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Abstract

We present two examples of Gocad workflows that interro§Bteearth models to assist critical
geoscience business decision making. In both cases the Igemeciple is to combine multiple model
properties to determine spatial locations with desiredsstatl characteristics. The objective is to find (x,
y, z) locations, otherwise difficult to discern, wheretai@ special combinations of conditions exist.

Targeting Workflow presents optimum targets to an explorest seeking discovery. It takes as input
multiple pre-computed properties and proximity relationshipsrpolated on a 3D grid (either voxet or
sgrid) and outputs a classified and ranked list of tardetsical input properties are lithology, formation,
physical and geochemical rock properties, proximity i@ships of structural and topological model
objects, proximity to existing boreholes, and presence, proximitd classification of geophysical
anomalies.

Geohazmap Workflow evaluates and monitors area®t@gal geotechnical hazard. It is intended
for use in underground or open pit mines as well as engineackdtructures for civil applications, such
as tunnels and slopes. It takes as input a multitudertif sedel objects such as rock quality models,
stress, joints, faults, and excavation geometry. It ptswides real-time monitoring of observations such
as microseismic data, ground deformation, radar, and lageting. As with Targeting Workflow, it
outputs a classified list of spatial locations, althoughhia tase to be interpreted as zones of potential
ground failure rather than as exploration targets. GeohaiMwkflow uses Gocad surfaces, rather than
3D grids, for supporting and computing the output propertieaus® geotechnical hazard is a natural
property of surfaces rather than volumes.

In both cases the workflows guide the user through the cometpieace of steps required for input
data designation, characterization, quality control, nbzaigon, and possible re-classification. Proven
tools from the field of 2D-GIS spatial expert systems @ployed in 3D on either grids (Targeting
Workflow) or surfaces (Geohazmap Workflow). These incltlde knowledge-driven techniques of
Boolean Logic, Index Overlay, Multi-Class Index Overlagd d&uzzy Logic, as well as the data-driven
techniques of Weights-of-Evidence. Future work is contemplateddude other techniques such as
Logistic Regression and possibly Neural Networks.

Introduction

The work described here is the development of comiadeGocad plug-ins for expert-system targeting
of exploration drillholes and geotechnical hazatdsoth cases a Gocad multi-disciplinary “commantte
model” is created to support the various propettied serve as targeting criteria. The propertiedd on
either voxets or surfaces, are typically a mixtofénterpreted rock properties such as litholodseration,
and physical properties, and non-rock propertyeirgdicators such as depth, stress, proximityatdt§, and
geophysical anomalies. “Target” locations are idient, ranked, and classified by computing and yiab
a score at each location in the model. In the eafilln case the score, called “mineral potentideit, is
computed on a voxet. In the geotechnical hazarctsting case the score, called “hazard”, is coetpan
a triangulated surface. A quantitative, probahdispproach is taken by the workflows to computatih the
score function by allowing the user to select ansting) a knowledge-driven framework in which expert
knowledge is used to manually classify, score,waight individual criteria; b) a data-driven framank in
which training data of known valid targets in thedal are used to classify and weight the inpuéedgt and
c¢) classifications and scores from other modelsiofilar settings are imported for application tomew
model area.

The workflows described here are inspired by aohysdf successful application of these methodsDn 2
GIS systems in mineral exploration going back t® 1980’s and 1990’s (see for example Bonham-Carter,
1994 and 1997), and more recent experimentatioBDinfor exploration applications (Apel and Bohme,
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2006; Caumon et al., 2006). The Bayesian weightsvafence algorithm deployed at the core of Tanggti
Workflow is based on the work of Apel and BohmeQ@0with their “Predict” plug-in, presented at a
previous Gocad Research Consortium meeting.

1. Successful Targeting Projects

We have worked with many clients over the yearsSih earth modelling for both exploration and
geotechnical hazard targeting, and learned whaemakojects successful. The key to success is@§s0
that is as simple in principle as it is too seldfaitowed with rigour in practice. Figure 1 showsthasic
cyclical flow of project actions that lead to suss€eVariations on this theme work similarly well.

