REVIEWER 1
Accept as is

Response: Thank you for editing this paper.



REVIEWER 2:

First of all, it is a very painful job checking a revised manuscript if there is no marked
manuscript available that labels changes. Further, the revised manuscript does not
have line numbers. | would motivate the authors to make the reviewing process for a
reviewer not even more time consuming.

Our response: We have included a copy of the paper with track changes for this
edit.

1. The authors invested time in answering my concerns, | am not always agreeing
with their argumentation, but ok.

Our response: Thank you.

2. Nevertheless, one of my major concerns was not at all considered. In the first
version the discussion was strongly limited since it does not relate the work in any
way to other research. | made a suggestion to relate the work to other dryland
reacharge studies (some of them also using various set of tracers), but the authors
disagreed and stated that this work is about the scientific method. This is completely
fine with me. | do not have any concerns with this. Nevertheless, even then, the
authors need to relate their work to previous work in the discussion and show how
this work contributes to scientific progress and how it improves the current status
guo. What are still open research question, what it adds compared to other work,
what is better.... This is still lacking and unsatisfying.

Our response: Thank you for this suggestion. We have compared the work in this
paper to other studies in order to give the study more context. See the document
with track changes:

e Page 15 line 25 to 30;

e Page 16 line 6to 11; and

e Page 18, Line 18 to 23.

3. The hydrograph figure is limited in the sense that it reports only water level for the
stream not discharge. This would be ok if the null-level would be visible in the
stream.

Our response: This is also a good suggestion; we have added a cease flow line to
the figure.

| recommend that the authors relate their work to other researchers work and do not
let it stand as a simple case study.

Our response: See response 2 above.



REVIEWER 3:

1) The authors relate the stable isotope composition of a recent flood event (Jan
2011) to the stable isotope composition of surface water samples collected in June
2011. However, the stream hydrograph presented (Fig. 4) shows that the flood peak
had passed by the end of January. The authors argue that the surface water
samples represent floodwater, because the upstream dam was filled during the flood
and continued to flow into the creek up to and during the sampling period. This
argument needs more detail. The dam water will be a mixture of pre-flood
evaporated water and new rainwater; what are the likely relative proportions, and
what will be the resulting stable isotope composition of the mixed water? This can
then be related to the stable isotope composition of the surface water in more detail.

Our response: It is undoubtedly true that the dam would contain a mixture of flood
water and water that was there prior to the flood. However, the proportion of the
latter would be relatively small, given that the dam was at record low levels in the
months prior to the flood (as stated in the paper). We do not attempt to estimate the
percentage of ‘flood water’ in the dam, as this estimation would have very high
uncertainties. However, it can be confidently stated that a large percentage of the
water in the dam was from the depleted rainfall from December 2010 and January
2011. This is supported by the depleted signature of the water in Cressbrook Creek
(most of which is derived from Cressbrook Dam, as stated in Section 2.1).

2) A more serious problem concerns the groundwater samples collected in June-
September 2011; the bore hydrograph (Fig. 4) suggests that the flood peak had
passed by the end of January, and the tritium data (Fig. 9) show that none of the
groundwater samples have a tritium composition indicating very recent recharge (~3
TU). Therefore the groundwater samples cannot represent pure recharge during the
Jan 2011 flood. The best that the authors can say is that the groundwater contains a
component that was recharged during the Jan 2011 flood; to make their main case,
they need to calculate (approximately) this component.

Our response: as documented by the paper by Tadros et al. 2014, which we have
referenced, present day rainfall in Australia is not 3 TU. Tadros et al. suggest that
rainfall has stabilised at 2-3 TU, but the paper by Tadros et al shows that rainfall in
southeast Queensland has been in the range of 1.6-2 TU for 2005-2011. Some of
the groundwaters in our study are very close to that range, suggesting indeed a very
large component of very recent recharge, as suggested by our paper. We have
included a sentence in the manuscript that states that based on Tadros et al. 2014,
rainfall in the study area is likely to be <2 TU so in a similar range as those
groundwaters with the highest TU.

3) A single bore hydrograph from the lower catchment is not enough hydrogeological
information to gauge the extent of flood recharge. Hydrographs need to be presented
from each part of the catchment, and the maximum increase in the water table at
each bore should be shown as a map.

Our response: Figure 3 has been altered to show 3 surface water hydrographs from
different parts of the catchment, together with groundwater hydrographs from nearby
wells.



4) The authors state that the stream was losing during the drought that preceded the
flood, and became gaining during the flood. Some bore hydrographs are needed to
verify this, particularly as this evidence is crucial to the conceptual recharge model
(Fig. 10).

Our response: Figure 4b shows that surface water flow stopped altogether during
the drought. If the stream was gaining during this period, flow would not cease. We
do not think it is necessary to add another figure to the paper in order to further
clarify this.

5) More hydrogeological data on the alluvial aquifer would be useful, e.g. porosity
and permeability measurements from pumping tests on the upper and lower parts of
the aquifer.

Our response: Unfortunately, there is only very limited porosity and permeability
measurements available. However, a table showing the hydraulic conductivity of the
alluvium has been added to the paper. In order to accommodate this table, two extra
sections have also been added to the paper: Section 4 — Aquifer testing
methodology; and Section 5.1 — (Results) Aquifer testing.

6. In the introduction, the authors present three mechanisms by which flooding can
increase recharge. In the discussion, they should discuss which of these played the
major role in their catchment (I suspect it was the second).

Our response: While this would make an interesting topic of discussion, it is difficult
to estimate the mechanism by which flooding increased the rate of recharge, based
on the chemical and isotopic composition of groundwater and surface water. This
study focuses on the geographical distribution of recharge in an alluvial setting, and
the identification of recharge using hydrochemistry and isotopes.

7. In the introduction, the authors state that poor quality groundwater is often
associated with bedrock aquifers. While this is evidently the case in their study area,
it is not the situation world-wide, e.g. bedrock groundwater is of excellent quality
across much of Europe, North American and north Africa.

Our response: Yes, that’s a valid point and we have specified that this statement
specifically refers to sedimentary bedrock aquifers in study area, due to high rates of
ET and low recharge rates here. This has been made more apparent in the paper, by
adding “in the study area” to the sentence in question.

8. With regard to the stable isotope data, it is unclear whether the authors collected
and analysed any samples themselves, or entirely used pre-existing data; this should
be made clear in the methods section, where the Hughes and Crawford data also
needs to be mentioned.

Our response: All groundwater and surface water stable isotopes have been
collected and analysed during this study. Unpublished rainfall data were provided by
ANSTO as part of a collaboration. We have clarified this in the text.



9. The authors need to explain why “heavy rainfall events are often more depleted
than average rainfalls”, as this is crucial to the paper.

Our response: We have clarified this and have added additional references on this.

10. With regard to the hydrochemical facies, it is uncertain how these relate to the
“‘multivariate statistical analysis of hydrochemical data” carried out in King et al 2014.
The relevance of this previous paper (which | have not checked) needs to be made
clearer.

Our response: We have clarified that this paper builds up on the work by King et al.
2014. In response to this comment, we have added a paragraph highlighting the
differences between the hydrochemical facies from this paper and the clusters in
King et al. (2014) (major and minor ions and pH were used to create the clusters in
King et al. (2014)).

11. Plotting the different hydrochemical facies as Stiff diagrams on the catchment
map would make this section clearer.

Our response: We believe that if we would plot stiff diagrams on the catchment
map, this would not make this section clearer and the map would be too busy and
lose clarity.

12. The explanation about the difference in Sr isotope signature between the Esk
Formation groundwater and soil relies on the Sr isotopic signature of the plagioclase
being less radiogenic than that of the other minerals in the basalt; this needs to be
made clear, and potential mechanisms for this discussed (e.g. fractional
crystallisation of the magma).

Our response: We have outlined this process and provided references for the
reader. We believe that a more detailed discussion into the fractional crystallisation
of the magmas is beyond the scope of the paper.

13. The discussion on the hydrochemical evolution of the alluvial groundwaters is
overly simplistic. Comparing rainfall and groundwater compositions standardised to
chloride would make it clear what species are enriched in the groundwater and by
how much, this can then be related to the weathering reactions proposed.

Our response: We do not agree that this overly simplistic. While we agree that
standardising rainfall and groundwater composition to chloride is also a valuable
approach, we do not believe that it is necessary or feasible to do this in this
manuscript given the advanced stage of the review process where that we have
already made very considerable changes to this section following previous
reviewer's comments.

14. One mechanism that is likely to have affected the groundwater composition has
been completely overlooked: cation exchange. Given the prevalence of smectites,
this process is very likely to be active, and must be discussed.



Our response: lon exchange processes may play a role in the changing
groundwater chemistry that results from influxes of surface water to the groundwater.
However, the Piper plot (Fig. 5) shows that groundwater (close to the creek) and
surface water compositions are very similar with regard to their major ion
composition. Therefore, we assume that the impact of ion exchange is likely to be
small.

We agree that an assessment of cation exchange processes would make an
interesting study. However, it is out of scope for this paper, which focuses largely on
the isotopic processes. An assessment of the effects of cation exchange would make
a challenging and interesting follow-up paper and it will be considered.

15. In the discussion on hydrological process in the mid-lower catchment, the
authors state that “fresh groundwaters...are probably recharged by surface waters”,
i.e. the stream is losing, but that “groundwater-surface water interactions also appear
to affect surface water compositions”, i.e. the stream is gaining. The contradiction
between these statements needs to be resolved.

Our response: We have added a paragraph to Section 6.3.3 describing how the
gaining/losing condition of the stream is temporally variable (as evident from Fig.4).
We have also stated that the losing/gaining condition of the stream is often spatially
variable due to changes in the elevation of the streambed.

16. The authors demonstrate on hydrochemical grounds that groundwater from the
bedrock is likely to be seeping into the alluvial aquifer, but present no
hydrogeological evidence for this. They need to demonstrate that in these areas
there is an upwards hydraulic gradient. They also need to calculate the relative
contribution of the bedrock groundwater; | suspect that it is minor.

Our response: This paper focuses on the use of hydrochemical and isotopic
evidence to study hydraulic connectivity. There are no nested bores sites to infer
hydraulic gradients between aquifers, and we are therefore unable to develop a head
gradient maps. We believe that mixing calculations are out of scope of the current
paper, given the lengths and the multiple methods that we already discuss, but we
will consider it in a follow up paper that builds up on this paper.
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Abstract

An understanding of hydrological processes is vital for the sustainablegemeat of
groundwater resources, especially in areas where an aquifer imtsithcsurface water
systems or where aquifer-interconnectivity occurs. This is pantiguttaportant in areas that
are subjected to frequent drought/flood cycles, such as the Cressbrook Cremlecaich
southeast Queensland, Australia. In order to understand the hydrologjmaige to

flooding and to identify inter-aquifer connectivity, multiple isotopEsi(5'%0, #’Srfsr, *H
and™'C) were used in this study in conjunction with a comprehensive hydrochemical
assessment, based on data collected six months after severe flooding in 201latively re
depleted stable isotope signatures of the flood-generating raiiifadl-80.2 to -27.8%o,
3'%0: -5.34 t0 -5.13 % VSMOW) were evident in surface water samgfels {25.2 to -
23.2%0,5'%0: -3.9 to -3.6%0 VSMOW), indicating that these extreme events were a major
source of recharge to the dam in the catchment headwaters. Furtheratmesisstopes
confirmed that the flood generated significant recharge to the alluvium in thegavwef

the catchment, particularly in areas where interactions between swefsere and
groundwater were identified and where diffuse aquifer recharge is noilimaigd by a

thick (approximately 10 m) and relatively impermeable unsaturated zone. Howmethe
upper parts of the catchment where recharge generally occurs more rapittiytitie
dominance of coarse-grained sediments in the unsaturated zone, the stidesignature
of groundwater resembles the longer-term average rainfall vafitrs-{2.6,5°0: -3.4%o
VSMOW), highlighting that recharge was sourced from smaller rainfall veat occurred

subsequent to the flooding. Interactions between the bedrock aquifers and thenalevé
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identified at several sites in the lower part of the catchment basé8rSfsr ratios; this was
also supported by the hydrochemical assessment, which included the modelling o
evaporation trends and saturation indices. The integrated approach used inyhis stud
facilitated the identification of hydrological processes oveedtffit spatial and temporal
scales, and the method can be applied to other complex geological settingsriatitev

climatic conditions.

