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Project Summary: We propose to build a national facility to help geoscientists in obtaining high 
resolution and precision, 3D surface data.  The facility will provide a one-stop shop for users at 
any experience level to obtain instrumentation, software, and instruction in the collection of earth 
surface data by Terrestrial Laser Scanner (TLS) Light Detection and Ranging (LiDAR).  This is a 
relatively new technique, but will become standard across the geosciences.  At present, the main 
barriers to its use are: �) availability of equipment and software due to high costs; 2) knowledge of 
rigorous data processing; and 3) lack of best practices for equipment use and project design.  The 
proposed work will focus on the following tasks:
1.   Make available a set of instruments for community use consisting of  

a.    three or more TLS systems, two of which come from existing instrumentation and one 
obtained by the facility;

      b.    supporting computers, RTK-GPS, cameras, networking, and rangefinders to support rapid 
data acquisition and appraisal.

2.   Make available all needed processing and visualization software by  
a.    ensuring that the user community has access to the specialized software in the field and at 

their home institutions;
      b.    establishing a detailed and seamless workflow that takes users through all steps of obtaining 

high-quality surface data;
      c.    working on enhanced and readily usable 3D visualization software and attempting to move 

from 2.5D to 3D GIS.
3.   Build community education and outreach by
      a.    establishing best practices for equipment and software use;
      b.    conducting numerous classroom and field instructional sessions;
      c.    establishing a data archive and retrieval portal;
      d.    preparing materials for community distribution.
Intellectual Merit: The proposal will advance knowledge for geoscientists dealing with all 
aspects of exposed geology tied to location on the earth surface. It will make hardware, software 
and the ability to use it available, and establish best practices. Our team combines individuals 
with expertise in TLS with a group experienced in data and instrument handling and community 
instruction. By enabling digital geology (not just digital geologic maps), the TLS facility will help 
scientists address problems in fundamentally new ways. 
Broader Impacts: The INTERFACE facility will provide hardware, software, and education to 
many fields of the geosciences – a one-stop shop for high resolution and precision earth surface 
data at a cost that most users can bear. The facility will enable geoscientists to make observations of 
geologic processes that cannot be addressed using other techniques. It will provide data archiving 
and access by the larger community. The application of TLS in urban and field settings, and the 
engaging visualizations generated with TLS provide a unique opportunity to engage students and 
scientists from underrepresented populations in science, technology, engineering and mathematics 
(STEM) in a cutting-edge subdiscipline of geoscience. Remote access to expensive processing 
software and to sophisticated processing-and-access web tools will dramatically reduce barriers 
to entry. The facility will make documentation, teaching materials, and best practice information 
widely available via the web and through classes and workshops.  
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Collaborative Research:  Facility Support:  Building the INTERFACE 
(INTERdisciplinary alliance for digital Field data ACquisition and Exploration) facility for 

cm-scale, 3D digital field geology

Motivation
The acquisition and analysis of field data is the cornerstone of the solid earth sciences and these 

data provide the context and content for most inquiries in geological sciences.  Geoscientists have 
traditionally collected these data by analog methods (e.g., pencil, pen, and paper).  A fully digital 
approach is critical, however, so that information is presented in a geospatially referenced frame for 
data transfer, scale and projection manipulation, and registration between datasets; this approach 
requires a cyberinfrastructure for the earth sciences. Geoscientists of the future will collect 
field data in a digital environment, which will consist of: equipment for acquiring information 
in a digital and georeferenced format; software that allows seamless transfer, integration, and 
exploration of data, and; online processing for manipulation of large datasets generated or to be 
used in the field.  To implement the transition from the analog-dominated system of today to the 
digital future, we propose to build a facility consisting of a pool of shared hardware and software 
supported with instruction by expert users.  This facility will allow users to build and work in a 
digital environment that represents the earth’s surface/landscape in 3D with accuracy approaching 
the scale of a centimeter.

Getting to this vision for the digital future will require the facility to develop four components: 
�) measuring equipment; 2) software necessary to import and attribute data; 3) a seamless process 
(workflow) to allow manipulation of the collected data in a user environment for analysis and 
integration with other information; and 4) instruction to researchers and students in the theory 
and practice of digital field data acquisition.  At present and for the foreseeable future, obtaining 
cm-accuracy spatial information requires using LiDAR (Light Detection and Ranging) and GPS 
to make measurements, high resolution cameras or other sensors to take images, and specialized 
software to process the LiDAR and GPS data and integrate them with the imagery and geological 
attribution.  The integration is tedious and inaccessible to most potential users because no workflow 
exists to collect, process, and combine the information.  Further, there is no single place that 
researchers and students can access knowledge and expertise concerning the component parts.  
This proposal addresses each of these considerations, and when the components are in place, the 
facility will offer an integrated solution for geoscientists for advancement into the digital world.

For practical considerations of use and cost, a methodology of choice for constructing this 
environment uses TLS (Terrestrial Laser Scanning) LiDAR combined with RTK (Real Time 
Kinematic) GPS to define the earth’s surface, high-resolution digital photography to provide the 
base imagery, and GIS software to construct a georeferenced database to document geologic 
content (e.g., unit contacts or fault type and location).  

Science Applications
Recent applications of TLS have documented its utility in the measure of geologic features at 

unprecedented resolution and spatial acuity.  When measurements are repeated, time-series analysis 
provides the means to evaluate surface displacements over spatial scales difficult to measure with 
other tools.  Displacement can be resolved at the centimeter and subcentimeter scale. 

We present below three examples of TLS research results that emphasize different uses of the 
tool to make observations of geologic processes that cannot be addressed using other techniques.  
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In the first example, the lateral variability in reservoir rocks was made possible by TLS technology.  
High-resolution digital models of near-vertical surfaces are combined with digital photography 
to produce photorealistic images of structural and stratigraphic relations allowing the integration 
with surface and subsurface data sets. In the second, TLS is used to develop high-resolution 3D 
geomorphic surface models used to calculate vertical fault-slip rates over a wide range of time 
scales.  In this example, the TLS-derived surfaces are combined with geologic maps and existing 
digital topographic and surface imagery and analyzed in a GIS environment.  In the final example, 
repeated measurement of anthropomorphic features (parts of a bridge) are used to measure post-
seismic creep following the 2004 Parkfield earthquake.  Features are modeled directly from TLS 
point data and differenced to calculate displacements over short time intervals.

In example one TLS is used with three-dimensional ground-penetrating radar (GPR). The GPR 
data volume is the basis for in situ characterization of a fluvial reservoir analog in the Ferron 
Sandstone of the east-central Utah Coyote basin (Szerbiak and others, 2001). Each sedimentological 
element is assigned a realistic fluid permeability distribution by kriging with the 3-D correlation 
structures derived from the GPR data and which are constrained by the permeability measured in 
cores and in plugs extracted from the adjacent cliff face. This is enhanced by capturing the outcrop 
with a Riegl LPM 3800 scanner, digital camera and RTK GPS and then correlating it all with the 
photo real geology.  

