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INTRODUCTION - THREE-DIMENSIONAL GEOLOGIC MAPPING FOR 
GROUNDWATER APPLICATIONS 

Berg, R.C.1 H.A.J. Russell2, and L.H. Thorleifson3  
1Illinois State Geological Survey, 2Geological Survey of Canada, and 3Minnesota Geological Survey  

INTRODUCTION 

This fifth workshop, discussing three-dimensional (3D) geological mapping for groundwater applications, is part of an 
ongoing series that began in 2001. A focus of all the workshops has been the development of techniques to optimize 
internal consistency and to fully integrate 3-D stratigraphic with hydrostratigraphic models that can be used directly for 
hydrogeologic modeling. Workshops have emphasized the need for high-quality data, the procedures for reconciling 
often disparate and plentiful archival data, and the obvious realization that the better the geological model, the greater 
the probability that subsequently derived groundwater flow models will be as accurate as possible.  

Studies focused on the generation of 3D geologic models of the near surface have dominated the previous four 
workshop proceedings, as the workshop organizers strove to maintain this as a central focus. In addition, there has been 
an attempt to maintain connection with the needs of the groundwater community. Therefore, several groundwater 
modeling presentations have emphasized informational needs for producing viable groundwater flow models.  

Very importantly, each successive workshop has adapted to and reported on continually evolving and newly emerging 
software applications for basic mapping and visualization, as well as innovations in data management strategies. There 
has also been a conscious effort to continually include perspectives that allow workshop participants to expand their 
horizons and consider other, perhaps less traditional, methods and applications for their mapping and modeling efforts. 
Along these lines, an increasing number of Europeans involved in 3D modeling have become regular workshop 
participants, and have shared their often unique experiences that have direct application to North American issues. 
Workshop presenters dealing with 3D mapping of bedrock, and supporting energy developments, have provided insight 
regarding their model building techniques and applicable interpretive uses. Finally, although workshop focus has been 
on 3D geologic modeling for groundwater applications, we continually have sought other applications and interpretive 
uses of geological models, as well as mechanisms to improve the understandability and accessibility of geological 
information. We realize that communicating the results of geological mapping must go beyond the technical level, and 
that geological work must be relevant and understandable by the general public, particularly if we expect to receive 
continued and increased funding for mapping activities. 

CURRENT WORKSHOP 

There are 19 talks in this workshop, the first 15 of which follow the format of the four previous workshops, and discuss 
various aspects of 3D model development and applications, including case study examples. The first nine talks discuss 
overarching issues that affect and improve the ability of geologists to interpret data and produce 3D geologic conceptual 
models and derivative products.  

A specific objective of all workshops, including this one, is providing the opportunity for participants to share ideas with 
people from other jurisdictions who have experienced a sustained and urgent need for developing optimal mapping and 
modeling methods by (1) experimenting with new ways to deal with large data sets, (2) developing ways of integrating 
data of variable quality with high-quality data, and (3) developing methods to construct 3D geological models of 
appropriate detail that can be used for various land and water applications. While building on the previous four 
workshops (Berg and Thorleifson, 2001; Thorleifson and Berg, 2002; Berg et al., 2004; and Russell et al., 2005), this 
workshop maintains its central focus, but expands outward to include a large user community of engineers. It will also 
enhance our familiarity with the expanding applications of web mapping, web accessibility of geo-information, 
visualization, and other trends in geoscience information management and delivery. 

Three-dimensional geological mapping data are as important for groundwater applications as they are for addressing 
engineering and other environmental geology issues. Because we wish to expand the sharing of 3D mapping expertise 
to the engineering community, the first talk by Turner presents an overview of geological modeling as it applies to site 
investigations and projects. It includes a discussion on innovations in model creation, interfaces with design tools and 
process model applications, visualization, and data sharing and dissemination.  

Following the presentation by Turner, workshop presentations return to traditional roots. Rivera provides an overview 
discussion about the intricacies of groundwater modeling as it applies to both geology and hydrogeology. This talk is 
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followed by two presentations on general mapping and data issues. Soller discusses the need for 3D mapping 
standards, and how much standardization is really necessary, and Keefer focuses on methods for characterizing 
uncertainty in geologic maps.  

Discussions then proceed to specific applications of integrating geophysics and geochemistry into modeling, with Knight 
focusing on the usefulness of ground-penetrating radar to develop hydrogeologic models, and Moran talking about 
chemical and isotopic tracers for characterizing groundwater systems. Interfacing between hydrogeology and geology 
are then presented by (1) Bradbury, who discusses a bedrock aquitard and its affect on groundwater flow at various 
scales, (2) Kessler, who talks about systematic 3D geological modeling as the foundation for regional groundwater flow 
models in the United Kingdom, and (3) Gunnink, who focuses on 3D modeling of geology for groundwater applications in 
The Netherlands. 

Additional presentations on specific modeling techniques and interfacing between geology and hydrogeology, mainly as 
case-study examples, are then made by: (1) Venteris, who discusses water-well data, geostatistics, and 3D modeling, (2) 
Tremblay, who presents a Quaternary  grid-based hydrostratigraphic 3D modeling approach; (3) Troost, who provides an 
update on her Puget Sound 3D investigations by focusing on geodatabases and high-resolution geologic mapping, (4) 
Burt, who discusses new mapping products and 3D modeling advancements based on studies of thick drift areas in 
Ontario, Canada, (5) Ross, who provides insights about 3D geological modeling as it applies to environmental impact 
assessments of Canadian military training ranges, and finally (6) Macfarlane, who discusses a realistic evaluation of 
groundwater availability in heterogeneous aquifers in the High Plains aquifer of southwest Kansas.  

The final four talks of the workshop represent new directions, not only for 3D mapping and modeling, but for the 
discipline of geology as a whole. Morin discusses new visualization techniques that provide geologists with ways to 
improve the understandability of their information, thereby allowing users and the lay public to better visualize the 
subsurface and understand its complexity. Sharpe and Russell talk about exhibiting 3D information on the web, and 
providing various interactive map applications, based upon recent mapping in Ontario. Allison continues the theme of 
web accessibility of geologic information by discussing geoinformatics, which is the science that develops and uses 
informational infrastructure to address various problems of the geosciences via development and integration of computer 
hardware and software for building and managing geologic databases and for analyzing and modeling geologic data, 
mainly through GIS platforms or decision support systems. Finally, Jackson reports on modeling, visualization, and future 
trends in geoscience information management and delivery. He particularly discusses the OneGeology concept and the 
Brighton Accord, which is a worldwide effort to improve the accessibility of global, regional, and national geologic map 
data, and in so doing, provide better solutions for mitigating environmental hazards, ensuring a sustainable supply of 
energy, minerals, and water, and addressing climate change scenarios. An ultimate objective is the production of an 
internet-accessible “best possible” worldwide geologic map, initially at a scale of about 1:1 million. 

CONCLUSION 

The need is increasing drastically to provide new, improved, and detailed 3D geological information for addressing 
issues of conflicting land use, water quality and water resource allocations, site characterization, dwindling aggregate 
resources, industrial agriculture, and alternative energy supplies. Providing this much needed geological information 
requires plentiful and accurate data, presented in understandable formats and accessible in as many venues as 
possible. This is indeed a daunting task, particularly in the face of limited financial resources. It is only through 
cooperative efforts, open sharing of expertise, and learning from the successes and failures of others - all part of this fifth 
workshop - that technical problems can be minimized and overcome, and efficient and cost-effective solutions to 
mapping, modeling, visualization, and delivery of information can be attained. 

REFERENCES 

Berg, R. C., and Thorleifson, L. H. (convenors), 2001, Geological Models for Groundwater Flow Modeling: Illinois State 
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GEOINFORMATICS – WHAT WE NEED TO DO TO ACCELERATE WEB 
ACCESSIBILITY 

M. Lee Allison1 and Linda Gundersen2 
1Arizona Geological Survey, 416 W. Congress, #100, Tucson, AZ 85701, USA, lee.allison@azgs.az.gov, 2 U.S. Geological Survey, 
National Center, Reston, VA 20192 USA, lgundersen@usgs.gov 

1. THE PROMISE OF GEOINFORMATICS 

The promise of geoinformatics as a “distributed, integrated digital information system and working environment that 
provides innovative means for the study of the Earth-Sun system” has yet to be fulfilled (Fox et al., 2006).  Although 
numerous individual databases, web-accessible tools, and small information systems have been created and more are 
under development, the Earth science community lacks the ability to integrate data across these disparate systems in an 
efficient and comprehensive way (Walker, 2007).  It has become clear that the community requires an integrated 
cyberinfrastructure and that a coordinated geoinformatics effort is needed to accomplish it. Researchers recognize that 
they cannot take advantage of vast information resources without coordination and collaboration and that this poses a 
serious obstacle to modeling complex earth systems.  Wuchty et al. (2007) underscored this increased demand for 
interoperability by documenting that, “Teams typically produce more frequently cited research than individuals do and 
this advantage has been increasing over time.  Teams now also produce the exceptionally high-impact research….”  
They conclude that “the process of knowledge creation has fundamentally changed.” To respond to and support that 
change, it is imperative that the Earth science community develop mechanisms for easier discovery and integration of 
the wide variety of data critical for achieving the capabilities and synergies offered by a large-scale cyberinfrastructure. 

Many challenges exist for creating such an infrastructure; most are not technical but organizational and cultural in nature. 
Recent workshops on advancing geoinformatics have recognized and addressed this, and have started focusing on how 
to achieve cooperation, integration, and community governance of a national and global geoinformatics system. The 
critical stumbling blocks to creating a wide-reaching geoinformatics component of the cyberinfrastructure for the sciences 
are: agreements on common standards and protocols; engagement of the vast number of distributed data resources; 
practices for recognition of and respect for intellectual property; a simple data and resource discovery system (distributed 
integrated catalogue); mechanisms to encourage development of web service tools for analyses; and business models 
for sustainability (i.e., continuing maintenance and evolution of information resources).    

The “lack of a national civil Earth information strategy” was noted by Gail et al (2007).  They call for the nation to “commit 
to a National Earth-Information Initiative to re-evaluate the national process of collecting and using civil Earth 
information…and the ability to effectively connect scientific developments to societal uses.”   

2. GEOSCIENCE INFORMATION NETWORK 

In early 2007, the USA’s geological surveys agreed to the development of a Geoscience Information Network (GIN) that 
is distributed,  interoperable, uses open source standards and common protocols, respects and acknowledges data 
ownership, fosters communities of practice to grow, and develops new web services and clients.    Interoperability 
mechanisms in the GIN involve four modular components: 

 
• Agreement on open-source standards and common protocols through the use of Open Geospatial Consortium 

(OGC) standards. 
• A data exchange model that will start by utilizing the geoscience mark-up language GeoSciML (Richard and 

CGI IWG, in press; Cox and Richard, 2006), which is an Open Geospatial Consortium GML-based application. 
• A prototype data discovery tool or catalogue (“National Digital Catalogue” – NDC) developing under the 

National Geological and Geophysical Data Preservation Program run by the USGS (DPWG, 2006).   
• Data integration and visualization tools developed or planned by a number of independent projects as web 

service applications.  

Geological surveys have unique resources and mission-specific requirements that include the gathering, archiving, and 
dissemination of data.  Together these data represent one of the largest, most extensive long-term information resources 
on the geology of the United States.  Currently, however, these data are available in disparate systems which require 
time and resources to explore, extract, and reformat.  Using modern information technology and a virtual “service 
oriented architecture” that provides common discovery tools and standards, the surveys and the general science 
community will benefit in multiple ways.  First, online data and other informational products from each survey will be 

mailto:lee.allison@azgs.az.gov�
mailto:lgundersen@usgs.gov�
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more readily available to the world audience and will be more valuable because they will be interoperable.  Second, data 
and applications from external sources, such as USGS’s more than 1,000 databases, catalogues, and inventories will be 
readily accessed and integratable with each participating survey’s own data system.  Another 1,000 – 2,000 databases 
exist in the state geological surveys.  Third, a large federated data network will create inestimable opportunities for the 
broader community, including academia and the private sector, to build applications utilizing this huge data resource, and 
integrate it with other data.  

By demonstrating cooperation for data access and interoperability among the federal and state geological surveys, we 
may be able to serve as a model for broader cooperation in geoinformatics across the entire Earth science community 
and linkages to other scientific disciplines, especially those with a geospatial aspect.  We intend to coordinate the 
development of this network with other efforts including the National Science Foundation’s “Cyberinfrastructure Vision for 
21st Century Discovery,” and the emerging academic and international efforts in informatics.  

The broader NSF-sponsored workshop in March 2007 examined what direction the geoinformatics community in the 
United States should be taking in terms of developing a National Geoinformatics System. The final report stated that, “It 
was clear that developing such a system should involve a partnership between academia (in particular efforts supported 
by the NSF), government, and industry that should be closely connected to the efforts of the U. S. Geological survey and 
the state geological surveys that were discussed at a meeting in February of 2007” (Allison et al, 2007b; Keller et al, 
2007).  

Agreements are developing with OneGeology-Europe (www.onegeology.org), a continental consortium that will make 
geological spatial data held by the geological surveys of Europe discoverable and accessible.   This “community of 
practice” approach means that we will learn, develop, evolve, and coordinate the building of the network with each other 
and our partners.   

When initiated among the geological surveys, any user may go to a geological survey (or other participating) website or 
portal, enter a distributed science data catalog, and view available data.  Because all these data will use a common 
mark-up language, the user can select and download needed data and load them into any number of their own 
applications, including in-house, freeware, and proprietary commercial products.  The interface would be seamless and 
near-instantaneous and the original data source would be credited with the download.  The information network will 
expand as others participate.  

3. ROLE OF GEOLOGICAL SURVEYS 

Geological surveys have dual requirements to collect, archive, and disseminate data for their stakeholders and 
customers to use, on one hand, and on the other, to access data held by others that will enable the surveys to better 
carry out their analytical and research duties. Data accessibility enhances this two-way exchange of information. 

The geological surveys are primary geoscience data providers and have mandated responsibilities to collect, organize, 
and distribute this information to the public. Currently, information assets exist in many databases and in many forms. 
Similarly, organizations have implemented a wide variety of solutions to manage, process, and support research and 
data stewardship requirements.  Some organizations have integrated their data to provide products to the public, and 
others have developed accessible Internet Map Services. Because of the large investment in these distributed systems, 
the emerging service architecture must build on existing systems and use protocols, standards, and services to help 
integrate the information systems and scientific information.  

Geological surveys also contribute to the building of standards of practice and fundamental baseline geologic information 
such as lexicons, geologic maps, and time scales. These contribute directly to the overall geoinformatics efforts.  The 
breadth and depth of survey-based data are so large that collectively they constitute one of the largest if not the largest 
data resources in the geosciences, in essence, a national data “backbone.”    

4. VISION FOR A GLOBAL GEOSCIENCE INFORMATION NETWORK 

The surveys agreed to the following principles and activities to be undertaken in the next few years to achieve the vision:  

 
• Develop a coordinated national geoscience information network to access and integrate state survey and USGS 

information resources (data bases, maps, publications, methods, applications, and data services). 
• Function as a “community of practice” in development of geoinformatics and the geoscience network     
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• Develop prototypes (pilots, test beds) to show proof of concept and determine realistic levels of effort and 
compare costs and benefits while providing immediate benefits in the form of user services.  

• Build the network through an iterative and evolutionary process.   
• The basic architecture of the framework should be distributed and leverage existing systems, map services, and 

data, with local autonomy but using standards to enable interoperability.  
• Review and adopt standards and protocols for developing the network (including metadata).  
• New and existing systems should communicate with an open source (e.g., Open Geospatial Consortium-based) 

protocols to promote interoperability.  
• Accelerate the development and deployment of a nascent international interchange standard for geological data 

– GeoSciML - which will enable the sharing and exchange of the data within and beyond the geological 
community and consider proposing it as a standard to FGDC.  

• Recognize there are priority data for which we have mission requirements and inherent partnerships amongst 
the geological surveys.   Review these and adopt service definitions, and protocols as appropriate:  

o Geologic maps, hazard data and maps, topographic data, existing map services   
o Publications and bibliographies  
o Observations and analytical measurements, samples and site information  
o Applications and methods, analytical tools  
o Legacy analog data  
o Resource data and maps (minerals, energy, water etc.)  

• Encourage clients and services to be developed and facilitate participation and implementation by others; 
preferably with low overhead and improving business models and needs.  

• Reduce philosophical and cultural barriers that impede system development.  
• Adhere to a code of conduct that respects and acknowledges data ownership and the work of others. Respect 

intellectual property and data provenance, use “branding” in data services to acknowledge data sources. 
Develop usage measurements and utilize them in clients and web services. 

• Develop a database citation format  
• Policy – acknowledge that geological surveys need to recognize interoperable, web-enabled information 

resources as part their mission.  Seek partnerships to leverage resources, develop, and implement the vision.  

5. NEXT STEPS 

A joint AASG-USGS Steering Committee is refining the GIN plan, engaging stakeholders and additional participants, and 
seeking resources to further plan and implement the network, as part of the emerging National Geoinformatics System. 
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EVALUATION OF A BEDROCK AQUITARD FOR REGIONAL- AND 
LOCAL-SCALE GROUNDWATER FLOW 

Kenneth R. Bradbury, Madeline B. Gotkowitz, and David J. Hart  
Wisconsin Geological and Natural History Survey, University of Wisconsin-Extension, Madison, WI, USA, krbradbu@wisc.edu 

1. INTRODUCTION AND BACKGROUND 

Understanding and delineating the three-dimensional distribution and hydraulic properties of bedrock aquitards is critical 
for understanding regional and local groundwater flow.  Although aquitards usually provide little water to wells, they are 
key components of groundwater flow systems and can profoundly influence hydraulic head distributions, flow paths, 
recharge and discharge, and geochemical processes.   Hydrogeologists often assume that aquitards offer protection to 
underlying aquifers by limiting the downward migration of contaminants, yet detailed characterization of aquitards is 
difficult and rarely undertaken (Cherry and others, 2006).  A recent  guidance document (Bradbury and others, 2006) for 
investigating aquitards recommended a stepwise process for aquitard evaluation, with the goal of assessing aquitard 
integrity, defined as the capability of an aquitard to provide protection to an underlying aquifer (Cherry and others, 2006).  
Important steps in the protocol include compilation of existing data, development of geologic maps and cross sections, 
translation of these materials into hydrogeologic conceptual models, collection of vertical profiles of hydraulic head, 
geochemical, and isotopic constituents, assessment of hydraulic properties, and eventual development of analytical 
and/or numerical models.  Scale of the investigation is critical.  Regional analyses are appropriate for addressing 
regional-scale issues of water supply and wellhead protection, but local investigations, which include consideration of 
preferential pathways through aquitards, are usually needed for understanding local groundwater contamination issues. 

1.1  Setting and purpose 

We demonstrate the importance of three-dimensional mapping of an aquitard for understanding regional and local 
groundwater flow and managing groundwater in Dane County, south-central Wisconsin (fig 1).  All residents of the 
county rely on groundwater, and municipal and industrial wells in the county withdraw over 188,500 cubic meters per day 
(CMD).  Most of this pumping is focused in the center of the county, around the city of Madison.  Declining groundwater 
levels in the area have reduced groundwater discharge to local springs, lakes, and wetlands, and water-quality issues 
have affected several municipal wells.  Local concerns over the effects of rapid urban development on groundwater and 
surface-water resources prompted development of a regional groundwater flow model for the county.  Although the local 
source of groundwater is a thick series of Cambrian sandstones that form prolific regional aquifers, a thin shaley unit, 
called the Eau Claire aquitard, provides important controls on the regional flow system and on the relative vulnerability of 
local wells to contamination. 

Figure 1.  Location of and Cambrian stratigraphy of Dane County, Wisconsin. 
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2.  THE EAU CLAIRE AQUITARD 

2.1  Geology 

The Eau Claire aquitard is an informally named part of the Cambrian Eau Claire Formation present in southern 
Wisconsin and elsewhere.  Aswasereelert and others (in press) describe the Eau Claire Formation as “predominantly 
very fine- to medium-grained, moderately well sorted, variable feldspathic, glauconitic, and dolomitic sandstone with 
variable amounts of siltstone and mudstone.”  The formation was named for exposures of fossiliferous shale, siltstone, 
and sandstone near the type locality of the city of Eau Claire, in west-central Wisconsin, where it is more than 30 meters 
thick.  The formation thins dramatically in the vicinity of Madison, where a “shale facies” is recognized in gamma-ray 
logs.   

2.2  Hydrogeology 

The Eau Claire Formation is part of a thick Cambrian section mostly composed of sandstone in southern Wisconsin (fig 
1).  The Eau Claire lies stratigraphically between an upper aquifer composed of rocks of the Jordan, St Lawrence, 
Tunnel City, and Wonewoc Formations and a lower aquifer composed of the Mount Simon Formation (Bradbury and 
others, 1999).  Both the upper and lower aquifers are important sources of water for domestic and high-capacity wells in 
the region.  The lower Mount Simon aquifer is up to 700 feet thick in Dane County and is the main source of drinking 
water for all municipalities in the county. 

Very high vertical hydraulic gradients across the lower part of the Eau Claire Formation indicate that the shaley facies 
near the base of the formation acts as an important aquitard, limiting groundwater movement between the upper and 
lower sandstone aquifers.  Results of straddle-packer tests in a Madison-area test well showed that total hydraulic head 
declines nearly 12 m across less than 3 m of shale (fig 2).  The peak in natural gamma radiation adjacent to the Eau 
Claire interval in this well is typical of the gamma response across Dane County, and this gamma marker is the most 
diagnostic marker of aquitard presence.  Similar head profiles and gamma signatures have been found in other wells in 
the county (Bradbury and others, 2006). 
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Figure 2.  Hydraulic head profile and natural gamma response in well DN-1371 (from Bradbury and 
others, 1999). 

We based an isopach map of the Eau Claire aquitard in Dane County (fig 3) on interpretations of thickness of the shaley 
facies from drill cuttings and geophysical logs obtained from 115 deep water wells in and around the county (fig 3).   The 
aquitard thins from more than 18 m thick in the northwest to thin or absent in the northeast part of the county.   Windows 
or breaches in the aquitard probably occur in the central part of the county where a preglacial drainageway may have 
been eroded beneath existing lakes.  Overall, data on the aquitard are sparse, particularly away from the Madison 
metropolitan area in the central part of the county. 
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3. THE DANE COUNTY REGIONAL MODEL 

The Dane County regional groundwater flow model is a three-dimensional, steady-state flow model developed as a 
management tool for the county (Krohelski and others, 2000; Hunt and others, 2001).  The model uses the U.S. 
Geological Survey’s MODFLOW code (McDonald and Harbaugh, 1988) and contains four aquifer layers (surficial aquifer, 
upper bedrock, Eau Claire aquitard, and Mount Simon aquifer).  All major lakes, streams, and wetlands in the county are 
simulated as head-dependant boundaries, and the model calculates fluxes of water into or out of these features.  The 
model also simulates more than100 active high-capacity wells in the county. The model simulates the Eau Claire 
aquitard as a single model layer ranging in thickness from 0.3 m 20 m.  Figure 4 shows that the aquitard appears 
insignificant compared to the thicknesses of adjacent aquifers, yet including it was essential for the model to represent 
the flow field accurately.  At the time of model construction, measurements of the bulk vertical hydraulic conductivity (Kv) 
of the aquitard were nonexistent.  Initial model calibration (to heads and fluxes in the adjacent aquifers) suggested a Kv  
of 1.8x10-4 m/day (Krohelski and others, 2000).  Later recalibration using parameter estimation routines changed this 
value slightly, to 2.2x10-4 m/day.   
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Figure 3.  Thickness of the Eau Claire aquitard in Dane County (modified from Bradbury and others, 
1999). 

