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Eight ground water and surface water samples were
taken synchronously. Surface samples were less saline
than corresponding ground waters except in MA and
MB. The correlation value between the TDS of the two
waters was 0.33, however, it increased to 0.84 with the
exclusion of samples from KA (10/05/03; 20/05/03), which
had the greatest gradient of TDS between surface and
ground waters.

Ionic analyses
Ionic analysis of the ground water samples showed a

consistent pattern of ionic dominance: Na+ > Mg2+ > K+ >
Ca2+ : Cl- > SO4

2- > HCO3- > CO3
2- (Table 5). Using the

Eugster & Hardie (1978) method of nomenclature for
comparing brine types, the ground waters are type Na-
(Mg)-Cl-(SO4) (Table 5). The relative proportions of
major solutes in groundwater samples did not vary
remarkably between playas as shown in the ternary plots
(Fig. 6). The plots are consistent with saline ground
waters elsewhere in Western Australia which are
dominated by Na and Cl ions.

Similarly, playa surface waters were dominated by Na
and Cl (Fig. 6); however, they showed a slightly more

Table 5
Brine classification of surface waters and ground waters (parentheses) compared to sea water.

Pattern of ionic dominance Sample (refer Table 3 and 4))

Na>Ca>Mg>K : Cl>SO4>HCO3>CO3 1,2,9
Na>Mg>Ca>K : Cl>SO4>HCO3>CO3 3-8, 10-52; seawater
Na>Mg>K>Ca : Cl>SO4>HCO3>CO3 53-56; (1-20)

Eugster and Hardie

Na-(Ca)-(Mg)-Cl-SO4 1
Na-(Ca)-(Mg)-Cl-(SO4) 2,9
Na-(Mg)-(Ca)-Cl-(SO4) 3-8, 10-15, 17-19, 22, 24 26-39, 41-50; seawater
Na-(Mg)-Cl-(SO4) 16, 20, 21, 23, 25, 37-40, 51-56; (1-20)

varied ionic dominance than the groundwater samples.
The majority of samples had a pattern of ionic dominance
consistent with that typical of sea water: Na+ > Mg2+> Ca2+
> K+: Cl- > SO4

2- > HCO3- > CO3
2- (Table 5). However seven

samples deviated from this pattern being either enriched
(samples 1, 2, 9) or comparatively depleted in Ca2+

(samples 53�56) to resemble ground waters (Table 5).
The relationships between ionic ratios and salinity in

all water samples are shown in Figure 7. They are similar
to those described by Jankowski and Jacobson (1989) who
investigated the evolution of regional fresh groundwater
inflow to saline ground water brines in playas of central
Australia. We propose that shallow ground water brines
sampled in this study have evolved via a geochemical
pathway similar to the 1B pathway described by
Jankowski and Jacobson (1989). The pathway is
illustrated in Figure 8 and related to playa physical
hydrology. The three phases of a hydroperiod, namely
flooding, evaporative concentration and desiccation are
accompanied by three brine types of varying
composition: the initial composition, in this case the
composition of rainwater in the vicinity of the Yarra
Yarra drainage system after Hingston & Gailitis (1976);

Figure 6. Ternary diagrams showing the relative proportion on ions in surface water and groundwater samples compared to sea water.
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Figure 8. Potential pathway for brine evolution based on 1B pathway of Jankowski and Jacobson (1989), in relation to the physical
hydrology of the playas modified from Shaw & Thomas (1989) and Fan et al., 1997. a Initial composition derived from Hingston &
Gailitis (1976).

the intermediate brine that persists after the first
chemical divide where calcite precipitates; and the
resulting shallow groundwater brine that evolves after
the second chemical divide where gypsum precipitates.

Discussion
As ephemeral lakes, the playas studied here display a

combination of characteristics and processes common to

both permanent and permanently dry lake types. We
discuss the results of the research in three parts: factors
influencing the mechanics of surface water hydrology;
the hydrology of shallow groundwater; and processes
defining the hydrochemical character of the playas.

