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SUMMARY: Groundwater Data for a Water Resources GIS 
S. Beach, WRRC, University of Minnesota 

Issues 

The usefulness of a Geographic Information System is ultimately linked to 
the quality of the data it stores and manipulates. Data-collection strategies must 
be designed carefully to ensure statistical validity and appropriateness for the 
questions being asked. Recognizing our increasing dependence on groundwater 
supplies, the designers of a water-resources GIS must deal with three issues: 

I) The "hidden" nature of groundwater reservoirs. The kinds of rocks 
and surficial materials that can store and transmit water are not 
distributed uniformly throughout the state, and their presence is 
not al\\ ays obvious to an observer on the surface. Much of the 
information that we have came from logs of wells drilled for 
private use or other purposes. Our recommendations must make 
allowances for inadequacies in background data. 

2) The long-term implications of pollution. Groundwater reservoirs 
usually have long detention times and slow turnover rates. Our 
recommendations must make allowances for the fact that a spill 
or other source of contamination may take a long time to affect 
an aquifer. Usually, cleanup takes even longer. 

3) The possibility of unanticipated pollution in unforeseen places. 

Findings 

The timetable for detecting and monitoring contamination is 
extremely short in the case of events such as vehicle accidents, 
tank car spills, or pipeline breaks. These events often occur in 
places where available groundwater data are inadequate. Our 
recommendations must accommodate the need for quick retrieval 
of data in emergencies. 

The goal is to build a groundwater data base that can store aquifer traits, 
flow characteristics, and water quality. This data base should facilitate relational 
use with other data bases, allow easy addition of better data when they become 
available, and permit rapid retrieval of data in case of emergency. To obtain a 
basis for recommendations, we evaluated groundwater monitoring strategies and 
methods of simulating groundwater movement. Our findings include the following: 

Public consciousness of the potential threat to groundwater supplies is 
quite high; support for proper monitoring is therefore strong. 

A spatial-statistical monitoring network offers an efficient way of 
gathering background data to evaluate contamination hazards. 

Existing record-keeping systems are being upgraded as PCA develops 
its Integrated Ground-water Information System (IGWIS) and the 
DNR/MGS expands its Ground Water Data Base (GWDB). 

A USGS ground-water simulation, the McDonald/Harbaugh Three
Dimensional Finite Difference Ground Water Flow Model, may 
be useful for "predicting" regional trends in groundwater quality. 
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Recom men da tions 

I) Explore ways of combining data from GWDB and IGWIS with other 
GIS information (e.g. land cover, terrain, soils, bedrock geology) 
in order to detect patterns and clarify ambiguities in the files. 

2) Use statistically valid methods to investigate regional patterns of 
background water quality. This study must consider trends and 
seasonal cycles as well as spatial traits of aquifers. 

3) Target intensive patterns of monitoring wells around underground 
storage tanks, landfills, or other potential sources of aquifer 
contamination. A few upgradient observation wells can establish 
background water quality. More wells are needed downgradient 
to monitor water levels, determine flow direction and velocity, 
and detect lateral migration of possible contaminants. 

4) Formulate contingency plans and build a regional data base to 
improve reaction time in cases of unanticipated contamination. 
A survey phase consists of three wells drilled in a triangular 
pattern around the site, to gather hydrogeologic information, to 
trace the movement of contaminants, and to aid in designing the 
monitoring network. The monitoring phase includes testing water 
from private wells to determine local background water quality 
and the areal extent of the contaminant plume. Information 
gaps are then filled by drilling more (perhaps 15-30) boreholes, 
each one systematically placed on the basis of information from 
two or three prior boreholes. 

5) Pay special attention to the methods used for making maps from a 
point-sampling system, in order to avoid misinterpretation. Point 
sampling allows us to make a reasonably accurate description of 
water quality and the dimensions of groundwater aquifers at a 
particular place, but it does not permit precise description of 
areas between wells. It is difficult to emphasize this fact too 
much -- interpolating between sample points can be extremely 
dangerous. For that reason, the system that produces maps from 
sample data should not be permitted to use the same symbols for 
the areas between individual sample points. As a rule of thumb, 
the output map should display data at a resolution that is a full 
order of magnitude less detailed than the sample data. If more 
detailed information is needed, field surveys are necessary. 
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GROUND WATER SAMPLING STRATEGIES FOR A WATER RESOURCES GIS 

Sheryl Luzzadder Beach 

As this nation becomes more dependent upon its ground water reserves, the 
need arises for a better understanding, inventory, and stewardship of this precious 
resource. Despite its relative abundance of water resources, Minnesota is not 
exempt from this need. It is vitally important that we understand the nature of 
ground water systems, to ensure adequate and safe supplies for both now and the 
future. Ground water quality protection can be provided through well-designed 
monitoring programs and Geographic Information Systems (GIS). It is the intent of 
this study to review recent thought on ground water monitoring network design. 

DEFINING GROUND WATER MONITORING: QUANTITY AND QUALITY 

Determining ground water quantity and the variables that control it is a 
more straightforward process than ground water quality monitoring. Water quality 
can be affected by a more diverse and less systematic set of surface variables, 
many of which cannot be readily quantified or pinpointed. Furthermore, we must 
identify the quantitative characteristics of a groundwater body in order to 
understand its quality, but not the other way around. Quantity can be determined 
from knowing the regional geology of the area, the physical and hydraulic 
properties of the area's aquifers, and the local water budget (recharge, use, and 
storage). Surface influences such as well pumpage can be measured and included 
in determining ground water quantity. The assumptions that must be made about a 
region, however, limit the accuracy of analysis; one of the more complex 
determinations to be made is that of water stored or held in the ph rea tic zone. 

