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Purpose of This Presentation

• We were asked to develop a few models of some 
faults and fractures “out there in the “real world”
– This is partially in response to concerns by some folks 

that (necessary) downstream modeling approximations 
are ‘way too simplistic:

•“smoothly” planar features

•“infinite” extent
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Purpose of This Presentation

• We were asked to develop a few models of some 
faults and fractures “out there in the “real world”
– This is partially in response to concerns by some folks 

that (necessary) downstream modeling approximations 
are ‘way too simplistic:

•“smoothly” planar features

•“infinite” extent

• “All modeling is a cartoon …”
…   or, perhaps less flippantly, a caricature)
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Purpose of This Presentation

• We were asked to develop a few models of some 
faults and fractures “out there in the “real world”
– This is partially in response to concerns by some folks 

that (necessary) downstream modeling approximations 
are ‘way too simplistic:

•“smoothly” planar features

•“infinite” extent

• “All modeling is a cartoon …”
…   or, perhaps less flippantly, a caricature)

• However: caricatures are usually quite recognizable
– particularly if done well.
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Objective

• What we will try to do in this presentation is 
to present a number of visualization models of 
faults and fractures – in three-dimensions –
that are drawn from:
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Objective

• What we will try to do in this presentation is 
to present a number of visualization models of 
faults and fractures – in three-dimensions –
that are drawn from:
– underground excavations (the mining business)
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Objective

• What we will try to do in this presentation is 
to present a number of visualization models of 
faults and fractures – in three-dimensions –
that are drawn from:
– underground excavations (the mining business)

– tomographic studies of individual fractures
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Objective

• What we will try to do in this presentation is 
to present a number of visualization models of 
faults and fractures – in three-dimensions –
that are drawn from:
– underground excavations (the mining business)

– tomographic studies of individual fractures

– Landsat imagery
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Objective

• What we will try to do in this presentation is 
to present a number of visualization models of 
faults and fractures – in three-dimensions –
that are drawn from:
– underground excavations (the mining business)

– tomographic studies of individual fractures

– Landsat imagery

• The idea is to illustrate real-world complexity 
on a scale from centimeters to kilometers, with 
major emphasis on the “meter scale” (1-10s m)

UNCLASSIFIED



UNCLASSIFIED

12/2/200910

Defusing Criticism a Priori

• We recognize that one objection to the use of 
examples from “mining” may be that most 
mineral deposits are there because of “extensive 
ground preparation”, i.e. intense rock breakage
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Defusing Criticism a Priori

• We recognize that one objection to the use of 
examples from “mining” may be that most 
mineral deposits are there because of “extensive 
ground preparation”, i.e. intense rock breakage

• Our interpretation, based on years of 
experience in many different geologic 
environments – including non-mineralized 
ones – is that differences are of degree and not 
of kind
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Defusing Criticism a Priori

• We recognize that one objection to the use of 
examples from “mining” may be that most 
mineral deposits are there because of “extensive 
ground preparation”, i.e. intense rock breakage

• Our interpretation, based on years of 
experience in many different geologic 
environments – including non-mineralized 
ones – is that differences are of degree and not 
of kind
– The upshot is that we see the same types of fault and 

fracture geometries on multiple scales and in many 
different environments
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Examples

• Yucca Mountain, Nevada
•the so-called Exploratory Studies Facility
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Examples

• Yucca Mountain, Nevada
•the so-called Exploratory Studies Facility

• Mountain View copper mine, Nevada
•a multi-level underground mine, emphasizing faults
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Examples

• Yucca Mountain, Nevada
•the so-called Exploratory Studies Facility

• Mountain View copper mine, Nevada
•a multi-level underground mine, emphasizing faults

• Sagamore Mine, California
•multi-level underground mines, emphasizing lateral variation 
in “aperture” of faults/fractures

– Sagamore vein

– Paymaster vein
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Examples

• Yucca Mountain, Nevada
•the so-called Exploratory Studies Facility

• Mountain View copper mine, Nevada
•a multi-level underground mine, emphasizing faults

• Sagamore Mine, California
•multi-level underground mines, emphasizing lateral variation 
in “aperture” of faults/fractures

– Sagamore vein

– Paymaster vein

• Butte copper district, Montana
• information drawn from both surface and underground 
workings, emphasizing multiple systems of faults and 
fractures

UNCLASSIFIED



UNCLASSIFIED

12/2/200917

Examples

• Yucca Mountain, Nevada
•the so-called Exploratory Studies Facility

• Mountain View copper mine, Nevada
•a multi-level underground mine, emphasizing faults

• Sagamore Mine, California
•multi-level underground mines, emphasizing lateral variation 
in “aperture” of faults/fractures

– Sagamore vein

– Paymaster vein

• Butte copper district, Montana
• information drawn from both surface and underground 
workings, emphasizing multiple systems of faults and 
fractures

• Miscellaneous
UNCLASSIFIED
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ESF Tunnel at Yucca Mountain, Nev.

