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Abstract

An understanding of hydrological processes is ¥idathe sustainable management of
groundwater resources, especially in areas wheegjaifer interacts with surface water
systems or where aquifer-interconnectivity occilifss is particularly important in areas that
are subjected to frequent drought/flood cycleshsasthe Cressbrook Creek catchment in
southeast Queensland, Australia. In order to utaleighe hydrological response to
flooding and to identify inter-aquifer connectivitywultiple isotopesH, 5*°0, ®’Srf°sr, *H
and*“C) were used in this study in conjunction with apoehensive hydrochemical
assessment, based on data collected six monthseattere flooding in 2011. The relatively
depleted stable isotope signatures of the floodgetimg rainfall §°H: -30.2 to -27.8%,

3'°0: -5.34 t0 -5.13 %0 VSMOW) were evident in surfacater sampless{H: -25.2 to -
23.2%0,5'%0: -3.9 to -3.6% VSMOW), indicating that thesérerme events were a major
source of recharge to the dam in the catchmenttetads. Furthermore, stable isotopes
confirmed that the flood generated significant exge to the alluvium in the lower part of
the catchment, particularly in areas where int@wastbetween surface waters and
groundwater were identified and where diffuse aguiécharge is normally limited by a
thick (approximately 10 m) and relatively impermieatnsaturated zone. However, in the
upper parts of the catchment where recharge géneurs more rapidly due to the
dominance of coarse-grained sediments in the uradatlizone, the stable isotope signature
of groundwater resembles the longer-term averagéatiavalues §°H: -12.6,5"%0: -3.4%o
VSMOW), highlighting that recharge was sourced fremmaller rainfall events that occurred

subsequent to the flooding. Interactions betweerb#drock aquifers and the alluvium were
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identified at several sites in the lower part @& tatchment based 85r/°Sr ratios; this was
also supported by the hydrochemical assessmenthwitluded the modelling of
evaporation trends and saturation indices. Th@rated approach used in this study
facilitated the identification of hydrological pregses over different spatial and temporal
scales, and the method can be applied to otherleargpological settings with variable

climatic conditions.

Keywords:Groundwater/surface-water interactions, inter-aquifer connectivity,

hydrochemistry, isotopes, groundwater recharge

1 Introduction

Alluvial aquifers are natural reservoirs of grourader, buffering baseflow in river systems
and providing a reliable water supply during dakmatic phases (Winter et al., 1998).
Moreover, interactions between alluvial aquiferd #reir connected streams are essential
for the maintenance of healthy surface water andmgiwater ecosystems (Boulton et al.,
1998; Hancock et al., 2005; Boulton et al., 2010ibas et al., 2012). Sustainable
management of these alluvial aquifers is critibal, to enable this, a good understanding of
recharge processes is required, together with preajation of the different groundwater
sources and the spatial variability of this reckatdgrachowitz et al., 2011; Dogramaci et al.,
2012).

While it is generally recognised that rechargeaisable over time, the influence of
episodic climatic events such as flooding are ®oy well understood. This is particularly
the case in alluvial aquifers where total rechasgeten dominated by flood-related influxes
(e.g. Workman and Serrano, 1999). In these allsyisiems, recharge rates are commonly
elevated during floods, as a result of: (1) theagiged permeability of the creek-bed during
the flood, due to scouring of the clogging layerhigh velocity flows (e.g. Cendon et al.,
2010; Simpson and Meixner, 2012); (2) enlargedwagtbetween surface-and groundwater,
due to the increased width of the creek and thefaxte between groundwater and the creek
across which interaction can occur (e.g. Lange5paind (3) the increased head gradient
between the creek and the stream (e.g. Rushtom@ntinson, 1979). Owing to this
reliance on infrequent flooding and large rainélénts, alluvial aquifers are likely to be
severely impacted by the predicted changes in tlinpatterns, such as the projected
increased frequency and severity of droughts ayatl (Parry et al., 2007). This forecasted

climate change will impact on river flows (Arnelhé Gosling, 2013) and groundwater
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recharge processes (Green et al., 2011; Barrdn 80&2; Dawes et al., 2012). This is
particularly relevant for alluvial systems whicleaonnected to ephemeral or intermittent
streams, as interactions between these streanth@atiuvial aquifers are highly dependent

on antecedent rainfalls (Hughes et al., 2011).

The study area is a small subtropical catchmesbitheast Queensland, Australia,
which was subject to severe climate extremes iemegears, including an extended drought
from the late 1990s through to approximately 2G68owed by heavy rains, which
culminated in a 1% annual exceedance probabilifRAflood in January 2011 (Babister
and Retallick, 2011). This event provided a unigpportunity to study groundwater

recharge processes that result from episodic flapdi

Seepage to the alluvium from the underlying bedampkifers is potentially an
important source of recharge for the alluvium, thig process has not been verified. The
influx of poor quality groundwater, which is oftassociated with bedrock aquifers in the
study area, may negatively impact on the waterityuad the alluvial aquifer. Therefore, it is

important to identify and monitor areas where bekliseepage occurs.

The objective of this study is to demonstrate hawtiple environmental isotopes
(8°H, 50, ¥’SrF°sr,*H and™C) in combination with a comprehensive hydrocheinica
assessment can be applied to: (1) assess thacage# of floods as a major recharge
source; (2) identify recharge processes and comitgdietween surface water and
groundwater; and (3) identify areas where the alluvs recharged by the underlying highly
diverse bedrock (inter-aquifer connectivity). Mplé isotopes are increasingly being used to
identify inter-aquifer connectivity (e.g. Dogramarid Herczeg, 2002; Raiber et al., 2009,
Cartwright et al., 2010a, 2012; Costelloe et #&12; Baudron et al., 2014); nevertheless,
studies of this kind are still challenging duelie tomplexity of the hydrochemical

interactions that result from inter-aquifer grourader flows.

Many studies have used surface- and groundwatepasitions (i.e. isotopes, and
major and minor ions) to report on the connectietween streams and alluvial groundwater
(e.g. Soulsby, 2007; Barrett et al., 1999; Kircheteal., 2010; Mandal et al., 2011,
Morgenstern et al., 2010; Siwek et al., 2011; Néame Petelet-Giraud, 2005). However,
studies that use isotopes and hydrochemistry saghe connectivity between alluvial
aquifers and intermittent or ephemeral streams Kaumar et al., 2009; Vanderzalm et al.,
2011), or report specifically on the effects ofsggiic groundwater recharge from flooding
(e.g. Cartwright et al., 2010b; Cendon et al., 2@ifhpson et al., 2013) are less common.
This study uses groundwater stable isotopes toguaiitie a detailed assessmentaf and

30 in rainfall to assess eposodic recharge. Raiisfaibpe time-series data are commonly
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used to assess long-term trends in groundwateargelfe.g. Zhu, et al. 2007, Praamsma et
al. 2009); however, they are rarely applied to sss&ent recharge of shallow aquifers (e.g.
Scholl et al. 2004; Gleeson et al. 2009). Theevaluconsidering time-series data of rainfall
stable isotopes in hydrogeological investigatieansleéarly demonstrated by this study, and
the outcomes will be important for the manageméth® alluvial groundwater resources of

the study area and for understanding flood-relptedesses in similar alluvial settings.

2 Hydrogeological setting

The Cressbrook Creek catchment covers an aregofximately 200 krhin southeast
Queensland, Australia. The area considered foisthidy extends from the Cressbrook Dam
in the headwaters to the confluence with the BristRiver in the northeast; it excludes the
area up-gradient of Cressbrook Dam, which is akdrgqhwater supply dam for the
Toowoomba City Council (Fig.1). The topographicallgvated areas in the southwest of the
catchment (ranging from 220 to 520 m AustraliangdeDatum, AHD) are forested and
mostly undeveloped, whereas alluvial plains aldrgdrainage system host rich farm land
(>90% of the total alluvium by area), particularriythe lower part of the catchment to the
northeast (approximately 70 to 150 m AHD). In thést of the catchment, irrigators use up
to 3 GL of alluvial groundwater annually (DNRM, Z91but groundwater abstraction is
often restricted due to low groundwater levels.Wiite construction of Cressbrook Dam in
1983, flow in Cressbrook Creek was further reducesijlting in lower groundwater levels.
While water was initially released from the danrdoharge the alluvium, releases were

controversially phased out in the late 1990s dudrdaght-induced water shortages.