3.1.  Regional model results 

The regional model provided very good simulations of regional hydraulic head distributions and water fluxes (Krohelski 
and others, 2000).  Local hydrogeologists and planners routinely use the model to understand the impacts of pumping 
and diversion on regional water resources (Hunt and others, 2001), for simulating the impacts of proposed new wells, 
and for developing wellhead-protection strategies.  Advective particle tracking using the model suggested that 
groundwater in the deep aquifer, especially beneath areas where the Eau Claire aquitard is thick, might be hundreds or 
thousands of years old, and well-protected from surface contaminants.  

4. RECENT CONTAMINATION OF THE DEEP AQUIFER 

Recent discovery of viruses in water from two deep municipal wells in the City of Madison has challenged the concept 
that the water is very old (Borchardt and others, 2007).  In 2003 and 2004, two municipal wells thought to be cased and 
grouted through the Eau Claire aquitard produced repeated water samples containing human pathogenic viruses.  
Samples from the same wells showed atmospheric tritium, suggesting that the water recharged within the past few 
decades.  The presence of viruses and tritium suggests that a local transport pathway bypasses the aquitard between 
the surface and the underlying aquifer.  Plausible pathways include breaches or fractures through the Eau Claire 
aquitard, open or cross-connecting well bores, and faulty or damaged well seals.  Current data cannot prove or disprove 
any of these potential transport routes; all are feasible given reasonable hydrogeologic parameters. 
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Figure 4.  Perspective visualization of the Dane County model.  The Eau Claire aquitard is the thin 
layer indicated by the arrow. 

5. IMPLICATIONS 

Describing the three-dimensional spatial distribution and hydrogeologic properties of aquitards at all scales is essential 
for correct understanding and predictive simulation of groundwater systems.  Historically, most hydrogeologic effort has 
been expended in investigating aquifers, yet adjacent aquitards should receive equivalent attention in regional 
groundwater studies.  Aquitard parameters developed for regional studies may not be appropriate for local-scale 
investigations, particularly where fractures, breaches, or other discontinuities are possible.  Most importantly, aquitard 
presence and thickness alone, while desirable, does not necessarily ensure that underlying aquifers are protected from 
contamination from surface sources. 
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NEW PRODUCTS AND ADVANCEMENTS IN 3-D MODELLING 
PROTOCOLS BASED ON STUDIES IN THICK DRIFT AREAS IN 

ONTARIO, CANADA  
Abigail K. Burt and Andrew F. Bajc 
Ontario Geological Survey, 933 Ramsey Lake Road, Sudbury, ON, Canada, P3E 6B5, abigail.burt@ontario.ca 

1. INTRODUCTION 

The May, 2000 tragedy at Walkerton Ontario, which resulted in the loss of seven lives and thousands becoming sick 
from drinking contaminated municipally-supplied water, focused the attention of both the public and government 
regulators on the importance of protecting and preserving the quality and sustainability of the provincial groundwater 
resource.  A key recommendation in the Walkerton Inquiry report (now legislated by the provincial Clean Water Act) was 
the implementation of watershed-based source water protection plans for the province that are designed to protect 
human health by ensuring that current and future sources of drinking water are protected from potential contamination 
and depletions (O’Connor 2002).  An important component of these source water protection plans is the development of 
3-D regional groundwater flow models that are based on a sound understanding of the properties and 3-D architecture of 
subsurface geologic materials.  In 2002, the Ontario Geological Survey (OGS) initiated a pilot project of 3-D mapping of 
thick Quaternary deposits in the Waterloo Region of southwestern Ontario.  This was followed by similar studies in the 
Barrie area of central Ontario, where the Oro Moraine is situated, and the Brantford-Woodstock area of southwestern 
Ontario.  All of these studies will provide conservation authorities and other client groups with the tools necessary for 
constructing reliable groundwater flow models.    

2. THE MODELLING PROCESS 

The methods used for the compilation and standardization of existing data (including a discussion of the reliability of data 
sources), data acquisition programs (the examination of natural and manmade exposures, drilling and geophysics), 
database management, the selection of Datamine Studio®, (a software package used primarily by the mining sector), a 
discussion of the customizable interface that allows a series of repeatable tasks to be scripted and detailed descriptions 
of the interpolation process have been published in an Ontario Geological Survey Groundwater Resources Study (Bajc 
and Shirota, 2007) as well as within the extended abstracts of previous 3-D mapping workshops (Bajc 2002, Bajc et al. 
2004 and Bajc and Newton 2005), two OGS Open File Reports (Bajc 2004 and Burt 2006) and a Geological Association 
of Canada fieldtrip guidebook (Bajc and Karrow 2004).   

Simply put, the modelling process is based on a series of 3-D points, referred to as “picks”, which are either manually 
digitized onto borehole traces or automatically derived from the published Quaternary geology maps identifying the upper 
surface of a given stratum.  A particular borehole trace may have any number of picks depending upon the number of 
strata that can be identified.  A user-defined search radius is assigned for each stratum based on the probable continuity 
of the stratum (bedrock and aquitards are generally assigned larger search radii than aquifers as they are assumed to be 
more continuous).  The upper surface elevation of each stratum is estimated using a pre-selected interpolation method 
(Inverse power of distance squared) by drawing the user-defined search radius around both real borehole collars and a 
series of ‘virtual’ borehole collars created on a regular grid.  For each real or virtual borehole, the elevation of the stratum 
is estimated from all of the picks within the search radius.  Once the estimation process is finished, every stratum for 
every borehole has one of the following elevation values:  1) an actual value defined by a pick; 2) an estimated value 
defined by interpolation; or 3) absent data indicating insufficient picks within the search area.  A series of Boolean 
operands are applied to correct overlapping surfaces prior to the creation of DTMs for each stratum.  The first series of 
DTMs extend over the entire study area:  the DTMs are stacked on top of each other where strata have zero thickness.  
This is done so that continuous surfaces, required by many hydrogeological models, are created.  Finally, a block model 
is created that fills in the space between successive DTMs with a series of 3-D blocks.   A second series of DTMs are 
created that have holes where the interpolated stratum thickness is zero.  Based on the results of the model run, the 
geometry of each stratum can be refined by digitizing additional points between the borehole traces and running the 
interpolation again. 

3. DATA QUALITY  

Recent changes to the interpolation process used by the OGS address the problem of integrating variable quality data.  
Under the original system, a user-defined minimum number of picks, typically three, were required within the search 
radius in order for an estimated elevation to be assigned to each real or virtual borehole.  This method was used 
effectively for the Waterloo Region study although on occasion boreholes near some of the highest quality data ended 
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up with absent elevation values because the minimum number of picks was not achieved within the given search radius.  
This problem became even more apparent in the Oro Moraine study where the data density dropped by nearly 50%.  In 
the new system, each pick is attributed with a quality of high, medium or low based on confidence in the data source.  
For example, logs of continuously cored boreholes, engineering test holes and exposures are considered high quality 
sources, mud rotary monitoring wells and questionable consultant’s logs are considered medium quality sources and 
water well records are considered low quality sources.  During the estimation process, a minimum of 1 high quality, 2 
medium quality and 3 medium or low quality picks are required within the given search radius to assign an elevation to a 
given surface.  This method results in a surface that both preferentially honours high quality data and may be more 
continuous where the data distribution is sparse. 

4. MODELLING VALLEY FILL SEDIMENTS IN TUNNEL CHANNELS  

The western side of the Oro Moraine study area is dominated by an extensive network of 1 to 4.5 km wide, flat-bottomed 
and steep-sided valleys (tunnel channels) which were most likely formed by the rapid release of subglacial meltwater 
(Barnett 1990) that eroded up to 150 m (475 feet) of till and typically sandy to silty glaciolacustrine sediments.  The 
valleys were then partially infilled with up to 100 m (325 feet) of both sandy and gravely channel fill and sandy, silty and 
clayey glaciolacustrine sediments.  The valley fills are currently the main municipal water supply source for the city of 
Barrie and several other smaller communities.   

Accurately modelling this large and complex valley system has presented new challenges.  Scripted rules were 
developed for the Waterloo Region study to ensure that the stratigraphic integrity of the model is maintained where 
individual strata are absent whether due to non-deposition or erosion.  The elevations of the absent strata are either 
manually picked or automatically estimated during interpolation so that each stratum not only has an elevation for each 
real or virtual borehole, even if the elevation represents zero thickness, but also occurs in the correct order.  These rules 
do still work for the large valleys in so far as the stratigraphic order of each stratum is maintained.  The modelled 
surfaces of the older upland till and glaciolacustrine sediments are pushed down below the elevations of the younger 
channel fill sediments, however, the sides of the valleys end up draped in thick wedges of older sediments (Figure 1).  
The problem lies in the large and rapid change in elevation.  Virtual boreholes near the valley sides have elevations 
estimated from both the uplands and the valley bottoms which may be as much as 150 m lower.  Digitizing additional 
picks off the borehole trace reduces the thickness of the wedges, but a large number of picks need to be added before 
the wedges are reduced to a negligible thickness.  It is also necessary to create picks for each eroded stratum in exactly 
the same position or new wedges are modelled.     
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Figure 5.  Simplified section view of tunnel valley with wedges and ridges of sediment draping the 
valley walls and bottom (vertical exaggeration 25X). 
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Currently we are experimenting with a multi-stage modelling process that will better reflect the conceptual model of valley 
creation.  Datamine Studio’s customizable interface has a function allowing user-selected groups of strata, instead of the 
complete stratigraphic column, to be modeled.  Using this function, the surface elevations of the ‘upland’ and ‘valley’ 
strata are modeled separately (Figure 2).  This means that the interpolated elevations for the upland strata reflect their 
pre-eroded state as they are not pushed down by the off-trace picks needed to carve out the valley shape.  A 3-D 
clipping surface is also modeled based on the valley topography, manual interpretation of subsurface data, and a 
conceptual model of the valley evolution.  This clipping surface is used to cut the valleys out of the upland strata and trim 
the excess away from the valley strata.  The two sets of strata are then merged into a single model.     
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Figure 6.  Simplified section views of the steps taken to model the tunnel valley network (vertical 
exaggeration 25X). 
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5. NEW PRODUCTS  

The results of the Waterloo Region study, released in August, 2007, include a variety of new and traditional products.  
These include a report describing the 3-dimensional distribution and character of the modeled Quaternary units, cross-
sections, structural contour and isopach maps, depth to aquifer maps, ArcInfo® grids and comma-delimited files of 
modeled surfaces (Bajc and Shirota, 2007).   A beta cross-section viewer capable of drawing and saving sections along 
user defined profiles is also included with the release.  One of the most exciting new products developed by the OGS is 
based on the popular software GoogleTMEarth.  The digital data release contains a GoogleTMEarth (.kmz) file that 
portrays fence diagrams saved in the beta viewer, transparent overlays of structural contour, isopach and aquifer 
recharge/susceptibility maps as well as borehole location and lithologic information in a web-based environment (Figure 
3).  
 

 

Figure 7.  Example of GoogleTMEarth (.kmz) fence diagram with borehole locations and lithologic 
information. 
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3D MODELING OF GEOLOGY FOR GROUNDWATER APPLICATION IN 
THE NETHERLANDS 

Jan L. Gunnink 
National Geological Survey, The Netherlands, P.O. Box 80015, 3508 TA Utrecht, The Netherlands, jan.gunnink@tno.nl 

1.  CURRENT STATUS 

The nationwide geological model DGM (Digital Geological Model, see Figure 1a)) is used to derive at a model for 
groundwater application REGIS (Regional Geohydrological Information System, Figure 1b). The result is that for the 
whole of the Netherlands a geohydrological model exists, in which aquifers and aquitard are distinguished on the basis of 
geology on Formation and Member level. Transmissivity and hydraulic resistance are consequently interpolated for the 
geohydrological units.  

The uncertainty of the geological and geohydrological units is difficult to quantify; geostatistical interpolation routine can 
output variances, but the geological and geohydrological modeling has been “steered” to a large extent by so called 
geological trend surfaces, in order to capture specific geological phenomena, making the use of variances as a measure 
of uncertainty doubtful. An initial attempt to quantify uncertainty shows promising results (see Figure 2), but work is in 
progress on this point.  

The results, being top and base of geological and geohydrological units, together with hydrological parameters, are 
available as ARC grids via the web: www.dinoloket.nl (in Dutch). 

 

Figure 1. (A) Cross-sections through digital geological model. (B) Cross-sections through 
Geohydrological Model REGIS 

http://www.dinoloket.nl/�
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Figure 2. Standard Deviation (in meters) and base of Formation for a near surface fluvial Formation 
(Kreftenheye) and deep marine Formation (Breda) 
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2. ONGOING RESEARCH 

DGM and REGIS are so called “stacked-layer” models, in which the information is presented as top and base of every 
unit; we call this 2.5 D. The next step in the modeling is to refine the upper 30 meter to arrive at a 3D voxel model (Figure 
3), in which every voxel has geological information attached to it, including information regarding the geological 
Formation and Member (as derived from DGM / REGIS) together with facies and lithology. The amount of data available 
for the upper 30 m is 20 times the amount that was used for DGM / REGIS; as a result, more detail can be modeled; on 
the other hand, data handling and computation makes the modeling more cumbersome. 

Examples are presented in which the modeling and application for groundwater studies is elaborated. Incorporating 
secondary information is thereby an important issue. Deterministic modeling when possible, stochastic when necessary 
is the main objective. Deterministic geological information includes results of detailed mapping in the past or information 
derived form detailed laser altimetry. 

Stochastic techniques range from indicator based Kriging / Simulations to techniques based on training images, as 
developed in the oil and gas industry. Results (Figure 4) indicate that it is very well feasible to make detailed models of 
facies distribution and that the uncertainty can be modeled as well. 

 

Figure 3. From 2D to 3D: Possibilites for modeling more detail 

3. APPLICATION 

A field campaign is started to collect relevant parameters for each modeled facies, including hydraulic conductivity, grain 
size distribution, compressibility, XRF and TGA. Linking parameter values to modeled facies result in a complete model 
of the relevant parameters that can be used in applied research.  



 18

 

Figure 4. Deterministic modeled channel belts and stochastic simulated facies in a 3D model in the 
Western part of the Netherlands (size of the area: 10 x 12 km) 
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SO WHERE DO WE GO FROM HERE? 
Ian Jackson 
British Geological Survey, United Kingdom, ij@bgs.ac.uk 

1. INTRODUCTION 

It’s apparent, when you look at the parallel evolution of geological organisations across at least 3 continents, that 3/4D 
modelling has progressed by leaps and bounds in the last 5 years.  It appears to have come of age. The sophistication 
and range of the modelling software is impressive, the array of applications in a variety of economic and environmental 
sectors is extensive and the visualisation techniques can be breathtaking. There is no doubt the geoscience community 
should look at the move, from what is, essentially, an anachronistic 19th century paradigm of 2 dimensional maps and 
sections, to the full 4 dimensions that geology occupies in the real world, with a sense of achievement. But should we be 
satisfied? Is that it? Is there anything left to solve? 

Most would agree that we have hardly (and forgive the pun) scratched the surface. From the perspective of those of us 
who work in Geological Surveys there is still an awful long way to go. The intention of this paper is to outline a few 
challenges that ought to keep us occupied for a couple of years yet. It is a paper with more questions than answers. 

2. ANYONE CAN PICK CHERRIES 

3D modelling software is plentiful, varied and inexpensive and it’s no longer too difficult to build a one-off 3D model for a 
particular research area. Without wishing to diminish these achievements and their individual innovative contribution, for 
a geological survey such projects are little more than pilot studies and demonstrations. To continue with such an 
approach alone is arguably no more than academic cherry picking. For organisations charged with a national, long term 
and strategic “mapping” remit, the serious and much more difficult challenge is to contemplate building and deploying 
robust operational modelling systems across whole organisations. To do that they must overcome a much greater 
(human) challenge; that of sensitively and positively changing the work patterns and culture of survey geologists. 

3. WHAT RUNS THROUGH THE PIPES IS MORE IMPORTANT THAN THE PLUMBING 

The acceleration in the versatility of software and the speed and capacity of hardware (sometimes referred to as the 
“plumbing”) cannot fail to impress. But what flows through the plumbing – the data content – is, arguably, more 
important.  Regrettably, digital geoscience data content (its availability, quality and consistency) is far less mature than 
the plumbing. Digital content is the current limiter for Geological Surveys, not the sophistication of the hardware or 
applications. Lack of quality assured content severely restricts strategic and national initiatives. The burden of having to 
convert analogue data into digital form, then quality assure, condition and harmonise prior to a project, is a huge 
overhead for any venture, requiring a significant amount of often skilled human input.  Yet with a more responsible 
approach in the past, an appreciation of the post-project value of data, respect for compliance with some basic rules and 
standards (as opposed to expedient and idiosyncratic wheel re-invention), we could all have been in a more favourable 
position today. Why hasn’t the geoscience community devoted more time to agreeing basic data models and 
dictionaries? Why have we rushed on to the next project, without properly storing and describing the data and models we 
have spent so much time producing; reducing the sustainability, re-use and potential added value of our work at a 
stroke?  This message is far from new, but how many of us can say that we/our organisations are not continuing to make 
the same mistake today and how many Surveys have (and are enforcing) data policies that would deal with the problem? 

4. MODELLING IS A WAY OF LIFE NOT AN ISOLATED COMPONENT 

Getting serious and professional about 3D modelling means embracing it throughout the geological data lifecycle. To 
achieve the synergies, efficiencies and benefits an organisation should be thinking 3/4D modelling at the inception of a 
project, building it into fieldwork/data acquisition - most field geologists have a 3 dimensional model in their head when 
they are doing their mapping, isn't that invaluable knowledge largely lost when they merely commit it to 2D maps and 
sections? The data processing and analysis stages should be designed with 3D in mind and we should ensure that 
dissemination and delivery take full advantage of the potential of the third and fourth dimensions. Last but certainly not 
least, integrating within this system a means of storing the models for subsequent re-use is paramount. To allow any of 
these stages to be restricted to the limitations of the 2D paradigm would be retrograde. 

mailto:ij@bgs.ac.uk�
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5. DO WE NEED TO GET OUT MORE? THE NOT-INVENTED-HERE SYNDROME 

We constantly tell government and those who review and audit us that Geological Surveys are unique centres of 
multidisciplinary geoscience – can we put our hands on our hearts and say we really operate that way? Do the 
geological, geophysical, geochemical, hydrogeological, and geotechnical “divisions” (the word is, literally, appropriate) of 
Surveys truly regard integration as a priority? At another level, we know that geology has no respect for political 
boundaries and that the environmental problems we face need an international approach, so why do we continue to 
operate in our own national silos, with little attention paid to the digital and taxonomic standards that would allow sharing 
of knowledge within and beyond our frontiers and the geological domain. Rather than dismissively looking down our 
noses at them, shouldn’t we recognise the enormous strides that are being made in the “geography-led” spatial data 
infrastructure (SDI) arena and be a strong part of it. Shouldn’t we borrow what we can from the other spatial and 
environmental sciences, some of which are much further advanced in taxonomy and semantics and mathematical 
modelling? And let’s not forget that sciences and technology, which at first sight might not seem to have much in 
common, e.g. medical scanning, pattern recognition may, in this mutual digital world, have a lot to offer. Finally, having 
enjoyed a decade or more of the initial graphic and glitzy attraction of modelling and GIS, isn’t it time we paid more 
attention to the maths that underpin it and our applications? How many of us include in our teams the oft-forgotten 
geostatisticians and mathematical modellers, people whose skills could enhance the scientific rigour of our work and 
open up new scientific discoveries? 

6. WHY X + Y + Z ≠ ☺ 

We are continually asserting how relevant geology is to society and government and yet we know that a very small 
proportion of the population can interpret a geological map or model (estimated at a lot less than 0.5%). Do we really 
give enough attention and resource to communicating this relevant science to the public in a way that is meaningful and 
useful to them? A 3/4D model may seem a far more superior way to convey understanding of the spatial and temporal 
arrangement of the subsurface within the geoscience community. Unfortunately, while a model should definitely improve 
the wow factor, it may not always aid the comprehension of the issue by those outside that community. Complex and 
esoteric stratigraphy or physical properties remain complex and esoteric whether they are portrayed in 2 or 3 or 4 
dimensions. We need to convey the messages in that model in a language the intended user will understand, be they a 
civil engineer, a government planner, or an insurance company. 3/4D modelling, together with virtualisation and 
visualisation, offer wonderful opportunities to make clear the societal implications of our work, but we lose a significant 
amount of their potential if we only communicate in the language of geoscience and forget the language of the client. 

7. JUST HOW CONFIDENT ARE WE? 

Delivering a model that people understand is a significant step, but we mustn’t stop there. The next step is something 
that we never really tackled in 2 dimensional mapping – the step to assess and describe our confidence in the model, its 
geometry and attributes.  Geology is an interpretive science; there are often few geological “facts” and a great deal of 
interpretation, usually proportionate to the distance from ground surface. Most people outside the profession (including 
many engineers and surveyors) do not appreciate or understand this aspect of our science, the fact that it is more akin to 
a detective with a set of clues than an observed and measured structure. How can we best evaluate and then show our 
estimate of error in a way that is both reliable and meaningful? How do we best communicate the certainty/uncertainty of 
our predictions? 

8. THE WORLD DOESN’T OWE US A LIVING 

If Geological Surveys want to survive then they need to stay fresh and agile and responsive. They cannot afford to be 
complacent. Just because some of us have been doing what we do for 170 years does not give us a God-given right to 
do it for perpetuity.  There is a limit to how often you can sell the geological re-mapping of a state or country and the 
move to systematic and operational modelling may provide a timely renaissance opportunity for some Surveys; but even 
this is not an absolute guarantee of survival. The digital advances that have presented us with such wonderful 
opportunities also (at least from the standpoint of a geological survey) now present some threats.   Analogue methods 
coupled with government policy that has been strongly protective of the public sector provision throughout most of the 
19th and 20th centuries may have afforded us a very secure situation in the past.  It does not take much imagination to 
see that novel computing solutions and ever-richer digital geoscience data, coupled with governments seeking to reduce 
public expenditure and place more work in the private sector, threatens this privileged position.  As a senior Google 
person said recently, when addressing an audience of the directors of the National Mapping Organisations of the world, 
“we’d love to work with you guys ……. but please do bear in mind that we don’t have to.”  
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9. SO WHAT’S NEXT? 

Having used a large slice of this paper to advocate what is essentially a policy of “consolidate and deploy”, something 
that could be accused of being unambitious, let me be contrary. In a sense 3 and 4D modelling is yesterday’s news. As 
research geoscientists we can’t live on this forever. Where is the next great step change in geoscience information? In 
the 1980’s it was GIS, in the 1990’s it was 3 and 4D modelling; what is the next leap going to be? In addition to 
developments in visualisation and virtualisation, which technologies will impact on our science? How will the 
advancement of ontologies and the semantic web, and in particular image and graphic semantics, change our approach? 
What are the implications of ambient computing and the sensor web? 