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

hydrochemistry, isotopes, groundwater recharge

1 Introduction

Alluvial aquifers are natural reservoirs of groundwater, buffering magé@f river systems
and providing a reliable water supply during drier climatic phases (Winddr, €998).
Moreover, interactions between alluvial aquifers and their connecézdrst are essential
for the maintenance of healthy surface water and groundwater ecosyBteulton et al.,
1998; Hancock et al., 2005; Boulton et al., 2010; Anibas et al., 2012). Sustainable
management of these alluvial aquifers is critical, but to enable this, a goodtandies of
recharge processes is required, together with an appreciation of the diffeterdvgater
sources and the spatial variability of this recharge (Hrachowiiz @041; Dogramaci et al.,
2012).

While it is generally recognised that recharge is variable over timénfiluence of
episodic climatic events such as flooding are not very well uruetsThis is particularly

the case in alluvial aquifers where total recharge is often dominated byélabed influxes

(e.g. Workman and Serrano, 1999). In these alluvial systems, recharge rates arelgommon

elevated during floods, as a result of: (1) the enhanced permeability oééthelbed during

the flood, due to scouring of the clogging layer by high velocity flows (e.g. Cendén et al.,

2010; Simpson and Meixner, 2012); (2) enlarged pathway between surface-and groundwater

due to the increased width of the creek and the interface between groundwatercaaekthe
across which interaction can occur (e.g. Lange, 2005); and (3) the increased hesud gradi
between the creek and the stream (e.g. Rushton and Tomlinson, 1979). Owing to this
reliance on infrequent flooding and large rainfall events, alluvial aquifergkaty to be
severely impacted by the predicted changes in climatic patterns, such agebgr
increased frequency and severity of droughts and floods (Parry et al., 2007). Tdastéxe
climate change will impact on river flows (Arnell and Gosling, 2013) and ghwater

2
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recharge processes (Green et al., 2011; Barron et al., 2012; Dawes et al., 2012). This is
particularly relevant for alluvial systems which are connected to eglaor intermittent
streams, as interactions between these streams and the alluviakaayeifieighly dependent

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

The study area is a small subtropical catchment in southeast Queenslaralighustr
which was subject to severe climate extremes in recent years, includingadeskdrought
from the late 1990s through to approximately 2009, followed by heavy rains, which
culminated in a 1% annual exceedance probability (AEP) flood in January 20{idtéBa
and Retallick, 2011). This event provided a unique opportunity to study groundwater

recharge processes that result from episodic flooding.

Seepage to the alluvium from the underlying bedrock aquifers is potentially an
important source of recharge for the alluvium, but this process hasamvésfied. The
influx of poor quality groundwater, which is often associated with b&dxquifersin the
study areamay negatively impact on the water-quality of the alluvial aquifer. Towereit is
important to identify and monitor areas where bedrock seepage occurs.

The objective of this study is to demonstrate how multiple environmesptabes
(8%H, 5*%0, ¥’SrFsr, °H and™'C) in combination with a comprehensive hydrochemical
assessment can be applied to: (1) assess the significance of floodsj@sraahnarge
source; (2) identify recharge processes and connectivity between suatecend
groundwater; and (3) identify areas where the alluvium is recharged by thé/ungdieighly
diverse bedrock (inter-aquifer connectivity). Multiple isotopes are asangly being used to
identify inter-aquifer connectivity (e.g. Dogramaci and Herczeg, 2002; Reilad:, 2009,
Cartwright et al., 2010a, 2012; Costelloe et al., 2012;; Baudron et al., 2014); nevertheless,
studies of this kind are still challenging due to the complexity of the hydracalem

interactions that result from inter-aquifer groundwater flows.

Many studies have used surface- and groundwater compositions (i.e. isotopes, and
major and minor ions) to report on the connection between streams and alluvielvgater
(e.g. Soulshy, 2007; Barrett et al., 1999; Kirchner et al., 2010; Mandal et al., 2011;
Morgenstern et al., 2010; Siwek et al., 2011; Négrel and Petelet-Giraud, 2005). However,
studies that use isotopes and hydrochemistry to assess the connectivégrbaituvial
aquifers and intermittent or ephemeral streams (e.g. Kumar et al., 2009ra&mdet al.,
2011), or report specifically on the effects of episodic groundwater geefram flooding
(e.g. Cartwright et al., 2010b; Cend6n et al., 2010; Simpson et al., 2013) are less common.
This study uses groundwater stable isotopes together with a detailed assegsfi and

5'%0 in rainfall to assess eposodic recharge. Rainfall isotope #nesslata are commonly
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used to assess long-term trends in groundwater recharge (e.g. Zhu, et al. 200%nRr et
al. 2009); however, they are rarely applied to assess event recharge of ahaifers (e.g.
Scholl et al. 2004; Gleeson et al. 2009). The value of considering time-series rdatéatf
stable isotopes in hydrogeological investigations is clearly denatedtoy this study, and
the outcomes will be important for the management of the alluvial gratadvesources of
the study area and for understanding flood-related processes in similaal aléitings.

2 Hydrogeological setting

The Cressbrook Creek catchment covers an area of approximately 2B0sautheast
Queensland, Australia. The area considered for this study extends fronesiseréok Dam
in the headwaters to the confluence with the Brisbane River in the northeaskides the
area up-gradient of Cressbrook Dam, which is a drinking water supply dam for the
Toowoomba City Council (Fig.1). The topographically elevated areas in the souttfivires
catchment (ranging from 220 to 520 m Australian Height Datum, AHD) are foresled a
mostly undeveloped, whereas alluvial plains along the drainage systerithdatm land
(>90% of the total alluvium by area), particularly in the lower part otgtehment to the
northeast (approximately 70 to 150 m AHD). In this part of the catchment, ansgage up
to 3 GL of alluvial groundwater annually (DNRM, 2018\t groundwater abstraction is
often restricted due to low groundwater levels. With the constructi@mesfsbrook Dam in
1983, flow in Cressbrook Creek was further reduced, resulting in lower groundwater leve
While water was initially released from the dam to rechargaltbeium, releases were
controversially phased out in the late 1990s due to drought-induced water shortages.

In this study, the catchment has been arbitrarily divided into four regioesi$e of
discussion: the Catchment Headwaters, the Upper Catchment, the Mid Catahantet a
Lower Catchment (Fig. 2).

2.1 Climate and surface water drainage

Southeast Queensland is a subtropical region with hot, humid summers anddiry, mil

winters. The average annual rainfall at Toogoolawah in the lower part ofttheneat (Fig.

3) is 847 mm, although total annual rainfall can be highly variable, ranging from 366 to 1418

mm between 1909 and 2011 (Station number 040205; BOM, 2012). However, even in wet
years the diffuse recharge is limited by high evapotranspiration watesnean annual pan
evaporation rates of 1809 mm measured at Gatton (Fig. 1), located about 2h&redoth

of the study area (Harms and Pointon, 1999).
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This climatic variability has been particularly evident in recentsyesinen below
average rainfall from 2000 to 2009 resulted in very low creek flow, especiallynfidm
2006 until early 2008 when flow in the creek ceased completely (Fig. 4b). Due to that
extended drought, water levels at Cressbrook Dam in the headwaters of tineecat-ig.
2) did not reach the overflow in the period between 1999 and early 2011, and there was no
flow from the dam to the creek. Despite the lack of outflow from the dam, irtentrflow
was recorded in Cressbrook Creek during this period of time (Fig. 4b), indicatirigethat
creek was recharged by both overland and groundwater contributions along its course. The
period of drought was then followed by two wet years (2010 and 2011), culmimating i
significant flooding in January 2011 (Fig. 4b), approximately five months prior to the
sampling conducted during this study. As a result of this flooding, Cressbrooke2ehed
the overflow and discharged to Cresshrook Creek until 24 June 2011, with peak flows of
approximately 330 m3s During the surface water sampling campaign (7—8 June 2011),
approximately 0.5 m3%swas discharging from Cressbrook Dam (Toowoomba Regional
Council, 2012) and Cressbrook Creek was flowing at approximately 0.7 at33C3 (Fig.
3; DNRM, 2013), indicating that the majority of flow in Cressbrook Creek was probabl

derived from the dam during this period.

Groundwater hydrographs show that during the peak of the drought in 2008,
groundwater levels had dropped to approximately 4 to 5 m below the base of kia thee
Lower Catchment. Additionally, the groundwater gradient in the Lower Cattdtinticated
that the creek was losing during this drought period. However, groundwater leveksregico
following the flooding and heavy rain in 2010 to 2011. Subsequent to the flood, the
groundwater gradient reversed and Cressbrook Creek became a gainingrstheaMid to
Lower Catchment (Fig. 3), suggesting that groundwater gradients between tfe alluv
aquifer and stream are dynamic and dependent on the antecedent rainfallrcanditio
However, it is apparent that the alluvium receives substantial recharge rfessb@ok
Creek in the Mid to Lower Catchment (King et al., 2014).

2.2 Geology

2.2.1 Bedrock

The alluvial aquifer system of Cressbrook Creek overlies bedrockiabieageology, with
volcanic rocks, metamorphic rocks and granodiorite prominent in the upper part of the
catchment (Fig. 2 and 3). Basaltic rocks are particularly prominent in the Gppgment,
whereas the bedrock in the Mid to Lower Catchment is composed mainly obsuzdic

sedimentary rocks of the Esk Formation. Primary porosities of these bedrachrenit
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generally low, but permeabilities are enhanced in some regions by weathering of
granodiorites and fracturing in other rocks (GSQ & IWSC, 1973).

The Esk Formation underlies many of the alluvial sampling sites in the Mid to
Lower Catchment (Fig. 3), and has a broad range of sedimentary strata and gsain siz
(Cranfield et al., 2001). Geological borehole logs (DNRM, 2012) confirmhisafdrmation
is very heterogeneous, with clayey sandstones, feldspathic sandstonesndlsalt, all

recorded at shallow depths within the Mid to Lower Catchment.

2.2.2 Alluvium

The alluvial system at Cressbrook Creek is characterised by fining-dgpeaquences,
which typically consist of basal sands and gravels, overlain by sdtslays. Minor
carbonate veins have been identified within granodiorites (Zahawi, 1972). Hotmie
contribution to the alluvium, if any, has not been detected in X-ray diffracti@)
analyses of sediments collected from Lake Wivenhoe, which is located dasmmstir¢he
confluence with the Cressbrook Creek and the Brisbane River (Fig. 1). Iroadddi
carbonate was detected in the weathered granodiorite profile (Douglas?2€07) as any
potential carbonate particles are likely to dissolve. This apparentflaekbmnates implies
that radiocarbon dating of alluvial groundwaters is unlikely to be sigmifiy affected by

interactions with carbonate minerals.

King et al. (2014) describe this complex, multi-layered alluvial systentwas-kyer
system based on sediment grain size assessment. The basal coarddayeimensists
mostly of sands and gravels, whereas the upper low permeability layenasifyr
composed of fine-grained sediments such as silts and clays. This fining upvegreisceeis
characteristic of many alluvial systems in eastern Austmlia Cenddn et al., 2010; Cox et
al., 2013), largely due to diminishing surface water flows in the late Quaternagh{tm
and Nanson, 2000; Maroulis et al., 2007; Nanson et al., 2008). The thickness of the low
permeability layer increases with distance downstream, wheretigckieess of the basal
high permeability layer decreases down-gradient; these variations stiggéikere is

probably less recharge in the lower parts of the catchment compared to the uggper par

3 Water sampling and analytical methods

Surface and groundwater samples were collected in June and September 2011 from eight

surface water sites, 18 bores screened in the alluvial aquifer and eighkieshes: In
addition, two samples were collected from bores where the screengdlm{siotted section

of casing) encompass both the lower 1 — 2 m of the alluvium and the top 1 — 2 m of the
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bedrock (B92 and B158); these sites are categorised as “bedrock sites” (Fignagl Al
boreholes are less than 20 m deep and they usually have a 3 m long screened eetion a
base of the alluvium, whereas bedrock boreholes are generally deep, extiepefshallow

bores screened in the Esk Formation (Table 1).

