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ABSTRACT

A SPATIAL ANALYSIS OF THE AQUEOUS GEOCHEMISTRY

OF THE NEAR SURFACE GROUNDWATERS OF THE

MICHIGAN BASIN AQUIFER SYSTEM

By

Joseph Alexander Kozak

In the Michigan Basin Aquifer System brine is actively advecting or diffusing, thereby

interacting with fresh groundwaters, especially in the Saginaw Bay Area. This study investigates

the water mass interactions through the analysis of distribution diagrams constructed for the

major and minor ions and saturation indices of minerals for different aquifers and depth intervals.

The GIS IDRISI program constructs these diagrams which regionally demonstrate the

geochemical evolution ofthe groundwater in light ofthe system’s hydrogeology. Through spatial

analyses, the brine is shown to increase the ions’ concentrations and control the saturation states

ofgypsum and quartz but not calcite and dolomite in relevant brine-freshwater interaction areas.

Ionic spatial variations observed may be explained through additional chemical mechanisms,

namely mineral-rock interactions, microbial activity, and anthropogenic sources.
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INTRODUCTION

Nature of Problem

Groundwater from the aquifer systems in the Lower Peninsula of Michigan has become

an increasingly important source for water (USGS MI-RASA, 1996). The aquifer systems

supply a major source offreshwater to municipalities throughout the state. Population growth,

irrigation, and industrial development place a demand on these groundwater resources as well

(Mandle, 1986). Therefore, a necessity arises to protect and manage these resources. The

feasibility ofthese imperatives can be attained through the knowledge ofthe aqueous chemistry

ofthe aquifers as well as the processes controlling the aqueous chemistry.

The purpose ofthis research is to examine the spatial chernistries ofchloride, sodium,

calcium, magnesium, potassium, barium, strontium, sulfate, and bicarbonate concentrations and

selected saturation states ofminerals in the near surface aquifer groundwaters in the Michigan

Basin. The spatial distribution ofthese variables are studied in light ofthe hypotheses ofbrine-

freshwater interactions and other chemical processes occurring within the Michigan Basin,

especially the Saginaw Bay Area (SBA) (Wahrer et. al, 1996; Ging a. al, 1996; Meissner et. al,

1996). This study will better define the geochemical evolution ofthe near-surface groundwater

thereby establishing a framework ofbackground information and providing a regional assessment

ofgroundwater resources (USGS MI-RASA, 1996).

Background

Houghton initially recognized the existence ofconcentrated fluids lmderlying freshwater

in the Lower Peninsula of Michigan in 1838 (USGS MI-RASA, 1996). In the late 1800’s, saline,

near-surface groundwater (<100 m) was identified in argillaceous glacial sediment and

underlying bedrock in eastern and east-cartral Michigan including the Saginaw Bay Area (SBA)

(Lane, 1899). Cohee and others (1950) hypothesized that coal mining activity in the SBA has

produced these saline waters through the unplugging ofbore holes and dewatering ofcoal mines



allowing salt-water encroachment to occur. However, this can only be considered under localized

conditions thereby excluding these anthropogenic sources as the sole cause ofthe large scale SBA

saline water distribution. Subsequent analysis found these groundwaters to be enriched in

calcium, magnesium, sodium, and chloride (Handy, 1982; Twarter and Cummings, 1985), but the

source ofthe salinity and cause of its distribution was not investigated.

Long and others (1988) proposed the source ofthese saline groundwaters to be an Upper

Mississippian-Pennsylvanian brine advecting or diffusing upward into the near-surface meteoric

water. The cause ofthe salinity distribution is controlled by the slow flushing ofwater in the

argillaceous sediments by recent meteoric water. The brine advection or difi’usion hypothesis

was additionally supported by isotopic studies ofthe groundwaters (Long et. al, 1988). In 1996,

the US. Geological Survey (USGS) completed a the Michigan-Regional Aquifer Systems

Analysis (MI-RASA) describing the hydrogeology, geochemistry, and regional ground-water

flow ofthe glacial and bedrock aquifers in the Michigan Basin, which included the results ofthe

study by Long and others (1988).

The MI-RASA report constructed spatial distribution maps of chloride, sulfate, and total

dissolved solids concentrations and 6"0 values for waters in the aquifer systems. In the SBA,

chloride, sulfate, and total dissolved solids were shown to be relatively high in concentration with

respect to the near-surface groundwaters in the rest ofthe Michigan Basin, thereby determining

the SBA waters to be anomalous. These distribution maps better defined the geochemical and

isotopic nature ofthe SBA as well. Beyond the special consideration ofthe SBA, the MI-RASA

report provided a preliminary analysis ofthe geochemical evolution ofthe groundwaters in the

Michigan Basin through these spatial distribution maps, solute-solute diagrams, and end-member

mixing models.

The solute-solute diagrams found that the relative concentrations ofchloride, sulfate,

sodium, calcium, magnesium, bicarbonate, and potassium were afi‘ected by a brine-fieshwater

interaction (Figures 1, 2, 3, and 4) (modified fi'om the MI-RASA, 1996). The study concluded
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Figure 1. Solute-solute concentration plots ofLog Cl vs. Log Na

(modified from USGS MI-RASA, 1996)
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b. Log Cl vs. Log Mg (modified fi'om USGS MI-RASA, 1996)
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that brine has formed from fire evaporation of seawater giving the residual solution a specific

solute geochemical character. The results showed that ion concentrations increase in the residual

water firrough an evaporation sequence to form the brine but 1miformly decrease in concentrations

once mixed wifir an end-member offlesh water. However, concentration plots of sulfate and

bicarbonate were seen scattered around the brine end-member, which alluded to alternate

mechanisms controlling fireir concentrations, especially microbial reactions (Figure 3). Scattered

data arrays ofall fire ions’ concentrations near the freshwater end-member were also seen, which

may be explained by alternative geochemical mechanisms (Figure l, 2, 3, and 4).

The MI-RASA end-member mixing model was performed with calcite and dolomite in

constant equilibrium. This model verified the firat sodium, calcium, rrragnesium, potassium,

sulfate, and bicarbonate were affected by the interaction between brine and freshwaters through

fire concentration data arrays that formed along the mixing trajectories. Around the groundwater

end-members, the concentrations ofthese ions fell offthe modeled trajectory supporting fire idea

firat difi’erent processes were having an impact the grormdwater ion concentrations. Therefore,

the brine-freshwater mixing is a dominant, but not the only, geochemical mechanism occurring

that has an impact on the ions’ concentrations. In light ofthese results, fire spatial distributions of

these elements were never represented. Distribution diagrams ofthese ion concentrations could

show regional variations ofthe ion concentraions and firerefore areas ofmajor or minimal brine-

freshwater interaction along with areas where other mechanisms may be impacting solute

concentratiars.

From the geochemical modeling ofthe solutes, the MI-RASA demonstrated that the

calcite-dolomite-gypsum system involved three offire most important solution-mineral reactions

that are occurring or have occlu'red. These reactions have been important in controlling fire

fieshwater and brine aid-members as modeled in the RASA report. From the analyses ofthe

groundwater sanrples collected for the MI-RASA, fiequency histograms were constructed for the

saturation indices (Sis) ofa number ofminerals (MI-RASA, 1996). Upon examination offire SI



fiequency histograms, results showed that calcite and dolomite were in equilibrium, gypsum was

undersaturated, and quartz was supersaturated for fire majority offire water samples (both

fieshwater and brine) in the aquifer systems. (A mineral saturation index is defined by the

formula, SI=IAP/K,, where IAP is the ion activity product, and K., is fire stability constant offire

mineral.) The spatial distributions ofthe level ofdisequilibrium with respect to firese minerals

are unclear. For example, fire results fiem the RASA report did not study the 81s offire minerals

on a regional scale and iffire brine irrrpact causes an SI SBA anomaly as seen with the

constructed chloride and sulfate maps.

Overall, a regional geochernicaI/hydrogeolgic model ofthe Michigan Basin was

developed in the MI-RASA. The isotopic data (chloride and 8"0) suggested fire interaction of

three water masses in fire aquifer systems. These include modern meteoric water, meteoric water

recharged to the systems during cooler glacial time periods, and the underlying formation brine.

Major recharge ofmodern meteoric water occurs in fire highland areas offire Michigan Basin, in .

the south and northwest, while major discharge occurs in lower areas in the Michigan Lowlands

and fire anomalous SBA. Meteoric water is also known to be incorporated into the Michigan

stream system discharging into Lake Michigan, Lake Huron, or Lake Erie, firerefore having little

interaction with fire groundwater system studied. The older glacial groundwater is trapped in fire

clay, glacial till, and lacustrine sediments in the SBA firereby giving an isotopic signature to the

older water in the SBA. These two water masses acquire fireir geochemical character (solute

chemistry) mostly firrough water-rock interactions; firey are essentially geochemically

indistinguishable in this respect.

The firird water mass is brine, deriving its geochemical character through an evaporation

sequence, which is advecting or diffusing upward towards fire SBA due to hydrological gradients

(Long et. al, 1988). Two major brines are formed, one in the Marshall aquifer and one at fire

Upper Mississippian-Pennsylvanian boudary. The Marshall brine advects or difi’uses towards fire

SBA but not as readily into fire shallower geologic units due to the overlying Michigan Confining



Unit. The Upper Mississipian—Pennsylvian brine is able to advect or difi‘use upward into fire

shallower units and towards fire SBA due to more permeable sediments. Due to fire

sedimentology ofthe SBA, the modern meteoric water and/or fire brine are not able to efl’rciently

flush the older freshwaters out ofthe system into fire Saginaw Bay, and this process causes a

buildup of interacting waters. Overall, fire firree water nrasses are interacting and mixing to a

certain degree in the aquifer system thereby giving difl‘erart geochemical characters to the

regional groundwaters in respect to solute concentrations.

In light ofthis model and previous studies, a furfirer look into the spatial water chemistry

and processes controlling the water chemistry in fire Michigan Basin including fire anomalous

SBA is conducted in this study. it is this study’s hypothesis firat the geochemical nature ofthe

groundwaters afi‘ected by the interaction offire water masses will be seen to alter spatially

firroughout fire Michigan Basin. More specifically, fire solute-solute diagrams composed in

respect to chloride were similar to each other due to the mixing between brine and freshwater.

Chloride concentrations known to be affected by this water mass nrixing were shown to have

characteristic distribution patterns in the aquifer systems (Ging et. al, 1996 Meissner et. al, 1996;

Wahrer a. al, 1996). Considering fire similar trends in fire ion concentrations with respect to the

brine-freshwater interactions, the spatial distributions offire ion concentrations should be similar

to chloride concentrations and to one another. Therefore, fire relative concentrations ofchloride,

sodiurrr, calcium, magnesium, potassium, and sulfate will be high in brine-freshwater contact

zones in the Michigan Basin, while the inverse relationship will be sear in respect to bicarbonate.

In light ofthe chloride distribution maps for the aquifer units, high concentrations ofthe ions will

be found in the middle ofthe Marshall aquifer and in fire anomalous SBA in all firree aquifer

rmits, except for bicarbonate in which an inverse relationship and lower concartrations will be

seen.

Areas within the basin ofminimal brine irrrpact, where older groundwaters and occurring

meteoric recharge are the dominant water source, other chemical mechanisms acting within the
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system will pose a greater control on the ions’ concentrations. The most probable physical-

chemical processes are biological activity (sulfate reduction and methanogenesis), mineralogical

controls, cation-exchange reactions, adsorption-desorption reactions, and anthropogaric inputs

(USGS MI-RASA, 1996). These freshwater zones will be seen in the spatial distributions ofthe

ion concentrations along with the variations in fire distributions possibly caused by other

geochemical mechanisms.

Considering fire mineralogical reactions in fire systems and the results from the SI

histograms constructed in the RASA, most offire Michigan Basin will be saturated with respect to

calcite and dolomite, undersaturated with respect to gypsum, and supersaturated wifir respect to

quartz. It is this study’s hypofiresis firat no variation in calcite and dolomite Sls will be seen in

regards to brine-freshwater interaction zones. This hypothesis is based on fire results offire MI-

RASA mixing model that kept calcite and dolomite in equilibrium; the same trends were seen in

this mixing model that were seen in the solute-solute diagrams regarding ion concartrations.

Gypsum $15 will be afl‘ected relative to brine-freshwater mixing areas due to fire scatter of sulfate

concartration data seen in fire mixing model when gypsum was kept in equilibrium. Sulfate

concentrations would cluster along fire mixing trajectory ifthe brine-freshwater interaction was

not controlling gypsum saturation states. Likewise, a silica-chloride diagram was constructed and

resulted in a scattered data array for silica concentrations and no linear trend with respect to the

brine-freshwater mixing (Figure 5). Therefore, quartz $15 will be affected relative to brine-

freshwater interaction zones in the aquifer systems.

To test this study’s hypotheses, spatial distribution diagrams for fire aquifer systems are

constructed firrough the use ofpreviously collected data (USGS MI-RASA, 1996; Dannenriller

and Baltusis, 1990; Wahrer et. al, 1996; Ging et. al, 1996; Meissner et. al, 1996), which includes

cation and anion concentrations ofgroundwaters. In firis study, spatial diagrams are made for the

dissolved ion concentrations ofchloride, sodium, calcium, magnesium, sodium, potassium,

strontium, barium, bicarbonate, and sulfate. These diagrams will demonstrate the prominence of
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individual suites of ions in each aquifer unit (Glaciofluvial, Pennsylvanian, and Marshall

aquifers), which directly relates to a characteristic water chemistry. The construction ofthe

diagrams and spatial analyses between them are done by the Geological Information Systems

(GIS) computer program IDRISI (Eastman, 1995). To provide grormd truth to the IDRISI

diagrams, the IDRISI spatial diagrams for chloride and sulfate are compared to the MI-RASA

images forthe same components. As with fire ions, distribution diagrams forthe saturation

indices (Sls) ofcalcite, dolomite, gypsum, and quartz are composed for fire aquifers in order to

gain furfirer insight into fire geochemical nature ofthe groundwaters in the aquifer systems. Upon

completion ofthe diagrams, interpretations will made in light ofthe hypothesized overall

geochemical/hydrological model for the evolution ofthe near surfirce groundwaters in the

Michigan basin.

Distribution nraps are also constructed and analyzed at various sampling depth intervals

wifirin fire system to support fire initial aquifer analyses (Appendix A). The need to construct the

slice nraps is due to the irregular contact boundaries between the aquifer units mostly due to

erosion ofthe units’ surfaces when exposed. The undulating topography offirese boundaries

could result in fire same well sanrpling depth being derived from two different aquifer units.

Along fire same line, fire concave nature ofthe Michigan Basin may produce this same result.

These slice maps create a more integrative and continuous vertical trend for an individual

variable’s concentration and firus shows how the water chemistry is evolving, moving in a

vertical direction in difl‘erent locales within fire Michigan Basin. Nine depfir interval maps are

composed foreach variable conemondingtofire depths ofgreaterfiran 801 feet, 601 to 800 feet,

551to600fed,501to550feet,451t0500feet,401to450feet,301to400feet,201to300feet,

less than 200 feet above sea level. Interpretations can then be nrade considering the slice maps

and the geochemical/hydrological model offire system.



l3

Hydrogeologic Framework of the Michigan Basin Aquifer System

The Michigan Basin regional aquifer system covers nearly 22,000 mi.2 ofthe Lower

Peninsula ofMichigan (Figure 11) (Wahrer et. al, 1996). The boundary ofthe system’s area is

defined by fire contact between the Mississippian Marshall Sandstone and fire Mississippian

Coldwater Shale. Above these units are Pennsylvanian and Pleistocene glacial deposits which are

sedimentary rocks and unconsolidated material in nature. The cherrristries ofthe groundwaters

within fire specified aquifer units are heterogeneous and regionally dependent. Three major

aquifer units are considered in the analysis offire near surface groundwaters in the Michigan

Basin aquifer system: fire Glaciofluvial aquifer, fire Pennsylvanian aquifer, and fire Marshall

aquifer. These units are listed in descending order from the surface to the confining

Mississippian Coldwater Shale unit. Figure 12 demonstrates firis sequence and the entire

chronostratigraphy ofthe system offire aquifer (Wahrer et. al, 1996).

The Pleistocene deposited Glacial Drift consists ofa glacial lacustrine confining unit (0

to 100 feet thick), fire Glaciofluvial aquifer (0 to 900 feet thick), and a glacial till confining unit

(50 to 175 feet thick) listed in descending order (Wahrer et. a1, 1996). The Glaciofluvial aquifer

unit predonrinates in fire norfirwestem parts offire aquifer and is composed ofcoarse to gravel

grained bar, lag, and channel deposits. Some coarse grained till deposits, also acting as part of

fire aquifer, are seen in this area. This combination unit provides sufficient supply and flow of

groundwater regionally. In the Saginaw Lowland Area (SLA), which extends east from fire outer

edge offire Port Huron Morairral System to the Saginaw Bay, consists mostly of basil till and clay

sized glaciolacustrine deposits (Long, 1993). These units act as confining units excluding fire

flow ofgroundwater. The mineralogy ofthe glacial drifi entails illite, kaolinite, clrlorite, quartz,

feldspars, calcite, and dolomite (Chittrayanont, 1978).

The hydrogeology ofthe Glaciofluvial Aquifer is seen to take We courses (Figure 13)

(Wahrer et. al, 1996). Most water, generally meteoric in origin, discharge into local stream
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Peninsula of Michigan (modified from USGS MI-RASA, 1996)
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systerrrs and move along flow paths concordant to the regional streams into Lake Michigan, Lake

Erie, or Lake Huron. Some water infiltrates deeper into fire aquifer unit and moves along

intermediate flow pafirs toward fire Saginaw Bay Area or Michigan Lowland Area where it is

discharged (Mandle and Westjohn, 1989). This intermediate and regional flow path of

groundwaters follows fire general trwd offlux from upland areas downgradient toward lowland

areas.

Below the glacial drifi is fire Jurassic Red Beds which also serve as a confining unit. This

unit predominates in the west-central part ofthe aquifer and is usually between 50 to 200 feet in

firickness (Long, 1993). The red beds are composed of red clay, mudstone, siltstone, sandstone,

gray-green shale, and gypsum (Shafi‘er, 1969). Clays and mudstones predominate owing to its

confining nature.

Undemeafir fire Jurassic Red Beds are the Parnsylvanian deposits which include fire

Saginaw aquifer and the Saginaw confining units. The Saginaw aquifer unit is considered a

bedrock aquifer conrposed ofconsolidated material. The sedimentology offiris unit consists of

lenticular beds ofsandstone, shale, coal, and limestone (Martin, 1936). Quartz, micas, dolomite,

calcite, and plagioclases are fire dominant minerals in this zone. Where the Pennsylvanian

deposits are the thickest (600 feet), the aquifer is between 300 and 400 feet firick but taper to a

thickness of200 feet in thinner Pennsylvanian deposits. Underlying firis aquifer unit are

impermeable shale beds (Saginaw confining unit) which are 100 to 300 feet thick in the thicker

parts ofthe Pennsylvanian deposits and 50 to 100 feet firick in the thinner Pennsylvanian deposits.

Groundwater flow in firis aquifer unit is not well understood but considered to migrate and

discharge in the Saginaw Bay Area (Figure 14) (Meissner et. al, 1996)).

Below fire Saginaw formation is the Patina Sandstone and Bayport Limestone aquifer

units which begin the Misssissippian deposits. These units are considered together as the Parma-

Bayport aquifer (Meissner et. al, 1996). The high porosity and connectiveness in this aquifer

provide very adequate groundwater storage and flow for public utilization. The Par-ma Sandstone



Figure 9. Simulated predevelopment equivalent freshwater head in fire Saginaw aquifer

and location of fire Saginaw Bay Area (modified from Meissner et. al, 1996)
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is over 100 feet firick and is composed of sandstone, shale, siltstone, and thin lenses oflimestone

(Cohee, 1965). The mineralogy ofthis top subunit offire aquifer consists of quartz, micas,

dolomite, calcite, and plagioclases. Below this subunit is the Bayport subunit consisting of

sparsely fossiliferous to very fossiliferous limestone, dolostone, sandy limestone, cherty

limestone, and sandstone (Cohee et al., 1951). This subunit is less firan 50 feet firick and has a

mineralogy ofcalcite, quartz, and dolomite.

The last unit in the aquifer system sequence involves the Mississippian deposited

Michigan Formation. This formation entails fire Michigan confining units (250 to 400 feet firick)

and fire basal Marshall aquifer unit (75 to 175 feet firick) (Ging et. al, 1996). The Michigan

confining units are composed of shale with beds ofgypsum and anhydrite rmderlain by dolomitic

limestone. The Marshall aquifer is mostly a medium grained calcerous and quartz sandstone with

medium grade hydroconductivity. The hydrologic pathways seen in fire Marshall aquifer (Figure

15) follow those offire Glaciofiuvial and Saginaw Aquifers in which the water discharges in the

Saginaw Bay Area or the Michigan Lowland (Mandle and Westjohn, 1989).

Capping the Michigan Basin aquifer system at the base is the Coldwater shale. This unit

also has some local occurrences of limestones, dolomites, and sandstones and ranges in firickness

from 500 feet in fire eastern part ofthe aquifer to 1,100 feet in fire western part ofthe aquifer.

Another shale unit ofDevonian origin lies below fire Coldwater shale: fire Devonian confining

rmit. This rmit is about 1,320 feet firick (Ging et. al, 1996).

The last group to consider in the system analysis is the Traverse Group ofMiddle

Devonian Age. The upper Traverse Formation is approximately 830 feet thick and is composed

ofbio-calcarenite limestone, anhydrite, dolomite, and shale. Dolomite is observed in the southern

and western parts ofthe aquifer and limestone in the eastern parts ofthe aquifer. The other

member offire Traverse Group is the Bell confining unit, which is between 0 and 80 feet firick

(Ging et. a1, 1996).



Figure 10. Predevelopment equivalent freshwater heads in the Marshall aquifer and

location ofthe Saginaw Bay Area (modified from Ging et. al, 1996)
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METHODS AND MATERIALS

The analysis done in this study was mainly performed through the use ofthe

Geographical Information Systems raster spatial analysis computer program: IDRISI for

Windows (Eastman, 1995). IDRISI for Windows consists ofa nrain interface program and a

collection of over 100 program modules that provide facilities for the input, display, and analysis

ofgeographic data. These geographic data are described in the form ofmap layers. Because

geographic data may be ofdifferent types, IDRISI for Windows incorporates two basic forms of

map layers: raster image layers and vector layers (Eastman, 1995).

Image layers describe a region of space by means ofa fine matrix of cells. These cells

each contain numeric values that express the nature ofthe land at that location. In firis case, fire

numeric values were associated with the ion concentrations and mineral 815 to produce spatial

distribution diagrams. Vector layers, on the other hand, are useful for describing distinct features

in the landscape. These included features such as fire study boundaries for the Marshall and

Glaciofluvial Aquifers, slice intervals, the Pennsylvanian Aquifer, and the SBA which were

overlain upon the image maps (Eastman, 1995).

The variables analyzed were chloride, sodiunr, calcium, magrresiurrr, potassium, sulfate,

bicarbonate, strontium, barium and the 81s of calcite, dolomite, gypsum, and quartz. The ionic

concentrations, temperature, and pH data used in the calculation ofthe mineral $15 of

groundwater samples were collected from numerous databases (Ging et. al, 1996; Meissner et. al,

1996; Wahrer et. al, 1996; Dannemiller et. al, 1990). Groundwater samples are associated with

varying depths within each aquifer at difi‘ererrt locations and are represented by x and y

coordinates and latitude and longitude coordinates in the cumulative database. At every

particular depth and location wifirin the aquifer systems, a water sample has a concentration for

each offire ions (in mg/L), pH, temperature, and numerous ofirer geochemical attributes

associatedwithit.
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To format fire spatial variabilities ofthe water samples for fire IDRISI program the

location ofeach water sample originally in latitude and longitude measurements were converted

into Universal Transverse Mercator (UT'M) coordinates. This conversion was performed through

the CRST'MEXE computer program (Gage Personal Communication, 1996). The sample depths

were then converted into feet above sea level basing the depths and depth intervals on a common

datum.

Once all fire variables were associated wifir the same planar and coordinate format, firey

were entered into the IDRISI program as a vector file. An interpolation ofthe vector points was

firen done to convert fire points and their associated values into an image layer. The INTERPOL

module interpolates an area] surface from fire point data. This procedure is an inverse squared,

distance-weighted average (Eastman, 1995).

The distance weight exponent used in firis study is two (the default setting) yielding a

weight equal to fire reciprocal ofthe distance squared. In this interpolation process, a 6-point

search radius about each point was used. This process provides an image layer. The image layer

displays various colors correlating to a palette (Eastman, 1995). For each ion concentration, the

palette intervals were defined and reclassed to associate a color with a concentration range

interval. These concentration range levels were deternrined by separating the area ofa histogram

curve offire ion’s concentrations into equal intervals. The RECLASS module was utilized to

associate the value ranges to an integer category. For each ion, sixteen integer categories were

made spanning the emire range of data. Subsequenfiy, these integer values were associated with

a palette file displaying sixteen colors where each color corresponds to an integer category and

firerefore a specific concentration interval for a noted ion.

This process was repeated for each ion for the different aquifer units. The inrported data

used to construct fire image layers were segregated by means ofthe rmit depths for the aquifer

units. This data set comprises 304 samples from fire Glaciofiuvial aquifer, 154 samples fi'om the

Pennsylvanian aquifer, and 130 to 243 samples depending on fire ion from fire Marshall aquifer.
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Along fire same lines, distribution diagrams were constructed for the saturation indices of

calcite, dolomite, gypsum, and quartz. The values for fire SIs were determined firrough the

WATEQ4F speciation program (Ball and Nordstrorrr, 1991). WATEQ4F calculates the

equilibrium distribution ofinorganic aqueous species ofmajor and important minor elements in

natural waters using the geochemical data and in situ measurements oftemperature and pH found

in the crunulative database. Therefore, firrough the data entered into fire program and set

parameters, the saturation indices ofthe minerals were calculated (Ball and Nordstrom, 1991).

Once these values were determined, fire spatial distribution diagrams were constructed for the

difi'ererrt minerals in fire noted aquifer units. Areas of supersaturation, saturation (equilibrium),

and rrndersaturation were then presented. Mineral saturation indices that fell within fire range of

i0.5{log.oK.p} ofa mineral are considered to be in equilibrium with the water (Jenna a. al,

1980). This method suggests that a five-percent error ofthe log dissolution constant (K1,)

encompasses the true value. A similar approach in the study of mineral $15 was used by Long

and ofirers (1988) and Wood and Low (1988). Through a histogram offire saturation index data,

degrees of undersaturation (SI<-0.5 {log101(.,}) and supersaturation (SI>+0.5 {longwD were

categorized into five intervals. Using a great number of intervals was not viable due to fire error

ofthe WATEQ4F determination ofthe 815 and using less firan five intervals would have

overgeneralized the results. The five established intervals were then constructed in fire

RECLASS module.

The images produced were modified depending on the spatial availability ofdata. In fire

aquifer and slice distribution rrraps, the range ofdata do not always cover the entire aquifer.

Therefore, fire areas where no value is present were edited and shown as “cross-hatched” areas.

During fire interpolation process fiom a vector into an image layer, each vector point’s value is

ascertained a weight exponent to produce a spatial distribution with respect to neighboring points

(six-point search radius). This poses the issue ofhow true fire spatial distributions determined

form fire data are. A lone vector point at a great distance fi'om neighboring points has less
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influence on fire spatial distribution due to the “unknown” true values ofareas surrounding fire

singular point. Therefore, fire resulting distribution will only appear as an isolated “spot” in fire

image layer. Points found in clusters have greater influence on the distribrrtion ofthe points’

values due to fire greater degree of information regarding the cluster area; thus, the distribution

surrounding the cluster ofpoints is ‘huer” than fire distribution surrounding the lone point.