• The Yucca Mountain high-level nuclear-waste 
program constructed a 5-mile long “Exploratory 
Studies Facility” tunnel (ESF) through volcanic 
tuffs, immediately to the west of the Nevada 
Test Site
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ESF Tunnel at Yucca Mountain, Nev.

• The Yucca Mountain high-level nuclear-waste 
program constructed a 5-mile long “Exploratory 
Studies Facility” tunnel (ESF) through volcanic 
tuffs, immediately to the west of the Nevada 
Test Site
– Excavated using a tunnel-boring machine

•Walls are “very” smooth
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ESF Tunnel at Yucca Mountain, Nev.

• The Yucca Mountain high-level nuclear-waste 
program constructed a 5-mile long “Exploratory 
Studies Facility” tunnel (ESF) through volcanic 
tuffs, immediately to the west of the Nevada 
Test Site
– Excavated using a tunnel-boring machine

•Walls are “very” smooth

– Tunnel is 7.62 meters in diameter (25 ft)
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ESF Tunnel at Yucca Mountain, Nev.

• The Yucca Mountain high-level nuclear-waste 
program constructed a 5-mile long “Exploratory 
Studies Facility” tunnel (ESF) through volcanic 
tuffs, immediately to the west of the Nevada 
Test Site
– Excavated using a tunnel-boring machine

•Walls are “very” smooth

– Tunnel is 7.62 meters in diameter (25 ft)

– Tunnel was mapped in “excruciating” detail
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ESF Tunnel at Yucca Mountain, Nev.

• The Yucca Mountain high-level nuclear-waste 
program constructed a 5-mile long “Exploratory 
Studies Facility” tunnel (ESF) through volcanic 
tuffs, immediately to the west of the Nevada 
Test Site
– Excavated using a tunnel-boring machine

•Walls are “very” smooth

– Tunnel is 7.62 meters in diameter (25 ft)

– Tunnel was mapped in “excruciating” detail

• The ESF provides an exceptional three-
dimensional data set for visualization and 
quantitative study
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The ESF Data Set

• The U.S. Bureau of Reclamation mapped the 
entire periphery of the ESF tunnel from marker 
0+00 meters to 78+77 meters (~5 miles)
– Essentially, this “unrolls” the cylindrical tunnel form 

onto a flat sheet of paper
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The ESF Data Set

• The U.S. Bureau of Reclamation mapped the 
entire periphery of the ESF tunnel from marker 
0+00 meters to 78+77 meters (~5 miles)
– Essentially, this “unrolls” the cylindrical tunnel form 

onto a flat sheet of paper

• These maps show “all fractures” that are 
greater than 1-m in length, or which were 
judged to have significant structural implications
– Faults

– Fractures

– Fracture zones (breccia)
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Available Data

• Features were traced from one side of 
the TBM railroad tracks on the floor of 
the tunnel, over the crown of the drift, 
to the other side of the TBM railroad 
tracks

UNCLASSIFIED



UNCLASSIFIED

12/2/200926

Available Data

• Features were traced from one side of 
the TBM railroad tracks on the floor of 
the tunnel, over the crown of the drift, 
to the other side of the TBM railroad 
tracks

– “Faults” (with movement) were distinguished
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Available Data

• Features were traced from one side of 
the TBM railroad tracks on the floor of 
the tunnel, over the crown of the drift, 
to the other side of the TBM railroad 
tracks

– “Faults” (with movement) were distinguished

– Terminations of faults/fractures were described
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Available Data

• Features were traced from one side of 
the TBM railroad tracks on the floor of 
the tunnel, over the crown of the drift, 
to the other side of the TBM railroad 
tracks

– “Faults” (with movement) were distinguished

– Terminations of faults/fractures were described

– Structural attitude measured for each feature
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Available Data

• Features were traced from one side of 
the TBM railroad tracks on the floor of 
the tunnel, over the crown of the drift, 
to the other side of the TBM railroad 
tracks