The phreatic zone is the unsaturated zone above the water table, consisting 
of the capillary fringe, the intermediate zone, and the soil. The infiltration and 
flow of water through the phreatic zone is fundamental link in the groundwater 
recharge process (Price, 1985). Surface tension between water and mineral ~ 
particles, plant rooting, and water extraction behavior combine to give great 
complexity to the the phreatic zone water dynamics. The water retention and 
transmission properties of this zone depend on these complex relationship, and 
unraveling them requires that information on land cover, land use practices, and 
hydrologic properties of soils be linked with water budget models. There are major 
inadequacies in the currently available data on the phreatic zone, and simulation 
models are the most promising method for inferring its behavior. For a more 
detailed discussion of the infiltration and deep percolation processes and 
simulation modeling see Nieber and Lopez Bakovic (Chapter 8 in this volume). 

Several aquifer properties must be determined in order to measure ground 
water quantity. These include: porosity, which controls how much water can be 
stored in an aquifer's pore spaces; permeability and transmissivity, factors which 
govern how easily the water can move (be transmitted) through an aquifer to a 
well or natural outlet (e.g., spring), and at what rate it is transmitted, respectively; 
and hydraulic boundaries, which represent the limits of an aquifer (e.g., 
impermeable barriers, confining layers, recharge boundary between a lake and an 
aquifer). These variables are measured either in the laboratory (e.g., porosity, 
permeability, transmissivity), or in the field (e.g., hydraulic boundaries), using 
borehole samples (Price, 1985, Pfannkuch et al., Chapter 13 in this volume). The 
hydraulic conductivity (flow rate at permeable, semi-permeable, or leaky boundaries 
between aquifers) and hydraulic gradient (flow direction at which maximum 
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hydraulic head is achieved) must also be identified. These parameters control the 
water budget of the area. Hydraulic gradient must be determined in the field, 
using borehole information and water level measurements (Price, 1985). 

Sample design for ground water quantity measurement is a straightforward 
process of choosing sample well sites to measure aquifer water levels, and to 
account for interaction between adjacent aquifers. Boreholes, cliff faces, and 
outcrops are used to determine an aquifer's extent, location, depth, thickness, and 
composition, for the purpose of identifying the hydraulic properties previously 
discussed. 

The fundamentally higher spatial variability that can be expected in water 
quality as opposed to water quantity suggests that water quality requires more 
closely spaced monitoring wells than does water quantity assessment. Conversely a 
higher temporal variability is more likely with groundwater quantity than natural 
or background quality. Water levels tend to fluctuate more quickly with use 
(pumpage) and other temporal variations than does quality. Ideally ground water 
level measurements should be taken monthly. Sampling to determine 'natural' or 
background water quality is normally done once per year. Usually this is done 
during summer pumping season to obtain well-mixed, representative samples. 

Until recently, less has been written about ground water quality monitoring 
than about water level measurement, partially because it has been more difficult 
for researchers to define and measure the variables that affect ground water 
quality. The question of ground water quality monitoring design was brought to 
the forefront in the early 1980's, marked by the advent of the journal Ground Water 
Monitoring Review (American Water Well Association) in 1981. At the same time in 
the journal Ground Water, Ward (1981) urged that the mistakes of early surface 
water quality monitoring not be repeated in ground water monitoring network 
designs. Ground water monitoring must go beyond the "letter of the law", in order 
to collect enough useful data to develop a "scientific understanding of the 
hydrologic processes involved." In other words, we must be able to relate the data 
to a broader picture, not merely comply with minimum regulations. 

Ward suggests that we view ground water monitoring as a six-part, 
integra ted system, and pay close attention to: 

I) Network designs with foresight and specific goals; 
2) Sample collection; 
3) Field and laboratory analyses of samples; 
4) Data screening, storage, and retrieval (GIS); 
5) Statistical analysis of the data; and 
6) Management decisions based on analytical results, and adjustment 

of the monitoring program when necessary. 

What is needed from the data, to make the system work, is continually 
updating our "understanding of the statistical characteristics of water quality 
variables and the relationships between water quality and the hydrologic cycle" 
(Ward, 1981). What we can infer from this is that we cannot depend on past 
statistical relationships to explain present or future conditions. Monitoring design 
and GIS should therefore be linked, to maximize access to data and to facilitate 
manipulation, and statistical analysis of these variables. 

In order to provide data that can undergo statistical analysis, spatial
statistical methodology must be employed in the design of sampling networks 
(Nelson, 1981). This will ensure that the data are useful and significant. In turn, 
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the statistical method required for spatial analysis depends on the monitoring 
objectives and on the characteristics of the groundwater basin under scrutiny. 

MONITORING STRATEGIES 

The discussion of groundwater monitoring strategies is divided by purpose: 
spill detection and movement (e.g., tracing contamination from point sources); and 
determining natural or background water quality conditions for a ground water 
basin (e.g., delineating the extent of non-point source pollutants such as nitrates). 
The pattern, spacing, and sample frequency of ground water monitoring wells is 
specific to the purposes, and cost is often a primary consideration in monitoring 
network design. For example, though the best design may involve drilling 
monitoring wells in a desired, efficient pattern in a basin, cost may dictate that 
only existing private wells are available as data points. Many states and agencies 
find themselves in this position, and compromises based on cost must be made. It 
is hard to argue against such compromises where the drilling costs are borne at the 
expense of sampling and analyses. Additional well drilling must always be 
justified in terms of how much it will improve information above spending 
comparable sums on sampling a larger number of existing wells. 

Geographic information systems are useful for filling gaps left by 
compromises related to cost limitations, permission to sample, access, and well 
availability. Pfannkuch et al. (Chapter 13 in this volume) suggest the use of 
temperature profiles that can be used to define the differences between the local 
and regional flow systems of groundwater, a distinction that could be of great 
importance in tracking contaminant movement in groundwater. Such data in a GIS 
file could provide a basis for analysis of possible new well locations. The 
following offers suggestions for optimal ground water quality spatial sampling 
strategies. 

