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SUMMARY

A major feature of tropical Australia is the sharp climatic distinction
between the Wet and the Dry, a characteristic climatic pattern which imposes
a distinctive hydrological regime on running and standing bodies of water.
During the Wet, vast gquantities of water pour down rivers from the Arnhem
Land escarpment to inundate the lowlands of the Alligator Rivers. All
existing bodies of water are flushed. When the rains cease, the floodwaters
recede, leaving behind a series of billabongs filled with the dilute water
of the Wet. During the ensuing Dry, water levels fall continuously as
more than 2 metres of water evaporates, with no replenishment from rain.

Some billabongs receive groundwater inflows; a few near the escarpment are
spring-fed, perhaps to flow throughout the Dry.

Chemical changes occur as water levels drop. Solutes become concentrated
as water evaporates, wind and buffalo resuspend fine sediments, and spring
or groundwater inflows may influence the chemical composition. The magnitude
and direction of change varies from billabong to billabong, depending on
morphometry, position, sediment type, and so on. In December, the flood-
waters come again, replacing this individuality with the uniform standards
of one big lake.

Then, the water is dilute (K25<2OuScm']), near neutral, and dominated
by sodium bicarbonate. Nutrient levels are at their lowest but, on a world
scale, total phosphorus levels are high and the billabongs would be regarded
as meso-eutrophic to hypereutrophic. N:P ratios are low, and in terms of
inorganic nitrogen the billabongs are ultra-oligotrophic. The sheer volume
of water, from intense rainfall and rapid runoff, ensures that billabongs
over a wide area of the Magela, Nourlangie and Coopers Creek catchments
enter the Dry with this common water chemistry. This uniformity is short-
1lived, and by the end of the Dry three main groups of billabongs can be
distinguished by the nature and extent of chemical change they have under-

gone.



* 03

Least changed are the channel billabongs of the three creek systems.
They are still dilute, have suffered scant change in pH, and their ionic
and nutrient character is still that of the Wet. That they have changed
so little can be‘attributed, in large measure, to the characteristically
low surface area to volume ratios of channel billabongs. Under these
conditions, the effects of evaporation are at a minimum. Implicit in this
is the assumption that any inflowing groundwater is also unchanged from
Wet season chemistry.

In all other billabongs a number of changes take place. ‘All become
turbid. Prominent amongst the changes in ionic character is thé decided
move to sodium chloride dominance. Usually, this is accompanied by marked
increases in conductivity as the waters concentrate, and a decline in pH
as the Dry progresses. Two groups can be recognized. In one, the flood-

puss Corndorl
plain bj]]abong;é the change to sodium chloride dominance is accompanied
by significant enrichment by sulphate from groundwater inflows. In the
other, containing most backflow bi]]abongs(blus Kulukuluku and Leichhardg)'
sulphate plays 1ittle part. In both groups, nutrient concentrations in-
crease rapidly during the Dry, earlier on the floodplain than in the back-
flow billabongs. In the former, inorganic nitrogen constitutes a much
higher proportion of total nitrogen than in the latter. Except in flood-
plain bi]]abongs,N:P ratios are low and limitation of production by
nitrogen, not phosphorus, is suspected. Phosphorus levels now indicate
hypereutrophy, while inorganic nitrogen levels indicate a range from
meso-eutrophic to hypereutrophic.

Throughout the Dry nutrient cycles can be envisaged as a closed, en-
dorhoeic system, with external inputs from biotic and, perhaps, groundwater
sources, with evaporative concentration, and with internal loading from re-
suspended sediments. In marked contrast to temperate lakes, there is no
output other than biotic migration.

The classification into 3 groups on the basis of major ion chemistry
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and on the basis of nutrients 1s congruent, and coincides, with few
exceptions, with the traditional division on geographical, morphological

and hydrological criteria into channel, backflow and floodplain billabongs.



1. INTRODUCTION

It is almost an article of faith that water analyses be carried 6ut,
though it is not always clear why they are done nor what they reveal. How-
ever, it is the sum of the physicé1 and chemical conditions that deter-
mines the type of waterbody, and probably which organisms live in it. It
is inconceivable that a broad 1imnological investigation of an unstudied

region should ignore water chemistry any more than any other "base-1ine"

information (Fox et al. 1977).

Even in the most dilute natural waters all major ions are usually
present in quantities exceeding the requirements of the biota (Moss 1980),
and they have little effect on productivity. However, that the ionic
character of natural waters has biological significance, in determining the
distribution of organisms, is apparent from the possession by most, if not
all of them, of ionic regulation mechanisms (Bayly and Williams 1973).
Further, the toxicity of heavy metals and other pollutants to native biota
depends heavily on the chemical nature of the water into which they are
discharged. The nutrient elements, notably phosphorus and nitrogen, are
usually present in quantities insufficient to satisfy biotic demand and,

as limiting nutrients, their supply regulates the productivity of both aquatic

and terrestrial ecosystems. A knowledge of nutrient levels and cycles is
essential to an understanding of the dynamics of the freshwater environment.
At the pragmatic level, chemical analysis underlies the protection of water
quality in public supplies, and intimate understanding of nutrient chemistry
is the key to proper resource management, and the avoidance or abatement

of the il1ls of eutrophication.

With the stark climatic contrast and distinctive hydrological regime
of the Alligator Rivers Region, considerable physical and chemical change
must attend the seasons. This study set out to characterize the pattern of
seasonal change in the chemical nature of the billabongs of the Magela,
Nourlangie and Coopers Creek Catchments, the Dry season refuges of a large

aquatic biota.
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Details of climate, geography, and hydrology, together with descriptions
of the billabongs, which have appeared elsewhere (Hart and McGreggor 1980;

Walker, Waterhouse & Tyler 1982) are summarised in Figure 1.1 and Table 1.1,
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Table 1-1: A classification of billabongs in the three catchments
of the Alligator Rivers Region (after Walker, Waterhouse
and Tyler 1982).

LI o e
Channel Magela Mudginberri
Buffalo
Nourlangie Noarlanga
Coopers Nimbawah
Murganella Rd?t
w /Escarpment rockpool Magela Bowerbird
w  /Backflow Baroalba/ Goanna
Magela
o /Floodplain Magela Island
Nourlangie Kulukuluku
Backflow Magela Georgetown
Coonjimba
Gulungul
Corndor]
Nourlangie Umbungbung
Floodplain Magela Ja Ja
Mine Valley
Leichhardt
Jabiluka
Nankeen
Nourlangie Jingalla
East Alligator Red Lily

Not mdnded w Wotdes, Wauberhouse awd Tylad (u)g;).

hocobed at Jund—)oq of Cooper‘l Cieek and Tuw toed
3 MurtancUA,/ mu re Ference Oen,—,w,:. QLG (8 . HereafGr
Called "MFW Murnqnou¥.
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2. MATERIALS AND METHODS

For routine chemical characterization, surface water samples were taken
at approximately monthly intervals at a fixed sampling site at, or near, the
deepest point of each billabong. Preliminary investigations had shown that
in most billabongs there was scant chemical difference between surface and
deeper waters, so that for all intents and purposes, a single sample from
the surface would suffice. This was to be expected from prevailing strati-
fication behaviour (Walker, Waterhouse & Tyler 1982). Samples for major ion
analyses were collected, stored and transported in pre-washed polyethylene
bottles. During 1978 analyses were carried out in Adelaide by Australian
Mineral Development Laboratories (AMDEL), on unfiltered samples, and in
subsequent years by the Botany Department, University of Tasmania, on filtered
samples. For interlaboratory comparisons some bicarbonate analyses during
1979 and early 1980, along with cation analyses during February/March 1981,
were duplicated, with determinations made at both the University of Tasmania
and the Jabiru laboratory of the Office of the Supervising Scientist.
Samples distined for nutrient analysis were partitioned immediately into
six sub-samples in sealable, sterilized, polyethylene bags (trade-name
"Whirl-paks") and immediately placed on ice until return to the Jabiru
laboratory, when they were deep-frozen. The analyses were carried out by
the Nutrient Analysis Laboratory of the Botany Department, University of
Western Australia. An index of all the chemical parameters measured, and

A delwide
the methods employed in Jabiru, Hobart,and Perth, appears in Table 2.1.

In the tables of results (Appendix I) major ion analyses are reported
as mg1']. Ionic orders of dominance are determined from relative ionic
proportions (uegq%), where each ion is expressed as a percentage of the total
microequivalents of cations and anions respectively. Graphical representa-
tion is by means of ternary diagrams (adapted from Hem 1970), which present
the relative ionic proportions. In the diagrams each corner of an equi-

lateral triangle represents 100% of a given ion. Actual percentages of any
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an
jon in a sample are measured along with perpendicular from the opposite

side (Fig. 2.1-1), Since potassium is present in most natural waters in
very low refative and absolute amounts, it is frequently ignored in ternary
diagrams. Here it is combined with the dominant monovalent cation, sodium.
Carbonate is usually represented in combination with bicarbonate in ternary
diagrams, as in an alternative graphical procedure, the Maucha diagram
(Maucha 1982)., Since pH values of the billabongs were always less than 8.3,
carbonates would not be present, as dictated by pH-dependent equilibrium
reactions. Two convenient reference points are seawater proportions, and
those of World Average Freshwater (Bayly and Williams 1973). The ‘ternary
diagram simplifies discussion of chemical events, and chemical behaviour of
a billabong during a season can be spoken of, teleologically, in terms of
the movement of a point, the ionic proportions of that billabong, about

the diagram.

For the examination of the shallow, groundwater table around Jabiluka
billabong, boreholes were sunk by hand-operated auger to 1.5-2 metre depth.
They were then cased with perforated 60 mm plastic piping, wrapped in 3
layers of 1 mm nylon monofilament mesh, with a thin screen of blue metal
shielding the casing from the sides of the borehole (Fig. 2.2). The height
of each cased borehole relative to the zero level on the gaugeboard at

Gauging Station 821017 was then determined by theodolite.
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3. RESULTS -~ MAJOR IONS AND 'GLOBAL' PROPERTIES
3.1 Preamble

A number of authors have considered the natural events which determine
the chemical nature of running and standing bodies of freshwater (Curry
1972; Truesdale 1974; Gorham 1961; Rodhe 1949).

Gorham (1961) considered that five principal environmental factors -
climate, geology, topography, biota and time - interact to determine ionic
composition and concentration of inland waters. Gibbs {1970) proposed
that the factors influencing world water chemistry could be reduced to
three mechanisms. First, ions are supplied from the atmosphere in the
form of dry precipitation, or rain. Gibbs (1970) termed this type of water
a 'precipitation dominance end member', dominated by sodium chloride.
Second, contact with soluble rocks leads to accretion of mineral substances
such that total ionic concentrations increase and alkaline earth bicarbon-
ates become ddminant. This process leads to the 'rock deminance end

member',  The third process operates only in arid regions where evaporation

leads to high ionic concentrations and a preferential salting-out of divalent

cations and carbonate§’1eaving a hypersaline water dominated by sodium
chloride, the 'evaporatiog/crysta]]ization end membher'.

Except in arid parts of the world, where evaporation/crystallization
procesgftake place, the ionic nature of surface waters will depend primarily
on the extent to which rock contact modifies the chemical composition of
rainwater. In the absence of any lithological modification, water chemistry
is akin to dilute seawater, and this is a common experience in maritime
areas where surface waters are isolated from rock contact by peats (Gorham
and<:r037(1960; Tyler 1974), or where rocks are siliceous and inert, or
when runoff is rapid, minimising rock contact.

The effects of rock contact, in modifying the chemical nature of sur-

face water, are clearly evident in limestone or dolomite areas. Waters then

“le\..,\ “d.pts ol kacslade & He. Ranch . Th celecs 4o u\hﬂuvhm.. p(q:vu'ﬁ.g.:

soch ag pH a~sd elecdAcwanl co-—d&c-‘-wsks yay oppelcs o sprc b cha.cacdecishes
] \
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assume the composition of the so-called "World Average Freshwater", the
mean composition of the world's rivers or lakes (Conway 1942; Livingstone
1963, Roc‘$g1949). The composition of the ‘'precipitation dominance end
member' (seawater) and that of the 'rock dominance end member' (World
Average Freshwater) are taken as convenient reference points on Ternary
diagrams, against which the composition of natural inland waters can be

compared.
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3.2 Interlaboratory comparisons.

There was good agreement between cation determinations made in the
Hobart and Jabiru laboratories (Table 3.2-1). The maximum discrepancy was
of the order of 15% of the higher value. The interlaboratory comparison
was made with samples collected during February/March 1981, on very dilute

waters with conductivities lower than 30uScm'].

At such low ionic concen-
trations percentage analysis error would be expected to be maximal. 1In
general the agreement between the two laboratories' analyses was better for
the monovalent than the divalent cations. Hobart analyses always indicated
lower concentrations for all cations, particularly calcium. An United
States Environmental Protection Agency standard, of much higher total ionic
strength, was used as a further check on analytical accuracy. Excellent
agreement, within 3% of the reported value for all 4 cations, was obtained
by both laboratories (Table 3.2-2). This comparison suggests that the
Hobart method for calcium may give a slight underestimate. Analytical dif-
ferences of the magnitude indicated by the interlaboratory comparisons are
trivial, and inconsequential in the interpretation of billabong water
chemistry.

Of the anions routinely determined, only bicarbonate analyses were
subject to interlaboratory comparisons. Analyses in Jabiru were made on
unfiltered, refrigerated samples soon after collection from the billabongs,
whereas the delay until analysis of filtered samples in Hobart could be
several months. Bicarbonate analyses began in Jabiru in July 1979 and
continued until early June 1980, when equipment failure and increased work-
load forced a premature halt.

Probably because of adjustments within the carbonate-bicarbonate-
carbonic acid equilibrium system during transit and storage, the Hobart
values for bicarbonate usually differed from those determined at Jabiru.

Rarely, Hobart values were slightly higher than those from Jabiru. Generally,

the Hobart results were underestimates by about 20% (Table 3.2-3).



Table 3.2-1 Comparison of analyses of filtered water samples carried out
by B. Noller, 0SS Jabiru and by Botany Dept., University of
Tasmania. Results are in mg1'1.