Prior to sampling, three well volumes were pumped from the boreholes and the
specific (electrical) conductance (SC), temperature, redox potentigu(@H were
monitored using a flow cell to ensure that these parameters had stabilised pampling.
Field measurements were taken with a TPS 90 FL field meter, which wastaliin

accordance with the manufacturer’s specifications prior to use.

3.1 Major and minor ions

Samples for major and minor cations (Na, K, Ca, Mg, Fe, Mn, Al and Sr)osbeeted in
acid-cleaned 125 mL HDPE (High Density Polyethylene) bottles and adittifie
approximately pH 2 using HNOCations were analysed at Queensland University of
Technology (QUT) by inductively coupled plasma optical emission secipy (ICP-
OES). Samples for major anion analyses (Clg/$0, and HCQ) were collected in pre-
rinsed 250 mL HDPE bottles, with no further treatment until analysishwhés performed
at QUT using an automated discrete analyser (Seal AQ2), ion chromatogramig DI S-
2100) and by manual titration for alkalinity.

3.2 Isotopes

Stable isotopesitH ands'®0) of groundwater and surface wasamples collected during

this studywere analysed using a Los Gatos Liquid Water Isotope Analyzer at the Uwiversi
of New South Wales (after Lis et al., 2008). B of dissolved inorganic carbon (DIC)
was analysed at GNS Science (New Zealand). Strontium isotopesmadysed using multi
collector-inductively coupled plasma mass spectrometry (MC-ICPRa¢the University of
Melbourne following the methods described by Hagedorn et al. (2011). The internal
precision (2se) and external precision (2sd) for the MC-ICP-MS procedux®.306020

and +£0.000040, respectively. Tritium and radiocarbon were analysed at theiAnistral
Nuclear Science and Technology Organisation (ANSTO)*Eoanalysis, the total DIC was
converted to C@using a custom built extraction line. The Sample was then graphitised,
graphite targets were analysed by AMS at ANSTO’s STAR acceleritwifm procedures

of Fink et al. (2004). Conventional radiocarbon ages were reported as perbdéodage
Carbon (pMC) with & errors of less than 0.37 pMC (Stuiver and Polach, 1977). Samples for
®H analysis were distilled and electrolytically enriched, and subsequentiysad using a
liquid scintillation counter. Results are reported in tritium units (Tt an uncertainty of
+0.04 to 0.08 TU and quantification limits of 0.13 TU.

7
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Rainfall from Brisbane Airport was collected as a monthly composite lyf idém
gauge samples, following the technical procedure recommended for GNIP
sampling fttp://www-naweb.iaea.org/napc/ih/documents/userupdate/sampling.pdf

Samples from June to October 2010 were analysed by Isotope Ratio Mass Sgectibm

the CSIRO Land and Water Isotope Lab (Adelaide) (reported accuracy ainedl #D.15%0

for 8°H and&*®0, respectively) or Alberta Innovates Technology Futures Isotope Hbggrol

and Geochemistry Lab (reported accuracy of +1.0, +0.2%fdands'?0, respectively).

Samples from November 2010 to June 2011 were analysed at the ANSTO Institute for

Environmental Research using a Cavity Ring-Down Spectroscopy matheéicarro
L2120-1 Water Analyser (reported accuracy of 1.0 and +0.2%%rand3°0,
respectively).

3.3 Geochemical calculations

Evaporation curves and saturation state calculations were performed HSEERC

(Parkhurst and Appelo, 1999). Evaporation curves were calculated under thetmsstimap

calcite, dolomite and gypsum precipitate when they reach saturationeanck ae-dissolved.

Mineral stability diagrams were calculated after Drever (1997), using gratedanalyses

collected as part of this study.

4 Aquifer testing methodology

Rising/falling head tests were conducted in order to estimate the hydramdiactivity of

the aquifer at each site. This information was consequently usstinmate rechargas

- { Formatted: Heading 1,PhD Heading 1 ]

e

described later in the study. Rising head tests were conducted using a badetherniore

permeable sites, two bailers joined end-to-end. Falling head tests werengerfoy pouring

water into the boreand he response was measured using a pressure transducer that recorded

the water level at 1 second intervals. The hydraulic conductivityhesmealculated using

the Hvorslev method (Hvorslev 1951).

5 Results

5.1 Agquifer testing

4 Hydraulic conductivity generally increases with distance downstreasex] loas

falling/rising head tests that were conducted as part of this study (Tables@)t#d more

permeable alluvium is generally located close to Cressbrook Creek.

N - - {Formatted: Heading 2,PhD Heading 2 ]
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4-15.2 Hydrochemistry

Surface waters are generally fresh (SC <850 p§ @imble 2) with similar proportions of
major cations (Na, Ca and Mg; Fig. 5). The major anions are Cl and HCO3 andHB©GI
molar ratio of water from Cressbhrook Creek ranges from 0.92 to 1.35, withgatiesally
increasing with with distance downstream. Alluvial groundwaters ash feebrackish (SC
369 to 5930 S ci) with no clear dominant major cations and low,$6ncentrations, with
SO4/CI molar ratio ranges from 0.001 to 0.21. The Cl/ki@0lar ratio ranges from 2.9 to
33.9, with ratios increasing with salinity. The hydrochemistry of the bedrock groterdvs
highly variable, although the Na/Cl ratio is generally higher than in allwagdrs (Fig. 6).

4.25.3 Mineralogy and geochemical interactions with groundvater

To assess the interaction of groundwater with minerals in the soil ndrtbeaquifer
matrix, groundwater hydrochemical data was incorporated into sitaidity diagrams
(Fig. 7) to determine the relative stability of common silicate ralsen equilibrium with
groundwater collected from major bedrock aquifers (Esk Formation and the e&ekkuzdus
Complex) and the alluvium (Fig. 7). The silicate stability diagrams show thahitaddi
usually in equilibrium with groundwaters from the Cressbrook Creek catchexeefpt for

Ca-rich minerals, which are generally in equilibrium with smectite.

4.35 .4 Stable isotopesdH and $*°0)

Isotopic signatures for groundwater and surface water are comparedad date collected
from Brisbane Airport and Toowoomba (Fig. 8) between May 2008 and May 2010 (Crosbie
et al., 2012), and new data collected by ANSTO between June 2010 and June 2011 (Table
4). Rainfall collected from the Brisbane Airport (Fig. 1), located appratély 60 km east

of the study site, is isotopically similar to rainfall collecteshi Toowoomba, which is

located approximately 20 km to the southwest (Fig. 8a; Crosbie et al., 2012)uddests

that there is limited spatial variation in the study region, and thatrdateBrisbane and
Toowoomba are representative of the Cressbrook Creek catchment. The BriskeoreeMe
Water Line (MWL) has a slope of 7.9 (Hughes and Crawford, 2012), which is cltfee to
global average of 8.2 (Rozanski et al., 1993). However, the deuterium eRoes$3.1%o is
higher than the global average of about 10%., as observed in other coastallasstratian

sites (Cendodn et al., 2014), probably due to the influence of convectivelrdinfadt al.,

2010).

During the 12 months prior to the June 2011 sampling campaign, rainfall stable isotope
signatures were depleted compared to previous rainfall events, patiduldng, and

immediately prior to, the flooding in January 2011. Rainfall from December 2010 and
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January 2011 (316 and 424 mm respectively; BOM, 2012) was patrticularly deplétd in
(-30.2 and -27.8, respectively) abtBO (-5.34 and -5.13, respectively; Table 4) compared
to the weighted average for rainfall, which was -3.4 and -12.§ 26 ands 180

respectively (Crosbie et al. 201Zhis confirms observations by Hughes and Crawford

(2013), who also noted that high precipitation rainfall events associatedasit coast

pressure systems in Australia can be significantly deplé&tesislope of the groundwater

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

4.45.5 Strontium isotopes

Strontium isotope ratios of surface and groundwaters in the Creksbreek catchment

range from 0.7042 to 0.7119 (Fig. 9), although most samples are within a narrower range of
0.7051 to 0.7078. No measurements of’{Be’°Sr ratios of rainwater were conducted for

the study area, and as a consequencé’$né*Sr ratios of rainfall used in this study (Fig.

9a) are based on data from elsewhere in Australia®*Biné®Sr ratios of rainfall are

typically similar to modern seawater (0.7092; Dia et al., 1992) near thi botthey

become progressively more radiogenic inland due to the addition ofptteric dust.

Strontium isotope measurements of rainfall from Hamilton, Castend Willaura in

Victoria (south-eastern Australia), which are located approxiyn@@ 70 and 100 km from

the coast respectively, were 0.7094, 0.7097 and 0.7107 (Raiber et al., 2009). In comparison,
the rainfall®Srf®Sr ratio measured at Woodlawoolana located approximately 500-600 km
inland in South Australia is 0.71314 (Ullman and Collerson, 1994). The Cresshrook Creek
catchment is approximately 70 km from the eastern coast of Australia (Figslnihg a

similar increase of the strontium isotope ratios of rainfalhwitreasing distance from the
coast, thd’Srf®Sr ratios in the Cressbrook Creek catchment may be in a similar range to
those reported by Raiber et al. (2009), although it is acknowledged that local éactors
temporal variability can have a substantial influence. Howevef!$né°Sr isotope ratio of
rainfall at Cressbrook Creek should not be significantly different to the rangmfaésn

Fig. 9a, and any local variations would not affect the hydrological ietzton.

4.55.6 Groundwater residence times

Tritium and™C activities have been used to qualitatively assess groundwater rediderse
in the alluvium and in the surface water of Cressbrook Creek. Tritium isydarty useful

for groundwater studies in the Southern Hemisphere, wWhigetivities of rainfall have
been about 2-3 TU for over 20 years (Morgenstern et al., 2010; Tadros et al. |2014)

of 1.6-2 TU for the period from 2005 to 2011 (Taslet al., 2014)The®H activity of

rainfall is no longer affected by interference from bomb tritium, but ted@ascontrolled by

10
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natural cosmogenic production, allowing for a more accurate interpretatioousidyvater
residence times using a singk measurement (Morgenstern and Daughney, 2012).

The™C activities of DIC can also provide insight into groundwater resilénes
and recharge processes. However, the interpretati§@ afges is often difficult, becau¥€
activities can be altered by geochemical processes that occur in the uedatume
saturated zone (Plummer and Glynn, 2013). Nuclear weapons testing further cehplica
interpretation ofC ages in modern samples by increasing atmospHériactivities in the
1950s. The radiocarbon activity of alluvial groundwater in Cressbroolk Cetehment

ranges from 81.12 to 104.22 pMC (Table 3). Conventional radiocarbon ages calculated from

these data range from modern to 1,650 years BP. Two samples (B37 and B83) hame moder
uncorrected“C ages, which correlate well with their relatively higthactivities of 1.08 and
1.15 tritium units (TU), respectively. This confirms that there is a substargdern

groundwater component contained in these groundwaters.

The uncorrected'C ages of the samples collected from B57, B36, B18 and B51 are
55, 345, 1025 and 1680 years BP, respectively. However, it should be noted H@ztes

have not been corrected for interactions with carbonate minerals. Taitialyses of the

same samples (B57, B36, B18 and B51) indicate that they contain a modern component (i.e.

less approximately 70 years old), with values of 1.02, 0.70, 0.50 and 0.13 TU, res$pectiv

56 _Discussion
5.46.1 Origin of solutes and hydrochemical evolution

54.46.1.1  Hydrochemical facies

Surface and groundwaters in the upper part of the catchment are generally tre S wi
values of <700 puS cm(Table 2; Fig. 3), whereas salinities are moderately higher in the
lower catchment. Five hydrochemical facies have been identified basedsvraleanalysis

of major ions proportions (Fig. Sfhese hydrochemical facies diffgightly fromthose

presented b¥King et al. (2014), which were determined by hierachical cluster amalys

(HCA) using major and minor ions and pBespite these differencebere are similarities

between the hydrochemical facidentifiedin this paper and the clustatsrivedusing

HCA. For example, Hydrochemical Faciesfihe current paperorrelates well with

subclusters B2 and B# King et al. (2014xnd Hydrochemical Facies 3 shares similarities

with subclusters A3 and 1.

