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We thank Anonymous Referees #1 and #2 and Professor lan Cartwright for their considered
and insightful reviews of our paper. Their helpful comments and suggestions have been
addressed below with responses to each individual comment. The page number and line

number of changes made in the revised manuscript are provided for each comment.

Anonymous Referee #1

General comment 1

The bore density in the catchment (98 bores per 311 km?) seems remarkably high and is
primarily due to the catchment having been investigated for water supply and damming
purposes. This is not typical for most catchments. I wonder how the findings would fair if a
lower density of groundwater measures were available. Say 50% of the current density? There
is, of course, a break point when the geostatistics cannot really be applied anymore. Still, |
wonder how much value there is in the groundwater observations when fewer observations in
space are available. This could easily be checked by some random removal of data from the

entire set and then kriging the remainder. What error is introduced? Cycling through
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realizations of the random removal in a Monte Carlo sense and systematically considering
10%, 20%, etc. removal would really give insights to stability and robustness of the approach.
It would also shine light on true added value of considering groundwater maps. This would
also help the study find resonance with those working in not-so-heavily instrumented sites

(which would likely be prevalent in most parts of the world).
Authors’ response

We agree that the study catchment has a unusually high density of groundwater monitoring
bores due to previous hydrological resource studies (note that there were actually 88 bores
with sufficient data for the mapping, not 98). It is for this reason that the Gellibrand
catchment was chosen as a case study for investigating the value of groundwater surface
mapping in estimating stream baseflow. It is common practice in hydrological research to
investigate novel techniques in highly instrumented research catchments (often of very small
size) for a proof of concept approach. We have taken a similar approach, albeit in a relatively
large catchment. As the purpose of this paper is to investigate a proof of concept, there is
insufficient space to conduct a rigorous Monte Carlo type analysis of the uncertainty
generated by the number of bores used in the groundwater mapping and such an analysis may
be difficult to generalise due to the uneven distribution of bores in the catchment (discussed
further in the text). However, as an intial analysis we have reduced the number of bores by
62% (significantly greater than the 50% suggested by Referee #1). This analysis generated
groundwater surfaces using only 33 bores within the catchment that have been screened at
shallow levels (<40 m). This anslysis addresses both the concern of Referee #1 and also that
of Professor Cartwright in regards to separating deeper bores screened within the Eastern
View Formation. The additional analysis has been added to Section 3.4 and Figs. 5-7. Fig. 5
shows an example of groundwater surfaces from the two datasets. Figs. 6 and 7 show the use
of the two sets of data in the analysis of changes in saturated ground surface (Fig. 6) and
changes in saturated volume (Fig. 7) between months. The use of the two datasets in terms of
uncertainty analysis is discussed in Section 4.2.
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Figure 5. Depth to groundwater maps (A — ‘potentiometric surface’ (all bores), B — ‘water
table’ (shallow bores)) and kriging standard deviation (C — potentiometric surface, D — water
table) for 1% September 2009. Areas of shallow or intersecting (artesian) groundwater are

restricted to the Gellibrand River (centre) and Love Creek (north) valley floors.
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Figure 6. Percentage saturated area (intersection of groundwater surface with land surface)
variations over time for the potentiometric (all bores) dataset (a) and the water table (33
bores) dataset (b) for the catchment area with elevation <100 m. The position of the water
table is shown for three depths (0, 0.5, 1.0 m) to allow for uncertainties in the mapping of the
depth to water table. The mean daily baseflow for each month is shown for two sets of
Eckhardt filter parameter values calculated from the the Bunker Hill gauging record.
Baseflow 1 uses the low BFln.x value (a=0.988, BFl,.x=0.20) while Baseflow 2 uses a higher
BFImax Value (2=0.988, BFln,=0.60).
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Figure 7. Monthly variations in saturated volumes for the catchment area with elevation <100
m for both the potentiometric and water table datasets and for monthly baseflow derived from

Eckhardt analysis (using BFlax value of 0.2).
Section 4.2 (Discussion), P19, L26-32, P20, L1-15.

“ The generation of the potentiometric surface (using 88 bores) and the water table (using 33
bores) gives an indication of the sensitivity of the use of groundwater surface mapping to the
amount of data available. The maps generated from the two datasets showed some
differences, particularly in the minimum depths to groundwater and the increase in the
standard deviation of the water table dataset (e.g. see Fig. 5). The increase in the standard
deviation of each monthly groundwater surface from the use of fewer bores demonstrates the
expected result that confidence in the groundwater mapping analysis will decrease with fewer
data points. However, in the case of the Gellibrand catchment, the similar estimates of
monthly saturated volume changes from both datasets (Fig. 8) indicated that the relative
differences between monthly groundwater surfaces generated by the two datasets were small.
This is probably because most monitoring bores in both datasets were located in the valley
floors and so confidence in the interpolated water table surfaces was highest in these areas.
These areas are also of most interest in investigating groundwater — river interactions. The
effectiveness of groundwater mapping as a water resource assessment tool will depend on the
number of monitoring bores within a catchment but the question of how many monitoring
bores are required will be highly dependent on the catchment size and spatial distribution of
bores. In this study area, monitoring bores were commonly located in clusters and transects of
limited length and these locations were likely determined by ease of access for drilling and

the specific aims of past investigations rather than to optimise the spatial distribution of
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groundwater observations for catchment wide water table mapping. As a result, the
uncertainty of groundwater surface maps would be very catchment specific and difficult to

generalise to other locations.”

General comment 2

The mass balance separations (Table 1) are very useful. | think these would be more useful if
some level of uncertainty was included in the analysis. There must be some way to show
uncertainty bounds in these estimates? Either by considering spatial variations across the
various end members and/or temporal variations in the stream samples themselves. This will
help demonstrate how robust the estimations are that separate between the two “unknown”
flows in the system. Can you make statements about differences between these two flows

given the uncertainty in the separation estimates?
Authors’ response

We acknowledge that the inclusion of uncertainty analysis for the mass balance estimates is
required. The two end-members with the greatest range in their chemical compositions are the
groundwater and ungauged tributary streamflow (see Supplement A). As suggested by
Referee #1 and Professor Cartwright, we have investigated how this uncertainty affects the
mass balance estimates. This has been done by varying the groundwater ionic compositons by
one standard deviation, as this end-member generally has the largest variance in composition.
The range of valid groundwater and ungauged tributary discharges resulting from this
uncertainty analysis is included in Table 1. These additional analyses are explained in the
Methods and Results.

Section 2.4 (Methods), P10, L8-11.

“To explore the uncertainty in the mass balance estimates, the composition of the
groundwater end-member was varied by * one standard deviation, as this end-member had the
largest standard deviation for two of the ions (Cl, Na, see Supplement A) used in the

calculations.”
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Table 1. Estimates of groundwater discharge (Qgw) and ungauged tributary discharge (Qu)

using mass balance analysis and mean measured compositions of groundwater and ungauged

tributary flow. The values within the brackets are the range of valid discharges generated by

varying the groundwater composition by one standard deviation for each ion used in the

analysis. Qres IS the residual discharge after accounting for the gauged discharges within the

study catchment and the following value in brackets is the ratio of Qs to the total streamflow

measured at Bunker Hill gauging station.

Date Qgw Qut Qres  Tracer Method
(MLd™) (MLd™) (MLd™)

21/1/13 14.0 (4.0-14.0) 2.8(2.8-12.8) 16.8(0.45) Cl-Ca Two end-member
21/1/13 12.0 (7.0-12.0) 4.8 (4.8-9.8) 16.8 (0.45) Cl-Mg Two end-member
21/1/13 14.8 (1.3-14.8) 2.0(2.0-155) 16.8(0.45) Ca-Mg Two end-member
21/1/13 - (4.4-7.6) -(9.2-12.4) 16.8(0.45) Na-Mg Two end-member
21/1/13 -(10.3) -(6.5) 16.8(0.45) Na-Ca Two end-member
21/1/13 — 28/1/13 13.7 (5.3-13.7) 1.8 (1.8-10.2) 15.5(0.45) Cl  One end-member series
21/1/13 — 28/1/13 7.1(3.8-12.6) 8.4 (2.9-11.7) 15.5(0.45) Na  One end-member series
21/1/13 — 28/1/13 13.7 (8.9-13.7) 1.8 (1.8-6.6) 15.5(0.45) Ca One end-member series
21/1/13 — 28/1/13 13.7 (7.7-13.7) 1.8(1.8-7.9) 15.5(0.45) Mg  One end-member series
21/1/13 — 28/1/13 4.7 (3.3-8.2) 10.8 (7.3-12.2) 15.5 (0.45) 80 One end-member series
21/1/13 - 28/1/13 8.1(4.6-8.1) 7.5(7.5-10.9) 15.5(0.45) ’H  One end-member series
7/6/13 25.2 (20.5-25.4) 59.6 (59.4-64.3) 84.8 (0.43) Cl-Na Two end-member
7/6/13 48.8 (35.6-53.2) 36.0 (31.6-49.2) 84.8(0.43) Na-Mg Two end-member
716/13 38.2 (7.5-38.2) 46.6 (46.6-77.3) 84.8 (0.43) Cl-Ca Two end-member
716/13 68.9 (36.6-68.9) 15.9 (15.9-48.2) 84.8 (0.43) Cl-Mg Two end-member
7/6/13 9.8 (9.8-16.6) 75.0 (68.2-75.0) 84.8 (0.43) Na-Ca Two end-member
7/6/13 - 11/6/13 - (18.8-29.9) -(17.1-28.2) 47.0(0.41) Cl  One end-member series
7/6/13 - 11/6/13 2.2 (1.2-20.5) 44.8 (26.5-45.8) 47.0 (0.41) Na  One end-member series
20/6/13 14.7 (10.0-14.9) 31.0 (30.8-35.7) 45.7 (0.38) Cl-Na Two end-member
20/6/13 42.4 (3.8-42.4) 3.3(3.3-34.3) 45.7(0.38) Na-Mg Two end-member
20/6/13 - (44.5) -(1.2) 45.7(0.38) Cl-Mg Two end-member
20/6/13 - (0.2-1.0) -(34.8-35.6) 45.7 (0.38) Cl-Ca Two end-member
20/6/13 - (15.3-17.9) -(17.9-20.5) 45.7 (0.38) Na-Ca Two end-member
18/6/13 - 20/6/13 51.9 (31.3-51.9) 0.3(0.3-20.9) 52.2(0.42) Cl  One end-member series
18/6/13 - 20/6/13 - (27.3-36.4) -(15.8-24.9) 52.2(0.42) Na  One end-member series
18/6/13 - 20/6/13 -(36.9) -(15.3) 52.2(0.42) Cl-Na  Two end-member series
18/6/13 - 20/6/13 - (17.3-45.2) -(7.0-349) 52.2(042) Ca-Mg Two end-member series
16/12/13 5.3 (5.3-26.6) 30.6 (9.2-30.6) 35.8 (0.30) Na-Ca Two end-member
16/12/13 17.1 (0.2-17.1) 18.7 (18.7-35.8)  35.8 (0.30) Cl-Ca Two end-member
16/12/13 - (16.2-16.6) -(19.2-19.6) 35.8 (0.30) Na-Cl Two end-member
16/12/13 - (3.8-12.6) -(23.2-32.1) 35.8(0.30) Na-Mg Two end-member
16/12/13 -(18.0) -(17.8) 35.8(0.30) Ca-Mg Two end-member
16/12/13 - (2.3-33.4) - (2.4-33.6)  35.8 (0.30) Cl -Mg Two end-member

Section 3.3 (Results), P12, L20-23 and P13, L5-12.

“ The valid range of groundwater and ungauged tributary discharges generated by varying the

groundwater end-member concentration by + one standard deviation are shown in brackets

after the values generated by the mean groundwater composition in Table 1.”

“ Allowing for variation within the groundwater end-member composition demonstrated the

uncertainty in the range of valid flux estimates. The mass balance analyses indicated that the

7
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ungauged tributary flow term was often significant (consistent with field observations) but
difficult to separate from the groundwater discharge term. This was likely due to the
similarity in signature between these two end-members. The possibility of the ungauged
tributary flow forming a distinctively different physical end-member to regional groundwater
discharge (i.e. representing a different store and flow path) is further investigated in Section
3.5.”