Na K Mg Ca

Sample Site Date 0SS Tas. 0SS Tas. 0SS Tas. 0SS Tas.
Umbungbung 21/1/81  1.81 1.80 0.66 0.52 1.40 1.18 1.26 1.14
Bowerbird 27/1/81  1.08 1.00 0.11 0.20 0.28 0.23 0.10 0.1
Nankeen 9/2/81  1.33 1.25 0.35 0.32 0.66 0.59 0.45 0.49
Leichhardt 9/2/81  1.39 1.13 0.48 0.48 0.67 0.56 0.48 0.48
Ja Ja 9/2/81  1.22 1.18 0.38 0.32 0.62 0.51 0.44 0.37
Mine Valley 9/2/81  1.40 1.29 0.43 0.32 0.61 0.52 0.45 0.36
Goanna 12/2/81  1.41 1.31 0.61 0.48 0.62 0.51 0.72 0.47
Gulungu] 17/2/81 1.66 1.15 0.60 0.36 0.48 0.46 0.32 0.40
65009 18/2/81  1.15 0.98 0.16 0.20 0.45 0.40 0.29 0.22
Corndor] 18/2/81  1.39 1.37 0.55 0.44 0.63 0.47 0.65 0.47
Corndor 18/2/81  1.29 1.29 0.51 0.36 0.68 0.50 0.67 0.49
Nimbawah 19/2/81  2.83 2.74 0.54 0.48 1.47 1.31 1.24 0.92
Murganella 19/2/81  2.71 2.56 0.70 0.60 1.33 1.13 1.59 1.36
Umbungbung 20/2/81  1.59 1.46 0.21 0.20 1.05 0.83 0.97 0.73
Noarlanga 20/2/81  1.61% 0.94 0.66* 0.12 0.50 0.52 0.44 0.36
Jingalla 24/2/81  1.84 1.68 0.36 0.32 0.71 0.62 0.57 0.56
Kulukuluku 24/2/81  1.24 0.97 0.28 0.32 0.62 0.53 0.53 0.4
Goanna 16/3/81  2.08 2.03 0.57 0.56 0.66 0.58 0.77 0.53
Gulungu] 17/3/81  1.50 1.45 0.29 0.28 0.61 0.50 0.45 0.37
Jabiluka 18/3/81  0.70 0.75 0.32 0.32 0.42 0.32 0.30 0.22
Mid-Magela ~ 18/3/81  1.83 1.84 0.65 0.64 0.40 0.38 0.26 0.22
Leichhardt 18/3/81  1.01 1.09 0.65 0.60 0.49 0.39 0.45 0.31
Mine Valley  18/3/81  0.74 0.77 0.27 0.28 0.40 0.31 0.28 0.27
Nankeen 18/3/81 0.72 0.72 0.33 0.32 0.4 0.31 0.31 0.27
Murganella 18/3/81  2.25 2.17 0.66 0.60 0.91 0.73 0.91 0.77
Nimbawah 18/3/81  2.33 2.21 0.44 0.36 1.00 0.89 0.78 0.64
Noarlanga 20/2/81  1.06 1.03 0.26 0.24 0.63 0.56 0.49 0.46
Georgetown 23/3/81  1.65 1.56 0.44 0.40 1.71 1.49 0.72 0.62

* These values appear unduly high considering that there was good agree-
ment for the divalent cations in this sample and that there was good
agreement for all cations for a sample taken 4 days later at downstream
Kulukuluku.




Table 3.2-2 Comparison of analyses of United States Environmental
Protection Agency (EPA) Mineral Reference # 1 (No. 871)
carried out by B. Noller, 0SS Jabiru and by Botany
Department, University of Tasmania.

Analysis, mg]"l % Discrepancy from EPA value
for 0SS Tas. EPA 0SS Tas.
Na 8.50 8.46 8.20 +4 +3
K 1.57 1.64 1.60 -2 +3
Ca 9.02 8.70 9.00 0 -3
Mg 2.30 2.06 2.10 +10 -2
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Table 3.2-3 Comparison of bicarbonate analyses (ueql'l) carried on the
same samples by Jabiru and Hobart laboratories.
Season
Billabong
Mid-Wet Mid-Dry Late-Dry

Jabiru  Hobart Jabiru Hobart Jabiru Hobart
Bowerbird 123 66 160 102 152 93
Georgetown 201 152 196 188 79 46
Gulungul 98 98 280 232 49 0
Goanna 112 106 336 248 395 356
Mudginberri 90 70 132 126 130 124
Island 79 94 300 110 A 67
Ja Ja 66 66 - 0 106 28
Mine Valley 88 60 310 154 75 53
Leichhardt 74 74 320 247 293 82
Jabiluka 73 62 210 133 68 56
Nankeen 76 80 149 138 139 70
Noarlanga 74 62 240 160 190 -
Umbungbung 110 90 344 332 842 88
Kulukuluku 103 100 .- 182 219 180
Red Lily 628 688 1130 1080 2407 2336
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Occasionally, Hobart values were as low as 30% of Jabiru results and on a
few occasions bicarbonate concentrations fell to zero between Jabiru and
Hobart. This inadequacy of bicarbonate analyses is no serious handicap for,
though the magnitude of bicarbonate may not be correct, it is clear (Fig.
3.2-1) that it does not substantially alter perception of seasonal events

in anionic behaviour. Significantly, the serious underestimates of bi-
carbonate occurred at times near maximum ionic concentration when bicarbon-
ate, determined at Jabiru, constituted only small proportions of total
anionic concentration.

The anomalies in bicarbonate analysis are not surprising considering
the dilute nature of most billabong waters. Not only are the absolute
concentrations of bicarbonate lTow but, consequently, so is the buffering
capacity of the carbonate-bicarbonate-carbonic acid system. The latter
is evident from the difficulty which attends measurement of pH in these
waters.

Under these circumstances, bicarbonate is a labile ion and such caprice
is to be expected. In contrast, the strongly buffered, bicarbonate waters
of Red Lily billabong (Table 3.2-3) suffered little or no change during

storage.

3.3 Temporal characteristics*

During February, at the height of the YWet, with the creeks and rivers
in spate and floodplains inundated by as much as 2 metres of water, billa-
bong chemistry appeared to resemble closely that of the major inflows, as
- represented by Mudginberri for the Magela, Noarlanga for the Nourlangie and
Nimbawah for Coopers Creek (Fig. 3.3-1). In general, the waters were
characterised by low conductivities, below 20pScm-], and pH's of 6.4-7.0,
with cationic dominance orders of Na>Mg>Ca>K and anionic dominance of HC03>

>C1>50, (Table 3.3-1). These sodium bicarbonate waters plot in a bunch on

s

* 1980 was chosen for consideration of temporal characteristics because
information was most complete for that year.
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Table 3.3-1 Some chemical characteristics of billabongs in February 1980.
Cation Anion
Billabong K25 pH dominance dominance
order order

Bowerbird 17 6.4 2. 1.
Georgetown 21 6.8 3. 1.
Gulungul 16 6.5 la 1.
Mudginberri 15 6.4 la 1.
Island 19 6.5 la 1.
Ja Ja 13 6.2 la 1.
Mine Valley 12 6.0 la 1.
Leichhardt 16 6.4 la 1.
Jabiluka 14 6.1 la 1.
Nankeen 15 6.4 4. 1.
Umbungbung 17 6.6 3. 1.
Noarlanga 13 6.2 1b 1.
Kulukuluku* 15 - 1b -
Jingalla 20 6.4 la 1.
Nimbawah* 38 6.5 la -
Murganella* 36 6.8 la -
Red Lily 71 7.3 4, 1.

Cation dominance

2,
3.
4.

orders

. a) Na>Mg>Ca>K
b) Na = Mg>Ca>K

Na>Mg>K>Ca
Mg>Na>Ca>K
Ca>Mg = Na>K

* These data are for February 1981.

Anion dominance
orders

1.

HCO

3

>C1>SO4
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the ternary diagrams (Fig. 3.3-1), somewhat displaced from seawater
proportions. As is not unusual (Buckney and Tyler 1973) anionic proportions
were more dispersed than corresponding cation proportions. Very similar
chemical attributes for the Magela, Nourlangie and Coopers drainage basins
were indicated.

A number of exceptions did occur (Table 3.3-1), notably the backflow
billabongs Georgetown and Umbungbung, and Red Lily and Jingalla. The back-
flow billabongs received inputs from their own catchments as well as that
from the main creek, with inflow from the latter source intermittent,
dependent on the vagaries of the backflow condition (see Walker, Waterhouse
& Tyler 1982). Consequently, these billabongs are likely to display a blend
of chemical characteristics intermediate between that from their own catch-
ments and that of the main watercourse. Unfortunately, no data on ionic
composition of Georgetown Creek, nor for the runoff into Umbungbung, is
available., However, the apparent effect of such runoff was to emphasize the
dominance of bicarbonate in both and to promote magnesium as the dominant
cation.

Red Lily is unique among the waterbodies studied, in being dominated
by calcium bicarbonate during the Wet. In addition to receiving floodwaters
of unknown composition from the East Alligator River, this billabong receives
runoff from a number of escarpment outliers.

The prevailing condition of the Wet, then, is for most billabongs to
be dominated by sodium bicarbonate.

By July, the mid-point of the Dry, the comparative homogeneity, which
had characterised Wet season ionic character, had disappeared. Conductivities
now ranged from 17 to 145u5cm'], and pH's varied between 5.8 and 7.1 (Table
3.3-2). The ternary diagrams for July (Fig. 3.3-2) reveal that two opposing
shifts in cationic proportions had occurred since the Wet, one a shift towards
greater monovalent dominance, the other towards magnesium, separating the

billabongs into two distinct groupings. The channel billabongs (Bowerbird,



Table 3.3-2 Some chemical characteristics of billabongs in July 1980.
Cation Anion
Billabong K25 pH dominance dominance
order order
Bowerbird 17 5.8 3. 1.
Georgetown 38 6.2 la 1.
Gulungul 45 7.0 2b 1.
Mudginberri 23 6.1 la 1.
Island 30 5.9 la 2b
Ja Ja 53 5.7 2b 3.
Mine Valley 81 5.9 2a 2c
Leichhardt 110 6.8 2a 2c
Jabiluka 66 6.7 2b 2a
Nankeen 107 6.6 2b 2a
Umbungbung 64 6.6 2b 1.
Noarlanga 25 6.9 3. 1
Kulukuluku 37 6.5 1b 1
Jingalla 145 6.8 la 2a
Nimbawah - - - -
Murganella - - - -
Red Lily 178 7.5 lc 1.

Cation dominance Anion dominance
orders orders

1.a) Na>Mg>Ca>K 1. HC03>C1>SO4
b) Na = Mg>Ca>K 2.a) C1>HC03>304

c) Na = Mg = CA>K b) C1 = HC03>SO4
2.a) Na>Mg>K>Ca c) C1>HC03 = SO4
b) Na>Mg>K = Ca 3. C1>SO4>HC03

3. Mg>Na>Ca>K
4. Mg>Na>K>Ca
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Table 3.3-3 Some chemical characteristics of billabongs in October/
November 1980.

Cation - Anion
Billabong K25 pH dominance dominance
order order
Bowerbird 18 5.9 3. .
Georgetown 52 5.7 la 3.
Gulungul 83 5.9 2b 3.
Mudginberri 27 6.0 la 1.
Island 48 5.3 1b 2a
Ja Ja 165 4.3 2a 2b
Mine Valley 630 3.7 1b 2a
Leichhardt 188 5.4 2a 2a
Jabiluka 174 4.1 1b 2a
Nankeen 255 4.2 la 2a
Umbungbung 303 4.3 5. 2a
Noarlanga 30 6.0 3. 3.
Kulukuluku 70 6.0 la 3.
Jingalla 2600 7.45 la 2a
Nimbawah 70 6.5 la 1.
Murganella 86 6.4 la 1.
Red Lily 233 7.1 1c 1.
Cation dominance Anion dominance
orders orders
1.a) Na>Mg>Ca>K 1. HCO3>C1>SO4
b) Na>Mg>Ca = K 2.a) C1>50,>HC04
c) Na>Mg = Ca>K b) C1 = 50,>HCO4
2.a) Na>Mg>K>Ca 3. C]>HC03>SO4
b) Na>Mg = K>Ca

3. Mg>Na>Ca>K
4, Mg>Na>K>Ca
5. Na>K>Mg>Ca



Mudginberri, Island, Noarlanga and Kulukuluku), with conductivities rang-

1

ing from 17 to 37uScm™ ', had more or less equimolecular proportions of Na

and Mg. By contrast, in the backflow and floodplain billabongs, with a

! and, especially, Goanna, the ionic order

conductivity range of 238-145uScm”
was Na>>Mg. As in the Wet, Red Lily was individualistic, being dominated by
Ca.

As with the cations, changes in anionic proportions resulted in two
major groupings (Table 3.3-2; Fig. 3.3-2). However, whereas for the cations
backflow and floodplain billabongs were allied, and channel billabongs
separate, here it is the floodplain billabongs which have become isolated
by a migration towards chloride.

By the late Dry (October/November) the billabongs displayed a wide
range of chemical composition (Fig. 3.3-3). Conductivities ranged from 18
to 2600uScm'] and pH values spanned 3.8 units (Table 3.3-3). With the
cations, it is still possible to recognize the two groupings of the mid-Dry,
backflow and floodplain billabongs on the one hand, and channel billabongs
on the other. Anionic proportions are very scattered but, in contrast to
the Wet when HCO3 was the dominant anion, most billabongs are now Cl
dominated. Sulphate, always the least anion in the Wet, has assumed
dominance over HCO3 in several billabongs by the end of the Dry (Table
3.3-3).

It is apparent, then, that with few exceptions, the height of the Wet
was characterised by a common water chemistry, dominated by NaHCO3. By
the late Dry, in contrast, an impressive array of ionic concentration and
composition occurred in the billabongs. Despite this heterogeneity the
billabongs can be grouped according to their changes in ionic composition
during the Dry. Some change very little. Most become sodium chloride
dominated, and of these, some have significant increases in sulphate. Again,
Red Lily is unique. The groupings resulting from these seasonal changes,

shown in relation to the traditional classification (Table 3.3-4), form the




TABLE 3.3-4 A chemical basis for classification of billabongs
Chemical grouping Tradjtjona} Billabong Generalised characteristics
classification
Sodium/magnesium  Channel Mudginberri Maintain ionic composition
bicarbonate Noarlanga of Wet throughout the year.
Nimbawah K]8<80uScm'] (all year)
Murganella 5.8<pH<6.5 (late Dry)
"/Escarpment Bowerbird
rockpool
Sodium chloride Channel Buffalo Progression during Dry
"/Floodplain Kulukuluku  toward sw] composition
"/Backf low Goanna 30<K]8<550u5cm*] (1ate Dry)
Backf low Georgetown 4.0<pH<6.0 (late Dry)
Coonjimba
Gulungul
Corndorl
Umbungbung
Floodplain ‘E)QQPLL%;I)
Leichhardt
Sulphate Channel/
Floodplain Island Strong selective concentra-
Floodplain Ja Ja tion of SO4 in ad?ition to
Mine Valley progression to SW during
Jabiluka Dry.
Nankeen 50<K18<1000u5cm'] "1ate Dry)
3.5<pH<E . E [late Dry)
Calcium bicarbonate Floodplain Red Lily WAFWZ corposition in Wet,

proaression toward sw‘ in

Dry.

K]8>50u5cm"] (Wet)
200<K | g<350uScm™ ' (1ate Dry)
pH>7.0 virtually at all time.

Toy =
2

Seawater
WAFW = World Average Freshwater
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basis for the presentation of a more complete water chemistry of the

billabongs (below).

3.4 Sodium/magnesium bicarbonate billabongs

This group is made up of the channel billabongs from all three creek
systems (with the exception of Buffalo), and Bowerbird, a channel/rock pool
billabong. The distinguishing feature is that they predominately maintain
the ionic composition of the Wet (Figs. 3.4 1-5). Thus, the approximately
equimolar proportions of Na and Mg, together with the predominance of bi-
carbonate, were not only characteristic of the Wet (see Section 3.3), but
also of the Dry. The scatter of anionic proportions was usually greater
than that for cations. A few renegades were displaced from the main group-
ing. Some of these have explanations, some do not. For the three Magela
and Nourlangie billabongs in this group - Bowerbird, Mudginberri and
Noarlanga - conductivity values during the year generally ranged from 15 to

3.4.6 %10
! (Figs. 3+4=6=8), whilst for two Coopers Creek channel billabongs,

30uScm”
Nimbawah and Murganella, much smaller in size and volume than the three
discussed above, conductivity could rise by 50uScm'] (Figs. 3.4;;;;6).
These conductivity rises were small by comparison to those experienced in
almost all other billabongs. In all the billabongs of this group, pH
fluctuations were slight (Figs. 3.4¢6-10). A slight downward trend in pH
was evident for Bowerbird, Mudginberri and Noarlanga.

