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ABSTRACT

The northwest-elongate Yauli dee, on the eastern flank of the
Cordillera Occidental in central Peru, has exerted a strong structural
control on both the Morococha and San Cristobal mining districts. Both
districts derivé much of their production from vein systems which tran-
sect the north-northwest trending Morococha and Chumpe Anticlines.

The rbcks of the Yauli Dome region have experienced multiple,
superimposed deformations. Within the core‘of the dome is exposed De-
vonian Excelsior Phyllite which records three episodes of compression-
induced shortening. The first deformations (Fia’ Flb) took flace during
the latest Devonian Hercynian orogeny. The interﬁlay of Fy, aﬁd Fip
folding transformed portions of tﬁe Devonian phyllite into tectonites
pervaded by passive folds, mullion structures, and crenulation cleavage.
In the Eocene,-the "Incaic" deformational pulse of the Andean orogeny
affected the entire Yauli Dome region producing compartmentalized north-
northwest trending folds and ramp thrusts in the sedimentary cover roéks.f
Stress transmission along the phyllitic "basement'/volcano-sedimentary
“cover'" interface effected a buckling instability producing mega-mullion
structures characterized by broad synclines and pinched anticlines. Iﬁ
was during this mid-Tertiary deformational period that the crosscutting
fractﬁre systems now present along the entire length of the Yauli Dome
were forméd. In late Tertiary'time the region was pervaded by quartz
qonzonitic stocks which were responsible for the mineralization andvlb-
cal doming of the crest of the Yauli Dome.

xi



CHAPTER 1
INTRODUCTION

The Yauli Dome lies in the central high Andes of Peru immediate-
ly east of the continental divide in the Department of Junin, District
of Yauli. The region is.located approximately 120 km east-northeast of
Lima and the Pacific Coast. Elongate north-northwest, the dome is close
to longitude 76°05'W between latitudes 11°36'S and 11°45'S (Figure 1).
Access 1is remarkably simple; the region is served by both the Ferrocarril
Central and the principal paved highway which links Lima with east-
central Peru. The term "dome" refers to a structurally high exposure of
lower Paleozoic rocks in the central portion of the district, not a do-
minant positive topographic feature. Actually, elevations are rather
subdued in comparison to the terraiﬁ both north and south of Yauli and
range between 4000 and 5200 m. The Yauli Dome sﬁ;ucture extends over a
350 sq km area, of which 200 sq km were mapped at 1:10,000 scale‘during
this study. |

Physiographically, the Yauli region straddles the transition
zone between the Cordillera Occidental to the west and the Altiplano to
the east (Figure 2). This zone is characterized by high-elevation tundra
grasslands studded with tufts of hardy ichu grass; in topographic depres-
sions dense mosses called yareta flourish. The region experiences two
seasons which differ markedly in precipitation patterns. The summer
season, which accounts for much of the rain in the form of afternoon

thunderstorms, extends from October through April. The remainder of the

1









4
year is dominated by the cloudless, dry days and cold nights of the An-
dean winter. Total precipitation reported in this Puna physiographic
zone is approximately 100 cm per year. Regional drainage is to the east
and southeast and is controlled by the Yauli and Mantaro Rivers. Gla-
ciers extend down to 5000 m on many south-facing peaks; however, they
are currently retreating at an estimated 5 m per year (Peterson, 1967).

Two mining districts, the Morococha district on the northern li-
mit of the Yauli Dome and the San Cristobal district immediately south
of the study area, have been active since before the turn of the century
and are currently being operated by Centromin-Peru. These Cﬁ-Pb-Zn-AgJW
districts derive much of their production from vein systems which bisect
the Morococha and Chumpe Anticlines and, at Huaripampa in the San Cristo-
bal district, from the Jurassic ﬁanto deposits. There are a number of
small silver mining operations active in the Morococha district which
are not controlled by Centromin-Peru. Presently, combined underground
mine production from the Morococha and San Cristobal districts is approx-
imately 4000 tons per day with an average grade of 0.9% Cu, 1.6% Pb,
6.5%2 Zn, 4 oz/ton Ag and 0.4% W.

The regional geology of central Peru was initially investigated
by McLaughlin in 1924, and the first geologic map was compiled by
Harrison (1940). During the middle part of this century, continued ef-
fort by Harrison resulted in a general knowledge of the geologic setting
of west-central Peru. Description and correlation of the Cretaceous
stratigraphy was accomplished by Wilson (1963). For the past 15 years,
the work of F. Megard and colleagues from 1' Institut Frangais d'Etudes

Andines and 0.R.S.T.0.M. has contributed significantly to the



understanding of Andean geology. With the publication of Etude Geolo-

gigue des Andes du Perou Central (1978), Megard eloquently documented

many of the geologic complexities of a vast region; the value of his
study to geologists working in central Peru cannot be measured.

Throughout the last 60 years, many workers have devoted thou- -
sands of man-hours to the elaboration and understanding of the multi-
faceted ore deposit geology of Peru. L. C. Graton, W. C. Lacy, and U.
Peterson, among other Cerro de Pasco corporation geologists, studied
and reported on mining districts of west-central Peru; their work culmi-
nated in the summary paper by Petersen (1965). The tradition of high-
quality ore deposit research in central Peru is being EEEELQ today by the
geologic staff of Centromin-Peru. -

The purpose of this investigation was to document and interpret
the structural geology of the Yauli Dome region. This was accomplished
by detailed geologic mapping of an approximately 200 sq kﬁ area lying
between the Morococha and San Cristobal mining districts. Throughout
the course of the study, Devonian "basement" rocks were encountered, and
their integral role in the deformational history of the area became evi-
dent. The structural interrelationships between the Morococha and San
Cristobal districts and the Yauli Dome proper were examined and were
found to be more complex and diverse than originally assumed. The re-
sult of this thesis, then, is the chronologic definition of a structural
framework which, in late Tertiary time, became the foundation for ore
deposition in the Yauli region. It is hoped that that definition will

result in a significantly improved understanding of both the structural






CHAPTER II

GEOLOGIC SECTION OF
THE YAULI DOME REGION
The Yauli Dome exposes rocks ranging in age from Lower Devonian
to Tertiary in a rough'f?g;;'s eye'" outcrop pattern. Figure 3 is a
graphic representation of the geologic column of the Yauli district. A
2500 m-thick section of sedimentary and volcanic rocks overlies Devonian
phyllites of unknown thickness. Late Tertiary plutonic rocks intrude

all older rocks of the district.

Excelsior Phyllite

The oldest rocks exposed in the Cordillera Occidental of central
Peru are Devonian Excelsior Phyllites. In the study, rocks of this for-
ﬁation occupy the core of the Chumpe Anticline and crop out over a 16 km
strike length. The Excelsior Phyllite is a heterogeneous group of rocks
which includes shale, phyllite, schist, limestone, basaltic flows, and
quartzite. Thickness of the Excelsior Phyllite is difficult to estimate
not only because of the intensity of deformation, but also because the
base of the section was nowhere observed. At Tarma, 50 km east of Yauli,
Harrison (1943) estimated the thickness of Excelsior Phyllites to be
2000 m. This figure is here taken as a minimum,

Dark blue, green, silver, and black phyllites are the predomi-
nant rocks. Within the Excelsior Phyllite, basaltic flows are sparse.
Harrison (1943) reported the presence of deformed pillow lavas inter-
bedded with phyllite just south of Yauli, but these were not recognized
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by the author. White fossiliferous recrystallized limestone lenses.
usually between 3 and 15 m thick (Figure 4) crop out sporadically
throughout the district. Beds of quartzite and sandstone, although com-
mon in exposures of the Excelsior Phyllite in the Cordillera Occidental,
are rare in the Yauli region. Generally northwest-trending 'bull"
quartz veins were locally observed cutting the phyllite at high angles.
Patches of intense chloritization and sericitization were also locally
observed.

The Excelsior Phyllite is easily eroded to form low hills and
valleys and is best exposed near the contact with the overlying Catalina
Volcanics. This contact is everywhere an angular unconformity of sig-
nificant discordance and represents a 100 m.y. gap in the geologic rec-

ord. Brachiopods, comparable to Leptocoelia and Tropidoleptus of Lower

Devonian age, were collected in Excelsior Phyllites near Tarma by
Harrison (1943). Crinoid stems were recognized in the limestones south
of Yauli, but these are not diagnostic with regard to age. An effort to

recover conodonts from the limestone "reef" proved unsuccessful.

Mitu Group

The Mitu Group is characteristically a heterogeneous sequence of
sedimentary and volcanic rocks of Permian age which crops out in cen-
tral and south-central Peru. Most sections of the Mitu Group are domi-
nated by coarse red arkosic clastic rocks which are mixed with abundant
volcanic debris. Interbedded volcanic members are commonly observed but
their thickness, lateral extension, and vertical position within the

section vary widely (Megard, 1978). Facies changes are abrupt and, in
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places, non-volcanic sedimentary sequences grade into largely volcanic
assemblages within a few kilometers (Hosmer, 1959). This is the case in
the Yauli Dome region where the Mitu Group is represented by a solely
volcanic sequeﬁce which is locally termed the Catalina Volcanics.

The Catalina Volcanics consist of coarsely bedded, maroon to
pink volcanic rocks of andesitic to rhyolitic composition. The ande-
sites are commonly porpliyritic and marked by kaolinitic and limonitic
surficial alteration. Agglomeratic horizons occur in most parts of the
Catalina Volcanics. A very coarse stratification is generally visible
from a distance, but up close the rocks may be mistaken as intrusive be-
cause of their porphyritic nature. Thickness measurements vary within
the mapped.area from 300 m on the southwest flank of the Yauli Dome near
San Cristobal to greater tham 700 m on the northeast flank.

The Catalina Volcanics are overlain in slight angular unconform-
ity by the Upper Triassic-Lower Jurassic Pucara Group limestones. The
unconformity can only be seen along the northeast contact of the Yauli
Dome. This same contact has been described by Johnson;.Lewis, and Abele
(1955) in the Atacocha mining district north of Cerro de Pasco.

The Mitu Group is considered by Megard (1978) to be of Lower to

mid-Permian age based on its conformable contact with Lower Permian lime-

stones near Tarma.

Pucara Group

Rocks of the Pucara Group, mainly limestones, are exposed within -
the Mesozoic fold-and-thrust belt to the east of the continental divide

and on the Altiplano (high plateau) of central Peru. McLaughlin (1924)
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applied the formation name Pucara to a sequence of limestones positioned
between the Permian Mitu Group conglomerates and volcanic rocks and the
Lower Cretaceous Goyllarisquisga Formation at Pucara, near Goyllarisquisga
(Figure 1). McLaughlin extended the use of the name "Pucara" as a region-
al term for the Triassic-Lower Jurassic limestone sequence. Megard
(1968), following the terminology of Jenks (1951), subdivided the Pucara

Group into three formations:

1) Chambara Formation: cherty, bituminous limestones of uppermost

Triassic age.

2) Aramachay Formation: ammonite-bearing, partly bituminous dark
shales of lower Liassic age.

3) Condorsinga Formation: mainly thin- and thick-bedded, buff to

gray limestones of middle to upper Liassic age.

In the region surrounding the Yauli Dome, the Pucara Group is
represented solely by the Condorsinga Formation; the Aramachay and Cham-
bara Formations are absent (Szekely and Grose, 1972). The Condorsinga
Formation is exposed along the entire strike length of the Yauli Dome
with thickness ranging from 400 m at Morococha in the north (Terrones,
1949) to approximately 250 m at Carahuacra.

The Condorsinga Formation is comprised mainly of grey to buff-
colored, dense limestone with abundant black and grey chert nodules
throughout the lower 150 m of the section. The base of the sequence is
locally characterized by a 5-10 m-thick grey limestone conglomerate.

Thin (=1 m) grey water-lain tuff horizons occur within the basal 70 m of
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the formation, and these have been observed underground at the Carahuacra
and Dos.Naciones mines.

A number of distinctive marker horizons in the Condorsinga For-
mation are traceable over great distances and aid field mapping. The
names of the three most important marker beds--the Sacracancha Trachyte,
the Montaro Basalt, and the Churruca Limestone Breccia--are derived from
the Morococha district but the horizons are present throughout the re-
gion. The remarkably greenish-blue Sacracancha Trachyte, usually 2-4 m
thick, lies within the upper one-third of the section and forms an excel-
lent marker horizon. The flows of the Montaro Basalt occur directly
above the Sacracancha Trachyte. They are more than 50 m thick at Moro-
cocha (Terrones, 1949), but at San Cristobal the Montaro Basalt is rep-
resented by one 10 m-thick flow. The Churruca Limestone Breccia, al-
though not as persistent -as the Sacracancha and Montaro markers, is
locally traceable and thought to be the product of waves beating against
a limestone éhelf.