In a world that is changing and innovating, and in a sense shrinking, at an accelerating rate, one thing seems obvious – it 
would not be a wise strategy for any Geological Survey to assume it can operate in isolation. 
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A FRAMEWORK AND METHODS FOR CHARACTERIZING 
UNCERTAINTY IN GEOLOGIC MAPS 

Donald A. Keefer 
Illinois State Geologic Survey, Champaign, IL 61820, USA, keefer@isgs.uiuc.edu 

1. INTRODUCTION  

Geologic maps are products of complex analyses and interpretations, and as such, contain a certain amount of 
uncertainty.  Unfortunately, it is difficult to estimate the uncertainty within a geologic map.  Much of this difficulty is due to 
the lack of a clear framework for describing the sources of uncertainty within the map and poor awareness, within the 
mapping community, of methods capable of estimating these sources of uncertainty.  Mann (1993) provides a discussion 
of uncertainty in geology and a framework for identifying the sources of uncertainty.  His discussion is not limited to 
maps, but focuses more on data.  Bardossy and Fodor (2001) use Mann’s (1993) framework and extend his ideas by 
proposing four groups of mathematical methods that can be applied to characterize uncertainty in geology.  Their 
discussion provides some innovative suggestions of methods for estimating uncertainty.  As with Mann’s (1993) 
treatment, they focus most of their discussion on data issues and do not provide any recommendations for conducting a 
comprehensive evaluation of uncertainty within geologic maps.  I will present a framework for characterizing the sources 
of uncertainty in geologic maps which builds significantly on the insights provided by Mann (1993).  I will extend 
Bardossy and Fodor’s (2001) discussion by presenting a larger suite of practical methods for characterizing the 
uncertainty in geologic maps due to these different sources.  Finally, I will briefly discuss concerns for conducting a more 
comprehensive, integrated evaluation of uncertainty in geologic maps and for interpreting and applying the results from 
such a comprehensive uncertainty analysis. 

1.1  Objectives 

In this presentation, uncertainty is defined as the difference between a predicted value and the real value.  Uncertainty, 
therefore, is synonymous with error.  A framework for understanding uncertainty within geologic maps is proposed which 
includes four major sources of uncertainty:  

• data accuracy and precision,  
• the amount and spatial distribution of data,  
• the complexity of the geologic system being mapped, and  
• geologic interpretations. 

Identification and estimation of these separate sources of uncertainty is important, because each affects different 
aspects of mapping, and their collective estimation will lead to a more informed characterization and estimation of the 
total uncertainty of any geologic map.   

2.  UNCERTAINTY 

The proposed component of uncertainty in geologic maps that is due to data errors is specifically related to the accuracy 
or precision of observations, measurements or calculations.  Data errors affect what information and what interpretations 
can be reliably identified from the data.  This proposed category combines Mann’s (1993) categories of Observation 
Errors and Measurement Errors, and some of the situations covered by his Propagation of Errors category. Bardossy 
and Fodor (2001) note that the broad categories of probabilistic, possibilistic and hybrid methods all contain more-
specific techniques that are appropriate for estimating errors within geologic data sets.  Within these broad categories, 
the interval method and the use of fuzzy numbers are the most compatible with the kinds of error present in geologic 
data and with the limited knowledge that is generally available for quantifying most errors in geologic data. It is necessary 
to meaningfully estimate the errors within the data that are used for mapping to accurately estimate the impacts of these 
data errors on the overall accuracy of the maps and on any subsequent problem solving decisions. 

2.1  Uncertainty due to Data 

The component of uncertainty that is due to the amount and spatial distribution of data affects what features can be 
reliably identified within mapping areas and the accuracy of map-unit boundaries. This type of uncertainty will be affected 
by any data errors.  This proposed category combines the Sampling Errors and the Errors of the Mathematical 
Evaluation of Geological Data categories of Mann (1993).  Geologic maps are generally based on data sets that have 
non-uniform, or clustered, distributions of data. This spatial clustering can prevent the consistent identification of map 
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features across the map area. There are a few methods that are useful for estimating or characterizing this type of 
uncertainty.  These methods include the area of influence analysis (Figure 1), a non-traditional application of cross 
validation and specific analysis of the results from data-conditioned stochastic simulation.   

2.2 Uncertainty due to geological complexity 

The component of uncertainty in a geologic map that is caused by the complexity of the geology within the mapping area 
affects both the detail that is resolvable from each data type and the scale and fraction of actual geologic features that 
are identifiable within the map.  Some geologic deposits are more complex than others and are more difficult to 
accurately identify and understand with the available data. This proposed category of uncertainty is essentially Mann’s 
(1993) category of Inherent Natural Variability, and is a consequence of the underlying true distribution of the property of 

 

Figure 1.  The probability that the target will be identified by the data points, if it is present.  These 
probabilities are calculated using the area of influence method (Singer and Drew 1976).  The data 
points are shown by the black points. 

interest.  This type of uncertainty is unaffected by data errors, amounts or distributions of data, or by our ability to identify 
and understand the actual distribution and characteristics of the geologic property.  However, the ability to accurately 
estimate this type of uncertainty is affected by data errors, sparsely distributed or variably clustered data, and errors in 
geologic interpretation.  Bardossy and Fodor (2001) recommend variability as the quantity that is used to evaluate 
geologic complexity. There are, however, many different ways to evaluate variability.  Because the complexity of a 
geologic deposit, property or setting will change over a mapping area, methods are needed that can subdivide a 
mapping area into distinct regions and then the desired measure of complexity within each region can be calculated.  If 
mapping is being done to address a specific application, it may be appropriate to select a measure of complexity that will 
be specifically relevant to the intended application. A few methods are available to estimate complexity based on the 
amount and structure of variability.  These include: basic exploratory spatial data analysis measures (e.g., sample 
statistics, histogram analysis, transition probabilities, h-scatter plots, classified posting maps) which can be applied to 3-
D regional subdivisions (e.g., Figure 2) or to small 3-D moving windows that can have a range of shapes or orientations; 
semivariogram analysis (Figure 3) which can be applied to larger 3-D regional subdivisions; and, a non-traditional 
application of cross validation which could also be applied to larger subdivisions.   

2.3 Uncertainty due to Interpretation 

The component of uncertainty that is caused by errors in interpretation is the most difficult to evaluate because it is 
composed of several factors which are interrelated in complex ways.  This proposed category of uncertainty is a 
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combination of several of Mann’s (1993) categories, Conceptual and Model Uncertainty, Errors in the Mathematical 
Evaluation of Geological Data, and Propagation of Errors.  Reliable estimation of the uncertainty in a map that is due to 
poor interpretations will be affected by all three of the other types of uncertainty that have been considered.  Reliable 
estimation of this type of uncertainty will also require consideration of the types of interpretations that are made during a 
mapping effort, the order in which these interpretations are made and the way errors in earlier interpretations propagate 
to later interpretations. The types and interpretations that are made during a mapping project are often in the following 
sequence:  

• defining the geologic framework of a mapping area,  
• correlating observations, measurements and calculations from the data to the defined map units within the 

framework,  
• interpolating properties between data locations, and  
• finalizing interpolations for the end map products.   

 

 

 

Figure 2.  Regional subdivisions of the mapping area for evaluation of a specific mapping unit.  The 
four numbered regions represent areas of distinct geologic complexity.  These regions were defined 
using a range of properties, including available borehole data, geophysical profile data, land-surface 
geomorphic evidence, and conceptual models of suspected depositional environments. 

While there can be iterations from step 4 back to step 2 or 3, this won’t affect the dependency of the final interpretations 
on earlier ones. There are several tools for evaluating and estimating the uncertainty in a map due to errors in 
interpretation.  They include, calculation of residuals between the data values and the mapped values; comparison of 
statistical characteristics between any combination of interpreted data, digital geologic map, conceptual models and 
modern or outcrop analogues; explicit description and delineation of the depositional, sedimentological and 
geomorphological conceptual models, including the expression of key properties like anisotropy, length scales and 
proportions; semivariogram analysis and comparison of calculations between interpreted data and geologic 
maps/conceptual models/modern analogues/outcrop analogues (Figure 3); analysis of results from data-conditioned 
stochastic simulation; and most importantly, an evaluation of the other 3 components of uncertainty and the potential 
implications they pose to the different interpretations. 

3. SUMMARY 

In approaching an uncertainty estimation and characterization effort for any geologic map, the proposed framework can 
help ensure that all the components of uncertainty are evaluated and their potential inter-dependencies are considered.  

1 2 

3 

4 
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Selection of specific methods for characterizing and estimating the sources of uncertainty within a geologic map should 
be based on an analysis of several criteria, which can include: 

• mapping objectives, 
• the size of map area, geologic complexity, depth of mapping and availability of data, 
• intended map products, 
• questions to be addressed by uncertainty estimations, 
• geologic expertise of end users, and 
• possible long-term uses of the maps,  

This proposed framework and suite of methods provides many options to geologists.  Even the independent evaluation 
of several different techniques can increase the relevance of the resultant uncertainty assessment for map users and 
decision makers.  Estimation and characterization of the total uncertainty of a map can be realized based on the 
selection of appropriate methods and inclusion of reports that provide insight relevant to the mapping objectives, final 
products and expected application needs.   
 

 
 
 

Figure 3.  Semivariogram maps and directional semivariograms for one property of one map unit.  
Figure 3a includes a semivariogram map and directional semivariograms calculated from the draft 
geologic map.  Figure 3b is the semivariogram map and directional semivariograms calculated using 
the map unit interpretations from the available borehole logs. 
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RIGOROUS 3D GEOLOGICAL MODELS AS THE BASIS FOR 
GROUNDWATER MODELLING  

 
Holger Kessler, Steve Mathers, Mike Lelliott, Andrew Hughes, and David Macdonald  
British Geological Survey, Kingsley Dunham Centre, Nottingham, NG12 5GG, United Kingdom, hke@bgs.ac.uk 

1. INTRODUCTION AND BACKGROUND  

Increasing environmental pressures, pollution and legislation in Europe are creating the urgent need for regional-
catchment scale geological models to assess hydrogeological conditions and inform mathematical and numerical 
groundwater models. Geological models are especially important in areas with superficial deposits overlying key 
aquifers. These areas are often characterized by very complex arrangements of aquifers and aquitards, having important 
implications for aquifer protection, flow pathways and recharge potential. The interaction of ground and surface water in 
valleys is being closely studied following many recent instances of inundation in Europe. 

In the past, 2 dimensional datasets, such as geological maps and cross-sections, were used in coordination with site-
specific point data to build a conceptual understanding at the site or catchment scale. A simplified version of the 
conceptual understanding and geological structure would then form the framework for groundwater flow modelling. 
Robins et al (2005) identified that it is essential that the geological framework and conceptual groundwater model should 
be considered together in order to avoid loss of understanding of the geological structure and its relation to the 
hydrogeology. In essence the over-simplification of geological structure in groundwater models can lead to unrealistic 
results and unreliable modelling outputs. 

The technology behind current groundwater modelling codes has been unchanged for over 20 years. The USGS 
groundwater flow code MODFLOW is a prime example. The main drawback with these codes is that they are not easy to 
change as they are coded in procedural languages such as FORTRAN. The computer programming community has 
adopted object-oriented (OO) techniques for widespread use due to the flexibility, re-usability and the ease of code 
maintenance offered. OO technology is now mature and is widely used and the advantages of OO technology can be 
exploited to develop groundwater model codes.  

BGS is currently building systematic 3D geological models of the shallow subsurface, and in particular superficial 
deposits, using the GSI3D software and methodology (Kessler and Mathers 2004). These models are being structured 
and attributed to meet the needs of a wide range of applied users with many models already built for diverse commercial 
clients in the UK including the Environment Agency of England and Wales, water and utility companies, local 
Government, and the Archaeology-Heritage sector. A key functionality of the software used to build the 3D geological 
models (GSI3D) is that it is compatible with our bespoke groundwater modelling software (ZOOM). So the geological 
sediment body geometry can be directly imported into the ZOOM software to give a realistic geological framework for 
groundwater flow modelling. 

This paper summarises our methodology for 3D geological modelling and groundwater flow modelling, and importantly 
how the two preferred software packages interact. We also describe case studies where geological models have 
contributed significantly to hydrogeological understanding. 

2. THE GSI3D METHODOLOGY 

The GSI3D software tool and methodology has been developed over the last 15 years and since 2001 in cooperation 
with the BGS. The GSI3D philosophy and workflow are described by Kessler and Mathers (2004) and also Merritt et al 
(2007). The success of the GSI3D methodology and software is based on its intuitive design and the fact that it utilizes 
exactly the same data and methods, albeit in digital forms, that geologists have been using for two centuries in order to 
make geological maps and cross-sections. The geologist constructs models based on a career of observation and the 
feeling that something “looks right to a geologist” and so incorporating tacit knowledge, is a key element in the GSI3D 
approach. 

GSI3D combines Digital Terrain Model, geological map and downhole borehole data to construct regularly spaced 
intersecting cross sections by correlating boreholes and the outcrops-subcrops of units to produce geological fence 
diagrams. Mathematically interpolating between the nodes along these sections (and the outcrop/subcrop limits of the 
units) produces a solid model. This is built from a series of stacked triangulated objects, each corresponding to one of 
the geological units present. 
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Figure 8. Flowchart showing process of developing a numerical model from basic data using both 
visualisation and conceptualisation, from Robins et al. (2005) 

The result of the modelling is a representation of the subsurface taking into account all available surface and subsurface 
data and incorporating the conceptual understanding of the survey geologist.  

3. THE ZOOM FAMILY OF MODELS 

The ZOOM family of numerical groundwater models consists of the saturated groundwater flow model ZOOMQ3D 
(Jackson and Spink, 2004), the advective transport particle tracking code ZOOPT (Jackson, 2004) and the distributed 
recharge model ZOODRM (Mansour and Hughes, 2004). All of these models can be created using a pre-processor 
called ZETUP (Jackson and Spink, 2004).  Each of these models has been developed using object-oriented techniques, 
a programming approach commonly applied in commercial software development but only relatively recently adopted in 
numerical modelling for scientific analysis.  The main feature of the ZOOM models is grid refinement so that any 
numbers of linked finite-difference grids can used to literally zoom in on a particular part of the groundwater system. 

The ZOOM family of models has been used extensively and their use reported in the literature.  Examples of the use of 
the flow model ZOOMQ3D include a regional model to the southeast of London (Jackson et al., 2003), a model to 
examine abstraction from the Goring Gap section of the Thames Valley, (Jackson et al., 2007), and a basin scale model 
in Scotland, (Jackson et al., 2003).  A flow model has also been used in conjunction with the particle tracking code, 
ZOOPT, to examine pesticide movement in the Permo-Triassic Sandstone in Yorkshire (Stuart et al., 2006),  whilst a 
recharge model, ZOODRM, has been applied to the West Bank, Palestine (Hughes et al., in press, Hughes et al., 2006). 

4. THE GSI3D – ZOOM INTERFACE  

An interface between the groundwater flow model ZOOMQ3D and GSI3D has been developed.  A ZOOM grid is 
imported in to GSI3D and the values for top and bottom of each layer as well as the hydraulic properties of the layer are 
exported from GSI3D.  The stratigraphic sequence file in GSI3D is attributed by the user to allow the hydrogeological 
units to be identified from the geological units.  The ZOOM setup program, ZETUP has been modified to accept the data 
from GSI3D and to create the input files for ZOOM in the correct format.  The whole process is no more difficult than 
setting up a ZOOM model using a GIS. 



 29

 

Figure 2.  Revised flowchart showing integration of geological and conceptual groundwater model. 

The coupling of the geological and conceptual groundwater model within GSI3D and the direct export of attributed 
geological objects and their geometries ensures a dynamic link is maintained throughout the workflow. It is envisaged 
that in the future the numerical models will also inform the geological model. 

5. EXAMPLES OF THE APPLICATION OF GEOLOGICAL MODELS  

5.1 The Oxford groundwater flooding study 

The City of Oxford is situated within the narrow valley of the Thames and is underlain by alluvial deposits comprising 
alluvium and river terrace deposits. The city suffers from recurrent floods caused by high groundwater levels and over-
banking of the floodplain of the Thames and its tributaries (Macdonald et al., 2007). A GSI3D geological model has been 
developed for the superficial deposits in this area.  

This model forms the basis of a ZOOMQ3D groundwater flow model. A dense groundwater level monitoring network of 
over 100 piezometers has been used to create groundwater level contour maps for the area. These contour maps have 
been combined with the 3-D geological model to allow the potential storage within the unsaturated zone under the 
floodplain to be assessed. The model defines two units: the near-surface silty, clayey alluvium (around 1 m thick) and the 
underlying sand and gravels (on average 5 m thick). Combining groundwater levels with the 3-D model allows the 
volumes of unsaturated alluvium and sands and gravels to be estimated. Assigning storage coefficients to these units 
gives an indication of the relatively small volumes of infiltrating water that are required to bring groundwater levels to the 
surface causing groundwater flooding. For example, for a typical spring the volume of unsaturated zone storage is in the 
order of one day of high flow in the River Thames. 

5.2 The Goring Gap study 

Groundwater models of UK aquifers are usually developed to investigate regional water resources and to aid their 
management. There are, however, many instances of them being applied subsequently to problems and scales for which 
they were not originally intended. To apply models at different spatial and temporal scales a range of data should be 
used to develop appropriate conceptual models and to validate the resulting numerical model.  In the Goring Gap the 
Thames flows south-eastwards through a narrow gorge to enter the London Basin. Here geological modelling, 
hydrogeochemical sampling, borehole and surface geophysics and pump testing have all been used to improve the 
representation of the aquifer within the ZOOMQ3D regional finite-difference groundwater model. 

The flow model is used to assess the provenance of groundwater abstracted from a major public supply well in a regional 
aquifer and to check the sustainability of increased abstraction. The boreholes are located adjacent to the River Thames 
and derive their water from a combination of the river, the underlying terrace gravels and the regional Chalk bedrock 
aquifer. Consequently, conceptual and numerical models are required from the site- to the regional-scale. 

At the site-scale a range of information has been collected and interpreted in order to develop detailed conceptual and 
numerical models. A geological model of the sub-alluvial sand and gravels (Figure 4) and the underlying Chalk has been 
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constructed using GSI3D. Geological units can be attributed as hydrogeological units within GSI3D and their resulting 
geometry and hydraulic properties exported directly to ZOOMQ3D. This enables a significantly improved representation 
of the hydrogeologically important superficial deposits to be included in the numerical flow model. 

 

 

Figure 3.  The GSI3D model of the superficial deposits in and around the floodplain of the River 
Thames in the Oxford area (made ground – pink; alluvium – yellow; terrace and sub-alluvial sands 
and gravels – orange) and the contoured water table in mauve. 

 

Figure 4.  GSI3D geological model of the geometry of the sub-alluvial sands and gravels of the River 
Thames in a 10 x 10 km area around Gatehampton in the Goring Gap. 
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6.  OUTLOOK 

Experience will be built up using GSI3D to produce ZOOM models.  The aim is to incorporate a GSI3D model into any 
groundwater modelling project.  The geological model will be seamlessly transferred to a groundwater flow model once 
the hydrogeological units have been identified.  It is envisaged that interaction will take place routinely between the 
geologists who produce the GSI3D model and the hydrogeologists who create the groundwater flow model.  This 
iterative process will inform and develop both the geological and hydrogeolgoical understanding of the system under 
study. 

The ultimate aim of the use of GSI3D is to provide a proper representation of geology to enable the development of a 
better conceptual understanding of groundwater flow and, subsequently, an appropriate groundwater model.  It has 
become apparent from the use of 3D geological modelling that the representation of geological units as layers in 
groundwater flow models has its limitations.  From the Goring Gap study described above, it can be seen that geological 
and hydrogeological units are not continuous layers, but are discrete volumes.  Therefore, a groundwater modelling 
system has to be developed that better represents geological complexity.  

A further vision is to develop viewing tools that can be used to deliver these visualisations and model results to 
customers. These viewers must be able to run on standard PCs and they have to be easy to use, so that the results of 
the modelling work can be accessed by everyone including customers, government departments and the general public. 
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1.  INTRODUCTION 

One of the main challenges in the development of hydrogeologic models is acquiring the data required to accurately 
represent the properties of the heterogeneous subsurface region of interest. We are developing new ways of using 
ground penetrating radar (GPR), a high resolution geophysical technique, to obtain the information required to develop 
accurate hydrogeologic models. Given the advances in data acquisition and processing over the past decade, it is now 
possible to obtain well-focused radar images of the top few tens of meters of the earth. Captured within these radar 
images is information about the large-scale structure or architecture of the subsurface at the scale of meters to tens of 
meters, and information about the smaller scale spatial variability down to the limits of the resolution of the radar 
measurement. We have adopted a facies-based approach to developing hydrogeologic models with GPR data. This 
approach utilizes the links between radar facies, lithofacies and hydrofacies.  

2.  RADAR FACIES 

The question we ask:  How best to use the information captured in a radar image to develop a hydrogeologic model? We 
could build our model using, as a starting point, the large-scale architecture seen in the image. This assumes that the 
large-scale architecture seen in the radar image is also the large-scale architecture relevant to the movement of fluids in 
the subsurface. This approach has been formalized into a concept referred to as radar facies analysis, first applied in the 
early 90’s in the work of Baker (1991), Beres and Haeni (1991), and Jol and Smith (1991). 

Radar facies are defined by Baker (1991) as “groups of radar reflections whose parameters (configuration, amplitude, 
continuity, frequency, interval velocity, attenuation, dispersion) differ from adjacent groups. Radar facies are 
distinguished by the types of reflection boundaries, configuration of the reflection pattern within the unit and the external 
form or shape of the unit.” The concept of radar facies analysis has been used extensively in some areas to aid in the 
development of hydrogeologic models of the subsurface. A ten-year effort, involving 30 km of data collection, has been 
undertaken in the Netherlands to compile the characteristic radar signatures of most of the sedimentary environments 
suitable for GPR surveys (van Overmeeren, 1998). A significant effort has also been made to use GPR for the 
investigation of fluvial deposits in the Rhine valley, Switzerland (Huggenberger, 1993; Beres et. al., 1995; Beres et. al., 
1999). There have been some studies illustrating ways of using a subsurface model of radar facies to generate 
hydrogeologic models (e.g. Rauber et. al., 1998; Langsholt et. al., 1998; Regli et al., 2002) but all methods, to date, have 
neglected uncertainty in the interpretation of radar facies from the radar image.  

3.  DESCRIPTION OF METHODOLOGY 

Our approach, described in Moysey et al. (2003) is based on the use of neural networks as the framework for 
classification of the radar facies. Neural networks have been used for the classification of lithology from geophysical well 
logs (Mukerji et al., 2001; Avseth, 2000), for facies recognition in seismic data (Caers and Ma, 2002), and are commonly 
used in the fields of image analysis and artificial intelligence (Bishop, 1995). The particular design and method of 
calibration to be used for the neural network will result in the interpretation of the output to be a vector of facies 
probabilities at each location in the radar data. These facies probabilities can either be retained for further geostatistical 
analysis, used as soft constraints in inverse problems or can be used to classify the image to produce a single “best 
estimate” radar facies map. There are a number of possible definitions of “best”, the choice of which will depend on the 
application. One example would be to use a decision rule that minimizes the probability of facies misclassification, i.e. 
maximum likelihood classification. The ability to incorporate estimates of uncertainty is a key part of the methodology we 
are developing for the classification and identification of radar facies. 

