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Abstract 

 

Identification and Quantification of Municipal Water Sources 

Contributing to Urban Streamflow in the Austin, Texas, Area 

 

Jonathan Wells Snatic, M.S.Geo.Sci. 

The University of Texas at Austin, 2013 

 

Supervisors:  Jay L. Banner and John M. Sharp Jr. 

 

Previous studies have shown that municipal water can provide a substantial 

surface water and groundwater recharge source for the Edwards aquifer in central Texas. 

Knowledge of how water sources to urban watersheds change with urbanization is 

essential for sustainable water resource management. The range for 
87

Sr/
86

Sr values for 

Austin municipal water (0.7086–0.7094) is distinct from that of naturally occurring 

phreatic groundwater (0.7076-0.7079) and stream discharge in many rural watersheds 

(0.7077– 0.7084). Many streams in urbanized Austin watersheds have elevated 
87

Sr/
86

Sr 

values (0.7085–0.7088) relative to these rural streams. These differences demonstrate the 

potential for Sr isotopes to serve as a tracer of municipal water inputs to urban 

streamflow.  A few urban streams and springs, however, have 
87

Sr/
86

Sr values higher than 

those of municipal water. Soil is the likely source of these elevated values. Spatial 

variability in the distribution of high 
87

Sr/
86

Sr soil and temporal variability in soil-

exchangeable Sr contributions to groundwater may result in naturally high streamflow 

87
Sr/

86
Sr values, making the identification and quantification of municipal water as a 



 vi 

streamflow source using Sr isotopes unreliable in some instances. Temporal variability in 

climatic conditions and resulting changes in effective moisture can result in distinct 

natural groundwater 
87

Sr/
86

Sr and Mg/Ca ratio variations, due to differences in overall 

groundwater residence times and water-rock interaction. Unlike natural water sources, 

municipal water inputs to urban watersheds peak during the summer (and periods of 

drought) when natural recharge inputs (precipitation) are minimal or nonexistent. Thus, 

proportions of natural vs. municipal water sources in the streamflow of some highly 

urbanized streams vary seasonally, resulting in distinct 
87

Sr/
86

Sr and Mg/Ca temporal 

trends, based on the recharge source. In some urban watersheds, municipal water appears 

to be a significant streamflow component during dry periods. However, temporal 

variation in natural Sr inputs to vadose and phreatic groundwater may result in the 

overestimation of municipal water contributions to streamflow and groundwater recharge 

during relatively wet periods. 
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INTRODUCTION 

Knowledge of how the sources of water to watersheds change, in terms of 

quantity and quality, with urbanization is necessary to model and predict future 

environmental conditions and water resource availability. Groundwater recharge typically 

increases along with urbanization. In addition to natural recharge sources, this increase is 

attributed to inputs of imported municipal water, that is, water that municipalities obtain, 

treat, and disperse for domestic, commercial, and industrial use (Garcia-Fresca and 

Sharp, 2005). These municipal water sources not only recharge groundwater, but can also 

augment stream flow and spring discharge in urban watersheds, particularly during 

drought. For Texas, meeting both short-term demand during drought and long-term 

demand with population growth and a changing environment, while minimizing 

environmental impact, is a water management goal that requires detailed knowledge of 

groundwater recharge and surface water sources that will likely change with urbanization 

(Ridgeway and Petrini, 1999).  Determining the influence of municipal vs. natural 

recharge sources on stream composition is a key goal of this study, and Sr isotopes are 

applied in conjunction with elemental tracers to better define this relationship.  
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ORGANIZATION 

This thesis consists of two chapters (Chapter 1 and 2) and appendices A thru C. 

Chapter 1 is a general introduction and background to a four year investigation of urban 

recharge in Austin, Texas. Chapter 2 focuses on this investigation and is written as a 

stand-alone manuscript. The methods employed to acquire the data used in this 

investigation are detailed in Appendix A and B and the data are presented in Appendix C. 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

  

1.1 Importance  

The Edwards aquifer is one of the most productive carbonate aquifers in the 

United States, supplying groundwater for agricultural, industrial, recreational, and 

domestic use for almost two million people in central Texas (EARDC, 2011). The area 

that overlies and abuts the Edwards aquifer, including the metropolitan areas of Austin 

and San Antonio, is experiencing rapid population growth. This trend is expected to 

continue, with current populations projected to double in the next 50 years (TWDB, 

2007). Texas also faces the possibility of warmer and drier climatic conditions in the near 

future due to climate change (Banner et al., 2010). Meeting both short-term demand 

during drought and long-term demand with population growth, while minimizing 

environmental impact, is a water management goal that requires detailed knowledge of 

groundwater recharge and surface water sources that will change with urbanization 

(Ridgeway and Petrini, 1999). Imported municipal water is a potential source of recharge 

for the Edwards aquifer, and this investigation is an attempt to identify municipal water 

sources contributing to streamflow in urban watersheds. 

 

1.2 Background 

 Previous investigations have shown municipal water to be a potential source of 

groundwater recharge in the rapidly urbanizing Austin, Texas, area. Sr isotopes provide a 

means to trace municipal water in urban streams, and thereby constrain recharge sources 

in urban watersheds.  
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1.2.1 URBAN RECHARGE  

The fact that urbanization alters watershed hydrology is well established; changes 

in land use modify the surface and shallow subsurface of watersheds (Sharp et al., 2001). 

This, in turn, alters potential infiltration pathways for precipitation to recharge 

groundwater (Garcia-Fresca and Sharp, 2005). At one time it was commonly believed 

that the construction of impervious cover would reduce overall groundwater recharge by 

increasing runoff and preventing the direct infiltration of precipitation (Lull and Sopper, 

1966; Leopold, 1968). While runoff and peak stream discharge may increase with 

urbanization, it was often assumed that groundwater recharge and stream base flow 

would consequently decrease (Leopold, 1968; Douglas, 1983). Researchers have 

observed, however, that urbanization often enhances groundwater recharge (Lerner, 

1986; Garcia-Fresca and Sharp, 2005) and urban spring discharge and stream base flow 

(Rantz, 1964; Meyer, 2005; Konrad and Booth, 2005; Brandes et al., 2005, Christian et 

al., 2011).  

This increase in recharge can be due to several factors. For one, ever-present 

fractures and joints in pavements are permeable, allowing for indirect recharge of 

precipitation in areas thought to be impermeable (Wiles, 2008). Once infiltrated, much of 

this water is subject to reduced evapotranspiration due to the overall reduction in the area 

covered by vegetation (van Dam and van der Ven, 1984; Thomson and Foster, 1986; 

Dow and DeWalle, 2000). In addition to such natural recharge sources in urban areas, 

imported municipal water (i.e., water that municipalities obtain, treat, and disperse for 

domestic, commercial, and industrial use) can contribute substantially to groundwater 

recharge and stream base flow in urban areas. Water mains tend to leak. Treated water 

loss rates of around 25% are considered normal, but rates can be considerably higher 

(Lerner, 1986; Foster et al., 1994; Sharp et al., 2000). Wastewater sewer leakage can also 
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be a substantial source of recharge to groundwater in urbanized watersheds (Sharp et al., 

2000; Barrett et al., 1997). The occurrence of elevated Na and Cl concentrations in urban 

streamflow and groundwater due to sewer leakage is common (Rose, 2007; Fitzpatrick, 

2007), and their concentrations in stream base flow typically increase with the degree of 

watershed urbanization (Hatt et al., 2004; Rose, 2007; Christian et al, 2011). Lawn and 

garden irrigation can also be a sizeable source of water in urban watersheds (Lerner 1986, 

Garcia-Fresca and Sharp, 2005; Passarello et al., 2012). Advancing knowledge of how 

potential surface and groundwater recharge sources change with urbanization can 

advance capabilities to model and predict future environmental conditions and water 

resource availability.  

1.2.2 URBAN RECHARGE IN CENTRAL TEXAS 

Previous investigations show that municipal water is a substantial surface water 

and groundwater recharge source to the Edwards aquifer in central Texas, as a result of 

urbanization in the aquifer’s contributing and recharge zones (Sharp et al., 2000; Garcia-

Fresca and Sharp, 2005; Budge and Sharp, 2009; Christian et al., 2011; Passarello et al., 

2012). The City of Austin states that approximately 12% of the water it distributes for 

municipal supply is lost during transmission to customers (Austin American Statesman, 

1998). Passerello et al. (2011) estimate main leakage to be the greatest municipal source 

of recharge to Austin. Recharge by the infiltration of excess lawn irrigation, while not as 

substantial a recharge source as main leakage, peaks during typical hot and dry Texas 

summers and is a significant potential source of recharge by municipal water during 

drought (Garcia-Fresca and Sharp, 2005; Passarello et al., 2012). Austin water use 

increases by almost 50% in July, August, and September compared to the rest of the year. 

A substantial portion of this increase is due to lawn irrigation (McCormick and Walker, 
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2010). Austin’s summer water usage intensified during the record drought of 2011, 

despite water-use restrictions imposed by the city, with August usage more than double 

that of February (S. Boukhonine, personal communication).  

Evidence of municipal water sources augmenting spring discharge has been found 

in the Austin area. Sharp et al. (2009) document a cumulative increase, relative to 

precipitation, in Barton Springs discharge since the 1960s, coinciding with urbanization 

in the spring’s contributing and recharge zones. Lorenzo-Rigney and Sharp (1999) 

estimate up to 10% of Barton Spring’s discharge may be municipal water during periods 

of drought. Similarly, some Austin area streams have experienced an increase in 

discharge (up to 95%) as a result of municipal water sources contributing to base flow in 

highly urbanized watersheds (Christian et al., 2011).  

1.2.3  SR ISOTOPES AS A TRACER OF URBAN RECHARGE 

The best tracers of groundwater recharge sources are easy to measure and 

conservative, and have a constant concentration that is unique to their source (Barrett et. 

al, 1999). Strontium (Sr) isotope ratios (
87

Sr/
86

Sr) can be measured precisely with mass 

spectrometry and are conservative in the sense that Sr does not fractionate during mineral 

precipitation and isotope values will not change with dilution or evaporation. Therefore, 

Sr can serve as a tracer of mixing between two or more endmember waters when the 

endmembers are isotopically distinct and have constant values. Strontium (Sr) is a trace 

element that becomes a minor constituent in most natural waters through the chemical 

weathering of and cation exchange with various minerals. Surface water and groundwater 

acquires distinct 
87

Sr/
86

Sr values depending on the age and type of minerals that the water 

comes in contact with (and their 
87

Sr/
86

Sr values); the degree of water–rock interaction or 
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cation exchange the water undergoes with these minerals along its flow path; and mixing 

with other waters (Faure, 1963; Wadleigh et al., 1985; Banner et al., 1994).   

Studies by Faure (1963), Wadleigh et al. (1985), Goldstein and Jacobson (1987), 

Palmer and Edmond (1992) and Yang et al. (1996) have demonstrated that the 
87

Sr/
86

Sr 

value of rivers around the world is controlled by the geology of their drainages. Likewise, 

with an understanding of an area’s geology, inferences can be made about the water’s 

origin. Sr isotopes have been used to identify sources of: recharge to groundwater 

(Negrel, et al, 2004), base flow to streams (Rose and Fullagar, 2005), spring discharge 

(Lyons et al., 1995; Neuman et al., 1995), sources of pollution of groundwater (Brink and 

Frost, 2007; Naftx et al., 1997), and to identify urban sources of recharge (Leung and 

Jiao, 2006; Christian et al., 2011). Sr isotopes have been employed together with other 

environmental isotopes and geochemical parameters to determine the evolution of 

groundwater, including recharge source/location, migration histories, degrees of water–

rock interaction, and mixing (Banner et al, 1989; Oetting et al., 1996; Gosselin et al., 

2004). 

Because of geologic differences between the drainages that contribute 

groundwater recharge to the Edwards aquifer and surface water to the reservoirs 

supplying municipal water to Austin and surrounding communities, these two potential 

recharge sources to urban watersheds have distinct Sr isotope signatures.  Christian et al. 

(2011) applied Sr isotopes and other geochemical tracers to identify and quantify 

municipal water contributions to urban streamflow in and around Austin.  Derived from 

the Colorado River, Austin’s municipal water has a higher 
87

Sr/
86

Sr signature (0.7090) 

than natural groundwater providing streamflow to non-urbanized portions of the study 

area (0.7080–0.7085). Christian et al. (2011) found that highly urbanized watersheds in 

Austin had stream Sr signatures similar to municipal water, whereas those in nonurban 
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watersheds were similar to carbonate rock and phreatic groundwater values. Sr isotopes 

have been similarly applied by Leung and Jiao (2006) as tracers of urban recharge 

sources in Hong Kong, where municipal water is isotopically distinct from local 

groundwater. 

In addition to carbonate host rocks, overlying soils contribute Sr to vadose and 

phreatic groundwater (Oetting, 1995; Musgrove and Banner, 2004). Austin area soil-

exchangeable 
87

Sr/
86

Sr values (0.7082–0.7100) range higher than those of municipal 

water. In this and other Austin area investigations (DeMott, 2007; Christian et al., 2011), 

urban streams and springs have been found to have 
87

Sr/
86

Sr values higher than those of 

municipal water. Spatial variability in high 
87

Sr/
86

Sr soil distribution and temporal 

variability in soil-exchangeable Sr contributions to vadose and shallow phreatic 

groundwater may result in these naturally high 
87

Sr/
86

Sr values. In addition to municipal 

water, therefore, soil-exchangeable Sr is another possible source contributing to the 

elevated 
87

Sr/
86

Sr values observed in some urban Austin streams (Christian et al., 2011; 

this study).  

1.2.4  PROJECT AREA: BRUSHY CREEK WATERSHED 

Both north Austin and central Austin watersheds have experienced varying rates 

and amounts of urbanization over time. With the exception of Lake Creek, all other North 

Austin watersheds have undergone rapid urbanization in the past 20 years. Cedar Park 

and Leander have been among the fastest growing suburbs in the country during the 

2000s with populations having grown by 88% and 250%, respectively, between 2000 and 

2010 (Hill Country News, 2011).  As result of Austin’s urban sprawl, development within 

Cedar Park and Leander city limits consists predominantly of residential and commercial 

land use. Central Austin watersheds and Lake Creek (LAKE) watershed have greater 
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ranges in age, amounts, and urban land use types. As is typical with urban sprawl, the 

oldest and densest urban development (Shoal and Waller Creeks) is concentrated in 

central/downtown Austin (Fig. 1). The age of structures generally becomes younger and 

land use less dense at greater distances from the downtown Austin area (Christian et al., 

2011).  

To meet municipal water needs, Cedar Park and Leander use Lake Travis, a 

reservoir on the Colorado River.  Austin, located south of Cedar Park, procures water 

from Lake Austin, another Colorado River reservoir immediately downstream of Lake 

Travis. Upstream of lakes Austin and Travis the Colorado River catchment includes the 

Llano Uplift, an area in excess of 100 mi
2
 (260 km

2
) where Precambrian igneous 

intrusive bodies have been exposed at the surface by erosion.  As they weather, these 

rocks impart a higher, more radiogenic 
87

Sr/
86

Sr signature to surface and groundwater 

than the Cretaceous carbonate rocks that are the bedrock of the watersheds farther 

downstream (Christian et al., 2011). If stream base flow is isotopically similar to that of 

carbonates, Sr isotopes may be used as a geochemical tracer of municipal water supply 

derived from the Colorado River basin and introduced into urban watersheds for domestic 

water supply in the study area. Cedar Park and Leander lose an estimated 18% (Austin 

American Statesman, 1998) of treated water during transmission to customers while 

Austin loses about 12% (Garcia-Fresca and Sharp, 2005). 

 

1.3 Knowledge gained, remaining uncertainties, and ideas for further 

research 

As a result of the following investigation, I conclude that municipal water is, 

indeed, a groundwater recharge source and a stream base flow component in the Austin, 
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Texas area. Because the continued rapid urbanization of this area is all but certain, 

municipal water should play an increasing role as a groundwater recharge source. Thus, 

further research into the identification and quantification of municipal water as a 

groundwater recharge source is likely. Below I summarize what I have learned, some 

uncertainties that still exist with regard to quantifying urban recharge in the Austin area, 

and ideas for reducing these uncertainties with further research. 

1.3.1 KNOWLEDGE GAINED AND REMAINING UNCERTAINTIES 

Municipal water is a substantial base flow component in some Austin-area 

streams and is likely a groundwater recharge source in most Austin-area urban 

watersheds. Sr isotopes can serve as tracers of this municipal water in Austin-area 

streamflow in some instances. This is because municipal water is isotopically distinct 

from relatively long-residence time groundwater that has undergone extensive water-rock 

interaction with the Austin-area carbonates. Recently infiltrated groundwater 
87

Sr/
86

Sr 

values, however, can be within the same range as those of municipal water due to 

exchangeable Sr in area soils. Natural streamflow, as a result, can be difficult to 

distinguish from streamflow with a substantial municipal water component.  

One issue that should be addressed in future investigations is the documentation 

of streamflow conditions during stream sample collection. Because 
87

Sr/
86

Sr values can 

be elevated in surface water and groundwater during times of frequent precipitation, 

whether or not a stream is at base flow during sampling should be confirmed. This could 

be accomplished by using stream discharge data from existing stream gages or by 

temporarily gaging streams during the course of the investigation. With stream discharge 

records, hydrograph separation could be used to confirm when a stream is under base 

flow conditions and sampling can be planned accordingly.  
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There are also uncertainties in characterizing watersheds and areas of recharge. In 

north and central Austin watersheds, there are similarities in the distribution of soils with 

high 
87

Sr/
86

Sr leachates and urban land use. For example, Lake Creek watershed has both 

the highest percentage of urban land use (74%) and areal extent of Redland range soil 

(45%) among the north Austin streams. Similar distributions of high 
87

Sr/
86

Sr soils and 

urban land use occur in the central Austin watersheds, making it difficult to determine 

whether correlations between stream 
87

Sr/
86

Sr values and indices of watershed 

urbanization, such as land use type or percentage of impervious cover, result from 

differing quantities of municipal water in streamflow or natural variation of groundwater. 

Also, when comparing watersheds based on 
87

Sr/
86

Sr values, indices of urbanization, or 

soil type, the assumption is made that streamflow is derived solely from within that 

stream’s watershed. This assumption may not be valid in karst areas where groundwater 

flow is dominated by fractures and conduits that may cross watershed boundaries. We 

know, for example, that discharge in Barton Creek, downstream of Barton Springs, is 

predominantly composed of spring discharge. Barton Springs discharge, however, is 

derived from outside the Barton Creek watershed. Similarly, spring discharge feeding the 

north Austin streams may be derived from outside their respective watersheds. 