Bowerbird, near the headwaters of the Magela, appeared to experience
a shift towards Mg dominance as the Dry progressed (Fig. éﬁ:%:;). This is
probably caused by the persistent inflow maintained throughout the Dry by
perennial springs. As surface water runoff declined after the Wet, spring
water would increasingly determine inflow chemistry, thus enhancing geo-
chemical influences which generally favour divalent rather than monovalent

cationic dominance.

Mudginberri and Noarlanga were very similar to one another in their
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water chemistry (Figs. 3.4L3§%). The few exceptions to their 'normal’
ionic composition came during the rainy months, when seawater-type ionic
compositions could occur fleetingly (e.g. Mudginberri on 2/3/79, 17/12/80;
Noarlanga on 11/12/79). It was also apparent that the billabong waters in
the mid-Wet contained proportionally more SO4 than during the late Wet and
Wet/Dry interchange.

The 1imited data for Nimbawah and Murganella suggests that there is
very little ordered change in equivalent proportions of the various ions
throughout the year, despite some Dry season rises in conductivity.

The overall impression of these billabongs is one of chemical stability
once the first flush of the Wet has receded. Ionic composition, pH and
solute concentrations show little seasonal change. That they remain so
dilute and unchanging is probably related to their similar morphometry. Al1l
are long, narrow channel billabongs, protected by trees, and with comparativ-
ely low surface to volume ratios. All these features are likely to reduce
evaporation and the concentration which most other billabongs experience.
The observed large drops in water level of Mudginberri and Noarlanga in
the early Dry result principally from outflow, not evaporation. Since water
chemistry of the billabongs scarcely changes, it is assumed that any in-
coming groundwater from sandy aquifers would also have retained Wet season

chemistry.

3.5 Sodium chloride billabongs

This group, containing all but one (Corndorl) of the backflow billa-
bongs (Georgetown, Coonjimba, Gulungul, Umbungbung), three floodplain
billabongs (Leichhardt, Woolwonga and Jingalla), and Buffalo and Kulukuluku,
was distinguished by the marked progression of their ionic chemistry toward
seawater composition. Buffalo would belong with the other channel billa-
bongs were it not for a distinct progression towards chloride during the

ol
Dry (Fig. 3.54).
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Apart from Jingalla, conductivities exhibited by this group of billa-
bongs in the late Dry ranged from 30-520uScm'1 (Figs. 3.5:;:;;;. The highest
values were recorded in the two backflow billabongs, Umbungbung and Sulungul,
which, by virtue of the intense evaporation and high surface area to volume
ratios, may all but dry up during prolonged dry seasons. The lowest conduct-
jvity during the Dry was for Kulukuluku, which is transitional between a
channel and a floodplain billabong. Jingalla, where conductivities rose to
2600uScm’] during the 1980 Dry, is reputed to receive saline inflows from
either spring tides in the South Alligator estuary, or groundwater seepage
from shallow, seawater-contaminated aquifers. In this group of billabongs,
pH values generally declined over the Dry (Figs. 3.5;1:2), some to as Tow
as 4.0 (e.g. Gulungul).

Increases in electrical conducti?ity must be expected in all billabongs
where evaporative concentration®s occurs during the Dry, with consequent
increases of ionic concentrations. Table 3.5-1 shows that it is sodium and
chloride, and in some instances sulphate*, which concentrate at the greatest
rate, relative to increases in conductivity. This observation is consistent
with the change to sodium chloride dominance through the Dry.

Gulungul in 1978 (Fig. 3.5, k) was, apparently, a rare case, when both
cation and anion progression was uninterrupted, and seawater proportions
were attained. More often, the changes to sodium chloride dominance were
seasonal trends rather than continuous, month by month events. Sometimes
the seawater position for cations was overshot E?%gs. 3.5-3}6ﬂ“0, giving
monovalent:divalent ratios higher than that for seawater.

Following the first rains, at the Dry-Wet interchange, a reversal of
the trend to sodium dominance was evident in some backflow billabongs (Fig.

3.5¢5-7 ), Since at that time they were very shallow remnants, the influence

of relatively large inflows of local runoff is not surprising. The seasonal

* (Table 3.5-1 includes all billabongs in the sodium chloride group plus
those in which sulphate hecomes important (see below)).



Table 3.5-1. Rate of increase

vl
1

, during the 1980 Dry, of concentration of

major ions (ueql'l) relative to changes in electrical
2

conductivity for billabongs in the conductivity range 30" -
3003uScm'1. calculated from regression of conductivity upon
each ion.
o
A_ion
Ion -jﬁ?-~ r n
25

Na 4,83 0.9409 - 98

K 0.84 0.8845 98

Ca 0.93 0.7664 98

Mg 1.15 0.7825 98

~

SO4 4,96 0.6200 98

C1 6.25 0.9505 98

1 Since HCO3 may fall to zero during the Dry, it could not be included
in this analysis.

2 Dry season K25 values less than 30uScm'1 were characteristic of the
sodium bicarbonate billabongs, in which composition and concentration
change 1ittle. These billabongs have been excluded.

3 Since 95% of dry season conductivities were below 300pScm'1, for

statistical reasons the few samples with K25 values >300 were excluded

from the analysis. The unique Red Lily was also excluded.
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cycle for all billabongs is completed when floodwaters enter, dramatically
reducing the conductivity (Fig. 3.5~1-1%) and restoring the sodium bi-

carbonate proportions of the Wet.

3.6 Sulphate billabongs

This group is comprised of one backflow billabong (Corndorl), four
floodplain billabongs (Ja Ja, Mine Valley, Jabiluka and Nankeen), and
Island, which in many of its characteristics is intermediate between
channel and floodplain categories. In these billabongs (except Island),
there is the same trend as in the sodium chloride grouping, to sodium
chloride dominance, as the Dry progresses but, in addition, there is a
strong selective concentration of sulphate (Figs. 3.6ed-5; Table 3.6-1).

In a few cases, just prior to the first floods of the Wet, sulphate may
even displace chloride as the dominant anion (e.g. Island 8/12/80; Ja Ja
5/1/80; Mine Valley 8/1/80, 10/12/80 - see Figs. 3.6s 1,3,4 ).

At the Wet/Dry interchange, water chemistry of these billabongs is
similar to that of all others, with pH values near neutrality, low con-
ductivities (<30uScm°]) and sodium bicarbonate dominance. In the flood-
plain billabongs and in Corndor1 there follows a progressive sharp rise in
conductivity, accompanied by a drop in pH of 2 units or more (Fig. 3.6:2:13).
The very low pH values are characteristic of the floodplain billabongs in
the latter part of the Dry. The fall in pH was less in 1978 than in succes-
sive years. It appears that the low pH values and the concentration of
sulphate are in some way related. At approximately the time when pH falls,

3 1

sulphate begins to concentrate. In all cases where SO4 exceeded 10°ueql” ',

pH's approximated, or fell below, 4.0 (e.g. Ja Ja 5/1/80; Mine Valley
13/12/79, 25/9-10/12/80).

Abruptly, early in the Wet, floodwaters restore sodium bicarbonate

dominance, reduce the conductjvity to <30uScm'], and bring the pH back to
- 340
near neutrality (Figs. 3.63433).

Island billabong displays much the same seasonal trends of pH and
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Table 3.6-1 Rate of increase of concentration of Na, C1 and SO4

jons ueq]'l) relative to changes in electrical

by
conductivity for sulphate group'b111abongs in the
conductivity range 30-300uScm'1, calculated from

regression of conductivity upon each ion.

Ion A Ion r n
N:ZS

Na 4,92 0.9654 32

C1 6.03 0.9634 32

50, 3.37 0.9741

SO4 3.53 0.7012 32

1 Only those results where anion Ternary diagrams indicated movement

towards sulphate were included in this regression.

aF
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conductivity (Fig. 3.6:;5) but with much smaller amplitude. Based on the
magnitude of these changes, Island belongs more with the channel billabongs,
and indeed it does not show the progression to Na or C1 dominance. How-
ever, consistent with a character intermediate between channel and flood-
plain billabongs, it consistently shows an increase in sulphate through

the Dry (Fig. 3.61g).

Sulphate does not figure priminently in most inland waters, the
majority of which tend to World Average Freshwater. Where sulphate is
present in significant quantities it commonly comes from oxidation of
pyrite (Hutchinson 1957), a mineral which is a feature of the geology of
the Alligator Rivers Region (Pancontinental Mining Limited 1981).

The weathering of pyrite, iron sulphide, proceeds as follows

4 FeS, + 150, + 2H,0 + 2 Fe2(504)3 + 2H,50,

The production of H2504 in this reaction is a likely explanation for the
low pH values (often <4), coincident with relatively high sulphate levels,
witnessed in the floodplain billabongs at the end of the Dry. The other
common cause of low pH in natural waters is high concentrations of humic
materials (gilvin), and this has been claimed for the Magela region (Fox
1977). However, gilvin values for the Region are considerably lower
(Walker, Kirk & Tyler 1982) than those usually associated with low pH.
Further, natural gilvin concentrations considerably higher than those
found in the billabongs do not depress pH below 4.5 (King & Tyler 1981a, b;
1982; Rai & Hill 1981).

The increase in sulphate in the floodplain billabongs is considerable

-1 on 25/9/80 to 1310peql”)

(e.g. Mine Valley, 22ueql on 25/9/80, prior to
the first rains). Though accurate measurements of evaporative concentra-
tion rates are unavailable, an external source of sulphate appears probable.
The most likely one is the influx of groundwater, introducing sulphates

and sulphuric acid from the weathering of pyritic minerals in the catchment.

Brown (1979) showed that, late in the Dry, the waters of Mine Valley
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billabong bore close resemblance to the acid, sulphate-rich, iron-bearing
groundwater nearby, and also showed the 1ikelihood of groundwater inflow
during the latter part of the Dry. Pancontinental Mining Limited (1981)
suggest that the other floodplain billabongs of this group are similarly
influenced, and also that groundwater in the vicinity of Island is
sulphate-enriched.

As with some billabongs in the NaCl group, the trend to increasing
dominance of the monovalent cations may be reversed during the late Dry.
Since such reversals in the sulphate billabongs may begin as early as late
August (e.g. Corndorl) it is probable that groundwater changed cationic
trends as well as introducing sulphate. Later, during the first rains,
runoff may be significant in this regard.

In some years, at least some of the floodplain billabongs, including
Leichardt, experience a sudden and dramatic increase in sulphate, with an
equally sudden decrease in pH, both coincident with the heavy thunderstorms
of the Dry/Wet interchange (Table 3.6-2 - Leichardt 18/12/78; Ja Ja 5/1/80)
or with the first gentle influx of floodwater (Table 3.6-2 - Leicﬁgrdt
10/1/80). This radical water chemistry is short lived, lasting only until
the first major flood of the Wet (Table 3.6-2). Pancontinental Mining
Limited (1981) sampled Ja Ja at frequent intervals during one of these
unusual happenings, alerted to some untoward event by a major fish kill on
3/1/80. Fish deaths had also been recorded in Leichardt in 1978 (Table
3.6-2). Oxygen concentrations in Ja Ja and Leichardt on these occasions
were higher than many in which fish in these and other billabongs survive,
so that death must be attributed to some other factor of the changed
chemistry. Pancontinental Mining Limited (1981) found that the runoff into
Ja Ja on 3/1/80 was sulphate-rich and very acidic, and sought explanation
in the crystalline crust which forms on the black soils of the floodplain.
When dissolved in billabong water, this crust had the same effect as the

runoff had had on 3/1/80. Pancontinental Mining Limited (1981) suggest that
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Table 3.6-2 Some chemical characteristics of selected floodplain billabongs
at the Dry/Wet interchange {DW) and during the early Wet (W), with
ranges of values for preceding or following Dry (D), for comparison.
Leichhardt Ja Ja
4-11/78 18/12/78 17/1/78 3-11/79 8/1/80 10/1/80 22/2/80| 5-10/79 5/1/80 10/1/80 26/2/80
(D) (DW) (W) (D) (OW) (DW) (W) (D) (OW) (W) (W)
KZS (uScm'l) 20-140 184 19 15-137 160 113 12 32-117 450 31 13
pH 6.2-7.0 4.3 6.5 6.5-7.1 6.3 4.3 6.0 6.6-5.0 3.2 5.8 6.2
S0, (req1"1) 0-120 770 23 2-157 220 879 23 30-273 1228 115 30
Fish ki11? - Yes - - - No - - Yes - -

8L
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the crust comes from groundwater which seeps to the surface and evaporates,
and identified aluminium as a possible toxic constituent. This sudden change
in water chemistry, while involving sulphate, should be distinguished from
the regular seasonal accretion of sulphate in the sulphate group of billa-
bongs. In the latter case, gradual influx of groundwater is envisaged, in
the former, a sudden influx of mineral-rich water from surface runoff,

which may or may not occur in a given year. When it does occur, it may
affect a billabong such as Leichardt, which normally does not witness a

seasonal increase in sulphate.

3.7 Calcium bicarbonate billabongs

Red Lily was the only billabong in this group, and the only billabong
ever to approach World Average Freshwater in ionic proportions for both
cations and anions (Fig. 3.7-1).

Red Lily receives water from both the East Alligator River, and a local
catchment including a number of escarpment outliers, one of which forms part
of the southern bank of the billabong. The composition of neither inflow
is known, but whatever it may be, in the middle Wet the billabong differs
from all others investigated in being unequivocally calcium bicarbonate
dominated. Solute concentration (indicated by conductivity - Fig. 3.7-2)
was three times the Wet season values for the Magela. Contact with lime-
stone is suspected.

In common with floodplain and backflow billabongs, conductivity values
rose steeply during the Dry. In contrast, pH scarcely varied through the
year, and, unlike other billabongs, was always above 7.0 (Fig. 3.7-2). This
is probably a reflection of the strong bicarbonate dominance throughout the
year. However, though bicarbonate remained dominant, there was a trend
towards chloride through the Dry, matched by a trend from calcium towards
sodium (Fig. 3.7-1). In this, Red Lily shows the same seasonal traits as
all but the channel billabongs, but differs in the initial preponderance of

calcium, and its retention of bicarbonate dominance. Surprisingly, calcium
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did not concentrate during the Dry, but fluctuated capriciously about

SOOueql'] until late in the Dry when it dropped to 120ueq1'].

The latter
event may have been caused by photosynthetic precipitation of CaCO3 at the
time of maximum macrophyte biomass (Walker, Waterhouse & Tyler 1982) in

the billabong.

3.8 Electrical conductivity and ionic solutes

The electrical conductivity of natural waters provides a rapid,

vicarious measure of salinity. For samples from all billabongs during

1980, in the conductivity range Kog = 30-300uScm'1

» the following
relationships were found.

1

2.06 (Z+ + I') - 9.66 (mg1™", r = 0.9399, n = 113)

]

Kos

Kpg = 0.07 (zt + ) - 4.6a (meq1™', r = 0.9800, n = 113)

Values outside this range were excluded for statistical reasons (see

Table 3.5-1).
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4. RESULTS - INFLUENCE OF GROUNDWATER

Enrichment of the floodplain billabongs with sulphate, during the
latter half of the Dry, suggested influx of a sulphate-rich groundwater.
Pancontinental Mining Limited (1981) reported sulphate-rich groundwater
near several billabongs, and suspected that it affected billabong
chemistry. For this reason, the possibility of groundwater influence
on Jabiluka was investigated. The usual method for obtaining groundwater
- surface water interactions, that of siting observation bores near the
shores and measuring the distribution of hydraulic head and permeability
(Lee 1977), was adopted. An attempt was made to identify possible surface
aquifers feeding Jabiluka. Ten bores were established (Fig. 4.1) early
in November 1980, in addition to those of Pancontinental Mining Limited
which were also monitored.