SPILL DETECTION AND MOVEMENT 

Increasingly more attention is being paid to regulating and monitoring 
underground storage tanks, landfills, or other potential contamination sources. 
Spatial monitoring strategies can be used for early spill detection around these 
sites. Cohen and Smiriglio (1987), Kramer (1982), and Pfannkuch (1982) offer 
monitoring strategies for detecting contaminant plumes. Pfannkuch (1982) also 
discusses problems associated with monitoring unanticipated spills, such as pipeline 
leaks or tank car accidents. Milanovich (1986) introduces continuous, in-situ 
monitoring frequency with fibre-optics technology. The following sections 
summarize their ideas for ground water quality monitoring strategies. 

Planning Ahead: Anticipating Contaminant Spills 

Monitoring wells are drilled in "strategic locations" around a potential 
problem site (Cohen and Smiriglio, 1987). "strategic," however, is not defined. 
Important geologic information is obtained by logging the drill hole; that is, noting 
the location and types of materials encountered, and where water-bearing 
formations are. This provides hydrogeologists with the necessary data for 
determining the behavior and movement of ground water and possible 
contaminants through the materials. Once the monitoring wells are installed, 
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ground water levels are measured. The placement and depth of the monitoring 
wells is therefore crucial for collecting the proper hydrogeologic data. 

Cohen and Smiriglio (1987) outline a "relatively simple" strategy for 
monitoring well placement and illustrate the importance of correct well placement. 
As few as four wells can be used, though the critical number of sample sites is 
proportional to the hydrogeologic complexity of the area. 

As the complexity of given hydrogeologic conditions increases, more care 
must be taken in the design of the monitoring well pattern. The adequacy of 
monitoring network design in complex systems is directly related to the amount of 
relevant data. In other words, the more data available to the investigator, the 
better she or he can design a monitoring network that will detect changes in water 
quality. A regional geographic information system (GIS) could provide additional 
information on topography, water levels, geologic strata, land use, transportation 
systems, and background water quality and its natural variations. Combined with 
field borehole information, this could contribute to the investigator's best-informed 
choice for well sites. An example of proper well siting is shown in Figure 14-1 
(Cohen and Smiriglio, 1987). The well pattern in Figure 14-1 was established for a 
known problem site where general flow information was known. 

Topography and borehole information is used to determine the ground water 
gradient. Background water quality is then determined by placing and sampling a 
well upgradient from the site of concern. "At least three wells are placed 
downgradient to determine the presence or absence and lateral migration of 
contaminants in addition to downgradient water levels" (Cohen and Smiriglio, 
1987). Improper siting, too few wells, or the wrong well depths could seriously 
"misrepresent existing conditions by underestimating or even missing portions of a 
contaminant plume" (Figure 14-2). Cohen and Smiriglio (1987) do not offer 
specific placement criteria in their article, however. 

Monitoring Unanticipated Spill Events 

The timetable for detecting and monitoring contaminant spills becomes very 
compressed when dealing with short-term, unanticipated occurrences. Pfannkuch 
(1982) identified this as a "special" problem of ground water quality monitoring 
network design. Required are different "strategies ... from those employed in 
more current situations where the likelihood of pollution could be foreseen." 

Pfannkuch identifies two scenarios representative of this situation. First 
are accidental spills "along an extended, linear route such as a pipeline break or a 
tank car accident." He points out that this type of spill introduces a random 
element into the planning process, because the time and location of the event are 
unknown. Second, he notes that "unregulated or pre-regulation abandoned land 
disposal sites ... " can generate leachates. Here, too, enters a random element, for 
the "location, nature, and strength of the source are unknown when the problem 
first surfaces" (Pfannkuch, 1982). 

A situation's randomness in space and time is usually combined with a 
general deficiency of site data on "hydrogeologic characteristics ... and the 
dynamics of the groundwater flow system near the source" (Pfannkuch, 1982). This 
contributes to a marked lack of "preparedness" to detect and delineate these sites. 
Because time is crucial in unanticipated spill events, a geographic information 
system would be useful for filling in the hydrogeologic information gaps. To take 
advantage of a GIS requires that the data are available in a form that allows rapid 
modeling of the aquifer behavior for grid cells locations between data points. 
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Little precious time would be lost to produce a good first-cut estimate of an area's 
flow if the GIS were set up to anticipate this need. An example of the kind of 
model that could be applied to this problem is discussed under GROUND WATER 
MODELING, at the end of this chapter (See also Pfannkuch et al., Chapter 13 of 
this volume). If there is no specific GIS information available, time must be taken 
to drill and log observation boreholes to determine the site's hydrogeologic 
characteristics. Once the hydrogeologic conditions are identified, "the location and 
number of monitoring wells, and the frequency of sampling can be established" 
(Pfannkuch, 1982). 

Monitoring design for these situations is a two-fold process, consisting of a 
survey phase and a monitoring phase. In the survey phase, as mentioned previously, 
hydrogeologic conditions must be determined to help understand or predict the 
movement and behavior of the contaminant in the groundwater system. During 
this "rapid, preliminary survey," topographic observations (slope and surface 
configuration) should be used to estimate "groundwater drainage patterns" 
(Pfannkuch, 1982). Water levels should be measured in nearby wells , to assist in 
determining groundwater flow directions. Background water quality should be 
estimated by sampling nearby uncontaminated surface water supplies and wells. 
Observation wells should then be drilled as shown in Figure 14-3. 

Pfannkuch explains: first " . . . three wells are drilled in a triangular 
pattern to determine groundwater flow direction and hydraulic gradient near the 
contaminant site by the well triangulation method." One well is " far enough up 
stream of the site to serve as an uncontaminated control point." The other two 
wells are placed downgradient. 