General comment 3

It is confusing when considering the saturated volume estimates from the groundwater maps
(around P12421L5). Was the specific yield taken as 0.3 and held constant spatially over the
entire region? That is a fairly strong assumption given the inherent heterogeneity in soils (and
subsequently specific yield) one would expect both across the catchment and into the ground.
I would have anticipated a much more thorough consideration of the specific yield variability
especially since this estimate is a cornerstone of the study. Looking at the title of the study, I
would have expected spatial explicit estimates of water volumes coming from the
groundwater maps. Instead all the variability in the water table maps is filtered through a
constant specific yield. A better job representing the 3D variability of specific yield and its
subsequent impact variability in potential groundwater contribution is required. Further, the
uncertainty in specific yield should be considered since they are typically difficult values to
estimate. Regardless, this lack of accounting for soil variability in the estimations is
worrisome since the differencing of the groundwater maps is the more novel aspect of the
study. If some variability in specific yield is not considered, then it would be recommended to

remove these estimates (at which point the study gets a bit thin).
Authors’ response

A uniform specific yield value of 0.3 was used in the analysis of monthly changes in saturated
volume. This value was used as an upper bound on the possible groundwater contribution to
streamflow as this upper bound is the most comparable to baseflow filter estimation
(Cartwright et al., 2014). We acknowledge that accounting for spatial heterogeniety in the
specific yield would refine this analysis. There are no pump test data available in the
catchment but Atkinson et al. (2014) used a specific yield value of 0.1 for the main aquifer,
the Eastern View Formation (Wangerrip Group), consistent with the porosity of this unit

(Love et al., 1993). Other groundwater modelling studies in this region have used a specific



© 00 N o o B~ W N B

[EEN
o

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

yield of 0.1 for all the main geological units in the catchment (Heytesbury Group, Eastern
View Formation, Otways Group, SKM (2010)). We have investigated how varying the
specific yield, using a realistic range, for different units affects the estimates of saturated
volume change for areas within the <100m mask (Table 2). Given the paucity of specific yield
data for the hydrogeological units within the catchment, we consider that this broad-scale
uncertainty analysis is robust. We note again that we are particularly concerned with
identifying an upper bound on the conversion of mapped saturated volume changes to
possible discharge to streamflow. Therefore, we consider that the range of specific yield
values used in the analysis (Table 2) captures that aim and this analysis is reported in the

Results.
Section 3.4 (Results), P14, L24-33, P15, L1-21.

“For months in the water table dataset with declining saturated volumes (i.e. periods where
changes in saturated volume are dominated by discharge), we used a range of specific yield
values to convert the total volume change to a volume of discharged water for areas within the
<100m mask (Table 2). There are no pump test data for the catchment but Atkinson et al.
(2014) used a specific yield of 0.1 to estimate recharge for the Eastern View Formation
(Wangerrip Group), consistent with the effective porosity of this unit (Love et al., 1993). A
hydrogeological modelling study in similar units of the Otway Basin used specific yield
values of 0.1 for both aquifers and aquitards in their calibrated model (SKM, 2010). We use a
range of realistic but relatively high (Nwankwor et al., 1984) specific yield values from 0.05-
0.3 for the different geological units within the <100 m elevation mask for the groundwater
surfaces (see Fig. 1). The estimates of the ratio of monthly baseflow (from Eckhardt filter) to
monthly mapped volume change, shown in Table 2, are generated using the same specific
yield values across all geological units and also by varying the values consistent with
expected hydrogeological properties (i.e. specific yield of alluvium > Wangerrip Group >
Heytesbury Group). We consider that this range of estimates based on these specific yield
values provides an upper bound to the groundwater discharge, particularly since any phreatic
evapotranspiration flux, which would also account for some of the volume changes, is not
considered. For the study period of 2007-2010, only three months showed a ratio of <1
between the monthly baseflow time-series (generated using BFlmax values of 0.2 and 0.6) and
the corresponding monthly change in mapped water table volume (i.e. saturated volume

change > baseflow), using the range of specific yield values. The median ratio for both
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baseflow time-series ranged between 2.0 and 32.2 (Table 2), with more realistic (i.e. smaller)
specific yield values generating the larger median ratios (i.e. saturated volume change <<
baseflow) compared to specific yield values considered to represent an upper bound. The late
summer to early winter period (January to June, n=17) had median ratios 10-15% less than the
late winter to early summer period (July to December, n=20) but both periods had months
with very large (>10) ratios. These results indicate that the monthly baseflow fluxes are
significantly larger than can be explained by groundwater discharge from the valley regions
during most months of the year and requires a significant additional flux of ‘slow flow’ into

the river (see also Fig. 9).”

Table 2. Minimum, median and 90" percentile values for ratio of monthly Eckhardt filter
baseflow to ‘water table’ volume changes using a range of specific yields (Sy1 - Wangerrip
Group, Sy, — alluvium, Sy3 — Heytesbury Group aquitards). Filtered baseflow time-series were
calculated using a value of 0.988 and BFlax Values of 0.2 or 0.6. Only months with declining

volume changes were used in the analysis.

Min ratio Median ratio 90" perc. ratio
Sy1, Sy, Sy BFlmax = 0.2 0.6 0.2 0.6 0.2 0.6
0.1, 0.3, 0.05 0.41 0.89 3.23 10.81 27.3 57.3
0.1, 0.2, 0.05 0.41 0.89 3.88 12.89 284 61.7
0.1, 0.1, 0.05 0.41 0.89 6.77 18.06 38.0 80.2
0.15, 0.3, 0.05 0.27 0.59 2.52 8.59 15.9 33.9
0.05, 0.05, 0.05 0.82 1.78 11.9 32.21 49.8 12.5
0.1,0.1,0.1 0.41 0.89 5.96 16.11 24.9 60.2
0.2,0.2,0.2 0.21 0.45 2.98 8.05 12.4 30.1
0.3,0.3,0.3 0.14 0.30 1.99 5.37 8.3 20.1

General comment 4

Finally, there is a lack of quantification with regards to relating the groundwater volume
estimates to the hydrograph separations. The manuscript presents results as time series
comparison (Figure 10 for example). Would it be more informative to relate the various
techniques to each other? How similar are the various flow estimate techniques and over what
periods are they more alike and more different? Currently, there is too much qualitative
analysis regarding the timing of peaks in one dataset compared to another. These qualitative
statements should be firmed up with some quantification and statistics. This will really drive

home the utility of the groundwater maps for constraining estimates.

10
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Authors’ response

We have changed Figure 10 (now Figure 9) from a time series plot to a series of scatter plots
that better illustrate the relationships between the various estimates of baseflow and
groundwater discharge from our analyses. The discussion in Section 4.1 has also been

changed to better discuss the results presented in the revised Figure 9.
Section 4.1 (Discussion), P16, L17-32, P17, L1-30.

“Digital baseflow filters separate out the ‘slow flow’ component of streamflow. As such, they
provide an effective upper bound on possible groundwater discharge to streamflow
(Cartwright et al., 2014). This was tested by plotting scatter plots of baseflow estimates for
the Gellibrand River from Eckhardt digital filter analysis, residual streamflow (i.e. Bunker
Hill discharge less other gauged tributaries lagged by one day — Upper Gellibrand, Lardner
Creek, Love Creek) and tracer mass balance analyses (Fig.9 a, b, c) for the 2011-2013 period.
The tracer estimates include the range of estimates from Atkinson et al. (2015) for sampling
from known dates conducted in 2011-2012 using “*Rn and Cl mass balance, plus the results
from this study for sampling in 2013 using major ions (shown as mid-points of the range for
each date shown in Table 1). None of these estimates are directly comparable as they measure
different components of baseflow but their comparison is informative. The digital filter time-
series estimates baseflow from the entire catchment upstream of Bunker Hill gauging station.
The Atkinson et al. (2015) estimates are for the groundwater discharge component of
streamflow measured over the alluvial valley reach (approximately two thirds of the Bunker
Hill to Upper Gellibrand reach, see Fig. 1) and use a two end-member mass balance approach
(tributary inflow was not considered). The tracer mass balance results from our study are for
the groundwater discharge component of baseflow over the Bunker Hill to Upper Gellibrand
reach and account for ungauged tributary inflow. For additional comparison, the residual
monthly discharge, monthly baseflow and the monthly saturated volume change for months
with decreasing volumes were plotted (Fig. 9d). The saturated volume change was calculated
with a realistic specific yield range (set 0.15, 0.3, 0.05 in Table 2) that produces a relatively
high estimate of groundwater discharge compared to estimates using other specific yield

values (see Table 2).

The tracer estimates of groundwater discharge and the residual discharge generally show a
consistent relationship (Fig. 9a). The Atkinson et al. (2015) estimates coincided with the

residual discharge, except for two outliers from one date sampled on a small rising limb, but

11
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neither method separates out in-reach tributary flow from groundwater discharge. The tracer
estimates from this study used the residual discharge as an upper bound in their estimation
and so show a high correlation and a negative bias with the residual discharge. When the
tracer estimates are plotted against two baseflow filter estimates (Fig. 9b, using a=0.988,
BFImax=0.2 and a=0.988, BFl;x=0.6) the relationships are poorly correlated and with the
tracer estimates both under- and over-estimating relative to the baseflow filter estimates. The
use of the larger BFlna.x value (0.6), more consistent with the recommendations of Eckhardt
(2005), results in the tracer estimates having a more negative bias relative to the baseflow
filter estimates. The daily residual discharge is also compared to the baseflow filter estimates
over the period 2007-2013 (Fig. 9c). The use of the larger BFly.x value results in baseflow
generally higher than the residual flow (but with considerable scatter) while the lower BFlnax
value results in baseflow generally lower than the residual discharge, particularly at high
discharges. Finally, the mapped monthly changes in saturated groundwater volume (see Fig.
7) were plotted against the monthly residual discharge and baseflow filter estimates (using
a=0.988, BFlyx=0.2 and 0.6) over the 2007-2010 period (Fig. 9d). The saturated volume
changes were typically lower than both the residual discharge and the two baseflow
discharges, consistent with the the residual and baseflow measures providing an upper bound
to groundwater discharge within the study reach. Even the groundwater volume change is
more likely to represent an upper bound estimate than an unbiased estimate due to the use of a

relatively high specific yield range and not accounting for phreatic evapotranspiration.”

12
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Figure 9. Scatter plots showing various estimates of baseflow and groundwater discharge. ()
Mass balance tracer estimates (from Atkinson et al. (2015) for 2011-2012 and mid-point of
range shown in Table 1 for 2013) for groundwater discharge against the residual streamflow
(Bunker Hill streamflow less upstream gauged streamflow). (b) Mass balance tracer estimates
against the Eckhardt filter baseflow estimates (Qbl uses a=0.988 and BFly,x=0.2, Qb2 uses
a=0.988 and BFIl,x=0.6). (c) Residual discharge against Eckhardt filter baseflow timeseries
for 2007-2013. (d) Saturated volume changes (using specific yield set 0.15, 0.30, 0.05 from
Table 2) against residual flow and Eckhardt filter baseflow timeseries.

Minor/Editorial Comments
P12406L2: All “ff” where formatted strangely in my version.
Authors — Manuscript pdf file on the HESS website does not show any problems.

P12408L20: How does this compare to recent work by Brutsaert (2008)? Brutsaert, W.
(2008), Long-term groundwater storage trends estimated from streamflow records: Climatic

perspective, Water Resour. Res., 44, W02409, doi:10.1029/2007WR006518
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Authors — The common use of the slowest recession curves to define one of the parameters
used in baseflow analysis has been explained in the Introduction and the Brutsaert (2008)
reference has been included.

Section 1 (Introduction), P3, L21-28

“There is typically significant variability in recession curves from a given catchment
suggesting a range of processes, stores and flow paths (e.g. deep and shallow groundwater
flowpaths, interflow, bank storage) affecting baseflow (Tallaksen, 1995; Jencso and
McGlynn, 2011; Chen and Wang, 2013). The regional unconfined groundwater may drive
only some of this response (Cartwright et al., 2014) and the baseflow derived from
unconfined groundwater is commonly defined by the slowest recession flows that form the
lower bound (e.g. the 95™ percentile) of all recession curves used in the analysis (Brutsaert,
2008; Eckhardt, 2008).”

P12410L21: Well, I am guessing you mean any given date within the period of observation?

Authors — Line changed in Section 1 (Introduction, P5, L18-19) to “any given date within the
period of observation”.

P12413L14: How is having a water table 1m below the surface “nominally saturated”? I
appreciate the effort to consider variations in this arbitrary part of the work, but what realism
is retained with these values? 25cm is already quite far away from the soil surface for

saturation.

Authors — These depths were chosen to capture the uncertainty in the position of the
groundwater surface relative to the ground surface. Part of this uncertainty arises from the
interpolation (the error standard deviation often exceeds 1 m, Figure 5), part from the DEM
and also part from the fact that the DEM doesn’t capture any sub-grid scale features, such as
stream channels. Given this interpolation uncertainty and the possiblity of groundwater
discharging when the water table is below the nominal DEM elevation, we feel it is necessary
to look at shallow water tables in addition to water tables at the surface. The text has been
altered to draw attention to this uncertainty.

Section 2.2 (Methods), P8, L6-20.

“ The depth to groundwater was calculated by difference from the SRTM representation of
the ground surface and used to measure changes in the percentage of the catchment with very

shallow groundwater surfaces (nominally “saturated” within the uncertainty range of the
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groundwater surface position) over the period of mapping. This was done for the parts of the
catchment with an elevation of <100 m in order to analyse changes in the saturated area
around the valley floor and lower slopes of the catchment where most monitoring bores were
located and hence confidence in the water table mapping was highest. Three threshold depths
to the water table (0, 0.50, 1.0 m) were used to determine changes between the seasonal
maximum (spring) and minimum (autumn) saturated areas. The threshold depths were not
calibrated but were arbitrarily chosen to capture some of the uncertainty in the groundwater
position (i.e. see Figure 5 for an indication of the standard deviation in the groundwater
surface positions) as mapped for each month. In addition, changes in total volume below the
mapped groundwater surface (i.e. volume containing sediments and pore spaces) between
months were calculated using the groundwater surface maps, again using the catchment area

below 100 m elevation.”

P12413L22: Would be good to see the equations used here to help make sense of all the

parameters mentioned in this section.
Authors — The Eckhardt equation has been added to the text.
Section 2.3 (Methods), P8, L22-27.

