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Abstract 

Estimating the time required for water to travel through headwater catchments from where it 

recharges to where it discharges into streams (the transit time) is important for understanding 

catchment behaviour. This study uses tritium (
3
H) activities of stream water to estimate the mean 

transit times of water in the upper Latrobe and Yarra catchments, southeast Australia, at different 

flow conditions. The 
3
H activities of the stream water were between 1.26 and 1.99 TU, which are 

lower than those of local rainfall (2.6 to 3.0 TU). 
3
H activities in individual subcatchments are almost 

invariably lowest at low streamflows. Mean transit times calculated from the 
3
H activities using a 

range of lumped parameter models are between 7 and 62 years and are longest during low 

streamflows. Uncertainties in the estimated mean transit times result from, uncertainties in the 

geometry of the flow systems, uncertainties in the 
3
H input, and macroscopic mixing. In addition, 

simulation of 
3
H activities in FEFLOW indicate that heterogeneous hydraulic conductivities increase 

the range of mean transit times corresponding to a specific 
3
H activity. The absolute uncertainties in 

the mean transit times may be up to ±30 years. However, differences between mean transit times at 

different streamflows in the same catchment or between different subcatchments in the same area 

are more reliably estimated. Despite the uncertainties, the conclusions that the mean transit times 

are years to decades and decrease with increasing streamflow are robust. The seasonal variation in 

major ion geochemistry and 
3
H activities indicates that the higher general streamflows in winter are 

sustained by water displaced from shallower younger stores (e.g., soils or regolith). Poor correlations 

between 
3
H activities and catchment area, drainage density, mean slope, distance to stream, and 

landuse, imply that mean transit times are controlled by a variety of factors including the hydraulic 

properties of the soils and aquifers that are difficult to characterise spatially. The long mean transit 

times imply that there are long-lived stores of water in these catchments that may sustain 

streamflow over drought periods. Additionally, there may be considerable delay in contaminants 

reaching the stream.  

Key Words: catchments, rivers, tritium, transit times, Tritium, Australia  
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1. Introduction 

Documenting the time that groundwater takes to flow through a catchment from the recharge area 

to where it discharges into the stream (the transit time) is important for understanding catchment 

behaviour (McGuire and McDonnell, 2006; Hrachowitz et al., 2009a, 2009b; Soulsby et al., 2009; 

McDonnell et al., 2010; Stewart et al., 2010, 2012; Duvert et al., 2016). For example, catchments 

with long transit times contain long-lived stores of water that may sustain streamflow during 

droughts (Morgenstern et al., 2010; Cartwright and Morgenstern, 2015). In addition, the mean 

transit time governs the time required for contaminated groundwater to reach the stream (Böhlke 

and Michel, 2009; Stewart et al., 2011; Morgenstern et al., 2015; Soulsby et al., 2015).  

Due to high rainfall totals that commonly significantly exceed evapotranspiration rates and high 

runoff rates on indurated or crystalline rocks, catchment headwaters may contribute a significant 

proportion of the total streamflow in many river systems. Headwater streams can provide much of 

the water that is eventually used downstream for human consumption, recreation, agriculture, 

and/or industry (Freeman et al., 2007). While some headwater catchments retain native vegetation, 

many now consist of plantation forests, pastures, crops, and/or urban developments. The impacts of 

such developments on headwater catchments is not always well understood. Replacement of native 

eucalypt vegetation with crops and grasses over the last 200 years in southeast Australia had a 

profound impact on both groundwater and surface water systems (Allison et al., 1990). The high 

transpiration rates of the native vegetation led to low recharge rates resulting in deep water tables. 

Recharge rates following land clearing are significantly higher (Allison et al., 1990; Cartwright et al., 

2007), which has caused the water table to rise and resulted in some former ephemeral streams 

becoming perennial. 

Lowland rivers are commonly hosted by sediments that contain large stores of groundwater that 

may make significant contributions to streamflow especially during low flow periods (Winter, 1999; 

Tetzlaff and Soulsby, 2008; Cartwright et al., 2011, 2014; Duvert et al., 2016). By contrast, headwater 

streams may occur on indurated or crystalline rocks that with limited groundwater systems. The 

observation that many headwater streams are perennial and flow over prolonged dry periods 

indicates, however, that they receive water from the soils, regolith, or fractures (Rice and 
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Hornberger, 1998; Soulsby et al., 2005; Hrachowitz et al., 2009a; Cartwright and Morgenstern, 

2015). The locations and transit times of these water stores are commonly not well understood, 

which hampers our understanding and management of headwater catchments. 

1.1. Determining mean transit times  

Water flowing through catchments follows flow paths of varying length, and the water discharging 

into streams has a range of transit times governed by the geometry of the flow paths. Lumped 

parameter models, which describe the distribution of water with different residence times in 

homogeneous aquifers with simplified geometries and uniform recharge rates, are commonly used 

to estimate mean transit times of water sampled from aquifers or streams (Maloszewski and Zuber, 

1982; Cook and Bohlke, 2000; Maloszewski, 2000; McGuire and McDonnell, 2006; Leray et al., 2016). 

The radioactive isotope tritium (3H) with a half-life of 12.32 years may be used to estimate transit 

times where these are years to decades (Morgenstern et al., 2010). 3H is part of the water molecule 

and geochemical or biogeochemical reactions in the soils or aquifers do not affect its abundance. 

Consequently, the calculated transit times reflect water flow through both the unsaturated zone and 

within the aquifer.  

Rainfall 
3
H activities peaked in the 1950s to 1960s due to the production of 

3
H in atmospheric 

thermonuclear tests (the 
3
H “bomb pulse”). The 

3
H activities of the remnant bomb-pulse waters in 

the southern hemisphere have now largely decayed below those of modern rainfall, which permits 

mean transit times to be estimated from individual 
3
H activities (Morgenstern et al., 2010). However, 

this approach requires that the lumped parameter models be assigned based on the geometry of the 

flow system. Groundwater with high bomb pulse 
3
H activities is still present in the northern 

hemisphere. Mean transit times may be estimated from that using lumped parameter models using 

time-series of 
3
H activities (Maloszewski and Zuber, 1982; Blavoux et al., 2013; Morgenstern et al., 

2015). While this increases the duration of studies, it does allow an assessment of the suitability of 

the lumped parameter model. The reduction of bomb pulse 
3
H activities in the southern hemisphere 

make it impracticable to constrain lumped parameter models using future time series 

measurements (Cartwright and Morgenstern, 2016b). 
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While not being able to assess the form of the lumped parameter model introduces uncertainty, the 

calculated mean transit times are far less sensitive to the choice of lumped parameter model than is 

the case for northern hemisphere catchments. Additionally this approach allows the changing mean 

transit times at different flow conditions to be estimated (Morgenstern et al., 2010; Duvert et al., 

2016; Cartwright and Morgenstern, 2015, 2016b). Further, because the 
3
H activities of the remnant 

bomb pulse waters are below those of modern rainfall, water with low 
3
H activities has longer mean 

transit times than water with high 
3
H activities, permitting a robust assessment of relative mean 

transit times.  

The pathways of groundwater inflows to a stream are potentially more complex than assumed in the 

lumped parameter model. The aggregation of water from different flow systems potentially 

produces water samples with residence times distribution that do not correspond to those in the 

lumped parameter models. Mean transit times calculated from the aggregated waters are generally 

lower than the actual mean transit times (Suckow, 2014; Kirchner, 2016; Stewart et al., 2017). 

