2. Background: Environmental and Hydrogeologic Setting of the Glacial Aquifer System
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Figure 2-1. A conceptual block diagram of the glacial aquifer system shows the differences in depositional environments between fine and coarse-grained deposits. The glacial aquifer system is very complex, but three general environments characterize the system:  

A.  Valley-fill deposits in a buried bedrock valley.  The aquifer in the buried bedrock valley is mostly confined from land surface impacts.

B. Valley-fill deposits in a valley in connection to the land surface.  The water-quality of the aquifer system in these areas is influenced by activities at the land surface.

C. Layers and lenses.  The extensive layers and lenses are most impacted by land surface activities where the coarse-grained deposits are connected from land surface to the well screen.

Environmental Setting

The glacial aquifer system covers about 953,000 square miles across parts of 26 northern states from Maine to Washington.   The glacial aquifer system includes all unconsolidated aquifers above bedrock north of the line of continental glaciation in the United States (Fig3.2).  Parts of the glacial aquifer system have been referred to as the glacial deposit aquifer, alluvial aquifers, surficial aquifers, and a variety of other local names.    
The topography above the glacial aquifer is characterized by mountains to sea level in the east and west and extensive flat areas in between.  Land surface elevations range from about 3000 ft above sea level in Maine and Washington to 400 feet above sea level in Illinois.   Although the central area is flat, the presence of glacial features such as end moraines, eskers, and drumlins are often prominent topographic features.  
Precipitation and dissolution are responsible for most of the important ground-water chemical reactions (Alley, 1993).  Precipitation and temperature vary greatly over the glacial aquifer.  Annual precipitation can range from less than 20 inches to more than 200 inches at high elevations along the coast and Alaska.  Drier conditions characterize the plains of Kansas, Nebraska, and South Dakota.  The Midwest area is humid with a range of annual precipitation of 20 to 40 inches.   
Hydrogeologic Setting

The glacial aquifer system consists of unconsolidated sediments that vary texturally both laterally and vertically and form aquifers of varying extent that are composed of coarse-grained sands and gravels separated by confining units of silt and clay.  Large continental glaciers which covered northern United States deposited outwash, terrace, or ice-contact materials, and these aquifer materials mostly occupy bedrock valleys or areas of interlobate ice marginal deposition. In places, the valley deposits are buried beneath low-permeability till.  The extent of the glacial ice sheets in the central part of the United States is characterized by glacial lobes, which are fingerlike extensions of the ice sheet, that flow from various directions.  The material deposited by these glacial lobes is often characteristic of the underlying bedrock over which the ice flowed.  
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Figure 2-2.  Glacial lobes are extensions of the continental ice sheets that covered northern United States and the source of the glacial aquifer system material.  The glacial lobes eroded bedrock material from underlying bedrock over which they flowed, as indicated by the direction of flow.
The glacial aquifer system on a local scale is complex.  In the east, the glacial deposits are layered (stratified) deposits filling the many valleys of the region. The central and west-central area is filled with a hetereogenous mix of coarse and fine-grained deposits that reflect the extent of the glacial lobes and various Quaternary depositional environments.  The west area of the glacial is mostly coarse-grained deposits in valleys or thick layers and lenses. Groundwater flow in the glacial aquifer system is primarily local, from recharge areas in uplands to discharge in the streams.  
The complexity of the system is simplified into four framework areas with similar hydrogeology that is based on general physiography and source materials (Warner and Arnold, 2006) (Fig X).  Other factors, such as texture of aquifer materials, underlying bedrock, and land use may further aggregate areas of similar water quality (Arnold and others, 2008).  
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Figure 2-3.  The four framework areas of the glacial aquifer system group areas of similar hydrogeology.
The underlying bedrock geology influences the composition and texture of the aquifer material.   In general, the texture of the surficial deposits is sandy in glacial deposits overlying crystalline bedrock deposits, such as those in the east, but more fine-grained or mixed texture characterize the till in the central and west-central area.  The matrix of the aquifer material in the central and west-central glacial aquifer system originates from carbonate bedrock.  
Additionally, the glacial aquifer system is unique in the number of stacked principal aquifer systems.  In the east, the glacial aquifer system is underlain by the North Atlantic Coastal Plain and the New England Crystalline aquifers.  In the central and west-central area the Cambrian-Ordovician and High Plains aquifer systems underlie the glacial.  Finally, in the west the Columbia Plateau aquifer system underlies glacial deposits.  
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Population and Land Use

The population of the area overlying the glacial aquifer system is approximately 96 million people (Fig. 3-4) and an estimated 41 million people relied on the glacial aquifer system for drinking water in 2005.  The more heavily urbanized and densely populated parts of the glacial include the metropolitan areas of New York City (7.3 million people in 1990), Chicago (2.8 million), Detroit (1.0 million), Indianapolis (0.73 million), Columbus (0.63 million), Boston (0.57 million), Seattle (0.52 million), and Cleveland (0.51 million).  Yet, over 80 percent of the population lives in rural areas or cities with less than 400,000 people.
Land use and land cover over the glacial aquifer system is mostly agriculture (Fig 3-3).  In areas where the bedrock is crystalline, such as the east and west coasts and upper Michigan and Minnesota, the land use is often mixed or forested; whereas, the areas underlain by the sedimentary rocks are mostly agricultural.   
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Figure 2-4.  The land use/land cover of the glacial aquifer system is dominated by agriculture and forest, both of which can affect the quality of groundwater (Hitt, 2008). Urban areas are relatively small in land area (4%), but represent a substantial demand for a high quality ground-water supply.
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Figure XX. Changes in population over the Glacial aquifer
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Figure 2-5. The glacial aquifer system region is one of the most extensive and used ground-water resources of the nation with over 96 million people living over the aquifer. Steady increases in population growth reflect an increasing reliance on water resources for drinking water supplies and other societal uses. 
Water Use