“The Eckhardt (2005) two parameter, digital recursive filter (1) was used to produce baseflow
time-series for the Gellibrand streamflow record at the Bunker Hill gauging station (Station
number 235227).

_ (1-BFImax)abg—1+(1—a)BFlnaxQy
by, = 1)
1-aBFlmqy

Where b [L%/T] is the baseflow discharge, Q [L*/T] is the total streamflow discharge, k [T] is

the time-step, and a [-] and BFla [-] are parameters requiring calibration.”
P12415L7: Should the ions have charges?

Authors — HESS does not require that ions are assigned charges in the text but we will accept

the direction of the editors on this point.

Figure 2: It might be the printout I am working from, but I cannot see multiple baseflow
separations in this figure. It would be simple to have three panels and show each separation

separately.

Authors — Figure 2 has been amended to show the baseflow using the mean BFln.x parameter

calculated for this study (0.2) and also using a higher BFl.x value (0.6) based on the work of
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Atkinson et al. (2015) and the suggested value for perennial rivers with porous aquifers (0.8)
from Eckhardt (2005). The comparison with higher BFIy,x values was suggested in the review
of Professor Cartwright and Fig. 2 is shown in our response to Professor Cartwright. The

different baseflows are shown as solid coloured lines to make the figure clearer.
Figure 4: Strange symbol in the word “Concentration”.

Authors — We assume that Referee #1 was referring to Figure 5 but the pdf file on the HESS
website does not show any problems with this figure.

Figurel0: | cannot follow this figure. It has too many small dots and not sure what | am
supposed to be comparing. Would it make more sense to plot the various parameters against

each other rather than against time?

Authors — Figure 10 has been changed as suggested by Referee #1 and is now Figure 9 (see

response to general comment 4).
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Anonymous Referee #2

General Comments

Most of my comments echo those of the previous reviewer, for example | question how well
this method would work with fewer data points, and I also question why the authors didn’t

use heterogeneous subsurface properties provided they were present.

Authors’ response

Please see responses and changes made to General Comments 1 and 2 of Referee #1
Specific comments

1. Following the usefulness of this method with reduced data points, were any of the kriging

parameters varied to determine the uncertainty relative to these parameters?
Authors’ response

Further information is provided in the Methods section for how the kriging parameters used in
the groundwater mapping were calibrated. Essentially, the parameters were optimised to
reduce the variance in the mapped surfaces. The increase in the variance between the
potentiometric and water table sets of maps (see response to comment 1 of Referee #1) shows
that using fewer data points does result in increased uncertainty and changes in the Kriging

parameter values.
Section 2.2 (Methods), P7, L14-32, P8, L1-20.

“In order to construct groundwater surface maps for specified dates, the periodic (generally
monthly) water level observations of the bore data were first modelled using the nonlinear
transfer-function-noise time-series modelling methodology of Peterson and Western (2014).
Water level estimates for the start of each month were then derived by adding the time-series
simulation, interpolated to the required data, to a univariate oridinary kriging estimate of the
timeseries model error at the required date, which ensured a zero error at dates with a water
level observation. groundwater surface maps were then produced for the first of each month
for the years 2007 to 2010 using the Kriging with external drift (KED) method (Peterson et
al., 2011). In applying the KED, the external drift term was the land surface elevation (Shuttle
Radar Terrain Model (SRTM) 30 m dataset). A model variogram was derived for the
component of the groundwater elevation not explained by the external drift. The KED

approach requires the estimation of three parameters for the residual model variogram and a

17



© 00 N o o B~ W N B

I R R S T T o
O © O N O O W N L O

21
22
23
24

25

26
27
28
29
30
31

32

parameter for the maximum search radius during the mapping. Considerable effort was taken
to reliably calibrate the variogram parameters and set a search radius producing cross-
validation residuals that are approximately first-order stationary. The Kriging variance (see
example in Fig. 6) does provides an indicative estimate of the map reliability for the given
parameter set and the available water level observations. However, the density and location of
observations also influences the variogram parameters and the maximum search radius
parameter. Accounting for this parameter uncertainty in the groundwater mapping is not
trivial and future work is required to explore methods that account for variogram uncertainty
(Ortiz et al., 2002) and localised estimation of the search radius (Abedini, 2012). This
groundwater level component was first estimated using ordinary least squares regression and
then minimised by repeatedly fitting an isotropic exponential variogram, using multi-start
Levenberg-Marquardt optimization and re-derivation of the water level component, until a
stable model variogram was achieved. The depth to groundwater was calculated by difference
from the SRTM representation of the ground surface and used to measure changes in the
percentage of the catchment with very shallow groundwater surfaces (nominally “saturated*
within the uncertainty range of the groundwater surface position) over the period of mapping.
This was done for the parts of the catchment with an elevation of <100 m in order to analyse
changes in the saturated area around the valley floor and lower slopes of the catchment where
most monitoring bores were located and hence confidence in the groundwater surface

mapping was highest.”

2. Was any consideration given to whether the saturated areas fell in regions where surface
water was present (i.e. within the streambed) given that these areas would vary with stream
stage? For groundwater discharging to regions with little to no surface water present, was ET

taken into consideration?
Authors’ response

The measurement of saturated areas within the catchment was used as a first-order
approximation of the interaction of the groundwater with the land surface. As such, we did
not consider how much of the saturated areas fell within the streambed and neither was ET
taken into consideration. Stream stage could result in local reversals in gradient between
groundwater and streamflow but could not be accurately determined at the scale of the 30 m
DEM used in the water table mapping. These aspects are addressed in Section 3.4 and 4.2.

Section 3.4 (Results), P14, L32-33, P15, L1-9.
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“ We use a range of realistic but relatively high (Nwankwor et al., 1984) specific yield values
from 0.05-0.3 for the different geological units within the <100 m elevation mask for the
groundwater surfaces (see Fig. 1). The estimates of the ratio of monthly baseflow (from
Eckhardt filter) to monthly mapped volume change, shown in Table 2, are generated using the
same specific yield values across all geological units and also by varying the values consistent
with expected hydrogeological properties (i.e. specific yield of alluvium > Wangerrip Group
> Heytesbury Group). We consider that this range of estimates based on these specific yield
values provides an upper bound to the groundwater discharge, particularly since any phreatic
evapotranspiration flux, which would also account for some of the volume changes, is not

considered.”
Section 4.2 (Discussion), P19, L1-7.

“ Fluctuations in the water table remain a relatively coarse measure and provide only a first-
order estimate of possible groundwater discharge patterns. For instance, the mapping does not
have the resolution to identify the fine detail of channels and near-stream zones. Stage
variations in channels will have local effects on groundwater recharge and discharge that are
not captured by the groundwater mapping. Likewise, capillary fringing effects in near-stream
zones could lead to rapid increases in the water table with a small rise in water content in the
unsaturated zone (Gillham, 1984).”

3. Both references used on page 12407 lines 4 & 10 were found to contain significant content
that was improperly cited from other sources. It is recommended that the authors find the

original sources of the information in this work and cite those instead.
Authors’ response

The original references have been deleted or replaced by the Bredehoeft et al. (1982)

reference.
Section 1 (Introduction), P2, L14-17.

“It has been long recognised that over-extraction from aquifers may result in significant long-
term declines in groundwater levels resulting in decreases in baseflow in rivers (Bredehoeft et
al., 1982).”
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4. Page 12419 Lines 7-10 are a little redundant.
Authors’ response

These lines have been removed.

20



© 00 N oo o B~ W N

e S T
w N B O

14

15
16
17
18
19
20
21
22
23
24
25
26

27

28
29
30
31
32

Professor lan Cartwright

The main comment that | have is regarding the bores used for the water-table mapping. Being
familiar with the area, there are numerous groundwater bores constructed for the reasons
outlined in the paper. However there are two to three sets in the Gellibrand Valley. Many of
the bores are shallow and probably located in the near-surface alluvial aquifers that interact
directly with the rivers. However, there are numerous bores in the underlying confined
Eastern View Formation. The head levels in these two aquifers can be very different
(generally there are large upwards gradients between the Eastern View and the alluvials and
many of the deeper bores). Given the large number of bores in the area it is difficult to see
exactly which ones have been used for data analysis but presumably they are all in aquifers
that can be reasonably expected to be hydraulically connected such that a potentiometric
surface can be constructed. There needs to be more detail of which bores were used for this

analysis.
Authors’ response

We have separated all bores from the original dataset of 88 bores in and around the catchment
into those with screened depths <40 m. The subset of shallow screened bores is considered to
represent the unconfined water table while the total dataset of bores represents more of a
potentiometric surface of the regional groundwater (typically in the Eastern View Formation).
The groundwater surfaces were mapped using both sets of bores and the results are presented
for both sets. The use of the smaller subset also addresses the question raised by Referee #1
about how sensitive the groundwater surface mapping is to a smaller set of bores being used.
We have also added additional supplementary material (Supplement B) detailing the bores
used in the study. The derivation of the two sets of groundwater surfaces are described in the
Methods (Section 2.2, see below) and incorporated into the analysis and results (e.g. Figs. 6,
7). The results and discussion have been described in our response to the first comment of
Referee #1

Section 2.2 (Methods), P7, L2-13.

“Eighty-eight groundwater monitoring bores in and around the boundary of the Gellibrand
catchment were identified and water level data were extracted from the Victorian
Groundwater Management System (http://www.vvg.org.au/cb_pages/gms.php). The area
contains a relatively large number of monitoring bores due to earlier investigations for a
potential damming of the Gellibrand River and also extraction of groundwater for urban water
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supply (SKM, 2012). Groundwater surfaces were constructed from the total dataset and also
from a subset of 33 bores with screened depths of <40 m that only occur within the catchment
boundary (bore details in Supplement B). The total dataset contains bores that are screened at
greater depths in the Wangerrip Group (main aquifer) and these typically show higher heads
relative to nearby bores screened at shallower depths (typically in the Quaternary alluvium).
Groundwater surfaces from the total dataset represent more of a potentiometric surface while
the smaller dataset of shallow bores represents a water table surface.”

Introduction

1. I’'m not sure exactly what you mean by “unconfined” — | presume that you mean an aquifer

that is intercepted by the stream rather than one which unconfined throughout the catchment.
Authors’ response

We have refined our definition of unconfined groundwater to that suggested by Professor

Cartwright.
Section 1 (Introduction), P2, L21-25.

“The separation of baseflow contributions from regional groundwater (i.e. where aquifers are
unconfined in the vicinity of streams) from other shallower sources, like interflow, bank
storage return and perched aquifer discharge, is technically difficult to quantify. Nevertheless,
this is fundamentally important for quantifying how regional groundwater extraction may
affect baseflow in rivers (Wittenberg, 1999).”

2. Given that you use both tracers and physical parameters, it is worth mentioning that these
techniques often yield disparate results as they classify water differently. Specifically, as
transient stores of water (eg bank return flows) are likely to be chemically similar to the river,
then a chemical mass balance will record them as event water while a digital filter will record
them as part of the slow flow. The last paragraph on page 12407 views baseflow from the
physical perspective, from a geochemical perspective baseflow is all water that looks

chemically different from rainfall.
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Authors’ response

In the definition of baseflow we have noted that this is from a physical perspective and also
identified that tracer methods can deliver different results to physically based methods.

Section 1 (Introduction), P2, L29-30.

“From a physical perspective, the baseflow component of streamflow is the sum of the slow

flow pathways into the river (Ward and Robinson, 2000).”
Section 1 (Introduction), P4, L3-10.

“ Tracer data are also commonly used to estimate groundwater discharge to streams (Cook et
al., 2003; McGlynn and McDonnell, 2003; Cartwright et al., 2011; Atkinson et al., 2015). The
tracer approach relies on the assumption that different contributors to streamflow have
distinctive and invariant chemical, isotopic or radiogenic end-member signatures that can be
apportioned in the streamflow mixture (McCallum et al.,, 2010). From a geochemical
perspective, mass balance estimates of baseflow using tracer data can differ from estimates
made by digital recursive filters as some slow flow components (e.g. bank storage) can be
geochemically similar to quick flow components (Cartwright et al., 2014).”

Methodology

This is generally clearly explained; however seen the comment above regarding the choice of
bores and the aquifers that they monitor. Also as discussed below, I think that your BFI value

needs more justification.
Authors’ response

These two points have been addressed separately. The choice of bores is addressed in the
response to the general comment and the BFI value is addressed in the comments about

Results.

Results

1. The BFI used in the Eckhardt filter seems anomalously low. As explained in section 3.1,
values closer to 0.8 are expected for this type of catchment. Although you note this, do you

have an explanation? Adopting a BFI which minimises overestimates of baseflow wrt total
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stream flow sounds logical, but are there other studies that you can point to which have done
this to lend some support for this methodology. | guess the related question is what the results
would be if a higher BFI were adopted?

Authors’ response

The Eckhardt filter is generally applied using the constraint that estimated baseflow < total
streamflow for each time-step. This is an arbitrary constraint and was not applied in the
formulation of the filter (Eckhardt, 2005). We have taken the approach of investigating use of
the filter without this constraint (except in the comparison of baseflow to other estimates of
groundwater discharge in Fig. 9) and using BFlnax values derived from our own analysis and
from the literature (Eckhardt, 2005; Atkinson et al., 2015). We have followed the
recommendation of Professor Cartwright to investigate the effects of higher estimates of
BFlmax in our analysis. Therefore, we have included in the analysis two additional baseflow
time-series using the Eckhardt (2005) recommendation of 0.8 for the BFln.x parameter and
also using the maximum BFI estimate of 0.6 identified using tracer analysis by Atkinson et al.
(2015) as the BFImax value. The resulting differences in the estimated baseflow analysis using
the Eckhardt filter are shown in Figure 2 and also explained in the text in Section 2.3, 3.1, 3.4
(Fig. 6 — see response to comment 3 of Referee #1) and 4.1 (Fig. 9 — see response to comment
4 of Referee #1).