Hydrochemical Facies 1 to 3 contain fresh water samples (SC <1150 1 Satste <~~~ {

Formatted: Indent: First line: 1.27
cm

5) and samples assigned to these facies have similar concentrations of &a Ma (no

11
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dominant cation), and low S@oncentrations (2.5 to 62.9 mg/L); therefore, these three
groups are mainly distinguished by the relative proportions of Cl tosH&@¥irochemical
Facies 1 is mostly composed of fresh bedrock groundwater samples, tastinggy, it also
includes one surface water sample (OCKk). This group is characterisedydd@inated
waters with molar HC@CI ratios of<5. Si concentrations are relatively high (median,SiO
concentration of 43 mg/L) and low nitrate concentrations (medianc@entration of 0.15
mg/L; Table 5). Hydrochemical Facies 2 and 3 are composed of fresh amfges with
slightly higher CI concentrations than samples assigned to Hydrochemiizd E4d9 to

297 mg/L). Hydrochemical Facies 4 and 5 both contain brackish groundwaters (SC ranges
from 1145 to 13,750 uS c¢hhwith Cl as the dominant anion, but the samples in
Hydrochemical Facies 5 have a mediansN@ncentration of 4.0 mg/L, compared to those in
Facies 4 which have a median Néncentration of just 0.19 mg/L (Fig. 5 and 6 and Table
5).

54.26.1.2  Bedrock groundwater

Bedrock groundwater samples have diverse hydrochemical compositiores(Ea2 and 5;
Table 2) and’SrfSr ratios (Fig. 9), reflecting the wide range of bedrock types in the study
area including granodiorite, basalt, sandstone and shale. Hydrochemical end-srember
highly variable due to superimposed processes such as evaporatateofram the
unsaturated zone prior to groundwater recharge, transpiration, and mixing froptemul
sources. The dominance of Hgfor bedrock samples in the Upper Catchment
(Hydrochemical Facies 1) suggests that there are several potentigisgiotieat contribute
towards the observed patterns of major ion concentrations, including carbonaitgidiss
oxidation of organic matter, and silicate weathering. The latter carsbssasl using

87Srf8Sr ratios and silicate stability diagrams.

Groundwaters from the Esk Formation (B229, B103 and B92; Fig. 3) typically have
low &’SrfeSr ratios (0.7042 to 0.7062), even though the weathered soils from this formation
are comparatively radiogenic (Fig. 9a) with values ranging from 0.7070 to 0.7115 and a
mean of 0.7090 (Douglas et al., 2007). This suggest&'8r&fSr ratios of groundwaters
from the Esk Formation do not reflect the weathered whole-rock signatutrare instead
probably controlled by weathering of plagioclase. Weathering of anori@atei¢h
plagioclase) releaséSr (substituted for Ca) into groundwater, but very Iff&r is released
(McNutt, 2000), resulting in groundwaters with 18{@rFSr ratios. Many other studies have
also reported similar observations where groundvasef°sr ratios are lower than the
whole rock®’SrfSr ratios, attributed to the dominant influence of plagioclase dissolution
(e.g. Fritz et al., 1992; Richards et al., 1992; Made and Fritz, 1989). This plagioclase

12
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dissolution process is supported by geochemical evidence, which shows thatiakidn
soils are rich in smectite (Douglas et al., 2007), and that Ca-rich mipéthks Esk
Formation, such as anorthite, are likely to weather to smectgeqJ;iwhereas minerals that
are rich in K, Na and Mg are likely to weather to kaolinite. Therefore, it appsahough
silicate weathering is a significant process affecting the major iorentmation of the
bedrock groundwaters, particularly in the Esk Formation.

5.4.36.1.3 _ Alluvial groundwaters

Alluvial groundwater evolution is marked by an increase in salinity. 8, longer
groundwater residence times, a decreaS®Bf®Sr ratio (Fig. 9b) and higher CI/HG@atios
(Fig. 5). The more evolved groundwaters in Hydrochemical Facies 4 and 5 hbablpro
been subjected to higher degrees of evapotranspiration. Evaporation processaeat
from stable isotopes measurements, which show that most sampéetedotiuring this
study are displaced significantly to the right of the Brisbane and Toowoomlia(Mig.
8a). This is in agreement with pan evaporation rates that far exceed rbgesarenual

rainfall in the catchment (Section 2.1).

In addition to evaporation, transpiration also appears to be an important obntrol
groundwater salinity in some areas, as documented by elevated Cl and stapée isot
signatures that do not show any substantial influence of evaporation (Fig. 8bkerovg
and Ca concentrations of the samples from Hydrochemical Facies 4 arethagheould be
expected from evaporation, based on modelled evaporation curves frowditesisamples

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

Similarly, the Na concentrations are lower than expected from tip@eteon curve,
suggesting that the groundwater composition of samples assigned to Hydredremies 4
have been influenced by interactions with aquifer materials. As carbocteare absent in
the alluvium of this catchment, weathering of silicate minerals appehbesthe most likely
source of dissolved ions. This is also supported by a moderate dorréletweeriH and
the saturation indices (SI) of albite¥R 0.45; Fig. 9d), compared to the weak correlation
betweer’H and calcite SI (R= 0.24; Fig. 9e). Furthermore, many of these more evolved
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 carbonates alone (Fig. 6p/AmgeP ostma,
2005).

It is likely that this increase in Ca and Mg is augmented by dissolutioaftd m
minerals such as olivine, pyroxene and anorthite, which are commonly presermtliic bas
rocks such as those in the Mid to Upper Catchment (Palaeozoic rocks; Fitudal A

sediments probably contain detrital material that was eroded off theslésbaroviding a

13
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source of Ca and Mg for alluvial groundwaters and surface waters imwhbepart of the
catchment. This is supported by XRD analyses, which show that there aneaignif
amounts of smectite in weathered sediments sampled from Lake Wivenipok; (Bouglas
et al., 2007), and silicate stability diagrams (Fig. 7) demonstrate that thiétsnsgarobably
the result of the weathering of Ca-rich minerals such as anorthite.

In contrast to Hydrochemical Facies 4, the samples from Hydrocheraicils 5
have followed a different evolutionary pathway (Fig. 5): groundwatet@athanembers of
Hydrochemical Facies 5 generally have longer residence times (Tablghgr Na
concentrations (Fig. 5) and its groundwater evolution more closely followsaporative
trend (Fig. 6). Nevertheless, the evaporation curve (Fig. 6) indicates that Ca and Mg
concentrations are still higher than expected if evaporation alone wearthnelling factor,
suggesting that the dissolution of silicates is also an important procesnaiflg the

chemistry of these waters.

5.26.2 Radiocarbon groundwater residence times

The uncorrectedf'C ages of the samples collected from B18 and B51 are 1025 and 1680
years BP, respectively; however, tritium analyses indicate thairntismdwater has a
modern component. This discrepancy between the apparent tritium ages 46dates
indicates that th&C activity may have been altered by carbonate dissolution, or
alternatively, that there has been mixing between an older g@teronentind a youngr
watercomponenthat contains tritium.

The Ca:Na ratio of the alluvial groundwaters ranges from 0.19 to 1.00, with an
average of 0.54 and the Ca/Na ratio of the samples from B18 and B51 are 0.19 and 0.24.
This indicates that significant calcite dissolution is unlikely, as groutedsvéhat have
experienced significant calicite dissolution generally have Ca/Mes rat (Mast et al., 1990;
Leybourne et al., 2006).

Calcite dissolution can also be assessed usin@ﬁ@@c composition, which is
affected by interactions with organic materials and the aquifer steSFrees°Cp e
composition of recharging groundwater is largely controlled by the cotiguosf the
decomposing plant matter. For plants that use thgh6tosynthesis, th&#°Cp,c composition
of the soil is usually around -23%o, whereas it is likely to be approxim&#lyin areas
with C, plants (Clark & Fritz, 1997). The study catchment is located in a water-po@ratea
plant productivity is often limited by the lack of water. Therefore, laltte commonly
cultivate plants that use water efficiently, such as those that use tlaebGn fixation
pathway (e.g. corn and sorghum). However, some drought resistant plants that use the C

carbon fixation pathway (e.g. Lucerne) are also cultivated. Similarly, appatedy 74% of

14



grass species in the Cressbrook Creek region use, ttegrlidn fixation pathway (Hattersley,
1983).

Assuming that approximately 60% to 90% of i@ is derived from plants
that use the £ carbon fixation pathway, soil Gg) 53Cpic values would be
approximately -15%o to -10%.. Th&*Cpic value will typically increase by around
7.9%o as soil CQy dissociates to HCO(at 25’ C; Clark & Fritz, 1997), which will
result in groundwater witls*3Cpic values between around -7%. and -2%.. The
8"Cpic values at B18 and B51 are -4.4 and -4.9, indigatiitat there has probably

been no significant dissolution of old calcite, ahdt the uncorrectetfC ages are
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valid. This is not unexpected, as the alluviumasposed primarily of components
11 derived from erosion of silicate rocks, and it islikely to contain significant

12 amounts of carbonate.
13 | 5.36.3 Hydrological processes, recharge and the impact éiboding

14 | 5.316.3.1  Cressbrook Creek and Cressbrook Dam

15 Surface water samples from Cressbhrook Creek follow an evaporativeitre tioklt

16 intersects the meteoric waterline near the flood-generating raifigll8a). Cressbrook

17 Dam was overflowing into Cressbrook Creek at the time of samplingy@@muba Regional

18 Council, 2012), and water from the dam appears to be dominated by depleted heavy rainfall
19 from December 2010 and January 2011. This is not surprising, as the storage volume of

20 Cressbrook Dam was at record low levels (7.5% of total capacitghrugry 2010

21 (Toowoomba Regional Council, 2014). In addition, rainfall in the Catchment Headwaters

22 and at Cresshrook Dam may be further depleted due to the altitude effect, am the da

23  approximately 250 m AHD and the surrounding hills reach elevations of mor&@Gam

24 AHD.

25 Stable isotopes were a valuable tool for the identification of egisedharge in this

26 | study. Previous studies have used stable isotopes to link groundwategeestiahigh
27 | precipitationrainfall events. For example, Cendon et al. (201Ghpavedalluvial
28 | groundwater isotope signatures with the weighted average isotgpatigies of rainfall

29 | events that were greater than 95 mm. However, it is rare to use stadytessto assess

30 | groundwater recharge from an individual flood event.

31 | 5:3:26.3.2 _ Upper Catchment

32 Inthe Upper Catchment, recharge to the alluvium is dominated by diffuseatidit of
33 rainfall rather than channel leakage (Fig.10a and 10b). This is supported by evidence tha

15
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indicates that the stream is gaining in this part of the catchment, incluelth@fiservations
of groundwater discharge into the stream in the Upper Catchment, thaeetisiav in
Cressbrook Creek during years when there was no discharge from CressbroakdDbhen a
increase in discharge volume between Cressbrook Dam and CC3 (Fig. 3)ratthé ti
sampling (Section 2.1). Groundwater is recharged rapidly in this part cattlement, based
on the low salinity (Fig. 3)in addition, the comparison of thegh groundwatefH activities

2005-2011 for southeast Queensland and stream waters analysed during thisrditrdyg ¢

that a high component of groundwater consists of very recent recliaigelocuments the

by other studieglsewherée.g.Cartwright and Morgenstern, 201Raudron et al. 2014).

Groundwater major ions and stable isotopes from samples collecteth@ear
confluence of Cressbrook Creek and Kipper Creek are similar to tlreswvhter sample
collected from Kipper Creek (KC1; Fig. 3), suggesting that Kipper Creekveschaseflow
from the alluvium in the vicinity of KC1. As there was no flow in Kippee&lk in the
Catchment Headwaters at the time of sampling, the creek must have receivedi\gter
baseflow in the Upper Catchment (i.e. near KC1). The stable isotope signfature
groundwaters collected from the Upper Catchment and surface water ifpper ICreek is
intermediate to the evaporation trends that originate from the ffendrating rainfall and
the longer-term weighted average rainfall value. This suggests that rechssgeced from
the flood and from smaller rainfall events that occurred subsequent to ttieHlowoever,
the sample collected from Cressbrook Creek in the Upper Catchment has depleted
stable isotope signature than other surface waters or groundwateesémpl the Upper
Catchment, probably because water in Cressbrook Creek has a high proportion of

isotopically depleted flood runoff and quick flow from Cressbrook Dam (SectBoh)5.