Example two addresses the assessment of deformation rates over different time scales 
and is taken from a study in the Alvord desert of southeastern Oregon.  The need to compare 
deformation rates over a range of geologic time scales (�06 to �0 years) arose with the proliferation 
of GPS-determined velocity fields in continental orogenic belts.  The correspondence (or lack) 
between geodetic and geologic deformation rates carries important implications for the processes 
associated with strain accumulation and release during the earthquake cycle.  Active deformation 
in the Alvord extensional basin is reflected in the physiography of the region and documented 
by a system of Pleistocene and Holocene faults that cut late Tertiary volcanic and sedimentary 
rocks, Quaternary sediments, and shorelines of the ancient pluvial Lake Alvord.  TLS imaging 
of ancient lake shorelines provides the means to measure fault offset at the centimeter-scale over 
time scales of �04 to �05 years (Oldow et al., 2005).  Characterization of fault displacement was not 

 

Fig. 1. (a) Riegl LPM 3800 TLS scanning an outcrop.  (b) Laser scan showing reflectance variations. 
(c) 3D photorealistic model using 4 photos. (d) GPR cube behind rock face (amplitude), (e) (right) 3D 
integrated surface and subsurface data sets allowing a much more effective 3D quantitative analysis using 
in this case a 3D stereo CAVE  system (Thurmond and others, 2006).



3

possible using conventional 10 m DEMs, but with the development of 30 cm DEMs based on TLS, 
resolution was sufficient to measure centimeter-scale displacements of faulted shorelines (Fig. 2).  
A complex history for displacement along the Alvord fault system illustrates order-of-magnitude 
differences in slip rate between �05 and �04 year time-scales and substantial spatial variation of 
fault activity within the basin. 

The last example is from post-seismic deformation following the 2004, M6.0 Parkfield earthquake in 
central California measured using repeated TLS imagery at two locations along the rupture (Bawden 
et al., 2005; Bawden et al., 2006).  The San Andreas Fault stretches beneath the western side of a 
bridge into the town of Parkfield.  Over the 10 weeks following the mainshock, the supports beneath 
the bridge moved more than 7 cm while the deck of the bridge moved about � cm.  After nearly 6 
months, the supports moved more than �� cm and continued to deform portions of the bridge (Fig. 3).  
Capturing deformation in this level of detail of spatial resolution over short time periods would be 

 

Fig. 3. Differential ground-based Tripod LiDAR imagery of the post seismic deformation field from the 2004 M 
6.5 Parkfield earthquake. A bridge that spans the San Andreas fault near the town of Parkfield was scanned about 32 
hours after the mainshock and then again 10-weeks later. The imagery was aligned with the North American Plate 
held fixed and any post seismic motion would be seen as mis-alignments in the scans on the Pacific Plate. Areas 
that are red and orange moved about 7 cm in the 10-week period. Trees, fence posts, signs, bridge supports, and the 
ground surface are used to image and measure the post-seismic strain field.

   

Fig. 2.  (a) TLS-controlled by GPS in Alvord desert. (b) 10 m digital elevation model of normal fault cutting ancient 
lake shorelines. (c) 30 cm digital elevation model of fault-lake shore relations.
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impossible by any other available method. Using advanced processing techniques including fitting 
of geometric objects, such as bridge pilings, allows for detection of motion at the mm-level.

The three examples above show the impact of applying TLS to problems in the earth sciences.  
In each case, the high spatial density of accurately located positions allowed interpretations not 
otherwise possible.  The studies illustrate the transformative potential of high-resolution information 
from TLS to address new inquiries in the geosciences.  These examples, however, represent a small 
subset of the vast range of potential applications recognized by participants of the NSF sponsored 
workshop to Identify Ground-Based Digital Acquisition, Analysis, and Visualization Needs of the 
Geological Science Community (Oldow et al., 2006).

Given the examples presented above, the question arises:  If this methodology is being applied 
at present, WHY is there a need for an INTERFACE Facility?  In answer, the steps taken for each 
product described above were complex, seemingly unique, and required processing and integration 
tools not readily accessible to most researchers.  The post-seismic creep study required access to TLS 
hardware and sophisticated processing software to develop spatially registered point data used in 
differencing.  For the reservoir characterization project, the number of required elements increased 
and included: 1) having the correct TLS hardware system (range and density); 2) processing the 
raw data to a point cloud of points representing the earth surface; 3) acquiring digital photography; 
4) producing a surface model using additional software (meshing).  Similarly, the Alvord fault-slip 
investigation required the same TLS analysis tools used in the reservoir project, but also included 
integration of the detailed images with existing geologic data, digital elevation models, and space-
airborne imagery in a GIS environment.  

This level of integration is not a reasonable path for many field workers to follow; nevertheless, 
these are data that almost every geoscientist would like to gather.  Until expensive TLS equipment 
can be made available and combined with evolving best practices and instructional material into 
an integrated digital environment, earth scientists will be constantly reinventing the wheel for 
processing methods and software on a project by project basis.  

Given the expense of TLS equipment and the prolific data sets produced, a central pool of 
equipment and infrastructural resources is the most cost effective means to supply access by the 
research and instructional community.  In the earth sciences, the availability of ICPMS and TIMS 
with standard software and hardware opened the flood gates in geochemical studies; likewise the 
availability of GPS equipment and resources opened the door to explosive growth in active tectonic 
and geodynamic studies.  TLS offers the same potential to geoscientists studying all aspects of 
exposed geology tied to location on the earth surface; the INTERFACE Facility is the first step in 
making the use of this tool a standard for field studies.   

The facility will provide hardware and software (where needed), workflow (to participants and 
users so that best and standard practices are established), and education and accessibility to the 
wider earth science education are research community.

Why Focus on Terrestrial Laser Scanning?
TLS complements the Airborne Laser Swath Mapping (ALSM) technology available from the 

National Center for Advanced Laser Mapping (NCALM) in several aspects: 1) area covered and 
resolution and precision; 2) cost and accessibility; and, 3) the ability to image vertical surfaces.  
First, in ALSM applications, the instrument is mounted in an aircraft and flown in swaths at a 
typical altitude of 600 to �000 m. This results in a typical sampling density of approximately 
1-10 points/m2, and an ability to determine the position of each point with a precision of several 
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centimeters. On the other hand, TLS instruments are operated at ranges of a few hundred 
meters or less, producing point densities of thousands to millions of points/m2, and centimeter to 
subcentimeter precision. ALSM produces images of broad areas that could not be accomplished 
with a tripod mounted instrument, while TLS is best suited for smaller scale studies. A second 
difference between TLS and ALSM is the cost and accessibility. While the capitalization costs of 
both are high, the operating costs of TLS are a fraction of those of ALSM. Without the necessity of 
maintaining and operating an aircraft, TLS’s principal operating cost is travel for the investigator 
and students. This makes the technology much more accessible for small projects; a few thousand 
dollars can fund a TLS project. The downside is that TLS cannot be used for major fault mapping 
efforts or studies involving hundreds of km2. Finally, TLS scans essentially horizontally from a 
tripod. The geometry provides an ideal platform for imaging steep to vertical surfaces such as fault 
scarps, cliffs, creek banks, and road cuts. ALSM scans in the nadir direction at relatively small 
angles, approx. 20-25˚ from the vertical, resulting in relatively poor resolution of near vertical or 
overhanging surfaces.