Therefore, to determine which areas represented true data and distributions, numerous

rrraps were constructed for the same set ofdata using different weight exponents (one, two, four,

and eight). The different weight exponents gave a point or group ofpoints varying amounts of

influence on fire spatial distribution around them determined through an interpolation ofthe

points. Using one as fire weight exponent increases the influence ofa lone point or group of

points, whereas four and eight decrease the influence. Viewing all the maps made for a single set

ofdata at difi’erent weight exponents, it was estimated how far from a point or group ofpoints

one could consider fire spatial distributicrr to be true. Once an estimated distance offire influence

ofpoint distributions was attained, the aquifer was edited discounting areas where no data was

available.

Additionally, firree ofirer issues did arise in fire construction ofthe distribrrtion rrraps for

different variables in aquifer units and depth intervals. From fire Marshall aquifer, fire latitude

and longitude coordinates found in fire MI-RASA data base were not provided in respect to fire

data needed for fire construction ofthe maps. These latitude and longitude coordinates were

needed for input into the CRST'MEXE program to convert firese coordinates into UTM

coordinates used in firis study. The database only supplied an X-Y coordinate system for fire

allotted data, which was established by the MI-RASA (1996). To amend fire nonconesponding

coordinate systems, vector files were made in accordance to fire X-Y systenr, and the

RESAMPLE module in IDRISI was then utilized.

RESAMPLE registers fire data in one grid system to a different grid system covering fire

same area. The process uses polynomial equations to establish a rubber sheet transformation, as
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ifone ofthe grids were placed on rubber and warped to make it commend to the other. The

actualprocessisoneinwhichanewgridisconstructedandasetofpolynomialequationsis

developed to describe the spatial nrapping ofdata fi'om the old grid into fire new one. The new

grid is then filled with data values by resanrpling fire old grid and estimating, ifnecessary, the

new vector value. Once fire new vector files for the Marshall aquifer were made, the interpolation

process was performed to provide an image file relevant to fire new coordinate system.

An«her issue entailed the distribution ofthe concentration values ofchloride, sodiunr,

calcium, and strontium with respect to the Marshall aquifer, fire 200 feet and less depth interval,

and the 201 to 300 feet depth interval. A difficulty was presented when fire INTERPOL module

tried to compose a map from the vector files ofthese variables. The module can n« process data

that have maximums and minimums values spatially adjacent to each «her. For example,

chloride values in the Marshall aquifer are between less firan l and greater firan 180,000 mg/L;

values at these extremes ofien were found relatively close to each «her. The interpolation could

n« assimilate the proximal data, and an interpolation pass would n« establish a valid contour in

between the two ends using fire default nearest neighbor, six-point search radius procedure. To

address this problem, the raw data was input into the function: 1 + (log 10 (data)} "' 100. Adding

one to the values and multiplying by 100 separated fire values, which allowed the data set to be

expressed and analyzed more easily.

The multiplication ofthe values by 100 was necessary to address fire final issue. The

RECLASS module is based on an integer scale. Whar trying to reclass real values into intervals,

such as assigning an integer categoryto numbers between 0.50 and 0.75, the reclassification

scheme would automatically round the values to an integer. Therefore, after logging the data and

adding one, the set reclassification intervals would have to contend with all real numbers, which

would automatically be rounded to the nearest integer. This flaw nrade reclassification obsolete.

Multiplication ofthe values by 100 bypassed firis problem and dissociated fire values into

operable interval ranges. The original classification intervals were firen altered by the same
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formula ({1 + log", (x)}* 100) to correlate to fire new data set. Saturation indices were also

multiplied by 100 to surpass the same problem due to fire fact firat WATEQ4F produced real

number SI values. The new values and classifications for b«h the ion concentrations and

saturation indices sustained the integrity ofthe database and therefore, the distribution diagrams

processed through fire new data.

An examination offire spatial distributions was performed atter all the maps were nrade

for fire ion concentrations and mineral saturation index distributions. This examination involved

a description ofthe spatial distribution ofthe high and low concentrations ofeach ion for every

aquifer unit. In fire aquifer examinations is fire comparative analysis between fire chloride and

sulfate aquifer maps constructed in fire IDRISI program and the hand contoured rrraps produced in

fire MI-RASA report to assess the ground trufir ofthe IDRISI diagrams.

A subsequent integrated analysis is made to establish a normalized trend or pattern

developed between all the ions. This examination involves the correlation ofhighs and lows

relative to the ions. After a collective analysis ofthe ionic conrponerrts in the systenr, more

daailed discussions ofthe individual components and comparative analyses between certain ion

pairs were investigated. These individual ion distribution maps were discussed in light ofthe

overall geochemical/hydrological model ofthe system. The function ofthe comparative analyses

was to associate between relative highs and lows offire distribution maps ofspecific ion suites.

In consideration of ionic pairs, sodium and chloride are compared due to the fact that fireir

geochemical behaviors and sources are similar. Calcium and magnesium are also compared due

to their sinrilar chemical character, behavior, and sources. A third and final ionic pair corrrparison

is made between bicarbonate and sulfate. These two elements are compared due to fire efi'ects

that microbial activity has on their residual concentrations.

In these comparative analyses, the CROSSTAB module offire IDRISI program was used.

The significant operation that CROSSTAB ofi‘ers is cross-classification, which produces a new

image that shows the locations of all combinations ofthe categories (concentration intervals) in
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the original images. A legend is automatically produced showing these combinations between the

two images. Most irrrportanfiy, this firnction relates to fire relative ratio ofconcmtrations between

two or more species as associated by a palette color. This module was only utilized to locate

areas ofgrem difference between the compared variables. The areas of relative similarity or

dissinrilarity formulated, an investigation offire chemical mechanisms p«entially controlling the

difi‘erent variables’ associated nragnitudes were discussed.

After considering the ion distribution maps, fire 51 distribution maps ofcalcite, dolomite,

gypsum, and quartz for fire aquifers were exanrined individually. This investigation considers the

developed overall geochemical/hydrological model ofthe system. This analysis ofthe mineral SI

distribution maps especially considers fire effect fire brine-freshwater reactions have upon the

saturation states offirese minerals and ifany pattern could be derived fiom the brine migration.

Conrparative analyses were also given between the saturation indices ofthe difi‘erent minerals

and their ion components. This investigation examined fire effect firat precipitation and

dissolution reactions may have on fire present spatial distributions ofthe ion conrponents. This

part offire study addressed the effect ofthe saturation stabilities of: 1) calcite on calcium and

bicarbonate concentrations, 2) dolomite on calcium, magnesium, and bicarbonate concentrations,

and 3) gypsum on calcium and sulfate concentrations.

These same methods used in fire aquifer analyses were employed in fire analyses ofthe

slice distributions for bofir ion concentrations and mineral SIs (Appardix A). An overall

comparison was then rrrade between the aquifer and slice distribution nraps. This discussion

entailed whether fire normalized spatial trends found in the cumulative analyses for all the ions

for bofir methods were similar to each «her. This part ofthe study was used as support for fire

analysis done for the aquifers and the results derived from this analysis. It also provided a look

into and reasons for variations and discrepancies sear between the difi’erent approaches.
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DISTRIBUTION OF DISSOLVED ION CONCENTRATTONS IN GROUNDWATER

FROM THE GLACIOFLUVIAL, PENNSYLVANIAN, AND MARSHALL AQUIFERS

Dissolved Chloride

In fire Marshall aquifer the chloride distribution has a range of less than 1 to greater firan

180,000 mg/L (Figure 11a). The highest concentrations (greater firan 180,000 mg/L) are found in

middle region ofthe basin including much ofthe central section ofthe SBA anomaly. These

concartrations decrease very towards the bormdaries ofthe basin to values less than 4 myL. The

majority ofthe far northeastern part offire aquifer has higher concentrations with some zones

reaching values of 3,000 to 20,000 mg/L. A western and northern zone also have relatively high

concentrations of 1,500 to 20,000 mg/L.

The same basic pattern is seen in fire MI-RASA chloride distribution map for chloride in

the Marshall aquifer (Figure 12) (modified from Ging et. al, 1996). Discrepancies are seen in fire

extent ofthe higher concentrations in fire north and west. Here, the IDRISI image has higher

concentrations in these boundary areas (1,500 to 3,000 in the west and 3,000 to 20,000 mg/L in

fire north), while the RASA map has levels of 100 to 1,000 mg/L in b«h areas. Regions in fire

southeast (just south ofthe SBA) have variations also, in which slightly higher concentrations

(100 to 1,000 mg/L) are seen in fire RASA nrap comparedtofire distribution rrrap constructed in

firis study (less than 1 mg/L). These variations may be accounted for with respect to fire differart

methods used in countouring fire data. RASA used hand contouring methods, whereas firis study

used fire GIS IDRISI modeling program. The hand contouring methods may n« use outlying

data firat is askew form surrounding spatial data distributions. IDRISI uses all the available data,

and ifoutlying spatial data is amidst a different data range distribution, IDRISI will skew fire

results to a medium between fire two extremes.

In the Pennsylvanian aquifer concentrations of chloride range fi'om 1 to 60,000 mg/L

(Figure 11b). The highest concentrations ofchloride between 20,000 and 60,000 mg/L are found

in fire southeast, while the western portion offire SBA and areas to the soufir and norfirwest ofthe
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SBA have relatively high concentrations of 3,000 to 20,000 myL. Lower concentrations are seen

in most offire soufirem part ofthe aquifer wifir levels less firan 10 mg/L. The middle offire

aquifer unit has intermediate chloride levels of 100 to 200 mg/L.

Again compared to fire RASA chloride distribution map for fire Pennsylvanian aquifer,

the two maps correlate well with one an«her (Figure 13) (modified from Meissner et. al, 1996).

Higher concentrations are seen infire eastern part ofthe SBA andjust south ofthe SBA inthe

IDRISI image compared to fire RASA map. This discrepancy may be due to fire difl’erent contour

intervals used where the RASA sets the interval above 1,000 mg/L, and IDRISI uses more

definitive contour intervals and defines the area between 3,000 and 20,000 mg/L. A variation

does originate on fire southem bormdary ofthe aquifer where the RASA nrap has concentrations

well above 1,000 mg/L, while fire IDRISI image has values ranging between 50 and 100 mg/L.

The variations between the maps may also be due to fire number ofchloride measurements used

in the construction ofthe spatial maps. The RASA study used 427 samples, and this study used

154 samples.

The Glaciofluvial aquifer has a range of less firan 1 to 20,000 mg/L (Figure 11c). Levels

less than 20 mg/L are seen firroughout the aquifer except for fire SBA, a small zone just west of

the SBA, and a small zone just south ofthe SBA. These areas reach concentrations of200 to

3,000 mg/L. Most ofthe SBA, areas surrounding the SBA, a zone in the middle ofthe aquifer,

and a zone in fire northwestern part offire aquifer have relatively high values also of 200 to 600

mg/L. A small nridsouthem zone inthe SBA and a small areajust west ofthe SBA reach a high

of 1,500 to 3,000 mg/L, while the highest concentration zone is just soufir ofthe SBA (3,000 to

20,000 mg/L).

When comparing the IDRISI image ofchloride in the Glaciofluvial aquifer and fire

RASA image ofchloride in the Glaciofluvial aquifer (Figure 14), the same distribution patterns

are seen around fire SBA and in most offire basin (Modified from Wahrer et. al, 1996). However,

there are major variations between the two maps in fire middle and the west. The RASA map has
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a relatively high zone of 100 to 1,000 mg/L in the far midwest ofthe aquifer, while the IDRISI

image indicates the area with a range between 4 anle rag/L. Two areas, one in the middle and

one on the northwest border, show a concentration range of 200 to 600 mg/L for the IDRISI

image. These same areas correspond to values of 10 to 100 mg/L for the RASA report. The

difl‘erent number ofsamples used in constructing the maps may produce the differences found.

The RASA study only used 279 samples, whereas this study used 304 samples.

Overall, in the comparison ofthe dissolved chloride distribution maps for the three

aquifers between the RASA report and this study, the same general distributions are seen. A

great variation is found in the northern and western parts ofthe Marshall aquifer in which the

IDRISI image is sea: to have much higher concentrations than the RASA image (Figure 11a and

Figure 12). The reverse is true in which the southern part ofthe Pennsylvanian aquifer has much

higier values for the RASA map than for the IDRISI image (Figure 11b and Figure 13). As a

whole, few discrepancies are found in the three aquifers in the comparative analyses. These

variations can be due to the different methods used in the construction ofthe distribution maps

and contouring intervals. In the RASA map construction, the hand contouring methods employed

may not use outlying data that is askew form surrounding spatial data. IDRISI uses all the

available data, and ifoutlying spatial data is amidst a very different data range distribution,

IDRISI will skew the results to a medium between the two extremes. The number ofsamples

used in constructing the maps was also different in respect to the Pennsylvanian and Glaciofluvial

aquifers which could cause variations.

Dissolved Sodium

In the Marshall aquifer, the sodium concentrations range from values of less than 5 to

72,500 mg/L (Figure 11d). The highest concentrations are seen in the middle ofthe aquifer and

the central SBA with concentrations between 20,000 and 72,500 mg/L. These concentrations

decrease concentrically away from the center ofthe basin and SBA to levels of less than 1,000

mg/L in the outer fringe ofthe aquifer. The southern boundary ofthe aquifer has the lowest
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levels baween less than 5 and 30 mg/L. The northeast has slightly higher concentrations with

some zones having concentrations between 600 and 1,000 mg/L. Relatively high levels of

sodium are also found in a western (600 to 1,000 mg/L) and northern zone (250 to 600 mg/L).

The Pennsylvanian aquifer has a range of less than 5 to 20,000 mg/L ofdissolved sodium

(Figure lle). The western SBA and areas justto the northwea and south ofthe SBA have the

highest sodium levels of 2,000 to 20,000 mg/L. The western SBA has values between 1,000 and

2,000 mg/L, while the northern SBA has lower values of 100 to 200 mg/L. Areas just southwest

and west ofthe SBA and towards the middle ofthe aquifer have relatively high values of 200 to

250 mg/L also. Most ofthe southern halfofthe aquifer has lower concentrations less than 20

mg/L.

Levels ofdissolved sodium are seen in the Glaciofluvial aquifer with values between less

than 5 and 2,000 mg/L. Generally, concentrations of less than 40 mg/L are found in the aquifer

unit except for the SBA and surrounding areas (Figure llt). Around the SBA, concentrations are

150 to 250 mg/L. These concentrations decrease towards the bormdaries ofthe aquifer to the

lower levels (less than 40 mg/L). The southeastern SBA and areas just south and west ofthe

SBA have the highest concentrations of 1,000 to 2,000 mg/L.

Dissolved Calcium

Calcium concentrations in the Marshall aquifer range from less than 20 to greater than

40,000 mg/L (Figure 15a). The highest concentrations are found in the center ofthe aquifer

(greater than 40,000 mg/L); these concentrations decrease concentricallyto slightly lower values

in the southeast (4,000 to 40,000 mg/L). This latter range includes the majority ofthe SBA with

the western boundary ofthe anomaly having the highest values of20,000 to 40,000 mg/L. These

concentrations decrease even more towards the boundaries ofthe aquifer to values averaging

between ‘70 and 105 mg/L. Very low areas oflessthan 20 mg/L are formd inthe southeastem

SBA, just north ofthe SBA, and the southwest. The west has relatively high concentrations of

600 to 4,000 mg/L, as does a northern zone (160 to 200 mg/L).
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The Pennsylvanian aquifer has a range ofless than 20 to 4,000 mg/L (Figure 15b). This

aquiferhashigh concentrations of600to 4,000 mg/L inthe western SBA and areasjustsouth and

northwest ofthe SBA. A region just ofthe western boundary ofthe aquifer has relatively high

concentrations of300to 600 mg/L. Levels lessthan 90 mg/L are seen southwest ofthe SBAto

the southern bormdary ofthe aquifer. The majority ofthe middle region ofthe basin has

concentratims between 135 and 160 myL.

The Glaciofluvial aquifer has concentrations between less than 20 and 600 myL (Figure

15c). The three highest zones ofcalcium concentrations (300 to 600 mg/L) are found in the

western SBA and just west and south ofthe SBA. Relatively high concentrations are also seen in

a small zonejust souflrwest ofdre SBA and a small western zone just ofl‘the border ofthe aquifer

(200 to 300 mg/L). The rest ofthe basin has concentrations between 50 and 70 mg/L.

Dissolved Magnesium

IntheMarshall aquiferarange oflessthan lOtogreaterthan 11,000mg/Lis seen (Figure

15d). High concentrations are found in the center ofthe aquifer (greater than 11,000 mg/L); these

concentrations decrease concentrically towards the bormdaries ofthe aquifer. Most ofthe SBA

has slightly lower concentrations of4,000 to 9,000 mg/L. Lower values are found on the

southern fringe and in the northeastern region ofthe aquifer ranging between 20 and 40 mg/L.

The far eastern part ofthe SBA has extremely low concentrations ofless than 10 mg/L. A zone

north ofthe SBA and two zones in the southwest also have concentrations of less than 10 mg/L.

A northern zone has relatively low concentrations of40 to 60 mg/L, while a western zone has

relatively high concentrations (400 to 1,000 mg/L).

The Parnsylvanian aquifer distribution map ofmagnesium has a range ofless than 10 to

400mg/L (Figure 15e). Highpointsof200t0400myLareformdjustsouth andwestofthe

SBA. A small zone on the western edge ofthe SBA including a large westem zone also has

relatively high magnesium levels of 80 to 120 mg/L. Numerous zones of50 to 60 mg/L are

found in the northeast and northwea. The rest ofthe basin is at levels of less than 40 mg/L
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including most ofthe SBA anomaly.

The Glaciofluvial aquifer has a concentration range ofless than 10 to 120 mg/L of

magnesium (Figure 15f). Very low concentrations (less than 30 mg/L) are seen for most ofthe

north, west, and south. Higher concentrations are found in the SBA where certain areas have

levels of 80 to 120 mg/L just ofi‘the western border and south ofthe SBA. The SBA has a small

zone in the south that has higher values of60 to 80 mg/L, while the rest ofthe SBA has slightly

lower values of 20 to 30 mg/L.

Disson Sulfate

In the Marshall aquifer, values ofdissolved sulfate range from less than 10 to 3,500 mg/L

(Figure 16a). Concentrations of 1,000 to 3,500 mg/L are seen in a number ofareas throughout

the west, southeast including the southern part ofthe SBA, and southwest. Most ofthe west-

southwest, southeast, and SBA have concentrations between 400 to 1,000 mg/L. These

concentrations decrease towards the middle, southern fringe, and northeastern regions ofthe

aquifer. Lower levels between 20 and 70 mg/L are located just offthe southern border ofthe

aquifer. The middle ofthe aquifer has relatively low concentrations (100 to 150 mg/L). The

remainder ofthe northeast and much ofthe midsouth have a concentration range of 80 to 150

mg/L.

Like the initial comparison ofthe chloride maps for the RASA and this study, the sulfine

distribution images correlate well with each other for the Marshall aquifer (Figure 17) (Modified

fi’om Ging et. al, 1996). The only differences are seen in the “horse shoe” shaped pattern found

in the RASA. This “horse shoe” is a belt ofhigher concentrations that begins in the northwestern

part ofthe aquifer, extends due south, toms east, then north connecting with the SBA. The

RASA “horse shoe” has high concentrations ofsulfate (gr-emer than 1,000 mg/L). In this same

distribution pattern, the IDRISI image has lower concentrations levels of(400 to 1,000 mg/L)

throughout the southwest and even goes as low as 200 to 300 rug/L in the southernmost area of

the “horse shoe”. Limited data used in this study may cause the variations seen regarding the two
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distribution maps for sulfate. The RASA used 243 samples, whereas this study used 176

samples.

The Parnsylvanian aquifer has a range less than 10 to 3,500 mg/L (Figure 16b). The

highest concentrations (1,000 to 3,500 mg/L) are found in most ofthe westem fringe ofthe

aquifer, a zone in the western SBA, and the southeast. Relatively high concentrations (300 to

1,000M) are seen in the rest ofthe SBA, areas surrornrding the SBA, towards the middle of

theaquifer,anda fewzones inthe south. AbeltoflStoZOmg/L is formdtocrossthe south,

while the remaining southern areas have intermediate dissolved sulfate concentrations of 70 to

150 mg”...

The RASA and IDRISI dissolved sulfate maps for the Pennsylvanian aquifer follow each

other very well in the western parts ofthe aquifer (Figure 18) (Modified from Meissner et. al,

1996). A few areas in the eastern part ofthe aquifer have a greater magnitude of sulfate

concentrations in the IDRISI images. An area on the western SBA border and just south ofthe

SBA have sulfate concentrations between 1,000 and 3,500 mg/L for the IDRISI image compared

to lower values between 100 and 1,000 mg/L for the RASA image. Many areas in the south for

the IDRISI image have concentrations between 150 and 400 mg/L, while, on the average, the

RASA image has levels between 10 and 100 mg/L. These variations my be caused by the

different number of sulfate data used in the construction ofthe sulfate maps. This study used 154

samples, and the RASA used 427 samples.

In the Glaciofluvial aquifer the range ofsulfate concentrations is less than 10 to 3,500

mg/L (Figure 16c). The highest concentrations are seen in an area located on the western edge of

the SBA (1,000 to 3,500 mg/L). Most ofthe SBA, zones to the west ofthe SBA, and a small

zone on the western border ofthe aquifer have relatively high concentrations of400 to 1,000

mg/L. Very low concartrations less than 30 mg/L are sear in north-northwest. Slightly higher

levels of40 to as high as 300 mg/L are found in the south-southwest. A low zone in sulfate levels

(20 to 70 mg/L) is seen in very middle ofthe SBA.
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Figure 18. Dissolved sulfate concentrations in the Pennsylvanian aquifer (modified

from Meissner et. al, 1996)
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Like the other two aquifer units, the IDRISI and RASA map are similar to each other for

the Glaciofluvial aquifer relatively well (Figure 19) (Modified from Wahrer et. al, 19960.

Inconsistencies are seen in the far south and western edge ofthe aquifer where the IDRISI image

has much higher concentration levels (200 to as high as 1,000 mg/L) compared to the RASA

image, which has a range between 10 and 100 mg/L. The different number ofsulfate samples

used in the construction ofth maps may bethe reasar for the inconsistencies; the RASA used

200 samples, and this study used 304 samples.

As with the chloride comparison between the RASA and this study’s IDRISI images, the

relative distribution patterns of sulfate concmtration correlate very well in all three aquifer units.

The major differences are in the Pennsylvanian and Glaciofluvial aquifers. In die Pennsylvanian

distribution maps, higher conceMations (1,000 to 3,500 mg/L) are seen in the east surrounding

the SBA and the midsouth in this study compared to the RASA study (100 to 1,000 mg/L)

(Figure 16b and Figure 19). In the Glaciofluvial maps, incongruous areas in the western and

southern fringe have relatively high values in this study (200 to 1,000 mg/L) compared to lower

values of sulfate in the RASA study (10 to 1,000 mg/L) (Figure 16c and Figure 20). The

variations seen with respect to all three aquifers may be due to the different amounts ofdata used

in the construction ofthe diagrams. These variations can also be due to the different methods

used in the construction ofthe distribution maps. In the RASA map construction, the hand

contouring methods employed may not use outlying data that is askew form surrounding spatial

data. IDRISI uses all the available data, and ifoutlying spatial data is amidst a very difl‘erent data

range distribution, IDRISI will skew the results to a medium between the two extremes.

Dissolved Bicarbonate

In the Marshall aquifer, concartrations range from less than 60 to 420 mg/L (Figure 16d).

Verylow concmtrations are seen inthecenterofthe basin (lessthan 60 mg/L). These

concentrations increase to levels of 280 to 360 mg/L moving towards the south-southeastern

regions ofthe aquifer. The northeastern and western parts ofthe basin have a range of200 to 240
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Figure 19. Distribution of dissolved sulfate in the Glaciofluvial aquifer (modified from

Wahrer et. al, 1996)
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M. The SBA has this same relatively high concentration range with higher concentrations

(240 to 260 mg/L) in the norm and lower concentrations (140 to 160 M) in the middle ofthe

anomaly. The very western edge ofthe basin has very low concentrations (less than 60 mg/L).

In the Pennsylvanian aquifer the levels ofdissolved bicarbonate have a range of less than

60 to greaterthan 550 mg/L (Figure l6e). The highest concentrations of 320 to gremer than 550

mg/L are found in numerous regions in the southern and regions ofdie aquifer. Areas in the

south and the southern part ofthe SBA have relatively high concentrations of 320 to 550 mg/L.

Very low zones oflessthan 60to140 mg/L are seen inthe center ofthe SBA and segregated

zones along the western border. The remaining areas ofthe aquifer unit have concentrations

between 200 and 280 mg/L.

In the Glaciofluvial aquifer the values ofbicarbonate range from less than 60 to greater

than 550 mg/L (Figure 160. Much ofthe southern half ofthe aquifer has highs in the range of

400 to 550 mg/L with a small higher zone of greater than 550 mg/L in the southwest. The rest of

the south and much ofthe middle have a range of260 to 300 mg/L. These concentrations

decrease to levels of less than 180 mg/L in the northernmost regions ofthe aquifer. The SBA has

concentrations between 100 and 180 mg/L with a small high zone in the middle and northern

areas ofthe anomaly (240 to 320 mg/L).

Dissolved Potassium

In the Marshall aquifer, values range from less than 1 to greater than 700 mg/L (Figure

20a). The maximum concentration levels (greater than 700 mg/L) are seen in the center ofthe

aquifer and weaem and southern areas ofthe SBA. These concentrations decrease radially

towards the northeast and south. The rest ofthe west and SBA generally has a range of200 to

700 myL. The decreasing concentration levels proceed concentrically away from these higher

areas down to 2 to 4 mg/L in the southern fringe and northeast.

In the Pennsylvanian aquifer the concentrations range from less than 1 to 60 mg/L

(Figure 20b). Relatively high levels of 10 to 60 mg/L are found in the western SBA, southeast,
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and western boundary ofthe aquifer. These concentrations decrease to concentrations of less

than 4 mg/L in the south and parts ofthe east. Overall, concentrations in the SBA are in the range

of 3 to 10 mg/L.

In the Glaciofluvial aquifer dissolved potassium concentrations are between less than 1

and 15 myL (Figure 20c). Concentrations are less than 4 mg/L for the entire aquifer except for

the SBA and surrormding areas. In the southwestern SBA, the highest concentrations are found

(10 to 15 mg/L). Relatively high concentrations (6 to 8 mg/L) are found in much ofthe rest of

the SBA and a number ofzones around the anomaly.

Dissolved Strontium

Limited data was available to produce the strontium distribution map for the Marshall

aquifer. Values range from less than 80 to 80,000 mg/L (Figure 21a). The highest concentrations

are found in the northwest, the western SBA, and just south and west ofthe SBA (10,000 to

80,000 mg/L). Relatively high zones are seen in the north, midsouth, southeast, and much ofthe

SBA (1,000 to 10,000 mg/L). The southwestern fringe and zones in the northeast have the lowest

concentrations in the aquifer (less than 80 to 150 mg/L). However, the southeastern and

northeastern fringes have slightly higher values between 400 and 900 mg/L.