Lumped parameter models also assume that the aquifers are homogeneous. However, hydraulic 

conductivities are heterogeneous at a variety of scales due to weathering, the presence of fractures, 

and lithological variations. Similar to aggregation, heterogeneities in hydraulic conductivity result in 

macroscopic dispersion that also may result in different 
3
H vs. mean transit time relationships to 

those predicted by simple flow models (Weissmann et al., 2002; McCallum et al., 2014, 2015).  

1.2. Controls on mean transit times 

Identifying the controls on mean transit times is important for understanding catchment behaviour 

and for making first order predictions of mean transit times in unstudied catchments. Mean transit 

times are a reflection of recharge rates, groundwater flow velocities, and flow path lengths. In 

southeast Australia, cleared catchments may have lower evapotranspiration and higher recharge 

rates and thus shorter mean transit times than those that retain native vegetation (Allison et al., 

1990; Cartwright et al., 2007). The hydraulic conductivity of the aquifers, which in basement rocks is 

controlled by the degree of weathering and interconnectivity and transmissivity of fractures 

(Lachassagne et al., 2011), also influences mean transit times. The mobilisation of stores of water 

with different residence times (e.g., soil waters, water from the regolith, or water in perched aquifer 
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systems) as the catchment wets up following rainfall also controls net mean transit times 

(Hrachowitz et al., 2009a, 2013).  

Catchment geomorphology and geometry influences the length of the flow paths and hydraulic 

gradients (e.g., McGuire et al., 2005; McGuire and McDonnell, 2006; Hrachowitz et al., 2009b; 2010; 

Soulsby et al., 2009). Large catchments may have some long groundwater flow paths with long 

transit times. Catchments with higher drainage densities may contain numerous short groundwater 

flow paths and consequently have shorter mean transit times. Steeper catchments have higher 

hydraulic gradients that may lead to more rapid groundwater flow and shorter mean transit times.  

There may also be correlations between 
3
H activities and major ion concentrations or ratios that 

allow first order estimates of mean transit times to be made (Morgenstern et al., 2010; Cartwright 

and Morgenstern, 2015, 2016a, 2016b; Duvert et al., 2016; Beyer et al., 2016). These correlations 

may stem from mineral dissolution reactions progressing further in older waters. Evapotranspiration 

also increases major ion concentrations, especially in semi-arid areas, and catchments with high 

evapotranspiration rates may have lower recharge rates and longer mean transit times. Catchments 

with high evapotranspiration rates are likely to have lower runoff coefficients (the percentage of 

rainfall that is exported annually by the stream), and runoff coefficients may be a proxy for mean 

transit times (Cartwright and Morgenstern, 2015).   

1.3. Objectives 

This paper estimates mean transit times at different streamflows in headwater streams from the 

Latrobe and Yarra catchments in southeast Australia using 3H activities of stream water. Additionally, 

it assesses whether catchment attributes, such as drainage density, catchment area, landuse, or 

slope, control mean transit times. The two catchments differ markedly in the extent of land clearing 

and it was hypothesised that this would result in different mean transit times. Further, it explores 

whether there are geochemical proxies for 3H exist that can provide first order estimates of mean 

transit times. In addition to assessing the uncertainties in mean transit times resulting from using 

different lumped parameter models, aggregation, uncertainties in the 3H input function, it uses a 

numerical model to address the impact of heterogeneities in hydraulic conductivities on the 
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estimated mean transit times. While it is based on a specific area, these themes are relevant to 

headwater catchments globally. 

2. Study Area 

2.1. Upper Yarra catchment 

The upper Yarra catchment drains the eastern slopes of the Dandenong Ranges in southeast Victoria. 

Annual rainfall across the catchment averages 750 to 1000 mm and average annual 

evapotranspiration rates are 500 to 600 mm (Bureau of Meteorology, 2017). Rainfall occurs 

throughout the year, but is highest in the winter months when evapotranspiration rates are lowest. 

This results in winter streamflows being higher than those in summer (Melbourne Water, 2017). The 

main streams are Woori Yallock Creek, Wandin Yallock Creek, and Stringybark Creek, all of which are 

perennial tributaries of the Yarra River (Fig. 1). Average streamflows are 6.3x10
7
 m

3 
yr

-1
 in Woori 

Yallock Creek 1.84x10
5
 m

3 
yr

-1
 in Wandin Yallock Creek, and 3.7x10

6
 m

3 
yr

-1 
in Stringybark Creek 

(Melbourne Water 2014).   

The upper Yarra catchment comprises a basement of indurated Silurian-Devonian turbidites and 

granitic rocks (including granites and extrusive rhyolites). These rocks are overlain by thin Devonian 

calcareous sandstones and Tertiary basaltic volcanics (van den Berg, 1975; Earth and Energy 

Resources, 2017) (Fig. 1b). Thin deposits of recent alluvial sediments occur along some of the major 

streams. Weathering is variable across the catchment. The basaltic volcanics commonly occur on the 

ridges and are weathered to depths of up to 50 m with kaolinite and montmorillonite common 

weathering products (Shugg, 1996; Tweed et al., 2005). The turbidites and granites have weathered 

zones that are generally <5 m thick and which contain kaolinite and smectites as weathering 

products.  

Groundwater flow is hosted in fractures and weathered zones of the indurated rocks and in the 

more permeable zones of the basalts (Shugg, 1996; Tweed et al., 2005). Horizontal hydraulic 

conductivities in the unweathered basalts are ~0.3 m day
-1

 (Shugg, 1996) but, based on the 

distribution of groundwater residence times, hydraulic conductivities in the weathered zones are 

locally >1 m day
-1

 (Tweed et al., 2005). The metasediments and granites in nearby areas have 

hydraulic conductivities of 0.001 to 1 m day
-1

, with the higher hydraulic conductivities occurring in 
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weathered zones close to the land surface and zones of more intense fracturing (van den Berg and 

Morand, 1997). The hydraulic conductivity of the alluvial sediments are typically 0.2 to 5 m day
-1

. 

Groundwater recharges on the ridges and discharges into the lower reaches of many of the rivers 

(Tweed et al., 2005). 

Approximately 84% of this part of the upper Yarra catchment has been cleared. Current landuse 

includes dairying, horticulture, vineyards, and grazing and a significant amount of low-density urban 

developments (Melbourne Water, 2014).  There is an annual water allocation of 9.5x10
6
 m

3
 from 

Woori Yallock Creek (approximately 15% of annual streamflow), although <30% of this allocation is 

typically used (Melbourne Water 2014).  

2.2. Upper Latrobe catchment 

The headwaters of the Latrobe catchment drain the southern slopes of the Yarra Ranges (Fig. 1). The 

upper Latrobe catchment has an average annual rainfall of between 1100 and 1400 mm, and 

average annual evapotranspiration rates are 500 to 600 mm (Bureau of Meteorology, 2017).  The 

upper Latrobe River is perennial and the upper catchment includes the Loch and Tooronga Rivers 

that join the Latrobe River near Noojee. The total catchment area upstream of the lowermost 

sampling site at Willow Grove is 559 km
2
 and the long-term average streamflow of the Latrobe River 

at Willow Grove is 10
8 

m
3
yr

-1
 (Department of Environment Land Water and Planning, 2017).  As with 

the Yarra catchment, streamflows in the upper Latrobe catchment are higher in winter (e.g., Fig. 2). 