The sample collected from Oaky Creek (OCk; Fig. 3) is grouped in a different
hydrochemical facies to other surface water samples. This sample hasbigmed to
Hydrochemical Facies 1, together with bedrock samples collected fronpfer U
Catchment, including a sample collected from the granodiorite foothills in the @akk
sub-catchment (B104; Fig. 3). The bedrock appears to have a major impaetchemical
composition of the water in Oaky Creek, probably because the alluvia¢aiguifin and
narrow in the Oaky Creek sub-catchment and because the upper layers of grarasdiorite
highly weathered, and therefore comparatively permeable. This permeszgitered

granodiorite probably provides baseflow to Oaky Creek.

16
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523.36.3.3  Mid to Lower C atchment

Most groundwaters from the lower part of the catchment also followtpoeative trend

that intersects the meteoric water line near the flood-generatinglirafrifeecember 2010

and January 2011, indicating that groundwater was recharged rapidly by channel leakage
and/or that the flood generated substantially more recharge than other sanaidl events.
Heavy rainfall events often have depleted stable isotope signaiesesigestedy the

depleted signatures of rainfaill December 2010 and January 2011 (Tabl&5dl

observations elsewhere (e.g. Hughes and Crawford, 201&Jdition the most devestating
flood to affect southeast Queensland occurred in 1974, anéHtends'%0 values of
rainfall during this event were -64.2%. and -9.5%o., respectively (IAEA/WMO, 2014)

In the Lower Catchment, fresh groundwaters with short residence times, such as
those contained in Hydrochemical Facies 2 and 3, are probably rechepgigby surface
waters (Fig. 10c and 10d). These sites are generally located close to khencréeappears
as though groundwater quality is significantly improved due to interactions witicsurf
water in this part of the catchment, confirming the observation from Kial €014).

These groundwater-surface water interactions also appear to affaceswater
compositions, as is evident from observed changes in the chemical cionpafSi
Cressbrook Creek with distance downstream. This includes an: 1) an inoreaaeé i
dissolved salts (Fig. 3); 2) an increase in the apparent water age, as indidaetHby
activities at CC1 (Upper Catchment; 1.60 TU) and CC6 (Lower Catchment; 1.44 blg; Ta
3); 3) enrichment of stable isotop@&8H ands*®0; Fig. 8b); and 4) a decrease in {f@rf°Sr
ratios (Fig. 9a).

Groundwater-surface water interactions subjected to a large degreetemporal

and spatial variationdue tothe losing/gaininanatureof the streamCressbrook @ek is

generally losing after high flow events, such as the flood of January 20%arrsiinto a

gaining stream after this event (Fig. 4). Similarly, the losing/gaining condifithe stream

is likely to vary spatially as a result of changes in the streanddedation(riffles and pools)

- [ Formatted: Highlight

The more evolved groundwater samples from the Mid and Lower Catchment
(Hydrochemical Facies 4 and 5) were generally collected from allreits that are located
further away from the creeks (Fig. 3) and/or where the unsaturated zone is thick@e.g. >
m). These sites are also located in areas where the alluvium jelessable, suggesting
that infiltrating rainfall from small rainfall events is subjected tigaiicant degree of
evapotranspiration processes during infiltration through the unsaturated zotegand

rainfall events are probably required to generate groundwater rechargefoidet is likely

17
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that these more evolved waters are predominately recharged during high raerfed| such
as those associated with the flooding in January 2011.

5.46.4 Hydraulic connectivity between bedrock and alluvium

Tritium data show that alluvial groundwaters assigned to HydrocheRaces 5 have
relatively long residence times (B90, B18 and B51, Table 5). In particuldnvitiel
activities from B18 and B51 (0.50 and 0.13 TU, respectively) indicate that oldiercke
groundwater could be interacting with the alluvium at these sites. Furtlenmersample
collected from B158, which is screened in both the alluvium and the bedrock, is also
included in Hydrochemical Facies 5.

The sample from B90 has a stable isotope signature that indicates a substantial
degree of evaporation (Fig. 8), whereas other alluvial samples assigrgdirochemical
Facies 5 (B51 and B18) are isotopically more depleted. As previousljomeshtalluvial
groundwaters assigned to Hydrochemical Facies 5 were probably subjesitpaftoant
amounts of evaporation. However, groundwater samples from sites B18 and®5) (Fi
have a relatively depleted stable isotope signature considering their highc€htrations
(Fig. 8), which suggests that these sites may have received seepage froed dealeick

groundwater.

This was independantly confirmed by the use of strontium isotopes, wkich ar

ideally suited for the assessment of seepage from basalts and gomhkii¢to the alluvium

due to their distinguishable signatures resulting from their contrastingaitggrand the

very different ages of the rocks. This study builds on work by Raiber et al. (2009), &ho us

strontium isotopes to investigate interaction of groundwater withltsaand granitic rocks in

south-western Victoria, Australiah& groundwater sample from B18 has a radiogenic

8’SrfeSr signature similar to groundwater sampled from the granodiorite, witiok the
bedrock at this site, and sample B51 has &’ 16nf°Sr ratio similar to the Esk Formation
samples (Fig. 9a). Also, théC groundwater ages of samples from B18 and B51 are greater
than 1,000 years BP, but there is detectable tritium in these samples, nigdicatithe water

is less than approximately 100 years old. This descrepancy is consigtiamixing of old

bedrock groundwater with younger alluvial groundwater.

Overall, the isotopic evidence (groundwdfet, 5*°C, stable isotopes afitBrf®Sr
ratios) confirms that the aquifer at sites B18 and B51 receives sdepagbe underlying
bedrock. Interestingly, the only other two samples W@ °Sr ratios below the 99%
confidence interval (Fig. 9a) are the samples from B36 and B57, which werel&#sted
from monitoring bores overlying the Esk Formation. Furthermore, apart from B18 and B51,

they are the only other two samples with non-modern uncorré@eatjes, and they have
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relatively depleted stable isotope signatures, suggesting that thelatpvifer at these sites
has probably also received seepage from the underlying bedrock aquifer. Mateeneeis

a strong correlation (R 0.94) betweefH and‘C activities (Fig. 9c), which suggests that
the samples from B57 and B36 have been affected by similar hydrologicadsesdee.
bedrock seepage) as the samples from B51 and B18.

87 _Conclusions

This study outlines the benefits of the simultaneous application ofpfeutthvironmental
isotopes H, %0, ¥SrF°sr, *H and*“C) in rainfall, groundwater and surface water in
combination with a comprehensive hydrochemical assessment. The sitm stady the
influence of a flood on groundwater recharge and to assess the hydrologicativdyrod
an alluvial aquifer system with associated streams and underlying higalgelivedrock

aquifers.

Groundwater evolution is largely controlled by silicate dissolution and
evapotranspiration processes, as demonstrated by the silicaitystagrams, theoretical
evaporation curves and saturation indices. In the Upper Catchment, rainfatkily qui
recharged through relatively coarse-grained alluvial sediments. Celyeenwater
infiltrates more slowly in the Mid and Lower Catchment, particularly irfltha-plain distal
to Cressbrook Creek, as indicated by the lower tritium*#Ddalues and the elevated
salinity. In contrast, surface water leakage to the alluvial aquifar isportant mechanism
for maintaining groundwater quality and for the generation of recharge iovtiee part of
the catchment.

The flood-generating rainfall in 2011 was isotopically more depléfétignds*®0)
than the long-term weighted average, and groundwater from the lower partafdchment
plots along an evaporative trend line that intersects the meteoric imataeéar this depleted,
flood-generating rainfall of December 2010 and January 2011. This confirmed tHabthe f
events of January 2011 generated significant recharge, whereas infiltratergnam
smaller rainfall events is subject to evapotranspiration, especial lower part of the
catchment where the unsaturated zone is relatively thick and the pertyésbolv.
Recharge from episodic flooding is probably important in other similangstwhere low
permeability sediments are incised by stream channels. Groundwater ippibie U
Catchment follows an evaporative trend initiated from rainfall thatésmediate to the
long-term weighted average rainfall and the “flood rainfall”. The flood20dfl also
generated significant recharge in this part of the catchment. However, aapbeative
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trend is initiated from a more enriched rainfall signature (i.e. closbetmng-term
weighted average), it appears likely that smaller rainfall events alsoagegroundwater
recharge here, probably due to the more permeable and thinner soil matersaparttioi
the catchment. The study clearly demonstrated the value of time-gadnitall stable isotope
data for the identification of hydrological processes such as aquifer reeimaltfee

generation of baseflow resulting from flooding.

The®’srfSr ratios were used to identify bedrock seepage to the alluvium at several
locations. This conclusion was supported by’#hend'“C data, which show that the
alluvium contains a mixture of older, bedrock derived groundwater and more yecentl
recharged groundwater. The connectivity between the alluvium and the bedrkelkyitoli
be spatially and temporally variable.

The complementary use of multiple isotopes and hydrochemistry of rainfall
groundwater and surface water enabled an effective assessment of hgdrpiagesses
throughout the catchment, including recharge of the alluvial deposits fromesuréider
flows and variable bedrock aquifers, recharge specifically from flood eventmand a
understanding of isotopic and hydrochemical parameters in the context blevatiaatic
conditions.

78 _Acknowledgements

The authors acknowledge Queensland Department offéNéResources and Mines
(DNRM) for access to the groundwater database,immparticular Ashley Bleakley
and Blake Topp, for their general input and fielgbport. The authors also thank
David Frizzell from Toowoomba City Council for piiding surface water levels
from Cressbrook Dam, and laboratory staff at thee&psland University of
Technology, including Shane Russell and James Brfadyassistance with chemical
analysis. Adam Hartland of the University of Waik#&tormerly of the University of
New South Wales) is thanked for analysing surfaoe groundwater stable isotopes.
The authors also acknowledge the Australian Irstitof Nuclear Science and
Engineering (AINSE) for the research grant thatdeth®H and '“C analysis of
groundwaters, and Robert Chisari and Geraldineb¥zeo (both ANSTO) for the
analysis of'H and“C, respectively. Brian Smerdon and Sebastien Laagmet of
the CommonwealttEcientific and Industrial Research Organisation (CSRO) are
also thanked for their comments, which helped tprave the manuscript. Funding
by the National Centre for Groundwater Research @mmining (NCGRT) is

20



1 gratefully acknowledged. We would also like to tkathe anonymous HESS

2 reviewers and lan Cartwright for their useful cdnitions.

21



89 References

Anibas, C., Verbeiren, B., Buis, K., Chormiki, J., De Doncker, L., Okruszko, T., Meire,
P., and Batelaan, O.: A hierarchical approach onmpiwater-surface water interaction in wetlands
along the upper Biebrza River, Poland, Hydrol. E&yst. Sci., 16, 2329-2346, 10.5194/hess-16-
2329-2012, 2012.

Appelo, C. A. J. and Postma, D.: Geochemistry, Gdevater and Pollution, 2nd Edn., A. A.
Balkema Publishers, Leiden, the Netherlands, 2005.

Arnell, N. W. and Gosling, S. N.: The impacts afrete change on river flow regimes at the
global scale, J. Hydrol., 486, 351-364, 10.1016/fj0l.2013.02.010, 2013.

Babister, M. and Retallick, M.: Brisbane River 2Globd event — flood frequency analysis,
final report, Project number 111024, QueenslanddddCommission of Inquiry, WMA Water,
Brisbane, Australia, 2011.

Baudron, P., Barbecot, F., Aréstegui, J. L. G.,u®dr. T., Travi, Y. and Martinez-Vicente,
D.: Impacts of human activities on recharge in dtitayer semiarid aquifer (Campo de Cartagena, SE
Spain), Hydrol. Process., 28: 2223-2236, 2014.

Barrett, M. H., Hiscock, K. M., Pedley, S., LernBr,N., Tellam, J. H., and French, M. J.:
Marker species for identifying urban groundwatetharge sources: a review and case study in
Nottingham, UK, Water Res., 33, 3083-3097, 10.140@43-1354(99)00021-4, 1999.

Barron, O. V., Crosbie, R. S., Dawes, W. R., Clsar® P., Pickett, T., and Donn, M. J.:
Climatic controls on diffuse groundwater rechargmas Australia, Hydrol. Earth Syst. Sci., 16,
4557-4570, 10.5194/hess-16-4557-2012, 2012.

22



Boulton, A. J., Findlay, S., Marmonier, P., StanlEyH., and Valett, H. M.: The functional
significance of the hyporheic zone in streams arets, Annu. Rev. Ecol. Syst., 29, 59-81,
10.1146/annurev.ecolsys.29.1.59, 1998.