The first five steps of the project can be completesually within a couple of days, by the projeam.
What we have found works well is an initial braorsting session with the project team, facilitatgdab
neutral moderator, to quantitatively ascertaintétigeting objective (for exploration this impliespbsit size,
grade, style, depth profile, and possibly othercdptons) and the conceptual model that estabdigshe
geological context. There may be uncertainty in ¢baceptual model or possibly competing conceptual
models advanced by the team. Typically agreemerdngst the team on a quantitative objective and
conceptual model is only arrived at after some rimgdnl discussion. Quantitative targeting criteria,
required data, and overall model design (extergpttd scale, resolution, etc.) follow fairly dirgctrom a
careful setup of objective and conceptual modethéfe are competing conceptual models the modst mu
be designed to support and test each of them. édindhese first five project steps are fast andgeasive
to complete, we have often seen major projects wfietnout them, proceeding directly to data contjmia
and model construction. Turning on the softwaraighoome only after careful planning.
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Figure 1 : Nominal steps of a successful targefingject.

Data compilation is almost always the most expensird time-consuming part of a targeting project,
particularly when there is a lot of multi-discipdiry data and several custodians are involved. tuis
experience that if projects falter, they typicalblter at this stage, although the failure can lguae
attributed to inadequate project planning and maldslign. Model construction simply requires an adep
Gocad modeller and some time, typically a few wedkshe project has been set up well, the resgltin
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model will give the expert-system workflows the tbpessible chance of success of identifying targéts
business value.

2. Targeting Workflow

Targeting Workflow is a Gocad workflow that takes iaput a multi-variate voxet containing the set of
targeting criteria and produces a target list ascated by example in Figure 2. It takes the usssugh a
sequence of pre-processing, prediction modelling] post-processing steps. It provides a number of
statistical investigations of input data and targatidation procedures, in addition to offering tbot
knowledge-driven and data-driven prediction modgliariants.
At the highest level the workflow steps consist of:

1. Select modelling approach: a) Boolean Overlay, lBigMed Boolean Overlay, ¢) Multi-class
Index Overlay, d) Weights-of-evidence
Define model space and select evidential properties
Select training data
Re-classify evidential properties
Define thresholds based on expert opinion (knowdedigven) or training data (data-driven)
Generate prediction model
Analysis and validation of prediction model
Target generation, classification, and ranking.

ONo G hAWN

Figure 3 shows a more detailed example, using dimeaptually simple knowledge-driven, multi-class
index overlay approach, of how various input d&tis sire classified into categories, each categssigeed
a score, and then each input variable weighteccambined into a simple mineral potential index.
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Figure 2: Idealized view of multi-variate targeticgteria as multiple voxet properties, output nrale
potential index, and post-processed target list.
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This expert-system, 3D-GIS, approach to minerallaggtion targeting has proven successful in
discovering ore deposits in mature mining exploratamps that had otherwise not yielded new diggove
in decades of exploration. This mode of analysid amerpretation of historical data, through Gosad’
superior 3D modelling technology, has been direntbdited with discovery success (Martin et alQ20
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Figure 3: Multi-class index overlay used with clifisations, scores, and weights set by the expanint
to interactively determine “mineral potential indexhe variable used to rank and classify targets.

3. Geohazmap Workflow

Geohazmap Workflow is a Gocad workflow that acceptange of real-time data to compute and display
a user-defined hazard index on a mine or otheregbaical model. Its effectiveness rests on the pafe
Gocad, the underlying 3D modelling system. Geohazméorkflow has been designed to be easily
prototyped and rapidly customized through user Waovkinteraction.

