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ABSTRACT

BRlackhawk Mountain, a resistant mass of marble thrust northward
over uncemented sandstone and weathered gneiss, rises above south-
eastern Lucerne Valley at the eastern end of the ruggeci 4000-foot es~
carpment that separates the San Bernardino Mountains on the south from
the Mojave Desert on the north. Spread out on the alluvial apron at the
foot of the mountain is the Blackhawk rockslide, a lobe of nearly mono-~
lithologic marble breccia 30 to 100 feet thick, 2 miles wide, and nearly
5 miles long. At least two earlier similar but smaller rockslides have
occurred in the area,

The rocks of the area comprise late Tertiary and Quaternary
fanglomerates and breccias derived mainly from the gneiss, quartzite,
Carboniferous marble, and Cretaceous quartz-monzonite of the San
Bernardino Mountains., Uplift of Blackhawk Mountain occurred in two
stages after deposition of the older fanglomerates and breccias: the
first by over~thrusting from the south, and the second by monoclinal
folding aldng a northwest-trending axis.

Geological evidence in the area shows that the Blackhawk rockslide
traversed the gently inclined alluvial slope as a nearly nondeforming
sheet of breccia moving more than 50 miles per hour. The hypothesis
that compressed air, rather than water or mud, constituted the lubri-
cating layer on which the breccia sheet slid qualitatively explains all
of the principal physical features of the slide lobe. Theoretical analysis
of the flow in the lubricating air layer indicates the quantitative feasi-

bility of the air-lubrication hypothesis for the Blackhawk slide.
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INTRODUCTION

Lucerne Valley in southern California lies at th‘e foot of the rugged
escafpmen‘t which drops 4000 feet from the upland valleys and rounded
hills of the San Bernardino Mountains on the south to the broad alluvial
basins and low peaks of the Mojave\ Desert on the north. Near the
eastern end of this escarpment stands Blackhawk Mountain. Its summit
is a resistant mass of marble thrust northward over uncemented sand-
stone and weathered gneiss. Hence, as a result of undercutting by
erosion its north slope is extremely precipitous; in little more than a
mile it drops 3000 feet to the mouth of Blackhawk Canyon. Spread out

"below this very steep slope is a great landslide lobe of nearly mono-
lithologic marble breccia two miles wide and 30 to 100 feet thick which
extends five miles from the mouth of Blackhawk Canyon down the gently
sloping alluvial apron nearly to the bottom of Lucerne Valley (fig. 1).
This is the Blackhawk breccia.

The Blackhawk breccia is notable not only because of the large
volume of rock involved but also because of the great horizontal distance
travelled from the obvious source on Blackhawk Mountain. Moreover,
in travelling this distance it was neither internally lubricated nor slow-
moving, like a mudflow, but was a nearly nondeforming sheet of crushed
rock which rushed down the gentle alluvial slope at a speed of more than
1006 miles per hour.

This paper presents the geological and mechanical evidence from
which this conclusion follows, and it proposes an air-lubrication mecha-
nism which explains not only the high speed and undeforming nature of

the sliding sheet but also the unusual compositional structure and topo-
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FIGURE 1

THE BLACKHAWK AREA

Oblique air photo of the Blackhawk area viewed from the north.
Maximum width of the Blackhawk breccia lobe is two miles. Height
of its near edge is about 50 feet. (Photo by R. C. Frampton and

J. S. Shelton, Claremont, California, 19 September 1948.)



graphic configuration of the resulting lobe of breccia. In addition, this
paper shows that the Blackhawk breccia represents the latest of several
great landslides which originated on Blackhawk Mountain, and it de-

lineates the structural and stratigraphic developments which led to

thzamo



GEQOLOGY OF THE BLACKHAWK AREA

Introduction

The area mapped for this report, herein termed the Blackhawk area,
is rectangular, covering about 30 square miles and enclosing Blackhawk
Mountain, Terrace Springs, the mouth of Arrastre Canyon, and the
alluvial slope for several miles to the north of them in southeastern
Lucerne Valley. Elevations in the area range from 3100 feet at the
north edge of the Blackhawk breccia lobe through 4500 feet at the head
of the alluvial slope to 6800 feé’t ‘at the summit of Blackhawk Mountain.
Creosote bushes, Joshua trees and cholla cactus, and pinyon éinesy
respectively, comprise the characteristic vegetation at each of these
elevations. Gold and silver mines on Blackhawk Mountain have been
worked intermittently since 1870 (DeGroot, 1890, p. 523).

The area is geologically divisible into three parts which had different
but closely related histories following uplift of the San Bernardino Moun-
tains; these are (a) the gently inclined alluvial slope where deposition
of the younger rocks progressed practically without interruption,

(b) the steep, thrust-faulted escarpment where deposition and erosion
alternated in response to tectonic events, and (c) the dissected mountain
highland where erosion of the older rocks proceeded nearly continuously.
The stratigraphy and structure of the escarpment, which are described
in this section, record in detail the thrust-faulting, folding, fan building,
and erosion leading to the landsliding which produced the breccias of the

Blackhawk area.



Location and accessibility- The Blackhawk area lies along the cen-

tral third of the eastern edge of the Lucerne Valley, California, quad-
rangle of the U. S. Geological Survey approximately 85 miles east of
metropolitan Los Angeles. It can easily be reached by automobile via
State Highway 18 northeast from San Bernardino through Big Bear Lake,
or by the same State Highway southeast from Victorville (fig. 2). A
paved County Road leads directly east from the town of Lucerne Valley
10 miles to the north edge of the Blackhawk breccia lobe. A number

of unimproved prospectors' roads criss-cross the alluvial slope and

lead up onto Blackhawk Mountain.

Previous investigations in the region- In 1922 F. E. Vaughan pub-

lished a geologic map and report on the old San Gorgonio quadrangle
(1:125000), which iz;cluded the Blackhawk area. Because he was making
a reconnaissance map of the region, Vaughan did not differentiate the
Blackhawk breccia but simply included it in his Heights fanglomerate.

In 1928 A. O. Woodford and T. F. Harriss published a geologic
map of Blackhawk Canyoh and with it a brief report covering a much
larger area which is practically the same as that described in this paper.
They recognized the landslide origin of the breccia and suggested that it
was a debris outrush like the slide of 1881 at Elm, Switzerland (Heim,
1882).

In 1953 R. B. Guillou published a map and report on the Johnston
Grade area, which adjoins the Blackhawk area on the southwest; and in
1954 J. F. Richmond mapped the region from Big Bear Lake north to the

desert, a few miles farther southwest of the Blackhawk area.
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Present investigation- In 1957 the writer spent about five weeks in

the field studying the Blackhawk breccia and making a geologic map of
the area (plate 1) Because the objective of this investigation was to
find evidence bearing on the origin of the breccia, and especiaﬂ.y‘ on its
"mode of transit down the gently inclined alluvial slope,; only those as-
pects of the geology of the older rocks which are pertinent to the prob-

lem of the breccia were studied in detail.



Older rocks

The older rocks in the northern part of the San Bernardino Mountains
comprise gneiss, quartzite, and marble which have undergone in suc-
cession low-grade regional metamorphism, widespread plutonic in-
trusion, and extensive large-scale faulting. As a result the stratigraphic
sequence of these rocks is not yet satisfactorily determined; neither
Guillou (1953) nor Richmond (1954) was able to find conclusive contact
relations, though each was able to suggest the probable succession of
these rocks. In the Blackhawk area, only the gneiss and the marble,
both intruded by quartz-monzonite, are exposed (‘table’ 1); and; as else-
where, they are without exception in fault contact, so that their relative

stratigraphic positions are indeterminable.

Undifferentiated gneiss (g)- The Blackhawk area is widely underlain

by biotite gneiss intruded by quartz-monzonite. In general, because of
their intimate intermingling, these rocks were mapped together as undif-
ferentiated gneiss despite the disparity between them in age and origin.
The gneiss exposed in the vicinity of Old Woman Peak and in the foothills
east of Arrastre Canyon is typical of this unit. It generally forms steep,
rocky, brown hills with somewhat rounded summits.

This unit consists principally of a moderately hard, dark-brown to
black;, medium- to coarse-grained, prominently foliated, quartz-ortho-
clase(?})-biotite gneiss in which biotite-rich and biotite-poor foliae alter-
nate at 5 to 10 mm intervals. The foliation of this rock generally is
gently undulatory and dips southward, though it is violently contorted

locally.



TABLE 1

STRATIGRAPHIC SUMMARY FOR THE BLACKHAWK AREA

Younger rocks

Fan gravels and minor landslides Recent
*Cushenbury Springs formation Pleistocene(?)
*0Old Woman sandstone Pliocene(?)

Older rocks
Cactus granite Jurassic/Cretaceous(?)
Furnace limestone Carboniferous

undifferentiated gneiss and quartz-monzonite

*New formation defined in this paper.
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In the foothills on both sides of the mouth of Arrastre Canyon are
extensive outcrops of a hard, light- to reddish-gray, medium- to
coarse-grained, prominently foliated and lineated, bictite-quartz-
orthoclase(?} gneiss which frequently contains pink quartz-orthoclase
augen up to 1 cm in diameter. The foliation transects the contacts be-
tween this gray gneiss and the more extensive brown gneiss.