Whilst establishing the boreholes, large differences in soil type
at different points on the shoreline were noted. Table 4.1 shows that
most sites had clays, of various colours and textures, extending through-
out the profile. Bores 8-10, at the southern end, had a highly organic
layer below 1.5 m. The layer in bore 10 contained large pieces of wood.
Hart (pers. comm.) also found intact wood, at a similar depth, on the
floodplain between Mudginberri and Island. At the north-east end of the
billabong there were sandy soils. At bore 1, pure sand overlay a
comparatively dry, brown-grey clay. Further south (bores 2-4) a few
centimetres of brown, sandy soil overlay a light grey sand-clay mixture.

The 1ithology of the bores appeared to determine the permeability
and discharge capacity of the aquifers which they tapped. The bores in
the clay soils yielded water very slowly, whereas bores in the sandy
region filled almost instantaneously. This suggests that there is a
permeable corridor of sandy soil along the north-eastern shoreline.

Table 4.2 shows that only in the sandy region was the watertable

hydraulically higher than the billabong surface. Further, in that region,
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Fig. 4.1 Outline map of Jabiluka billabong showing location of

boreholes. The rim height of each cased borehole above Om
level on the gauge board at the gauging station is shown.
Poreholes 4 and 5 were installed by Pancontinental Mining

Limited.



Table 4.1 Some characteristics of boreholes at Jabiluka billabong
Borehole Horizon Description Yield
1 A White sand Seepage
B Brown-grey clay
2 A Brown sandy soil Good flow
B Light grey sand-clay mixture
3 A Brown sandy soil Good flow
B Dark grey sand-clay mixture
C Light grey sand-clay mixture
4 A Brown sandy soil High flow
B Orange sand-clay mixture
5 (Pancontinental Mining Limited)
6 (Pancontinental Mining Limited)
7 No data
8 A Brown-black clay soil Seepage
B Grey clay
C Brown-black, sulphurous organic c]ay1
9 A Brown-black clay soil Seepage
B Grey clay
C Dark brown organic c1ay2
10 A Brown-black clay soil Seepage
B Grey clay
C Brown clay
D Highly organic layer including pieces
of wood
1N A Brown-black clay soil Seepage
B Grey-brown clay
12 A Grey-brown clay Seepage
B Dark grey clay
C Grey-brown clay

1 When left to dry, a coating of sulphur formed on the surface.

2 When left to dry, a coating of white crystals (CaC03?) formed on the
surface.




Table 4.2 Hydraulic head in boreholes, relative to billabong water
surface, and change in this head relative to a fixed
arbitrary gauge board datum between 5/11/80 and 26/11/80.
The boreholes marked with an asterisk are in sandy soil.
For Panconinental Mining Limited's bores (5 and 8) 1ith-
ology is not known, but from their proximity to 4 a sandy
profile is presumed.
Hydraulic head (m) relative to billabong Change in
surface hydraulic
Borehole 5/11/80 11/11/80 26/11/80 head (m)
1 -0.144 -0.056 -0.307 -0.263
2* -0.007 +0.006 -0.003 -0.096
3* +0.075 +0.089 +0.075 -0.100
4* +0.047 +0.052 +0.175 +0.028
5* -0.174 -0.159 -0.157 -0.083
6* +0.423 +0.351 +0.437 -0.086
7 -0.355 -0.181 -0.249 -
8 -0.480 -0.710 - -
9 -0.171 -0.201 -0.383 -0.312
10 -0.341 -0.343 -0.319 -0.140
N -0.148 -0.222 -0.409 -0.361
12 -0.353 -0.298 -0.495 -0.242
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water levels in the boreholes dropped much less than elsewhere over the
three week period of investigation, indicating significant groundwater
recharge. At site 4, the level actually increased. These data indicate
that groundwater is likely to enter the billabong in this region.

Flow paths of groundwater, indicated by relative water levels, are
difficult to determine from the small number of bores. However, the
levels in bores 1-6 do suggest a north-westerly flow along the gradient
from high to lower water levels, within the sandy sediments of the north-
eastern bank,

Chemical analyses of bore waters on 6/11/80 showed considerable
variation from bore to bore (Table 4.3). It is clear that conductivity
values are very much less in the sandy region than in the clay soils, and
are of the same order as in the billabong. This, together with the
hydraulic data, suggests that groundwater is flowing in the sandy soil
but residing for long periods in the clay where conductivity values are
very much higher than ever achieved in the billabong. Further, with the
exception of bores 8 and 10, the clay boreholes were alkaline, whereas
the sandy ones were acid, like the billabong. The reason for the high
acidity in bores 8 and 10, the two with organic layers, is not known. All
of the sandy bores, and half of the clay bores, had sulphate dominance
(Table 4.3; Fig. 4.2); in the billabong, sulphate was a close second to
chloride.

A11 the above evidence points to the influx of groundwater, rich in
sulphate, from a sandy aquifer. This would account for the enrichment
of sulphate in billabong waters through the Dry, and also contribute to

the increase in conductivity.




Fig. 4.2

Ternary diaarams showing ionic proportions of borehole
waters, in comparison with Jabiluka billabong water, on

6/11/1980.



Table 4.3 Chemical characteristics of boreholes, sampled on 6/11/80. Bores
in sandy locations are marked with an asterisk.

Borehole
Jabiluka
PARAMETER 1 2% 3* 4> 8 9 10 1B 12 bi11abong
Laboratory pH 7.45 3.60 4.00 5.10 2.65 7.40 3.05 7.35 8.45 4.30
P 0

CoRecr Iy ty e 187 2010 405 94 210 4630 5930 1060 1440 3700 177
Sodium_1

(mgl ") 128%1 16.6 4.0 19.9 289.8 420.2 43.9 151.1 565.8 17.¢

(ueq %) 24.7 34.4 49.0 61.0 32.7 23.2 33.2 45.3 71.3 59.2
Potassium

(mg1-1) 17.0 6.2 1.7 3.8 52.5 42.9 15.2 9.0 22.8 4.8

(ueq %) 1.9 7.6 12.4 6.9 3.5 1.4 6.8 1.6 1.7 9.9
Calcium

(mg1'1) 81.2 3.7 1.4 3.8 79.6 449.0 19.6 78.0 59.9 2.5

(ueq %) 18.0 8.8 19.4 13.5 10.3 28.5 17.0 26.9 8.7 9.9
Magnesium

(mgl-l) 152.8 12.6 0.8 3.2 251.3 452.4 30.1 46.4 77.4 3.2

(ueq %) 55.4 49.2 19.2 18.5 53.4 46.9 43.0 26.2 18.3 21.0
Chloridi

(mg1-1) 100.1 17.5 6.5 16.1 887.5 213.7 63.2 142.7 391.9 271

(ueq %) 14.7 24.0 36.4 26.4 44.5 9.7 39.3 24.9 51.0 57.2
Squhati

(mg1-1) 247.4 56.1 11.3 43.7 1108.7 1700.1 97.6 103.3 77 .7 20.3

(ueq %) 36.3 76.0 63.6 71.4 55.5 77.3 60.7 18.0 10.1 42.8
Bicarbonate

(mgl-l) 575.2 0 0 2.3 0 492.9 0 562.4 513.6 0

(ueq %) 49.0 0 0 0.2 0 13.0 0 57.1 38.9 0

66
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5. RESULTS - NUTRIENT STATUS
5.1 Preamble

Nitrogen and phosphorus compounds are essential cellular components
of all organisms. Unlike most other cellular constituents such as carbon,
iron and sulphur, nitrogen, and especially phosphorus, are often in
short supply. They are the two nutrients most likely to limit biological
productivity in terrestrial and aquatic ecosystems. Unlike the major ions,
nitrogen and phosphorus are non-conservative, being rapidly cycled in
the biosphere.

The chemical form in which these two elements occurs is critical for
identification and quantification of nutrient sources and cycles in fresh-
waters, and analytical strategies seek to separate phosphorus and
nitrogen into various fractions. The first fractionation separates dis-
solved and sestonic forms, by filtration or centrifugation. The seston
is the living (plankton) and non-living (tripton) suspended, particulate
matter. A number of techniques have been proposed for further fractiona-
tion (Olsen 1967). The likely forms in which phosphorus and nitrogen
occur in freshwaters are shown in Table 5.1-1,

Considerable controversy surrounds the fractionation of total
phosphorus. There is uncertainty as to the specificity and accuracy of
many of the analytical techniques; there are doubts that the fractions
defined analytically correspond closely with forms in nature (Burton 1973,
Olsen 1967, Rigler 1964). For example, filtration purports to separate
dissolved and particulate fractions. In reality much of the colloidal
phosphorus may be retained by the filter (Rigler 1964). Orthophosphate
concentrations are probably overestimated because of hydrolysis of some
labile organic phosphorus compounds during analysis (Wetzel and Likens
1979). The oxidative acid digestion, frequently employed in determination

of 'total phosphorus', frees all the phosphorus except that in resistant



Table 5.1-1 Likely forms of phosphorus and nitrogen in freshwaters
(after Vollenweider 1968).

16

Dissolved P Sestonic P
Orthophosphate P04-P As organic As mineral particles Organisms Adsorbed on detritus
colloids and/or (e.g. apatite) and/or and/or present in
(dissolved inorganic P) combined with adsorbed on inorganic organic compounds
an adsorptive complexes such as
colloid clavs. carbonates and
Fe(OH)3
Gaseous N Dissolved N Sestonic N
N2, N20, NO Inorganic compounds Organic compounds Organisms Organic detritus and,
such as amino acids or inorganic and
organic compounds
(NH3, NO,, N03) peptides and adsorbed on particle:
polypeptides
Dissolved albumin
and other organic
compounds
PRI
® o L [ ® L @ ® @ @
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minerals such as feldspars and ilmenite (Burton 1973). It is usual to
refer to the numerical difference between this 'total phosphorus' and
orthophosphate-phosphorus as 'organic phosphorus', but this quantity may
include a significant inorganic particulate component, such as ortho-
phosphate adsorbed on clay particles (éee Table 5.1-1).

The elucidation of nutrient cycles in freshwaters has attracted much
attention in recent years. For both phosphorus and nitrogen, cycling is
complex and largely biochemical. The cycling of phosphorus is particularly
rapid, resulting in very low concentrations of orthophosphate (<5%; Wetzel
1975) in most natural waters. Most phosphorus is contained within the
1iving seston, primarily algae. In the open water a rapid, metabolic
cycle begins with the secretion of highly labile, low molecular weight
phosphorus compounds from the plankton. This is taken up by the high
molecular weight, dissolved colloidal fraction, and subsequently released
as soluble orthophosphate which is, in turn, rapidly assimilated by the
biota (Lean 1973).

Phosphorus is added to this system by the inflows, and lost from it
in the outflow and by loss to the sediments (Fig. 5.1-1). In many cases
the trophic status of waterbodies is determined by the size of this
external phosphorus loading together with any internal loading that may
occur. An extensive littoral zone, especially if colonised by dense
macrophyte beds, may influence considerably the internal loading (Wetzel
1975).

The nitrogen cycle is basically microbial in nature, in which
bacterial oxidation and reduction of nitrogen compounds are coupled with
photosynthetic assimilation and utilization by algae and macrophytes
(Wetzel 1975). The cycle involves the biochemical processes of nitrogen
assimilation, ammonification, nitrification, and denitrification (Brezonik
1973) (Fig. 5.1-2). Assimilation of inorganic nitrogen into organisms

predominately involves uptake of ammonia, and to a lesser extent nitrate.
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The reverse, whereby organic nitrogen is returned to the inorganic nitrogen
pool as ammonia, is termed ammonification; aerobic autotrophic bacteria
oxidise ammonia to nitrite and nitrate during nitrification, whilst the
process of denitrification reduces nitrate to molecular nitrogen.

Much of the attention paid to plant nutrients in freshwaters in
recent years, stems from alarm at the rapid deterioration of water
quality consequent upon enrichment by phosphorus and nitrogen. This
process of eutrophicat{on involves qualitative and quantitative changes in
littoral, benthic and planktonic fauna and flora, decreases in transparency,
reduction in dissolved oxygen, and general impairment of water utility

odtrmey of Seicnces
(Aannﬁj969; Barabas 1981a,b).

Since nitrogen, and, particularly, phosphorus, are heavily implicated
in the eutrophication process, attempts have been made to determine yard-
sticks for defining critical concentrations of these nutrients, and for
classifying lake trophic levels. The trophic classification of Vollen-
weider (1968) (Table 5.1-2) has gained wide acceptance.

Vollenweider's trophic scheme is based on total phosphorus rather than
orthophosphate, but on dissolved inorganic nitrogen rather than total
nitrogen. Total phosphorus is a more representative measure of the
phosphate pool than is orthophosphate-P, because of the rapid kinetics
of the phosphorus cycle (Wetzel 1975). By contrast, much organic nitrogen
occurs in forms resistant to rapid bacterial degradation (Cole 1975; Wetzel
1975), 1imiting nitrogen regeneration from this source. This, coupled
with the preference for ammonia and nitrate in nitrogen uptake by organisms
(Brezonik 1973), implies that the combined concentrations of these two
fractions are representative of the pool of biologically-available nitrogen.
Although the word eutrophication refers, literally, to nutrient enrichment,
the process is frequently recognized more by its effects, particularly that
of greatly enhanced primary production. Accordingly, a number of biological

indices of trophic status, such as chlorophyll concentrations and annual




Table 5.1-2

513

A classification of trophic status based on nutrient

concentrations (after Vollenweider 1968).

Trophic status

o b W

Ultra-oligotrophic
0ligo-mesotrophic
Meso-eutrophic
Eutrophic

Hypereutrophic

Total-P
(ug1-1)

<5

5-10
10-30
30-100

>100

Inorganiﬁ-N
(ng1-")

<200
200-400
300-650
500-1500

>1500
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production, hax?Lbeen used (Sakamoto 1966; Vollenweider 1968; Walmsley
and Butty 1989)'in addition to nutrient concentrations.

Although ;itrogen, and sometimes trace elements, may limit producti-
vity, phosphorus is the one element most 1ikely to increase production if
added alone to a waterbody. As such, it is the element most frequently
implicated in eutrophication (Vallentyne 1974), and the one on which

abatement programmes are centred.

5.2 Analytical technique

The preferred method for fractionation of phosphorus species involves
an initial filtration through 0.45 um membranes, ideally carried out in
the field, or very soon after sampling (Burton 1973; Olsen 1967). Many
laboratories employ cheaper and coarser glass fibre filters.

Many of the billabongs become so turbid that filtration through
membranes is difficult, and the sediments so finely diQided that 0.45 um
membranes remove only a portion of the suspended material. To be sure of
removing most solids, sequential filtration, culminating in 0.1 um membranes
(Walker, Kirk and Tyler 1982), with frequent changes of filter, is required.
This is time consuming and expensive. For these reasons, samples could
not be filtered before freezing for transport. It is possible that this
has led to overestimation of orthophosphate-P (P04-P), through rupture of
phytoplankton on freezing and extraction, release of phosphorus from
readily-hydrolyzable organic material, and release of phosphorus adsorbed
on clay particles (A. McComb, pers. comm). However, it is considered that
any overestimation is slight, since the ratio of P04-P to total P is
essentially the same for turbid and non-turbid waters. Further, any over-
estimation represents phosphorus which is readily hydrolyzable and, there-~
fore, probably available to algae. The term "reactive phosphorus" may be
preferred to P04-P. As a measure of phosphorus availability, this "reactive

phosphorus" fraction may be more realistic than that of PO4-P strictly in
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the dissolved. Because the overestimation is likely to be small, the
term POQ-P is retained.