– “Faults” (with movement) were distinguished

– Terminations of faults/fractures were described

– Structural attitude measured for each feature

– Attributes of feature surface were recorded
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Available Data

• Features were traced from one side of 
the TBM railroad tracks on the floor of 
the tunnel, over the crown of the drift, 
to the other side of the TBM railroad 
tracks

– “Faults” (with movement) were distinguished

– Terminations of faults/fractures were described

– Structural attitude measured for each feature

– Attributes of feature surface were recorded
– (there are many Excel files available with these fracture data)
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ESF Full-Periphery Map
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Example of 
detailed 
geologic 
mapping 

of the ESF:

Base, Right Wall

Base, Left Wall

“Crown”

The tunnel 
is “unrolled” 
from the 

bottom and 
presented 
as a flat 

map

20-m
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Key to Mapping in the Visualization
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Key to Mapping in the Visualization
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Key to Mapping in the Visualization
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1700

Steel Lagging
(support)
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Key to Mapping in the Visualization
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Traces



UNCLASSIFIED

12/2/200936

Key to Mapping in the Visualization
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Key to Mapping in the Visualization
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Fracture
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Fracture
Termination

Fracture Zone1700
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Key to Mapping in the Visualization

UNCLASSIFIED

Fault (with movement)
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Key to Mapping in the Visualization

UNCLASSIFIED

Fracture
Traces

Fracture
Termination

Fault (with movement)

Fracture Zone
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(meters)
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(support)
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Fracture / Fault Intersections with a Cylinder
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“Perfect” plane
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Fracture / Fault Intersections with a Cylinder

UNCLASSIFIED

Curved trace intersection on cylinder

“Perfect” plane
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Fracture / Fault Intersections with a Cylinder

UNCLASSIFIED

Curved trace intersection on cylinder

“Perfect” plane

Departure from
true planarity
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ESF Fly-Through
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Summary of Observations: Yucca Mountain

• Very diverse set of fracture/fault orientations 
in a non-mineralized setting
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Summary of Observations: Yucca Mountain

• Very diverse set of fracture/fault orientations 
in a non-mineralized setting

• Many features are non-planar
– some are strikingly non-planar
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Summary of Observations: Yucca Mountain

• Very diverse set of fracture/fault orientations 
in a non-mineralized setting

• Many features are non-planar
– some are strikingly non-planar

• Faults and Fractures terminate on scale of 
multiple meters
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Summary of Observations: Yucca Mountain

• Very diverse set of fracture/fault orientations 
in a non-mineralized setting

• Many features are non-planar
– some are strikingly non-planar

• Faults and Fractures terminate on scale of 
multiple meters
– against one another

– dying out into unfractured rock
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Summary of Observations: Yucca Mountain

• Very diverse set of fracture/fault orientations 
in a non-mineralized setting

• Many features are non-planar
– some are strikingly non-planar

• Faults and Fractures terminate on scale of 
multiple meters
– against one another

– dying out into unfractured rock

• Intensity of rock fracturing and fault varies 
spatially
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Summary of Observations: Yucca Mountain

• Very diverse set of fracture/fault orientations 
in a non-mineralized setting

• Many features are non-planar
– some are strikingly non-planar

• Faults and Fractures terminate on scale of 
multiple meters
– against one another

– dying out into unfractured rock

• Intensity of rock fracturing and fault varies 
spatially
– local long intervals with no/minimal breaks

– meter-scale fracture zones
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Mountain City Copper Mine, Nev.

• Vein-type deposit located in Elko County, 
northeastern Nevada (Basin-and-Range province)

• Primary sulphide copper mineralization, with 
very significant secondary (oxide) enrichment

• Original mineralization formed pods within 
a shaly sedimentary unit (Paleozoic age)

• Mine active ~ 1932-1947
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Mountain City Copper Mine, Nev.