About 2500 feet east of the mouth of Arrastre Canyon irregular
lenses of light-gray to black, brown-weathering, fine-grained, crystal-
line, dolomitic marble up to 50 feet thick are interbedded with the
biotite gneiss. This marble is composed of alternating more~ and less-
dolomitic layers 2 to 3 mm thick that are parallel to the foliation of the
proximal gneiss, Also in this area are thin discontinuous lenses of ex-
tremely hard, greenish-white, unlaminated and unbedded, fine-grained
guartzite.

The gneiss of the Blackhawk area is pervasively intruded by numer-
ous masses of buff to light-gray, coarse-grained to pegmatitic, biotite-
quartz-monzonite. Shapeless bodies of soft, black, medium-grained,
quartz-plagioclase~-amphibole rock (quartz-diorite?) up to 240 feet across
are associated with these intrusive masses of quartz-monzonite near
contacts with the gneiss. South of Surprise Spring and in the lower
reaches of Voorhies and Blackhawk canyons the brown gneiss occurs
as scattered, somewhat reconstituted xenoliths in massive quartz-mon-
zonite. The quartz-monzonite in these places frequently contains crys-
tals of orthoclase 1 to 2 cm in diameter that enclose numerous small
biotite flakes. It is occasionally also gneissic, with segregated biotite

flakes forming parallel, usually contorted, layers.
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The gneiss in the Blackhawk area is lithologically more like the
pre-Cambrian(?) Baldwin gneiss defined by Guillou (1953) than the
Arrastre quartzite defined by Vaughan (1922). In its type locality
about a mile south of the mouth of Arrastre Canyon the Arrastre is a
massive, hard, black, medium- to very-coarse-grained, slightly
foliated, quartz-orthoclase-hornblende gneiss intruded by brilliant pink
epidote-bearing muscovite-biotite-quartz-monzonite pegmatite dikes
and lenses 1 to 20 feet thick. On the basis of lithologic similarity,
therefore, the gneiss in the Blackhawk area probably should be corre-
lated with the more distant Baldwin gneiss rather than with the nearby

Arrastre quartzite.

Furnace limestone (Cf)- An irregular strip of gray, coarsely-

crystalline marble that has been thrust northward over gneiss closely
parallels the western two-thirds of the southern edge of the Blackhawk
area. This marble is best exposed on the upper slopes of Blackhawk
Mountain and in the hills southwest of Terrace Springs. It usually
forms smooth, rubbly, gray ridges with broad rounded crests, though
where erosion is rapid it produces bold, jagged aretes and steep,
mobile screes,

This rock consists principally of medium-gray, medium- to very-
coarsely-crystalline marble which in many places is dolomitic. The
dolomite usually occurs as grains distributed through the marble in
concentrations ranging up to 100 percent. The marble commonly con-
tains prisms and radiating fibers of tremolite, as much as 1 cm long in
the most coarsely recrystallized zones. Other accessory minerals are

chlorite, quartz, diopside, and garnet. The marble frequently has a
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banded appearance due to variations in color and, sometimes, grain
size. On the basis of a calcareous quartzite lense interbedded with the
marble in upper Blackhawk Canyon Woodford and Harriss (1928, p. 269)
interpreted this banding as relict bedding. Richmond (1954, p. 40), on
the other hand, found that it does not parallel sedimentary bedding as
indicated by chert, siltstone, and quartzite layers in the marble in the
vicinity of Furnace Canyon. A few outcrops of the marble near Round
Mountain are black, finely-crystalline, and fetid; this rock very strongly
resembles the fossiliferous marbles in Furnace Canyon.

As a result of thrust-faulting the marble on Blackhawk Mountain
and Round Mountain is pervasively shattered and in places brecciated,
sometimes with rotation of individual fragments. Along faults the marble
is usually much recrystallized and stained deep red by hematite and
limonite. Most of the mines in the area are located on faults in the
marble; the ore is the red; clayey, hematite-rich gouge, which carries
some gold and silver.

Exposed in the core of an anticline south of the mouth of Grapevine
Canyon is a sequence of light-gray, buff-weathering, fine- to medium-
grained, crystalline dolomites and dolomitic marbles which is about
900 feet thick, assuming no hidden structural complications. At the
base of this sequence are contorted beds of quartz-biotite schist and
possibly quartzite which unfortunately have been almost engulfed by an
igneous intrusion. The top of this sequence is separated from the com-
mon gray marble by a resistant, cliff-forming bed of pure white, finely-
crystalline, sugary marble 10 feet thick which weathers to smooth, light-

gray surfaces with distinctive white highlights on their corners and edges.
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The marble on Blackhawk Mountain crops out with no lithologic
change continuously westward 6 miles to Furnace Canyon, the type
locality for the Furnace limestone defined by Vaughan (1922). All in-
vestigators have correlated the marble of the Blackhawk area with the
marble of Furnace Canyon despite the fact that at least one major fault,
the Helendale, transects this marble in Cushenbury Canyon, halfway
between the two localities.

No fossils have been found in the Furnace limestone within the Black-
hawk area; however, Woodford and Harriss (1928} and Richmond (1954)
collected poorly preserved, metamorphosed, but nearly undistorted

Mississippian fossils from the marble in the vicinity of Furnace Canyon.

Cactus granite (cqm, cqd)- Regularly jointed gray quartz-monzonite

associated with minor amounts of easily weathered black quartz-diorite
underlies most of the southern margin of the Blackhawk area. This rock
is well-exposed in upper Grapevine Canyon and in Cactus Flat immedi-
ately south of it. It forms uneven buff-colored hills, steep sandy slopes,
and huge rounded outcrops.

The quartz-monzonite is a uniformly buff to light-gray, coarse-
grained, equigranular rock containing about 40 percent quartz, 30 percent
plagioclase, 25 percent orthoclase, and 5 percent biotite. It intrudes the
Furnace limestone over an extensive area south of Blackhawk Mountain,
and it is very likely in part, if not wholly, the quartz-monzonite that is
so widely intermingled with the biotite gneiss elsewhere in the Blackhawk
area.

The quarfz—diorite is a dark-gray to black, medium- to coarse-

grained rock containing about 40 percent plagioclase, 25 percent horn-
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blende, 20 percent biotite, and 15 percent quartz. It crops out along an
irregular zone a few hundred feet wide between the Furnace limestone,
which it intrudes, and the quartz-monzonite, which intrudes it.

Vaughan (1922, p. 365) gave the name Cactus granite to the quartz-
monzonite and quartz-diorite in upper Grapevine Canyon and in the vi-
cinity of Cactus Flat; Guillou (1953, p. 14} has suggested the more ac-
curate term, "Cactus quartz-monzonite, " for these rocks.

Hewett and Glass (1953, p. 1049} found by the uranium-lead method
that a pegmatite associated with the Cactus granite about 15 miles east
of Cactus Flat is approximately 155 million years old, or somewhat
less if non-radiogenic lead is a significant constituent of the minerals
analyzed. Thus, the Cactus granite was probably emplaced during the

Jurassic or Cretaceous periods.
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Younger rocks

The younger rocks of the Blackhawk area comprise fanglomerates
and landslide breccias derived from the uplifted massif of the San Ber-
nardino Mountains (tables | and 2). They are characterized by abrupt
lithologic changes and numerous angular unconformities which reflect
a complex history of contemporaneous deposition and deformation.'
Though they are doubtless late Tertiary and Quaternary in age, they
cannot be certainly correlated with similar rocks elsewhere in the

region because no fossils have been found in them.

Old Woman sandstone (To)- Small, patchy areas of massive reddish-

buff conglomeratic arkose are exposed in many places along the lower
slopes of Blackhawk Mountain from Surprise Spring to Arrastre Canyon.
This sandstone is unique among the younger rocks because it is totally
devoid of marble clasts. It is generally easily eroded and forms typi-
cal badlands topography. It is lithologically and stratigraphically iden-
tical to the "older desert deposits" reported by Vaughan (1922, p. 385)
from near Cushenbury Springs west of the Blackhawk area; and near Old
Woman Springs east of it, This formation is herein named the Old Woman
sandstone (a new name) and lower Blackhawk Canyon, the most extensive
area of exposure, is designated the type locality. It is the oldest of the
younger formations in the Blackhawk area.

Woodford and Harriss (1928, p. 274) and Richmond (1954, p. 124)
correlated the Old Woman sandstone with the lithologically similar Rosa-
mond series (Hershey, 1902, p. 365), a sequence of non-marine sedi-

mentary, pyroclastic, and volcanic rocks exposed in the Rosamond Hills
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in the western Mojave Desert. The name Rosamond has been applied to
such a miscellaneous assemblage of Tertiary rocks in the Mojave
Desert, however, that it has been rejected for use by the U. S. Geologi-
cal Survey (Wilmarth, 1938, p. 1843). | The name Tropico group is now
applied to the original Rosamond near the type locality (Dibblee, 1958,
p. 135). Inasmuch as no fossils have been found in the Old Woman
sandstone, and it crops out over a limited area nearly 90 miles from
the Rosamond Hills, correlation with the Tropico group (Rosamond
series) appears questionable at best. For this reason the Old Woman
sandstone is treated in this paper as a separate formation.