Two additional wells are placed downgradient "on the flow line passing 
underneath the site of heaviest surface contamination or where greatest 
infiltration is assumed" (Pfannkuch, 1982). One of these should be "as close as 
possible to the extending plume, the other one ... downstream in uncontaminated 
materials." Travel time can then be used to calculate the "actual flow velocity of 
the contaminant and its propagation in the field". A flow line should be 
established for each area of suspected contamination. To determine how the 
contaminant will spread laterally, "at least two wells if not two sets of wells should 
be constructed at right angles to the center flow line" (Pfannkuch, 1982). 

When sufficient information has been gathered, the monitoring phase begins. 
The objectives of the monitoring phase are to: 

1. "follow the evolution and fate of the contaminant in the ground 
water body"; 

2. provide "early warning" to areas downgradient of the contaminant 
plume; 

3. evaluate the "cleanup and abatement" process; and 
4. determine whether, if ever, monitoring can cease (Pfannkuch, 

1982). 

Pfannkuch's monitoring phase is divided into three stages. First, "all 
possible wells" are sampled in a "high density, high frequency pattern." Next, the 
"results of the primary phase are evaluated, and a model concept of the system 
dynamics is formulated." Finally, decisions are made regarding "longterm and 
final monitoring" plans. 

Pfannkuch relates a relevant case study of a pipeline spill in north-central 
Minnesota. The previously outlined strategy was followed to monitor an 
unanticipated crude oil release "into the environment". Immediate action was taken 
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to respond to the spill. First, a small-scale topographic map was made of the 
distribution of the heaviest concentration of oil. This helped to establish possible 
flow paths and "future boring and well positions with respect to the pipeline and 
established benchmarks." To begin recovering the oil, eight observation borings 
were made around the "areas of heaviest oil infiltration," and collection trenches 
were dug from which the seeping crude could be pumped. The topographic survey 
was also used to determine likely groundwater flow directions. Based on that 
information, two observation well triangles were drilled, following the model in 
Figure 14-3, "around the two most contaminated sites" (Pfannkuch, 1982). 

Water quality samples and water level measurements were used to determine 
tentative flow directions at the site. Surrounding wells were sampled to determine 
the areal extent of contamination and the background water quality. Finally, 
information gaps in the network were filled in with 26 additional boreholes, 15 of 
which became monitoring wells. The placement strategy for these additional 
boreholes was systematic, "in incremental steps, based on the findings of the 
previous two or three borings" (Pfannkuch, 1982). 

During and after the clean-up phase, monitoring with regular and frequent 
water quality sampling went into effect, to track the possible movement and 
abatement of the remaining contaminant. The intervals between sampling became 
longer with time. Statistical analysis of the water quality sampling results was 
conducted to detect significant differences between background conditions and 
abnormal conditions attributable to the spill. Using "results of the statistical 
evaluation ... wells with problem concentrations" were identified, dynamic effects 
were separated from random effects, and selection of "the most critical wells" was 
made for the "extended monitoring phase" (Pfannkuch, 1982). 

At the time of the article's publication, monitoring showed that "oil and 
grease readings" were decreasing steadily. Half of the monitoring wells were still 
being sampled, and sampling frequency was at quarterly intervals. The program 
was scheduled to be terminated shortly thereafter. 

Pfannkuch concludes that immediate action must be taken to contain and 
eliminate the pollution resulting from unanticipated contamination events. It is 
therefore important to have a strategy for response, such as the one outlined for 
the case study in his article. "It is necessary to obtain information rapidly and to 
maximize its efficiency by conjunctive use between the different sectors of the 
management/decision process" (Pfannkuch, 1982). He goes on to point out that in 
the monitoring phase of a pollution event, this is achieved through staged or 
stepwise data collection, "immediate evaluation and dynamic incorporation in the 
network design process." 

Armed with these types of contingency plans and models, we can resolve 
some of the problems associated with designing monitoring networks for 
unexpected pollution events. Adding a GIS to the picture can improve our 
knowledge of the baseline data from which we can design more efficient 
monitoring networks, to bring these events quickly under control. In fact, the 
Minnesota Department of Natural Resources (MDNR) and the Minnesota Geological 
Survey (MGS), and the Minnesota Pollution Control Agency (MPCA) have already 
been developing such ground water information databases. These are known as 
GWDB (Ground Water Data Base) and IGWIS (Integrated Ground Water 
Information System), respectively. GWDB is being developed jointly by the MDNR 
and MGS. It is currently a well log file. A summary file of additional well 
information (e.g., static water levels, nitrate concentrations, etc.) is envisioned for 
the future (Systems for Water Information Management, 1986). A summary the 
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types of data to be contained by MCPA's IGWIS is found in the Appendix to this 
chapter. A complete evaluation of the water quality monitoring programs of 
MPCA, DNR, and other Minnesota agencies can be found in Water Quality 
Monitoring (Office of the Legislative Auditor, 1987). Creating a GIS file of aquifer 
characteristics would greatly facilitate emergency efforts, especially if they were 
accessible through a remote computer connection to PIC (Planning Information 
Center). These data could be accessed, and a flow model quickly run to determine 
local ground water flow. The degree of refinement necessary for a spill site could 
be achieved by using a model with a variable grid/cell size. Further refinement 
could then be achieved by adding site-specific borehole information. 

Not only must we consider the question of where to sample when a 
contamination event occurs, but spill site sampling frequency must also be 
addressed. Monitoring frequency for water quality change can range from 
monthly to daily field sampling at potential spill sites. Milanovich (1986) 
introduced a recording device that could provide continuous, in-situ monitoring for 
up to 48 wells. The device combines "optical fibres, chemistry, lasers, and 
fluorescent spectroscopy ... to form remote fibre fluorimetry (RFM)" (Milanovich, 
1986). The 48 monitoring sites must, however, be within "reasonable distance" of 
the device, making RFM best suited for small site spill detection and monitoring. 
RFM would not be appropriate for a large ground water basin. Sampling strategies 
that would work for determining basinwide "natural" (background) conditions will 
be addressed in the next section. Sample frequency will also be examined in more 
detail. 