The key to a successful classification system for radar facies is defining the set of classification features that can be used 
to discriminate between the various facies. Pattern-based approaches to interpretation of radar facies have been 
common in the literature  (e.g., Beres and Haeni, 1991; Beres et al., 1999; Regli et al., 2002). These studies have relied 
on patterns related to characteristics like reflection amplitude, continuity, configuration, and external form (i.e., the shape 

mailto:rknight@stanford.edu�
mailto:richelle@geology.buffalo.edu�
mailto:smoysey@clemson.edu�


 34

of a radar facies unit) to help discriminate between different radar facies in an image (van Overmeeren, 1998). When 
these characteristics occur in a unique repeatable pattern within a given radar facies, we refer to the pattern as defining 
a ‘radar texture’.  Moysey et al. (2006) explored how different measures of a radar image, such as windows of the raw 
data, instantaneous attributes, and local spatial covariance, impact classification accuracy.  These authors found that 
extracting textural information from the GPR image using spatial covariance gave the best classification results. 

One of the characteristics of a radar facies that we have investigated in some detail, is the correlation structure of the 
reflections in the radar image. Geostatistical analysis of radar reflection images has yielded high quality variograms that 
were used to determine the correlation length of radar reflections for a variety of depositional environments (Tercier et 
al., 2000).  We suggest that the correlation structure can therefore be a useful characteristic of a radar facies.  Some 
studies further suggest that this correlation structure is representative of the spatial distribution of the subsurface 
property (at many sites, water content or water-filled porosity) that controls the location of the reflections in the radar 
image (Knight et al., 2007).  This would then provide further information about spatial heterogeneity at a site below the 
scale of the facies. 

The classification of radar data in terms of radar facies can be done in a way that is either supervised or unsupervised. In 
the supervised case, a manual interpretation of a section of the radar data is completed, a set number of radar facies 
defined, the neural network is trained to recognize the radar facies, and the output is constrained to include only those 
facies. Alternatively in unsupervised classification, there is no training needed as classification is based on segmenting 
the data into regions based a given set of distance criteria using tools like k-means clustering or self-organizing maps. 

When core data are available from a site, there is an opportunity to produce a facies map in terms of lithofacies or 
hydrofacies.  In this case, we can use a manual interpretation to link radar facies to lithofacies and then to hydrofacies.  
At some sites, this might be relatively straightforward, but at other sites the transform to lithofacies from the radar facies 
could involve a high level of uncertainty.  An alternate approach is to train the neural network directly to classify the radar 
data in terms of lithofacies, using the core data in the training. 

4.  APPLICATION TO DATA ACQUIRED AT THE BORDEN GROUNDWATER RESEARCH SITE 

The field site used for the development and testing of our methodology is the Borden groundwater research site in 
Ontario, Canada. Over the past eight years Allen-King and co-workers have used measurements of sedimentological 
and hydrogeologic properties to define the relationship between litho- and hydrofacies at the Borden site. This makes 
this an ideal location for the collection of radar data and comparison of the radar images with the subsurface distribution 
of litho- and hydro-facies. 

Radar data were collected under contract to David Redman (University of Waterloo) along 34 lines. Each line was 20 m 
long; half of the lines were oriented east-west, and half were oriented north-south. 450 MHz data were acquired along all 
the lines, for a total of seventeen 450 MHz radar sections in each direction. These sections extend to a depth of ~ 3 m, 
and have vertical resolution on the order of 5-10 cm. 200 MHz data were acquired along every-other line giving a total of 
nine 200 MHz radar sections in each direction. In June 2005 12 good-quality cores were taken in the upper 1.5 m at 
locations selected to correspond to regions of high quality radar data. The core data were corrected for compaction that 
occurred in all the cores above the water table, using a linear correction. (The water table was at ~3 ft.). The cores were 
mapped identifying in the cores the following facies which are generally ~5-15 cm thick: Soil, Faint Plane Laminated 
(FPL), Distinct Plane Laminated (DPL), Massive Coarse-Grained (MCG), Massive Fine-Grained (MFG), Fine-Grained 
Planar Cross-Stratified (FPXS), Low-Angle Planar Cross-Stratified (LPXS), High-Angle Planar Cross-Stratified (HPXS), 
Deformed Sand (DS), Cross-Stratified Sand  (XSS), Complexly Cross-Stratified Sand  (CPXS), Laminated Silt  (ZM).  

We first completed a manual interpretation of the data sets to determine whether we could observe a relationship 
between radar facies and lithofacies. Working initially with the detailed core mapping, we found no consistent 
relationships found between mapped facies in the cores and what was seen in the radar data; the scale of the mapping 
produced a level of variability that was not captured in the radar data. In addition, there were difficulties encountered in 
identifying facies in cores with varying orientation. We also encountered challenges working with the radar data. There 
was not an accurate estimate of electromagnetic wave velocity at the site, so the depths to features in the radar data 
were uncertain, leading to considerable leeway in matching the cores to the radar data.   

The core mapping was repeated by examining groups of ~3 to 4 proximal cores and identifying larger-scale facies 
packages (on the order of 10’s of cm thickness) that could be seen in all the cores. As an aid to developing an 
understanding of the correspondence between the radar facies and lithofacies, we used the visualization software 
GeoProbe. The radar data were compiled to form two data cubes for the east-west and north-south profiles.  A data cube 
for the north-south profiles is given in Figure 1, with the core data displayed along the radar lines. We identify four main 
radar facies in these sections which correspond generally to core facies packages and which are separated by three 
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radar horizons (shown as colored surfaces). A group of several prominent horizontal reflections above the uppermost 
horizon in the image corresponds to soil mapped in the cores.  Between the upper and middle horizon, we observe a 
second radar facies characterized by dipping reflections, which are coincident with faint plane laminated (FPL) and 
cross-stratified (HPXS, LPXS) lithofacies. A third radar facies is found at intermediate depths comprised of sub-
horizontal, weakly-continuous reflections, corresponding in depth to a grouping of fine-grained massive and laminated  
lithofacies (MFG, DPL, ZM). Below the deepest horizon, a fourth radar facies is observed in patches of very low energy 
with complex and discontinuous reflections; the few deep cores identify this region as deformed sand (DS) and 
interbedded massive units (MFG, MCG) 

.  

Figure 1. Data cube from Borden showing cores and interpreted facies horizons. 

Supervised interpretation of the radar data for each profile orientation was completed using the algorithms previously 
developed and described in Moysey et al. (2003) to produce a map of facies classifications. A neural network was 
trained using a small portion of the data (<2%) by choosing regions from one profile which typify the four radar facies 
outlined above; the trained network was then used to classify the 16 remaining profiles in the data cube. A representative 
classified profile is shown in Figure 2 superimposed with the original data and horizon interpretations from GeoProbe.  
The resulting facies classifications are in good agreement with both the core data and identified horizons. The first two 
radar facies corresponding to the soil layer and cross-stratified units are particularly well-identified. Less continuous 
classification of the deeper half of the image, which shows a patching of radar facies 3 and 4 may reflect the lateral 
variation observed in the cores and radar data at these depths.   

 

Figure 2. A north-south profile from Borden with colored facies classifications and original facies 
horizons. 

5.  SUMMARY AND CONCLUSIONS  

The supervised classification detected radar facies that appear to be well correlated with lithofacies packages of 
relatively distinct texture and structure. Previous work has demonstrated that the lithofacies mapped for this study exhibit 
distinct permeability modes in this aquifer, and further, that lithofacies with similar texture and structure exhibit similar 
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permeability distributions. These combined observations suggest that the radar facies identified here are also likely to 
exhibit distinct permeability modes. Through correlation to lithofacies, the radar facies identify regions of distinct 
permeability that can improve spatial information for groundwater flow and transport modeling.  

Others (Ritzi and Allen-King, 2007) have shown that the permeability semivariogram can be reproduced from knowledge 
of the hierarchical spatial structure of the lithofacies within the aquifer (as captured by the transition probabilities among 
units), lithofacies dimensions and permeability modes. Of all of these properties, the most challenging information for 
hydrogeologists to obtain is a reasonable description of the spatial distribution of lithofacies, particularly in the horizontal 
(lateral) dimension. Whereas cores can provide highly detailed data sets (as in this study), we are limited in our ability to 
characterize the continuity of units in the subsurface particularly in the lateral dimension - the one most important to 
groundwater flow. Hence, through correlation to lithofacies, radar facies identification has the potential to reduce 
uncertainty in hydrologic models through spatial constraint of lithofacies packages with relatively distinct texture, 
structure and permeability distribution.  
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PRACTICAL SATURATED THICKNESS: A MORE REALISTIC MEASURE 
OF GROUNDWATER AVAILABILITY IN HETEROGENEOUS AQUIFERS 

P. Allen Macfarlane and Nicholas Schneider  
Kansas Geological Survey, Lawrence, KS, USA, dowser@kgs.ku.edu 

Ground-water availability from the High Plains aquifer in Southwest Kansas Ground-water Management District 3 (GMD 
3) is declining as it is elsewhere in the western part of the state (Figure 1).  Water-use density, defined as the annual 
amount of water pumped from the aquifer per unit of land area, is high over much of the District and greatly exceeds 
annual recharge (McMahon et al., 2003).  Subsurface data indicate that the thickness, composition, and properties of the 
aquifer are highly variable.  These factors argue for a tailored approach to manage the remaining supplies in the aquifer.  
A key element in determining the best method to subdivide the High Plains aquifer into smaller units for management 
purposes is the geospatial distribution of permeable, water-yielding zones.  One approach to characterizing the 
distribution of permeable zones within the High Plains aquifer is to mine the information contained in the thousands of 
drillers’ logs of test holes and production wells drilled for water supply in GMD 3. The sheer abundance of these logs 
makes them an attractive source of information even though many geologists and hydrogeologists downplay their value. 

 
Managers and planners use saturated thickness (ST) as a measure of 
ground-water availability in unconfined aquifers.  However, in using ST for 
this purpose, it is assumed that all water-saturated sediments contribute 
water to pumping wells equally. The practical saturated thickness (PST) 
concept considers only the net thickness of saturated sediments that 
significantly contribute to well yield.  Thus, PST provides a more accurate 
picture of water availability and may also provide insight into future water-
level trends at the scale of an individual well. We conducted a PST 
mapping project in GMD 3 to demonstrate the utility of this concept.  In this 
paper we report on work that was completed in a smaller 36-township 
(3,318-km2) subregion of the larger GMD 3 project area to map the 
distribution of permeable deposits within the Neogene deposits that form 
the High Plains aquifer (Figure 1). 

Figure 1.  Subregional study in GMD 3 

1.  GEOLOGIC SETTING  

The High Plains aquifer framework in GMD 3 consists of a heterogeneous assemblage of unconsolidated-to-cemented 
Neogene (Miocene-Pliocene and Quaternary) alluvial deposits of arkosic gravel and sand, silt, and clay, lacustrine 
freshwater limestone and marl, and volcanic ash (Smith, 1940; Gutentag, 1963; Gutentag et al., 1981; Macfarlane and 
Wilson, 2006).  Lenses of sand and sand and gravel are locally cemented by calcium carbonate and silica to form 
discontinuous layers of calcrete and silcrete, respectively. These cemented layers are abundantly distributed throughout 
the Neogene sequence.   

Neogene deposits rest unconformably on northward-dipping Permian to Cretaceous bedrock units and were deposited 
on a highly eroded bedrock surface by streams flowing southeastward across the region (Macfarlane and Wilson, 2006). 
Since before the beginning of Neogene deposition, the region has been strongly influenced by (1) periods of uplift and 
erosion of the Rocky Mountains and the piedmont of the High Plains to the west, (2) climatically induced cycles of 
erosion, deposition and stability, and (3) dissolution of shallow evaporites in underlying Permian strata and associated 
subsidence of overlying bedrock and Neogene deposits. 

2. METHODOLOGY 

2.1 Data Sources 

Data sources included the (1) WWC-5 records database of water wells completed since 1975 and maintained at the 
Kansas Geological Survey (KGS), (2) test-hole logs from water-well contractors, and (3) test-hole logs from the KGS 
county bulletins. A driller’s log was selected preliminarily for inclusion in the project database if it appeared from the 
narrative description that the borehole penetrated the bedrock surface.  Logs were eliminated from the database if (1) the 
public land survey location provided by the driller on the log was inconsistent with other location or well owner 
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information, (2) there was insufficient detail in the driller’s log, or (3) the depth to bedrock could not be pinpointed on the 
log.  Gamma-ray logs of boreholes drilled for oil and gas generated from runs in uncased holes were difficult to correlate 
with nearby drillers’ logs because of local heterogeneity and ambiguities in lithologic interpretation of the logs caused by 
the arkosic composition of the coarse fraction of the sediments.  No attempt was made to field-check well locations.  
There are 7,195 drillers’ logs currently in the project database, out of which 1,668 are from boreholes drilled within the 
subregional project area.  

2.2 Geo-referencing 

Point-based well and test-hole locations were converted into a Geographic Information System (GIS) data layer based 
on geographic coordinates (public land survey or latitude-longitude) for each well location. The point-associated data of 
the legal description, geographic coordinates, county FIPS code, well depth (if known), identified depth to bedrock, data 
source (i.e., WWC-5), drilling company (if known) and other identification information were recorded within the GIS point-
based data layer. The USGS National Elevation Dataset (NED) 30 m x 30 m grid was used to estimate a surface 
elevation for each well location. Using GIS overlaying techniques, land surface elevations from the NED were assigned 
to the well locations and converted from meters into feet. 

2.3 Permeable Fraction Estimation and Mapping in 2-D and 3-D 
Descriptions of the drill cuttings recorded on a driller’s log are highly individualized and reflect the driller’s experience and 
his observational and writing skills.  For this project, permeable sediment fraction determination required formulation of 
rules to translate log-entry phrasing into the relative proportion of the permeable sediments within each interval noted on  
the driller’s log (Table 1). These rules were formulated based on the first author’s experience with interpretation of drill 
cuttings and on what is judged to be a reasonable but arbitrary set of rules. Permeable sediment thickness for each 
described interval was determined from interval permeable sediment fraction and its thickness. 

Data were input into RockWorks 2004® from Excel® spreadsheets to generate visualizations of the permeable zones 
within Neogene deposits using 2-D and 3-D gridding of interval input data. Two-D map grids were based on calculation 
of parameter values at each grid node using closest-point, inverse-distance, and kriging algorithms. These algorithms 
were selected because they are commonly used in the analysis of geoscience data. Fence diagrams were generated 
from a 3-D model that was created using the default closest-point algorithm to produce the model grid.  This algorithm 
was used because of the discontinuous nature of permeable zones within the Neogene. All contouring was performed 
automatically using a high-fidelity filter to better honor the control points in the model (RockWare, 2004). 

Table 1. Rules used to translate driller’s log descriptions of drill cuttings into estimates of the 
permeable fraction. 

 

3.  DISTRIBUTION OF PERMEABLE ZONES WITHIN THE NEOGENE 

Neogene deposit thickness ranges from 40.4 m to 200 m with mean and median values of 123 m and 125 m, 
respectively (Figure 2).  Permeable deposit thickness and fraction of total Neogene thickness ranges from 18.6 m to 144 
m and 0.15 to 1.00, respectively. Neogene deposits are thickest in the south-central part of the subregion south of where 
the Greenhorn Limestone has been eroded and there was available space for deposition.  The deposits are thinnest in 
the northeast part of the subregion, northward of the Greenhorn escarpment, where the available space for deposition 
was less. The thickness of permeable deposits also follows this pattern, but is not as pronounced.  Regions of higher and 
lower than average thickness are patchy.  The permeable fraction parameter integrates Neogene and permeable deposit 

Lithology/Phrasing of the Description Percentage of the Interval Contributing to Saturated 
Thickness/Quantitative Interpretation of Lithology 

Clayey sand 70% Contributing 
Sandy clay 30% Contributing 
Sand or sand and gravel 100% Contributing 
Brown rock, silt, clay, shale, caliche, or cemented 
sandstone 

Non-contributing 

A with a lens, streak or thin strips of B 80% A and 20% B 
A with B 90% A and 10% B 
A and B or A, B (as a list) 60% A and 40% B 
A, B, C (as a list) 50% A, 30% B, and 20% C 
A, B, C, D, … (as a list) 40% A, 25% B, 20% C, and 15% D 
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thickness.  Over most of the subregion the Neogene permeable fraction hovers between 55% and 80%, near the mean 
of 58%.  However, the permeable fraction is lower (<55%) in the southwest. Isolated areas ≥80% permeable sediment 
are distributed across the northern half of the subregion. 

Successive paired north-south and east-west fence panels spaced approximately 9.6 km apart are displayed in figures 
3a-e to provide a quasi-3-D perspective of the Neogene and illustrate the complex distribution of permeable zones in the 
deposits within the subregional study area. Zones consisting primarily of permeable sediment (≥80% permeable fraction) 

 

Figure 2.  Neogene sediment thickness (a), permeable sediment thickness (b), and (c) permeable 
sediment fraction in the subregional study area.  The dashed line represents the southern extent of 
the Cretaceous Greenhorn Limestone (the Greenhorn escarpment) in the subregional project area. 

and of low permeability (<40% permeable fraction) occur at all levels within the Neogene and tend to be at least locally 
continuous (Figures 3a-e).  Most of the Neogene consists of 40% to 60% permeable sediment. An areally extensive, 
thick zone of permeable sediment occurs in the mid to upper part of the Neogene. This persistent zone appears to 
coincide with a thick upper sand and gravel zone from 33.5 m to 88.9 m in a borehole that was drilled by KGS in 
northeast Haskell County.  The zone can be traced into the northeast part of the subregional study area where it thins 
and becomes less distinct northeast of the buried Greenhorn Limestone escarpment (Figure 2). The variability displayed 
in total permeable sediment thickness in figure 2c seems to be primarily by this upper zone of permeable sediment.  In 
the lower part of the Neogene a less persistent permeable zone extends across the northwest part of the subregional 
study area where it is best developed (Figures 3c-e).  Discontinuous zones of low permeability deposits occur near the 
surface, but also occur at depth in the lower part of the Neogene and can be traced along and between fence diagrams 
(Figures 3a-c).  The fence diagrams indicate that low permeability sediments are as likely to fill incised paleovalleys in 
the bedrock as permeable sediments. The plan-view map of permeable sediment fraction in figure 2c masks the 
complexity of permeable sediment distribution that is revealed in the panels of the fence diagrams in figures 3a-e.  This 
masking results from integration of the Neogene and total permeable sediment thickness parameters in the permeable 
sediment fraction parameter and the average permeable sediment fraction (40% to 60%) in most of the subsurface. 

4.  DISCUSSION 

4.1 Model Error 

The models that form the basis for the plan view maps and fence diagrams are incapable of accurately representing the 
extreme local variability in the distribution of permeable Neogene strata within the subregional project area because of 
the high local lithologic variability of the Neogene, the discontinuous nature of the interval input data, and the inability of 
the software to adequately simulate inherently discontinuous data.  However, the drillers’ logs suggest that the models 
seem to capture the larger scale trends in permeable sediment fraction distribution. To verify this observation, the 
inverse-distance and kriging gridding algorithms were used to generate renditions of the parameter distributions shown in 
Figure 2. The resulting maps highlighted the dominant trends in the data, but differed in the level of local detail and the 
magnitude of high and low values within the trends.  Thus, we conclude that the models for this subregion are capable of 
teasing out the dominant regional trends in the data, but not the local variability. 
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Figure 3.  Vertical fence panels viewed from the southwest displaying the variation in permeable 
sediment fraction in the subregional study area derived from a 3-D model using the closest-point 
gridding algorithm and contoured using a high-fidelity filter.   

4.2 IMPLICATIONS FOR FUTURE WATER AVAILABILITY 

The fence diagrams indicate that over most of the subregional study area the saturated Neogene deposits that form the 
High Plains aquifer are in the 40% to 60% permeable range based on 2006 depth-to-water mass measurements.  The 
values suggest that water availability is much less than previously assumed based on ST.  The intermediate permeable 
fraction values also suggest that regionally the lower saturated part of the aquifer consists primarily of productive zones 
interlayered with non-productive zones that may act locally as confining layers.  This arrangement of water-producing 
and non-producing zones implies that high annual decline rates are likely to continue and possibly accelerate depending 
on the local connectivity of these zones. 

Permeable  
Fraction 

a. b. c. 

d. e. 

N 
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INTRINSIC AND EXTRINSIC CHEMICAL AND ISOTOPIC TRACERS FOR 
CHARACTERIZATION OF GROUNDWATER SYSTEMS 

Jean E. Moran, Michael J. Singleton, Steven F. Carle, and Bradley K. Esser 
Lawrence Livermore National Laboratory, USA, moran10@llnl.gov  

1. INTRODUCTION 

In many regions, three dimensional characterization of the groundwater regime is limited by coarse well spacing or 
lithologic well logs of low quality.  However, regulatory requirements for drinking water or site remediation may require 
collection of extensive chemical and water quality data from existing wells.  Similarly, for wells installed in the distant 
past, lithologic well logs may not be available, but the wells can be sampled for chemical and isotopic constituents.  In 
these situations, a thorough analysis of trends in chemical and isotopic constituents can be a key component in 
characterizing the regional groundwater system.   

On a subbasin scale, especially in areas of intensive groundwater management where artificial recharge is important, 
introduction of an extrinsic tracer can provide a robust picture of groundwater flow.  Dissolved gases are particularly 
good tracers since a large volume of water can be tagged, there are no real or perceived health risks associated with the 
tracer, and a very large dynamic range allows detection of a small amount of tagged water in well discharge.  Recent 
applications of the application of extrinsic tracers, used in concert with intrinsic chemical and isotopic tracers, 
demonstrate the power of chemical analyses in interpreting regional subsurface flow regimes.  

2. EXAMPLES 

The combination of groundwater age and basic chemical composition can be especially useful for determining the 
degree of groundwater stratification in a layered aquifer system.  The following examples illustrate this point.   

2.1  Example 1 – Kings River Alluvial Fan 

An intensively studied agricultural site is located in the Kings River alluvial fan, a sequence of layered sediments 
transported by the Kings River from the Sierra Nevada to the low lying southern San Joaquin Valley of California 
(Weissman 1999; Weissman, 2002).  The site overlies an unconfined aquifer, which has been split into an upper aquifer 
from 3m to 24m below ground surface (BGS) and a lower aquifer (>40 m BGS) that are separated by a gap of 
unsaturated sediments.  Both aquifers are predominantly composed of unconsolidated sands with minor clayey sand 
layers.  The lower unsaturated gap was likely caused by intense regional groundwater pumping, and wells completed in 
this unsaturated zone have very low gas pressures.  There are no persistent gradients in water table levels across the 
site, but in general, regional groundwater flow is from the NW to SE due to topographic flow on the Kings River fan. The 
water table is located about 5 m BGS.  Local recharge is dominated by vertical fluxes from irrigation, and to a lesser 
extent, leakage from adjacent unlined canals.  Transient cones of depression are induced during groundwater pumping 
from dairy operation wells.  The regional groundwater is highly impacted by agricultural activities and contains elevated 
concentrations of nitrate and pesticides (Burrow, 1998).  The site was instrumented with five sets of multi-level 
monitoring wells and one “up-gradient” well near an irrigation canal (Singleton et al., 2006).  The multi-level wells have 
short, 0.5m screened intervals in order to detect heterogeneity and stratification in aquifer chemistry.  In addition, there 
are eight dairy operation wells that were sampled over the course of this study, which are screened over a broad interval, 
generally between 9 to 18 meters below ground surface (BGS).   