The Old Woman sandstone rests in depositional contact on deeply
weathered gneiss. The ancient erosion surface on which the basal
sandstone was deposited had at least 150 feet of relief. It probably re-
sembled the present gneiss terrane south of Surprise Spring, as it is
almost certainly a slightly tilted and recently exhumed remnant of the
same erosion surface.

The Old Woman sandstone becomes finer-grained, more massive,
and less conglomeratic stratigraphically upward and geographically
northward. The coarser facies of the Old Woman sandstone, which is
well-exposed near the Voorhies fault in Blackhawk Canyon, is a mas-
sive reddish-buff to red-brown conglomeratic arkose consisting of a
matrix of uncemented, poorly sorted, coarse-grained, angular frag-
ments of quartz, feldspar, hornblende, magnetite, biotite, and other
dark minerals in which are embedded subrounded to subangular peb-
bles and scattered cobbles of vesicular andesite, gneiss, quartzite,

schist, vein quartz, and rhyolite(?), in order of decreasing abundance.
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All except the volcanic lithologies are exposed in the San Bernardino
Mountains to the south. Clasts of marble are totally absent. A few
resistant beds of coarse sandstone are partially cemented with cal-
cite, but the arkose for the most part contains very little carbonate.
Bedding in this rock is defined by thin layers of pebbles and by grada-
tions in average grain size. Cross-bedding is rare, but where it does
occur, it dips steeply northward between gently dipping bedding sur-
faces usually 1 to 3 feet apart. Filled channels are equally rare, and
are usually small and inconspicuous.

The finer facies of the sandstone, which is best exposed near the
mouth of Blackhawk Canyon, is a massive, practically unbedded yel-
lowish-buff to brown arkosic mudstone composed of uncemented, slightly
sorted, fine-to medium-grained fragments of quartz, feldspar, and
weathered dark minerals, Interbedded with the mudstone are occasional
beds 1 to 2 feet thick of poorly sorted, coarse-grained, calcareous sand-
stone, and of pebble conglomerate containing many subangular fragments
of volcanic cinders and bombs and a few rounded clasts of gneiss and
guartz-monzonite embedded in a fine-grained matrix, Calcareous con-
cretions amoeboid in shape and 2 to 30 cm in diameter locally occur
in the more massive mudstone and are usually distributed in planes
parallel to the bedding., In the top 20 feet of the section and likewise
roughly paralleling the bedding are discontinuous highly irregular layers
1 to 10 cm thick of a hard, white, aphanitic rock (tuff ?) which forms sharp
contacts with the enclosing mudstone. The mudstone contains no marble
clasts and very little carbonate cement except within a few feet of the

contact with the conformably overlying Member 1 of the carbonate-rich
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Cushenbury Springs formation.

The Old Woman sandstone thins rapidly northward; in Blackhawk
Canyon the thickness decreases from an estimated 600 feet near the
Voorhies fault to a measured 200 feet near the mouth of the canyon
4500 feet to the north. In addition, bedding in the sandstone generally
dips northward about 10 degrees more steeply than the contact with |
the underlying gneiss; and cross-bedding, which is surprisingly rare,
always dips to the north. These structural and stratigraphic features
together with the lithologic character of the Old Woman sandstone sug-
gest that it was deposited as an alluvial fan northward from the pri-
mordial San Bernardino Mountains under arid conditions similar to

those now existing in the Mojave Desert.

Cushenbury Springs formation (Qc)- A series of closely related

landslide breccias and cobble fanglomerates derived almost wholly
from the Furnace limestone underlies the bajada slope and lower foot-
hills along the northern escarpment of the San Bernardino Mountains
from Arrastre Canyon 12 miles west to Dry Canyon. These rocks are
mostly covered by Recent fan gravels on the bajada slope, but are
extensively exposed by erosion in the foothills, where they form gray
to buff rubble-covered slopes with occasional aretes and talus chutes.
These marble-bearing fanglomerates and breccias are herein named
the Cushenbury Springs formation (a new name) after the springs near
the mouth of Cushenbury Canyon. In the Blackhawk area the formation
is divided into seven members (table 2) on the basis of lithology, strati-
graphic relationships, and degree of deformation. The breccia mem-

bers are further subdivided according to parent lithology. Typical ex-
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TABLE 2

MEMBERS OF THE CUSHENBURY SPRINGS FORMATION

IN THE BLACKHAWK AREA

Member 7: Blackhawk breccia
Furnace limestoné clasts (Qc7{)
Old Woman sandstone clasts (Qc7o)
gneiss clasts (Qc7g)

mixed clasts (Qc7m)
Member 6: fanglomerate (Qcb)
Member 5: landslide debris (Qc5)

Member 4: Dbreccia
Furnace limestone clasts (Qc4f)
Old Woman sandstone clasts (Qc4o)
gneiss clasts (Qc4g)

mixed clasts (Qc4m)
Member 3: fanglomerate (Qc3}

Member 2: Dbreccia
Furnace limestone clasts (Qc2f)

guartzite clasts (Qclq)
Member 1: fanglomerate (Qcl)
Members are listed in order from youngest to oldest. Lithologic

subdivisions are listed in order of decreasing importance. Paren-

theses enclose the appropriate map symbol.



20

amples of the fanglomerates and breccias of the Cushenbury Springs
formation are well-exposed at the mouth of Blackhawk Canyon.

Vaughan (1922, p. 392) mapped the Cushenbury Springs formation
as Heights fanglomerate, a formation he had defined on the south side
of the San Bernardino Mountains, because the two "are probably of
about the same age. " Subsequently, Woodford and Harriss (1928,

p. 279) adopted the name Blackhawk breccia for the fanglomerates

and breccias of the Blackhawk area, but retained the name Heights
fanglomerate for equivalent rocks near Cushenbury Springs. This
paper restricts the name Blackhawk to the youngest breccia at Black-
hawk Canyon in accordance with currently accepfed informal geologic
usage, and it discards the name Heights for the marble-bearing fanglo-
merates and breccias along the northern escarpment of the San Ber-
nardino Mountains.,

Member 1, the lowest member of the Cushenbury Springs formation
in the Blackhawk area, is a limestone-cobble fanglomerate which rests
conformably on the Old Woman sandstone, It is well-exposed in the
canyon southwest of Surprise Spring, in middle Miles Canyon, and on
the hill east of the mouth of Blackhawk Canyon, its type locality.

The contact between Member 1 and the underlying Old Woman sand-
stone is usually sharp, roughly planar, and locally channelled. Below
it, the uppermost foot of sandstone contains a few rounded pebbles of
marble less than 1 cm in diameter; whereas, above it, the lowermost
foot of fanglomerate consists almost entirely of subrounded clasts of
marble up to 20 cm in diameter. This contact clearly represents a sig-

nificant episode in the geologic history of the Blackhawk area.
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Near the mouth of Blackhawk Canyon Member 1 is at least 750 feet
thick. It dips steeply northward and consists for the most part of well-
cemented fanglomerate composed of practically unsorted subangular
to subrounded pebbles, cobbles, and boulders of Furnace limestone,
with cobbles predominating. Bedding is faintly defined by crudely
sorted irregular pebble layers. The basal 10 to 15 feet of this unit con-
sists of massive arkosic limestone-pebble conglomerate and conglo-
meratic sandstone containing pebbles of gneiss and vesicular andesite.
Interbedded with the fanglomerate about 100 feet higher in the section
is a 20-foot layer of marble breccia (similar to Member 7) with as much
as 2 feet of gneiss breccia at its base. The upper contact of Member 1
in this locality is covered by Recent fan gravels.

Southwest of Surprise Spring Member 1 is up to 40 feet thick., It
consists of 6 to 10 feet of limestone-cobble fanglomerate overlain by
a maximum of 30 feet of arkosic mudstone containing scattered rounded
pebbles of marble. Member 2 rests in angular unconformity on both
Member 1 and the Old Woman sandstone in this locality.

In upper Miles Canyon Member 1 is probably in excess of 50 feet
thick., It consists of 25 feet of resistant limestone-cobble fanglomerate
overlain by 25 feet of marble-bearing arkosic sandstone. Both Member 1
and the Old Woman sandstone in this locality pinch out against the
sloping surface of the gneiss on which they were deposited. An unidenti-
fied gneiss breccia, possibly a fault slice, rests on Member 1.

Member Z of the Cushenbury Springs formation is a resistant gray
marble breccia which mantles the northwest slopes of Blackhawk Moun-

tain from Del Mar Flat, its type locality, westward nearly to Cushenbury
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Canyon. In addition, it is exposed in Blackhawk Canyon. Except for a
small area of calcite-cemented quartzite breccia 1000 feet southeast of
Surprise Spring, Member 2 is composed entirely of angular clasts of
Furnace limestone. Nearly all of the member is unsorted and unstrati-
fied landslide debris, but faint bedding revealed by weathering in the
cliff-face on the west side of Del Mar Flat suggests that it may contain
talus deposits. Member 2 probably has a thickness of more than 250
feet just west of Del Mar Flat. It thins to the north, and pinches out
under Member 3 north of Surprise Spring.