Surface water hydrology
The playas represent a combination of stages C and D

in Bowler�s (1986) continuum of lake basins. During the
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monitoring period, the continuum was exemplified
through MONB at the �C end� (most often wet) and KA
at the �D end� (most often dry). Collectively they are
ephemeral basins and therefore alternate between two
distinct hydrological phases; the wet phase of variable
length and salinity, comprised of three internal
hydrochemical phases of i. inundation, ii. evaporation
and iii. desiccation; and the dry phase consisting of
variable drought periods in which playas are primarily
groundwater-dominated or discharge playas (Fig. 8).
Geomorphically the 6 playas are similar in that they are
elliptical to circular and shallow (< 1 m). According to
Bowler�s continuum, KA should have an irregular outline
if it is a true groundwater dominated playa, however its
smooth shorelines may be an inherited feature from past
high rainfall periods. Thus the morphology of the lake is
not necessarily reflecting the current hydrologic
environment.

The frequency and duration of filling events in playas
of the Yarra Yarra system is controlled in part by rainfall
distribution across the catchment reflecting rainfall
patchiness and variable catchment characteristics. The
progressive SW to NE pattern of decreasing average
rainfall is likely to produce variable spatial and temporal
patterns in playa filling frequency and hydroperiod,
although this has not been investigated systematically
and remains the subject of further work in the catchment.
In addition, the downstream topographic gradient along
the drainage line is variable. Low gradient stretches in
the system, for example the southern section of Lake
Monger and the 40 km stretch south of Lake Nullewa
(see Fig. 6 Boggs et al. 2006), may act as surface water
sinks further influencing the distribution and residence
time of surface water.

Detailed analysis of filling frequency and hydroperiod
using remotely sensed data has been performed on other
Australian salt lake systems (Turner et al. 1996; Roshier
et al. 2001). Roshier et al. (2001) identified that three
successive months of 20 mm rainfall was a sufficient
threshold for filling playas in arid Australia. We
identified that an event or a series of events totalling 18.8
mm triggered a filling event in all playas investigated.
However, such events did not always result in a filling
event in all lakes, suggesting that factors other than
rainfall, e.g. drainage connectivity, contribute to playas
filling. For example, MA/MB and MONA/MONB are
located in similar average rainfall zones (Fig. 1) but had
very different filling regimes. This could be attributed
mostly to the variability in rainfall between the two sites
during the monitoring period (Fig. 3c), however they also
have markedly different catchment characteristics. The
sub-catchment derived for MONA/MONB appears to be
effective in generating run-off, i.e. high slope with
strongly connected drainage channelling creek water
directly into the playas. In comparison, MA/MB are part
of a very flat, large regional catchment with
comparatively poorly connected drainage network. For
KA/KB the rainfall record taken at Morawa may be too
far away to reflect accurately the rainfall in the sub-
catchment. Being in a low rainfall zone, it was not
unexpected that KA/KB had very little surface water
during the monitoring period. KA, in particular, rarely is
likely to accumulate appreciable surface water given that
it is separated from the sub-catchment drainage by
dunes.

In all playas, the pre-condition of the catchment will
play a significant role in the amount of run-off and/or
subsurface flow that enters the basin. Factors including
the soil saturation and resultant runoff and/or seepage
from the capillary fringe as well as the catchments
efficiency in delivering run-off to the playas will
contribute to the amount of water entering the basin.

The evaporation rates for each lake do not necessarily
reflect the inverse relationship between evaporation rate
and surface water salinity that is often recorded in saline
water bodies (Drever 1982; Kotwicki 1986; Yechieli &
Wood 2002). The evaporation rates recorded vary widely,
suggesting that loss is occurring through avenues other
than direct evaporation. For example, the rates for
MONA/MONB are likely to be high; the playas
undoubtedly lost surface water downstream to the
Mongers playa through the surface water outlet (Fig. 2c).