In this study, the catchment has been arbitraiiliddd into four regions for ease of
discussion: the Catchment Headwaters, the Uppeh@ent, the Mid Catchment and the
Lower Catchment (Fig. 2).

2.1 Climate and surface water drainage

Southeast Queensland is a subtropical region withhumid summers and dry, mild
winters. The average annual rainfall at Toogoolaimghe lower part of the catchment (Fig.
3) is 847 mm, although total annual rainfall carnighly variable, ranging from 366 to 1418
mm between 1909 and 2011 (Station number 04020%,B8D12). However, even in wet
years the diffuse recharge is limited by high eveptspiration rates, with mean annual pan
evaporation rates of 1809 mm measured at Gattgn Ifilocated about 25 km to the south

of the study area (Harms and Pointon, 1999).
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This climatic variability has been particularly deit in recent years, when below
average rainfall from 2000 to 2009 resulted in ey creek flow, especially from mid-
2006 until early 2008 when flow in the creek ceasemipletely (Fig. 4b). Due to that
extended drought, water levels at Cressbrook Dattmeitneadwaters of the catchment (Fig.
2) did not reach the overflow in the period betw&889 and early 2011, and there was no
flow from the dam to the creek. Despite the lackwaifflow from the dam, intermittent flow
was recorded in Cressbrook Creek during this pesfdone (Fig. 4b), indicating that the
creek was recharged by both overland and groundwatgributions along its course. The
period of drought was then followed by two wet w010 and 2011), culminating in
significant flooding in January 2011 (Fig. 4b), eppmately five months prior to the
sampling conducted during this study. As a redulhis flooding, Cressbrook Dam reached
the overflow and discharged to Cressbrook Creek 2dtJune 2011, with peak flows of
approximately 330 m3’s During the surface water sampling campaign (& 2011),
approximately 0.5 m3’swas discharging from Cressbrook Dam (ToowoombadRedy
Council, 2012) and Cressbrook Creek was flowingpgiroximately 0.7 m37sat CC3 (Fig.

3; DNRM, 2013), indicating that the majority of Wwan Cressbrook Creek was probably

derived from the dam during this period.

Groundwater hydrographs show that during the pé#ikeodrought in 2008,
groundwater levels had dropped to approximately 3 i below the base of the creek in the
Lower Catchment. Additionally, the groundwater gead in the Lower Catchment indicated
that the creek was losing during this drought eridowever, groundwater levels recovered
following the flooding and heavy rain in 2010 ta120 Subsequent to the flood, the
groundwater gradient reversed and Cressbrook QGreekme a gaining stream in the Mid to
Lower Catchment (Fig. 3), suggesting that groundwgtadients between the alluvial
aquifer and stream are dynamic and dependent cantieeedent rainfall conditions.
However, it is apparent that the alluvium receiselgstantial recharge from Cressbrook
Creek in the Mid to Lower Catchment (King et aD12).

2.2 Geology

2.2.1 Bedrock

The alluvial aquifer system of Cressbrook Creeklm® bedrock of variable geology, with
volcanic rocks, metamorphic rocks and granodigmniteminent in the upper part of the
catchment (Fig. 2 and 3). Basaltic rocks are paleity prominent in the Upper Catchment,
whereas the bedrock in the Mid to Lower Catchmgrbimposed mainly of the Mesozoic

sedimentary rocks of the Esk Formation. Primarypities of these bedrock units are
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generally low, but permeabilities are enhancedmesregions by weathering of
granodiorites and fracturing in other rocks (GSQMXSC, 1973).

The Esk Formation underlies many of the alluviahghng sites in the Mid to
Lower Catchment (Fig. 3), and has a broad rangedimentary strata and grain sizes
(Cranfield et al., 2001). Geological borehole IgB8IRM, 2012) confirm that this formation
IS very heterogeneous, with clayey sandstonessgattiic sandstones, shale and basalt, all

recorded at shallow depths within the Mid to Low@atchment.

2.2.2 Alluvium

The alluvial system at Cressbrook Creek is chariaet by fining-upwards sequences,
which typically consist of basal sands and grawalsrlain by silts and clays. Minor
carbonate veins have been identified within graoritdis (Zahawi, 1972). However, their
contribution to the alluvium, if any, has not betected in X-ray diffraction (XRD)
analyses of sediments collected from Lake Wiventuéch is located downstream of the
confluence with the Cressbrook Creek and the Bnisliiver (Fig. 1). In addition, no
carbonate was detected in the weathered granadjafile (Douglas et al., 2007) as any
potential carbonate particles are likely to diseolhis apparent lack of carbonates implies
that radiocarbon dating of alluvial groundwateraridikely to be significantly affected by

interactions with carbonate minerals.

King et al. (2014) describe this complex, multidagd alluvial system as a two-layer
system based on sediment grain size assessmertia$akcoarse-grained layer consists
mostly of sands and gravels, whereas the uppep&wmeability layer is primarily
composed of fine-grained sediments such as sittskys. This fining upwards sequence is
characteristic of many alluvial systems in eastaugtralia (e.g. Cendon et al., 2010; Cox et
al., 2013), largely due to diminishing surface wél@ws in the late Quaternary (Knighton
and Nanson, 2000; Maroulis et al., 2007; Nansai.£2008). The thickness of the low
permeability layer increases with distance dowmsirewhereas the thickness of the basal
high permeability layer decreases down-gradieeséhvariations suggest that there is

probably less recharge in the lower parts of thiehraent compared to the upper parts.

3 Water sampling and analytical methods

Surface and groundwater samples were collectedrie dnd September 2011 from eight
surface water sites, 18 bores screened in thei@llaguifer and eight bedrock bores. In
addition, two samples were collected from boresre/tiee screened intervals (slotted section

of casing) encompass both the lower 1 — 2 m o&tlwium and the top 1 — 2 m of the
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bedrock (B92 and B158); these sites are categoaisébedrock sites” (Fig. 3). Alluvial
boreholes are less than 20 m deep and they uswlya 3 m long screened section at the
base of the alluvium, whereas bedrock boreholegamerally deep, except for three shallow

bores screened in the Esk Formation (Table 1).

Prior to sampling, three well volumes were pumpedifthe boreholes and the
specific (electrical) conductance (SC), temperatia@ox potential (Eh) and pH were
monitored using a flow cell to ensure that thesammeters had stabilised prior to sampling.
Field measurements were taken with a TPS 90 Fd fiedter, which was calibrated in

accordance with the manufacturer’s specificatiaiar ppo use.

3.1 Major and minor ions

Samples for major and minor cations (Na, K, Ca, Mg, Mn, Al and Sr) were collected in
acid-cleaned 125 mL HDPE (High Density Polyethy)dmattles and acidified to
approximately pH 2 using HNOCations were analysed at Queensland University of
Technology (QUT) by inductively coupled plasma ogtiemission spectroscopy (ICP-
OES). Samples for major anion analyses (Cl3 80O, and HCQ) were collected in pre-
rinsed 250 mL HDPE bottles, with no further treatinentil analysis, which was performed
at QUT using an automated discrete analyser (S@2) Aion chromatography (Dionex ICS-
2100) and by manual titration for alkalinity.

3.2 Isotopes

Stable isotopesstH ands*®0) of groundwater and surface water samples celiedtiring

this study were analysed using a Los Gatos LiquadéMsotope Analyzer at the University
of New South Wales (after Lis et al., 2008). B of dissolved inorganic carbon (DIC)
was analysed at GNS Science (New Zealand). Stranifatopes were analysed using multi
collector-inductively coupled plasma mass specttom@® C-ICP-MS) at the University of
Melbourne following the methods described by Haged al. (2011). The internal
precision (2se) and external precision (2sd) ferNfC-ICP-MS procedure is ~+0.000020
and +0.000040, respectively. Tritium and radiocarb@re analysed at the Australian
Nuclear Science and Technology Organisation (ANSTF0)‘C analysis, the total DIC was
converted to CQusing a custom built extraction line. The £fample was then graphitised,
graphite targets were analysed by AMS at ANSTO AR5 &ccelerator following procedures
of Fink et al. (2004). Conventional radiocarbonsagere reported as percentage Modern
Carbon (pMC) with & errors of less than 0.37 pMC (Stuiver and PolaéH,7). Samples for
*H analysis were distilled and electrolytically eméd, and subsequently analysed using a
liquid scintillation counter. Results are reportedritium units (TU) with an uncertainty of
+0.04 to 0.08 TU and quantification limits of 0.18.