GROUND WATER BASIN MONITORING DESIGN 

Basin-wide groundwater quality monitoring design is normally undertaken 
to determine natural or background water quality, average water quality for a 
basin or aquifer, and to locate and delineate areas of anomalous groundwater 
quality (e.g., identify non-point source areas of high nitrate or pesticide 
concentrations). To collect statistically significant groundwater quality data, 
spatial-statistical sampling strategies should be employed in monitoring design. 
These strategies include simple random sampling, stratified random sampling, and 
systematic sampling. Nelson and Ward (1981) outline these strategies. 

Simple Random Sampling 

In simple random sampling, a fixed number of wells are selected from the 
total population of available wells suitable for observation. Selection is made in a 
such a way to insure that each well has equal probability of being chosen. The 
definition of the population depends upon the purpose of monitoring. For 
example, if domestic water use is of concern, the population consists of all wells 
from which drinking water is obtained. If average, basin-wide ground water 
quality for an aquifer is the concern, then the population is all possible wells in an 
aquifer. Random sampling is used when basin-wide extrapolations (e.g., water 
quality contour maps ) are to be made, since it is assumed in this situation that 
wells are located randomly throughout a basin. Figure 14-4 shows the distribution 
of random sample points in a hypothetical ground water basin. 
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Stratified Random Sampling 

Stratified random sampling is similar to simple random sampling except the 
population is divided into non-overlapping sub-populations, or strata (by aquifers, 
user priority, beneficial uses). Weights can be assigned to these strata to insure 
that they are not over or under represented in determining 'average' basin 
groundwater quality conditions. Figure 14-5 shows sample points stratified by 
aquifer and randomly distributed in a hypothetical groundwater basin. 

Systematic Sampling 

Systematic sampling refers to a sample point selection process where every 
jth unit is chosen. For example, the first well is randomly selected, then, every 
tenth well on the list is sampled thereafter. The selected value of j must not be 
equal to or be a multiple of any periodicity in the population. One must therefore 
identify the periodicity (e.g., seasonal fluctuations) of a basin's groundwater 
quality before attempting systematic sampling, otherwise normal periodic 
variations may either be missed or will dominate the results. Historic data stored 
on a GIS can be reviewed to help identify the nature and place of occurrence of 
these patterns. Figure 14-6 illustrates a pattern of hypothetical, systematically 
selected sample points in a groundwater basin. 

SAMPLING FREQUENCY 

How often must we monitor for ground water quality? Rajagopal (I 986) 
suggested that before this question can be answered, we must identify limitations 
imposed by "cost, reliability, spatial-temporal variability, and the utility of 
monitored information." Further, we must identify "clearly stated objectives" 
before imposing any monitoring plans. 

All constituents or contaminant groups cannot be sampled at every site with 
the same frequency, because of variability in analysis costs and limitations "on 
available monitoring resources" (Rajagopal, 1986). According to Rajagopal, sample 
frequencies for various sites and constituents can be determined by considering 
"spatial or temporal variability, and correlated behavior of selected contaminants." 
He recommends using historical field results to help decide upon constituents for 
which to monitor, and how often to monitor for them. 

Because background ground water quality is dependent on the geochemistry 
of the aquifer it contacts, Rajagopal suggests stratifying well data sets by aquifers 

. for sampling. For example, aquifers can be grouped by rock type, rock age, or 
high yield aquifers can be considered on their own, based on limitations of the 
data set. These groupings can help explain some of the spatial and temporal 
variations of groundwater quality (Rajagopal, 1986). 

Rajagopal conducted a case study to determine the effectiveness of 
sampling in an ambient monitoring program for the state of Iowa. He grouped 
Iowa's historic groundwater quality data (from USGS's WATSTORE database) by 
aquifer age, and analyzed the frequency of significant changes in the groundwater 
quality. It was found that some constituents were more variable than others, and 
suggested that similar studies of historic data for other regions could help target 

, sites and constituents for frequent (or infrequent) monitoring. Because 
groundwater quality varies spatially, separate studies must be conducted to 
determine appropriate sites and frequencies for different regions. Thus, he made 

:. no specific frequency recommendations for any parameters, but concluded that "a 

Groundwater Data Page 14-15 



whole range of parameters of location" should be analyzed in order to determine 
sample frequency for a region's groundwater quality constituents. These include 
the minimum and the maximum, in addition to the usual mean and median values. 
Rajagopal also recommended ordering historical data by estimated upper and lower 
quantiles, and minimum and maximum values. He used frequency histograms to 
help identify the frequency of occurrence of various constituents' values. He 
stated that "such evaluations based on an ordered set of parameters, instead of a 
single one, provide a more complete picture of the nature of the parent 
distribution of chemicals in the groundwater environment." It is anticipated from 
Rajagopal's work that studies using his methodology "will result in a clearer 
understanding of the relationship between sample size, estimation error and 
reliability in groundwater quality monitoring." 

GROUND WATER MODELING 

After ground water data are collected, the researcher's task is to analyze 
and manipulate the sample data in such a way as to represent the spatial 
distribution of conditions of an area. Because groundwater data are collected at 
points, rather than for cells or areas, interpolations must be made between points 
to characterize regions. Interpolation methods range from simple, two-dimensional 
and proportional contouring approaches (i.e., kriging, Theissen polygons), to more 
elaborate, three-dimensional, finite-difference models of ground water behavior 
(i.e., McDonald/Harbaugh Ground Water Flow Model). Most of the more complex 
models have been designed to predict or model ground water quantity and flow 
behavior. The simpler contouring methods are often used for mapping 
groundwater quality. However, even though intended for ground water flow 
modeling, the McDonald/Harbaugh Model may be appropriate for characterizing 
large-scale, regional groundwater quality trends. 