Section 2.3 (Methods), P9, L4-9.

“The BFlnax parameter (representing the maximum value of the baseflow index, i.e.
baseflow/total streamflow, that can be modelled by the filter algorithm) was chosen to
minimize periods of baseflow greater than observed streamflow. The filter is typically applied
with the condition that b,<Qy (Eckhardt, 2005) but this is an arbitrary constraint and we

explore the resulting baseflow time-series without this condition, except where stated.”
Section 3.1 (Results), P10, L21-31, P11, L1-7.

“ The Eckhardt baseflow estimates produce patterns that follow the highly seasonal pattern
shown by the overall river discharge and indicated that baseflow significantly contributed to
overall streamflow (Fig. 2). The a parameter values declined moderately as the threshold flow
percentile value to define recession periods increased (30" — 0.990, 40" — 0.988, 50" —
0.985). The BFlyax parameter values that minimized periods of baseflow greater than
streamflow clustered around 0.2 but showed slight increases as a decreased (30" — 0.20, 40" —
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0.20, 50™ — 0.22). The resulting baseflow time-series using these parameter values were
similar and the time-series using a=0.988 and BFIl,x=0.20 is shown in Fig. 2. This method
used for determining the BFln.x parameter produced values below the recommended range
(~0.8 for perennial rivers with porous aquifers, Eckhardt, 2005) and lie closest to the
recommended BFIlnax value (0.25) for perennial rivers with hard rock aquifers. In Fig. 2 we
also show baseflow time-series using a=0.988 and the recommended BFl .« value for a river
such as the Gellibrand (0.80), and also using the maximum baseflow index value (0.60) found
for the Gellibrand River using tracer-based analysis by Atkinson et al. (2015). Using the
condition of b<Qy, the filtered baseflow time-series produced mean monthly BFI estimates of
0.48-0.55 (BFIlnax=0.20-0.22) and 0.63-0.58 (BFIlnax=0.60-0.80) during the summer-autumn
period (December — May), and 0.21-0.24 (BFly.x=0.20-0.22) and 0.47-0.58 (BFlax=0.60-

0.80) during the winter-spring period (June — November)”

100.0
10.0

1.0

Discharge (m3s?)

0.1

= Streamflow » Sampling periods a
BFImax=0.2 ~=BFImax=0.6
=—BFImax=0.8

Discharge (m3s?)
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w—=Streamflow * Sampling periods b
BFImax=0.2 ——BFImax=0.6
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Figure 2. (a) Hydrograph at Bunker Hill gauging station (235227) illustrating the seasonality
of flow. Three baseflow separation hydrographs generated using different BFl.x parameter
values (0.20, 0.60, 0.80 and a=0.988) for the Eckhardt filter are displayed, along with the
periods of hydrochemical sampling of streamflow during 2013. (b) Hydrograph for 2013 to
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illustrate the detail of variations in baseflow using different BFly.x values without the

constraint of b<Qx.

2. | am not certain that the stable isotopes (section 3.3) add very much to this study. The
values (Fig. 4) overlap and the differences between the sampling rounds are subtle. The
interpretation on Page 12417 that the lower 180 values in winter possibly reflect differences
in source or imply a short residence time may be correct although some of the difference
could be related to evaporation in the warmer months increasing 180 (and this probably
should be mentioned if the data are retained). Without the estimate of evaporation, it is
difficult to use the stable isotopes for mass balance (especially given the large relative

variability in the groundwater).
Authors’ response

The isotope data do not support a large influx of groundwater discharge into streamflow and
this is consistent with the major ion analysis and groundwater surface volume changes.
However, the minor differences in isotopic end-member signatures between regional
groundwater and tributary streamflow and possibility of evaporitic enrichment mean that the
isotope data do not strongly contribute to the findings of the paper. Therefore, we have
accepted the suggestion of Professor Cartwright and removed Figure 4 and associated isotopic
analysis from the paper.

3. Section 3.4. | am not certain that that Fig. 6 shows the difference between March and
September (page 12420, line 10); looking at the caption to Fig. 6, it seems to be just the
September data (depth to water and the SD of the kriging)? This needs clarification.

Authors’ response

In the original Figure 6 (Fig. 5 in the revised version) the March 2009 areas of artesian
groundwater were shown as polygons and this was shown in the legend of the figure.
However, these polygons have been removed from the revised figure as the focus of the figure
has changed to comparing groundwater surfaces generated from the potentiometric and water
table datasets. In the text, to cover the point being made in the original Fig. 6, we have stated

that the spatial locations of areas of shallow groundwater do not vary greatly between months.
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Section 3.4 (Results), P14, L9-17, P13.

“For both groundwater datasets the results are generally not consistent with changes in the
saturated area being the dominant driver of peak variations in baseflow, as measured by the
Eckhardt filter. In particular, the potentiometric dataset shows a far more consistent range in
seasonal peaks compared to the digital filter estimated baseflow. While the water table dataset
does show a similar pattern in seasonal peaks, the water table rarely reaches the land surface,
The saturated areas largely coincided (e.g. see Fig. 5) and were restricted to the valley floor of
the catchment and with little variation in the location of these areas between dates. The
restriction of the saturated areas to the valley floors indicates little regional groundwater

discharge into minor tributaries and this is analysed further in Sect. 3.5.”

Discussion

Section 4.1. The chemical mass balance would be improved by the discussion of uncertainties
as noted by one of the other reviewers. Possibly propagating the variability in the
groundwater composition through the calculations would achieve this. Additionally, the
impact of the assigned BFI could be considered (especially as it appears to be lower than

expected).
Authors’ response

We have addressed the uncertainties in the chemical mass balance by varying the groundwater
end-member compositions by one standard deviation for each ion and the results are shown in
Table 1 and described in Section 3.3 (see response to comment 2 of Referee #1). The
relationship between the mass balance tracer estimates and different baseflow filter estimates
(particularly those generated with higher BFInax values) are shown in Fig. 9 (see response to

comment 4 of Referee #1).

Conclusions

Some perspective regarding the impact that bore numbers and bore density has on the results

would be useful to researchers considering applying this to other catchments.
Authors’ response
We have added the following text to Conclusions to provide the requested perspective.
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Section 5 (Conclusions), P21, L2-20.

“ Geostatistical mapping of unconfined groundwater surfaces provides a useful, independent
dataset for investigating sources of fluxes contributing to baseflow estimated by traditional
digital filter and tracer end-member approaches. In particular, the method can provide added
confidence in the lower bound of baseflow estimates that best correspond to regional
groundwater discharge in both low and high flow periods. Specifically, the groundwater
surface dataset can be used to identify whether variations in discharge area (i.e. groundwater
intersecting the land surface) or saturated volume can explain seasonal variations in baseflow,
as estimated using digital filters. This dataset is particularly useful in humid, hilly catchments
where interflow or perched aquifer discharge is likely to be a significant process and where
the different ‘slow flow’ fluxes have similar low salinity chemistry that hinders end-member
analysis. Sufficient monitoring bore data to construct water table maps are not available in all
catchments and the method is likely to be restricted to catchments where groundwater
investigations have resulted in the existence of an adequate bore network. The adequacy of
the network will depend on catchment size, the spatial distribution of bores (i.e. uniform
versus non-uniform distribution, location relative to the drainage network) and the spatial
correlation of the monitored water level. However, where adequate monitoring data are
available, this method adds significant value to water resource management by making better
use of an independent, but often under-utilised, dataset that can inform groundwater

contributions to streamflow.”
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Abstract

Groundwater discharge is a major contributor to stream baseflow. Quantifying this flux is
difficult, despite its considerable importance to water resource management and evaluation of
the effects of groundwater extraction on streamflow. It is important to be able to differentiate
between contributions to streamflow from regional groundwater discharge (more susceptible
to groundwater extraction) compared to interflow processes (arguably less susceptible to
groundwater extraction). Here we explore the use of uneconfined—groundwater surface
mapping as an independent dataset to constrain estimates of groundwater discharge to
streamflow using traditional digital filter and tracer techniques. We developed groundwater

surfaces from 98-88 monitoring bores using Kriging with external drift and for a subset of 33

bores with shallow screen depths. Baseflow estimates at the catchment outlet were made

using the Eckhardt digital filter approach and tracer data mixing analysis using major ion and
stable—isotepe—signatures. Our groundwater mapping approach vyielded two measures
(percentage area intersecting the land surface and monthly change in saturated volume) that
indicated that digital filter-derived baseflow significantly exceeded probable groundwater

discharge during the-high-flow-period-efspring-to-earhy-summermost months. Tracer analysis

was not able to resolve contributions from ungauged tributary flows (sourced from either
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shallow flow paths, i.e. interflow and perched aquifer discharge, or regional groundwater
discharge) and regional groundwater. Groundwater mapping was able to identify ungauged
sub-catchments where regional groundwater discharge was too deep to contribute to tributary
flow and thus where shallow flow paths dominated the tributary flow. Our results suggest that
kriged uneonfined-groundwater surfaces provide a useful, empirical and independent dataset
for investigating sources of fluxes contributing to baseflow and identifying periods where
baseflow analysis may overestimate groundwater discharge to streamflow.

1 Introduction

Groundwater discharge is a major contributor to stream baseflow. Quantifying this flux is of
considerable importance to water resource management (Woessner, 2000; Sophocleous, 2002;
Cartwright et al., 2014). In recent decades there have been dramatic increases in the extraction
of groundwater for agricultural use, driven by factors such as expansion of irrigated
agriculture in south Asia (Llamas and Martinez-Santos, 2005; Perrin et al., 2011) and long-
term drought in southeastern Australia (Leblanc et al., 2012; van Dijk et al., 2013). It has been
long recognised that over-extraction from aquifers may result in significant long-term
declines in groundwater levels and—henceresulting in decreases in baseflow te—in rivers
(Bredehoeft et al., Sephecleous,20001982;:-2002). As a result, the switch to groundwater as a
source of irrigation supply has the potential to exacerbate decreases in baseflow in rivers

already experiencing reductions in flow from drought or instream water use. Whilst these
generalities of groundwater extraction and stream baseflow reduction are clear, the
particularities for any given catchment are complex and difficult to quantify. The separation
of baseflow contributions from regional uneenfined—groundwater (i.e. where aquifers are
unconfined in the vicinity of streams) to—streamflow—versusfrom other other—baseflow
generationproecessesshallower sources, like {e-g—interflow, bank storage return,- and perched

aquifer discharge)-, is technically difficult to quantify. Nevertheless, this is but-fundamentally

important for quantifying how regional groundwater extraction may affect baseflow in rivers
(Wittenberg, 1999). Despite decades of work (e.g. Nathan and McMahon, 1990; Tallaksen,
1995; Wittenberg, 1999; Eckhardt, 2005) methods to quantify and discriminate between ‘slow
flow’ (itself a poorly defined term) contributions to the stream using only streamflow data are

approximate at best.
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‘ In-s-simplestfermFrom a physical perspective, the baseflow component of streamflow is the

sum of the slow flow pathways into the river (Ward and Robinson, 2000). Regional,
unconfined groundwater (often termed ‘deep groundwater’) can discharge into the river via
the valley floor or through more shallow, lateral flow paths, such as discharge into tributaries

draining the valley slopes. taterflew-Rain event driven interflow pathways can also contribute

to tributary streamflow and recent work has shown a continuum between groundwater and
interflow processes (sometimes referred to as ‘shallow groundwater’ in hilly terrains) along
the stream reach (Jencso et al., 2009; Jencso and McGlynn, 2011). In terms of water resource
extraction (e.g. for urban supplies or irrigation on the valley floor), groundwater pumping
typically targets the deep groundwater and often in alluvial valley locations where the depth
to groundwater is at a minimum. Thus, it is important to be able to differentiate between
contributions to streamflow from deep groundwater discharge (more susceptible to
groundwater extraction) compared to shallower interflow processes (arguably less susceptible

to groundwater extraction).

But how can the baseflow components be identified? Digital recursive filters are the most
common method of separating baseflow from streamflow but do not discrimate between the
different components of baseflow and the estimate is integrated over the entire catchment area
upstream of the gauging station. The technique rests on the assumption that baseflow is
comprised of linear or non-linear outflow from an aquifer (e.g. Nathan and McMahon, 1990;
Wittenberg, 1999; Eckhardt, 2005). All of the filter approaches require calibration of 1-3
parameters based on subjective criteria (e.g. recession curve analysis, typical values, etc).
Calibration of these parameters against synthetic baseflow derived from a numerical model
has shown that optimal values vary considerably with catchment and climatic characteristics,
many of which are not known or not possible to know a priori for natural catchments (Li et
al., 2014).