Member 3 is a flat-lying well-cemented brown limestone-cobble
fanglomerate mainly derived from Member 2 which forms much of the
alluvial surface northwest of Surprise Spring. It is composed of poorly
sorted, roughly stratified, rounded to subrounded pebbles and cobbles
of Furnace limestone. At the head of the alluvial slope an unknown
thickness of Member 3 rests on Member 2. In the low hills a mile to
the north it rests in slight angular unconformity on Old Woman sand-
stone and has a thickness of about 100 feet (which probably includes at
its base a few feet of Member 1}. A mile farther to the north it rests
conformably on Old Woman sandstone and has a thickness of only 20 feet.
Member 3 probably underlies most of the alluvial slope northeast of
Blackhawk Mountain.

Member 4 of the Cushenbury Springs formation is completely analo-
gous to Member 7, the Blackhawk breccia. It composes a landslide
lobe 3 miles long by 2 miles wide, now dissected by erosion and partly
buried by alluvium, which formerly extended down the alluvial slope

from the mouths of Miles and Voorhies canyons to Akron Hill, its type
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locality. In addition it crops out in upper Miles Canyon and on the north

side of Round Mountain. Lithologically Member 4 is identical to Mem-

ber 7 except that it is completely recemented.

Member 4 rests on Old Woman sandstone at Akron Hill and on lime-
stone-cobble fanglomerate, probably Member 3, a mile to the east at
the Akron Silver Reef mine. It is overlain by Member 6 in Miles Canyon
and near Old Woman Peak, and by Member 7 northwest of Akron Hill.

Member 5 consists of landslide debris which covers the north wall
of Grapevine Canyon, its type locality, for a distance of more than one-
half mile upstream from the canyon mouth. It is composed principally
of large masses of Furnace limestone which slipped southward down
the flank of Blackhawk Mountain into lower Grapevine Canyon, as shown
by a series of small closed depressions and traces of fissures located
700 feet above the canyon floor. Member 5 formerly filled the canyon
to a depth of several hundred feet, as indicated by remnants of fan gra-
vel, probably correlative with Member 6, perched 400 feet above the
present streambed.

Member 6 is a light-brown limestone-pebble fanglomerate which
composes the remains of an extensive alluvial fan resting on Member 4
in Miles Canyon, its type locality. It is also represented by smaller
fans built on Member 4 south of Old Woman Peak and probably by rem-
nants of fan gravel resting on Member 5 in lower Grapevine Canyon. It
forms smooth surfaced, round crested, buff-colored hills with very few
outcrops except in road cuts. Member 6 consists of nearly unsorted angu-
lar to subrounded pebbles and occasional cobbles in a matrix of coarse

arkosic sandstone. The clasts consist 95 percent of marble and 5 percent
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of gneiss, volcanic rocks, and quartzite, in order of decreasing abun-
dance.

Member 7, the Blackhawk breccia, is the youngest member of the
Cushenbury Springs formation in the Blackhawk area. It composes the
great landslide lobe, herein termed the Blackhawk slide, that extends
down the alluvial slope from the mouth of Blackhawk Canyon, its type
locality. In addition it is exposed along the west side of lower Black-
hawk Canyon, in upper Blackhawk Canyon, and in lower Voorhies
Canyon.

The Blackhawk slide increases in thickness from about 30 feet at
the proximal end near the mouth of Blackhawk Canyon to a maximum of
nearly 100 feet at the distal end north of Hill 3747. It involves 10 bil-
lion cubic feet, or about 700 million tons, of crushed marble. The
slide has a hummocky surface little affected by erosion except near
the distal edge and along the two main drainage channels which cross
it, The proximal half of the slide has been partly buried by Recent fan
gravels discharged from Blackhawk Canyon.

Member 7 consists almost entirely of gray unsorted and unstratified
breccia of fresh angular fragments of Furnace marble ranging in size
from powder up to 25 c¢m in diameter, with most clasts being about
2.5 cm in diameter. Occasional large boulders of Member 2 (Qclf)
occur in the breccia, the largest observed being 35 by 20 by 15 feet
above the surface. In addition a few boulders of quartzite breccia from
Member 2 (Qc2q) are associated with clasts of marble breccia (Qcif) and
quartz-monzonite near the distal end of the Blackhawk slide. Cementa-

tion of Member 7 has not progressed nearly so far as in the older mem-



25

bers of the Cushenbury Springs formation; only the surficial 10 to 15
feet of the breccia is well-indurated, forming a distinctive rim at
the crests of steep slopes.

Around the distal end and along the west edge of the Blackhawk
slide is a discontinuous strip less than 100 feet wide of completely
disaggregated Old Woman sandstone associated with minor amounts
of gneiss breccia. This sandstone "breccia’ is distinguished from
undisturbed sandstone on the basis of three criteria: (a) vesicular
andesite clasts in it are invariably crushed and smeared out, (b) bed-
ding is never recognizable, and (c) marble breccia is occasionally
mixed with it. The contacts between the sandstone "breccia" and the
marble breccia are always sharp and usually marked by a thin layer
of green, clayey gouge. The presence of Member 3 underlying Mem-

ber 7 (both Qc7f and Qc70) 4 miles north of Surprise Spring demon-

strates that the sandstone "breccia, " rather than being bulldozed up
locally, was carried at least 4 miles northward by the Blackhawk slide.

In upper Blackhawk Canyon Member 7 consists in part of light-
gray to brown "mixed breccia" composed mainly of disintegrated
gneiss containing a liberal admixture of crushed Furnace limestone
and disaggregated Old Woman sandstone, The contacts of this "mixed
breccia™ with the other units of Member 7 are generally gradational
over a distance of a few feet.

The sandstone "breccia, " gneiss breccia, and "mixed breccia" are
minor constituents of the essentially monolithologic marble breccia of

Member 7.
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Recent fan gravels (Qf) and minor landslides (Qs)- Recent fan

gravels form most of the alluvial slope that comprises the northern
three-fourths of the Blackhawk area. They consist of material that
is indistinguishable, except by its lack of consolidation, from the
older fanglomerates. The clasts composing this material become
smaller and rounder to the north, and the proportion of marbie frag-
ments decreases. In an extensive area north of Old Woman Peak a
mantle of locally derived alluvium only a few feet thick covers a
deeply weathered surface of gneiss; this may be a true pediment sur-
face.

Minor landslides up to 1000 feet in maximum dimension have oc-
curred in three places in the Blackhawk area where erosion under-
mined Furnace limestone or massive marble breccia. These land-
slides are located in lower Grapevine Canyon, in Miles Canyon, and
in the canyon southwest of Surprise Spring. They involved large
masses of rock moving as a unit on a slip-surface and forming a well-
defined scar and lobe. Talus deposits, though they are extensively

developed on Blackhawk Mountain, were not mapped.



Faults and folds

The faults and folds of the Blackhawk area fall chronologically into
six groups: (a) the northwest-trending right-lateral Lester fault,
oldest in the area, (b} the south-dipping Santa Fe thrust zone, and
the southwest-dipping Round Mountain and Terrace Springs thrust-
faults, (c) the north-dipping Mill and Hill 3747 reverse faults and asso-
ciated minor monoclinal folds, (d) the northwest-trending Blackhawk
and Grapevine folds, (e} the northeast~trending left-lateral Blackhawk
fault, and {f} the northwest~trending Silver Reef’fault, youngest in the
area, which is related to the Helendale and Old Woman Springs faults,
major structural features west and east of the area, respectively. All
of the faults of the Blackhawk area, except possibly the Lester fault,
are younger than the Old Woman sandstone.

Noteworthy among the minor structural features of the Blackhawk
area are small closed depressions and fissures near the summit of
Blackhawk Mountain, evidently formed during the great rockfall that

produced the Blackhawk breccia.

Lester fault- The Lester fault is a vertical zone of shearing and

recrystallization more than 100 feet wide which cuts northwesterly
through the Furnace limestone on the ridge north of lower Grapevine
Canyon. Drag folds and slickensides suggest that the northeast block
moved relatively down and to the right. The Lester fault is truncated
by the Santa Fe fault at its northwest end in upper Miles Canyon, and

is covered by Recent fan gravels at its southeast end near the Lester

mine,
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Santa Fe thrust zone- The Santa Fe thrust zone comprises the

south~dipping belt of sheared gneiss and Furnace limestone which lies
between the Voorhies and Grapevine thrust-faults on Blackhawk Moun-
tain.

The Voorhies fault, the lowest in the thrust zone, dips south 20 to
40 degrees. Along it, in Blackhawk Canyon, gneiss has been thrust
1000 feet over Old Woman sandstone. The fault is marked by a few
inches of clayey green gouge and by shearing in the gneiss, whose foli-
ation roughly parallels the fault surface. In Voorhies Canyon the fault
consists of a shear zone in the gneiss several feet wide. In upper Miles
Canyon, gneiss, Old Woman sandstone, and Member 1 of the Cushenbury
Springs formation are thrust about 50 feet over Old Woman sandstone,
At its eastern end in upper Miles Canyon the Voorhies fault probably
joins the Santa Fe fault; at its western end in Blackhawk Canyon it is
covered by Members 2 and 7 of the Cushenbury Springs formation. The
Voorhies fault is thus older than Member 2 and younger than, or con-
temporaneous with, Member 1,

Between the Voorhies and Santa Fe faults, two subsidiary thrust-
faults are usually distinguished as 3- to 4-foot shear zones in the gneiss.
In upper Blackhawk Canyon, however, a wedge of Old Woman sandstone
about 4 feet thick is exposed beneath the lower fault, and a similar
wedge less than 20 feet thick of somewhat sheared limestone-~cobble
fanglomerate, probably Member 1, is exposed under the upper fault.
Both faults die out to the east in upper Voorhies Canyon; they are
covered by Members 2 and 7 to the west in Blackhawk Canyon.