Although the sequence of shallow-water limestones described
above is lithologically compatible with sections of the Condorsinga For-
mation in other parts of central Peru (Szekely and Grose, 1972), it may
actually be time-correlative with the Aramachay Formation or po;sibly

the Chambara Formation. An upper Triassic gastropod, Trachynoites Tam-

bosalensis Hass, was collected (F. Megard, personal communication, 1979)
near the base of the Pucara Group limestone sequence at the Huaripampa
mine, but it alone cannot be considered a basis for accurately delimiting

the age of the formationm.
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Goyllarisquisga Formation

The Goyllarisquisga Formation marks the first Cretaceous deposi-
tion in the central Andes of Peru. West of the continental divide it is
represented by a thick and varied sequence of pre-Albian, largely clastic
rocks. Wilson (1963) raised the Goyllarisquisga to group status in this
region. To the east of the continental divide, in the Yauli Dome re-
gion, the Goyllarisquisga Formation is represented by a variable thi ck~
ness of sandstone, silty sandstone, and basalt with only minor limestone
and shale. |

Wilson (1963) measured 217 m of the Goyllariéquisga Formation at
Carahuacra, where it consists mainly of medium~ to thin-bedded, buff fo
orange to red sandstone and siltstone with local cross-bedding and rip-
ple marks in the upper half of the section. The sequence loses its silty
component in the higher units, and orthoquartzites and protoquartzites
begin to dominate. The Goyllarisquisga Formation is regionally inter-
preted as a mixed shallow-marine and deltaic sequence. This interpreta-
tion of depositional environment is based on the presence of coal seams
and limestone beds and on sédimentary structures in the sandstones
(Wilson, 1963). .

The Goyllarisquisga Formation is conformably overlain by the Chu-
lec Formation. Interfingering silty sandstones and limestones occur in
the Goyllarisquisga near the upper contact. The lowe; contact with the
Condorsinga Formation is disconformable.

No fossils have been found in rocks of the Goyllarisquisga For-

mation that are of diagnostic age. The formation is considered
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Neocomian in age based on plant fragments found in dark shales near Ja-

tunhuasi (Wilson, 1963).

Chulec Formation

The Chulec Formation was originally described by‘McLaughlin
(1924) as the lower member of the Machay Formation. Benavides (1956)
raised Chulec to formation status after studying the basal limestones
and sgndy shales exposed at Oroya, 30 km east of Yauli. The Chulec For-
mation ranges in thickness from 250 m just southwest of Morococha to
350 m at Carahuacra. The base 6f the Chulec Formation is taken as the
base of the first calcareous horizon above the quartz sandstones of the
Goyllarisquisga Formation. A prominent, 7 m-thick buff coquinoid lime-
stone horizon marks the upper limit of the Chulec Formation, and it, in
turn, is conformably overlain by dark, thin-bedded shales and limestones
of the Pariatambo Formation.

The Chulec F;rmation consisfs of thin- to medium-bedded, well
stratified gray marls, sandy limestones, and limestones. The clastic
fraction of the carbonates decreases toward the top of the section.
Benavides (1956) established an early medial Albian age for the Chulec

Formation on the basis of ammonites of the genera Knemiceras and

Douvilleiceras.

Pariatambo Formation

Originally defined as the upper member of the Machay Formation
by McLaughlin (1924), the Pariatambo Formation is now considered_to be a

separate formation. Its type section lies just east of Oroya (Benavides,
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1956). Along the southwest fiank of the Yauli Dome the Pariatambo For-
mation varies little in thickness, averaging approximately 80 m.

The Pariatambo Formation is distinctive and easily recognized
because of the presence of dark grey to black, thin-bedded shales inter-
bedded concordantly between the white-weathering limestones of the Chu-
lec Formation below and the Jumasha .Formation above. The dark bituminous
shales and limestones that dominate the section characteristically give
off a strong, fetid odor. The rocks in the uppermost 10~15 m of the
section contain abundant dark grey to black chert nodules and bands.

The fauna of the Pariatambo Formation is Albian in age and includes Ino-

ceramus and Exogyra (Wilson, 1963).

Jumasha Formation

First defined by McLaughlin (1924, p. 609), the Jumasha Forma-
tion consists of between 200 and 300 m of medium- to thin-bedded white
to buff limestone and dolomite. The formation is topographically promi-
nent, forming the higher peaks and ridges in the study area and elsewhere
in central Peru (Coney, 1971) (Figure 5).

The Jumasha Formation is lithologically the most homogeneous for-
mation of the Cretaceous system exposed in the Yauli Dome region. It
consists entirely of carbonates, except for a single sandstone lens,
which crops out just west of Rumicacha. The Jumasha Formation rests
conformably on the Pariatambo Formation, and its contact with the over-
lying Casapalca Formation is disconformable. The ammonites collected

from the Jumasha Formation require a Late Albian age (Wilson, 1963).
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Casapalca Formation

The Casapalca Formation includes all of the clastic rocks over-
lying the Cretaceous limestones in central Peru. Redbeds and conglomer-
ates of the Casapalca formation are best developéd along and east of the
continental divide in central Peru. They are poorly representéd to the
west (Coﬁey, 1971). Brick red siltstones and fine-grained sandstones
comprise the majority of the section in the study area. A thin conglom-
eratic horizon characterized by well-rounded limestone and quartzite
pebbles in a red silty matrix is exposed along the western boundary of
the map area. Since the contact with the overlying Tertiary volcanic
rocks is not visible in the mapped region, no thickness estim#tes for the
formation can be made. However, just west of Pomacocha, Harrison (1951)
‘measured 2140 m of red beds overlain by 600-~900 m mainly of congiémerate.
In the Casapalca mining district, 25 km west of Yauli, this upper con-
glomerate member is named the Carmen Conglomerate and it rests unconform-
ably on the lower red beds. .

Noble, McKee, and Mégard‘(1979) have assigned the Casapalca For-
mation én early Eocene age based on the '"post-Incaic ﬁnconformity" which
separates the upper Carmen Conglomerate member from the lower red beds.
This "post-Incaic unconformity'" is developed on the Coastal batholith
and is traceable throughout ﬁﬁch of the Western Cordillera of northern
and central Peru. Thick sections (3-5 km) of Tertiary volcanic rocks

overlie the Carmen Conglomerate and have been dated by the K-Ar method
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Intrusive Igneous Rocks

Plutonic rocks are confined to the northern and southern extremes
of the elongate Yauli Dome within the Morococha and San Cristobal mining
districts, respectively. The intrusive rocks are considered to be part
of a chain of late Tertiary stocks and batholiths in Peru which extends
from Huancavelica north to Cerro de Pasco (Eyzaguirre and others, 1975)
(Figure 6). Composition ranges from quartz diorite to quartz monzonite.

Porphyritic textures dominate all intrusive igneous rocks in the Yauli

distfict.

Morococha District

Igneous activity in tﬁe Morococha district can be divided into
two main groups. First was the passive emplacement of large stocks of
quartz diorite which now occupies the western portion of the district.
Locally referred to as the Anticona quartz diorite, this body straddles
the continental divide and crops out over a 25 sq km area. Contact and
crosscutting relationships into its southeasternmost exposures.suggest
that the Anticona quartz diorite is older than the Morococha igneous se-
ries rocks.

To the east, a second group of plutons is represented by the in-
trusion, of éeveral smaller quartz monzonite poréhyry stocks, collective-
ly termed the Morococha series. They include, in decreasing age, the
Potosi, Yantac, San Miguel, and Gertrudis stocks. The extensive altera-
tion and mineralization in the Morococha district, especially in the Pu-
cara limestones, is thought to be a result of the intrusion of these

stocks. Eyzaguirre and others (1975), using K-Ar methods, have dated an
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unaltered sample from the Yantac intrusive at 8.3 * 0.3 m.y. A sample
of the San Miguel stock taken from the Toro Mocho porphyry copper depos-

it was dated at 7.2 £ 0.3 m.y.

San Cristobal District

The intense late Tertiary igneous activity manifest at Morococha
is not found at San Cristobal. Trending parallel to the axis of the
Chumpe Anticline are a number of elongate, irregularly shaped, porphy- -
ritic, hiéhly altered alaskite dikes. Dike widths range up to 30 m in
the incompetent and highly sheared Excelsior Phyllite. Pastor (1970)
considered these alaskite dikes to.be the surface expression of a hypo-
thetical plutonic body, the "Chumpe Intrusive," at depth. Pastor has
suggestéd that the Chumpe Intrusive was responsible for the structural
doming and subsequent mineralization in the San Cristobal district. To
date, no such intrusive has been intersected in the underground workings.

The Carahuacra Intrusive is exposed along the western upturned
contact between the Catalina Volcaﬁics and the Excelsior Phyllite 2 km
north of San Cristobal. The Carahuac?a Intrusive is a northwest-
southeast elongate quartz monzonitic stock. In plan view it is teardrop-
shaped and occupies about 2 sq km.

The intrusive diéplays a subtle columnar structure along its
border. Proximal to the intrusive contact, the Excelsior Phyllite foli-
ation is bent parallel to the stock, but it is not appreciably altered.
At only one small exposure located above the Carahuacra mine can the
Permian Catalina.Volcanics—Carah;acra Intrusive contact be observed.

There the volcanic rocks are highly sheared and slightly bleached,
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The age of the Carahuacra Intrusive has been debated for a num-

ber of years. Lyons (1968), based on observed contact relationships,
considered the Carahuacra Intrusive to be a volcanic "neck" and a source

of the Catalina volcanic rocks. This hypothesis must be questioned in

the light of the recently uncovered contact between the Catalina volcanic

rocks and the intrusive.



CHAPTER III

REGIONAL GEOLOGIC SETTING
OF THE YAULI DOME

The five major structural provinces in central Peru from wést to
east are the Coastal Zone, the Cordillera Occidental, the Altiplano, the
Cordillera Oriental, and the Sub-Andean Zone which extends to the Amazén
Basin (Figure 2). The Yauli Dome is located within the Cordillera
Occidental.

The Cordillera Occidental can be subdivided into three parallel
belts: the Coastal Batholith, the Central Volcanic Belt, and the Meso-
zoic Eold Belt. The Coastal Batholith, which extends 1600 km alongbthe
eastern flank of the Cordillera, trends north-northwest, reflecting the
north-northwest trend of the Peru-Chile trench to the west. Basic and
intermediate rocks predominate over granite within this composite and
multiple body. Ages of the more than 800 plutons which comprise the 50
km-wide belt range rather continuously from 120 to 30 m.y., with the bulk
of the batholith emplaced between 100 and 60 m.y. ago. The major intru-
sivé centers within the batholithic complex appear to decrease in age
eastward (Pitcher, 1974).

The Mesozoic>foid belt forms the eastern third of the Cordillera
Occidental and is separated from the Paleozoic fold belt of the Cordil-
lera Oriental by the Altiplano. Tight, concentric foldsvassociated with
thrust faults mark the coﬁtinental divide énd characterize this belt of
dominantly Jurassic and Cretaceous carbonate and clastic rocks.
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Compelling evidence exists that thrusting within the belt is northeast-
directed; both fault planes and axial planes of overturned folds dip
steeply southwest. The age of the deformation is considered to be early
Eocene (Noble and others, 1979). The Yauli Dome represents an anomalous
exposure of Paleozoic rocks élong the eastern margin of the Mesozoic
fold belt.

The Central Volcanic Belt is composed of a thick sequence of an-
desitic to 'silicic, terrestrial volcanic rocks called the Calipuy Forma-
tion (Noble and others, 1979). The Calipuy Formation was deposited on
an erosional surface cut into both the Mesozoic fold belt and the plutons
of the Coastal Batholith. These middle to late Tertiary rocks extend
the full length of the Peruvian Andes.

Megard's schematic cross section through central Peru (Figure 7)
illustrates the relationships between the structural proQinces mentioned
above. Carboniferous sedimentary units and Paleozoic intrusive rocks -
are confined to the Cordillera Oriental and the Sub-Andean Zone. Blocks
of Pfecambrian metamorphic and granitic rocks are fodnd mainly along
high-angle reverse faults in the core of the Cordillera Ofienﬁal, but
they also occur along the Pacific coast in southern Peru (Jenks, 1948).
The Devonian ‘Excelsior Phyllite crops out in isolated cores of domal
structures like the Yauli Dome in_the.Cofdillera Oéqidental and Alti-
plano. Regionally, the Excelsior Phyllite is exposed in a sinuous belt
along the entire length of the Cordillera Oriental.