There is typically significant variability in recession curves from a given catchment
suggesting a range of processes, stores and flow paths (e.g. deep and shallow groundwater

flowpaths, interflow, bank storage) affecting baseflow (Tallaksen, 1995; Jencso and

McGlynn, 2011; Chen and Wang, 2013). The regional unconfined groundwater may drive

only some of this response (Cartwright et al.,, 2014) and_the baseflow derived from

unconfined groundwater is commonly defined by the slowest recession flows that form the

lower bound (e.q. the 95" percentile) of all recession curves used in the analysis (Brutsaert,
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2008; Eckhardt, 2008)a 3 athway 3 .
and—MeGhynn, 2011 Chen—and—Wanhg,—2013). The variable, often non-linear, baseflow

response has been attributed to additional processes affecting the groundwater discharge, such

as phreatic evapotranspiration (Wittenberg and Sivapalan, 1999) and recharge from soils or
perched aquifers (Fenicia et al., 2006; Jencso and McGlynn, 2011). Baseflow analysis using
digital recursive filters typically does not use groundwater data to constrain or test the
estimates, even though baseflow should vary systematically with groundwater levels

(Gonzalez et al., 2009; Meshgi et al., 2014),-although-mere-use-is-being-made-of tracer-data
Tracer data are also commonly used to estimate groundwater discharge to streams (Cook et
al., 2003; McGlynn and McDonnell, 2003; Cartwright et al., 2011; Atkinson et al.,
20142015). The tracer approach and-rehy-relies on the assumption that different contributors

to streamflow have distinctive and invariant chemical, isotopic or radiogenic end-member

signatures that can be apportioned in the streamflow mixture (McCallum et al., 2010). From a
geochemical perspective, mass balance estimates of baseflow using tracer data can differ from

estimates made by digital recursive filters as some slow flow components (e.q. bank storage)

can be geochemically similar to quick flow components (Cartwright et al., 2014). Insights
have been gained by—in heavily #astrumenting—instrumented catchments te—that increase
confidence in the identification of sources and pathways of the fluxes being-measuredio the

stream—>but this is usually feasible only on small experimental catchments or hillslopes

(Kendall et al., 2001). In larger catchments utilised for water use, it can be difficult to separate
fluxes of interest due to similarities in the tracer signatures, such as between surface flow and
interflow (Kendall et al., 2001) or bank storage discharge and streamflow (McCallum et al.,
2010). This problem can been addressed by using a multiple tracer approach, so that a mix of
isotopic and ionic data or conservative and radiogenic data can provide independent
information on sources and pathways within a catchment (Cook et al., 2003; Cartwright et al.,
2011; Atkinson et al., 26342015). However, field studies are rarely able to identify end-
members for all flow paths of interest and deep and shallow groundwater fluxes are

commonly lumped together.

Digital recursive filters and tracer-based analysis measure different components of baseflow
and provide different bounds to the estimation of groundwater discharge. For instance, digital

filter analysis provides an upper bound to groundwater discharge, integrated over the
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upstream catchment area. Tracer analysis can provide more spatially explicit estimates of
groundwater discharge but can struggle with separating discharge from deep groundwater
flowpaths compared to shallow, lateral groundwater flowpaths. Here we argue that additional
datasets on groundwater dynamics are of benefit in better constraining regional groundwater
discharge estimates determined by these traditional methods. One overlooked measure
available in many catchments is groundwater level data. Intuitively, such data are directly
relatable to the groundwater discharge component of baseflow (Gonzalez et al., 2009; Meshgi
et al.,, 2014). More importantly, we hypothesize that groundwater observations provide
complementary, independent time-series of data on the dynamics of the groundwater —

surface water interaction.

The use of groundwater level data at the reach or catchment scale faces a number of
challenges, principally that these data are sporadically available in time and space. To
understand the spatial variability of groundwater throughout a catchment, various
geostatistical techniques have been developed to interpolate sparse groundwater level
observations (Desbarats et al., 2002, Boezio et al., 2006, Lyon et al. 2006). However, to date,
maps have been derived for only the average groundwater level at each bore, rather than

distributed instantaneous levels across the catchment (Desbarats et al., 2002), or at a specific

time using either continuous water level observations (Boezio et al., 2006, Lyon et al. 2006)
or basic hydrograph interpolation methods (Peterson et al., 2011) that ignore the variability
between observation times. Considering that groundwater observations are most often
collected manually and are rarely coincident across a catchment, using groundwater maps to
inform groundwater — surface water interaction requires maps for specific time points and
hence a hydrograph interpolation technique that, idealy, accounts for the variability between
observations. Recently, Peterson and Western (in-press2014) developed such an interpolation
approach for irregularly spaced observations that now allows for daily interpolated
observations to be generated for the estimation of groundwater surfaces for any given date
within the period of observation. This new method enables the generation of high frequency

groundwater surfaces from operational monitoring bore networks, which opens up a possible

new way forward for estimating groundwater contributions to baseflow.

Here we investigate—howcombine groundwater head data, amalgamated as water
tablegroundwater surface maps using the new Peterson and Western (ir-press2014) temporal

interpolation eembined-with the Peterson et al. (2011) spatial interpolation approach,-. We
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then use this ear—be-used-as an independent and generally available dataset-approach to

constrain estimates of groundwater discharge to streamflow using traditional digital filter and

tracer techniques. ¥

We-Specifically we test three hypotheses:

1. Variations in baseflow can be explained by variations in the areas of very shallow
water tables (i.e. direct discharge areas),
2. Variations in baseflow can be explained by changes in saturated volume between
monthly water table surfaces,
3. Water table mapping can identify whether ungauged tributary inflow is driven by
regional groundwater discharge.
We focus our work on a humid catchment in southeastern Australia where substantial

groundwater data have been collected arising from investigations of groundwater extraction

for urban water supply (SKM, 2012) and river damming. We combine 44 vears of streamflow

and groundwater data observations from 88 monitoring bores across the 311 km? catchment to

investigate the utility of the groundwater data for informing sources of catchment baseflow.

2 Methods

2.1 Study area

The Gellibrand River catchment is located in southeastern Australia in the Otway Ranges. It
has a perennial, highly seasonal flow regime and a humid climate (rainfall of 2000 mm a™).
The Gellibrand River is dominated by a constrained valley with much of the study reach
being forested by cool temperate eucalypt rainforests, except for cleared grazing areas along
the valley floor. The catchment is well gauged with gauging stations at upper Gellibrand and
Bunker Hill on the Gellibrand River and gauging stations measuring flow in two of the larger
tributaries (Love Creek and Lardner Creek, Fig. 1). The catchment has an area of 311 km? to a

mid-catchment gauging station at Bunker Hill. Comparison of potentiometric groundwater
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data to river levels indicates mostly gaining conditions along the Gellibrand River (SKM,
2012; Atkinson et al., 26442015).

The southern half of the catchment, which includes the upper reaches of the Gellibrand River
and coincides with steep, forested terrain, is underlain by the volcanogenic sandstones,
siltstones and mudstones of the Cretaceous Otways Group (Fig. 1), which forms the basement
to the catchment. Relatively few bores occur within this unit in the Gellibrand catchment. The
more open, alluvial valley of the Gellibrand is underlain predominantly by fluvial sands with
interbedded silts and clays of the late Cretaceous Wangerrip Group and overlying Quaternary
alluvium. This area contains the most bores and is considered as the primary aquifer in the
region (Atkinson et al., 26442015). The northern half of the catchment, particularly the Love
Creek sub-catchment, is underlain by the marine calcareous clays of the Miocene Heytesbury
Group that confine the underlying aquifers in the Wangerrip Group. A number of bores occur
in this area but are mainly screened within the main aquifer (Eastern View Formation) of the

underlying Wangerrip Group.

2.2 Groundwater monitoring and mapping

NinetyEighty-eight groundwater monitoring bores in and around the boundary of the
Gellibrand catchment were identified and water level data were extracted from the Victorian
Groundwater Management System (http://www.vvg.org.au/cb_pages/gms.php). The area
contains a relatively large number of monitoring bores due to earlier investigations for a
potential damming of the Gellibrand River and also extraction of groundwater for urban water

supply (SKM, 2012). Groundwater surfaces were constructed from the total dataset and also

from a subset of 33 bores with screened depths of <40 m that only occur within the catchment

boundary (bore details in Supplement B). The total dataset contains bores that are screened at

greater depths in the Wangerrip Group (main aquifer) and these typically show higher heads

relative to nearby bores screened at shallower depths (typically in the Quaternary alluvium).

Groundwater surfaces from the total dataset represent more of a potentiometric surface while

the smaller dataset of shallow bores represents a water table surface.

In order to construct water—tablegroundwater surface maps for specified dates, the periodic

(generally monthly) water level observations of the bore data were first modelled using the
nonlinear transfer-function-noise time-series modelling methodology of Peterson and Western

(ir-press2014). Water level estimates for the start of each month were then derived by adding
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the time-series simulation, interpolated to the required data, to a univariate oridinary kriging
estimate of the timeseries model error at the required date, which ensured a zero error at dates
with a water level observation. WWater-tableGroundwater surface maps were then produced for
the first of each month for the years 2007 to 2010 using the Kriging with external drift (KED)

method (Peterson et al., 2011). In applying the Kriging-with-external-driftKED, the external
drift term was the land surface elevation (Shuttle Radar Terrain Model (SRTM) 30 m dataset).

A model variogram was derived for the component of the groundwater elevation not

explained by the external drift. The KED approach requires the estimation of three parameters

for the residual model variogram and a parameter for the maximum search radius during the

mapping. Considerable effort was taken to reliably calibrate the variogram parameters and set

a search radius producing cross-validation residuals that are approximately first-order

stationary. The Kriging variance (see example in Fig. 6) does provides an indicative estimate

of the map reliability for the given parameter set and the available water level observations.

However, the density and location of observations also influences the variogram parameters

and the maximum search radius parameter. Accounting for this parameter uncertainty in the

groundwater mapping is not trivial and future work is required to explore methods that

account for variogram uncertainty (Ortiz et al., 2002) and localised estimation of the search

radius (Abedini, 2012). This groundwater level component was first estimated using ordinary

least squares regression and then minimised by repeatedly fitting an isotropic exponential
variogram, using multi-start Levenberg-Marquardt optimization and re-derivation of the water
level component, until a stable model variogram was achieved. The depth to water
tablegroundwater was calculated by difference from the SRTM representation of the ground
surface and used to measure changes in the percentage of the catchment with very shallow

water-tablesgroundwater surfaces (nominally “saturated” within the uncertainty range of the

groundwater surface position) over the period of mapping. This was done for the parts of the

catchment with an elevation of <100 m in order to analyse changes in the saturated area
around the valley floor and lower slopes of the catchment where most monitoring bores were
located and hence confidence in the groundwater surfacewatertable mapping was highest.
Five-Three threshold depths to the water table (0, 6:25-0.50, 6-75-1.0 m) were used to

determine changes between the seasonal maximum (spring) and minimum (autumn) saturated

areas. The threshold depths were not calibrated but were arbitrarily chosen to capture some of

the uncertainty in the watertablegroundwater position (i.e. see Figure 5 for an indication of

the standard deviation in the groundwater surface positions) as mapped for each month. In
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addition, changes in total volume below the water—tablemapped groundwater surface (i.e.

volume containing sediments and pore spaces) between months were calculated using the

water-tablegroundwater surface maps, again using the catchment area below 100 m elevation.

2.3 Digital recursive filter analysis of baseflow

The Eckhardt (2005) two parameter, digital recursive filter (1) was used to produce baseflow
time-series for the Gellibrand streamflow record at the Bunker Hill gauging station (Station
number 235227).

_ (1-BFhLnax)abg—1+(1=a)BFlnaxQk
by, = (1)
1-aBFlmax

Where b [L%/T] is the baseflow discharge, Q [L/T] is the total streamflow discharge, k [T] is

the time-step, and a [-] and BFlmax [-] are parameters requiring calibration. The Eckhardt filter

separates the slow flow component of the stream hydrograph based on the groundwater
discharge being linearly proportional to the unconfined aquifer storage. This filter was chosen
as it has a physical basis and produces results comparable with other digital recursive filters
(Eckhardt, 2008). The a parameter (representing the recession constant of streamflow) was
determined by the 95" percentile upper bound of the scatter plot of daily discharge (Q)
against discharge from the next day (Q+1). These data points were extracted for recession
flows of five days or longer (see Eckhardt, 2008) below a selection of percentiles of total
flows (i.e. 30", 40™ 50™). The BFlyax parameter (representing the maximum value of the
baseflow index, i.e. baseflow/total streamflow, that can be modelled by the filter algorithm)
was chosen to minimize periods of baseflow greater than observed streamflow. The filter is
typically applied with the condition that b,<Qy (Eckhardt, 2005) but this is an arbitrary

constraint and we explore the resulting baseflow time-series without this condition, except

where stated. Time-series of baseflow were then defined using the selected pairs of parameter
values to represent a possible envelope of baseflow for the study catchment.