Granites, granodiorites, and metamorphosed Silurian-Devonian turbidites, which host groundwater 

flow mainly in weathered zones and fractures, dominate the north of the upper Latrobe catchment 

(Fig. 1b). The south of the catchment also includes coarse-grained Pliocene sands and gravels, minor 

granites, and basaltic volcanics (van den Berg, 1975; Energy and Earth Resources, 2017). Thin 

deposits of recent alluvial sediments occur along the major streams. Relatively little is known about 

groundwater flow in this catchment. However, given the similarities in lithologies, the hydraulic 

conductivities are likely to be similar to those in the upper Yarra catchment. Weathering is deepest 

on the ridges and the metasediments and granites commonly have weathering zones that are a few 

metres thick (van den Berg, 1975). Groundwater recharges on the ridges and discharges into the 

Latrobe River (Southern Rural Water, 2014).  
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By contrast with the upper Yarra catchment, the upper Latrobe catchment is dominated by native 

eucalypt forest, much of it in the Alpine National Park. Additionally, there are plantation forests, 

mainly along the Loch Valley and zones of mixed agriculture (including dairying, vineyards, and 

grazing) around Noojee and Willow Grove. There is minimal groundwater use in the upper Latrobe 

catchment (Southern Rural Water, 2014). 

3. Methods 

3.1. Sampling and analytical techniques 

A one year aggregated rainfall sample was collected from a rainfall collector located at Yarra 

Junction, which is close to the boundary between the two catchments (Fig. 1a). Four rounds of 

stream samples were collected at varying flow conditions (Table A1, Fig. 2) from six sites in the 

upper Latrobe catchment with areas ranging from 62 to 559 km
2
 and four sites in the upper Yarra 

catchment with areas ranging from 9 to 325 km
2
 (Fig. 1). Sampling avoided the high streamflows that 

occur immediately following rainfall in order to characterise the average seasonal flows (Fig. 2). April 

2015 and March 2016 represent low flow conditions at the end of the austral summer, August 2015 

represents high winter flows, and November 2015 represents intermediate spring flows. Sub-daily 

streamflows are measured at the Willow Grove, Noojee, Lower Loch, and Gentle Annie sites in the 

upper Latrobe catchment and the Stringybark, Woori Yallock, Wandin Yallock, and Cockatoo sites in 

the upper Yarra catchment (Department of Environment, Land, Water and Planning, 2017; 

Melbourne Water, 2017).  

Electrical conductivity (EC) was measured in the field using a calibrated TPS meter and electrodes. 

Cation concentrations were measured at Monash University using a Thermo Fischer ICP-OES on 

samples that had been filtered through 0.45 µm cellulose nitrate filters and acidified to pH <2 using 

double-distilled 16M HNO3. Anion concentrations were measured at Monash University on filtered 

unacidified samples using a Thermo Fischer ion chromatograph. Geochemical data is presented in 

Table A1. The precision of anion and cation analyses based on replicate analyses is ±2% and the 

accuracy based on analysis of certified water standards is ±5%. 

3
H activities were measured at GNS following Morgenstern and Taylor (2009). Following vacuum 

distillation and electrolytic enrichment, 
3
H activities were determined using liquid scintillation in 
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Quantulus ultra-low-level counters. Tritium enrichment was by a factor of 95, which yields a 

detection limit of 0.02 TU. Deuterium calibration of each sample ensures reproducibility of tritium 

enrichment of 1%. 
3
H activities are expressed in tritium units (TU) where 1 TU represents a 

3
H/

1
H 

ratio of 1×10
-18

. Relative precision (1σ) of individual analyses are 1.5 to 2.5% (Table A1). 

3.2. Catchment attributes 

Catchment attributes were estimated using ArcGIS 10 (ESRI®) and datasets from Victoria Open Data 

(2016). The Hydrology Modelling tools were used to generate the stream network from a 10 m 

digital elevation model (Fig. 1c). A threshold catchment area of 50 Ha reproduces the observed 

perennial stream network of the area.  Subcatchment areas upstream of each sampling site were 

calculated using the watershed tool, and drainage densities calculated as the total stream length in 

each subcatchment divided by the subcatchment area. Mean slopes and the mean and maximum 

distance to the stream were calculated using the Spatial Analysis tools. Vector-based landuse 

datasets were converted to raster formats and reclassified. Landuse was assigned as forest (includes 

native vegetation and some plantations) and cleared land, which includes urban and mixed 

agricultural regions (pasture, horticulture, and crops).  

3.3. Mean transit times  

Mean transit times were calculated using the exponential, exponential-piston flow, and dispersion 

lumped parameter models implemented in the TracerLPM Excel workbook (Jurgens et al., 2012) as 

described in Supplement 1. For the exponential-piston flow models, EPM ratios of 0.33 (75% 

exponential flow and 25% piston flow) and 1 (50% exponential flow and 50% piston flow) were used. 

This model accords with the expected geometry of flow in the catchment (vertical recharge through 

the unsaturated zone followed by flow along flow paths of varying length). For the dispersion model, 

values of DP of 0.1 and 1 were used, which is the range generally adopted for kilometre-scale flow 

systems (Maloszewski, 2000). These lumped parameter models have successfully reproduced time-

series 
3
H activities of stream water elsewhere (Maloszewski and Zuber, 1982; Blavoux et al., 2013; 

Morgenstern et al., 2015).  

The annual average 
3
H activities of rainfall in Melbourne (Tadros et al., 2014; International Atomic 

Energy Agency, 2017) were used as the 
3
H input function. Rainfall 

3
H activities in Melbourne peaked 
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at approximately 62 TU in 1965 and then declined exponentially to present-day values. The 

calculations initially adopted a present-day 
3
H activity of 2.8 TU based on the 

3
H activity of rainfall 

from Yarra Junction (Table A1) and the expected 
3
H activity of rainfall in this area (Tadros et al., 

2014). A 
3
H activity of 2.8 TU was also used for rainfall from the years before the atmospheric 

nuclear tests.  Mean transit times were calculated by matching the measured 
3
H activity in the 

stream water with that predicted from the lumped parameter model.  

3.4. Numerical Modelling 

The lumped parameter models assume homogeneous aquifer properties that lead to a regular 

distribution of groundwater flow paths and mean transit times. However, most catchments have 

heterogeneous hydraulic conductivities (Weissmann et al., 2002; McCallum et al., 2014, 2015). Two-

dimensional numerical simulations were performed using FEFLOW (Diersch, 2013) as described in 

Supplement 1. The purpose of the modelling was not to simulate flow in these catchments but to 

explore the impact of heterogeneous hydraulic conductivities on mean transit times.  

Briefly, the FEFLOW model domain was 10,000 m in the longitudinal (x) direction and 25 m in the 

vertical (z) direction (Fig S1a). The hydraulic boundary conditions were a constant flux at the top to 

simulate 50 mm yr
-1

 recharge and a constant head at the model outlet (Fig. S1a). All other 

boundaries are no flow boundaries. While the geometry of the model resembles that of the 

exponential lumped parameter model, solute transport models require a dispersivity be assigned for 

numerical stability. A dispersivity of 0.5 m was used, which results in dispersion in the numerical 

simulations being driven primarily by variations in K (McCallum et al., 2014). To assess the impacts of 

heterogeneous hydraulic conductivities, the 
3
H activities and mean transit times from four sets of 30 

simulations with an average K of 1 m day
-1

 and variances of K (σ
2
ln(K)) of 0.3, 1.0, 2.5, and 4.0 (Fig. 