Furthermore, the presence of urban infrastructure, such as storm water sewers and utility 

trenches, can also alter subsurface permeability distributions and groundwater flow 

(Sharp et al., 2003). Streamflow at some sampling locations may, therefore, be derived 

from areas with more or less urban land use than is found within that stream’s watershed. 

This may explain why CLUK, with 44% urban land use in its watershed, has a substantial 

municipal water component in streamflow (at least 20% during the 2011 drought) while 

none was detected in BLKH (52% urban land use).  
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1.3.2   REDUCING UNCERTAINTIES WITH  FURTHER  RESEARCH  

Despite the uncertainties discussed above, Sr provides a unique means to 

delineate water sources in urban watersheds. In this investigation, I was able to take 

advantage of record drought to minimize soil derived Sr inputs to stream base flow and 

observe increasing proportions of municipal water in some streams while natural base 

flow waned. Although drought is common in central Texas, there may be other ways to 

reduce uncertainty and better constrain urban recharge sources during normal climatic 

conditions.  

Comprehensive reviews of methods to identify and quantify urban recharge 

sources recommend using an integrated, multicomponent approach (Barrett et al., 1999; 

Lerner, 2002).  One way to do this in central Texas would be to compare Sr isotope 

model results with measured changes in base flow. Previous investigations have been 

able to quantify changes in base flow using long-term streamflow records (Rose, 2001; 

Brandes, 2005).  Many streams in central Texas that have undergone recent urbanization 

are gaged by the USGS and are possible candidates for this type of investigation. Bull 

and Slaughter Creeks come to mind. 

There is also the potential for estimating the temporal evolution of stream or 

groundwater 
87

Sr/
86

Sr values resulting from watershed urbanization with measurements 

from a proxy record.  Comparing variation in proxy record 
87

Sr/
86

Sr values with trends in 

urbanization or trends in measured base flow would be evidence of changing sources of 

base flow with watershed urbanization. Two proxies for Austin area surface water and 

groundwater 
87

Sr/
86

Sr values have been examined in previous investigations, including 

wood from riparian tree branches as a stream water proxy (Mack et al., 2008) and 

travertine deposits as a spring water proxy (DeMott, 2007). Other proxies for Austin area 

groundwater 
87

Sr/
86

Sr values (and recharge sources) may exist. Calcite layers in 
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speleothems have been used as a high resolution proxy for groundwater 
87

Sr/
86

Sr in a 

freshwater aquifer in Barbados (Banner et al., 1996). Similarly, long-lived freshwater 

mussels found in some central Texas water bodies may provide a record of stream 

87
Sr/

86
Sr values in the annual growth layers of their shells. 
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CHAPTER 2: GEOCHEMICAL EVOLUTION OF URBAN STREAM 

BASE FLOW IN RESPONSE TO RECORD DROUGHT: 

CONSTRAINING URBAN WATERSHED RECHARGE SOURCES 

THE AUSTIN, TEXAS AREA. 

 

2.1 Abstract 

Knowledge of how water inputs to urban watersheds change with urbanization is 

essential for sustainable water resource management. Municipal water can provide a 

substantial surface water and groundwater recharge source. Research demonstrates that 

municipal recharge from the city of Austin and surrounding communities is a key source 

for the Edwards aquifer in central Texas. The range for 
87

Sr/
86

Sr values for Austin 

municipal water (0.7086–0.7094) is distinct from that of naturally occurring phreatic 

groundwater (0.7076-0.7079) and stream discharge in many rural watersheds (0.7077– 

0.7084). Many streams in urbanized Austin watersheds have elevated 
87

Sr/
86

Sr values 

(0.7085–0.7088) relative to these rural streams. These differences demonstrate the 

potential for Sr isotopes to serve as a tracer of municipal water inputs to urban 

streamflow.  A few urban streams and springs, however, have 
87

Sr/
86

Sr values higher than 

those of municipal water.  Soil is the likely source of these incongruous elevated values.  

In order to distinguish between these two potential high 
87

Sr/
86

Sr base flow sources in 

urban watersheds, I observed temporal variability in stream 
87

Sr/
86

Sr and Mg/Ca values in 

response to periods of drought. Seasonal changes in effective moisture are known to 

result in temporal groundwater 
87

Sr/
86

Sr and Mg/Ca value variability due to differences in 

overall groundwater residence times and the degree that water has interacted with aquifer 

carbonates.  Municipal water inputs to urban watersheds also respond to seasonal changes 

in effective moisture with Austin water use increasing considerably during drought, 
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predominantly for lawn irrigation. Thus, proportions of natural vs. municipal water 

sources in the streamflow of some highly urbanized streams are expected to respond to 

seasonal changes in water availability and recharge source. This response is consistent 

with 
87

Sr/
86

Sr and Mg/Ca time series for the studied watersheds. In some Austin area 

watersheds, municipal water appears to be up to a 70% base flow component during two 

periods of drought that occurred over the course of this investigation.  

 

2.2 Introduction 

The fact that urbanization alters watershed hydrology is well established (Lull and 

Sopper, 1966; Leopold, 1968; Douglas, 1983; Lerner, 1986); changes in land use modify 

the surface and shallow subsurface of watersheds (Sharp et al., 2001; Sharp, 2010). It is 

often assumed that increasing impervious cover as a result of urbanization reduces 

groundwater recharge by increasing runoff and preventing the direct infiltration of 

precipitation (Lull and Sopper, 1966; Leopold, 1968). Consequently, it is further assumed 

that groundwater recharge and stream base flow decrease with urbanization (Leopold, 

1968; Douglas, 1983). Many have observed, however, that urbanization often enhances 

groundwater recharge (Lerner, 1986; Garcia-Fresca and Sharp, 2005; Wiles and Sharp, 

2008). This can increase urban spring discharge and stream base flow (Rantz, 1964; 

Meyer, 2005; Konrad and Booth, 2005; Brandes et al., 2005). One reason this occurs is 

that ever-present fractures and joints in pavements are permeable, allowing for indirect 

recharge of precipitation in areas once thought impermeable (Wiles, 2008). Once 

infiltrated, this water may also be subject to reduced evapotranspiration, resulting from a 

reduction in area covered by vegetation (van Dam and van der Ven, 1984; Thompson and 

Foster, 1986; Dow and DeWalle, 2000). In addition to natural recharge sources, imported 
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municipal water (defined here as water that municipalities obtain, treat, and disperse for 

domestic, commercial, and industrial use) can be a substantial urban stream and 

groundwater recharge water source in urban areas by way of water main and wastewater 

sewer leakage and runoff from excessively-watered lawns and gardens (Lerner 1986, 

Garcia-Fresca and Sharp, 2005; Sharp, 2010; Christian et al., 2011; Passarello et al., 

2012).  

Previous investigations show that municipal water is a substantial surface water 

and groundwater recharge source to the Edwards aquifer in central Texas, as a result of 

urbanization in the aquifer’s contributing and recharge zones (Garcia-Fresca and Sharp, 

2005; Budge and Sharp, 2009; Christian et al., 2011; Passarello et al., 2012).  The central 

Texas area that overlies and abuts the Edwards aquifer, including the metropolitan areas 

of Austin and San Antonio, is experiencing rapid population growth. Between 2000 and 

2010, the greater Austin area population increased by 37% (Austin Chamber of 

Commerce, 2013). This trend is expected to continue, with the population of Texas 

projected to nearly double in the next 50 years (TWDB, 2012). In addition to future 

increased water demand for this growing population, Texas also faces the possibility of 

warmer and drier conditions due to climate change (Banner et al., 2010). Already subject 

to frequent droughts, the area’s future surface water availability and groundwater 

recharge may be adversely affected. For Texas, meeting both short-term water demand 

during drought and long-term demand with population growth, while minimizing 

environmental impact, is a water management goal that requires detailed knowledge of 

groundwater recharge and surface water sources (Ridgeway and Petrini, 1999).   

In the contributing and recharge zones of the Edwards aquifer in central Texas, 

streamflow may be a substantial groundwater recharge source. Christian et al. (2011) 

applied Sr isotopes and other geochemical tracers to identify and quantify municipal 



 17 

water contributions to urban streamflow in and around Austin. Because of geologic 

differences between the drainages that contribute 1) groundwater recharge to the Edwards 

aquifer and 2) surface water to the reservoirs supplying municipal water to Austin and 

surrounding communities, these two potential water sources to urban watersheds have 

distinct Sr isotope signatures. Derived from the Colorado River, Austin’s municipal water 

has a higher 
87

Sr/
86

Sr signature (0.7090) than natural groundwater providing streamflow 

in non-urbanized portions of the study area (0.7080–0.7085). Christian et al. (2011) found 

that highly urbanized watersheds in Austin had stream Sr signatures similar to municipal 

water while those in nonurban watersheds were similar to carbonate rock and phreatic 

groundwater values. Sr isotopes have been similarly applied by Leung and Jiao (2006) as 

tracers of urban recharge sources in Hong Kong where municipal water is isotopically 

distinct from local groundwater. 

In addition to carbonate host rocks, overlying soils contribute Sr to vadose and 

phreatic groundwater (Oetting, 1996; Cooke, 2007;  Musgrove and Banner, 2004). Austin 

area soil-exchangeable Sr (
87

Sr/
86

Sr) values (0.7082–0.7125) range higher than those of 

municipal water. In this study and in other Austin area investigations (DeMott, 2007; 

Christian et al., 2011), urban streams and springs have been found to have 
87

Sr/
86

Sr 

values higher than those of municipal water. Spatial variability in high 
87

Sr/
86

Sr soil 

distribution and temporal variability in soil-exchangeable Sr contributions to vadose and 

shallow phreatic groundwater may result in these naturally high 
87

Sr/
86

Sr values. In 

addition to municipal water, therefore, soil-exchangeable Sr is another possible source 

contributing to the elevated 
87

Sr/
86

Sr values observed in some urban Austin streams 

(Christian et al., 2011, this study). A means to differentiate between these two high 

87
Sr/

86
Sr sources is needed. 
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In this investigation, temporal 
87

Sr/
86

Sr variations and covariation of Sr isotopes 

with other elemental tracers in streamflow are used to delineate potential municipal water 

sources in Austin area urban watersheds.  This study focuses on tributary streams in the 

Austin area Brushy Creek watershed as well as some streams previously discussed by 

Christian et al. (2011). As Christian et al. (2011) found, a number of urbanized Austin-

area watersheds appear to have substantial municipal water contributions to streamflow, 

particularly during drought. Other urban streams, some having 
87

Sr/
86

Sr values well 

above those of nonurban endmember streams, are likely composed predominantly of 

natural groundwater.   

 

2.3 Study Area 

This investigation focuses on data I collected from several watersheds in the 

Austin, Texas, area in addition to data collected previously by Christian et al. (2011). A 

general description of the geology, soils, hydrogeology, climate, and urban development 

of these watersheds is given below.  

2.3.1 NORTH AUSTIN WATERSHEDS  

The seven urban streams sampled in this study, hereafter referred to as the “north 

Austin” streams, form in the tributary headwater catchments of Brushy Creek in 

Williamson County, Texas (Fig. 1). From north to south, these streams are: the North 

Fork of Brushy (NFKB), the South Fork of the North Fork (SFNF), Mason (MASN), 

Blockhouse (BLKH), Cluck (CLUK), Buttercup (BCUP), and Lake (LAKE) creeks. 

Located along the western extent of the northern segment of the Edwards Balcones Fault 

Zone (BFZ) aquifer contributing and recharge these streams are incised into the Edwards 

and associated limestones (Edwards and Comanche Peak Limestones) comprising the 
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Edwards aquifer and the confining Walnut Formation (Keys Valley Marl) below (Fig. 2) 

(Brune and Duffin, 1983; Baker et al., 1986). Here, groundwater recharge is derived from 

direct recharge of precipitation on the highly karstified Edwards aquifer outcrop and from 

localized recharge through numerous recharge features, including caves and sinkholes on 

the upland catchments (Kreitler et al., 1987; Duffin and Musick, 1991).  Where the local 

water table is below the channel elevation, indirect recharge occurs through streambed 

karst features (e.g. joints, fractures, swallow-holes). Groundwater levels, and therefore 

recharge, streamflow, and spring discharge, are highly dependent on precipitation 

(Senger et al., 1990; Duffin and Musick, 1991) and decrease considerably during drought 

(Ridgeway and Petrini, 1999). The mostly intermittent north Austin streams are fed by 

interflow, base flow, and spring discharge from faults, fractures, and bedding planes 

within the aquifer outcrop (Baker et al., 1986; Kreitler et al., 1987; Senger et al., 1990).  

Soils overlying the carbonate formations in the north Austin upland drainages are 

predominantly mollisols and are classified as Denton-Eckrant-Doss units in the 

Williamson County general soil survey map (USDA, 1983) and Slidell-Topsey-Brackett 

general soil type in the State Soil Geographic Database (USDA and NRCS, 1994). 

Formed by limestone weathering, these calcareous soils range from silty clay to clay 

loam, moderately deep to shallow, and are gray and brown. However, in some upland 

locations, thicker, reddish-brown soils are found. Designated as Georgetown soils in a 

Williamson County soil survey, these soils are generally grouped under the “Redland 

range” designation by the US Department of Agriculture (Werchan et al., 1974; Werchan 

and Coker, 1982). Derived from in situ weathering of a stratigraphically higher, more 

silicate rich parent material (Del Rio Clay) than the relatively pure carbonate formations 

presently exposed in the study area (Rabenhorst and Wilding, 1986; Cooke et al., 2003), 

the exchangeable Sr fraction of these soils tends to have higher 
87

Sr/
86

Sr values than other 
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thin soils found throughout most of the region (Cooke et al., 2003; Christian et al., 2011; 

this study). Formerly more widely distributed, these relict soils have been removed from 

much of the Edwards Plateau region by late Pleistocene–Holocene erosion (Cooke et al., 

2003).  

2.3.2 CENTRAL AUSTIN WATERSHEDS 

Located south of the “north Austin” study area, the watersheds sampled by 

Christian et al. (2011), hereafter referred to as the “central Austin” watersheds, are 

located within varying portions of the contributing, recharge, and confined zone of the 

northern and Barton Springs segments of the Edwards aquifer. The contributing zone is 

located west of the Edwards BFZ aquifer recharge zone on the uplifted Edwards Plateau. 

Unlike in the recharge zone, precipitation falling within the contributing zone (upper 

Glen Rose Limestone) does not directly recharge the Edwards BFZ aquifer, becomes 

runoff and base flow to the streams that then flow across the recharge zone. Several 

contributing and recharge zone streams continue to flow over the confined zone where 

the less permeable Del Rio Clay overlies and confines the Edwards aquifer. Waller Creek 

lies within the confined zone. Soils in the contributing zone are thin and similar in 

composition to soils of the recharge zone while confined zone soils tend to be thicker and 

more silicate rich (Werchan et al., 1974; NRCS, 2012). Redland range soils are found in 

all north Austin watersheds, but are located predominantly in the recharge and confined 

zones. In the vicinity of the Colorado River, silicate-rich terrace deposits (with high 

87
Sr/

86
Sr values) also occur (Christian et al., 2011).  

2.3.3 CLIMATE 

The area surrounding Austin is considered subhumid with an average annual 

precipitation of 32.5 inches (82.6 cm) as measured at Austin-Bergstram International 
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Airport (NOAA, 2011a). Precipitation is seasonal with the majority occurring in spring 

and fall while summers are typically hot and dry (Werchan and Coker, 1983; Jones, 

1991). Estimates of evapotranspiration range from 58% (Hauwert et al., 2005) to 85% of 

precipitation (Woodruff, 1984). Drought is a recurring phenomenon in central Texas 

(Banner et al., 2010; Cleaveland et al., 2011) with two periods of drought, as measured 

using the Palmer Drought Severity Index (PDSI), having occurred over the course of this 

study (NOAA, 2011b). The central and north Austin study areas are located at the 

convergence of three Texas climate divisions used by the National Climatic Data Center 

for historical climate analysis: the Edwards Plateau, North Central, and South Central 

divisions. Hereafter, the Edwards Plateau climate division (Region 6) is used as a 

reference for the purposes of describing central Texas climatic variability, as indicated by 

temporal variability in the PDSI.  

2.3.4  URBANIZATION AND MUNICIPAL WATER SOURCES 

Both the north Austin and central Austin watersheds have experienced varying 

rates and amounts of urbanization over time. With the exception of Lake Creek, all other 

north Austin watersheds have undergone rapid urbanization in the last 20 years. Between 

2000 and 2010, Cedar Park and Leander populations have grown by 88% and 250%, 

respectively (Hill Country News, 2011). This development within Cedar Park and 

Leander city limits consists predominantly of residential and commercial land use as a 

result of urban sprawl from Austin. Central Austin watersheds and LAKE have greater 

ranges in the age, amounts, and types of urban land use than north Austin watersheds. As 

is typical with urban sprawl, the oldest and densest urban development (Shoal and 

Waller) is concentrated in central/downtown Austin (Fig. 1). The age of infrastructure 

generally becomes younger and less dense farther away (Christian et al., 2011). To meet 
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their municipal water needs, Cedar Park and Leander use Lake Travis, a reservoir on the 

Colorado River. Austin, located just south of Cedar Park, procures water from Lake 

Austin, another Colorado River reservoir immediately downstream of Lake Travis. 

Upstream of lakes Austin and Travis, the Colorado River catchment includes the Llano 

Uplift, an area in excess of 100 mi
2
 (260 km

2
), where Precambrian igneous intrusive 

bodies have been exposed at the surface by erosion. As they weather, these rocks impart a 

higher, more radiogenic 
86

Sr/
87

Sr signature to surface and groundwater than do the 

Cretaceous carbonate rocks that are the bedrock of the watersheds farther downstream in 

the Austin area (Christian et al., 2011).  

 

2.4 Methods 

Seven tributary streams of the Brushy Creek watershed were sampled periodically 

between 2009 and 2012 (Fig. 1). Dates of sampling events for each site are given in Table 

1–3. Sample locations were chosen based on available stream access points upstream of 

wastewater discharge sites for Austin, Cedar Park, and Leander. Stream discharge 

measurements were made at the time of sampling in 2010 and 2011 to compare relative 

changes in stream discharge over time. Municipal water supply samples were collected 

using taps at commercial locations within each city’s municipal water distribution area 

during stream sampling (Fig. 3). In addition to the seven north Austin streams, Waller 

Creek, in the most highly urbanized central Austin watershed (Christian et al., 2011), was 

periodically sampled at a gaging station located at the University of Texas at Austin.  All 

water samples were collected in polypropylene syringes and then dispensed into 

polyethylene sample bottles through syringe filters (0.45µm). Cation and Sr sample 

syringes, filters, and sample bottles were acid-cleaned prior to sampling. All north Austin 
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stream and municipal water samples were analyzed for Sr isotope values (
87

Sr/
86

Sr) and 

major and minor cation concentrations. No samples were analyzed for anions in 2009.  