Taken broadly, the Andes can be depicted as a large anticlinori-

um, cored by Devonian Excelsior Phyllite and Precambrian rocks, and
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complicated by faulting and intrusion along its flanks (Petérseﬁ, 1965);
The most intensely deformed belts correspond to the Cordilleran zones.
The Cordillera Occidental is characterized by a higher structural and
stratigraphic level than the Cordillera Oriental. It also displays
higher topographic relief. |

" The Yauli Dome is clearly related in trend and asymmetry to the
Andean folds of the Cordillera Occidental.’ It represents the largest
single exposure of Devonian Excelsior Phyllite west of the Cordillera
Oriental.

Geologic evidence suggests that the Yauli area has long been a
region of high topographic relief. It can be shown that since late De-
vonian time, a shelf or platform-like.environment existed in the region
now occupied by the dome. During middle-Tertiary tectogenesis, this re-

gion was domed into its present form.



CHAPTER IV

STRUCTURAL GEOLOGY
OF THE YAULI DOME REGION

The physical prOperéies and geometries of structures observed in
the rocks of the Yauli Dome region reveal much about the deformational
history of the fegion. In this’chabter, for convenience, the structures
are organized into two groups: 1) structures which formed in the Excel-
sior Phyllite "basement" rocks during the Hercynian deformation, and 2)
structures which developed in the Devonian rock as well as in post-
Devonian "cover" rocks during Ahdean.deformation.

Hercynian deformation, middle Devonian through earliest Missis-
sippian in age, is displayed.solely within the core of the Yauli Dome.
Structures associated with the early Tertiary to present Andean defor-
mation are exhibited in all rocks surrounding the Yauli Dome and also

within-the phyllite core of the dome itself.

Hercynian. Structures

Two styles of deformation are recorded in the Excelsior Phyllite.
The first phase of deformation (Dla) is characterized by small-scale
passive folds (Fy,). A second deformation (le) within the Hercynian
pfoduced larger (10-500 m), tight to isoclinal concentric folds (Flb).

Both Fy, and Fyy folds are associated with the development of axial plane

cleavage.

27
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Early Passive Folds (Fy,)

The first folds which developed in the Excelsior Phyllite are
preserved most frequently in quartz-rich layers rather than in pelitic
layers. However, they are not evérywhere obvious. Whole traverses may
be made across the Yauli Dome without encountering these folds. Where
tﬁey are observed, they exhibit a Class 1C to Class 3 layer shape
(Ramsay, 1967), commonly in very tight to isoclinal forms. Occasionaily;
F,, folds display a strictly similar (Ramsay Class 2) form (Figure 8).
Few of the folds recognized .possess amplitudes greater than 10 cm, but
larger amplitude folds probably exist. Megard (1978), after studying
the Excelsior Phyllite in the Huancayo area, documented a dominant
northeast strike and a southeas; dip of axial planes of Fy, folds. The
relatively sparse fold data collected by the.authOr in the Yauli Dome
study area are consistent with Megard's generalization.

An axial plane cleavage, Sla’ is associated with Fia folds and
represents the major portion of the mesoscopic foliation in the Excel-
sior Phyllite. Where it is not perfectly parallel to bedding, this
cleavage is generally only slightly discordant (10-20°) with bedding and
,is easily mistaken for original layering. It is assumed that transposi- -
tion of bedding has occurred at least locally within the phyllites of
the Yauli Dome area. There are, however, large portions of Excelsior
Phyllite whiéh have escaped the Fla foliation-formiﬁg process. Thick
sequences of interbedded quartzites, limestones, shales, and volcanic
flows are observed in a relatively unstrained state. In these largg but
isolaped areas there is no evidence of Fia folds or'Sla foliation, nor

is any repetition of individual lithologic units observed.
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Partial transposition of bedding was brought about by the devel-
opment of microlithon structures. As shown in Figure 9, the structures
are characterized by parallel, alternating domains of remmnant fold hinges
separated by thin, mica-rich shear zones orignted perpendicular to origi-
nal bedding. The width of individual microlithons is a function of the
average thickness of competent layers in the rock sequence; it is great-
er in thick-bedded sequences than in thin-bedded ones (Ramsay, 1967).

The microlithon structure may resemble crenulation cleavage, but is dis-
tinguished from the latter because it is original layering rather than a
pre-existing foliation, which is deformed.

In certain locations, Excelsior Phyllite consists of sequences
of interbedded quartzites and shales. Within these sequences, mullion
structufes have been produced by buckling instability along contacts be-
tween shale and quartzite layers. Such contacts represent boundaries of
significant ductility contrast. The mullions are best displayed in the
more competent and erosionally resistant quartzite horizons. Individual
mullions are uniformly cylindrical in cross section and exhibit ampli-
tudes of 0.5-2 cm and wavelengths of 2-4 cm (Figure 10). The mullions
display an anastomosing, rope-like pattern in the plane of bedding; but
they are uniform in theip axial orientation, plunging 30° west-southwest.
The shale units show marked thinning and flowage.

Shale partings ﬁhich separate the 30-40 cm thick quartzité beds
possess a pronoﬁnced bédding plane cleavage, whereas the quartzite lay-
ers contain a strong, curviplanar fracture cleavage which intersects

bedding at a high angle. Each cleavage surface initiates and terminates



Figure 9.

Development of Microlithon Structure by Buckling and Rup-
ture of Competent Layers. -- (A) The width of the micro-
lithons is controlled by the thickness of the competent
layers and is greater in thick layers than in thin layers
(Ramsay, 1967). (B) Stage C development of microlithon
structure in Excelsior Phyllite.
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at an inter-mullion trough. Calculations of percent shortening due to

mullion formation, as measured parallel to the quartzite-shale contacts,

- average 18%.

The homoaxial mullion structures are best displayed on thg sur-
face of a table-like outcrop 150 m long by 50 m wide located 3 kﬁ west -
of Mahr Tunel (Figure 11, in pocket). Mullions are exposed on essen-
tially all of the quartzite bedding surfaces and extend more than 20 m
beneath the surface. Two quartzite beds are schematically isolated in
Figure 12. The predominénce of quartz-rich layers at this exposure is
anomalous with respect to the dominantly phyllitic Devonian stratigraph-
ic section oé the Yauli region. The entire outcrop is warped into a se-
ries of southwest-plunging, moderate to tight, concentric folds. These
folds average 10 m in amplituae and represent the largest-scale Fy,
structures identified in the area. The axes of these folds are parallel
to the axes of the mullion structures. The curviplanar fracture cleav-
age is cdnfined to the hinge zones of the 5-10 m amplitude, F,, concen-
tric folds (Figure 12). Along the limbs of the folds, cleavage in the
quartzite beds is only faintly'visible or absent, although the mullion
structures persist. It is this fracture cleavage which later allowed the
mullions to "refold" during Andean deformation.

Ptygmatically folded quartz veinlets, although rarely observed,
deserve mention. Figure 13 shows a folded, 6.5 cm-thick veinlet con-
tained in strongly foliated, black Excelsior Phyllite. These small
folds exhibit a slight thickening in the hinge zones. Percent shorten-

ing calculations for these deformed veinlets average 45%. Presence of
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such structures strongly argues that pressure-solution has affected the

sequence.

Fip Structures

A second group of Hercynian foids (Flb) can be isolated and de-
scribed, although their temporal relationship to Fia structures is un-
clear. Megard (1978) has denoted these structures F,, following studies
in the Jauja region. This phase of folding is responsible for the most
conspicuous macroscopic folds in the Excelsior Phyllite. F1p folds are
distinguished from Fla structures on the basis of size, orientation, and
profile form. It will he shown that these F;; structures are also dis-
tinct from "Andean" (Egl folds described later.

Fip folds va;y in size from 10 to 200 m in wavelength and ampli-
tude. These folds are almost exclusively recumbent in the Yauli Dome
region. Fold profiles are generally tight to isoclinal. In alternating
pelitic and quartz-rich sequences, thickening is observed in the hinge
zones of the less competent layers while the confined, competent layers
are deformed by thrust faults in the limbs. The best examples of Fyy
folds are defined by white carbonate 'reef' horizons which are found in-
terbedded within, and contrést with, black Excelsior Phyllites (Figure
14).

An axial plane cleavage, S1p» 1is observed in the cores of the
larger Fy;, folds. Where this Slb cleavage intersects original bedding
(or possibly S;, foliation), beautiful "pencil" structures are formed.
This phenomenon is best displayed in the cére of the Montura Fold, lo-

cated 7 km south of Mahr Tunel (Figures 11, 15).  The pencils,
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rhombohedral in cross section, are unusually long. Some with cross sec-
tional "diameters' of only 1 cm are as long as 25 cm. The pencils
plunge 30° in the S65°W direction and are subparallel to the H-axj:s ofA
the Montura Fold.

Parallel in orientation to the pencil structures in the core of
the Montura Fold are cigar- and trout-shaped, quartz-rich tectonic in-
clusions (Figure 15). These bodies are 8-15 cm long, generally ellipti-
cal or tear-shaped in cross section, and pinched on both ends. Thin
sections oriented perpendicular to the long axes of these inclusions
disclose no recognizable flow structure or other internal fabric.

A dominant N45°W axial tre;d of Fqy folds is épparent in the map
area, but there are a number of important folds.with axial planes strik-
ing east-west and northeast-southwest (Table 1). ﬁegard (1968) has
studied these structures in the Jauja area (70 km east-southeast of
Yauli) and has documented a dominant F, (Flb) trend of N45°W for this
region aJ.so. Vergence data for Fy; folds are variable in the Jauja
'area, as in tﬁe Yauli region.

Neither the Fja OT Flb structures described above can be consid-
ered penetrative on the scale of the Yauli Dome. They tend to be con-
fined to discontinuous zones whiéh are separated by homoclinal domains
of steeply dipping beds. The localized nature of Fy, and Fy; structures

typifies the structure of the Excelsior Phyllite throughout central Peru

(Megard, 1968).
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Andean Structures

During mid-Tertiary time, the Yauli Dome district experienced
bc'ath folding and thrust faulting on a regional scale. Folds and thrust
faults strike north-northwest, parallel to the trend of the Cordillera .
Occidental in the central portion of Peru. Two structural domains are
evident: 1) a fold and thrust belt located along the southwest flank of
the Yauli Dome which affects Mesozoic and Cenozoicvsedimentary rocks,
and 2) a domain within the core of the domal structure characterized by
overprinting (mainly refolding) of the pre-existing fabric in the Excel-

sior Phyllite.

Fold and Thrust Belt

Regional folds and thrust faults were mapped in a belt 5-8 km
wide and more than 20 km in length along the southwest flank of the
Yauli Dome (Figures 11, 16 in.pocket). This N25°W-trending zone of de-
formation affects all formations which are stratigraphically above the
Excelsior Phyllite. The belt contains a number of thrust faults which
can be traced throughout the region (Figure 17). The thrust faults are
here named (from west to east) the Ticllo, Poma, Ruri, Pancar, and Ya-
nama. They each trend north-northwest and dip uniformly to the south-
west. This faulted belt is bounded to the northeast by a relatively
undisturbéd domain of open folding.. To the-west, the faults are over-
lapped unconformably by middle Tertiary Calipuy volcanic rocks. Some of
the major structural features of the map area, for example the Ruri and

Yanama Thrusts and the Chumpe Anticline, are not traceable across the

Yauli Valley. The Yauli Valley "lineament,'" which strikes N40°E, marks
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the northern limit of Excelsior Phyllite exposures except for a 2 sq km
exposure 2 km west of Mahr Tunel.

The ghrust faults exhibit steep (50-70°), southwest dips whgre
they are exposed at the surface, and this accounts for.their linear ex-
pression in map view (Figure 11). The Pancar Thrust (Figures 11,'16) is
the most persistent and best exposed thrust fault in the study area. It
is traceable the fuli 16 km strike length of the mapped area and con-
tinues southeast an additional 7 km (Megard, 1978). In the southern

part of the Yauli Dome, the Pancar Thrust juxtaposes Jurassic Pucara

Formation and locally Permian Catalina volcanic rocks in the upper plate
against Cretaceous carbonate rocks 'in the lower plate. To the nortﬁ,
the upper plate of tﬁe Pancar Thrust consists of late Cretaceous Jumasha
limestones and early Tertiary Casapalca red beds, while the lower plate
again consists of the Cretaceous carbonate sequence. Other thrust faults
in the mapped aréa, such as the Poma,'Ruri, Ticllo and Yanama thrust
faults, are more difficult to identify by observation of stratigraphic
separation. Many of these thrust faults separate different portions of
the same stratigraphic unit; locally, movement along thesevfaults has
generated the unusual situation of younger-on-older overlap (Figure 16).
On the scale of the district, the displacements measured along
the fault planes are_negligible. For the Ticllo, Poma, and Yanama
thrust faults, calculated displacements average 0.5 km; displacement
along the Pancar thrust locally attains only 2 km (Table 2). Although
disélacements are relatively meager on these faults, there remains other
supporting evidence for movement. At an excellent three-dimensional ex-

posure of the Yanama thrust 2 km southwest of Yauli, a fault-related
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Table 2. Characteristics of Thrust Faults along Southwest Flank of
Yauli Dome.
DISPLACEMENT
LENGTH (SEPARATION)
THRUST FAULT TREND DIP (KM) (KM)
Ticllo N35°W 35-50°SW g <.3
Poma N23°W 50-60°sW >8 -SE <.5
Ruri N30°N 70°SW >7 +SE NG5
Pancar N22-44°W 50-65°SW >16 +SE .5~1.5
Yanama 65-75°SH <.5

N24°W

>7 NW(?)
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fracture cleavage is observed. The closely spaced (3-8 cm) fracture
cleavage planes parallel the thrust plane and extend up to 3 m from the
actual fault into the lower plate.