1n the Pennsylvanian aquifer, a range of less than 80 to 80,000 mg/L is seen (Figure

21b). The highest concentrations are found on the western edge ofthe SBA, along the western

border, and in the southeast (10,000 to 80,000 mg/L). Much ofthe southern and northem SBA,

western fringe, and a southern zone also have relatively high concentrations of2,000 to 10,000

mg/L. Most ofthe middle ofthe aquifer has concentrations betwear 1,000 and 2,000 mg/L, while

the south has the lowest concentrations of less than 600 mg/L.

In die Glaciofluvial aquifer the dissolved strontium concentrations range from less than

80 to 10,000 mg/L (Figure 21c). The highest concentrations are seen in the westem SBA, areas

to the south and west ofthe SBA, and zones in the west (4,000 to 10,000 mg/L). The bulk offlre

SBA and a number ofareas throughout the north and south have the lowest concentrations of less
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than 80 mg/L. Areas west and eastofthe SBA and inthe southhave fairly high concentrations of

800 to 2,000 ML. The remaining parts ofthe aquifer have concentrations less than 300 mg/L.

Dissolved Barium

The barium distribution map forthe Marshall aquiferwas composed from limited data,

and concentrations range from less than 10 to 270 mg/L (Figure 21d). The highea concentrations

are found in the southeastem regions ofthe aquifer (210 to 270 mg/L). A small zone ofthese

high concentrations is also seen in the south. A number ofzones along the border ofthe southern

halfofthe study have relatively high concentrations of 190 to 210 mg/L. The rest ofthe border

zones including the SBA have values less than 80 mg/L.

The Pennsylvanian aquifer has concentratims baween less than 10 and 370 mg/L (Figure

21e). A middle region covering an area fiom the western border to and including the SBA and

surrormdingareashasconcentrations lessthan lOmg/L. Thissamerange isseen inthefar

weaern and midsouthem regions ofthe aquifer. Slightly higher concentrations (30 to 80 mg/L)

are found in the western region ofthe aquifer. The highest concartrations in the aquifer are seen

in the south-southeast (270 to 370 mg/L). Relatively high concentrations are found in a number

ofzones in the southern region ofthe aquifer and the northwest (145 to 190 mg/L).

The Glaciofluvial aquifer has values ranging from less than 10 to 270 mg/L (Figure 21f).

Almost the entire aquifer unit has concentrations less than 80 mg/L including the SBA which has

a range of less than 10 mg/L. Small southwestern and southeastern areas have the highest

concentration levels of210 to 270 mg/L. A small zone in the west, the south, and the northeast

have fairly high values of 105 to 145 mg/L.

CUMULATIVE, INDIVIDUAL, AND COMPARATIVE ANALYSIS OF THE

MARSHALL, PENNSYLVANIAN AND GLACIOFLUVIAL AQUIFERS

Cumulative Summary

In the analysis ofthe Marshall aquifer, chloride, sodium, calcium, magnesium, and

potassium have their highest concentrations in the greater middle region ofthe basin. These
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higher concentrations ofthe elements include the SBA anomaly as well; as a result, a lobate

pattern is seen between the center ofthe basin and the SBA. Chloride and sodium are at their

highest concentrations in this lobate pattern. However, calcium, magnesium, and potassium

demonstrate a concentrical decrease from their highest concentrations away from the middle of

the aquifer towards the boundaries ofthe aquifer but still have very high concentrations in the

SBA.

Like calcium, magnesium, and potassium, chloride and sodium also radially decrease

away from their highest concentrations towards the boundaries ofthe aquifer. Overall, each

element has its lowest concentrations in the southern fringe and northeastern section ofthe

aquifer. This decrease in concentrations is less extreme in the northern and western regions ofthe

basin where relative highs ofthe ions are seen. The minor cations (strontium and barium) have

distributions that are somewhat similar to these patterns. However, due to lack ofavailable data,

only the boundary areas ofthe basin and SBA and surrormding areas were considered. For

barium and strontium, high concentrations are found arormd the SBA, while low concentrations

are noticed in the southern fringe and northeast region ofthe aquifer.

Sulfate and bicarbonate have different distribution patterns from that ofthe major ions in

the Marshall aquifer. Sulfate does have the same areal variations as the other major ions but has a

marked decrease in concentrations in the middle region ofthe aquifer where the other elements

have their highest concentrations.

Bicarbonate distributions relay the opposite trend ofthe major ions in which its highs are

associated with the major ions’ lows, and its lows are associated with the major ions’ highs.

Therefore, the lowest concentrations are found in the middle ofthe basin and connect with the

SBA. These concentrations then increase towards the boundaries ofthe aquifer. The observance

ofthe bicarbonate inverse relationship trend is seen in every distribution map.

In the analysis ofthe Pennsylvanian aquifer, an overall decrease in the levels of

concentration from the Marshall aquifer are found for each ion with the exception ofbicarbonate.
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All the ions except for bicarbonate and barium have their highest concentrations in the

southeastern SBA, on the western fringe ofthe SBA, and south and west-northwest ofthe SBA.

A relatively high area is found on the western border ofthe Parnsylvanian aquifer, while the

southern halfofthe aquifer is formd to have the lowest concentrations. The rea ofthe aquifer has

intermediate concentrations. In the southern part ofthe aquifer higher concentrations of

strontium are seen in a number ofareas. Sulfate distributions are similar to the normalized

patterns associated with the other major ions in this aquifer. Bicarbonate concartrations are

inversely related in this aquifer unit as well with its lowest concentrations seen in and arormd the

SBA, while having relative highs in the south. Barium has an overall low in and around the SBA

withanumberofhigh zones inthe south.

In the Glaciofluvial aquifer, every ion decreases in concentration levels from the previous

two aquifer units except for bicarbonate, which marks an increase in its concentrations.

Excluding bicarbonate, the highest concentrations are found in and arormd the SBA. The

southern part ofthe aquifer is seen to have relative highs for each ofthese elements. However,

moving wed and north towards the borders ofthe aquifer and away from the SBA, concentrations

decrease significantly to the lowest levels ofthe aquifer unit. Sodium and chloride have random

high areas throughout the midwestern regions ofthe aquifer. Sulfate, strontium, calcium,

magnesium, and barium have random high concentrations throughout the western region ofthe

aquifer as well. Bicarbonate has its highest concentrations in the southern region ofthe aquifer.

Overall, an intermediate to high range ofbicarbonate is seen throughout the basin.

Ofspecial note in the Glaciofluvial aquifer is the “freshwater corridor” extending from

the wedern SBA towards the south first proposed by Westjohn. Chloride and sodium have

relatively high concentrations in this area. However, the rest ofthe ions, except for bicarbonate,

which has an inverse relationship, have relatively low concentrations in the corridor.
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Discussion of Ions and Comparative Analysis of Ion Pairs

Geochemical/hydrological model of the System

In light ofthe overall geochemical/hydrological model, two major types ofwater masses

are involved in the system: brine and freshwater (both modern meteoric and the trapped glacial in

the SBA). These end-member water masses have distinct geochemical signatures, which are

developed through a number ofphysical-chemical mechanisms.

The brine end-member’s geochemistry is determined by an evaporation sequmce of

seawater. This evaporation leaves the residual fluid concentrated with respect to the ions in the

water. At certain stages, in the evaporation sequence, minerals composed ofcertain ions

precipitate leaving the residual fluid depleted with respected to these ions. Depending on the

extent ofevolution at the Upper Pennsylvanian-Mississipian bormdary in the Michigan Basin, the

formation brine develops a certain geochemistry. This brine formation process is represented by

the solute-solute diagrams composed for each major ion against chloride in which the ion’s

concentrations are seen in respecttothe brine.

The freshwater end-members are generally geochemically indifi‘erent from each other,

and therefore are Med as a single water type. The geochemistry ofthe freshwater in the

systems is meteoric in origin and mostly controlled by water-rock interactions. Ofimportance are

the reactions occurring as the modern meteoric water moves along its hydrologic pathways from

the Michigan highland areas towards the SBA and possibly the Michigan Lowlands on the

western border ofthe aquifer. The concentrations ofthe ions in the freshwater end-member

areshown in the solute-solute diagrams and are ofcourse much less in magnitude than their

concentrations in the brine end-member. Whereas, the evaporation sequence is the major control

on the brine’s geochemistry in respectto every ion, the freshwater concentrations ofthe ions can

be afi‘ected by numerous geochemical mechanisms.

These water masses undergo degrees ofinteraction in the overall

geochemical/hydrological model ofthe aquifer systems. The deep brine is advecting or difl‘using
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up into the modern meteoric waters as they both are migrating in accordance to the hydrologic

pathways offire Michigan Basin and towards the SBA and perhaps the Michigan Lowlands. Both

these water masses interact with the older glacial freshwaters trapped in the sediments in the

SBA. The net effect is seen in the geochemistry ofthe mixed solution and can support the mixing

trmd seen with respect to the solute-solute diagrams. Under the mixing conditions the

concentrations ofthe ions fall along a transect between the brine and freshwater end-members.

The new geochemical signatures ofthe mixed groundwaters are spatially represented through the

distribution maps constructed for the ions in the systems. Areas ofminimal brine impact are seen

to keep their freshwater geochemical signature.

Chloride and Sodium

Due to the evaporation evolution ofseawater in which chloride is the dominant ion,

chloride salts are the last minerals to be precipitated. Therefore, chloride remains the dominant

ion; this process allows the buildup ofchloride in the residual brine compared to the other ions

(Drever, 1988). In the system, the evaporation sequence does not progress to the point oftaking

much chloride out ofthe system from halite precipitation. Long and others (1988) determined

halite to be consistently undersaturated throughout the aquifer system supporting the great

amounts ofchloride found. The high concentrations ofchloride in brine are seen in the (Seawater

evaporation transect) SETmfl solute-solute diagram (Figure 32). These high concentrations

correlate to the highs ofchloride found in the middle ofthe Michigan Basin in the Marshall

aquifer (Figure 11a).

Considering the fi'eshwater end-member, other geochemical mechanisms are controlling

chloride concentrations. Variations ofl‘the freshwater end-member ofthe solute-solute diagram

may be associated with road deicing activity or septic tank seepage (Figure 32). The low chloride

concentrations associated with the freshwaters can be seen in the distribution maps where the

brine is not advecting or diffusing (Figures 6a-c). These freshwater zones are found along the

aquifer borders in the Marshall aquifer, in the southern region ofthe Pennsylvanian aquifer, and
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everywhere except the SBA in fire Glaciofluvial aquifer.

Areas where brine-freshwater interactions are occurring are seen in the middle offire

Marshall aquifer and in the SBA in all firree aquifer rmits where chloride concentrations are very

high (Figures 6a-c). These concentrations propose that the brine is having a dominant effect on

the geochemistry offire mixed solution and support the overall geochemical/hydrological model

ofthe system and the mixing trend seen in the SETH“; diagram (Figure 32).

Sodium is fire second most abrmdant element in seawater before brine formation begins.

Sodium is also the second most abundant ion due to fire evolution ofthe brine in which halite is

one offire last minerals to precipitate in fire formation sequence. It’s concentrations increase until

halite precipitation begins; the evaporation sequence does not reach the point ofsignificant halite

precipitation leaving sodium very abrurdarrt in fire residual solution (Drever, 1988). The high

concentrations ofsodium are supported by fire SETNM diagram, brine end-member (Figure

32)and are seen spatially in the middle offire Marshall aquifer (Figure 11d).

Overall, sodium freshwater concentrations are low due to meteoric origin and seen in

areas ofno-brine inrpact along the aquifer borders in the Marshall aquifer, in the southern region

offire Pennsylvanian aquifer, and everywhere except fire SBA in fire Glaciofluvial aquifer (Figure

lld-t). Sodium freshwater concentrations once in fire groundwater system are possibly controlled

by cation-exchange reactions, adsorption-desorption controls, and road deicing. These processes

(Figure 32) may also affect variations offthe freshwater end-member ofthe solute-solute

diagram.

Conoborating the overall geochemical/hydrological model, sodium has its highest

concentrations in the middle offire Marshall aquifer and fire SBA in all firree aquifers (Figure

lld-f). These are areas ofhigh brine-freshwater interaction and support fire mixing trend seen in

the solute-solute diagram where concentrations fall along a linear transect between the two end-

members (Figure 32).

In comparison ofchloride and sodium distributions in fire Marshall aquifer, distribution
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patterns for both ions follow each other very well with fire highest concentrations for both ions

found in fire middle offire aquifer and the SBA (Figure Ila-t). Quantitatively, the greater natural

abundance ofchloride over sodium in fire entire aquifer is seen. In the Parnsylvanian aquifer, fire

high levels ofsodium found arormd the SBA, the southeast, and the northwest all correlate with

high concentrations ofchloride. In the Glaciofluvial aquifer, fire spatial patterns seen for both

chloride and sodium follow each other very well also. Any variations ofdistribution patterns

seen in reprdstochloride and sodium concentrations maybe duetothe othergeochenrical

mechanisms afi’ecting fire respective ions. Overall, bofir ions follow the

geochemical/hydrological model offire system.

Calcium and Magnesium

Calcium is fire fifih most abundant element in respect to seawater, but firrough fire

evaporative sequence ofthe seawater, it is determined fire third most abrmdarrt element in the

formation brine. During the brirre’s evolution, calcite is precipitated first decreasing calcium

concentrations. After a brieftime lapse, concentrations increase again until dolomite is

precipitated. Once again an increase in calcium concentrations occurs until gypsum is

precipitated and all calcium is removed (Drever, 1988). Because fire brine’s evolution has not

proceeded to the point where all fire calcium is taken out ofthe system, a great amount ofcalcium

remains. The high calcium concentrations are seen in fire brine end-member in fire SETCAm

diagram (Figure 33) and are firund spatially in the middle offire Marshall aquifer (Figure 15a).

Freshwater calcium concentrations, which are meteoric in origin, are controlled by

alternative physical-chemical mechanisms occurring within the groundwater system. Calcium

concentrations are relatively low in freshwater as shown in fire solute-solute diagram but scattered

concentrations arormd the freshwater end-member are also seen (Figure 33). The relative lows of

calcium concentrations are seen in no-brine impact regions in the aquifer distributions (Figure

lSa-c). The mineralogical controls ofcalcite, dolomite, and gypsum can have an impact on

calcium concentrations, which may cause fire variations seen in fire aquifer distributions and
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solute-solute diagram. Variations in calcium concartrations could also be due to

adsorption/desorption or cation-exchange reactions; firese latter mechanisms are emecially

irrrportant in areas with an abrmdance ofclays and charged minerals, especially in the

Glaciofluvial aquifer.

Upon mixing offire end-members, fire brine controls the geochemistry ofthe mixed

solutions wifir high calcium concentrations seen in the middle ofthe Marshall aquifer and in fire

SBA in all three aquifer rmits (Figure lSa-c). These distributions support the overall

geochemical/hydrological model offire groundwater system and the solute-solute diagram

developed for calcium (Figure 33).

Magnesium is fire fourth most abrmdant element in seawater, but results in being the filth

most concentrated ion through the evolution offire brine. Alter preferential calcite formation,

dolomite precipitates ifconditions allow. Ideally, iffire environment yields localized higher

abrmdances ofmagnesium over calcium and enough bicarbonate for the reaction to occur,

dolomite formation or dolomitization should result. Ifdolomite precipitation occurs, magnesium

concem'ations are depleted in fire residual solution (Drever, 1988). Due to the prevailing

conditions and fire extent ofthe brine’s evolution, magnesium remains relatively high in

concentration in the brine and are represented in fire SETM‘a diagram (Figure 34). These high

magnesium concentrations are seen in the middle ofthe Marshall aquifer (Figure 15d) much like

fire other major ions in the systems.

Freshwater magnesium concentrations are relatively low, and variations arormd the end-

member in fire SETM‘c. can be afi‘ected by other geochemical processes (Figure 34). Dolomite

precipitation and dissolution reactions can be considered to affect manesium levels. Adsorption-

desorption and cation-exchange reactions may also have an efl’ect on the nragnesium

concentrations. These lower magnesium concentrations are seen in fire no-brine impact areas in

fire distribution diagrams for the aquifers (Figure 15d-f).

Supporting the overall geochemical/hydrological model, relatively high concentrations of
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magnesium are seen in fire middle ofthe Marshall aquifer and the SBA in all three aquifer rmits

(Figure lSd-t). These high concentrations are due to fire mixing offire brine-freshwater water

masses and are geochemically characterized by the brine’s geochemistry. These distributions of

magnesium concentrations support the mixing transect found in fire magnesium-chloride diagram

(Figure 34).

In a comparison ofthe calcium and magnesium distribution patterns for fire Marshall

aquifer, both are similar to each other. A variation in a northern zone where relatively high

concentrations ofcalcium (160 to 200 mg/L) is sear compared to relatively low values of

magnesium (40 to 60 mg/L) (Figure 15 a-t). The spatial distribution map of magnesium in the

Pennsylvanian aquifer is similar to that ofcalcium except in fire southern part ofthe aquifer

where higher concentrations ofcalcium (120 to 200 mg/L) are found relative to lower

concentrations of magnesium (20 to 40 mg/L). In fire Glaciofluvial aquifer, fire spatial

distribution of magnesium concentrations correlates well with firat ofcalcium concentrations.

There is a variation seen in fire soufirem regions ofthe aquifer where, on the average, calcium

concentrations are relatively high (90 to 160 mg/L) compared to relatively low magnesium

concentrations (20 to 40 mg/L).

In the comparative analysis, all three aquifers generally have the same distribution

patterns ofcalcium and magnesium. Variations straying from the normalized patterns set by the

brine-freshwater contact areas in each distribution diagram or between each ofirer are possibly

due to the alternate chemical mechanisms afi’ecting the concentrations ofboth magnesium and

calcium. Overall, both ions follow fire geochemical/hydrological model ofthe system.

Sulfate and Bicarbonate

Sulfate is the third most abrurdant element in seawater, and under evaporation is

increasing in concentration until gypsum is formed. Because gypsum precipitation requires

calcium, and much offire calcium is used up in calcite and dolomite formation, sulfate

concentrations increase again afier all the calcium is used up in gypsum precipitation or ifno
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calcium is available for gypsum precipitation. Therefore, sulfate concentrations remain relatively

high with respect to the brine (Drever, 1988). Overall, sulfate is fire fourfir most abundant ion in

fire brine as seen in fire SET’som diagram (Figure 35). These high concartrations are spatially

seen in the middle region offire Marshall aquifer (Figure 16a).

In the solute-solute diagram, the brine «rd-member was seen to have variations in respect

to sulfite concentrations (Figure 35); these results are supported byfire sulfate distributions seen

intheMarshall aquifer (Figure 16a). Duetosulfate reduction in areas inthe middle region of

Marshall aquifer where the brine is formed, sulfate concentrations are decreased significantly

leaving fire residual solution less concentrated with respect to sulfate.

The fi'eshwater end-member srrlfate concartrations are relatively low and maeoric in

origin but are irrrpacted by numerous geochemical processes once in the grormdwater system.

Variations are seen arormd fire freshwater end-member and therefore in fire freshwater zones of

fire aquifer rmits (Figure 35 and Figures lla-c). Mineralogical controls ofgypsum can play an

important role in sulfate concentration variations. Variations in sulfate concentrations may also

be due to the oxidation ofpyrite or adsorption/desorption controls with organic matter in fire

Glaciofluvial aquifer.

Overall, disregarding the sulfate reduction zone in the Marshall aquifer, the distribution

patterns of srrlfate concentrations follow fire normalized geochemical/hydrological model ofthe

system. The mixing zones in the middle offire Marshall aquifer and fire SBA in all three aquifers

are relatively high with respect to sulfate (Figures Ila-c). These results supportfire idea ofthe

brine controlling fire water chemistry and the mixing model established by the sulfate solute-

solute diagram (Figure 35).

During fire brine evolution sequence, almost all ofthe bicarbonate is consumed in fire

formation ofthe carbonate minerals depleting bicarbonate concentrations (Drever, 1988) and

resulting in the lowest concentrations among all fire major ions as represented in fire SETHcom

diagram (Figure 36). Opposite offire patterns edablished by the other major ions, these very low



59

concentrations are seen inthe middle ofthe Marshall aquifer (Figure 16d). Some scatter in data

is seen arormd fire brine end-member in the SETgcom diagram. This variation is not seen

spatially possibly due to large concentration range intervals; potential methanogenesis could

deplete bicarbarate concentrations to a greater extart, brrt the overall low concentrations in these

zones mask any observable efl’ect. Sulfate reduction is also occurring potentially increasing

bicarbarate concentrations, brrt the known middle sulfate reduction zone in the Marshall aquifer

does not correlate with a high point ofbicarbonate. Mahanogenesis or nrineralogical reactions

may be occurring at an equal or faster rate firan sulfate reduction firereby resulting in no

alterations in concentrations.

The fi'eshwater end-member has relatively high bicarbonate concentrations (Figure 36)

and is seen in the dominant freshwater zones firroughout the aquifers (Figures lld-f).

Mineralogical controls ofcalcite and dolomite may also have a major effect on bicarbonate

concentrations in freshwater zones. These geochenrical processes may be fire cause ofvariations

in fire data around fire freshwater end-member in the solute-solute diagram and the spatial

distribution diagrams for all firree aquifer units.

Like fire ofirer major ions, bicarbonate does follow fire overall geochemical/hydrological

model set in fire system. Inversely, lows are seen in the mixing zones in the nriddle offire

Marshall aquifer and the SBA in all firree aquifer units (Figures lld-t). These results also support

fire solute-solute diagram for bicarbonate (Figure 36).

In comparison between sulfate and bicarbonate in the Marshall aquifer, fire relatively

high areas (1,000 to 3,500 mg/L) ofsulfate concentrations correwond to the relatively low areas

ofbicarbonate (less firan 60 mg/L) concentrations (Figure 16 a-t). This general pattern is seen

excqrt in the middle ofthe aquifer where microbial activity is occurring possibly depleting both

sulfate (sulfate reduction) to levels of 100 to 150 mg/L and bicarbonate (methanogenesis) to

levels ofless than 60 mg/L. In fire Pennsylvanian aquifer, higher concentrations of sulfat

correlate to the lower concentrations ofbicarbonate and vice versa. The spatial trends seen within
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the Glaciofluvial aquifer also follow fire inverse relationship seen between sulfate and

bicarbonate. Some areas in the soufir and fire middle offire aquifer do have highs for bofir

bicarbonate (320 to 360 mg/L) and sulfate (100 to 200 mg/L). Overall, both elements’

distributions are similar to the pattern suggeaed by the other major ions and firerefore fire

geochemical/hydrological model offire system. Ifsulfate or bicarbonate concentrations are

difi‘erart from fire expected patterns derived from fire geochemical/hydrological model or each

other, mineralogical controls, desorption of sulfate from soils or oxidation ofpyrite could be

occurring.

Potassium

Potassium is fire least abrmdarrt offire major ions in fire brine due to its lower

concentrations in fire pro-evaporated seawater. Potassium salts do not precipitate until the very

late stages ofevaporation. Therefore, potassium concentrations are relatively high but are still

low compared to the ofirer major ions (Drever, 1988). The SET“, diagram (Figure 37) shows

firese high concentrations as well as fire middle ofthe spatial map ofMarshall aquifer (Figure

20a).

Overall, potassium concentrations in fieshwaters are low (Figure 37) and are seen in no-

brine impact areas in the aquifer distribution maps for potassium (Figures lSa-c). Variations and

scattered data arormd fire freshwater end-member may be due to cation-exchange or

adsorption/desorption controls with regards to clays or mineral weafirering, such as plagioclases.

Potassium distributions are similar to the patterns suggested by fire overall

geochemical/hydrological model offire system. The middle ofthe Marshall aquifer and fire SBA

in all firree aquifer rmits have high potassium concentrations (Figures lSa-c). These observations

correlate to the hypothesized mixing ofthe water nrasses and the results found in the potassium

solute-solute diagram (Figure 37). Variations ofi’the normalized spatial patterns established in

light ofthe geochemical/hydrological model rrray be due to fire alternate geochemical

mechanisms controlling potassium.
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Strontium

Due to lack ofdata for strontium in fire Marshall aquifer, a solute-solute diagram was not

constructed. However, strontium is knowntobepresem infire brine dueto its concentrations in

fire original seawater; it is not precipitated out as readily as the major ions during evaporation and

firerefore remains in fire residual solution (Drever, 1988). The high concentrations found in fire

middle ofthe Marshall aquifer forthe major ions are not seen in respectto strmtium dueto lack

ofdata (Figure 17a). Adsorption/desorption and mineral weafirering reactions in the groundwater

system most likely control freshwater concentrations of strontium. Overall, fire strontium

concentrations are low in freshwater dominated zones (Figures 12a-c).

Generally, strontium distributions do follow the patterns set by fire

geochemical/hydrological model offire groundwater system. High concentrations are found in

and around fire SBA in all three aquifer units (Figure l7a-c). These results support fire brine-

freshwater interaction zones present in the systems. Variations ofthis trend may be due to

water-rock interactions affecting strontium.

Barium

Lack ofdata did not make it viable to construct a solute-solute diagram for barium.

Barium is not a known component of seawater and therefore would not be greatly impacted

during the evolution offire brine. In fire Marshall aquifer, barium concentrations do not allow any

interpretations to be nrade in respect to the geochemical/hydrological model (Figure 21d). The

lower concentrations found in every aquifer, even ifthey correspond to fremwater zones, are

most likely due to the overall low abrmdances ofbarium (Figure 21d-t). The variations in the

barium concentrations my be due to adsorption/desorption reactions involving the indigenous

minerals ofthe aquifer system. Therefore, the barium distributions do not generally correspond

to fire overall geochemical/hydrological model ofthe system.
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DISTRIBUTIONS AND ANALYSIS OF THE SATURATION STATES OF INDIGENOUS

MINERALS IN GROUNDWATERS IN THE MARSHALL, PENNSYLVANIAN, AND

GLACIOFLUVIAL AQUIFERS

The saturation states ofcalcite, dolomite, gypsum, and quartz are investigated in light of

the overall geochemical/hydrological model ofthe grormdwater system to see ifany spatial

pattern can be derived from the constructed distribrrtion diagrams for the aquifer units. A

comparative analysis between the minerals and their ionic components in fire groundwater is also

addressed in order to assess the possible mineralogical impacts on the aqueous geochemistry of

fire aquifer systems. The relative concentrations offirese ions in the groundwaters are discussed

in noted areas ofdiffering saturation states and relative to their concentrations in surrounding

spatial areas.

Calcite Saturation States

In every aquifer unit calcite is in equilibrium wifir respect to most ofthe groundwater in

the system with saturation index levels between -0.424 to 0.424. In fire Marshall aquifer this

trmd is seen, but an overall range of -l .970 to 1.343 is seen (Figure 22a). Very undersaturated

areas

(-1.970 to 0424) are located just north ofthe SBA, in fire southwest region and a small soufirem

zone ofthe aquifer. The two southwestem zones and the zone just north ofthe SBA correspond

to low calcium concentrations of less than 20 mg/L (Figure 15a). A low ofbicarbonate (less than

60 mg/L) is seen in the northernmost southwestern undersaturation area, while in the

southernmost southwestem zone concartrations are no different relative to surrormding areas

(Figure 16d). The northeastern undersaturation zone has bicarbonate concentrations that are no

difl’erent relative to surrounding areas, brrt is analogous to a low ofcalcium (less firan 20 mg/L).

The small-undersaturated zone in the south also has relatively low calcium concentrations

between 70 to 90 mg/L. Bicarbonate concentrations in firis southern zone are no difl’erent relative

to surrormding areas.