7
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Rainfall from Brisbane Airport was collected as antily composite of daily rain
gauge samples, following the technical procedurememended for GNIP

sampling fittp://www-naweb.iaea.org/napc/ih/documents/usesitegdampling.pdf.

Samples from June to October 2010 were analysésbbype Ratio Mass Spectrometry at
the CSIRO Land and Water Isotope Lab (Adelaidg)dreed accuracy of £1.0 and £0.15%o
for 5°H and3'®0, respectively) or Alberta Innovates TechnologjuFes Isotope Hydrology
and Geochemistry Lab (reported accuracy of +1.@®%0for 5°H ands'®0, respectively).
Samples from November 2010 to June 2011 were athBisthe ANSTO Institute for
Environmental Research using a Cavity Ring-Downc8pecopy method on a Picarro
L2120-1 Water Analyser (reported accuracy of +Infl &0.2%. fors’H ands'®0,

respectively).

3.3 Geochemical calculations

Evaporation curves and saturation state calculatizere performed using PHREEQC
(Parkhurst and Appelo, 1999). Evaporation curvewalculated under the assumption that
calcite, dolomite and gypsum precipitate when tle&ach saturation and are not re-dissolved.
Mineral stability diagrams were calculated aftee¥@r (1997), using groundwater analyses

collected as part of this study.

4  Aquifer testing methodology

Rising/falling head tests were conducted in orderstimate the hydraulic conductivity of
the aquifer at each site. This information was egunently used to estimate recharge, as
described later in the study. Rising head testewenducted using a bailer, or, for the more
permeable sites, two bailers joined end-to-endirfgghead tests were performed by pouring
water into the bore, and the response was measanegl a pressure transducer that recorded
the water level at 1 second intervals. The hydecatdnductivity was then calculated using

the Hvorslev method (Hvorslev 1951).

5 Results

5.1 Aaquifer testing

Hydraulic conductivity generally increases withtdixce downstream, based on falling/rising
head tests that were conducted as part of thiy ¢flable 2). Also, the more permeable

alluvium is generally located close to Cressbrookek.
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5.2 Hydrochemistry

Surface waters are generally fresh (SC <850 p'§ @mble 2) with similar proportions of
major cations (Na, Ca and Mg; Fig. 5). The majooas are Cl and HCO3 and the CI/HCO3
molar ratio of water from Cressbrook Creek rangesf0.92 to 1.35, with ratios generally
increasing with with distance downstream. Alluxgabundwaters are fresh to brackish (SC
369 to 5930 puS cif) with no clear dominant major cations and low,$6ncentrations, with
SO4/Cl molar ratio ranges from 0.001 to 0.21. THeICO; molar ratio ranges from 2.9 to
33.9, with ratios increasing with salinity. The hgdhemistry of the bedrock groundwaters is

highly variable, although the Na/Cl ratio is gedigraigher than in alluvial waters (Fig. 6).

5.3 Mineralogy and geochemical interactions with groundvater

To assess the interaction of groundwater with nailsen the soil zone and the aquifer
matrix, groundwater hydrochemical data was incafsat into silicate stability diagrams
(Fig. 7) to determine the relative stability of amwn silicate minerals in equilibrium with
groundwater collected from major bedrock aquif&sk(Formation and the Eskdale Igneous
Complex) and the alluvium (Fig. 7). The silicatalslity diagrams show that kaolinite is
usually in equilibrium with groundwaters from thee€sbrook Creek catchment, except for

Ca-rich minerals, which are generally in equililniwith smectite.

5.4 Stable isotopes§H and $'°0)

Isotopic signatures for groundwater and surfacemate compared to rainfall data collected
from Brisbane Airport and Toowoomba (Fig. 8) betwé&ay 2008 and May 2010 (Crosbie
et al., 2012), and new data collected by ANSTO betwJune 2010 and June 2011 (Table
4). Rainfall collected from the Brisbane AirporigFl), located approximately 60 km east
of the study site, is isotopically similar to raafifcollected from Toowoomba, which is
located approximately 20 km to the southwest (8&g.Crosbie et al., 2012). This suggests
that there is limited spatial variation in the stwdgion, and that data from Brisbane and
Toowoomba are representative of the Cressbrookk@atehment. The Brisbane Meteoric
Water Line (MWL) has a slope of 7.9 (Hughes andn@oed, 2012), which is close to the
global average of 8.2 (Rozanski et al., 1993). Haxethe deuterium excesd) Of 13.1%o is
higher than the global average of about 10%., asrebd in other coastal eastern Australian
sites (Cendon et al., 2014), probably due to tledénce of convective rainfall (Liu et al.,
2010).

During the 12 months prior to the June 2011 sargmampaign, rainfall stable isotope
signatures were depleted compared to previousalb@fents, particularly during, and

immediately prior to, the flooding in January 20RA&infall from December 2010 and
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January 2011 (316 and 424 mm respectively; BOM220ds particularly depleted &2H
(-30.2 and -27.8, respectively) astBO (-5.34 and -5.13, respectively; Table 4) coragar
to the weighted average for rainfall, which wagl-&nd -12.7 fob 2H andd 180
respectively (Crosbie et al. 2012). This confirrbservations by Hughes and Crawford
(2013), who also noted that high precipitation falrevents associated with east coast
pressure systems in Australia can be significadetlyieted. The slope of the groundwater

evaporation line is approximately 3.1 (Fig. 8a).

5.5 Strontium isotopes

Strontium isotope ratios of surface and groundwgatethe Cressbrook Creek catchment
range from 0.7042 to 0.7119 (Fig. 9), although nsastples are within a narrower range of
0.7051 to 0.7078. No measurements of’tBef°Sr ratios of rainwater were conducted for
the study area, and as a consequenc&/$né°Sr ratios of rainfall used in this study (Fig.
9a) are based on data from elsewhere in AustiBi@®’Srf°Sr ratios of rainfall are

typically similar to modern seawater (0.7092; Diale 1992) near the coast, but they
become progressively more radiogenic inland dubeaddition of atmospheric dust.
Strontium isotope measurements of rainfall from Hi@m, Casterton and Willaura in
Victoria (south-eastern Australia), which are lechapproximately 60, 70 and 100 km from
the coast respectively, were 0.7094, 0.7097 anthd.{Raiber et al., 2009). In comparison,
the rainfall®’Srf°Sr ratio measured at Woodlawoolana located apprateiy 500-600 km
inland in South Australia is 0.71314 (Ullman andl@son, 1994). The Cressbrook Creek
catchment is approximately 70 km from the easteastof Australia (Fig. 1). Assuming a
similar increase of the strontium isotope ratiosamfifall with increasing distance from the
coast, thé’SrF°Sr ratios in the Cressbrook Creek catchment may hesimilar range to
those reported by Raiber et al. (2009), althoughatcknowledged that local factors and
temporal variability can have a substantial inflceerHowever, th&Srf°Sr isotope ratio of
rainfall at Cressbrook Creek should not be sigaifity different to the range presented in

Fig. 9a, and any local variations would not afféet hydrological interpretation.

5.6 Groundwater residence times

Tritium and*“C activities have been used to qualitatively asgemsndwater residence times
in the alluvium and in the surface water of CresskrCreek. Tritium is particularly useful
for groundwater studies in the Southern Hemisphehere®H activities of rainfall have

been about 2-3 TU for over 20 years (Morgensteal.e2010; Tadros et al., 2014). In
southeast Queensland, fieactivitiesof rainfall have been estimated to be in the range
of 1.6-2 TU for the period from 2005 to 2011 (Taxlet al., 2014)The®H activity of
rainfall is no longer affected by interference froomb tritium, but is instead controlled by

10
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natural cosmogenic production, allowing for a maceurate interpretation of groundwater

residence times using a singké measurement (Morgenstern and Daughney, 2012).