Folds are developed on both the upper and lower plates of the
thrust faults. In the thrust belt, small- and large-amplitude flexural
slip folds are cospatial with the thrust faults. The large-amplitude
folds can be traced continuously for up to 10 km (Figure 11). Wave-
lengths of the Andean folds range continuously from 5 m up to 1 km. A
large synclinorium immediately northeast of the Pancar Thrust exhibits
structural relief in excess of 2 km (Figure 16, D-D'). Most anticlines
ané synclines possess near-vertical axial planes and horizontal axes
(Figure 18). Directly southwest of the Chumpe Anticline, however, some
of the folds become tight and are locally overturned toward the north-
east. Axial plane foliation is uncommon in the thrust-belt folds and,
where recognized, it is confined to tightly folded red bed shale sequénces
of the Casapalca Formation and to.thin shale beds in the Pariatambo
Formation.

Within the fold and thrust belt, the type and style of folds
formed are closely rélated to their position with respect to individual
thrust faults. In some areas, anticlinal flexures can be obsefved in
the upper plate adjacent to thrust traces. These anticlines may be over-
turned to form "snake-head" shapes, as exemplified in upper plate Pucara
limestones of the Pancar Thrust (Figure 16). The axial planes of such
folds are approximately parallel to the plane of thrusting. At Rumi-

cocha, a northwest-plunging, snake-head fold has been disrupted at its
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hinge along a subsidiary, northeast-directed thrust fault. The Catalina
volcanic rocks, which represent the deepest structural level of the fold
and thrust belt, occur locally within the cores of these snake-head
folds. The snake-head folds may disappear along the strike of thrust
faults into an unfolded sedimentary sequence exhibiting a ramp-like ge-
ometry. This is best illustrated at Rumicacha where the upper plate of
the Pancar Thrust becomes progressively less folded and more ramp-like
when traced to the northwest (Figure 16).

Immediately northeast of the thrust traces, synclines are com-
monly found.in the lower plate rocks (e.g., Figure 16, D-D'). Like the
upper plate snake-head folds, synclines found adjacent to major thrust
faults are frequently overturned with axial planes dipping steeply south-
west. The folding styie in lower plate limestone sequences is often
more complex than in upper plate rocks. Directly northeast of the Pan-
car and Yanama thrust faults, folds are tight, disharmonic, and trace-
able for only short distances. The possibilify exists that upper lime-
stone units of the lower plate became detached from underlying
formations.

Intraplate bedding plane readjustments in the form of folds and
bedding plane thrusts were observed in the Cretaceous section, especially
in the thin-bedded Pariatambo and Jumasha Formations. These structures
were encountered at Rumicacha and along the southwest flank of the
Chumpe Anticline near Victoria; they range in scale from 1 to 15 m.
Figure 19 depicts both a Z-shaped, concentric intrafolial fold and a

bedding unit 'wedge" in the Jumasha Formation. Pinch and swell
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structures are also observed in the alternating limestone- and shale-
rich layers of the Pariatambo Formation (Figure 20).

Faults, other than the thrust faults previously described, are
intimately associated with the major folds in the region. They can be:
divided into three distinct groups (Figure 21):

1) Longitudinal normal faults with little displacement oriented
parallel to fold traces. '

2) Conjugate transverse faults with possible strike-slip separation.

3) Steeply dipping transverse faults oriented perpendicular to fold

axes, -usually with normal displacement.

All three groups are well represented in the San Cristobal min-
ing district, where they are associated Qith the Chumpe Anticline (Vera;
1977). Figure 21 schematically illustrates the relationship between the
three groups of faults. Fault‘type was observed to vary with the lithol-
ogy of the host rocks. Conjugate faults (Group 2) tend to occur in in-
competent host rocks (like the Excelsior Phyllite), while transverse
faults (Group 3) are more common in competent lithologies (like the
Catalina Volcanic rocks). Incipient development of conjugate transverse
faults (Group 2), in the form of en echelon tension gashes (Figure 21),
was observed along the steeply dipping, southwest flank of the Chumpe
Anticline in Cretaceous limestones 3 km northwest of San Cristobal.

Andean Structures in the
Excelsior Phyllite (Fjp)

The fold structures of Andean origin described here are denoted

Foy. F2 structures range from small, 2-3 cm amplitude kink folds and



Figure 21.

En Echelon Tension Gashes in Pariatambo Formation on South-
west Flank of Chumpe Anticline. -- (A) Simple shear devel-
opment of quartz-filled tension gashes. (B) Tension gashes

thought to be incipient development of a transverse fault
(modified after Megard, 1978).






Figure 21. En Echelon Tension Gashes in Pariatambo Formation on South-

west Flank of Chumpe Anticline. -- (A) Simple shear devel-
opment of quartz-filled tension gashes. (B) Tension gashes

thought to be incipient development of a transverse fault
(modified after Megard, 1978).
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kink bands to 0.5 m-amplitude chevron and box folds. They are less im-
portant, because of their limited distribution, than the F1, and Flb
structures. A pre-existing foliation in the Excelsior Phyllite enabled
"the rocks to buckle in sharp, angular structures which are common in
deformed phyllites. Kink folds, kink bands, and chevron folds are lo-
calized in zones of strong deformation within the Excelsior Phyllite.

The typical appearance of kink bands developed in the Excelsior
Phyllite is shown in Figure 22. Middle limbs of individual kink bands
range in breadth from 3 cm to less than a millimeter. Along their pre-
dominantly north-northwest strike, kink bands tend to branch, anasto-
mose, and terminate abruptly.

The Fia mullion structures, developed in quartz-rich layers
sandwiched between thin shale partings, display superimposed F, kink and
box folds. Figure 23 shows a vertical limb of.a northeast-trending Fla
fold. The photograph features the plane of bedding, pervaded by mul-
lions which have been defofmed into angular kink and box folds. The
bedding-like traces are in fact the spaced, fracture cleavage traces
which separate individual mullions (Figure 12). This unusual distortion
developed in the plane §f bedding is only observable when mullion struc-'
tures, separated by fracture cleavage, are already present. - The north-
ﬁorthwest orientation of the kink folds in the mullions mimics that of
the kink bands developed in‘the phyllite. This spectacular outcrop is
located in the core zone of the Ultimatum Anticline which parallels the
Chumpe Anticline to the west (Figure 16).

Both kink and chevron folds are well developed in the southern

part of the Yauli Dome. 1In the northern part, only small-scale kink
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banding is obvious. Three kilometers south of San Cristobal, chevron
folds occur in a 300 m wide zone within the core of the Chumpe Anticline.
Chevron fold limbs range up to 1 m in length and are locally cuspidate
(Figure 24). This intensely deformed zone grades outward to a less de-
formed zone of kink banding and finally into relatively undeformed phyl-
lites. The regional Andean anticline-syncline pairs developed in the
Excelsior Phyllite basement are characterized by tight, pinched anticlin-
al zones (like the Chumpe Anticline) and broad, open synclinal zones
(like the Chaquipampa Syncline). The pointed Chumpe and Ultimatum Anti-
clines are less than 1 km across but are separated by a 3-4 km wide syn-
clinal zone (Figure 16, C-C'). Similarities can be drawn between this
regional-scale deformational pattern and the pattern developed at the
outcrop-scale mullion exposure (Figure 10b). The role of ductility con-
trast in the formation of both of these compressive phenomena will be

investigated in the next chapter.






CHAPTER V

TECTONIC ANALYSIS
OF THE YAULI DOME REGION

The Yauli Dome region has experienced two episodes of compres-
sional deformation. The first deformation (Dl), with its two recognized
phases, is expressed only in the oldest stratigraphic unit in the dis-
trict,/the Devonian Excelsior Phyllite, while the second deformation
affected all of the mapped units. The F;, and Fy}, folding episodes, to-
gether, form the essential structural framework of the Hercynian defor-
mation which evolved between middle Devonian and earliest Mississippian.

The Andean deformation (D;), with its mid-Tertiary "“Incaic" tectonic

pulse (Noble and others, 1979), is responsible for the F2 deformation.

The Yauli Shelf (Pre-Hercynian)

The Yauli region during Devonian time was a locus of basaltic
and andesitic volcanié activity. Extrusion of volcanics was concurrent
with the deposition of the argillaceous sediments which form the domi-
nant lithology of the Excelsior Phyllite section in most of central Peru.
Associated with the volcanic flows are crinoid-rich, limestone reef de-
posits (Figure 25). It is believed that the volcanic flows supported an
environment which, because of its shallower water depth, favored reef
development. This relationship between basaltic flows and reef forma-
tion has also been inferred from the mid-Devonian eugeosynclinal assem-
blages of southeast Alaska (Fritts, 1970). Not only does the Yauli Dome
represent the largest exposure of Devoni;n basement rock west of the
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Cordillera Oriental, it also contains the only limestone outcrops re-
ported.within the Excelsior Phyllite. These two factors, with the exis-
tence of the volcanic sequences, lend support to the hypothesis that the

Yauli region, since its conception, has maintained a shelf-like geometry.

Hercynian Deformation

The Excelsior Phyllite basement of the Cordillera Occidental and
the Altiplano is brought to the surface only rarely in cores of Andean
domal structures. Structures such as the Malpaso Dome, the Chulpan An-
ticline, the Cerro de Pasco Anticline, and the Yauli Dome afford rare -
glimpses of an otherwise submerged basement terrane. The Yauli Dome re-
gion offers the largest surface exposure of Excelsior Phyllite west of
the Cordillera Oriental, and it is also an ideal setting in which to ob-

serve and interpret the intricate tectonic history of central Peru.

Fla
Two phases of compressional deformation were recorded in the Ex-

celsior Phyllite prior to deposition of the Catalina Volcanic rocks of
middle- to late-Permian age. The dominant mechanism of folding during
the first deformation, Fia> was flexural-flow and passive-slip (Donath
and Parker, 1964) (Figure 8). The resultant Fia folds are small-scale
and exhibit the isogon geometry of Class 1C and Class 2 (Ramsay, 1967).
The ductile deformation of the original shale sequences resulted in an
axial plane schistosity which was itself deformed by later tectonic
events. Fla fold hinges are rarely preserved, possibly because of re-

current movement parallel to this axial plane foliation (Figure 26).
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The outstanding example of mullion structure in the area is the
product of a ductility contrast between competent quartzite and incompe-
tent shale beds. With the onset of end-on compression, a buckling insta-
bility developed and resulted in the formation of broad, arched, rod-like
bodies in the quartzite layers; between these mullions, there developed
tight, pinched zones into which interbedded shale members migrated plas-
tically (Ramsay, 1967). Concomitant with the small-scale corrugation of
bedding surfaces, the entire outcrop was warped into open concentric

folds. Contemporaneity of these structures is demonstrated by the par-

allelism of the fold axes and the mullion axes.

Fib

The Fq; folding event produced large-scale, tight to isoclinal
recumbent folds which are fairly well preserved in the Yauli Dome re-
gion. Fqp folds are best defined in the marbleized "reef" horizons in-
tercalated in the phyllite (Eigure 14); however, these marker beds must
be used with care because of their discontinuous nature and repetition
within the stratigraphy. The region was under the influence of a
northeast-southwest directed compressional field during Fyp time, as is
reflected by the predominance of northwest-oriented Fip axial surfaces.
Unfortunately, vergence data for'Flb folds are conflicting, with no
definite direction ascertainable.

Geologists who have studied Excelsior Phyllite in central Peru
have occasionally classified Fig folds as "Andean" because of their
northwest trends. Two lines of evidence preclude this possibility.