Like quantitative ground water data, groundwater quality data are collected 
at points. The McDonald/Harbaugh Three-Dimensional Finite Difference Ground 
Water Flow Model (1984) enables the user to transform point data to three
dimensional cellular, or block, data. Aquifer systems are divided into a three
dimensional "mesh of points termed nodes, forming rows, columns, and layers" 
(McDonald and Harbaugh, 1984). The coordinate system for the three-dimensional 
cells, or blocks, formed between the mesh lines is i, j, k, for rows, columns, and 
layers, respectively. These blocks may either be centered on data points, or the 
data points may be at block corners--the mesh grid intersections. The 
McDonald/Harbaugh Model makes assumptions about the relationship between the 
blocks and the points, namely, that hydrogeologic conditions for points and their 
adjacent blocks are constant, or the same. If these assumptions can also be met 
regarding ground water quality characteristics, the model could also be used to 
build a picture of the regional water quality. The model works best with a regular 
grid of data points (nodes). If the point pattern and the basin geometry are more 
irregular, finite element-type models may be more appropriate. 

Necessary considerations must be made to use the McDonald/Harbaugh 
Model (block-centered flow package). For example, is the ground water basin's 
flow steady-state, or transient? What is the head at each point (node)? What is the 
difference in head between nodes? What is the withdrawal rate and the leakage 
and/or recharge rate at each node? What kinds of boundary conditions (layer 
restrictions) exist: confined, semi-confined (mixed), or unconfined? For each of 
these boundary conditions, a number of hydrogeologic conditions must be 
determined. Table 1 summarizes these parameters. This information can be 
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obtained from MCPA's IGWIS (Integrated Ground Water Information System), from 
well logs filed with MGS (and Ground Water Data Base), and from well 
measurement (quantitative) information reported to DNR on a regular basis. 

Table 1. McDonald/Harbaugh parameters required, by layer conditions. 

Parameters 
Storage Coefficient 
Specific Yield 
Thickness (m) 
Hydraulic Conductivity (k) 
Transmissivity (mk) 
Vertical Conductivity 
Secondary Storage Factor 
Elevation 

Top Bottom 
~ Confined Mixed Unconfined Layer 

X X 
X 
X X 
X X X 
X X 
X X X 

X 
X X 

The implications for its use for modeling regional ground water quality are 
many. For example, it could be useful for tracing the regional flow of a large 
contaminant plume over time, and to predict not only where it will go, but when it 
may get there. Because the model is three-dimensional, it would be useful for 
predicting vertical as well as lateral transport of a contaminant plume, or for 
characterizing ground water quality three-dimensionally. These uses would require 
that the same data points be used to collect both quantitative and qualitative 
ground water data. The grid cell base of the model also makes it a potential 
candidate for linking with soil water budget models that are operating on gridded 
input data and can provide recharge data as one of their outputs. Combining these 
two types of models might allow them to be beneficially linked with land use 
practices data to study nitrate contamination and other non-point source pollutants 
of groundwater. 

Further discussion and analysis of the McDonald/Harba ugh Model are 
beyond the scope of this chapter; however, Pfannkuch et al. demonstrate how this 
model functions and provide maps of the output of a series of trial runs (Chapter 
13 in this volume). The potential of models that simulate groundwater flow 
carries far beyond the notion of simply contour mapping slices of groundwater 
quality in time. They allow groundwater to be observed in the volumetric three 
dimensions in which it exists and allow researchers to model how it may change 
over time. 

CONCLUSIONS 

The body of literature for these monitoring strategies was reviewed in light 
of the major purpose of the entire project -- to provide data for a water resources 
information system. Efficient ground water management requires a rigorous data 
base. Haphazard or sparse data collection methods, though inexpensive to begin 
with, can be inefficient, unreliable, and expensive in the long run (Ward, I 981). 
The expense of running a well-designed monitoring program can be balanced by 
benefits gained through improved information, and improved ability to react to 
spills, shorten cleanup time, and decrease cleanup costs. To maximize cost 
efficiency, statistical methodology should be incorporated into sampling design. 
This will assure a "given level of confidence" for data, and will help achieve 
"optimal information content from a minimum number of samples" (Ward, 1981). 
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My conclusions include the following: 

I) Spatial-statistical monitoring network designs will best insure that 
significant changes in groundwater quality are detected. 

2) A regional groundwater information system could provide 
additional hydrogeologic and other site-specific information. 
Combined with data from fresh boreholes, this could save time 
and contribute to the investigator's best-informed choice for well 
sites. Part of this need is currently being met by the MPCA's 
Integrated Ground Water Information System, and by the LCMR
funded Ground Water Data Base under development by MDNR 
and the MGS. Further development of an analytical system is a 
necessary prerequisite for responding to unanticipated 
contamination events. 

3) A variety of spatial resolutions are necessary to meet differing 
monitoring goals. The finest resolution is required for spill 
monitoring, and a coarser resolution is needed for basin-wide 
monitoring. Because of variations between individual basins, 
optimal point-sample spacing will differ for each situation. We 
must not forget that these are only point data, and not cellular, 
areal, or volumetric data. The information we have between 
points is derived and is thus subject to the adequacy of the point 
information and the homogeneity of the aquifer materials. 

4) For aquifer systems, stratified random sampling is more accurate 
than systematic sampling. In serially correlated populations 
(aquifers, seasonal variation), stratified random sampling is more 
precise than simple random sampling. 

5) Sampling frequency should be determined from a careful 
evaluation of the temporal and spatial variability of historic 
ground water quality data. Frequency can range from 
continuous, in-situ monitoring around a spill site, to once every 
five years in a basin for a background or natural constituent. 