An area ofhighly supersaturated waters (0.620 to 1.343) is located in fire southeastern
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region offire aquifer. This supersaturated zone has calcium and bicarbonate concentrations first

are no difl’erent relative to surrounding areas. Numerous zones in fire east and southwest are

slightly supersatrrrated (0.424 to 0.620). The easternmost southwestern zone is associated wifir a

high ofcalcium (300 to 600 mg/L), while in the other areas, calcium concentrations are no

difl’erent relative to surrounding areas. Highs ofbicarbonate are found in the easternmost

southwestem zare (320 to 340 mg/L), the point just east offire SBA (340 to 360 mg/L), andjust

norfir offire SBA (240 to 260 mg/L). In fire «her slightly supersaturated zones, bicarbonate

concentrations are no different relative to surrormding areas. The rest offire aquifer including the

SBA is in equilibrium with respect to calcite (-0.424 to 0.424).

In the Pennsylvanian aquifer, calcite 815 are between -1.200 and 1.343 (Figure 22b).

Calcite is mostly in equilibrium (—0.424 to 0.424) firroughout the aquifer (Figure 15b and lle).

There are two zones ofundersaturation (-1 .200 to -0.424) on the soufireastem boundary offire

aquifer and in the western SBA. The undersaturation zone in fire southeast corresponds to low

values ofcalcium (less than 20 mg/L). Bicarbonate highs (greater firan 550 mg/L) are found in

firis area. The larger undersaturation zone in the western SBA corresponds to relatively high

bicarbonate concentrations (280 to 300 mg/L) and low calcium concentrations (less firan 20

mg/L).

Two zones ofhighly supersaturated (0.620 to 1.343) waters in the nriddle offire aquifer

and just south offire SBA have calcium and bicarbonate concentrations firat are no different

relative to surrormding areas. Numerous zones of slightly supersaturated waters (0.424 to 0.620)

are seen in fire east and middle-midsouthem region offire aquifer. All these zones correlate to

lows ofcalcium with a range of50 to 90 mg/L. The four slightly supersaturated zones in fire

middle-midsouth correspond to bicarbonate highs that range between 320 to greater than 550

mg/L. The SBA slightly srrpersatrrrated zone correlates to a low ofbicarbonate (60 to 100 mg/L),

while in the zone just west offire SBA bicarbonate concentrations are no difl’erent relative to

surrounding areas.
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The Glaciofluvial aquifer has a calcite SI range of -l.970 to 1.343 (Figure 22c). ' Most of

fire aquifer is saturated with respect to calcite (-0.424 to 0.424). Highly undersatrrrated zones

(-1 .970 to-0.424) are found firroughout the SBA. Calcium highs (115 to 200 mg/L) are associated

with the northernmost and southernmost zones, while a calcium low (less firan 20 mg/L) is seen

in fire nriddle zone (Figure 15c). The bicarbonate concentrations are low (100 to 180 mg/L) in

firese highly rmdersaturated areas (Figure 16f). Slightly undersaturated zones (-1.200 to -0.424)

are found in the western SBA, just west and rrorfir ofthe SBA, and in fire southem region offire

aquifer. All fire slightly undersaturated zones have a low ofcalcium (less than 50 mg/L). A low

ofbicarbonate (100 to 140 mg/L) is associated with fire southern zone and zonejust west offire

SBA. The «her two slightly rmdersaturated zones on the westem SBA border and in the norfir

have bicarbonate concentrations firat are no different relative to surrounding areas.

Numerous zones ofhighly supersaturated waters (0.620 to 1.343) are found along a belt

covering an area from the western SBA towards the soufirwest and in the midwestem region of

fire aquifer. Very high calcium values (160 to 600 mg/L) are found in fire SBA areas and an area

just we: offire SBA. The two westemmost zones correlate to relatively high concentrations of

calcium (70 to 115 mg/L). The SBA highly supersaturated zone is correlated to very low

bicarbonate concentrations (less than 60 mg/L). The area just west offire SBA has relatively low

values ofbicarbonate (160 to 180 mg/L). All the other areas are correlated to very high

bicarbonate levels (400 to 420 mg/L).

Slightly supersaturated waters (0.424 to 0.620) are formd in a number ofzares in fire

aquifer. The fir western-southwestem zone is associated with high calcium concentrations (200

to 300 mg/L), while the norfireastem zone is associated with very low calcium concentrations

(less than 20 mg/L). The «her slightly supersaturated areas have calcium levels no difierent

relative to surrornrding areas. All the slightly supersaturated areas have high bicarbonate values

ranging from 260 to 340 mg/L.

In light offire overall geochemical/hydrological model offire system, calcite is in
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equilibrium with respect to fire groundwaters. These saturated waters are seen in respect to brine

dominated waters, freshwater zones, and brine-freshwater interaction areas and support fire

frequency histograms made for calcite $15 in the MI-RASA (1996). In end-member dominated

waters, fire saturation state ofcalcite depends mostly on fictors such as pH, pCOz, and

temperature.

In consideration ofbrine-freshwater mixing zones suggested firrough the

geochemical/hydrological model and ion distribution maps for the aquifer systems, PHRQPITZ

was used to simulate fire mixing offresh groundwater and brine in a closed system. None ofthe

minerals studied were kept in equilibrium in firis mixing model. The geochemistries offire end-

member waters were taken from the Marshall aquifer database as a represartative offire

groundwaters in fire system (Table 1). In the model, brine was added to fire freshwater in fire

proportions: 0.1, 0.25, 0.50, 0.75, and 0.95. The major results determined from this model were

the saturation states ofcalcite, dolomite, and gypsum (Table 2). In fire aid-member mixing

model, calcite saturation indices were determined to be slightly positive but in fire error range

used in this study for calcite equilibrium (-0.424 to 0.424) (Table 2). Therefore, in the relevant

mixing zones saturated waters should and did result.

In light ofthe equilibrium state of calcite in respect to most ofthe groundwaters,

conditions pose that dissolution and precipitation ofcalcite is occurring at the same rate.

Therefore, neither calcium nor bicarbonate result in being added or taken from the groundwater

system. These results suggest that fist reaction rates ofcalcite are occurring in response to the

brine-freshwater interaction or any «her mechanisms that would cause the groundwaters to fill

into disequilibrium. The system is equilibrating itselffist enough and firerefore n« resulting in

any “trend-like” spatial pattern fi'om the brine-freshwater mixing zones in light offire

geochemical/hydrological model.

In the few areas ofundersaturation (SI=longAP/K.,<- 0.510ng.,) throughout fire

aquifers, calcite has the p«ential to dissolve adding calcium and bicarbonate to fire groundwater.
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Table 1. Chemistry of brine and freshwater end member solutions used in the PHRQPITZ closed

system simulations.

 

 

 

 

 

 

 

 

 

   

Parameter Brine (mg/L) Freshwater (mg/L)

Calcium 10,905.61 70.69

Magnesium 2,587.98 17.008

Sodium 60,033.24 3.1887

Potassium 434.42 1 .2005

Chloride 1 15,246.32 0.8004

Sulfate 572.8 28.01

Total alkalinity 58.15 229.89

pH 6.0373 7.3496

Temperature 28.8 degrees Celsius 13 degrees Celsius 
 

Table 2. Calcite, dolomite, and gypsum saturation index results from the PI-IRQPITZ simulations.

 

 

 

 

 

 

 

Brine to Freshwater Calcite SI Dolomite SI Gypsum SI

Mixing Proportions

0.10 to 0.90 0.2415 0.5052 -0.2615

0.25 to 0.75 0.3178 0.6135 -0.4197

0.50 to 0.50 0.3624 0.62 -0.7015

0.75 to 0.25 0.335 0.4709 -1.0482

0.95 to 0.05 0.1686 0.0496 -1.6046    
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The dissolution ofcalcite will occur rurtil these elements reach certain concentration levels and

conditions are met (pl-I and temperature especially) making fire groundwater saturated (in

equilibrium) with respect to calcite; this drive towards saturation is the natural tendency offire

system. Quantitatively, relative lows ofboth bicarbonate and calcium are the ideal levels of

concentration as defined by fire above equation for saturation indices.

The contact time with calcite and availability ofcalcite are some «her prevailing

parameters involved in the dissolution kinetics. Langmuir (1979) found that weeks or even

months ofresidence time can be necessary for dissolution to proceed to equilibrium with respect

to calcite (and dolomite) disregarding firat laboratory experiments suggested a shorter time span

ofhours to days. And due to fire kinetics offire system, if dolomite and/or gypsum are present

and the groundwaters are undersaturated with respect to dolomite/gypsum, gypsum then dolomite

will dissolve preferentially over calcite. In most cases in the Marshall aquifer, lows ofcalcium

and highs ofbicarbonate are associated with areas ofundersaturation. This trend oflow

concentrations ofcalcium and high concentrations of bicarbonate in undersatumd zones is also

seen in the Pennsylvanian and Glaciofluvial aquifers. Variations from this trend may be caused

by the numerous geochemical mechanisms occurring within the groundwater system with respect

to firese ions.

In areas of supersaturation (SI=logwIAP/K.,> 0.5]og10K.,), calcite is forming through fire

reaction ofcalcium and bicarbonate depleting b«h ions with respect to fire groundwater. Unlike

dissolution kinetics, calcite does n« need to be present for precipitation to occur (however

activation sites aid in the reaction), but time still poses a constraint on the reaction. The constant

dissolution ofgypsum adding calcium to the system may also be a controlling fictor in lieu ofthe

common ion efl‘ect (Freeze and Cherry, 1979). Supersaturated waters precipitate calcite until fire

groundwater becomes saturated with respect to calcite. Enough calcium and bicarbonate must be

available for precipitation to occur, which leads to the proposition that relatively high amounts of

b«h elements would be found in fire groundwater in supersaturated areas as defined by fire above
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equation. And due to the difi‘erent K, values offie indigenous minerals in the system, calcite

would precipitate preferartially over dolomite and gypsum. However, in fie Marshall aquifer,

highs ofcalcium and lows ofbicarbonate are found in association with fie supersaturated zones.

Variations fiom firis trend may be caused by fire numerous geochemical mechanisms occurring

within fie groundwater system wifir respecttofiese ions.

Dolomite Saturation States

Dolomite 81s offie groundwaters in fie Marshall aquifer have values from -4.493 to

2.262 (Figure 22d). The groundwaters are normally in equilibrium (-0.827 to 0.827). A small

slightly supersaturated zone (0.827 to 1.200) is seen in fire middle offie basin and corresponds to

highs ofmagnesium (greater than 11,000 mg/L) and calcium (greater fian 40,000 mg/L) and lows

ofbicarbonate (less than 60 mg/L) (Figure 15a, Figure 15d, and Figure 16d). An«her slightly

supersaturated point is seen just south offie SBA and has calcium or bicarbonate concentrations

no different relative to surrounding areas. However, this zone is identified by a low of

magnesium (10 to 20 mg/L).

Zones ofhighly undersatrrrated waters (-4.493 to -0.827) are located in fie soufiwea and

just norfi offie SBA. All firee zones are correlated to calcium lows (less fian 20 mg/L) and

magnesium lows (less fian 10 mg/L). The two southwestem zones have bicarbonate highs of240

to 280 mg/L, brrt fie northeastern zone has bicarbonate concentrations no different relative to

surrounding areas. A rafirer large zone ofslighfiy undersaturated waters (-2.000 to -0.827) is seen

infie northwestern part offie aquifer. Calcium has high levels of600to4,000mg/L infiis

zone. Magnesium is also relatively high (400 to 1,000 mg/L), while bicarbonate is identified by

low concemmions in fiis area (100 to 140 mg/L).

The range ofdolomite saturation indices in fie Pennsylvanian aquifer is between

-4.493 and 1.200 (Figure 22e). Much like fie Marshall distribution of dolomite saturation

indices, fie Pennsylvanian groundwaters are largely in equilibrium (—0.827 to 0.827). Numerous

slightly rmdersaturated zones (-0.827 to -2.000) are sear on fie westem border ofthe SBA, south,
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west, and norfiwest offie SBA, and in fie southem region offie aquifer. The slightly

rmdersaturaed zone on fie western border offie SBA corresponds to low values ofmagnesium

(less fian 10 mg/L) and calcium (less fian 20 mg/L) and high concentrations ofbicarbarate (300

to 320 mg/L) (Figure 15b, Figure lSe, and Figure l6e). The undersaturated zones to fie west,

norfirwest, and south offire SBA are associated with lows ofcalcium (less fian 70 mg/L) and

magnesium (less fian 20 mg/L). Bicarbonate has low concentrations in fie zone west offie SBA

(less fian 60 mg/L) and fie area northwest offie SBA (160 to 180 myL) and a high in fie zone

to fie south offie SBA (greaer fian 550 mg/L). A low ofcalcium (less fian 20 mg/L), a low of

nragnesium (less fian 10 mg/L), and a high ofbicarbonate (400 to 420 mg/L) identify fie small

slightly undersatrrrated zone in fie south. A largely rmdersaturated zone (-0.827 to -4.493) found

in fie center offie aquifer corresponds to a low ofbicarbonate (100 to 140 mg/L), a low of

magnesium (less fian 10 mg/L), and a low ofcalcium (less fian 20 mg/L).

A small slightly supersaturated zone (0.827 to 1.200) is located just soufieast ofthe very

undersaturated area in fie middle offie aquifer. This zone is associated with a relative high of

magnesium (40 to 50 mg/L) but has calcium and bicarbonate concentrations no different relative

to surrounding areas.

The Glaciofluvial aquifer has a dolomite saturation index distribution of -4.493 to 2.262

Most offie groundwaters are saturated (-0.827 to 0.827) with respect to dolomite (Figure 22f).

Two zones ofvery undersaturated waters (4.493 to .0327) are found in fie center offie SBA,

while a fiird is found just offfie western border offie SBA. The zone just west ofthe SBA has

high magnesium (less fian 10 mg/L) and calcium (less than 20 mg/L) concentrations, but has

bicarbonate concentrations no difl'ererrt relativeto surrounding areas (Figure 15c, Figure 15f, and

Figure 16f). The southem SBA’s very undersaturated zone corresponds to a low ofcalcium (less

fian 20 rug/L), magnesium (10 to 20 mg/L), and bicarbonate (100 to 140 myL). In fie fiird zone

in fie SBA, concentrations of all firree ions are no different from surrounding areas.

TWo large zones of slightly undersaturated waters (-2.000 to -0.827) are seen just
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northwest offie SBA and on fie norfiem SBA border. The slightly rmdersaturated zone just

norfiwest ofthe SBA corresponds to highs ofmagnesium (60 to 80 mg/L), calcium (135 to 180

mg/L), and bicarbonate (320 to 340 mg/L). A low ofcalcium (20 to 40 mg/L), magnesium (less

fian 10 mg/L), and bicarbonate (100 to 140 mg/L) are analogous to fie northern SBA slightly

undersaturated zone.

Three highly supersaturated areas are seen in the Glaciofluvial aquifer, one in fie center

offie SBA, one in fie southeastem region offie aquifer, and one due west offie SBA. The

highly supersaturated zone west offie SBA correlates to lows ofcalcium (20 to 40 mg/L),

magnesium (10 to 20 mg/L), and bicarbonate (180 to 200 mglL). The southeastem zone has

magnesium and calcium concentrations no difl‘erent relative to surrounding areas but is associated

wifi a high ofbicarbonate (340 to 360 mg/L). The highly supersaturated zone in fie SBA

corresponds to a high ofbicarbonate (340 to 360 mg/L), calcium (300 to 600 mg/L), and

magnesium (50 to 60 mg/L).

Numerous zones of slightly supersaturated waters (0.827 to 1.200) are found in fie

soufirwestern SBA and just offfie southwestem border offie SBA and in fie middle-south, west,

and norfiwest regions offire aquifer. All fie zones in fie middle-south offie basin wifi slightly

supersaturated waters are associated with highs ofcalcium (90 to 115 mg/L), bicarbonate (400 to

550 mg/L), and magnesium (50 to 60 mg/L). The western zone is analogous to highs ofcalcium

(70 to 90 mg/L), magnesium (30 to 40 mg/L), and bicarbonate (400 to 420 mg/L). Relative highs

ofmagnesium (10 to 20 mg/L), bicarbonate (260 to 280 mg/L), and calcium (50 to 70 mg/L) are

seen in correlation with fie norfiwestem slightly supersaturated zone. The southwestem SBA

zone corresponds to a low ofcalcium (20 to 40 mg/L) and magnesium (10 to 20 mg/L) and a high

ofbicarbonate (260 to 280 mg/L). The slightly supersaturated zone just offfie southwestern

SBA border has concentrations ofcalcium, rmgnesium, and bicarbonate no difl’erent relative to

surrormding areas.

Dolomite is mostly in equilibrium with respect to fie groundwaters in all firee aquifer
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units which supports fie results found in fie MI-RASA study wifi respect to fie fiequency

histograms for dolomite Sls. Brine, freshwaters, and mixed solutions seen between fie two end-

members are saturated with respect to dolomite. As sear with calcite, fie end-member mixing

model determined dolomite 81s to be in equilibrium with regards to fie saturation interval (-0.827

to 0.827) (Table 2). Therefore, no real pattern is derived from fie brine advecting or difl‘using

into fie freshwater offie systems in light offie overall geochemical/hydrological model. Due to

fie fist reaction rate of dolomite, fie mineral attains equilibrium regardless ofany physical-

clrenrical mechanisms occurring wifirin fie system fiat would disrupt fie equilibrium state of

dolomite.

Overall, the firree aquifers have highs ofcalcium and magnesium and lows ofbicarbonate

associated wifi areas of supersaturation. Some offiese zones ofdolomite supersaturation

correspond to supersaturated zones ofcalcite also. This case being, calcite would preferentially

precipitate over dolomite due to fister reaction rates. In zones ofdolomite undersaturation, lows

ofcalcium and magnesium are found relative to highs ofbicarbonate. Ifcalcite and dolomite

undersaturation zones overlap, dolomite would dissolve first. Variations fiom these trends of

relative ims concentrations with respect to undersaturated and supersaturated zones may be

caused by fie numerous geochemical mechanisms occurring within the groundwater system with

respect to these ions.

Gypsum Saturation States

Gypsum 81s offie groundwaters range between -4.000 to 0.229 in fie Marshall aquifer

(Figure 23a). Largely undersaturated (-4.000 to -l.500) waters are sear in fie norfiem SBA, just

norfir offie SBA and along fie entire soufiern boundary from east to west including fie southem

SBA. Every one offiese very undersaturated zones are analogous to a lows ofcalcium (less fian

90 mg/L) and sulfite concentrations (less fian 60 mg/L) (Figure 15a and Figure 16a). However,

fire zone just north offie SBA is associated to a high ofsulfite (200 to 300 mg/L) while having

calcium concentrations no different relative to surrormding areas. A large norfirwestem-middle
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zone and two zones in fie soufiern halfoffie aquifer are in equilibrium with respect to gypsum

(-0.229 to 0.229). These saturated areas are analogous to highs ofb«h calcium (greater than

40,000 mg/L) and sulfite (200 to 3,500 mg/L) except for fie center offie aquifer where a low of

sulfate (100to 150 mg/L) is seen. The rest offie basin is searto be infie slightly undersaturated

state (-I .500 to 0229) have calcium and sulfate concentrations no different relative to

surrounding areas. However, firese slightly undersaturated areas do have higher concartrations

fian fie very undersaturated zones.

The Pennsylvanian aquifer has gypsum SI levels of-6.980 to 0.229 (Figure 23b). A

number ofareas firoughout fie south, western fringe, SBA, and areas surrormding fire SBA are in

fie slighfiy undersaturated state (-1 .500 to -0.229). All fiese slightly undersaturated areas are

identified by highs ofcalcium (135 to 40,000 mg/L) and sulfite (100 to 3,500 mg/L) (Figure 15b

and Figure 16c). In more undersatrrrated waters (4.000 to -1.500) lows ofcalcium (less than 90

mg/L) and bicarbonate (less than 100 mg/L) are seen. Two greatly undersaturated zones (-6.980

to 0.229) are seen in fie southem region offie aquifer and just west offie SBA. The zone west

offie SBA is analogous to a high ofcalcium (300 to 600 mg/L) but has sulfite concentrations no

difi‘erent fiom surrormding areas. Laws for bofir calcium (less fian 20 mg/L) and sulfate (less

fian 10 mg/L) are sear in the soufiern greatly rmdersaturated zone. Three saturated zones (-

0.229 to

0229) are seen in fie western region offie aquifer, while a small saturated zone is found on fie

western SBA border. These saturated zones are correlated to highs ofb«h calcium (300 to 4,000

myL) and sulfite (1,000 to 3,500 myL).

The Gypsum SI distribution for fie Glaciofluvial aquifer has a range of4.000 to 1.225

(Figure 23c). Most offie aquifer has groundwaters fiat are fiirly undersaturated with respectto

gypsum (4.000 to -l .500). This mtire aquifer has concentrations ofcalcium and sulfite no

difl’erent relative to surrounding areas (Figure 15c and Figure 16c). Zones ofslightly

undersaturated waters (-1.500 to -0.229) are found along fie western border, SBA, and areas west
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and south offie SBA. All fiese zones except for fie two most northwestern areas of slightly

undersaturated waters are associated with fiirly high levels ofcalcium (135 to 300 mg/L) and

sulfite (150 to 3,500 mglL). The sorrthemmost offiese «her two slightly undersaturated zones

has calcium concentrations no difierent relative to surrounding areas but is analogous to relative

low ofbicarbonate (60 to 100 mglL). The norfiremmost norfirwestem zone is associated wifir a

relative high ofcalcium (40 to 50 mg/L) and bicarbonate (15 to 20 mglL). Three saturated zones

(-0.229 to 0.229) are seen in fiis aquifer; all firee are just west offie SBA. The zone just ofi’fie

weaem border offie SBA is associated to a high ofcalcium (300 to 600 mg/L) and a high of

sulfite (1,000 to 3,500 mg/L). The two zones firfier west offie SBA are analogous to a low of

calcium (20 to 40 mg/L) and sulfite (30 to 40 mg/L). One supersaturated zone with a range of

0.229 to 1.225 is found adjacent to fie two saturated zones west offie SBA, fierefore having fie

same correlation.

In all three aquifer rmits gypsum is generally undersaturated to varying degrees. These

results support fie gypsum SIs values determined byfie mixing model (Table 2). A large zone of

saturated waters are found in fire midwest along with a number ofzones in fie Marshall aquifer,

while only a few point are seen in fie shallower aquifer units. Offie four minerals considered,

gypsum would be fie first mineral to dissolve due to its low K", value. And unlike calcite and

dolomite, fire saturation states ofgypsum depends mostly on fie influence (mixing) offie brine

on fie fi'eshwaters in respect to fie overall geochemical/hydrological model.

The general trend seen with respect tofie saturation states ofgypsum is in accorrfince

wifi lower concentrations ofcalcium and sulfite associated with very undersaturated waters. A

pattern is determined in which fie closer fie groundwaters get to saturation relative to SI values,

fie higher fie relative concentrations ofcalcium and sulfite seen. The highest concentrations of

b«h elements are found in saturated waters in fie aquifer system. Areas ofminimal brine contact

with fresh groundwaters as fie dominant water source are analogous to more undersaturated

areas, whereas areas ofgreater brine impact are identified by less undersaturated to saturated
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areas. Dissolution ofgypsum should actively be occurring especially in fie southern Jurassic

gypsum deposits in fie Marshall and Pennsylvanian aquifers and entire glacial drift deposits in

fie Glaciofluvial aquifer.

Quartz Saturation States

Quartz is mostly in fie supersaturated state within fie three aquifers. Quartz $15 in fie

Marshall aquifer range from -0.199 to greaterthan 0.800 (Figure 23d). Highly supersaturated

states (greater fian 0.800) are seen in fie soufieastem region offie aquifer. Numerous zones in

fie southwest and surrounding fie greatly supersaturated zones are very supersaturated with

respect to quartz (0.600 to 0.800). Areas in fie south, west, SBA, and just south offie SBA are

just above saturation in fie supersaturated state (0.199to 0.400). A small zone in fie south is in

equilibrium with respect to quartz (-0. 199 to 0.199). The remaining areas offie aquifer are in

fie slightly fairly supersaturated state with a range of 0.400 to 0.600.

In fie Pennsylvanian aquifer with a range of quartz SI levels of-0.199 to 0.800, fie very

supersaturated levels (0.600 to 0.800) are seen in zones in fie middle, southeast, and south

(Figure 23c). The SBA, areas surrounding fie SBA, and areas in fie south are slightly

supersaturated with a range of 0. 199 to 0.400. Numerous zones along fie southern and western

borders offie aquifer are in equilibrium wifir respect to quartz (-0.199 to 0.199). The rest offie

aquifer is fairly supersaturated with respect to quartz (0.400 to 0.600).

In fie Glaciofluvial aquifer, fie saturation indices range for quartz is -0. 199 to 0.800

(Figure 23f). Areas in fie middle-midwest and southeast are very supersaturated (0.600 to

0.800). Zones along fie entire border offie aquifer are slightly supersaturated (0.199 to 0.400).

The SBA and a few areas in fie west have saturated levels with respectto quartz (-0.l99 to

0.199). The rest offie aquifer has fiirly supersaturated groundwaters with respect to quartz

(0.400 to 0.600).

As expected all firree aquifers are mostly supersatruated with respect to quartz wifi

intermittent zones of saturation. The largest offiese saturation zones is located in fie SBA in fie
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Glaciofluvial aquifer where fie brine is known to have a great impact. Like gypsum, quartz

sanitation states are in effect controlled by fire brine’s interaction wifi fie fresh groundwater and

fierefore alter with respect to fie geochemical/hydrological model offie system, but a strong

relationship can n« be suggested. This trard is only seen in fie Pennsylvanian and Glaciofluvial

aquifers. Upon examination offie Pennsylvanian aquifer, areas in and around fie SBA anomaly

have slightly saturated conditions (-0.l99 to 0.400). In fie Glaciofluvial aquifer, fie SBA is

saturated with respect to quartz (-0.199 to 0.199). These observations somewhat follow fie trend

fiat higher TDS concentrations mduce fie stability and fierefore $15 ofquartz. Overall, fie high

stability and K., value ofquartz considered, fie present conditions drive for fie precipitation of

quartz.

COMPARISON BETWEEN AQUIFER AND SLICE ANALYSES

Overall, in a comparison between fie slice distribution maps and fie aquifer unit

distribution maps, fie same “generalized” spatial patterns are seen in regards to fie dissolved ion

concentrations in fire groundwater; firis interpretation is in accordance with fie overall

geochemical/hydrological model offie aquifer systems. However, a variation is seen in fie

northwestern part offie 200 feet and less slice in which low concentrations offie studied ions are

found, while no indication offiese low concentrations are found in fie Marshall aquifer

distribution rrraps. Anofirer difference found in fie 201 to 300 feet slice is in the wed-northwest

region offie aquifer. This region has high concentrations, whereas no aquifer unit has fiese high

concentrations in fie area. Two distinct zones offie highly concentrated waters, one in fie

east/SBA and one in the middle offie aquifer, is found in fie intermediate slices; relatively

concerrtratedwaters are also seen infie westem region offie aquiferinfiese slices. The

distribution maps offie Marshall and Pennsylvanian aquifers do n« have fiese high levels found

in fie two separate zones or fie western region offie aquifers. A more consistem relationship is

observed between fie shallower slices and fie Pennsylvanian and Glaciofluvial aquifers in which
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fie highest concemrations are formd in and around fie SBA.

The reason for fie discrepancies found between the aquifer and slice distributions lies

wifirin the IDRISI production offie maps. Ifhigher concentrations ofany elemart were located

in fie same vicinity and above or below fiat oflower concentrations in fie aquifer distributions,

fie higher concentrations would mask fie lower concentrations. Variations produced byfie

IDRISI maps may be seen regarding fie availability of spatial data in an area as well. Iffiere are

numerouspointswififie sarneconcentration rangeclusteredinanareaandapointoutoffiat

range is in fiis cluster, the anomalous valued point will be masked.