S2) were compared to a model with homogeneous K. The FEFLOW simulations used time steps of 5 

days over 65 years from 1950 to 2015. The relatively short time step ensured model stability and 

minimised numerical dispersion. Both 
3
H activities and age were simulated as solutes. The annual 

3
H 

activities of Melbourne rainfall (Tadros et al., 2014) interpolated onto the time steps of the model 

(Fig. S1b) were used as the 
3
H activity of recharge. Age was simulated by setting a constant age = 0 
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years for the upper boundary and calculating the travel time to the model outlet. For all simulations, 

the mean age and mean 
3
H activity are the flux weighted arithmetic means at the model outlet. 

4. Results 

4.1. Streamflow 

The variations of streamflow at Noojee in the upper Latrobe catchment are typical of streams in this 

region. High streamflows are recorded in winter and lowest streamflows at the end of summer (Fig. 

2b). The April 2015 and March 2016 samples represent the 82
nd

 and 87
th

 streamflow percentiles, 

respectively, for streamflows between 1990 and 2016 (Fig. 2a). The August 2015 samples represent 

the 20
th

 percentile of streamflow and the November 2015 samples the 65
th

 percentile (Fig. 2a).  

Runoff coefficients were estimated using streamflow records from between 1990 and 2016, where 

available (Department of Environment, Land, Water and Planning, 2017; Melbourne Water, 2017). 

For the Tooronga River, streamflow records between 1969 and 1986, which represents all available 

data for this site, were used. These multi-year periods encompass several high rainfall and drought 

years (Bureau of Meteorology, 2017), allowing long-term average runoff coefficients to be 

determined. Rainfall totals probably vary across the region and there is insufficient data to calculate 

the rainfall totals for each subcatchment. Hence, it was assumed that the rainfall was between the 

minimum and maximum average annual values in the upper Latrobe (1100 to 1400 mm) and upper 

Yarra catchments (750 to 1000 mm) as a whole. Runoff coefficients range from 18-23% (Lower Loch 

subcatchment) to 40-53% (Stringybark subcatchment) (Table 1).  

4.2. Tritium activities 

The 3H activity of the rainfall sample from Yarra Junction is 2.76 TU, which is within the expected 

range of average annual rainfall 3H activities in this region of 2.6 to 3.0 TU interpolated from the data 

of Tadros et al. (2014) (Fig. 3). The 3H activity of the Yarra Junction rainfall is also similar to those of a 

9 month sample from Melbourne collected in July 2013 (3H = 2.72 TU) and three 9 to 17 month 

samples from Mount Buffalo in northeast Victoria (3H = 2.85 to 2.99 TU) (Cartwright and 

Morgenstern, 2015, 2016a). The 3H activities of the streams are between 1.26 and 1.99 TU (Fig. 3), 

which are similar to 3H activities of headwater streams in northeast Victoria (3H = 1.6 to 2.5 TU: 
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Cartwright and Morgenstern, 2015, 2016a) and central Victoria (
3
H = 0.2 to 2.9 TU: Cartwright and 

Morgenstern, 2016b; Howcroft et al., 2017).  

In the two low streamflow sampling rounds (April 2015 and March 2016), the streams from the 

upper Yarra catchment have lower 
3
H activities (median = 1.44 TU, mean = 1.43±0.11 TU, n = 12) 

than those from the upper Latrobe catchment (median = 1.55 TU, mean = 1.58±0.09 TU, n = 8). The p 

values from two-tailed t tests are 0.004, implying that the difference between these two populations 

is significant beyond the 99% confidence interval. The 
3
H activities in each of the subcatchments 

generally increase with increasing streamflow in the winter months (Figs 3a,b). However, even at the 

highest streamflows, the 
3
H activities are invariably lower than the 

3
H activities of rainfall. Rather, 

3
H 

activities of between 1.6 to 2.0 TU are reached at moderate streamflows but not subsequently 

exceeded. 

4.3. Catchment attributes 

Table 1 summarises catchment attributes derived from the GIS data. Drainage densities are between 

0.93 and 1.04 km km
-2

 and vary little either within or between the upper Latrobe and upper Yarra 

catchments. Likewise, there is little systematic difference between the mean or maximum distances 

to the stream. The upper Yarra subcatchments have lower average slopes (12 to 15%) than those in 

the upper Latrobe catchment (24 to 27%). There are also significant differences in the landuse 

between the two catchments. In the upper Latrobe subcatchments, cleared land (i.e., that which is 

not occupied by forest) accounts for between 0 and 18% of the total area, while in the upper Yarra 

subcatchments it is between 85 and 99%. 

4.4. EC and major ion geochemistry 

The EC of the upper Yarra streams varies between 113 and 606 µS cm
-1

 (Table A1). The Wandin 

Yallock and Stringybark streams have the highest EC values (373 to 606 and 323 to 472 µS cm
-1

, 

respectively). The upper Latrobe streams have EC values of 45 to 97 µS cm
-1

 and there is little 

difference between the subcatchments (Table A1). Na is the most common cation in the stream 

water (62 to 91% of all cations on a molar basis) with Ca (3 to 15%), Mg (1 to 24%), and K (1 to 11%) 

present in lower abundances (Table A1). Cl is the most abundant anion (81 to 98% on a molar basis) 

of those that were measured (Table A1); however, HCO3 concentrations were not determined. The 
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rainfall sample from Yarra Junction has a Na concentration of 1.2 mg l
-1

 and an EC value of 21.6 µS 

cm
-1

 (Table A1, Figs 4, 5). This is similar to non-coastal rainfall elsewhere in southeast Australia that 

has Na concentrations of 1 to 2 mg l
-1

 and EC values of 15 to 30 µS cm
-1 

(Blackburn and McLeod, 

1983; Crosbie et al., 2012; Cartwright et al., 2014; Cartwright and Morgenstern, 2015, 2016a).  

The EC values and major ion concentrations of rainfall are significantly lower than those of the river 

water at all streamflows (Table A1, Figs 4, 5a). Unlike catchments elsewhere in southeast Australia 

(Cartwright and Morgenstern, 2015, 2016a, 2016b; Howcroft et al., 2017), major ion concentrations 

in most of the upper Latrobe and Yarra catchments do not vary systematically with streamflow or 
3
H 

activities (Table A1, Figs 4, 5a). There is also little systematic variation in EC and streamflow collected 

as part of periodic stream salinity monitoring at Noojee (Fig. 5b). The higher EC values at low 

streamflows probably reflect in-stream evaporation during summer; however, generally, the EC 

values vary between 40 and 80 µS cm
-1

 for streamflows that range over several orders of magnitude  

Molar Na/Cl ratios of the stream water vary from 0.6 to 1.3 with higher Na/Cl ratios recorded in the 

waters with lower Cl concentrations (Fig. 6a). Na/Cl ratios higher than those of local rainfall (typically 

0.8 to 1.1) reflect weathering of silicate minerals such as feldspar (Herczeg et al., 2001; Tweed et al., 

2005; Cartwright and Morgenstern, 2015, 2016a). However, the observation that Na/Cl ratios do not 

far exceed those of rainfall implies that silicate dissolution is limited. The Na/Cl ratios of some more 

saline waters are lower than those of rainfall (Fig 6a), which is probably due to Na-Ca exchange on 

clay minerals (Tweed et al., 2005). Molar Cl/Br ratios of 490 to 835 (Fig. 6b) span those of the oceans 

and rainfall in southeast Australia but are far below those expected if halite or anthropogenic salts 

