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Sources of groundwater in glacial till and bedrock aquifers 
in the Illinois Basin  
 
Lisa Wade, Melissa Schlegel, and Jennifer McIntosh 

Hydrology and Water Resources, University of Arizona  
 
Abstract  
Freshwater aquifers in the Illinois Basin support over 30 million acres of agriculture and 15 
million people. The freshwater aquifers are composed of unconsolidated glacial till and 
sedimentary bedrock formations, which overlie deep saline brines (greater than 230 meters). 
Modern freshwater recharge is likely constrained by the low topographic gradient of the basin. 
However 18,000 years ago, the region was inundated by kilometer-thick ice sheets that provided 
sufficient hydraulic head to drive subglacial recharge deep into bedrock aquifers. This study 
investigates the source and timing of freshwater recharge into shallow aquifers, and mixing 
relationships between the freshwater and deep brines, by coupling solute chemistry, age tracers, 
and hydrogeologic information. 
 
Shallow groundwaters (<130 meters deep) likely represent recent (post 1950s) recharge and do 
not show a clear distinction between modern and Pleistocene-aged recharge. In addition, no clear 
factors predict the source or residence times of freshwater. The freshwater/saline water mixing 
zone is probably at depths greater than 130 meters, and there is no significant intrusion of saline 
brines into the shallow freshwater aquifer. However, deeper freshwater samples screened in the 
bedrock could be mixing with very dilute brines that are the source of chloride and sodium 
concentrations.  
 
 
Word Count: 196 
 

Introduction 
Freshwater aquifers in the Illinois Basin, located in Illinois, Indiana and northern Kentucky, 
support over 30 million acres of agriculture and 15 million people (Indiana Geological Survey 
website). The freshwater aquifers are composed of unconsolidated glacial sediments (0 to 150 
meters deep) and shallow aquifers in the underlying bedrock units of Pennsylvanian-
Mississippian carbonates, the fractured Upper Devonian New Albany Shale and Silurian-
Devonian carbonates. At depths of 230 meters, the bedrock units contain highly saline water (up 
to 250g/L total dissolved solids (TDS)).  The Illinois Basin has less than 330 meters change in 
elevation, creating a low topographical gradient that likely constrains the circulation depth of 
modern recharge (Toth 1962). However, 18,000 years ago at the end of the Last Glacial 
Maximum the region was inundated by kilometer-thick ice sheets (Fig. 1) that could have 
provided sufficient hydraulic head to drive fresh subglacial meltwaters into deep basinal 
aquifers.  This study investigates the source and timing of recharge into shallow freshwater 
aquifers along the Illinois Basin margin, and mixing relationships between the freshwater and 
more saline fluids at depth, by coupling solute chemistry, age tracers, and hydrogeologic 
information. 



 
Figure 1.  Map relating thickness of the Laurentide ice sheet at its maximum extent during 
Pleistocene glaciations to the location of interior sedimentary basins. The Illinois Basin is 
highlighted by the star. (taken from Person et al., 2007). 
 
As illustrated in Figure 2, the hydraulic gradient of the region was greatly affected by the 
presence of continental ice sheets. Freshwater recharge from glacial melt-waters was driven to 
depths of up to one kilometer (McIntosh et al., 2002), depressing the chloride concentration of 
the basinal saline brines. Pleistocene aged freshwater may still be present near the surface in and 



underneath the low-permeability glacial tills, which prevent flushing of meltwaters by modern 
recharge, as seen in other surface units with higher permeabilities (McIntosh and Walter, 2006). 
The division between Pleistocene freshwater and modern meteoric water can be distinguished by 
stable and radiogenic isotopic compositions of the water. Modern meteoric water (recharged 
within the last 50 years) contains detectable amounts of tritium (from nuclear weapons testing), 
while Pleistocene aged water (>18,000 years old) does not. Modern meteoric and surface waters 
also have δ18O values within the range of modern precipitation (-4.5 to -7.5 per mil) while 
Pleistocene continental ice sheets have reported δ18O values ranging from -40 to -9 per mil 
(McIntosh et al., 2002).  All fresh meteoric waters, which have not been affected by evaporation 
or water-rock reactions should plot along or near the global meteoric water line (GMWL, δD = 
8δ18O +10).   
 