6) The USGS (McDonald/Harbaugh) Three-Dimensional Finite 
Difference Ground Water Flow Model, though designed for 
quantitative use, may be useful for modeling the distribution 
over time of regional ground water quality trends. The model 
works best with a regular grid of data points. If the point 
patterns and basin geometry are more irregular, finite elements 
models may be more appropriate. 
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APPENDIX 

INTEGRATED GROUND WATER INFORMATION SYSTEM DATABASE 
COMPONENTS 

Data are entered by any MPCA organization which uses ground water data. 
The Integrated Ground Water Information System (IGWIS) includes the following 
files (file data categories are summarized): 

Directory File 

Location (township/range/section, UTM coordinates, and 
latitude/longitude), ownership, address, source, facilities, directions, special project 
subfile. 

Station Log File 

Station number and identification; MGS 
multiple/single aqltlifer code; sampling requirements: 
effective date of requirements, next revision date. 

Well Construction File 

aquifer top and bottom; 
parameters, test frequency, 

Station number, identification, well construction details. 

Lysimeter File 

Station number, identification, driller, elevation, lysimeter depth, lysimetcr 
type, lysimeter construction. 
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Boring File 

Station number, identification, driller, elevation, boring depth, soil series 
code, soils classification designator, sample interval, soils class. 

Spring/Surface Water File 

Station number, identification, spring/SW status, spring formation type, 
spring gradient code, spring elevation. 

Stratigraphy file 

Station number; identification; starting depth; ending depth; soils class; 
sampling method; soils class code; hardness/N value; geologic code; lithology, 
primary, secondary, and minor; driller's description. 

Static Water Level File 

Station identification, date/time of measurement, depth to water, depth to 
water MP indicator, elevation, water level, measurement method code. 

Pump Test File 
Station number, test information, hydrogeologic parameters (flow rate, 

specific capacity, transmissivity, storage coefficient). 

Observation Well File 

Pump Test Results/Measurement File 

Results and measurements. 

Remarks File 

Remarks. 

WQ/Leachate Analysis File 
IGWIS sample record number, leachate/water sample flags, parameter code, 

concentration/value, detection code, parameter confidence factor, date analysis 
completed by lab, date analysis received from lab. 
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CONCLUSION AND SUMMARY OF RECOMMENDATIONS 
FOR A WATER RESOURCES GEOGRAPHIC INFORMATION SYSTEM 

Philip J. Gersmehl 
Dwight A. Brown 

Planners and managers of water resources in the State of Minnesota have 
expressed a need for access to data, which could be stored and manipulated in a 
water resources geographic information system (GIS). These data are of two two 
qualitatively different kinds: 

The first set of files consists of records of the location, quality, and 
quantity of water resources -- streams, lakes, aquifers, wetlands, 
etc. In general, the existence of these data in on-line GIS is 
spotty, although some are in the process of being compiled and 
digitized by various agencies. 

The second set of files should contain data on those aspects of the 
surrounding environment that can affect the quantity or quality 
of water. This GIS could provide a baseline against which we 
measure the hydrologic effects of environmental changes, both 
natural or human-induced. It could also serve as a source of 
input data for hydrologic simulations of the potential impacts of 
environmental changes on water resources. 

Our research project was to examine the data requirements of hydrologic 
simulations that appear to be of value in analyzing water resources in Minnesota; 
on the basis of that examination, we made a series of recommendations concerning 
the file structure, coordinate system, cell size, data precision, analytical methods, 
and output procedures for a water resources GIS that could provide environmental 
information needed by planners and managers. Some of these recommendations 
could be carried out with existing primary data sources. Others may require 
development of interim technitsues to make existing data more useful. 

In this concluding chapter, we will summarize the most important of those 
recommendations: 

I) A water-resources GIS for Minnesota should store data in a two
dimensional grid registered to the Universal Transverse Mercator 
coordinate system. This method of geographic location provides 
a uniform size for data cells and an unambiguous referencing 
language. An alternative coordinate grid based on the Public 
Land Survey would make data files easier to relate to ownership 
patterns. However, this apparent "advantage" has some serious 
legal implications, especially when a sampling method is used to 
maximize the statistical validity of the files. Moreover, the 
sections in the Public Land Survey are of uneven size and shape, 
and the alignment of many land uses and associated features 
with survey lines can introduce some very serious statistical 
aberrations in water-resource data files. 

2) A water-resources GIS for Minnesota should facilitate input of 
data obtained by point sampling at specific locations within the 
one-square-kilometer data cells. Although a point-sampling 
method does sacrifice some precision in locational display, this 
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apparent drawback is more than offset by the gain in statistical 
accuracy in providing inventory data for hydrologic simulations. 
Providing different kinds of data -- soils, terrain, land cover, 
drainage, etc. -- at exactly the same location is essential if the 
GIS is to maintain relational accuracy when it combines separate 
data files in order to answer specific questions. 

3) A water-resources GIS for Minnesota should include a set of 
algorithms for translating climatic information into data values 
for specific GIS cells. The main source of climatic information 
is a network of National Weather Service recording stations, 
which are too widely spaced for short-term hydrologic studies. 
Indeed, their spacing is barely adequate for describing annual 
totals. Interpolation between those stations is risky at best; 
statistical accuracy is maximized if one uses a kriging method to 
derive data that are optimized for the areal extent and temporal 
frame of each specific study. 

4) A water-resources GIS for Minnesota should clearly differentiate 
the concepts of land cover and land use. A "land cover type" is a 
physical concept, observable on (and mappable with) aerial 
photographs and satellite imagery. A "land use type" is an 
economic category, which can (and usually does) have a very 
wide range of physical traits. One square mile of "multi-family 
residential land use" can produce a flood that is twenty times as 
big as that from another section with the same land-use category 
and a different physical arrangement of impervious areas and 
sewers. For this reason, a map or computer file of land cover is a 
preferable source of data for hydrologic simulation. 