• Vein-type deposit located in Elko County, 
northeastern Nevada (Basin-and-Range province)

• Primary sulphide copper mineralization, with 
very significant secondary (oxide) enrichment

• Original mineralization formed pods within 
a shaly sedimentary unit (Paleozoic age)

• Mine active ~ 1932-1947

• Developed by at least 7 major levels of drifting, 
over a vertical interval of > 800 ft

• Cut by numerous faults
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Available Data

• We have large-scale mine maps of each of seven 
levels vertically
– Drifts are mapped 

– A first approximation of vein geometry

– Open stopes allowed extensive examination of structures

– Faults / major fractures were mapped, and in some cases 
projected between drifts on the same level

– Dip directions are given for most features

UNCLASSIFIED

Ridge, J.D., ed., 1968, Ore deposits of the United States, 1933-1967, the Graton-Sales volume, New York: 
Am. Inst. Mining, Metallurgical, and Petroleum Engineers, Inc., vol. 2, p. 1074-1101.
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Model Construction

• The published mine maps were scanned, and the 
digital images were calibrated using distance 
information on the maps
– Allows alignment among the levels

• Drifts digitized as polylines, with (x,y,z)

• Faults / fractures digitized as polylines

• Polylines mapped into 3-D model space for 
visualization
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Model Construction

• The published mine maps were scanned, and the 
digital images were calibrated using distance 
information on the maps
– Allows alignment among the levels

• Drifts digitized as polylines, with (x,y,z)

• Faults / fractures digitized as polylines

• Polylines mapped into 3-D model space for 
visualization
– Rotation of model in 3-D allows visual identification of 

“most likely” assignment of individual mapped features 
to a particular fault (down-dip continuity)

– Triangulated planes fitted to digitized points of polyline
to represent fault planes
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Example Mine Map

UNCLASSIFIED

N

10,000 ft

Drifts

Mapped Faults, 
with dip

Primary 
(sulphide) 

ore

Secondary
(oxide) 

ore

Shaft

300-ft Level

Area of open stopes
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Mountain City Mine Model Construction
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Mountain City Mine Fly-Through #2
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m

• Multiple orientations, with likely “master” fault
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m

• Multiple orientations, with likely “master” fault

• Many structures dip “generally” in the same 
direction, even though strike may vary
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m

• Multiple orientations, with likely “master” fault

• Many structures dip “generally” in the same 
direction, even though strike may vary

• Closely spaced vs. well-spaced structures
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m

• Multiple orientations, with likely “master” fault

• Many structures dip “generally” in the same 
direction, even though strike may vary

• Closely spaced vs. well-spaced structures

• Some features are curvilinear “planes”
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m

• Multiple orientations, with likely “master” fault

• Many structures dip “generally” in the same 
direction, even though strike may vary

• Closely spaced vs. well-spaced structures

• Some features are curvilinear “planes”

• Dip of features may change with depth
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Summary of Observations: Mtn. City Mine

• Overall scale of model ~10,000 ft / 3,000 m

• Multiple orientations, with likely “master” fault

• Many structures dip “generally” in the same 
direction, even though strike may vary

• Closely spaced vs. well-spaced structures

• Some features are curvilinear “planes”

• Dip of features may change with depth

• Intersections and truncations
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Paymaster Vein, Calif.

• Vein-type gold deposit

• Active 1910-1914, 1932-1944

• Relatively small mine
– Tunnel access

– Host rock is granitic gneiss

– Single vein with drift along length

UNCLASSIFIED

Hewett, D.F., 1956, Geology and mineral resources of the Ivanpah quadrangle, California and  
Nevada:  U.S. Geol. Surv. Prof. Paper 275, 172 p.
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Paymaster Vein, Calif.

• Vein-type gold deposit

• Active 1910-1914, 1932-1944

• Relatively small mine
– Tunnel access

– Host rock is granitic gneiss

– Single vein with drift along length

• Actual widths of vein measured in numerous 
locations
– Example of pinch-and-swell related to fault geometry

• Measured dips of fault allow quasi-3-D 
projection

UNCLASSIFIED

Hewett, D.F., 1956, Geology and mineral resources of the Ivanpah quadrangle, California and  
Nevada:  U.S. Geol. Surv. Prof. Paper 275, 172 p.
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Data Available: Mine Map with Vein Widths
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Vein

Measured
vein

widths 
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Schematic
of actual
vein width
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offset

Fault Segment, 
with dip
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Paymaster Mine: Drifts and Workings
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Main Workings
Along Vein

Drift to portal

Raise
to stopes

Shaft

N
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Paymaster Vein Fly-Through
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Summary of Observations: Paymaster Mine

• Example of a relatively straightforward single 
steeply dipping structural discontinuity (“fault”) 
that has been mineralized by quartz, sulphide 
minerals, and metallic gold
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Summary of Observations: Paymaster Mine

• Example of a relatively straightforward single 
steeply dipping structural discontinuity (“fault”) 
that has been mineralized by quartz, sulphide 
minerals, and metallic gold