The Santa Fe fault, along which Furnace limestone has been thrust
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over gneiss, Old Woman sandstone, and Member 1 fanglomerate, is
the principal break in the Santa Fe thrust zone. At the Santa Fe mine
above Blackhawk Canyon the usually massive gray marble is sheared,
recrystallized, bleached, and reddened by hematite for a distance of
over 200 feet above the fault surface. At the fault itself is a zone 30
feet thick of brecciated marble and gold- and silver-bearing clayey
red gouge. The gneiss below the fault is sheared and thoroughly frac-
tured. The zone of red hematite stain and recrystallization diminishes
in thickness eastward; it is less than 100 feet thick in upper Miles Can-
yon. The Santa Fe fault is covered by Members 2 and 7 to the west in
Del Mar Flat. Thus it, like the Voorhies fault, is older than Member
E and younger than, or contemporaneous with, Member 1,

In Miles Canyon the Santa Fe fault surface is folded so that its trace
turns northward down the east wall of the canyon and disappears beneath
the breccia of Member 4. This interpretation is based on inference
rather than observation, because the critical relationships in upper
Miles Canyon are masked by landslides., The alternative interpretation
is that the fault exposed near the lower end of Miles Canyon, which dips
east 50 degrees and separates marble on the east from sandstone on the
westy, is a cross-~fault that displaces the Santa Fe fault at least 3000 feet
northward and downward on the east. The fold hypothesis is preferred
to the cross~fault hypothesis for the following reasons: (a) there is
no apparent offset and no discoverable fault zone in the Cactus granite
on the logical southward extension of the fault in lower Miles Canyon,

(b} no offset western extension of the Lester fault, which could hardly

be overlooked, crosses Blackhawk Mountain, and (c) "unfolding” of the
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observed fault segment in lower Miles Canyon on the basis of dips in
the Old Woman sandstone leads to an original dip of about 30 degrees to
the south for this fault, which is in accordance with the undisturbed atti-
tude of the Santa Fe fault. The folding also affected the Lester fault,
which must originally have been a right-lateral normal fault dipping
northeést (assuming no previous deformation of the fault surface),

The Grapevine fault, which traverses the Furnace limestone on
the south slopes of Blackhawk Mountain, dips south 40 to 60 degrees
and consists of a hematite-stained, recrystallized, and slickensided
zone 1 to 10 feet wide. Drag folds and slickensides uniformly suggest
a left-lateral component of slip equal to the thrust component on this
fault. According to Guillou (1953, p. 15) the Grapevine fault terminates
against the younger Helendale fault to the west in Cushenbury Canyon.

To the east it passes beneath the landslide debris of Member 5 and then

under the Recent stream gravels in lower Grapevine Canyon. DBecause
of the contrast in lithology of the Furnace limestone on opposite sides

of the canyon in this vicinity it can be inferred that the fault follows the
canyon as it curves to the north, and, therefore, that it must be folded

in the same way, though possibly not as much, as the Santa Fe fault.

Round Mountain and Terrace Springs faults- On the northeast side

of Round Mountain, shearing, brecciation, recrystallization, and red
hematite stain in the Furnace limestone indicate the presence of a major
fault that dips southwest approximately 30 degrees. This is the Round
Mountain fault. Old Woman sandstone cropping out in a roadcut 50 feet
downslope from the lowest marble outcrop demonstrates that it is a

thrust-fault, The Round Mountain fault is covered by the breccia of
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Member 4 north of Round Mountain and by Recent fan gravels east of it.
Extending southeast from Terrace Springs to Arrastre Canyon is a
zone of sheared gneiss bounded by two reverse faults, the Terrace
Springs faults, which dip southwest 50 degrees. Gneiss rests on Old
Woman sandstone along the northern fault, and Furnace limestone in-
truded by Cactus granite rests on gneiss along the southern fault.
Terrace Springs, and several other springs and seeps, rise along the
southern fault. The Lester mill is built on the Recent scarp of a branch
of this fault. To the northwest the Terrace Springs faults are covered
by Recent fan gravels and by fanglomerate (probably Member 3) of the
Cushenbury Springs formation. To the southeast they disappear beneath

the stream gravels of Arrastre Canyon.

Blackhawk monocline and Grapevine folds- On the ridge between

Blackhawk and Voorhies canyons the Old Woman sandstone dips north
with an inclination of 10 degrees, probably near the angle of deposition.
To the north, on the south side of the hill east of the mouth of Blackhawk
Canyon; both the Old Woman sandstone and the overlying Member 1 fan-
glomerate dip 85 degrees to the northeast. Farther north, on the north
side of the hill, the fanglomerate dips only 75 degrees to the northeast.
Thus, the Old Woman sandstone and the Member 1 fanglomerate are
monoclinally folded at the mouth of Blackhawk Canyon, forming a north-
west-trending structural step approximately 1500 feet high., This is the
Blackhawk monocline,

Attitudes of bedding in the Old Woman sandstone southwest of Sur-

prise Spring suggest that the height and steepness\of the monocline de-
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crease northwestward from Blackhawk Canyon. Steeply dipping bedding
in the sandstone in Miles Canyon indicates that the axis of the monocline
trends southeast from the mouth of Blackhawk Canyon to lower Miles
Canyon where it turns south toward the Lester mine,

A consequence of this interpretation is that the Round Mountain
fault must be the eastward extension of the folded Santa Fe fault. An
alternative interpretation is that the Blackhawk monocline is essentially
a drag-fold on the Round Mountain fault, which continues straight north-
west along the head of the alluvial slope and cuts off the drag-folded
Santa Fe fault under the alluvial cover about 1000 feet northwest of the
mouth of Miles Canyon. This interpretation is rejected because it re=~
quires at least 10 000 feet of thrust-slip, and therefore 5000 feet of
vertical uplift; on the Round Mountain fault, which in turn necessitates
the unlikely circumstance that the Old Woman sandstone is at least 4000
feet thick beneath Round Mountain, Because none of the evidence linking
the Round Mountain to the Santa Fe fault is independent of these some-
what circumstantial structural arguments, however, they are treated
separately in this paper.

The Grapevine folds, an open anticline and a tight syncline in the
Furnace limestone that trend southeast from the mouth of Grapevine
Canyon, may be the continuation of the Blackhawk monocline; but, in the
absence of information on possible pre-existing folds in the limestone,
they are treated as separate structural features. In this connection it
should be mentioned that the evidently complex structure buried beneath

the fan gravels between Round Mountain and Terrace Springs cannot be
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satisfactorily inferred from any of the structural interpretations dis-

cussed here,

Mill and Hill 3747 faults- The Mill and Hill 3747 faults are anoma-

lous because they are reverse faults that dip north,

The Mill fault is a few hundred feet north of the Blackhawk mill in
Blackhawk Canyon. It dips north 55 degrees near the bottom of the
canyon but steepens to 75 degrees 300 feet to the west where it passes
under the breccia of Member 7. The fault has 200 feet of reverse-slip
and, judging from slickensides; an equal amount of right-lateral-slip
in this locality, gneiss being pushed over Old Woman sandstone. Re-
verse dips in the sandstone near the fault suggest an open drag-fold.
To the east the Mill fault is displaced 800 feet northward by the Black-
hawk fault. It appears east of this fault as a steeply-dipping 1-foot
gouge zone in the gneiss, and farther east disappears beneath fan
gravels at the mouth of Voorhies Canyon.

An unnamed fault, which may be conjugate to the Mill fault, trends
northward along the west side of lower Blackhawk Caﬁyon,. then turns
northwest under the Member 7 breccia., It is a reverse fault that dips
steeply west and displaces gneiss over Old Woman sandstone, It frays
out in the gneiss to the south without reaching the Mill fault. A minor
branch of this fault displaces Old Woman sandstone a few feet northward

over Member 2 breccia and Member 3 (?) fanglomerate at the mouth of

Blackhawk Canyon.
The Hill 3747 fault dips north 75 degrees and is marked by a shear

zone 50 to 100 feet wide traversing the gneiss 2500 feet northeast of Hill
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3747. This fault evidently turns southwest under the Blackhawk brec-
cia, which it does not deform, then west beneath the line of low anti-
clinal hills of Old Woman sandstone and Member 3 fanglomerate 1.5
miles northwest of Surprise Spring. Several angular unconformities
in the fanglomerate suggest repeated deformation during, as well as
after, deposition of Member 3.

A mile north of these hills Old Woman sandstone and Member 3
fanglomerate dipping northeast 40 degrees suggest a buried northwest-

trending fault conjugate to the Hill 3747 fault.

Blackhawk fault- The Blackhawk fault follows the east side of

Blackhawk Canyon from the head of the alluvial slope to the summit of
Blackhawk Mountain, It dips eastward 50 to 65 degrees, has approxi-
mately 800 feet of left-lateral and 400 feet of reverse slip, and offsets
the Mill fault and the faults of the Santa Fe thrust zone. Near the
mouth of Blackhawk Canyon it brings sandstone dipping 90 degrees
against sandstone dipping 40 degrees. In the gneiss north of the Black-
hawk mill the fault is marked by 1 to 3 feet of clayey gouge. Immediate-
ly south of the Blackhawk mill, where it brings gneiss on the east over
Old Woman sandstone on the west, it is 100 percent exposed for more
than a quarter of a mile and consists of several anastomosing breaks.,
On Blackhawk Mountain it is characterized by a 1- to 2-foot red-stained,
recrystallized, and slickensided zone in the Furnace limestone. The
Blackhawk fault is covered by Member 7 breccia at the head of the al-
luvial slope and in upper Blackhawk Canyon.