No Waller Creek samples were analyzed for anion concentrations due to prolonged hold 

times prior to analysis. 

Carbonate bedrock and overlying soils from sampled watersheds were analyzed to 

characterize natural Sr isotope signatures of primary Sr sources to surface water and 

groundwater. Bedrock samples include Edwards and Comanche Peak limestones and 

Keys Valley marl, the three carbonate rock units exposed in north Austin streambeds. 

Rock samples were dissolved in nitric acid for Sr isotope analysis. Soil samples were 

leached with 1 M NH4Ac buffered to pH = 8 to determine the exchangeable cation 

fraction. In addition to Sr isotope analysis, soil leachates were analyzed for cation 

concentrations so that trace element ratios (Mg/Ca) could be determined. Soil analyses 

are not meant to characterize each soil type present in the study area, but they are useful 

in characterizing the range in 
87

Sr/
86

Sr values and Mg/Ca values.   

Sr isotope analysis was performed at The University of Texas at Austin using a 

Thermo Scientific TRITON thermal ionization mass spectrometer. Sr isotope values are 

normalized to 
88

Sr/
86

Sr = 8.375209 using an exponential fractionation law. 
87

Sr was 

corrected for 
87

Rb by simultaneously measuring 
85

Rb and using 
87

Rb/
85

Rb = 0.38600.  

Analyses of the NIST-SRM 987 standard conducted by the author during the time of the 

entire study yield a mean 
87

Sr/
86

Sr value of 0.710266 ±19 (2σ, n=10). Analyses of the 

NIST-SRM 987 standard conducted by all users in the TIMS laboratory during the time 

of this study yield mean 
87

Sr/
86

Sr values that varied on 4- to 7-month intervals, as listed 

in Appendix B. Sr isotope values reported are those measured, and no adjustments were 

made to the NIST-SRM 987 standard values.
 
The mean difference between 

87
Sr/

86
Sr 

values for three replicate analysis pairs is ±0.000007. Procedural blanks (n=4) were in the 
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range of 5-27 pg Sr, and a field blank was 86 pg Sr. These blanks are negligible 

compared to the typical amount of Sr in the samples (0.2–1 µg).  

Cation concentrations were measured at The University of Texas at Austin with 

an Agilent 7500ce Quadrupole inductively coupled mass spectrometer. Analytical 

uncertainty for Ca, Mg, and Na concentration, established as the percent of mean 

replicate standard analysis, is 4%, 8%, and 8%, respectively. The average percentage of 

difference between sample replicates (n=5) for Ca, Mg, and Na are 0.3%, 1.2%, and 

1.0%, respectively. Major anion concentrations, other than alkalinity, were analyzed at 

The University of Texas at Austin using a Dionex ICS-2000 ion chromatograph 

following EPA method 300.0 protocols. Analytical uncertainty for measurements of Cl 

concentrations, established as the percent of mean replicate standard analysis, is less than 

3%. The average percentage of difference between sample replicates for Cl is 2.8%. 

HCO3 and CO3 concentrations were measured by digital carbonate alkalinity titration 

using the inflection point method within 24 hours of sample collection. The average 

percent difference between sample replicate pairs for HCO3 and CO3 is less than 1%. 

Computed charge balance errors are below ± 5% for 25 of 29 stream and Cedar Park 

municipal water samples with the remaining 4 below ± 7%. The charge balance error for 

Austin municipal water ranges from ± 8% to ± 15%. The high errors for the municipal 

water samples are likely due to errors in estimating HCO3 and CO3 concentrations by 

titration of water that is chemically treated to promote calcite precipitation and thereby 

reduce hardness. Because alkalinity samples are not preserved with acid, calcite 

precipitation may be occurring in municipal water alkalinity sample bottles between 

sample collection and sample analysis. HCO3 and CO3 concentrations are, therefore, 

lower in alkalinity samples than in cation samples, resulting in high biased charge 

balance errors. 
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The GIS program ArcMap 10 was used to examine the Austin area watershed 

land use indices, including the percentage of urban land use, percentage of impervious 

cover, and road index (ratio of total road length to watershed area) and soil distribution. 

Land cover data (land use and impervious cover) were acquired from the 2006 National 

Land Cover Dataset (NLCD). Austin area road network data (street centerlines) were 

obtained from the Capital Area Council of Governments (CAPCOG) website 

(www.capcog.org). Soil distribution data was obtained from the Soil Survey Geographic 

Database made available by the US Department of Agriculture’s Natural Resource 

Conservation Service. ArcGIS Geoprocessing Hydrology Tools were used to delineate 

the watersheds contributing streamflow upstream of each sample location using a 

National Elevation Dataset (NED) 30m digital elevation model. NED and NLCD data 

were obtained online from the US Geological Survey Seamless Server.  

 

2.5 Results 

Results of geochemical analyses, including Sr isotopes (
87

Sr/
86

Sr), for all north 

Austin streams are summarized in Table 1 and those for Waller Creek in central Austin 

are in Table 2.  Results from municipal water analysis are summarized in Table 3. More 

detailed geochemical and isotopic analysis results are available in Appendix C. Central 

Austin stream, soil, and rock sample analyses (except for the Waller Creek samples of the 

present study) are given in the online repository in Christian et al. (2011). 

All north Austin stream samples are dilute Ca-HCO3-type waters. Similar to 

streams in central Austin, north Austin streams in more urbanized watersheds tend to 

have higher Na and Cl concentrations. North Austin municipal water and the Colorado 

River reservoirs are also Ca-HCO3-type waters. Because the City of Austin reduces Ca 
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and HCO3 from raw water during treatment (Christian et al., 2011), municipal supplies in 

central Austin tend to be Mg-Na-Ca-HCO3-Cl-SO4-type waters. Central and north Austin 

wastewater are Na-Ca-HCO3-Cl-type waters. 

2.5.1  SR ISOTOPE VARIATIONS 

Previous investigations have determined that the primary natural Sr sources of 

vadose and phreatic groundwater in the study area are carbonate bedrock and the 

exchangeable fraction from overlying soil (Oetting, 1995, Musgrove and Banner, 2004; 

Christian et al., 2011).  The range of  
87

Sr/
86

Sr values for carbonates (0.7076–0.7079) 

(Fig. 3) is characteristic of those expected for Cretaceous marine carbonates (Burke et al., 

1982) and is consistent with Edwards group and Glen Rose limestone carbonate values 

obtained in previous investigations (0.7074–0.7079) (Musgrove and Banner, 2004; 

Christian et al., 2011; Wong et al., 2011). These values are low compared to those of the 

Eagle Ford Formation and Del Rio Clay carbonate rocks found in central Austin 

watersheds by Christian et al. (2011), ranging up to 0.7084. Phreatic Edwards aquifer 

groundwater 
87

Sr/
86

Sr ranges are similar to those of Edwards Group and Glen Rose 

Formation carbonates. Values ranging from 0.7079 to 0.7080 were obtained from Barton 

Springs, the primary discharge point for the Barton Springs section of the Edwards 

aquifer  (Christian et al., 2011; Wong et al., 2012). Soil leachate 
87

Sr/
86

Sr values range 

from slightly higher than carbonates to well above those of municipal water supply 

(0.7083–0.7125) (Fig. 4) and are consistent with other Edwards Plateau soils sampled 

previously (0.7082–0.7130) (Musgrove and Banner, 2004; Wong, 2008; Christian et al., 

2011). North and central Austin watershed soils classified as Redland range type are at 

the upper end of the range for soils (0.7086–0.7119). Some north and central Austin 
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watershed soils not classified as Redland range (e.g., Colorado River terrace deposits) 

have similarly high 
87

Sr/
86

Sr values (this study, Christian et al., 2011).  

Municipal water supplies for Cedar Park/Leander and Austin are derived from 

two Colorado River reservoirs and form two distinct municipal endmember sources. 

Cedar Park and Leander draw water from separate intakes on the Sandy Creek Arm of 

Lake Travis (Fig. 3). Municipal water samples from Cedar Park and Leander collected in 

May 2010 confirmed the similarity in the two city’s municipal supply. Austin draws 

water from Lake Austin, located directly downstream from Lake Travis. Austin 

municipal water 
87

Sr/
86

Sr values are consistently lower than those of Cedar Park/Leander 

because Lake Austin receives significant stream inflows from Colorado River tributaries 

draining carbonate terrain downstream of the Cedar Park and Leander intakes (Table 3). 

The range in 
87

Sr/
86

Sr values for Austin municipal water in 2010 was comparable to 

values obtained by Christian et al (2011) in 2001–2002 and 2008. Cedar Park and Austin 

municipal water 
87

Sr/
86

Sr values were highest in the summer of 2011 when stream 

inflows into Colorado River reservoirs were at historic lows (LCRA, 2012).  

Austin wastewater treatment plant discharge is primarily composed of municipal 

water and has 
87

Sr/
86

Sr values similar to Austin municipal water (Table 3). Samples of 

north Austin stream water collected downstream of the Cedar Park and Leander treated 

waste discharge locations have 
87

Sr/
86

Sr values between those of municipal supply water 

and stream water (0.7088–0.7091). Wastewater 
87

Sr/
86

Sr values may vary temporally as 

municipal water chemistry varies and due to inputs of storm water and groundwater 

ingress into the wastewater system during times of elevated water tables. 

Stream 
87

Sr/
86

Sr values fall within the range of natural Sr sources (soils and 

bedrock carbonates) (Table 1 & 2). With the exception of Lake Creek, all stream 
87

Sr/
86

Sr 

values also fall within the narrower range for those of phreatic groundwater and 
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municipal water supply. Lake Creek 
87

Sr/
86

Sr values are higher than those of Austin 

municipal supply during 2010. Previous studies have encountered similar cases of Austin 

surface water (spring discharge and stream base flow) with 
87

Sr/
86

Sr values higher than 

municipal water including: Shoal Creek Spring (0.7095–0.7096) and Stillhouse Spring 

(0.7087–0.7088) (DeMott, 2007) and several West Fork of Waller Creek samples 

(0.70915–0.70935) collected by Christian et al. (2011). Municipal water supply can not 

be the source of these elevated 
87

Sr/
86

Sr values.  

2.5.2  SPATIAL VARIATION IN 
87

SR/
86

SR VALUES WITH WATERSHED CHARACTERISTICS 

The areal extent of urbanization in each of the seven north Austin watersheds 

varies considerably (Table 4). Urban land use, impervious cover, and roadway indices 

generally decrease northward. A strong correlation exists between percentages of urban 

land use and impervious cover (R
2
=0.97, Table 4) and urban land use and roadway index 

(R
2
=0.98). These variables, therefore, may be used to compare watersheds in terms of 

their extent of urbanization; I use percent urban land use hereafter.   

Christian et al. (2011) found a strong correlation between central Austin stream 

87
Sr/

86
Sr values and many indices of watershed urbanization, including amount of urban 

land use (R
2
=0.95), amount of impervious cover (R

2
=0.86), roadway index (R

2
=0.95), 

median structural age (R
2
=0.95), and population density (R

2
=0.93). North Austin stream 

87
Sr/

86
Sr values are also positively correlated to percent urban land use in their watershed 

(Fig. 5; Table 4) and to the percentage of areal extent of Redland range soils in their 

watershed (Fig. 6). Redland soil distribution generally decreases northward, as does the 

percentage of urban land use, moving away from Austin (Fig. 7). While a similar analysis 

of Redland soil distribution in central Austin watersheds is prohibited by the lack of 

detailed soil descriptions in some highly urbanized Austin areas, there is correlation 
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between mean watershed 
87

Sr/
86

Sr values and mean watershed soil-exchangeable 

87
Sr/

86
Sr values (R

2
=0.74) obtained by Christian et al. (2011). In the highly urbanized 

Shoal and Waller Creek watersheds soil-exchangeable 
87

Sr/
86

Sr values range from 0.7081 

to 0.7099, and in the least urbanized Onion Creek watershed, soil-exchangeable 
87

Sr/
86

Sr 

values range from 0.7081 to 0.7085. As in the north Austin watersheds, average 
87

Sr/
86

Sr 

values of Austin watershed soils tend to decrease with distance from urban Austin.  

In addition to the spatial variation of natural Sr sources in north Austin 

watersheds, municipal water distribution also varies by watershed. Austin municipal 

supply is distributed to LAKE and a portion of BCUP watersheds. The remaining 

watersheds, including BCUP, receive water from either Cedar Park or Leander.  

2.5.3 TEMPORAL VARIATION OF SR ISOTOPES WITH ENVIRONMENTAL CONDITIONS 

Central Texas stream and spring discharge is highly variable and responsive to 

precipitation. Preliminary sampling of north Austin streams took place on August 21, 

2009, coinciding with severe drought conditions (PDSI = -3.7) in Austin (NOAA, 

2011b). MASN, CLUK, and BLKH were the only north Austin streams flowing and 

MASN and CLUK were sampled. 

On May 10, 2010, during an unusual moist spell (PDSI = 2.4), all seven north 

Austin streams were flowing and were sampled. Over the previous 12 months (Sept. 

2009–Aug. 2010), precipitation in Texas climate region 6 was 740.4 mm compared to the 

642.1 mm 20th-century average for that 12-month period (Sept.–Aug.). Measured stream 

discharge for all sites was at the maximum measured during the study (Table 5). By 

August 24, 2010, near-normal conditions persisted with 804.9 mm falling within the 

previous12 months (Sept. 2009–Aug. 2010) compared to 640.6 mm, which is the 20th-

century average for that 12-month period. Measured stream discharge had decreased 
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between 16% and 59%. This decrease in summer discharge is typical for central Texas 

streams due to reduced summer precipitation and greater evapotranspiration. For 

comparison, the long-term mean monthly discharge of Onion Creek, a nonurban central 

Austin stream, for May is 1.7 cubic meters per second [cms].  In August, mean monthly 

discharge is only 0.3 cms, an 83% reduction (USGS, 2012).  

Extreme drought returned to central Texas in May 2011. August 2010 to July 

2011 was the driest August-to-July 12-month period in the 116 years of record. Only 

272.3 mm had fallen over that period in the Edwards Plateau climate region, compared to 

the 641.6 mm twentieth-century average (NOAA, 2012b). The majority of this 

precipitation fell in a single event as tropical storm Hermine came ashore in Texas in 

September 2010. During sampling on August 24, 2011, MASN, BLKH, and CLUK were 

the only north Austin streams still flowing (PDSI = -5.9). By September 25, only CLUK 

continued to flow, after only 183.4 mm of precipitation were recorded in the previous 12 

months (PDSI = -6.1). Extreme drought continued into December of 2011. In central 

Austin, Waller Creek was periodically sampled because flow was sustained throughout 

the extreme drought of 2011. Waller Creek sampling continued into 2012 when extreme 

drought conditions lessened.  

Sample collection times (May and August of 2010) were chosen to contrast 

differences in stream geochemistry between the relatively wet spring and dry summer 

periods typically experienced in central Texas. Preliminary sampling of two streams in 

the severe drought conditions of August 2009 and additional sampling of several more 

streams in the extreme drought conditions of 2011 made possible the comparison of 

temporal variability over even more drastic ranges in moisture conditions. Some temporal 

variation in 
87

Sr/
86

Sr values are evident for all streams between spring and summer 2010 

and for those streams sampled between 2009 and 2011. All stream 
87

Sr/
86

Sr values, with 
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the exception of LAKE and CLUK, were higher in the spring of 2010 than in the summer 

of 2010. Waller Creek samples also show temporal variation with higher 
87

Sr/
86

Sr values 

during the 2011 extreme drought than during subsequent sampling during the wetter 

conditions of 2012. 

Temporal variation in municipal water 
87

Sr/
86

Sr values are also apparent and are 

likely due to variations in stream inputs to the Colorado River and lakes Travis and 

Austin. 
87

Sr/
86

Sr are greatest for both Austin (0.7094) and Cedar Park and Leander 

(0.7095) municipal water during the severe drought of 2011 when inflows from streams 

draining the surrounding carbonate terrain were the lowest ever recorded (LCRA, 2012). 

2.5.4 ASSOCIATION WITH ANTHROPOGENIC IONS 

  Cl and Na are commonly found in elevated concentrations in sewage. 

Central Austin and north Austin wastewater have Cl and Na concentrations about three 

times those of rural municipal water. Also, Ca and HCO3 concentrations are lower in 

municipal water compared to stream water. The ratio of the primary natural ions (Ca + 

HCO3) to anthropogenic ions (Na + Cl), when compared with 
87

Sr/
86

Sr values, can 

provide a natural water–municipal water mixing indicator (Christian et al., 2011). North 

Austin stream samples fall between two endmembers: high 
87

Sr/
86

Sr value and low 

(Ca+HCO3)/(Na+Cl)-ratio municipal water and low 
87

Sr/
86

Sr value and high 

(Ca+HCO3)/(Na+Cl)-ratio natural stream water (Fig. 8). Central Austin municipal water 

(Ca+HCO3)/(Na+Cl)-ratios obtained in this study are similar to those obtained by 

Christian et al. (2011). Austin municipal water (Ca+HCO3)/(Na+Cl) ratios are slightly 

lower than those of Cedar Park due to the treatment of Austin water, which reduces Ca 

and HCO3 concentrations. Austin waste water (Ca+HCO3)/(Na+Cl) values are with the 

ranges of municipal water. All municipal waters are significantly lower than the least 
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urbanized watershed in this study. North Fork Brushy Creek, which itself is similar to the 

nonurban endmember used by Christian et al. (2011). As in central Austin, north Austin 

streams generally fall between these north Austin endmembers.  

In addition to Na and Cl, F can serve as an elemental tracer of municipal water in 

Austin area streamflow. Added to municipal water during treatment, F concentrations in 

Austin municipal water are typically elevated (0.81 ppm) relative to central Austin area 

natural streamflow (0.22 ppm) and streamflow F concentrations have been found to 

correlate with 
87

Sr/
86

Sr values (Christian et al., 2011). In this investigation, F 

concentrations in north Austin municipal waters range as low as 0.3 ppm, well within the 

range of natural streamflow. Also, there is no correlation between north Austin stream F 

concentrations and 
87

Sr/
86

Sr values. Therefore, F is not used as a diagnostic indicator of 

municipal water in north Austin streamflow. 