Orthophosphate-P generally accounts for less than 5% of total phos-
phorus in natural surface waters (Wetzel 1975), and in highly productive
tropical waters, orthophosphate may be virtually undetectable (e.g. Lake
George, Uganda (Ganf and Viner 1973). However, exceptions to this
general statement, including many in the tropics, are legion. In Lago do
Casthano, Amazonia, P04-P accounts for 0-65% of total phosphorus, depend-
ing upon season (Schmidt 1973). Orthophosphate is usually between about
20% and 60% of the total phosphorus in the African lakes Victoria (Talling
1966) and Mutanda (Talling and Talling 1965), while in Lakes Albert
(Talling 1963) and Mulehe (Talling and Talling 1965) PO,-P constitutes
practically all the total phosphorus. Thus, the finding in the present
study that in the Region's billabongs P04-P commonly accounted for 20-40%,
and at times in excess of 70%, of the total phosphorus, is entirely

feasible,

5.3 Temporal characteristics

As for major ions, during the Wet (February) nutrient concentrations
were at a minimum and relatively constant over the range of billabongs in
the Region (Table 5.3-1). In general, the mid-Wet is characterised by
total-P (TP) concentrations of below 45ug1'1, inorganic-N (IN) below 35
ug1'1, and total-N (TN) <1200ugl']. These nutrient levels place the billa-
bongs, at this time of high flow and rapid flushing, in the meso-eutrophic
or eupolytrophic classifications of Vollenweider (1968) based on total-P,
and in the ultra-oligotrophic level based on inorganic-N. The IN:POa-P ‘

ratios were generally less Ebﬂﬁvlg’ often considerably so. As with major

jon chemistry, Red Lily was a renegade, with total-P levels considerably

higher than all other billabongs.
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Table 5.3-1 Concentrations of total phosphorus (TP), orthophosphate-P
(P04-P), inorganic nitrogen (IN = NH4+N03) and total nitrogen
(TN), and the IN:P04-P ratios (by weight) during the middle
Wet (February).
Nutrients (ugl~')
Billabong
TP POg-P IN ™ IN:PO,-P
1980 1980 1980 1980 1980 1981 1980
(1981) (1981) (1981)
Bowerbird 20 (6) (7) 299 (1.2)
Georgetown 20 33 3 17 987 436 5.7
Gulungul 16 30 1 18 969 259 18.0
Goanna 31 26 7 31 451 177 4.4
Mudginberri 13 20 1 34 618 1023 34.0
Island 19 (7) (10) 433 304 (1.4)
Ja Ja 15 16 4 34 993 378 8.5
Mine Valley 13 20 1 12 885 418 12
Leichhardt 5 5 17 969 3.4
Jabiluka 14 42 2 17 919 778 8.5
Nankeen 11 23 3 24 1036 177 8.0
Noarlanga 14 21 2 18 943 720 9.0
Umbungbung 13 33 2 18 615 519 9.0
Kulukuluku 15 (4) (6) - 358 (1.5)
Jingalla 16 22 1 13 952 337 13.0
Nimbawah 24 (15) (14) - 521 (0.9)
Murganella - - - - - - -
51 108 15 14 1136 552 0.9

Red Lily
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By July, the mid-point of the Dry, the homogeneity in nutrient levels
characteristic of the Wet had disappeared, and two groupings of billabongs
could be distinguished, both on the basis of total-P and total-N concentra-
tions (Table 5.3-2,3). The first group, predominantly channel billabongs,
had changed little since the Wet. Again, IN:POa-P ratios were low. 1In
Red Lily, total-P values had declined since the Wet, to those of other
billabongs in this group. In the second group, all nutrient species
showed increases over the Wet values.

By the late Dry (October/November), differentiation into three main
groups of billabongs on the basis of total-P levels was obvious (Tables
5.3-4,5). A similar situation has already been noted with regard to major
jon chemistry (Section 3.3). However, in contrast to the latter, the
three nutrient groups corresponded fully with the morphometric classifica-
tion of billabongs (Table 5.3-5). In its nutrient characteristics, Red
Lily resembled the channel billabongs. Inorganic-N and total-N levels
appeared to be less diagnostic than total-P levels, except for channel
billabongs, which were clearly differentiated from all others by all
three nutrient parameters. Levels of both phosphorus and nitrogen in the
channel billabongs suggest 1ittle change in trophic status during the Dry,
whereas rises in total-P concentrations of more than an order of magnitude
characterise the floodplain and backflow billabongs (Table 5.3-1,5). Thus,
with few exceptions, the waters of these latter billabong types fall within
the hypereutrophic category of Vollenweider for total-P. The response of
inorganic-N concentrations to the passing Dry is more variable, with
trophic status on this basis varying from meso-eutrophic to hypereutrophic.

With the exception of Jingalla, all floodplain billabongs now had

relatively high IN:P04—P ratios (>18); all others remained below the value

of 12. The classification of billabongs into 3 groups on the basis of
total-P, perhaps somewhat arbitrary, conforms with the historical morpho-
metric and hydrologic classification as channel, backflow and floodplain

billabongs (Table 1.1), and they will be discussed under these headings.
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Table 5.3-2 Concentrations of total phosphorus (TP), orthophosphate~P
(PO4-P), inorganic nitrogen (IN = NH,+NO;) and total nitrogen
(TN), and the IN:PO,-P ratios (by weight) during the middle
Dry (July).
Bi11abong Nutrients (ng1-1)
TP POy-P IN TN IN:PO4-P
1979 1980 1980 1980 1979 1980 1980
Bowerbird 10 16 3 9 361 389 3.0
Georgetown - 142 73 349 - 995 4.8
Gulungul 185 81 38 5 1570 758 0.1
Goanna - 102 78 268 - 872 3.4
Mudginberri - 30 13 18 - 589 1.4
Island 33 38 9 13 800 759 1.4
Ja Ja - 64 29 252 - 865 8.7
Mine Valley 42 67 40 480 1783 1988 12.0
Leichhardt 43 48 13 24 1797 1159 1.8
Jabiluka - 83 22 150 - 781 6.8
Nankeen - 53 19 329 - 994 17.3
Noarlanga 20 21 6 5 463 591 0.8
Umbungbung 99 29 21 17 1823 988 0.8
Kulukuluku - 29 8 14 - 696 1.8
Jingalla - 30 16 20 - 374 1.3
Nimbawah - 35 16 91 - 454 5.7
Murganella - 30 10 43 - 486 4.3
Red Lily - 24 22 23 - 513 1.0
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Table 5.3-3 A grouping of billabongs based on TP and TN concentrations
in the mid-Dry (July) of 1979 and 1980. (Data of Table

5.3-2).
Group | yorphemetric  gillabong (u;$-1) (ngN]) IN:PO,-P
1 Channel Mudginberri 20-35 454-591 0.8-5.7
Noarlanga
Nimbawah
TP<40 Murganella
TN<80 » [Escarpment Bowerbird 10-16 361-389 3.0
rockpool
n /Floodplain Island 29-38 696-800 1.4-1.8
Kulukuluku
Floodplain Jingalla 24-30 374-513 1.0-1.3
Red Lily
2 Backflow Georgetown 291185 75811823 0.1-4.8
Gulungul
TP>40 Umbungbung
TN>800 Channel/Backflow Goanna 10¢ 872 3.4
Floodplain Ja Ja 42-67 865-1988 1.8-17.3
Mine Valley
Leichhardt
Jabiluka
Nankeen

1. The TP value for Umbungbung in 1980 (29u91']) is more in common with
those of Group 1 but the TN value in 1980 (1823ug1”') and the 1979
values for TP (99ug1']) and TN (988ug1'1) place Umbungbung clearly
in Group 2. Likewise, Gulungul in 1980 had a comparatively low TN
value (758u91'1) but in all other cases belonged to Group 2.
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Table 5.3-4 Concentrations of total phosphorus (TP), orthophosphate-P
(P04-P), inorganic nitrogen (IN = NH4+N03) and total nitrogen
(TN), and the IN:PO4-P ratios (by weight) during the late
Dry (October/November).

Nutrients (pq1'])
Billabong TP POp-P IN TN IN:PO4-P
1979 1980 1980 1980 1979 1980 1980

Bowerbird 14 33 7 33 450 524 4.7
Georgetown - 559 69 367 5310 3147 5.3
Gulungul 440 978 76 920 848 11397 12.1
Goanna 453 458 147 297 4592 2070 2.0
Mudginberri 45 34 16 7 697 603 0.4
Island 43 30 20 12 647 633 0.6
Ja Ja - 270 99 2379 - 5113 24.0
Mine Valley 178 129 22 2575 - 11246 117.0
Leichhardt 155 106 35 636 2103 1989 18.2
Jabiluka 197 129 20 991 1784 1745 49.6
Nankeen - 119 25 1699 - 3301 68.0
Noarlanga 20 32 12 19 608 655 1.6
Umbungbung 714 1182 304 2723 26115 4595 9.0
Kulukuluku 49 54 16 69 883 585 4.3
Jingalla - 116 99 44 1755 1806 0.4
Nimbawah - 31 22 89 - 635 4.0
Murganella - 41 1 94 - 517 8.5

Red Lily 70 64 33 41 1224 914 1.2
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Table 5.3-5 A grouping of billabongs based on TP concentrations in the
late Dry (October/November) of 1979 and 1980. (Data of
Table 5.3-4).
Group | OrPROTELTIC  Bil1abong (u;';q) (u;?”) IN:PO,-P
1 Channel Mudginberri 20-45 517-697 0.4-8.5
Noarlanga
TP<70 Nimbawah
Murganella
w /Escarpment Bowerbird 14-33 450-524 4.7
rockpool
w /Floodplain Island 30-54 633-883 0.6-4.3
Kulukuluku
Floodplain Red Lily 64-70 914-1224 1.2
2 Floodplain Ja Ja 106-270 1175-11246 18.2-117.01
TP Mine Valley
100-300 Leichhardt
Jabiluka
Nankeen
Jingalla 0.4
3 Backflow Georgetown 440-1182 848-26115 5.3-12.1
TP>400 Gulungul
Umbungbung

Channel/Backflow Goanna

453-8

2070-4592

2.0

1  Excluding the value for Jingalla which is shown separately.
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5.4 Channel billabongs

The channel billabongs are characterised by relatively constant
nutrient levels through the year (Figs. 5.4:i:;ﬁ, the lowest concentra-
tions for the Region (Table 5.3-5). However, whilst these are regionally
low, TP levels are, on a world-wide scale, very high, corresponding to meso-
eutrophic to hypereutrophic status. By contrast, concentrations of
inorganic nitrogen remain at levels indicative of ultra-oligotrophy.

Fractionation of the total phosphorus indicates that orthophosphate-P
commonly accounts for 20-40% of the total, and may even exceed the level of
particulate phosphorus on occasions. This proportion is considerably
higher than that routinely found elsewhere (P04-Pz5% TP; Wetzel 1975).

The combined concentrations of ammonia and nitrate, constituting the
bulk of biologically-available inorganic nitrogen, amounts to only 5-10%
of the total nitrogen; the remainder is regarded as organic nitrogen. Thus,
in the channel billabongs there appears to be a surfeit of biologically-
available phosphorus (P04-P), and a paucity of biologically-available
nitrogen.

Whilst total nutrient levels may fluctuate widely within the narrow
range characteristic of this group, some seasonal trends are evident. First,
TP values were at a minimum in the Wet. Surprisingly, TN was sometimes at
a maximum at this time (e.g. Noarlanga and Mudginberri, Figs. 5.4-1,2).
Generally, TN minima occurred at the Wet/Dry interchange. Minima of
both TP and TN occurred in the mid-Dry (Figs. 5.4:5;34. There was little
or no seasonal change in the very low inorganic nitrogen levels whereas
P04-P concentrations rose through the Dry, apparently unaffected by
fluctuations in TP,

It is apparent that all the channel billabongs are regionally low in

nutrients, and change little with season.
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5.5 Floodplain billabongs

From the comparatively low values common to all billabongs during
February (Table 5.3-1), nutrient concentrations in the floodplain billa-
bongs (except Red Lily) increase markedly through the Dry (Figs. 5.5:3:30.
By the late Dry most are hypereutrophic in terms of both TP and IN.

Figures 5.5-2-7 show that nutrient concentrations rose almost exponentially,
sooner in some billabongs than in others. In most, TP reached a maximum
earlier in the Dry than did TN. In Mine Valley, for example, (Fig. 5.5:3),
TP peaked in late September whilst TN did not reach its yearly maximum

until December. Nutrient levels declined dramatically following dilution
and flushing by the incoming floodwaters of the Wet.

As with the channel billabongs, P04-P generally conifituted 20-40%
of total-P, the only exception being Jabiluka (Fig. 5.5-8), where it
remained constant from June until December whilst total-P increased five-
fold. With respect to nutrient fractions, the big difference between flood-
plain and channel billabongs was that inorganic-N often constituted in
excess of 40% of total-N during the latter half of the Dry (for all except
Jingalla). Consequently, whereas IN:P04-P ratios for the channel billa-
bongs were generally less than 5 in October, for the floodplain billabongs
(except Jingalla) the ratio exceeded 18 (Table 5.3-5). The dominant
inorganic-nitrogen compound was ammonia, the preferred nitrogen source for
most bidta, and in Leichhardt, Jabiluka and Nankeen, maximum or near
maximum ammonia concentrations occurred by late August. However, nitrate
could predominate at the very end of the Dry (e.g. Nankeen, Jabiluka).

The general situation, then, of nutrient conditions in the floodplain
billabongs is one of comparatively low concentrations during the Wet, and
rapidly rising nutrient levels during the mid-Dry, which result in hyper-

eutrophic status by the late Dry.
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5.6 Backflow billabongs

The distinguishing features of this group of billabongs are that,
first, TP values at the end of the Dry considerably exceed those of all other
billabongs (Table 5.3-5) and, second, that nutrient levels remain more or
less constant through the early Dry then rise abruptly (Figs. 5.6-1-4). By
the time this increase commences TP concentrations in many of the flood-
plain billabongs are already at or near their seasonal maximum (Figs. 5.5«
2-;3. Unlike the floodplain billabongs, TP and TN concentrations increase
in phase.

For all, TP values indicate eutrophic status early in the Dry rising
to extremely hypereutrophic later. On the basis of IN values, initially
all were ultra-oligotrophic, but at peak concentrations ranged from meso-
eutrophic (Georgetown and Goanna) through eutrophic (Gulungul) to extremely
hypereutrophic (Umbungbung).

As with both channel and floodplain billabongs P04-P was a significant
component of TP (Figs. 5.6#1-4)., IN values did rise when the peak in TN
occurred but not in the same proportion as in the floodplain billabongs.
Hence, IN:POd-P ratios did not exceed 12 in October (Table 5.3-5).

The distinctive characteristic of the backflow billabongs, then, is
the consistently high phosphorus and the late, sudden increase in both

nutrients in the Dry.




P) ]

122

600 -

4801

pg 17

2401 ¥

1201

I
k>

Fig. 5.6:1...Seasonal variations in nutrient concentrations in.{setTemte>n
billabong during 1980, Symbols as for Fig. 5.4sl.



* 123

1000+

800~

600 -

pg 1"

400+

200+ .

12000+

-

100001

800 1

600

l-‘l

y9

400+

200+

Fig. 5.6:®...Seasonal variations in nutrient concentrations in.ewtwvavl.
billabong during 1980. Symbols as for Fig. 5.4=l.