The ground failure whose risk is to be modelled ®yohazmap Workflow may take many forms,
depending on user-defined site criteria. It is epgle to underground and open-pit mines, tunrgligiope
stability, and general seismic risk evaluationcdh be used to estimate risk of ground failurerof gype,
from slope failure to violent rockbursting. The Gaamap Workflow approach is to define a list ofuhp
criteria that influence risk of ground failure @ugh the conceptual model), define how those @itexiate
spatially to relative hazard through user-definemtnmalization functions, and then define the refativ
weighting of the criteria to the cumulative, genérazard index. The general hazard index is theysagially
varying quantity which can be mapped on slope,estopdevelopment surfaces, in fact to any sunfett@n
an earth model. Many hazard components may be dechftom the complex geometrical relationships of
geology, stress, jointing, structure, rock masgerties, and engineered infrastructure. Thusdtitgcal that
Geohazmap Workflow has access to a powerful uniderlguite of raster and vector earth modelling and
query tools, which is the rationale behind the ttgy@ent of Geohazmap Workflow as a Gocad workflow.
Geohazmap Workflow has been designed to responrckah time to data updates. It presents a full
visualization of hazard index with respect to apects of the mine geometry.

Geohazmap Workflow has been prototyped at sevées, Sncluding both open-pit and underground
coal mines and hard-rock mines. Figure 4 illusgaa intermediate computation from a case studnin
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underground gold mine in which Geohazmap Workfloaswised to create a relative hazard index as a
function of microseismicity, excavation geometrtyess, geological structure, and rock type.

Figure 4. An intermediate computation made by Geotegp Workflow in response to real-time
microseismic data updates, showing distance toos&smic cluster-boundary edge on two vertical
cross-sections and one plan elevation. The smhérgs are microseismic events; the irregularly sthp
“bubble” is a 3D isosurface contour at a threshdéel of seismic event density (events per unitree)
over a user-defined time window. The lines are madkeries.
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Figure 5 shows the computation of a final hazaré&sunes on infrastructure at an underground nickel
mine. In this case study, the following hazardeciit were analyzed:
1. age of development
support type
mining method
stress state
proximity to structural faces, intersections, aodfdaries
fault slip tendency
microseismic event density, local magnitude, an@&gsatios
disking in core as an indirect stress indicator
9. rock quality
10. lithology
11. proximity to lithological contacts.

The orange spheres shown in Figure 5 are the towatof historic falls of ground to fault-slip
rockbursting. These locations served as the trgimiata for a weights-of-evidence analysis. Posterio
probability of groundfall is the property shown e underground infrastructure.

Because the system is designed to provide contsamanitoring of multiple inputs, and because it is
able to consider variables and model states tratdgnamic in time, Geohazmap Workflow serves as a
convenient foundation for back-analysis in orderegiimate or fine-tune the design of how the many
individual hazard elements combine into a finaireation of hazard risk.

O NG hA®WN

Figure 5. Underground infrastructure painted wittetposterior probability of groundfall due to fault
slip rockbursting, based on a weights-of-evidentaysis using historical groundfall locations (defad
as orange spheres) as training data.
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Conclusion

Targeting Workflow and Geohazmap Workflow are twewnGocad workflows that serve the same
general purpose in two related business applicattidiscovering ore deposits and estimating geoteahn
hazard. The common ground between them is expstsyidentification of spatial locations of desired
characteristics based on the statistical analysimany “layers” of 3D input data. When used as pudrt
projects that have thoughtfully considered quatitigaobjectives, geoscientifically sound conceptunalels,
and good project planning, they have already praweedeliver significant value in solving the diffilt
business problems of targeting exploration drillamgl understanding geotechnical risk. The gengmadithe
formulation means the same approach, even the samiflow software without modification, should find
business value in other geoscientific applicatiwvhgre the objective is probabilistic identificatiohtarget
locations based on multiple data layers. Examptas the mining industry include risk profiling iesource
modelling, geometallurgical applications to undemst and control mill feeds, and acid rock drainage
minimization. Other examples of practical applicatiassuredly exist in petroleum and environmental
geoscience.
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