2.5.5 TEMPORAL COVARIATION OF SR ISOTOPES WITH MG:CA RATIOS 

North and central Austin soil leachate Mg/Ca values (Table 1 & 2) range from 

0.048–0.205 (molar/molar) and are within ranges of other central Texas soils sampled 

previously (0.02–0.28) (Musgrove and Banner, 2004; Musgrove et al., 2010; Christian et 

al., 2011; Wong et al., 2011). Mg/Ca values were not obtained from carbonates, but 

analysis of Edwards aquifer phreatic groundwater from previous investigations have 

found Mg/Ca values ranging to higher than soil leachates (0.12–0.75) (Gandara and 

Barbi, 1998; Musgrove et al., 2010) Lake Travis and Lake Austin have elevated Mg/Ca 

values relative to both soil leachates and phreatic groundwater. Samples of the Colorado 

River and reservoirs by Christian et al. (2011) found similarly high Mg/Ca values (1.03–

1.44). While Mg/Ca of Lake Travis (0.76) and Lake Austin (0.56) are similar, the City of 

Austin treats Lake Austin water to reduce hardness, increasing Mg/Ca values by three or 
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four times (Table 2). Austin wastewater treatment plant discharge has Mg/Ca values 

lower than municipal water. Stream water collected downstream of Cedar Park and 

Leander treated waste discharge locations in August 2009 are composed of both treated 

wastewater and stream water and have Mg/Ca values between those of municipal supply 

water and stream water. North Austin stream and Waller Creek Mg/Ca values fall within 

the range of soil leachates and both high Mg/Ca sources; phreatic groundwater and 

municipal water. These stream values are similar to other streams and springs found in 

the Austin area (DeMott, 2007; Christian et al. 2011) and in central Texas (Musgrove and 

Banner, 2004; Musgrove et al, 2010). 

Temporal covariation between stream 
87

Sr/
86

Sr and Mg/Ca values is observed, 

with variation in both 
87

Sr/
86

Sr and Mg/Ca values over a range in moisture availability. 

Amid the record drought of 2011, CLUK streamwater 
87

Sr/
86

Sr and Mg/Ca values 

increased relative to 2010 values. During this same period, MASN and BLKH 
87

Sr/
86

Sr 

values decreased while Mg/Ca values rose. Similar to CLUK, Waller Creek 
87

Sr/
86

Sr and 

Mg/Ca values increased in 2011 relative to mean 2001–2002 values and then decreased 

in 2012 as drought conditions lessened.   

 

2.6  Discussion 

Delineating the influence of urban vs. natural recharge on stream composition is a 

key goal of this study, and Sr isotopes are applied in conjunction with elemental tracers to 

constrain this. Urban stream 
87

Sr/
86

Sr values are likely controlled by both natural and 

anthropogenic groundwater recharge inputs to watersheds. Methods of identifying and 

quantifying municipal water contributions to urban stream base flow are examined.  
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2.6.1 
87

SR/
86

SR RANGES AND DISTRIBUTION OF PRIMARY SOURCES 

In the Edwards Plateau region of central Texas, carbonate aquifer rocks and 

overlying soils are the primary natural Sr sources to vadose and phreatic groundwater 

(Oetting,1996; Musgrove and Banner, 2004). Because groundwater feeds area streams in 

the form of interflow, base flow, and spring discharge, streams tend to have 
87

Sr/
86

Sr 

values within the range of soils and carbonates rocks from within their watershed (Fig.4). 

Christian et al. (2011) showed that municipal water contributions to groundwater 

recharge also influence urban stream Sr isotope signatures. Since municipal water (tap 

and wastewater) 
87

Sr/
86

Sr values are within the range of Austin area soil leachates, 

determining if the elevated urban stream 
87

Sr/
86

Sr values are due to natural or municipal 

water contributions to discharge require other lines of evidence. 

Spatial variation in soil and carbonate rock distribution results in natural local 

scale spatial variation of groundwater 
87

Sr/
86

Sr values (Oetting, 1995; Musgrove and 

Banner, 2004; Musgrove et al., 2011). Likewise, the import and distribution of municipal 

water sources into urban watersheds result in local scale spatial variation of groundwater 

and surface water 
87

Sr/
86

Sr values (Christian et al., 2011). Correlations between central 

Austin 
87

Sr/
86

Sr values and indices of urbanization, Christian et al. (2011) argue, make it 

likely that higher urban stream 
87

Sr/
86

Sr values in the more urbanized watersheds are 

caused by greater municipal water inputs to streamflow than in less urbanized 

watersheds. North Austin stream 
87

Sr/
86

Sr values are also positively correlated to 

watershed urban land use indices. North Austin stream 
87

Sr/
86

Sr values, however, are also 

positively correlated (R
2
=0.77) to percentage of areal extent of Redland range soils in 

their watershed. Soils in the Redland range classification tend to be thicker and more 

silicate-rich than the typically thin calcareous soils found on the Edwards Plateau 
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(Werchan et al., 1974; NRCS, 2012). Edwards Plateau soil thickness has been found to 

correlate with soil-exchangeable 
87

Sr/
86

Sr values (Cooke et al., 2003).  

Redland soil leachates analyzed in this study and by Christian et al. (2011) tend to 

have higher 
87

Sr/
86

Sr values compared to other soils found throughout much of the study 

area. The areal extent of these soils in north Austin watersheds decreases northward, 

away from Austin, as does percentage of urban land use (Fig. 7). It is possible the 

correlation between stream 
87

Sr/
86

Sr values and urban land use extent is due to soil spatial 

distribution rather than the urban land use distribution. Christian et al. (2011) also found a 

correlation between central Austin watershed soil leachates and stream 
87

Sr/
86

Sr values 

(R
2
 = 0.74). Shoal and Waller Creek watersheds not only have the highest urban land use 

percentages of the seven central Austin watersheds, but also the highest soil leachate 

87
Sr/

86
Sr values, although the number of soil samples analyzed was limited. As is the case 

with the north Austin watersheds, 
87

Sr/
86

Sr values of central Austin watershed soils tend 

to decrease moving away from Austin toward the least urbanized watersheds; the 

distribution of high 
87

Sr/
86

Sr soils (Redland range and Colorado River terrace deposits) 

and soil thickness decrease moving away from downtown Austin. It is possible that 

distribution of high 
87

Sr/
86

Sr values of central Austin streams is at least in part due to the 

distribution of high 
87

Sr/
86

Sr soils rather than solely to urban land use and municipal 

water recharge. 

 The occurrence of elevated Na and Cl concentrations in urban watershed surface 

water and groundwater is common and attributed to groundwater recharge by wastewater 

sewer leakage (Hatt et al., 2004; Fitzpatrick, 2007; Rose, 2007; Christian et al., 2011). 

Base flow concentrations of Na and Cl are commonly found to increase with the degree 

of watershed urbanization. The association of relatively high north Austin stream 

87
Sr/

86
Sr values with elevated Na and Cl concentrations also argues for municipal water, 
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namely wastewater, to be a considerable contributor to urban streamflow. Christian et al. 

(2011) used a mass balance fluid-mixing model to calculate the proportion of each 

endmember in streams. It is estimated that as much as 95% of the highly urbanized 

watershed (Waller Creek) streamflow can be municipal water during times of low 

discharge. 

Mixing of north Austin urban and nonurban endmembers are modeled using the 

same mass balance fluid-mixing model as for central Austin (Fig. 9). North Austin 

municipal water endmembers (Austin and Cedar Park municipal and wastewater) are 

similar to the central Austin municipal water endmembers in terms of Sr isotope 

signatures and (Ca+HCO3)/(Na+Cl) ratio. The least urbanized north Austin watershed, 

NFKB, is similar to the central Austin natural stream endmember, and the summer 2010 

sample is used as the north Austin natural stream endmember. Samples of north Austin 

streams generally plot between both endmembers and appear to contain up to 40% 

municipal water at low flow. Watersheds with greater degrees of urbanization (LAKE, 

CLUK, BCUP) appear to have greater fractions of municipal water in streamflow than 

less urbanized watersheds (MASN, SFNF). LAKE plots above the mixing curve due to 

very high 
87

Sr/
86

Sr values. Elevated Na and Cl concentrations in LAKE argue for 

municipal water as a substantial component of LAKE streamflow, elevating 
87

Sr/
86

Sr 

values, in addition to soil leachates.   

The fraction of municipal water in streamflow estimated with this fluid-mixing 

model depends on two factors: the choice of a natural stream endmember and the timing 

of sample collection. Some watersheds likely have background/pre-urbanization 
87

Sr/
86

Sr 

values higher than those of the natural stream endmembers used in the models due to 

spatial variation in soil distribution; central and north Austin natural stream endmembers 

have relatively low 
87

Sr/
86

Sr soil leachate values compared to CLUK, LAKE, and Waller 
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Creek watersheds. In addition, 
87

Sr/
86

Sr and (Ca+HCO3)/(Na+Cl) values may vary 

temporally. The summer 2010 NFKB sample used as the north Austin natural stream 

endmember has substantially higher 
87

Sr/
86

Sr and lower (Ca+HCO3)/(Na+Cl) values in 

the spring (0.70859 and 6.6) compared to the summer (0.70804 and 8.2). In fact, all north 

Austin streams, except for SFNF, had lower (Ca+HCO3)/(Na+Cl) values in the spring 

than during the summer of 2010. This variation could lead to significant differences in 

the interpretation of model results. In order to constrain Sr sources, as well as 

groundwater and streamflow sources, temporal variations in 
87

Sr/
86

Sr values and the 

covariation of Sr isotopes with Mg/Ca values are examined.  

2.6.2  NATURAL  TEMPORAL VARIATION 

Assuming quantities of both natural and anthropogenic groundwater inputs to 

Austin area watersheds vary temporally, temporal variations in urban stream base flow 

geochemistry, including Sr isotope signatures, may provide a means of identifying 

particular recharge sources. Natural groundwater contributions to spring discharge and 

stream base flow are greater during periods of abundant precipitation, typically fall to 

spring, and are substantially reduced during the drier summer months and may be 

nonexistent during prolonged drought.  

As the quantity of natural groundwater recharge and discharge varies with 

precipitation, so does groundwater geochemistry. Previous studies have demonstrated the 

effect that climatic variability has on vadose and phreatic groundwater Sr signatures in 

karst regions due to fluctuating soil and carbonate Sr contributions (Banner et al., 1996; 

Musgrove and Banner, 2004; Wong et al., 2012). In central Texas, infiltrating 

groundwater derived from precipitation with very low Sr concentrations acquires a Sr 

isotope signature similar to soil leachates. Over time, as groundwater interacts with 
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carbonate aquifer matrix, it evolves 
87

Sr/
86

Sr values closer to those of carbonates (e.g., 

phreatic Edwards aquifer groundwater tends to have lower 
87

Sr/
86

Sr values compared to 

vadose groundwater). During relatively wet periods, the proportion of recently infiltrated 

groundwater contributing to spring discharge and stream base flow is greater than during 

dry periods when groundwater contributions are predominantly from aquifer matrix. 

Natural groundwater discharge 
87

Sr/
86

Sr values, therefore, will be greater during wet 

periods and lower during dry.  

Over the course of this study, five streams exhibit temporal 
87

Sr/
86

Sr variation that 

could be considered consistent with having natural streamflow inputs. MASN had higher 

87
Sr/

86
Sr values in 2010 compared to 2009 and 2011 (Fig. 10). BLKH, not sampled in 

2009, had higher 
87

Sr/
86

Sr values in 2010 compared to 2011.The other three streams, 

NFKB, SFNF, and BCUP, only flowed in 2010 and had higher 
87

Sr/
86

Sr values in the 

spring (May) than in summer (August). For these streams, higher wet period 
87

Sr/
86

Sr 

values are interpreted as the result of greater soil-exchangeable Sr contributions to 

streamflow relative to dry periods (Banner et al., 1996). CLUK and LAKE exhibit the 

opposite 
87

Sr/
86

Sr trends over the same period, as does Waller Creek in 2011 and 2012. 

2.6.3. TEMPORAL VARIABILITY IN MUNICIPAL WATER INPUTS 

Water mains and wastewater sewers leak. The City of Austin estimates that 12% 

of the water treated for municipal use is lost during transmission; Cedar Park and Leander 

lose 18–20% (Austin American Statesman, 1998).   

To aid in distribution and prevent contamination by groundwater infiltration, 

water mains are kept under constant positive pressure. Thus, the quantity of municipal 

water leaked from water mains should experience little seasonal/temporal variation. 

While wastewater sewers are not pressurized, leakage may still be substantial because 
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they are often less well maintained than water mains. Temporal variation in sewer 

leakage is possible due to fluctuations in the water table; groundwater ingress to sewer 

lines is common for gravity flow sewers located below the water table, while those above 

it can leak. Groundwater levels in central Texas are responsive to precipitation and are 

lowest during dry periods (i.e., during the typically dry summer or during drought). As a 

result, wastewater leakage is likely greatest during dry periods. Recharge by the 

infiltration of excess lawn irrigation certainly peaks during dry periods (Passarello et al., 

2012). Water use in Austin increases by almost 50% in July, August, and September, 

compared to the rest of the year. A substantial portion of this increase is due to lawn 

irrigation (McCormick and Walker, 2010). Increased Austin summer water usage 

continued during the record drought of 2011 despite water use restrictions imposed by the 

city, and August usage more than doubled that in February 2011 (S. Boukhonine, 

personal communication).  

Natural spring discharge and stream base flow decrease substantially during dry 

periods. Municipal water as a fraction of spring discharge and stream base flow should, 

therefore, be greater during the dry summer months compared to spring and, especially, 

during prolonged drought. As a result north Austin streamflow, composed of substantial 

proportions of municipal water, should have higher 
87

Sr/
86

Sr values during the summer of 

2010 compared to the spring and during 2009 and 2011 compared to 2010. This is the 

case for two north Austin streams, LAKE and CLUK, and Waller Creek in central 

Austin. Samples from CLUK, which flowed continuously throughout the entire study 

period, had higher 
87

Sr/
86

Sr values in 2009 and 2011 than in 2010 (Fig 10). This is likely 

due to larger proportions of municipal water in CLUK streamflow during sampling in 

2009 and 2011 than in 2010. LAKE, which only flowed during 2010, also had higher 

87
Sr/

86
Sr values in summer 2010 than in the spring. While LAKE 

87
Sr/

86
Sr values were 
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greater than those of Austin’s municipal water in 2010, this can be attributed to inputs of 

soil leachates with higher 
87

Sr/
86

Sr values than municipal water combined with municipal 

water inputs. Similar to CLUK, the proportion of municipal water is greater during the 

dry period than the wet. Temporal variation in Waller Creek 
87

Sr/
86

Sr values indicates 

greater proportions of municipal water in 2011 streamflow than in 2012, when drought 

conditions lessened (Fig.11).  

2.6.3  COVARIATION BETWEEN 
87

SR/
86

SR AND MG/CA VALUES 

Mg/Ca values in groundwater depend on both the soil and carbonate geochemical 

compositions (Fairchild et al., 1996) and the water’s relative residence time in contact 

with each source (Plummer, 1977; Banner et al., 1996; Musgrove and Banner, 2004). 

Climatic variability (precipitation) has an effect on groundwater residence time and, 

therefore, the degree of water-rock interaction that water undergoes along its flow path. 

Recently infiltrated groundwater tends to have relatively low Mg/Ca values, similar to 

soil leachates. Because the inclusion of Ca in the calcite and dolomite is favored relative 

to magnesium, water-rock interaction processes, such as recrystallization of calcite and 

the precipitation and/or dissolution of calcite or dolomite, tend to increase groundwater 

Mg/Ca values over time (Banner et al., 1994, 1996; Fairchild et al., 2000). More evolved 

phreatic groundwater will therefore tend to have higher Mg/Ca values than recently 

infiltrated groundwater. As varying proportions of groundwater, each having undergone 

differing degrees of water-rock interaction, contribute discharge to springs and stream 

base flow, Mg/Ca values will vary.  

Because the same processes affect both Sr isotope and Mg/Ca ratios of natural 

groundwater, Mg/Ca and 
87

Sr/
86

Sr values tend to covary inversely, that is, high 

groundwater 
87

Sr/
86

Sr values correspond to low Mg/Ca ratios and vice versa (Musgrove 
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and Banner, 2004; Musgrove et al., 2010; Wong et al., 2011). This geochemical evolution 

from less to more evolved groundwater is modeled using calculations based on Banner et 

al. (1989) and Banner and Hanson (1990). Beginning with groundwater characteristics of 

Edwards Plateau soil leachate, 
87

Sr/
86

Sr and Mg/Ca evolve to values more similar to 

phreatic groundwaters due to progressive iterations of calcite recrystallization (Fig. 13). 

The range in modeled 
87

Sr/
86

Sr and Mg/Ca values include many samples from central and 

north Austin streams as well as surface and groundwater samples collected from the 

Edwards Plateau region in previous studies (Musgrove and Banner, 2004; Wong et al., 

2011).  

Groundwater Mg/Ca and 
87

Sr/
86

Sr values can also covary temporally as the 

relative proportion of recent recharge and more evolved groundwater varies with 

precipitation (Musgrove and Banner, 2004; Musgrove et al., 2010; Wong et al., 2011). I 

find that this is also the case with 2 north Austin streams, MASN and BLKH (Fig. 14). In 

both streams, Mg/Ca values increase and 
87

Sr/
86

Sr values decrease during transitions from 

wet to dry periods as the proportion of more evolved groundwater in base flow increases.  

Imported municipal water is another source of dissolved constituents (Sr, Mg, and 

Ca) that can change surface water and groundwater 
87

Sr/
86

Sr and Mg/Ca values. North 

Austin municipal water Mg/Ca values are higher than those of phreatic groundwater. City 

of Austin municipal water has even greater Mg/Ca values than Cedar Park and Leander 

due to water softening (reduction of Ca concentration). Thus, mixing of natural 

groundwater with municipal water will result in Mg/Ca value increases, the opposite of 

what would occur due to mixing with soil leachates. Because soil leachates and municipal 

water both have high 
87

Sr/
86

Sr values but contrasting Mg/Ca ratios, both processes form 

distinct high 
87

Sr/
86

Sr endmembers. Mixing of natural groundwater with municipal water 

should, therefore, produce positive covariation in terms of 
87

Sr/
86

Sr and Mg/Ca values. 
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That is, increasing proportions of municipal water in streamflow during dry periods will 

result in higher 
87

Sr/
86

Sr and Mg/Ca values than during wet periods.  