• The width of the vein and associated quartz 
mineralization varies laterally by almost an order 
of magnitude
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Summary of Observations: Paymaster Mine

• Example of a relatively straightforward single 
steeply dipping structural discontinuity (“fault”) 
that has been mineralized by quartz, sulphide 
minerals, and metallic gold

• The width of the vein and associated quartz 
mineralization (aka fracture aperture) varies 
laterally by almost an order of magnitude

• The vein has been offset in en eschelon style by 
several post-mineralization faults
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Sagamore Mine

• Vein-type gold deposit with multiple veins
– Active 1905-1910, 1913-1917, 1942-45

– Two tunnels ~1200 ft, plus a vertical shaft

– Polymetallic sulphides (Zn, Cu, Pb, W, Mn)
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Sagamore Mine

• Vein-type gold deposit with multiple veins
– Active 1905-1910, 1913-1917, 1942-45

– Two tunnels ~1200 ft, plus a vertical shaft

– Polymetallic sulphides (Zn, Cu, Pb, W, Mn)

• Vein varies from 1-3 ft, but expands to 15 ft
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Sagamore Mine

• Vein-type gold deposit with multiple veins
– Active 1905-1910, 1913-1917, 1942-45

– Two tunnels ~1200 ft, plus a vertical shaft

– Polymetallic sulphides (Zn, Cu, Pb, W, Mn)

• Vein varies from 1-3 ft, but expands to 15 ft

• Actual width of vein measured in numerous 
locations along strike on both levels
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Sagamore Mine

• Vein-type gold deposit with multiple veins
– Active 1905-1910, 1913-1917, 1942-45

– Two tunnels ~1200 ft, plus a vertical shaft

– Polymetallic sulphides (Zn, Cu, Pb, W, Mn)

• Vein varies from 1-3 ft, but expands to 15 ft

• Actual width of vein measured in numerous 
locations along strike on both levels

• Another example of pinch-and-swell related to 
fault geometry

• Measured dips and two levels of workings allow 
quasi-3D geometrical modeling
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Sagamore Mine: Data Available
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Visualization in Three Dimensions
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Summary of Observations: Sagamore Mine

• Example of a more complex steeply dipping 
structural discontinuity (“fault”) that has been 
mineralized by quartz, sulphide minerals, and 
metallic gold
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Summary of Observations: Sagamore Mine

• Example of a more complex steeply dipping 
structural discontinuity (“fault”) that has been 
mineralized by quartz, sulphide minerals, and 
metallic gold

• Marked variations in vein width along strike
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Summary of Observations: Sagamore Mine

• Example of a more complex steeply dipping 
structural discontinuity (“fault”) that has been 
mineralized by quartz, sulphide minerals, and 
metallic gold

• Marked variations in vein width along strike

• Very pronounced control of vein width and 
mineralization by host-rock lithology
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Summary of Observations: Sagamore Mine

• Example of a more complex steeply dipping 
structural discontinuity (“fault”) that has been 
mineralized by quartz, sulphide minerals, and 
metallic gold

• Marked variations in vein width along strike

• Very pronounced control of vein width and 
mineralization by host-rock lithology
– Vein is very prominently developed in sandstone unit, 

over more than 2,000 ft of strike length
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Summary of Observations: Sagamore Mine

• Example of a more complex steeply dipping 
structural discontinuity (“fault”) that has been 
mineralized by quartz, sulphide minerals, and 
metallic gold

• Marked variations in vein width along strike

• Very pronounced control of vein width and 
mineralization by host-rock lithology
– Vein is very prominently developed in sandstone unit, 

over more than 2,000 ft of strike length

– Vein is quite inconspicuous where the fault intersects 
overlying shales and dolomites (note: these are both 
soft and brittle lithologies)
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Why This “Pinch-and-Swell” Variation?

