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GLOSSARY

“A’’ line. Theline within which no steel support or timber support
shall remain.

Arch. Curved roof of an underground opening. The part of the
tunnel above the centerline.

Arching tendency. Tendency of incompetent or moderately
competent rocks to form an arch above an underground opening
by caving. Commonly, the arch assumes the shape of a Gothic
arch in cross section.

“B” line. The line within which no unexcavated material,
tamped fill, lagging, spiling, crown bars, spreaders, collar
braces, or wall plates shall remain.

Bid items. Items of work listed in contract documents and
serving as the basis for bids by the contractor.

Blocking. Wood blocks placed between steel supports and walls
or arch of tunnel to provide support and maintain alinement of
ribs.

Breast boards. Wood planking placed temporarily at tunnel
heading to contain incompetent rock.

California switch. A section of movable double track permitting
switching of muck cars near the tunnel heading.

Centerline. The line (in the Roberts Tunnel) at the center of the
finished concrete lining of circular cross section.

Change order. Orderissued to define procedures or items of work
not covered in original contract documents, or order to change
the provisions expressed in the original contract documents.

Collar brace. Wood or steel brace placed between or on top of
sides of steel or timber sets to maintain alinement. Also calleda
“spreader.”

Competent rock. Rock that stands without support in under-
ground openings.

Contract drawings. Drawings included in the contract
documents.

Contract specifications. Specifications for various items of
construction included in the contract documents.

Crownbar. Steel rail or heavy wood plank placed on top of
steel set or sets nearest heading and projecting forward to
tunnel heading. Provides temporary support of rocks in arch
until additional steel sets and lagging can be installed closer
to the heading.

Extra work order. Order issued to contractor to perform work
not originally described in the contract documents.
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False set. A steel or timber set placed temporarily to expedite a
tunneling operation; for example, a spiling operation.

Feeler hole. Hole drilled from tunnel heading or elsewhere to test
geologic conditions beyond heading or in rocks adjacent to an
underground opening.

Footblock. Wood block serving as a support at the base of a steel
rib. Block on which ribs are erected.

Grout. Mixture of cement, water, and, for special purposes,
various additives. Pumped into fractured rock to fill voids, seal
off water flows, and increase strength.

Gunite. Mixture of water, sand, and cement sprayed on exposed
rock to provide a protective coating.

Heading. The working face at the limit of penetration of the
tunnel.

Heavy ground. Ground that requires full support. Typical highly
faulted and altered rock associated with intensive faulting.
Heavy rock. Rock that is intensly faulted and altered and

requires full support in underground openings.

Illite. A polymorphic form of muscovite that has a two layered
(2M) monoclinic form. Identified by X-ray diffraction.

Incompetent rock. Rock that will not stand in underground
openings without support.

Invert. The portion of the tunnel below the centerline. The bottom
or floor of a tunnel.

Invert section. The section of the tunnel below the centerline or
spring line.

Invert strut. Steel or wood support across invert, or bottom of
tunnel, to hold foot of legs in place or to prevent heaving of floor.

Jumbo. A movable platform on which one or more drills are
mounted. Used primarily for drilling blast holes at the tunnel
heading but may provide elevated work space for other
operations.

Jump set. Steel or timber set placed between existing sets to
provide additional support.

Lagging. Steel plates or beams or wood planking placed above
and on sides of steel ribs to contain broken rock and to prevent
its fall into an underground opening. Also acts to receive and
transfer rock loads to ribs, after appropriate blocking. Spacing
depends on local conditions.

Left rib. The steel rib on the left side of the tunnel as one faces
the tunnel heading.

Liner plate. Preformed plain or corrugated steel plates placed
behind or between ribs as tight lagging to contain bad ground,
to divert water flows, and to distribute rock loads evenly to ribs.

Muck. Disaggregated rock formed by blasting operation or by the
free flow of incompetent material into an underground opening.

Mucking machine. The machine used to load broken rock for
haulage out of underground excavations.

Overbreak. Rock removed from outside the payline as defined in
the specifications. Usually expressed as the percentage of
material removed in a cross-sectional area relative to the area
within the payline. Also may be expressed as a volume percent.

Payline. The line beyond which the contractor shall not be paid
for excavation. Excavation outside the payline is done at the
contractor’s expense.

Permanent support. The concrete lining of the tunnel. Steel and
timber supports are regarded as temporary supports.

Popping rock. Stressed rock that fails with explosive violence
and ejects large and small rock fragments at high velocity.
Pressure tunnel. A tunnel with control works at the outlet and
designed to withstand, without loss or structural failure of the
tunnel, water stored in the tunnel under hydrostatic head. In the
Roberts Tunnel, with the outlet valves closed and Dillon
Reservoir filled to capacity, the hydrostatic pressure in the
tunnel near the surge-chamber shaft is equivalent to that of a
standing column of water about 360 feet in height—that is,

about 156 psi.

Progress. A measure of the speed and efficiency with which
construction of any kind proceeds.

Progress report. In the Roberts Tunnel operation, progress was
reported twice each month. The report periods extended from the
first to the fifteenth and from the fifteenth to the last day of
each month.

Raveling. Ground that breaks into small pieces when drilled and
tends to cave or slough into tunnel.

Rib. A curved steel segment comprising half of a steel set or
support.

Right rib. The steel rib on the right side of the tunnel as one
faces the tunnel heading.

Roof. The upper part of a tunnel, especially that part of the
tunnel immediately above the centerline.

Rock bolt. Steel bolt that is split at one end and inserted into
drilled hole in rock to support the rock. Head of bolt is forced
against a steel plate next to the rock to make bolting action more
effective.

Running ground. Clayey or sandy aggregate, usually water-
saturated, that flows freely into underground excavations.

Spalling rock. A rock mass under stress that yields thin slabs or
wedges of rock by rapid failure. Slabs commonly form parallel to
walls or to arch of an opening in rock.

Spiling. Pointed steel bars or rails, or wood planks or logs driven
into the tunnel heading to support incompetent rock until
supports can be placed. Usually, the spiling is driven above and
beyond the supports nearest the heading, or on top of and
beyond a false set.

Spitting rock. A rock mass under stress that breaks and ejects
small fragments with considerable velocity.

Spreader. Wood plank or steel beam placed between ribs to
maintain tension on tie rods or preserve alinement. Also called
“collar brace.”

Spring line. The line across or parallel to the tunnel, above which
the steel ribs are bent to a radius of curvature different from that
below it. Longest horizontal dimension between steel ribs. May
or may not coincide with centerline.

Squeezing ground. Incompetent material, generally clayey,
that behaves plastically under stress and tends to close the
tunnel opening because of adjacent-or superjacent loads.

Station. Distance from zero point measured in hundreds and
fractions of feet. For example, station 105+06.5 is 10,506.5 feet
from station 0+00.

Steel rib. One of the segments of bent structural steel bolted to
another rib to form a steel support or steel set in the tunnel.
Steel set. Steel support consisting of two ribs bolted or welded
together. May include a strut across the invert of the tunnel.
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Strut. Sometimes called “invert struts” are steel or timber
segments placed between steel ribs across tunnel invert to
provide additional strength. Bolted, welded, or otherwise
fastened to bottom extensions of ribs.

Support. Any fabricated structure, steel, wood, or concrete,
placed to prevent failure of rocks around underground openings.

Swelling ground. Rock that swells after being exposed. Usually
increases in volume because of hydration of clay minerals in an
altered rock.

Temporary support. Support placed to support tunnel rocks
until permanent supports can be installed. All supports except
the concrete are generally regarded as temporary.

Tie rod. Steel rod threaded at both ends. Used as a connection
between adjacent steel sets to hold sets in place and provide
strength in the direction of the tunnel.

Timber lagging. Timber planks placed on sides and on top of
steel or timber sets to contain exposed rocks between the sets
and to transmit loads to the steel sets.

Top heading. A small tunnel opening ahead of the full-size
opening. Used to probe and place temporary supports in ex-
ceedingly incompetent or wet sections of tunnel.

Tunnel face. The tunnel heading.

Tunnel section. Outlines of tunnel as measured atright angles to
centerline. Also, any portion of the tunnel measured parallel to
direction of the tunnel.

Tunnel supports. Wood, steel, or concrete structures placed to
prevent collapse or failure of tunnel rocks.

Wall plate. Steel or timber beams of various designs placed
longitudinally along sides of tunnel to act as a level support for
ribs. Commonly, the wall plate serves to transmit loads from the
ribs to blocks or posts with a spacing different from that of the
ribs and distributes loads on ribs through the intervals between
ribs.

Wedge. Wood wedge used to hold lagging or steel supports in
place.

Working face. The heading being excavated by drilling and
blasting.






ENGINEERING GEOLOGY OF THE HAROLD D. ROBERTS TUNNEL, COLORADO

GEOLOGY OF THE WESTERN PART OF THE
HAROLD D. ROBERTS TUNNEL, COLORADO

(STATIONS 0+00 to 690+00)

By ERNEST E. WAHLSTROM, CHARLES S. ROBINSON, and V. QUENTIN HORNBACK

ABSTRACT

The geology of the western part of the Harold D. Roberts Tunnel
(stations 0+00 to 690+00) at tunnel level can be divided into four
geologic provinces, which directly influenced the engineering
practices in the construction of the tunnel. The descriptions of the
engineering geology and the engineering practices are discussed
in four sections corresponding to the different geologic provinces.
The Roberts Tunnel between stations 0+00 and 180+00 was driven
chiefly through sedimentary rocks of Mesozoic age. West of the
West Portal (station 9+46), the approach is an opencut in thick
stream deposits. From the portal eastward, the succession of
sedimentary rocks, from oldest to youngest, are the Entrada(?)
Sandstone and Morrison Formation of late Jurassic age; the
Dakota Group of Early Cretaceous age; the Benton Shale of Early
and Late Cretaceous age; and the Niobrara Formation and Pierre
Shale of late Cretaceous age. Below the Entrada(?) Sandstone,
west of the tunnel portal, the Maroon Formation of Pennsyl-
vanian and Permian age and the Lykins Formation of Permian
and Triassic(?) age are exposed. The only nonsedimentary rock
exposed in the tunnel in this interval is a dike of intrusive breccia
having a matrix of devitrified felsite.

The dominant geologic structure in the vicinity of the West Portal
of the tunnel is the Williams Range thrust fault, along which
Precambrian igneous and metamorphic units have been
superimposed on the Pierre Shale. The sedimentary rocks beneath

the fault generally strike and dip in the same direction as the fault,
but, locally, steep faults and minor folds cause sharp departures
from the regional strike and dip of the sedimentary rocks.
Structural analyses indicate that the prominent fractures fall into
two groups: one that strikes northwest parallel to the axis of the
Front Range and parallel to the Williams Range thrust fault, and
another that strikes northeast nearly parallel to the Front Range
mineral belt.

Engineering practices used during construction of the tunnel
were related to requirements imposed by the geology. The amount
of overbreak and the shape of the tunnel, the support
requirements, the amount of ground water, the use of feeler holes
and grouting, and the progress were dependent upon such geologic
factors as the apparent angle of dip and the fissility of the
bedding, the spacing and orientation of joints, and, in sheared
rock, the presence of gouge in or along faults.