CLUK and Waller Creek exhibit these trends with higher 
87

Sr/
86

Sr and Mg/Ca 

values during drought conditions than during more normal moisture conditions. I used 

mass balance fluid-mixing models to simulate mixing between wet-period streamflow 

samples and their respective municipal water endmembers. For CLUK, 2009 and 2011 

drought samples generally plot along a mixing line between mean 2010 sample values 

and mean Cedar Park municipal water values (Fig. 15). Model results indicate an increase 

up to 40% in the municipal endmember proportion in streamflow during drought 

conditions over the 2010 above-normal moisture conditions. Similar results are seen in 

Waller Creek (Fig. 16). Model results indicate up to a 75% increase in the municipal 

endmember proportion in streamflow during drought over the 2001–2002 sampling 

period. As drought conditions improved in 2012, sample 
87

Sr/
86

Sr and Mg/Ca values 

declined to near 2001–2002 levels. Christian et al. (2011) estimate up to 95% of Waller 

Creek streamflow during 2001–2002 was municipal water. Waller Creek Mg/Ca values 

over this period are within the range of soil leachates, indicating naturally high 
87

Sr/
86

Sr 

groundwater may be a larger component of Waller Creek streamflow than previously 

modeled. LAKE samples also plot between natural groundwater and municipal water 

endmembers. LAKE 
87

Sr/
86

Sr values are higher than municipal water; elevated LAKE 

Mg/Ca values and temporal 
87

Sr/
86

Sr and Mg/Ca variation indicate that streamflow is 

likely a municipal water and high 
87

Sr/
86

Sr groundwater mixture (i.e., LAKE natural 

groundwater has higher 
87

Sr/
86

Sr values than municipal water).  

BCUP samples from 2010 also plot above the Mg/Ca range for soil leachates, but 

Mg/Ca values decrease in the summer relative to spring. The high BCUP Mg/Ca values 

in spring 2010 compared to summer 2010, with little change in 
87

Sr/
86

Sr, may be caused 
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by calcite precipitation. Calcite precipitation from cave dripwaters in karst regions can be 

greater in fall and spring than summer due to enhanced cave ventilation and the reduction 

in underground CO2 concentrations during cooler weather (Banner et al., 2007). Calcite 

precipitation is likely not responsible for increasing Mg/Ca values in Cluck and Waller 

Creek, as evidenced by concurrent dry period 
87

Sr/
86

Sr value increases (positive 

covariation). 

 

2.7 Conclusions  

This study investigates natural and anthropogenic streamflow sources for urban 

watersheds in central Texas using Sr isotopes and other elemental tracers. Analyses 

indicate that there are three endmembers in urban streamflow: (1) naturally occurring, 

long residence time groundwater with 
87

Sr/
86

Sr values similar to carbonates, (2) naturally 

occurring, recently infiltrated groundwater with 
87

Sr/
86

Sr values similar to soil leachates, 

and (3) anthropogenically derived high 
87

Sr/
86

Sr municipal water.  

While 
87

Sr/
86

Sr value ranges of endmembers 2 and 3 may overlap, temporal 

variability in the relative contribution to urban watersheds over a wide distribution of 

climatic conditions provide a means of delineating their inputs to urban watersheds. 

Mixing models suggest up to 70% of Austin area urban stream base flow is composed of 

municipal water during extreme drought conditions, such as those occurring in central 

Texas between 2009 and 2011. Municipal water is likely, therefore, a substantial 

groundwater recharge source to the Edwards aquifer in the Austin area.   

 

 

 



 44 

Table 1. Geochemistry of north Austin streams 

SITE
a
 DATE PDSI

b
 

87
Sr/

86
Sr Mg/Ca

c
 (Ca+HCO3)/(Na+Cl)

c
 

NFKB 05/10/10 2.4 0.708585 0.070 6.57 

NFKB 08/24/10 -0.5 0.708038 0.066 8.16 

SFKB 05/10/10 2.4 0.708257 0.078 6.36 

SFKB 08/24/10 -0.5 0.708255 0.077 6.17 

MASN 08/21/09 -3.7 0.708249 0.164 - 

MASN 05/10/10 2.4 0.708313 0.099 4.85 

MASN 08/24/10 -0.5 0.708301 0.099 5.41 

MASN 07/28/11 -5.6 0.708259 0.158 0.717 

BLKH 05/10/10 2.4 0.708363 0.112 4.55 

BLKH 08/24/10 -0.5 0.708359 0.119 4.82 

BLKH 07/28/11 -5.6 0.708306 0.162 3.56 

BCUP 05/10/10 2.4 0.708659 0.588 2.50 

BCUP 08/24/10 -0.5 0.708632 0.311 5.14 

CLUK 08/21/09 -3.7 0.708706 0.327 - 

CLUK 05/10/10 2.4 0.708358 0.154 3.01 

CLUK 08/24/10 -0.5 0.708407 0.138 4.22 

CLUK 07/28/11 -5.6 0.708545 0.184 3.40 

CLUK 09/24/11 -6.1 0.708561 0.184 - 

LAKE 05/10/10 2.4 0.709401 0.597 2.55 

LAKE 08/24/10 -0.5 0.709413 0.637 3.53 
a 
Site abbreviations: the North Fork of Brushy (NFKB), the South Fork of the North Fork (SFNF), Mason 

(MASN), Blockhouse (BLKH), Cluck (CLUK), Buttercup (BCUP), and Lake (LAKE) creeks. 
b
 monthly Palmer Drought Severity Index for Texas climate region 6. 

c
 molar concentrations 

- not measured 
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Table 2. Geochemistry of Waller Creek 

SITE
a
 DATE PDSI

b
 

87
Sr/

86
Sr Mg/Ca

c
 

Waller 07/11/13 -5.6 0.708923 0.343 

Waller 08/11/13 -5.9 0.708984 0.673 

Waller 09/11/13 -6.1 0.709004 0.511 

Waller 11/09/11 -5.1 0.709038 0.461 

Waller 03/21/12 -1.7 0.708843 0.145 

Waller 06/15/12 -2.0 0.708839 0.145 

Waller 07/20/12 -2.0 0.708860 0.195 
a 
Waller Creek at UT gaging station (Christian et al., 2011)  

b
 monthly Palmer Drought Severity Index for Texas climate region 6. 

c
 molar concentrations 
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Table 3. Geochemistry of municipal water sources  

SITE DATE 
87

Sr/
86

Sr Mg/Ca
a
 

(Ca+HCO3) 

/(Na+Cl)
a
 

Cedar Park Municipal Water 08/24/10 0.709280 0.702 2.20 

Cedar Park Municipal Water  01/15/11 0.709443 0.769 2.51 

Cedar Park Municipal Water  02/12/11 0.709435 0.783 2.46 

Cedar Park Municipal Water 07/28/11 0.709493 0.978 1.84 

Cedar Park Municipal Water 09/24/11 0.709443 - - 

Austin Municipal Water 05/10/10 0.709060 2.51 0.526 

Austin Municipal Water 08/24/10 0.708960 1.66 0.549 

Austin Municipal Water  01/15/11 0.709081 2.45 0.742 

Austin Municipal Water  02/12/11 0.709083 2.32 0.962 

Austin Municipal Water 07/28/11 0.709399 2.74 0.698 

Austin Municipal Water 09/24/11 0.709557 - - 

Austin Waste Water (treated) 05/10/10 0.709184 0.984 0.578 
a
 molar concentrations 

- not measured 
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Table 4.  Characteristics of North Austin watersheds including: mean 87Sr/86Sr for 2010, 

several indices of urbanization (percentage of urban land use, percentage of 

impervious cover, and road index), and percentage of Redland soil areal 

extent. North Austin stream 87Sr/86Sr values are correlated to urban land 

use indices and percentage of Redland  soil areal extent in watersheds. 

Watershed
a
 (87Sr/86Sr) Urban Land  Impervious Road Redland 

  Mean
b
 Use (%)

c
 Cover (%)

c
 Index

d
 Soils (%)

e
 

NFSF 0.70822 3 2 0.006 4 

SFNF 0.70828 22 14 0.019 4 

MASN 0.70829 25 13 0.020 5 

BLKH 0.70834 52 27 0.031 14 

CLUK 0.70847 44 26 0.026 28 

BCUP 0.70871 46 26 0.027 22 

LAKE 0.70941 74 35 0.040 45 
a 
Site abbreviations: the North Fork of Brushy (NFKB), the South Fork of the North Fork (SFNF), Mason 

(MASN), Blockhouse (BLKH), Cluck (CLUK), Buttercup (BCUP), and Lake (LAKE) Creeks. 
b 
Mean of samples collected in 2010 (n=2). 

c 
2006 National Land Cover Dataset 

d 
Capital Area Council of Governments 

e 
U.S. Department of Agriculture’s Natural Resource Conservation Service 
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Table 5. Measured and estimated stream discharge, in cubic meters per second (cms), of 

north Austin streams 

SITE 05/10/13 08/10/13 07/11/13 09/11/13 

NFKB and SFNF (combined) 0.027 0.011 0 0 

MASN 0.009 0.006   <0.001* 0 

BLKH 0.051 0.039   <0.003* 0 

CLUK 0.019 0.016 0.011 0.010 

BCUP 0.009 0.003 0 0 

LAKE 0.0008 0.0003 0 0 
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Figure 1.  North and central Austin watersheds in the Austin, Texas area. Roads are 

shown to illustrate the range in watersheds urbanization.  
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Figure 2. Surface geology of the north Austin watersheds. North Austin streambeds are 

formed in the Edwards Limestone (Ked), Comanche Peak Limestone (Kc), 

and Keys Valley Marl (Kkv). 
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Figure 3. North Austin sample sites: (1) North Fork Brushy Creek (NFKB), (2) South 

Fork of North Fork Brushy Creek (SFNF), (3) Leander municipal water, (4) 

streamflow below Leander treated waste discharge, (5) Mason Creek 

(MASN), (6) Blockhouse Creek (BLKH), (7) Cluck Creek (CLUK), (8) 

Cedar Park municipal water, (9) streamflow below Cedar Park treated waste 

discharge, (10) Buttercup Creek (BCUP), (11) Lake Creek below Austin 

treated waste discharge, (12) Lake Creek (LAKE), (13) Austin municipal 

water, (14) Austin treated waste water, and (15) the Sandy Creek arm of 

Lake Travis 

Leander 

Cedar Park 
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Figure 4. Strontium isotope variations in north and central Austin streams and the 

primary Sr sources to these streams: soil-exchangeable Sr (soil leachates); 

Edwards plateau carbonates; and imported municipal water. Austin area 

urban stream 
87

Sr/
86

Sr values range between those of carbonates and both 

high 
87

Sr/
86

Sr sources: municipal water and soils. North and central Austin 

stream and municipal water data are from this study and Christian et al. 

(2011). Soil leachate and carbonate rock data from this study, Musgrove and 

Banner (2004), Wong et al. (2011), and Christian et al. (2011). 
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Figure 5. Variation in north Austin (A) and central Austin (B) stream water 
87

Sr/
86

Sr 

values with watershed percent urban land use.  North Austin stream 
87

Sr/
86

Sr 

values are the mean of two samples, one collected May 2010 and one in 

August 2010, for each of the seven tributary streams in the Brushy Creek 

watershed. Central Austin stream 
87

Sr/
86

Sr values are the mean watershed 

values reported by Christian et al. (2011). Trend lines for both data sets have 

similar slopes.  Higher overall 
87

Sr/
86

Sr values of North Austin streams 

compared to central Austin may be due to higher municipal water 
87

Sr/
86

Sr 

values in north Austin, more contributions from high 
87

Sr/
86

Sr soil leachates 

in North Austin watersheds, or a combination of the two. 
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Figure 6. Stream vs. soil leachate 
87

Sr/
86

Sr values (A) Variation in north Austin stream 
87

Sr/
86

Sr values with the percent areal extent of red land range soils exposed 

in watersheds. Redland range soils on the Edwards plateau have been used 

as a proxy for soil thickness and soil thickness has been shown to positively 

correlate with 
87

Sr/
86

Sr values (Cooke et al., 2003). (B) Variation in mean 

central Austin stream 
87

Sr/
86

Sr values with watershed composite soil sample 

leachate 
87

Sr/
86

Sr values from Christian et al. (2011). Spatial variability in 

high 
87

Sr/
86

Sr soil distribution may result in naturally high urban stream 
87

Sr/
86

Sr values. 
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Figure 7. Distribution of roads (A) and Redland range soils (B) in north Austin 

watersheds. Road density is used as an index for watershed urbanization, 

and correlates to mean stream 
87

Sr/
86

Sr values from 2010 (R
2
=0.60). Stream 

87
Sr/

86
Sr values also correlate with the percentage of Redland soil areal in 

extent watersheds (R
2
=0.77). Both the areal extent of Redland soils and road 

density in watersheds decreases northwards, moving away from Austin.  
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Figure 8. Variation in north and central Austin stream and municipal water 
87

Sr
/86

Sr and 

(Ca+HCO3) / (Na+Cl) values.  Municipal water (Ca+HCO3) / (Na+Cl) and 
87

Sr
/86

Sr values are distinct from those of natural streamflow from non-

urbanized watersheds such as the North Fork of Brushy Creek (NFKB). 

Stream values plotting in between natural and municipal waters are 

presumed to be due to streamflow being composed of these two water 

sources (Christian et al., 2011). (Ca+HCO3) / (Na+Cl) values are calculated 

using molar concentrations. 
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Figure 9. Fluid-mixing curves are calculated between municipal water end-members and 

natural stream end-members. North Fork of Brushy Creek (NFKB) 

streamflow from the summer of 2010 is used as the north Austin natural 

stream end-member. North Austin watersheds receive municipal supply 

from Austin, Cedar Park, and Leander. Due to treatment to reduce Ca 

concentrations, Austin municipal water forms a distinct municipal 

endmember from Cedar Park and Leander.  Both municipal water 

endmember values are the mean of samples collected during the course of 

this study. North Austin stream samples generally plot between the natural 

and municipal water endmembers, as do central Austin stream samples for 

mixing curves based on non-urbanized, municipal water, and sewage 

endmember data (Table 3) from Christian et al. (2011). According to this 

model, north Austin streams may have up to 60% municipal water in 

streamflow. Central Austin streams are estimated to have as much as 95%. 
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Figure 10. Variation in streamwater 
87

Sr
/86

Sr values for two north Austin streams with the 

Palmer Drought Severity Index (PDSI) in central Texas. Positive PDSI 

values indicate above average moisture conditions, while negative values 

indicate below average moisture.  (A) Cluck Creek (CLUK) 
87

Sr
/86

Sr values 

respond in the opposite manner than those of (B) Mason Creek (MASN). 

Higher 
87

Sr
/86

Sr values during drought are indicative of increased 

proportions of municipal water in streamflow at this time. 
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Figure 11. Variation in Waller Creek streamwater
 87

Sr
/86

Sr values with the Palmer 

Drought Severity Index (PDSI) in central Texas. (A) Like Cluck Creek, 

Waller Creek 
87

Sr
/86

Sr values are higher during times of drought than during 

normal moisture conditions.  (B) Normal moisture conditions prevailed 

during sampling in 2001-2002 by Christian et al. (2011). Most 
87

Sr
/86

Sr 

values from this period are lower than those of the 2011 drought samples. 

The one sample within the 
87

Sr
/86

Sr range of the 2011 drought samples 

(0.7090) was collected on August 13, 2001. While August PDSI is positive 

(0.4), the majority of August precipitation occurred after this sample was 

collected and moisture conditions at this time were similar to those in July 

(PDSI= -2.1). 
87

Sr
/86

Sr values also increase between March and June, 2012, 

approaching drought 2011 values, as PDSI decreases. 
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Figure 12. Variation in 
87

Sr
/86

Sr and Mg/Ca values for north Austin and central Austin 

streams, as well as soil leachates and municipal waters. There are three 

primary sources of streamflow to urban watersheds in the Austin area, each 

one distinct in terms of 
87

Sr
/86

Sr and Mg/Ca: (1) recently infiltrated 

groundwater geochemically similar to soil leachates (low Mg/Ca); (2) more 

evolved phreatic groundwater (low 
87

Sr
/86

Sr and high Mg/Ca); (3) and 

municipal water (high 
87

Sr
/86

Sr and Mg/Ca). Stream Mg/Ca and 
87

Sr
/86

Sr 

variation is likely due to varying proportions of these three sources 

contributing to base flow. Soil leachate data shown here represents Edwards 

Plateau soils collected in this study and in Musgrove and Banner (2004), 

Wong et al. (2011), and in Christian et al. (2011). 
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Figure 13. Geochemical evolution of groundwater sources to central Texas streams. 

Calcite recrystallization model curves illustrate how water-rock interaction 

results in progressively increasing Mg/Ca and decreasing 
87

Sr
/86

Sr values 

from initial soil leachate values. Curves are based on initial soil leachate 

compositions (fluids 1 & 2, Figure 5.) in Musgrove and Banner (2004). 

Calcite precipitation reduces groundwater calcium concentrations while 
87

Sr
/86

Sr remains unchanged due to negligible fractionation of Sr isotopes 

during precipitation. Calcite dissolution results in decreasing 
87

Sr
/86

Sr and 

Mg/Ca values (based on Edwards limestone composition Mg/Ca ratios 

ranging from 0.05-0.007 (DeMott, 2007).   
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Figure 14. Temporal covariation in Mason Creek (MASN) and Blockhouse Creek 

(BLKH) streamwater 
87

Sr
/86

Sr and Mg/Ca values between the relatively wet 

2010 and drought in 2009 and 2011. These streams follow the temporal 

trend previously observed in natural groundwaters in central Texas 

(Musgrove and Banner, 2004; Musgrove et al., 2010; Wong et al., 2011). An 

increase in the proportion of more evolved groundwater in streamflow 

during drought conditions results in inverse covariation in 
87

Sr/
86

Sr and 

Mg/Ca values. 
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Figure 15.  Positive covariation between Cluck Creek (CLUK) streamwater Mg/Ca and 
87

Sr/
86

Sr values during climatic variability. Increasing Mg/Ca and 
87

Sr/
86

Sr 

values are indicative of increasing proportions of municipal water in 

streamflow during drought conditions.  Sample 1 was collected in 2009 

(severe drought) and samples 4 and 5 from 2011 (extreme drought). Fluid 

endmember mixing curve shown for mixing between natural stream and 

municipal water endmembers. Natural stream endmember is the mean of 

two Cluck Creek samples collected in relatively wet 2010. The municipal 

water end member is the mean of five Cedar Park municipal water samples 

collected over the course of the study. Also plotted is a sample of 

streamwater collected on Cluck Creek downstream of the Cedar Park waste 

water discharge. 
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Figure 16. Covariation in Waller Creek streamwater
 87

Sr/
86

Sr and Mg/Ca values. Fluid 

endmember mixing curve shown for mixing between natural stream and 

municipal water endmembers. Natural stream endmember is the mean of 

Waller Creek stream samples collected between 2001-2002 by Christian et 

al. (2011). The municipal endmember is the mean of Austin municipal water 

and Austin waste water samples from this study. Like Cluck Creek, 

increasing Mg/Ca and 
87

Sr/
86

Sr values is indicative of increasing proportions 

of municipal water in Waller Creek base flow during drought conditions. 