The'“C activities of DIC can also provide insight intmgndwater residence times
and recharge processes. However, the interpretatid@ ages is often difficult, becauSi€
activities can be altered by geochemical procetssgoccur in the unsaturated- and
saturated zone (Plummer and Glynn, 2013). Nucleapens testing further complicated
interpretation of’C ages in modern samples by increasing atmospH€riactivities in the
1950s. The radiocarbon activity of alluvial grourader in Cressbrook Creek catchment
ranges from 81.12 to 104.22 pMC (Table 3). Conwsati radiocarbon ages calculated from
these data range from modern to 1,650 years BP.stwmples (B37 and B83) have modern
uncorrectedC ages, which correlate well with their relativeigh ®H activities of 1.08 and
1.15 tritium units (TU), respectively. This confisrthat there is a substantial modern

groundwater component contained in these groundsvate

The uncorrected'C ages of the samples collected from B57, B36, &i8B51 are
55, 345, 1025 and 1680 years BP, respectively. Mewyét should be noted that tH€ ages
have not been corrected for interactions with caa® minerals. Tritium analyses of the
same samples (B57, B36, B18 and B51) indicatettiggt contain a modern component (i.e.

less approximately 70 years old), with values 6£10.70, 0.50 and 0.13 TU, respectively.

6 Discussion
6.1 Origin of solutes and hydrochemical evolution

6.1.1 Hydrochemical facies

Surface and groundwaters in the upper part of étehment are generally fresh, with SC
values of <700 uS cim(Table 2; Fig. 3), whereas salinities are modérdtigher in the
lower catchment. Five hydrochemical facies havenbeentified based on a visual analysis
of major ions proportions (Fig. 5). These hydrocluaifacies differ slightly from those
presented by King et al. (2014), which were deteediby hierachical cluster analysis
(HCA) using major and minor ions and pH. Despitsthdifferences, there are similarities
between the hydrochemical facies identified in gaper and the clusters derived using
HCA. For example, Hydrochemical Facies 5 of theenirpaper correlates well with
subclusters B2 and B3 of King et al. (2014) andtdgtemical Facies 3 shares similarities

with subclusters A3 and 1.

Hydrochemical Facies 1 to 3 contain fresh watemsasn(SC <1150 uS cinTable

5) and samples assigned to these facies have isguilaentrations of Ca, Mg and Na (no
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dominant cation), and low S@oncentrations (2.5 to 62.9 mg/L); therefore, ¢hitsee
groups are mainly distinguished by the relativeppréons of Cl to HC@ Hydrochemical
Facies 1 is mostly composed of fresh bedrock gravatel samples, but interestingly, it also
includes one surface water sample (OCKk). This giegparacterised by HG@ominated
waters with molar HC@CI ratios of<5. Si concentrations are relatively high (mediaD,Si
concentration of 43 mg/L) and low nitrate concetdres (median N@concentration of 0.15
mg/L; Table 5). Hydrochemical Facies 2 and 3 arepused of fresh water samples with
slightly higher CI concentrations than samplesgaesi to Hydrochemical Facies 1 (49 to
297 mg/L). Hydrochemical Facies 4 and 5 both cortaackish groundwaters (SC ranges
from 1145 to 13,750 uS chhwith Cl as the dominant anion, but the samples in
Hydrochemical Facies 5 have a medians@ncentration of 4.0 mg/L, compared to those in
Facies 4 which have a median Nédncentration of just 0.19 mg/L (Fig. 5 and 6 diatble

5).

6.1.2 Bedrock groundwater

Bedrock groundwater samples have diverse hydroadamompositions (Facies 1, 2 and 5;
Table 2) and’SrF°Sr ratios (Fig. 9), reflecting the wide range ofitmek types in the study
area including granodiorite, basalt, sandstonesaate. Hydrochemical end-members are
highly variable due to superimposed processes asigivaporation of water from the
unsaturated zone prior to groundwater rechargespieation, and mixing from multiple
sources. The dominance of HEfor bedrock samples in the Upper Catchment
(Hydrochemical Facies 1) suggests that there arralepotential processes that contribute
towards the observed patterns of major ion conagatrs, including carbonate dissolution,
oxidation of organic matter, and silicate weathgrifihe latter can be assessed using

8SrFosr ratios and silicate stability diagrams.

Groundwaters from the Esk Formation (B229, B103B88; Fig. 3) typically have
low #’SrP°Sr ratios (0.7042 to 0.7062), even though the vezathsoils from this formation
are comparatively radiogenic (Fig. 9a) with valumsging from 0.7070 to 0.7115 and a
mean of 0.7090 (Douglas et al., 2007). This suggst®'Srf°Sr ratios of groundwaters
from the Esk Formation do not reflect the weathavldle-rock signature, but are instead
probably controlled by weathering of plagioclaseeatiering of anorthite (Ca-rich
plagioclase) releas&%r (substituted for Ca) into groundwater, but Jétle ’Sr is released
(McNutt, 2000), resulting in groundwaters with 18r/°Sr ratios. Many other studies have
also reported similar observations where groundvi&e°Sr ratios are lower than the
whole rock®’SrF°Sr ratios, attributed to the dominant influencelaigioclase dissolution
(e.g. Fritz et al., 1992; Richards et al., 1992d®land Fritz, 1989). This plagioclase
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dissolution process is supported by geochemicaleene, which shows that Esk Formation
soils are rich in smectite (Douglas et al., 20@ny that Ca-rich minerals of the Esk
Formation, such as anorthite, are likely to weatbexmectite (Fig. 7), whereas minerals that
are rich in K, Na and Mg are likely to weather tmknite. Therefore, it appears as though
silicate weathering is a significant process afferthe major ion concentration of the

bedrock groundwaters, particularly in the Esk Fdroma

6.1.3 Alluvial groundwaters

Alluvial groundwater evolution is marked by an iease in salinity (Fig. 5), longer
groundwater residence times, a decrea¥@g°Sr ratio (Fig. 9b) and higher CI/HG@atios
(Fig. 5). The more evolved groundwaters in Hydraotoal Facies 4 and 5 have probably
been subjected to higher degrees of evapotrangpir&vaporation processes are evident
from stable isotopes measurements, which showntbat samples collected during this
study are displaced significantly to the right o Brisbane and Toowoomba MWL (Fig.
8a). This is in agreement with pan evaporatiorsritat far exceed the average annual

rainfall in the catchment (Section 2.1).

In addition to evaporation, transpiration also awpd¢o be an important control of
groundwater salinity in some areas, as documentedelvated Cl and stable isotope
signatures that do not show any substantial infleesf evaporation (Fig. 8b). However, Mg
and Ca concentrations of the samples from Hydroataacies 4 are higher than would be
expected from evaporation, based on modelled ea#iporcurves from fresh water samples

from the Upper and Lower Catchment (Fig. 6).

Similarly, the Na concentrations are lower thaneeted from the evaporation curve,
suggesting that the groundwater composition of $asmpssigned to Hydrochemical Facies 4
have been influenced by interactions with aquifaterials. As carbonate rocks are absent in
the alluvium of this catchment, weathering of siteeminerals appears to be the most likely
source of dissolved ions. This is also supported byoderate correlation betwehand
the saturation indices (SI) of albite’(R0.45; Fig. 9d), compared to the weak correlation
betweerfH and calcite S| (R= 0.24; Fig. 9e). Furthermore, many of these neoxdved
waters have Ca/HCQatios (and Mg/HC@ratios) that are higher than the 1:2 molar ratio
that could be expected from the dissolution of cadbes alone (Fig. 6; Appelo and Postma,
2005).

It is likely that this increase in Ca and Mg is enemted by dissolution of mafic
minerals such as olivine, pyroxene and anorthitéclvare commonly present in basaltic
rocks such as those in the Mid to Upper Catchnfealagozoic rocks; Fig. 3). Alluvial

sediments probably contain detrital material thas wroded off these basalts, providing a
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source of Ca and Mg for alluvial groundwaters amdiase waters in the lower part of the
catchment. This is supported by XRD analyses, whidw that there are significant
amounts of smectite in weathered sediments sanfigedLake Wivenhoe (Fig. 1; Douglas
et al., 2007), and silicate stability diagrams (Figdemonstrate that the smectite is probably

the result of the weathering of Ca-rich mineralshsas anorthite.