2.4 Hydrochemical sampling and analysis

Water samples from streamflow were collected by automatic samplers (ISCO) at several
locations in the catchment, including upstream (Upper Gellibrand gauging station and Sayers
Bridge, see Fig. 1) and downstream (Bunker Hill gauging station) locations from the
Gellibrand River and from major tributaries in January and June 2013. Grab samples were

also collected from smaller, ungauged tributaries and from the Gellibrand River during the
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sampling period and also in December 2013. Unconfined groundwater samples were taken
from bores in the alluvial area of the Gellibrand River (some data supplied by Dr Alex
Atkinson, Monash University, see Atkinson et al., 20£42015) after purging 2-3 well volumes
of bores or until field water parameters (e.g. electrical conductivity, pH, temperature) had
stabilised. Samples were filtered through a 0.45 um membrane filter and the cation aliquots
were further acidified to pH <2 using 1M HNO; and stored at 4°C until analysis at the
Research School of Earth Science laboratory, Australian National University. Cation analyses
were performed by ICP mass spectrometry (Varian Vista AX CCD Simultaneous ICP-OES)
and anion analysis performed by ion chromotography (Dionex Series 4500i). Colourimetric
alkalinity titrations were performed using a Hach® field titration kit. Stable-isetepe—ratios

Mass balance calculations were conducted on the streamflow samples using selected ions (Cl,

Na, Ca, Mg) and—stable—isotopes—{**0—?H)—usingin a multiple end-member model. The

hydrochemical samples included upstream and downstream (gauged) locations on the

Gellibrand River, major gauged tributaries and a range of smaller, ungauged tributaries. The
mass balance for a gaining reach is defined by the load (22) and the discharge (23).

QudsCds = QusCus + QguCqw + QutCut + QuiCt (#2)
Quas = Qust+ ng + Que + Qgt (23)

Where Q is discharge and C is concentration and the subscripts refer to; ds — downstream
Gellibrand (Bunker Hill gauging station), us — upstream Gellibrand, gw — groundwater, ut —
ungauged tributaries, gt — gauged tributaries. The unknowns in the above equations are Qgw
and Qy: and to solve require two sets of concentrations, or a single tracer with data over two or
more days. This approach accounts for the contribution from the alluvial groundwater in the
reach between the Upper Gellibrand and Bunker Hill gauging stations._To explore the

uncertainty in the mass balance estimates, the composition of the groundwater end-member
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was varied by + one standard deviation, as this end-member had the largest standard deviation

for two of the ions (Cl, Na, see Supplement 2A) used in the calculations.

3 Results

We first analyse the baseflow characteristics of the river using the Eckhardt (2005) baseflow
filter. Second, the streamflow chemical and-isetopic—patterns are presented and third, mass
balance analysis is used to estimate groundwater discharge and ungauged tributary discharge.
Finally, using the results of mapping the uneenfined—groundwater surfaces, we analyse
relationships between the three datasets (groundwater surfaces, baseflow filter estimates, mass
balance tracer estimates) and explore how the groundwater surfaces can be used to constrain
estimates of groundwater discharge derived from ionic mass balance and baseflow filter
analyses.

3.1 Baseflow analysis

The Eckhardt baseflow estimates produce patterns that follow the highly seasonal pattern
shown by the overall river discharge and indicated that baseflow significantly contributed to
overall streamflow (Fig. 2). The e—a parameter values declined moderately as the threshold
flow percentile value to define recession periods increased (30™ — 0.990, 40™ — 0.988, 50" —
0.985). The BFlyax parameter values that minimized periods of baseflow greater than
streamflow clustered around 0.2 but showed slight increases as e-a decreased (30" — 0.20, 40"

— 0.20, 50™ — 0.22). The resulting baseflow time-series using these parameter values were

similar and the time-series using a=0.988 and BFI,=0.20 is shown in Fig. 2. This method

used for determining the BFIm.x parameter produced values below the recommended range
(~0.8 for perennial rivers with porous aquifers, Eckhardt, 2005) and lie closest to the
recommended BFlna.x value (0.25) for perennial rivers with hard rock aquifers. In Fig. 2 we

also show baseflow time-series using a=0.988 and the recommended BFln.x value for a river

such as the Gellibrand (0.80), and also using the maximum baseflow index value (0.60) found

for the Gellibrand River using tracer-based analysis by Atkinson et al. (2015). Fhe-Using the

condition of by<Qy, the filtered baseflow time-series produced mean monthly BFI estimates of
0.48-0.55_(BFl2x=0.20-0.22) and 0.63-0.58 (BFl,x=0.60-0.80) during the summer-autumn
period (January—December — May), and 0.21-0.24 (BFly,ax=0.20-0.22) and 0.47-0.58
(BEI1ax=0.60-0.80) during the winter-spring period (June — November).
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3.2 Streamflow chemistry and-stableisetope-patterns

Streamflow and groundwater samples of the Gellibrand catchment have similar Na-ClI-HCO3
compositions (Supplement A) and are further examined using a Piper diagram (Fig. 3). The
upstream, downstream and major tributary flow compositions plot closely together, with the
downstream composition showing a shift towards the alluvial groundwater composition,
relative to the upstream composition. However, seasonal changes in streamflow chemistry are
also apparent with winter samples (June 2013) plotting closer to the groundwater composition
(higher CI, lower HCOj3) in comparison to the summer low flow samples (January and
December 2013). The ungauged (minor) tributary samples show a greater spread in
compositions, with only the largest of the ungauged tributaries (Charley’s Creek, 47.4 km?)
plotting with the gauged streamflow (Gellibrand, Love, Lardner), and others plotting in and
around the alluvial groundwater compositions. The Charley’s Creek subcatchment drains the
southern half of the catchment underlain by the Otways Group and has a relatively similar
area to the two gauged tributaries (Lardner Creek 51.8 km? Love Creek 76.6 km?). The
ungauged tributaries show a greater spread in composition than the alluvial groundwater but
this was dominated by relatively high Mg and SO, concentrations in two tributaries whilst the
other tributaries were slightly depleted in Ca and K compared to the alluvial groundwater.
The Love Creek samples have significantly higher ionic concentrations than all other
streamflow samples in the catchment (Supplement A) but have similar ionic ratios, as shown

by plotting closely to the gauged streamflow samples in Fig. 3.
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summer samples.

The dominance of the contribution of groundwater discharge to streamflow during summer
low flow periods was also investigated by examining how tracer values changed during the
recession of flow events during the summer (January 2013) sampling period (Fig. 5). In
general, only the chloride data showed an approximately linear increase in concentration that
would be expected if the groundwater discharge flux contributed proportionally more to
streamflow during the short-term recession. The other major ions (e.g. Na, Ca, Mg) and
isotepe-values-remained relatively consistent or showed a variable pattern over time during
the flow recession. In addition, the streamflow composition remains distinct from the
groundwater composition even during the summer low flow periods (Fig. 3, 4). These patterns
suggest that other end-member fluxes need to be considered during the flow recession rather

than a simple two end-member system (i.e. upstream streamflow and groundwater discharge).

The compositional similarities of the ungauged streamflow samples to the alluvial
groundwater samples, compared to the gauged streamflow samples, raises the question
whether the minor ungauged tributaries represent discharged groundwater. Alternatively, the
ungauged streamflow may be driven by perched aquifer or similar interflow type processes. If
the ungauged tributary samples represent a distinct source from the regional groundwater,
then their chemical similarity to the groundwater samples could result in chemical mass
balance techniques that do not consider the contribution from ungauged tributaries,

overestimating the groundwater contribution to streamflow (Sect. 3.3).

3.3 Mass balance analysis

Mass balances were calculated using Cl, Na, Ca— and Mg—"*0O-and-*H- results from samples
collected in January, June and December 2013 (Table 1). The January 2013 period covered a
consistent recession period (see Fig. 54) while the June 2013 period included a flow event
midway through the sampling period. The December 2013 sampling covered a two day

‘snapshot’ during a recession period. The valid range of groundwater and ungauged tributary

discharges generated by varying the groundwater end-member concentration by + one

standard deviation are shown in brackets after the values generated by the mean groundwater

composition in Table 1.

In January 2013, the selected ions showed similar downstream (i.e. Sayers Bridge to Bunker
Hill) percentage increases (62-82%) during the recession events and cross plots (not shown)
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indicated that Na, Ca and Mg were showing conservative behavior relative to Cl. Fhe-stable

downstream—The mass balance analysis (Table 1) showed that a range of the-groundwater
discharge and ungauged tributary term—values were validgenerathy—dominated—during—this

A A A
O O O >, v Ci O > Ci IJ wiw oo

tributary-discharge-could-also-be-a-significant-term, even during summer low flow conditions.

This was consistent with field observations that a number of the larger ungauged tributaries

were flowing in January 2013 and this was also the case in the June and December 2013 field

In June 2013, before and after a flow event, the selected ions showed more variable

downstream (i.e. Upper Gellibrand to Bunker Hill) percentage increases (57-124%)-whe-the

The resulting mass balance analyses again showed a range of contributions from the

groundwater discharge and ungauged tributary flow terms (Table 1). A number of

combinations of end-members could not return physically realistic estimates (i.e. one

discharge term being negative).Fhe-single-and-deuble-end-member—time-series—anahyses-did

ala a N allala m a ala allfa alal a¥al N N O\AL-QO aldalllaYalV! a a N Ae tarm
C C i, v A" oY A v vl v

Allowing for variation within the groundwater end-member composition demonstrated the

uncertainty in the range of valid flux estimates. The mass balance analyses indicated that the

ungauged tributary flow term was often significant (consistent with field observations) but
difficult to separate from the groundwater discharge term. This was likely due to the

similarity in signature between these two end-members. The possibility of the ungauged

tributary flow forming a distinctively different physical end-member to regional groundwater

discharge (i.e. representing a different store and flow path) is further investigated in Section
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3.4 Baseflow —water table dynamics

The monthly time-series of water—tablegroundwater surface mapping from both the

‘potentiometric” dataset (88 bores) and the ‘water table’ dataset (33 bores) allows analysis of

the dynamics of the relationship between baseflow and watertablegroundwater fluctuations
and of the spatial distribution of shallow watertablegroundwater relative to the sampling of
ungauged tributaries. Water—tableBoth sets of groundwater maps showed approximately

similar patterns but with the water table surfaces being slightly deeper and with higher

standard deviations (see example in Fig. 5). The maps showed that areas with the—water

tablegroundwater <4-5 m from the ground surface were confined to the alluvial plains of the
Gellibrand River and one of its major gauged tributaries, Love Creek, and these areas
coincided with lower standard deviations in the water table mapping (Fig. 65). The areas of
very shallow water—tablesgroundwater (0 m, <6:25-m;-<0.5 m—<6-75-m;—<1 m below the

ground surface) were tabulated and plotted for both the ‘potentiometric’ dataset and the ‘water

table’ dataset (Fig. #a6)_to identify areas where the groundwater could discharge to the

surface or into channels within the uncertainty range of the groundwater mapping. The

percentage changes in ‘saturated area’ (i.e. water tables within a specified depth to surface)

showed different behavior between the potentiometric and water table datasets. The

potentiometric dataset showed areas of artesian head along the valley floors and consistent

small seasonal variations with only minor differences between vyears. For example, the

difference between the spring (September-October) peak and autumn (April-May) trough

were low in absolute terms (<0.15% of area <100m in elevation) and relative terms (9-19%

variation between peaks and troughs). In contrast, the water table dataset showed groundwater

heads remained below the land surface but did show much larger variations in absolute area

(e.q. <1.2% of area for groundwater surfaces within 1 m of the land surface) and relative size

of peaks (e.qg. 80-100%) between years compared to the potentiometric dataset. Anr-example-is

ahd-September2009—-In comparison, the mean-ef-the-three-two baseflow time-series (using

BFlmax parameter values of 0.2 and 0.6, see Section 3.1) showed large relative variations of

72-90695% between peaks and troughs_that was similar to the peak seasonal variation shown

by the water table surfaces but not to the potentiometric surfaces. The peak saturated areas

typically coincided with peak estimated baseflow, except for 2007. For both groundwater

datasets but—unexpectedhythe results are generally not consistent with—years—with—tower

N alla N a a a a an a¥a a abala a A N
v C C C Ci y ool A"
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largersaturated-areas—Fhisndicatesthat peak changes in the saturated area are-hetbeing the

dominant driver of peak variations in_baseflow, as measured by the Eckhardt filter. In
particular, the potentiometric dataset shows a far more consistent range in seasonal peaks

compared to the digital filter estimated baseflow. While the water table dataset does show a

similar pattern in seasonal peaks, the water table rarely reaches the land surface, Fhe-The

saturated areas largely coincided (e.q. see Fig. 5) and were restricted to the valley floor of the

catchment and with little variation in the location of these areas between dates. The restriction

of the saturated areas to the valley floors; indicating-indicates little regional groundwater

discharge into minor tributaries and this is analysed further in Sect. 3.5.

The cemparisen-betweenanalysis of monthly changes in saturated volume and mean monthly
Eckhardt baseflow {Fig—8}-provides further evidence that the regional groundwater discharge

is not the major driver of the baseflow time-series. The baseflow-thme-series-show-that-peak

total-streamflow—{seeFig—2)—However—overthis—period-the-saturated volume changes (at
elevations <100 m) did-noet-shewany-increasing-trendfor both the potentiometric and water

table datasets (Fig. 7) were similar—exceptfor2007-when-the but with the water table dataset

showing greater variability between months-. The water table variation showed an expected

seasonal pattern of peak increases in winter and peak decreases in summer. The baseflow

time-series showed a lagged response with peak baseflow occurring in spring. For months_in

the water table dataset with declining saturated volumes ehanges-(i.e. periods where changes

in saturated volume are dominated by discharge), we used a range of specific yield of
0-3values to convert the total volume change to a volume of discharged water for areas within

the <100m mask (Table 2). There are no pump test data for the catchment but Atkinson et al.