The Roberts Tunnel between stations 180+00 and 291+60 is in
the thrust plate of the Williams Range thrust fault. The rock units
intersected by this section of the tunnel are chiefly aplite,

pegmatite, biotite gneiss, hornblende gneiss, and quartzite, which
are all Precambrian age, and which have been complexly sheared
and altered. Locally, units of breccia and mylonite were formed as

-a result of the shearing and alteration. A flat-lying dike of felsite

porphyry, of Tertiary age, was also intersected by the tunnel.

The principal structural feature of this section of the tunnel is
the Williams Range thrust fault, which is intersected twice by the
tunnel. The thrust fault and the rock units of the thrust plate are
cut by high-angle faults. In general, the high-angle faults do not
parallel the Williams Range thrust fault; some may be tear faults
formed at the time of thrusting, but many are younger. An
evaluation of the fault data suggests that the high-angle faults
were formed parallel to the axis of the Front Range and to the
Front Range mineral belt. The analysis also suggests that the
Williams Range thrust developed by gravity sliding as a result of
essentially vertical uplift of the Front Range (northeast dipping),
and that the westward-dipping segment of thrust was the result of
later uplift of the fault by the intrusion of the Montezuma stock.

Tunneling through the shattered, altered, water-saturated rocks
in the thrust plate above the fault was by far the most difficult
work involved in any section of the tunnel. Maximum use of steel
and timber supports and extensive, time-consuming grouting
operations greatly reduced the rate of advance of the tunnel
headings as compared to the rate of advance of the headings in
other parts of the tunnel. Steel and timber supports were required
to provide temporary support for theinterval, and in no sections of
this portion of the tunnel were the rocks competent enough to
stand without support.

The section of the Roberts Tunnel between stations 291+60 and
343+00 is bounded geologically by the Williams Range thrust fault
on the west and the Montezuma stock on the east. The rocksin this
section are partially to highly metamorphosed shale, siltstone,
sandstone, limy shale, and limestone of the Pierre Shale and
probably of the Niobrara Formation and Benton Shale. The
effects of metamorphism increase—shown by the change in
mineral composition—as proximity to the Montezuma stock
increases.

The brittle rocks of this interval of the tunnel are closely faulted
and jointed. Many of the strong joints strike N. 55° W. and dip
steeply north; whereas the faults commonly strike N. 10° E. and
dip about 35° W. about parallel to the eastern exposure of the
Williams Range thrust fault. Steep faults parallel in attitude those
in the thrust plate to the west and thosein the Montezuma stock to
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the east. The faulting and jointing occurred prior to and
contemporaneously with the formation of the Williams Range
thrust fault and after the intrusion of the Montezuma stock.

Engineering practices were dependent principally on conditions
involving a multitude of intersecting fractures in highly brittle
rock. Overbreak was especially large in and near the faults that
were accompanied by intricate joint patterns or in fault zones that
contained crushed gougy materials and water. Steel supports were
required for 97.7 percent of this interval of the tunnel, and feeler
holes were used in advance of the heading for the entireinterval.
Tunnel progress, in general, was satisfactory. The poor progress
resulted from the necessity to halt advance of the tunnel heading
in order to grout heavy waterflows intercepted in feeler holes,
especially at station 339+50 where 23,435 sacks of cement were
used to seal off ground-water flows in a 90-foot-wide intensely
fractured zone.

The Roberts Tunnel between stations 343+00 and 690+00 was
driven chiefly through the Montezuma Quartz Monzonite stock.
Between stations 625+00 and 636+85, the tunnel was driven
through Precambrian rocks, which consist chiefly of a variety of
biotite gneisses and pegmatite and which are considered to form a
roof pendant in the stock. The stock is cut by faults and joints,
some of which are mineralized to form veins. The chief sulfide
minerals in the veins are pyrite, sphalerite, chalcopyrite, and
galena. The chief gangue minerals are quartz, dolomite,
anhydrite, gypsum, and rhodochrosite. None of the veins
contained economic deposits of ore minerals. The wallrock of the
veins was extensively altered locally.

Attitude and frequency of fractures and alteration were the chief
geologic features that determined the engineering practices
between stations 343+00 and 690+00. The amount of overbreak, the
need for feeler holes to detect ground water and incompetent
rock—and, if found, the need to grout—the support requirements,
and the rate of progress were directly related to these geologic
features. Of particular importance to the support requirements
and the rate of progress was the local alteration of the rock to the
clays that contained montmorillonite. In these sections, the
montmorillonite absorbed moisture and exerted extreme pres-
sures on the support, which then required the addition of more
support and slowed the progress at the heading.

The engineering geology and engineering practices in the
western part of the Harold D. Roberts Tunnel (stations 0+00 to
690+00) illustrate the complexity of the geology in the Front Range
of Colorado, as well as the engineering requirements in the design
and construction of tunnels in a complex geologic environment.

INTRODUCTION

Chapter C of this report on the engineering
geology of the Harold D. Roberts Tunnel describes
the geology at tunnel level for the approximate west
half of the tunnel. The geology is discussed in four
sections, each describing the geology of a different
geologic province from the West Portal eastward.
The first section describes the engineering geology of
the tunnel in Mesozoic sedimentary rocks west of the
Williams Range thrust fault; the second section, in
the Precambrian rocks of the Williams Range thrust
plate; the third section, in the metamorphosed
Mesozoic sedimentary rocks east of the Williams
Range thrust fault; and the fourth section, in the

ENGINEERING GEOLOGY OF THE HAROLD D. ROBERTS TUNNEL, COLORADO

Tertiary Montezuma Quartz Monzonite stock. The
reader is referred to Chapter A (Wahlstrom, 1974) for
the history of the location of the tunnel and the
geologic work leading to excavation of the tunnel
and to Chapter B (Robinson, Warner, and Wahl-
strom, 1974) for a detailed description of the general
geology of the tunnel area. Chapter D (Warner and
Robinson, 1981) describes the engineering geology of
the east half of the tunnel, which is in Precambrian
igneous and metasedimentary rocks. A summary of
the engineering geology of the entire tunnel is
contained in chapter E (Wahlstrom, 1981).

Chapter C was prepared by Ernest E. Wahlstrom,
assisted by Charles S. Robinson. The geologic
mapping of this section of the tunnel was done by V.
Quentin Hornback under the direction of E. E.
Wahlstrom. V. Q. Hornback assisted in the compil-
ation of the geologic and engineering data, and in the
preparation of illustrations.

The Roberts Tunnel was constructed to divert
water from the Blue River near Dillon, Colo., on the
western slope of the Continental Divide, to the North
Fork of the South Platte River near Grant, Colo., on
the eastern slope of the Continental Divide, a
distance of 23.3 miles (fig. 1). this water is used for
domestic and industrial purposes by the City and
County of Denver.

The Roberts Tunnel transects a geologically
complex area of the Front Range of the Colorado
Rocky Mountains (fig. 2). The area includes
Precambrian igneous and metasedimentary rocks,
Mesozoic sedimentary rocks, and Tertiary igneous
rocks. A complex structural history includes folding
and faulting during Precambrian time and during
the Laramide orogeny.

The Precambrian rocks, which compose about two-
thirds of the area penetrated by the tunnel, consist of
a sequence of metasedimentary rocks that were
intruded by igneous rocks. The Precambrian rocks
occur in the east half of the tunnel and in the
Williams Range thrust plate (fig. 2). The metasedi-
mentary rocks consist of interlayered biotite-quartz-
plagioclase gneiss and schist, hornblende-plagio-
clase gneiss, biotite-quartz-microcline gneiss, am-
phibolite, calc-silicate rocks, and quartzite. The
igneous rocks include dikes and irregularly shaped
plutons similar in mineral composition, structure,
and relative age to the Boulder Creek Granite and the
Silver Plume Granite. Pegmatite and aplite dikes,
probably related to the Precambrian granitic rocks,
occur locally. The Precambrian rocks of the Williams
Range thrust plate have been extensively sheared
and altered, and their characteristics are difficult to
determine.
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F1GURE 12.— Blasthole patterns and tunnel configuration, Roberts Tunnel. Blast sequence: 1—4 “Baby” cuts (1 delay primer); 2—8 cuts
(2, 3 delay primers); 3—20 relievers (4, 5, 6 delay primers); 4—14 shape holes (7, 8, 9 delay primers); 5—6 lifters (9 delay primers).
“B” line is the line within which no excavated material, tamped fill, lagging, spiling, crownbars, spreaders, collar braces, or
wallplates shall remain. Payline is the line to which a contractor is paid for excavating material.

concrete lining. In the following descriptions, the
only overbreak that was calculated was that above
the invert excavations.

Many factors contributed to the amount and
nature of the overbreak. Among these were the
degree and attitude of the bedding, the extent and
orientation of fracturing, the brittleness or tenacity
(toughness) of the rock, the location and depth of the
blastholes, and the size of the explosive charges
placed in the blastholes. Overbreak also resulted
from mucking operations at the sides of the invert,
especially in soft or fractured rocks, and from
shattering of rocks where muck blasted from the
tunnel heading accumulated in the lower part of the
tunnel heading and tended to confine the effect of the
explosions in the lower shape holes and lifters (fig.
12).

Figure 12 shows typical blasthole patterns used by
the contractor. Locations of the holes were made at
the heading by means of a line painted on the face
indicating the location of the “B” line; or where steel
supports were placed just behind the face, the
location of the “B” line was estimated from the
outline of the steel sets. The depths and angles of the

drill holes were based on the contractors’s experience
in each type of rock and were adjusted to yield
minimum overbreak and maximum progress of the
tunnel heading. The shape holes above the spring
line were located radially with respect to the spring
line in supported sections and radially with respect
to the centerline in unsupported sections. Below the
spring line (or centerline) the shape holes were
positioned with radii longer than those above the
spring line. Generally, the drilling and blasting
operation was one of the most constant factors of the
tunneling operation, and overbreak was more the
result of variations in the composition and structure
of the rocks than of poor drilling and blasting
procedures.

Plates 2 and 3 show tunnel cross sections and the
geology in plan and section for various intervals of
the Roberts Tunnel in the sedimentary rocks
penetrated between the West Portal and station
180+00; these sedimentary rocks consist of marine
shales, limy shales, shaly limestones, sandy shales,
and shaly sandstones above the Dakota Group and
below the Williams Range thrust fault. Except where
the sedimentary rocks are folded, are dragged along
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faults, or are tilted in fault blocks, the bedding strikes
northwest and dips from a few degrees to as much as
30° to the northeast (pl. 1). The various parts of the
tunnel are described in order of increasing stationing
without respect to the stratigraphic sequence of the
sedimentary rocks. Most of the illustrated intervals
were taken from parts of the tunnel where faults and
joints were at a minimum, so as to determine the
effect of bedding-plane fissility in overbreak.
Sections between stations 68+16 and 69+56, 98+16
and 99+56, and 173+26 and 174+66, however, were
selected to show the nature of overbreak in intensely
fractured rocks where maximum support was
required. Most sections show some ellipticity in the
arch above the spring line.