(e.g. fertilisers) had been dissolved (Herczeg et al., 2001; Cartwright et al., 2006). Overall, as is the 

case throughout southeast Australia (Allison et al., 1990; Herczeg et al., 2001; Tweed et al., 2005; 

Cartwright et al., 2006), the variations in the salinity of the stream water is driven by differences in 

evapotranspiration with minor impacts of weathering and ion exchange. This implies that the 

Wandin Yallock and Stringybark catchments have higher degrees of evapotranspiration, although 

(given that they have similar geology, vegetation, and rainfall to the other upper Yarra catchments), 

the causes of this are not clear.     
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4.5. Modelled 
3
H activities 

The 3H activities produced by the FEFLOW model generally decrease with depth at the catchment 

outlet (Fig. 7), which is a similar trend to that observed in the exponential lumped parameter model 

(e.g., Cook and Bohlke, 2000; Jurgens et al., 2012). Not surprisingly, the mean transit time of water 

correlates with the mean 3H activity at the model outlet (Fig. 8). The geometry of the FEFLOW model 

is similar to that of the exponential lumped parameter model. However, even for the homogeneous 

model, the mean transit times at any given 3H activities predicted from the FEFLOW model are 

longer (Fig. 8). This is due to the FEFLOW model incorporating dispersion, which is not present in the 

exponential lumped parameter model. 

The mean transit times at the model outlet decrease as σ
2
ln(K) increases. The homogeneous model 

has a mean transit time of 72 years. Mean transit times for the other sets of simulations are: 

62.9±4.5 years for σ
2
ln(K) = 0.3; 54.2±9.1 years for σ

2
ln(K) = 1.0; 47.7±12.5 years for σ

2
ln(K) = 2.5; 

and 50.5±13 years for σ
2
ln(K) = 4.0. The decrease in mean transit times are due to the presence of 

interconnected high K pathways that become increasingly prevalent as σ
2
ln(K) increases. The 

variability of mean transit times also increases with increasing σ
2
ln(K). For a 

3
H activity of 1.5 TU, the 

range of mean transit times are ~3 years for σ
2
ln(K) = 0.3 increasing to ~6 years for σ

2
ln(K) = 4.0. For 

the whole range of simulations, the range in mean transit times at 1.5 TU is 10 years (Fig. 8). 

5. Discussion 

The combination of major ion geochemistry, streamflows, 
3
H activities, and catchment attributes 

allow aspects of the hydrogeology of the upper Latrobe and upper Yarra catchments to be 

understood. This section addresses the prime objectives of the study, namely: the range of mean 

transit times; whether mean transit times can be predicted from catchment attributes or 

geochemical data; and the uncertainties in the calculated mean transit times. 

5.1. Changing stores of water at different streamflows  

There is strong seasonality to southeast Australian rainfall (Bureau of Meteorology, 2017) and 

streams are generally dominated by baseflow during summer (Cartwright et al., 2014). Thus, 

baseflow probably contributes the vast majority of water to the streams in April 2015 and March 

2016 when streamflows were low (Fig. 2). Higher winter streamflows can conceivably reflect the 
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progressive mobilisation of shallower younger water stores (e.g., soil water or water from the 

regolith) as the catchment wets up (c.f. Hrachowitz et al., 2013) or mixing between baseflow and 

recent rainfall.  

This study avoided collecting samples during the high flow events immediately following rainfall 

when direct input of recent rainfall to the stream may occur. The dilution of saline baseflow with 

recent rainfall also results in major ion concentrations or EC values being inversely correlated with 

streamflow (Godsey et al. 2009; Cartwright and Morgenstern, 2015), which is not observed in these 

catchments (Fig. 4). The predicted EC vs. streamflow trend for the situation where all the additional 

streamflows is derived from recent rainfall inputs also fails to replicate the observed EC values (Fig. 

4b). Rather, as documented in similar catchments elsewhere in southeast Australia, the infiltrating 

rainfall has likely progressively mobilised the shallower stores of water from the soil or regolith 

(Cartwright and Morgenstern, 2015; Howcroft et al., 2017). These water stores almost certainly have 

shorter residence times than the deeper groundwater, which explains why 
3
H activities are higher in 

winter. Given that samples were not collected over the high flow peaks, the data does not preclude 

recent rainfall contributing to streamflow at those times. 

5.2. Mean transit times 

Based on the above conceptualisation of how the flow system responds to rainfall, mean transit 

times were calculated assuming that single flow system contributes to the stream at all flow 

conditions. If there were some inflow of recent rainfall, this approach yields the minimum transit 

time of the baseflow component. The estimated mean transit times calculated using the suite of 

lumped parameter models are between 7 and 62 years (Table 2, Fig. 9). The range of mean transit 

times from the various models increases with the 
3
H activity (Fig. 9a); however, the relative 

difference decreases. For example, mean transit times for a water with a 
3
H activity of 2 TU are 

between 9.6 and 14.2 years (or ±19%). For a water with a 
3
H activity of 1.5 TU, they are between 

28.0 and 41.9 years (±13%).  

For the two low streamflow sampling periods, the mean transit times in the upper Yarra 

subcatchments are 28 to 62 years (April 2015) and 20 to 53 years (March 2016), whereas the mean 
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transit times in the upper Latrobe subcatchments are 16 to 42 years (April 2015) and 16 to 41 years 

(March 2016). The Tooronga River in the upper Latrobe catchment has the shortest mean transit 

times (16 to 26 years) and Cockatoo Creek in the upper Yarra catchment has the longest mean 

transit times (42 to 62 years). At the higher streamflows, the mean transit times in the upper Latrobe 

subcatchments are 7 to 24 years (August 2015) and 13 to 36 years (November 2015). At the 

corresponding times, the mean transit times in the upper Yarra subcatchments are 13 to 37 years 

(August 2015) and 16 to 46 years (November 2015). As at low streamflows, the mean transit times 

are shortest in the Tooronga River (9 to 13 years in August 2015 and 13 to 20 years in November 

2015) and longest at Cockatoo Creek (26 to 37 years in August 2015 and 37 to 46 years in November 

2015). 

5.3. Uncertainties 

Propagating the analytical uncertainty in 3H activities (Table A1) results in uncertainties in mean 

transit times of 1 to 2 years. Compared with the other uncertainties, this has only a minor impact. 

Mixing of water with different mean transit times within a subcatchment (aggregation) results in 

calculated mean transit times being lower than the actual mean transit time (Suckow, 2014; Kirchner, 

2016; Stewart et al., 2017). The aggregation error is difficult to assess but it reduces as an increasing 

number of waters are mixed. This is because flow systems where numerous aliquots of water with 

different mean transit times mix are similar to what is described by the lumped parameter models. 

For example, using similar lumped parameter models and input functions to this study, Cartwright 

and Morgenstern (2016a) estimated the aggregation error resulting from an equal mixture of two 

waters with mean transit times of 10 and 50 years was approximately 13%. However, if several 

waters with mean transit times of between 10 and 50 years mixed, the aggregation errors were 

significantly lower.  

The impacts of uncertainties in the 3H activities of rainfall may be illustrated using the exponential-

piston flow model with an EPM ratio of 1 (almost identical results are produced by the other models). 