First, F;, and S; structures are truncated by flat-lying and relatively
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underformed Permian Catalina Volcanic rocks. This unconformable rela-
tionship is beautifully exposed just northwest of the Montura fold.
Second, the amount of tectonic shortening represented in these tight to
isoclinal Fy, folds far exceeds the 207 average shortening calculated
for the Andean deformation in the Yauli Dome area (Megard, 1978).

The concentric nature of Fy, folds (Figure 14) indicates that
Fip deformation was less severe than that associated with the Fy_, pas-
sive folding event. This decrease in deformational intensity may be a
function of the temperature at which Flb structures formed; at cooler
temperatures ductility contrast is enhanced which would in turn produce
more concentric forms. Only slight thickening is observed in the hinge
zones of folded pelitic layers. The F1, folds, where seen, are gener-
ally recumbent, but the significance of this obserQation is unclear.

The milky quartz veins (Figure 27) which cut the Excelsior Phyl-
lite comprise another group of features which reflects Hercynian defor-
mation. Although quartz vein trends vary widely, they are generally
oriented north to northwest and are vertical. They intersect S; folia-
tion at high angles, but flexures or drag features in the phyllite,
which might indicate forceful intrusion, are only rarely developed. The
"metamorphic" quartz veins are considered Hercynian in age for a number
of reasons. Large "hull" quartz cobbles, along with small, angular chips
of grey phyllite, are found in the basal conglomerate of the overlying
Mitu Group. Also, quartz veins are never observed in the Mitu Group
rocks. The quartz veining event may reflect a relaxational (extensional)

phenomenon which closely followed the F;, compressional phase. The quartz
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is derived from the "sweating out" of pelitic sediments during weak meta-
morphism (Holcombe, 1973).

Transition from Hercynian Orogeny
to Andean Orogeny

The intense tectonic activity of the Hercynian Orogeny was fol-
lowed, in the Yauli region, by an extended period of andesitic volcanism;
transgressive marine sedimentation; and clastic, red-bed facies deposi-
tion. This intermediate period began in middle Permian and iasted until
early-middle Tertiary time. Throughoﬁt this period, the present study
area maintained a platform or shelf-like setting.

Isopach maps for the Jurassic and Cretaceous marine sediments
(Figure 28) serve to sharpen the boundaries of the Yauli paleo-shelf.

In the case of the Cretaceous sediﬁents, drastic thickness variations
occur as one approaches the Yauli district from all but the northeast
direction. Forty kilometers west-northwest of the Yauli Dome, over
2000 m of Cretaceous sediments can be measured. In comparison, only
700 m were measured in the present study area. The basement rocks in
the Yauli region remained structurally high throughout the Andean Cycle
and strongly influenced the form, style, and intensity of Andean

deformation.

Andean Deformation

During the middle Tertiary "Incaic" tectonic pulse of the Andean
Cycle, all rocks in the Yauli Dome region, including the early Tertiary
Casapalca Redbeds, were affected by compression-induced shortening. The

Mesozoic and Cenozoic cover rocks were folded, thrusted, and displaced
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to the northeast over the already deformed Yauli Dome "buttress." Major
tectonism ceased with the deposition of the late Miocene Calipuy Volcan-
ic rocks. The "ductile," phyllitic basement rocks influenced the defor-

mational style of overlying sediments in a major way.

Mega-mullion Structures

As described in a previous section, mullion structures have
formed on a small scale in the Excelsior Phyllite along interfaces which
separate rocks of contrasting competencies (Figure 12). This phenomenon
is compressional in origin and has been extensively documented in the
Moines Series of Scotland by Wilson (1953). The occurrence of mullion
structures on a regional scale, however, has received only brief mention
and speculation in the literature (Ramsay, 1967).

The formation of the Yauli Dome is interpreted as an example of
competency contrast on a grand scale. Here the phyllite basement has
acted incompetently, producing under compression tight, pinched anti-
clinal zones separated by broad, synclinal warps which are best displayed
in the overlying Catalina Volcanic rocks. The Chumpe Anticline is one
such zone in which the phyllite has been "squeezed" into a narrow, in-
verted trough between expanses of volcanic rocks (Figures 11, 16). Fig-
ure 29 interprets the presence of another tight anticlinal zone parallel
to and northeast of the Chumpe Anticline. This proposed structure'has
been modified by the northeast-dipping Jerusalem Thrust in the north; to
the southeast, it has been mapped as the Ultimatum Anticline (Rivera,

1964). The basement-cored Malpaso, Chulpan, and Cerro de Pasco Anticlines
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in central Peru are here considered regional-scale mullion structures,
based on their eiongate map patterns.

In examples taken from other fold belts (Dickinson, 1966;
Viljoen, Saager, and Viljoen, 1969), regional structures exhibiting
characteristics similar to mega-mullion structures have been mapped.
Most examples in the literature feature up-wérped crystalline basement
rock and relatively incompetent sedimentary cover rocks, which are
"nipped" in between the dome-like structures as in the South Uganda-
African Shield (Ramsay, 1967) and the French Alps (Gratier and Vialon,
1980). : '

A common characteristic of the constricted anticlines of the
Yauli Dome study area is éhe intense deformation evident in their axial
zones. In these zones, Andean kink folds, kink bands, and chevron folds
are most prevalent. In fact, the projection of the Ultimatum Anticline
to the northwest is based partly on the existence of the kinked and
schistose phyllite 2 km west of Mahr Tunel. Also, reconstruction of the
structural pattern which existed prior to the faulting along the Jerusa-
lem Thrust reveals a narrow belt which can be traced intermittently for
up to 17 km.

The cusped anticlines in the basement phyllite rocks coincide
with locations where khrust faults break ub-section. Section C-C' (Fig-
ure 16) depicts both the Pancar and Jerusalem Thrust faults piercing
cusp zones. Detachment occurs predominaﬁtly at the Excelsior Phyllite-

Catalina Volcanic contact. This relationship suggests some degree of

basement control on thrust faulting.
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Levels of Detachment

The basement in the Yauli Dome district has deformed in a fash-
ion quité distinct from that observed in the overlying cover rocks. In
the phyllite, compression-induced shortening is accomplished by regional
mega-mullion warping and small-scale kink folding, whereas in the Meso-
zoic cover rocks, an array of large-amplitude folds and thrust faults
developed. This disharmonic deformation of baéement and cover has lead
to the postulation that in the Yauli region, detachment of cover rocks
from basement has occurred.

The contact between massive Catalina Volcanic rocks. and rela-
tively ductile Excelsior Phyllite is the predominant level of detachment
in the Yauli region. Detachments observed in small-scale fold structures
frequently occur at interfaces which separate units of differing compe-
tencies (Ramsay, 1967). Structure sections through the region (Figure
16) show several steep-dipping thrust faults passing rapidly with depth
to lower-angle thrusts at the basement-cover unconfofmity. This inter-
pretation that thrust faults flatten with depth is based on the general
tectonic styie of folding in the region and the relatively minor strati-
graphic separation associated with the thrust faults. Two lines of evi-
dence support the interpretation that there has been horizontal as well
as vertical movement of these tﬁ}usted units: 1) a strong tendency for
axial planes of regional folds to.dip southwest, and 2) that obviously
fault-related fold structures do occur in lower plate rocks up to 1 km
northeast of individual thrust faults. Also, steeply-dipping reverse

faults in which stratigraphic separations rarely exceed 1 km are unlikely
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candidates for the production of classic snake-head folds in upper plate
rocks; these structures are conventionally associated in the literature
with low-angle overthrust belts (Fox, 1969).

In section C-C' (Figure 16) the zone at which the Pancar Thrust
detaches from the basement and "breaks up-section" is coaxial with a
cusped basement structure similar to the Chumpe Anticline. This inter-
pretive model is substantiated by the known wavelength characteristics
of small-scale mullion structures (Figure 1lb). Mullion geometry, when
expanded to a mega-mullion scale, allows for a cusped anticlinal struc-
ture to be developed 4-5 km southwest of the. Chumpe Anticline. If the
development of cusp structures along the basement-cover interface is
feasible, then the investigation of the relationship between cusp fea-
tures and thrust faults is warranted. Dahlstrom (1969) describes de-
tachment at the base of a concentrically folded sequence. Characteristic
of this detachment horizon are cusped anticlinal zones which are the ge-
ometric "end-products" of concentric folds propagated to depth. These
pinched zones are considered by Dahlstrom to be loci of thrust faulting
and/or crenulation folding. Figure 30 reveals the full sequence of pro-
gressive deformation which lead to the development of mega-mullion
structures and ultimately to detachment and thrusting in the sedimentary
cover rocks. -

The shales of the Pariatambo Formation represent a potential
level of detachment not strongly utilized by.the rocks in the Yauli re-
gion. Dislocation along the Ticllo Thrust is interpreted to occur within
the Pariatambo Formation, mainly because the thrust at the surface ex-

hibits a low-dip angle (Figure 16, B-B'). It is possible that the Poma



Figure 30.

Progressive Compressional Deformation of the Yauli "Shelf"
during the Andean Orogeny (Schematic). -- Block A is approx-
imately 25 km across. Transition from block A to block B
represents 207 shortening. Block C depicts thrust faults
"breaking up-section'" at cusped anticlinal zones.
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Thrust and other thrusts developed southwest of Laguna Pomacocha may de-
tach at this higher stratigraphic level, but that in the viciniéy of the
Yauli Dome decollement takes place at the basal unconformity. Szeﬁely's
(1967) interpretation of the region southwest of the Yauli Dome incorpo-
rates numerous repetitions of the Upper Cretaceoug section due to detach-
ment and thrusting along the Pariatambo Formation. However, reconnais-
sance examination of this area by the author, plus field mapping by
Megard (1978), has revealed that these thrust faults do not exist.
Szekely's proposed structures could not be traced into the present study
area.

The Lower Cretaceous Oyon Formation is proposed to be the "lu-
bricating" horizon for detachment in the Cordilleran Huayhuash, 200 km
north-northwest of the present study area (Coney, 1971). A member of
the Goyllarisquisga Group, the Oyon Formation was not deposited east 9f
the present-day continental divide in central Peru. Reported gypsum an-
hydrite beds (Petersen, 1965) near the base of the Pucara Formation at
Morococha and at various stratigraphic levels in the Mitu Group sediments
of central Peru are othef candidates for providing a detachment surface
along which thrusting could be facilitated in the Yauli region. However,
since evaporite beds were not found in any of the units during the field
mapping, their utilization as decollement horizons cannot be juséified.
The schematic geologic section across the entire width of the Andes by
Megard (1978) (Figure 7) interprets the thrust faults directly west of
the Yauli Dome to steepen with depth and become rooted in the phyllite

basement. Megard envisions these structures as part of a group of
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parallel, reactivated longitudinal faults which, during Jurassic and

Cretaceous time, served to delimit the trough-shaped marine depositional

basins.

Fold and Thrust Belt

The presence of a pre-Andean ;tructural high in the Yauli region
had a tr;mendous effect on the style and intensity of deformation in the
rocks which surround the Yauli Dome. To the northeast, the dome has
served to protect the Paleozoic and Mesozoic sediments from severe defor-
mation, in the way ﬁhat é rock in a stream creates a shadow of calm water
behind it (Figure 17). For up to 20 km northeast, broad, open folds are
ﬁresent. Directly southwest of the Yauli Dome, folds are tight and
thrust faults élosely spaced; shortening iﬂ this zone averages 25%. In
contrast, to the northwest and southeast where the fold and thrust belt
is not adjécent to.a structural doﬁe the degree of deformation is less,
the folds ére more open and show fewer overturned limbs, and the thrust
faults are more widely spaced (Szekely, 1967);

Folding in the‘inter-thrust blocks took place prior to and also
as a direct consequence of thrust faulting. The mechanism by which the
layefed Mesozoic rocks folded was dominantly flexural slip (Donath and
Parker, 1964). The Pariatambo Formation, relatively thin in the Yauli
region, has locally been interpreted to have deformed by flexural flow.
This interpretation allows the overlying Jumasha Formation to deform
into a series of tight, disharmonic small-wavelength folds (section D-D',
Figure 16), indépendent of the lower part of the Creﬁaceous sectioﬁ. The

products of this style of deformation are accentuated in lower-plate
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Jumasha limestones by the "bulldozing'" effect of thrust faults as the
upper plates proceed northeastward.