Groundwater hydrology
Regional groundwater flow in the Yarra Yarra

drainage system is towards the playas, which are
topographical low points, and inferred local discharge
points for groundwater (Commander & McGowan 1991).
Therefore, simplistically, regional recharge flows into the
playas and leaves via evaporation from the playa floors.
However, we have presented some evidence here of
more variable patterns of local groundwater movement
that respond to the presence of surface water. The playas
probably recharge to the unsaturated zone between the
lake bed and the water table during wet phases. Unlike
some playa systems further inland, such as those in the
Eastern Goldfields of Western Australia, the Yarra Yarra
lakes receive relatively regular runoff and are therefore
likely to recharge annually through their basin floors or
through permeable basin margins. Recharge may also be
occurring outside the basins in porous dune areas and
adjacent calcrete deposits (Commander & McGowan
1991) and enter the playas as relatively fresh sub-surface
flow.

The playas are not likely to be hydrologically closed
but through-flow playas and part of a regional
groundwater flow system supported by the consistent
chemistry of their local groundwater. Given that regional
lateral groundwater flow is catchment controlled, then
movement will be very slow as the average topographic
gradient along the lowest part of the salt lake valley
between Lake Monger and Yarra Yarra is less than
0.0005% or a total decline of only 52 m over 270 km
(Boggs et al. 2006).

Variations in the position of the water table relative to
the elevation of the basin may be significant to the
hydrochemistry of the playas through the relative
contribution of recharge waters (Shaw & Thomas 1989)
and the preservation of salts, i.e. the development of
evaporative crusts. Jacobson and Jankowski (1989) in
their investigation of central Australian playas found that
adjacent playas at different elevations (e.g. Glauberite
Lake compared to more elevated Lake Amadeus) are
differentially affected by groundwater. The 6 playas
investigated here have variable elevations and positions
in the landscape relative to other playas that might
influence their hydrological characteristics (see Fig. 2).
KA/KB and MONA/MONB have evolved peripherally to
large adjacent playas (Weelhamby and Mongers

Boggs et al: playas in the Yarra Yarra drainage system, WA
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respectively) while MA/MB are located within the main
palaeodrainage and probably segmented remnants of a
larger playa in this area. Here the playas are known to
develop thick evaporative crusts, this combined with the
flat topography and poorly connected surface drainage
suggests that playas are likely to be strongly influenced
by shallow ground waters. The similarity of surface
water and groundwater salinity in MA/MB supports this
proposition.

Hydrochemistry
The small playas investigated did not show any

unique chemical characteristics during the monitoring
period but were consistent with previous hydrochemical
research undertaken on playas in Yarra Yarra catchment
(Geddes et al. 1981; Brock & Lane 1983; Cruse et al. 1989;
Regeneration Technology 2001; Smith 2001) and with the
major reviews of Australian salt lake chemistry (Williams
1967; Buckney 1980; Geddes et al. 1981; DeDeckker 1983).
The results therefore supported the theory that playa
salts are derived from marine aerosols (Chivas et al.
1991).

We were able to identify the progressive evaporative
concentration of salts (stage 2, Fig. 8) in the water depth
to salinity relationship. pH values showed a weak
inverse relationship to salinity and therefore water depth,
however, the relatively circum neutral pH of both ground
waters and surface waters reflects the buffering capacity
of Na and Cl as described by Gasse (1986).

Except in MA and MB, the ground waters were less
saline than surface waters, indicating that evaporation
was proceeding more slowly than diffusive exchange;
thus, with progressive evaporation, diffusive flux
between the surface and shallow ground waters
progressively reduced the concentration gradient
between the waters so that they became chemically more
similar with time until the playas dried. Long periods of
dry such as in KA will produce highly evolved shallow
ground waters, i.e. strongly dominated by Na and Cl. In
contrast, long periods of wet such as in MONA, halt
brine evolution (Yechieli & Wood 2002) thus we might
expect the shallow ground waters of playas of the Yarra
Yarra catchment to show spatial variability roughly
related to the SE-NW rainfall gradient. Low groundwater
salinities seen in samples 12�14 possibly represent the
diffusive flux (recharge) of low salinity surface waters
into the shallow groundwater, presumably with the
equivalent upward flux of salts.