- 124
1200;

10001
8001

600+

pg 1"

4001

2004

Fig. 5.6:%...Seasonal variations in nutrient concentrations in,VPmbuna\ra
billabong during 1980. Symbols as for Fig. 5.4el,



500

400+

yg
N
S

100-

04

2400-

20001

1600+

1200+

l-'l

il

8001

400+

AR

Fig. 5,6.4...Seasonal variations in nutrient concentrations in.&asrna,.
billabong during 1980. Symbols as for Fig. 5.4el,




0
* 126

6. DISCUSSION

The study of limnology in Australia's tropics is in its infancy. Most
investigations have been limited to chemical analysis of the waters and,
for this, sufficient data are available to permit Farrell et al. (1979) to
consider northern Australian waterbodies as being either sodium chloride or
magnesium bicarbonate in jonic character. Many lakes of inland Queensland
are of the sodium chloride type (Bayly and Williams 1972) and the same
authors (1973) have claimed this to be the usual ionic character for most
of Australia. WUa4vews Jakes on the Atherton Tableland and in the head-
waters of the Burdekin River, both in Queensland, are dominated by magnesium
bicarbonate (Bayly & Williams 1972), like Gieckie Gorge (Fitroy River)
(Williams and Buckney 1976) in Western Australia. Exceptions to this
generalization are Lake Moondarra (Mt. Isa, Queens1and)(Farre11 et al.
1979) which has sodium bicarbonate dominance and Lake Argyle (Ord River,
Western Australia) (Millington 1975) where calcium bicarbonate predominates.

For most of tropical Africa, lakes are dominated by sodium bicarbonate
(e.g. Beadle 1974; Harding 1961; Heeg et al. 1978; Seamen et al. 1978;
Talling and Talling 1965; Thomas and Ratcliffe 1973) and in the tropics
generally, it seems that the calcium bicarbonate composition of World
Average Freshwater, so common in the temperate region (Hutchinson 1957;
Rodhe 1949; Wetzel 1975), is rare. However, some tropical lakes and rivers
do exhibit calcium bicarbonate dominance, such as Lake George and Lake Chad
in Africa (Beadle 1974) and, notably, the Amazon basin (Schmidt 1972a, b;
1973). |

Water of World Average Freshwater composition is rare in the Alligator
Rivers Region. Only Red Lily displayed this composition, and then only
in the Wet and early Dry. The overwhelming condition for the three creek
systems studied is for all billabongs in the Wet to be dominated by the

bicarbonates of sodium and magnesium, in near equimolar amounts. This is
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the water chemistry of the dilute floodwaters, and in the channel billabongs
it is virtually unchanged through the Dry. In the backflow and floodplain
billabongs, however, ionic composition changes with evaporative concentra-
tion of the waters. This leads to strong sodium chloride dominance by the
late Dry. In the floodplain billabongs only, this displacement of bi-
carbonate by chloride is accompanied by a preferential enrichment of sulphate,
probably from groundwater seepage.

Much of the data from which Farrell et al. (1979) recognized their
two major ionic types for northern Australia, is based upon limited sampling
with scant seasonal interpretation. The detailed sampling of Alligator
River billabongs has clearly shown a regular seasonal transition from the
one category of Farrell and co-workers (sodium/magnesium bicarbonate) to
the other(ﬁodium chloride) whenever considerable concentration takes place
during the Dry. ]nﬁsn;nnua1 change in water chemistry, typical of many
small tropical lakes (Heeg et al. 1979; Rai and Hi11 1981; Schmidt 1973;
Thomas and Ratcliffe 1973), emphasizes the need for proper seasonal cover-
age in sampling.

The selective concentration of sodium chloride during the Dry, which
characterized all but the channel billabongs, has been observed elsewhere in
the tropics. Heeg and co-workers (1978) noted a similar event in the
Pongolo River pans during the African dry season. There, as in the Alligator
Rivers Region, sodium bicarbonate dominated during the wet season, to be
replaced by sodium chloride as the waters became more concentrated. Since,
except at very high concentrations (Gibbs 1970), a proportional increase
in chloride cannot result from evaporative concentration alone, an external
source must be sought. For the Pongolo, the source was traced to highly-
mineralized seepage water, rich in chlorides. Such a mechanism of chloride
enrichment is unlikely for the Alligator Rivers billabongs. Of the many
bores sunk in the Regior?j.(?a'"m}:“nwt mm.m“'m")(dv‘e(‘:;/ few struck saline
water, except perhaps those adjacent to the estuaries. Certainly, the

shallow bores close to the billabongs contain more sulphate than chloride.
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One possible source of the sodium chloride enrichment of most billa-
bongs is the atmosphere. The importance of oceanic salt from the atmosphere
to Australian inland waters has been stressed by many authors (e.g. Bayly
1964; Bayly and Williams 1973; Cole 1975; Maddocks 1967; Timms 1970; Williams
1967). Atmospheric salt can be supplied by rain or as dry fallout. Bayly
and Williams (1973) envisage sodium and chloride being supplied initially as
rain, to relatively coastal salt lakes, then being transported further inland
from dried pans. This repetitive process would allow salts of oceanic
origin to find their way far inland. The possibility exists, then, that
during the Dry, allAEJ1liggzg:n;?ESlevszz.Eg;& fallout from the infrequent
northerly winds (Fes===%) carrying the salt of evaporated sea spray, or
from the predominant south-westerly winds carrying salt from dried pans of
the arid hinterland. In the dilute waters of the Region's billabongs little
atmospheric salt would be necessary to produce noticeable effects on water
chemistry, when accompanied by concomitant evaporative concentration in back-
flow and floodplain billabongs. Channel billabongs would be less affected
because, with small surface area to volume ratios, evaporative concentration
is minimal (Pancontinental Mining Limited 1981). Further, it is suspected
that for much of the Dry, dilute groundwater with chemical characteristics
of the Wet, enters the channel billabongs from sandy aquifers.

The distinguishing feature of the sulphate group of billabongs is that
during the Dry, in addition to the preferential concentration of sodium
chloride, sulphate assumes significant proportions at a time when the
sediments are resuspended. This situation is similar to that noted by
Schmidt (1973) for the low water period in Lago do Casthano, a small
Amazonian varzea (= floodplain) lake, when sediment resuspension signals
the ascendancy of sodium and magnesium over calcium, the former clear
dominant. Simultaneously, chloride and sulphate attain dominance over
bicarbonate. Schmidt offers no explanation for these events. In the

present case, the chemistry and hydraulic conditions of boreholes adjacent
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to the sulphate-type billabongs implicates an influx of sulphate-rich
groundwater through localized aquifers. Additional sulphate may be derived
from oxidation of sulphide-rich sediments upon resuspension.

Any discussion of the nutrient elements phosphorus and nitrogen is
inextricably bound up with the notion of trophic status and eutrophication.
Worldwide experience shows that, almost invariably, it is, first, phosphorus
and, second, nitrogen, which hold production at levels below those theoret-
ically possible with the available energy. Behind this recognition 1lies
decades of agricultural practice in the use of fertilizers, and the
potential for biological production has been adduced in terms of nutrient
concentrations or nutriipt loads (Sakamoto 1966; Vollenweider 1968;

Walmsey and Butty 19§§?. The demanding business of estimating nutrient
loads was beyond the scope of this investigation and, therefore, the widely-
used scheme of Vollenweider (1968), based on nutrient concentrations, was
adopted. On this basis, in terms of total-phosphorus concentrations, the
billabongs of the Region stand out as fertile, even in the Wet, at their
most dilute. Then, on Vollenweider's scheme, they would all be classified,
variously, as meso-eutrophic to hypereutrophic. Later, in the Dry, all
except the channel billabongs, which change 1ittle, would be termed hyper-
eutrophic.

In strong contrast, in terms of inorganic nitrogen, during the Wet all
billabongs would be regarded as ultra-oligotrophic. As for phosphorus,
inorganic nitrogen concentrations in the channel billabongs change little
during the Dry, whilst in all others they increase, leading to a range of
trophic conditions from mesotrophic to hypereutrophic. The apparent con-
tradiction between predictions based on phosphorus levels and those for
nitrogen highlight the occasional difficulties in determining trophic
status without reference to consequent biotic responses. In some instances,
abundant nutrient supplies do not lead to the high productivity which

usually signals the hypereutrophic condition. On the basis of these
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nutrient data, it would appear that nitrogen, not phosphorus, is the most
likely limiting nutrient, the reverse of usual experience.

The nitrogen:phosphorus content of algal cells is approximately 7:1
by weight* (Vallentyne 1974; Wetzel 1975). In natural waters, an N:P ratio
deviating from this value suggests that one or other of the two nutrients
is limiting. In addition, several authors (e.g. Edmondson 1972; Nalewajko
and Lean 1980; Rhee 1978; Schindler 1977; Sze 1975) have suggested that
species composition can be determined by N:P supply ratios, with low
ratios favouring YAA/YWYW nitrogen-fixing blue-green algae. Thus,
examination of the pools of biologically-available nitrogen and phosphorus
can be of considerable assistance in evaluating the trophic status of
waters.

There is some confusion as to which chemical forms of the two nutrients
comprise the biologically-available pool, and as such, considerable vari-
ation in the computation of N:P ratios. Because of the rapidity with which
phosphorus is recycled, some authors (e.g. Cole 1975; Vollenweider 1968;
Wetzel 1975) consider that total phosphorus is more indicative of the
phosphorus pool than orthophosphate. By contrast, Cowen et al. (1978) found
that total phosphorus gave an 80% overestimation of available phosphorus.
Whatever the case, N:P ratios have been calculated on the basis of ortho-
phosphate-P (e.g. Chiaudani and Vighi 1974; Golterman and Kouwe 1980;

Rai and Hi11 1981; Schinder et al. 1973; Walmsky and Butty 198}(%.‘.b

Similar confusion surrounds identification of available nitrogen.
Nitrate tends to be the predominant form of inorganic nitrogen in surface
waters (Brezonik 1978), and may be used alone as an indicator of the
available nitrogen (e.g. Golterman and Kouwe 1980; Rai and Hill 1981).
Ammonia, however, which is present in significant amount in some waters, is
the preferred form of inorganic nitrogen for planktonic assimilation, since

e —————————r

* N:P ratios are usually quoted by weight but some authors use atomic ratios.
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it is already at the reduction level of organic nitrogen (Brezonik 1973),
and several authors have used the combined concentrations of ammonia and
nitrate to estimate total inorganic nitrogen (e.g. Chiaudani and Vighi
1974; Rhee 1978; Ryther and Dunstan 1971; Walmsley and Butty 19898.

The N:P ratio of 7:1 by weight is an average value for algal cells
(vallentyne 1974; Wetzel 1975). In fact, experimental evidence indicates
considerable variation in N:P ratios, depending on species composition and
nutrient concentrations in the water (Nakanishi and Monsi 1976), and,
accordingly, a range of values for the ratio of N:P requirements has been
quoted. Rhee (1978) determined that a freshwater Scenedesmus sp. was
limited solely by nitrogen at ratios below 14:1, and by phosphorus at
ratios above that value. Welch et al. (1975) considered that N:P ratios
of 7-10 were required for algal growth. Both Golterman and Kouwe (1980),
using N03—N:PO4-P, and Chiaudari and Vighi (1974) using (NO3+NH4)-N:P04-P,
found that ratios exceeding 10 were indicative of phosphate limitation.
For the billabongs of the Alligator Rivers, N:P ratios ((NH4+N03)-N:PO4-P)
were usually below seven, often considerably so (Tables 5.3-1,2). Only on
the floodplain, and in some backflow billabongs, did values exceed 10 and
then only late in the Dry. This suggest 2?::;, in contrast to usual
experience worldwide (Golterman and Kouwe 1980), it is nitrogen, not
phosphorus, which is 1limiting in the Alligator Rivers Region. This is
not unusual for the tropics (Moss and Moss 1969; Sioli 1975; Talling 1966;
Talling and Talling 1965). An abundance of phosphorus with a scarcity of
nitrogen should favour green algae (Chlorophyta), which have low cellular
N:P ratios, and the blue-green algae (Cyanophyta), which are capable of
fixing atmospheric nitrogen (Ryther and Dunstan 1971).

During the current eutrophication debate, much attention has been

focussed upon the external loading of nutrients into freshwaters since
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"it is generally accepted that for any further increase in the (algal)
population, nutrients must be derived from an external source" (Walmsley

and Butty 1989&? However, internal loading, from the release of nutrients
from sediments, may play a highly significant role in lake fertilisation,
particularly in shallow lakes where turbulent mixing extends to the bottom,
with resultant mixing at the sediment-water interface. It has been shown that
dissolved inorganic nutrients (P04-P, NH4-N) are released more readily from
the sediments by turbulent mixing than by simple diffusion (see Ryding

and Forsberg 1977). Further, turbulence resuspends sediments which frequently
contain adsorbed nutrients,which are available to algae (Brezonik 1973;
Golterman 1977; Golterman et al. 1969; Healy and McColl 1974; McColl 1975).
Suspended sediments may also act as a nutrient buffer system. In the turbid
Amazon River, Gessner (1960) found that when soluble phosphorus exceeds 10

'], it is adsorbed by the fine, suspended sediments, and when less than

1

ugl
10 ugl™ ', the adsorbed phosphorus is released. Thus, suspended sediments
may account for a substantial portion of the biologically-available nutrient
pool.

Preliminary investigations (Van der Wiele 1981) suggest that sediments
of backflow and,especially, floodplain billabongs are indeed high in nutrient
concentrations. The massive increase in turbidity in the Dry, so
characteristic of these billabongs (Walker, Kirk and Tyler 1982), is
brought about mainly by wind-induced resuspension of fine sediments,and the
concurrent increases in total nutrient levels strongly suggest that the
suspended sediments contribute in a major way to the nutrient pool.

In most considerations of nutrient dynamics in lakes it is algae, the
consumers of nutrients, which are stressed. However, interactions with

other elements of the biota are obvious and perhaps of equal significance.

Zooplankton may constitute a large proportion of the total nutrient reservoir
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(Howard-Williams 1979), and may figure largely in nutrient cycling (Rigler

1973). Removal of all fish from a Swedish lake resulted in a distinct shift

towards oligotrophy (Henikson et al. 1980).‘I}he potential importance of

bird excreta as an external nutrient source (Manny et al. 1975) may be of

particular significance in tropical Austra1ia.1(;or Hickling Broad,

England, the dynamics of phytoplankton populations can only be understood
in terms of resident and immigrant water birds (Leah et al. 1978). Birds
/// feeding mainly within a lake would affect only internal cycling, whereas
those feeding elsewhere, and roosting on the lake, constitute an external

"EFEGG;ZE of nutrients?"ln this context, the large flocks of magpie geese

(Anseranas semipalmata), feeding on the floodplains, but congregating at
selected billabongs (especially Jingalla, locally known as Goose Camp),
must bring in nutrients during the Dry. The same may be said of the fruit
bat (Black Flying Fox - Pteropus alecto) colony at Leichhardt. Buffalo
almost certainly affect nutrient cycles by,stirring up sediments whilst

. by . manur wreak -
wa11ow1nq,anchontr1but1ng u:egkanq(meau:e; Their droppings on the flood-
plain during the Dry contribute to the nutrient pool of the new waters of
the Wet. Mitchell (1973) demonstrated that large quantities of nutrients
were released from animal droppings by the rising waters of Lake Kariba,
causing rapid increases in productivity of inshore areas.

Because of the peciliar hydrological circumstances, the nutrient

cycles of the billabongs can be envisaged as closed systems during the Dry
(Fig. 6.1), in contrast with the open systems of temperate lakes. The river
or stream inputs of temperate lakes, which normally persist throughout the
year, are replaced in the billabongs by biotic inputs and, perhaps,
groundwater. There is no outflow other than biotic outflows such as
emerging insects. Internal loading is maximised by sediment resuspension.
It is during this time of closed, endorheic cycling that the massive in-

creases in nutrient concentrations occur in the backflow and floodplain

billabongs. The channel billabongs also become closed systems, but
ceon s beben ot ammonie and ambrnlc W ordor of f?reﬁrenuz
for uploke 63 algoe (Mclacd, ot.al ta?%)
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both external and internal loading is much less. In these billabongs,
evaporative concentration is minimal, their restricted littoral zones
support few birds or animals, and their coarse sediments are not resuspended.
The contribution from groundwater is unknown but must be small since scant
increase in nutrients occurs in these billabongs in the Dry.