The degree of folding in the Mesozoic sediments adjacent to the
Yauli Dome is a function of distance from the dome, amount of displéce—
ment along associated thrust faults, and the angle at which faults break
up-section. Closest to the dome are found the greatest stratigraphic
separation measured on thrust faults and the largest-amplitude folds
(section C-C', Figure 16). To the southwest, fault displacements de-
crease and folds, if they existed originally, are rarely preserved. The
angle at which thrust faults break up-section is interpreted to have had
an effect on the presence or absence, type, and style of folds that de-
veloped. Moderately steep (60-70°) dips are favorable for the develop-
ment of classic anticline-syncline pairs (Fox, 1969) in upper and lower
plate rocks, respectively (like the Pancar Thrust). In cases of shallow-
er dips (like the Ticllo Thrust), there is a tendency for plates to over-
ride each other and produce only small-scale folds in uppef.plate rocks,
leaving lower plate rocks essentially undeformed.

EvidenceAfor intraplate compression is seen in the intrafolial
2-folds and bedding-unit "wedges' which are, again, developed in thin-
bedded Jumasha limestone (Figure 19). They are interpreted to be a di-
rect result of low-angle movement of upper plate rocks over the lower
plate. Pinch and swell structures, considered products of extension
rather than compression, are displayed in the southwestern limb of the
Chumpe Anticline at a number of localities; all are associated with the

competency contrasts inherent in the interbedded shales and marls of

the Pariatambo Formation.
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Younger-on-older Thrusting

Within the Yauii Dome region fold and thrust belt, there exist
several examples of younger-on-older thrust faulting. The phenomenon is
only locally observed and passes rapidly along fault strikes into ex-
pected older-on-younger relationships. Section D-D' (Figure 16) shows
a unique pattern of younger rocks thrust over and against older rocks.
Thrusting of upper plate Cretaceous section over Jurassic Pucara.Group
limestones has occurred at the southeast extreme of the Ruri Thrust.

The model with which to explain this juxtaposition depends heav-
ily on the geometry of the basement phyllite rocks and of the detachment
surface just prior to the initiation of thrust faulting. With relief
already existing along the southwest-dipping flank of the Yauli Dome,
detachment and movement of the cover rocks upslope toward the northeast
commenced. Figure 30 depicts schematically the proposed sequence of
events which resulted in the present geologic co&figuration. No normal
movement has been recorded on any northwest-trending fault in the region;
this fact, along with the observation that younger-on—olde? fault rela-
tionships grade quickly along.strike to older-on-younger ones, does not

support the hypothesis of reactivation of pre-existing thrust faults in

a listric normal sense.

Cémpartmental Deformatiﬁn

Since the time of the first reconnaissance mapping in central
Peru (Harrison, 1940), blatant discrepancies in the structural geologic
fabric acfoss the Yauli Valley have been noted and c§mmented upon. A

number of regional scale features including (from southwest to northeast)
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the Ruri Thrust, the Aramachay Valley Syncline, the Yanama Thrust, the
Chumpe Anticline, the Chaquipampa Syncline, and the Jerusalem Thrust do
not bridge the northeasﬁ-trending, glaciated valley (Figure 31). Con-
versely, several structures and geologic contacts .-at the extremities of
the Yauli Valley on the study area--namely the Poma Thrust, the Ultimatum
Anticline, and the Excelsior Phyllite-Catalina Volcaﬁ;c contact near Mahr
Tunel--do extend across the valley undigturbed. It is here proposed
that the Yauli Valley is the topographic expression of a "compartmental"
fault zone that separates tectonic blocks which, under compressive
stress, deformed independently of each other.

Compartmental deformation was first discussed by Philcox (1964),
and has since been expénded upon by Brown (1975) and Dubey (1980). The
structural style of éompartmental deformation is characterized bf rever-—
sals of asymmetry, abrupt terminations of local structures, and large
changes iﬁ structural elevation across compartmgntal faults (Brown,
1975). In the Yauli Dome area, the most distinctive indication that
compartmentalized deformation has occurred is the sudden extinction of
regional structures. The percent shortening calculated from both the
northern Morococha block and the San Cristobal block south of the Yauli
Valley is essentially identical (n20%), élthough Fhe structures respon-
sible for the contraction within the compartments differ. Figure 32
graphically depicts an idealized series of compartments which have fold-
ed indepehdently of each other: |

Compartmental faults may originate in either of two fashions.

First, they may represent the reactivation of a "basement weakness'"



Figure 31.

Yauli Valley Compartmental Fault Separating the Morococha
Block (M) from the San Cristobal Block (S). -- 1 = Poma
thrust, 2 = Pancar Thrust, 3 = Yanama Thrust, 4 = Chaqui-
pampa Syncline, 5 = Ultimatum Anticline, 6 = Jerusalem
Thrust, 7 = Chumpe Anticline, 8 = Aramachay Syncline, 9 =
Ruri Thrust.
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which is oriented neér parallel with the imposed compressional field.
Second, they may form during folding as transverse faults (Philcox, 1964)
which dissect and compartmentalize major regional structures early in
the deformational process. The Yauli Valley compartmental fault is con-
sidered a reactivation of a basement weakness because it is not confined
to the cover rocks but passes well into the basement phyllite, as illus-
trated by the termination of the Chumpe Anticline at the Yauli River.
This proposed deep-rooted origin-for the Yauli Valley Fault is supported

by present-day geothermal activity localized along its trace.

Compression-induced Shortening -

Gross calculations based on structure sections (Figure 16) across
the entire Yauli Dome fegion suggest that total lateral shortening of
the Paleozoic and Mesozoic formations due to folding and thrust faulting
is approximately 20%. This percenﬁagé?represents up to 3 km of total
shortening. When the Mesozoic fold and thrust belt is isolated, short-
ening values rise slightly to 25%, which is still lower than the 40%
calculated by Megard (1978) for the western portion of the Cordillera
Occidental. Coney (1971) reports 30-40% shortening in the Cretaceous
sedimentary prism across the Cordillera Huéyhuash. The low amounts of
shortening calculated for the Yauli Dome study area reflect the regional,
northeast trend of diminishing structural severity recorded in the Meso-
zoic rocks of central Peru. Fifty kilometers to the east, in the Cor-
dillera Oriental, there is 1ittie evidence for compressional deformation

in middle-Tertiary time (Megard, 1978).



CHAPTER VI

ORE DEPOSIT GéOLOGY
OF THE YAULI DOME REGION

The Yauli Dome area has experienced a long and rich mining his-
tory. The development of the mineral wealth from the San Cristobal and
Morococha miping districts remains to this day the principal contribut-
ing factor to the region's economy. Although this study did not focus
specifically on economic geology, it does provide a structural framework
of the region in which to view the‘ore deposit settings of the two major
producing districts. The descriptions of the ore deposit geology are
based, for the most part, on published works and interﬂal reports of the

Cerro de Pasco Corporation and Centromin-Peru.

San Cristobal District

Three active mines comprise the San Cristobal district: the San
Cristobal and Huaripampa Mines operated by Centromin-Peru, and.in tﬁe
northern portion of the district, the Carahuacra Mine owned by Minas
Vulcan (Figure 11). The Huaripampa and Carahuacra deposits are consid-
ered by most workers (Kobe and Estrada, 1980) to be early Jurassic, syn-
genetic, sedimentary sulfide occurrences in contrast to the late Tertiary,
vein-type mineralizatioh which characterizes the San Cristobal Mine prop-
er. The bulk of the production from the San Cristobal Mine is derived
from the east-northeast trending Veta Principal (Principal Vein). This
vein extends for over 3 km and transects the Chhmpe Anticline. In the
Catalina Volcanic rocks the vein is well-defined, planar, and oriented

80
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perpendicular to the anticlinal axis; within the Excelsior Phyllite core
of the Chumpe Anticline, a zone up to 90 m wide of discontinuous, inter-
laced stringer veins and gouge is déveloped. Sphalerite, galena, chal-
copyrite, ferberite, tetrahedrite, pyrargyrite, and native silver are
the major ore minerals present with pyrite, quartz and rhodochrosite
constituting the dominant gangue mineral assemblage (Pastor, 1970).

The Huaripampa and Carahuacra orebodies belong to a group of
syngenetic-sedimentary mineralized occurrences which are found at or
near the base of the Pucara Group section of central Peru (Kobe and
Estrada, 1980) (Figure 33). 1In all of these degosits it is the intimate
relationship between mineralized horizons and the enclosing host rock
which is most striking. - Thip laminae of sphalerite, sporadically argen-
tiferous galena, pyrite, marcasite, and rhythmically layered dolomite
are intercalated with 10-40 cm thick, grey to green tuffaceous beds.
Together these units form elongate,'lens-shaped bodieé 50 m wide and up
to 1 km long.

Kobe (1977) considered diagenesis as the principal process which
concentrated metal sulfides in these stratiform deposits. He speculated
that the diagenetic modification of a calcareous mud containing lead and
zinc sulfides could have produced a rhythmic segregation and banding of
the mineral constituents. Later remobilization carried the metal sul-
fides into crosscutting fractures both at Huaripampa and Carahuacra.
Such inferred remobilization may have partially masked the syngenetic-
early diagenetic nature of these deposits.

A reducing environment suitable for the ﬁrecipitation of metal

sulfides was maintained in shallow, epicontinental depositional basins
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during early Pucara time. These basins were controlled mainly by the
paleotopographic reLief displayed along the Pucara-Mitu erosional uncon-
formity. The extent to which metallic sulfides were contributed to such

deposits from volcanic processes remains unknown (Kobe, 1977).

Morococha District

Thirty square kilometers of mineralized tracts are contained
within.tﬁis mineralogically diverse district which lies just east of the
continéntal divide (Figure 34). Veins in the Catalina Volcanic rocks,
replacement bodies, skarn deposits in the Pucara limestone, and porphyry
copper-type mineralization in intrusive rocks are all present in the
Morocoéha district. Currently, ore values are being derived from the
veins in the volcanic rocks which traverse the Morococha Anticline and
from the Toro Mocho porphyry copper deposit. The major economic ore
minerals of Morococha are enargite, tetrahedrite, chalcopyrite, galena,
and sphalerite (Petersen, 1965).

Nagell (1960) studied in detail the structural control of miner-
alization at Morococha. He concluded that the Morococha Anticline is
bisected by conjugate sets of steeply dipping strike-slip faults whose
trends range from N50°E to east (Figures 11, 34). The latest movement
on these strike-slip faults was normal and produced zones of dilation
favorable to ore deposition (Nagell, 1960). The Morococha Anticline is
developed on the upper E}ate of the northeast-dipping Cdgbngi;io Thrust
fault in Catéliha Volcanic rocks. The N20°W;striking Morococha Anti-

cline can be traced continuously for over 7 km. The N80°E-~trending



Figure 34. Generalized Geologic Maps of the San Cristobal and Morococha
Mining Districts, Yauli Dome Region, Peru. -- Modified after
Centromin Geological Staff (1978).
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veins at the Dos Naciones Mine (Figure 11) perpendicularly bisect the-
Morococha Anticline 2 km south of the Morococha district.

A regionally conspicuous structural element at Morococha is the
broad, open, north-northwest trending anticlinorium which bisects the
district (Figure 34). This regional structure is bounded on the west by
the Anticona quartz diorite and on the east by the Morococha Anticline.
Both the San Miguel and Gertrudis stocks are northwest-southeast elon-
gate, and both are positioned -along the crest of the anticlinorium. The
four principal veins of the central Morococha district are also spatially
related to this anticlinorium in that :their orientations are near per-
pendicular to its aﬁis. Many of the quartz diorite and quartz monzonite
dikes at Morococha also parallel this northeast-to-east structural trend.

Within the regional structural framework of Morococha there has
been developed a pronounced district-wide mineralogical zoning pattern.
Many workers (Cerro de Pasco Copper Corp. Geological Staff, 1950; Nagell,
1960; Petersen, 1965) have documented a rough concentric zonél distribu-
tion of ore minerals characterized by a copper-rich central core which
grades outward to a silver-lead rich fringe. The innermost zone.is cen-
tered on the Gertrudis and San Francisco stocks and is characterized by
quartz-molybdenite veinlets, enargite veins, and disseminated copper min-
eralization. The Toro Mocho porphyry copper deposit is located within
this inner zone. The intermediate zone contains abundant tetrahedrite-
tennantite, chalcopyrite, and sphalerite mineralization, but is lacking
in galena. The outer margins of the Morococha district are relatively

rich in galena and posseés the highest silver ore values. The zonal
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distribution of ore minerals at Morococha was not only facilitated, but
greatly enhanced, by the establishment of regional-scale folds and asso-
ciated crosscutting fracture systems prior to the mineralizing event.

In both the San Cristobal and Morococha mining districts, the
author believes the local fracture systems were present prior to the
intrusion of the late-Tertiary stocks. All three sub-groups of faults
(Figure 21) are present in both districts and were developed during the
middle-Tertiary "Incaic" folding event. The late-Tertiary plutonic ac-
tivity served to "dome" the two regions and resulted in the reactivation

of faults in a normal sense.