In contrast to Hydrochemical Facies 4, the samiptes Hydrochemical Facies 5
have followed a different evolutionary pathway (F3Q; groundwaters that are members of
Hydrochemical Facies 5 generally have longer residdimes (Table 5), higher Na
concentrations (Fig. 5) and its groundwater evotutnore closely follows an evaporative
trend (Fig. 6). Nevertheless, the evaporation c(ifig 6) indicates that Ca and Mg
concentrations are still higher than expected dpewvation alone was the controlling factor,
suggesting that the dissolution of silicates i alls important process influencing the

chemistry of these waters.

6.2 Radiocarbon groundwater residence times

The uncorrectedfC ages of the samples collected from B18 and B&1.@25 and 1680
years BP, respectively; however, tritium analyselicate that this groundwater has a
modern component. This discrepancy between therapipitium ages and tH&C ages
indicates that th&'C activity may have been altered by carbonate Hlisa, or
alternatively, that there has been mixing betweealder water component and a younger

water component that contains tritium.

The Ca:Na ratio of the alluvial groundwaters rangesy 0.19 to 1.00, with an
average of 0.54 and the Ca/Na ratio of the sanfplesB18 and B51 are 0.19 and 0.24.
This indicates that significant calcite dissolutisrunlikely, as groundwaters that have
experienced significant calicite dissolution getigifaave Ca/Na ratios >1 (Mast et al., 1990;
Leybourne et al., 2006).

Calcite dissolution can also be assessed usingf18gc composition, which is
affected by interactions with organic materials #relaquifer substrate. TRECy
composition of recharging groundwater is largelgteolled by the composition of the
decomposing plant matter. For plants that use thgh6tosynthesis, th&*Cp,c composition
of the soil is usually around -23%., whereas itkslly to be approximately -9%. in areas
with C, plants (Clark & Fritz, 1997). The study catchmisribcated in a water-poor area and
plant productivity is often limited by the lack whter. Therefore, landholders commonly
cultivate plants that use water efficiently, sustttaose that use theg €arbon fixation
pathway (e.g. corn and sorghum). However, somegitoesistant plants that use the C

carbon fixation pathway (e.g. Lucerne) are alstivatied. Similarly, approximately 74% of
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grass species in the Cressbrook Creek region esg, tarbon fixation pathway (Hattersley,
1983).

Assuming that approximately 60% to 90% of {fié is derived from plants
that use the £ carbon fixation pathway, soil Gfg 8Cpic values would be
approximately -15%o to -10%.. Th& Cpic value will typically increase by around
7.9%0 as soil CQ dissociates to HCO(at 25> C; Clark & Fritz, 1997), which will
result in groundwater wit®**Cpc values between around -7%. and -2%.. The
8"*Cpic values at B18 and B51 are -4.4 and -4.9, indigatirat there has probably
been no significant dissolution of old calcite, ahdt the uncorrectetfC ages are
valid. This is not unexpected, as the alluviumasposed primarily of components
derived from erosion of silicate rocks, and it islikely to contain significant

amounts of carbonate.
6.3 Hydrological processes, recharge and the impact éiboding

6.3.1 Cressbrook Creek and Cressbrook Dam

Surface water samples from Cressbrook Creek fallowvaporative trend line that
intersects the meteoric waterline near the floatkegating rainfall (Fig. 8a). Cressbrook
Dam was overflowing into Cressbrook Creek at theetof sampling (Toowoomba Regional
Council, 2012), and water from the dam appear®tddminated by depleted heavy rainfall
from December 2010 and January 2011. This is nptising, as the storage volume of
Cressbrook Dam was at record low levels (7.5% tafl wapacity) in February 2010
(Toowoomba Regional Council, 2014). In additionnfal in the Catchment Headwaters
and at Cressbrook Dam may be further depletedaltreetaltitude effect, as the dam is
approximately 250 m AHD and the surrounding hilach elevations of more than 500 m
AHD.

Stable isotopes were a valuable tool for the ifleation of episodic recharge in this
study. Previous studies have used stable isotodetktgroundwater recharge with high
precipitation rainfall events. For example, Cendobal. (2010), compared alluvial
groundwater isotope signatures with the weightextagye isotopic signatures of rainfall
events that were greater than 95 mm. Howeveryéresto use stable isotopes to assess

groundwater recharge from an individual flood event

6.3.2 Upper Catchment

In the Upper Catchment, recharge to the alluviudoiminated by diffuse infiltration of

rainfall rather than channel leakage (Fig.10a a@tg).1This is supported by evidence that
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indicates that the stream is gaining in this pathe catchment, including field observations
of groundwater discharge into the stream in theddj@atchment, the sustained flow in
Cressbrook Creek during years when there was wbalige from Cressbrook Dam and the
increase in discharge volume between Cressbrookd»ahCC3 (Fig. 3) at the time of
sampling (Section 2.1). Groundwater is rechargpdihain this part of the catchment, based
on the low salinity (Fig. 3). In addition, the coanjson of the high groundwaté activities
(Table 3) with the rainfafiH activities presented by Tadros et al. (2014}fierperiod from
2005-2011 for southeast Queensland and streamsaaatatysed during this study confirms
that a high component of groundwater consists of k&cent recharge. This documents the
usefulness ofH to assess recharge processes to alluvial aquifersreviously highlighted

by other studies elsewhere (e.g. Cartwright andgdiastern, 2012; Baudron et al. 2014).

Groundwater major ions and stable isotopes fronpsesrcollected near the
confluence of Cressbrook Creek and Kipper Creelsiandar to the surface water sample
collected from Kipper Creek (KC1; Fig. 3), suggegtihat Kipper Creek receives baseflow
from the alluvium in the vicinity of KC1. As thereas no flow in Kipper Creek in the
Catchment Headwaters at the time of sampling, thekcmust have received groundwater
baseflow in the Upper Catchment (i.e. near KC1}k $table isotope signature of
groundwaters collected from the Upper Catchmentsamthce water from Kipper Creek is
intermediate to the evaporation trends that origifie}om the flood-generating rainfall and
the longer-term weighted average rainfall valuas Buggests that recharge is sourced from
the flood and from smaller rainfall events thatweced subsequent to the flood. However,
the sample collected from Cressbrook Creek in thpdd Catchment has a more depleted
stable isotope signature than other surface wateggoundwater samples from the Upper
Catchment, probably because water in CressbrootkCras a high proportion of
isotopically depleted flood runoff and quick flovofn Cressbrook Dam (Section 5.3.1).

The sample collected from Oaky Creek (OCk; Figs3)rouped in a different
hydrochemical facies to other surface water samplais sample has been assigned to
Hydrochemical Facies 1, together with bedrock saspbllected from the Upper
Catchment, including a sample collected from thlengdiorite foothills in the Oaky Creek
sub-catchment (B104; Fig. 3). The bedrock appednatve a major impact on the chemical
composition of the water in Oaky Creek, probablgeese the alluvial aquifer is thin and
narrow in the Oaky Creek sub-catchment and bedhesepper layers of granodiorite are
highly weathered, and therefore comparatively pabytee This permeable weathered

granodiorite probably provides baseflow to OakyeBre
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6.3.3 Mid to Lower C atchment

Most groundwaters from the lower part of the catehtralso follow the evaporative trend
that intersects the meteoric water line near thedgenerating rainfall of December 2010
and January 2011, indicating that groundwater wekarged rapidly by channel leakage
and/or that the flood generated substantially mecbarge than other smaller rainfall events.
Heavy rainfall events often have depleted staluitojge signatures, as suggested by the
depleted signatures of rainfall in December 201d January 2011 (Table 5), and
observations elsewhere (e.g. Hughes and Crawf0d®8)2In addition, the most devestating
flood to affect southeast Queensland occurred 1 18nd thé’H ands'®0 values of

rainfall during this event were -64.2%. and -9.5%spectively (IAEA/WMO, 2014).