(2014) used a specific yield of 0.1 to estimate recharge for the Eastern View Formation
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(Wangerrip Group), consistent with the effective porosity of this unit (Love et al., 1993). A

hydrogeological modelling study in similar units of the Otway Basin used specific vield

values of 0.1 for both aquifers and aquitards in their calibrated model (SKM, 2010). We use a

range of realistic but relatively high (Nwankwor et al., 1984) specific vield values from 0.05-

0.3 for the different geological units within the <100 m elevation mask for the groundwater

surfaces (see Fig. 1). The estimates of the ratio of monthly baseflow (from Eckhardt filter) to

monthly mapped volume change, shown in Table 2, are generated using the same specific

vield values across all geological units and also by varying the values consistent with

expected hydrogeological properties (i.e. specific vield of alluvium > Wangerrip Group >

Hevytesbury Group). We consider that this range of estimates based on these specific yield

values 13

provides an upper bound to the groundwater discharge, particularly since any phreatic
evapotranspiration flux, which would also account for some of the volume changes, is not
considered. ©For the study period of 2007-2010, only three months showed a ealettated-value
efthe-ratio_of <1 between the monthly baseflow time-series (generated using BFImax values of
0.2 and 0.6) and the corresponding monthly change in mapped water_table volume (i.e.

saturated volume change > baseflow), using the range of specific vield values. The median

ratio for both baseflow time-series ranged between 2.0 and 32.2 (Table 2), with more realistic

(i.e. smaller) specific vield values generating the larger median ratios (i.e. saturated volume

change << baseflow) compared to specific yield values considered to represent an upper
bound—with-a—mean—of-4-4. The late summer to early winter period (February-January to
Augustiune, n=517) had a-+meanmedian ratios 6£0-610-15% less than {i-e—saturated-velume
change-greater-than-baseflow)-whie-the spring-late winter to early summer period (September
July to JanuaryDecember, n=1320) had-a-mean-ratio-ef70-{but both periods had months with
very large (>10) ratiosi-e—saturated-volume-change-<<-baseflow). These raties-results indicate
that the monthly baseflow fluxes are significantly larger than can be explained by
groundwater discharge from the valley regions during the-spring-te-early-summer-periodmost
months of the year and requires a significant additional flux of ‘slow flow’ into the river (see
also Fig. 109).

3.5 Relationship between groundwater and tributary chemistry

The relationship between regional groundwater and ungauged tributary chemistry was
examined by grouping subcatchments using the depth to water—tablepotentiometric
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groundwater upstream of each sampling point on the ungauged tributaries. The subcatchment
areas ranged from 0.4 to 47.4 km? (mean 11.0 km? and the seasonal peak water
tablegroundwater level in September 2010 was used in the analysis as it was a representative

period of seasonal high water—tablegroundwater levels for the study period. The minimum

monthly water—tablegroundwater depths within the subcatchments ranged between -6 (i.e.
above ground surface) to 84 m below ground surface. Given the uncertainty in the minimum
mapped position of the water—tablegroundwater surface (i.e. see the mapped standard
deviation of the water—tablegroundwater position in Fig. 65), the subcatchments were
arbitrarily divided between those with groundwater within 5 m of the land surface anywhere

within the sub-catchment (i.e. where groundwater discharge into channels within the

subcatchment was possible) and those with deeper groundwater (Fig. 98). There were no
significant differences in the tributary compositions in subcatchments with shallow
groundwater (i.e. minimum water—tablesdepths <5 m from the ground surface) or deep
groundwater. These results suggest that seasonal regional groundwater table-level rises are not
likely to drive seasonal increases in ungauged tributary inflow from the upper parts of the
catchment. This is consistent with the chemistry of the major tributaries being similar to that
of the Gellibrand River flow rather than that of the alluvial groundwater (Fig. 3). Therefore,
seasonal increases in ungauged tributary inflow are more likely to be driven by interflow or
perched aquifer processes, rather than variations in the regional uneenfined-groundwater. The
baseflow filter estimates show large increases in the ‘slow flow” component of streamflow
during winter-spring periods that were not consistent with probable groundwater discharge
(Fig. 87). The mass balance calculations indicate that small, ungauged tributaries are a

significant contributor to this increase and can be a contributor even during low flow periods.

4 Discussion

4.1 Baseflow estimates

Digital baseflow filters separate out the ‘slow flow’ component of streamflow. As such, they
provide an effective upper bound on possible groundwater discharge to streamflow
(Cartwright et al., 2014). This was tested by plotting_scatter plots of baseflow estimates for

the Gellibrand River from Eckhardt digital filter_analysis, residual streamflow (i.e. Bunker

Hill discharge less other gauged tributaries lagged by one day — Upper Gellibrand, Lardner

Creek, Love Creek) and tracer mass balance analyses (Fig.269 a, b, c) for the 2011-2013

period. The tracer estimates include the range of estimates from Atkinson et al. (20442015)
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for sampling from known dates conducted in 2011-2012 using *’Rn and Cl mass balance,

plus the results from this study for sampling in 2013 using major ions_(shown as mid-points of

the range for each date shown in Table 1). None of these estimates are directly comparable as

they measure different components of baseflow_but their comparison is informative. The

digital filter time-series estimates baseflow from the entire catchment upstream of Bunker Hill
gauging station. The Atkinson et al. (20242015) estimates are for the groundwater discharge
component of streamflow measured over the alluvial valley reach (approximately two thirds
of the Bunker Hill to Upper Gellibrand reach, see Fig. 1) and use a two end-member mass
balance approach (tributary inflow was not considered). The tracer mass balance results from

our study are for the groundwater discharge component of baseflow over the Bunker Hill to

Upper Gellibrand reach and account for ungauged tributary inflow. For additional
comparison, the 10-day-average-residual monthly discharge, monthly baseflow {-e—Bunker

Creek—LoveCreek) and the mean—-daHymonthly saturated volume change for months with
decreasing volumes were anahysed-plotted (Seet—3-4-Fig. 9ed). The saturated volume change

was calculated with a realistic specific yield range (set 0.15, 0.3, 0.05 in Table 2) that

produces a relatively high estimate of groundwater discharge compared to estimates using

other specific yield values (see Table 2).

The tracer estimates of groundwater discharge and the residual discharge vary-—censiderably

around-the—digitalfilter-baseflow-time-seriesgenerally show a consistent relationship (Fig.
109a). The Atkinson et al. (2015) estimates coincided with the residual discharge, except for

two outliers from one date sampled on a small rising limb, but neither methods separates out

in-reach tributary flow from groundwater discharge. The tracer estimates from this study used

the residual discharge as an upper bound in their estimation and so show a high correlation

and a negative bias with the residual discharge. When the tracer estimateds are plotted against
thetwo baseflow filter estimates (Fig. 9b, using a=0.988, BFln.=0.2 and a=0.988,
BFlax=0.6) the relationships are poorly correlated and with the tracer estimates both under-

and over-estimating relative to the baseflow filter estimates.#n—parﬁeu#&Hhe—residu&l

during-tew-flow-perieds: The use of a-the larger BFlna value (0.6), more consistent with the
recommendations of Eckhardt (2005), weuld—increase-the-digital-filter—estimatesbut-would

wresults in the tracer

estimates having a more consistenthy—being—underestimatedneqative bias relative to the
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baseflow filter estimates. The daily residual discharge is also compared to the baseflow filter

estimates over the period 2007-2013 (Fig. 9c). The use of the larger BFlmax value results in

baseflow generally higher than the residual flow (but with considerable scatter) while the

lower BFlnax Value results in baseflow generally lower than the residual discharge,

particularly at high discharges. Finally, the mapped monthly changes in saturated

groundwater volume (see Fig. 87) were plotted against the monthly residual discharge and
baseflow filter estimates (using a=0.988, BFInax=0.2 and 0.6) over the 2007-2010 period (Fig.

9d). The saturated volume changes were typically lower than both the residual discharge and

the two baseflow discharges, consistent with the lattertweothe residual and baseflow measures

providing an upper bound to groundwater discharge within the study reach. Even the estimate

ef-groundwater volume change {is more likely to eensidered—asrepresent an upper bound

estimate than an unbiased estimate due to the use of a relatively high specific yield range and

not accounting for phreatic evapotranspiration)-generathy-sits-below-the baseflow-and-residual

Tracer data can atse-be used to calibrate the BFln.x parameter in the Eckhardt digital filter

(Gonzalez et al., 2009) if a suitable end-member signature can be identified. However, in
catchments with low salinity alluvial groundwater (i.e. catchments with low groundwater

residence time), end-member differentiation can be an issue (Kendall et al., 2001). Fer

The different estimates of baseflow and groundwater discharge emphasise the difficulties in

separating and defining these important fluxes, particularly how they vary seasonally. In the
context of the catchment used in this study, these variations raise questions of whether the in-
reach tributary inflow can be lumped with groundwater discharge (i.e. does regional
groundwater discharge also drive tributary flow) and does the digital baseflow filter analysis

overestimate groundwater discharge during high flow periods._ Thise separation of

groundwater discharge from other slow flow pathways (e.qg. interflow or perched aquifer

discharge driving tributary flow) cedldan be an important distinction for water resource
management.
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4.2 Baseflow—water-Water table dynamics_and uncertainties

The first two hypotheses addressed by this paper involve the ability of monthly water
tablegroundwater surface dynamics to explain monthly variations in digital filter estimated

baseflow. Large increases in baseflow during the high flow season (e.g. winter-spring) could
also contain contributions from other slow fluxes (e.g. interflow and perched aquifer
discharge contributing to tributary flow, bank storage return). In order to avoid
overestimations of groundwater discharge, it is important to independently test the assumption

of a single storage (i.e. regional groundwater) driving baseflow.

In terms of the groundwater contribution, we postulated that the main driver of large increases
in baseflow would be non-linear increases in the discharge area as groundwater levels rose
and intersected more of the land surface. Monthly watertablegroundwater surfaces were used
to test whether such increases in discharge area are a feasible mechanism. In the case of the
Gellibrand catchment, the watertablegroundwater data showed that only modest increases in
possible discharge area occurred during the seasonal peaks in groundwater levels. -and-the
The pattern in the magnitude of seasonal peaks of digital filter estimated baseflow was similar

to that shown by the water table surfaces but not by the potentiometric surfaces.ir—this

estimated-baseflow—. The limited seasonal variations in the potentiometric surfaces probably

reflect the upward gradients observed in bores screened in the Eastern View Formation. The

mapped water table surfaces rarely reach the ground surface but the large seasonal variations

in the water table within 1 m of the ground surface (Fig. 6b) are likely to interact with the

drainage system along the valley, particularly within the uncertainty range of the groundwater

a allla A
v v v, wa v

targe—changes—{Fig—Fa)—However—fluctuations—Fluctuations in the water table remain a

relatively coarse measure and provide only a first-order estimate of possible groundwater

discharge patterns. For instance, the mapping may-does not have the resolution to identify the

fine detail of channels and near-stream zones. Stage variations in channels will have local

effects on groundwater recharge and discharge that are not captured by the groundwater
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mapping. Likewise, where-capillary fringing effects in near-stream zones could lead to targe
tnereasesn-disehargerapid increases in the water table with a small rise in water content in
the unsaturated zone (Gillham, 1984). Furthermore, the spatial correlation (as defined by the

model variogram) may vary with the groundwater level (Lyon et al. 2006, Peterson et al,
2011) and alternative external drift terms to land surface elevation, such as topographic

wetness index, could possibly better represent near-stream spatial heterogeneity.

The water—tablegroundwater mapping technique also assumes that the groundwater — river
interaction is dominated by unconfined groundwater. Atkinson et al. (26442015) found that
much of the estimated groundwater discharge (50-90%) in the study catchment was occurring
over a short 5-10 km reach where the river intersected outcropping Eastern View Formation,
the main regional semi-confined aquifer. It is quite possible that variations in discharge from
this regional aquifer may not be adequately represented by changes in the uncenfined

potentiometric groundwater surfaces or the water table. However, temporal changes in the

saturated volume of the uneenfined-groundwater, as estimated by water—tablegroundwater
surface mapping, should provide a first order control on the total amount of groundwater
discharge. The digital filter estimates of baseflow were generally significantly larger in the

spring—earhy-summer-periodmost months than could be explained by generous-estimates of
groundwater volume change in these periods_using specific yield values likely to represent the

upper bound of the specific yield range of the different geological units within the catchment.

This ‘excess’ baseflow most likely represents interflow and hillslope perched aquifer
discharge contributing to streamflow as the catchment drains following the winter-spring wet

season.