• Both the Paymaster and Sagamore vein deposits 
exhibit marked variation in width along strike

• Variation in “aperture” is inherent in any non-
planar fault that exhibits movement

UNCLASSIFIED
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Effect of Non-planarity in Faults
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Normal Faulting
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Effect of Non-planarity in Faults, part 2
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Reverse Faulting
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12/2/200987

Summary of Observation: Fault Aperture

• Variable aperture along a fault or major 
fracture results from non-planarity
– Example given in 2-D, but the physics operate in full 

three dimensions

UNCLASSIFIED



UNCLASSIFIED

12/2/200988

Summary of Observation: Fault Aperture

• Variable aperture along a fault or major 
fracture results from non-planarity
– Example given in 2-D, but the physics operate in full 

three dimensions

• Fault geometry may work to open fractures or it 
may force fractures to close and “lock”
– Possibly associated crushing and brecciation

– Dissipate energy

UNCLASSIFIED
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12/2/200989

Butte, Montana

• “The Richest Hill on Earth”  major copper 
mining district in southwestern Montana

• Discovered as a gold deposit 1864
– 42 miles of vertical shafts

– Thousands of miles of underground workings

– Berkeley Pit is one mile by one-half mile

•

UNCLASSIFIED
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12/2/200990

Butte, Montana

• “The Richest Hill on Earth”  major copper 
mining district in southwestern Montana

• Discovered as a gold deposit 1864
– 42 miles of vertical shafts

– Thousands of miles of underground workings

– Berkeley Pit is one mile by one-half mile

• Multiple fault / vein systems in “granitic” rocks

•

UNCLASSIFIED
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12/2/200991

Butte, Montana

• “The Richest Hill on Earth”  major copper 
mining district in southwestern Montana

• Discovered as a gold deposit 1864
– 42 miles of vertical shafts

– Thousands of miles of underground workings

– Berkeley Pit is one mile by one-half mile

• Multiple fault / vein systems in “granitic” rocks

• Multiple stages of mineralization

•

UNCLASSIFIED
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12/2/200992

Butte, Montana

• “The Richest Hill on Earth”  major copper 
mining district in southwestern Montana

• Discovered as a gold deposit 1864
– 42 miles of vertical shafts

– Thousands of miles of underground workings

– Berkeley Pit is one mile by one-half mile

• Multiple fault / vein systems in “granitic” rocks

• Multiple stages of mineralization

• We will examine the major:
– “Anaconda” vein system

–
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UNCLASSIFIED

12/2/200993

Butte, Montana

• “The Richest Hill on Earth”  major copper 
mining district in southwestern Montana

• Discovered as a gold deposit 1864
– 42 miles of vertical shafts

– Thousands of miles of underground workings

– Berkeley Pit is one mile by one-half mile

• Multiple fault / vein systems in “granitic” rocks

• Multiple stages of mineralization

• We will examine the major:
– “Anaconda” vein system

– “Blue” vein system

–

UNCLASSIFIED
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12/2/200994

Butte, Montana

• “The Richest Hill on Earth”  major copper 
mining district in southwestern Montana

• Discovered as a gold deposit 1864
– 42 miles of vertical shafts

– Thousands of miles of underground workings

– Berkeley Pit is one mile by one-half mile

• Multiple fault / vein systems in “granitic” rocks

• Multiple stages of mineralization

• We will examine the major:
– “Anaconda” vein system

– “Blue” vein system

– Non-mineralized faults

UNCLASSIFIED
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12/2/200995

Butte: Data Available

• District maps, derived from both underground 
workings and the later open pit
– Two levels separated vertically by ~1,000 ft

– Three sets of veins / faults 

UNCLASSIFIED
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12/2/200996

Butte: Data Available

• District maps, derived from both underground 
workings and the later open pit
– Two levels separated vertically by ~1,000 ft

– Three sets of veins / faults 

• Vertical cross section of district
– Extends to 4,000 ft depth, locally

– Same three sets of veins / faults distinguished

– Provides third dimension in more detail

•There is a “surprise” in the attitude of the late faults

UNCLASSIFIED



UNCLASSIFIED

12/2/200997

Vein Systems of the “Richest Hill on Earth”

UNCLASSIFIED
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12/2/200998

Closer Examination of the “Anaconda” Vein
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12/2/200999

Fly-Through Along the “Anaconda” Vein
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12/2/2009100

Summary of Observations: Butte District

• Examined region extends over ~1-2 km
– Individual faults/fractures mapped 10s/100s of m 
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12/2/2009101

Summary of Observations: Butte District

• Examined region extends over ~1-2 km
– Individual faults/fractures mapped 10s/100s of m 

• Example of multiple fracture / fault systems
– Strong parallelism of individual “sets”
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12/2/2009102

Summary of Observations: Butte District

• Examined region extends over ~1-2 km
– Individual faults/fractures mapped 10s/100s of m 

• Example of multiple fracture / fault systems
– Strong parallelism of individual “sets”