Solute chemistry and stable isotopes may be used to distinguish mixing relationships between 
fresh groundwaters and basinal brines.  Freshwaters derived from modern precipitation or glacial 
meltwaters should be fairly dilute with low Na and Cl concentrations, and low d18O values, as 
mentioned above.  In contrast, basinal brines are highly saline with elevated Na and Cl 
concentrations, and high d18O values plotting to the right of the GMWL.   
 
We hypothesize that fresh groundwaters beneath glacial till will have higher salinities and lower 
δ18O values from mixing with glacial meltwaters and brines than freshwaters beneath more 
permeable surface units, which will contain modern meteoric waters. To test this hypothesis, we 
combined isotopic data with water chemistry and local geology in order to constrain the source, 
residence times, and penetration depths of the freshwater samples.    
 



 
Figure 2.  Conceptual model depicting the influence of continental glaciers on recharge flow 
paths as compared to modern-day recharge (taken from Person et al., 2007). 
 
Geologic Background and Well Locations 
All of the figures use the same symbols for the well (Fig. 3a). Wells were divided by water type 
(fresh or brine) and the freshwater wells were subdivided by chloride concentrations (low 
concentrations <1mM are denoted by blue and high concentrations >1mM are denoted by green). 
The brines are subdivided by location. Local brines are red triangles and regional brines that 
serve as end members are pink triangles.  



 
Figure 3a. Key for well types  
 
Due to the glacial history of the study area, surface units are primarily comprised of glacial till 
and reworked glacial till. The surface units are divided into heterogeneous glacial till deposits, 
course grain stratified sediment (predominantly in river channels), fine grained stratified 
sediment (lacustrine deposition), patchy sediment cover, and exposed bedrock (Fig. 3b).  

 
Figure 3b. Map displaying surface units in the study area of the Illinois Basin. Squares are 
freshwater wells with blue denoting low levels of chloride and green denoting elevated chloride 
levels. Red triangles are brines (Fig 3a). The transect line A to A’ is the location of the cross 
section (Fig 4)    
 
The underlying and exposed bedrock geology displays a series of sedimentary depositional 
events starting in the Ordovician period through the Pennsylvanian period (Gray et al 1979) (Fig. 



3c). The Ordovician and Silurian units are limestone, dolomite and shale. The Devonian unit is 
comprised primarily of the Muscatatuck Group of limestone and dolomite (Gray et al 1979). 
Along with the Silurian formation, the Mauscatatuck Group is one of the primary aquifers (Lloyd 
and Lyke 1995). The Upper Devonian New Albany Shale is an organic-rich fractured shale 
confining unit. Five groups formed during the Mississippian period, consisting of limestone inner 
bedded with siltstone, shale, and sandstone (Gray et al 1979). The limestone units are considered 
aquifers in Indiana while the shale acts as a confining unit (Lloyd and Lyke 1995). During the 
Pennsylvanian period five groups formed, consisting of shales inner bedded with sandstone, 
limestone and coal deposits (Gray et al 1979). The sandstones, along with zones of fracture, 
joints and bedding plains are some of the most productive aquifers in the region (Lloyd and Lyke 
1995).   
 

 
Figure 3c. Map displaying bedrock geology underlying the surface units. Squares are freshwater 
wells with blue denoting low levels of chloride and green denoting elevated chloride levels. Red 
triangles are brines (Fig 3a). The transect line A to A’ is the location of the cross section (Fig 4) 

Based on previous studies of the Illinois Basin (McIntosh et al, 2002), a cross section was 
selected to cross the observed salinity gradient of the deep basin brines. A cross section relating 
surface units to underlying bedrock units is depicted in Figure 4.  



 
 
Figure 4. Cross-sectional view of surface units and bedrock formations along transect line A to 
A’ (shown in Fig. 3b).  
 