Overall, fire slice distributions aided in relaying fie minor variances and bypassing the

lack ofcongruity between fie aquifer rmits. They were able to provide a more detailed look at

fie deviations found in fie normalized patterns associated with fie elements in light offire

geochemical/hydrological model and between fie studied ion pairs. Considering this, fie slice

distributions allowed a better idea offie localized migration patterns offie brine andfie «her

active geochemical controls occurring in fie aquifer system. However, fie overall examination

offie slice analyses supported fie results and conclusions in fie aquifer analyses.

CONCLUSION

In fie Michigan Basin Aquifer System brine has evolved in fie middle offie Marshall

aquifer and is actively advecting or dispersing upwards and towards fie Saginaw Bay Area due to

regional hydrological controls. Modern fresh waters of meteoric origin are recharging and flow

along the hydrological pathways fiom fie Michigan highland areas towards fie SBA. The SBA

has fieshwaters fiat are trapped in fie region’s wdiments fiat are derived from cooler glacial

periods. These fime groundwater masses each have a certain geochemical character but interact

with each «her fiereby defining a new geochemical signature in fie mixed solution in relevant

contact zones. The concept offiese firee water masses’ geochenristries and fieir activity within

the Michigan Basin establishes an overall geochemical/hydrological model to fie aquifer systems



79

studied.

Areas ofbrine formation are heavily concentrated, whereas the freshwaters’

geochemistries have low concentrations of ions. In fie areas offie water nrass interactions, fie

brine has a dominant control on fie resulting chemistry offie mixed groundwaters. The brine’s

inrpact is seen distinctively firough fire distribution diagrams composed forfie major and minor

ions offie groundwater system for fire aquifer units.

These diagrams demonstrate fie active geochemical evolution offie groundwater in fie

Michigan Basin Aquifer System and were investigated in light offie overall

geochemical/hydrological model. The diagrams support fie hyp«hesis fiat relative high

concentratiars are produced in brine-freshwater interaction zones, especiallyfie SBA, except for

bicarbonate where an inverse relationship is seen. Generalized patterns are established for fie

aquifers in which most offie ions follow relative to fie brine contact areas. (Barium and

strontium can n« t«ally be normalized to fiese patterns due to inconrplete and unsound data.)

These diagrams spatially support fie results determined byfie solute-solute pl«s developed for

fire study.

Considering areas ofminimal or no-brine impact where older groundwaters and

occurring meteoric recharge are fie dominant water source, «her chemical mechanisms may

have possible controls fie ions’ concentrations and fierefore distributions in fie aquifers. The

most probable physical-chemical processes are biological activity (sulfate reduction and

methanogenesis), nrineralogical controls, cation-exchange reactions, adsorption-desorption

reactions, and anthropogenic inputs. Generally, fie normalized patterns in fieshwater zones have

lower concentration distributions in comparison to brine contact zones set byfie

geodremical/hydrological model. Overall, variations fromfie normalized spatial patterns may be

associated to fie various physical-chemical mechanisms in areas ofmajor or minimal brine

interaction. A special case is seen in fie lower depths offie system where biological activity is

pronounced in highly concentrated groundwaters.
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Ofspecial note in fie Glaciofluvial aquifer is fie “fieshwater corridor” extending from

the westem SBA and south. Chloride and sodium have relatively high concentrations in fiis area.

These high concentrations lead to fie proposition ofbrine impact on fie groundwater. However,

the rest offie ions, except for bicarbonate which has an inverse relationship, have relative low

concentrations in fie corridor alluding to fresh water being flushed firough highly permeable

sedimarts. This sedimartology is difi’erent from the rest offie SBA, which has finer sediments

fiereby causing slow flushing and a build-up of ion concentrations firough fie brine-freshwater

interaction.

To gain furfirer insight into fie mineralogical controls on fie system and fie possible

effect offie brine-freshwater interaction on the saturation states offie indigenous minerals in fie

system, distribution diagrams for fie minerals’ saturation indices were composed and investigated

in light offire overall geochemical/hydrological model. Calcite and dolomite are generally

n«icedtobe infie saturated state relayingfiratfieir reactivities are fistarough as n«to be

controlled byfie brine-freshwater interaction or any «her chemical mechanisms fiat could

disturb fie minerals’ equilibrium with respect to fie groundwater. Therefore, fiese maps do n«

follow any observable pattem set by the brine-freshwater mixing areas and contradicts fie

hyp«hesis fiat fie interaction zones would afl‘ect and produce a trend in respect to signature

saturation states with respect to b«h minerals. Gypsum generally is seen closer to saturation in

brine contact areas and more undersaturated in fresher water areas firerefore corresponding to fie

geochemical/hydrological model and supporting the hyp«hesis. Quartz has fie opposite efi‘ect

where fresher waters are more supersaturated, and brine-contact, high TDS waters are closer to

saturation fiereby abiding to fie geochemical/hydrological model and hyp«hesis. However, fiis

is only found in fie SBA in fie Pennsylvanian and Glaciofluvial aquifers.

Depth interval maps were constructed in order to define a more continuous trend offie

water chemistry found in the aquifer system. Upon analysis, fiey conclusively support fie trends

and results found in fie aquifer units for b«h ion concentrations and mineral saturation states and
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fire overall geochemical/hydrological model. Both the aquifer and slice analyses give an insight

into fire areal variations in the aqueous chemistry at a regional and localized level. Regionally,

fie Michigan Basin’s fieshwater supply zones are determined and utilimtion for municipal,

agricultural, and industrial fictions can be mandated.
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APPENDIX A

GEOCHEMICAL ANALYSIS OF ESTABLISHED DEPTH INTERVALS

DISTRIBUTION OF DISSOLVED ION CONCENTRATIONS IN GROUNDWATER

FROM ESTABLISHED DEPTH INTERVALS

Having examined fie spatial distributions offie various ion concartrations and mineral

saturation indices indigenous in fie groundwater and aquifer systems offie three major aquifer

units, fie analyses offiese same variables are necessary at more discreet and detailed levels to

provide support for the aquifer analysis and fie geochemical model established for fiis study.

This analysis mode is done at different, uniform depth intervals firoughorrt fie aquifer system.

All slice intervals are based on fie height offie well sample above sea level and are designated as

less fian 200 feet (includes negative concartrations which are found below sea level), 201 feet to

300fea, 301 feetto 400 fiat, 401 feetto450feet, 451 feetto 500 feet, 501 feetto600 feet, 601

feetto 800 feet, and greaterfian 801 feet.

Dissolved Chloride

In fie deepest 200 feet and less depfi, dissolved chloride concentrations range fiom less

than 1 to concentrations greater fian 180,000 mg/L (Figure 24a). The highest concentrations

(greater than 180,000 mg/L) are seen in fie middle-midwestem regions offie study area. These

concentrations decrease away from fie midwest towards the northwest to levels below 1 mg/L.

This decrease in concentrations is n« as drastic towards fie areas in fie western SBA and just

west SBA having levels of 600 to 20,000 mglL. Most offie middle offie study area has

concmtrations between 200 to 1,500 mg/L. The lowest concentrations are found in fie northwest

and a small zone just southwest offie SBA (0 to 20 mglL). The fir west has relatively high

concentrations of 3,000 to 20,000 mg/L as well as fie soufi (1,500 to 3,000 mglL).

The 201 to 300 feet slice has chloride concentrations between less fian 1 and 20,000

mg/L (Figure 24b). The highest concentrations of4,000 to 20,000 mg/L are found in fie
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northwest and soufieast. Fairly high concentrations area also seen in a small southern zone and a

zone just ofl’fie western border offie SBA (1,500 to 3,000 mglL). The SBA, fie surrounding

SBA, and areas in fie westem region offie study area have a range between 200 and 1,500 mg/L.

The middle offie study area and just west offie SBA have relatively low concentrations of less

fian 20 mg/L. The west also has relatively low concentrations of50 to 100 mg/L.

The next depth interval, 301 to 400 feet, has chloride levels between 2 and 20,000 mg/L

(Figure 24c). The southeastem and central parts offie SBA has relatively high concentrations

ranging between 1,500 to 3,000 myL. This high concentration level is also seen in a small zone

in fie midsouthem region offie study area. The highest concentrations are found just south of

fie SBA (3,000 to 20,000 mg/L). The remaining regions offie study area have levels betwear

200 to 1,500 mg/L. The lowest concentrations are found in the northern part offie SBA (50 to

100 mglL), just west offie SBA, and in fie soufi-middle and midwest (2 to 30 mglL).

The 401 to 450 feet slice has dissolved chloride concentrations between 2 and 3,000

mg/L (Figure 24d). Some small areas in fie soufieastem part offie SBA have fie highest

concentrations (600 to 3,000 mglL). Two small zones in fie western part offie study area and a

rather large zone west offie SBA also have fiese high concentrations. The norfiem SBA has

slightly lower concentrations of200 to 600 mg/L. The surrounding SBA and westem regions of

fie study area have a range of50 to 600 mg/L. The south and middle have fie lowest

concentrationsbetweenZand30mg/L. Thisrangeisalsoseeninasmallzoneinfiefir

northwea west, and numerous zones around fie SBA.

The451t0500feaintervalhasaconcentration range of2to3,000mg/L(Figure24e).

The highest concentration zones are in fie southeastem region offie SBA, just south offie SBA,

and a small weaem area (600 to 3,000 mglL). The remaining SBA, fie surrormding SBA, fie

west, and fie east have concentrations between 50 to 600 mg/L. The middle including fie

surrounding SBA, east, and a few westem areas surrounding fie high concentration zone have fie

lowest concentrations of2 to 50 mg/L.
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The 501 to 550 feet slice has concentrations ranging from less fian l to 3,000 mg/L

(Figure 24f). The highest concentrations are found in fie middle offie SBA with a very small

zone ranging b«ween 1,500 and 3,000 mg/L. An«her area offie same range is found on fie

eastern border offie study area. The overall concentrations in fie SBA are betwear 200 and

1,500 mg/L except for fie norfieastem section offie SBA. The northeastern SBA has a range of

lessfian Ito 100mg/L. Thisconcentration range is alsofoundinregions infiewest, sorrtheast,

middle, and a small norfieastem region offie study area. The concentration limits of 100 to 600

mg/L are seen in a number ofzones around fie SBA, a small soufiern zone, and a norfiwestem

zone. A westem-southwestem region offie study area has fie lowest concentrations of 1 to 20

mg/L.

The 551 to 600 feet interval has dissolved chloride concentrations between 1 and 20,000

mg/L (Figure 24g). Concentrations are highest between 3,000 and 60,000 mg/L in zones just

south offie SBA. An«her high concentration zone of 1,500 to 3,000 mg/L is found just west of

fie SBA. Most offie areas north and soufi offie SBA including a zone in fie southwest have

concentration levels of200 to 1,500 mg/L. The middle, western, and soufiem regions offie

study area have zones with concentrations between 4 to 20 mg/L, while fie fir east and fie west

have levels between 1 and 10 mg/L.

The 601 to 800 feet slice distribution map for chloride has levels between less fian 1 and

20,000 mg/L (Figure 24h). Relatively high levels are seen in fie western SBA and its

surrounding areas (50 to 600 mg/L) with fie highest concentrations found in an areajust soufi of

fie SBA (3,000 to 20,000 myL). The westem region offie study area and zones in fie

nridsouth, soufieast, and norfieast offie study area have a range between 4 and 20 mg/L. Areas

in fie middle, south, and northeast have relatively high concentrations of50 to 1,500 mg/L. The

remaining areas surrounding fie higher zones have low concentrations between 20 and 100 mg/L.

The upper 801 feet and greater interval has a chloride concentration range between 1 and

200 mg/L (Figure 24i). The southem region offie slice has fiirly high concentrations of50 to
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200 mg/L infie south. Relatively high concentration zones (30to 100 mg/L) are also seen infie

south and norfiwea. The rest offie study area along with fie SBA have a concentration range of

less fian 1 to 20 mg/L.

Dissolved Sodium

The 200feetandless depfi interval sodiumdistributionhasarangeoflessfianSto

72, 500 mg/L (Figure 25a). The midwestem region offie study area has high concentrations of

20,000 to 72,500 myL. These concentrations decrease towards fie boundaries offie study area.

However, a high offie same magnitude is found in fie soufieast, while regions in fie middle of

fie study area and norfiwest have a low range of less fian 5 to 60 mg/L. Concentrations of2,000

to 20,000 mg/L are seen in fie southwestem part offie SBA. The remaining areas offie SBA

have a slighfiy lower, but still relatively high range of600 to 2,000 mg/L. The rest ofwest,

surrounding SBA, and a small soufiern zone has fie concentration range of 1,000 to 20,000

mg/L, except fora zonejust north offie SBAfiathas concentrations of400to 600 mg/L.

The 201 to 300 feetslicemaphasasodium range oflessfian 5to 72,500mg/L (Figure

25b). A high (20,000 to 72,500 mg/L) is found in fie soufieast, while an«her high concentration

zone is found in fie fir west and surrormding fie southeastem high (4,000 to 20,000 mg/L). The

western SBA border region has a zone wifi fiirly high concentrations of 1,000 to 2,000 mg/L.

The eastern and western SBA, areas just to fie south offie SBA, and zones in fie southern and

central regions offie study area have relatively high concentrations of400 to 1,000 mg/L. The

center offie wrdyarea and numerous areastofie west offie SBA have a low of5 to 100 mg/L,

while fie mideast along with two zones in fie we: have a concentrations of 150 to 600 mg/L.

The 301 to 400 feet interval sodium distribution has a concentration range betwew less

fian 5 and 20,000M (Figure 250). The western and southern SBA have relatively high

concentrations between 1,000 and 2,000 mg/L. This same range is sew in a small sorrthem zone.

A slightly higher range of2,000 to 20,000 mg/L is found in areas soufi and southeast offie SBA.

Ofier high concentration zones are sew west offie SBA, far west, and in fie middle offie study
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area (400 to 1,000 mglL). The norfiem and eastern SBA and areas east and just norfi offie SBA

haveconcwtrations of80t0200 mg/L. Iowconcentrations betwew lessfian 5 and60mg/Lare

found in fie middle-midwest offie study area and just west offie SBA. The rest offie study

areahasarangeof150t0400 mg/L.

The 401 to450feetslicehasasodium concentration rangeoflessfian 5t02,000mg/L

(Figure 25d). The highest concentration levels are found in fie SBA, fie surrormding SBA, and a

zone in fie fir west (400 to 2,000 mg/L). Sunormding fie high concentration zones in fie study

area are concentration levels of 150 to 400 mg/L. This concentration range is also sew in a small

soufiern zone. The rest offie study area has intermediate concentrations of 80 to 150 mg/L wifir

very low concentrations found in fie midsouth, numerous zones arormd fie SBA, and fie western

border (less fian 60 mglL).

The distribution map ofsodium forfire451 to 500feet intervalhasarangeoflessfian 5

to 2,000 mg/L (Figure 25c). The highest concentrations are found in fie SBA and surrormding

areas and a small zone in fie far western region offie study area (600 to 2,000 mglL). The rest of

fie east and west have slightly lower levels of 150 to 250 mg/L. The lowest concentrations are

found in fie middle and a few zones in fie fir cast including fie eastern SBA and westem border

region (less than 60 mglL).

The 501 to 550 feet slice has a dissolved sodium range of less fian 5 to 2,000 mg/L

(Figure 25f). The highest concentrations are in fie middle offie SBA (600 to 2,000 mglL). This

range is also seen in a far eastern region along fie border offie study area. The remaining SBA,

some small zones in fie west, and areas to fie north and south offie SBA have relatively high

concentrations as well (100 to 400 mglL). The lowest concentrations are found in a southwestern

region extwding towards fie center offie study area, southeast, norfieast, and won (less fian 60

mglL). The remaining areas offie study area have concwtrations of60 to 100 mg/L.

The range ofdissolved sodium forfie 551 to 600 feet slice is lessfian 5 to 2,000 mg/L

(Figure 25g). The highest concentrations are found in regions to fie west and soufi offie SBA
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(600 to 2,000 mglL). Most offie SBA has relatively high concentrations of250 to 600 mg/L. A

large region in fie soufieast and a smaller zone in fie south have concwtrations betwew 150 and

400 mg/L. Most offie west, fir east including fie norfiem SBA, and fir soufi have fie lowest

concentrations foundatfiisdepfi (lessfian 60mg/L). Largeareasinfiesouthhavean

intermediate concentration range of60 to 150 mg/L.

The 601 to 800 feet interval has concentrations between less fian 5 to 2,000 mg/L (Figure

25b). The surrounding areas offie SBA to fie west and norfi have levels of20 to 80 mg/L. The

highest concentrations are found in fie southeast and a small zone in fie south (400 to 2,000

mg/L) and fir north (150 to 400 myL). The lowest concwtrations are found in fie west with

levels of less fian 10 mg/L.

The upper 801 fiet and greater interval has a sodium concwtration range less fian 80

mg/L (Figure 25i). Most offie study area has a range of 0 to 40 mg/L. A small high

concentration zone (60 to 80 mg/L) is found in fie very soufiem tip offie study area.

Dissolved Calcium

The 200 feet and less slice range has concwtrations fiom 20 to greater fian 40,000 mg/L

(Figure 26a). The midwestem region offie study area has fie highest concentrations of20,000 to

greater fian 40,000 mg/L, and fiese concentrations decrease moving away from fie midwest

towards fie boundaries. Zorres of lower concwtrations (20 to 90 mg/L) are found in fie

northwestern regions offie study area and just west offie SBA anomaly. Zones in fie western

SBA, soufieast, and west have concentrations ranging from 600 to 4,000 mg/L. The northern

SBA and areas west-northwest offie SBA have slightly lower but still relatively high

concentrations of200 to 600 mg/L. This latter concentration level is also sew in a small southem

zone.

The 201 to 300 feet slice has a range ofdissolved calcium concwtrations ofless fian 20

to 4,000 mg/L (Figure 26b). The highest concwtrations are found in zones in northwestern and

soufieastem regions offie study area (600 to 4,000 mglL). Relatively high concwtrations are
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also sew in fie deep south and soufiwest (300 to 600 mglL). The middle and westem regions of

fie study area, discounting fie «her high concwtration zones, have concwtrations betwew 150

to 160 mg/L with a small zone on fie western border offie study area having concentrations

b«wew 70 to 90 mg/L. A number of small zones just west offie SBA have high concentrations

of 160 to 300 mg/L. The SBA along wifi an area extending southwest from its western border

have lower concwtrations, much like fiat offie fir west, of less fian 90 mg/L. These lower

concentrations are also formd in fie eastern SBA.

The 301 to 400 feet slice interval has concentrations ranging betwew less fian 20 and

4,000 mg/L with fie highest concentrations (600 to 4,000 mg/L) found in fie southeast (Figure

26c). Relatively high concentrations are also seen in fie midwestem region offie study area and

west offie SBA along with a zone in fie southeast (300 to 600 myL). The eastern and western

borders, midwestem and eastern SBA, and an area extending from fie westem border offie SBA

towards fie southwest have a range of less fian 105 myL. The norfiem and southern SBA and a

number ofzones in fie midsouth-southwest and northeast have relatively high concwtrations of

160 to 300 mg/L.

The 401 to 451 feet slice interval has a dissolved calcium range betwew less fian 20 and

600 mg/L (Figure 26d). The highest concentrations are in fie norfiwest and a small western zone

(300 to 600 mglL). The remaining eastern region offie study area including fie SBA has

concwtrations less fian 90 mg/L. A small area of intermediate dissolved calcium concwtrations

of 160 to 200 myL is foundjust southwea offie SBA also.

The 451 to 500 feet slice has calcium levels of less fian 20 to 4,000 mg/L (Figure 26c).

The highest concentrations of600 to 4,000 mg/L are found in a small midwestem zone. A small

zone in fie southwestem SBA has fiirly high calcium concentrations of200 to 600 mg/L along

with a slightly less concentrated area just southwest offie SBA (200 to 300 mglL). A relatively

highrangeof135to200mg/L isfoundinawestemarea,fieeastem andnorfiem SBA, andjust

soufi, west, and norfi offie SBA. The middle offie study area, small zones in fie fir west and
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east, and soufi-southeast have lower concentrations ofless fian 70 mg/L. The remaining areas in

fie soufi and west, most offie norfieast, and fie remaining SBA have fiirly high concentrations

of 70 to 135 mg/L.

The 501 to 550 feet slice interval has calcium concwtrations betwew less fian 20 and

600mg/L (Figure 26f). Ahigh concwtration zone of300to600mg/Lis seen infie centeroffie

SBA and a zone in fie west. The norfiem, soufieastem, and fir western SBA have relatively

high concentrations ofllS to 300 mg/L. These same concentrations are seentofienorfi of

SBA, fir east, middle, and surrounding fie noted high concemration zones offie study area. The

remaining areas offie east and fie most offie west including fie norfiwest have low

concentration levels less fian 90 mg/L.

The 551 to 600 feet depfi interval has calcium concentrations between less fian 20 and

600 mg/L (Figure 26g). The highest concentrations (300 to 600 mg/L) are found in fie comm

SBA, weaem SBA border region, andjust south offie SBA. Relatively high concentrations of

135 to 300 mg/L are also found around fiese high concwtration zones (including fie remaining

SBA), just west offie SBA, and in a soufirern zone. The remainder offie soufi and numerous

zones in fie middle offie study area have relatively high concwtrations of 105 to 135 mg/L.

The rest offie study area including fie entire west-midwest and norfirem SBA have

concentrations below 90 mg/L.

The 601 and 800 fiat slice has dissolved calcium concentrations ranging from less fian

20 to 300 mg/L (Figure 26h).' A region covering an area fiomfie norfiem to soufirern border of

fie study area have numerous zones offie high concentrations (115 to 300 mglL). The

norfirwestem SBA has concentrations of 70 to 115 mg/L. The remainder offie study area in fie

east and west including fie rest offie SBA has a range ofless fian 90 mg/L.

The shauowost 801 feet and greaer slice has fie lowest concwtrations betwew o and

160 mg/L (Figure 26i). The highest concentration areas are in fie southern tip with

concentrations ranging betwew 90 and 135 mg/L including one small zone of 135 to 160 mg/L.
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A lone zone in fie midnorfi also has fie relatively high range of90 to 135 mg/L. The norfiem

and remaining southern region offie study area have lower concwtrations below 90 mg/L.

Dissolved Magnesium

The 200 feet and less slice interval ofdissolved magnesium concentrations range betwew

less fian 10 and greater fian 11,000 mg/L (Figure 27a). The highest concentrations (greaterfian

11,000) are found in fie cwter offie study area, and fiese concentrations decrease away from fie

centerto concentrations of4,000 to 11,000 mg/L arormd fie central high concentration zone.

Fairly high concentrations of200 to 1,000 mg/L are found in fie soufieast, areas in fie mideast,

and a weaem zone. Most offie SBA has a relative high of60 to 200 mg/L. A small southem

zone has relatively high concentrations of 120 to 200 mg/L. The lowest concentrations of

magnesium (less fian 50 mg/L) are found just norfi and west offie SBA and in a norfirwestem

zone offie study area.

The 201 to 300 feet interval has concwtrations ranging from lessfian 10 to 1,000 mg/L

(Figure 27b). The highest concentrations betwew 400 to 1,000 mg/L are found in fie soufieast

and northwest. A northeast to southwest region ( covering fie middle offie study area and

including fie middle and eastern sections offie SBA) has lower concentrations of less than 40

mg/L. This range is also seen in fie fir western region offie study area. The cwtral SBA and

regions just west offie SBA have fie lowest concentrations of less fian 10 mg/L. Highs of

magnesium (40 to 60 mg/L) are found in small zones just west offie SBA and fie soufi.

The 301 to 400 feet slice nrap has a dissolved magnesium range ofless fian 10 to 400

ngL (Figure 27c). The highest concentrations (200 to 400 mg/L) at fiis interval are found in fie

soufieast. Slightly lower but relatively high concentrations are found in fie middle, far west, and

a small zone in fie soufir (60 to 100 mglL). These relatively high concentrations (60to 100

mglL) are also found in fie norfiem part offie SBA and areas norfiwest—west and soufi offie

SBA. The rest offie study area including fie remaining SBA has concentrations less fian 40

mg/L.
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The 401 to 450 feet slice ranges in concentration between less fian 10 and 100 mg/L

(Figure 27d). The highest concwtrations are sew in a small zone in fie west with a range of 80

to 100 mg/L. Most offie west and middle has higher concwtrations relative to fie rest offie

study area with concentrations betwew 20 and 50 mg/L. The northern and southem SBA have

concentrations between 10 and 30 mg/L much like fie rest offie eastern study area except forfie

southeast which has fie lowest concentrations of less fian 10 mg/L.

The 451 to 500 fiat interval has dissolved magnesium concwtrations of less fian 10 to

120 mg/L (Figure 27c). The SBA has slightly higher concwtrations relative to fie rest offie

study area (except for fie fir west) with concwtrations of80 to 100 mg/L found in fie

southwestem section offie anomaly. A relatively high concentration zone of60 to 80 mg/L is

found just south offie SBA also. An even higher concwtration range of 80 to 120 mg/L is found

in a small zone in fie west. Zones in fie soufi-soufieastem region offie study area have

extremely low concwtrations of less fian 10 mg/L. The rest offie study area (fie middle and

cast), including fie remaining SBA, have concentrations betwew less fian 40 myL.

The 501 to 550 feet slice has concentrations betwew less fian 10 and 80 mg/L (Figure

27f). The highs (50 to 80 mg/L) are found in a small southwestern section offie SBA including

zones southwest offie SBA and on fie eastern border offie study area. An«her high

concwtration zone offie same range is found in fie west. Most offie remaining study area has

concentrations between 20 and 50 mg/L; fiis range includes fie remaining SBA. The lowest

concentrations (less fian 10 mg/L) are found just southwest offie SBA and in fie southwestem

region offie study area.

The551to600feetslicehasarangebetweenlessfian 10and200mg/L(Figure27g). A

small section on fie northwestern border region offie SBA has concentrations betwew 120 to

200 myL, while a small zone just south offie SBA has slightly lower concentrations betwew 80

and 100 mg/L. The remaining SBA and fie middle offie study area has lower concwtrations

between 30 and 50 mg/L. These fiirly high levels are also found in zones in fie south. Regions
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in fie west have levels betwew 10 to 30 mg/L. The south-southeastem border has an even lower

range of less fian 20 mg/L.

The 601 to 800 feet slice has a range between less fian 10 and 80 mg/L (Figure 27h).

Two south-southeastem zones and a small zone norfiwest offie SBA have slightly higher

concentrationsfianfierestoffie studyareawitha rangebetwew 50 and 80 mg/L. The SBA

alongwithfie restoffie studyareahas concwtrations oflessfian 40 mg/L. Arnidstfie average

concentration distribution, slightly higher concentrations of40 to 50 mg/L are found in regions

firoughout fie south and in two small zones west offie SBA.

The 801feetandgreaterintervalhasconcwtrationsoflessfian10to40mg/L(Figure

27i). The southem region has relatively high concentrations of 30 to 40 mg/L. Most offie south

has a range of20 to 30 mg/L, while only a few zwes in fie north are atfiese concwtrations. The

rem offie study area has a dissolved magnesium concentrations of less fian 30 mg/L.

Dissolved Sulfate

Thefirstdepfi interval (200feetand less) forsulfiteconcwtrationshasarangeofless

fian 10 to 3,500 mg/L. The highest levels are found in fie soufieast, midnorfi, and fie western

border offie study area (1,000to 3,500 mglL). This high range of 1,000 to 3,500 mg/L is also

found in fie southwastem SBA. These concwtrations decrease towards fie middle/northwest

fioma rangeof400t01000mg/Ldowntoconcwtrationsaslowas 80t0100mg/Linfie

middle. The lowest concwtrations are found in fie norfiwest (less fian 70 mglL).