Boulton, A. J., Datry, T., Kasahara, T., Mutz, end Stanford, J. A.: Ecology and
management of the hyporheic zone: stream-groundivdégactions of running waters and their
floodplains, J. N. Am. Benthol. Soc., 29, 26—40,1899/08-017.1, 2010.

Bureau of Meteorology — BOM: Commonwealth of Aub&8ureau of Meteorology,
available at: http://www.bom.gov.au/jsp/ncc/cdicatrerData/, last access: 15 July 2012.

Cartwright, 1., Weaver, T., Cendén, D. I., and Sedn Environmental isotopes as indicators
of inter-aquifer mixing, Wimmera region, Murray BasSoutheast Australia, Chem. Geol., 277, 214—
226, 10.1016/j.chemge0.2010.08.002, 2010a.

Cartwright, I., Weaver, T. R., Simmons, C. T., i, L. K., Lawrence, C. R., Chisari, R.,
and Varley, S.: Physical hydrogeology and environtaesotopes to constrain the age, origins, and
stability of a low-salinity groundwater lens formiey periodic river recharge, J. Hydrol., 380, 203—
221, 2010b.

«- Formatted: Indent: Left: 0 cm, First
line: 1.27 cm, Line spacing: 1.5 lines,
Tab stops: 8.47 cm, Centered +

16.75 cm, Right
Australia, J. HVdI’O|. 475, 137-149. http//dxdmkio1016/||hydrol201209037, 2012. P { Formatted: Default Paragraph Font,

7777777777777777777777777777777777777777777 Check spelling and grammar

Cartwright, I. and Morgenstern, U.: Constrainingumrdwater recharge and the rate of

geochemical processes using tritium and major emcthemistry: Ovens catchment, southeast

Cartwright, I., Weaver, T. R., Cendon, D. I., AifieL. K., Tweed, S. O., Petrides, B., and
Swane, |.: Constraining groundwater flow, residetimmes, inter-aquifer mixing, and aquifer
properties using environmental isotopes in therszagt Murray Basin, Australia, Appl. Geochem.,
27,1698-1709, 10.1016/j.apgeochem.2012.02.00&,.201

Cendon, D. I, Larsen, J. R., Jones, B. G., NarSog;., Rickleman, D., Hankin, S. I., Pueyo,
J. J., and Maroulis, J.: Freshwater recharge isteedlow saline groundwater system, Cooper Creek
floodplain, Queensland, Australia, J. Hydrol., 3820-163, 2010.

23



Cendon, D. I., Hankin, S. I., Williams, J. P., \der Ley, M., Peterson, M., Hughes, C. E.,
Meredith, K. T., Hollins, S. E., Graham, I. T., G&ii, R., Wong, H., and Levchenko, V.:
Groundwater residence time in a dissected and weadtsandstone plateau: Kulnura — Mangrove
Mountain aquifer, NSW, Australia, Aust. J. Earth.Sa press, 2014.

Clark, I. D. and Fritz, P.: Environmental Isotope$lydrogeology, Lewis Publishers, New
York, USA, 1997.

Costelloe, J. F., Irvine, E. C., Western, A. Wd aiyler, M.: Identifying fluvial recharge and
artesian upwards leakage contributions to arid atrdlow, unconfined groundwater, Chem. Geol.,
326-327, 189-200, 10.1016/j.chemge0.2012.08.014.20

Cox, M. E., James, A., Hawke, A., and Raiber, Moudwater Visualisation System
(GVS): a software framework for integrated dispdang interrogation of conceptual hydrogeological
models, data and time-series animation, J. Hydt6ll, 56—-72, 10.1016/j.jhydrol.2013.03.023, 2013.

Cranfield, L. C., Donchak, P. J. T., Randall, R.d@hd Crosby, G. C.: Yarraman Special 1 :
250 000 Geology, Queensland, Department of NaReaburces and Mines, Brisbane, Australia,
2001.

Crosbie, R. S., Morrow, D., Cresswell, R. G., Learte W., Lamontagne, S., and
Lefournour, M.: New insights into the chemical asetopic composition of rainfall across Australia,
CSIRO Water for a Healthy Country Flagship, Aus#ra2012.

Dawes, W., Ali, R., Varma, S., Emelyanova, |., Hsolg, G., and McFarlane, D.: Modelling
the effects of climate and land cover change onrgtwater recharge in south-west Western
Australia, Hydrol. Earth Syst. Sci., 16, 2709-27P25194/hess-16-2709-2012, 2012.

Department of Natural Resources and Mines — DNRbpdtment of Natural Resources and
Mines, Groundwater Database, Brisbane, 2012.

24



Department of Natural Resources and Mines, availabl

http://watermonitoring.derm.gld.gov.au/host.htnst laccess: 8 October 2013.

Dia, A. N., Cohen, A. S., O'Nions, R. K., and Shiatén, N. J.: Seawater Sr isotope variation
over the past 300 kyr and influence of global ctenaycles, Nature, 356, 786—788,
10.1038/356786a0, 1992.

Dogramaci, S. S. and Herczeg, A. L.: Strontium eaudbon isotope constraints on carbonate-
solution interactions and inter-aquifer mixing irmgndwaters of the semi-arid Murray Basin,
Australia, J. Hydrol., 262, 50-67, 10.1016/s00224(62)00021-5, 2002.

Dogramaci, S. S., Skrzypek, G., Dodson, W., aridr€on, P. F.: Stable isotope and
hydrochemical evolution of groundwater in the samit Hamersley Basin of subtropical northwest
Australia, J. Hydrol., 475, 281-293, 10.1016/j.jtold2012.10.004, 2012.

Douglas, G., Palmer, M., Caitcheon, G., and Orrldentification of sediment sources to
LakeWivenhoe, south-east Queensland, Australia, Mashwater Res., 58, 793-810, 2007.

Drever, J. I.: The geochemistry of natural watsmface and groundwaterenvironments, 3rd
Edn., Prentice-Hall Inc., New Jersey, 1997.

Fink, D., Hotchkis, M., Hua, Q., Jacobsen, G., 8mit. M., Zoppi, U., Child, D., Mifsud, C.,
van der Gaast, H., Williams, A., and Williams, NThe ANTARES AMS facility at ANSTO, Nucl.
Instrum. Meth. B, 223, 109-115, 10.1016/j.nimb.2084025, 2004.

Fritz, B., Richard, L., and McNutt, R. H.: Geochealimodeling of Sr isotopic signatures in
the interaction between granitic-rocks and natsoéltions, in: Water-Rock Interaction, Rotterdam,
927-930, 1992.

Geological Survey of Queensland and Irrigation Wrater Supply Commission (GSQ and
IWSC): Groundwater Resources of Queensland: Exmanalotes, 1 : 2 500 000 Map, 1973.

25



Green, T. R., Taniguchi, M., Kooi, H., Gurdak, JAllen, D. M., Hiscock, K. M., Treidel,
H., and Aureli, A.: Beneath the surface of globd@imge: impacts of climate change on groundwater,
J. Hydrol., 405, 532-560, 10.1016/j.jhydrol.201100%, 2011.

Hagedorn, B., Cartwright, |., Raveggi, M., and Mdas Rare earth element and strontium
geochemistry of the Australian Victorian Alps diagie system: evaluating the dominance of
carbonate vs. aluminosilicate weathering underiagrgunoff, Chem. Geol., 284, 105-126,
10.1016/j.chemge0.2011.02.013, 2011.

Hancock, P. J., Boulton, A. J., and Humphreys, WARuifers and hyporheic zones: towards
an ecological understanding of groundwater, Hydobgk, 13, 98-111, 10.1007/s10040-004-0421-6,
2005.

Harms, B. P. and Pointon, S. M.: Land resourcesassent of the Brisbane Valley,

Queensland, Department of Natural Resources, Bréstid99.

Hattersley, P. W.: The distribution of C3 and Cdgges in Australia in relation to climate,
Oceologia (Berlin), 57, 113-128, 1983.

Hrachowitz, M., Bohte, R., Mul, M. L., Bogaard, A., Savenije, H. H. G., and Uhlenbrook,
S.: On the value of combined event runoff and tracalysis to improve understanding of catchment
functioning in a data-scarce semi-arid area, Hydtalth Syst. Sci., 15, 2007-2024, 10.5194/hess-15-
2007-2011, 2011.

Hughes, C. E. and Crawford, J.: A new precipitati@ighted method for determining the
meteoric water line for hydrological applicatiorentbnstrated using Australian and global GNIP
data, J. Hydrol., 464-465, 344-351, 10.1016/j.jok@012.07.029, 2012.

Hughes, C.E. and Crawford, J.: Spatial and temp@uation in precipication isotopes in the
Sydney Basin, Australia, Journal of Hydrology 48255, 2013.

26



Hughes, C. E., Cenddn, D. I, Johansen, M. P. Meredith, K. T.: Climate change and
groundwater, sustaining groundwater resource§ustaining Groundwater Resources, edited by:
Jones, J. J. A., Springer Netherlands, 2011.

King, A., Raiber, M., and Cox, M.: Multivariate $i&gical analysis of hydrochemical data to
assess stream-alluvial aquifer connectivity dufingd and drought: Cressbrook Creek, southeast
Queensland, Australia, Hydrogeol. J., 22, 481-3001007/s10040-013-1057-1, 2014.

Kirchner, J. W., Tetzlaff, D., and Soulsby, C.: Gmaring chloride and water isotopes as
hydrological tracers in two Scottish catchmentsdidy Process., 24, 1631-1645, 10.1002/hyp.7676,
2010.

Knighton, A. D. and Nanson, G. C.: Waterhole fomad @rocess in the anastomosing channel
system of Cooper Creek, Australia, Geomorpholo§y,1®1-117, 10.1016/s0169-555x(00)00026-X,
2000.

Kumar, U. S., Sharma, S., Navada, S. V., and Dapdhd.: Environmental isotopes
investigation on recharge processes and hydrodysamhithe coastal sedimentary aquifers of
Tiruvadanai, Tamilnadu State, India, J. Hydrol 4 383-39, 10.1016/j.jhydrol.2008.10.004, 2009.

Lange, J.: Dynamics of transmission losses ingeland stream channel, J. Hydrol., 306,
112-126, 10.1016/j.jhydrol.2004.09.016, 2005.

Laycock, J. W.: Brisbane Valley groundwater invgations: hydrogeological report on the
area between Moore and Coominya, Ref.: E38, Gemb§iurvey of Queensland, 1967.

Leybourne, M.I., Clark, 1.D., Goodfellow, W.D.: $illa isotope geochemistry of ground and
surface waters associated with undisturbed massifiele deposits; constraints on origin of waters
and water—rock reactions, Chem. Geol., 231, 300-3236.

27



Lis, G., Wassenaar, L. |., and Hendry, M. J.: Hiykeision laser spectroscopy D/H and

80/*0 measurements of microliter natural water sampgles). Chem., 80, 287-293,
10.1021/ac701716q, 2008.

Liu, J., Fu, G., Song, X., Charles, S. P., ZhangHén, D., and Wang, S.: Stable isotopic
compositions in Australian precipitation, J. Geomhyes., 115, D23307, 10.1029/2010JD014403,
2010.

Made, B. and Fritz, B.: Simulation of granite dission at 25, 60 and 100 degrees C based

on thermodynamic potential and kinetic laws, in:té¢a&Rock Interaction, Edmonton, 461-464, 1989.

Mandal, A. K., Zhang, J., and Asai, K.: Stable @gi¢ and geochemical data for inferring
sources of recharge and groundwater flow on theawit island of Rishiri, Japan, Appl. Geochem.,
26,1741-1751, 2011.

Maroulis, J. C., Nanson, G. C., Price, D. M., aiet$eh, T.: Aeolian-fluvial interaction and
climate change: source-bordering dune developmesrttbe past similar to 100 ka on Cooper Creek,
central Australia, Quaternary Sci. Rev., 26, 386-40.1016/j.quascirev.2006.08.010, 2007.

Mast, M. A., Drever, J. |. and Baron, J. S.: Chahigeathering in the Loch Vale Watershed,
Rocky Mountain National Park, Colorado. Water ResBes. 26, 2971-2978, 1990.