Mean tritium-helium apparent ages are determined for water produced from 20 monitor wells at depths of 6m to 54m The 
upper aquifer has 3H/3He apparent ages that range from 1 to 35 years.  In general, apparent ages are lowest near the 
water table and increase regularly with depth in the monitoring wells (Figures 1 and 3), consistent with recharge from 
infiltration of irrigation water.  The lower aquifer has no measurable NO3- and no detectable tritium, indicating a recharge 
age of more than 50 years.  Modern water (i.e. water containing measurable tritium) is found at all multi-level wells 
completed in the upper aquifer.  Some wells are seasonally influenced by recharge from unlined irrigation canals, and 
have young apparent ages.  Another area has an observed high vertical flow rate since  
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Figure 1.  Lithologic log at one of the agricultural site nested monitoring wells.  Screened intervals 
shown by shaded squares.  Groundwater is strongly chemically stratified.  

 

Figure 2.  Geostatistical realization of the heterogeneous lithology at the agricultural site.  Locations 
of Cone Penetrometer Testing holes are shown as vertical dashed lines.  
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there is no measurable increase in apparent age with depth, except for a localized low-yield clay rich zone at 12m BGS 
that has an older apparent age than the water sampled at 14 m BGS.  The clay rich zone is thought to impede flow 
around the 12 m monitor well screen, and also has lower nitrate concentrations than samples from surrounding depths.  
The chemical stratification observed in multilevel wells demonstrates the importance of characterizing vertical variations 
within aquifers for water quality monitoring studies.  Groundwater nitrate concentrations are integrated over the high and 
low nitrate concentration zones by water supply wells, which have long screened intervals from 9 to 18 meters BGS.   

These apparent ages give the mean residence time of the fraction of recently recharged water in a sample, and are 
especially useful for comparing relative ages of water at each site.  The absolute mean age of groundwater may be 
obscured by mixing along flow paths due to heterogeneity in the sediments (Weissman, 2002). A key component of this 
study is development of a highly-resolved model of the heterogeneity in the aquifer system using a new geostatistical 
technique for simulating hydrofacies architecture that can incorporate uncertain or “soft” data such as well driller logs 
(Figure 2).  The accompanying flow and transport model is validated by measured tritium-helium groundwater ages 
(Figure 3).  In the model, tritium is introduced in irrigation water, invading native groundwater.  For comparison, 
measured groundwater ages and tritium concentrations allow calculation of the fraction of pre-modern (> 50 year old) 
groundwater in each well water samples.  Calculated fractions pre-modern and model results showing native 
groundwater percentages are also shown in Figure 3.  At this site, stratification in groundwater chemistry is the result of 
biochemical processes, while groundwater flow has a strong vertical component, being dominated by irrigation return 
and pumping. 

 

Figure 3.  Values of measured groundwater ages and fraction pre-modern at nested monitoring wells 
(results shown in test boxes), along with model results of groundwater age and fraction pre-modern 
for the block shown in Figure 2.   

2.2 Example 2 – Stockton, California 

In the second example, we used an inert dissolved gas, sulfur hexafluoride, to tag about 125,000 m3 of surface water at 
a groundwater banking facility near Stockton, California, and trace its movement in 11 monitoring wells and 4 production 
wells. The objective of the study was to identify and quantify changes in water quality during recharge and subsurface 
transport. In contrast to the very large artificial recharge operations in southern California, where relatively high TDS 
water is applied at long-established recharge areas, applied water in this study is very low TDS river water from Sierra 
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Nevada runoff, and the facility has only been in operation for about three years. Analysis of tritium-helium groundwater 
age, fraction pre-modern, and the SF6 tracer allow estimation of the bulk flow rate,  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Schematic cross-section of artificial recharge site and wells monitored for introduced 
tracer, groundwater age and chemical constituents. 

dilution of recent recharge with ambient groundwater, and travel time of the most recently recharged water.  We also 
examined major ions, trace metals, volatile and semi-volatile organic compounds, and stable isotope of H, O, C, and N in 
both surface water and groundwater, and modeled equilibrium reactions.   Groundwater age & tracer arrival define three 
water types:  1) Shallow groundwater close to ponds; age <1-2 years, 5-35% pre-modern, high concentration of SF6 
tracer 2) Shallow groundwater far from ponds; age <1-10 years, 15-40% pre-modern, low concentration SF6 tracer and 
3) Deep groundwater; age 30-50 years, >80% pre-modern, no SF6 tracer.  The groundwater mound generated by 
artificial recharge spreads to the east, west, and south, due to regional pumping.  Observations of tracer arrival times 
and dilution factors, in combination with measured groundwater ages, provide a robust image of subsurface flow and 
transport in an area where lithologic logs are scarce and of poor quality. 
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The Modesto Formation (Pliocene-Pleistocene) comprises 
fluvially deposited arkosic sediment and locally derived 

deposits, gravel, sand, and silt, formed during the last major 
aggradational period in the eastern San Joaquin Valley 
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WHAT THE EARTH SCIENTIST CAN LEARN FROM THE PUBLIC’S 
DIFFICULTY TO UNDERSTAND WHAT WE HAVE TO SAY 

Paul Morin 
National Center for Earth-surface Dynamics, Department of Geology and Geophysics, University of Minnesota and The Science 
Museum of Minnesota, St. Paul, MN, USA, lpaul@umn.edu 

New mapping and data delivery techniques can arise in the most unexpected ways.  We, as earth scientists are a self-
selected group, characterized by a number of factors including our abilities to visualize things in three dimensions, 
interpret time sequences from geometric relationships, integrate 
data from widely varying sources and endure, if not outright, 
enjoy bad weather while in the field.  Many members of the 
general public lack some or all of these abilities.   Understanding 
the gulf that exists between their experience and our own, we 
can better communicate scientific information in formal and 
informal education. As a bonus, techniques developed originally 
to improve communication with non-scientists often end up 
improving communication within the scientific community as well.  

One of the most important problems we sought to address is the 
public‘s fascination with but inability to read a geologic map.  In 
recent tests at the University of Minnesota we have discovered 
that our students (and the public at large) cannot predict the path 
of water flow using a standard topographic map.  
Undergraduates were presented with USGS quad maps and 
asked to draw the path of water flow if rain fell on a selected 
spot.  Less than 30% of the students were able to show the 
correct route of the rain drop.  The rest had water flow along 
contours, go straight to the nearest map edge or, because we 
are near the Mississippi, had the water always flow south.  

We addressed this problem in a very simple way.  We created a shaded, stereo anaglyph map using colored glasses.  
Students could look at this map and immediately see the map’s high and low areas.  With these maps many more 
students were able to predict the correct water flow route.  More importantly, we discovered that students could begin to 
answer questions much more quickly about how the surface of the Earth became the way it is today.  We were able to 
teach process instead of spending time on how to read a map. 

 The next step we are taking is to allow students to “game” a landscape by allowing them to rain on a landscape and see 
where the water goes.  This is done by calculating the slope and aspect of every location in a standard digital elevation 
map (DEM).  Co-registered maps, air photo mosaic or satellite images are then placed over the DEMand the whole 
application is run in a LINUX cluster on a tiled display that is configured as a flat table (see Figure 2 and also 
www.youtube.com/watch?v=JNGXG9xS2Sg).  Within minutes of 
using this device students can describe complex phenomenon 
such as channelization, watersheds, and the difference between 
point source and non-point source pollution. Water Table was 
developed for the museum exhibit Water (opening at the 
American Museum of Natural History November 2007, after 
which it will tour the world.)  Even though this application was 
developed for informal education the utility of such techniques is 
obvious when trying to explain hydrology to a policy maker or 
even exploring a location ourselves. 

 

http://www.youtube.com/watch?v=JNGXG9xS2Sg�
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Collaboration is an important factor when considering how people 
learn.  Educational psychologists have found the ideal groups to 
be between 3-6 where three people provide just enough opinions 
and above 6 have too many.  From a technological point of view 
a computer standard monitor is not only too small but there is 
additional evidence that the person who holds the mouse is the 
one who learns.  We have developed two technologies with 
collaboration in mind.  The first is GeoWall (www.geowall.org, 
Fig. 2) a low-end (<$10k) passive stereo display system that is 
used widely for undergraduate education and 3D mapping.   

The second display device, LambdaVision addresses one of the 
primary problems with mapping, that we never have enough 
pixels on our screens.   LambdaVison is a 55 panel tiled display 
driven by a 30 node LINUX cluster with a total display size of 100 
million pixels.  The software that ties all of the monitors together also allows each of the participants in a collaborative 
session to push their application or desktop to the large display.  The aim is to have a shared project at full resolution. 

 

Perhaps the largest problem we have in all of special 
characterization is the ability to integrate massive amounts of 
disparate data together into a form that can be integrated together 
in one product.  Our current undergraduate often calls this a 
mashup.  A mashup is web application that combines data from 
more than one source into an integrated experience.  We are 
thinking of this in a number of ways.  The first is called CoreWall, 
an application to integrate all core data together in one place 
where all properties of the core can be integrated together by 
multiple people simultaneously.  This is now being used by groups 
drilling the San Andreas Fault, looking at paleoclimate in 
Antarctica and integrating cores into 3D geologic models.  

 

 Ultimately we as earth scientists and geologic mappers are not 
all that different from the public.  How many of our colleagues can 
understand that last map or model that you produced?  Can that policy 
maker come to a reasonable conclusion from our products?  These are 
questions that can be best addressed by the formal and informal teachers 
that educate the public. 

http://www.geowall.org/�
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GROUNDWATER MODELLING: FROM GEOLOGY TO HYDROGEOLOGY 
Alfonso Rivera 
Geologic Survey of Canada, 490 rue de la Couronne, QC, Quebec G1K 9A9, Canada, arivera@nrcan.gc.ca  

1.  ABSTRACT 

Three-dimensional mapping has extensively developed in the last decade; geological mapping being the area where 
these developments are more striking. 3D geological mapping has a myriad of applications in the domains of basin 
analysis, geophysics, geostatistics, geothermal and energy resources, etc. A parallel domain of development has been 
three-dimensional groundwater modelling: regional groundwater systems, surface water-groundwater interactions, 
radioactive waste disposal, etc. Whilst these developments have substantially advanced both domains, we see that we 
are still lagging behind having a clear interface between geological mappers and groundwater modelers. Unfortunately, 
geologists and hydrogeologists are still working on their own fields more or less separately, and their communication is 
still poor. Science and technology and available tools abound, but both groups still do not take full advantage to benefit 
each other. This short essay is a recap, a synthesis of what we see today in the domains of 3D geological mapping and 
3D groundwater modelling.  

2.  MODELLING  

Modelling is a very wide term as used and applied in earth sciences. We have geological models, conceptual models, 
hydrogeological models, mathematical models, analytical models, numerical models, stochastic models, deterministic 
models. There are marked differences amongst these models, but also many similarities depending on their use and 
domains of applications. The clear link between geological mapping and modelling, and groundwater modelling, is the 
building of a conceptual model. A conceptual model in hydrogeology is the pictorial representation of the groundwater 
flow system, frequently in the form of a block diagram. Simplifying assumptions and qualitative interpretation of data and 
information of a site are included in the conceptual model; its development is actually synonymous with site 
characterization. It is there where geologists and hydrogeologists should converge and add value to the groundwater 
model by bringing their respective knowledge to the table. In building a conceptual groundwater flow model, for instance, 
there is strong emphasis on rocks (stratigraphy) and geological processes from 3D geological mappers; whereas 
groundwater modelers put their emphasis in groundwater flow mechanisms and aquifer parameters; that is a thin layer 
between geologists and hydrogeologists which must be further expanded. 

2.1  Geology mapping-Groundwater modelling links 

To conceive and build a groundwater model (e.g., for water resources), one must go through a geological model; both 
models are complex in nature and require experts in each domain with very specific knowledge. In general, the 
hydrogeologist begins building of the groundwater model from a rough idea of groundwater flows, backwards into 
describing the “reservoir”; the geologist, on the other hand, begins building of the geological model from the knowledge 
of the geology of the region under study, forwards into proposing a “reservoir”. The hydrogeologist would tend to simplify 
the geology in an attempt to explain groundwater fluxes. His numerical grid would be built to accommodate traits of 
groundwater flow systems into “aquifers” defined by hydrostratigraphy; he would be interested in water pressures, flows 
and the physical and chemical parameters describing these. The geologist would tend to amplify the geological 
processes in an attempt to explain reservoir systems. His map and associated 3D model would be built to accommodate 
a detailed succession of layers, the history of rocks and an extensive explanation of the geological processes that have 
shaped the rocks with time (tectonics, magnetism, Quaternary stratigraphy). Both approaches are very rich and should 
complement; that is however not always the case.  

The current emphasis in both domains is on how well one can generate model grids. We have seen an explosion of grid 
generators in the last 10 years; petroleum engineering and radioactive waste disposal being the most advanced ones. 
There are different motivations and interests in each of these domains. Given the environmental and social issues linked 
to the radioactive waste, the impetus and motivations of this industry, for instance, has been visualization. In this case, 
grid generators are designed to show long-term processes and to virtually show the public how radioactivity from the 
wastes is contained in deep underground repositories. They need “to convince” the public and sponsors of the safety of 
underground structures. Given the very important investments in the oil industry, petroleum engineering has developed a 
very extensive set of numerical tools to build reservoir models used in their surveys. Groundwater modelers have taken 
advantage of some of these developments from both industries. 
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 In addition to building model grids and a conceptual model (the geological modeling process), groundwater modelers 
also need numerical hydrodynamic models to solve for the physical-chemical processes of groundwater. Hydrogeologists 
have also learnt extensively from developments of both the radwaste and oil industries. 

2.2   Developing models 

In summary, when we model, we should distinguish between a geological model (GM) a conceptual model (CM) and a 
hydrogeological model (HM). To build a hydrogeological model one needs: 

• Discretisation of space (Finite Differences Method; Finite Element Method) and time; 
• A numerical code to solve for a set of equations; 
• Boundary conditions; 
• Initial conditions; 
• Set of model parameters, (permeability, storativity, dispersivity) per node, per element or per layer; 
• Set of data of the stresses in the system (pumping); and 
• Set of data for calibration (heads, concentration, compaction). 

The assemblage of these attributes constitutes the hydrogeological (or groundwater) model. These attributes however, 
depend on the geological model; if the GM is wrong, the conceptual model could be wrong and the HM model will not be 
successful in simulating the groundwater processes. Thus, it is very important that experts in geological modelling and in 
groundwater modelling communicate and share their respective knowledge and expertises (figure 1). 

 

Figure 1 Geological survey (left) into a CM (middle) as basis for building a HM; the later contains 
both the “reservoir” and the hydrodynamics of groundwater. 

We see clear links between geological mapping and groundwater modelling: geological observations, conceptual 
understanding and hydrodynamics. Following the sequence in figure 1, geologists invest most of their time and efforts 
from left to middle; whereas hydrogeologists invest most of their time and efforts from the right to the middle. 

Thus, groundwater resources investigations depend on the process of developing a conceptual flow model as a 
precursor to developing a mathematical model; however in today’s work environment, this step does no longer happen 
because mathematical and numerical models abound and are commercially available. Thus the young geologists and 
hydrogeologists sometimes ignore this stage, or do not even know it exists in some cases. 

3D visualisation software –Platforms are readily available: 
• To facilitate the development of the conceptual model  
• To make the model more robust and defensible 
• To assist in demonstrating the hydraulics of the aquifer system 

A few of the state-of-the art platforms are: VULCAN (Australia) –mining; EARTHVISION (Dynamics Graphics, 
California)- reservoir characterization, oil, gas, groundwater remediation, etc.; GoCAD (Earth Decision Sciences, 
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France)- mining, oil, etc.; and MAGICS (Colenco, Switzerland) - radioactive wastes, hydrogeology. All four platforms are 
commercially available. 

3. APPROACHES TO GROUNDWATER MODELLING 

Hydrogeological modelling requires numerical methods to provide both a suitable representation of the subsurface and 
an adequate base for the simulation of flow and transport processes required for environmental studies (water resources, 
climate change). As a prerequisite to building a (numerical) geological model, it is necessary first to generate a 
conceptual model. This conceptual model combines data and knowledge from various disciplines concerning geometry, 
geology, physical parameters and processes of interest. This process however should be iterative; the conceptual model 
should be updated as additional environmental, geologic and hydrogeologic studies, as well as simulations with the 
original model, provide new data and new understanding of the groundwater flow systems.  

3.1  Types of approaches, models 

The flow of groundwater through rock is normally modeled using one of two types of models. If the length scale of 
interest is large compared with the scale of heterogeneities, such as fracture lengths, then an equivalent porous medium 
(EPM) approximation can be used. In this case, properties such as hydraulic conductivity are averaged over appropriate 
rock volumes. This is the most common approach still used today. In Canada, even though most of the aquifers are in 
fractured media, the EPM approach has been systematically used for groundwater resources research; see section 
below. This is an area where groundwater modelers need additional support from the geological modelers to decide on 
whether the conceptual models of those aquifers are right and acceptable.  

For fractured rock, the structure of the rock is often heterogeneous on the scale of interest. For instance, the dominant 
medium for flow may be a set of large discrete fractures. In this case, the discrete fractured network (DFN) model can be 
used to explicitly represent each fracture. However, it is usually impossible to provide an exact specification for the 
fractured network in cases of practical interest (i.e., water resources at regional scale) because of the complexity of the 
rock structure and its obvious inaccessibility. Instead, the structure of the rock is described in terms of the statistics of the 
fracture sets, such as the fracture density and orientation. A stochastic approach is then used to generate a number of 
independent realizations of the fracture system. 

 
Figure 2 ConnectFlow model with a porous medium representation of the near surface and a 
fractured basement (Serco, 2000) 

A combination of the two approaches described above (EPM and DFN) is possible and has been utilized in the 
radioactive waste disposal industry. In this category, the porous media and the fracture media are integrated into a single 
package that enables groundwater flow models to be constructed from sub-domains of porous media and discrete 
fracture networks (Figure 2). This allows the user greater flexibility in representing the flow in hydrogeological units. 
Groundwater flow is coupled across the interface between the sub-domains by ensuring continuity of water pressures 
and conservation of mass at the interface. This is possible because the conceptual model in this case is based on 
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Darcy’s law and finite-element methods are then used to solve the resulting partial differential equations, which in today’s 
advanced computer environment is straightforward. The key of this approach however remains the model grid in the 
superposition of two distinct sub-domains.  

Several state-of-the-art finite-element (numerical) packages exist. Many of these have been developed by the radioactive 
waste disposal and oil industries to solve problems of groundwater flow and transport using both the porous medium 
approach (Nammu; Hoch, 2003); the naturally fractured reservoirs (Napsac; Hartley, 1998); or a combination of the two 
(Connectflow; Serco,  2000).  

3.2  Examples and approaches on groundwater models developed by the GSC 

The Geological Survey of Canada (GSC) has a long history on geological mapping, in 2D, 3D, and more recently in 3D 
geological modelling. 2D and 3D groundwater modelling at the GSC began to emerge a few years before the launching 
of the national groundwater program in 2003. Since then, 3D groundwater modelling has become a common practice at 
the GSC with groundwater models built to evaluate groundwater resources at regional scales (>1000 km2). Table 1 
shows a summary of geological and groundwater models built over the last 10 years at the GSC. 

Table 1. Groundwater models of regional-scale aquifers assessed by the GSC 

Aquifer Study Type  Dimensions Approach Hydrogeological  
Model (HM) 

Does a Geological 
model (GM) exist? 

Piedmont, Quebec 
(1998-2001) 

Porous medium 2-D, GW flow Porous MODFLOW No GM 

Gulf Islands, British 
Columbia (2003-
2006) 

Bedrock, 
fractured rock 

2-D, GW flow EPM, 
structural 
geology 

MODFLOW Yes,  conceptual, not 
coupled 

Mirabel, Quebec 
(1999-2003) 

Bedrock, 
fractured 
medium 

3-D EPM FEFLOW 
(Nastev et al, 
2005) 

Yes, goCAD, but not 
coupled, built after 
HM 
(Ross et al, 2005) 

Oak Ridges Moraine, 
Ontario (1999-2003) 

Porous 3-D, GW flow Porous MODFLOW Yes, very detailed but 
not coupled 

Carboniferous Basin, 
New Brunswick 
(2000-2003) 

Bedrock, 
fractured 
medium 

3-D GW flow EPM MODFLOW No GM 

Winnipeg aquifer, 
Manitoba (1999-
2003) 

Bedrock, 
fractured 
medium 

3-D, GW flow 
and transport 

EPM 3DFRACV 
(Kennedy, 2003) 

GM only, not 
conceptual GM 

Annapolis, Nova 
Scotia (2003-2006) 

Combined 
porous- 
fractured media 

3-D GW flow EPM FEFLOW No GM 

Châteauguay, 
Quebec 
(2003-2006) 

Bedrock, 
fractured rock 

3-D GW flow EPM FEFLOW 
(Lavigne, 2006) 

Yes, but not coupled, 
built after HM 

St.-Mathieu Esker, 
Quebec (2003-2006) 

Porous  3-D, GW flow Porous MODFLOW 
(Riverin et al, 
2005) 

Yes, SVM, but built 
after HG (Smirnoff et 
al, in press) 

Okanagan, British 
Columbia  
(2003-2009) 

Combined 
porous- 
fractured media 

3-D, GW flow EPM Planned  Partially, only the 
surficial aquifer 
(planned) 

Paskapoo, Alberta 
(2003-2009) 

Bedrock, 
fractured rock 

3-D, GW flow Combined 
EPM/DFN 
(planned) 

Planned  Planned  

As can be seen from table 1, very few of the groundwater models originally had a geological model. Furthermore, even if 
the majority of the regional-scale aquifers modelled by the GSC are on fractured media, none used the DFN approach. 
The Paskapoo system in Alberta will attempt to use a combined EPM/DFN approach for the first time.  
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4. GROUNDWATER ANALYSIS & SIMULATION TYPES  

There are several approaches to modelling the hydrodynamics of groundwater. For instance, the state of groundwater 
fluctuations and their causes may be assessed with: 
• Statistical analysis (e.g., time-series analysis); 
• Geostatistical conditioned simulations (e.g., correlation); or 
• Deterministic analysis (e.g., numerical models). 

The first two approaches above are not physically-based; they do not distinguish “the causes”. The third uses the cause-
effect principle and separates the influence of humans and that of nature. These approaches are increasingly being 
applied under the context of climate change impacts on water resources, and will likely be integrated into 
geological/hydrogeological modelling platforms in the coming years.  

Given the many issues around groundwater resources that have emerged in the last 20 years, we see two different 
“schools” of groundwater scientists developing the multidisciplinary science of hydrogeology: fundamental 
hydrogeologists and environmental hydrogeologists. Fundamental hydrogeologists study and develop laws and methods 
to quantify groundwater flow from a theoretical perspective. Environmental hydrogeologists use those laws and methods 
to study real aquifer systems, that is, geological formations containing and conducting water. The second group is the 
one that most closely interacts with geologists. Environmental hydrogeologists develop and apply models where 
groundwater interacts with rocks, rivers, lakes, ecosystems, land uses, etc. For instance, this group must monitor that 
groundwater exploitation is kept within a sustainable use and must provide a clear path of potential contaminants 
underground. The challenges for this group of scientists are too many: how to integrate too much existing data and 
knowledge? How to deal with so many expertises involved? The current international practices for water resources 
management (IWRM), for instance, represents a huge challenge for this group. The IWRM approach requires the 
building of an integrated water-resources model which includes the aquifer in relation with the geology of a watershed, 
interactions with surface water (rivers, lakes, wetlands), land use practices (agriculture, urbanization) and most recently, 
elements to evaluate climate change impacts. 

We can group the types of current and future environmental (groundwater) models into four broad categories: 
independent, coupled, semi-integrated and fully-integrated models. Table 2 shows these with their current state, 
associated uncertainties and applications. 

