES.
SITE NUMBER STTE NAME

1) - Buchan River
2Y Murrindal River
3y ' Snowy River
4) Spring Creek
53 _ Back Creek
6y Tara. Creek
7Y - . Scrubby Creek: 4
8) - - New Guinea 2
%) . New Guinea 6
10y --Moonsf.*'
11y _,M—4 SRR
12a) - _ Scrubby Creek 1
- 12by . Scrubby Creek 2
12¢) - . .Scrubby: Creek 3
13) Bitch .of & Ditch .
14) - Dukes
15) -~ . Scrooges Vault
16} B—67
17) . B-41- o
18; - - Un-named Seep
19y - Un—-named Creek
20)- - Butchers Creek
'21) - - ¢ .°Sub~Aqua
- 22a) H-Spr;ng_Creek (Falls)
..22Db) _ Spring Creek (upstream site 14) :
~22c) - . Spring Creek (between sztes 14 and 10)
23 - Federal Cave - :
24) o Fairy Creek
25) +  Wilsons Cave
26) S Roval Cave
27) ‘Scrubby Creek (above)
28i) ' ‘Farm dam _
28i1) Farm dam -
29) Un-numbered borehole
30) Tea-Tree Creek
31) Overland flow
32) Biteh of a Ditch (below)

33) Rainwater