Methods 
We combined new chemical and isotopic data collected during the summer of 2008 with 
previously published datasets from the U.S. Geological Survey (USGS) National Water 
Information System: Web Interface and Eberts and George 2000 We analyzed the data for 
correlations between aquifer type (freshwater versus saline brine), location of well, depth of well, 
and chemical and isotopic composition. Waters are divided into fresh groundwaters with chloride 
concentrations less than 1 mM and fresh groundwaters with chloride concentrations greater than 
1 mM. The brines are subdivided by location: near the location of freshwater data, and 
throughout the Illinois Basin. The wells sampled for brines are natural gas and oil production 
wells, while freshwater data is from domestic and monitoring wells.   
 
ERSI ArchMap (version 9.2) was used to create the maps and superimpose the wells on a cross 
section line that intersects the observed salinity gradient in the bedrock brines. The cross section 
was transferred to Adobe Illustrator to create a vertical profile. Well locations were either given 
by the USGS or obtained in the field at the time of sampling by Dr. Jennifer McIntosh’s research 
group.  Digital representations of the surface and bedrock units were obtained from the USGS 
(Soller and Packard, 1998; Nicholson, 2004).  The Digital Elevation Models are from 2005 
Indiana Map Color Orthophotography Project collected during March and April leaf-off 
conditions at a minimum resolution of 1-foot statewide and downloaded from the Indiana Spatial 
Data Portal housed at Indiana University. Based on location, each well was assigned surface unit 
type, surface unit thickness, bedrock type, and surface elevation. In order to create the cross 
section, elevation, surface unit type and thickness, and bedrock type was gathered at 1 kilometer 
intervals along the cross section line (A to A’). The bedrock elevation was found by subtracting 
the surface unit thickness from the surface elevation and the dip of bedrock was assumed to be 
constant at the scale of the cross section (Gray et al., 1979).  Wells were perpendicularly 
projected onto the cross-section, and adjusted as needed so that the well elevation matched the 
surface elevation while preserving the total well depth. Low levels of chloride and sulfate 
concentrations (<1mM) are color coded blue and orange, respectively, and wells with higher 
concentrations (>1mM) are highlighted in bright green and yellow, respectively.   
 



To help clarify the important factors controlling the chloride concentrations, a statistical analysis 
was applied. Three different versions of the data were entered and are summarized in Table 1. A 
correlation coefficient matrix was run in Matlab to see which parameters were related most 
strongly to chloride concentrations and each other. Next, a step-wise regression was applied to 
see which parameters together explain the variation in chloride concentration. Results are 
summarized in Tables 2 and 3.  
 
Results and Discussion 

Major ion chemistry of groundwaters and saline fluids 

 

A: Cations (meq/kg) 



 

B: Anions (meq/kg) 

 
Figure 5.  Ternary diagrams to display major ion chemistry of waters.  Plots of cations (a) and 
anions (b) show a clear mixing trend between the fresh groundwaters (predominantly calcium-
bicarbonate type waters) and the saline brines (predominantly sodium-chloride type waters). 

 
Ternary diagrams illustrate that the brines are chemically distinct from the freshwater and that 
there are different types of brines; calcium rich, sodium rich and magnesium rich (Fig. 5a).  
While most of the freshwater is chemically distinct from the brines, there is no clear chemical 
distinction between groundwater with chloride levels <1mM Cl- and groundwater with chloride 
levels >1mM Cl- (Fig. 5b). Instead, we see a mixing trend between the freshwater and saline 
brine end member.  
  
Evidence for freshwater dilution of saline fluids 



 

A. 

 

 

B. 

Brine Mixing 

Figure 6.  a) The top graph shows a mixing trend between fresh groundwaters with low Na and 
Cl concentrations, and saline brines with high Na and Cl concentrations. b) The bottom graph 
shows a close up of the dilute groundwaters, and indicates that the groundwaters with elevated 
Na and Cl are likely from mixing with brine. 
 



The deep basin brines show a strong linear relationship between chloride and sodium, with 
mixing between fresh groundwater and saline brines (Fig. 6a). However, most of the shallow 
groundwaters have low concentrations of sodium and chloride, and do not plot along the linear 
regional brine trend (Fig. 6b). There are freshwater samples with elevated chloride and sodium 
levels that do follow the mixing line with saline brines, indicating that these samples are being 
influenced by the saline brines. However, the influence of the brine is minimal, only increasing 
chloride levels to 6 mM, which is very small when compared to the maximum brine chloride 
concentration of almost 2500 mM.  Fresh groundwater samples with high Na and low chloride 
may have obtained Na from cation-exchange processes with clays.    