In the Lower Catchment, fresh groundwaters withrisiesidence times, such as
those contained in Hydrochemical Facies 2 ande&3pesbably recharged rapidly by surface
waters (Fig. 10c and 10d). These sites are gepdoakted close to the creek and it appears
as though groundwater quality is significantly iloyped due to interactions with surface
water in this part of the catchment, confirming tfeservation from King et al. (2014).
These groundwater-surface water interactions gipear to affect surface water
compositions, as is evident from observed changései chemical composition of
Cressbrook Creek with distance downstream. Thisidles an: 1) an increase in total
dissolved salts (Fig. 3); 2) an increase in theaggpt water age, as indicated by He
activities at CC1 (Upper Catchment; 1.60 TU) andQlbwer Catchment; 1.44 TU; Table
3); 3) enrichment of stable isotop&8H{ ands'®0; Fig. 8b); and 4) a decrease in ¥f@r/ °Sr
ratios (Fig. 9a).

Groundwater-surface water interactions are sulijecte large degree of temporal
and spatial variations due to the losing/gaininireaof the stream. Cressbrook Creek is
generally losing after high flow events, such asftbod of January 2011, but turns into a
gaining stream after this event (Fig. 4). Similathe losing/gaining condition of the stream
is likely to vary spatially as a result of changethe streambed elevation (riffles and pools)

and groundwater levels (Winter et al. 1998).

The more evolved groundwater samples from the Millzower Catchment
(Hydrochemical Facies 4 and 5) were generally ctdlé from alluvial wells that are located
further away from the creeks (Fig. 3) and/or whteeunsaturated zone is thick (e.g. >10
m). These sites are also located in areas wheltheum is less permeable, suggesting
that infiltrating rainfall from small rainfall evésis subjected to a significant degree of
evapotranspiration processes during infiltratiatigh the unsaturated zone, and large

rainfall events are probably required to generavegdwater recharge. Therefore, it is likely
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that these more evolved waters are predominateharged during high rainfall events, such

as those associated with the flooding in Januatyl 20

6.4 Hydraulic connectivity between bedrock and alluvium

Tritium data show that alluvial groundwaters ass@jto Hydrochemical Facies 5 have
relatively long residence times (B90, B18 and BEdble 5). In particular, the low
activities from B18 and B51 (0.50 and 0.13 TU, exdjvely) indicate that older bedrock
groundwater could be interacting with the alluviatrthese sites. Furthermore, the sample
collected from B158, which is screened in bothalevium and the bedrock, is also

included in Hydrochemical Facies 5.

The sample from B90 has a stable isotope sign#taténdicates a substantial
degree of evaporation (Fig. 8), whereas other @lwamples assigned to Hydrochemical
Facies 5 (B51 and B18) are isotopically more deplefs previously mentioned, alluvial
groundwaters assigned to Hydrochemical Facies B mebably subjected to significant
amounts of evaporation. However, groundwater sasripben sites B18 and B51 (Fig. 3)
have a relatively depleted stable isotope signatonsidering their high Cl concentrations
(Fig. 8), which suggests that these sites may heagived seepage from depleted bedrock

groundwater.

This was independantly confirmed by the use ofngitun isotopes, which are
ideally suited for the assessment of seepage fasalts and granitic rocks to the alluvium
due to their distinguishable signatures resultmegiftheir contrasting mineralogy and the
very different ages of the rocks. This study buddsvork by Raiber et al. (2009), who used
strontium isotopes to investigate interaction augrdwater with basalts and granitic rocks in
south-western Victoria, Australia. The groundwat@mple from B18 has a radiogenic
¥Srf°Sr signature similar to groundwater sampled froengranodiorite, which forms the
bedrock at this site, and sample B51 has & l8rf°Sr ratio similar to the Esk Formation
samples (Fig. 9a). Also, tHé&C groundwater ages of samples from B18 and B5#jraater
than 1,000 years BP, but there is detectablenritiuthese samples, indicating that the water
is less than approximately 100 years old. This mgmacy is consistant with mixing of old

bedrock groundwater with younger alluvial groundavat

Overall, the isotopic evidence (groundwdti, §*°C, stable isotopes afitsrf°sr
ratios) confirms that the aquifer at sites B18 BBd receives seepage from the underlying
bedrock. Interestingly, the only other two sampiéth 'Srf®Sr ratios below the 99%
confidence interval (Fig. 9a) are the samples f&86 and B57, which were also collected
from monitoring bores overlying the Esk Formatibarthermore, apart from B18 and B51,

they are the only other two samples with non-modecorrected’C ages, and they have
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relatively depleted stable isotope signatures, ssifygg that the alluvial aquifer at these sites
has probably also received seepage from the undigihedrock aquifer. Moreover, there is
a strong correlation (R= 0.94) betweefH and™C activities (Fig. 9¢), which suggests that
the samples from B57 and B36 have been affectesnijar hydrological processes (i.e.

bedrock seepage) as the samples from B51 and B18.

7 Conclusions

This study outlines the benefits of the simultarseeapplication of multiple environmental
isotopes TH, 0, ¥’SrF°Sr, ®°H and*“C) in rainfall, groundwater and surface water in
combination with a comprehensive hydrochemicalsssent. The aim was to study the
influence of a flood on groundwater recharge anasess the hydrological connectivity of
an alluvial aquifer system with associated streantsunderlying highly diverse bedrock

aquifers.

Groundwater evolution is largely controlled bygilie dissolution and
evapotranspiration processes, as demonstratecelgjiitate stability diagrams, theoretical
evaporation curves and saturation indices. In thpdd Catchment, rainfall is quickly
recharged through relatively coarse-grained allsgdiments. Conversely, rainwater
infiltrates more slowly in the Mid and Lower Catchnt, particularly in the flood-plain distal
to Cressbrook Creek, as indicated by the loweuiritand'“C values and the elevated
salinity. In contrast, surface water leakage toahevial aquifer is an important mechanism
for maintaining groundwater quality and for the getion of recharge in the lower part of

the catchment.

The flood-generating rainfall in 2011 was isotoflicenore depleteddH ands*?0)
than the long-term weighted average, and groundhvifae the lower part of the catchment
plots along an evaporative trend line that intasstte meteoric water line near this depleted,
flood-generating rainfall of December 2010 and Zday2011. This confirmed that the flood
events of January 2011 generated significant rgehavhereas infiltrating water from
smaller rainfall events is subject to evapotraradjmn, especially in the lower part of the
catchment where the unsaturated zone is relatiliedit and the permeability is low.
Recharge from episodic flooding is probably impotta other similar settings where low
permeability sediments are incised by stream cHanGeoundwater in the Upper
Catchment follows an evaporative trend initiatexhfrrainfall that is intermediate to the
long-term weighted average rainfall and the “flsaghfall”. The floods of 2011 also

generated significant recharge in this part ofddehment. However, as the evaporative
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trend is initiated from a more enriched rainfagjrature (i.e. closer to the long-term
weighted average), it appears likely that smal@érfall events also generate groundwater
recharge here, probably due to the more permeabléhnner soil material in this part of
the catchment. The study clearly demonstrated dhes\of time-series rainfall stable isotope
data for the identification of hydrological processuch as aquifer recharge and the

generation of baseflow resulting from flooding.

The®'Srf°Sr ratios were used to identify bedrock seepageea@lluvium at several
locations. This conclusion was supported by’*#h@nd*“C data, which show that the
alluvium contains a mixture of older, bedrock dedwgroundwater and more recently
recharged groundwater. The connectivity betweerallngium and the bedrock is likely to

be spatially and temporally variable.

The complementary use of multiple isotopes and duftEmistry of rainfall,
groundwater and surface water enabled an effeaisessment of hydrological processes
throughout the catchment, including recharge ofathevial deposits from surface water
flows and variable bedrock aquifers, recharge $ipatly from flood events and an
understanding of isotopic and hydrochemical pararseh the context of variable climatic

conditions.
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Table 1. Geological description of bedrock hydraolml sampling sites (DNRM, 2012).