The assumed 3H activity of modern rainfall makes relatively little difference to the estimated mean 

transit time (Fig. 9b). Varying the modern rainfall 3H activities between 2.6 and 3.0 TU (which is the 

likely range of rainfall 3H activities in this region of southeast Australia: Tadros et al., 2014) produces 
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a range of mean transit times of 3 years for a 
3
H activity of 2 TU and <0.1 year for a 

3
H activity of 1.5 

TU. Uncertainties in the 
3
H activities of past rainfall exert a greater influence on the mean transit 

times. Fig. 9c illustrates the impact of varying the 
3
H activity of rainfall by ±10%, which is 

approximately the relative uncertainty in modern rainfall 
3
H activities (Tadros et al., 2014). For a 

3
H 

activity of 1.5 TU, the range of mean transit times is approximately 13.5 years, a relative uncertainty 

of ±18%.  

The calculations used average annual rainfall 
3
H activities as the input function. However, if summer 

rainfall is lost by evapotranspiration, the 
3
H activities of the recharging water may be different 

(Morgenstern et al., 2010; Blavoux et al., 2013). The monthly variation of 
3
H activities in Melbourne 

(International Atomic Energy Agency, 2017) are similar to those at Kiatoke, New Zealand, for which 

there is a more detailed record (Morgenstern et al., 2010). The monthly variation in any given year is 

<1 TU and the 
3
H activities in summer rainfall are close to the average annual 

3
H activities. This is 

also implied by the observation that the 
3
H activity of summer (December to February) rainfall at 

Mount Buffalo (northeast Victoria) was closely similar (2.86 TU) to that of two annual rainfall 

samples (2.99 and 2.85 TU) (Cartwright and Morgenstern, 2015). With such a seasonal distribution of 

3
H activities, the uncertainties resulting from using the average annual 

3
H activity are minor (c.f., 

Morgenstern et al., 2010).  

The FEFLOW simulations highlight another uncertainty in calculating mean transit times. Lumped 

parameter models have the advantage of not requiring a detailed knowledge of aquifer properties 

(such as hydraulic conductivities) that are difficult to obtain; however, it is highly unlikely in reality 

that hydraulic conductivities are homogeneous. For aquifers with layers of different lithologies, 

binary (or higher order) lumped parameter models may be used (Maloszewski and Zuber, 1982; 

Maloszewski, 2000). However, the hydraulic conductivities are still likely to vary within each of the 

layers.  

In the FEFLOW simulations with highly heterogeneous hydraulic conductivities, there is increasing 

variability in the relationship between mean transit times and 
3
H activities, and the 

3
H activity vs. 

depth profiles are irregular (Figs 7, 8). The range of mean transit times estimated for a 
3
H activity of 

1.5 TU in the FEFLOW simulations is 10 years (Fig. 8). This is a relative uncertainty of ±13%, which is 



  

18 

 

similar to other uncertainties discussed above. The FEFLOW model includes dispersion, which results 

in the mean transit times at any 
3
H activity being longer to those calculated from the lumped 

parameter models. These differences highlight the uncertainties that stem from adopting lumped 

parameter models with simple geometries (c.f Weissmann et al., 2002; McCallum et al., 2014, 2015).  

If uncertainties are uncorrelated and have Gaussian distributions, the overall uncertainty is the 

square root of the sum of the squares of the individual uncertainties. The main uncertainties 

outlined above (the choice of the lumped parameter model, aggregation, errors in the assumed 
3
H 

input, and the presence of a heterogeneous hydrogeological conductivity) are all approximately 

±15%, which would imply an overall uncertainty in mean transit times of approximately ±30%. While 

this is considerable, the conclusion that the mean transit times are years to decades long is still valid.  

Relative differences in mean transit times within or between catchments are more readily assessed. 

The subcatchments may have flow paths with different geometries or different degrees of 

heterogeneity of hydraulic conductivity, which affects the comparison of mean transit times 

between subcatchments. However, if the geometry of the flow paths in an individual subcatchment 

are similar during wetter and drier periods and the hydraulic conductivities do not change, relative 

differences in mean transit times at different streamflows in the same subcatchment are more 

robustly calculated. The 
3
H activities of rainfall are probably closely similar over areas the size of the 

study area (e.g., Tadros et al., 2014). Again this allows the relative differences in mean transit times 

at different streamflows in the same subcatchment to be more readily assessed. By contrast, 

aggregation may affect the comparison of mean transit times both between subcatchments and 

within the same subcatchment at different streamflows if different stores of water are mobilised.   

5.4. Predicting mean transit times 

Table 3 and Figure 10 summarises correlation coefficients between catchment attributes (Table 1) 

and the 3H activities at the low streamflow conditions in April 2015 (Table A1). Because 3H activities 

are directly related to mean transit times, correlations between catchment attributes and mean 

transit times are similar. Correlation coefficients are considered to be strong at R2 ≥ 0.75, moderate 

at 0.75 > R2 > 0.5, and weak at R2 ≤0.5. There are few strong correlations (Table 3, Fig. 10). The 3H 

activities and the runoff coefficient are weakly correlated (R2 = 0.37) for the dataset as a whole but 
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have moderate to strong correlations (R
2
 = 0.65 to 0.90) within the two catchments. Slopes and 

3
H 

activities have a strong negative correlation in the upper Yarra subcatchments (R
2
 = 0.88) but have 

weak negative correlations (R
2
 = 0.08) in the upper Latrobe subcatchments and a week positive 

correlation (R
2 

= 0.32) across the two catchments. There is a weak negative correlation between the 

proportion of cleared land and 
3
H activities (R

2
 = 0.46) in the dataset as a whole and in the two 

individual catchments (R
2
 = 0.1 to 0.27). Drainage densities are weakly correlated with 

3
H activities 

both within (R
2
 = 0.31 to 0.15) and across (R

2
 = 0.03) the two catchments. Both the maximum and 

mean distances are have strong negative correlations with 
3
H activities in one of the catchments (R

2
 

= 0.75 and 0.81), but are not correlated across the two catchments (R
2
 = 0.00 and 0.17). 

Overall there are no strong correlations between most catchment attributes 
3
H activities that apply 

in both catchments or across the two catchments. The correlation between runoff coefficients and 

3
H activities are stronger, especially within the catchments. The same range of factors that control 

the mean transit times probably control the runoff coefficient. For example, catchments with high 

evapotranspiration rates will have lower rates of recharge that result in longer mean transit times 

and lower runoff coefficients. Thus, as is the case elsewhere in southeast Australia (Cartwright and 

Morgenstern, 2015), the runoff coefficient may be a plausible proxy for mean transit times for 

streams in the same catchment.   

There are multiple interacting factors that control the transmission of water through catchments 

(e.g., as discussed by McGuire et al., 2005; McGuire and McDonnell, 2006; Soulsby et al., 2009; 

Hrachowitz et al., 2009a, 2009b, 2010, 2013; Lachassagne et al., 2011). In addition to the 

geomorphology and geometry of the catchments, the hydraulic properites of the soils and 

underlying rocks together with variations in the degree of evapotranspiration are also important. 

Because clearing of eucalypt vegetation in southeast Australia was commonly followed by an 

increase in recharge (Allison et al., 1990; Cartwright et al., 2006), it was anticipated that the mean 

transit times in the cleared Yarra catchment would be shorter than those in the Latrobe catchment, 

which is dominated by native forests. However, this was not observed. Other differences between 

the two catchments (e.g., geology, rainfall, and possibly soil types) may have more impact than 
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differences in land use. Thus, while land clearing may have reduced mean transit times in the Yarra 

catchment, this is not apparent by comparison with adjacent catchments. 