Components of the INTERFACE Facility
Below we describe the major components of the INTERFACE Facility; these consist of 

hardware, software, integration/workflow, and instruction and outreach.  We envision building a 
system over three years that integrates these components into a single seamless system for field 
data acquisition.  This system will be developed using a best practices approach based on our 
previous experiences, results of workshops, and the active involvement of the larger research and 
education community through classes, townhall meetings, field exercises, and the participation of 
an advisory panel for the project.  Equipment, software, and instruction will be freely available to 
the geosciences community. 

Component 1 – The Hardware Aspects
Based on our experiences and those of the larger community, the hardware for the digital field 

data system should consist of: 1) a TLS that operates at the appropriate range and scan rate; 2) a 
high-resolution digital camera; 3) three laptop computers and wireless network to run the TLS and 
support geologic data gathering; 4) an RTK GPS system for establishing the real-world coordinates 
and collecting field information; and 5) handheld laser rangefinders for data gathering beyond the 
main TLS scan area. Equipment (batteries, solar panels, cables, tripods, etc.) to support the system 
is required (not discussed in detail here).

TLS Systems
At the heart of the acquisition system is the TLS.  Although both the RTK GPS and laser 

rangefinder can collect accurate spatial information, the rate of data collection is slow compared 
to the TLS: the scanners are capable of producing a 3D topographic model quickly, typically 
at collection rates of thousands of points per second, capturing about 0.� km2

 
of outcrop area 

per hour. These instruments produce data in a local coordinate system, similar to traditional 
surveying measurements, and must be georeferenced with high-accuracy GPS receivers to position 
independent outcrops or to integrate other sources of data.

High-Resolution Digital Cameras
A detailed topographic model produced by TLS forms the foundation for spatial analysis and 

interpretation.  However, geoscientists interact better with actual outcrop or surface imagery when 
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collecting geologic information (as witnessed by the explosion in the use of orthophotography in 
field geology).  We thus propose to use digital cameras to collect images of the area scanner by 
the TLS. TLS systems are capable of integrating a digital camera directly with data collection so 
that the image is mapped onto the points collected by the scanner.  Other techniques also allow the 
draping of the image onto topography (see discussion below).

Laptop Computers
We anticipate three laptop computers to support the TLS system and collection of geologic 

information in the field.  Two computers will be ruggedized laptops (probably Panasonic 
Toughbooks): one will run the TLS and the other will be used to gather outcrop information 
(e.g., map, draw contacts on the digital photos, interface with the RTK GPS and rangefinder, log 
measurements, etc.).  An additional laptop, with enhanced computational ability (e.g. HP mobile 
workstation), will be use to process the TLS data so that it can be used in the field immediately and 
to perform additional processing steps and model refinement after data collection is completed.  
Lastly, we will employ a mobile field network to link the computer systems wirelessly so that 
data can be shared and transferred as collected; in larger areas, we will use a mesh network using 
multiple routers. Recent experience of the UK team has indicated the power of wireless networks 
enhancing interactivity in the field.

RTK GPS Systems
RTK GPS systems are best designed for gathering basic location information in an absolute 

reference frame.  The TLS gathers high-density positional data referenced to a system local to the 
scanner position.  The data must be transformed into real-world coordinates by establishing the 
location of the scanner as well a several targets placed within the scanned area.  RTK GPS is the 
most efficient method for doing this, as well as providing an additional system for data collection 
and mapping.

Handheld Laser Rangefinders
Reflectorless laser rangefinders will provide the last tool for collecting attributed geologic data 

(integrated with GIS). These systems can, with global referencing of GPS, efficiently map features 
at a rate of one to hundreds of points per second at ranges up to a kilometer (e.g. Thurmond et 
al., 2006, Adams et al., 2004, Hodgetts 2004).  These data can then be integrated with the TLS 
topography and imagery.  They have a built in fluxgate compass and vertical inclinometer for 
angles and a range of about �000 meters and are eye safe. They also use angle encoders for more 
reliable horizontal and vertical angles but then they require absolute azimuth control in operation. 
These gun types are very useful for “sketching” the geology in 3D replacing the simple 2D note 
book.

Equipment Pool Summary
Because the TLS instrumentation and software is relatively expensive, we propose that the 

INTERFACE Facility take responsibility for both maintaining the equipment and distributing it 
to users. The proposed pool of instruments will consist of a one new complete system purchased 
by the facility and two loaned to the facility by researchers who currently have a TLS system that 
are of the type proven to be excellent in geologic studies. These systems collect data at rates that 
make it impractical for any single user to keep a system occupied �00% of the time.  During the 
NSF-sponsored workshop noted above, it became clear that most users keep instruments busy 
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only 25% to 50% of the time.  Hence, with limited additional cost, the INTERFACE Facility can 
obtain instruments for loan to a large community.  Such community distribution is common in the 
geophysical community; UNAVCO (host of the proposed facility) is a leading player in instrument 
distribution. Contributing participants will gain in that TLS maintenance will be provided to them, 
and their systems will be upgraded (as needed) with the computer, camera, network, and rangefinder 
systems.  At present, John Oldow (U. of Idaho and PI on this proposal) has agreed to contribute a 
Riegl LPM 3800 VHS. It operates at 1000 Hz to a maximum distance of 800 meters in the infrared 
part of the spectrum (904nm) and is rated eye safe. It can rotate 360 degrees horizontal and +- 90 
degrees vertically, and so requires little re-orientation. This particular scanner and similar ones 
have been used at many outcrops around the world by UI and UTD and has proved an excellent 
natural surface scanner. It will be modified to have an integrated camera.  Tim Wawrzyniec, from  
New Mexico Tech, has agreed to share a Optech ILRIS 3D system to the pool. This type has also 
been used extensively for mapping geology around the world by various organizations. It operates 
at 2000 Hz or so to ranges of up to �500 meters in the infrared (�500nm) and is eye safe. Its narrow 
beam divergence allows higher resolution at longer ranges, important in geologic mapping. It also 
lacks an integrated camera but this can also be modified. Its horizontal field of view is +- 60 degrees 
requiring re-orientation by hand during scanning, but this has not been proven a serious problem. 
We anticipate that as the demand grows additional instruments will be required. Resources for 
outfitting additional loaned instruments and new systems will be requested in later proposals to 
accommodate this demand.