Table 1 summarizes the data presented on plates 2
and 3.

Plate 2A shows the arithmetic mean of 15 sections
between stations 12+26 and 13+66. Also shown are
overbreak maxima for all the sections and a single
section with maximum overbreak. The rocks in this
interval are hard, brittle, poorly bedded, nearly
massive quartzites of the Dakota Group. Joints are
locally conspicuous and generally intersect the
bedding at large angles. Irregularities in the cross
sections were largely determined by joints, and
where joints were absent, the outlines of sections
closely paralleled the payline. An average overbreak
of 20.17 percent resulted from the necessity of using
heavy blasting charges to break the hard, brittle
quartzose rocks.

Plate 2B indicates the outlines of tunnel cross
sections between stations 27+46 and 28+86 in the
Entrada(?) Sandstone. The sandstoneis crossbedded
and generally is friable. Some samples are so poorly
cemented that they crush easily and break down into
sandy aggregates of quartz grains of uniform size.
Others are well cemented, hard, and brittle. Generally,
the Entrada(?) Sandstone yielded smooth tunnel
sections with minimum overbreak and, in spite of the
bedding, behaved virtually as an isotropic medium.
The average arch section is nearly circular. Local
irregular overbreak resulted from steeply dipping
fractures as in the Dakota quartzite.

Overbreak in a section of the Morrison mudstone
between stations 34+46 and 35+96 is indicated on
plate 2C. Bedding is inconspicuous in a very fine
grained, highly siliceous mudstone; and steeply
dipping joints are numerous. The mudstone in this
part of the tunnel consists of intercalated beds of
calcitic mudstone, which resembles lithographic
limestone, and softer, less brittle beds which contain
little or no calcite. The noncalcareous beds contain
small amounts of crystalline clay minerals,
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especially montmorillonite, and they tended to slack
and slough when wet, which created a slight
tendency for the rock to break to a slightly elliptical
cross section in the arch section.

Sections in shales and quartzites of the Dakota
Group between stations 43+66 and 45+16 are shown
on plate 2D and enable comparison of overbreak in
fissile rocks with overbreak in the massive quartzites
of the Dakota Group encountered in the tunnel
between stations 12+26 and 13+66 (pl. 24). The tunnel
cross sections on plate 2D are less symmetrical than
on plate 24 and show an ellipticity, which resulted
from splitting of the rocks to shaly partings during
the blasting operation.

SHAPES OF TUNNEL CROSS SECTIONS

Departure of the shapes of excavated cross
sections from the shape of the payline cross sections
in the Roberts Tunnel in the sedimentary rocks
between the West.Portal and the Williams Range,
thrust fault depended on several factors, but mainly
on the attitude of the bedding and on the fissility or
ease of splitting along bedding planes. Locally, in
highly fractured rocks, the shape was determined by
the extent, orientation, and spacing of joints or on
the presence or absence of thoroughly sheared,
gougy materials in or along faults. Except where
fracturing rendered the rocks incompetent, the
sedimentary rocks were strong enough torequire just
enough support to prevent rockfalls that tended to
develop by separation along bedding planes in rocks
disturbed by the blasting operation.

Plate 3E presents a graphical analysis of vari-
ations in shapes of cross sections in the arch section
above the spring line (stas. 173+26 to 174+66). This
portion of the tunnel was chosen for the analy-
sis because blastholes were located at equal dis-
tances on radial lines from the spring line and
under ideal conditions the excavated cross section
would tend to be circular. Below the spring line,
shape holes were located with referenceto a different
set of radii, and they resulted in a total cross section
of horseshoe shape. Moreover, blasting and mucking
operations produced irregularities that would not
be developed in the arch section. On plate 3E, ten
average sections above the spring line in relatively
unfractured rocks were plotted after rotating the
sections so that all would conform to an apparent dip
of 20° of bedding as observed at the tunnel heading.
Lines were drawn to enclose the area occupied by the
average arch sections, an area indicated on plate 3E
by pattern. Three average sections for intensely
fractured rocks were similarly rotated and plotted,
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TABLE 1.—Quverbreak in tunnel cross sections, stations 0+00 to 180+00

Average  Maximum
Stations Plate Sedimentary Primary characteristics Fracturing (g;i?;:h i‘;v:r:::;ke Remarks
No. formation in tunnel interval mean. in section
percent) (percent)
12+26 to 13+66 24 Dakota Group Hard, brittle nearly Joints nearly perpen- 20.7 41.0 Required maximum explo-
massive quartzite dicular to bedding. sive charges. Arch
with a few shale section nearly circular.
partings.
27+46 to 28+86 2B Entrada(?) Hard to soft, cross- ...do... 9.1 149  Easily excavated. Arch
Sandstone bedded, commonly section nearly circular.
friable sandstone.
34+46 to  35+96 2C Morrison Hard to soft, poorly Numerous joints nearly 7.8 18.6  Easily excavated. Arch
Formation to well bedded, very perpendicular to section nearly circular.
fine grained, locally bedding.
calcareous mudstone.
43+66 to 45+16 : I
° 2 Dakota Group Hard, brittle sandstone  Steeply dipping 13.9 3556 Breaks to joints and
ar]xd well-bﬁedv:!;ed, joints. bedding planes in shale.
siliceous, fissile Irregular arch sections.
shale,
48+ 86 to 50+26 2E Benton Shale Closely bedded, Strong joints 15.6 27.5 Breaks easily to bedding
fissile shale. not numerous. planes. Arch somewhat
elliptical.
52+86 to 54+26 2F Benton Shale Closely bedded, Few joints. 109 16.1 Breaks easily to bedding
fissile calcareous planes. Arch somewhat
shale, Brittle. elliptical.
57+56 to 59+06 2G Niobrara Formation, Well-bedded, fissile Joints not 10.2 17.8 Breaks easily to bedding
Smoky Hill shaly limestone. conspicuous. planes. Elliptical arch.
Marl Member
68+16 to 69+56 2H ~-do-- Closely bedded, Intense fracturing, 33.3 45.0 Shattered. Required exten-
fissile calcareous generally across sive support. Elliptical
shale. bedding. sections parallel to
bedding. Breaks easily to
cross fractures.
84+46 to 85+86 34 Pierre Shale Inconspicuously Fractures not 124 20.5 Easily excavated. Arch
bedded shale. conspicuous. somewhat elliptical.
Breaks to bedding planes.
98+16 to 99+56 3B --do--- Sandy shale. Intensely crushed. 14.3 37.3 Maximum support required.
Fractures commonly Arch section strongly
parallel to bedding elliptical or breaks
and emphasize bedding. into Gothic arch.
108+06 to 109+46 3C --do-— Sandy shale. Bed- Joints not 10.9 22.7 Breaks easily to bedding
ding conspicuous, conspicuous. planes. Arch elliptical.
fissile.
110+16 to 111+56 3D ---do—- Shaly sandstone. Joints not 8.6 10.7 Breaks uniformly. Arch
Bedding incon- abundant. section nearly circular.
spicuous.
173+26 to 174+66 3E ~-do-- Sandy shale. Bed- Intensely faulted and 28.0 44.3 Breaks mainly to joints.

ding inconspicuous.

Arch slightly elliptical;
major axis parallel
to bedding.

jointed. Joints
generally intersect
bedding at large
angles.

and a section showing an arch profile at station
98+16 was added.

In unfractured sedimentary rocks the shape of the
area above the spring line ranged from circular to
elliptical. In nearly massive rocks, such as thick
quartzite beds in the Dakota Group, crossbedded
friable sandstones of the Entrada(?) Sandstone, and
poorly bedded, very fine grained mudstones of the
Morrison Formation, the section is virtually circular,
but the radii of the circles increase with the

brittleness of the rock. In fissile, bedded rocks the
shape is elliptical, and the length of the long axis of
an inscribed ellipse relative to the shorter axis
increases as the fissility increases. In all elliptical
sections in undisturbed sedimentary rocks, the
longer axis of the ellipse is perpendicular to the
apparent dip of the bedding. The extreme
ellipticity—defined by the ratio of the major and
minor axes for the sedimentary rocks with maximum
fissility—is 1.1, a ratio nearly corresponding to
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ratios in closely bedded shales and limy shales in
the Benton Shale. In highly jointed fissile shaly
limestone and limy shale of the Niobrara Formation
between stations 68+16 and 69+56, a longer elliptical
axis parallel to the bedding is attributed to the fact
that closely spaced joints intersect the bedding and
that the rock splits more easily across the bedding
than parallel to it.

Some sections of the tunnel passed through
completely pulverized rocks, and because of the
tendency of the rock to squeeze into the tunnel, no
cross sections could be measured. This condition
existed in several gougy faults and in the highly
fractured rocks between stations 179+86 and 180+26,
within and just below the Williams Range thrust
fault. An intermediate condition was observed in
several sections where, although the rocks were
pervasively shattered, they developed arches that
held the rocks long enough to enable measurement of
cross sections. On plate 3B the arching tendency is
seen in the sections for the interval of broken rocks
between stations 98+16 and 99+56. This interval
contains complexly folded and fractured sandy
shales of the Pierre Shale. Joints are so numerous
and have such diverse attitudes that bedding is
practically obliterated, but the individual fragments
of shale are hard and fresh. The arch formed during
blasting assumed a Gothic arch cross section above
the spring line. For the section between stations
98+16 and 99+56, the arch ratio (defined as the ratio
of the length of the radius from the spring line to the
highest point on the arch to one-half the width of the
tunnel cross section at spring-line elevation) is 1.16
for the average and 1.36 for the single section
showing maximum arching in this interval. In other
parts of the tunnel, isolated cross sections showed
arch ratios of as much as 1.40 to 1.45.

FEELER HOLES. GROUND WATER, AND GROUTING

Feeler holes 25-200 feet deep were drilled into the
tunnel heading with percussion drills or diamond
drills when there was some indication of faulted,
highly jointed, or water-bearing rocks beyond the
heading. Commonly, the holes were drilled to test
ground-water conditions; and, if water was en-
countered in appreciable amounts, grout was
pumped into the holes in an effort to seal off or
diminish the waterflow. Grout mixtures were varied
from thin mixtures of 8-10 volumes of .water to 1
volume of cement (a sack of cement was assumed to
have a volume of 1 cubic foot) to mixtures of 1 part
water and 1 part cement. The grouting was
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continued under pressures of as much as 1,000 psi
(pounds per square inch) to the point of refusal or
until the waterflow apparently had been stopped. A
typical result of feeler hole exploration in the tunnel
heading is shown in figure 13A.

The pressure to be used in pumping grout into the
feeler holes was a matter of debate and was
determined at the heading by arbitrary decisions
based on the nature of the rocks and the fracture
pattern in them and on the pressure of the ground
water, as measured at the nipples of the feeler holes.
A consequence of the use of excessive pressure is
indicated in figure 13B, which shows quartzite layers
of Dakota buckled by grout traveling along bedding
planes and the failure of steel supports caused by the
buckling.