The chemistry of the billabongs has been treated quite separately in
terms of major ions, and related parameters, and in terms of nutrients.
Both lead to essentially the same classification of billabongs, and to one
which conforms to the traditional divisions based on morphology, geography
and hydrology. Thus, on chemical grounds the channel, backflow and flood-

rewanised

plain billabongs respectively ar?: ith few exceptions, necasadsed as
those which change little through the Dry, those which become high nutrient,

sodium chloride billabongs, and those with high nutrients and an input of

sulphate.
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APPENDIX - TABLE.A..: Range of concentration of some chemical parameters
. Mpsainbe=<i, billabong during. .l 4t8-%1.,
Dry Season Whole Year
Parameter Range n Range n
Laboratory pH $3- 70 4 4.9-30 30
Conductiyity at 18°¢C
(uSem ™ 4) 14~ 190 4 Li- 190 3
SOdiUm l,o_as'.' \a . 25" | 3
(mg1™1) O -t
Potassz 0-3-20 19 O b -a0O 31
(mgl
Calcium_, o-a-1-1 19 o-a-i1 31
(mgl~")
Hagneswm o-3.5 19 0:3-3.5 3
(mg1-1)
Chloride 18- 15¢. ¢ 19 ) 4=~ 156-6 3
(mg1-1)
Sulphate o-6-3 19 c-6-7 3)
(mg1-1)
Bicarbonate 4.5 i85 19 )5~ Lo 3)
(mg1-1)
Orthophosphate- 3-43 16 |- 43 aa
phosphorus (pg1=1)
'Orgamc phosphorus Q-5 1S FER &l
(ng1-1)
Total phosphorus 13-5 4 15 13-54 al
(ug-1)
I
Ammonia -3 14 ¥-3) e
(ug1-1)
Nitrate/Nitrite 1-4) 1A I~ &3 aa
(ug1-1)
Organic mtrogen 189~ 4% 15 eV~ 184 &l
(ng1-1)
Total nitrogen a9~ 356 1y 194~ 105.3 Y|

(pg1-1)
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APPENDIX - TABLE..&..: Range of concentration of some chemical parameters
for ...Geéfele.......billabong during..la?8-9,.,.
Dry Season Whole Year

Parameter “Range Range

Laboratory pH $.9-6 4 £9-6.5

Conductiyjty at 18°C
(pSem™4) 80-5¢ 13 -8

Sodium 1°2-2.0 1= -0
(mg1~1)

POtaSS'iET 0';—p.+ 0-3-04
(mg1™*)

Ca]Cium_l 0 oa-0-5 C-o-0-5
(mg1™*) .

Magnesium o.5-0.3 O-4-0-3
(mg1-1)

Chloride

3'1*3'3 . - .

(mg1-1) I 4- 33

Sulphate (o] c-0-5
(mq1-1)

Bicarbonate 3 %-6-3 3.3-7. 4
(mg1-1)

Orthophosphate-

phosphorus (ug1-1)

'Organic' phosphorus
(ng1-1)

Total phosphorus
(ugl-1)

Ammonia
(ugl-1)

Nitrate/Nitrite
(pgi-1)

Organic nitrogen
(ug1-1)

Total nitrogen
(ug1-1)




APPENDIX - TABLE. ..

for .. Nesrlanam ... billabong during...L?%ATE)
Ory Season Whole Year
Parameter Range n ‘Range n
Laboratory pH sa-2.0 13 T8-%0 T
Conductivity at 18°¢C
(uSem™ %) A3 - 53 13 13-5 3 19
Sodium 1 |- 40 - 60 13 ©0-9-¢.0 |
(mg1” ")
PotassigT o3~ 13 0-!-—\-.I 19
(mg1™%)
Ca]cium__1 0-y-0-% 3 O-2—-0'% 9
(mg1™*)
Magnesium b3 1y o4 - 19
(mg1-1)
Chloride 23— 103 13 13 -10.3 13
(mg1-1)
Sulphate o~ as 13 O~ 17
(mg1-1)
Bicarbonate 4-9 - 120 3 3.¥~1a-0 Ly
(mg1-1)
Orthophosphate- a2 " - 3 1?
phosphorus (ugl-1)
'Organic' phosphorus &-3s 1 &$-35 3
(wg1-1)
Total phosphorus a0-33% 1 12-3% I3
(ng1-1)
Ammonia 1- a4 la I~ a4 1R
(ugl-1)
Nitrate/Nitrite o-73 ‘a a-3 17
(ngl-1)
Organic nitrogen a0 - 633 12 LYY Ty ?
(ug1-1)
Total nitrogen 233 -5y 1a Qad-a43 ?

(ug1-1)
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APPENDIX - TABLE. A ..: Range of concentration of some chemical parameters

for ..Mimbaesals | billabong during..l2%2<8). .,
Dry Season Whole Year
Parameter Range Range

Laboratory pH

Conductivity at 18°C
(uScm 4)

Sodium -1
(mgl™ ")

Potass1uT
(mgl

Calcium_1
(mg1 %)

Magnesium
(mg1-1)

Chloride
(mg1-1)

Sulphate
(mg1-1)

Bicarbonate
(mg1-1)

Orthophosphate-
phosphorus (pg]'l)

'Organic' phosphorus
(ng1-1)

Total phosphorus
(pgl-1)

Ammonia
(ugl-1)

N1trate/N1tr1te
(ngl-1)

Organic nitrogen
(ng1-1)

Total nlirogen
(ugl-

é.fmb.q
44 - %0

a:9- 71
o012
3-8
)-¥-3-0
$.5-2.3
©-Jy-3-0
1¢.6-30-0
$-31
&4-33
LY Se 1
gy
10~ #i
i-5)
16¢ - 260

193 -~ %%

63-6:9

3e -3¢

?-0
aa~®

O 4-i'€

o-6—1-%

o-4-3.0

No “Loct’ data
No *toed ' dade

No Loet ’ dodm

-3

Sk 4!

)=\

Fibé- 960

1?23 -9%%
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APPENDIX - TABLE..f..: Range of concentration of some chemical parameters

for . Mrmaprsdle, ... .billabong during...l32R <81,
Dry Season Whole Year
Parameter Range - Range n
Laboratory pH 6-4-6-7 6:1-6% 14
Conduct ivjty at 18°¢
(MSCI‘J- ) 33 —-130 S~ | D -4
Sodium 4 4.7~-76 18- 3.6 ?
(mg1™ ")
Potassiug I'1- 55 0:3-5-5 7
(mg1™")
Ca]cium_1 a-1-3-3 O - 4-3.7 3
(mg1™7)
lagnesium o4 4| O.F-&.| 3
(mg1-1)
Chloride € r-16-3 MMM
(mg1-1)
. /
Sulphate Ol= 24 Np Loet date
(mg1-1)
Bicarbonate 21-9-30-6 Vo™ Loet’ dae
(mg1-1)
Orthophosphate- 3-324 3-39 é
phosphorus (ugl-1)
'‘Organic' phosphorus &o-4s 1423 é
(ug1-1)
Total phosphorus a3 - 74 A3~ T4 é
(ugl-1)
Ammonia 13-674 -6 7 (3
(ug1-1)
Nitrate/Nitrite s-€ 4-9 (4
(ug1-1)
Organic nitrogen a5~ #26 AT -P3b 6
(ng1-1)
264~ 1408 249~ a0 6

Total ni}rogen
(wg1-1)




148

APPENDIX ~ TABLE..6..: Range of concentration of some chemical parameters

for .. Bowssskurd, ... billabong during, .. %) .
Dry Season Whole Year

Parameter Range n ‘Range n

Laboratory pH Se-c.g ™ T 9-6-8 e

Conductiyity at 18°C
(uScm™4) le=30 1a \O-30 s

Sodium Vol 1a Y- 15
(mg171) .

PotaSS'iL_JT 0 a-0'6 N C-a-0-6 Ky
(mgl ")

Ca]cium_1 o-0-% S o0-0-5 Xy
(mg1™ %)

Magnesium 0. ?-0.9 12 O6-3-0'9 s
(mg1-1)

Chloride 1-9- 3.2 FY | @=22 s
(mg1-1)

Sulphate o-1 6 13 o -16 | &
(mg1=1)

Bicarbonate 4.0-14.2 1> 4.0-18.3 \4
(mg1-1)

Orthophosphate- 3-¢ 2 s-3) G
phosphorus (ug1-1)

'Organic’' phosphorus -2 6 S a6 ®
(ug1-1)

Total phosphorus o-33 ¢ 10-3s 4
(ugl-1)

Ammonia : 4-9 ? a-g a
(ug1-1)

Nitrate/Nitrite -39 ? I-aA 9
(ug1-1)

Organic nitrogen Q50 - 44 7 S4i-2a) 9
(ng1-1)

Total nitrogen ast~Sas ? a'g...fu -

(ug1-1)
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APPENDIX - TABLE.#..: Range of concentration of some chemical parameters
for ...Gemnna .. ....billabong during. !?3ELL, .
Ory Season Whole Year

Parameter Range n Range n

Laboratory pH

60~ 313 V) 6-0-%3 4
Conductiyity at 18°¢
(uSem™ 1) 28-113 FV.) 13-y 6
Sodium @~13-8 a.1q.
(mg]'l) 3 *0 ©9-13-¢ 6
PotaSSiET O0-?2-3:9 V- O 4-39 ol
(mg17")
Calcium_4 03-1-4 a0 o-3-1-4 26
(mg1™ %)
Magnesium e 1~ O &=
(mg1-1) O-4- 17 20 7 &b
(mgl-l) 3 ? Ko O-S~17. 3 >4
Sulphate O~-3-7 19 C-33 &3
(mg1-1)
Bicarbonate 6-F=~2%-0 A0 6 -T= a0 s
(mg1-1)
Orthophosphate- (4-14% T P-4
phosphorus (ug1-1) ? ‘¥
‘Organic' phosphorus la~- 337 n 3-333 17
(ug1-1)
Total phosphorus Q¢ -45¢ u G- 45¢ 3
(ugl-1)
Ammonia li-a%¢ (3 6-as6 1t
(ugl-1)
Nitrate/Nitrite r-ilty 2 Q- 135 18
(ug1-1)
Organic nitrogen 330 - 4513 (18 KWg- 4517 2]
(ug1-1)
Total nitrogen 39|- 4595 1a 177 - 4543 \¢

(ug1-1)




APPENDIX - TABLE..¥..: Range of concentration of some chemical parameters

for ..7ktland ., ...billabong during.. A%8.7F.),

Ory Season Whole Year

Parameter Range n Range n

Ltaboratory pH 2%-¢.9 as 2P -6-6 32

Conductiyity at 18°C
(uSem™4) Is-+53 ay - ¢33 3

Sodium -] | 4=9q.5 2y o8-8 33
(mg1™7)

PotassiL_JT O ->- -4 as O-a~-1-4 33
(mg1™)

Ca]cium“1 e-I &y -1} 33
(mg17%)

M . 1-é&

agnesium O - 4-1'6 as O 4-00m 33
(mg1-1)

Chloride 1. £— 9.2 - g P -2 32
(mg1-1)

Sulphate C~ i3 ? ay OC-13%-9 31
(ma1-1)

Bicarbonate o-1.3 2y O-i3 3
(mg1-1)

Orthophosphate- 3- 4 a> 3-4) a5

phosphorus (ug]'l)

'Organic' phosphorus F- 60 al -6 o4

(ng1-1)
74

Total phosphorus 13- 74 &) 13-9n 4
(ug1-1)

Ammon1ia 1-9% as I-93 a6
(ngl-1)

Nitrate/Nitrite C-10S aa O-las a6
(ugl-1)

Organic nitrogen all- 943 ) all- 843 S
(ng1-1)

Total nitrogen aS-85) &) *S -85 - o

(ug1-1)
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APPENDIX - TABLE..9..: Range of concentration of some chemical parameters

for .. Kelebrleke, . billabong during. JA#A-¥1, .

Dry Season Whole Year
Parameter Range n Range n
Laboratory pH fo- 7.0 13 Ca-30 s
Conductiy]ty at 18°C
(uScm 4) 1c - 74 13 1o~ 74 16
Sodium -1 a3-%-6 9 10—~ 3%6 1
(mg1™")
PotassiL_JT Ob-1-3 9 O-3-1-3 (X
(mg1™%)
Ca]cium_l O-4~ 1'% 9 O -4-1'% 2
(mg1™*)
Magnesium La-a-0 q O0-5 ~&-0 a
(mg1-1)
Chloride .2~ 163 9 - le-a (
(mg1-1)
Sulphate 10 ~3-3 9 1.‘3—3-'3. 7]
(mg1-1)
Bicarbonate 100~ Ja-& g S5 - 134 tl
(mg1-1)
Orthophosphate- -39 13 1- 39 s
phosphorus ‘ugl-1)
'Organic'! phosphorus &~ &6 13 *-4G 1S
(ng1-1)
Total phosphorus 6-54 I3 Iy Ky
(ngl-1)
Ammonia S-a3 13 3-a3 s
(ng1-1)
Nitrate/Nitrite | -39 13 \-S9q 1
(ug1-1)
Organic nitrogen a74 - 135" 13 A4 45 Ky
(ug1-1)
Total nitrogen 285 — 1003 I3 a8 S - locoa 1~

(ug1-1)
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APPENDIX - TABLE..lp.: Range of concentration of some chemical parameters

for ..Geevaeder=~ ...billabong during..t9?¢.=F...

Dry Scason Whole Year
Parameter Range n Range n
S6~-37.0

Laboratory pH RnCuettisy, I SO 3.1 a6

Conductivity at 18°%¢
(uScm 4) &7-4p 13 10-4p 29

Sodium ] 20~ 0.0 13 O-6-100 a¢
(mg1™")

PotassigT ©0.3-30 13 0-'3-3:0 ot
(mg1™%)

Ca]cium_l O =i 13 O'1-0-4 a9
(mg1™ ")

Magnesium o.5-1-9 13 0-3-1-9 9
(mg1-1)

Chloride I'?-13.2 13 1o~ 133 26
(mg1-1)

Sulphate o-5-13 13 O-x.3 o6
(mg1-1)

Bicarbonate 2T~ 14 3 16— 149 V4
(mgl-1)

Orthophosphate- 16-335 ? 3-33¢ 1?

phosphorus {ugl1-1)

'Organic' phosphorus |4 -490 ? q- 44 s
(pgl-1)

Total phosphorus 36- ¥5a ? 16 ~559 k2
(ug1-1)

Ammonia Aa-ns 10 -1y V-1
(ug1-1)

Nitrate/Nitrite I~ 65D 10 T Cu a0
(ug1-1)

Organic nitrogen I133-454 35 10 133 - 4545 V)
(ng1-1) |

Total nitrogen 1Lq~- 3310 10 164- S0 V.

(ug1-1)




APPENDIX - TABLE.M..: Range of concentration of some chemical parameters

for .. Leonysrs¥e .. .billabong during..At¥-Q.,.