Component 2 – The Software/Data
The hardware listed above will allow users to collect extremely accurate spatial data at 

unprecedented rates.  These data, however, must undergo several processing steps to be useful, 
georeferenced, photorealistic, and integrated internally and with other datasets.  There must also 
be a way to actually log or annotate the geologic data collected using this new surface model.  All 
of these steps will be done using a combination of available software packages as well as new 
modules developed over the course of the project.

TLS Software
TLS manufacturers typically provide acquisition software with capabilities to automatically 

scan and register targets, and manage data files.  Once the data are collected, they form an array 
of thousands to billions of individual points (point cloud) that represents the imaged surface.  This 
mass of data can only be handled initially by specialized software.  This is particularly critical 
when aligning multiple independent scans of an area or merging scans into a single surface model.  
Because we intend to develop a system that is standardized for users, we will employ only one 
point processing software package.  Based on our experiences, we propose to use Innovmetric 
Polyworks because it can be used with almost all types of scanners.  It is versatile and powerful 
software for point cloud processing for the scanner data types we will have in the facility.  It has 
modules that allow the aligning of the huge point clouds, the creation of triangulated meshes from 
the points, the efficient editing and clean up of the models georeferencing with the use of control 
points.  The INSPECT module for modeling is expensive but allows effective modeling of simple 
geometric features especially important for control monuments used for monitoring. The software 
is expensive, starting at $�7,000 per seat, but educational licensing can provide multiple seats at the 
$12-17,000 cost range but depending on the manufacturer they may include a cost effective cost 
structure by bundling the scanner with the Polyworks software. This software will reside on each 
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of the mobile workstations and will be available to users at their home institutions via a central 
license manager. 

GPS Software
GPS software is provided by the RTK GPS manufacturers/vendors and is available with 

UNAVCO pool RTK systems.  This software offers the capabilities needed to process the data and 
establish accurate positions.  Some work is required to better integrate the RTK GPS with the field 
mapping/GIS software described below.

3D Analysis/Visualization and Photorealistic Software
The position, geologic attributes, imagery, and other data are only useful if the user can easily 

visualize and analyze them in a three-dimensional framework.  This will require using several 
open source packages (such as OpenSceneGraph, Virtual Reality Markup Language [VRML], 
OpenGL-based LVIZ, etc.).  In addition, because these software packages, as well all GIS and 
imaging systems, are challenged to handle extensive point clouds, we will use gridding software to 
process the surface data into compatible formats.  Once translated, we use photorealistic processing 
software to combine the interpolated surface with the imagery following the methods of Xu (200�) 
for use in visualization and the GIS software below.

GIS Software 
A significant aspect of the work is to be able to collect geologic information in the field on 

images and topography.  At present, this is most practical using off-the-shelf GIS software.  
Because of its wide use, great power, and continued updating and support, we intend to use ESRI 
ArcGIS software as the GIS.  This will work with the topographic models and images as well as 
providing substantial capabilities in a 2.5D environment.  We will develop interfaces to take input 
directly from the RTK GPS and rangefinders into the GIS where they can be attributed using the 
methods of Walker and Black (2002) and Walker et al. (1996).  These methods will also be used and 
expanded for the collection of geologic content.  We will start developing abilities to work in a true 
3D environment where users will be able to digitize, attribute, and analyze data in a way similar 
to the 2.5D GIS.  This will probably be built on one of the packages noted above and is discussed 
further below.

Field Information Management System (FIM)
Because of the large number and variety of data types associated with field data collection, 

we will develop a Field Information Management system to establish metadata and database 
organization for each type data, and to allow the information to flow into other applications (see 
section below).  This system will organize the data collected (TLS, GPS, geologic), and form the 
basis for later integration and processing.  This will be a critical (but tedious) step to enabling the 
workflow and archiving functions (discussed below).  

Component 3 – Workflow and Integration
The major challenge of our effort will be to take the software and hardware aspects and create 

a methodology for seamless processing and integration.  We describe this as a cyberinfrastructure 
(CI) supporting the workflow from field data to integrated product.  We will serve the products 
through a web portal tuned to the specifics of TLS and field data.  In addition, because the flow 
must incorporate numerous initially unrelated datasets, we will use the FIM (noted above) for 
managing and archiving the flow of data through the system.
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Field Trials
Field trials will be a critical aspect of workflow development and integration and TLS project 

design specification. The first trial will be at UNAVCO in Boulder, Colorado to work out the 
mechanics of the systems. This will be followed by two additional field testbeds with significantly 
different terrain  and project  requirements  (locations to be determined during the project). Field 
classes are also planned and describe more under education and outreach activities below.

TLS to GIS Workflow
LiDAR systems produce voluminous attributed point clouds that present major computational 

challenges.  A cyberinfrastructure is required to take advantage of their power for depicting the 
earth’s surface at centimeter-scales.  TLS CI is the glue that enables the geological integration.  It 
includes the data management and archiving, data discovery and selection, data manipulation, 
production of surface models, incorporation of related geospatial data (especially photography), 
analysis (process models and other idealization), and visualization.  A key distinction is the 2.5 
or 3 dimensional representation of the surface.  2.5D assumes that for each x, y location, there 
is a single z (elevation) value.  Thus, no overhangs or vertical cliffs are represented. This is the 
inherent geometry of standard GIS software such as ArcGIS that is the central tool of the Field 
Information Management and Geologic Integration tools. In addition, DEMs are the standard 2.5D 
representation of topography in earth science and derivative products of them (e.g., hillshade, slope, 
curvature, aspect, drainage parameters, etc.) are necessary inputs for field geoscience.  The 2.5D 
representation is limiting for some science questions.  However, the data handling, manipulation, 
and analysis for 3D is much more challenging and the software and data protocols less well 
developed.  The main tasks for 3D are point cloud visualization, surface meshing, and texture 
mapping. Accordingly, in this project, we will emphasize the 2.5D approach and strive to make 
it seamless.  3D requires further operations in the commercial software tools such as Polyworks 
for the meshing and open source tools such as the OpenGL-based LVIZ and OpenSceneGraph for 
texture mapping and visualization. Thus, we will prototype a 3D workflow.

Building on the CI efforts the ASU team has undertaken in the GEON project (Crosby, 2006; 
Crosby, et al., in preparation; Jaeger-Frank, et al., 2006), we will develop the INTERFACE LiDAR 
WORKFLOW (ILW) which will enable the 2.5D pathway.  The ILW will be an integrated CI 
architecture for LiDAR interpolation and analysis, utilizing a portal, a scientific workflow engine, 
and Grid technologies (Jaeger-Frank, et al., 2006).

