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2. Introduction G.C. Bratt

In February '57 it appeared that permission to enter
Pakistan would not be granted to the I.C. Karakoram expedition
so members bezan searching for an alternative area in South
America. in unmapped area containing unclimbed peaks was
sought and found in the NUDO D& APOLOBAMBA on the Bolivian-
Peruvian border. However permission to enter Pakistan was finally
gralted and the Apolobamba idea dropped.

Karly in '58 organisation of an expedition to carry
out a survey and geological studies in the Apolobamba region during
the summer of '59, was begun by Bratt, Hopkins and Melbourne.
Requests for support were made to and granted by the I.C. Exploration
Board, the Mount Everest Foundation, the Royal Geographical Society
and the Club Andino Boliviano.

In June '58 notices calling for students to join the
expedition were displayed around the College. A11 applicants
were interviewed by a panel consisting of Prof H.H. Read, Asst.
Prof.A. Stephehson, Mr. P.F. Taylor, 11 wncmbers of the ixplorsation
Board, together with Mr. R. Garnet (I.C. Union President),

G.C. Bratt and W.H. Melbourne. The team chosen was - Bratt, Lwart,
Garrard, Jenkinson, Melbourne and Smith.

After selection of the members of the party the work of
preparation began in carnest under the control of W.H. Melbourne.
Bratt could do little more than advise during most of the prep-
aratory stages as he was then in Patagonia.

The food and equipment packcd in tea.chests was dispatched
from London on May 4th to travel by sea to Arica and then rail to
La Paz. Fwart left London on June 2nd as he was to work with
Dr. G. Francis', British Museum expedition in Peru before joining
the I.C., party at Cojata on July 1lhth. Bratt and Melbourne
left London on July 7th and the rest of the party followed after
their examinations on July 20th. The size of the party was increased

in La Paz when two Bolivians, Caraffa and Vanancio joined.
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The plan of the expedition was originally as follows =
the party would assemble in La Paz on July 14th and drive by
truck (arranged by Sr. Farwig of the C.A.B.) the 200 miles to
Pelechtuco Pass picking up Ewart en route. Ewart and Garrard
with Vanancio were then to work alone for the first month doing
a geological traverse to Tambopata. The rest of the party
(Bratt, Caraffa, Jenkinson, Melbourne and Smith) were to carry
out a survey of, make geological investigations in and climb the
principal peaks of the unmapped area bounded by the Sorals to the
nath and the Matchu Satchi Coochi ridge to the south. In the
latter part of the trip the party would unite to complete the work
in this unmapped area.

The expeditiore plans were considerably modified by
unforseen circumstances, particularly the strike by Italian sca-
men on June 9th. All members were booked to travel on Italia
line ships and so had at the last moment to seek alternative
passages. The field work had also to be curtailed because of
changes in schedule of the Italia ships on which the return passages
were booked, dwart was so delayed that he cancelled his arrange-
ments with Dr. Francis and because of the uncertainty of the date
of arrival of Garrard, Jenltinson and Smith, the rest of the party
left La Paz four days ahead of them.

The plans of Bwart and Garrard were modified to include an
investigation of thc Cojata, Trapiche and Poto regions and the
Tambopata traverse was cut short at Sina becausc the geology was
unrewarding. The rest of the party worked from the east instead
of the west as intended, of the hypothetical 'Soral' valley
(indicoted by a dotted creek on the existing map) end extcnded
their cctivities to valleys both north and south of the intended
boundaries.

Although the field work of the expedition was limitced to six
weeks 1t managed to accomplish - a plane table and geological survey
of 150 square miles of unmapped country, a geological surwvey of the
country between Cololo and Sina, the ascent of fourtecn virgin
peaks of about 18,000 ft, some useful meteorological and glaciolog-
ical observations and a collection of plants and lichiens for the

British Muscum.



2. Personnel

G.C. Bratt

The members of the expedition, their colleges, position

on the expedition and their responsibilities during preparations

are given below:=-
G.C. Bratt
W.H. Melbourne
A, Bwart

J.W, Jenkinson
AW, Smith
P, Garrard
J. Macleay

R.C.S.
C&G
R.S.M.

C&G
R.S.M.
R.C.S.
C& G

Leader and Surveyor
Organising Secretary, Surveyor

Geologist, Geology, visas
permission

Surveyor Equipment
Geologist Food and First Aid
Geologist Travel arrangements

Reserve

As none of the first six members withdrew, Maclgay did

not join the expedition in the field.