The201to300feetintervalhasarangeoflessfian lOtogreaterfian 3,500mg/L

(Figure 28b). The highest dissolved sulfite concentrations (1,000 to 3,500 mg/L) are found in fie

northwest and soufieast. Zones found in fie soufiwest and middle also have fiese high

concentrations. Relatively high concentrations are found firoughout fie rest offie study area

including fie northweaem SBA, west, and south (200 to 1,000 mglL). A slightly lower

concentration zone covers an area from the western border offie SBA towards the midsouthem

region offie study area (70 to 150 mglL). This large zone has evw less concentrated,
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intermittent areas with levels less fian 70 mg/L. The rest offie SBA has fairly high

concentrations (100 to 300 mglL).

The 301 to 400 feet slice has levels ofdissolved sulfate between less fian 10 and 3,500

mg/L (Figure 28c). The highest concentrations (1,000 to 3,500 mg/L) are seen in fie midwest

and fie southeast along with a few areas just west-norfiwest offie SBA. These sulfate

concentratims decrease to fie west to levels less fian 100 mg/L. A relatively high concentration

zone is also found in fie soufi and fie norfiern and southern SBA (300 to 1,000 mglL). The

lowest concentrations of less fian 40 rug/L are folmd in fie far eastern and western SBA. This

same low range is also found in small zones in fie soufi and west offie SBA. A region fiat

covers an area fromfie westem SBAtofie south has a concentration range of60 to 200 rug/L.

This range is also found east offie SBA, while fie remaining midwest and surrounding SBA

have concentrations between 200 and 1,000 mg/L.

The 401 to 450 feet distribution diagram for dissolved sulfate has a range of less fian 10

to 3,500 mg/L (Figure 28d). The highest concentrations (1,000 to 3,500 mg/L) are found in the

norfiwestem region offie study area. A fairly high concentration zone (400 to 1,000 mg/L) is

found in fie south, and fiese concentrations decrease towards fie western border and just

northwest of it to levels of less fian 50 mg/L. Another high of400 to 1,000 mg/L is also found in

fie low concentration distribution in fie soufiwest and just southwest offie SBA. The SBA has

relatively high concentrations of 100 to 200 mg/L. The east-southeast including a small zone in

fie southweaern SBA and a small zone southwest offie SBA have a low sulfate concentrations

of less than 50 mg/L.

The 451 to 500 feet slice has sulfate concentrations between less fian 10 and 3,500 mg/L

(Figure 28c). The SBA and surrormding areas have relatively high concentrations of400 to 1,000

mg/L in fie norfiem and southern sections offie anomaly. The highest concentrations (1,000 to

3,500 mg/L) are found in small zones just norfiwest offie SBA and in fie westem region offie

study area. A low concentration zone (less fian 20 mg/L) is seen in fie middle offie SBA.
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Areas on fie northern border offie SBA and just soufi and southwest offie seA have relative

highs of300 to 1,000 mg/L also. Concentrations in fie middle and west are between 80 to 300

mg/L. The midwea and two zones in fie soufieast along with a small zone in fie east have low

concentrations of less fian SO myL.

A concentration range ofless fian 10 to 3,500 mg”. is found in fie 501 to 551

distribution diagram for sulfate (Figure 28f). Higher concentrations are found in and around fie

SBA (200 to 1,000 mglL). A veryhigh sulfate range of 1,000 to 3,500 mg/L is found in a

western zone. A range of200 to 1,000 mg/L is also seen infie very middle offie study area.

The northwest has concentrations fiat are between 0 and 20 mg/L. The east (above and below fie

Saginaw Bay) and midwest have sulfate concentrations less fian 100 mg/L wifi a very low

concentration zone of less fian 10 mg/L in fie southwestern SBA and just soufi offie SBA.

The 551 to 600 fiet slice has fie same range ofless fian 10 to 3,500 my]. (Figure 28g).

The highest concentrations are found on fie norfiwestem border region offie SBA (1,000 to

3,500 mglL). Small zones just south offie SBA and fie middle offie study area have a

relatively high range of400 to 1,000 mg/L. The SBA is relatively high in respect to sulfate

concwtrations (200 to 1,000 mglL). The west and east are at concentrations less fian 40 mg/L,

while fie south and middle are at slightly higher concentrations of 80 to 300 mg/L. This latter

high range is also seenjustnorfi offie SBA. Alow oflessfian 10 mg/L is seen onfie southern

border offie study area.

The 601 to 800feetintervalhasasulfaterange oflessfian lOto 1,000mglL (Figure

28h). Two high concentration zones (400 to 1,000 mglL) are found just west offie SBA. The

surrounding areas also have relatively high concemrations of 100 to 400 mg/L. The south also

has fiese same concentrations. The west and fie east generally have concentrations less fian 50

mg/L. In fiis distribution area, intermittent highs of70 to 150 myL are sear.

The 801% and greater sulfate distribution has a range ofless fian 10 and 300 mg/L

(Figure 28i). Small zones in fie north and soufi have a range of 150 to 300 mg/L. The
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remaining southem region offie study area has a range of30to 100 mg/L. The rest offie

norfiem region offie study area has concentrations less fian 40 mg/L.

Dissolved Bicarbonate

Thefirst slicemap (200 feetand less) forbiearbonatehasarange oflessfian 60to

greater fian 550 mg/L (Figure 29a). The lowest concentrations (less fian 60 mglL) are found in

fie midwestem region offie study area. These concentrations increase to relatively high levels

of 160 to 240 on fie western and eastern borders offie study area including fie weaern SBA. A

high is seen in fie middle-eastern region offie study area (400 to greater fian 550 mglL). A very

low concentration zone (less fian 60 myL) is seen to fie west offiis high concentration area. A

low of 100 to 140 mg/L is also formd in fie soufieast.

Thenext201t0300feetbiearbonatemaphasarangeof lessfian 60to 360 (Figure

29b). Low concentrations less fian 160 mg/L are found in fie southeast, western border offie

SBA, areas just west offie SBA, and fie northwest. The lowest concentrations in fie study area

(less fian 60 mglL) are also found just west offie SBA. The highest concentrations of 320 to

360 mg/L are found in fie soufi and soufieast (just west offie low concentration zone). Another

rather large high concentration zone (320 to 340) is found in fie middle offie study area. The

rest offie study area is between 200 and 280 mg/L.

The 301 to 400 feet depfi interval has dissolved bicarbonate concentrations of 100 to 420

mg/L (Figure 29c). The highest zones ofbicarbonate concentrations (320 to 420 mglL) are found

in fie southem part offie study area. Relative highs of260 to 300 mg/L are found in fie eastern

and northern SBA and surrolmding fie SBA. The areas surrormding fiese high concentration

zones also have fairly high concentrations of 180 to 260 mg/L. These high concentrations are

also found near fie western boundary offie study area. The lowest concentrations (100 to 180

mglL) are found in fie midwest, northeast, midnorthem SBA, and just was offie SBA.

The 401 to 450 feet slice has bicarbonate levels between less fian 60 to 420 mg/L (Figure

29d). The highea concentrations (320 to 420 mglL) are found in fie south, fie west, fie
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southeastem part offie SBA, and a zone just soufi offie SBA. The rest offie SBA and

surrounding areas also have relatively high bicarbonate levels of 280 to 320 mg/L. The

concentratials in fie south decrease towards fie west to lower concentrations (160 to 180 mglL)

in fie study area; a zone just west offie SBA also has fiis same low range. The lowest

concentrations are seen in fie far east, far norfiwest, and soufiwest offie SBA (less fian 140

mglL).

The 451 to 500 feet slice has dissolved bicarbonate concentrations between less fian 60

and 420 mg/L (Figure 29c). Two soufi-soufieastem zones have fie highest concentrations (320

to 420 mg/L). The southwestern SBA and an eastern zone have fairly high concentrations of 320

to 340 mg/L. Highs (300 to 340 mglL) are also seen to fie east offie SBA and in fie midwest.

The concentrations between fie SBA and fie soufi decrease to levels less fian 240 mg/L and to

fie west to fie same low range. Very low concentrations of less fian 60 mg/L are found in fie

middle offie study area and west. The remaining SBA, norfiwest, and eastern areas surrounding

fie Saginaw Bay have concentrations of 100 to 240 mg/L.

The 501 to 551 feet bicarbonate distribution map has a range of less fian 60 to 550 mg/L

(Figure 29f). The highest concentrations are found in fie midsoufiem region offie study area

(420 to 550 mglL). Fairly high levels (300 to 420 mglL) are found in fie middle offie SBA,

soufi and east offie SBA, and far midwest. Concentrations decrease to less fian 160 mg/L west

offie SBA high concentration zones. This range is seen in much offie SBA also. Most offie

west, east, middle SBA, and a zone just north offie SBA and including fie norfiem SBA have

relatively high concentrations of200 to 300 mg/L. A high of300 to 320 mg/L is also found in

fie midsouth surrounding fie highest concentrations in fie study area.

The 551 to 600 feet bicarbonate concentration range is between 100 to 420 mg/L (Figure

293). Most offie southem region offie study area and a western zone have high bicarbonate

levels between 320 and 420 mg/L. The SBA has fie lowest concentrations of 100 to 180 mg/L in

its central section. However, highs (320 to 360 mglL) are seen in fie soufiwestem SBA and
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areas just south offie SBA. Lower levels (100 to 180 mglL) are also formd in fie norfiweaern

region offie study area and a number ofareas surrormding fie SBA. The rest offie east and

west have concentrations of200 to 320 mg/L.

The 601 to 800 feet slice has a bicarbonate range oflessfian 60togreaterfian 550 mg/L

(Figure 29h). Numerous high concentration zones (420 to greater fian 550 rug/L) are found in

fie soufi, but most offie south, middle areas, and a small norfieastern zone have a slightly lower

concentratim range of300to 420 mg/L. The restoffie border regions offie studyarea

including fie norfiem SBA are between 140 and 260 mg/L, and fiese concentrations decrease to

levels of less fian 140 mg/L in some areas in fie west and norfi.

The 801feetandgreaterbiearbonatedistributionhasa range oflessfian 60t0550mg/L

(Figure 29i). The soufiern halfoffie study area has a few high concentration zones of420 to

550 mg/L but averages between 300 to 420 mg/L. A small zone offie same range is found in fie

northern region offie study area. Much offie norfiem halfoffie study area is between 160 and

280 mg/L including a few zones of less fian 140 mg/L fotmd on fie northern border.

Dissolved Potassium

The 200 feet and less dissolved potassium distribution map has a range of l to greaer

fian 700 mg/L (Figure 30a). The highest concentrations ofpotassium are found in fie middle-

midwest offie study area (greater fian 700 mglL). These concentrations decrease to fie Iowan

concentrations of l to 6 mg/L in fie northwestern and norfieastem border regions offie study

area andjustwest offie SBA. Most offie west and midwest has apotassium range of200to

700 mg/L. A high cmcentration zone is searjust south offie SBA with levels between 100 and

200 mg/L. Most offie SBA has relatively high concentrations between 15 and 20 mg/L. A zone

onfiefarwester'n borderoffie studyareahasfieseconcentrations(15t060mg/L)aswell.

The201t0300feetdepfiintervaLpaassiumrangeislessfian ltoZOOmg/L(Figure

30b). At fiis depfi fie highest concentrations (100 to 200 mglL) are found in fie northwestern

region offie study area, while fie lowest concentrations (less fian 4 mglL) are found in fie
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middle. Regions in fie soufi and southeast have relatively high concentrations (15 to 20 mg/L)

compared to fie red offie study area including most offie SBA, which has concentrations of5

to 8 mg/L. The westem SBA, an area just west offie SBA, and fie southwest have relatively

high concentrations of8to 15 mg/L. Ahighof20t060mg/Lisseen infiesouthalso.

The 301 to 400 feet slice has potassium concentrations between less fian 1 and 60 mg/L

(Figure 30c). The midwest has low concentrations (less fian 4 mg/L). This range is also seen in

fie norfiem and southeastem SBA, far east, and fie middle-midsoutheast. The higher

concentration zones offie interval (8 to 20 mg/L) are found in fie western SBA, just soufi-

southwest and northwest offie SBA, and in fie soufiem and western regions offie study area.

The highest concentrations of20 to 60 mg/L are foundjust south offie SBA. The rest offie

SBA along with fie remaining study area have a relatively low concentration range of 5 to 8

mg/L.

The 401 to 450 feet potassium distribution has levels between less fian l and 15 mg/L

(Figure 30d). At fiis depth fie highest concentrations in fie study area are found in fie southern

SBA and areas just southwest offie SBA (8 to 15 mglL). A small zone in fie west also has fiese

high concentrations. The eastern SBA, most offie areas surrounding fie SBA, a small zone in fie

midsouth, and an area in fie midwest have fie next highest concentrations of 6 to 8 mg/L. The

norfiem SBA has slightly lower concentrations of 5 to 6 mg/L. The majority offie study area

has rangeoflessfianS mg/L.

The 451 to 500 feetdepfi intervalhaspotassium concentrations between lessfian 1 and

15 mg/L (Figure 30a). The highest concentrations are found in fie southern and northern SBA

andjustsouthoffie SBAwifia range of8to 15 mg/L. The restoffie SBA, areas surrounding

fie SBA, a far eastem zone, a middle zone, and we; have relatively high potassium levels of4 to

8 mg/L also. The remainder ofstudy area has fie lowest dissolved potassium carcentrations of

less fian 4 mg/L.

The 501 to 551 feet slice has potassium levels between less fian l and 15 mg/L (Figure
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30f). Thehighestconcentrationsarefoundina largezone infiesouth (6to 15 mglL). This same

range is also seen in numerous zones in fie SBA along with areasjust norfi offie SBA and on

fie eastern border offie study area. The rest offie study area has low levels ofless fian 3 mg/L.

The551t0600feetpotassiumconcentrationrangeisbetweenlessfian l and lOmg/L

(Figure 30g). The highest potassium concentrations (6 to 10 mglL) are found in fie SBA, just

west and south offie SBA, and in a zone in fie southwest. Areas in fie norfiem and southern

SBA, to fie north and east offie SBA, and from fie SBA towards fie south have potassium

levels between 3 to 4 mg/L. Much offie remaining study area has lower concentrations of less

fian 3 mg/L.

The 601 to 800 feet potassium distribution has concentrations between less fian l and 15

mg/L (Figure 30h). The highest concentrations in fie study area with respect to potassium (6 to

15 mglL) are found soufi and west offie SBA and in fie norfiem and southern regions offie

study area. The norfiern and southem SBA and fie surromrding SBA which are included in a

region covering an area from fie northern to soufiern border have higher concentrations (2 to 6

mglL) compared to fie rest offie study area (less fian 2 mglL), especially in fie northeast and

west.

The shallowest 801 feet and greater interval has potassium levels between less fian l and

6 mg/L (Figure 30i). Two very small high concentration zones (4 to 6 mglL) are found in fie

soufiern region offie study area. These zones are surrounded by intermediate concentrations

between (2 to 4 mglL). These concentratims are also found in two zones in fie north. The rest

offie studyareahas concentrations lessfian 2 mg/L.

Dissolved Strontium

Strontium levels for fie 200 fed and less slice range between less fian 80 and 80,000

mg/L (Figure 3 la). The strontium distributions have fie highest concentrations (10,000 to 80,000

mg/L) infiefarwest, soufieast, asrnall middle and southern zone, anda small region onfie

western border offie SBA. A low of700 to 800 mg/L is also found in fie very middle offie
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studyarea,whilea low oflessfian 80mg/Lisfoundinfienorfiwest. Therestoffie SBAhasa

relatively high concentration range of 2,000 to 10,000 mg/L, while fie middle-midsouthem

region offie study area has concentrations ofa slightly lower magnitude (1,000 to 2,000 mglL).

The area just norfi offie SBA has relatively high concentrations offiis same range.

The 201 to 300 feet slice has concentrations baween less fian 80 and 80,000 mg/L

(Figure 31b). The highest concentrations are found in fie southeast, norfiwea, and a small zone

. in fie south (10,000 to 80,000 mglL). The norfiem SBA has relatively high concentrations of

1,000 to 2,000 mg/L, while fie eastern SBA and areas just west offie SBA have an even higher

range of4,000 to 10,000 mg/L. This latter high range of4,000 to 10,000 mg/L is also found in a

soufiwestem zone. However, fie middle offie SBA and areas just to fie west have relatively

low concourations of less fian 300 mg/L. The midsoufiern region offie study area has a range

between 600 to 800 mg/L, while fie remaining regions, especially fie west, have relatively high

concentrations of 1,000 to 2,000 mg/L.

The 301 to 400 feet strontium distribution has a range of less fian 80 to 80,000 mg/L

(Figure 31c). The highest concentrations (10,000 to 80,000 mglL) are found in fie southeast.

Relatively high strontium concentrations (4,000 to 10,000 myL) are found in fie wen, midwest,

and southeast including fie southem SBA. This concentration range is also found in fie norfiern

SBA and areas just west offie SBA. Most offie remaining SBA, fie majority offie

surrounding SBA, middle, and west have fairly high concentrations of 1,000 to 4,000 mg/L.

Lows of less fian 300 mg/L are found in fie midsouth, norfieast, southeastem SBA, and an area

just southwest offie SBA. Surrounding fiese low concentration zones and a midwestem zone

are concentrations of600to 1,000 mg/L.

The 401 to 450 feet strartium concentration range is baween less fian 80 and 80,000

mg/L (Figure 31d). The highest concentrations are found in two zones in fie west-northwest

(10,000 to 80,000 mglL). The norfiem and southern SBA along with much offie east and

western border zones offie study area have concentrations between 1,000 and 4,000 mg/L. A
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single zone along fie western border offie study area does have slightly higher concentrations of

4,000 to 10,000 mg/L. The soufiern region offie study area and southwest offie SBA have

concentrations of less fian 500 mg/L. The concentrations surrounding fiese lows leading up to

fie relatively high concentration areas in fie SBA and west have levels between 500 and 800

mg/L.

The 451 to 500 feet slice has dissolved strontium concwtrations ofless fian 80 to 80,000

mg/L (Figure 31a). The western SBA and areas west offie SBA have very low concentrations of

less fian 80 mg/L. Two zones in fie nridwest also have fiis low concentration range. A small

zone in fie northeastern SBA and in fie western region offie study area have concentrations

between 10,000 and 80,000 mg/L. The wea, fie southeastern and central SBA, andjust south

and norfi offie SBA have relatively high concentrations also of 2,000 to 10,000 mg/L. The rest

offie study area is between 800 and 2,000 mg/L with numerous zones in fie middle offie study

area and just was: offie SBA having lower levels of600 to 800 mg/L.

The 501 to 550 feet strontium distribution has a range ofless fian 80 to 10,000 mg/L

(Figure 31f). The western SBA, areas just west offie SBA, and far west have fie lowest

concentrations of less fian 80 mg/L. The highest concentrations (2,000 to 10,000 mglL) are

found in numerous zones in fie norfiwest, south, and cast including fie northern and southern

SBA. Zones in fie soufi, norfiwest, and fie much offie cast are between 900 and 2,000 mg/L.

The midwest has concentration zones between 400 and 600 mg/L.

The 551to600feetslicehasastrontium concentration rangeoflessfian 80to 10,000

mglL (Figure 31g). The highest concentrations offie study area (2,000 to 10,000M) are

found in fie norfiwestem and southern border region offie SBA, norfi offie SBA, southeast,

and southwea. Most offie central and eastern SBA have concwtrations ofless fian 80 mg/L.

The northern SBA has levels of500 to 2,000 mg/L. This concentration range is also seen in fie

soufi, west, southwest, and northeast. Lower concentration zones (less fian 500 mglL) are found

in fie middle, midsouth, norfiwest, and numerous zones in fie east.
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The 601 to 800 feet strontium distribution has concentrations between less fian 80 and

10,000 mg/L (Figure 31h). The highest concentrations (4,000 to 10,000 mglL) are found in a

zone in fie south. Areas in fie norfiem and southern SBA, surrormding SBA, and on fie

northern and southern border have fie next highea range of 1,000 to 4,000 mg/L. Numerous

zones in fie west and west offie SBA also have relatively high concentrations of 800 to 2,000

mg/L. The rest offie study area has concentrations less fian 500 mg/L with fie northern SBA

and weaern border region offie study area having fie lowest concentrations ofless fian 80

mg/L.

The 801 fietand greaterdepfi intervalhasadissolved strontium rangeoflessfian 80to

4,000 mg/L (Figure 3 1i). The highest concentrations (1,000 to 4,000 mglL) are found along fie

soufiem-soufiwestem border region and small zones in fie norfi. Relative highs of300 to 700

mg/L are found in fie midsouth and two norfiem zones. The rest offie norfi and south have

concentrations of less fian 300 mg/L. Most offie norfi and two large regions along fie norfiem

border offie southern region offie study area have fie lowest concentrations ofless fian 80

mg/L.

Dissolved Barium

The 200 feet and less slice has barium concentrations between less fian 10 and 210 mg/L

(Figure 32a). The highest concentrations are in fie scufieast (190 to 210 mglL). These high

concentrations are seen just west-norfiwest offie SBA and south, and a low of30 to 80 mg/L is

found in fie middle-midwest. A small relatively high concentration zone (95 to 105 mglL) is

found due west and north offie SBA also. Most offie SBA and a region covering an area from

fie SBA towards fie soufiwestem border have relatively low concentrations of less fian 20

mg/L. In fiis region is a lower zone of less fian 10 mg/L, which includes fie western SBA.

Concentrations of20 to 30 mg/L are found in fie northwest.

The 201 to 300 feet slice has barium levels of less fian 10 to 600 mg/L (Figure 32b). The

highest concentrations are found in a westem zone (500 to 600 mglL). Concentrations in fie
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carter are at much lower levels of less fian 10 mg/L. This low range is also formd in fie central

and soufiern SBA. High concentration zones (190 to 210 mglL) are seen in fie southeastem and

norfiwestem region offie study area. These concentrations decrease towards fie SBA to levels

less fian 30 mg/L. The eastern SBA has concentrations ofbarium between 95 to 105 mg/L.

The 301 to 400 feet barium distribution has a concentration range between less fian 10

and 190 myL (Figure 32c). Much offie midwest and cast including fie borders offie SBA and

surrormding areas have barium concentrations less fian 10 mg/L. The rest offie areas along fie

southern border offie SBA are less fian 80 mg/L. A high concentration zone (145 to 190 mglL)

is found in fie soufi, while other relatively high concentration zones are found just soufi offie

SBA and in fie middle offie study area (80 to 105 mglL). A small zone offie latter range is

also found on fie western border offie study area. The northern SBA has a barium concentration

range of40 to 80 mg/L. A high (80 to 105 mglL) is found in fie southeastem SBA.

The 401 to 450 feet slice has barium levels between less fian 10 and 145 mg/L (Figure

32d). Most offie SBA and areas surrounding fie SBA have barium concentrations less fian 10

mg"... This low concentration range is also seen in fie northwest. The highest concentrations (95

to 145 mglL) are found in zones in fie east, midsoufi, and west. A high concentration zone of 80

to 95 mg/L is found just south offie SBA. Most offie south, east, and west have barium ranges

between 10 and 80 mg/L.

The 451 to 500 feet barium distribution has a concentration range between less fian 10

and 190 mg/L (Figure 32a). The low barium concentrations (less fian 10 mglL) are found in fie

middle, midwest, and east (including fie SBA). The west has concwtrations between 10 and 40

mg/L, while areas along with fie border in fie south-soufieastern region offie study area have

slightly higher concentrations between 30 and 80 mg/L. The highest concentrations (145 to 190

mglL) are found just soufi offie SBA, while fairly high concentrations (105 to 145) are formd in

numerous zones in fie east-southeast.

The 501 to 551 feet slice has dissolved barium levels between less fian 10 and 190 mg/L
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(Figure 32f). The highest concentrations (105 to 190 mg/L) are found in fie east and a few zones

in fie southwea. Most offie soufi and east have relatively high barium levels between 30 and

80 mg/L. The norfiwest, middle, and fie SBA have an range of less fian 30 mg/L.

The 551 to 600 feet barium distribution concentration range is between lessfian 10 and

270 mg/L (Figure 323). High concentration zones of210 to 270 mg/L are found in fie south and

just south offie SBA. Ofier relatively high concentrations (80 to 145 mglL) are found in fie east

around fie borders offie SBA, fie norfiem SBA, fie west, and surrormding fie highest

concentration zones of210 to 270 mg/L. Most offie SBA, areas surrounding fie SBA, and

middle and norfiwestem parts offie study area have low concentrations of less fian 10 mg/L.

Many areas along fie norfieastem, western, southem, and eastern borders offie study area have

barium concentrations between 30 to 80 rug/L. The remaining regions offie study area have

concwtrations of less fian 30 mg/L.

The 601 to 800 mg/L slice has a barium concentration range oflessfian Mm 370 mg/L

(Figure 32h). High concentration zones of210 to 370 mg/L are found in areas in fie south.

Ofier areas on fie soufiern border and a small zone in fie northeast have relatively high

concentrations also of 105 to 190 mg/L. A zone covering and area from fie western border offie

SBA and fie southwest along with an area in fie northwest have fie lowest concentrations of less

fian 10 mg/L. Much offienorth, west, andareassouthoffie SBAhaveabariumrangeof30to

8O myL. The remainder offie norfiwestem region offie study area has concwtrations less than

30 mg/L.

The 801 and greater barium distribution range is between less fian 10 and 270 myL

(Figure 32i). The highest concemration zones (190 to 270 mglL) are found in two areas in fie

southem region offie studyarea. The reaoffie south has relative highs of30to 190 mg/L

except for a low concwtration region (less fian 10 mglL) covering an area from fie northern to
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soufiem border and fie eastern border offie southern region. The norfiem region and a small

zone infie southem regionhavea rangeoflessfian 30 mg/L. Alonehigh of30to80mg/Lis

found on fie southeastern border offie northern region.

CUMULATTVE, INDIVIDUAL, AND COMPARATTVE ANALYSIS OF

ESTABLISHED DEPTH INTERVALS

Cumulative Summary

In fie 200 feet and less depfi interval distribution maps, fie highest concentrations for

every ion except for barium, sulfate, and bicarbonate are found in fie middle-midwest. These

concentrations decrease towards fie norfiwest to fie lowest concentrations in fie study area.

Concentrations also decrease towards fie SBA and fall to a low in fie mideast but riseto

relatively high concentrations in fie southern SBA and southeast. Relative highs are also found

in fie south and west but are far less in magnitude fian in fie middle-midwest. A single zone just

offfie norfiem border offie SBA has intermediate concwtrations.

Sulfate follows fiis same basic patterning trend in fie 200 feet and less slice but has

slightly lower concentrations in fie mideastem region offie study area. Bicarbonate has an

inverse relationship with respect to lower concentrations in fie middle-midwest. Its

concentrations increase somewhat towards fie SBA/soufieast and is at a maximum in fie mideast

where fie other major ions are low, except for sulfate. Barium also follows fie normalized

pattern set byfie other major ions buthasan extreme low coveringan area fromfiewestern

border offie SBA towards fie wen-southwest.

Infie201to300feetdepfi intervaldiagrams,fiehighestconcentrationsforevery

element excluding bicarbonate are found in fie norfiwest and southeast. Barium also has its

highest concentrations in fie far west where fie other elements have a relative low. Relative

highs for every element are found in fie south and southwest. These concentrations decrease

towards fie SBA to fie lowest concentrations in fie study area just ofl‘fie western border offie
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SBA. Concentrations fien increase slightly moving into fie northern SBA. Relatively low to

intermediate concentrations are seen in fie eastern SBA except for barium where a relative high

is seen. Relatively high concentrations for most ions are found due west offie SBA also.