Salinity distribution with depth 

 

A. 



  

 

Figure 7.  a) The top graph displays a general trend of increasing chloride concentration of 
waters with depth. b) The bottom graph shows that in the fresh groundwaters, chloride does not 
show a general trend with depth. This may be due to varying surficial materials affecting 
recharge rates and penetration depth of dilute groundwaters.  

igure 7.  a) The top graph displays a general trend of increasing chloride concentration of 
waters with depth. b) The bottom graph shows that in the fresh groundwaters, chloride does not 
show a general trend with depth. This may be due to varying surficial materials affecting 
recharge rates and penetration depth of dilute groundwaters.  

The graphs of salinity versus depth (Fig. 7) show a distinction between the highly saline brines at 
depth and the shallower freshwater. The freshwater wells extend down to a depth of 130 meters. 
Most of these wells are used for monitoring by the USGS or for domestic water supply. In 
contrast, the saline fluids are located at depths greater than 230 meters and were obtained from 
oil and gas production wells. Minimal mixing with saline brines may cause elevated chloride 
concentrations in some of the more shallow wells. However, due to the depth disparity between 
domestic drinking water wells and gas and oil production wells, we are missing observations 
from 130 meters to 230 meters below ground surface, where the majority of mixing may occur 
between the saline brines and freshwater.  

The graphs of salinity versus depth (Fig. 7) show a distinction between the highly saline brines at 
depth and the shallower freshwater. The freshwater wells extend down to a depth of 130 meters. 
Most of these wells are used for monitoring by the USGS or for domestic water supply. In 
contrast, the saline fluids are located at depths greater than 230 meters and were obtained from 
oil and gas production wells. Minimal mixing with saline brines may cause elevated chloride 
concentrations in some of the more shallow wells. However, due to the depth disparity between 
domestic drinking water wells and gas and oil production wells, we are missing observations 
from 130 meters to 230 meters below ground surface, where the majority of mixing may occur 
between the saline brines and freshwater.  
  
  

B. 

  



 

The cross section shows very little relationship between chloride concentration and location, depth or rock unit type (Fig. 8). One general trend is 
that wells screened in course grained surficial sediments have low levels of chloride and sulfate. This could be explained by modern recharge 
flushing the system. In addition, there is no correlation between elevated levels of chloride and sulfate.  

Figure 8. Monitoring and drinking water wells were aligned perpendicularly to the transect line and superimposed on to the cross section. Low 
levels of chloride are denoted in light blue squares at the base of the well, and elevated levels of chloride are denoted by green squares. Dark 
orange symbolizes low levels of sulfate and light orange is elevated sulfate levels. 

 
Source and timing of freshwater recharge 



 

Modern precipitation 

Glacial meltwater 

Figure 9. Fresh groundwaters plot parallel to the modern global meteoric water line (GMWL), 
indicating that the groundwater is of meteoric origin with little to no evaporation.  In addition, 
the majority of water plots below the range of modern local precipitation (shown in the grey 
field), indicating possible mixing with a more depleted δ18O source such as glacial meltwater or 
a predominance of winter precipitation (indicated by the black arrow). The brines show a mixing 
trend between a more saline brine endmember and fresh groundwater. 
 
A limited number of the samples had stable isotope data. From this subset of samples, the plot of 
δD and δ18O (Fig. 9) shows that the freshwaters plot parallel to the global meteoric water line 
(GMWL), and along the local meteoric water line (LWML), indicating that the groundwater is of 
meteoric origin with little to no evidence of evaporation or mixing with saline brines.  In 
addition, the majority of water plots below the range of modern local precipitation, indicating 
possible mixing with a more depleted δ18O source such as glacial meltwater or a predominance 
of winter precipitation. The brines show a mixing trend between a brine end-member that plots to 
the right of the meteoric water lines, and fresh groundwater. 
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Figure 10.  While the local brines have a chloride signature that distinguishes them from 
freshwater, the brines and freshwater δ18O values have significant overlap. The chloride values 
show a strong mixing trend between local brines at depth and freshwater. The timing of the 
freshwater recharge is not resolved because the δ18O could be the result of mixing with either 
modern or Pleistocene-aged modern freshwater. In contrast, the fresh groundwaters do not have 
a clear δ18O with chloride trend, indicating limited to no mixing of the shallow freshwater with 
deep brines.    