Table 2. Types of environmental (water) models. 

Category Current state Application 
Separated models 
• Meteorological 
• Hydrological 
• Hydrogeological 

 
• High uncertainties 
• Mid uncertainties 
• Mid uncertainties 

 
• Climate predictions 
• Surface water resources 
• Groundwater resources and contaminant transport 

Coupled models 
• Meteorological-hydrological 
• Hydrological-

hydrogeological 

 
• High uncertainties 
• Mid uncertainties 

 
• Watershed analysis and IWRM 
• IWRM and Climate Change 

Semi-integrated models 
• Hydrodynamic 
• Watershed dynamics 
• Watershed management 

 
On-going research still 
many uncertainties 

• Resource management 
• Watershed without groundwater, and without 

management 
• Watershed with groundwater, without management 

Fully-integrated models 
• Coupled meteorological-

hydrological-hydrogeological 

Category of the future, still 
containing high 
uncertainties 

For climate change scenarios coupling climate, 
surface water and groundwater  (i.e., 
HydroGeoSphere, Therrien, et al., 2004) 

5. TOWARDS AN INTEGRATED HYDROGEOLOGICAL APPROACH 

During the past few decades, computer models for simulating groundwater systems have played an increasing role in the 
evaluation of groundwater development and management alternatives. Groundwater modeling serves as a quantitative 
means of evaluating the water balance of an aquifer, as it is affected by land use, climate, and groundwater withdrawals, 
and how these changes affect streamflow, lake levels, water quality, and other important variables. The trends in future 
developments clearly indicate the integration of disciplines and processes.  
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Most developments have been done more or less in an isolated way. We’ve seen that good platforms for geological 
modelling exist, as well as excellent numerical tools for solving groundwater dynamics. However, there is no such an 
integrated platform to include pre-processors, simulators and post-processors to build geological models and simulate 
the hydrodynamics of groundwater. It is still rare to find a computer environment in any given research institute where all 
these three processes are integrated and available to hydrogeologists. Figure 3 displays such an environment.  

Pre-processors include information from GIS (MAPINFO) and are used to facilitate data synthesis, analysis, and 
visualization.  Data layers can include hydrologic, geologic and hydrogeological maps. Information form geological 
models may be retrieved from these grids created in this stage (GoCad). When working with fractured media and using 
the DFN approach, geostatistical modelling and upscaling is done in this stage (ISATIS). It is in this stage where 
geologists and hydrogeologists should work closely and produce a comprehensive conceptual model of the groundwater 
flow system they wish to simulate. A graphical user interface (GUI) has become a necessity; it is a type of user interface 
which allows people to interact with a computer and computer-controlled devices which employ graphical icons, visual 
indicators or special graphical elements called "widgets", to represent the information and actions available to a user. 
The GUIs are the future in integrated hydrogeological modelling using modelling geomatics and expert systems. This 
stage may include any numerical simulator available coupled to the mesh created in the previous stage. The state-of-the 
art in these type of interfaces (grid-to-numerical solvers) is the ESRI approach using the object-oriented architecture 
using geometric objects to represent both model meshes and physical parameters associated with those models 
(Heinzer and Williams 2005). The hydrodynamics to solve for in this stage may include any variable of the flow and 
transport systems, pressure, concentration, heat, compaction, etc.  

 

Figure 3.  Integrated system to build, simulate and display groundwater models 

The third phase, post-processing, has become perhaps the most important part of the modelling process. Due to the 
many factors involved in environmental hydrogeology (see section 4) there is strong need for understanding groundwater 
from water managers and public at large, thus visualization is a key element in modelling. In the future we should be able 
to virtually “walk” the client through and inside the simulated aquifer. In this phase, GIS plays an important role too. For 
instance, the interface linking meshes to the solvers can once more be used in this phase allowing direct visualization of 
the results in the viewer. This area has not received the attention it deserves in the hydrogeological community other 
than the radwaste industry. Hydrogeologists dealing with water resources should include and use this phase more often 
to promote and educate groundwater flow system and interactions in the geosphere and biosphere. For instance, 3D 
visualization usually improves understanding and interpretation of huge quantities of simulation data, which may not be 
visually attractive, nor understood, in other graphical forms. 

http://en.wikipedia.org/wiki/User_interface�
http://en.wikipedia.org/wiki/Human-computer_interaction�
http://en.wikipedia.org/wiki/Widget_%28computing%29�
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An additional difficulty in such a platform is the communication between blocks (data transfer), in particular, between pre-
processors and simulators due to different types of grids, regular to semi-regular, etc. A case in point can be cited here 
regarding one of the GSC modeling projects where GoCad was used to build the geological model and FEFLWO to build 
the hydrogeological model. Problems with the transfer of model parameters from GoCad to FEFLOW for instance could 
not be resolved during the time allocated to the study (Ross et al, 2005). 

The platform for an integrated system shown in figure 3 includes some commercially-available software packages which 
can do more than others in the same category. For example, GoCad does all kinds of statistics and data management, 
while the SVM can only be used as a powerful classifier. Others (e.g., MAGICS) are mostly mesh generators with no 
simulation capabilities. Thus, the outputs from the pre-processors may be used as intermediate “inputs” to simulators 
depending on the problem to solve, such as 3D meshes, classified geological units, realization of lithofacies, etc. 
Likewise, some simulators can perform pre-processing tasks too (e.g. FEFLOW). 

6. CONCLUSION 

Increased emphasis in geological mapping and groundwater applications is observed in interrelated disciplines of Earth 
sciences, yet a clear link between geological mappers and groundwater modelers is still lacking. More serious efforts are 
needed in three disciplines: geology, hydrogeology and geomatics when dealing with groundwater models. Some of the 
most important issues on the differences between these practitioners are that hydrogeological models have a very 
different nomenclature (ontology) than geological models. Thus, there is a need for a much deeper communication 
between these interrelated disciplines. Technology and tools abound but these practitioners do not take full advantage to 
benefit each other. Integrated and automated platforms for modelling 3D processes in hydrogeology using experts 
systems and standard ontologies are the future and should be pursued in close cooperation between the three domains.  
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1. ABSTRACT 

Military training ranges in Canada often cover extensive areas overlying thick Quaternary stratigraphic sequences 
containing valuable water resources. Here we present the geomodeling methodologies and tools that have been used 
and/or developed over the last few years within the framework of environmental assessment studies of some of the 
largest training ranges across Canada. Essentially, models are built after a substantial data acquisition phase using a 
discrete modeling approach that provides the needed flexibility not only to meet the requirements of different 
groundwater flow modeling strategies but also those of aquifer vulnerability and risk to contamination mapping 
techniques. Tools that improve the interoperability between geologic and hydrogeologic models are presented along with 
some potential research avenues. 

2. INTRODUCTION 

The protracted activities (50 to > 100 yrs) on military training ranges including live firing of a large variety of ammunitions 
are known for their potential impact on groundwater and this situation has highlighted the urgency to improving 
knowledge of hydrogeologic settings of training ranges. The general objectives of the environmental assessments are to 
1) characterize the state of the environment on military training ranges; 2) understand the environmental behavior of 
energetic materials under various field conditions and; 3) design sustainable training methods. These assessments are 
also used as a platform to develop standard procedures not only to provide robust field and laboratory techniques for this 
unique type of investigation but also to allow some degree of comparison between training ranges and to simplify the 
whole process. The development of geomodels is critical to achieve all of the above objectives and the chosen 
“standard” approach had to allow for maximum flexibility to meet the requirements of multiple applications. A few models 
have been completed and others are to be developed as part of this large program. Some are/will be relatively small and 
detailed to represent a particular setting underlying a small range (e.g. grenade range) and others includes an entire 
training center extending out to the boundary of a sub-regional hydrogeologic model (> 1000 km2). All these models are 
used mainly as frameworks for flow and transport modeling as well as for mapping aquifer vulnerability and risk to 
contamination (Parent et al. 2007). This kind of versatility is considered as key to the success of a 3D mapping program 
(Ross et al. 2005). Here, we present the general geomodeling approach as well as some tools that were developed to 
improve the interoperability between geologic models and the three main applications: Flow and transport modeling, 
aquifer vulnerability mapping and risk analysis. 

3. FIELD DATA ACQUISITION 

Due to access constraints, these areas generally lack archival geoscience data and information and thus require 
extensive field data acquisition before any geomodeling effort can be undertaken. This includes the production of a 
geologic map and a detailed study of the stratigraphy from available sections as well as from borehole samples from the 
well drilling/installation programs. Near-surface geophysical data are limited to well-maintained roads because of the 
widespread occurrence of metal pieces at or near the ground surface or, in the case of shallow seismic, because of the 
risk of detonation of buried unexploded ordnance (UXO). Even within the context of an official assessment, access to 
some of the ranges is very limited complicating field surveys. Nevertheless, significant amount of data can be obtained 
and used to build 3D geomodels.  

4. THE GEOMODELING APPROACH 

The software gOcad was chosen to construct the various geomodels following the same methodological steps as those 
proposed by Ross et al. (2005). Using gOcad, discrete triangulated surfaces are first built by interpolating points, lines, 
open and closed curves. Surfaces are modified by applying the Discrete Smooth Interpolation (DSI) algorithm (Mallet 
2002) which minimizes a roughness criterion while honoring a wide range of linear hard and soft constraints. At this 
stage, 3D models consist of a series of interlocking discontinuous surfaces representing the framework boundaries of 
geological objects (Fig. 1a). The space between boundaries can then be consistently partitioned to describe and 
represent the geological objects and their properties (Fig. 1b-d). Script commands have been developed to streamline 

mailto:maross@uwaterloo.ca�
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the discretization process. One of the main benefits of using this approach is that it can provide consistent definition of 
the stratigraphic architecture without depending on any specific high resolution 3D grid (Caumon et al. 2004; Ross et al. 
2005). This is a critical point since a detailed geometric definition of the stratigraphy can be used without any internal 
mesh for visualization purposes or as the backbone for further discretization whose type and resolution are adapted to fit 
the specific needs of most applications (geostatistics, groundwater flow simulation, etc.) (e.g. Mello and Cavalcanti 2003; 
Ross et al. 2005). In the context of environmental assessments of military training ranges, two types of discretizations 
have been used: regular grids with cubic cells or voxels (Fig. 1c), curvilinear stratigraphic grids with hexahedral cells 
(Fig. 1 d) and semi-regular grids with prismatic cells (cf. Fig. 2b). In gOcad, the functionalities are much more extended 
for the first two types of grids which are used for various geological analyses and for visualization. However, the third 
type of grids allows better interactions with many flow simulators (e.g. Feflow, HydroGeoSphere) that are based on the 
finite element approach.  

 

Figure 1: The gOcad geomodeling approach. A framework model (a) consisting of interlocked 
discontinuous surfaces representing the stratigraphic boundaries is used as a common frame for 
generating a 3d representation (b) and various grids (c, d). The grids are necessary to model the 
internal properties of geologic units (Modified from Ross, 2004). 

5. INTEROPERABILITY WITH GROUNDWATER FLOW MODELS 

Geologic and hydrogeologic models are still generally weakly linked. Geologic models often contain geometric 
complexities that have to be simplified or removed for the purpose of hydrogeologic modeling unless the models were 
built just for that purpose; but then they lack the stratigraphic details that might be crucial for other applications. In 
addition, the structure of the geologic model may not be appropriate or compatible with the adopted numerical modeling 
strategy.  For instance, a geologic survey may release a geologic model with a regular grid discretization, whereas a 
subsequent hydrogeologic modeling project may require a semi-regular grid structure with different model boundaries. In 
fact, most of the time grids are built to fit very specific needs that changes over time (e.g. densification of the mesh 
structure around a new well field). Geologic models have to allow for this flexibility. We have worked on this issue by 
improving the linkages between geologic models and hydrogeologic models. The goal was to develop a procedure or a 
tool that would allow a common framework model (Fig. 1a) to be efficiently partitioned and transferred to a specific 
groundwater flow modeling package. The challenge is to transfer information from a geologic model not only to various 
regular grids but also to semi-regular grids. A research plug-in (GridLab) developed by the Gocad Research Group 
(Grosse et al. 2003) was used to test one interoperability approach. A semi-regular 3D grid was generated by extruding 
2D triangular meshes along a field of pillars oriented in the vertical dimension to generate columns of 3D prismatic cells 
(Fig. 2b). The resulting grid was a replica (later referred to as the “twin” grid) of the grid to be used by the flow simulator 
(HydroGeoSphere). The latter will be referred to as the “original” grid and was built using GMS, a pre-processor for 
groundwater flow modeling. To generate the “twin” grid, triangulated surfaces were first provided with the same 
horizontal mesh structure as the original grid. At this stage, software interplay was facilitated due to similarities between 
GMS and gOcad file formats for triangulated surfaces. Stratigraphic information in 2.5D can indeed be quickly transferred 
back and forth between gOcad and GMS. However, the data structure of the “twin” grid is different from the data 
structure of the original grid complicating the transfer of 3D information. Unfortunately, import/export filters do not yet 
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allow direct translation of these particular data structures. A solution was first developed using the software Access 
(Microsoft). The data structures of the different grids were partitioned into different tables and cell or element 
correspondences were determined from one grid to the other through database queries. In the end, a table was created 
which provided a list of GMS element numbers and corresponding property value. That allowed for correct property 
transfer from the gOcad grid to the GMS grid in just a few steps (Ross et al. 2005). In a second attempt, an interface 
(GOGMS) was developed to streamline the process (Fig. 3). The results are very promising but the interface works only 
in combination with gOcad PGrids which are not available in the regular commercial package. 

 

Figure 2: (a) A geomodel discretized into a curvilinear grid representing the near-surface geology of 
the Wainwright Area Training Center, AB. (b) The first layer of the semi-regular grid with the 
transferred facies information. 

6. AQUIFER VULNERABILITY AND RISK ANALYSIS 

The method that has been chosen to map aquifer vulnerability to contamination over the military training ranges can be 
applied directly to the 3D geologic models. The method described in more details in Ross et al. (2004a, 2004b) relates 
vulnerability to the downward advective time (DAT) of transport of dissolved and persistent contaminants. Risk maps are 
also produced to take into account the various activities that take place on training ranges. A classification index was 
developed to evaluate the potential risk of contamination of surface and groundwater according to parameters such as 
quantity, toxicity, solubility and environmental persistence of the possible contaminants released for each activity (Parent 
et al. 2007). We are currently developing a management tool that would fully integrate the groundwater hazard analysis 
and the vulnerability assessment. Maps showing the risk to aquifer contamination associated to current land-use will be 
drawn combining the risk-classification index and the vulnerability map defined with the DAT approach. This 
management tool will be useful to evaluate whether the current land-use of the training ranges has a potential to 
contaminate groundwater. If so, it will be used to help determine what changes should be made to reduce this risk. 

7. CONCLUSION 

The potential contamination of groundwater by energetic materials and heavy metals can potentially threatens the 
sustainability of military training ranges. A large environmental assessment program is underway in Canada to evaluate 
the current state of the environment over several military training ranges and to develop tools and standard procedures 
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to improve the assessment methods and better understand the behavior of energetic materials and related compounds 
in soil as well as in surface and ground waters. This includes developing approaches and tools to build geomodels that 
can be readily used for multiple hydrogeological applications including groundwater flow and contaminant transport 
modeling as well as aquifer vulnerability and risk to contamination mapping. Furthermore, tools and techniques have 
been developed to allow interoperability with the most important applications in a flexible and efficient way. However, a 
number of stumbling blocks still lie along the way and new development needs to be made to ensure that the achieved 
level of interoperability with hydrogeological applications is not going to be lost because of e.g. software upgrades. 

 

 

Figure 3: The GOGMS interface used to automatically transfer the properties of the gOcad “twin” grid 
to the “original” GMS grid. The transfer is achieved one grid layer at a time. The whole transfer takes 
a few seconds to a few minutes depending on the size of the files and the capacity of the computer. 
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WEB BASED MAPPING THE PUBLIC DEMAND FOR DATA 
ACCESSIBILITY AND VISUALIZATION 

Hazen A.J. Russell, David R Sharpe, Boyan Brodaric, Eric Boisvert, and Charles Logan 
Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario, Canada, K1R 7M7, hrussell@nrcan.gc.ca 

1. INTRODUCTION 

Many Canadian government agencies collect, analyze, and report on groundwater.  There is an increasing need for 
government agencies to work together to provide improved access, distribution, and viewing of data holdings.  Advances 
in web based mapping and data standards is making this progressively more possible (e.g. Peterson, 2003).  Using 
Canadian Geospatial Data Infrastructure (CGDI) technologies a start is being made to deliver a national scale web 
mapping portal with enhanced analytical tools to the Canadian public. This will enable user groups to improve the 
management of their water resources and contribute to enhanced decision support capabilities.  It will also permit access 
to online data by non GIS specialists or in settings where expensive GIS software is not available.  This is seen as the 
first step in developing a more complete web mapping portal to the National Groundwater Database at the Geological 
Survey of Canada. 

The current development is in partnership with various provincial and watershed authorities. The project has four 
principal thrusts 

 
i. Data exposure - data providers expose their information using CGDI services;  
ii. Content standards - registering these services against the data content standards of the National 

Groundwater Database (NGD);  
iii. CGDI standards - modifying existing NGD translation mechanisms to expose the data in standard GML-

based data format called Groundwater Markup Language (GWML); 
iv. Web application - a web application (with a commercial partner) will provide tools to cache, display, and 

analyze water well data and watershed information using the standard GWML format. 

2. DATA EXPOSURE AND CONTENT STANDARDS  

The National Groundwater Database (NGD) is a national information system designed to coordinate groundwater 
information holdings in Canada.  The NGD objective is to implement data management architecture and standards, to 
store and exchange groundwater information through internal channels and national initiatives, and to deliver information 
in a usable form to governments, educators, practitioners, and the general public.  This work will be completed within the 
broader framework of the CGDI. 

CGDI provides two principal services to users of online geospatial data.  Individuals with an internet connection can 
access location-registered databases throughout Canada, thus serving as a one-stop catalogue of geographic data.  
Second, CGDI standardizes the way information in many of these databases is stored, accessed, and presented online.  
These standards often comply with international standards and hence much of CGDI services are compatible with non 
Canadian sources. 

By applying CGDI standards, a consistent view of the data will be provided by the NGD through organization of the data 
into standard themes, layers, and features at three scales: national, provincial, and watershed.  The themes will consist 
of broad categories such as “groundwater quantity”.  Contributing agencies will then register layers and features, from 
their web services, into a particular theme at a specific scale; for example, a possible layer in the “groundwater quantity” 
theme might be “water well” which might contain features such as “monitoring well” and “production well”.  Layers will be 
served as WMS layers, and features will be served as WFS features.  The web application will consist of a suite of 
online-web tools for a range of national users, provincial agencies and groups of watershed organizations (Conservation 
Authorities).  
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The CGDI toolbox (data, standards, specifications, policies) is the foundation upon which the project is built. Data will be 
served by data providers using CGDI web service standards and specifications (WMS, WFS, GML).  These data will be 
registered with NGD against national content standards, so that NGD can dynamically translate the served data into 
standard themes, layers and features.  Standard themes will be represented as Web Map Contexts in conjunction with 
WMS services in NGD.  The themes will consist of standard layers, exposed via WMS. Each layer will be composed of 
standard features, described in GWML (Groundwater Markup Language) and served via WFS from NGD in response to 
filter queries. GWML is being developed formally as a GML application, indeed as an extension to the international 
GeoSciML standard, following Open Geospatial Consortium (OGC) guidelines for development of such community 
profiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Architecture of the groundwater mapping and analysis system. 

The system being developed aligns strongly with the three tiered CGDI architecture of data, services and applications, as 
shown in Figure 1:  

• Data: data will be held at source, where possible, by the original data providers. 
• Services: the geographically distributed data providers will serve data to NGD using CGDI-compliant 

web services, in local data formats; NGD will use CGDI-compliant web services to serve the data in 
standard themes, layers, and features, where the features will be represented in the GWML data 
format standard; NGD will also act as a central registry for the data. 

• Applications: the data will be registered with the GeoConnections Discovery Portal and other portals 
such as the National Atlas of Canada; the analysis tools that will be developed represent web 
applications that access the data directly via the content standards from NGD, or as an exception 
directly from the data providers.  
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3. WEB APPLICATION 

The Web Portal is an OGC compliant system that provides the core administration tools required to build and manage a 
discovery/analysis portal accessed concurrently by “private” contributors and public users.  The site runs on a redundant 
cluster of servers with individual pairs of nodes for load balancing, map rendering, spatial database operations, and 
network attached data storage (Figure. 2).  Database synchronization is enabled through sophisticated pooling 
techniques.  The portal allows OGC compliant WMS / WFS calls to serve data from its internal libraries to the client 
application – similarly it can be called to deliver rendered map images to other WMS compliant viewers. Styled Layer 
Descriptors are supported for serving maps or when fetching information from other WMS servers. Metadata is 
supported and viewable for each layer.  Results can be delivered to or from the client through GML/XML with filter 
encoding.  Although it has been significantly enhanced, much of the core platform utilizes OGC compliant open source 
components for rendering, database storage, administration, transactional queries and concurrency, spatial GIS 
operators, etc. 

The web browser application will provide a fast, full screen, GIS style web map service, allowing data to be displayed on 
standardized base data layers, including geo-codable street information.  Tools will permit dynamic map based queries 
and viewing of geographic data and document data.  Data analysis will include layered data simulating three-dimensional 
geological models, watershed characterization, monitoring, and time series data.  Queries will be able to analyze 
watershed thematic maps, construct subsurface cross-sections, boreholes graphs, and view historic time-series data.  
Users will be able to navigate and analyze map-based groundwater information using interactive flash layers, multiple 
levels of control, wizards, animation, and tutorials. 

 

Figure 2.  Example web mapping components.  

4. USERS 

Three types of GIServices can be identified in terms of different end users (Jiang, 2003): i) general public or novice 
users; ii) the domain specialists, i.e. professionals who collect, maintain and use geographic data in their professional 
work; iii) both novice and specialist users, for instance, in planning support systems. It is anticipated that users will be 
drawn from each of the three groups.  To-date the Canadian groundwater community has enunciated a number of user 
priorities within a national report on the state of groundwater resources in Canada (see section 7.3 in Riveria et al., 
2003), that include: 

• Increased web-based access to water well data and related information 
• Coordination of the accessible data within a national information network 
• Analysis and modeling tools to operate over the data to aid decision-making 
• Increased education, outreach and assistance to regional groups 

Of the three groups indicated above, project elements pertaining to data exposure, standards, and CGDI 
standards directly address interests of the GIS professional or groundwater researcher.  The visualization 
and analysis tools of the web mapping application will permit the public, the groundwater manager, and the 
researcher to view, query, and complete basic data exploration.  The immediate value for the ground water 
manager and researcher is the ability to view and interrogate data beyond the confines of expensive GIS 
software and without the aid of specialized GIS staff.  
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Ontario Source Water Protection Example: A key example illustrates the collective user needs. Ontario Ministry of 
Environment’s Clean Water Act directs local agencies (e.g. Conservation Authorities) to characterize land and water 
resources of all watersheds in Ontario.  They need to develop tools to access information for analysis and regulation 
under their Source Water Protection responsibilities.  The ability to store, access, display, analyze and update a 600,000 
well-water-record database is required in order to delineate the extent and vulnerability of all municipal wellhead areas, 
as well as sensitive and/or highly vulnerable recharge zones.  The generic business case of all users is to prevent 
another contaminated-well scenario like Walkerton.  This project will enhance the access, display and analysis functions 
required by the users in support of decision-making. 