• Anastomosing / branching/ rejoining structures

• Numerous intersections / offsets

• Curved fracture / fault traces in plan

• Pinch-and-swell
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12/2/2009103

Summary of Observations: Butte District

• Examined region extends over ~1-2 km
– Individual faults/fractures mapped 10s/100s of m 

• Example of multiple fracture / fault systems
– Strong parallelism of individual “sets”

• Anastomosing / branching/ rejoining structures

• Numerous intersections / offsets

• Curved fracture / fault traces in plan

• Pinch-and-swell

• Opposing dips of “similar” strike structures!
– interlocking blocks resist movement
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12/2/2009104

Faults / Fractures on the Kilometer Scale

• Examination of LandSAT imagery indicates that 
many of the same attributes of faulting and 
fracturing exist on the scale of kilometers
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12/2/2009105

Faults / Fractures on the Kilometer Scale

• Examination of LandSAT imagery indicates that 
many of the same attributes of faulting and 
fracturing exist on the scale of kilometers
– Irregular trace patterns

– Terminations against other structures

– Intersections  interlocking blocks
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12/2/2009106

Faults / Fractures on the Kilometer Scale

• Examination of LandSAT imagery indicates that 
many of the same attributes of faulting and 
fracturing exist on the scale of kilometers
– Irregular trace patterns

– Terminations against other structures

– Intersections  interlocking blocks

• Example from a fractured granitic terrane from 
northwestern Scotland
– Glaciated: obscuring surficial deposits absent

– Erosion has enhanced visualization of weakened zones

UNCLASSIFIED
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12/2/2009107

Faults / Fractures on the Kilometer Scale

UNCLASSIFIED

5 km
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Faults / Fractures on the Kilometer Scale

UNCLASSIFIED

5 km
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Faults / Fractures on the Kilometer Scale

UNCLASSIFIED

5 km
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12/2/2009110

Faults / Fractures on the Ten-Kilometer Scale

UNCLASSIFIED

10 km
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12/2/2009111

Summary of Observations

• Geometry of faults and fault zones on the 
kilometer scale resemble the geometry of 
structures on the scale of a few tens of meters
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12/2/2009112

Summary of Observations

• Geometry of faults and fault zones on the 
kilometer scale resemble the geometry of 
structures on the scale of a few tens of meters
– Non-planar geometry

– Multiple orientations
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12/2/2009113

Summary of Observations

• Geometry of faults and fault zones on the 
kilometer scale resemble the geometry of 
structures on the scale of a few tens of meters
– Non-planar geometry

– Multiple orientations

– Variation in width along strike (and down dip)
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12/2/2009114

Summary of Observations

• Geometry of faults and fault zones on the 
kilometer scale resemble the geometry of 
structures on the scale of a few tens of meters
– Non-planar geometry

– Multiple orientations

– Variation in width along strike (and down dip)

– Intersections of structures

– Termination of individual features

UNCLASSIFIED
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12/2/2009115

Summary of Observations

• Geometry of faults and fault zones on the 
kilometer scale resemble the geometry of 
structures on the scale of a few tens of meters
– Non-planar geometry

– Multiple orientations

– Variation in width along strike (and down dip)

– Intersections of structures

– Termination of individual features

– Spatial heterogeneity in intensity and spacing

UNCLASSIFIED
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12/2/2009116

Summary of Observations

• Geometry of faults and fault zones on the 
kilometer scale resemble the geometry of 
structures on the scale of a few tens of meters
– Non-planar geometry

– Multiple orientations

– Variation in width along strike (and down dip)

– Intersections of structures

– Termination of individual features

– Spatial heterogeneity in intensity and spacing

– Presence of likely crushed zones at intersections

UNCLASSIFIED
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12/2/2009117

Core-scale Fracture Mapping

• Great interest in understanding the 3-D 
geometry of fracture aperture on the core 
scale, because secondary and tertiary 
hydrocarbon-recovery techniques are very 
sensitive to fracture size and geometry
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12/2/2009118

Core-scale Fracture Mapping

• Great interest in understanding the 3-D 
geometry of fracture aperture on the core 
scale, because secondary and tertiary 
hydrocarbon-recovery techniques are very 
sensitive to fracture size and geometry

• Tomographic techniques have been developed to 
obtain quantitative 3-D images of natural and 
artificial fractures
– Also methods for imaging air/oil/water saturation