Barium also difl'ers from fie «her ion concentration distributions in respect to its extreme lows

found firoughout fie middle and cast including fie SBA. Bicarbonate again complies with fie

opposite trend in fiis depfi interval. Discrepancies in fie bicarbonate distribution are seen in fie

south-southwest where highs are found and in fie we« and mideast where lows are found.

In fie 301 to 400 feet distribution maps for every elemart except barium and bicarbonate,

fie highest carcentrations are seen in fie southeast and soufiwestem SBA. Relative highs are

also found in fie middle, west, south, and just west offie SBA. Concentrations decrease in fie

midsouth and just west offie SBA. Levels generally increase in fie midwestem SBA except for

sulfate, magnesium, and calcium where low to intermediate concentrations are found. The rest of

fie study area including fie norfiem SBA have intermediate concentrations with a number of

lows. These same areas have relatively high concentrations wifi respect to sulfate and strontium.

An«her variation is seen in fie northern SBA where lows ofsodium and chloride concentrations

are seen, while calcium and magnesium have high concentrations. Again bicarbonate complies

with fie inverse patterning in fiis depth interval. Barium has fie same general trends as fie «her

elements fiough an extreme low is found in fie SBA and surrounding areas along wifi a large

midwestem zone.

In fie 401 to 450 feet slice, fie highest concentrations are found in a discreet western

zone and in fie southeastem SBA discounting bicarbonate. However, calcium concentrations are

relatively low firoughout fie SBA. Relative highs offie ions are also found in a norfiwestem

zone except for sodium, chloride, and barium for which relative lows are seen. The southwestern

boundary offie study area has intermediate concentrations with a number oflows along fie

border. These concentrations increase to a high in fie midsoufi but decrease again moving

towards fie SBA and fie middle offie study area. Intermediate to higll concentrations are found
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in fie norfiem SBA and areas surrounding fie SBA. However, p«assium, sodium, sulfate, and

strontium have relatively high concentrations, while barium has extremely low concentrations.

Bicarbonate follows fie general inverse trend except in fie midsoufi where a high is seen.

In fie 451 to 500 feet slice, fie higest concentrations ofevery ion excluding bicarbonate

andbarium are found infie southern SBA,just sorrth offie SBA, and in a lone westem zone. A

few lows surround fie high concentration zone in fie west including a very low concwtration

zone infie middle offie study area. The rest offie western region offie studyarea has

intermediate concentrations. The rnideast has intermediate concentrations as well moving E

towards fie SBA where slightly higer concentrations are found in fie northern section offie

anomaly. The middle zones have relatively low concentrations. However, in fiese middle zones,

 sulfate has very high concentrations and very low concentrations in fie central SBA, which strays r-

from fie normalized patterns. Considering fie entire suite ofelements excluding bicarbonate and

barium, lows are found just east offie SBA and far soufi-soufieast also.

Bicarbonate complies with fie inverse relationship seen firoughout fie ofier slice maps.

However, a low is found in fie middle offie study area much like fie «her ions. Barium difl‘ers

from fie normal trends observed in fie soufivsoufieast and east offie SBA where highs are

found. Barium also has an extreme low in fie SBA and relative lows in fie far west.

Excluding bicarbonate and barium, fie 501 to 550 feet slice distributions have highs in

and arormd fie SBA. However, strontium has an extreme low in fiis region. A zone ofvery low

concentrations is found in areas south-southeast offie SBA. Relatively high concentrations are

found just to fie west and south offiis low concentration zone. High levels of dissolved ions are

also found just norfi offie SBA and in fie south. Relatively low concentrations are found in

much offie west along with a small zone in fie middle offie study area. Despite fiis patterning

trend, numerous highs of sulfate, calcium, and magnesium are found in fiese areas. Strontium

also has a lone hig concentration zone in fie west. An«her high ofstrontium is found in fie

northwest where fie «her elements display lows. Bicarbonate again patterns itself opposite fiat
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offie «her ions. Barium has extremely low concentrations in and around fie SBA except for a

zone in fie east in which a high is found. Two «her highs are also found in an intermediate

barirnn concentration zone in fie west.

ln fie 551 to 600 feet distribution rmps, fie highest concentrations are found on fie

southern SBA border region and west offie SBA except for barium and bicarbonate. Relative

highs are found firoughout fie rest offie SBA and surrounding SBA. Strontium has very low

concentrations in fie middle offie SBA. An«her relative hig ofstrmtium is found in fie

southwest, while a galeral low is seen east offiis zone. Lows offie ions are also folmd in fie

midwest and west-norfiwestem border region, while fie remainder offie study area in fie

middle-midwest and far east have intermediate concentrations. Magnesium and p«assium have

relative highs in a midwestem zone.

Bicarbonate conforms to fie inverse trend seen firoughout fie aquifer system. Barium

has its highest concentration just south offie SBA much like fie «her elements but also has

higs in fie south, west, and east. The SBA and fie rest offie surrounding areas are very low in

barium concentrations, and intermediate concentrations are found firougout fie rest offie study

area.

In fie 601 to 800 feet distribution maps, fie highest concwtrations are found south offie

SBA except for calcium and barium. A bicarbonate hig and calcium low is found in fiis area.

Discounting barium and bicarbonate, a general high concentration region covers an area from fie

norfiem to southem border; sulfate and strontium have big concentration zones in fiis region.

Intermediate concentrations are found in fie northern SBA and southeast, while an«her relatively

hig concentration zone is seen in fie east. The majority offie west has very low concentrations.

Barium conforms to fiese nornurlized trends as well but has its highest concentrations on fie

soufi-soufieastem border offie study area, and an«her high is found in fie soufieast. Barium

also has a major low concentration zone in fie middle offie study area. Bicarbonate no longer

follows fie opposite trend fiat well. However, fie normal inverse relationship is still relevant ill
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fie west and norfi-norfiwest offie SBA.

The shallowest 801 feet and greater distribution maps have fie higest concentrations in

fie southern region offie study area excluding bicarbonate. The rest offie south and much of

fie norfi have relatively intermediate concwtrations. Overall, fie north has lower

concentrations. High concentration zones are seen in fie north especially on fie very norfiem

border offie study area where very hig concentrations ofstrontium are found. Bicarbonate

follows fie opposite trard very well in fie south, and also has its highest concentrations in fiis

region. Relatively low to intermediate concentrations ofbicarbonate are found in fie norfiem I

region with highs found in fie center and lows on fie northern border.

Discussion of Ions and Comparative Analysis of Ion Pairs

 
Chloride and Sodium L

In fie 200 feet and less depfi interval, fie sodium and chloride distributions correlate

well with each «her at fiis level, especially considering fie hig concentration concentrations

found in fie midwest and fie southeast (Figure 24a and Figure 25a). In fie 201 to 300 feet slice,

fie distribution patterns for sodium at fiis depfi interval are similar to fie distributions of

chloride except in fie center offie study area (Figure 24b and Figure 25b). B«h ions have

relatively low concentrations in fie middle offie study area. However, fie areal extent offie

lower concentrations of chloride (less fian 20 mg/L) is much greater fian fie areal extent offie

lower concentrations of sodium (5 to 100 mglL).

The spatial patterns ofsodium concentrations in fie 301 to 400 fe« depfi interval do

correspond well to fie chloride distributions, especially considering fie southeastem hig

concentration zone and fie soufiern SBA, which also has high concentrations (Figure 24c and

Figure 25c). In fiese areas chloride has a range of 12,000 to 60,000 mg/L, while sodium has a

range of 1,000 to 20,000 mg/L. In fie 401 to 450 feet slice, fie distributions ofb«h ions are

similar to each «her (Figure 24d and Figure 25d). The high sodium concentrations (400 to 2,000

mg/L) in fie SBA, surrormding SBA, and in fie west correlate to fie hig chloride concentration
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regions (600 to 3,000 mglL). The general spatial extart offiese high concentration zones is

much greater for sodium fian fiat ofchloride.

The sodium and chloride spatial patterns for fie 451 to 500 feet interval do correlate well

wifi each «her (Figure 24c and Figure 25a). The high concentration areas for chloride (600 to

3,000 mg/L) infie SBA, surrounding SBA, and infie westhave a greaterarefl extentfian dofie

hig concentration areas ofsodium (600 to 2,000 mglL). In fie 501 to 550 slice, fie distributions

ofsodium and chloride are similar to each «bar (Figure 24fand Figure 25f). Some eastern

zones have relatively high chloride concentrations (200 to 600 mg/L) compared to relatively low

concentrations ofsodium (less fian 50 mglL). However, a high ofsodium (200 to 250 mglL) is

associated to a low ofchloride (1 to 2 mglL) in fie midsouthwest.

For fie 551 to 600 feet slice, fie distribution patterns ofsodium and chloride follow each

«her very well (Figure 24g and Figure 25g). Comparing fie spatial patterns ofsodium and

chloride for fie 601 to 800 feet depfi interval, fie relative higs and lows offie ions offie study

area correspond very well with each «her (Figure 24h and Figure 25h). The spatial distribution

patterns ofsodium and chloride are similar to each «her for fie 801 feet and greater depfi

interval (Figure 24i and Figure 25i). The spatial extent ofhigher concentrations in fie norfi and

south cover more area for chloride (30 to 100 mglL) fian for sodium (60 to 80 mg/L).

Calcium and Magnesium

The distribution patterns in fie 200 feet and less slice for magnesium do correlate with

fiose ofcalcium very well atfiis depfi interval except in areas norfi offie SBA (Figure 26a and

Figure 27a). Relatively low magnesium (20 to 40 mglL) concentrations are found in fiis region.

A consisteme and fairly hig concentration range ofcalcium (300 to 600 mglL) is found in fie

same area alarg with fie rest offie SBA and study area. The same trends ofdistribution in fie

201 to 300 feet slice are seen relative to calcium concentrations except in fie southwest where

relatively hig concentrations ofcalcium (300 to 600 mglL) are seen compared to low

concentrations of magnesium (less fian 40 mg/L) (Figure 26b and Figure 27b). Comparatively,
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in fie 301 to 400 fe« distribution, higer concentrations are seen in fie westem-southwestem

region offie study area for calcium (160 to 300 mglL) (Figure 26c). Magnesium has a low range

ofless fian 40 mg/L in fiis area (Figure 27c).

Like magnesium in fie 401 to 450 feet depfi interval, fie calcium distribution has low

concentrations in fie norfiwea and a small zone just west offie SBA (Figure 26d and Figure

27d). In fiis norfiwestem area calcium has concentrations of300 to 600 mg/L, while magnesium

has concentrations of40 to 50 rug/L. A small hig concentration zone ofcalcium (160 to 200

mg/L) just west offie SBA corresponds to fie general low ofmagnesium (20 to 30 mglL).

Overall, fie general spatial pattern ofb«h calcium and magnesium are similar to each ofier.

As expected, fie calcium distributions for fie 451 to 500 fe« depfi interval have fie

same trends (Figure 26c and Figure 27a). The spatial configurations for b«h magnesium and

calcium are similar one an«her in fie 501 to 550 feet slice as well (Figure 26fand Figure 270.

In fie 551 to 600 feet slice fie same calcium distribution pattern is seen relative to magnesium

but to a greater areal extent (Figure 26g and Figure 273). More offie southern and middle

regions offie study area are fairly concentrated with respect to calcium (115 to 300 mglL) fian

magnesium (30 to 50 mg/L).

The calcium and magnesium distributions for fie 601 to 800 feet interval are very similar

to each «her (Figure 26h and Figure 27h). However, much higher calcium concwtrations (90 to

300 mglL) fian magnesium are seen in a middle region covering fie length offie study area fiom

fie norfi to south, and especially in fie south. In fiese regions magnesium has levels of 30 to 80

mg/L. The same spatial patterns are seen with respect to calcium and magnesium concentrations

in fie 801 feet and greater slice (Figure 26i and Figure 27i). However, in fie corresponding hig

concentration zone in fie south, calcium (135 to 160 mglL) is much more concentratedfian

magnesium (30 to 40 mglL).
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Sulfate and Bicarbonate

In comparison to sulfate in fie 200 feet and less slice, bicarbonate’s spatial patterns have

relative lows (less fian 140 mglL) in areas where sulfate has relative highs (1,000 to 3,500 mglL)

except forfie middle and northwestern regions offie study area (Figure 28a and Figure 29a).

Fairly low concentrations ofsulfate (lessfian 70 mglL) are found infieseareas and correlateto

lows ofbicarbonate (less fian 140 mglL). However, a mideastem sulfate low (100 to 150 rug/L)

woods to a bicarbonate hig (greater fian 550 mglL).

The inverse spatial patterns ofbicarbonate are similarto sulfate in fie 201 to 300 feet

slice except for fie relative big ofbicarbonate found in fie midsouthwest (320 to 340 mglL)

(Figure 28b and Figure 29b). In fiis region, b«h ions have high dissolved concentrations; sulfate

has concentrations of 1,000 to 3,500 mg/L. As expected, fie inverse relationship between sulfate

and bicarbonate is seen in fie 301 to 400 feet slice (Figure 28c and Figure 29c). In fie 401 to 450

feet distribution, fie highs of sulfate (400 to 3,500 mglL) in fie norfiwest, west, and southwea of

fie SBA do correspond to fie lows ofbicarbonate (less fian 140 mglL) (Figure 28d and Figure

29d). An exception is seen infie soufi whereb«h ions havehigh concentrations. lnfiis region

bicarbonatehasa range of320to420 mg/L, and sulfatehasahighof400to 1,000mg/L.

In fie 451 to 500 feet slice, discounting fie relative bicarbonate highs in fie soufi-

soufieast and southwestem SBA (240 to 420 mglL), sulfate distribution patterns do correlate with

bicarbonate distribution patterns (Figure 28a and Figure 29c). Sulfate also has high

concentrationsinfieseareaswithconcentrations between lOOto 1,000 mg/L. Thespatial

patterns ofbicarbonate are similartofiose ofsulfate in fie 501 to 550 feet slice (Figure 28fand

Figure 29f). However, highs ofbicarbonate (90 to 420 mglL) correlate with relative highs of

sulfate in fie SBA (400 to 1,000 myL), norfi offie SBA (400 to 1,000 mglL), southeast (40 to

50 mglL), and south (80to 100 mglL). Lows ofbofi bicarbonate (lessfian 60 myL) and sulfate

(less fian lO mglL) are found just soufi offie SBA. The distribution patterns for bicarbonate

correlate very well withfie distribution patterns ofsulfate infie 551 to 600 feetmaps (Figure
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28g and Figure 29g).

In fie 601 to 800 feet interval, fie distribution patterns for sulfate follow fie same

general patterns as bicarbonate except in a small northwestern zone where fiey are b«h have

relative highs (Figure 28h and Figure 29h). Here, bicarbonate has a range of280 to 300 mg/L,

while sulfate has a range of60 to 70 mg/L. The spatial configurations for sulfate are similar to

fiose ofbicarbonate concentrations in fie gremerfian 801 feet slice also (Figure 28i and Figure

29i). However, in fie south, b«h ions have big concentrations where bicarbonate has a range of

320t0550mg/L, and sulfatehasahigh rangeof60to300 mg/L.

Potassium, Strontium, and Barium

The p«assium distribution maps constructed for fie slices are similar to fie major ion

spatial slice maps (Figure 30a-i). Wrfiin fie slice distributions, fie general pattern ofstrontium

concwtrations follow fiat offie major ions (Figures 3 la-i). In fie slice distributions, fie pattern

ofbarium does n« completely follow fiat offie major ions, such as sodium and chloride (Figure

32a-i).

DISTRIBUTION AND ANALYSIS OF THE SATURATTON STATES OF INDIGENOUS

MINERALS IN GROUNDWATERS IN ESTABLISHED DEPTH INTERVALS

Calcite Saturation States

Most offie slices are in equilibrium (-0.424 to 0.424) wifi respect to calcite. The first

slice interval, 200 feet and less, has a range of 81s of -0.424 to 0.624 (Figure 33a). The study area

is entirely in equilibrium (-0.424 to 0.424) except for a small zone just southwest offie SBA.

This sligtly supersaturated zone (0.424 to 0.620) to fie southwea offie SBA is associated with

a low ofcalcium (70 to 90 mg/L) and a high ofbicarbonate (240 to 260 mglL) (Figure 26a and

Figure 29a).

In fie 201 to 300 feet interval, calcite 81s have a range of-1.200 to 0.620 with respectto

fie groundwater in fie study area (Figure 33b). Most offie study area is in equilibrium

(—0.424 to 0.424) with respect to calcite. Two zones ofslightly supersaturated waters (0.424 to
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0.620) are seen in fie southwest, center offie study area, and fie western SBA. The larger

soufiwestern undersaturated zone corresponds to b«h calcium (300 to 360 mg/L) and

bicarbonate (320 to 360 mglL) higs (Figure 26b and Figure 29b). The small middle

undersatruated zone corresponds to a calcium hig (135 to 160 mg/L) but has bicarbonate

concentrations no different from surrormding areas. The slightly undersaturated zone (-1 .200 to -

0.424) in fie western SBA is analogous to a low ofcalcium (less fian 60 mglL) and a hig of

bicarbonate (280 to 300 mglL).

In fie 301 to 400 feet interval, fie calcite SIs range from -O.424 to 1.343 (Figure 33c).

The majority offie study area is in equilibrium (saturated) with respect to calcite. A very small

zone in fie middle offie study area is very supersaturated (0.424 to 1.343) with respect to calcite.

This small zone is associated with a hig ofcalcium (160 to 200 mglL) but has bicarbonate

concentrations no difi'erent relative to surrounding areas (Figure 26c and Figure 29c). The small

sligtly supersaturated zone (0.424 to 0.620) just east offie very supersaturated zone is identified

by a hig ofbicarbonate (320 to 340 mg/L) but has calcium concentrations no different relative to

surrounding areas.

The next 401 to 450 feet level has a range of -0.424 to 0.620 wherefie entire study area

is in fie saturated state with respect to calcite (-O.424 to 0.424) except for a slightly

supersaturated zone (0.424 to 0.620) in fie middle offie study area (Figure 33d). This slightly

supersaturated zone has calcium concentrations no difi‘erent relative to surrounding areas but is

correlated to a high ofbicarbonate (400 to 420 mglL) (Figure 26d and Figure 29d).

The 451 to 500 feet slice has a range ofcalcite SIs between -1.970 and 1.343 (Figure

33c). The soufiwestem border offie SBA is higly supersaturated with respect to calcite (0.424

to 1.343). Here, bicarbonate has low concentrations (60 to 100 mglL), but calcium concentrations

are no differart relative to surrormding areas (Figure 26a and Figure 29a). Slightly supersaturated

zones (0.424 to 0.620) are found in fie SBA, just south offie SBA, and in fie west and south. In

b«h fie SBA zones, calcium has low concentrations (20 to 40 M), while bicarbonate has



a
.
<
2
0
0

f
e
e
t

 
 
 
 

(

 

e
.
4
5
1

t
o
5
0
0

f
e
e
t

.

a
; '
:
Q

f
k

,
7
/

”
e
a

 

 
 

b
.
2
0
1

t
o
3
0
0

f
e
e
t

 

c
.
3
0
1

t
o
4
0
0

f
e
e
t

 

 

C
a
l
c
i
t
e
S
I
S

-
-
1
.
9
7
0
t
o
-
1
.
2
0
0

E
u
r

-
1
.
2
0
0
t
o
-
0
4
2
4

[
:
1

-
o
.
4
2
4
t
o
0
.
4
2
4

-
0
.
4
2
4
t
o
0
.
6
2
0

-
0
.
6
2
0
t
o
1
.
3
4
3it

 

F
i
g
u
r
e
3
3

a
-
i
D
i
s
t
r
i
b
u
t
i
o
n
o
f
c
a
l
c
i
t
e
s
a
t
u
r
a
t
i
o
n
i
n
d
i
c
e
s

i
n
e
s
t
a
b
l
i
s
h
e
d
d
e
p
t
h
i
n
t
e
r
v
a
l
s

”$4

124



125

 
relatively high concentrations (240 to 260 mglL). The western zone does indicate a relative hig

ofbicarbonate (200to240 mglL) whilea low(100to 140 mg/L) is seenwithfie zonejustsouth

offie SBA. Calcium concentrations are no difl‘erent relative to surrormding areas in fiese

sligtly supersaturaed zones. The far southern slightly supersaturated zone is analogous to a

hig ofcalcium (135 to 160 mglL) but has bicarbonate concentrations no different relative to

surrormding areas.

Very undersaturatedwaters (-l.970to-0.424)arefound infie much offie SBA anda L

large soufiwestem zone. Lows ofbicarbonate are seen relative to all fie undersaturated zones in

fie southern SBA (100 to 140 mg/L) and norfiem SBA (160 to 180 mglL), while a high is

associated with fie southwestern zone (260 to 180 mglL). A low is seen for calcium in fie

 
norfiem SBA (20 to 40 mg/L), while a high is seen in fie soufiern SBA (200 to 300 mglL). The

soufiwestem zone has calcium concentrations no difi‘erent relative to surrormding areas. A small

slightly rmdersaturated zone (-1.200 to -O.424) just south offie SBA corresponds to a low of

calcium (less fian 20 mg/L) and a big ofbicarbonate (400 to 420 mglL). The remainder offie

study area at fiis depth is in equilibrium with respect to calcite (-O.424 to 0.424).

The middle 501 to 550 feet distribution diagram for calcite Sls has a range of

-1.970 to 1.343 (Figure 33f). A large zone in fie middle offie study area, fie central SBA, and

just offfie scufiem border offie SBA have very supersaturated Sls ( 0.424 to 1.343). The

central SBA very supersaturated zone correqronds to a hig ofcalcium (300 to 600 mglL) and

bicarbonate (400 to 420 mglL) (Figure 26fand Figure 29f). A low ofcalcium (less fian 20

mglL) and a relative big ofbicarbonate (260 to 280 mg/L) correspond to fie southern SBA zone.

Thelargerverysupersaturated zone infie middle offie studyarea isassociatedwitha relative

hig ofcalcium (1 15 to 135 mglL) but concentrations ofbicarbonate are no difierent relative to

surrounding areas.

Numerous areas in fie cast, including a small central SBA zone, and west have

groundwaters fiat are slightly supersaturated with respect to calcite (0.424 to 0.620). The far
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 norfiwestem zone is identified by a high ofbicarbonate (240 to 260 mglL) but has calcium

concentrations no difi‘erent relative to surrounding areas. The norfieastern and SBA zones are

identified by a low ofcalcium (less fian 40 mg/L) and bicarbonate (less fian 160 mglL). The

remaining slightly supersaturated zones have calcium concentrations no different relative to

surrormding areas. The middle and southwestem slightly supersaturated zones correlate to a high

ofbicarbonate (400 to 420 mglL). A very undersaturated zone (-1 .970 to -0.424) is found in fie

west and corresponds to a low ofcalcium (less fian 20 mglL), while bicarbonate concentration L

levels are no difi‘erent relative to surrormding areas. Two zones, one in fie center offie SBA and

one in fie westem SBA, are slightly undersaturated (-l .200 to -0.424) but have bicarbonate levels

no different relative to surrormding areas. The westemmost SBA zone corresponds to a low of

 
calcium concentrations (less fian 20 mglL), but fie «her SBA zone has calcium levels no

difl’erent relative to surrounding areas. The rest offie study area is saturated with respect to

calcite (-0.424 to 0.424).

In fie 551 to 600 feet slice calcite saturation indices range from -1.200 to 1.343 (Figure

33g). A zone of slightly undersaturated Sls (-1.200 to -0.424) is found just west offie SBA.

This undersaturated zone is associated with a low ofcalcium (less fian 20 mg/L) but has

bicarbonate concentrations no different relative to surrormding areas (Figure 26g and Figure 29g).

Two zones ofhighly supersaturated waters (0.424 to 1.343) are found, one just norfi offie SBA

and fie «her in fie western region offie study area. The western zone correlates to a high of

bicarbonate (400 420 mglL) but has calcium concentrations no difi’erent relative to surrormding

areas. The zone just north offie SBA correlates to a relative low ofcalcium (70 to 90 mglL) but

has bicarbonate concentrations no difierent relative to surrounding areas. Most offie study area

is saturated with respect to calcite (-0.424 to 0.424).

The 601 to 800 fe« interval has a calcite SI range of -l .970 to 1.343 (Figure 33h). Most

offie study area is in equilibrium with respect to calcite (-0.424 to 0.424) except for small zones

in fie norfieast and midsoutheast where an undersaturated state is found (-0.424 to 1.343). Most
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offie southern zones correspond to relatively hig levels ofbicarbonate (340 to 550 mglL), while

fie far norfieastem, large southeastern, and far western zones have bicarbonate concentrations no

difl‘erent relative to surrormding areas (Figure 29h). The small slightly supersaturated zone just

west offie norfieastem zone is correlatedto a relative low ofbicarbonate (160 to 180 mglL).

The two norfiemmost southern supersaturated zones correspond to a relative high ofcalcium

(105 to 135 mg/L) (Figure 26h). The «her supersaturated zones have calcium concentrations no

difi‘erent relative to surrormding areas. A very rmdersaturated zone (-1.970 to -l .200) just norfi

offie SBA is associated with a low ofcalcium (less fian 20 mglL) but has bicarbonate

concentrations no different relative to surrormding areas.

The shallowest depth interval distribution (801 feet and greater) has a range of

-l.200 to 1.343 (Figure 33i). Most offie study is in fie saturated state with respect to calcite

(-0.424 to 0.424), but fiere two small areas, one in fie soufi and one in fie north, fiat are very

supersaturated with respect to calcite (0.424 to 1.343). The soufiern very supersatruated region is

analogous to a hig ofcalcium (105 to 115 mglL) and bicarbonate (420 to 550 mglL) (Figure 26i

and Figure 29i). The norfiem supersaturated zone is identified by a high ofbicarbonate (320 to

340 mglL) but has calcium concentrations no difi‘erent relative to surrounding areas. Ofier zones

of slight supersaturation (0.424 to 0.620) are found firoughout fie midnorfiern and soufiern

study area. The southernmost zone in fie soufi corresponds to a high ofcalcium (115 to 160

mglL) but has bicarbonate concentrations no difi’erent relative to surrounding areas. The «her

soufiern zone is identified by a bicarbonate hig (400 to 420 myL), while having calcium

concentrations no difl’erent relative to surrormding areas. The nridsouthern norfiem zone

corresponds to a low ofbicarbonate (160 to 180 mglL) while having calcium concwtrations no

different relative to sun'ounding areas. The «her slightly supersaturated areas have calcium and

bicarbonate concentrations no difi‘erent relative to surrormding areas.

Two zones ofundersaturated Sls (-l .970 to -O.424) are found on fie northern and

southeastern borders but have concentrations ofbicarbonate no difi‘erent relative to surrounding
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areas. The norfiem zone is indicated by a relative high ofcalcium (50 to 70 mglL), and fie

southern zone is also identified by a hig ofcalcium (90 to 105 mglL).

Dolomite Saturation States

The lowest 200 fe« and less interval has a dolomite saturation range of -2.000 to 0.827

(Figure 34a). A zone of slightly undersaturated waters (-2.00 to -0.827) is formd just west and

norfieast offie SBA. The undersaturated area just west offie SBA corresponds to a relative low

ofmagnesium (40 to 50 mglL) and bicarbonate (180 to 200 mglL) but has calcium concentrations

no difl‘erent relative to surrounding areas (Figure 26a, Figure 27a, and Figure 29a). The zone

northeast offie SBA is correlated to a relative low ofbicarbonate (160 to 180 myL) and a high

ofcalcium (300 to 600 mglL), but has magnesium concentrations no differalt relative to

surrormding areas. The restoffie studyarea is infie saturated statewith respecttodolomite (-

0827 to 0.827).