Dry Season Whole Year

Farameter

Range n

‘Range

Laboratory pH

Conduct1v1ty at 18°C
(uSem™*)

Sodium ]
(mg1™")

Potass1uT
(mgl

Calcium -1
(mg1™")

Magnesium
(mg1-1)

Chloride
(mg1-1)

Sulphate
(mg1-1)

Bicarbonate
(mg]'l)

Orthophosphate-
phosphorus (ugl-1)

'Organic!
(bg1-1)

Total phosphorus
(ug1-1)

phosphorus

Ammonia
(ug1-1)

Nitrate/Nitrite
(ug1-1)

Organic nitrogen
(ug1-1)

Total nitrogen
(ug1-1)

C-4-6% [
23~ OO 6

30~ G

C-4. 4. é

Oo1-0-6b é

o-a-0-b 6

13 -85 é

0.3~ 4.5 é

6 4-70
19- 100

Lo 416

o.‘.—t'b
o1-0-®
ca-0-3

1'3 -6 .5

1)

(9]

7]

4

Y]




APPENDIX -~ TABLE. M. .: Range of concentration of some chemical parameters

for ..6Gvlecacl ... .billabong during..l1t¢.~%!:,

Dry Seasun Whole Year
Parameter Range n Range n
at H
Laboratory p 34-3. a3 34 =) %o
Conductivjty ax 18°¢
(uSem™4) 23~ 523 a3 1S~ Sa3 ET-%
Sodium 2:0-2a5-9 - :
(mg]"l) a3 1r2d-3as"9 35
PotassiL_JT 0-2-4-4 a3 o a4 L ¥-1
(mg1™7)
Ca]cium__1 O l—43 a3 c-4 % 32
(mg1™")
Magnesium O r-5? a3 O 4~ 9 32
(mg1-1)
Chloride A-2-106-9 .q - .
(mg]'l) a3 o9~ 106-9 30
Sulphate 0-9:¢ as o-a-¢ 30
(mg1-1)
Bicarbonate o~-15 & >3 O~ IS5 & 3o
(mg1-1)
Orthophosphate- 4-13¢ 19 1-136 Ay
phosphorus (ugl-1)
‘Organic' phosphorus 1a-A40% 11 ¢ -10% &y
(ug1-1)
Total phosphorus Al-39 19 16~ 1%¢ YVl
(ng1-1)
Ammonia a- ad3o0 19 a-a300 s~
(ngl-1)
Nitrate/Nitrite o-1650 1 o ~tloso o5~
(ugi-1)
Organic nitrogen 150 - P T-4 ISD-7#7) a5
(ng1-1)
Total nitrogen a3l- sS4y 19 M- N5y as”

(ug1-1)




APPENDIX - TABLE.J3..:

Range of concentration of some chemical parameters

Tor ..Gerndec), .,

..billabong during...l17€79...

Ory Season

Whole Year

Parameter

Range n

Range n

Laboratory pH

Conduct1v1ty at 18°¢C
(uScm

.Sodium 1
(mg1™")

Potass1uT
(mgl

Ca1cium_1
(mg1™")

Magnesium
(mg1-1)

Chloride
(mg1-1)

Sulphate
(ma1-1)

Bicarbonate
(mg1-1)
Orthophosphate-
phosphorus (pg]'l)

'Organic'! phosphorus

(pg1-1)

Total phosphorus
(ugl-1)

Ammonia
(bg1-1)

Nitrate/Nitrite
(ugl-1)

0rgan1c n1trogen
(pgt-1)

Total nitrogen
(ug1-1)

Sa-6-a 4
SD ~3\0 +

3:9- o3¢ s

-~ 0 3

0-6-37 ¥

©-3-23-1 5~

Q- 6-4% 3 L

o~ l0-3 s

1-O-ll-4 s

S o—69 ?

Ia-a0 ?

O6-23'¥% €

06~30 v

©-3-3.% g

C-4-3-1 -4

O~ 43.7 4

o~ 163 ®

1'0-16:0 €




APPENDIX - TABLE..l#.: Range of concentration of some chemical parameters

for .l2mbecamhunm. . .billabong during..l9?A%EL.,

Dry Season Whole Year

Parameter Range n Range n

Laboratory pH PR 19 #3-71 19

Conductivity at 18°C
(uSem ) a0 ~ I2qp 1 1o~ 1340 &l

Sodium -1 l-6 ~ 108 18 oq-i108-1 >
(mg1™")

PotassigT O 4—~4%.¢ [T O-2-4g-¢ al
(mgl™*)

CaTciU'n_l O~ I 6 e o~ 1a )
(mg1™ ")

Magnesium o-a-15¢ T O 4-156 EY
(mg1-1)

Chloride 119 -355-0 13 0.6- 3550 4
(mg1-1)

Sulphate o~ 34.9 17 O~ 3.9 14
(ma1-1)

Bicarbonate O- a%.0 13 C-32%-0 19
(mg1-1)

Orthophosphate- 1 ?-3¢a 15 &~ 393 e

phosphorus (ugl=1)

'Organic' phosphorus ®- @ 7¢ K g C-¥3¥ 18
(pg1-1)

Total phosphorus 0~ 1\8 3 1 13 -~ g3 1]
(ugl-1)

Ammonia 1-311S5 s - 3us 18
(ugl-1)

Nitrate/Nitrite 1= &) |y 1~ &) \e
(ugl-1)

Organic nitrogen 123~ lexae g 18~ l&5 94 13
(ng1-1)

Total nitrogen 133 = 2bns 15 123~ AbILS 18

(ug1-1)




157

APPENDIX - TABLE..LS.: Range of concentration of some chemical parameters

for ...l %0 .. 0.0 .billabong during..l7?¢- %!, .,

Dry Season Whole Year

Parameter Range n Range n

Laboratory pH 1a-6-3 16 3a-6-7% al

Conductiyjty at 18°¢
(pSem™4) 1a- 450 16 I1a - 450 ER-S

Sodium 1 o= i4. 5 13 o-a-isx as
(n.g1™%)

PotassigT O-a-6-¢ '3 O a-6-9 a3
(mg1™")

Ca1cium_1 olg -6-3 1?7 0.9 ~6-3 as
(mg1™")

Maanesium O-4- 95 13 0 - 4~-9.5 a3
(mg1-1)

Chloride -l -a3. 4 17 - 1-23 4 >3
(mg1-1)

Sulphate O- 365 13 O- 345 s
(ma1-1)

Bicarbonate O~ |14 1? O~ Il -4 a2
(mg1-1)

Orthophosphate- 3- 33 1o 3-73 13

phosphorus (ug1-1)

'Organic' phosphorus  8<-13) 10 €~ 137 13
(kg1-1)

Total phosphorus 13~-370 1o 13-3&70 13
(ug1-1)

Ammonia 3- j47e o 3-14%4 3
(ug1-1)

Nitrate/Nitrite a-qps8 10 »-fox 13
(ug1-1)

Organic nitrogen I3~ 372e e 152~ 2934 13
(pg1-1)

Total nitrogen 1S3~ Sn3 0 P XX} 13

(ug1-1)




APPENDIX - TABLE.Jb..: Range of concentration of some chemical parameters

for . Muwe Vel .. .. billabong during..l9?d-"%!l..
Dry Season Whole Year

Parameter Range n Range n

Laboratory pH 3.-4- 70 17 3-4-%-6 19

Conductiyity at 18°¢
(uScm 6 =1390 3 13 =130 =Y

Sodium -1 I3~ 92 .0 19 o-g-q8-0 ol
(mg1™%)

PotassigT O-a-30-4 13 O-a-30-4 )
(mg1™")

Ca]cium_l O—-ab'd 19 O - 2862 -
(mg1™")

Magnesium Ca- b4 17 O 6 64-2 >l
(mg1-1)

Chloride > 8- l64.7 17 1b—164-7 14
(mg1-1)

Sulphate l-'a - als.o 13 bl 201570 9
(mg1-1)

Bicarbonate o= a3 16 o-ia-3 14
(mg1-1)

Orthophosphate- 3-¢¢ 16 1-66 0

phosphorus (ugl-1)

'Organic' phosphorus 13~ las 16 €-134 80
(ug1-1)

Total phosphorus 13- 13¢ 16 13- 1329 0
(ug1-1)

Ammonia 4 ~3%13 14 O— 3717 e
(ug1-1)

Nitrate/Nitrite - 6y \4 1165 18
(ug1-1)

Organic nitrogen ;g - 1300 | 4 *\? - 19800 %
(ng1-1)

Total nitrogen S~ 2FAY s 235 — aiTeg 2

(ugl-1)




APPENDIX - TABLE.I?..:

for . besete ao..... billabong during. MA2E<8, |
Dry Season Whole Year
Parameter Range n Range n
Laboratory pH $3-9] a6 4.3- 7 30
Conductivjty at 16%¢
(uSem™4) 15~ 1340 a6 | #-12490 3
Sodium '3~ Ji4.3 e R
(mg]'l) 3 26 L= 1145 35
Potass;uT O-4-37.3 a6 0-a- 273 3a
(mg
Ca'Icium_l O o5 4 F-¥A D‘i"’f")‘ 33
(mg1™")
Magnrersrfm) O -Som—~ .5 ab O 4-a6-5 3a
Chloride 16—~ 343 .5 ‘b -
(ma1-1) a6 ) o -34a.5 30
Sulphate o- 480 26 o~ 480 30
(mg1-1)
Bicarbonate o-15-¢ b -1 b 30
(mg1-1)
Orthophosphate- a- ¥ 19 a-51 -
phosphorus (pgl=1)
‘Organic' phosphorus @- 04 19 3- 104 Lo
(ugl=2)
Tota] phosphorus 10~-ISs 1 lo - 155 33
Jg]' )
Ammonia 1~ éa4 19 1= 644 H §-
(ng1-1)
Nitrate/Nitrite O -1500 19 O ~-i1so0 o
(ug1-1)
Organic nitrogen S5O ~i93y 19 Hha- (433 aa
(pg1-1)
Total nitrogen a58 -308 3> i1 hz - 3023 3.

(rg1-1)
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APPENDIX - TABLE..I$.: Range of concentration of some chemical parameters
for ... Jeblobks . .billabong during..LPE.7E!.,
Dry Season Whole Year
Parameter Range n KRange n

Laboratory pH

4. 1—(-8 23 4.1-69 29
Conductiyity at 18°C
(uSem™4) 1a-116 a3 13- 1% 39
Sodium A%C
|-3= 130 - -t
(mg1™ 1) a3l o9 L
Potass;uT 0-3-50 a3 02-5-0 a4
(mg
Ca'lc1'um_1 o -3 a2 ©.3-3-1 a4
(mg1™")
Maones1um
O-6-4-) O-4-a.
(mq]' ) a3 } a9
Chloride 1 Q- og-4 3 -alg?
ot a- a8 a3 +-28 a9
Sulphate o-26-8 a3 oQ ~ 3639 M
(ma1-1)
Bicarbonate O-)13.4 a3 o~ |3-t &9
(mg1-1)
Orthophosphate-— 2-3¢ I a-3¢ 1
phosphorus (ugl~ 1)
'Organic' phosphorus t-161 13 ? 16 15
(ugl-1)
Total phosphorus 10 - 193 13 o - 1% T
(pgl-1)
Ammon1ia 3-62 i3 3-68\ 15
(ug1-1)
Nitrate/Nitrite 2-é%0 I3 - 420 1S
(ug1-1)
Organic n1trogen &0? - I4SD 13 80P~ 1650 15
(ng1-1)
Total n1trogen €4 -233) 3 €4 - 2333 ry

(ug1-1)
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APPENDIX - TABLE. ). .: Range of concentration of some chemical parameters
for ... Neckeen .. ... billabong during..A#® <%l ..
Dry Season Whole Year

Parameter Range n Range n

Laboratory pH $2-6-8 14 4.2-6-€ e

Conductiyjty at 18°C
(uSem +) A3 -286 14 (P 73 80

Sodium _, & l-a9-4 I+ OF-a7 4 a0
(mg1”7)

Potassiup 0-3-58 14 O-a-58 &0
(mg1™7)

Ca]cium_l o254 14 o A-5 ¢ a0
(mg1™")

Magnesium 0F-sa 14 O3-54 a0
(mg1-1)

Chloride 3.5 - 59.3% 14 1€ -59.3 e
(mg1-1)

Sulphate 05~ 41-%9 14 O -5~ &1-9 T
(mg1-1)

Bicarbonate O-a-9 14 0 ~-4-9 '@
(mg1-1)

Orthophosphate- 1- 20 o o - 30 14

phosphorus (ugl=1)

'‘Organic' phosphorus |6 - 443 1o S-4es 14
(bg1-1)

Total phosphorus 1- 444 10 1~ 444 l&
(ng1-1)

Ammonia - 1204 o 1~ 1a.09 |4
(ug1-1)

Nitrate/Nitrite I~ 1Yo00 1o t- 1300 L4
(kg1-1)

Organic nitrogen 331793 10 13- 17323 14
(pg1-1)

Total nitrogen SHs-3v01 10 IS6-103b 14

(ugl-1)




1hd

APPINDIX - TABLE.2Q.: Range of concentration of some chemical parameters

for .. Jingedla. .. .. ..billabong during..lA%9-8), .,
Ory Season Whole Year
Parameter Range n Range n
i |
Laboratory pH b 3.7 ® 4 2-33 N
Conductiyity at 189
(uScm™4) 10S - 6410 € 20 - 6410 1o
Sodium -1 Io-qa-436-| < |- 4-936- &
(11g1°7)
POtdSSWT I 4-340 2 03670 PN
(mg]
Calcium S
-1 06 -66-0 2 0-3 - 660 13
(mgl™7)
Maanesium
o 3P ~1745 X 1745 13
(mg1-1) 2 g o5
(mg1-1)
Sulphate 119~ -9 ¥ 1-] — 1119 7]
(mql-1)
Bicarbonate O - 450 { o~-450 1
(mal=1)
Orthophosphate- 4-90 2 |- 4o 12
phosphorus (ug]'l)
'Organic' phosphorus 14-383 7 4 - 383 13
(ugi-1)
Total phosphorus a3 - 398 ? 6 ~297 1>
(ug1-1)
Ammon i a 9-10¢ 8 q 3~ 1088 14
(bg1-1)
Nitrate/Nitr‘ite -3y 9 -3¢ |4
(ug1-1)
. . 26
Organic nitrogen 280~ 1936 q 53199 14
(ng1-1)
Total nitrogen 309 - 3049 9 b4 - 3049 14

(ug1-1)




1h

APPENDIX - TABLE. AL .: Range of concentratien of sone chemical parameters

for ...@44.1;.47 ...... billabong during...179-8.1.

Urry Season Whole Year

Parameter Range n Range n

Laborvatory pH

-8 60—~ %.a n
Conductivity at 15°¢C
(uSem™4) a7 -339 J0-— 334 "
Sodium -1 3-6-23 | b= 230 H
(mg1™ ")
PotassigT O~ 4 O 41l 4 11
(mgl *)
Ca]cium_1 O %-13.-5 D9P—13-5 ]
(mal =)
Magnesium 3-1-10:0 10— 1060 i
(mgl-1)
Chloride 4.3-31.) Q3—-31-5 3]
(mgl-1)
Sulphate (X% O 2% 0-8-835 ¥
(mal-1)
Bicarbonate 53.9-153-4 15.4 -~ 1S3 .| T
(rg1-1)
Orthopnosphate- _ & ~77 2
phosphorus (pg1=1) 16 -33
'Organic! phosphorus go-¢) 8-82 3-8
(ng1-1)
Total phosphorus 34-9) 13-13 1o
(ug1-1)
Ammonia I-149 I-l64q 1
(ug1-1)
Nitrate/Nitrite >-aD 1= 0 1
(ug1-1)
Organic nitrogen 4> -1i43 &43-1193 PN
(ug1-1)
Total nitrogen asi- 1004 45— 1204 Y

(ugl1-1)
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