5) A water-resources GIS for Minnesota should be able to use current 
LANDSAT imagery to provide a picture of the broad patterns of 
land cover for a study area. Spectral classification with a 
microcomputer can achieve accuracies of 60 percent or better at 
relatively low cost, especially when compared with obtaining and 
interpreting large-scale aerial photographs. Both data sources 
have the drawback of being unable to perceive details of surface 
condition, drainage system connectivity, and channel dimensions, 
which can cause order-of -magnitude variations in the hydrologic 
response of a watershed. For this reason, we recommend placing 
a high priority on rigorous point sampling within defined land
cover areas, and a much lower priority on improving the 
accuracy of placement of boundaries on land-cover maps. 

6) A water-resources GIS for Minnesota could provide a method of 
augmenting the existing file of soil data in the Planning 
Information Center. This data file is based on an tagged-area 
map, which tries to minimize error in describing individual 
parcels of land. A data file with a tag perspective will 
systematically underestimate the areal extent of hydrologically 
important soils, often by a factor of five or more. A single 
relational record of soil in each square kilometer data cell would 
be a significant improvement; eight point samples per data cell 
would achieve a statistical accuracy surpassing that of virtually 
every other kind of data in the GIS. 
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7) A water-resources GIS for Minnesota should flag certain files for 
restricted use. For example, the USGS Digital Elevation Model 
(DEM) should not be used for any purpose except to provide a 
general picture of the terrain in an area of county size or 
greater. This file does not "capture" the complexity of typical 
Minnesota topography, nor can it do a good job of defining 
drainage basin boundaries for small study areas. Calculating 
slope on the basis of this DEM can lead to estimates of soil 
erosion that range from one tenth to twice as much as is actually 
likely to occur. For many hydrologic simulations at a regional 
scale, fully relational measurements of slope angle and length at 
only one site per square kilometer would be preferable to a 
hundred elevation measurements in the same area. 

8) A water-resources GIS for Minnesota should include two separate 
water files: a vector-encoded file of natural and artificial 
drainage systems and a point-data file of all groundwater 
monitoring wells. These two files should be registered to the 
UTM coordinate system, so that their information can be related 
to the data in the rest of the geographic information system. 
The square-kilometer inventory files in the GIS should include 
data on the presence, direction, and departing elevation of major 
streams, along with field measurements of channel dimensions, 
which are critically important for flood-routing algorithms. 

9) A water-resources GIS for Minnesota should provide tools for using 
the contents of related files to improve the quality of data files 
in the GIS. For example, the presence of low spots in the terrain 
file and poorly drained soils in the soil file can help clarify 
some ambiguities in the land-cover file. Moreover, when strict 
relationality is maintained, it is possible to extrapolate from one 
area and create "synthetic" data files for adjacent areas that may 
lack certain data sources, such as detailed soil surveys or satellite 
imagery for a particular day. These extrapolations (and indeed 
all files derived by merging primary data files) should have a 
strict "sunset" date, beyond which they cannot be used without 
recompiling with up-to-date data. 

10) A water-resources GIS for Minnesota should not produce maps 
directly from point-sample data. Statistical sampling at discrete 
points allows us to relate data files to each other and to estimate 
the areal extent of features quite accurately, but it is dangerous 
to extrapolate from sample points for data that are not spatially 
continuous. For that reason, the system to produce maps derived 
from point-sample data should not be able to portray data at 
individual sample points. Instead, it should display only the 
proportions of larger areas that belong to certain categories. As 
a rule of thumb, the output map should display at a resolution 
that is a full order of magnitude less detailed than the sample 
data. For more detailed information, field surveys are necessary. 

II) A water-resources GIS for Minnesota should require creation and 
attachment of a detailed "pedigree" to each data file entered into 
or retrieved from the GIS. The output program should be able to 
sense the measurement precision, spatial resolution, and temporal 
attributes of each input file, and it should adjust the output 
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specifications so that the printed or displayed results do not 
imply any more precision than can be justified statistically. This 
is extremely important, in view of the recent trend to extend the 
concepts of misrepresentation and product liability to apply also 
to the "information sector" of the economy. 

12) A water-resources GIS for Minnesota should have an established 
mechanism for the systematic evaluation of data files in order to 
set priorities for data upgrading. In most cases, the automatic 
monitoring procedure that was recommended in point 11 will 
cause the output precision to be limited to that of the least 
precise input variable. A method of identifying and recording 
this variable after each use of the system will enable the users of 
the GIS to target variables for further investigation. 

These twelve principles would provide the basis for a water-resources GIS that 
would be scientifically sound, economically feasible, and legally defensible. The 
recommendations are specifically for water resources; they are not intended as 
blanket suggestions for other GIS applications. Implicit in the framework is a 
recognition of three conceptual levels of geographic variation: in the hydrologic 
characteristics of the place we are examining, in the quality of information 
available for that place, and in the quality of information needed there. The first 
level says that a "tested principle" in one place may not always work in another, 
and therefore we need access to good data about different places. The second level 
is an admission that our understanding of hydrologic systems (or our arsenal of 
available data) may not be adequate to allow us to use the same hydrologic 
methods in all places. And the third level implies that we should not wastefully do 
more than is really necessary to solve a problem in a given place. One data point 
per square kilometer may be adequate to provide the information needed for a 
particular application in one area, where it is not hard to insure against the 
consequences of failure. By contrast, a more dense sampling network may be 
desirable for someone trying to solve the same kind of problem in another area, 
where a greater population or a higher value of land puts more "at risk" and makes 
the cost of failure higher. In the last analysis, that is the justification for a water
resources GIS -- to provide a sound basis of information for people making 
decisions that could have an adverse impact on the way other Minnesotans use our 
resources. For a preventive medicine to work, it must be both palatable and 
effective. 
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