Samples numbered 1-4 are from the 2011extreme drought (PDSI range from 

-6.1 to -5.1), while samples 5-7 are from 2012 (PDSI range -2.0 to -1.7). 
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APPENDICIES 

Appendix A. Sampling Procedures Sample and Descriptions 

Stream Sampling Procedures 

Seven tributary streams of the Brushy Creek watershed were sampled between 

2009 and 2012. Sample locations were chosen based on stream access and the need to 

avoid downstream wastewater discharge sites for Austin, Cedar Park, and Leander. Each 

stream sample consisted of a single grab sample collected from each location, with all 

stream samples collected on the same day. Samples were collected for analysis of Sr 

isotope values (
87

Sr/
86

Sr), major anion concentrations, and major and minor cation 

concentrations. All water samples were collected from the streams by drawing water into 

a clean polypropylene syringe and then pushing the water through clean 0.45 µm 

polypropylene syringe filters into clean polyethylene sample bottles. Polypropylene Sr 

isotope and cation sample bottles were cleaned using the following method: 

 Soak 24 hr in solution of (2%) Micro-Soap and deionized water. 

 Rinse 3 times with deionized water and soak for 24 hr in deionized water. 

 Soak 24 to 72 hr in reagent grade HNO3 (20% solution). 

 Rinse 3 times with Nanopure water and soak for 24 hr in Nanopure water. 

 Dry sample bottles in filtered laminar flow fume hood. 

 

Polypropylene anion sample bottles were cleaned using the following method: 

 

 Soak 24 hr in solution of (2%) Micro-Soap and deionized water. 

 Rinse 3 times with deionized water and soak for 24 hr in deionized water. 

 Rinse 3 times with Nanopure water and soak for 24 hr in Nanopure water. 
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 Dry sample bottles in filtered laminar flow fume hood. 

 

Three field rinses of the syringes were performed prior to dispensing the sample, 

and three field rinses of the sample bottle were performed with filtered sample water 

prior to sample collection. Syringes, filters, and bottles for cation and Sr sample 

collection were cleaned and acid rinsed prior to sampling, while those for anion and 

alkalinity samples were cleaned but not acid rinsed. Cation samples (30 mL) were 

preserved by addition of 30 µL UltraPure HNO3 to the sample bottle within 24 hr of 

collection. Alkalinity sample bottles were filled completely, leaving no head space, to 

minimize the possibility of sample degassing prior to alkalinity titration. 

STREAM SAMPLING LOCATIONS 

 

North Fork of Brushy Creek (NFKB) 

Sampled approximately 25 ft upstream of where the stream flows under U.S. 

Highway 183 in Leander, Texas (30° 35’ 37.78” N, 97° 51’ 32.29” W). Sampling site is 

accessed by U.S. Highway 183 right-of-way. 

 

South Fork of the North Fork of Brushy Creek (SFNF) 

Sampled approximately 20 ft upstream of where the stream flows under U.S. 

Highway 183 in Leander, Texas (30° 34’ 55.50” N, 97° 51’ 15.93” W). Sampling site is 

accessed by U.S. Highway 183 right-of-way. 
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Mason Creek (MASN) 

Sampled approximately 50 ft upstream of where the stream flows under U.S. 

Highway 183 in Leander, Texas (30° 34’ 15.56” N, 97° 51’ 00.02” W). The stream at this 

location flows over a man-made concrete channel. Seepage from the surrounding stream 

bank can be observed flowing into a concrete channel upstream of the sampling location. 

Sampling site is accessed by U.S. Highway 183 right-of-way. 

 

Blockhouse Creek (BLKH) 

Sampled approximately 1,000 ft upstream of where the stream flows under Toll 

Road 183A in Cedar Park, Texas (30° 35’ 37.78” N, 97° 49’ 32.29” W). Sampling site is 

accessed by a greenbelt hiking trail that follows the stream in this area. 

 

Cluck Creek (CLUK) 

Sampled approximately 450 ft upstream of where the stream flows under U.S. 

Highway 183 in Cedar Park, Texas (30° 30’ 06.42” N, 97° 49’ 04.86” W). Sampling site 

is accessed via private property, with the landowner’s permission. 

 

Buttercup Creek (BCUP) 

Sampled approximately 100 ft upstream of where the stream flows under U.S. 

Highway 183 in Austin, Texas (30° 29’ 19.99” N, 97° 48’ 31.45” W). Sampling site is 

accessed by U.S. Highway 183 right-of-way. 
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Lake Creek (LAKE) 

Sampled approximately 925 ft upstream of where the stream flows under U.S. 

Highway 183 in Cedar Park, Texas (30° 27’ 49.77” N, 97° 51’ 47.86” W). Sampling site 

is approximately 25 ft upstream of the Anderson Mill MUD Wastewater Plant discharge. 

 

STREAM DISCHARGE MEASUREMENTS 

Where conditions allowed, stream discharge was measured using the midpoint 

method, as described by Rantz et al. (1982). Velocity was measured using a Sontek 

Flowtracker acoustic doppler velocity meter. When conditions were not favorable for 

measurement of velocity using the Flowtracker (too shallow and/or low velocity), 

velocity and discharge were estimated. All streams were measured in the vicinity of 

sampling locations with the exception of NFKB and SFNF. Due to poor measurement 

cross sections at these sites, discharge was measured downstream of the confluence of 

these two streams. 

MUNICIPAL WATER SAMPLING LOCATIONS AND PROCEDURES 

Municipal water samples from Austin and Cedar Park were collected from taps at 

businesses within the respective city’s water service areas (CAPCOG, 2010). Prior to 

sample collection, taps were allowed to run for approximately 3 min. Samples were 

collected for analysis of Sr isotope values (
87

Sr/
86

Sr), major anion, and major and minor 

cation concentrations. All water samples were collected in clean polyethylene bottles 

without filtering. Sample bottle cleaning procedures were identical to those described for 

stream-water sampling. Cation samples (30 mL) were preserved by the addition of 30 µL 

UltraPure HNO3 within 24 hr of collection. Alkalinity sample bottles were filled 

completely, leaving no head space, to minimize the possibility of sample degassing prior 
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to alkalinity titration. Municipal water samples from Cedar Park and Leander were 

collected in May 2010 and analyzed for Sr isotopes to confirm the similarity in the two 

cities’ municipal supplies. 

ROCK SAMPLING PROCEDURES 

Rock samples were collected from outcrops exposed within stream channels. 

Samples were obtained by breaking bedrock with a rock hammer and storing pieces in a 

clean plastic bag.  

Rock Descriptions and Sampling Locations 

Edwards Limestone (Ked) 

Hard, fine-grained limestone. Forms the bedrock stream bottom in LAKE and 

found in parts of CLUK and BCUP watersheds. Sample collected from outcrop in LAKE 

watershed (30° 27’ 48.72”, 97° 47’ 47.66”). 

Comanche Peak Limestone (Kcp) 

Hard light grey marly limestone. Forms the bedrock stream bottom in CLUK, 

BCUP, BLKH, and parts of MASN watersheds. Sample collected from outcrop in BLKH 

watershed (30° 33’ 08.21”, 97° 49’ 33.29”). 

Keys Valley Marl (Kkv) 

Soft fine-grained white marl. Found in NFKB and parts of MASN and SFNF 

watersheds. Sample collected from outcrop in North Fork Brushy Creek watershed, 

approximately 0.75 mile downstream of NFKB (30° 35’ 00.69”, 97° 50’ 35.50”). 

SOIL SAMPLING PROCEDURES 

Six soil samples were collected from within the north Austin watersheds for Sr 

isotope and cation ratio analysis. Soil types were chosen based on relative abundance 

within the study area; those with the most areal exposure within the seven watersheds 
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were sampled. Three additional soil samples were collected from within Shoal, Waller, 

and Boggy Creek watersheds in Austin, Texas, to further characterize central Austin 

(urban) watershed soils. For each soil sample, a hole was dug in the ground with a clean 

metal shovel until bedrock or unconsolidated rock prevented further digging. A clean 

plastic scoop was then used to scrape and collect soil from the entire soil profile. The soil 

was then placed inside a clean plastic bag. The metal shovel was cleaned between 

sampling locations, and a separate plastic scoop was used for each sample collected. 

Soil Descriptions and Sample Locations 

Denton silty clay (DnB) 

Dark brown to pale brown silty clay loam (Werchan and Coker, 1982). Sample 

collected from a pasture in the NFKB watershed outside of Leander, Texas (30° 35’ 

40.29” N, 97° 52’ 27.85” W).  

Georgetown stony clay loam (GsB)  

Brown stony clay loam to reddish brown cobbly clay (Werchan and Coker, 1982). 

This soil falls under the Redland range classification. Sample collected from a small park 

on Pecan Creek Parkway in the LAKE watershed in Austin, Texas (30° 26’ 58.35” N, 97° 

48’ 35.53” W). 

Eckrant cobbly clay (EaD)  

Dark grayish cobbly clay (Werchan and Coker, 1982). Sample collected from a 

field in the BLKH watershed in Cedar Park, Texas (30° 33’ 19.73” N, 97° 51’ 10.94” W).  

Fairlie clay (FaB)  

Dark grey to dark grayish brown clay (Werchan and Coker, 1982). Sample 

collected from a greenbelt in the LAKE watershed in Austin, Texas (30° 27’ 29.72” N, 

97° 48’ 32.56” W). 
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Eckrant extremely stoney clay (EeB)  

Dark grey stoney clay (Werchan and Coker, 1982). Sample collected from a 

private residence on Hidden Meadow Drive in the LAKE watershed in Austin, Texas 

(30° 27’ 17.04” N, 97° 47’ 40.58” W). 

Lewisville silty clay (LeB)  

Deep, dark grayish brown to reddish yellow silty clay (Werchan et al., 1974). 

Sample collected at the old Mueller Airport property, in the Boggy Creek watershed, just 

east of the Waller Creek watershed, in Austin, Texas (30° 18’ 13.75” N, 97° 42’ 01.17” 

W). 

Travis soils and urban land (TuD)  

Brown to light reddish brown gravelly fine sandy loam (Werchan et al., 1974). 

Travis soils are under the Redland range classification. Sample collected at Patterson 

Park, in the Boggy Creek watershed, just east of the Waller Creek watershed, in Austin, 

Texas (30° 17’ 46.14” N, 97° 42’ 39.20” W). 

Urban land and Austin soils (UsC)  

Grey-brown silty clay, underlain by weathered chalk (Werchan et al., 1974). 

Sample collected at the Austin State Hospital grounds in the Waller Creek watershed in 

Austin, Texas (30° 18’41.52” N, 97° 44’ 05.21” W).  
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Appendix B. Analytical Methods 

SR ISOTOPE ANALYSIS EQUIPMENT-CLEANING PROCEDURES 

Teflon vials used during Sr isotope chemistry are cleaned with the following 

procedures:  

 Scrub vials and caps with sponge and solution of Micro-Soap and 

deionized water. 

 Place vials in 1,000 mL Teflon cleaning bottle with solution of Micro-

Soap and deionized water and place bottle in ultrasonic bath for 

approximately 30 min. 

 Soak vials in solution of Micro-Soap and deionized water for at least 24 hr 

on the hot plate. 

 Rinse 3 times with deionized water. 

 Soak vials, in Teflon cleaning bottle, in 50% Aquaregia acid solution on 

hot plate for at least 24 hrs. 

 Rinse 3 times with deionized water and soak for at least 24 hr in reagent 

grade 6NHCl acid solution on hot plate. 

 Rinse 3 times with Nanopure water and soak for at least 24 hr in reagent 

grade 7N HNO3 on hot plate. 

 Rinse 3 times with Nanopure water and soak for at least 24 hr in Nanopure 

water on hot plate. 

 Rinse vials with Nanopure water, fill vial with Nanopure water and cap, 

and store vials in a clean zippered plastic bag. 

 

Teflon columns used during Sr isotope chemistry are cleaned with the following 

procedures: 
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 Flush all old resin from column with Nanopure water and place vials in 

500 mL Teflon cleaning bottle. 

 Rinse 3 times with Nanopure water and then soak for at least 24 hr in 

Nanopure water on hot plate. 

 Rinse 3 times with Nanopure water and soak for 48 hr in reagent-grade 

HNO3 (20% solution). 

 Rinse 3 times with Nanopure water and soak for at least 24 hr in Nanopure 

water on hot plate. 

 Rinse 3 times with Nanopure water and store in clean Teflon bottle with 

Nanopure water. 

Preparation of Water Samples for Sr Isotope Analysis 

 All preparation of water samples for Sr isotope analysis was performed in 

the Banner clean lab in the Jackson Geology Building. A 2 mL aliquot of each sample 

was placed into individual Teflon vials using a clean pipet; 0.1 mL of concentrated nitric 

acid (14N) was added to each vial to decompose bicarbonate in samples. The Teflon vials 

were placed on a hot plate, uncapped, to dry down sample completely. Once dry, the 

sample vials were capped and stored until column chemistry began. 

Ammonium Acetate Soil Leaching Procedure 

All soil samples were placed in aluminum foil pans, dried in an oven, and then 

placed in individual plastic bags. The dried soil samples were then crushed with a rubber 

mallet and mixed thoroughly in the bag. Approximately 1.5 g of mixed soils was then 

scooped out of each bag, using a clean pipet tip, and placed in individual centrifuge tubes. 

Next, 10 mL of 1 molar ammonium acetate (NH4Ac) was added to centrifuge tube. 

Samples were agitated and then allowed to sit for 60 min, and then the tubes were slightly 
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agitated again every 10 min. The tubes were then centrifuged for 10 min, and the liquid 

was decanted into individual 15 mL Teflon beakers. Two drops of concentrated pure 

nitric acid were added to each vial, and the samples were dried down, in the uncapped 

vials, on a hot plate for approximately 10 hr. To dissolve any organic matter in sample 

residue, concentrated nitric acid (3 drops) was added to each vial, on top of the dry 

sample, and then samples were again allowed to dry down. This step was repeated until 

the remaining residue was clear. The vials were then capped and the samples stored for 

later analysis. From this point, samples were analyzed in the same manner as were the 

dry water samples. 

Ammonium Acetate Rock Leaching Procedure 

 Rock samples were crushed in plastic bags with a steel mallet. 

Approximately 1.5 g of sand-size particles were scooped out of each bag with a clean 

pipet tip and placed into individual centrifuge tubes. Next, 10 mL of 1 molar ammonium 

acetate (NH4Ac) was added to each centrifuge tube. Samples were agitated and then 

allowed to sit for 60 min, and then slightly agitated again every 10 min. The tubes were 

then centrifuged for 10 min, and the liquid was decanted into individual 10 mL Teflon 

beakers. Two drops of concentrated pure nitric acid were added to each vial, and the 

samples were dried down, in the uncapped vials, on a hot plate for approximately 10 hr. 

The vials were then capped and the sample stored for later analysis. From this point, 

samples were analyzed in the same manner as were the dry water samples. 

Rock Dissolution Procedure 

 Rock samples were crushed in plastic bags with a steel mallet. Small 

pebble-sized rock pieces, approximately 3 to 5 mm across, were placed into a bag and 

rinsed in deionized water to remove rock powder. Approximately 0.5 g of rock pieces 
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was placed in individual centrifuge tubes containing 10 mL of 0.5N HNO3. Samples were 

agitated and then allowed to sit for 30 min, with each tube slightly agitated again every 

10 min. The tubes were then centrifuged for 10 min, and the liquid was decanted into 

individual 10 mL Teflon beakers. Two drops of concentrated pure nitric acid were added 

to each vial, and the samples were dried down, in the uncapped vials, on a hot plate for 

approximately 10 hr. The vials were then capped and the sample stored for later analysis. 

From this point, samples were analyzed in the same manner as were the dry water 

samples.  

Sr Isotope Chemistry 

All dried residues of water, soil, and rock samples were analyzed for Sr isotopes 

using the same ion exchange chemistry procedures. Sr isotope column chemistry 

procedures are as follows: 

 Add 300 µL of ultrapure 3N HNO3 to vial containing sample, and cap. 

Place capped sample vial on hot plate to dissolve sample. 

 Place columns in rack.  

 Add Sr-Spec resin until level with the column neck.  

 Condition resin by flushing column twice with 100 µL 3N HNO3. 

 Transfer samples from Teflon vials to columns using a clean tip for each 

sample. 

 Add 50 µL of 3N HNO3 to each column and allow to drip through. Repeat 

this step 5 more times (300 µL total).  

 Add 200 µL HNO3 to each column and allow to drip through.  

 Add 300 µL HNO3 to each column and allow to drip through. 

 Add 450 µL HNO3 to each column and allow to drip through. 
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 Place clean Teflon vials under each column. 

 Add 750 µL 0.01N HNO3 to each column to collect Sr. 

 Add 1 drop H3PO4 to each sample vial. 

 Place Teflon vials on hot plate without caps to dry. 

Dried Sr samples were later dissolved in 0.3M H3PO4 and loaded, with Ta2O5, 

onto rhenium filaments for analysis with a thermal ionization mass spectrometer (TIMS). 

Sr Isotope Analysis Methods  

Sr isotope analysis was performed at the University of Texas at Austin using a 

Thermo Scientific TRITON thermal ionization mass spectrometer (TIMS) (results in 

table C.1.). Sr isotope values are normalized to 
88

Sr/
86

Sr = 8.375209 using an exponential 

fractionation law. 
87

Sr was corrected for 
87

Rb by simultaneously measuring 
85

Rb and 

using 
87

Rb/
85

Rb = 0.38600.  Analyses of the NIST-SRM 987 standard conducted by the 

author during the time of the entire study yield a mean 
87

Sr/
86

Sr value of 0.710266 ±19 

(2σ, n=10). Analyses of the NIST-SRM 987 standard conducted by all users in the TIMS 

laboratory during the time of this study yield mean 
87

Sr/
86

Sr values that varied on 4- to 7-

month intervals, as follows:  

  

Period NIST SRM 987 

9/2009–12/2009 0.710261 ± 10 (2σ, n = 21) 

3/2010–7/2010 0.710266 ± 12 (2σ, n = 34) 

2/2011–8/2011 0.710254 ± 10 (2σ, n = 26) 

8/2012–2/2013 0.710274 ± 14 (2σ, n = 26) 
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Sr isotope values reported are those measured, and no adjustments were made to the 

NIST-SRM 987 standard values. The mean difference between 
87

Sr/
86

Sr values for three 

replicate analysis pairs is ±0.000007. Procedural blanks (n=4) were in the range of 5-27 

pg Sr, and a field blank was 86 pg Sr. These blanks are negligible compared to the typical 

amount of Sr in the samples (0.2–1 µg).  Results of quality assurance samples for Sr 

isotope are listed in table C.2.  