McNutt, R. H.: Strontium isotopes, in: Environmdrsacers in Subsurface Hydrology,
edited by: Cook, P. G. and Herczeg, A. L., Kluweadlemic Publishers, Boston, MA, USA, 233-
261, 2000.

Morgenstern, U. and Daughney, C. J.: Groundwaterfagidentification of baseline
groundwater quality and impacts of land-use infezation — the National Groundwater Monitoring
Programme of New Zealand, J. Hydrol., 456, 79-931016/j.jhydrol.2012.06.010, 2012.

28



Morgenstern, U., Stewart, M. K., and Stenger, Ratifiyy of streamwater using tritium in a
post nuclear bomb pulse world: continuous variaibmean transit time with streamflow, Hydrol.
Earth Syst. Sci., 14, 2289-2301, 10.5194/hess-88-2910, 2010.

Nanson, G. C., Price, D. M., Jones, B. G., Margulli<., Coleman, M., Bowman, H., Cohen,
T.J., Pietsch, T. J., and Larsen, J. R.: Allugidtence for major climate and flow regime changes
during the middle and late Quaternary in eastentraeAustralia, Geomorphology, 101, 109-129,
10.1016/j.geomorph.2008.05.032, 2008.

Négrel, P. and Petelet-Giraud, E.: Strontium isesops tracers of groundwater-induced
floods: the Somme case study (France), J. Hyd05b, 99-119, 2005.

Parkhurst, D. L. and Appelo, C. A. J.: User’'s guid®HREEQC (version 2); a computer
program for speciation, batch-reaction, one-dinmraitransport, and inverse geochemical
calculations, Water-Resources Investigations — @8légical Survey, US Geological Survey,
Reston, VA, USA, 312 pp., 1999.

Parry, M. L., Canziani, O. F., Palutikof, J. P.n\der Linden, P. J., and Hanson, C. E. (Eds.):
Contribution of Working Group Il to the Fourth Assenent Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, CargbritdK and New York, NY, USA, 2007.

Plummer, L. N. and Glynn, P. D.: Radiocarbon daiingroundwater systems, in: Isotope
Methods for Dating Old Groundwater, Internationé&b@ic Energy Agency (IAEA), Vienna, 33-90,
2013.

Raiber, M., Webb, J. A., and Bennetts, D. A.: Stiton isotopes as tracers to delineate
aquifer interactions and the influence of rainfaithe basalt plains of southeastern Australia, J.
Hydrol., 367, 188-199, 2009.

Richards, H. G., Savage, D., and Andrews, J. Nan{&& water reactions in an experimental
hot dry rock geothermal reservoir, RosemanowesstestCornwall, UK, Appl. Geochem., 7, 193—
222,10.1016/0883-2927(92)90038-5, 1992.

29



Rozanski, K., Araguas-Araguas, L., and Gonfiani,lsotopic patterns in modern global
precipitation, Climate Change in Continental IsétdRecords, edited by: Swart, P. K., Lohmann, J.,
McKenzie, J., and Savin, S., American Geophysiaabhl, Geophysical Monograph 78, 1993.

Rushton, K. R. and Tomlinson, L. M.: Possible maii$ras for leakage between aquifers and
rivers, J. Hydrol., 40, 49-65, 1979.

Simpson, S. C. and Meixner, T.: Modeling effectfl@éds on streambed hydraulic
conductivity and groundwater-surface water inteéoas, Water Resour. Res., 48, W02515,
10.1029/2011wr011022, 2012.

Simpson, S. C., Meixner, T., and Hogan, J. F.: e of flood size and duration on
streamflow and riparian ground water compositioa semi-arid basin, J. Hydrol., 488, 126-135,
10.1016/j.jhydrol.2013.02.049, 2013.

Siwek, J. P., Zelazny, M., and Chemicki, W.: Infiae of catchment characteristics and flood
type on relationship between streamwater chemistdystreamflow: case study from Carpathian
foothills in Poland, Water Air Soil Poll., 214, 54563, 10.1007/s11270-010-0445-6, 2011.

Soulsby, C., Tetzlaff, D., van den Bedem, N., MAftd. A., Bacon, P. J., Youngson, A. F.:
Inferring groundwater influences on surface watemontane catchments from hydrochemical
surveys of springs and streamwaters, J. Hydro8, 339-213, 2007.

Stuiver, M. and Polach, A.: Reporting BiC data, Radiocarbon, 19, 355-363, 1977.

Tadros, C. V., Hughes, C. E., Crawford, J., Ho|lBsE., and Chisari, R.: Tritium in

Australian precipitation: a 50 year record, J. Hydiin press.

Toowoomba Regional Council: Unpublished Data, cavib Frizzell, July 2012, 2012.

30



Toowoomba bulk water, Cressbrook Dam:
http://www.toowoombarc.qld.gov.au/environment-anakste/water-supply-and-dams/dams-a-
bores/toowoomba-bulk-water/5311-cressbrook-danh glesess: 8 January 2014.

Vanderzalm, J. L., Jeuken, B. M., Wischusen, HDPavelic, P., Le Gal La Salle, C.,
Knapton, A., and Dillon, P. J.: Recharge sourcekhgmirogeochemical evolution of groundwater in
alluvial basins in arid central Australia, J. Hyldr897, 71-82, 10.1016/j.jhydrol.2010.11.035, 2011

Winter, T. C., Harvey, J. W., Franke, O. L., andef W. M.: Ground water and surface
water, a single resource, US Geological Surveyuirc1139, US Geological Survey, Denver, USA,
1998.

Workman, S. R. and Serrano, S. E.: Recharge twiallvalley aquifers from overbank flow
and excess infiltration, J. Am. Water Resour. 85,,425-432, 10.1111/j.1752-1688.1999.tb03600.X,
1999.

Zahawi, Z.: Cressbrook Creek Damsites, Record B3{Z¥epartment of Mines, Geological

Survey of Queensland, 1972.

31



_ - | Formatted: Font: 9 pt, Font color:
Custom Color(RGB(79,129,189))

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 lori§2t and B158. The values in parentheses in col2imn
represent the length of the screened sectionstetdompassed by each geological material.
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Table 2 Hydraulic conductivities from falling/rising heaelsts in the alluviurof the Cressbrook Creek -~ { rarmatted: Font: 10 pt, Nt Bald,
e ~~ ~ { Formatted: Font: Not Bold
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 growatdmnsamples from Cressbrook Creek catchment.

Sampling Date Geology Sub- Depth to HF pH SC Eh Na K Mg Ca Mn Fe Sr Cl SO, HCO, CO; NOs-N Sio, %CBE
Ste oot A @scr) (M) (mg) (mgl) (mgl) (mg) (mgl) (mgl) (mgh) (mgl) (mgl) (mgl) (mgl) (mgh)  (mgl)
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 0.19 39.1 5.3
B21 14/06/2011  Alluvium Mid 13 2 6.7 720 -180 51 1.2 27 49 1.10 1.40 0.25 106 42.0 206.0 0.07 0.17 35.3 -2.9
B33 14/06/2011  Alluvium Lower 10.4 2 6.7 492 -21 40 1.3 15 27 0.81 0.45 0.16 86 10.8 140.3 0.05 0.10 27.2 -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 45 100.8 0.01 0.09 43.8 -4.7
B37 22/06/2011  Alluvium Lower 9.4 4 7.2 4750 -330 360 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 49.4 -4.2
B51 8/06/2011 Alluvium Lower 13.7 5 6.7 5930 -60 690 1.6 228 231 0.05 8.80 3.71 1711 43.9 699.0 0.32 0.98 42.6 -0.3
B57 19/09/2011  Alluvium Lower 147 4 6.8 1251 -160 73 0.8 55 110 0.06 2.20 0.8 384 18.9 122.6 0.06 3.01 48.1 -1.2
B74 7/06/2011 Alluvium Upper 7.9 2 6.6 587 45 44 1.9 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 30.8 -7.4
B82 15/06/2011  Alluvium Lower 14 3 6.7 1110 170 70 11 38 66 0.55 0.00 0.44 297 36.4 177.1 0.06 0.89 34.0 -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 4.96 49.8 -2.0
B89 8/06/2011 Alluvium Mid 12.3 3 6.4 938 -25 50 1.3 41 66 0.61 2.10 0.37 203 40.8 173.9 0.03 0.03 317 -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 1.8 22 35 0.89 11.000.21 111 27.9 136.3 0.05 0.42 29.7 -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 35.9 -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 2.78 351 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 0.05.17 0 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 0.16 40 5.0 133.9 0.02 0.0314.3 -5.9
Bedrock
B103 15/06/2011 Bedrock Lower 247 5 6.5 13750 -60 1350 3.4 555 0 65 0.58 0.00 10.3 4415 193.9 679.6 0.30 0.02 29.9 -1.0
B104 19/09/2011 Bedrock Upper 64 1 7.3 437 210 42 15 17 43 0.00 0.05.12 0 34 2.5 287.7 0.38 0.38 64.8 -3.3
B16 15/06/2011 Bedrock Upper 10 2 7.0 614 -61 38 1.9 21 37 0.41 094 23 0 99 14.8 143.5 0.08 0.24 37.9 -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 42.3 -1.2
B251 16/06/2011 Bedrock Mid 49.5 1 7.3 898 150 67 0.7 43 120 0.02 0.000.34 127 37.7 516.8 0.63 0.42 30.4 -1.8
B256 21/06/2011 Bedrock Upper 40.5 1 7.0 501 115 79 5.4 18 31 0.00 0.000.18 90 2.9 320.3 0.18 0.19 58.8 -8.5
B546 21/06/2011 Bedrock Upper 68.6 2 6.4 497 25 49 3.1 20 49 0.17 0.000.35 104 62.9 158.4 0.03 1.33 29.7 -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 49 124 86.6 0.05 0.16 15.8 -1.6
CC2 7/06/2011 Surface Water Mid N/A 2 7.5 356 110 25 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 29 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 24 24 35 0.16 0.27 0.21 107 11.8 140.8 0.34 0.06 20.1 -1.0
CC6 7/06/2011 Surface Water Lower N/A 2 7.5 602 140 39 24 25 36 0.10 0.13 0.23 113 17.6 144.3 0.25 0.15 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 39 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 0.19 21.6 2.9

GarwWN

Note: %CBE = percentage charge balance error.
Sub-catchment boundaries are showkign3..
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Table 4. Water isotopic and hydrochemical datsstoface and groundwater samples from the Cresslioedk catchment. Saturation indices (SI) for ¢aland albite were calculated using PHREEQC (Pastland Appelo, 1999).

Sampling Geology Sub-catchment Water type 3%0  8°H Deuterium  Tritum  &C 4c 4c 8’SrPesr Calcite  Albite
Site excess (TU) (%) (pMC) Uncorrected Age (sh (sh
(d) (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 1553) 0.50 -4.4 88.02 1025 0.70702 -0.27  -0.47
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-ClI -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-CI -3.4 -19.6 7.43 0.70664 -1.12 -1.96
B76 Alluvium Upper Na-Mg-Ca-HCO3-CI -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-ClI -4.0 -22.9 8.96 1.15 100.38 Modern 0.70607 -1.28 0.42
B89 Alluvium Mid Mg-Ca-Na-CI-HCO3 -3.2 -22.2 3.57 1.66 0.70705 -1.08 -1.83
B9O Alluvium Mid Na-Mg-Ca-Cl 2.1 -14.6 vir?] 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-ClI -3.4 -22.0 5.51 ®10 -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 -34 -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-Cl  -2.0 -14.2 1.94 0.70781  0.47 0.19
B256 Bedrock Upper Na-Ca-Mg-HCO3-Cl -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
cc1 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-CI -3.8 -24.7 5.38 -0.70 -2.21
CC4 Surface Water Mid Mg-Na-Ca-HCO3-CI -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
CC6 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-Cl -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 Brisbane Airport between June 2010 and June 2011.

Sample Month

8°H (%o VSMOW)

Monthly Precipitation

5'%0 (%0 VSMOW) (mm)
June 201 9.C -1.4¢ 12.¢
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 -5.34 499.4
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 hydrochemicaid¢a (median values).
Hydrochemical pH SC Eh Sig NOs-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

35



18
19
20

21

22

23
24

7 Y
Queensland

"M

0km . 900 km

Fig. 1. Cressbrook Creek catchment in southeasef@lgnd, located approximately 80 km northwest

N\

Toowoomba
[ )

Brisbane River
Catchment

Cressbrook
reel
Catchment

Lake
Wivenhoe 27°g

Brisbane
River

28°S

A\ A

152°E

of Brisbane and within the upper Brisbane Rivecloatent.