The ILW will start with a validated RGB (and field-attributed when available) point cloud. It 
is loaded into a relational database (DB2 with spatial extender; see data archiving section below), 
and the points are spatially indexed. Points are selected by location and attributes and shipped to 
the interpolation and analysis webservices. This process can be iterative, as users assess diagnostic 
characteristics such as data density to inform their grid resolution choices. Gridding is done by 
either interpolation or local binning.  We use GRASS GIS reduced spline with tension (e.g., 
Mitasova and Mitas, 1993) for interpolation and a new fast algorithm for binning (local minimum, 
maximum, mean, weighted mean, and point counts—Kim, et al., 2006). Once the DEM is created, 
derivatives such as slope, curvature, aspect, and other products such as hillshade, and drainage 
network characteristics can be computed depending on common interests of the users. Finally, the 
various products are delivered to the user for download or directly into visualization clients (e.g., 
fledermaus, vrml). 
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The ILW web portal infrastructure component lets the users select the data graphically, control 
gridding parameters, and select a delivery scheme (e.g. ftp, html).  Importantly, building on the 
GEON CI efforts, the portal environment enables role-based authentication and grid certification. 
This controls access to the data as appropriate (owner, research group, other), and to high 
performance computing resources.  Thus it provides authenticated access to data and webservices 
and registration and discovery of data sets, tools, and services with metadata. For the ILW and 
geologic integration, this means we can “plug in” in to a large set of ancillary data and other 
processing and analysis tools.

The ILW effort will leverage existing efforts with Airborne LiDAR Swath Mapping (ALSM) 
data that are underway (Crosby, et al., in prep.). The GEON LiDAR Workflow (GWL) implements 
most of the desired 2.5D ILW functionality already (http://www.geongrid.org/science/lidar.html). 
In the GLW, we currently (Fall, 2006) enable access to more than 20 billion individual ALSM 
points emphasizing the San Andreas and related faults. Using this established technology as a base 
will allow us to provide integrated TLS/ALSM services.

Component 4 - Education and Outreach
A key element of this project is to develop training materials for the use of TLS in real-world 

geological applications. The engaging visualizations generated with TLS provide a special 
opportunity to engage students and scientists from underrepresented populations in science, 
technology, engineering and mathematics (STEM). Remote access to expensive processing 
software and access web tools will dramatically reduce barriers to entry.

Because TLS field procedures and processing steps are complex and new, we will document 
best practices for both.  Developing and refining training manuals and classroom materials will be 
a focus of the project, and we will test these in the field during the two test bed experiments. We 
will disseminate these best practices through TLS short courses to be held in Boulder, CO, near 
the end of the first and second years. UNAVCO has hosted a number of effective short courses 
over the last two years including Strainmeter processing, GPS field techniques, and GPS GAMIT/
GLOBK processing. The proposed week-long TLS classes will have 15 participants getting 
classroom instruction and practical field experiences that take advantage of the range of geological 
settings available around Boulder. UNAVCO will provide recruitment of students, registration and 
logistical support, and evaluation of these short courses.  UNAVCO has developed an evaluation 
tool for the short courses which will provide formative feedback to help in improving the manuals 
and classroom materials and in running subsequent short courses.  UNAVCO also has an active 
program to include faculty, students, and post doctoral fellows from both majority and minority 
populations in these short courses by providing some scholarships.  We will work with UNAVCO 
to include participants from underrepresented populations in STEM.  

In addition, in the third year we will propose to convene a full week GSA Field Forum for 25-
30 students and researchers. These longer, comprehensive, classes at GSA and UNAVCO will be 
complemented by day-long short courses at GSA, and possibly AAPG, in the second and third 
years.  University field classes are an additional powerful means of introducing forward new 
techniques to the next generation of geoscientist, and we will integrate TLS into University of 
Kansas (2007a) and a combined University of Kansas/University of Idaho field class (2008).

UNAVCO has a large booth at the GSA and AGU meetings where we will highlight the 
INTERFACE Facility equipment, classes, training courses, and web data access. This will provide 
an important means of advertising to and getting feedback from the communities using the Facility; 
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this will be especially critical in developing the project to best address user needs.

Management and Execution Plan

Data Management and Archiving
UNAVCO has a long established archive and data management system for GPS data collected 

by community investigators from continuously operating stations and episodic campaign 
surveys. UNAVCO also has recently become responsible for the InSAR archive of WiNSAR and 
GeoEarthScope. The data management tasks include automated and manual handling of data and 
metadata. The archive task includes long-term curation of data and web access to metadata and 
data so that users current and future can make use of the data. UNAVCO has reliable high-end 
RAID systems, both on and offsite at IRIS, and a tape library for additional backup.  Similar 
systems will be needed to handle field data from TLS surveys.

UNAVCO will work closely with project members to define and integrate the Field Information 
Management system (FIM) schema into the UNAVCO database and to streamline file-based data 
conversion and import into the ILW’s spatially enabled database. Defining and implementing a 
FIM is critical in that there will be a wide variety of instruments as well as geologic data generated 
in the field that will form the basis for later derivative products and final presentations (maps and 
refined surface models).  Whereas the archive will provide a level of file and metadata access to the 
user, it is anticipated that the majority of the users will extract point clouds and generate 2.5 and 
3D surface gridded or meshed from the ILW (see above). 

In operational mode, UNAVCO archive staff, working with the Project Manager and field project 
PIs, and using standardized FIM formats, will ingest into the archive field data and metadata 
from the range of data sources (TLS point cloud, high-resolution digital photos, field annotation, 
GPS, and other ancillary project information) into the archive database. In addition, we propose to 
archive and distribute higher-level products such as user-generated aligned, georeferenced, meshed 
surfaces and digital geologic map database that will include not only high-resolution 2.5 digital 
elevation maps, but detailed geologic mapping in GIS formats, and associated metadata.

Data Product Levels
Table 1 defines the hierarchy of data and derived product levels that will be acquired from a 

TLS experiment. At the lowest levels are the raw data files collected by the various observing 
instruments and notes and annotations collected on the FIM using Toughbooks in the field. The 
next layer includes derived products and geolocation. Product Level 2 adds point cloud mesh 
generation and texture from associated photos. Highest level 3 products are analysis features such 
as fit surfaces and time series from change detection experiments.
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Table 1. Table of TLS and Related Data and Products
Product 

Level TLS Digital 
Photos GPS Annotation

0 Raw Scan point cloud 
Data

Raw image 
file Raw data file FIM database, GIS files, hand 

digital photos, annotated images

1a Aligned (merged) Point 
cloud

Massaged 
Photos (e.g. 
Photoshop)

RTK or post -
processed local 
coordinates

Locally georeferenced 
annotations

 1b Georeferenced/aligned 
point cloud

Post-processed 
global coordinates

Globally georeferenced 
annotations

2a Generated Mesh

2b Texture Maps (photos 
draped on mesh)

3a
analysis (fit features, 
surfaces, volumes) and 
time series

Project Management and Community Interaction
The overall leadership of this effort will be the responsibility of UNAVCO. UNAVCO will 

appoint a project manager with responsibility for project coordination, logistics, and reporting. 
There will be monthly teleconferences between the PIs and an annual project meeting held at 
UNAVCO. We will also establish a web-based forum for communication between the PIs. 