Very heavy waterflows were encountered at and
behind the heading at station 38+65 where steeply
dipping faults in quartzite of Dakota Group carried
sufficiently large volumes to flood the tunnel
Attempts to seal off the flow by grout holes from the
tunnel were unsuccessful, and it was necessary to
construct a bulkhead before sufficient grout could be
pumped into the fault zone to permit normal advance
of the heading. Figure 13C shows a stage in the
construction of the bulkhead.

A summary prepared by H.J. Dickinson,
Construction Engineer, and taken from the progress
report for the period May 15-May 31, 1957, indicates
the details of bulkhead construction and grouting
withtheheading at station 38+65:

The first bulkhead was made of alternate layers of sacked sand
and cement and extended back from the heading for a distance of
12 feet. The height of the bulkhead was 6 feet and it was blocked
down from the back of the tunnel with wooden timber. The front of
the bulkhead was formed with 6 X 8 in. timber and caulked with
oakum. Two well points were placed in the tunnel invert beneath
the bulkhead for relieving the water pressure, and four grout pipes
were placed intermittently in the bulkhead for filling the voids
between the sacks with grout. Ten feeler holes were drilled into
water bearing seams and connecting pipes for grouting were
extended out through the bulkhead. The first bulkhead was not
completed until the swing shift on 14 May, the progress of the work
being retarded because of inadequate pumping facilities. Upon
completion of the bulkhead, grouting operations were commenced
immediately. A total of 1,630 sacks of cement were used in
grouting the bulkhead and the ten feeler holes. A grout mix of 1:1
was used with a maximum pumping pressure of 250 psi. The
seepage was reduced from 1,300 GPM to 600 GPM, [gallons per
minute]. However, during this grouting another large water
bearing seam broke out in the tunnel invert about 8 feet back from
the face of the bulkhead. The grouting also failed to shut off the
water coming from under the bulkhead. It was then decided that
this bulkhead should be removed and replaced with a solid type
and longer bulkhead.

On 16 May the first bulkhead was removed and the tunnel invert
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Stations 180+00 to 291+60,
Williams Range Thrust Plate

GEOLOGY

The tunnel in the segment of the Roberts Tunnel
between stations 180+00 and 291+60(pl. 1), a distance
of 2.1 miles, was driven from two headings: one from
the West Portal adit, and the other from an access
shaft at station 459+43.64 (p. C57). At station 180+00,
the heading, as it was advanced from the West
Portal, passed from the Pierre Shale (p. C5) through
the northeast-dipping Williams Range thrust fault
and into complexly fractured and altered Precam-
brian rocks above the fault and continued through
these rocks to a “hole through” with the heading
advanced from the access shaft at station 281+58.
The heading driven westward from the access shaft
intersected the Williams Range thrust fault, which
dips to the west, at station 291+60 after passing
through a succession of brittle black shales meta-
morphosed by heat from the Montezuma stock and
lying below and southeast of the fault (p. C36).

ROCK UNITS

PRECAMBRIAN ROCKS

Development of the Williams Range thrust fault
resulted in pervasive shearing, shattering, and al-
teration of the Precambrian rocks in the plate above
the fault. At tunnel level, mylonitization destroyed or
greatly modified original fabrics of the rocks. Sur-
face exposures are almost completely buried by a
blanket of glacial-fluvial and recent stream deposits
(pl. 1, stas. 164+00 to 305+50). In only a few short
sections of the tunnel, in small areas of surface
outcrops, and from cores of exploratory drill holes
from the surface was it possible to estimate the fabric

and mineralogy of the rocks before they were altered .

and mylonitized. East of station 180+00 to the vicin-
ity of station 195+00, a contorted succession of
extensively fractured layers of biotite gneiss, which
contains generally concordant lenses and layers of
pegmatite and aplite, is exposed in the tunnel.
Beyond station 195+00, mylonite, which locally con-
tains small bodies of unsheared gneiss and aplite,
extends to a very strong fault at station 273+20.
Between this fault and the Williams Range thrust
fault at station 291+60, the tunnel exposed gneissic
aplite, biotite gneiss, biotite schist, and a few thin
layers of quartzite and hornblende gneiss. Pegmatite
and aplite bodies, which show sharp contacts with

adjacent rocks, are scarce; but where present they are
generally conformable with the layering of the meta-
morphic rocks.

Rocks from core holes drilled from the surface to
tunnel level (pl. 1, between stas. 164+00 and 305+50)
consist dominantly of aplite, gneissic aplite, gneiss,
and thin layers or lenses of pegmatite, quartzite, and
hornblende gneiss. In all core holes the intensity of
mylonitization of the rocks increases with depth; as a
result, the original fabric of the rocks has been
largely obscured.

APLITE AND PEGMATITE

Sugary apliteis very abundant in the tunnel and in
exploratory drill holes. It consists of quartz, micro-
cline, and oligoclase in a mosaic aggregate of grains
which have an average size of no more than 1 mm
(millimeter). A few biotite flakes are present, and in
some samples clusters of quartz grains show sutured
contacts. Locally, the aplite grades into coarser
grained pegmatitic or gneissic aggregates of quartz
and feldspar or into layers of biotite-rich gneiss or
hornblende gneiss. Some aplite grades into rocks
that are coarse-grained enough to have the aspect of
alaskite, a medium-grained leucocratic granitic rock.

A few bodies of pegmatite, which were intersected
in core holes and in the tunnel, contain crystals of
quartz and microcline to as much as several inches in
diameter.

BIOTITE GNEISS

The biotite gneiss contains up to about 15 percent
biotite in parallel to subparallel orientation in an
aggregate of fine- to medium-grained quartz, oligo-
clase, and orthoclase or microcline. Apatite and
rounded zircon crystals are minor accessories. The
gneiss has many fabric varieties. Some exposures
show biotite-rich layers that alternate with alaskitic
layers, which are nearly devoid of dark minerals.
Other exposures areinconspicuously layered and the
gneissoid aspect of the rock results from alteration of
thick quartz-rich and feldspar-rich layers and thin
biotite-rich layers. Both quartz and feldspar form
lenticules in some fabric varieties, and where biotite
is moderately abundant, the rock is an augen gneiss.

The small amounts of potassium feldspar in the
biotite gneiss is noteworthy. The dominant feldspar
is oligoclase, except in thin layers of aplite in con-
spicuously layered varieties of the gneiss. Biotite
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gneiss in the tunnel between stations 180+00 and
195+00 contains some muscovite in parallel growth
with the biotite.

HORNBLENDE GNEISS

The hornblende gneiss consists of abundant horn-
blende, plagioclase—ranging from oligoclase to an-
desine in composition—quartz, and minor biotite.
The hornblende is strongly pleochroic in greens and
browns in most samples, but a few samples contain a
hornblende of pale colors in thin section, which
appears to be iron deficient as compared with the
more strongly colored varieties.

The hornblende gneiss has a considerablerange of
mineral composition and fabric. Layers that consist
almost entirely of hornblende crystals in parallel
orientation grade into layers that contain more
randomly disposed, larger crystals in a medium- to
coarse-grained aggregate of tabular plagioclase
grains and more or less granular quartz. Some
exposures contain sparse, generally subparallel, bio-
tite flakes.

QUARTZITE

A few thin layers of glassy, brittle quartzite are
associated with the biotite gneiss or alternate with
layers of aplite. The quartz grains are sutured or
have mosaic contacts. Feldspar, either microcline or
oligoclase or both, is present in different amounts.

TERTIARY ROCKS
FELSITE PORPHYRY

A flat-lying felsite porphyry dike was intersected
by the tunnel between stations 257+80 and 259+10
and by drill hole 6 (pl. 1). The rock is thoroughly
altered and contains numerous tiny veinlets of cal-
cite. Phenocrysts of plagioclase 1-2 mm long are
almost completely converted to sericite. Equant feld-
spars in a microcrystalline groundmass are equally
altered. Scattered phenocrysts of quartz -are em-
bayed by resorption, and euhedral biotite crystals
have been completed altered to chlorite.

In the tunnel exposures, the felsite porphyry is
closely jointed and blocky and is a dull gray to
greenish gray. Faults that intersect the dike are filled
with sticky gouge.

BRECCIA AND MYLONITE

Breccia and mylonite are conspicuous throughout
most of the tunnel section and in drill cores from the
Precambrian rock above the Williams Range thrust
fault. Some of the crushed rocks are uncemented or

have a clay matrix and caved freely into the tunnel
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when they were exposed. Elsewhere, quartz cement,
which contains sparse clay minerals and chlorite,
has produced a glassy, brittle rock that superficially
resembles quartzite but after examination under the
microscope the rock was determined to be a mylonite
(fig. 15).

Many bodies of breccia and mylonite are tabular,
others are irregular in outline. Although some of the
crushed zones are confined between sharp walls and
have resulted from pulverization of rocks along or
within faults, other masses have gradational bound-
aries and seem to have developed by uneven mass
movement of thoroughly disrupted, almost sandy
aggregates of crushed mineral and rock grains.
Although the breecia and mylonite bodies have a
variety of shapes and attitudes, several tabular
bodies have flat dips. In spite of extreme crushing,
ghostlike original structures, such as foliation in the
metamorphic rocks, can still be seen in some of the
breccias and mylonites. In the mylonites, original
foliation is intersected by poorly defined gneissoid
fabric or streakiness, which is parallel to the di-
rection of shear movement and the dislocation of the
crushed aggregates.

Quartz and feldspars in the breccias and mylonites
generally behaved as brittle substances and were
ruptured into angular fragments (figs. 154, 15B).
Quartz was complexly fractured and in part was
recrystallized; the quartz also shows irregular
mosaic patterns or mortar structure with extreme
development of undulatory extinction. Some frag-
ments are flat or elongate, and in the mylonites the
fragments are in subparallel arrangements. Plagio-
clase broke across crystals and along cleavages.
Some plagioclase grains show twinning developed
by deformation; other grains were complexly de-
formed by rupture combined with bending and solid-
state dislocations within single crystals or aggre-
gates (fig. 15C). Biotite, now largely altered to chlo-
rite, was shredded and dragged along with and
molded around other more brittle minerals, and
commonly it is bent in ragged sheets or plates which
are concentrated along microshears (fig. 15D).

Most of the brecciation and mylonitization re-
sulted from dislocations during formation of the
Williams Range thrust fault; therefore, fracturing of
the rocks is considered to be of Tertiary age. Later
breccias are associated with steep faults. Brecciain a
steep fault that intersects and offsets the Williams
Range thrust fault near station 180+00 consists of
angular to rounded fragments from microscopic size
to several feet in width (pls. 7, 8). Large and small
fragments in the breccia are themselves brecciated
and cemented by glassy quartz.
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At station 291+60 the tunnel again crosses the
thrust fault; there, Precambrian gneiss abuts
against highly fractured, brittle, baked shale; and
the fault strikes northeast and dips about 30° to the
northwest. Thus, the fault plane between stations
180+00 and 291+60 forms a broad syncline which has
a north-plunging axis.