Cation Analysis Methods 

Cation concentrations were measured by Dr. Nathan Miller at the University of 

Texas at Austin with an Agilent 7500ce Quadrupole inductively coupled mass 

spectrometer (major cation analyses results in table C.3.). All water samples were diluted 

1:10, and soil leachate samples were diluted 1:100 with 2% HNO3. Over the course of the 

investigation, 3 samples were spiked with an analyte of known concentrations. Spiked 

sample analysis resulted in 94%, 100%, and 103% recovery of all analytes, indicating 

sample matrix is similar enough to calibration standards as not to affect analytical results. 

Analytical uncertainty for Ca, Mg, and Na concentration, established as the percent of 

mean replicate standard analysis, is 4%, 8%, and 8%, respectively. The average 

percentage of difference between sample replicates (n = 6) for Ca, Mg, and Na are 0.3%, 

1.2%, and 1.0%, respectively. Results of quality assurance samples for cation analyses 

are given in table C.5. Detection limits for cations are given in table C.6. 

Anions Analysis Methods 

Major anion concentrations, other than alkalinity, were analyzed by Bob Reedy at 

the University of Texas at Austin Bureau of Economic Geology using a Dionex ICS-2000 

ion chromatograph following EPA method 300.0 protocols (major anion analyses results 

in table C.7.). Analytical uncertainty for measurements of Cl concentrations, established 
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as the percent of mean replicate standard analysis, is less than 3%. The average 

percentage of difference between sample replicates for Cl is 2.8%. Results of quality 

assurance samples for cation analyses are given in table C.8. Detection limits for major 

anions are given in table C.9. 

Alkalinities were measured by digital titration using the inflection point method 

within 24 hr of sample collection. Samples of 50 mL were titrated with 0.16N sulfuric 

acid to a pH of 4.0. HCO3 and CO3 concentrations were calculated using the U.S. 

Geological Survey web-based alkalinity calculator (http://or.water.usgs.gov/alk/). Results 

of quality assurance samples for alkalinity analyses are given in table C.10. 

Charge Balance 

Computed charge balance errors are below 5% for 24 of 28 stream, reservoir, and 

Cedar Park municipal water samples (not including Austin municipal water), with the 

remaining 4 below 7%. The charge balance error for Austin municipal water ranges from 

± 8% to ± 15%. The high errors for the municipal water samples are likely due to errors 

in estimating HCO3 and CO3 concentrations by titration of water that is chemically 

treated to promote calcite precipitation and thereby reduce hardness. Because alkalinity 

samples are not preserved with acid, calcite precipitation may be occurring in municipal 

water alkalinity sample bottles between sample collection and sample analysis. HCO3 and 

CO3 concentrations are, therefore, lower in alkalinity samples than in cation samples, 

resulting in high biased charge balance errors. Results of all computed charge balance 

errors are listed in table C.11. 
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Appendix C. Geochemical Data 

To help save room/space in the following data tables, the abbreviated north 

Austin stream names used above are employed again to identify samples.  All other 

samples are identified with the following abbreviated names: 

WALL- Waller Creek 

CPMW- Cedar Park municipal Water 

LEMW- Leander municipal Water 

CAMW- city of Austin municipal water 

LAKE BWW- LAKE below waste water discharge 

CLUK BWW- CLUK below waste water discharge 

NFKB BWW- NFKB below waste water discharge 

CAWW- city of Austin waste water 

SCALT- Sandy Creek arm of Lake Travis 

LKAS- Lake Austin 

Ked – Edwards Limestone 

Kcp – Comanche Peak Limestone 

Kkv – Keys Valley Marl 

DnB- Denton silty clay 

GsB- Georgetown stony clay loam 

EaD- Eckrant cobbly clay 

FaB- Fairlie clay 

EeB- Eckrant stoney clay 

LeB- Lewisville silty clay 

TuD- Travis soils and urban land 
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UsC- Urban lands and Austin soils 
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Table C.1. Results of Sr Isotope Analysis 

SAMPLE Sample Date of Date of 87Sr/86Sr Internal Precision 88Sr/84Sr 

ID type Sample Analysis   2*Std. Error of Mean   

CLUK stream 8/21/2009 11/18/2009 0.708706 0.000005 148.26 

CLUK BWW stream 8/21/2009 11/18/2009 0.709148 0.000005 148.27 

MASN stream 8/21/2009 11/18/2009 0.708249 0.000005 148.28 

NFKB BWW stream 8/21/2009 11/18/2009 0.708837 0.000005 148.28 

NFKB GW stream 8/21/2009 11/18/2009 0.708040 0.000006 148.28 

LAKE BWW stream 8/21/2009 11/18/2009 0.709311 0.000006 148.27 

NIST SRM 987 standard - 11/18/2009 0.710270 0.000005 148.26 

NIST SRM 987 standard - 11/18/2009 0.710272 0.000006 148.27 

SFNF stream 5/10/2010 6/27/2010 0.708257 0.000006 148.26 

MASN stream 5/10/2010 6/27/2010 0.708313 0.000018 148.25 

BLKH stream 5/10/2010 6/27/2010 0.708363 0.000006 148.26 

BLKH-REP stream 5/10/2010 6/27/2010 0.708360 0.000005 148.25 

CLUK stream 5/10/2010 6/27/2010 0.708358 0.000006 148.25 

BCUP stream 5/10/2010 6/27/2010 0.708659 0.000006 148.26 

CAMW tap water 5/10/2010 6/27/2010 0.709184 0.000006 148.26 

CPMW tap water 5/10/2010 6/27/2010 0.709184 0.000006 1.4826 

LEMW tap water 5/10/2010 6/27/2010 0.709191 0.000006 1.4826 

CAWW waste water 5/10/2010 6/27/2010 0.709060 0.000006 148.27 

CAWW REP waste water 5/10/2010 6/27/2010 0.709191 0.000006 148.26 

NIST SRM 987 standard - 6/27/2010 0.710260 0.000006 148.26 

NFKB stream 5/10/2010 6/27/2010 0.708585 0.000005 148.25 

LAKE stream 5/10/2010 6/27/2010 0.709401 0.000003 148.26 

NIST SRM 987 standard - 6/27/2010 0.710260 0.000006 148.26 

MASN stream 8/24/2010 3/28/2011 0.708301 0.000003 148.25 

CAMW tap water 8/24/2010 3/28/2011 0.708960 0.000003 148.24 

CAMW tap water 1/15/2011 3/28/2011 0.709081 0.000003 148.23 
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Table C.1. (cont.) Results of Sr Isotope Analysis 

 

SAMPLE Sample Date of Date of 87Sr/86Sr Internal Precision 88Sr/84Sr 

ID type Sample Analysis   2*Std. Error of Mean   

CAMW tap water 2/12/2011 3/28/2011 0.709083 0.000003 148.24 

BCUP stream 8/24/2010 3/28/2011 0.708632 0.000003 148.23 

BLKH stream 8/24/2010 3/28/2011 0.708359 0.000003 148.24 

CLUK stream 8/24/2010 3/28/2011 0.708407 0.000003 148.23 

CPMW tap water 8/24/2010 3/28/2011 0.709280 0.000003 148.23 

CPMW tap water 1/15/2011 3/28/2011 0.709443 0.000003 148.23 

CPMW tap water 2/12/2011 3/28/2011 0.709435 0.000003 148.25 

LAKE stream 8/24/2010 3/28/2011 0.709413 0.000409 148.24 

Lake Austin lake 8/24/2010 3/28/2011 0.709019 0.000003 148.24 

NIST SRM 987 standard - 3/28/2011 0.710251 0.000003 148.23 

NFKB stream 8/24/2010 3/28/2011 0.708038 0.000003 148.23 

SCALT lake 8/24/2010 3/28/2011 0.709273 0.000003 148.24 

Kkv (l) rock 8/24/2010 3/28/2011 0.707675 0.000004 148.23 

Kcp (l) rock 8/24/2010 3/28/2011 0.707645 0.000003 148.24 

DnB soil 8/24/2010 3/28/2011 0.708742 0.000003 148.25 

GsB soil 8/24/2010 3/28/2011 0.708582 0.000003 148.25 

EaD soil 8/24/2010 3/28/2011 0.708287 0.000003 148.28 

SFNF soil 8/24/2010 3/28/2011 0.708255 0.000003 148.24 

Ked (l) rock 8/24/2010 3/28/2011 0.707776 0.000003 148.24 

FaB soil 8/24/2010 3/28/2011 0.710055 0.000003 148.26 

NIST SRM 987 standard - 3/28/2011 0.710251 0.000003 148.23 

LeB  (Waller) soil 1/9/2012 10/18/2012 0.712504 0.000003 148.24 

NIST SRM 987 standard - 10/18/2012 0.710271 0.000003 148.25 

NIST SRM 987 standard - 10/18/2012 0.710278 0.000003 148.26 

TuD (Boggy) soil 1/9/2012 10/18/2012 0.711863 0.000003 148.25 

UsC (Waller) soil 1/9/2012 10/18/2012 0.709286 0.000004 148.24 
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Table C.1. (cont.) Results of Sr Isotope Analysis 

 

SAMPLE Sample Date of Date of 87Sr/86Sr Internal Precision 88Sr/84Sr 

ID type Sample Analysis   2*Std. Error of Mean   

WALL stream 7/22/2011 10/18/2012 0.708923 0.000003 148.24 

WALL stream 8/24/2011 10/18/2012 0.708984 0.000003 148.23 

WALL stream 9/29/2011 10/18/2012 0.709004 0.000003 148.25 

BLKH stream 7/28/2011 10/18/2012 0.708306 0.000004 148.24 

CLUK stream 7/28/2011 10/18/2012 0.708545 0.000005 148.23 

CLUK stream 9/24/2011 10/18/2012 0.708561 0.000004 148.25 

CAMW tap water 7/28/2011 10/18/2012 0.709399 0.000004 148.25 

CAMW tap water 9/24/2011 10/18/2012 0.709557 0.000004 148.24 

CPMW tap water 7/28/2011 10/18/2012 0.709493 0.000005 148.25 

CPMW tap water 9/24/2011 10/18/2012 0.709879 0.000004 148.24 

EeB soil 1/9/2012 10/18/2012 0.708671 0.000004 148.24 

EeB soil 1/9/2012 10/18/2012 0.708656 0.000005 148.23 

GsB soil 1/9/2012 10/18/2012 0.709848 0.000005 148.25 

Kcp (d) rock 8/24/2011 10/18/2012 0.707636 0.000004 148.24 

Ked (d) rock 8/25/2011 10/18/2012 0.707912 0.000005 148.25 

Kkv  (d) rock 8/26/2011 10/18/2012 0.707655 0.000004 148.24 

MASN stream 7/28/2011 10/18/2012 0.708260 0.000004 148.25 

SCALT lake 1/9/2012 10/18/2012 0.709511 0.000004 148.25 

NIST SRM 987 standard - 10/18/2012 0.710275 0.000004 148.25 

NIST SRM 987 standard - 10/18/2012 0.710270 0.000004 148.25 

WALL stream 11/9/2011 1/19/2013 0.709038 0.000006 148.24 

WALL stream 3/21/2012 1/19/2013 0.708843 0.000006 148.24 

WALL stream 3/21/2012 1/19/2013 0.708825 0.000006 148.24 

WALL stream 6/15/2012 1/19/2013 0.708839 0.000006 148.24 

WALL stream 7/20/2012 1/19/2013 0.708860 0.000006 148.24 
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Table C.2. Results of Sr isotope quality assurance samples 

QA Sample Pairs Date 87Sr/86Sr 

LAKE BWW  08/21/09 0.709311 

LAKE BWW REPLICATE 08/21/09 0.709307 

DIFFERENCE   0.000006 

CAWW 05/10/10 0.709184 

CAWW REPLICATE 05/10/10 0.709191 

DIFFERENCE   -0.000010 

WALL  03/12/12 0.708843 

WALL-REPLICATE 03/12/12 0.708825 

DIFFERENCE   0.000025 

BLKH 05/10/10 0.708363 

BLKH-DUPLICATE 05/10/10 0.708360 

DIFFERENCE   0.000004 
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Table C.3. Results of cation analysis 

  Sample Na  K  Si  Ba  P Mn Rb Fe Al Ni Cu Zn 

Sample Id.  Date (ppm) (ppm) (ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

LAKE 05/10/10 25.6 6.1 8.8 81.7 94.2 41.1 4.67 42.3 2.9 2.52 BDL BDL 

LAKE 08/24/10 24.1 1.9 4.6 631 BDL 11.1 0.717 5.8 BDL 2.50 BDL 126 

BCUP 05/10/10 20.1 2.0 5.0 67.4 63.2 2.0 1.79 5.5 4.1 2.39 BDL BDL 

BCUP 08/24/10 10.8 3.2 5.1 1480 0.0 2.6 0.724 1.9 3.3 2.66 0.395 382 

CLUK 08/21/09 33.5 2.7 4.5 59.7 BDL BDL 1.49 6.7 BDL BDL BDL BDL 

CLUK 05/10/10 26.8 2.3 5.1 74.9 71.4 2.7 1.44 4.5 6.1 3.29 BDL BDL 

CLUK 08/24/10 21.0 2.1 5.2 1660 BDL 35.3 1.26 5.5 BDL 1.98 BDL 405 

CLUK 07/28/11 22.7 2.1 4.7 372 BDL 2.9 1.06 1.3 4.4 BDL 0.611 59.1 

CLUK 09/24/11 21.8 2.1 4.6 307 5.3 1.7 0.527 2.5 0.36 1.97 0.607 69.7 

BLKH 05/10/10 17.5 1.1 5.3 63.6 67.3 8.8 1.02 5.8 4.7 3.12 BDL BDL 

BLKH 08/24/10 15.7 1.3 5.3 1360 BDL 5.3 0.503 3.0 BDL 2.46 BDL 236 

BLKH 07/28/11 19.1 1.5 5.3 138.3 BDL 3.4 1.19 1.7 1.8 BDL 0.617 34.8 

MASN 08/21/09 20.4 0.8 7.2 27.1 BDL BDL 1.34 18.4 4.5 BDL BDL BDL 

MASN 05/10/10 17.6 0.8 4.9 72.5 57.7 36.1 BDL 14.0 3.4 3.40 BDL BDL 

MASN 08/24/10 17.6 0.9 5.0 261 BDL 119 0.346 7.7 BDL 3.09 BDL 62.0 

MASN 07/28/11 23.2 1.3 6.1 477 BDL 12.6 0.546 9.4 3.4 BDL 2.10 11.2 

SFNF 05/10/10 12.7 1.1 4.8 64.0 60.7 36.5 BDL 17.3 6.3 3.22 BDL BDL 

SFNF 08/24/10 13.0 0.9 4.9 235 BDL 73.5 0.363 11.2 BDL 2.81 0.308 60.9 

NFKB 05/10/10 9.7 1.1 4.8 52.8 48.4 44.0 1.05 30.1 5.4 2.52 BDL BDL 

NFKB 08/24/10 9.5 1.5 4.7 837 BDL 35.6 0.521 8.4 BDL 2.10 BDL 161 
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Table C.3. (cont.)  Results of cation analysis 

  Sample Na  K  Si  Ba  P Mn Rb Fe Al Ni Cu Zn 

Sample Id. Date (ppm) (ppm) (ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

CPMW 05/10/10 20.1 3.9 4.3 61.2 59.8 0.244 1.06 1.6 9.7 1.46 37.9 BDL 

CPMW 08/24/10 17.4 3.3 2.9 47.1 BDL 1.27 1.09 39.4 15.0 1.28 189 BDL 

CPMW 01/15/11 19.0 3.7 4.1 51.5 BDL 0.147 0.90 BDL 4.0 1.17 34.7 18.9 

CPMW 02/12/11 19.7 3.7 4.0 53.6 BDL 0.219 0.93 2.6 4.4 1.26 126 1.99 

CPMW 07/28/11 20.6 3.8 3.7 52.7 BDL BDL 1.13 2.1 11.9 BDL 118 4.00 

CPMW 09/24/11 - - - BDL BDL BDL BDL BDL BDL BDL BDL BDL 

CAMW 05/10/10 20.9 4.0 3.7 8.1 118 0.409 1.14 26.8 4.6 BDL BDL BDL 

CAMW 08/24/10 18.6 3.4 3.7 7.9 87.8 0.019 1.09 6.1 BDL BDL 0.312 BDL 

CAMW 01/15/11 20.9 3.7 3.5 6.7 216 0.200 0.93 27.9 0.51 0.56 0.635 BDL 

CAMW 02/12/11 20.9 3.8 3.2 7.4 113 0.141 0.92 8.9 BDL 0.59 0.790 BDL 

CAMW 07/28/11 20.1 3.6 3.5 8.8 363 BDL 1.06 11.9 2.6 BDL 1.05 BDL 

CAMW 09/24/11 - - - BDL BDL BDL BDL BDL BDL BDL BDL BDL 

LKBWW 08/21/09 67.5 14.6 4.1 11.7 3950 BDL 9.25 50.2 29.8 BDL 3.47 51.6 

CAWW 05/10/10 51.7 12.6 4.8 22.9 2890 22.8 9.09 18.3 10.7 1.47 1.86 42.3 

NFBWW 08/21/09 83.2 22.5 2.6 36.3 BDL 8.62 8.59 BDL 3.2 BDL BDL BDL 

CLBWW 08/21/09 70.9 12.8 4.8 27.2 BDL 7.01 14.07 BDL 1.7 BDL BDL BDL 

SCALT 08/24/10 17.5 3.2 2.8 199 BDL 1.27 0.91 1.8 BDL 1.05 0.498 34.1 

SCALT 07/28/11 21.1 3.8 3.9 262 BDL 0.528 1.06 1.8 6.1 BDL 1.01 21.0 

LKAS 08/24/10 19.7 3.5 5.6 1105 BDL 4.29 0.99 2.0 BDL 1.46 0.322 153 

BDL, below detection limit (Table C.6.); -, not measured 
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Table C.4. Stream and municipal water field parameters, Ca, Mg, and Sr concentrations, Mg/Ca, and Sr isotopes  