CHAPTER VII
TECTONIC FRAMEWORK OF CENTRAL PERU

The present tectonic framework of central Peru developed as a
result of multiple, superimposed epiéodes of plutonism, volcanism, and
‘tectonism. The major tectonic elements of central Peru are the Peru-
Chile Trench; Pacific Margin, Andean Batholith, Cordillera Occidental,
and Cordillera Oriental. These comprise a generally linear, parallel
fabric that has persisted since the late Paleozoic.. Many workers
(Hamilton, 1969; James, 1971) have envisioned the present Andean oro-
genic belt as a classic example of mountain building at a convergent
margin.

Although many of the now accepted relationships between global
tectonics and Cordilleran mountain belts have been derived from studies
of the Andes, the remarkable compléxity of the range precludes geologic
simplification. The greater-than-7000 km overall length of the Andean
chain in itself stands as a major hurdle to meaningful generalizationm.
This discussion focuses on the tectonic development of only a portion of

the central Andes between approximately 9 and 14°S latitude.

Paleozoic Tectonic Development

The pre-Paleozoic history of central Peru is essentially un-
. known. There exist remnants of Precambrian gneissic rocks along the
coast of southern Peru which have been correlated by Rb/Sr methods with
Precambrian exposures far to the east in Brazil and Bolivia (Cordani.,
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Amaral, and Kawashita, 1973; Shackleton and others, 1979). Given the
existence of such Precambrian rocks, the Devonian through Tertiary rocks
of central Peru are considered to have been deposited on Precambrian
continental crust (Cobbing, 1972; Megard, 1978).

The Devonian Excelsior Phyllite is the oldest formation exposed
in central Peru. Its shales, siltstones, and sandstones were deposited
in the proposed intracratonic depression which is now bounded on both
sides by exposures of Precambrian "basement' (Figure 35) (Isaacson, 1975).
After studying the Devonian shales and sandstones in southern Peru and
Bolivia, Isaacson concluded that the sediments were derived from a west-
ern land source. Based on sediment volume calculations, Isaacson postu-
lated that the western land mass must have been enormous in comparison
to the narrow strip of pre-Devonian rocks presently exposed.

The Hercynian Orogeny, a latest-Devonian earliest-Mississippian
event, deformed the Devonian Excelsior Phyllite in central Peru (Megard,
1978). One and, locally, two periods of compression-induced shortening
were recorded in the Excelsior Phyllite during this time. Fla passive
folds trend northeast while Flb isoclinal folds trend northwest-to-west.
It remains unclear whether this deformation resulted from a collision
between the South American Plate and a now submerged or subsequently
rifted accreted terrane or from thrust faulting in some back-arc setting.
The Hercynian deformational events in the central Andes were contempora-
neous with the emplacement of the Roberts Mountain allochthon during the
Antler Orogeny in the western United States (Dickinson, 1977).

The Hercynian tectonic fabric which developed during the latest

Devonian does not parallel the present-day Pacific margin of Peru.



Figure 35.

Hercynian Deformational Belt, Peru and Bolivia. -- Megard
(1978).

1.

Areas of outcrop of the Hercynian belt. South of an
east-west line passing through Cuzco, a mid-Permian
folding overprints the late Devonian one (which is
present alone to the north).

Areas where the Hercynian belt is probably present but
does not outcrop.

Strike (orientation) of Hercynian schistosity.

Fold axes; the triangle indicates the dip of the axial
plane.

Fold direction of the first phase of the late-Devonian
tectogenesis.

Boundaries limits of the Hercynian belt and of the Pre-
cambrian massifs not reworked in the belt.

Hercynian granitic bodies,

_ Precambrian terranes not reworked in the Hercynian belt.
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Similarly, to the south in Chile, the metamorphic fabric in Devonian
rocks is sharply truncated by later tectonic trends. The general trend
of the mid- to late-Permian (post-Hercynian) Mitu Group magmatic arc in
central Peru does, however, coincide in orientation with the Andean
structural fabric. This parallelism of structural trends has led work-
ers to propose a rifting event sometime between the earliest Mississip-
pian and middle Permian (Megard, 1978). This rifting would serve to
truncate the Hercynian fabric and establish the present continental
margin geometry. This hypothesis allows for an "Atlantic type" passive
margin to be developed along the western limit of Peru for a period of
up to 70 m.y. (Carboniferous and lower Permian). If one accepts the
rifting model, it is interesting to note that no appreciable compression
deformation accompanied the transition from the "Atlantic type" passiveb
margin to the "Pacific type" active margin. The model of late-Paleozoic
rifting, however, like many of the plate reconstructions proposed for
the Paleozoic, raises a number of major concerns; one obvious uncertain-
ty is the present-day position of the rifted portion of the South
American Plate (Megard, 1978).

During early mid-Permian time, molasse and porphyritic andesitic
volcanic rocks of the Mitu Group were deposited in a long, northwest-
trending zone in central and southern Peru. Megard (1978) believes that
these rocks were deposited during an extensional regime (Figure 36).

The Mitu Group sedimentary and volcanic rocks experienced a mild com-
pression sometime during the late Permian. This deformation was charac-

terized by a broad, regional-scale warping (Megard, 1978). An erosional



Figure 36.
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COASTAL WESTERN EASTERN
CORDALERA | CORDILLERA  |ALTIFLANG] CORDILLERA| SUB-ANDEAN SIERRA

Diagram of the Structural Evolution of the Central Andes be-
tween the Carboniferous and the Present (According to
Megard, 1978). —-- Arrows = stages of compression or dila-
tion; + = plutonic rocks; black = volcanics; oblique shad-
ing = continental crust with skin of sediments on top.
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phase followed and lasted from the late-Permian to lower mid-Triassic,

producing a topographically irregular surface on which the Mesozoic car-

bonate rocks were deposited.

Mesozoic and Cenozoic Tectonic Development

During the Upper Triassic and Lower Jurassic, central Peru;wit-
nessed the marine transgression of the Pucara sea and the depositién of
shallow-water limestones and shales. The axis of maximum sedimentation
was elongate northwest-southeast, generally parallel with the modern re-
gional tectonic strike and generally coincident with the trend of the
Altiplano (Szekely and Grose, 1972). The Montaro Basalt flows, which
are interbedded with chert-rich Pucara limestones at Morococha, are .the
only evidence of volcanic activity during Pucara time.

During the Cretaceous, the Central Andean belt was the site of
two linear troughs separated by a relatively positive area, the Marafion
Geanticline (Wilson, 1963). The Early Cretaceous period of central Peru
was dominated by clastic deposition of the Goyllarisquisga Formation.
The Albian marine transgression led to the deposition of the Chulec,v
Pariatambo, and Jumasha limestones (Wilson, 1963). These ribbon-like
belts of Cretaceous deposition were bounded by steep fractures and shear
zones which may have controlled their subsidence and uplift. The long
axes of these tectonic basins were oriented northwest, parallel to the
already established Andean fabric (Myers, 1975).

A pulse of rapid Pacific spreading may be inferredbfrom seafloor

magnetic anomalies for the period 110 to 85 m.y. This increase in the-

rate of seafloor spreading may have resulted in the large-scale plutonism
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in the Andes (Larson and Pitman, 1972). The granodiorite, granite, dio-
rite, and gabbro which make up the composite Andean Batholith (Coastal
Batholith) of Peru represent a long-standing plutonic regime which was
initiated at 110 m.y. and endured for up to 80 m.y. (Pitcher, 1974 (Fig- -
ure 36).

Numerous volcanic events, with related sedimentation, were asso-
ciated with the Andean Batholith throughout its history. The Casma Vol-
canics erupted 100-95 m.y. ago and are preserved along the present-day
coast of central and northern Peru. The earliest Tertiary Casapalca For-
mation of central Peru is composed largely of debris from an uplifted
Mesozoic volcanic belt to the west (no longer extant), into which the
Andean Batholith had been emplaced (Bussell, Pitcher, and Wilson, 1976).

The major compressional tectonic pulse of the Andean Orogeny
(the "Incaic" pulse) coincided with the change in direction of absolute
motion of the Pacific 1ithospheric plate about 43 m.y. ago (Noble and
others, 1979; Clague and Jarrard, 1973). This compressive phase of de-
formation was responsible for the regionally extensive folding and
thrust faulting in the Cordillera Occidental. Total percent shortening
decreases from 30-407% west of the continental divide (Coney, 1971) to
less than 20%Z on the Altiplano (Megard, 1978).

A major erosional surface ('"post-Incaic unconformity') cut the
Andean Batholith as well as the folded Mesozoié¢ and earliest Cenozoic
strata to the east. Immediately west of the continental divide, the
erosional surface is overlain by tﬂe coarse Carmen Conglomerate member

of the Casapalca Formation. This conglomerate is overlain by 2-4 km of
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relatively undeformed volcanic and volcaniclastic rocks of the Calipuy
Group. The pulse of Calipuy volcanism lasted approximately 6 m.y. from
4lbto 35 m.y. The volcanism of this period was regionally extensive, as
evidenced by mid-late Eocene volcanic rocks present today throughout the
Cordillera Occidental, along the coast of central and northern Peru and
in the sub-Andean region to the east of the high Andes (Noble and others,
1979).

The "Incaic" pulse of compressive deformation ended before the
deposition of the basal Calipuy volcanic rocks (40-41 m.y., K-Ar method).
The lower age limit of deformation in the Cordillera Occidental is more
difficult to establish. Noble and others (1979) believe, nevertheless,
that deformation and uplift were relatively rapid and closely related
events, and they did not precede by more than a few million years the
deposition of the Calipuy Formation.

Relatively little tectonic or igneous activity took place in cen-
tral Peru in the late Oligocene and Miocene. The youngest large plutonic
bodies had been emplaced in the Andean Batholith by-30 m.y. During the
period between 40 and 10 m.y.b.p. the Galapagos Rise, which iies between
the present East Pacific Rise and the Peru-Chile Trench, was the center -
of active seafloor spreading (Herron, 1972). A jump in active spreading
from the Galapagos Rise to the East Pacific Rise at 10 m.y.b.p. initi-
ated a period of rapid plate convergence (Larspn and Pitman, 1972) which
has been tentatively correlated with a pulse oé igneous and tectonic ac-
tivity on the continent (Noble and others, 1979).

Igneous activity in the form of granitic and quartz monzonitic

stocks and plugs swept eastward and produced a narrow zone of intrusions
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which can be traced along the eastern margin of the Cordillera Occiden-
tal (Figure 6). Many workers (Giletti and Day, 1968; Stewart, Evernden,
and Snelling, 1974; Eyzaguirre and others, 1975; Farrar and Noble, 1976)
have dated rocks derived from this intrusive event. Ages range from 11
to 7 m.y. Many of the mineralized districts of central Peru, including
Casapalca, Morococha, San Cristobal, and Yauricocha, are related to in-
trusions of this age. The 200 km long by 15 km wide Cordillera Blanca
Batholith was emplaced between 10 and 9 m.y. ago (Pitcher, 1974); it is
the largest late Tertiary plutonic body in central Peru.

The increased rate of convergence between the Nazca Plate and
the South American Plate during the last 10-11 m.y. was accompaniéd by
a pronounced flattening of the subducting plate and a rapid uplift of
the Andean continental margin above the subduction zone. This flatten-
ing effected an inward sweep of magmatism and elevated the Andean Cor-
dillera to its present level. The absence of recent volcanoes in central
Peru, in contrast to their presenée in southerm and northern Peru, is
regarded as evidence for an extremely shallow-dipping subduction zone

beneath the central Andes of Peru (Megard and Philip, 1976).



REFERENCES

Benavides, V., 1956, Cretaceous system in northern Peru: American Mus.
Nat. History Bull., v. 108, p. 252-494. ' '

Brown, W. G., 1975, Casper Mountain area (Wyoming) - structural model of
Laramide deformation (abst.): A.A.P.G. Bull., v. 59, p. 906.

Bussell, M., Pitcher, W. and Wilson, P., 1976, Ring complexes of the
Peruvian Coastal Batholith: a long-standing subvolcanic regime:
Cano Jo Earth Scio, Ve 13, po 1020-10300

“Centromin Geological Staff, 1978, Geologic maps of the Morococha and/San
Cristobal mining districts: Unpublished company report,
Centromin-Peru, 2 p.

Cerro de Pasco Copper Corp. Geological Staff, 1950, Lead and zinc depos-
its of the Cerro de Pasco Corporation in central Peru: 18th Int.
Geol. Cong., Great Britain, 1948, Part VII, London, p. 154-186.