OTHER FAULTS AND JOINTS

In the Precambrian rocks above the thrust fault
between stations 180+00 and 291+60 (a distance of
11,160 feet in the tunnel), 1,037 faults were mapped
with an average spacing of 10.76 feet. Variations in
the attitudes of these faults are indicated in plots of
their poles in figure 17A. Some of the faults are tight
shears with slight displacement, but others are wide
zones of breccia which contain innumerable small
slip surfaces, gouge, and hydrothermally altered
argillic and chloritic masses. For statistical analysis
of the attitudes of the faults, the interval between
stations 180+00 and 291+60 was divided into three
sections and the poles of the fault planes in each
section were plotted with a Schmidt equal-area net
and then contoured (pl. 1) with a 1-percent counter. A
large diversity of attitudes of the fault planes is
indicated by the fact that the maximum
concentration on the contoured plots is only 6.1
percent and in the interval between stations 217+20
and 254+40 only 4.3 percent. Most of the faults have
dips greater than 30°, and concentrations on the
contoured plots correspond to dips of at least 60°.

Three strong faults between stations 208+00 and
225+00 dip flatly in the same general direction as the
thrust fault at station 180+00. The locations and
attitudes of the flat faults suggest that they are
related to the Williams Range thrust fault and that
they are lesser shears in the Precambrian rocks
above the plane along which the main movement
was concentrated. Most of the other faults in this
section of the tunnel, in common with the faults in
the sedimentary rocks below and west of the thrust
fault, bear no obvious geometrical relationship to the
thrust fault, and the few direct observations that
could be made suggest that the faults intersect and
displace the thrust-fault surface. Locations of
maxima in equal-area plots for faults in the
sedimentary rocks west of the thrust fault and in the
Precambrian rocks east of the fault are similar and
suggest a genetic relationship of many of the steep
faults above and below the thrust fault.

In the western part of the thrust plate, from station
180+00 to station 217+20, a 7.2-percent maximum
indicates a concentration of faults subparallel to the
foliation, which is subparallel to the strike but not
the dip of the Williams Range thrust fault. In the
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eastern part of the thrust plate, the eastward dip of
the foliation flattens appreciably, and the thrust
surface dips west. Here, the strongest fault
maximum (6.1 percent) indicates a concentration of
steep faults approximately normal to the thrust
surface. A comparable situation is observed in the
Benton and Niobrara rocks between stations 47+00
and 92+00(p.C11).

Attempts to map joints in the thrust plate were
abandoned. Joints are so numerous and are so
intimately related to brecciation, mylonitization,
and fault movement in wide zones and have such
diverse attitudes that mapping, even on a scale of
1 inch = 50 feet, was not attempted. A measure of the
extent to which the rocks above the thrust fault are
fractured is shown on plate 1, where intervals of
complexly fractured and altered rocks are indicated
by a bar diagram set above the tunnel geologic plan.
Between stations 180+00 and 291+60, 35.2 percent of
the length of the tunnel exposes rock that are
thoroughly brecciated, shattered, and altered, most
of which are associated with large faults or with
concentrations of smaller faults.

Another indication of the extent to which therocks
above the thrust plane are fractured is the amount of
water intersected in feeler holes drilled from the
heading of the tunnel as it was advanced (pls. 1, 8, 9).
Ground-water flows were encountered in sufficient
quantities to require efforts to seal them off with
grout for 74.2 percent of the interval between stations
180+00 and 291+60. Flows of more than 200 gallons
per minute from water-bearing fissures tested by
drill holes were common and indicate widespread
development of closely spaced, interconnecting
fractures.

STRUCTURAL EVOLUTION OF THE
WILLIAMS RANGE THRUST FAULT

Two major geologic events followed the cessation
of Late Cretaceous deposition of a thick sequence of
marine sediments: the development of the Williams
Range thrust fault and later the intrusion of the
Montezuma stock and its satellitic bodies. Both
events caused displacements of the Earth’s crust
which were accompanied by development of intri-
cate patterns of dislocations along faults of many
attitudes and the formation of innumerable joints.

Figure 17B is a histogram that shows the
frequency distribution of faults of all magnitudes
mapped in the interval between West Portal and
station 468+49 in the Roberts Tunnel. As would be
expected, the maximum concentrations of faults are
present in the intensely sheared Precambrian rocks
in the plate above the Williams Range thrust fault;
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but a submaximum in the shales at a considerable
distance below and west of the Williams Range
thrust fault and extensive faulting in the
Montezuma stock, which is younger that the thrust
fault (Robinson and others, 1974, pl. 1), indicates
that many faults, perhaps most of them, developed
independently of the movements that caused the
intrusion of the stock. Further substantiation of this
conclusion is shown in figure 17C, which shows plots
of the poles of fault and joint concentrations in the
four lithologic and structural units between West
Portal and station 468+49. The plots were made by
projection from the lower hemisphere with the aid of
an equal-area net. Concentrations of poles are
remarkably similarin all the plots and very few poles
correspond to the faults thatreflect the attitude of the
Williams Range thrust fault in Roberts Tunnel.
Figure 17D is aradial plot of the strikes of 53 faultsin
the vicinity of the west part of the Roberts Tunnel,
which are shown on the geologic map of the Front
Range (Lovering and Goddard, 1939). Poles of the
faults were not plotted because surface exposures
were too poor to allow accurate dip measurements.
Comparison of figure 17C and figure 17D proves a
similarity of strikes of faults in the tunnel and faults
mapped at the surface in the same vicinity. Figure
17D also shows the average trend of the mineral belt
of the Front Range, a trend that conforms with that
of some concentrations of fractures on the surface or
underground as indicated in figure 17C.

Approximate parallelism of sets of fractures with
the mineral belt is seen in a fault maximum of 8
percent in quartzite of the Dakota Group west of
station 47+00 (p. C11), a 12.7-percent maximum in
Benton and Niobrara Formations between stations
47+00 and 92+00, an 8-percent joint maximum in
Pierre Shale, a 4-percent joint maximum in baked
shale (p. C40), and in concentrations of northeast
jointsinthe Montezumastock (p. C47).

Approximate parallelism of the trend of sets of
steep fractures with the trace but not the dip of the
Williams Range thrust fault is indicated in equal-
area plots for several sections of the tunnel (pl. 1).
Other trends correspond to strikes intermediate
between those for the mineral belt and those for the
Williams Range thrust fault. Noteworthy is the near
absence of fractures of east-west strike.

Fault patterns in adjacent parts of the Front
Range and the pattern in the vicinity of the west part
of Roberts Tunnel are generally dissimilar. All data
strongly suggest that most faults in the west part of
the tunnel constitute a unique pattern, which is
generated locally by dislocations at or near the
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intersection of the northeast-trending mineral belt
and north- to northwest-trending, steeply dipping
fractures that roughly parallel the axis of the Front
Range and the surface trace of the Williams Range
thrust fault. This intersection also is the location of
the Montezuma stock and its underground exten-
sions, and the complexity of the fracture pattern
must have been increased by the emplacement of the
stock.

The probable manner of development of the major
geologic features along the west side of the Front
Range in the vicinity of the Roberts Tunnel is
indicated diagrammatically in figure 18. Four stages
are established so as to permit appraisal of the
succession of major events that resulted in the
evolution of the major structural features that are
now observed in the area—minor folds and faults are
omitted. The section shown for each stage is east-
west at a latitude of 39°36.2' and was drawn so as to
pass through the Montezuma stock at its present
widest surface dimension. The Williams Range
thrust fault is interpreted as having been developed
as the result of gravity sliding.

A brief summary of the geologic events, condensed
from a comprehensive discussion by Wahlstrom and
Hornback(1962) follows:

Stage 1: Deposition of a succession of nonmarine
and marine sedimentary rocks, which was fol-
lowed by the beginnings of large-scale crustal dis-
locations and igneous activity.

Stage 2. Development of the Williams Range thrust
fault, probably by gravity sliding, which may have
resulted from intermittent vertical uplifts of large
segments of bedrock northeast of the fault.

Stage 3. Intrusion of the Montezuma stock which
caused local, forceful upward dislocation of parts
of the thrust fault and superjacent rocks.

Stage 4. Tertiary and Pleistocene erosion. Addi-
tional uplifts and other dislocations, mainly along
preexisting faults.

ALTERATION

The thoroughly sheared, crushed, and brecciated
Precambrian rocks above the Williams Range thrust
fault probably were altered somewhat by percolation
of waters of surface origin during the development of
the fault. Except for deposition of silica cement in
some of the shattered rocks, alterations during
thrust-fault development have been obliterated by
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hydrothermal alteration accompanying and
following the emplacement of the Montezuma stock.
Alteration is especially concentrated along steep
faults that intersect the thrust fault and has spread
out in adjacent brecciated rocks to produce bleached,
clayey materials that have created hazardous
tunneling conditions. Silicification, argillization,
chloritization, and epidotization have been
pervasive and fractures have been sparsely
mineralized with carbonates, drusy quartz, fluorite,
pyrite, and hematite.

Samples were collected from gouge and soft,
altered wallrocks that are associated with several
major faults between stations 180+00 and 291+60. All
samples were altered sufficiently so that they
disintegrated spontaneously when placed in water.
After disintegration, the samples were stirred
vigorously; the supernatant fluid suspension was
poured off; they were air dried at 89°C; and the
resulting powder was passed through a 200-mesh
screen. The minus 290-mesh (-74 micron) material
was then examined by X-ray diffractometer,
differential thermal, and staining techniques to
determine the mineral composition. Table 2
summarizes the mineralogy of the fault gouge and
intensely altered wallrocks for representative
samples. Estimates of relative abundance of
individual constituents are based on heights of
peaks on diffractometer tracings and on optical
examination of stained preparations.
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Generally, sharp peaks on X-ray diffractometer
tracings and on staining tests indicate that most of
the clay minerals form well-crystallized aggregates.
For a few samples, broader diffractometer peaks and
examinationsinthinsectionindicatelimited develop-
ment of mixed-layer clays in which montmorillonite
layers are intergrown with layers of muscovite or
chlorite. Although some chlorite is present in or near
faults, much more has formed by alteration of biotite
or hornblende present in therocks before faulting and
alteration. Montmorillonite and kaolinite are abun-
dant in most samples and formed mainly at the ex-
pense of feldspars, especially plagioclase.

Erratic distribution of the clay minerals in the
faults and in the adjacent altered wallrocks is
evident from data in table 2. Gouge in several faults
was formed by the crushing of previously argillized
rocks, and in other faults the gougeitself was altered.
Movements along the faults probably continued
intermittently prior to, during, and after clay-
mineral formation, and altering solutions probably
followed different channels at different times. The
composition of wallrocks interesected by the faults
and accompanying fractures also probably
determined in part which clay minerals formed and
contributed to variations in clay content from
sample to sample.

Sericite (2M muscovite) in fault gouge and near
faults is very fine grained. At a distance from the

TABLE 2.—Mineral composition of gouge and altered wallrocks
between stations 180+00 and 291+60

Symbols defined

1, Major constituent.
2, Abundant.
3, Moderately abundant.

4, Minor constituent.
.. Leaders indicate not detected.