ID DNRM Aquifer DNRM Inferred Aquifer Depth of well

Description Aquifer (m below ground
Interpretation level)

B16 Conglomerate Esk Fm Esk Fm 10.0

B92 Alluvium (0.4 m) Alluvium Both alluvium and the 14.2
Sandstone (2.6 m) Esk Fm Esk Fm

B158 Alluvium (2.0 m) Alluvium Both alluvium and the 13.6
Sandstone (1.0 m) Esk Fm Esk Fm

B103 Sandstone Esk Fm Esk Fm 24.7

B229 No Record No Record Esk Fm >50.0

B256 Basalt and shale No Record Pinecliff Fm 40.5

B546 Basalt No Record Pinecliff Fm 68.6

B104 Granite No Record Eskdale Igneous 64.0

Complex
B251 Shale No Record Maronghi Creek Beds  49.5

Note: The screened (slotted) section is 3 m lorgS& and B158. The values in parentheses in colamn
represent the length of the screened sectionglatdgompassed by each geological material.

Table 2. Hydraulic conductivities from falling/nigl head tests in the alluvium of the CressbroolelCre
catchment..

Hydraulic conductivity

Distance from

Well (m/day) Catchment area  surface water (m)
B74 17 Upper 310
B18 0.02 Mid 440
B21 14 Mid 120
B90 50 Mid 310
B89 30 Mid 120
B158 22 Lower 210
B36 9.5 Lower 540
B33 2 Lower 20
B37 0.015 Lower 530
B93 25 Lower 50
B82 7.5 Lower 130
B83 2.2 Lower 80
B51 0.005 Lower 50
B44 0.001 Lower 260
B57 4 Lower 180
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Table 3. Hydrochemical data for surface and growatdwsamples from Cressbrook Creek catchment.

Sampling Date Geology Sub- Depth to HF pH SC Eh Na K Mg Ca Mn Fe Sr Cl SO, HCO; CG; NOs-N Sio, %CBE
Ste e ) @sor) (M) (mgl) (mgl) (mgl) (mgl) (ngl) (mgh) (mgl) (mgh) (mgl) (mgl) (mgl) (mgh) (mg/)
B157 15/06/2011  Alluvium Lower 7.2 4 6.4 1145 80 57 111 28 67 0.58 7.00 0.38 284 41.4 59.2 0.01 1.26 38.7 -8.6
B18 14/06/2011  Alluvium Mid 9.5 5 6.7 4140 -55 460 2.1 141 194 1.20 5.30 1.11 1122 19.1 310.6 0.14 901 391 5.3
B21 14/06/2011  Alluvium Mid 13 2 6.7 720 -180 51 21. 27 49 1.10 1.40 0.25 106 42.0 206.0 0.07 0.17 335. -29
B33 14/06/2011  Alluvium Lower 10.4 2 6.7 492 -21 40 13 15 27 0.81 0.45 0.16 86 10.8 140.3 0.05 010 722 -6.2
B36 14/06/2011  Alluvium Lower 15.2 3 6.3 651 42 39 1.8 20 42 0.23 0.53 0.34 152 4.5 100.8 0.01 0.09 843 47
B37 22/06/2011  Alluvium Lower 9.4 4 7.2 4750 -330 603 22.0 321 630 0.31 0.20 4.22 2663 17.4 182.1 0.26 11.68 37.4 -3.4
B44 19/09/2011  Alluvium Lower 12.8 3 7.0 708 35 51 0.6 29 55 0.02 0.32 0.38 183 13.0 145.3 0.09 3.07 944 -4.2
B51 8/06/2011 Alluvium Lower 13.7 5 6.7 5930 -60 069 1.6 228 231 0.05 8.80 3.71 1711 43.9 699.0 032 980 42.6 -0.3
B57 19/09/2011  Alluvium Lower 14.7 4 6.8 1251 -160 73 0.8 55 110 0.06 2.20 0.8 384 18.9 122.6 0.06 130 481 -1.2
B74 7/06/2011 Alluvium Upper 7.9 2 6.6 587 45 44 9 1. 26 35 0.04 0.00 0.25 82 46.4 158.8 0.04 2.99 26.3 -2.4
B76 21/06/2011  Alluvium Upper 8.0 2 6.6 369 -60 36 13 19 28 0.04 0.00 0.19 83 13.8 157.9 0.04 0.29 830 -74
B82 15/06/2011  Alluvium Lower 14 3 6.7 1110 170 70 11 38 66 0.55 0.00 0.44 297 36.4 1771 0.06 089 403 -12.0
B83 15/06/2011  Alluvium Lower 9.5 4 6.3 1422 180 74 1.0 49 90 0.16 0.00 0.68 344 3.9 125.2 0.02 496 984 -2.0
B89 8/06/2011 Alluvium Mid 12.3 3 6.4 938 -25 50 31. 41 66 0.61 2.10 0.37 203 40.8 173.9 0.03 0.03 731. -3.0
B90 14/06/2011  Alluvium Mid 9.4 5 6.5 1880 130 150 1.2 68 100 0.00 0.00 0.83 491 30.5 169.6 0.04 3.68 48.8 -1.2
B91 21/06/2011  Alluvium Mid 115 2 6.8 468 -60 47 81 22 35 0.89 11.00 0.21 111 27.9 136.3 0.05 042 9.72 -3.3
B93 8/06/2011 Alluvium Lower 16.5 3 6.4 1082 -5 65 1.9 42 67 2.10 3.70 0.43 266 20.8 131.8 0.02 0.10 593 -2.3
B837 21/06/2011  Alluvium Upper 15.8 3 6.5 454 26 37 0.9 26 40 0.00 0.00 0.25 92 41.4 103.6 0.02 278 513 3.5
B158 14/06/2011 Both Alluvium &  Lower 13.6 5 6.4 2770 110 260 11 79 150 0.04 0.00 1.15 785 12.3 250.0 0.05 0.17 40.9 -2.3
Bedrock
B92 15/06/2011 Both Alluvium &  Lower 14.2 1 6.4 403 -47 29 15 10 18 0.36 22.00 160. 40 5.0 133.9 0.02 0.03 44.3 -5.9
Bedrock
B103 15/06/2011  Bedrock Lower 24.7 5 6.5 13750 -60 1350 3.4 555 650 0.58 0.00 10.3 4415 193.9 679.6 30 0. 0.02 29.9 -1.0
B104 19/09/2011  Bedrock Upper 64 1 7.3 437 210 42 51 17 43 0.00 0.05 0.12 34 25 287.7 0.38 0.38 64.8 -3.3
B16 15/06/2011  Bedrock Upper 10 2 7.0 614 -61 38 9 1. 21 37 0.41 0.94 0.23 99 14.8 143.5 0.08 0.24 379 -1.7
B229 21/06/2011  Bedrock Lower >50 1 7.4 787 -15 120 0.5 20 59 0.05 0.00 0.84 190 4.1 279.3 0.46 0.11 234 -1.2
B251 16/06/2011 Bedrock Mid 49.5 1 7.3 898 150 67 70 43 120 0.02 0.00 0.34 127 37.7 516.8 0.63 042 043 -1.8
B256 21/06/2011 Bedrock Upper 40.5 1 7.0 501 115 79 54 18 31 0.00 0.00 0.18 90 2.9 320.3 0.18 0.19 .858 -85
B546 21/06/2011 Bedrock Upper 68.6 2 6.4 497 25 49 31 20 49 0.17 0.00 0.35 104 62.9 158.4 0.03 133 972 -4.8
CC1 7/06/2011 Surface Water Upper N/A 2 7.0 295 75 22 2.7 13 18 0.03 0.32 0.11 49 12.4 86.6 0.05 0.16 15.8 -1.6
cc2 7/06/2011 Surface Water Mid N/A 2 7.5 356 110 5 2 2.3 15 20 0.02 0.32 0.12 59 10.0 110.3 0.20 0.17 17.8 -4.9
CC4 8/06/2011 Surface Water Mid N/A 2 7.6 415 120 9 2 21 18 24 0.03 0.14 0.28 71 10.7 133.1 0.32 0.04 19.2 -5.2
CC5 8/06/2011 Surface Water Lower N/A 2 7.6 572 38 38 2.4 24 35 0.16 0.27 0.21 107 11.8 140.8 0.34 6 00 20.1 -1.0
CC6 7/06/2011 Surface Water Lower N/A 2 7.5 602 140 39 2.4 25 36 0.10 0.13 0.23 113 17.6 144.3 0.25 150. 20.7 -2.6
KC1 7/06/2011 Surface Water Upper N/A 3 6.8 540 73 33 1.8 26 28 0.01 0.00 0.09 103 27.9 79.2 0.03 0.18 18.8 2.0
OCk 8/06/2011 Surface Water Mid N/A 1 7.2 543 110 9 3 0.9 22 43 0.02 0.00 0.13 73 16.4 234.8 0.23 0.02 34.2 -4.8
BR1 8/06/2011 Surface Water Lower N/A 2 7.0 829 110 65 2.6 37 54 0.06 0.00 0.45 162 12.6 199.9 0.13 190. 21.6 2.9

Note: %CBE = percentage charge balance error.