  Sample     Ca Mg Sr  Mg/Ca   

Sample Id.  Date SpCond pH (ppm) (ppm) (ppm) (molar) 87Sr/86Sr 

LAKE 05/10/10 678 7.57 72.9 26.4 0.123 0.597 0.709401 

LAKE 08/24/10 726 7.72 88.8 34.3 0.133 0.637 0.709413 

BCUP 05/10/10 523 8.19 58.5 20.8 0.188 0.588 0.708659 

BCUP 08/24/10 704 8.25 60.5 11.4 0.138 0.311 0.708632 

CLUK 08/21/09 - - 81.0 16.0 0.223 0.327 0.708706 

CLUK 05/10/10 747 7.65 117 10.9 0.304 0.154 0.708358 

CLUK 08/24/10 441 7.66 112 9.4 0.278 0.138 0.708407 

CLUK 07/28/11 595 7.68 89.8 10.0 0.230 0.184 0.708545 

CLUK 09/24/11 636 7.70 92.3 10.3 0.249 0.184 7.708561 

BLKH 05/10/10 423 7.48 115 7.8 0.339 0.112 0.708363 

BLKH 08/24/10 626 7.74 107 7.7 0.314 0.119 0.708359 

BLKH 07/28/11 577 7.65 93.8 9.2 0.354 0.162 0.708306 

MASN 08/21/09 - - 51.2 5.1 0.320 0.164 0.708249 

MASN 05/10/10 663 7.72 115 6.9 0.421 0.099 0.708313 

MASN 08/24/10 656 7.63 117 7.0 0.438 0.099 0.708301 

MASN 07/28/11 306 8.84 32.7 3.1 0.259 0.158 0.708259 

SFNF 05/10/10 622 7.63 114 5.3 0.409 0.078 0.708257 

SFNF 08/24/10 626 7.58 116 5.4 0.434 0.077 0.708255 

NFKB 05/10/10 450 7.74 80.3 3.2 0.547 0.066 0.708585 

NFKB 08/24/10 465 7.59 85.8 3.6 0.556 0.070 0.708038 
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Table C.4. (cont.) Stream and municipal water field parameters, Ca, Mg, and Sr concentrations, Mg/Ca, and Sr isotopes 

 

  Sample     Ca Mg Sr  Mg/Ca   

Sample Id.  Date SpCond pH (ppm) (ppm) (ppm) (molar) 87Sr/86Sr 

CPMW 05/10/10 474 7.74 46.4 19.7 0.353 0.702 0.709184 

CPMW 08/24/10 441 7.50 42.1 19.1 0.327 0.751 0.709280 

CPMW 01/15/11 423 7.76 45.2 21.1 0.311 0.769 0.709443 

CPMW 02/12/11 409 7.80 45.8 21.7 0.322 0.783 0.709435 

CPMW 07/28/11 443 7.45 37.7 22.3 0.336 0.978 0.709493 

CPMW 09/24/11 476 7.42 - - - - 0.709879 

CAMW 05/10/10 308 9.64 11.3 17.2 0.117 2.51 0.709060 

CAMW 08/24/10 276 9.65 13.2 13.3 0.107 1.66 0.708960 

CAMW 01/15/11 262 9.45 13.1 19.4 0.119 2.45 0.709081 

CAMW 02/12/11 211 8.38 14.4 20.3 0.126 2.32 0.709083 

CAMW 07/28/11 284 9.56 10.4 17.3 0.109 2.74 0.709399 

CAMW 09/24/11 298 9.47 - - - - 0.709557 

LAKE BWW 08/21/09 - - 22.6 16.9 0.098 1.23 0.709311 

CAWW 05/10/10 600 6.82 34.0 20.3 0.121 0.984 0.709184 

FFKBWW 08/21/09 - - 56.9 19.0 0.381 0.552 0.708837 

CLUK WW 08/21/09 - - 27.5 18.9 0.164 1.13 0.709148 

SCALT 08/24/10 412 8.19 40.9 18.9 0.310 0.764 0.709273 

SCALT 07/28/11 481 7.92 37.1 22.2 0.326 0.986 0.709511 

LKAS 08/24/10 497 7.88 54.9 18.6 0.341 0.559 0.709019 

-, not measured 
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Table C.5. Results of cation quality assurance samples, concentrations in ppm 

QA Sample Pairs- Major Cations Date Ca Mg Na  K  Sr  SiO2 

LAKE-COAWW Mix 08/21/09 22.6 16.9 67.5 14.6 0.098 4.1 

LAKE-COAWW Mix REPLICATE 08/21/09 22.8 16.7 67.3 14.5 0.099 4.1 

DIFFERENCE (%)   -0.8 1.2 0.3 0.9 -1.4 0.0 

Cedar Park Municipal Water 08/24/10 42.1 19.1 17.4 3.3 0.327 2.9 

Cedar Park Municipal Water REP 08/24/10 42 19.2 17.7 3.3 0.317 2.9 

DIFFERENCE (%)   0.1 -0.3 -1.6 1.0 3.0 0.7 

Blockhouse Creek 08/24/10 107.3 7.7 15.7 1.3 0.314 5.3 

Blockhouse Creek REPLICATE 08/24/10 108.0 7.7 15.5 1.1 0.315 5.2 

DIFFERENCE (%)   -0.6 0.8 1.4 12.9 -0.2 0.6 

Blockhouse Creek 07/28/11 93.8 9.2 19.1 1.5 0.354 5.3 

Blockhouse Creek REPLICATE 07/28/11 93.6 9.0 19.2 1.5 0.353 5.3 

DIFFERENCE (%)   0.2 2.6 -0.6 -0.1 0.3 0.0 

Waller Creek 03/21/12 93.8 9.2 19.1 1.5 0.354 5.8 

Waller Creek REP 03/21/12 93.6 9.0 19.2 1.5 0.353 5.8 

DIFFERENCE (%)   0.2 2.6 -0.6 -0.1 0.3 0.2 

Blockhouse Creek 05/10/10 114.6 7.8 17.5 1.1 0.339 5.3 

Blockhouse Creek DUPLICATE 05/10/10 113.8 7.8 17.1 1.1 0.339 5.2 

DIFFERENCE (%)   0.7 0.6 2.3 2.8 0.2 1.0 
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Table C.6. Cation detection limits in ppm 

Sample Dates Analysis Date Ca Na Mg K Sr 

8/21/2009 9/30/2009 0.582 0.365 0.136 0.037 0.0056 

5/10/2010 5/18/2010 0.119 0.018 0.004 0.039 0.0045 

8/24/2010 11/23/2010 0.041 0.055 0.012 0.023 0.0008 

1/2011-2/2011 3/1/2011 0.019 0.074 0.006 0.121 0.0002 

7/28/2011 8/16/2011 0.006 0.006 0.003 0.023 0.0002 

1/9/2012 1/31/2012 0.038 0.016 0.006 0.054 0.0006 

7/2011-9/2011 2/21/2012 0.013 0.014 0.012 0.129 0.0007 

11/2011-6/2012 1/4/2013 0.678 0.414 0.300 0.106 0.0233 
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Table C.6. (cont.) Cation detection limits in ppm 

Sample Dates Analysis Date Si  Ba  P Mn Rb 

8/21/2009 9/30/2009 0.0768 0.0091 0.104 0.0012 0.0007 

5/10/2010 5/18/2010 0.0294 0.0008 0.026 0.0009 0.0009 

8/24/2010 11/23/2010 0.0664 0.0003 0.038 0.0002 0.0002 

1/2011-2/2011 3/1/2011 0.0063 0.0001 0.055 0.0001 0.00003 

7/28/2011 8/16/2011 0.0069 0.0001 0.009 0.0001 0.0001 

1/9/2012 1/31/2012 0.0086 0.0001 0.014 0.0001 0.0002 

7/2011-9/2011 2/21/2012 0.0057 0.0003 0.012 0.0002 0.0001 

11/2011-6/2012 1/4/2013 0.2208 0.0049 0.024 0.0048 0.0003 
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Table C.6. (cont.) Cation detection limits in ppm 

Sample Dates Analysis Date Fe Al Ni Cu Zn 

8/21/2009 9/30/2009 0.0020 0.0042 0.0014 0.0011 0.0048 

5/10/2010 5/18/2010 0.0014 0.0015 0.0009 0.0011 0.0091 

8/24/2010 11/23/2010 0.0012 0.0017 0.0002 0.0003 0.0047 

1/2011-2/2011 3/1/2011 0.0025 0.0004 0.0002 0.0002 0.0006 

7/28/2011 8/16/2011 0.0003 0.0017 0.015 0.0002 0.0008 

1/9/2012 1/31/2012 0.0004 0.0008 0.0001 0.0002 0.0007 

7/2011-9/2011 2/21/2012 0.0004 0.0009 0.0001 0.0002 0.0050 

11/2011-6/2012 1/4/2013 0.0139 0.023 0.0043 0.0057 0.046 
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Table C.7. Results of anion analysis 

  Sample Cl SO4 NO3 NO2 PO4 Br HCO3 CO3 F 

Sample Id.  Date (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

LAKE 05/10/10 53.2 30.7 0.082 BDL 0.083 0.274 296 0.7 0.61 

LAKE 08/24/10 45.1 38.7 0.060 BDL BDL 0.258 364 0.9 0.32 

BCUP 05/10/10 39.5 35.5 0.084 BDL BDL 0.280 214 2.0 0.16 

BCUP 08/24/10 18.0 15.6 0.090 0.046 0.038 0.150 215 1.9 0.14 

CLUK 08/21/09 46.7 30.1 2.33 BDL BDL 0.051 - - 0.39 

CLUK 05/10/10 54.1 41.1 10.6 0.047 BDL 0.205 317 0.9 0.26 

CLUK 08/24/10 37.8 32.8 10.9 0.072 0.039 0.170 339 0.8 0.19 

CLUK 07/28/11 36.9 27.0 3.33 0.012 BDL BDL 284 0.8 0.11 

CLUK 09/24/11 41.2 31.0 3.84 BDL BDL BDL - - 0.12 

BLKH 05/10/10 34.7 31.2 10.4 0.042 BDL 0.289 308 0.6 0.20 

BLKH 08/24/10 28.5 27.4 9.22 0.061 BDL 0.220 273 0.8 0.20 

BLKH 07/28/11 37.1 23.9 2.54 BDL BDL BDL 265 0.7 0.11 

MASN 08/21/09 35.1 20.6 BDL BDL BDL 0.170 - - 0.25 

MASN 05/10/10 33.9 29.1 2.61 0.022 BDL 0.285 334 1.1 0.20 

MASN 08/24/10 28.3 24.7 1.78 0.050 BDL 0.211 339 0.7 0.20 

MASN 07/28/11 43.2 28.8 BDL BDL BDL 0.240 47.6 1.8 0.16 

SFNF 05/10/10 25.8 23.0 4.92 0.041 BDL 0.291 324 0.9 0.23 

SFNF 08/24/10 24.7 23.1 5.09 0.056 BDL 0.239 299 0.6 0.24 

NFKB 05/10/10 16.1 18.5 3.45 0.056 BDL 0.189 228 0.8 0.31 

NFKB 08/24/10 12.8 10.9 0.97 0.050 BDL 0.190 255 0.1 0.33 
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Table C.7. (cont.) Results of anion analysis  

  Sample Cl SO4 NO3 NO2 PO4 Br HCO3 CO3 F 

Sample Id.  Date (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

CPMW 05/10/10 38.1 27.0 0.960 0.016 0.042 0.067 189 0.6 0.84 

CPMW 08/24/10 34.4 25.9 4.16 0.043 BDL 0.090 168 0.3 0.73 

CPMW 01/15/11 32.0 25.9 0.466 BDL BDL 0.046 196 0.4 0.69 

CPMW 02/12/11 30.4 24.8 0.493 BDL BDL 0.059 187 0.6 0.70 

CPMW 07/28/11 35.2 27.8 0.210 BDL BDL 0.051 173 0.3 0.41 

CPMW 09/24/11 41.2 29.1 0.190 BDL BDL 0.050 - - 0.43 

CAMW 05/10/10 36.3 28.6 1.170 0.016 0.090 0.117 44.8 11.7 0.90 

CAMW 08/24/10 32.5 28.4 0.200 0.153 0.243 0.079 37.7 8.7 0.83 

CAMW 01/15/11 30.4 28.3 0.097 0.023 0.082 0.047 60.0 8.4 0.59 

CAMW 02/12/11 30.9 29.5 0.256 0.020 0.051 0.062 82.7 1.1 0.48 

CAMW 07/28/11 31.2 26.0 BDL BDL 0.290 0.101 58.8 9.1 0.30 

CAMW 09/24/11 34.7 26.0 BDL 0.020 0.240 0.120 - - 0.29 

LAKE BWW 08/21/09 84.7 44.7 38.7 1.61 13.9 0.150 - - 0.69 

CAWW 05/10/10 72.9 45.2 54.3 0.261 9.74 0.217 100 0.0 0.67 

NFKBWW 08/21/09 125 77.6 1.17 0.070 0.160 0.040 - - 0.25 

CLUK WW 08/21/09 103 47.7 1.16 0.060 0.060 0.190 - - 0.58 

SCALT 08/24/10 26.9 21.3 0.056 BDL BDL 0.110 182 1.2 0.20 

SCALT 07/28/11 29.3 23.6 BDL BDL 0.110 BDL 181 2.2 0.10 

LKAS 08/24/10 30.4 24.3 0.151 0.048 BDL 0.133 230 0.7 0.21 

BDL, below detection limit (Table C.8.); -, not measured 

 

 



 93 

 

Table C.8. Anion detection limits in ppm

Sample Dates Analysis Date Cl NO2 SO4 Br NO3 PO4 F 

8/21/2009 10/27/2009 0.1 0.01 0.1 0.02 0.01 0.01 0.01 

5/10/2010 6/17/2010 0.1 0.01 0.1 0.02 0.05 0.02 0.01 

8/24/2010 12/20/2010 0.1 0.01 0.1 0.02 0.05 0.02 0.01 

  1/2011-2/2011 4/1/2011 0.1 0.01 0.1 0.02 0.05 0.02 0.01 

7/28/2011 9/28/2011 0.01 0.01 0.01 0.02 0.05 0.02 0.01 
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Table C.9. Results of anion quality assurance sample analysis in ppm 

QA Sample Pairs- Major Anions Date Cl SO4 NO3 F 

LAKW BWW 08/21/09 84.7 44.7 38.7 0.690 

LAKE BWW REPLICATE 08/21/09 85.0 44.7 38.7 0.690 

DIFFERENCE (%) 

 
-0.4 0.0 0.0 0.0 

NFKB 05/10/10 16.1 18.5 3.45 0.312 

NFKB REPLICATE 05/10/10 16.0 18.3 3.41 0.306 

DIFFERENCE (%) 

 
0.6 1.1 1.2 0.0 

BLKH 08/24/10 28.5 27.4 9.2 0.195 

BLKH REPLICATE 08/24/10 28.9 27.8 9.3 0.198 

DIFFERENCE (%) 

 
-1.4 -1.4 -1.2 -1.5 

BLKH 07/28/11 37.1 23.9 2.5 0.11 

BLKH REPLICATE 07/28/11 34.0 21.8 2.3 0.11 

DIFFERENCE (%) 

 

8.7 9.2 9.9 0.0 

BLKH 05/10/10 34.7 31.2 10.4 0.198 

BLKH DUPLICATE 05/10/10 34.6 31.2 10.3 0.196 

DIFFERENCE (%) 

 
0.3 0.0 0.3 0.0 

 

 

 

 



 94 

Table C.10. Results from alkalinity quality assurance samples 

QA Sample Pairs- Alkalinity Date HCO3 CO3 

Blockhouse Creek 07/28/11 264.9 0.7 

Blockhouse Creek REPLICATE 07/28/11 265.2 0.5 

DIFFERENCE (%) 

 
-0.1 0.3 

Blockhouse Creek 05/10/10 308.2 0.6 

Blockhouse Creek DUPLICATE 05/10/10 309.6 0.5 

DIFFERENCE (%) 

 
-0.5 0.2 
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Table C.11. Charge balance errors 

  
Equivalents 

    
Equivalents 

 
SITE Date Sampled CATION ANION C.B.E. 

 
SITE Date Sampled CATION ANION C.B.E. 

LAKE 05/10/10 7.08 6.99 0.7 

 
NFKB 05/10/10 4.72 4.64 0.9 

LAKE 08/24/10 8.35 8.04 1.9 

 
NFKB 08/24/10 5.03 4.78 2.6 

BCUP 05/10/10 5.56 5.37 1.7 

 
CPMW 05/10/10 4.91 4.74 1.7 

BCUP 08/24/10 4.51 4.36 1.8 

 
CPMW 08/24/10 4.52 4.33 2.1 

CLUK 05/10/10 7.94 7.75 1.2 

 
CPMW 01/15/11 4.91 4.66 2.6 

CLUK 08/24/10 7.35 7.47 -0.8 

 
CPMW 02/12/11 5.02 4.45 6.1 

CLUK 07/28/11 6.34 6.32 0.2 

 
CPMW 07/28/11 4.71 4.41 3.2 

BLKH 05/10/10 7.15 6.85 2.2 

 
CAMW 05/10/10 3.00 2.37 11.6 

BLKH duplicate 05/10/10 7.09 6.87 1.6 

 
CAMW 08/24/10 2.65 2.13 10.9 

BLKH 08/24/10 6.71 6.00 5.5 

 
CAMW 01/15/11 3.26 2.43 14.6 

BLKH 07/28/11 6.30 5.93 3.1 

 
CAMW 02/12/11 3.39 2.85 8.8 

BLKH replicate 07/28/11 6.28 5.80 4.0 

 
CAMW 07/28/11 2.91 2.39 9.9 

MASN 05/10/10 7.09 7.08 0.1 

 
CAWW 05/10/10 5.94 5.51 3.7 

MASN 08/24/10 7.21 6.89 2.3 

 
SCAT 08/24/10 4.44 4.19 3.0 

MASN 07/28/11 2.93 2.60 6.1 

 
SCAT 07/28/11 4.69 4.28 4.5 

SFNF 05/10/10 6.68 6.59 0.7 

 
LKAS 08/24/10 5.22 5.13 0.9 

SFNF 08/24/10 6.81 6.15 5.1 
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