In other catchments in southeast Australia and elsewhere , major ion concentrations may be used as 

a proxy for 
3
H activities (Morgenstern et al., 2010; Cartwright and Morgenstern 2015, 2016a, 2016b; 

Beyer et al., 2016; Howcroft et al., 2017). The major ion concentrations in the upper Latrobe 

subcatchments are generally lower than those in the Yarra subcatchments, which broadly reflects 

the differences in 
3
H activities. In detail, however, major ion concentrations and 

3
H activities are 

poorly correlated (e.g., Fig. 5). This lack of correlation may be due to different weathering reactions 

occurring at different localities in the catchments and evapotranspiration rates being spatially 

variable. Correlations within individual subcatchments at different streamflows are locally stronger. 

For example, R
2
 values for the correlation between Na and 

3
H are up to 0.96 in the upper Latrobe 

subcatchments and up to 0.72 in the upper Yarra subcatchments. This may allow the major ion 

geochemistry to be used as a proxy for 
3
H at different streamflows in individual subcatchments. 

6. Summary and Conclusions 

Calculating precise mean transit times is difficult due to a range of uncertainties, and characterising 

a catchment in sufficient detail to reduce some of these uncertainties would be difficult. However, 

estimating broad ranges of mean transit times is feasible. Additionally, determining the variation of 

mean transit times at different streamflows within the same subcatchment is more easily achieved 

than comparing mean transit times between subcatchments. The conclusion that the mean transit 

times at baseflow conditions are several years to decades in both the upper Yarra and upper Latrobe 

catchments is robust and is vital information for catchment management. Firstly, it suggests that 

there is a long-lived store of water in these catchments that can sustain streamflow during drought 

periods. Additionally, the long mean transit times may result in considerable delay in contaminants 

reaching the streams via the groundwater. In the Latrobe catchment, agriculture, local housing 

developments, and small-scale industries are potential sources of contaminants (particularly 

nitrate).  

That it was not possible to reliably predict 
3
H activities from individual catchment attributes 

(including a major difference in landuse) or the major ion geochemistry limits our ability to make 
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first-order predictions of mean transit times in similar catchments or at different times. The runoff 

coefficient, which has proven to be a reasonable indicator of mean transit times elsewhere in 

southeast Australia (Cartwright and Morgenstern, 2015), provided the most reliable prediction of 

mean transit times. This is probably due to both the runoff coefficient and mean transit times 

reflecting recharge rates within the catchments. Mean transit times are likely controlled by the 

interaction of catchment attributes, the hydraulic properties of the soils, regolith, and aquifers, and 

evapotranspiration rates. Characterising hydraulic properties or evapotranspiration across a whole 

catchment would be difficult and understanding how the various attributes combine to control 

mean transit times is also difficult.   

The mean transit times in the upper Yarra and Latrobe catchments are years to decades. Similar 

mean transit times are documented elsewhere in Australia (Cartwright and Morgenstern, 2015, 

2016a, 2016b; Duvert et al., 2016; Howcroft et al., 2017) and New Zealand (Morgenstern et al., 

2015). However, mean transit times in catchments elsewhere appear to be only a few years (e.g., 

McGuire and McDonnell, 2006; Hrachowitz et al., 2009a, 2009b; Speed et al., 2010). It is not clear 

whether the differences in mean transit times relates to differences in climate, depth of weathering, 

vegetation types, soil properties, or relief. This together with the challenge in predicting mean 

transit times illustrates the difficulties in generalising upper catchment behaviour on a global scale.  
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Figure Captions 

Fig. 1a. General location map of the study area, boxes show locations of the upper Yarra and Latrobe 

catchments. Abbreviations Mel = Melbourne, YJ = Yarra Junction. 1b. General geology map of the 

upper Latrobe and upper Yarra catchments (Energy and Earth Resources, 2017) together with the 

stream network. Sampling sites: GA = Gentle Annie; LL = Lower Lock; NJ = Noojee; TO = Tooronga; UL 

= Upper Loch; WG = Willowgrove; CK = Cockatoo; SB = Stringybark; WA = Wandin Yallock; WY = 

Woori Yallock. The coordinates of the sampling sites are in Table A1. 1b. Digital elevation maps of 

the upper Latrobe and upper Yarra catchments (Victoria Open Data, 2016).   

Fig. 2a. Sampling times for this study relative to the flow frequency curve for Noojee (Fig. 1). 2b. 

Variation in streamflows at Noojee between January 2015 and June 2016.  Data from Department of 

Environment, Land, Water and Planning (2017). 

Fig. 3a. 
3
H activities vs. catchment area for the upper Latrobe (Lt) and Yarra (Ya) catchments in the 

different sampling rounds. 3b. Variations in 
3
H activities with streamflow in the individual 

catchments (no streamflow data is available for Tooronga or Upper Loch). Dashed line is the 
3
H 

activity of the Yarra Junction rainfall sample. Shaded box is the interpolated range of average annual 

rainfall 
3
H activities from Tadros et al., (2014). Data from Table A1. Abbreviations: GA = Gentle 

Annie; LL = Lower Lock; NJ = Noojee; TL = Tooronga; UL = Upper Loch; WG = Willowgrove; CK = 

Cockatoo; SB = Stringybark; WA = Wandin Yallock; WY = Woori Yallock.  

Fig. 4a. Variations Na concentrations with streamflow in the individual catchments (no streamflow 

data is available for Tooronga or Upper Loch). Rainfall is the composition of the Yarra Junction 

rainfall sample. Data from Table A1. Abbreviations: GA = Gentle Annie; LL = Lower Lock; NJ = Noojee; 

TL = Tooronga; UL = Upper Loch; WG = Willowgrove; CK = Cockatoo; SB = Stringybark; WA = Wandin 

Yallock; WY = Woori Yallock. 4b. Variations in EC values with streamflow at Noojee (Data from 

Department of Environment, Land, Water and Planning, 2017). The arrowed trend depicts the 

predicted EC vs streamflow trend for dilution of baseflow (assumed to have an EC value typical of 

the stream at low streamflows) with rainfall that has EC values typical of non-coastal rainfall in 

southeast Australia (e.g., Blackburn and McLeod, 1983; Crosbie et al., 2012; Cartwright and 
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Morgenstern, 2015, 2016a,b) constructed following Godsey et al. (2009) and Cartwright and 

Morgenstern (2015). 

Fig. 5. Na concentrations vs. 
3
H activities for the individual catchments and the Yarra Junction rainfall 

sample (data from Table A1). Abbreviations: GA = Gentle Annie; LL = Lower Lock; NJ = Noojee; TL = 

Tooronga; UL = Upper Loch; WG = Willowgrove; CK = Cockatoo; SB = Stringybark; WA = Wandin 

Yallock; WY = Woori Yallock.  

Fig. 6.  Variations in Na/Cl (6a) and Cl/Br (6b) with Cl concentrations (data from Table A1). Overall 

weathering and salt (e.g., halite or anthropogenic sources of Cl) dissolution are minor. Shaded boxes 

are typical composition in non-coastal rainfall in southeast Australia (e.g., Blackburn and McLeod, 

1983; Herczeg et al., 2001; Cartwright et al., 2006; 2014; Crosbie et al., 2012; Cartwright and 

Morgenstern, 2015, 2016a,b).    

Fig. 7. 
3
H activities vs. depth at the model outlet for varying degrees of heterogeneity (Het) in K. Hom 

is the homogeneous FEFLOW model. 