LEGEND
[ ] Quaternary alluvium

[ | Tertiary alluvium

Triassic sedimentary rock
= (mainly Esk Fm)

[ Triassic-Jurassic sedimentary
rock (Woogaroo Subgroup)

— Triassic Eskdale Igneous
Complex (mainly granodiorite)
Permo-Triassic felsic
volcanic rock

] Palaeozoic rocks (mainly
basalts and metamorphic rocks)

153°E

>z

Brisbane River

Direction

k of view

Cressbrook Creek
catchment

0 5km  10km

" Vertical exaggeration = 4

Brisbane River

e\

Fig. 2. Geology, topography and surface drainafiiseoCressbrook Creek catchment (viewed from

the east).

36



25

<oy

GO0 -TED
7o0 - 1200
1500- 3000

o

2
JUL - By
8000

LEGEMC

Specific conouctance (SC)
(Wsem]

] Surtace water

- Surface waier (CC3;
no 3C measurement]

@ Alluvial
groundwater
@ Bedrock

groundwater

iz Toogoolawah

Catchment ™

26

LLpper

. '.—{:&13 B (5, 4" ﬂ A
X_. = = ) Lowar Catchrnent
070 AN

Brisbane River

—

/”“‘1

Bauwy
<Ba1 (2

B1E7 (4}

*
Catchment

L

Cresshrook Sresk

5 1I]|kn1

GEOLOGY

Quatermary alluvium
Tertiary alluvium

—| Triassic sedimentary rock
imainly Esd Frn}

[ Trassic-Juassic sedimentary rock

| Triassic Eskdale |%IEI:IIJ5 Complex
imainly granodion

[] Permo-Trizssic felsic voleaic rocks

Palazozaic rocks
imainly basalts and shale}

Falasozoic metamorphic recks

27  Fig. 3. Location of sampling sites, and catchmeidevdistribution of specific conductance (SC) and

28 hydrochemical facies distribution (in parenthe&es;tion 5.1.1) in the Cressbrook Creek catchment.

37



29

30

31
32
33

]

gt
|

I
I
t

LEGEMD
100 —_— T

—_— 2T

-1 ——— 2

— B
- — — 3
- BET

=— = Cease flow atCC3

Hevalwn {n AHD )
i
F

70 \
I ! I ! I ! | ! | ! |
S.lan 2017 7 Jan 2071 & .Jan 2011 N Jdan 2077 13 Jan 2011 15 Jan 2011 17 Jan 2011
b} Date
1500 —1.2
LEGEMD
7 —_ - Sampling event 5
| Annual stream discharge at CC3 (20111
= Average awnual rainfall {rmm} L
i Annual rainfall {mm:
J 3 e
E
=000 — —0.H >
£ L
] =
T &
: B
3 L o
g 00 0.4 E
D T ¥ l/ T T I T T T T I T T T T I T T L] T '| 'I_I_Hl-h| T r L] D
1945 18250 1985 2000 penli 010
ear

Fig. 4. a) Groundwater and stream hydrogsdpbm the flood period; b) Annual rainfall (BOM 22
for the Cressbrook Creek catchment and annualstdéscharge at CC3 (Stream gauge 143921A;
DNRM 2012). Also shown is time of sampling.

38



34

35

36
37
38

39

LEGEND

e Surface water

e Alluvial groundwater

e Esk Fm groundwater

e Granodiorite groundwater
o Other bedrock groundwater

Scale of radii:
Proportional to EC

0

5000

80 60 40 20 40 60 80

20
Ca Na+K  HCO3+COs Cl

Fig. 5. Piper diagram showing hydrochemical fa¢i#g) for surface and groundwater samples

collected in the Cressbrook Creek catchment. Teergand grey arrows show divergent evolutionary

pathways.

39



40

41
42
43

44

807 () R L
] LEGEND ! i
— — - Evap. curve (B74) west ! 16
— — - Evap. curve (B36) ,’ ” A °
40 — — - 12rafio / ,r" =12
E ®  Surface waters /1, E " e
g . E
E A ! @ = .
= [ ] Alluvial samples P / S ® HFS
®  Bedrack samples P / S 8- W-g——-————-=—-———-
20— o,/ *0el®
/ // / 4 () o0
/ ® L J
s o 0.4 s - ___ |
i gy, .’._“
-~
-~ J/ \ E HF4 ———— ®
g #‘—.‘- HF2
0_ L] IIIIII1IO L} lllll;éo 0 L} 1 IIIIIII L T IIIIIII 1
1 1 10 100
Cl {(mmol) Cl {mmol)
20 (g) 25 (d)
HF2
16 o 20 /
] - HF4
= - HF5
= 124 2 154
S HFS: £
E > ¢
S } 10
8- . . B51®
7] - — ®gg T
9B18 - -
4 o _-_ - - 5 %15 -
| . .,::___‘:——."._- i ® .”:-/’,_,’-‘__—-
— - .
4, . .!}w. o
Q T T T T 1 T T | T 1
12 0 4 8 12
0 4 HCO3 (mmol) 8 HCO3 {mmal)

Fig. 6. Major and minor ions plotted against thedttetical evaporation curves for fresh groundwater
from the Upper Catchment (B74) and the Lower CattiniB36). Evaporation curves were

calculated using PHREEQC (Parkhurst and Appelo9199

40



45

46
47
48
49

50

Laumontite 16
I | Colote Solubility (EOFRNTE ... ... i A 12 = Mg-Smectite
5 Gibbsite .Cabelde_lhte %,, Gibbsite Raalinite
Q Kaolinite (smectite) |8 3
2 s
= 4
6 4 3 f 2 9 5 4 3 2
) i (HSi ’ ) ) ' log(HSI0.) E
lg{H:5i104 Pyrophylite
Analcite !
10 Muscovit
I~ : 8 = ;
z ig < ‘
© b ot 6 = . :
Z Gibbsite 5 = Gibbsite e i
oF g: 4 o Kaolinite :
o) | h
K=} . %‘., 3
2 i
6 E B 3 20 6 -4 - 2
log.(H+SiO-) log.(H:SiO.)
LEGEND
e Alluvium _
Pyrophylite ¢ EskFm Pyrophylite

o Eskdale Granodiorite

Fig. 7. Groundwater silicate stability diagramsdahen groundwater samples collected from the

study site in 2011 for the: a) CaO8k-SiO-H,0 system; b) MgO-AD;-SiO,-H,0 system; ¢)
NaO-Al,05-Si0,-H,0 system, including albite; and d}®-Al,0s-SiO»-H,0 system, including

microcline.

41



51

52
53
54

55

(a)

LEGEND
0-|® Alluvial GW
4 DBedrock GW
m Surface water
® Brisbane rainfall weighted
ave (Apr 2008 to May 2010) @
Brisbane rainfall weighted . PR
® ave (Jun 2010 to Jun 2011) Mid to Upper e ST
(@ Brisbane flood event eua@?‘. - \
-10 4 (Dec 2010 & Jan 2011) L ‘\J\-\{\\’\g
.~ Brisbane MWL . -* B251
@ Toowoomba rainfall weighled J-N // e\"“
ave (Apr 2008 to May 2010) fer +__B90 “oode“
= ||~ Toowoomba MWL L.~ 1 B¥, %Bao SReS
“ta (e
(a\'\\le Slope of evaporative trend line
204 Y =31X-12.3;R2=0.95
B837® oB51 #B91
832KClm B1sg, 3 B89
#B83 B18® .CCS 103
B157
®
30 9] - . j'm B.%cc;\ CC5
Y “.. |B3 |
. B57 (HF4) BN mGoTCC2
B104 ; 35
(Granadiorite) 4 '
T T T T T T T T T 1
B -4 3% 2 0
104 (B)
Rapid infiltration of rainfall
(upper part of catchment) High evaporation/evapotranspiration
(lower part of the catchment)
B251
B92 » E'.QCI (HF5)
-154 [)
«B16 -
B21 B37 (HF4)
B76 Transpiration (HF5;
2 374.8546 /|ONEI’ part of catchment}
B837Ra1 B51 !
T | Kc1 e Beo B82 B158 B | B103
o cc2 OCEBS $C%g3s «B83 ¢ " {deep, saline Esk Fm)
L]
25| CCle awCO5 BRI BIST
* o “B93
cC4 - R Groundwater collected proximal
B256 B229 (deep Esk Fm} to Cressbrook Creek
B44 B57 (HE4) (lower part of calchment;
L}
30 \\Q\
l® B104 {Granadiorite) \Depleled: possible bedrock seepage
_35 T T T T L | T T T T T
1 10 100 1000

Cl (mmol/L)

Fig. 8. a)5°H versus3™®0 values (%o Vienna Standard Mean Ocean Water, VSKIG\pared to

flood rainfall (ANSTO) and the meteoric water lifeg Brisb
2012); and b) semi-log plot 6fH (%0 VSMOW) versus Cl.

ane and Toowoomba (Crosbie et al.,



56

57
58
59
60

61

(a)

0.714+
LEGEND )
e  Surface water samples
° Alluvial samples
0.7124 s  Bedrock samples s
——— Line of best fit (granite)
99% Confidence interval
Range of results from Granodisooriiltse ) T
0.710+ analysis of soil samples Rainfall
2 ©  Mean value from soil analysis | Seawater ——
S Esk Formatiqln _
4 . soils
o R? = 0.28; 99% (Alluvial samples only)
0.708 oB251 " Qck o~ .
- . KC1
B8 B Baleceper
I S 5837:_,/', «B76 «B33
pay B90 B82 B13T—57
'MM = ., W
0.706{ — Bi58 *B83 5 °“B546 % B256
\ “B57 = +B92(shallow Esk Fm)
&5, ~B103 (deep Esk Fm) B16
(shallow Esk Fm)
0.704 «B229 gdeep Esk Fm) : : :
12
0 4 1/Sr (mgiL) 8
0.708) 16-(6)
- /
~ @
g) 0.7074 A1 004 .
g - :
£ 0.706-| S _—
0.7054 80 5
| R? =0.78 (B18 excluded) |- R*=0.94
0.704 T L S —T 1 70 T T 1
0 0.4 0.8 12 16 2.0 0 0.4 0.8 1.2
Tritium (TU) Tritium (TU)
4_(d) 1_(e)
i = #B37
= 2 L5 .\\
[ 2
Q 0 ] 1:': | \\\ °
2 O o
= ] 14 ‘\l
2 | B36  pha .
R2=0.24
4 T v T v T ¥ T 1 2 ¥ T Y T T T ¥ T 1
0 04 0.8 1.2 1.6 2.0 0 0.4 0.8 1.2 1.6 20
Tritium (TU) Tritium (TU)

Fig. 9. a)¥’SrF°sr versus 1/Sr; BYSrFesr versus tritium; ¢}*C (pMC) versus tritium; d) saturation
index (SI) for albite versus tritium; and e) Sl f@icite versus tritium. Soil analyses were perfim
by Douglas et al. (2007), tiésrfSr ratio for seawater was sourced from Dia etl®92), and the

rainfall data is from Raiber et al. (2009).

43



62

63
64
65

66

() Upper part of catchment
Wet conditions

Rapid diffuse infiltration of rainfall

Creek flowing
Predominately gaining stream conditions

(b) Upper part of catchment
Drought conditions

Rapid diffuse infiltration of rainfall

Intermittent creek-flow

Heavy rainfalls result in increased groundwater
levels and baseflow to the creek

Lower part of catchment
Wet conditions

Slow diffuse infiltration of rainfall

Creek flowing

Predominately losing stream conditions

%) Lower part of catchment
Drought conditions

Slow diffuse infiltration of rainfall

Intermittent creek-flow

<_____-\_,\
e~

—
B ——

|
(
(
)
|

e

Heavy rainfalls result in increased surface water

!
I S lovels and channel leakage

Fig. 10. Conceptual model of recharge processt®ira) upper part of catchment during wet
conditions; b) upper part of catchment during didugpnditions; c) lower part of catchment during
wet conditions; and d) lower part of catchment mlyidirought conditions.

44



	hess-2014-44-author_response-version2.pdf (p.1-6)
	hess-2014-44-supplement-version1.pdf (p.7-50)