Comparison of the few published δ18O values with chloride concentration shows a clear mixing 
trend for local brines between a basin brine endmember and a freshwater endmember, indicating 
the brines at depth may be influenced by freshwater recharge (Fig. 10).  In contrast, the fresh 
groundwaters do not have a clear δ18O and chloride trend, indicating limited to no mixing of the 
shallow freshwater with deep brines.  The δ18O values do not increase with increasing chloride 
as would be expected for simple mixing of freshwater and brine  This may be due to local 
variations along the meteoric water line or due to differences in freshwater sources (i.e. modern 
versus Pleistocene). 



   
Figure 11.  There is no detectable tritium in saline brines (not shown on graph), indicating that 
these older groundwaters were recharged prior to the 1950s. Fresh groundwaters have variable 
tritium concentrations, however there are no samples with both high tritium and high chloride 
values, indicating that the most recently recharged water also has the lowest chloride 
concentrations.  Water with detectable tritium indicates that a portion of the sample was 
recharged in the last 50 years.  
 
There is no clear trend between the tritium values and chloride concentrations, as we would 
predict for older groundwater being more saline (Fig. 11). The lack of a clear trend may be due 
to local variation in the flowpaths. However, there are no samples that have high tritium and high 
chloride, indicating that the most recently recharged water also has the lowest chloride 
concentrations.  Water with detectable tritium indicates that a portion of the sample was 
recharged in the last 50 years (Clark and Fritz 1998). 
 
Statistical Analysis 
Three sets of data and input parameters were used for the statistical analysis (Table 1).  In 
addition, a step-wise regression analysis for determining input parameter importance was 
performed on each data set. Results are compared in Table 2 and 3.  
 
Table 1: Data set explanation: ‘X’ denotes the parameter was included in the analysis 
Input Parameters Set 1: All 

wells 
Set 2: Wells screened 
in surface units 

Set 3: Wells 
screened in bedrock 

Latitude X X X 
Longitude X X X 
Distance along the cross section X X X 
Elevation of well head X X X 
Well Depth X X X 
Elevation of well bottom X X X 
Thickness of surface unit X X X 
Elevation of bedrock X X X 



Ca (mM) X X X 
Mg (mM) X X X 
Na (mM) X X X 
SO4 (mM) X X X 
Cl/SO4 X X X 
Alkalinity (mM) X X X 
Well screened in surface unit X   
Surface unit type is till X   
Well is above the New Albany 
Shale 

X   

Course sediment  X  
Fine sediment  X  
Till  X  
Pennsylvanian unit   X 
Mississippian unit   X 
New Albany Shale   X 
Devonian unit   X 
Silurian unit   X 
 
For data set one the correlation coefficient matrix showed that chloride is strongly correlated 
with sodium and weakly correlated with well bottom elevation, calcium, chloride to sulfate ratio, 
and alkalinity. However, latitude, longitude, distance along the cross section, surface elevation, 
and bedrock elevation are all strongly correlated with each other and therefore together do not 
add very much additional information. In order to see how the parameters work together, a step 
wise regression was run. The regression adds parameters into the model one at a time and tests if 
the parameter improves the model and if the model can be improved by removing any of the 
included parameters. For this data set, the regression predicted that sodium, calcium, latitude, 
alkalinity, being located above the New Albany Shale, distance along the cross section, well 
depth, longitude, and sulfate were important factors, in order of decreasing importance. The 
overall regression has a p value of 2.0128e-013 and a root mean square error of 1.4602. This 
means that the regression is significant, but does not explain all of the variation in chloride 
concentrations. In order to gain a better understanding of the parameters controlling chloride 
concentration, two additional data sets were created.  
 
For data set two the correlation coefficient matrix showed that chloride is weakly correlated with 
calcium and sulfate. The step-wise regression failed to return any parameters that can explain the 
variations in chloride concentrations.  
 