The 201 to 300 feet slice has a dolomite SI range of -2.000 to 0.827, but almost fie entire

study area is in equilibrium wifi respect to dolomite (-0.827 to 0.827) (Figure 34b). A sligtly

rmdersaturated zone of dolomite (-2.000 to -O.827) is found on fie westem border offie SBA and

just northwest offie SBA. Lows ofcalcium (less fian 40 mg/L) and magnesium (less fian 10

mglL) and highs ofbicarbonate (260 to 280 myL) are seen in fie western SBA region (Figure

26b, Figure 27b, and Figure 29b). The slightly undersaturated zone northwest offie SBA is

analogous to a low ofbicarbonate (160 to 180 mg/L) and a relative hig ofcalcium (135 to 160

mglL) but has concentrations of magnesium no difi‘erent relative to surrounding areas.

The 301 to 400 feet distribution of dolomite has a range of -4.493 to l.200 (Figure 34c).

Again most offie study area is in fie saturated state (-O.827 to 0.827). A zone ofhigly

undersatmated waters is found in fie very middle offie study area (-4.493 to -O.827). This

undersaturated zone coincides with lows ofmagnesium (less fian 10 mglL), calcium (less fian 20

mglL), and bicarbonate (100 to 140 mg/L) (Figure 26c, Figure 27c, and Figure 29c). Just

soufieast offiis rmdersaturated zone is a slightly supersaturated zone (0.424 to 1.200). This
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supersaturated zone corresponds to relative highs ofcalcium (160 to 200 mglL) and magnesium

(40 to 50 mglL) but has bicarbonate distributions no difl‘erent relative to surrormding areas.

The 401 to 450 feet slice has levels between -0.827 and 2.262 (Figure 34d). The far

northwestern region offie study area is slightly rmdersaturated (-2.000 to -0.827). This region

corresponds to a low ofbicarbonate (100 to 140 mglL) and relative higs ofb«h calcium (300 to

600 mg/L) and magnesium (40 to 50 mglL) (Figure 26d, Figure 27d, and Figure 29d0. The rest

offie study area be in equilibrium with respect to dolomite (-0.827 to 0.827).

The 451 to 500 feet depfi intervalhas a very large dolomite 81 range of-4.493 to 1.200

(Figure 34c). A large zone ofvery rmdersaturated waters (-4.493 to -0.827) is found in fie

southwestern study area and fie midnorfiem part offie SBA. The soufiwestem zone

corresponds to very low concentrations ofcalcium (less fian 20 mglL) and magnesium (less fian

10 mglL) and a high ofbicarbonate (260 to 280 mglL) (Figure 26e, Figure 27a, and Figure 29a).

The SBA undersaturated zone is indicated by a low ofmagnesium (20 to 30 mglL) and calcium

(70 to 90 mg/L) and a relative high ofbicarbonate (180 to 200 mglL).

Three zones of slightly undersaturated waters (-2.000 to -0.827) are found in fie central

region offie SBA, fie middle, and soufieastem region offie study area. The soufieastem

sligtly undersaturated zone corresponds to a high ofbicarbonate (400 to 420 mglL) and a low of

bofi magnesium (less fian 10 mglL) and calcium (less fian 20 mglL). The SBA slightly

rmdersaturated zone is identified by lows ofcalcium (less fian 20 mglL), magnesium (20 to 30

mglL), and bicarbmate (100 to 140 M). The small middle zone correlates to a hig ofcalcium

(135 to 160 mglL) and a low ofbicarbonate (100 to 140 mglL) but has magnesium concentrations

no difi‘erent relative to surrounding areas.

Small slightly supersaturated (0.827 to 1.200) zones are found in western SBA, on fie

western border offie SBA, and just soufi offie SBA. The western SBA zones correspond to

lows ofcalcium (20 to 40 mglL) and magnesium (10 to 30 mg/L) and a high ofbicarbonate (240

to 260 mglL). The zone on fie western border offie SBA is indicated by a low ofbicarbonate
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(60 to 100 mglL) but has magnesium and calcium concentrations no difi’erent relative to

surrormding areas. The zone just south offie SBA is analogous to a low ofcalcium (20 to 40

mglL) and magnesium (less than 10 mglL) but has bicarbonate levels no difl‘erart relative to

surrormding areas. The remaining regions offie study area are saturated with rewect to dolomite

(-0.827 to 0.827).

The 501 to 550 feet distribution for dolomite Sls has a range of4.493 to 2.262 (Figure

34f). A rafier largearea infie southwest anda zone infie carter ofthe SBA hashighly

undersaturated waters (4.493 to -O.827). The soufiwestem undersaturated area coincides wifi a L

low ofcalcium (less than 20 mglL) and magnesium (less fian 10 mglL) and a high of

bicarbonate(260 to 280 mglL) (Figure 26f, Figure 27f, and Figure 29f). The SBA very

undersaturated zone has calcium and magnesium concentrations no different relative to

 

surrounding areas but correlates to a relative high ofbicarbonate (180 to 200 mglL). A slightly

undersaturated zone (-2.000 to -O.827) is seen on fie western border offie SBA and is afiliated

wifi lows ofcalcium (less fian 20 myL) and magnesium (less fian 10 mglL) but has no efl’ect on

bicarbonate chemistry.

Large zones in fie middle offie study area and on fie western edge offie SBA are very

supersatmated (1.200 to 2.262). The western SBA supersaturated zone corresponds to a relative

high ofbicarbonate (320 to 340 mglL) and calcium (300 to 600 mglL) but has magnesium

concentrations no different relative to surrormding areas. The large middle very supersaturated

zone has bicarbonate or magnesium concentrations no difierent relative to surrounding areas but

is correlated to a relative high ofcalcium (1 15 to 135 mglL). Slightly supersaturated zones

(0.827 to 1.200) are found just south offie SBA and in fie norfiwestem part offie study area

also. The zone just south ofthe SBA has a relative high ofcalcium (40 to 50 mglL) and

bicarbonate (260 to 280 mglL) but has magnesium levels no difl’erent relative to surrounding

areas. The norfiwestem zone corresponds to a high ofbicarbonate (260 to 280 myL) but has

magnesium and calcium concentrations no different relative to surrormding areas. The rest offie
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study area is in equilibrium wifi respect to dolomite (~0.827 to 0.827).

The 551 to 600 feet dolomite SI distribution diagram has a range of4.493 to 1.200

where the rmjority offie study area is in the saturated state (-0.827 to 0.827) (Figure 34g). A

small zone just west ofthe SBA is in fie very undersaturated state (4.493 to -0.827). This very

undersaturated area is associated wifi a low of calcium (less than 20 mglL) and magnesium (less

than 10 mglL), while having a relative high ofbicarbmate (200 to 240 mglL) (Figure 26g, Figure

27g, and Figure 293). A small slightly tmdersaturated zone (-2.000 to -O.827) is found in fie

southem region offie study area and corresponds to lows ofmagnesium (less fian 10 mg/L) and

calcium (less fian 20 mglL) and a high ofbicarbonate (400 to 420 mglL). Areas in fie northeast

and was are slightly supersaturated (0.827 to 1.200). The western zone is correlated to a relative

high ofbicarbonate (400 to 420 M), calcium (50 to 70 mglL), and magnesium (20 to 30

mglL). The norfieastem slightly supersaturated zone is associated with a relative low ofcalcium

(70 to 90 mglL) and magnesium (20 to 30 myL) but has bicarbmate concentrations no difierent

relative to surrounding areas.

The 601 to 800 feet slice has a range is between 4.493 and 2.262 (Figure 34h). Most of

fie study area is in fie saturated state with respect to dolomite (-0.827 to 0.827). A large zone

just north offie SBA is highly undersaturated (4.493 to -0.827), while slightly rmdersaturated

zones (-1 .200 to -0.827) are on the northern border offie SBA and just west-northwest offie

SBA. The very undersaturated zone has bicarbonate concentrations no difl’erent relative to

surrounding areas but is associated with lows ofboth magnesium (less fian 10 mglL) and calcium

(less fian 20 mglL) (Figure 26h, Figure 27h, and Figure 29h). The slightly undersaturated zone

just west-norfiwest offie SBA corresponds to lows ofmagnesium (less fian 10 mglL), calcium

(less than 20 mg/L), and bicarbonate (0 to 60 mglL). The slightly undersaturated zone in fie

norfiem SBA corresponds to a low ofcalcium (20 to 40 mglL), magnesium (less than 20 mglL),

and bicarbonate (100 to 140 mglL).
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Areas in fie midsoufi and fie soufieast are highly supersaturated (0.827 to 2.262). The

midsoufiem supersaturated areas correspond to highs ofbicarbonate (300 to 420 mglL) and lows

ofmagnesium (less fian 30 mglL). The westemmost offiese supersaturated zones corresponds

to a low ofcalcium (less fian 20 mglL), while fie other zones correspond to relative highs of

calcium (90 to 105 mglL). The southeastem supersaturated zone has magnesium concentrations

no different relative to surrormding areas but is identified by a relative high ofcalcium (105 to

115 mg/L) and bicarbonate (400 to 420 mglL).

The 801 feet and greater dolomite SI distribution has a range of-0.827 to 1.200 (Figure

34i). A large zone infie south, a small zonejust south offie largerarea infie south, anda small

zone in fie rnidnorth is in fie slightly supersatruated state (0.827 to 1.200). The large southem

supersaturated zone corresponds to relatively high calcium (90 to 115 mg/L), magnesium (30 to

40 mglL), and bicarbonate (340 to 420 mg/L) levels (Figure 26i, Figure 27i, and Figure 29i). The

small southern zone corresponds to a low ofmagnesium (less than 10 mg/L) and calcium (less

than 20 mg/L) and a high ofbicarbonate (400 to 420 mg/L). The small norfiem zone is identified

by a high ofbicarbonate (260 to 280 mglL) but has calcium and magnesium concentrations no

different relative to surrounding areas.

Numerous zones in fie norfiem region are slightly undersaturated with respect to

dolomite (-2000 to -0.827). Only fie southemmost offiese zones has a relative low ofcalcium

(40 to 50 mglL), but fie rest offie zones have calcium levels no differart relative to surrounding

areas. Magnesium levels no different relative to surrormding areas are sear in fie slightly

undersaturated zones. A low ofbicarbonate (l40to 160 mg/L) is associated wifi bothfie

midnorthem and norfiemmost zones. The mideastem zone is correlated with a bicarbonate high

(320 to 340 mglL). A bicarbonate high is also seen in fie norfieasternm (180 to 200 mglL).

The rest offie study area is in fie saturated state wifi respect to dolomite (~0.827 to 0.827).
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Gypsum Saturation States

The 200 bet and less slice has a gypsum SI range of-6.980 to 0.229 (Figure 35a). The

center offie study area is highly rmdersaturated (-6.980 to -l .500), while a norfiwestem zone is

slightly rmdersaturated (4.000 to -l .500). The middle highly undersaturated zone is indicated by

a low ofcalcium (less fian 200 mglL) but has sulfate concentration no different relative to

surrormding areas (Figure 26a and Figure 28a). The northme slightly rmdersaturated zone

corresponds to a low ofcalcium (20 to 50 mglL) and sulfate (less fian 15 mglL).

A large southeastern area, fie entire western border, and a few zones in fie midnorthem

region offie study area are saturated with respect to gypsum (0229 to 0.229). All fiese

saturatedareas except forasrnall zone,with respecttosulfate, infie midsouthem region offie

 study area correspond to highs ofboth calcium (600 to 4,000 mg/L in fie eastern zones and

20,000 to greater fian 40,000 mg/L in fie western zones) and sulfate (1,000 to 3,500 mg/L in the

eastern zones and 200 to 300 mg/L in fie western zones). The small midsouthem zone

corresponds to a relative low ofsulfate (100 to 150 mglL). The rest offie'studyarea is in fie

slightly undersaturated state (-1.500 to -0.229) but has calcium and sulfate levels no difl‘ermt

relative to surrounding areas.

The 201 to 300 feet distribution diagram for gypsum Sls has a range of4.000 to 0.229

(Figure 35b). Zones of saturation (-0.229 to 0.229) are found in the norfiwest, southwest, and

soufieast. All firee zones correspond to highs ofcalcium (300 to 4,000 mglL) and sulfate (1,000

to 4,000 mglL) (Figure 26b and Figure 28b). Areas in fie west, midsouth, SBA, and surrormding

SBA are fairly supersatruated wifi respect to gypsum (4.000 to -l .5000). These fairly

supersaturated waters correspond to lows ofbofi calcium (less fian 40 mglL) and sulfate (less

fian 100 mglL). An exception is seen in fie west with respectto sulfatewhere only slightly

lowerconcentrationsareseen (200to300 mglL). Therestofthe studyareaisknowntobeinfie

slightly undersaturated state with respect to gypsum (-l.500 to -0.229). These slightly
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supersaturated zones have calcium and sulfate concentrations no different relative to surrounding

areas.

The 301 to 400 feet interval has a range of4.000 to 0.229 with saturated zones (-0.229 to

0.229) in fie midwestem and southeastem regions offie study area (Figure 35c). These areas

correspond to high levels ofcalcium (300 to 4,000 mg/L) and sulfate (1,000 to 4,000 mglL)

(Figure 26c and Figure 28c). Large zones in fie midsouth, farwea, SBA, and just east and west

offie SBA are fairly undersaturated with respect to gypsum (4.00 to -1.500). These

undersaturated areas are associated wifi low'levels ofcalcium (less fian 200 mg/L) and sulfate

(less fian 100 mglL). The rest offie study area is in fie undersaturated state also, butto a lesser

degree (-0.229 to -1.500). These slightly supersaturated areas have concentrations ofcalcium or

sulfate no difi‘erent relative to surrormding areas.

The 401 to 450 feet interval has fie same range as fie previous two slices (4.00 to 0.229)

(Figure 35d). An area of saturation (-0.229 to 0.229) is found in fie northwea and is idartified

by high concentration zones ofcalcium (300 to 600 mglL) and sulfate (1,000 to 3,500 mglL)

(Figure 26d and Figure 28d). Slightly undersaturated zones (-1.500 to -0.229) are found along fie

northem border, far west, south, and just west ofthe SBA. These areas correspond to highs of

calcium (90 to 600 mglL) and sulfate (100 to 1,000 mglL) except for fie firr southem and eastern

zones in regards to calcium concentrations. The soufiern zone has calcium concentrations no

difi'erent relative to surrounding areas, while fie eastern zone is identified by a calcium low (less

than 20 mglL). The rest offie studyarea is in a fairly supersaturated state (4.000to -1.500).

Relative lows ofboth calcium (less fian 90 mglL) and sulfate (less fian 100 mglL) are identified

in fiese fairly supersaturated groundwaters.

The 451 to 500 feet slice has a range of4.00 to 0.229 (Figure 35c). The same small

saturated zone (-0.229 to 0.229) is found in fie western region offie study area as seen in fie

previous slice map. Again fiis supersaturated zone corresponds to a high ofboth calcium (600 to

4,000 mglL) and sulfate (1,000 to 4,000 mglL) (Figure 26e and Figure 28c). Slightly
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undersaturated zones (-1 .500 to -0.229) are found in fie norfiem and southem SBA, just offfie

eastern border ofthe SBA, middle, and far west. These areas are associated wifi highs ofbofi

calcium (115 to 300 mglL) and sulfate (200 to 1,000 mglL). Relative lows ofcalcium (less fian

115 myl.) and sulfate (lessfian 200 mg/L)are idartified intherestoffie studyareawhichhave

fairly supersaturated waters (4.000 to -l.500).

The 501 to 550 feet distribution has a range of4.00 to -0.229 (Figure 35f). Slightly

undersatm'ated zones (-1.500 to 0229) are found in fie norfieast, norfiem and southern SBA,

just west and east offie SBA, and far west and east. Overall, fiese slightly undersaturated zones

correspond to highs in calcium (90 to 600 mglL) and sulfate (100 to 3,500 mglL) (Figure 26fand

Figure 27f). The remainder offie study area is fairly undersaturated (4.000 to -l .500) with

respect to gypsum. Relative lows ofboth calcium (less fian 90 mglL) and sulfate (less than 100

mglL) are associated with fiese areas.

The 551 to 600 feet depth interval has a gypsum SI range of -6.980 to 1.225 (Figure 35g).

A zone ofsupersaturated waters (0.229 to 1.225) is found just west offie SBA. This

supersaturated zone is associated with a low ofcalcium (less fian 10 mglL) and a relative high of

sulfate (150 to 200 mglL) (Figure 26g and Figure 28g). A small saturated zone (-0.229 to 0.229)

is found on fie western border offie SBA and is analogous to relative highs ofboth calcium (300

to 600 mglL) and sulfate (1,000 to 3,500 mglL). The northern SBA, areas just west offie SBA,

and two southem regions are slightly undersaturated (-l .500 to -0.229). These areas are

identified by highs ofcalcium (115 to 600 mglL) and sulfate (150 to 1,000 mglL). However, a

very low calcium concentration zone (20 to 40 mg/L) and a relatively low sulfate concentratim

zone (70 to 80 mglL) are found in fie westem SBA zone. Relatively low concentrations of

calcium (less fian 115 myL) and sulfate (less fian 150 mglL) are associated wififie remaining

studyareafiat is fiirly rmdersaturated with respectto gypsum (4.000 to -l.500). A soufiern

very supersaturated zone (-6.980 to 4.000) is seen and associated with very low levels ofboth

calcium (less fian 20 mglL) and sulfate (less fian 10 mglL).
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The 601 to 800 feet gypsum SI distribution has values ranging from 4.00 to

-0.229 (Figure 35h). Numerous areas of slightly undersaturated (-l.500 to -0.229) waters are

found in fie norfi, midsoufi, wen, and east. These zones are associated with high concentrations

ofboth calcium (115 to 300 mg/L) and sulfate (100 to 1,000 mglL) except forfie two

westernmost zones (Figure 26h and Figure 28h). The northme zone correlates to a low of

sulfate (less fian 10 mglL) and only a relative high ofcalcium (70 to 90 mglL). The midwestem

zone correlates to a relative high of sulfate (70 to 80 mglL) and a low ofcalcium (40 to 50 mglL).

Again, fie majority offie study area has a fairly rmdersaturated range of4.000 to -l.500 and

overall can be associated to relative lows ofcalcium (less than 115 mglL) and sulfate (less than

100 mglL).

The uppermost 801 feet and greater slice has a gypsum SI range of4.000 to -0.229

(Figure 35i). A few smll zones infie south are in fie slightly supersaturated state with respect

to gypsum (-l.500 to -0.229). These zones correlate to highs ofbofi calcium (50 to 80 mglL) and

sulfate (100 to 300 mglL) (Figure 26i and Figure 28i). The rest offie study area is in fie firirly

supersaturated state (4.000 to -1.500) and corresponds to lows ofcalcium (less fian 50 mglL)

and sulfate (less fian 100 mglL).

Quartz Saturation States

The initial 200 feet and less quartz saturation index distribution has a range of0.199 to

greater fian 0.800 (Figure 36a). Much offie southeast and some small zones in fie midnorfi are

highly supersaturated with respect to quartz (greater than 0.800). Areas in fie south, west, SBA,

and areas surrormding fie SBA have slightly supersatruated levels of0.199 to 0.400. The

remaining study area is also fairly supersaturated wifi Sls between 0.400 to 0.800.

The 201 to 300 feet slice has a range of0.199 to 0.800 (Figure 36b). At fiis depfi most

offie center offie studyarea anda small zone infieweaem SBAare infie fairly

supersaturated state with respect to quartz (0.400 to 0.600). Numerous zones firoughout fie

center offie study area and fie soufieast are very supersaturated (0.600 to 0.800). The
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remainder offie study area including fie anomalous SBA is in a slightly supersaturated state

(0. 199 to 0.400).

The 301 to 400 feet depth interval has quartz Sls between 0.199 to 0.800 (Figure 36c).

Two zones infie midsouth are infie very supersaturated statewith respectto quartz (0.600to

0.800). The northem and southem SBA, areas just soufi and west offie SBA, numerous zones

in fie middle and wea are slightly supersaturated (0.199 to 0.400). Much offie study area is in

fie fairly supersatruated state (0.400 to 0.600).

The 401 to 450 feet quartz saturation index distribution has values fiat range between

0.199 and 0.800 (Figure 36d). Three zones in fie midwest and one in fie far norfiwest are very

supersaturated with respect to quartz (0.600 to 0.800). The SBA, surrormding SBA, most ofthe

southeast, and two areas in fie west are slightly supersaturated with respect to quartz (0.199 to

0.400). The rest offie study area is in fie fairly supersaturated state (0.400 to 0.600).

The 451 to 500 feet quartz SI value range is between -0.l99 and 0.800 (Figure 36a).

Most offie west, fie middle offie study area, and areas cast including fie eastern part offie

SBA are fairly supersaturated (0.400 to 0.600). Areas in fie southeast and on fie border offie

SBA are in fie slightly supersaturated state (0.199 to 0.400). A few zones in fie west are in fie

very supersaturated state (0.600 to 0.800). Most offie SBA and a zone just south offie SBA are

in fie saturated state with respectto quartz (-0.l99to 0.199).

The 501 to 550 feet depth interval has a range of-0.199 to 0.800 (Figure 36f). The

middle region offie SBA is in fie saturated state (-0.l99 to 0.199). Areas on fie SBA border and

in fie south and southeast are in fie slightly supersaturated state (0.199 to 0.400). Areas in fie

western region offie study area are very supersaturated (0.600 to 0.800). The remainder offie

study area is in fie fairly supersaturated state (0.400 to 0.600).

The 551 to 600 feet slice has quartz saturation index values between -0.199 to 0.800

(Figure 36g). The middle SBA again is saturated with respect to quartz (-0.199 to 0.199).

Numerous areas in fie south, soufieast, and surrounding fie saturated area are slightly
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supersaturated with respect to quartz (0.199 to 0.400). Areas on fie southern border offie SBA,

just west offie SBA, south, and west are very supersaturated (0.600 to 0.800). The rest offie

snrdy area is in fie fairly supersaturated state (0.400 to 0.600).

The 601 to 800 feet quartz saturation index distribution range is between -0.199 to 0.800

(Figure 36h). A small zone in fie northwest is saturated with respect to quartz (-0.199 to 0.199).

Large areas in fie midsouth and southeast are very supersaturated (0.600 to 0.800). Areas along

fie western, soufiern, and northeastern borders and just west offie SBA are in fie slightly

supersaturated state (0.199 to 0.400). The remainder ofthe study area has fairly supersaturated

concentrations of0.400 to 0.600.

The uppermost 801 feet and greater quartz SI distribution diagram has a range of -0. 199

to 0.800 (Figure 36i). Two zones in fie south and two zones along fie norfiem border are in

equilibrium with respect to quartz (-0.199 to 0.199). Numerous zones in fie south and areas

along fie northern border are in fie slightly supersaturated state (0.199 to 0.400). Areas in the

souficast and southwest are very supersaturated (0.600 to 0.800). The rest offie northern and

southern groundwaters are fairly supersaturated with respect to quartz (0.400 to 0.600).
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APPENDIX B

IDRISI MODULES’ FUNCTION AND DESCRIPTION

Image and Vector Layers

The operatim offie IDRISI spatial analysis program wasperforrnedfiroughfieuse of

irnageandvectorlayers. lmagelayersdescribearegionofspacebymeansofa finematrixof

cells. These cells each contain numeric values fiat express fie nature offie land at fiat location.

Image layers are excellent for describing spatially continuous data such as elevation or in fiis study

for fie different depfi intervals and aquifer units for fie variables in fie groundwater system.

Vector layers, on fie other hand, are useful for describing distinct features in fie

landscape. These include features such as fie borders and roads. To do so, vector layers store a set

ofpoints (each referenced by a pair of location coordinates) fiat describe either fie locations offie

features (iffiey are points), or fieir course or boundary by means ofa sequence ofpoints fiat are

joined by a straight line. Although IDRISI for Windows is adept at fie input and display ofboth

image and vector layers, analysis is primarily oriented towards fie use ofimage layers. As a result,

it is commonlydescribedas a rastersystem (i.e., onefiatdescribes space bymems ofraster

images) (Eastman, 1995). Vector layers were initially composed firough fie importation ofa

space delimited text file firough fie XYZIDRIS module. In fiis importation ofdata, fie relevant

file was set up in separate columns as such: X, Y, variable (ion concwtration or saturation index

ofa mineral).

INTERPOL Module

In orderto composethe image layers fi'om vector files, fie INTERPOL modulewas used.

INTERPOL first requires fiat you specify fie interpolation procedure. The digital elevation model

was fien selectedto calculate a potential surface. This option interpolates a Digital Elevation

Model by means ofa distance-weighted average. The next step requires the input offie name of
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fie vectorfilecontainingfiepointdataandanameforfieoutputirnagetobecreated(Eastman,

1995). A distance weight exponart was set at two (fie default setting), which is commonly chosen,

yielding a weight equal tofie reciprocal offie distance squared. Thar itwas indicatedthatfie

heights at fie control points be specified by using fie ID's in fie vector file (Eastman, 1995). The

interpolation was limited to a 6-point search radius about each interpolated point, and fie default

was setto usefiis specified radius.

INTERPOL next requiredfie specification ofa datatype and filetype forfie output

image and was set to binary. The number ofcolunms and rows was fien indicated and used for fie

region specified in fie vector documentation file. This study used 316 for columns and 366 for

rows. The minimum and maximum X and Y coordinates fien needed input intofie file. As fie

columns androwsweresettornaintainconsistencyinfiis study,fie samecoordinateswere used:

280,000 (Xm), 64,9600 (Km), 89,000 (Yum), and 552,395 (You). Finally, firough a nrunber of

passes performed by the module, an image layer is constructed.

RESAMPLE Module

Due to lack of consistency in fie coordinate system for fie Marshall aquifer images, fie

RESAMPLE module was brought into use to reformat fie coordinate system. RESAMPLE took a

well-distributed set ofpoints about their position in fie “ol ” X-Y coordinate system to take on fie

“new” UN system. This information was stored as an ASCII correspondarce file (floor) in

which fie first line indicates fie number ofcontrol points (50) for which fie data are being

supplied. There fien follow as many lines of data as fiere are points. Each line curtains four

numbers, separated by spaces. The first two indicate fie X and Y coordinates ofa point in fie old

reference system while fie lasttwo indicate fie coordinates offiat samepoint infie new reference

system, i.e. UTM.

In use, RESAMPLE required fie input vector file to be resarnpled (or transformed) and its

name. The new name, fie reference system (UTM), and fie reference units (m) for fie output file,
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as well as fie unit distance (fie default was set to 1) were indicated. A new backgrormd was also

instituted intofie module; fie defaultwas setto 0. This backgrormdwas usedto flag cells infie

output file where no corresponding cell was found in fie input file. The first order (linear)

mapping firnction was fien entered, i.e. fie order ofpolynomial fit desired. This was chosen on the

basis fiat fie lowest order ofpolynomial provides a reasonable solution since fie efi‘ect ofpoor

control point specification gets dramatically worse as fie order ofequation used increases. The

new minimum and maximum UTM X and Y coordinates offie final output map were fiar

introduced: 280,000 0%.), 649,600 (X..J, 89000 (Yak), and 552395 (Y...) Again, fiese UTM

values are fie same minimums and maximums used throughout fie construction ofevery map.

The process works by moving firough each output cell and determining its position within fie

input vector file to establish an appropriate output value. Once fie new vector files for fie

Marshall aquifer were made, fie interpolation process was induced to provide an image file

relevant to fie new coordinate system.
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