The INTERFACE Facility will only succeed if it fills a community need and serves it well. 
This proposal was developed by the PIs with extensive input from the user community in two 
NSF-Sponsored workshops (Workshop for Integrated Solid Earth Science-Cyber Infrastructure, 
University of Kansas, 2003; Workshop to Identify Ground-Based Digital Acquisition, Analysis, and 
Visualization Needs of the Geological Science Community, University of California, San Diego, 
2006 [Oldow et al., 2006]). To insure that this TLS facility meets the needs of the user community: 
we will continue to involve users as advisors at critical junctures; we will empanel ad-hoc working 
groups to provide advice on key activities such as instrument acquisition and instrument use 
prioritization (if necessary); we will also publicize the availability of the resources through Special-
Interest-Group sessions at relevant meetings, through email list distributions, through handouts the 
UNAVCO booth at national meetings, and through occasional town meetings. 

In addition, we consider the formation of an INTERFACE advisory committee to be important. 
This must be a group somewhat familiar with TLS in order to get the needed input into how the 
facility operates, how well the workflow functions, etc. For this reason, we will solicit participation 
from both the TLS community as well as the potential user community (e.g., geomorphology, active 
tectonics) to form an advisory committee of 5 or 6 members. This group will be assembled at the 
start of the project and confer twice a year, either at a national meeting or by conference call. The 
chair of the advisory committee will attend the annual project meeting. In addition to the advisory 
committee, UNAVCO is overseen by an elected Board of Directors. The Board has responsibility 
for insuring that all of UNAVCO’s activities meet the needs of the community.
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Project Milestones
The proposed project has a number of milestones and steps leading to developing a facility 

complete with equipment pool, established and documented procedures for field data acquisition, 
and processing and data management tools for analysis. Developing and conducting classes is 
also a primary component and goal of this project. In the three year INTERFACE project, the 
EAR-funded TLS community will use the two pooled TLS (contributed by U. of Idaho and New 
Mexico Tech.) and UNAVCO GPS resources within the first year and the new TLS system in the 
second year. INTERFACE facility capabilities will be fully integrated into the core UNAVCO 
Facility operations at close of the project. A detailed task outline, PI responsibilities and resource 
allocations, and coarse timeline are given in the Work Breakdown Structure (WBS) presented 
in the UNAVCO Budget Justification section of this proposal. Below is a summary of project 
milestones.

Year 1 [March 2007 –April 2008]
a) Define the requirements for the equipment pool, evaluate and test components, upgrade, 

and outfit and establish the two loaned TLS systems complete with scanner, high-resolution 
cameras, software, shipping cases. Systems will be available for request via UNAVCO’s 
project support form on the web and will be scheduled and supported by the UNAVCO 
INTERFACE Project Manager.

b) The beta-version of the portable Field Information Management (FIM) system will be 
developed and prototype tested. The FIM will manage the large number and diverse set of 
digital data files and field logs and annotation notes acquired in the field and it will provide 
project documentation.

c) The first system trials (TLS and FIM) will be conducted at UNAVCO in Boulder, CO, 
followed by a complete test at the first of two field testbeds.

d) The UNAVCO archive will provide only “repository” archiving in year one. All field 
project data and metadata from project testbeds and PI projects will be stored at UNAVCO’s 
physical archive and made available in flat file form via the web.

e) The INTERFACE LiDAR Workflow (ILW) for TLS will be built into the existing ASU/
GEON LiDAR Workflow (GLW) providing access and processing of 2.5 dimensional point 
cloud data in the spatially enabled database within Year �.  We will also work to bring some 
enhanced 2.5D functionality to the field.

f) A UNAVCO TLS week-long short course will be held in Boulder and a one-day GSA 
short course. A 10-seat Polyworks TLS processing and analysis software package will be 
installed on a multi-processor Windows server at UNAVCO and used for the class.

Year 2 [March 2008 – April 2009]
a) The new TLS system will be evaluated, tested, procured and outfitted for community use. 
b) The FIM system will be refined, additional tests performed and primary development phase 

completed.
c) Two field trials are scheduled. The first is at the second of the proposed field testbeds in a 

new geologic and topographic setting. The next is a KU field class at the Rainbow Basin 
where field classroom materials and procedures will be employed and tested.

d) The UNAVCO archive will integrate the INTERFACE-developed file management schema 
into its archive database and will provide advance file/metadata access tools. Flow of raw 
point cloud data and metadata to the ILW will be streamlined. Products of  level 1a and 1b 
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(aligned/georeferenced point clouds) will be handled.
e) Merged TLS/ALSM capability will be added to the ILW allowing for seamless extraction 

and combination of both ground and airborne acquired laser scanning data.  This will tie 
together the INTERFACE effort with major ongoing efforts in ALS such as the NCALM 
and GeoEarthscope projects. The ASU-UNAVCO teams are working together within the 
GEON CI framework to expose GeoEarthscope ALSM data hosted at UNAVCO to GLW 
compute resources running at ASU and San Diego Supercomputer Center.

f) The second UNAVCO TLS week-long short course will be held in Boulder and a one-day 
GSA short course. Remote user access to the UNAVCO Polyworks TLS processing system 
will be established.

Year 3 [March 2009 – April 2010]
a) The combined PI and UNAVCO TLS pool is fully operational and PI projects are 

supported. 
b) Final release, evaluation, and documentation of the FIM is completed.
c) There will be a joint KU/IU field course using the completed system.
d) The third field trial is combined with a field class as a GSA Forum class.
e) The UNAVCO archive will add product support to the archive to accept processed data 

from level 2a and 2b (generated mesh data and photorealistic meshes and point clouds).
f) All project develop documentation, procedures, classroom materials will be made available 

from UNAVCO and evaluations completed.
g) Refine the 2.5 D workflow and prototype 3D processing. We will start with the simple 

tools such as those developed by the UT Dallas group (e.g. Thurmond, et al., in press) 
and the ASU group. We will work with ASU visualization colleagues with expertise in 3D 
modeling to utilize open source 3D meshers and for texture mapping of the geometrically 
corrected photography.  

Results of Prior Support

Collaborative Research:  Geodetic and geologic study of the kinematics of late Cenozoic 
displacement transfer, central Walker Lane, western Great Basin: J.S. Oldow: $285,000.