The amount and direction of slip on the Blackhawk fault is ascer-~

tained by construction of two structure sections, one on each side of the
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fault (fig. 3). Consider first the east section. (a} The monoclinal
fold is reconstructed by projecting the base of the sandstone northward
above the gneiss surface, then curving it downward to meet the ground
at 85 degrees, and finally leveling it out in accordance with the de-~
creasing dips in the fanglomerate of Member 1. The fact that the
sandstone is exposed on Akron Hill and north of Surprise Spring means
that it cannot be buried very deeply beneath the surface of the alluvial
slope. (b) The thrust-slip on the Voorhies fault is found to be approxi-
mately 1000 feet by projecting the base of the sandstone northward
from the wedge exposed beneath the lower subsidiary fault. (c}) Erosion
of the Old Woman sandstone south of the Voorhies fault prior to the de-
position of Member 1 and the small, if any, movement on the Voorhies
fault in Blackhawk Canyon subsequent to deposition of Member 1 are
inferred by projecting the base of the fanglomerate northward from the
wedge beneath the upper subsidiary fault. Consider now the west sec-
tion. (a} Because it displaces the monoclinal fold, which is younger
than the Voorhies fault, the Blackhawk fault must be younger than the
Voorhies fault. (b) Because it does not displace the trace of the
Voorhies fault more than 200 feet northeast on the west, the Blackhawk
fault necessarily must have a left-lateral component of slip of at least
twice the reverse component. (c}) The Voorhies fault must cross the
bottom of Blackhawk Canyon between the spring at the 5100-foot con-~
tour and the outcrop of Old Woman sandstone at the 5250-foot contour
400 feet to the south., (d} The elevation of the base of the sandstone
north of the Voorhies fault, and hence the amount of revers.e slip on

both the Blackhawk (400 feet) and the Mill (200 feet) faults, is inferred
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by projecting the base of the sandstone northward from the outcrop at
the 5250-foot contour to the Voorhies fault, then offsetting it diagonal~
ly downward 1000 feet along the fault, (e) The amount of left-lateral
slip on the Blackhawk fault, and hence the place at which the Voorhies
fault crosses Blackhawk Canyon, is determined from the apparent hori-
zontal offsets of the Mill, Santa Fe, and Grapevine faults to be about
800 feet, assuming 400 feet of reverse slip on the Blackhawk fault. As
might be expected, the Voorhies fault crosses Blackhawk Canyon at the
spring. This analysis does not adequately explain the structure at the
mouth of Blackhawk Canyon. The attitude of the beds in the narrow
triangular block of Old Woman sandstone bounded by faults on the east,
north, and west suggest that it was not displaced northward at all, or
else was shoved southward about 800 feet after movement ceased on
the Blackhawk fault.

An unnamed northeast-trending left-lateral reverse fault, analo-
gous to the Blackhawk fault, has displaced gneiss over Old Woman
sandstone and Old Woman sandstone over Member 2 breccia southwest
of Surprise Spring; this suggests that the Blackhawk fault may be younger

than Member 2.

Silver Reef fault- The Silver Reef fault is marked by a 10-foot,

northeast-facing scarp of limestone-cobble fanglomerate, probably |
Member 3, east of the Akron Silver Reef mine, and by lower, east-
facing scarps of gneiss west of Old Woman Peak. An unnamed fault
characterized by a 30-foot; northeast-facing scarp of fanglomerate tra-
verses the alluvial slope about a mile north of the mouth of Arrastre

Canyon. Both these faults are doubtless Recent in age and related to
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the Helendale and Old Woman Springs faults, which are much larger

breaks of similar type west and east of the area, respectively.

Blackhawk Mountain fissures- Several small, elongate closed de-

pressions and numerous drainage lines run transverse to the general
slope on the summit ridge south of Del Mar Flat. They closely paral-
lel the escarpment from which the breccia fell and strikingly resemble
both in pattern and in scale the network of fissures formed in the lime-
stone on Turtle Mountain during the Frank landslide of 1903 (Daly,
Miller, and Rice, 1912, p. 17). They are, therefore, considered to be
the traces of fissures which opened during the great rockfall that pro-
duced the Blackhawk breccia.

Similar features delineate the head of the Member 5 landslide in
lower Grapevine Canyon; but apparently none remain from the rock-

fall that produced the Member 4 breccia.
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Geologic history

The last chapter in the geologic history of the Blackhawk area,which
embraces the sequence of events leading to the formation of the Black-
hawk breccia, begins just before deposition of the Old Woman sandstone,
when a terrain of moderate relief had developed on deeply weathered
gneiss, quartzite, and quartz-monzonite. Limestone, however, probably
was not yet exposed within or immediately south of the Blackhawk area.

Uplift- At this time, probably late in the Pliocene epoch, uplift and

volcanic activity began south of the area. An extensive alluvial apron
several hundred feet thick, the Old Woman sandstone, was built north-
ward from the rising mountain mass. Uplift of Blackhawk Mountain
then began with faulting on the Santa Fe thrust zone; and the Old Woman
sandstone was partially stripped from the upraised block. Continued
uplift and erosion then rapidly exposed the Furance marble, initiating
deposition of the Member 1 fanglomerate of the Cushenbury Springs for-
mation. When the fanglomerate had attained a thickness of about 100 feet,
the first of the monolithologic landslides of the Blackhawk area occurred;
a sheet of marble and gneiss breccia 20 feet thick slid at least a mile
down the ancient alluvial slope, and was soon buried by the accumulating
fanglomerate.

By the time Member 1 had become about 750 feet thick, activity in
the Santa Fe thrust zone had ceased entirely. Then deformation along
the northwest-trending Blackhawk monocline began, folding the west-
trending Santa Fe thrust zone; the Old Woman sandstone, and the Member

1 fanglomerate, and completing uplift of Blackhawk Mountain.
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Erosion and landsliding- Erosion of the uplifted unresistant Old

Woman sandstone on the northwest slopes of Blackhawk Mountain soon
undermined the overthrust Furnace limestone (and also, evidently, the
quartzite} near the crest, causing the landslide which deposited the
Member 2 breccia over several square miles in the western part of the
area. Deposition of the Member 3 fanglomerate then began on the allu-
vial slope to the north; concurrently, activity on the Hill 3747 fault pro-
duced an anticline and minor unconformities in Member 3 north of Sur-
prise Spring. The Mill fault was active at this time.

In a similar manner erosion of the Old Woman sandstone oﬁ the
northeast slopes of Blackhawk Mountain subsequently led to the Member
4 landslide, At about the same time sliding occurred in Grapevine Can-
yon (Member 5), filling it to a depth of several hundred feet. The Black-
hawk fault was active during this period. Deposition of the Member 6
fanglomerate, an alluvial fan that mantled the northeast slopes of Black-
hawk Mountain to an elevation of 5500 feet, | immediately followed the
Member 4 landslide. Minor fans were built on Member 4 near Old

Woman Peak, and on Member 5 in Grapevine Canyon. At about this time

the Silver Reef fault was active in the vicinity of the Akron Silver Reef
mine,

Once again erosion of the unresistant younger rocks on the north
slope of Blackhawk Mountain undermined the Furnace limestone, this
time at the summit itself, The result was deposition of the Blackhawk
breccia by a landslide even greater than those which had occurred
earlier. Since then erosion has continued on Blackhawk Mountain; but,

because Old Woman sandstone no longer underlies the Furnace limestone
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near the crest of the mountain, it is unlikely that another great landslide

will ever occur in the Blackhawk area,
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MECHANICS OF THE BLACKHAWK SLIDE

Introduction

The geological evidence demonstrates that the Blackhawk slide,
herein defined as that portion of the Blackhawk breccia (Member 7)
mantling the alluvial slopé northward from Blackhawk Canyon, was
deposited not as a slow-moving mudflow but as a nearly nondeforming
sheet of breccia that traversed the gently inclined alluvial slope at high
speed. Mechanical considerations suggest the hypothesis that the breccia
sheet slid on a layer of compressed air, much as the slipper in a thrust-
bearing slides on a film of oil. This hypothesis explains the origin of
all the major features of the slide. Theoretical analysis of the flow in
the lubricating air layer supports the air-lubrication hypothesis for the

Blackhawk slide.

Symbols- All of the symbols used in this paper, except the usual
mathematical symbols, are defined in the following summary. The
standard notation of fluid mechanics is used wherever possible. The
numbers in parentheses refer to the equation in which the symbol is

first used.

A Constant of integration, (18).
B Dimensionless parameter, (19c).
b Thickness of the breccia sheet, (la).
o c:p Heat capacity of fluid at constant volume and

constant pressure, respectively, (2d).
Dimensionless parameter, (22a).