Strike and

Montmoril-

Station dip of fault Sericite lonite Chlorite  Kaolinite Quartz  K-feldspar Plagioclase
199495 N.17°W.,53°NE. 2 3 3 3
216+52 N.52°E., 22°SE. 4 4 3 1 4 4
226+67 N.20°E., 22°NW. 4 3 1 3
230+00 N.24°W.,52°NE. 2 9 3 4
231+44 N.11°W.,79°NE. 1 2 3 4 ==
235+00 N.40°E., 74°SE. 2 3 3 4 1
237+20 N. 36°E.. 60°NW. 3 3 1 3
265+75 N. 43°E., 64°SE. 1 1 3 3
273+00 N. 9°W.,57°NE. 3 2 2 2
275+84 N.25°W.,72°NE. 2 3 - - 3
287+25 N. 50°E., 22°SE. 2 1 3
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faults larger flakes of a sericite replace plagioclase
feldspar. In aggregates that contain plagioclase and
microcline, the microcline has been only slightly
sericitized if at all.

Epidote commonly is associated with pale-green
chlorite and has been formed by the alteration of
hornblende, especially in hornblende gneiss. Zoisite,
of abnormal blue interference colors, forms separate
grains in quartz aggregates and was formed from
iron-poor hornblende or from the calcic plagioclase
in the hornblende-rich rocks.

ENGINEERING PRACTICES IN
RELATION TO GEOLOGY

During construction of a tunnel, the engineering
practices are directly related to the geologic
conditions. Such factors as the amount of overbreak,
the need for feeler holes to detect ground water or to
detect poor ground in advance of the heading—and
the resulting necessity for grouting—support
requirements, and progress are related to the amount
of fracturing, to the apparent attitude of fracturing,
to the presence or absence of fault gouge, and to
the amount of alteration and the type of alteration
products. A summary of the engineering practices is
shown graphically with the geologic plan and
section for this interval of the tunnel on plate 1 (stas.
174+00 to 305+50).

OVERBREAK

Overbreak in the shattered metamorphic rocks,
aplite, and mylonite in the interval between stations
180+00 and 291+60 is related to the attitudes of
foliation planes and the intersecting fractures.
Graphical analyses of overbreak were made in the
same manner as for the bedded sedimentary rocks
between West Portal and station 180+00 (p. C14).
Because of the difficulty of supporting the badly
broken rock in the thrust plate with the 6-inch steel
sets shown in the specification drawings, sets of a
new design were put into use beyond station 208+44.
The “new” steel sets, as compared with the “old”
sets, were fabricated of either 6-inch or 8-inch H steel
stock as required and were designed as slightly a
arched section rather than as a circular section
above the spring line. The relative dimensions of
“old” and “new” 6-inch steel sets are shown in figure
19. Redesign of the steel modified the configuration
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of the payline area only slightly, and for purposes of
comparison the outlines of the payline area above
the spring line for both “old” and ‘“new” steel
supported sections can be regarded as the same.

The amount of overbreak was determined only
where the rocks were sufficiently competent to per-
mit measurement of sections. Use of timber crown-
bars extending to the heading from the top of the
closest steel set and installed as soon as possible aft-
er blasting prevented continued caving or raveling
of the tunnel arch in moderately fractured sections.
Accordingly, the sections generally represent the
immediate effects of blasting and do not indicate
the extent to which the tunnel would develop a self-
supporting arch, if the reck were left unsupported.
In a few places, an arch formed in the tunnel roof
immediately after blasting, but in most places irregu-
larities in the roof formed as a result of breaking to
foliation planes or fractures during the blasting
operation.

In several sections of the tunnel very heavy and
incompetent rock was encountered creating great
difficulty in the advance of the heading. In such
sections, extensive use was made of steel spiling,
breast boards, and top headings; explosives were
used sparingly or not at all. The tendency of the roof
and wallrocks to cave or squeeze into the tunnel
prevented measurement of these tunnel sections.

Plate 44 shows overbreak in an interval of steeply
dipping layers of biotite gneiss and schist, which
strike almost at right angles to the tunnel and that
dip away from the tunnel heading. Overbreak
resulted from the necessity of using large explosive
charges to break the metamorphic rocks across their
layering, but the break was not notably elliptical.
The shattering effects of the explosives contributed
to some splitting along foliation planes, and the
combination of all factors resulted in the large
arithmetic mean of 20.6 percent of ovebreak for 15
sections between stations 186+46 and 187+86.

Plate 4Bsummarizes overbreakin 15 sections from
station 212+55 to station 213+95. This interval of the
tunnel exposed brittle mylonite intersected by
several tight shears. Jointing is not conspicuous and
the rock behaved as a virtually isotropic medium,
except where intersected by the fractures. (Fractures
are here defined as small faults or strong joints.) The
characteristic of the rock to split to a fracture during
the blasting operation produced a slight ellipticity
with the longer axis of the ellipse normal to the
apparent dip of the fractures in the tunnel heading.

Plate 4C illustrates overbreak between stations
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FIGURE 19.—Dimensions of “old” and “new” 6-inch steel sets, Roberts Tunnel.

245+20 and 246+60. The rock in this interval of tunnel The interval of the tunnel shown on plate 4D was
is a brittle, quartzose mylonite intersected by a | driven through highly sheared, wet, altered biotite
conjugate system of tight slips and joints. Minimum | gneiss on the hanging wall of a strong fault at
support with 6-inch steel supports on 5-foot centers | station 273+20 and required use of 8-inch steel sets
was required, and the mean overbreak was only 11.7 | with struts. The mean overbreak of 13.4 percent is
percent. not large considering the tendency of the faulted
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rocks to cave into the tunnel and, in some places, to
develop an arch by slumpingin theroof, as at station
273+50. Average overbreak was reduced by placing
heavy steel sets as close to the heading as possible
and by using large quantities of crownbars and
blocking above the steel sets as the heading was
slowly and carefully advanced.

Plate 4E indicates the nature of overbreak in a
biotite gneiss and schist between stations 277+50
and 278+90. The rocks are intersected by a few tight
shears and are relatively competent. Although the
gneisses tended to split along layering during
blasting, ellipticity did not develop in sections
because of the steep dip of the layering. A mean
overbreak of 15.1 percent resulted from the large
explosive charges that were used to break the gneiss
across the layering.

FEELER HOLES, GROUND WATER, GROUTING,
SUPPORTS, AND PROGRESS

Plate 1 includes a graphical analysis of feeler hole
exploration, location and amounts of water inter-
sected in the feeler holes, the amount of grout used
in an attempt to seal off the water, the type and lo-
cation of supports, and progress. Plates 8, 94, and
9B and figure 20 show the same aspects of the
tunneling operation on a larger scale and permit
detailed correlation with the geology in plan and
section for a variety of conditions encountered in the
tunnel.

Plate 8A shows the relationships in the pervasive-
ly sheared and altered Precambrian gneisses above
and east of the Williams Range thrust fault. The
faults generally are filled with gouge, and the wall-
rocks are extensively altered tosoft, clayey materials.
The rocks in this tunnel interval proved to be rela-
tively impermeable to movement and penetrations
by underground water; except for flows near station
180+00, water was encountered in only small
amounts—insufficient to require grouting. Maxi-
mum use of 6-inch steel supports with struts and tim-
ber lagging was required to support heavy, swelling,
and squeezing ground, which contains abundant
gouge and clay minerals. Almost 2 months were
spent in advancing the tunnel heading 750 feet, a
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rate of progress far below the total average for the
tunnel (pl. 1, stas. 164+00 to 305+50).

A section of the tunnel in erratically sheared
mylonite is depicted on plate 8B (stas. 200+00 to
201+50). The mylonite resembles a quartzite, but it is
a finely pulverized aplitic rock which is partly to
completely cemented by quartz. Closely spaced
intersecting shears are filled with gouge; and the
rock exerted very heavy loads, which required 6-inch
supports on 0.5- to 1.0-foot spacing between stations
200+00 and 202+20. Figure 20A is a photograph
which shows the closely spaced, strutted steel
supports in this section of the tunnel. Ground water
was encountered in sufficient amounts beyond
station 204+20 to require grouting. Faults in the
water-bearing section did not contain as much gouge
as in the section between stations 190+00 and 204+20
and the free movement of water in the rocks is
attributed to the more open nature of the fractures.
The mylonite between stations 206+40 and 207+50 is
a fairly competent, unfractured rock and required
supports only on 4-foot centers. Plate 8B shows a
close correlation between the rate of progress at the
tunnel heading and the geologic structure.

Plate 8C indicates the nature of a tunnel section
that contains gently dipping faults and considerable
ground water in quartzose mylonite (stas. 215+00 to
222+50). Heavy loading by closely sheared, altered
gougy rocks in and adjacent to a very strong flat
fault near station 216+40 reduced progress and
required installation of 8-inch steel sets with struts.
Gouge from the fault was analyzed; it consists of a
finely crushed aggregate containing abundant
quartz and smaller amounts of microcline, plagio-
clase, kaolinite, montmorillonite, and sericite. Mont-
morillonite in the gouge promoted swelling and cre-
ated additional loads on the supports. Loads created
by crushed water-bearing rocks beneath a flat fault,
shown in section east of station 218+00, required
steel sets on 2.5-foot centers. The shattered rocks
below the fault contained only small amounts of
gouge and clay minerals and took large amounts
of grout. Progress in the section beneath the fault
was slowed by the interruptions necessitated by
placement of support and by extensive grouting.

The gently dipping faults in the tunnel section
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zone nearly 90 feet wide was coming from the Snake
River, which flows in a gravel-filled channel 550 feet
above this part of the tunnel. A total of 38 short and
long feeler holes were drilled from the heading and
23,435 sacks of cement were used in grouting
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operations before the tunnel heading could be
advanced. Additional waterflows were encountered
as the tunnel penetrated the fractured zone, but these
flows were stopped by using only small additional
amounts of grout.

Stations 343+00 to 690+00
Montezuma Quartz Monzonite Stock

Preliminary engineering studies were based on the
assumption that a tunnel from Dillon, Colo., to the
North Fork of the South Platte River would follow a
straight line. (See 831-A, fig. 2.) Geologic studies
indicated that all of the several proposed straight-
line routes would pass through long intervals of
complexly fractured and altered rocks and, after
considerable deliberation, the dogleg course that
would pass through the Montezuma stock was
adopted. Surface exposures of the stock suggested
that the rock of the stock was less fractured and more
competent than the Precambrian igneous and
metamorphic rocks adjacent to the stock, and,
therefore, required support was anticipated to be
minimal where the tunnel penetrated the stock. The
actual experience in the stock did not fulfill
expectations. Argillic alteration, noted in cores from
a diamond-drill hole at the site of the access shaft,
proved to be widespread, and fracturing in the stock
was much more extensive than was indicated by
surface mapping. Much of the tunnel in the stock was
driven in jointed, slightly altered rock that was on
the borderline of competency and, in the interest of
safety, installation of light steel and timber supports
wasrequired. Parts ofthetunnel penetratedintensely
argillized, squeezing rocks, which required theinstal-
lation of additional supports several months afterthe
rocks wereexposed tomoist tunnel air.