This work has resulted in significant new understanding about the nature of strain partitioning 
and transfer the Walker Lane belt (Oldow, 2003, Ferranti et al., in review; Murphy et al., in review).  
In addition, important new insights into the Silver Peak extensional complex have been made 
(Oldow et al., 2003; Petronis et al., in press; Oldow and McClelland, in review; Oldow et al., in 
review).  Abstracts: 18; Papers: 7 (published, in press, and in review).  

EAR 03-46318 ITR/IM: Collaborative Research: Development of data visualization and 
query tools for NAVDAT, Western North American Volcanic and Intrusive Rock Database, 
09/01/03 – 08/31/05, $309,932, PI: J. Douglas Walker and Ross A. Black 

NAVDAT is a database for igneous rocks in western North America designed to contain 
geochemical and age information primarily on Cenozoic rocks. The motivation for NAVDAT is to 
explore temporal and spatial patterns in igneous activity, and to connect these patterns with local 
and regional tectonic development and lithospheric structure. The database is web-accessible for 
downloads and queries (http://navdat.org/). Allied information, such as geologic and geophysical 
maps, is available through a map interface. Development of the NAVDAT schema followed on 
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that of PetDB and GEOROC during the first funding cycle (9/15/01 – 9/14/03), although the issues 
addressed by continent-based NAVDAT required minor modifications (Walker et al., 2006). In 
addition, NAVDAT uses a reference section that imports all information available in AGI’s Georef 
database. The project has held yearly workshops aimed at improving database implementation. 
We have brought in workers from Canada and Mexico to improve the coverage. NAVDAT serves 
data on over 40,000 samples. NAVDAT PIs have made numerous presentations (e.g., Carlson et 
al., 200�; Walker et al., 2002, 2004). 

EAR-0225543 ITR Collaborative Research: GEON: A Research Project toCreate 
Cyberinfrastructure for the Geosciences, 10/01/02– 09/30/06, $400,000, PI: J Ramón 
Arrowsmith 

The GEON project is a large NSF-ITR in which a strong collaboration between IT and 
domain scientists drive the development of cyberinfrastructure for the geosciences. Arrowsmith’s 
contributions relate to active tectonics, structural geology, and geomorphology (http://
activetectonics.la.asu.edu/GEONatASU/). Those relevant to this proposal are the development 
of tools for handing remotely sensed data, in particular Airborne and Terrestrial Laser scanning 
data. We have developed the GEON LiDAR Workflow which seeks to democratize access to 
LiDAR point clouds.  This successful development has enabled many users to access important 
datasets, such as the recently acquired B4 Southern San Andreas Laser Scan.  Products from this 
support include numerous conference presentations, participation in advisory capacity to NCALM 
and GeoEarthscope, one M.S. thesis, and 2 papers published, one nearly ready to submit, and 
several in prep. See http://lidar.asu.edu/ and http://www.geongrid.org/science/lidar.html for more 
information.

NSF Cooperative Agreement EAR-031760, “Support of UNAVCO Community and 
Facility Activities”, 7/1/2003–9/30/2007, $13,009,777. PIs: William H. Prescott, Charles M. 
Meertens.

UNAVCO, Inc. is a non-profit membership-governed organization that supports and promotes 
Earth science by advancing high-precision geodetic and strain techniques such as the Global 
Positioning System (GPS), InSAR, and borehole strain and tiltmeters. There are currently 85 
UNAVCO Members and Associated Members. Through this core NSF Cooperative Agreement, 
UNAVCO operates a Facility that provides engineering, an equipment pool, data, archiving, and 
information technology support to NSF- and NASA-funded peer-reviewed projects. The Facility 
supports peer-reviewed science projects of research investigators who individually, or in large 
collaborative projects such as the PBO Nucleus or even larger, multi-disciplinary, multi-agency 
EarthScope MREFC, to study Earthquake processes, mantle properties, active magmatic systems, 
plate boundary zone deformation, intraplate deformation and glacial isostatic adjustment, global 
geodesy and plate tectonics, global change, and polar processes. Additionally, UNAVCO supports 
UNAVCO Community activities including bi-annual national Science Workshops, short courses 
at the Facility, external advisory committee meetings, and support for education and outreach 
activities. Detailed reports of UNAVCO Facility activities and PI projects supported can be found 
at: http://www.unavco.org/pubs_reports/reports/reports.html.



�

References

Adams, E. W., Schröder, S., Grotzinger, J. P., and McCormick, D. S., 2004, Digital reconstruction 
and stratigraphic evolution of a microbal-dominated, isolated carbonate platform (terminal 
Proterozoic, Nama Group, Namibia): Journal of Sedimentary Research, v. 74, p. 479-497.

Bawden, G., 2005, Four-dimensional surface deformation analysis, snow volume calculation, and fault 
mapping with Ground Based Tripod: EOS Trans. American Geophysical Union, v. 86, p. G33D-
07.

—, 2006, Imaging postseismic transient nearfield deformation following the 2004 Parkfield earthquake 
in central California with ground-based LiDAR: EOS Trans. American Geophysical Union 2006 
Fall Meeting.

Bevis, M., Hudnut, K., Sanchez, R., Toth, C., Grejner-Brzezinska, D., Kendrick, E., Caccamise, D., 
Raleigh, D., Zhou, H., Shan, S., Shindle, W., Yong, A., Harvry, J., Borsa, A., Ayoub, F., Elliot, B., 
Shrestha, R., Carter, B., Sartori, M., Phillips, D., Coloma, F., and Stark, K., 2005, The B4 Project: 
Scanning the San Andreas and San Jacinto Fault Zones: EOS Trans. American Geophysical 
Union, v. 85, p. Fall Meet. Suppl., Abstract H34B-0�.

Carlson, R. W., Walker, J. D., Black, R. A., Glazner, A. F., Farmer, L., and Grossman, J., 200�, NAVDAT-
A western North American volcanic and intrusive rock geochemical database: Geological Society 
of America, Abstracts with Programs, v. 33, p. A-�75.

Crosby, C. J., 2006, A Geoinformatics Approach to LiDAR Data Distribution and Processing with 
Applications to Geomorphology: Unpub. M.S. thesis, Arizona State University.

Crosby, C. J., Conner, J., Frank, E., Arrowsmith, J. R., Memon, A., Nandigam, V., Wurman, G., and Baru, 
C., in preparation, A Geoinformatics Approach to LiDAR Data Distribution and Processing.

Ferranti, L., Oldow, J. S., and Geissman, J. W., in review, Coordinated displacement and finite flattening 
on linked arrays of curved faults, Rhodes Salt Marsh basin, central Walker Lane belt, Nevada, 
in Oldow, J. S., and Cashman, P. H., eds., Late Cenozoic evolution of the western Great Basin, 
Geological Society of America Special Paper.