Clague, D. A. and Jarrard, R. D., 1973, Tertiary Pacific plate motion
deduced from the Hawaiian-Emperor Chain: Geol. Soc. America
Bullo, Ve 84’ po 1135-11540

\\Cobbing, E. J., 1972, Tectonic elements of Peru and the evolution of the
Andes: 24th Int. Geol. Cong., Sec. 3, Montreal, p. 306-315.
\

Coney, P. J., 1971, Structural evolution of the Cordillera Huayhuash,
Andes of Peru: Geol. Soc. America Bull., v. 82, p. 1863-1884.

Cordani, U. G., Amaral, G. and Kawashita, K., 1973, The Precambrian evo-
lution of South America: Geol. Rdsch., v. 63, p. 9-17.

Dahlstrom, C.D.A., 1969, The upper detachment in concentric folding:
Bull. Can. Petrol. Geol., v. 17, p. 326-346.

Dickinson, W. R., 1966, Structural relationships of San Andreas fault
system, Cholame Valley and Castle Mountain range, California:
Geol. Soc. America Bull., v. 77, p. 707-726.

» 1977, Paleozoic plate tectonics and the evolution of the Cor-
dilleran continental margin, in Stewart, Stevens, and Fritsche

(eds.), Paleozoic Paleogeography of the Western United States,

Pacific Coast Paleogeographic Symposium 1, Pac. Sec. Soc. Econ.
Paleon. and Mineral., Los Angeles, p. 137-156.

™ Donath, F. A. and Parker, R. B., 1964, Folds and folding: Geol. Soc.
Awerica Bull., v. 75, p. 45-62.

96



97
\
. Dubey, A. K., 1980, Model experiments showing simultaneous development

of folds and transcurrent faults: Tectonophys., v. 65, p. 69-
84.

<

.Eyzaguirre, V. R., Montoya, D. E., Silberman, M. L. and Noble, D. C.,
1975, Age of igneous activity and mineralization, Morococha dis-
trict, central Peru: Econ. Geol., v. 70, p. 1123-1125.

Farrar, E. and Noble, D. C., 1976, Timing of late Tertiary deformation

in the Andes of Peru: Geol. Soc. America Bull., v. 87, p. 1247-
1250.

Fox, F. G., 1969, Some principles governing interpretation of structure
in the Rocky Mountain orogenic belt: Geol. Soc. London, Spec.
PUb. No. 3’ po 23-420

Fritts, C. F., 1970, Geology and geochemistry of the Cosmos Hills, Ambler
River and Shungnak Quadrangles, Alaska: Alaska Div. Mines and
Geol. Rpt. No. 39. '

Giletti, B. J. and Day, H. W., 1968, Potassium-argon ages. of igneous in-
trusive rocks of Peru: Nature, v. 220, p. 570-572.

Gratier, J. and Vialon, P., 1980, Deformation pattern in a heterogeneous
material: folded and cleaved sedimentary cover immediately over-
lying a crystalline basement (Oisans, French Alps): Tectonophys.,
v. 65, p. 151-180.

Hamilton, W., 1969, The volcanic central Andes a modern model for the
Cretaceous batholiths and tectonics of western North America:
Proc. Andesite Conf. Int. Upper Mantle Proj. Sci. Rpt. 16,
State of Oregon edit., p. 175-184.

Harrison, J. V., 1940, A preliminary note on the geology of the central

Andes of Peru (Spanish-English): Bol. Soc. Geol. Peru, v. 10,
52 p.

s 1943, The geology of the central Andes in part of the prov-
ince of Junin, Peru: Bol. Soc. Geol. Peru, v. 16, 97 p.

s 1951, Geologia entre Pomacocha y Quebrada Tinaja: Bol. Soc.
Geol, Peru, v. 23, 28 p.

Herron, E. M., 1972, Sea-floor spreading and the Cenozoic history of the

east-central Pacific: Geol. Soc. America Bull., v. 83, p. 1671~
1692.

Holcombe, R. J., 1973, Mesoscopic and microscopic analysis of deforma-
tion and metamorphism near Ducktown, Tennessee: Unpublished
Ph.D. Dissertation, Stanford University, 178 p.



98

Hosmer, H. L., 1959, Geology and structural development of the Andean
system of Peru: Unpublished Ph.D. Dissertation, University of
Michigan, 287 p.

Isaacson, P. E., 1975; Evidence for a western extracontinental land
source during the Devonian period in the central Andes: Geol.
Soc. America Bull., v. 86, p. 39-46.

James, D. E., 1971, Plate tectonic model for the evolution of the Andes:
Geol. Soc. America Bull., v. 82, p. 3325-3341. )

Jenks, W. F., 1948, Geologia de la hoja de Arequipa al 200,000: Inst.
Geol. Peru, Bol. 9, 204 p.

» 1951, Triassic to Tertiary stratigraphy near Cerro de Pasco,
Peru: Geol. Soc. America Bull., v. 62, p. 203-220.

Johnson, R. F., Lewis, R. W., Jr. and Abele, G., 1955, Geology and ore
deposits of the Atacocha district, Departamento de Pasco, Peru:
U. S. Geol. Survey Bull. 975-E, p. 337-388.

Kobe: H. W., 1977,.El Groupo Pucara y su mineralizacion en el Peru cen-
tral: Bol. Soc. Geol. Peru, v. 55-56, p. 61-84.

Kobe, H. and Estrada, F., 1980, Mineralizacion de PBan—Ag-Ba-Mh-Fe-Cu x
“estratoligada en los sedimentos Pucara del Peru central:
INGEMMET Mem. 10, Lima, Peru, 31 p.

Krantz, R., 1980, Analysis of compartmental faults and other geologic
‘ structures of the Museum Embayment area, Tucson Mountains,
Arizona: Unpublished term project, University of Arizona, 30 p.

Larson, R. L. and Pitman, W. C., III, 1972, World-wide correlation of
Mesozoic magnetic anomalies, and its implication: Geol. Soc.
America Bull., v. 83, p. 3645-3661.

Lyons, W. A,, 1968, The geology of the Carahuacra mine, Peru: Econ.
Geol., v. 63, p. 247-256.

‘McLaughlin, D. H., 1924, Geology and physiography of the Peruvian Cor-
dillera, Departments of Junin and Lima: Geol. Soc. America.
Bull., v. 35, p. 591-632.

Megard, F., 1968, Geologia del cuadrangulo de Huancayo: Bol. Serv.
Geol. Min. No. 18, Lima, Peru, 123 p.

» 1978, Etude geologique des Andes du Perou central: Memoires
0.R.5.T.0.M. No. 86, Paris, France, 310 p.

> 1979, Personal communication: Inst. Frangais d'Etudes Andines,
* Lima, Peru.



99

N\ Megard, F. and Philip, H., 1976, Plio-Quaternary tectono-magmatic zona-
tion and plate tectonics in the central Andes: Earth Planet.
Sci. Letters, v. 33, p. 231-238.
\
Myers, J. S., 1975, Vertical crustal movements of the Andes in Peru:
Nature, v. 254, p. 672-674.

\Nagell, R. H., 1960, Ore controls in the Morococha district, Peru:
Econ. Geol., v. 55, p. 962-984.

f Noble, D. C., McKee, E. H. and Megard, F., 1979, Early Tertiary "Incaic"
tectonism, uplift, and volcanic activity, Andes of central Peru:
Geol. Soc. America Bull., v. 90, p. 903-907.

Y Pastor, J., 1970, The mineralization in San Cristobal Mine: Unpublished
M.S. Thesis, University of Arizona, 117 p.
\
Petersen, U., 1965, Regional geology and major ore deposits of central
Peru: Econ. Geol., v. 60, p. 407-476.

» 1967, E1l Glaciar Yanasinga 19 Afos de Observaciones Instrumen-~
tales: Bol. Soc. Geol. Peru, v. 40, p. 91-97.

Philcox, M. E., 1964, Compartmental deformation near Buttevant, County
Cork, Ireland, and its relation to the Variscan Thrust front:
Sci. Proc. Royal Dublin Soc., Ser. A, v. 2, p. 1-11.

Pitcher, W. S., 1974, The Mesozoic and Cenozoic Batholiths of Peru:
Pacific Geology, v. 8, p. 51-62.

Ramsay,. J., 1967, Folding and Fracturing of Rocks: McGraw-Hill, New
York, 568 p.

N\
“Rivera, J., 1964, Geology of the San Cristobal mining district: Unpub- x
lished company report, Cerro de Pasco Corp., 28 p.

Shackleton, R. M., Ries, A. C., Coward, M.. P. and Cobbold, P. R., 1979,
Structure, metamorphism and geochronology of the Arequipa Massif
of coastal Peru: J. Geol. Soc., v. 136, p. 195-214.

A Stewart, J. W., Evernden, J. F. and Snelling, N. J., 1974, Age determina-
tion from Andean Peru: a reconnaissance survey: Geol. Soc.
America Bull., v. 85, p. 1107-111l6.
~
Szekely, T. S., 1967, Geology near Huallacocha Lakes, central high Andes,
Peru: A.A.P.Go Blﬂ.lo, V. 51, po 1346-1353—
\
Szekely, T. S. and Grose, L. T., 1972, Stratigraphy of the carbonate,
black shale, and phosphate of the Pucara Group (Upper Triassic-
Lower Jurassic), central Andes, Peru: Geol. Soc. America Bull.,
v. 83, p. 407-428.



100

Terroneé, A. J., 1949, La estratigrafia del distrito minero de Moro-
cocha: Bol. Soc. Geol. Peru, v. 25, p. 1-15.

xVera, F., 1977, Geologia del distrito minero San Cristobal: Unpub- x
lished company report, Centromin-Peru, 28 p.

Viljoen, R. P., Saager, R. and Viljoen, M. J., 1969, Metallogenesis and
ore control in the Steynsdorp Goldfield, Barberton Mountain
Land, South Africa: Econ. Geol., v. 64, p. 778-797.

Wilson, G., 1953, Mullion and rodding sStructures in the Moine Series of
Scotland: Geol. Assoc. Proc. (England), v. 64, p. 118-51.

Wilson, J. J., 1963, Cretaceous stratigraphy of central Peru: A.A.P.G.
Bullo ’ p . 1-34 . '






GEOLOGIC MAP - YAULI

EXPLANATION

U8

oQE

FEQ ARV

SEDIMENTARY ROCKS

Valley fill and talus

CASAPALCA FORMATION

JUMASHA FORMATION

PARIATAMBO FORMATION

CHULEC FORMATION

GOYLLARISQUISGA FORMATION

PUCARA GROUP

CATALINA VOLCANICS

EXCELSIOR PHYLLITE

IGNEOUS ROCKS

TIT*S Iy

/=7t

dark-grey to black, thin bedded shales;
80 meters thick.

thin-to-medium bedded marl and limestone;
300 meters thick.

thin-to-medium bedded sandstone and siltstone;
220 meters thick.

grey,dense limestones with abundant black
and grey chert nodules ~ 300 meters thick:

(M) Monferc Basalt Mineralized Body
(S) Sacracancha Trachyte

coarsely-bedded maroon andesitic flows,
locally agglomeratic; 300 —700 meters thick

dark shale and phyllite with intercalated
basaltic flows; also thin, recrystallized
limestone lenses; > 2000 meters thick.

QUARTZ MONZONITE PORPHYRY

ANTICONA QUARTZ DIORITE

CARAHUACRA INTRUSIVE —

guartz  monzonite

CONTOUR

: 20,000

INTERVAL:

100 METERS

DOME REGION, CENTRAL ANDES, PERU

BI

MAGNETIC NORTH
4.5°

SYMBOLS

I 38
CONTACT! showing dip, dashed where concealed

ANTICLINE" showing trace and dip of axial plane, direction and
amount of plunge

SYNCLINE! showing trace and dip of axial plane, direction and
amount of plunge

OVERTURNED ANTICLINE OVERTURNED SYNCLINE

FAULT" displaying dip and relative movement, dashed where con-
cealed, mineralized in red, >—adit

THRUST FAULT: dashed where uncertain, barbs on upper plate

STRIKE AND DIP OF BEDS

a4 . 76

INCLINED OVERTURNED VERTICAL

STRIKE AND DIP OF FOLIATION

al

INCLINED VERTICAL

GEOLOGIC DATA BASE \ AERIAL PHOTOGRAPHS, SERVICIO AEROFOTOGRAFICO
NACIONAL, PROYECTO NO. 5265, SEPTEMBER 1951,
1:20,000 (FOR THE CERRO de PASCO CORP.)

TOPOGRAPHIC DATA BASE : INSTITUTO GEOGRAFICO MILITAR, 1971, MATUCANA
QUADRANGLE, 1:100,000

FIGURE 11.
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