Fig. 8. 
3
H activities vs. mean transit times at the model outlet for varying degrees of heterogeneity in 

K. Hom is the homogeneous FEFLOW model. Arrowed line shows range of mean transit times for a 

3
H activity of 1.5 TU. Dashed line is the exponential mixing model from TracerLPM for reference. 

Fig 9a. Mean transit times vs. 
3
H activities (Tables A1, 2) calculated using the lumped parameter 

models discussed in the text. EMM = Exponential Model; EPF = Exponential-Piston Flow Model (EPF 

in brackets); DM = Dispersion Model (DP in brackets). The shaded area depicts the range of 
3
H 

activities in the upper Latrobe and Yarra streams. Ranges of 
3
H activities for the upper Latrobe (solid 

lines) and Yarra (dashed lines) catchments for April 2015, August 2015, November 2015, and March 

2016 also indicated.  9b. Impacts of varying 
3
H activity of modern rainfall from 2.6 to 3.0 TU on mean 

transit time calculated using the Exponential-Piston Flow Model (EPF = 0.33). 9c. Impacts of varying 

3
H activity of rainfall between 90 and 110% of its assumed values on mean transit time calculated 

using the Exponential-Piston Flow Model (EPF = 0.33).  

Fig. 10. Correlations between 
3
H activities in April 2015 and the average runoff coefficient (10a), 

average slope (10b), drainage density (10c), and catchment area (10d). Data from Table A1 and Table 
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1. Correlation coefficients are shown for the Yarra (Ya) and Latrobe (Lt) subcatchments and the data 

as a whole (All). 

  



  

33 

 

Table 1. Catchment attributes 

 

Site Area  

Drainage 

Density  Slope  

Cleared 

land  

Max 

dist.
a
  

Mean 

dist.
a
  

Runoff 

Coefficient 

 km
2
 km

-1
 % % km km % 

Latrobe Catchment       

Gentle Annie 63.8 0.98 24.27 0 1.21 0.31 28-35b 

Tooronga 62.1 1.00 25.32 1 1.12 0.30 41-52 

Upper Loch 66.4 1.00 26.64 1 1.03 0.31 ne
c
 

Lower Loch 114.2 0.99 26.31 5 1.18 0.32 18-23 

Noojee 287.9 0.98 23.98 11 1.21 0.31 23-29 

Willow Grove 559.0 1.00 24.06 18 1.21 0.31 23-29 

Yarra Catchment       

Stringybark 8.7 0.98 11.98 99 0.89 0.30 40-53 

Wandin 32.0 0.93 11.33 99 1.00 0.32 25-33 

Cockatoo 49.2 1.00 15.65 95 1.14 0.29 20-26 

Woori Yallock 323.4 1.04 14.78 85 1.19 0.29 19-25 

 

a: Maximum and mean distances to the stream 

b: Range calculated on maximum and minimum estimates of annual rainfall in the catchment 

c: ne = not estimated 
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Table 2. Estimated mean transit times 

 

Sample EFM
b
 EPM (0.3) EPM (1) DM (0.1) DM (1) 

 yr yr yr yr yr 

7/04/2015 

Willow Grove (LT)
a
 31.7 28.1 22.2 21.2 32.8 

Noojee (LT) 35.3 31.3 26.2 36.8 37.2 

Tooronga (LT) 25.4 21.2 16.8 16.0 25.6 

Upper Loch (LT) 35.8 31.8 26.9 38.0 37.8 

Lower Loch (LT) 38.2 34.0 30.9 41.9 40.9 

Gentle Annie (LT) 32.8 29.0 23.1 22.7 34.0 

Woori Yallock (Y) 46.6 41.4 45.9 49.4 51.8 

Cockatoo (Y) 54.1 47.6 56.2 53.9 62.0 

Wandin (Y) 39.1 34.7 32.6 42.9 42.0 

Stringybark (Y) 36.3 32.2 27.7 39.0 38.4 

12/08/2015 

Willow Grove (LT) 13.9 10.8 9.9 10.1 14.7 

Noojee (LT) 16.3 12.6 11.6 11.4 16.9 

Tooronga (LT) 10.0 8.2 7.3 7.7 11.1 

Upper Loch (LT) 11.8 9.4 8.5 8.9 12.9 

Lower Loch (LT) 18.3 14.1 13.2 12.3 18.6 

Gentle Annie (LT) 23.9 19.4 15.9 15.2 24.1 

Woori Yallock (Y) 27.5 23.2 18.3 17.3 27.9 

Cockatoo (Y) 35.1 31.1 25.6 33.9 36.9 

Wandin (Y) 19.8 15.4 13.9 13.1 20.0 

Stringybark (Y) 24.5 20.0 16.3 15.5 24.7 

      

18/11/2015 

Willow Grove (LT) 29.2 24.8 19.7 18.5 29.8 

Noojee (LT) 30.4 26.2 20.9 19.6 31.2 

Tooronga (LT) 18.9 14.5 13.3 12.6 19.2 

Upper Loch (LT) 26.4 21.7 17.5 16.6 26.6 

Lower Loch (LT) 34.1 30.1 24.3 24.9 35.6 

Gentle Annie (LT) 30.8 26.6 21.4 19.9 31.7 

Woori Yallock (Y) 36.8 32.4 27.4 37.7 38.8 

Cockatoo (Y) 42.6 37.5 36.8 45.6 46.2 
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Wandin (Y) 24.8 20.1 16.5 15.7 25.0 

Stringybark (Y) 39.4 34.7 31.5 42.1 42.1 

30/03/2016 

Willow Grove (LT) 28.8 24.0 19.2 18.2 29.4 

Noojee (LT) 34.2 29.8 24.3 24.5 35.7 

Tooronga (LT) 25.6 20.6 17.0 16.1 25.9 

Upper Loch (LT) 33.8 29.4 23.9 23.7 35.2 

Lower Loch (LT) 38.9 34.1 30.0 40.5 41.1 

Gentle Annie (LT) 34.5 30.0 24.5 24.0 36.0 

Woori Yallock (Y) 40.2 35.3 32.1 42.6 43.2 

Cockatoo (Y) 48.0 41.9 44.2 49.6 53.3 

Wandin (Y) 30.9 26.3 21.1 20.0 31.8 

Stringybark (Y) 38.3 33.6 29.1 39.7 40.7 

 

a: LT = Latrobe catchment; Y = Yarra catchment 

b: Lumped parameter models: EFM = Exponential flow model, EPM = exponential-piston flow model 

(EPM ratio in brackets); DM = dispersion model (DP in brackets). 
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Table 3. Correlation coefficients between catchment attributes and 3H activities. 

 

Catchment Attribute Combined
a 

Yarra Latrobe 

Area 0.01b 0.12 0.00 

Slope 0.32 0.88 0.08 

Max dist. 0.00 0.75 0.00 

Mean dist. 0.17 0.43 0.81 

Drainage density 0.03 0.31 0.15 

% Cleared land 0.46 0.01 0.27 

Runoff coefficient
c
 0.37 0.65 0.90 

 

a: Correlations across both catchments 

b: R
2
 values. Positive correlations in plain type, negative correlations in italics, strong correlations 

(R
2
≥0.75) in bold 

c: Average value from Table 2 assumed 

 

 

 



  

Highlights 

• Mean transit times in southeast Australian catchments are years to decades 

• Land clearing had little impact on regional mean transit times 

• No simple catchment controls on mean transit times 

• Despite considerable uncertainties relative differences in transit times are robust 

 