Hodgetts, D., Drinkwater, N. J., Hodgson, D. M., Kavanagh, J., Flint, S., Keogh, K., and Howell, J., 2004, 
Three-dimensional geological models from outcrop data using digital data collection techniques: 
an example from the Tanqua Karoo depocentre, South Africa, in A., C., and Woods, R., eds., 
Geological Prior Information: Informing Science and Engineering. Geological Society Special 
Publication 239, Geological Society, p. 57-75.

Jaeger-Frank, E., Crosby, C. J., Memon, A., Nandigam, V., Arrowsmith, J. R., Conner, J., Altintas, I., and 
Baru, C., 2006, A Three Tier Architecture for LiDAR Interpolation and Analysis: Lecture Notes 
in Computer Science, v. 3993, p. 920-927 DOI: �0.�007/��758532_�23.

Kim, H. S., Arrowsmith, J. R., Crosby, C. J., Frank, E., Nandigam, V., Conner, J., Memon, A., Baden, S. 
B., and Baru, C., 2006, An Efficient Implementation of a Local Binning Algorithm for Digital 
Elevation Model Generation of LiDAR/ALSM Dataset: EOS Trans. American Geophysical 
Union.

Mitasova, H., and Mitas, L., �993, Interpolation by Regularized Spline with Tension: I. Theory and 
Implementation: Mathematical Geology, v. 25, p. 64�-655.

Murphy, J. J., Watkinson, A. J., and Oldow, J. S., in review, Graphical analysis of divergence between 
GPS velocity and strain trajectory within the Walker Lane, Nevada, in Oldow, J. S., and Cashman, 
P. H., eds., Late Cenozoic evolution of the western Great Basin, Geological Society of America 
Special Paper.



2

Olariu, C., Bhattacharya, J., Xu, X., Aiken, C., Zeng, X., and McMechan, G., 2005, Integrated study 
of ancient  delta front deposits, using outcrop, ground penetrating radar and three dimension 
photorealistic data: Cretaceous Panther Tongue sandstone, Utah, in J.P.Bhattacharya, and Giosan, 
L., eds., River Deltas: Concepts, Models and Examples, Tulsa, OK, SEPM Special Publication, 
p. �55-�79.

Oldow, J. S., 2003, Active transtensional boundary zone between the western Great Basin and Sierra 
Nevada block, western U.S. Cordillera: Geology, v. 3�, p. �033-�036.

Oldow, J. S., Elias, E. A., Prestia, V. I., Ferranti, L., and McClelland, W. C., in review, Late Miocene to 
Pliocene synorogenic deposition during upper-plate fragmentation in the Silver Peak extensional 
complex, west-central Great Basin, in Oldow, J. S., and Cashman, P. H., eds., Late Cenozoic 
evolution of the western Great Basin, Geological Society of America Special Paper.

Oldow, J. S., and McClelland, W. C., in review, Evolution of the late Cenozoic Silver Peak extensional 
complex, western Great Basin, USA, in Oldow, J. S., and Cashman, P. H., eds., Late Cenozoic 
evolution of the western Great Basin, Geological Society of America Special Paper.

Oldow, J. S., Payne, J. D., Prestia, V. I., McClelland, W. C., and Ferranti, L., 2003, Stratigraphic and 
structural evolution of the  Silver Peak extensional complex, Nevada, western Great Basin, Fall 
Field Trip Guidebook Special Publication 38, Geological Society of Nevada, p. 5�-78.

Oldow, J. S., Singleton, E. S., and Whipple, K. M., 2005, Integration of digital data resources to estimate 
the history and rates of deformation in the Alvord extensional basin, southeastern Oregon: 
Geological Society of America Abstracts with programs, v. 37, p. 4�6.

Oldow, J. S., Walker, J. D., Aiken, C. L. V., and Xu, X., 2006, Digital acquisition, analysis and visualization 
in the Earth Sciences: EOS Trans. American Geophysical Union, v. 87, p. 35�.

Petronis, M. S., Geissman, J. W., Oldow, J. S., and McIntosh, W. C., in press, Tectonism of the southern 
Silver Peak Range:  Paleomagnetic and geochronologic data bearing on the Neogene development 
of a regional extensional complex, central Walker Lane, Nevada: Geological Society of America 
Special Paper.

Szerbiak, R. B., McMechan, G. A., Corbeanu, R., Forster, C., and Snelgrove, S. H., 200�, 3-D 
characterization of a clastic reservoir analog: From 3-D GPR data to a 3-D fluid permeability 
model: Geophysics, v. 66, p. �026-�037.

Thurmond, J., Loseth, T., Rivenaes, J., Martinsen, O., Xu, X., and Aiken, C., 2006, Using Outcrop Data 
in the 2�st Century – New methods and applications, with example from the Ainsa Turbidite 
System, Ainsa, Spain, in Nilsen, T., Shew, R., Steffens, G., and Studlick, J., eds., Deep-Water 
Outcrops of the World Atlas, Tulsa, OK, American Association of Petroleum Geologists Special 
Publication CD-ROM.

Walker, J. D., and Black, R. A., 2000, Mapping the outcrop: Geotimes, v. 45, p. 28-3�.
Walker, J. D., Black, R. A., Linn, J. K., Thomas, A. J., Wiseman, R., and D’Attilio, M. G., �996, 

Development of Geographic Information Systems Oriented Databases for Integrated Geological 
and Geophysical Applications: GSA Today, v. 6, p. �-7.

Walker, J. D., Bowers, T. D., Black, R. A., Glazner, A. F., Farmer, G. L., and Carlson, R. W., 2006, A 
geochemical database for western North American volcanic and intrusive rocks (NAVDAT), in 
Sinha, A. K., ed., Geoinformatics: Data to Knowledge: Geological Society of America Special 
Paper 397, p. 6�-7� DOI: �0.��30/2006.2397(05).

Walker, J. D., Bowers, T. D., Glazner, A. F., Farmer, L. G., and Carlson, R. W., 2004, Creation of a North 
American volcanic and plutonic rock database (NAVDAT): Geological Society of America 
Annual Meeting Abstracts with Programs, v. 36, p. 9.



3

Walker, J. D., Glazner, A. F., Bowers, T. D., Straus, A. K., Farmer, G. L., Carlson, R. W., Black, R. A., 
and Grossman, J. N., 2002, Implementation and compatibility of a North American volcanic and 
plutonic rock database (NAVDAT): EOS Trans. American Geophysical Union, v. 83, p. F707.

Xu, X., Bhattacharya, J., Davies, R. K., and Aiken, C. L. V., 200�, Digital Geologic Mapping of the 
Ferron Sandstone, Muddy Creek, Utah with GPS and lasters: GPS Solutions, v. 5, p. 23-32.