Sub-catchment boundaries are showkign 3..
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Table 4. Water isotopic and hydrochemical datastoface and groundwater samples from the Cressi€oeék catchment. Saturation indices (SI) for ¢aland albite were calculated using PHREEQC (Pasklaund Appelo, 1999).

Sampling Geology Sub-catchment Water type %0  &H Deuterium  Tritum  82C c 1c 8SrfeSr Calcite  Albite
Site excess (TU) (%)  (pPMC) Uncorrected Age (Sh (sh
@ (yrs BP)

B157 Alluvium Lower Ca-Na-Mg-Cl -3.6 -23.8 4.82 0.70638 -1.68 1.24
B18 Alluvium Mid Na-Mg-Ca-Cl -3.7 -22.6 6.83 0.50 4.4 88.02 1025 0.70702 -0.20.47 -
B21 Alluvium Mid Ca-Mg-Na-HCO3-ClI -2.8 -17.4 4.81 1.17 0.70705 -0.82  -1.48
B33 Alluvium Lower Na-Ca-Mg-CI-HCO3 -4.0 -24.8 6.91 0.70677 -1.16 -0.59
B36 Alluvium Lower Ca-Na-Mg-CI-HCO3 -3.8 -23.8 6.49 0.70 95.81 345 0.70580 -1.52  -0.15
B37 Alluvium Lower Ca-Mg-Na-Cl -2.5 -16.1 4.33 1.08 104.22 Modern 0.70628 0.34 1.64
B44 Alluvium Lower Ca-Mg-Na-CI-HCO3 -4.5 -28.8 7.09 0.88 0.70629 -0.66 -0.98
B51 Alluvium Lower Na-Mg-Cl -3.6 -21.2 7.30 0.13 -4.9 81.12 1680 0.70509 0.07 1.62
B57 Alluvium Lower Ca-Mg-Na-Cl -4.7 -29.4 8.33 1.02 99.32 55 0.70571 -0.62 -0.89
B74 Alluvium Upper Mg-Na-Ca-HCO3-Cl -3.4 -19.6 7.43 0.70664 -1.12 -1.96
B76 Alluvium Upper Na-Mg-Ca-HCO3-ClI -3.0 -18.2 5.70 1.40 0.70667 -1.22 -0.63
B82 Alluvium Lower Ca-Mg-Na-CI-HCO3 -3.7 -22.1 7.12 1.14 0.70660 -0.83 0.20
B83 Alluvium Lower Ca-Mg-Na-Cl -4.0 -22.9 8.96 1.15 100.38 Modern 0.70607 -1.2B42
B89 Alluvium Mid Mg-Ca-Na-CI-HCO3 -3.2 -22.2 3.57 1.66 0.70705 -1.08 -1.83
B90 Alluvium Mid Na-Mg-Ca-Cl 2.1 -14.6 2.49 1.23 0.70631 -0.88 -0.73
B91 Alluvium Mid Na-Mg-Ca-CI-HCO3 -3.3 -21.2 5.61 0.70687 -1.07 -1.72
B93 Alluvium Lower Mg-Ca-Na-CI-HCO3 -4.2 -25.2 8.24 0.70687 -1.21 0.69
B837 Alluvium Upper Mg-Ca-Na-CI-HCO3 -3.7 -21.1 8.44 1.46 0.70688 -1.14 -1.76
B158 Both Alluvium  Lower Na-Ca-Mg-Cl -3.4 -22.0 5.51 0.70617 -0.72 0.90

& Bedrock
B92 Both Alluvium  Lower Na-Ca-Mg-Fe-HCO3- -2.1 -15.1 2.00 0.70573 -1.67 -1.55

& Bedrock Cl
B103 Bedrock Lower Na-Mg-Ca-Cl -3.4 -22.2 4.66 0.70555 0.18 1.61
B104 Bedrock Upper Ca-Na-Mg-HCO3 -5.4 -31.8 11.10 0.71186 -0.06 -0.66
B16 Bedrock Upper Ca-Mg-Na-CI-HCO3 -2.4 -15.9 3.30 0.70615 -0.81 -0.01
B229 Bedrock Lower Na-Ca-CI-HCO3 4.1 -25.5 7.52 0.70422  0.08 0.75
B251 Bedrock Mid Ca-Mg-Na-HCO3-CI  -2.0 -14.2 1.94 0.70781  0.47 0.19
B256 Bedrock Upper Na-Ca-Mg-HCO3-ClI -4.1 -24.8 7.95 0.70582 -0.61 1.17
B546 Bedrock Upper Ca-Na-Mg-CI-HCO3 -3.5 -19.8 8.16 0.70609 -1.21 -0.58
CcC1 Surface Water Upper Mg-Na-Ca-HCO3-Cl -3.9 -25.2 6.10 1.60 0.70756  -1.37 -2.41
CC2 Surface Water Mid Mg-Na-Ca-HCO3-Cl -3.8 -24.7 5.38 -0.70 -2.21
CC4 Surface Water Mid Mg-Na-Ca-HCO3-Cl -3.8 -24.9 5.60 -0.44  -2.03
CC5 Surface Water Lower Mg-Ca-Na-CI-HCO3 -3.6 -23.8 5.27 -0.28 -1.90
CCé6 Surface Water Lower Mg-Ca-Na-CI-HCO3 -3.6 -23.2 5.77 1.44 0.70685 -0.41  -1.82
KC1 Surface Water Upper Mg-Na-Ca-CI-HCO3 -3.7 -21.8 7.52 0.70774 -1.33 -2.29
OCk Surface Water Mid Ca-Mg-Na-HCO3-CI  -4.3 -24.8 9.20 0.70779 -0.35 -1.33
BR1 Surface Water Lower Mg-Na-Ca-CI-HCO3 -3.9 -24.6 6.99 0.70596 -0.57 -1.61

Note: Sub-catchment boundaries are shown in Fig. 3.
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Table 5. Rainfall stable isotopes collected from Biisbane Airport between June 2010 and June 2011.

Monthly Precipitation

Sample Month 8°H (%0 VSMOW) 5'%0 (%o VSMOW) (mm)
June 2010 9.0 -1.49 12.8
July 2010 -1.8 -2.58 36.0

August 2010 -4.4 -1.90 108.2
September 2010 -24.6 -4.44 77.0
October 2010 -11.9 -3.45 337.3

November 2010 -1.6 -2.14 53.2

December 2010 -30.2 -5.34 4994

January 2011 -27.8 -5.13 346.8
February 2011 -15.3 -3.22 79.8
March 2011 -13.5 -3.58 188.6
April 2011 0.1 -2.62 94.8
June 2011 -2.8 -2.12 7.4
Table 6. Main features of the five hydrochemicaldéa (median values).
Hydrochemical pH SC Eh Sig NO,-N *H
facies (uS/cm) (mg/L) (mg/L) (TU)
1 7.2 522 113 43 0.15 N/A
2 7.0 497 38 26 0.17 1.42
3 6.5 708 35 35 0.18 1.14
4 6.6 1337 -40 43 4.0 1.08
5 6.5 4140 -55 41 0.19 0.50
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Fig. 1. Cressbrook Creek catchment in southeast Queensland, located agigigX8t km northwest
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Fig. 10. Conceptual model of recharge processes in the: a) upper part ofecatdhrmg wet
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