UNCLASSIFIED

Grader, A. S. et al., 2005, Multi-Phase Fracture-Matrix Interactions Under Stress Changes, Final Report 
DOE Award Number: DE-FC26-01BC15355, The Pennsylvania State University, The Energy Institute 
,University Park, PA 16802, December 7, 2005
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12/2/2009119

Fractures on the Core Scale

UNCLASSIFIED

Photograph

Tomographic 
Slice
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12/2/2009120

Multi-scale Geometric Similarity

UNCLASSIFIED

Longitudinal Fracture Profile from Tomography
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12/2/2009121

Multi-scale Geometric Similarity

UNCLASSIFIED

Longitudinal Fracture Profile from Tomography

Have we seen this before?
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Multi-scale Geometric Similarity

UNCLASSIFIED

Longitudinal Fracture Profile from Tomography

Have we seen this before?
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12/2/2009123

Multi-scale Geometric Similarity

UNCLASSIFIED

Longitudinal Fracture Profile from Tomography

Have we seen this before?

(Vein-width map from the Paymaster Mine Model)
rotated to match
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Fracture in Sandstone Core Sample
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Tomographic Image

• Wildcard: longitudinal “twist” to fracture plane
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12/2/2009126

Tomography:  Aperture Width as Intensity

UNCLASSIFIED

8-bit grey-scale image
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12/2/2009127

3-D Modeling of Aperture

• Tomographic Image of fracture
– Intensity of each pixel represents aperture distance

– Extract intensity values

– Generate 3-D “solid” with one face scaled to aperture 
irregularities

– Generate opposite 3-D solid with scaled aperture

– Match opposing solids so regions with smallest aperture 
just touch

• Generate fly-through imagery

UNCLASSIFIED



UNCLASSIFIED

12/2/2009128

Visualization of Fracture on Centimeter Scale

UNCLASSIFIED
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12/2/2009129

Lessons to Take Home

• Natural fractures / faults are complex features
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12/2/2009130

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar
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12/2/2009131

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “plane” may even corkscrew!
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12/2/2009132

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “planes” may even corkscrew!

– Real fractures are anything but parallel plates
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12/2/2009133

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “plane” may even corkscrew!

– Real fractures are anything but parallel plates

•Aperture varies markedly along a fracture / fault

•Aperture variation is a natural consequence of non-planarity
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12/2/2009134

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “plane” may even corkscrew!

– Real fractures are anything but parallel plates

•Aperture varies markedly along a fracture / fault

•Aperture variation is a natural consequence of non-planarity

– Real fractures are anything but of “infinite” extent
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12/2/2009135

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “plane” may even corkscrew!

– Real fractures are anything but parallel plates

•Aperture varies markedly along a fracture / fault

•Aperture variation is a natural consequence of non-planarity

– Real fractures are anything but of “infinite” extent;
They may terminate:

– against one another

– by dying out into intact rock
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12/2/2009136

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “plane” may even corkscrew!

– Real fractures are anything but parallel plates

•Aperture varies markedly along a fracture / fault

•Aperture variation is a natural consequence of non-planarity

– Real fractures are anything but of “infinite” extent;
They may terminate:

– against one another

– by dying out into intact rock

– Many of these attributes appear (partly) scale-independent
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Lessons to Take Home

• Natural fractures / faults are complex features
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12/2/2009138

Lessons to Take Home

• Natural fractures / faults are complex features

• Not all of this complexity – i.e., detail – can be 
captured in numerical process modeling
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12/2/2009139

Lessons to Take Home

• Natural fractures / faults are complex features

• Not all of this complexity – detail – can be 
captured in numerical process modeling

• Numerical “caricatures” of complex natural 
fracture systems can be created that capture 
essential features and processes in shock 
propagation
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12/2/2009140

Lessons to Take Home

• Natural fractures / faults are complex features

• Not all of this complexity – detail – can be 
captured in numerical process modeling

• Numerical “caricatures” of complex natural 
fracture systems can be created that capture 
essential processes in shock propagation

• There are many sources of quantitative data 
regarding fracture attributes
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12/2/2009141

Lessons to Take Home

• Natural fractures / faults are complex features
– Real fractures are anything but planar

•Strike varies

•Dip varies

•Fracture “planes” may even corkscrew!

– Real fractures are anything but parallel plates

•Aperture varies markedly along a fracture / fault

•Aperture variation is a natural consequence of non-planarity

– Real fractures are anything but of “infinite” extent;
They may terminate:

– against one another

– by dying out into intact rock

– Many of these attributes appear (partly) scale-independent
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