For data set three the correlation coefficient matrix showed that chloride is strongly correlated 
with sodium and alkalinity and weakly correlated with surface elevation, well bottom elevation, 
bedrock elevation and calcium and weakly positively correlated with chloride to sulfate ration 
and the Pennsylvanian formation. The step-wise regression identified sodium and the 
Pennsylvanian formation as the most important input parameters. The overall regression has a p 
value of 5.8842e-014, which means the model is statistically significant and a root mean square 
of 1.0993, which means the parameters explain some but not all of the variation in chloride 
concentrations. This model suggests that chloride and sodium are coming from the same source. 



A linear regression with chloride with sodium predicts a line of Cl = 0.5862*Na - 0.0538 and has 
an R2 value of 0.9117. The observed mixing trend of the local deep brines has a linear regression 
line of Cl = 0.7619*Na. A modified mixing model with very dilute brines could explain the 
presence of chloride. 
 
Table 2: Results from the correlation coefficient matrixes. Values show the correlation of the 
parameter with chloride concentrations 
Input Parameters Set 1: All 

wells 
Set 2: Wells screened 
in surface units 

Set 3: Wells 
screened in bedrock 

Latitude -0.1244 0.1622 -0.2059 
Longitude -0.1923 -0.1299 -0.2358 
Distance along the cross section 0.1729 0.0266 0.2289 
Elevation of well head -0.1692 -0.0165 -0.3409 
Well Depth 0.1829 0.1368 0.0864 
Elevation of well bottom -0.2561 -0.0484 -0.3607 
Thickness of surface unit -0.1057 -0.1077 -0.0587 
Elevation of bedrock -0.1326 0.0397 -0.3309 
Ca (mM) -0.2350 0.2562 -0.4030 
Mg (mM) -0.1694 0.1463 -0.2981 
Na (mM) 0.6021 -0.0075 0.9548 
SO4 (mM) 0.0032 0.2504 -0.0687 
Cl/SO4 0.2650 -0.0266 0.3033 
Alkalinity (mM) 0.2840 -0.0233 0.4685 
Well screened in surface unit -0.1756   
Surface unit type is till -0.0843   
Well is above the New Albany 
Shale 0.0264 

  

Course sediment  0.0750  
Fine sediment  -0.0572  
Till  -0.0535  
Pennsylvanian unit   0.2895 
Mississippian unit   -0.0750 
New Albany Shale   -0.0710 
Devonian unit   -0.1746 
Silurian unit   -0.0117 
 
Table 3: Results from the step-wise regression. Shows the p-value of the parameters included in 
the model. 
Input Parameters Set 1: All 

wells 
Set 2: Wells screened 
in surface units 

Set 3: Wells 
screened in bedrock 

Latitude 0.0014   
Longitude 0.0303   
Distance along the cross section 0.0068   
Elevation of well head    
Well Depth 0.0087   



Elevation of well bottom    
Thickness of surface unit    
Elevation of bedrock    
Ca (mM) 0.0000   
Mg (mM)    
Na (mM) 0.0000  0.0000 
SO4 (mM) 0.0335   
Cl/SO4    
Alkalinity (mM) 0.0016   
Well screened in surface unit    
Surface unit type is till    
Well is above the New Albany 
Shale 0.0050 

  

Course sediment    
Fine sediment    
Till    
Pennsylvanian unit   0.0254 
Mississippian unit    
New Albany Shale    
Devonian unit    
Silurian unit    
 
Conclusions 
Shallow groundwaters (<130 meters deep) have low chloride concentrations, stable isotope 
values within the range of modern precipitation, and detectable tritium; these waters likely 
represent recent (post 1950s) recharge. The samples do not show a clear distinction between 
modern and Pleistocene-aged freshwater recharge. From the cross section and statistical analysis, 
there are no clear location or geological factors that predict the source or residence times of 
freshwater. In contrast, deep basin brines (>230 meters deep) have high chloride concentrations, 
δ18O values that plot to the right of the global meteoric water line, and no tritium. The 
freshwater/saline water mixing zone is likely at depths greater than 130 meters, and there does 
not appear to be significant intrusion of saline brines into the shallow freshwater aquifer. 
However, it appears that deeper freshwater samples screened in the bedrock could be mixing 
with very dilute brines that are the source of chloride and sodium concentrations.  
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