It is anticipated that the system will evolve and will incorporate interactive map editing functions with on-map annotation 
and collaboration tools.  This will then allow project collaborators to send notifications attached to spatial objects so that 
multiple users can review and “discuss” geographic objects in map-space.   

5. ACKNOWLEDGEMENTS 

The internal review by D. Giroux and M. Pyne are much appreciated.  Contribution of the graphic in Figure 2 by P. Wyatt 
is much appreciated.  This work is funded through the Groundwater Program of the Geological Survey of Canada, Earth 
Science Sector, Natural Resources Canada. 

6. REFERENCES 

GeoSciML. https://www.seegrid.csiro.au/twiki/bin/view/CGIModel/WebHome 

Jaing, B., 2003. Beyond Serving Maps: Serving GIS Functionalityover the Internet. in Peterson, M. P. (ed). Maps and the 
Internet; Elsevier, 171-196. 

OGC. http://www.opengeospatial.org/ 

Peterson, M. P. (ed). Maps and the Internet; Elsevier, 471 p. 

Rivera, A., Crowe, A., Kohut, A., Rudolph, D., Baker, C., Pupek, D., Shaheen, N., Lewis, M. and Parks, K. 2003. 
Canadian framework for collaboration on groundwater. Geological Survey of Canada, Ottawa, Ontario, 55 pp. 
http://ess.nrcan.gc.ca/2002_2006/gwp/framework_e.php 

Zaslavsky, I., 2003. Online cartography with XML. in Peterson, M. P. (ed). Maps and the Internet; Elsevier, 171-196. 

 

https://www.seegrid.csiro.au/twiki/bin/view/CGIModel/WebHome�
http://www.opengeospatial.org/�
http://ess.nrcan.gc.ca/2002_2006/gwp/framework_e.php�


 67

THE DEVELOPMENT OF STANDARDS FOR 3D GEOSCIENCE MAP 
INFORMATION – WHAT’S NECESSARY? 

David R.Soller. 
U.S. Geological Survey, Reston, VA 20192, USA, drsoller@usgs.gov 

“…the [geologic] maps are designed not so much for the specialist as for the people, who justly look to the 
official geologist for a classification, nomenclature, and system of convention so simple and expressive as 
to render his work immediately [understandable]…” (Powell, 1888).   

These words eloquently expressed the purpose of geologic mapping and the need to clearly communicate to the public, 
and they are at least as true today as when they were written.  They serve as the guiding philosophy for the National 
Geologic Map Database project (NGMDB; http://ngmdb.usgs.gov), a Congressionally-mandated collaboration between 
the USGS and Association of American State Geologists (AASG). 

For the past decade, the NGMDB’s goal has been to help users find the information they need to address a variety of 
societal and research applications.  Society, businesses, and private citizens are not faced with simple, one-dimensional 
issues; in order for geologic information to be used, it must be presented in a readily comprehensible form that can be 
integrated with other types of information.  In other words, the presentation of geologic information must, to some extent, 
be standardized.  Geological surveys produce individual maps, reports, and datasets in a wide variety of formats and 
layouts, each containing specialized scientific terminology.  Without a doubt, these have proven immensely valuable to 
our users.  With this in mind, the NGMDB project has been a leader in geologic map standards-development efforts that 
include: 1) the FGDC Geologic Map Symbolization Standard, 2) the North American Data Model’s (NADM) Science 
Language, 3) the NADM Conceptual Data Model, and 4) the IUGS-sponsored data-interchange format “GeoSciML”.  
These standards are being developed through the efforts of many hundreds of geologists across the world, which helps 
to ensure their adoption.  A debt of thanks is owed to these individuals and agencies, who contributed so significantly to 
these activities. 

Historically, geologic map standards have addressed the portrayal of two-dimensional information, and the management 
of that information in databases.  Can these standards be applied to 3D geologic map information?  Is that necessary?  
In my opinion, the answers are: 

these standards can be extended to address the demands of 3D information; this work is underway now, and is briefly 
outlined in a previous Workshop in this series (Soller, 2004), and, to echo Powell’s quote, it is indeed necessary to strive 
for a standardization of 3D information, especially given its clear and immediate relevance to a broad range of societal 
issues. 

Without question, standards are most effectively developed through consensus among scientific and technical experts, 
as opposed to a “top-down”, directive-based approach.  For the past 12 years, the AASG/USGS-sponsored National 
Geologic Map Database project has used a consensus-based approach to standards development (see 
http://ngmdb.usgs.gov/Info/standards/ for a partial list of the standards-development activities that the NGMDB has led or 
been involved in).  The technical discussions held during the 11 annual Digital Mapping Techniques Workshops (see 
http://ngmdb.usgs.gov/Info/dmt/) have been an invaluable aspect of this effort; those workshops have served to expose 
to public debate numerous ideas for technical and science standards, and have resulted in significant convergence in 
techniques, guidelines, and standards among the Nation’s geological surveys. 

This Workshop on 3D geologic mapping offers the NGMDB project an excellent opportunity to extend those discussions, 
and to identify prospective standards and guidelines that are most relevant to the collection, management, visualization, 
and dissemination of 3D map information.  Specifically, can we identify standards or guidelines that would improve your 
ability to create 3D geologic maps and related products, and improve your user’s ability to understand and use these 
products? 
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QUATERNARY SEQUENCE GRID-BASED HYDROSTRATIGRAPHIC 3D 
MODELLING BY THE RELATIVE METHOD, CHÂTEAUGUAY RIVER 

WATERSHED, QUEBEC 
 
Tommy Tremblay1, Miroslav Nastev2, Michel Lamothe1 
1UQAM, Département des Sciences de la Terre et de l’atmosphère Case postale 8888, Succursale Centre-ville, Montréal (Québec), 
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1. INTRODUCTION 

A grid-oriented technique has been developed in order to build a 3D hydrostratigraphic model of the Quaternary 
sediments overlying a regional fractured rock aquifer, in the area of Châteauguay located south of Montreal, Quebec, 
Canada. It is part of the St-Lawrence Lowlands, a topographical lowland underlied by Paleozoic sedimentary rocks. It is 
based on the integration of the surficial sediments map and borehole logs with the use of GIS and grid-calculator 
software (such as Mapinfo and Vertical Mapper). The applied methodology focused on the estimation of the thickness of 
the stratigraphic units rather than of the elevation of the contacts. First, a regular grid was generated over the study area 
with 30x30 m cells. The bulk thickness of the Quaternary sequence for each grid cell was computed as the difference 
between the terrain digital elevation model and the rock surface krigged over more than 5000 drillers’ logs available. A 
new computation method for the estimation of the discrete thicknesses is presented: the relative method in which the 
thickness is computed as a fraction of the bulk thickness. A more detailed perspective on this new 3D modelling 
technique is presented will be presented in Tremblay et al. (in prep.). 

2. QUATERNARY GEOLOGY 

The Quaternary unit distribution and stratigraphy (presented in Tremblay et al, in prep.) has been defined in detail by 
previous studies (LaSalle, 1981 and 1985; Richard, 1982; Tremblay and Lamothe, 2005). Relatively complex, it required 
a simplification in order to be used for the generation of the 3D geologic model. It begins by a  sequence of glacial 
sediments (T) characterised by three major units (Till A, middle-till complex and Till B). Glaciofluvial sediments a found 
occasionally over the till unit. They comprise ice-contact sand and gravel (Gx) and outwash fan silt and sand (Gs). A 
combination of  glaciolacustrine sediments mainly consist of rythmic sand, silt and clay and silty clay marine deposit (Ma) 
occur in a continuous sequence on top of the glacial/glaciofluvial sediments, and fills most of the major valleys located 
under 50 masl. Marine littoral sand and gravel (Mb) were deposited during the recession of the Champlain Sea. 
Lacustrine silt (La) is found in the area north of Huntingdon and St-Rémi in thin, generally less than 1 meter thick veneer. 
It was deposited after the Champlain Sea water level, below about 52 masl, when the fresh water Lake Lampsilis 
replaced the marine salt waters. Organic sediments (O ; peat, gyttja) are mainly present in the Ste-Clothilde area, on the 
Rocher (north of Covey Hill) and north of Ormstown (Small and Large Tea Fields). 

3. AVAILABLE DATA  

At the beginning of the 3D modelling process, existing data from various sources were combined with data collected 
during this study and compiled in a common database. GPR (ground penetrating radar) surveying was conducted at 25 
locations with granular or organic sediments. Seismic reflection surveying (Hunter et al. , 2006) was undertaken at 4 
locations to study the spatial extent of glaciofluvial sediments located stratigraphicaly underneath marine clays, these 
may be of relatively important thickness commonly reaching 15 m. A percussive portable drilling device (Pionjär) was 
used at over 30 locations for easy drilling in relatively soft materials such as silts, clays or non-gravely sands. The usual 
clay thickness of 6 to 10 m was encountered at short distances, usually 100 to 200 m, from the till contact. This finding 
allowed for the reconstruction of the relatively steep geometry of the drumlin/clay contact. Under peatlands, the clay 
thickness reaches up to 8 m. 

The existing borehole database include the drillers’ logs database of the Quebec Ministry of Environment provided 
numerous but generally poor quality data and inconsistent well logs of surficial sediments (4880 locations). Boreholes 
data from various public (163) and private reports (over 247) provided also a considerable amount of information. 

Rock outcrops data is important for accurate assessment of the rock surface and thus for the bulk thickness of the 
Quaternary sediments. Numerous locations where taken from the existing bedrock maps (Globensky, 1981, 1986). 
Additional information was obtained over field cartography and air-photo interpretation program.  
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4. METHODOLOGY 

4.1. The relative method technique 

The relative computation method was developed in the scope of this study (Figure 1). It is based on the computation of a 
relative ratio (k) defined as the ratio between the thickness of an overlying unit A and that of an underlying unit B. The 
ratio k’ is first computed at borehole locations with known thicknesses (TA’ and TB’) of units A and B. 
 

B'
A'

T
Tk='       (1) 

 

Figure 9. Exemple of relative calculations versus absolute calculations for unit thickness in the case 
of varying total sediment thickness (Ttot).  See text for explanations. Beforehand, note that Ttot is 
calculated before the individual stratigraphic unit thickness calculations, from borehole data 
sometimes indicating only the total sediment thickness. This first explains why the depth to bedrock 
is varying greatly. Another borehole data, containing only information related to Ttot, could be 
located on the bedrock high, explaining the variation of the depth to bedrock. 
In this example, sediment A could be Ma (marine clays) and sediment B could be Till;  these two 
sediments are the most important in term of volume for the Châteauguay 3D model. 

The ratio k’ is extrapolated over the study area, giving ratio k, used to define the unit A and B calculated thickness (TA 
and TB), where only the total sediment thickness is known.  
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The total sediment thickness (Ttot) is defined as the difference between the terrain and bedrock surface elevations. It can 
be calculated the interpolation of the total sediment thickness of the available 3D data (borehole, geophysics and 
bedrock outcrops) or by the subtraction of the interpolated rock surface (from xyz locations of the available 3D data) to 
the DEM . Knowing that at this point the total sediment thickness is  

 
BBBAtot TTkTTT +=+=      (3) 

then, 
 

( )1+= kTT Btot  
(4) 

 

( )1+= kk
TT Atot  

 

Finally, the discrete thicknesses of the stratigraphic units A and B at the calculation point can be obtained as follows, 
 

totA Tk
kT 1+=      (5) 

and 
AtotB TTT −=      (6) 

 

In this way, the geometric relationships between two layers are used rather than the measured thicknesses for the 
extrapolation in areas where no information exists. The relative computation method reveals to be a powerful tool as, in 
most cases with rugged terrain and non-uniform rock surface where the variation of the total sediment thickness is 
important, this method avoids the possible overlapping of the upper and lower contacts. It thus provides satisfactory 
results in the vertical dimension, in a short time, and in accordance with the surficial maps. This is not the case with other 
methods, e.g. absolute method, where any attempt to define contacts in such situations will result in overlapping contacts 
(Figure 1). If it would occur very frequently, like in Chateauguay area, correcting such situations afterward would requires 
time consuming manual operations.  

4.1. The absolute method 

The absolute computation method was adopted from Rine et al. (2001). This method is intended to directly compute the 
thickness of a specific unit based on the interpolation of the existing (absolute) values of the thickness data (boreholes, 
geophysics profile, etc.). In this study, this method was used for the computation of the thickness of the organic 
sediments, as the existing data was fairly accurate and widespread and the thickness itself was relatively constant. 

 

Figure 2. Creating sublayer (D) within another layer (A).  In this example, layers A and B are 
respectively marine clays (Ma) and till. From layer A is created sublayer D (Marine littoral sands), 
with remnant sublayer C (marine clays). 



 72

   

Figure 3.  Resulting thickness grids created 
by 3D modelling with relative calculation 
method. T(m) is thickness, in meter. a) till; 
b) esker sands and gravel (Gx); c) esker 
sand and silts (Gs); d) marine clays (Ma); e) 
marine littoral sediments (Mb); f) lacustrine 
silts (La); g) organic sediments(O). 

10 km 
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4.2. Creating a sub-layer within another layer 

This operation is used to sub-divide a layer, usually the overlying layer A, into two different superposed layers (Figure 2). 
The relative computation method is applied for this operation within layer A rather than taking into account the bulk 
thickness of the Quaternary sediments. Following the creation of the layers A and B with the standard procedure 
explained earlier, a sub-layer D is defined in the upper portion of the computed thickness of the layer A. The remaining 
basal part of the layer A is identified hereafter as sub-layer C. The ratio between layers C and D (k = TD/TC) is computed, 
using the standard combination of the 3D database and by adding control points where needed. The value of TD is 
calculated with the equation: 

 

   
AD Tk

kT 1+=
     (7) 

 

The value of TC is then calculated with this equation: 
 

   TC = TA -TD     (8) 
 

This method can be used for example for representing the occurrence of regressive sands (Mb) over marine clays (Ma).  

In the generated 3D model, the maximum number of layers occurring at the same stratigraphic column was four. It can 
be difficult to exceed this number of layers, due to the complexity of the calculation. 

 

Figure 4.  3D fence diagram showing stratigraphic relationships between Quaternary sediments. This 
figure was created in vectorial 3D modelling software Gocad from 3D ASCII XYZ unit top surface grid 
exported from Vertical Mapper. 
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5. RESULTS AND DISCUSSION 

The considered simplified Quaternary stratigraphy (Figure 3 and 4) consisted, from top to bottom, of : organic (peat), 
alluvium, lacustrine, aeolian, coarse marine, marine clay and fine silt, fine sandy and silt y glacio-fluvial, coarse sandy 
and gravely glacio-fluvial, and glacial (silty clayey till). At locations with missing stratigraphic data, the borehole logs 
datum was improved with the addition of control points representing the anticipated variation of the successive layers. 
The relative computation method gives concordant results for various stratigraphic conditions and allows coherency with 
the geological 3D data. The spatial distribution of the modelled units respected fully the surficial sediments map and 
contacts. The relative computation method is also time efficient and appropriate for users with average knowledge of 
GIS. Its simplicity prevails for Quaternary contexts mainly composed of relatively flat-lying sediments with well defined 
stratigraphy. The difficulty increases dramatically where data is sparse and the number of superposed layers increases 
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GEODATABASE AND HIGH-RESOLUTION GEOLOGIC MAPPING IN THE 
PUGET LOWLAND, WASHINGTON 

Kathy Goetz Troost and Aaron P. Wisher  
Pacific Northwest Center for Geologic Mapping Studies, University of Washington, Seattle, WA, USA, ktroost@u.washington.edu 

ABSTRACT 

The Pacific Northwest Center for Geologic Mapping Studies (GeoMapNW), a research center within the Earth and Space 
Sciences Department at the University of Washington, develops and conducts high-resolution geologic mapping,  
informed by a database of geotechnical boreholes.  These maps, database, and derivative products, currently available 
for the Seattle area, constitute one of the most comprehensive set of geologic information available for an urban area in 
the U.S. and as such provide the basis for detailed seismic shaking maps, landslide hazard maps, groundwater studies, 
engineering studies, transportation planning, and geological hazard assessments.  GeoMapNW also conducts geologic 
research fundamental to understanding our earth materials and maintains an outreach program for technical and lay 
audiences.  All data maps, and 3-D visualizations are available through the internet and are heavily used by government 
and private parties alike. 

1. INTRODUCTION 

Geologic maps are the foundation for making geologic hazard maps.  They are also the foundation for making landslide 
hazard maps, building surface-water and groundwater models, evaluating infiltration and contamination, finding natural 
resources, and determining strength of earth materials.  When we combine geologic maps with subsurface databases we 
then have the ability to: evaluate aquifer susceptibility to contamination, find earthquake faults, and make earthquake 
shaking maps.  Geologic maps are THE initial and fundamental source of information used by engineers and planners to 
find sites for new buildings, highways, tunnels, sewage treatment plants, and critical facilities.  If the maps are wrong, 
then the basis for initial site selection may be wrong.   

GeoMapNW recently developed high-resolution geological mapping techniques that allow users to view the geology of 
Seattle and Mercer Island in 3-D, at the scale of a city block, and even look beneath the ground.  These techniques and 
products were developed in collaboration with the City of Seattle and Mercer Island and the U. S. Geological Survey 
(USGS).  With detailed geologic maps, detailed hazards maps, like seismic shaking and landslide probability maps, have 
been developed that are extremely beneficial for mitigation planning and emergency response.  The cities have been 
able to assess the vulnerability of their utility lines to earthquake shaking by using the subsurface database and new 
digital geologic maps.  More importantly, the cities use the maps and database daily to provide baseline information for 
permit evaluations, development planning, and as a basis for critical areas ordinances.  Professional geologists and 
engineers rely on these products for their basic understanding of ground conditions.  

2.  STAKEHOLDER NEEDS 

Communication with stakeholders is an integral part of the research Center for several reasons including:  our goals of 
making useful maps and making a contribution to society, and obtaining funding.  So who are the stakeholders and what 
do they need?  The stakeholders are simply the users and funders of the maps and geodatabase.  If the fundamental 
geologic information is obtained, then many products can be produced that will satisfy multiple users’ needs.   

The stakeholders need:  high-resolution geologic maps; derivative maps; subsurface maps and models; easy-access-to 
maps, data, and queries, and help using the maps and data.  They need geologic products that will help them with policy 
and review.  They need “Best Available Science”, help with critical areas ordinances, help defining aquifer recharge 
areas, and help with mitigation.  In the Pacific Northwest, most stakeholders are asking for two types of derivative maps:  
infiltration/groundwater and geologic hazards.  For any jurisdiction within the state of Washington, the Growth 
Management Act dictates that Geologic Hazards be addressed.  Therefore, maps showing hazards from tsunamis runup, 
liquefaction, fault rupture and earthquake shaking, landsliding, seiche impacts, and volcanic effects are desired.  For 
groundwater and surface-water evaluation purposes, aquifer mapping, locations of possible groundwater surface-water 
interactions, aquifer susceptibility to contamination, and infiltration mapping are required.  For land-use planning and 
redevelopment, maps showing infiltration potential, critical areas (geologically hazardous areas), and geology by strength 
of material are requested.  Often, making these maps available is the key to winning partnerships.  With high-resolution 
geologic maps, having a sububsurface database by definition, means that these products are all easily obtained. 
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Figure 1. (A) Status of database with locations of boreholes (small dots) . (B) Status of high-
resolution geologic mapping 

3.  GEODATABASE  

The geodatabase has grown well beyond the city limits of Seattle, the first area to be mapped.  Figure 1 shows the 
extent of coverage of the subsurface database that is used to support the high-resolution geologic mapping and the 
extent of completed and in- progress mapping.  The database contains approximately 76,900 boreholes, most of which 
are geotechnical boreholes (52%), many are test pits (39%), only 6% are water well logs, and less than 2% are CPTs, 
probes, and vactor holes.  All of the layer data have been entered for the boreholes and the material descriptions are 
parsed for normalization since the database contains logs from 475 unique authors.  Seventy percent of the boreholes 
are less than 8 m in depth, but over 5000 boreholes are over 35 m in depth.  In highly populated areas, the average data 
density is 116 points/km2 (300 points/mi2) like shown in Figure 2.  In rural areas, the average data density is 20 
points/km2 (50 points/ mi2).  Geotechnical boreholes are obtained from publicly available sources, such as building and 
transportation departments.  Some consulting firms have offered and even provided copies of their report files. 

4. HIGH-RESOLUTION GEOLOGIC MAPPING 

The geology of our region hasn’t changed but our ability to interpret the geology, find geologic information, and depict the 
geology on maps has improved tremendously.  Many of Washington’s urban areas were mapped decades ago at small 
scales (large areas, but less detail) and those geologic maps don’t show any faults.  Today we know of 12 active faults 
just in the Puget Lowland and none of these are shown on the geologic maps, until the most recent of maps, those with 
2005 or younger publication dates. 
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I 

Seattle and Mercer Island were recently remapped using high-resolution geologic mapping, conducted in collaboration 
with the City of Seattle City of Mercer Island and the USGS to provide the basis for new hazard maps for the City to 
mitigate and reduce costs from geologic hazards.  This technique has resulted in a reclassification (new geologic unit 
assignment) over as much as 50 to 70% of the land area.  High-resolution geologic mapping consists of:  building a 
subsurface database of geotechnical boreholes and water wells (example map at left), new field mapping, integration 
with geophysical findings, and making a large-scale digital geologic map integrating all these data.  
 

In Seattle the differences between the pre-existing geologic map (1962) and the new map (2005) are striking, Figure3.  
By comparison to the old map, the new map has:   

• 22% more land area potentially susceptible to ground failure from earthquake shaking 
• 28% more sandy ground (28% less clayey ground), more places where water (and contamination) could 

potentially infiltrate into underlying aquifers (map next page) 
• 9% land area mapped as landslide debris, none was mapped before 
• the Seattle fault zone 
• 51 geologic units or layers, the old map had 18, nearly 3 times the geologic units 

The types and degree of changes seen on the new Seattle map are consistent with the changes seen on all of the new 
high-resolution geologic maps completed thus far.  The old maps are being replaced with new digital geologic maps 
showing much greater detail, more sandy ground, more landslides, ability to show landfill areas, mapping geologic 
materials beneath filled areas, delineating more peat bogs, and more ground susceptible to failure during an earthquake.  
These types of map changes have prompted many other jurisdictions to be interested in having a high-resolution 
geologic map and geodatabase for their city/county.   

5. 3-D MODELING AND VISUALIZATION 

3-D visualization and subsurface modeling are essential tools for stakeholders.  Here an image of Mercer Island shows 
how 3-D visualization helps with interpretation and explanation (Figure 4a).  The boreholes can be viewed in 3-D as well, 
(Figure 4a)  Digital geologic maps can be easily converted and added to Google Earth and Microsoft Virtual Earth for 
internet browsing, tilting, and rotating (Figure 4c).  

 

Figure 2  Example of database 
coverage for northern Mercer 
Island:  circles = boreholes, circles 
with dots = field exposures, 
squares = test pits, half black 
circles = water wells.  
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Figure 3. Geologic map from Troost et al., 2005.  Warm colors=post glacial and recessional outwash deposits, 
purple=till and till-like deposits, light blue=advance outwash, greens=older glacial and interglacial deposits, 
red=bedrock 

 

6. DERIVATIVE MAPPING 

As important as detailed geologic maps are, the most helpful maps for many stakeholders are derivative maps.  They 
want maps that are interpretive in nature; maps that can be used directly for land-use planning, policy making, or 
emergency response planning for example. 