In a majority of the area where the glacial aquifer system is present, water is abundant.  The five Great Lakes are the centerpiece of the glaciated area and provide water for many cities, but the Great Lakes withdrawals are maximized and only provide water for public supply near the Lakes.  Surface-water allocations and deep aquifer supplies are limited or at capacity so the areas of urban growth are utilizing the glacial aquifer system.  In large cities, like Chicago, Boston, and New York City, the fast-growing suburbs are the primary public users of the glacial aquifer system.  For example, in Chicago the allocation from Lake Michigan has been maximized, so no additional water can be withdrawn from the Great Lakes for Chicago.  The new and growing suburbs of Chicago will have to use groundwater resources, such as the glacial aquifer system, for supply.  This makes the glacial aquifer system a very important resource for some growing urban areas.  Withdrawals for public-water supply is one of the largest uses of the groundwater  (Fig. 2-7). 
The glacial aquifer system is easily accessible for private water use.  Private water use is common in  large rural areas where the population density is lower and the most available water resource is groundwater.  The percent of the population served by private water supply is greatest in the forested and mixed land use areas of the northern United States and large expanses of agricultural areas in the Midwest (Fig 2-6).  
The glacial aquifer system is used for public and private supplies, but some factors affect the location of these supplies.  The location of wells with large withdrawals are often near streams or in deeper bedrock valleys filled with glacial deposits.  The wells near streams have increased yield because surface water can be pulled into the nearby well, thus increasing the capacity.  The deep wells in the glacial deposits of the buried bedrock valleys often have a basal sand that can yield large quantities of water and the thick overlying material prevents the direct input of surface contaminants.  

[image: image8.emf]
Figure 2-6.  Additional water use from the glacial aquifer system includes self-supplied industrial, irrigation and public supply (Figure xx). Estimates of water use in the glacial aquifer system indicated that about 3.56 billion gallons per day (Bgal/d) were withdrawn for all uses during 2000 with about 1.95 Bgal/d for public supply (Maupin and Barber, 2005). Irrigation accounted for 29 percent (1.02 Bgal/d) of all withdrawals (Maupin and Barber, 2005).  The amount of water withdrawn for private supply is not recorded, but is likely the highest in the agricultural areas of the Midwest.
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Figure 2-7.  Public water supply is the dominant use of groundwater from the glacial aquifer system (modified from Maupin and Barber, 2005).




Understanding the natural environmental and hydrogeologic system, including geochemical processes and the associated effects of human activities on groundwater is essential for assessing the vulnerability of groundwater resources to contamination. Ground-water quality in the glacial aquifer system is affected by a variety of natural and human influences. Natural features, such as the heterogeneity of aquifer sediments and geochemical conditions, affect the movement of contaminants in groundwater and the potential for degradation of contaminants. Also, groundwater is vulnerable to contaminants introduced at the land surface in urban and agricultural settings.  
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 AREAS OF SIMILAR WATER CHEMISTRY ARE MOSTLY CONTROLLED BY NATURAL ENVIRONMENTAL FACTORS





Arnold and others (2008) found five areas of similar water chemistry based on the concentrations of major and minor ions and some trace elements.  The delineation of these five areas is, in large part, controlled by natural variations in the geologic and physical environment and roughly correspond to the four areas of the glacial framework. 





Interaction between water and glacial deposits in different environmental settings can result in differing water chemistry. These five regions are an extrapolation of what is known about ion concentrations in ground-water from sampled wells to unsampled areas of the aquifer system using a mix of related environmental characteristics that control the movement of groundwater through the system.  The regions with the highest ion concentrations in groundwater are predominantly areas of agricultural or urban land use and have environmental characteristics that indicate relatively slow movement of water through the aquifer system. In contrast, environmental characteristics of the regions with the lowest ion concentrations, which are predominantly forested areas, indicate relatively fast movement of groundwater through the aquifer system.





Heterogeneity of the glacial aquifer sediments can make the aquifer more or less susceptible.  Susceptibility is described as the ease with which water enters and moves through an aquifer.  In some areas, such as Cape Cod, the aquifer is made up of almost 1,000 ft of coarse-grained deposits so water moves rapidly from the land surface to the recharge the aquifer.  Whereas in Illinois, there are areas with hundreds of feet with mostly fine-grained deposits with thin layers of coarse-grained deposits so water moves slowly to recharge the aquifer.  In most parts of the glacial aquifer system the aquifer materials are heterogeneous and discontinuous.  Several feet of clay may be interspersed with several feet of sand or gravel. 





Groundwater is easily transported from land surface to the water table when there is a thick sequence of coarse-grained deposits. The areas of thick coarse grained deposits are more vulnerable to contaminants from the land surface. 
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