The part of the Roberts Tunnel in the Montezuma
stock between stations 343+00 and 468+49, a distance
of 2.37 miles, trends S. 75° 59’ E. (pl. 1). At station
468+49, the tunnel changesitsleadingtoS. 49° 33'E.,
a heading that is maintained to the East Portal, at
station 1238+58. Southeast of station 468+49, the
tunnel is in the Montezuma stock orin roof pendants
of Precambrian rocks in the stock as far as station
689+00, a distance of 4.17 miles (pls. 1, 10, 11).

At the surface above the tunnel the contact of the
stock with Precambrian rocks is near station 577+00
and is about 2,200 feet above tunnel level (pl. 1). At
tunnel level, a contact with Precambrian rocks was

intersected near station 625+00, 4,800 feet beyond the
contact at the surface. The tunnel heading was
advanced 1,185 feet through foliated metamorphic
rocks to station 636+85, where quartz monzonite was
again intersected; then, the tunnel continued to
penetrate quartz monzonite to as far as station
686+50.

GEOLOGY

The Roberts tunnel between stations 343+00 and
690+00 is chiefly in the Tertiary Montezuma Mon-
zonite of the Montezuma stock (pl. 1). Precambrian
rocks, consisting of varieties of biotite gneiss and
pegmatite, wereexposedin thetunnel andarebelieved
to be a roof pendant in the stock. The stock is cut by
faults, fault zones, and joints thatarelocally mineral-
ized and form veins. At the time of formation of the
veins, the wallrock of the veins was altered.

ROCK UNITS
PRECAMBRIAN ROCKS

The Precambrian rocks within the Montezuma
stock are dominantly gneiss and pegmatite at tunnel
level; they are exposed in the roof pendant between
stations 625+00 and 636+85 and are exposed as three
lenticular inclusions between stations 679+50 and
684+50. The foliation in the gneiss in the roof
pendantis nearly at 90° to the tunnel, has an average
strike of about N. 25° E., and dips at angles generally
greater than 80°. Inclusions near the southeast
contact of the stock form lenses in which the foliation
strikes about N. 15° E. and dips 50°-60° NW.
Surface exposures, 4,000 feet above tunnel level,
indicate that the structure in the layered rocks in the
roof pendant is synclinal (pl. 1), but proof of a
syncline in the rocks was not established by
examination of the rock exposures in the tunnel.

The Precambrian rocks within the roof pendant
and the inclusions of Precambrian rocks in the
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Montezuma stock are a medium- to coarse-grained
quartzo-feldspathic gneiss, which contains several
biotite-rich layers and several virtually conformable
bodies of pegmatite and surgary aplite. The gneiss is
hard and brittle, and on broken surfaces it has a
glassy appearance resembling that of quartzite.
Much of the gneiss is only slightly fractured or
altered and was competent enough to stand without
support during the advance of the tunnel heading.

Samples from several layers of the gneiss and from
the pegmatites were examined under the microscope.
Biotite gneiss, biotite-sillimanite gneiss, and gneissic
biotite-bearing quartzite are the dominant types
examined. The proportions of minerals differ
from layer to layer, but quartz, orthoclase, and
twinned oligoclase are present in all samples.
Biotite, partly altered to chlorite, forms plates in
subparallel orientation. Sillimanite, partly altered to
sericite, appears as clusters of needles in some of the
gneisses. Sericite has developed in plagioclase and
is present as scattered tiny plates or, in some
specimens, as aggregates that completely replace
the plagioclase. Thin layers, rich in biotite and con-
taining minor hornblende, are subordinate to the
other gneissic rocks.

The pegmatites and aplites are dominantly quartz,
orthoclase, and plagioclase. Sericite selectively
replaces the plagioclase.

MONTEZUMA QUARTZ MONZONITE

The Montezuma Quartz Monzonite and associated
intrusive rocks have been mapped and described by
Lovering (1935). The Montezuma stock is one of a
succession of Tertiary intrusive igneous bodies
extending northeasterly across Colorado from the
San Juan Mountains to Boulder County. The quartz
monzonite and quartz monzonite porphyry in the
stock have almost exactly the same fabric and
mineralogy as the dominant rocks in the Mount
Princeton Quartz Monzonite, a batholith in the
Sawatch Range, 60 miles to the southwest, which
was described by Crawford (1924).

The interior of the Montezuma stock is remarkably
free of inclusions. A few angular inclusions of
hornfels are present between stations 343+00 and
347+00 at tunnel level, near the west boundary of the
stock, and three inclusions of Precambrian gneiss
were intersected in the interval between stations
679+50 and 684+50, near the southeast limit of the
stock. Visible flow layering and lineation are
practically absent, and the fabric of the rock is
virtually isotropic. Near station 356+00, a few
indistinct schlieren of dark minerals dip 10°-20° W.
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Altered plagioclase feldspars in the interior of the
stock locally show a poorly developed subparallel
orientation and indicate a flat, indistinct flow
layering. Lenses of gneiss near the southeast contact
of the stock dip 50°-60° NW. and may be parallel to
the contact of the stock with older rocks.

The contacts of the stock with older rocks are
sharp, both on the surface and underground.
Numerous satellitic dikes intersect the surrounding
rocks. In the baked shales, irregular fine-grained
tabular bodies of quartz monzonite have produced
structural complexities in the shale by forcible
plastic deformation. In the Precambrian rocks,
crosscutting fine-grained dikes of quartz monzonite
have followed sharply defined fractures. Aplite
bodies, which are associated with the quartz
monzonite stock, are especially conspicuous in the
southeast contact zone of the stock and appear to
have developed by crystallization involving reaction
of the magma with older rocks. Aplites formed by
fracture filling in the interior of the stock and formed
slightly later than the aplite bodies, but in the
southeast contact zone, adjacent to the contact with
Precambrian rocks, some of the aplite is intruded by
quartz monzonite and appears to be an older border
phase.

The quartz monzonite probably was emplaced asa
completely molten magma and probably crystallized
almost entirely after emplacement. Indications of
forceful emplacement of at least the upper part of the
stock are numerous. In addition to deformation of the
shale near the west contact, fault blocks above the
stock have been differentially uplifted. Along the
west side of the stock, forceful injection is indicated
by upwarping and uneven uplift of the Williams
Range thrust fault along several faults that intersect
it. Dislocations of faults forced upward by the
magma are from hundreds to thousands of feet.
Some idea of the total amount of dislocation is
suggested by the fact that at station 291+60 in the
tunnel, at an elevation of about 8,000 feet, the
Williams Range thrust fault strikes northeast and
dips 30°-40° NW., and on Independence Mountain, 2
miles southeast, the part of thrust fault that is
exposed at the surface at an elevation of 11,500 feet,
strikes eastward, and dips to the south. The
southeast contact of the stock appears to be localized
along a strong shear zone in Precambrian rocks (pl.
1, near sta. 690+00), and, there also, forcible uplift of
the roof rocks of the stock is indicated.

The Montezuma stock is at the intersection of a
northeast-trending mineral belt, a wide zone of
shearing, and a postulated north-trending major
shear zone whose presence is inferred from









GEOLOGY, WESTERN PART, (STATIONS 0+00 TO 690+00)

STRUCTURAL GEOLOGY
FAULTS, VEINS, AND JOINTS

Faults, veins, and joints in the Montezuma stock
and in the enclosed Precambrian rocks have a
variety of attitudes and where encountered in the
tunnel produced extensively fractured, blocky rock
that required nearly continuous support during the
tunneling operation. Between stations 343+00 and
690+00, 1,447 faults and veins and 2,485 strong joints
were mapped. Minor joints, especially those
associated with faults, were not recorded on maps
because of their close spacing and random attitudes.

The tunnel interval between stations 343+00 and
690+00 was divided arbitrarily into eight sections for
the purpose of making comparative analyses of the
fracture patterns by means of equal-area plots (pl. 1).
(Fractures as defined here include joints and small
faults.) Figures 31 to 38 show fractures
corresponding to maxima on the equal-area plots as
related to the course of the tunnel. Table 4
summarizes the fracture-pattern data for the eight
sections and gives the stationing of the tunnel
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FicUre 31.—Diagram showing statistical relationships of tunnel
and fractures in quartz monzonite between stations 343+00 and

384+83. Arrow indicates direction of tunnel heading (N.
75°59’ W.).
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Figure 32.—Diagram showing statistical relationships of tunnel
and fractures in quartz monzonite between stations 384+83 and
426+66. Arrow indicates direction of tunnel heading
(N. 75°59’ W.).

intervalsincluded in each section and the maxima of
6 percent or more that appear on the equal-area plots
on plate 1 between stations 343+00 and 690+00.
Figure 39 shows the several fracture maxima on a
single diagram, and for comparison, the trends of the
tunnel, N. 75° 59’ W. for the Dillon heading and
S. 49° 33’ E. for the Grant heading. Strikes of steeply
dipping fault and vein maxima also are indicated.

The fault, vein, and joint maxima fall into three
areas on the plot in figure 39. Area 1 includes poles of
maxima for steeply dipping fractures striking
between N. 35° W. and N. 13° E. Slickensides
observed on faults that have attitudes within these
limits commonly are parallel to the dip. The average
strike approximates that of the surface trace of the
Williams Range thrust fault on the west side of the
Front Range, and the fractures apparently represent
movements that accompanied the uplift of the Front
Range after the emplacement of the Montezuma
stock. Area 2 contains fault and vein maxima for
gently dipping faults that caused considerable
overbreak in the section between stations 500+00 and
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TABLE 4.—Fracture maxima between stations 343+00 and 690+00

Section Stations Faultand vein maxima Jointmaxima

Tunnel bearing: S.75°59'E.

1 343+00t0384+83 (1)N.2°E.;76°E.;24.3 percent (1)N.3°W.;70°E.; 11.8 percent
(2)N.40°E.; 78° NW.; 6 percent
2 384+83t0426+66 (1)N.2°W.;76°E.;15.4percent (1)N.80°E.;66°8S.;10percent
(2)N.2°E.;78°E.; 6 percent
3 426+66t0468+49 (1)N.35°W.;78°NE.;9.3percent (1)N.70°E.;64°SE.;7.1percent
(2)N.2°E.;66°E.; 8 percent

Tunnel bearing: S.49°33'E.