The Pacific Northwest Seismograph Network, with the USGS and Washington Geological Survey, has developed a high 
resolution ShakeMap using the high resolution geologic map of Seattle and there is interest in improving the validity of 
ShakeMap for  the rest of the urban corridor beyond Seattle.  ShakeMap Seattle relied on another derivative map that 
shows the depth of glacially-overridden deposits, or depth of the strong ground, Figure 5a.  In addition to SHakeMap, the 
USGS was able to produce a set of acceleration maps for Seattle, part of the seismic hazard maps for Seattle, Figure 5b. 

One of the most requested maps in the Pacific Northwest is one showing infiltration potential because of the amount of 
development, heavy rainfall, the need to address surface runoff, and the issues surrounding salmon.  An example from 
Seattle is shown as Figure 6. 
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Figure 4. (A) View south of Mercer Island geology. (B) Boreholes in database, looking south along I-
90 on Mercer Island.  (C)  View of Seattle geologic map projected in 3-D in Microsoft Virtual Earth. 

7. CONCLUSIONS AND GOALS 

Having high-resolution geologic maps and an active outreach program has elevated the general understanding of 
geology in our region.  Having web access to boreholes and geologic data has also been a factor in raising the bar in the 
quality of the geologic reports in our region.  So, we (the collective we) know we are doing something right.  We must 
continue to partner with our stakeholders to provide useful maps and products that will benefit society, our ultimate 
users. We must provide continuing support for those products via education, web access, and finding better ways to 
display our data.  Future efforts must look toward developing user friendly, inexpensive 3-D visualization and interactive 
tools for the internet.  And we must combine efforts to develop repositories for all types of borehole data. 
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Figure 5. (A)  Map showing depth to glacially-overridden deposits, obtained from the geodatabase. 
(B)  Urban amplification map for Seattle, an example of a derivative map product. 

 

Figure 6.  Change in preliminary infiltration based on surficial geology  from the 1962 and the 2005 
maps. 
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A REVIEW OF GEOLOGICAL MODELING 
A. Keith Turner1 and Carl W. Gable2 
1Colorado School of Mines, Golden, CO 80401, USA, kturner@mines.edu;  2Los Alamos National Laboratory, Los Alamos, NM 87545, 
USA. 

1. INTRODUCTION 

Over the past two decades, a series of sophisticated three-dimensional modeling technologies – collectively identified as 
Geoscientific Information Systems, or GSIS – have been developed to address the need for a precise definition of 
subsurface conditions (Turner, 1991).  Geological modeling requires the extension of traditional GIS methods (Turner, 
2000; 2006) and the modeling process remains technically challenging.  Geologists have always recognized the need to 
view the world as multidimensional.  The requirements for subsurface characterisation and modelling may be defined as 
follows:  “The industry requires a system for interactive creation of spatial and spatio-temporal models of the physical 
nature of portions of the Earth’s crust. i.e., the capability to effectively model & visualise: the geometry of rock- and time-
stratigraphic units, the spatial and temporal relationships between geo-objects, the variation in internal composition of 
geo-objects, the displacements or distortions by tectonic forces, and the fluid flow through rock units.”  (Kelk, 1991).  
Interpolation between widely spaced filed observations requires geological knowledge to successfully replicate actual 
geological environments.  Iterative methods involving assessments and progressive refinements add considerable time 
and cost to the creation of subsurface models (Turner, 2006). 

Unlike the older resource-industry-based user-community, many of today’s potential users of GSIS models and 
visualizations cannot interpret basic geoscience data or evaluate the merits of alternative interpretations.  They may be 
unable to distinguish between theories and facts.  In short, these new users clearly desire “solutions, not data” and 
“information in understandable form” (Turner, 2006).  Users can be classified in terms of their information acceptance 
capabilities as "Thick" or "Thin" clients.  A "Thick" client is one that can accept and interpret or evaluate great deal of raw 
data; a “Thin” client is a relatively unsophisticated user desiring  relatively simple, concise answers. 

2. THE GEOLOGICAL MODELING PROCESS 

Figure 1 illustrates the steps in a typical geological modeling process.  Raw data collected from various sources can be 
considered as two types – spatial data and properties data.  The spatial data are used to create a 3-D geometry model, 
shown on the left-hand side of Figure 1. Geometry modeling involves two steps – first the development of a suitable 
geometric representation of the fundamental geological “framework,” and subsequently the subdivision, or 
“discretization” of this framework to provide control for the analytical computations within the numerical models used in 
the predictive modeling.  The horizontal arrow linking the discretization and analytical modeling operations in Figure 1 
defines this linkage. 

 

Figure 1.  Overview of the Geological Modeling Process. 

mailto:kturner@mines.edu�
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2.1  The Geometry Model 

The development of a geometrically accurate representation of the geological framework, suitable for visualization, 
serves to define and control the spatial distribution and propagation of rock-properties required by modeling.  Framework 
definition is accomplished by applying a variety of data types, including (a) borehole and isolated sample data, (b) 
surfaces (triangle, quadrilateral, NURB), (c) 2-D grids and meshes, and (d) a variety of iso-volumetric models created 
from multiple surfaces, cross-sections, and grids and meshes. 

2.2  Stratigraphic “Layer-cake” Models 

Sedimentary geologic environments are modeled by creating surfaces defining the strata interfaces, stacking the 
surfaces in stratigraphic order, and subsequently defining the zones between surfaces as geologic units.  Construction of 
individual surfaces generally proceeds by one of three methods: 1) using the borehole observations to create a triangles 
defining a surface, 2) applying surface generation and contouring procedures to borehole observations, or 3) developing 
a series of interpretive cross-sections between boreholes.  Regardless of the method used, several problems remain.  
Surfaces created independently may intersect each other in geologically impossible situations.  Careful review and 
editing of all surfaces is usually required to allow for areas of erosion or non-deposition.  While creating volumes that 
accurately represent the location of known surface contacts is important, a difficult but equally important step is deciding 
where the zero contour isopach of a stratigraphic unit is located. Since some software systems require all surfaces to 
exist across the entire model domain, surfaces must be extended with “zero-thickness” units, which in turn cause 
problems in ensuring correct displays. A limitation of this approach is that geometry can only be represented by single 
valued functions, z(x,y). 

2.3  Non-stratigraphic models 

Regions with complex geological structures, or without layered sequences, must be modeled using other techniques.  
One approach is to develop a series of complex shapes enclosing volumes derived from a series of interpreted cross-
sections.  The individual volumes must share common bounding surfaces so that there are no voids or overlapped 
volumes. Several mining GSIS products provide such model building capabilities (Houlding, 1994).  An alternative 
approach begins with an entire regional volume and then progressively subdivides it into regions with a series of 
intersecting surfaces that represent major discontinuities such as shear zones or faults.  Figure 2 demonstrates this 
concept know as Constructive Solid Geometry (CSG).  The various regions may be considered as having distinct 
material properties with oriented anisotropies or gradients, while the discontinuity surfaces may also be assigned widths 
and unique properties. A limitation of this approach is that all geometry must define closed , air tight volumes. Non-
manifold geometry, such as a fault plane that terminates within a volume or a well bore represented as a zero volume 
line, cannot be represented. 

 

Figure 2.  Model construction by constructive solid geometry.  (Carl Gable, Los Alamos National 
Laboratory) 

2.4  Modeling Faults 

Rock strata on opposite sides of a fault may have similar or different thicknesses and characteristics depending on the 
type of fault and the temporal relationships between the depositional processes and the faulting.  A number of modeling 
tools have been proposed to assist model creation under specific assumptions.  Faults may provide preferential conduits 
for fluid flow, or they may act as barriers to flow.  They typically add anisotropy to property distributions required by the 
numerical models.  Vertical, or nearly vertical, faults and nearly horizontal thrust zones can be defined by adding 
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additional surfaces to the existing stratigraphic models.  This increases the complexity of model creation, but otherwise is 
relatively straightforward.  Moderately inclined faults present greater modeling difficulties. 

2.5  Discretization 

Property distributions are generally modeled by applying discretization methods to subdivide the framework objects into 
a series of small elements. There is a considerable body of theory concerning the design and construction of meshes 
appropriate to different modeling requirements (Knupp and Steinberg, 1994).  There are two broad classes of meshes – 
structured and unstructured.  Available commercial GSIS products depend mostly on structured meshes.  While 3D 
models require volumetric meshes, the differences among the approaches are more easily illustrated by 2D equivalents 
(Figure 3). 

2.6  Structured Meshes 

A regular cellular mesh (Figure 3B) is the most common among commercially available GSIS.  A 3D volume is divided 
into discrete “volume elements”, or “voxels,” that are usually regular cubes.  Unless the cell dimensions are very small, 
important geometric details may be lost, but small cells produce extremely large model files. Quadtree hierarchical cells 
(Figure 3C) provide greater flexibility in adapting grid resolution to where it is needed. In 3D, the “octree” representation 
provides the same functionality.  Sedimentary strata typically are much more consistent laterally than vertically; thus, 
some commercial GSIS offer partly deformable “geocellular” voxels. 

 

Figure 3. A) Typical two-dimensional geological cross section – the rectangular region outlined is 
used to illustrate a variety of meshes in B-D.  B) Orthogonal cellular mesh. C) Quadtree mesh.  D) 2D 
Unstructured triangular mesh. 
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2.7  Unstructured Meshes 

Unstructured meshes (Figure 3D, 4) are not constrained by having to have a constant node and face structure, and can 
link with finite element models.  Three-dimensional unstructured meshes, based on tetrahedrons, hexahedrons, are 
particularly useful in modeling faults and fracture discontinuities (Figure 4).  This provides added flexibility during model 
development, but this flexibility comes at a price: added computational demands and more effort in model construction 
and requires use of sophisticated mesh generation software (Gable, et al., 1996). 

 

Figure 4.  A 3D unstructured mesh model of a faulted layered sequence. (Source: Carl Gable, Los 
Alamos National Laboratory) 

2.8  The Predictive Model 

The primary objective of subsurface geometry modeling is to provide geometric controls and property distributions for 
some type of numerical modeling, and the purpose of this analytical modeling is prediction.  The right-hand side of Figure 
1 identifies this predictive modeling step.  Prediction has an extrapolative rather than interpretive character; thus it 
involves risk and uncertainty.  Prediction leads to decision-making.  Predicted results often require supporting 
visualizations and interpretations that can be presented to and used by the “customer” of the modeling results.  Both the 
geometry and predictive models are shown in Figure 1 as passing through visualization and interpretation to delivery to 
the “customer.”   

3. GEOLOGICAL MODELING WITHIN INFORMATION MANAGEMENT SYSTEMS 

Efficient delivery of modeling results, as well as effective modeling, depends on the use of sophisticated information 
management.  Relatively few documented examples of such integrated approaches exist.  Figure 5 illustrates the four 
basic components of an integrated geological data modeling and information management system.  The central technical 
core contains the technical tools supporting geological framework model development and numerical, predictive 
simulation modeling.  The technical core is surrounded by four supporting components.  The “infrastructure” component 
is required to keep the system operating smoothly. The workflow management component provides tools to access the 
technical core, including user interfaces, and also links to the risk assessment and decision support component that 
contains software tools for risk assessment and decision making.  The dissemination component manages the 
production and distribution of results generated by the system. 

 

Figure 5.  Integrated geological data and information management. 
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These concepts and requirements were used to develop a series of systems at Los Alamos and then further expanded to 
meet the requirements of the U.S. Geological Survey Death Valley ground water project (Rosenbaum and Turner, 2003). 

4. LOOKING FORWARD 

Turner and Rosenbaum (2003) discuss four major impediments to the greater use of subsurface geological modelling, 
based on deliberations during a conference sponsored by the European Science Foundation in 2001 (Rosenbaum and 
Turner, 2003).  These impediments are: 

• The lack of fully developed 3D and 4D oriented mathematical, cognitive, and statistical spatial analysis tools. 
• The inability of available systems to encapsulate the natural variability of geological features, or to represent 

and accurately depict uncertainties related to interpretation of spatial configuration or properties. 
• The broad lack of access to specialised tools for exploring and modelling geological systems.  Other than those 

developed for the oil industry; these are generally too expensive for all but a few organisations to procure. 
• The paucity of comprehensive examples that might overcome what may be termed 'geoscientific inertia'. Many 

geoscientists are aware of quantitative subsurface characterisation methods, but the majority do not embrace 
them because they have yet to be convinced that the investment in time, effort, and funds will yield a dividend 
or result in better science. 

5. REFERENCES 

Gable, C.W., Trease, H., and Cherry, T. 1996. "Geological Applications of Automatic Grid Generation Tools for Finite 
Elements Applied to Porous Flow Modeling," in Numerical Grid Generation in Computational Fluid Dynamics 
and Related Fields, edited by B. K. Soni, J. F. Thompson, H. Hausser and P. R. Eiseman, Engineering 
Research Center, Mississippi State Univ. Press. 

Houlding, S. W. 1994. 3D Geoscience Modeling Computer Techniques for Geological Characterization. Springer-Verlag, 
Berlin-Heidelberg, pp. 75-85, and pp.131-142. 

Kelk, B. 1991. 3D Modelling with Geoscientific Information Systems: The Problem. In: Three-Dimensional Modeling with 
Geoscientific Information Systems, [A.K. Turner, Editor], NATO ASI Series C: Mathematical and Physical 
Sciences, v. 354, Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 29-38. 

Knupp, P. and Steinberg, S. 1994. Fundamentals of Grid Generation. CRC Press, Boca Raton, Florida, 286p. 

Rosenbaum, M.S. and Turner, A.K., [Editors] 2003. New Paradigms in Subsurface Prediction. Lecture Notes in the Earth 
Sciences, Number 99, Springer-Verlag, Berlin, 397p. 

Turner, A.K., [Editor] 1991. Three-dimensional Modeling with Geoscientific Information Systems. NATO ASI Series C: 
Mathematical and Physical Sciences, v. 354, Kluwer Academic Publishers, Dordrecht, The Netherlands, 443p. 

Turner, A.K. 2000. Geoscientific Modeling: Past, Present and Future. In: Geographic Information Systems in Petroleum 
Exploration and Development [T.C. Coburn and J.M. Yarus, Editors], AAPG Computer Applications in Geology, 
Vol. 4, American Association Petroleum Geologists, pp. 27-36. 

Turner, A.K. 2006. Challenges and Trends for Geological Modelling and Visualisation, Bulletin of Engineering Geology 
and the Environment, Volume 65, Number 2, May 2006, pp. 109-127 



 86

 



 87

3-D MODELING OF GLACIAL STRATIGRAPHY USING PUBLIC WATER 
WELL DATA, GEOLOGIC INTERPRETATION, AND GEOSTATISTICS 

Erik R. Venteris 
Ohio Department of Natural Resources, Division of Geological Survey, Columbus, OH, USA, erik.venteris@dnr.state.oh.us 

ABSTRACT 

The three-dimensional (3-D) modeling of glacial sediments often requires the use of lithologic logs from public water well 
data. The interpretation of such data is difficult because data collection methods are not standardized among contributing 
drillers, and the sequence of recorded lithologies contains both stratigraphic and facies-scale information. Geostatistics 
coupled with interpretation are used in this case study to determine the most probable position of a stratigraphic surface. 

1. INTRODUCTION 

Three-dimensional models of glacial sediments are needed to support a wide range of applications, including 
groundwater simulations. The spatial distribution of hydrogeologic parameters such as saturated hydraulic conductivity is 
correlated to sedimentary texture and structure. The typical approach to 3-D modeling is to model a deposit as 
stratigraphic units and assign average hydrogeologic or other physical properties to each. However, when the purpose of 
the model is to support the simulation of fluid flow, previous work has shown that the modeling of both stratigraphic and 
smaller, facies-scale sedimentary packages is important. 

In this contribution, a 3-D geological model was created for the 1:24,000-scale Galena quadrangle, located on the till 
plain north of Columbus, Ohio. Lithologic logs from public water well data and a combination of interpretive and 
geostatistical analyses were used to create the model (which remains a work in progress). A nested approach to 
modeling is adopted. Stratigraphic layers are defined by the modeling of bounding surfaces using geologic interpretation 
and ordinary kriging. Facies-scale variability within the defined packages is then modeled using geostatistical simulation 
(Weissmann and Fogg 1999; Ritzi et al., 2000; Venteris, In press). Each stratigraphic unit in the model presented here 
will eventually be filled with facies models created by geostatistical simulation, with the spatial structural model being 
obtained from detailed borings, geophysical data, and outcrop models. 

Variability in sedimentary texture and structure occurs over a hierarchical range of scales; two are of interest in this study 
and are defined below: 

1. Stratigraphic-scale units. Gross depositional packages (till, outwash, lacustrine, etc.) or lithostratigraphic units 
(officially recognized formations, formal and informal units). Typical dimensions of such packages range from 
101 to 102 m in thickness and 101 to 104 m in lateral extent (dimensions are generally smaller for channel and 
valley deposits, and larger for till sheets and lacustrine deposits). 

2. Facies-scale units. Textural assemblages within stratigraphic units (e.g., sand lenses within tills, cross bedding 
and inter bedding of silt and clay in sand and gravel). Units typically range from 10-1 to 100 m in thickness and 
up to 102 m in lateral extent. 

2. STUDY AREA 

The Galena 1:24,000 quadrangle includes portions of Delaware and Franklin Counties in central Ohio (Figure 1), which 
is one of the fastest developing areas in the country. Reliable geologic information is needed to address the challenges 
presented by this growth. The processing of well data and geologic modeling is conducted within the context of the 
geologic history of the area. The Galena quadrangle is underlain by shales that are Devonian in age. Valleys were 
eroded into these shales by streams and rivers as part of the preglacial Teays drainage system, and were further 
modified by Pleistocene glaciations (ice flow direction mainly from the north to the south). A thick sequence of late 
Wisconsinan or earlier sand and gravels was deposited on this surface. These sands and gravels were eroded by 
subsequent incursions of the ice sheet, and a thick layer of late Wisconsinan till was deposited on top. The till is overlain 
in the stream valleys by late Wisconsinan sands and gravels and Holocene alluvial deposits. 

3. MODELING GLACIAL STRATIGRAPHY FROM WATER WELL DATA 

Most of the layers in the 3-D stratigraphic model (Figure 1) were sourced from existing GIS data. The bounding surfaces 
were created in ArcGIS software (ESRI) and combined into 3D visualizations using EVS Pro software (Ctech). The 
bedrock topography was modified by reinterpreting and updating a previous map (Powers and Swinford, 2004) with new 
well data. The digital elevation models were obtained from public sources (Delaware County, Ohio and USGS (for the 



 88

Franklin County, Ohio portion)). The study area contained two large reservoirs, so bathymetry data (Ohio Department of 
Natural Resources, Division of Wildlife) was combined with the other DEMs to complete the upper surfaces. The alluvial 
layer was interpreted from terrace elevations (due to poor well control). 

 

Figure 10. General 3-D model of the Galena 1:24,000 scale quadrangle. Elevations in the lower left of 
the model are in feet. Each tic mark represents 5,000 feet in horizontal distance. Vertical 
exaggeration is 10x. 

Mapping glacial sediments at depth is highly dependant on lithologic logs from water wells. In this study, water well 
records were obtained from the Ohio Department of Natural Resources, Division of Water. A limited amount of detailed 
engineering borings were also available from the Ohio Department of Transportation and Ohio Environmental Protection 
Agency, but were not fully captured at this writing. Interpreting the well data was difficult, as the surficial geology was 
complex, the number of wells was limited, and the lithologic records were highly variable in vertical resolution and 
accuracy. Errors and biases in water well data must eventually be identified and quantified using higher quality data, 
which are rarely available (e.g., engineering borings) or expensive (e.g., additional borings, geophysics analyses). 

Interpreting water well data involves removing erroneous wells and determining which layer boundaries represent local 
facies-scale features and which represent stratigraphic units that may correlate to adjacent wells. First, data that are not 
geologically plausible are removed. Next, elevations for the bounding surfaces of the stratigraphic layers are chosen for 
each well. Once the “picks” are made, various interpolation methods (computer or hand contouring) can be used to make 
continuous surfaces. However, even after filtering, well data often contain confusing and conflicting information on glacial 
stratigraphy. Models that obey elevations from the well data exactly often take on a “saw tooth” appearance that does not 
accord well with contact geometries seen in outcrops. In these cases, geostatistics (block kriging with nugget effect) can 
be used as an alternative approach, where each well’s data contribute to the model but the interpolated surface does not 
obey the well elevations exactly. An open question for debate is the value of obeying well elevations exactly when the 
inaccuracies and inconsistencies involved in using water well data are potentially large. 
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Figure 11. Water well locations, lithologies, and bedrock topography (in gray) for the Galena 1:24,000 
quadrangle. 

The suite of water well records in the Galena quadrangle contained much conflicting information and noise (Figure 2) 
requiring resolution. An initial review of the well data (Figure 2) clearly showed a predominance of clay in the upper 
portion of each well and that the probability of encountering a sand or gravel layer increased with depth. The data were 
analyzed to find consistent patterns in the occurrence of sand and gravel. The thicknesses of sand and gravel lithologies 
were summed for each well and posted to a map (Figure 3). An indicator kriging model that predicted the probability of 
the sum of sand and gravel exceeding 20 feet was created from this data (Figure 3). The analysis showed patterns that 
fit within the context of the geologic history of the area. Most of the wells in the upland areas lack sand and gravel, while 
sand and gravel is common in the valleys, with the thickest layers in valleys with an east and west orientation. It appears 
that the sand and gravel body was largely eroded from the uplands (or not deposited) and flow-parallel valleys, but was 
partially protected from glacial erosion in valleys oriented nearly perpendicular to the ice flow. 

The top of the basal sand and gravel layer was obtained for each well location where it occurred. The well records were 
searched from top to bottom using a FORTRAN routine that extracted the top of the first sand or gravel layer greater 
than 10 feet thick (to avoid sand lenses that are common in the till sheet). In addition, the tops of sand or gravel layers at 
the bottom of wells or directly overlying rock were also extracted regardless of thickness. The top surface of the sand 
and gravel layers was interpolated by kriging, and then elevations suspected to be inaccurate (bad wells, local sand and 
gravel layers, etc.) were edited or removed from the data set. The surface was regenerated and data checked iteratively 
over several cycles. The filtered point elevations and isopach are displayed in figure 3.  

4. DISCUSSION 

This preliminary analysis supports the presence of a basal sand and gravel layer. The layer is the thickest and most 
extensive for the east- and west-trending valley in the central portion of the study area (Figure 3). However, this 
interpretation and model remains preliminary (the uncertainty in modeling the sand and gravel top surface is large (about 
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20 feet RMSE from geostatistical cross-validation)) until it can be confirmed by more reliable data from detailed borings 
and geophysical studies. 

 

Figure 12. Maps of the basal sand and gravel layer.  Left- The sum of all sand and gravel layers for 
each well (before editing) and an indicator kriging model showing the probability of thickness greater 
than 20 feet. Right- The top elevation of the sand and gravel layer for each well (after interpretation), 
and the thickness. The maps are drawn on a shaded relief map of the bedrock topography (left) and 
of the sand and gravel surface (right).  The wells containing thick sand and gravel in the north-
central portion of the map (right) had gravel recorded to the surface, in an area previously mapped 
as till plain.  These wells were therefore suspect and removed from the model (left) until further 
information can be obtained to confirm or exclude the presence of a buried valley in the area. 
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