G Dimensionless function of velocity profile, (22b).
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Acceleration due to gravity, (la).
Dimensionless function of h, (22c).
Clearance, or thickness of air layer, (la).
Molecular thermal conductivity of fluid, (2c).
Permeability of breccia, (29a).
"Mixing~-length, " (16).

m =1/y, (6b).

n=2/(3m + 1), (30).

Fluid pressure, (2b).

Net mass flux at a cross-section, (lc).
Volume flux of air up through breccia, (28).
Reynolds number, (8e).

Drag function, (23a).

Averaging périod, (3a).

Time, (la).

Velocity of fluid, (2a).

Fluctuation velocity, (3b).

Mean velocity, (3a).

Velocity of breccia, (le).

x- and y-components of fluctuation velocity, (7b).
x=- and y-components of mean velocity, (7a).
Body force on fluid, (2b).

Cartesian co-ordinates of point, (la).

Dummy variables of integration, (22b),
Ratio of heat capacity at constant pressure to heat

capacity at constant volume, (6a).
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6 Absolute temperature of fluid, (2d).

K Prandtl's "universal constant, " (17).

N A measure of boundary roughness, (17).
B Molecular viscosity of the fluid, (2b).

p Density of fluid, (2a).

T Shear stress, (23a).

& Dissipation function, (2c).

i Angle of inclination of the alluvial slope, (25).

sgn ¢ A function which is +1 for ¢ > 0, 0 for ¢ = 0, and

-1 for ¢ < 0, (16).
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Physical features

The Blackhawk slide has many distinctive and well-preserved
physical features, from which information can be obtained that leads to
the hypothesis that the Blackhawk slide descended the gently inclined
alluvial slope as an essentially nondeforming sheet of breccia sliding

at high speed on a cushion of compressed air.

Form and size~- In plan the Blackhawk slide is a narrow, symmetri-

cal lobe with an overall length of almost 5 miles, an average width of
about 1. 5 miles, and a maximum width of nearly 2 miles. It descends
from an elevation of 4500 feet at its proximal end near the mouth of
Blackhawk Canyon (approximately 2000 feet below and 6000 feet north
of its source on Blackhawk Mountain) to an elevation of 3100 feet at its
distal end near the floor of Lucerne Valley. Its thickness, which is
quite regular except along the lateral edges and in the vicinity of

Hill 3747, varies uniformly from a measured 30 feet near the proximal
end to an estimated 100 feet near the distal end (Figure 4). The volume
of the slide is, therefore, about 1010 cubic feet,

The lateral edges of the proximal 3 miles of the Blackhawk slide
are delineated by straight, narrow ridges of breccia which rise 50 to
100 feet above the surrounding terrain (Figure 1}. In places the major
lateral ridge is accompanied, usually on its interior side, by parallel
subsidiary ridges. A similar lateral ridge, now much subdued by
erosion, marks the partially exposed east edge of the Member 4 slide.

The edge of the distal 2 miles of the Blackhawk slide is bounded
by a somewhat sinuous, slightly dissected scarp about 50 feet high

(Figure 1). The summit of this scarp usually rises a few feet above the
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TRANSVERSE CROSS-SECTIONS THROUGH THE BLACKHAWK SLIDE
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FIGURE 5

TOPOGRAPHIC TEXTURE OF THE BLACKHAWK SLIDE

Vertical air photo of northern half of Blackhawk slide, Hill 3747
at lower right., Light-colored areas are playas in closed depressions.

(Photo by U. S. Department of Agriculture, 12 February 1953.)



-48-

local level of the slide surface, thus forming an irregular low rim behind
which numerous small playas have developed. The distal edge of the
. Member 4 slide is bounded by a similar low rim and scarp.

The surface of the Blackhawk slide is characterized by low rounded
hills and small closed basins with about 10 to 30 feet of local relief,
Drainage channels, though numerous, are small and disorganized except
adjacent to the few main channels crossing the slide. The topography
of the slide has a definite fabric (Figure 5); near the distal end the
elongate hills and basins tend to lie at right angles to the axis of the
slide, and at the proximal end they appear to curve northward on each
side so as to meet the lateral ridges tangentially.

The higher hills on the Blackhawk slide probably reflect underlying
gneiss knobs which projected above the former alluvial surface. The
most prominent of these is Hill 3747, a steep-sided, round-topped
eminence situated at the west end of a breccia-mantled gneiss ridge
that rises more than 200 feet above the general level of the slide surface.
The thickness of the breccia mantle is unknown, but is probably less than
50 feet albong the crest of the ridge.

The motion of the breccia in a zone 1500 feet wide along the eastern
edge of the Blackhawk slide was prematurely terminated by the Hill 3747
ridge. Though the sliding breccia overtopped Hill 3747, it travelled only
a few hundred feet down the distal side of the hill before coming to rest;
and the easternmost 500 feet of breccia stopped even before reaching the
crest .of the ridge. The subparallel ridges of breccia on the western
and southwesterﬁ slopes of Hill 3747 (Figure 5) doubtless are lateral
ridges that were successively formed and abandoned as the unimpeded

middle region of the slide adjusted to the arrested motion of the breccia
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ascending the hill.

Structure and composition~- The Blackhawk breccia is composed al-

mosf exclusively of crushed Furnace limestone. The individual fragments
are roughly equant, and range in size from powder to about 25 cm, with
the modal diameter being approximately 2.5 cm. A few exceptionally
large blocks, invariably composed of the well-cemented Member 2
breccia, range up to 35 feet in maximum dimension.

The size distribution of the clasts, as determined by measurements
made at eight localities, does not significantly vary from place to place
on the slide (Figure 6). At each locality 225 clasts, representing an
exposed surface area of about 40 square feet, were selected for measure-
ment by means of a 5-inch square-mesh grid laid against the outcrop.
All of the counts were made on vertical weathered faces near the upper
surface of slide. Relative to the usual mechanical analysis, this method
discriminates against the smaller sizes, because it determines the
number of clasts per unit volume that fall in a given grade. Moreover,
the smaller particles are more easily weathered from the outcrop. On
the other hand, it is a fast, convenient method of comparing the relative
magnitudes of the larger size grades in different samples.

In many places the Blackhawk breccia contains roughly lenticular
(though sometimes contorted) zones up to 20 feet across composed en-
tirely of a single distinctive variety of marble. The clasts in these zones
are often loosely fitted together as in a three-dimensional jigsaw puzzle,
so that color bands, for example, often continue from clast to clast with~
out significant offset, thus suggesting single large blocks fractured by

impact, and subsequently not much deformed. The heterogeneous transi-
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FIGURE 6

SIzE DISTRIBUTION OF CLASTS IN THE BLACKHAWK BRECCIA

Lower histogram shows distribution at each locality. Upper histo-
gram shows deviation frorr} average distribution. Class intervals are
<1, 1-2, 2-4, 4-8, 8-16, 16-32, 32-64, 64-128, 128-256, > 256 mm.
Frequencies determined by measurements at 225 points on weathered

surfaces in each locality.
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tion zones generally contain many more varieties of marble than the
homogeneous zones they separate. This three-dimensional jigsaw puzzle
effect is the most distinctive lithologic characteristic by which Blackhawk-
type breccias might be recognized in the geologic column.

Gold~ and silver-bearing red hematite~stained gouge from the Santa
Fe fault has been mined in numerous workings in the Member 4 breccia,
which are without exception located near the distal edge of the slide,
suggesting that the lower part of the overthrust block of Furnace lime-
stone, as it fell from Blackhawk Mountain, became the forward portion
of the resultant rockslide. Statistical study of the color of about 1500
clasts failed, however, to verify a similar correlation in the Blackhawk
slide.

The limestone breccia along the distal end and western lateral edge
of the Blackhawk slide is underlain by a persistent, but probably discon-
tinuous, prism of "breccia” composed of disaggregated Old Woman sand-
stone (Figure 7) which was transported more than 4 miles northward by
the slide. The contact between the limestone and sandstone breccias is
usually marked by up to 6 inches of clayey green gouge, and is quite
sharp, though occasionally scattered clasts of limestone are admixed
with the sandstone "breccia’ within one or two feet of the contact. Sand-
stone "breccia is not exposed anywhere on the upper surface of the
Blackhawk slide. Similarly, the sandstone "breccia" in the Member 4
breccia crops out only along the distal edge of the slide.

Clasts of quartzite breccia from Member 2 have been found in three
widely separated places on the Blackhawk slide (Figure 8), though at
present Member 2 quartzite breccia crops out only in a small area 1000

feet southeast of Surprise Spring. The blocks of quartzite breccia near
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FIGURE 7

SANDSTONE *"BRECCIA" IN THE BLACKHAWK SLIDE

Cross-section showing typical occurrence of sandstone "breccia®”

in the Blackhawk glide.
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FIGURE 8

CLASTS OF QUARTZITE BRECCIA IN THE BLACKHAWK SLIDE

Open circles indicate localities where clasts of quartzite breccia
occur, Solid circle shows sole location within Blackhawk area where

guartzite breccia is exposed.
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the center of the slide originated above the Santa Fe mine on Blackhawk
Mountain; thus, the source of the quartzite clasts in the Member 2 breccia

was near the present summit of Blackhawk Mountain,

Transport and deposition- The geological evidence implies that the

Blackhawk slide was neither internally lubricated nor slow-moving, like
a mudflow, but was a nearly nondeforming sheet of breccia which descended
the gently inclined alluvial slope at a speed of more than 50 miles per hour.
Similar evidence leads to the same conclusion about the Member 4 slide.