4 468+49t0500+00 (1)N.14°E.;74°SE.;12.4percent (1)N.30°W.;78°NE.;8.7 percent
(2)N.30° W.;80°NE.;6 percent (2)N.44°E.;44° NW.; 6 percent
5 500+00t0550+00 (1)N.54°E.;73°SE.;15.1 percent (1)N.54°E.;76°SE.;15.5percent
(2)N.36°W.; 10°SW.;6percent  (2)N.12°E.;80°SE.;8percent
(3)N.9°W_;80° E.; 6 percent
6 550+00t0600+00 (1)N.66°E.;90°;15percent (1)N.14°W.;78°NE.; 14.6 percent
(2)N.68°E.;90°;14 percent
7 600+00t0650+00 (1)N.50°E.;67°NW . ;14percent (1)N.16°W.;72°NE.;8.6 percent
(2)N.85°E.;20°SE.;6percent (2)N.55°E.;70° NW.; 8 percent
(3)N.85°W.;82°SW.;6 percent
(4)N.78°E.;58° NW.; 6 percent
8  650+00t0690+00 (1)N.72°E.;65°NW.;20percent (1)N.78°E.;67°NW.;14.4percent
(2)N.4°E.;65°W.;8percent (2)North;67°W.; 14 percent
(3)N.28°E.;82° NW.;8 percent
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FiGURE 33.—Diagram showing statistical relationships of tunnel | FIGURE 34.—Diagram showing statistical relationships of tunnel
and fractures in quartz monzonite between stations 426+66 and and fractures in quartz monzonite between stations 468+49 and
468+49. Arrow indicates direction of tunnel heading 500+00. Arrow indicates direction of tunnel heading
(N. 75° 59’ W.). (S. 75° 59’ E.).
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F1GURE 35.—Diagram showing statistical relationships of tunnel
and fractures in quartz monzonite between stations 500+00 and
550+00. Arrow indicates direction of tunnel heading
(S. 49° 33’ E.).

550+00 and less overbreak between stations 600+00
and 650+00. Extensive argillic alteration that
accompanied the gently dipping faults destroyed
evidence of the direction of movement, but the gently
dipping faults terminate against steeply dipping
north-trending faults with pole maxima in area 1.
The gently dipping faults probably represent
adjustments that accompanied dislocations along
the steep faults.

Faults and veins with maxima in area 3 are nearly
at right angles to the tunnel and slickensides ob-
served in a few exposures generally are approxi-
mately horizontal. The faults and veins in area
3 formed by movements in the Montezuma stock
that are related to the displacements along the Front
Range mineral belt and are in line with the belt
where it is exposed northeast and southwest of the
stock. The time relationship between the northeast-
trending and the north-trending faults is not known
with certainty, but many north-trending fractures
near the west contact of the stock contain aplite and
probably formed immediately after the emplacement
and consolidation of the stock.
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FIGURE 36.—Diagram showing statistical relationships of tunnel
and fractures in quartz monzonite between stations 550+00 and
600+00. Arrow indicates direction of tunnel heading
(S. 49° 33’ E.).

The equal-area plots on plate 1 between stations
343+00 and 690+00 in figures 31-38 indicate the
attitudes of fracture concentrations relative to the
directions in which the tunnel was driven. The
tunnel was advanced N. 75°59’ W. in the Dillon head-
ing from the access shaft and intersected many
faults dipping steeply into the tunnel from the
heading and crossing the tunnel at angles ranging
from 40°-75° to the centerline (pl. 1, stas. 343+00 to
500+00; figs. 31-33). The Grant heading, driven
S. 49°33’ E. from an angle point east of the access
shaft, intersected many steeply dipping faults that
crossed the tunnel at angles between 20° and 80° to
the centerline as far as station 550+00 (pl. 1; figs. 34,
35). Southeast of station 550+00 to the limit of
the Montezuma stock, the tunnel penetrated the
northeast-trending mineral belt and intersected
faults and veins most of which cross the tunnel
nearly at right angles (figs. 36-38), a circumstance
generally favorable to the progress of the tunnel
heading.



C50 ENGINEERING GEOLOGY OF THE HAROLD D. ROBERTS TUNNEL, COLORADO

e A i
[ 10 FeeT ;) ¥ 4 ol [N 10 Feer

FicURE 37.—Diagram showing statistical relationships of tunnel | FIGURE 38.—Diagram showing statistical relationships of tunnel
and fractures in quartz monzonite between stations 600+00 and and fractures in quartz monzonite between stations 650+00 and
650+00. Arrow indicates direction of tunnel heading 690+00. Arrow indicates direction of tunnel heading
(S. 49° 33 E.). (S. 49° 33' E.).

4 FIGURE 39.—Equal-area plot of fault, vein, and joint maxima
(lower hemisphere). Triangles, fault and vein maxima; solid
circles, joint maxima. Strike of fault and vein maxima also are
shown. Circled numbers refer to area discussed in text.
Numbers adjacent to triangles and circles identify tunnel
intervals as follows:

Stations 343+00 to 384+83.

Stations 384+83 to 426+66.

Stations 426+66 to 468+49 (angle point).

Stations 468+49 to 500+00.

Stations 500+00 to 550+00.

Stations 550+00 to 600+00.

Stations 600+00 to 650+00.

Stations 650+00 to 690+00.
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GEOLOGY, WESTERN PART, (STATIONS 0+00 TO 690+00)

ORE MINERALIZATION AND WALLROCK ALTERATION

Veins containing a variety of ore and gangue
minerals and accompanied by more or less intense
wallrock alteration are present in all parts of the
stock intersected by the Roberts Tunnel, but special
concentrations of veins were noted in the tunnel
between stations 500+00 and 800+00, where the stock
and adjacent rocks are crossed by the Colorado
mineral belt. Argillic alteration is more widespread
than ore mineralization and many fractures that
localized intense wallrock alteration are barren or
contain only quartz and carbonates.

The quartz monzonite in all parts of the Monte-
zuma stock contains sparse, scattered, tiny plates
of molybdenite, but only two veins containing
concentrations of molybdenite were noted in the
tunnel. A lenticular vein with a maximum width of 6
inches at station 440+22, west of the access shaft,
contained glassy quartz, minor amounts of pyrite,
and scattered clusters of molybdenite plates as much
as half an inch in diameter. A similar 4-inch vein,
which contains abundant cubic pyrite, molybdenite,
and minor amounts of late flesh-colored crystals of
rhodochrosite in vugs, was observed at station
612+95.

Pyrite is abundant in disseminations and as tiny
veinlets in rocks adjacent to and included in the
stock; it formed by mineralizing solutions spreading
outward along myriads of closely spaced
intersecting joints. Similar disseminations and joint
fillings are locally present in the stock near iis
southeast contact with Precambrian gneiss.

VEINS

The poles of 394 veins between stations 460+00 and
800+00 were plotted on a Schmidt net and contoured
with a 1-percent counter. The resulting diagram is
shown in figure 40. The attitudes of the veins range
widely but most of them strike northeast. Several
veins strike in a northerly direction; very few strike
northwest. Although the number of northeast-
trending fractures greatly exceeds that of the north-
trending fractures, figure 40 indicates that most,
perhaps all, of the major sets of fractures in the
Montezuma stock indicated in figure 39 were present
before the advent of ore mineralization and wallrock
alteration. Movement along some veins after
mineralization resulted in crushing and brecciation
of the vein fillings and formation of gouge
containing pulverized sulfide minerals. Some veins
contain breccia of early vein minerals surrounded by
later ore and gangue minerals; and, considering all
evidence, it seems clear that mineralization was
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FIGURE 40.—Contoured equal-area plot (lower hemisphere of
poles of 394 veins between stations 460+00 and 800+00.
Maximum of 6.3 percent corresponds to a strike of N. 62°E.
and a dip of 70° NW.

preceded, accompanied, and followed by
intermittent dislocations along the mineralized
fractures.

MINERALOGY

Lovering (1935) summarized the occurrence of
minerals in the Montezuma quadrangle. All mineral
deposits encountered in the Roberts Tunnel are well
below the zone of oxidation and consist only of
aggregates of primary ore and gangue minerals
formed as fracture fillings and by pyritic replace-
ment of the wallrocks.

Ore and gangue minerals differ in kind and
amount from vein to vein and from place to placeina
single vein. Some veins are crustified and contain at
least one of layered ore and gangue minerals.
Repeated sequences indicate pulsating mineralizing
solutions and complex and, locally, intermittent
penetration of fractures by the solutions, probably in
response to structural changes in channelways
resulting from dislocations during mineralization.

Between stations 400+00 and 600+00, approxi-
mately, abundant sulfide minerals in the veins
are pyrite, sphalerite, chalcopyrite, and galena.
The gangue minerals are quartz and late dolomite.
Minor amounts of prismatic marcasite were noted
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in a specimen from station 495+85. The sphalerite
is iron rich (marmatite), is zoned, and contains tiny
exsolved blebs of chalcopyrite in all samples that
were examined.

A generalized paragenetic diagram for the ore and
gangue minerals in the quartz-sulfide veins between
stations 400+00 and 600+00 is shown in figure 41A.

Southeast of station 600+00 (approximately),
rhodochrosite, anhydrite, dolomite, and gypsum are
abundant in some veins. Sulfides are pyritohedral
pyrite, sphalerite, and in minor amounts moly-
bdenite and galena. The rhodochrosite and the
dolomite are zoned and formed by pulsating
deposition in open fractures. The sphaleriteis lighter
colored than it is in veins northwest of station
600+00; it contains abundant quartz and other
sulfides. Crustification is locally conspicuous and
enables determination of the generalized
paragenetic sequence indicated in figure 41B.
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FIGURE 41.—Paragenetic diagrams of veins. A, Quartz-sulfide
veins. B, Rhodochrosite-sphalerite-anhydrite veins.
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Gypsum, in large clear plates, some as much as 6
inches across, is seen in thin-section to have formed
from anhydrite by hydration, and it apparently is
the latest hypogene mineral in the veins.
Sulfarsenides and sulfantimonides of copper and
silver that are present in some of the veins mined
from the surface in the Montezuma stock and
adjacent rocks were not observed in any of the
numerous samples collected from tunnel level;
however, this absence does not preclude the
possibility of their presence in some of the veins. The
vast majority of veins, nevertheless, are virtually
barren of precious elements and, considering their
narrow widths and lenticularity, must be regarded
as of no economic value at the present time.

WALLROCK ALTERATION

Many faults and joints in the Montezuma stock are
accompanied by argillic alteration that is zoned and
extends from a fraction of an inch to several feet into
the wallrock adjacent to fractures. the outermost
zone contains chlorite formed from biotite, and
sparse sericite formed by alteration of oligoclase.
The chloritic alteration generally is patchy and
erratic and is not everywhere evident. Inside the
chlorite zone, feldspars (especially oligoclase), have
been partly to completely altered to clayey aggre-
gates of montmorillonite and kaolinite, and also
sparse sericite. Moisture from the tunnel air
caused slow swelling of the rocks that contained
montmorillonite and in time caused the rocks to
break apart as sticky clay masses mixed with
angular fragments of unaltered rock. Fine-grained
quartz and sericite (a disordered 1-layer muscovite)
have been introduced and have replaced
montmorillonite-kaolinite assemblages next to some
of the fractures to form a narrow inner zone rarely
more than a few inches wide. Silicification and
sericitization next to fractures is especially
noteworthy where the fractures contain sulfides and
is likely to be absent where the fracture fillings
consists only of quartz and (or) carbonates.

The montmorillonite-kaolinitealterationpresented
a major problem in the tunneling operation. Thin
selvages of argillic alteration formed along even
hairline cracks in most parts of the Montezuma
stock and promoted collapse of joint blocks that,
in the absence of the alteration, would haveremained
keyed into the arch of the tunnel. Rock broken by
blasting contained many blocks bounded by inter-
secting surfaces coated with a very thin smooth
layer of greasy clay minerals. These minerals were
present in just sufficient amount to destroy the





