The generation of the potentiometric surface (using 988 bores) and the water table (using 33

bores) gives an indication of the sensitivity of the use of groundwater surface mapping to the

amount of data available. The maps generated from the two datasets showed some

differences, particularly in the minimum depths to groundwater and the increase in the

standard deviation of the water table dataset (e.g. see Fig. 5). The increase in the standard

deviation of each monthly groundwater surface from the use of fewer bores demonstrates the

expected result that confidence in the groundwater mapping analysis will decrease with fewer

data points. However, in the case of the Gellibrand catchment, the similar estimates of

monthly saturated volume changes from both datasets (Fig. 8) indicated that the relative

differences between monthly groundwater surfaces generated by the two datasets were small.
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probably reflects-thatbecause -Mmost monitoring bores in both datasets were located in the

valley floors and so confidence in the interpolated water table surfaces was highest in these
areas.; whichThese areas are also of most interest in investigating groundwater — river
interactions. The effectiveness of groundwater mapping as a water resource assessment tool
will be-determined-bydepend on the ameuntnumber of monitoring bores within a catchment:

but Fhethe question of how many monitoring bores are required will be highly dependent on

the catchment size and spatial distribution of bores. In this study area, monitoring bores were

commonly located in clusters and transects of limited length and these locations were likely

determined by ease of access for drilling and the specific aims of past investigations rather

than to optimise the spatial distribution of groundwater observations for catchment wide water

table mapping. As a result, the uncertainty of groundwater surface maps would be very

catchment specific and difficult to generalise to other locations.

4.3 End member — water table dynamics

The geostatistical mapping of groundwater surfaces in conjunction with terrain analysis
allows the testing of end-member assumptions. For example, streamflow from small
tributaries during dry periods could be sourced primarily from regional unconfined
groundwater or perched aquifer — interflow type processes. Given the lack of availability of
piezometers targeting the latter pathways in most catchments, the capacity to test the possible
source of tributary flow provides important information on the suitability of the tributary flow
as a separate end-member to flow in the main river. In this context, the results from this study
clearly show that much of the small tributary flow in the Gellibrand catchment has a similar
chemical signature to the regional groundwater. Nevertheless, most tributaries were sampled
from sub-catchments with regional groundwater significantly deeper than the land surface.
The chemical similarities between the small tributary flow (probably representing interflow)
and the regional groundwater was not unexpected given that it is likely that this interflow
development is the major contributor to the deeper regional groundwater recharge. The ionic
similarities between these end-members illustrate that mass balance techniques will struggle
to separate these fluxes with any confidence and that additional, independent data, such as
water table mapping, are required to confidently identify the groundwater discharge flux.
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5 Conclusions

Geostatistical mapping of unconfined groundwater surfaces provides a useful, independent
dataset for investigating sources of fluxes contributing to baseflow estimated by traditional
digital filter and tracer end-member approaches. In particular, the method can provide added
confidence in the lower bound of baseflow estimates that best correspond to regional
groundwater discharge in both low and high flow periods. Specifically, the groundwater
surface dataset can be used to identify whether variations in discharge area (i.e. groundwater
intersecting the land surface) or saturated volume can explain seasonal variations in baseflow,
as estimated using digital filters. This dataset is particularly useful in humid, hilly catchments
where interflow or perched aquifer discharge is likely to be a significant process and where
the different ‘slow flow’ fluxes have similar low salinity chemistry and—+relatively—short
residence-thmesthat hinders end-member analysis. Sufficient monitoring bore data to construct

water table maps are not available in all catchments and the method is likely to be restricted to

catchments where groundwater investigations have resulted in the existence of an adequate

bore network. The adequacy of the network will depend on catchment size, the spatial

distribution of bores (i.e. uniform versus non-uniform distribution, location relative to the

drainage network) and the spatial correlation of the monitored water level. However, where

adequate monitoring data are available, this method adds significant value to water resource

management by making better use of an independent, but often under-utilised, dataset that can

inform groundwater contributions to streamflow.Sufficient-monitoring-bore-data-to-construct
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Table 1. Estimates of groundwater discharge (Qgw) and ungauged tributary discharge (Qu)

using mass balance analysis_and mean measured compositions of groundwater and ungauged

tributary flow. The values within the brackets are the range of valid discharges generated by

varying the groundwater composition by one standard deviation for each ion used in the

analysis. Qres IS the residual discharge after accounting for the gauged discharges within the

study catchment_and the following value in brackets is the ratio of Qs to the total streamflow

measured at Bunker Hill gauging station. *selution-poerhy-constrained:

Date Qgw Qut Qres  Tracer Method
(MLd™) (MLd™) (MLd™)

21/1/13 14.0(4.0-14.0) 2.8(2.8-12.8) 16.8(0.45) Cl-Ca Two end-member
21/1/13 12.0(7.0-12.0) 4.8(4.8-9.8) 16.8(0.45) Cl-Mg Two end-member
21/1/13 14.8(1.3-14.8) 2.0(2.0-15.5) 16.8(0.45) Ca-Mg Two end-member
21/1/13 - (4.4-7.6) -(9.2-12.4) 16.8 (0.45) Na-Mg Two end-member
21/1/13 -(10.3) -(6.5) 16.8(0.45) Na-Ca Two end-member
21/1/13 — 28/1/13 13.7(5.3-13.7) 1.8(1.8-10.2) 15.5(0.45) Cl One end-member series
21/1/13 — 28/1/13 7.1(3.8-12.6) 8.4 (2.9-11.7) 15.5(0.45) Na  One end-member series
21/1/13 - 28/1/13 13.7 (8.9-13.7) 1.8(1.8-6.6) 15.5(0.45) Ca One end-member series
21/1/13 — 28/1/13 13.7(7.7-13.7) 1.8(1.8-7.9) 15.5(0.45) Mg  One end-member series
21/1/13 - 28/1/13 4.7 (3.3-8.2) 10.8(7.3-12.2) 15.5(0.45) 0 One end-member series
21/1/13 — 28/1/13 8.1(4.6-8.1) 7.5(7.5-10.9) 15.5(0.45) 2H  One end-member series
7/6/13 25.2 (20.5-25.4) 59.6 (59.4-64.3) 84.8(0.43) Cl-Na Two end-member
7/6/13 48.8 (35.6-53.2) 36.0 (31.6-49.2) 84.8(0.43) Na-Mg Two end-member
7/6/13 38.2 (7.5-38.2) 46.6 (46.6-77.3) 84.8(0.43) Cl-Ca Two end-member
7/6/13 68.9 (36.6-68.9) 15.9(15.9-48.2) 84.8(0.43) Cl-Mg Two end-member
7/6/13 9.8 (9.8-16.6) 75.0(68.2-75.0) 84.8 (0.43) Na-Ca Two end-member
7/6/13 - 11/6/13 - (18.8-29.9) -(17.1-28.2) 47.0(0.41) Cl  One end-member series
7/6/13 - 11/6/13 2.2 (1.2-20.5) 44.8 (26.5-45.8) 47.0 (0.41) Na  One end-member series
20/6/13 14.7 (10.0-14.9) 31.0(30.8-35.7) 45.7(0.38) Cl-Na Two end-member
20/6/13 42.4 (3.8-42.4) 3.3(3.3-34.3) 45.7(0.38) Na-Mg Two end-member
20/6/13 -(44.5) -(1.2) 45.7 (0.38) Cl-Mg Two end-member
20/6/13 -(0.2-1.0) -(34.8-35.6) 45.7 (0.38) Cl-Ca Two end-member
20/6/13 - (15.3-17.9) -(17.9-20.5) 45.7 (0.38) Na-Ca Two end-member
18/6/13 - 20/6/13 51.9 (31.3-51.9) 0.3(0.3-20.9) 52.2(0.42) Cl  One end-member series
18/6/13 - 20/6/13 - (27.3-36.4) -(15.8-24.9) 52.2 (0.42) Na  One end-member series
18/6/13 - 20/6/13 0:0- (36.9) -52.2(15.3) 52.2(0.42) CI-Na Two end-member series*
18/6/13 - 20/6/13 51.9- (17.3-45.2) 0:3-(7.0-34.9) 52.2(0.42) Ca-Mg Two end-member series*
16/12/13 5.3(5.3-26.6) 30.6(9.2-30.6) 35.8.(0.30) Na-Ca Two end-member
16/12/13 17.1(0.2-17.1) 18.7(18.7-35.8) 35.8.(0.30) Cl-Ca Two end-member
16/12/13 - (16.2-16.6) -(19.2-19.6) 35.8 (0.30) Na-ClI Two end-member
16/12/13 - (3.8-12.6) -(23.2-32.1) 35.8(0.30) Na-Mg Two end-member
16/12/13 - (18.0) -(17.8) 35.8(0.30) Ca-Mg Two end-member
16/12/13 - (2.3-33.4) - (2.4-33.6) 35.8 (0.30) Cl -Mg Two end-member
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Table 2. Minimum, median and 90" percentile values for ratio of monthly Eckhardt filter

baseflow to ‘water table’ volume changes using a range of specific yields (Sy; - Wangerrip

Group, Sy, — alluvium, Sy3 — Heytesbury Group aquitards). Filtered baseflow time-series were

calculated using a value of 0.988 and BFImax Values of 0.2 or 0.6. Only months with declining

volume changes were used in the analysis.

Min ratio Median ratio 90" perc. ratio
St S S BFlpa = 0.2 0.6 0.2 0.6 0.2 0.6
0.1, 0.3,0.05 0.41 0.89 3.23 10.81 273 57.3
0.1,0.2,0.05 0.41 0.89 3.88 12.89 28.4 61.7
0.1,0.1,0.05 0.41 0.89 6.77 18.06 38.0 80.2
0.15, 0.3, 0.05 0.27 0.59 252 8.59 15.9 33.9
0.05, 0.05, 0.05 0.82 178 119 32.21 49.8 125
0.1,0.1,0.1 0.41 0.89 5.96 16.11 24.9 60.2
0.2,0.2,0.2 0.21 0.45 2.98 8.05 124 30.1
0.3,0.3,0.3 0.14 0.30 1.99 5.37 8.3 20.1
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Figure 1. Location and geology of Gellibrand River catchment in Victoria, Australia showing
catchment and gauged subcatchment boundaries, monitoring bores, gauging stations and
Sayers Bridge (ungauged) river sampling location.

Figure 2. Hydrograph at Bunker Hill gauging station (235227) illustrating the seasonality of
flow. Fhe-30" 40" and-50"-percentiles-of flow-based-on-theentire record—{1979-2013) are

ig—Three baseflow separation

hydrographs generated using different BFlnax parameter values_(0.20, 0.60, 0.80 and a=0.988)

for the Eckhardt filter are displayed, along with the periods of hydrochemical sampling of

streamflow during 2013.

Figure 3. Piper diagrams showing temporal and spatial patterns in the chemistry of
streamflow and groundwater. The top panel shows seasonal variations in composition of flow
in the Gellibrand River at the upstream (Upper Gellibrand) and downstream (Bunker Hill)
sites over three sampling trips. The internal arrows show direction of compositional change
from upstream to downstream and also from summer to winter towards the general
groundwater composition. The lower panel shows compositional differences across all

sampling trips between Gellibrand River, gauged tributaries, ungauged tributaries and

groundwater.

Figure 54. Stable—isetope—and—major—Major ion changes during streamflow recession of
January 2013 measured at Bunker Hill gauging station. Concentrations are divided by the

mean concentration of the sampling period for each tracer.
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Figure 65. Depth to watertablegroundwater maps (A — ‘potentiometric surface’ (all bores), B

—‘water table” (shallow bores)) and kriging standard deviation (BC — potentiometric surface,

D — water table) for 1% September 2009. Areas of shallow or intersecting (artesian) water

tablegroundwater are restricted to the Gellibrand River (centre) and Love Creek (north) valley

flOOfS. aTamy '.- n' Q 'n A/ a abtearea aTayaV.V/aTala abs O\A/Q Anframna R a-geepe

March b latively rminer.

Figure 76. {a)-Percentage saturated area (intersection of groundwater surface with land

surface) variations over time_for the potentiometric (all bores) dataset (a) and the water table

(33 bores) dataset (b) for the catchment area with elevation <100 m. The position of the water

table is shown for five-three depths (0, 0.5, —1.0 m) to allow for uncertainties in the mapping

of the depth to water table. {(b)-\/ariations-inpercentage-saturated-area-againstThe mean daily

monthhy-baseflow for each month is shown for two sets of Eckhardt filter parameter values

calculated from the three-time-series—generated-using-the—Eckhardt-baseflow filter for-the
Bunker Hill gauging record. Baseflow 1 uses the low BFlnax value (a=0.988, BFlax=0.20)

while Baseflow 2 uses a higher BFlmax value (2=0.988, BFlax=0.60).

Figure 87. Monthly variations in saturated volumes for the catchment area with elevation
<100 m_for both the potentiometric and water table datasets and for monthly baseflow derived

from Eckhardt analysis_(using BF . value of 0.2).

Figure 98. Piper diagram (right) shows tributary samples grouped by the minimum depth to
groundwater table in the sub-catchment upstream of the sampling point. Compositions of
sampled groundwater bores are also shown. The spatial location and sub-catchment extent are
shown superimposed on the potentiometric depth ef-water—tableto groundwater map for
September 2010.

Figure 9. Scatter plots showing various estimates of baseflow and groundwater discharge. (a)

Mass balance tracer estimates (from Atkinson et al. (2015) for 2011-2012 and mid-point of

range shown in Table 1 for 2013) for groundwater discharge against the residual streamflow

(Bunker Hill streamflow less upstream gauged streamflow). (b) Mass balance tracer estimates
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against the Eckhardt filter baseflow estimates (Qbl1 uses a=0.988 and BFlns=0.2, Qb2 uses

a=0.988 and BFl,,=0.6). (c) Residual discharge against Eckhardt filter baseflow timeseries
for 2007-2013. (d) Saturated volume changes (using specific yield set 0.15, 0.30, 0.05 from
Table 2) against residual flow and Eckhardt filter baseflow timeseries.Figure—109:

64