Simple mechanical considerations show that the velocity of the material
in a moving mudflow increases monotonically from zero at the bed to a
maximum at the free upper surface; therefore, the surficial material
travels faster than the 1ekading edge, eventually overtakes it, and is finally
rolled under the advancing mudflow. This means that material at the
forward edge of a mudflow was transported on the upper surface. In
particular, if the Blackhawk slide were a mudflow, the sandstone "breccia”
deposits at its distal edge should be accompanied, barring a remarkable
coincidence, by similar deposits on its upper surface. Such deposits,
however, are totally absent; therefore, the Blackhawk breccia descended
the alluvial slope as a nearly nondeforming sheet sliding on a relatively
thin, easily sheared lubricating layer.

If the fluid composing this lubricating layer exerted enough drag to
prevent the breccia sheet from sliding faster than about 50 miles per hour,
then it necessarily had a viscosity at least 104 times that of water. This
is about the viscosity of unusually sticky mud. No trace of a mud layer
exists anywhere along the contact of the Blackhawk breccia with the under-

lying Member 6 fanglomerate exposed near the mouth of Blackhawk Canyon.
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Moreover, neither the marble breccia of which the slide is composed
nor the cobble fanglomerate on which it rests readily forms mud when
mixed with water. Hence, it is unlikely that the lubricating fluid was
highly viscous mud; therefore, the speed of the slide was probably in
excess of 50 miles per hour.

There are no mechanical reasons why the lubricating fluid could
not have been water {or watery mud); however, the accumulation on the
surface of the alluvial apron and on the slopes of Hill 3747 of the more
than 107 cubic feet of water required is highly improbable., Thus, neither
water nor mud are very likely as the fluids which lubricated the Black=

hawk slide,

Air-lubrication hypothesis~ Compressed air, rather than water or

mud, probably was the lubricating fluid that supported the Blackhawk
breccia sheet as it traversed the gently inclined alluvial apron. According
to this idea, herein termed the "air-lubrication hypothesis, " the breccia
was launched at a speed of more than 100 miles per hour from a topo-
graphic step about 200 feet high (the "launching step") at the head of the
alluvial slope; and, as it dropped, it trapped a cushion of compressed

air on which it then rode down the alluvial slope, much as the slipper in

a thrust-bearing moves along on a cushion of oil with no metal-to-metal
contact (Figure 9).

The air-lubrication hypothesis explains all of the important physical
features of the Blackhawk slide without ad hoc assumptions. (a) The high
speed and nondeforming nature of the moving sheet of breccia resulted
frdm the fact that the air layer, having low density and viscosity, was

easily sheared. (b) The lateral ridges formed because leakage at the
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AIR-LUBRICATION HYPOTHESIS
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sides of the slide allowed the lateral edges of the breccia sheet to fall and
stop, forming walls which greatly slowed further leakage (Figure 10,
which shows successive configurations in a fixed transverse cross~-
section). The zone of shearing is nowhere well-exposed; hence, no direct
evidence for this explanation of the origin of the lateral ridges was found.
(c) Leakage at the leading edge of the slide was much slower than at the
sides because of the speed of the breccia; nevertheless, it did occur.
Finally, the advancing front of the slide touched the ground and stopped
abruptly. At first it was overrun by breccia from behind, forming the
low rim and steep scarplike distal edge. (d} Then the zone of stopping
travelled like a wave back up the length of the slide. The transverse
ridges on the slide surface reflect successive positions of this zone.
(e) The three~dimensional jigsaw puzzle effect resulted from the per-
vasive fracturing of large blocks by the impact. The fragments were
not dispersed because no further motion ensued. (f} The breccia which
overtopped the Hill 3747 ridge did not have sufficient forward velocity
to be relaunched on the distal side of the crest; hence, it came to rest
prematurely, stopping the breccia behind it, and causing the formation
of new lateral ridges on the western and southwestern slopes of the hill.
The air-lubrication hypothesis thus explains qualitatively the princi-
pal features of the Blackhawk slide; but it is founded on the assumptions
that a sufficiently high pressure gradient could be developed at the leading
edge of the slide, and that adequate clearance could be maintained beneath
it: These assumptions can only be justified by theoretical investigation

of the mechanics of air-lubrication.
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Air-lubrication theory

The primary problem in investigating the mechanics of air-lubrica-
tion of the Blackhawk slide is development of a theory of flow in the
lubricating air layer. We will solve this problem as follows: (a) we
start with the fundamental equations of fluid mechanics and perform the
usual averaging process to separate the terms due to turbulent fluctua-
tions; (b) we drastically simplify the equations by neglecting small
terms; (c) we then obtain, by integration of the simplified continuity
equation, a partial differential equation from which we can compute the
thickness of the air layer provided we can find the velocity profile at each
cross-section; and, finally, (d) we calculate the required velocity pro-

files by numerical integration of the simplified momentum equation,

Co-ordinate system and boundary conditions- We assume for sim-

plicity that the breccia sheet slides with slowly varying velocity Us over
a horizontal plane immovable bed between frictionless parallel vertical
walls. We choose a Cartesian co-ordinate system with its origin located
in the plane of the bed at the foot of the launching step, with its positive
x-axis directed horizontally parallel to US; and with its positive y-axis
directed vertically upward perpendicular to the bed.

We wish to find the thickness of the air layer h = h(x, t) and the drag
on the breccia sheet T, 7(%, h, t) in terms of the atmospheric density
and pressure Py and 3 the pressure at the base of the breccia sheet
P, = p(x, h, t), the horizontal speed of the breccia sheet U_ = U(x, h, t),

the initial thickness of the air layer hi = h(x, to), and the thickness of
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the air layer ho = h(xo,t) at x = x {defined below). The pressure P, is

given by
2
9 h
Pg =P, + ppblg +—) (1a)
ot
where Py and b = b(x, t) are the density and thickness of the breccia

sheet, respectively. We shall assume
— << g (1b)

so that we can treat p, as a known function. We define x = x, as the

least value of x for which our solution is valid; in practice X, is deter-
mined by the condition (1b). The height ho is fixed by the condition that
the net mass flux near the step QO = Q(XO, t) is very nearly zero; hence,

we take

o =0. (1c)
Finally, the usual conditions on the normal and tangential velocities at
the boundaries must be satisfied; hence,

U(x, 0,t) =0, V(x 0,t) =0, ‘ (1d)

and

' _ _ 9
U(z{, h, t) = Us, V(X, h, t) = ‘gﬁf-g (16)

Fundamental equations- The fundamental equations of fluid mechanics

are (a) the continuity equation,

8
s+ V- (pu) =0, (2a)
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(b) the momentum equation,

du
p_é_'i:_— + p(u°V)u:p}_§-VP~uvx(v XE)+%HV(V‘ E); (2b)

(c) the energy equation, which for an ideal gas is

pc -S—f +pe (u-V)g = -p(V- u) + & + V- (KV0), (2¢)

\4

in which the dissipation function & is given by
2
=p{(Vxw +2v-[(u-Viul}
and (d) the equation of state of the fluid, which for an ideal gas is
p = polcy - cl) (2d)

The viscosity of the fluid is implicitly assumed in these equations to be
constant.

We separate the velocity in turbulent flow into two components, a
slowly varying part called the "mean velocity, " or simply the "velocity, "

and defined by

L (T
Q:Tg u dt, (32)

in which T 1is long compared to the period of the turbulent fluctuations
but short compared to the time of changes in the large scale flow regime,

and a fluctuating part called the "fluctuation velocity” and defined by

Iz

=u- U. (3b)

A similar separation can be made for other fluctuating quantities. Sub-

stituting (3b) into (2), neglecting fluctuations in pressure and density,
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assuming zero body force, averaging as in (3a} (Schlichting, 1955, p. 371),
and denoting the resultant running average of a quantity by placing a bar
over it, we obtain

dp

55+ V- (pU) = 0, (4a)

oU — s
par t P(UVIU =-Vp - pV x(VxU)+ %WW U) - plu-Viu, (4b)

pey 98 4 pe (U-V)0 = -p(V- U) + T + V- (KV), (4c)

in which

T=p{(VxU0)¥+2v [(U- WU} +p{(V x )% 27 [ (@-V)ul}
and finally

P =pble, - ). (4d)

These equations for the mean velocity in turbulent flow are exactly the
same as the corresponding equations for the velocity in non~turbulent
flow except that the momentum and energy equations contain additional
terms, the "Reynolds stress™ term and the "turbulent dissipation® term,

respectively.

Simplification of equations- We neglect the temperature rise due to

viscous dissipation with respect to that due to compression, and disregard

the transfer of heat by thermal conduction; that is, we take

T =0, (52a)
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and
Ve (KVO) = 0. (5Db)

Inserting (5) in (4c), eliminating 6 by means of (4d), and using (4a),

we obtain

2 1n (p/6¥) + (U V)In(p/pY) = 0, (6a)

in which vy = cp/cv; hence, under the assumptions (5) the entropy of the
fluid does not vary along the streamlines. Observing that the fluid is

initially isentropic, and using (6a), we find

m
<2 ) =2, (6b)
pa pa

where m =1/y = cv/cpo Thus, under the assumptions (5), 