Based on the ionic ratios given in Figure 7, it is
possible to predict the pathway of shallow groundwater
evolution and relate this to the physical hydrology of the
playas (Fig. 8). We propose that the shallow ground
waters have evolved along the pathway described in
Figure 8, i.e. pathway 1B, modified from Jankowski and
Jacobson (1989). Here, recharge waters have evolved
from a low salinity composition, in our case a likely
combination of rainwater and regional groundwater, into
Na-(Mg)-Cl(SO4) type brines with depleted Ca and
HCO3.Chemical analysis of local rain waters and regional
ground waters was not undertaken in this study but
would be necessary to confirm conclusively the source
and composition of input waters. Nonetheless, the IB
pathway requires that the initial waters have a ratio of
Ca : HCO3 of > 0.5 and SO4 : Ca of > 1 which is common

to percolated rainwater containing dilute sea-salts
(Yechieli & Wood 2002).

Free convective flow (Fan et al. 1997; Yechieli & Wood
2002) is likely to contribute to brine evolution in these
playas. The playas satisfy the necessary conditions for
free convection to occur. According to Fan et al., (1997)
these include a shallow water table and resultant �wet�
playa surface and abundant recharge through regional
groundwater flow.

Variations seen in the relative proportions of ions in
the surface water could be attributed to capturing
different phases in the geochemical pathway during
evaporative concentration. We identified from ionic
ratios that the playas monitored probably followed the
1B geochemical pathway of Jankowski and Jacobson
(1989) where, at the first chemical divide (the initial
precipitation of calcite), the calcium to alkalinity ratio is
< 2 resulting in waters dominated by Na and Cl with
appreciable Mg, Ca and SO4 as seen in samples 1, 2 and 9
(Table 5). At the next chemical divide, gypsum
precipitates and if the SO4 concentration then remains
greater than Ca concentration, we derive a Na and Cl
dominated brine with appreciable SO4 and Mg.
Therefore, the ground waters chemically appear to be the
concentrated end product of evaporated surface waters
with reduced Ca possibly due to cation exchange (clay
adsorption) during infiltration (Herczeg & Lyons 1991).
Similar processes have been documented in other lakes
in Australia including Lake Eyre and Lake Tyrell
(Jankowski & Jacobson 1989).

Despite the relatively consistent water chemistry
observed, discrete variations in ionic composition may
prove to be significant to playa biology. For example, the
species composition of diatom communities is known to
be sensitive to anion concentrations, the effects of which
may be concentrated by nutrient availability (Servant-
Vildary & Roux 1990; Saros & Fritz 2000a, b). Therefore
in addition, catchment inputs should be quantified. This
could be particularly important in the Yarra Yarra
catchment which is dominated by agricultural landuses,
including the widespread application of super-phosphate
fertilisers and gypsum soil improvers (Boggs et al. in
press).

Conclusions
The hydrology of six small playas in the Yarra Yarra

drainage system of Western Australia was monitored
over two wet seasons. The six playas represent a
hydrological continuum of ephemeral basins from mostly
wet to mostly dry. The variability seen in hydroperiod
and filling frequency was largely dependent on rainfall
variability, sub-catchment size and slope and local
drainage connectivity.

Ground waters were generally less than 1 m below
the playa surface and essentially flat under each playa
reflecting the low topographic gradient. While likely to
be net discharge playas, there were spatial and temporal
variations in hydraulic head indicating that local,
shallow groundwater movement is complicated by the
presence of surface water and the playas may switch to
a recharge mode for short intervals. More widespread
investigations of groundwater movement facilitated by
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a longer monitoring period and more comprehensive
piezometer networks as well as measurements of
diurnal variations in the watertable are needed to
determine the sub-surface flow inputs which would
help complete the understanding of hydrochemistry of
the playas.

Hydrochemically, the playas were not unlike other
playas in Australia. They display a wide range of
salinity, neutral to alkaline pH and ionic composition
similar to seawater. We postulate that the geochemical
evolution of waters in the playas follows the 1B pathway
of Jankowski and Jacobson where low salinity recharge
waters with seawater salts progress to Na-Cl dominated
brines through evaporative concentration. The similarity
of groundwater and surface water TDS suggest there is
interchange occurring between the two waters.
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