The party was further strengthened in Bolivia by the

inclusion of Carlos Caraffa a climber from the C.A.B. and

Vanancio, a Bolivian porter ( see section 5).

Smith, Bratt, Jenkinson, Melbourne, Ewart, Garrard.
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On the 31st a seventh peak was bagged and the party moved
to Camp 5 at the head of the Rio Sanches Cgachu. From theyre it
was hoped to climb the eastern Sorals and survey the area.
reconnaissance by Bratt and Jen<inson indicated that the party
would have to set up camps to the north of the Sorals if they were
to be climbed. The party then svent six days climbing the five
summits of the eastern Sorals and completed the survey cof the
Rio Sanchzs Caachu and 2 valley to the north.

On the 1lth August the party returned to Camp 3 and
began the survey and reconnaissance of the Palomani basin.

A camp (camp 9) for the climbing of the western Sorals was sot
up on 12th August. Between the 11th and 19th the whole party
operated in the¢ Palomani basin adding two more peaks to the
list and completed the geoclogical and topographical surveys
of the region.

On the thh August the party split once again. Smith
and Ewart set out on an abortive attempt on the Katantika
peak,

Bratt and Melboume completed glacionlogical and survay
work in the Pelechuco Pass: Jenkinson and Vanoancio carried
surplus gear to Suches and Garrard moved off to complete
gevlogical work between Suches and Cololo.

The party was reunited again on 23rd August at Suches.
Because of shipping arrangements it had been intended that only
lelbourne, swart and Garrard should return to La Paz, the other
three would remain in the field for o further 10 days. idowever
shipping schedules had altered again, a rush evacuation had to

be made and the whole party rcturned to La Paz on August 25th.



5. Club Andino Boliviano Co-operation G.C. Bratt

The president of the Club Andino Boliviano (C.A.B.)

Senor G. Farwig was contacted early in 1959 to obtain information
on local conditions. Since members of the C.A.B. had been with
the German party to the Ap-lobamba region they were able to

give the expedition valuable information on access to the ren
and availability of transport within it. But the C.A.3.
assistance did not end at this. They offered to

a) mcke a trip to the region prior to the arrival of the

expedition in Bolivia to arrange for mules.

b) provide motor transport to and from the area

¢) make contact with the expedition during pﬁ?‘stay

in the field

d) arrange for some of their members to accompany the

expedition.

This woncderful offer was accepted and carried out to the
letter. One young climber Carlos Caraffa accompanied and climbed
with the expedition from July 13th -~ 29th and a porter Vanancio
(an employee of & member of the C.A.B.) was employed as a porter
during the whole of the field work. Both gave invaluable assistance
to the expedition.

Both Sr. Farwig and his wife gave up ntuch time to
entertaining the expedition while it was in La Paz and their help
as interpreters made buying of food, arrangement of passages etc.
much easier.

Thus the work of the expedition was greatly reduced and
its success partly due to the efforts of the C.A.B. and particularly

Sr. Farwig.



6. GBOLOGICAL REFORT

Lo Bwart
P. Gerrard
LeW, Smith
CONTENTS

1 Introduction

2 Succession ind Lithology

3 Physical Geology

4 Structural Geology

5 Description Of Rock Slides

6 Geologicnl History .nd Sequence Of Events

7 Previous Work

8 Concluding Remarks

Mops in Folder ot End of Report:

a) JMap 1

b) Stereogrrms L - L

¢) Secctions icross The Area



10

INTRODUCT TON

1 (i) AREA AITD BASE MAP

The Apolobamba area was partially surveyed and mapped in 1911-13
on a scale of 1:250,000 by the Peru-Bolivia Border Commission under
the auspices of the Royal Geographical Society.

The area falls naturally into three topographical regions.

The mountains proper, with peaks rising to over 19,000 feet above S.L.,
Torm an arcuate range which is convex northwards. They provide the
watershed betweecn stremms draining S.W. to L. Titicaca and 7,E. to the
kmnazon Basin. Much of this mountsin ares lies under permanent snow.

In the West, from Poto to Pinuni, are prominent hills and
escarpments of sandstone.

The central part of the arca consists of an extremely flat, high
level plainy known as the tpampa', which is sharply demarcated from
the sandstone scarps to the west. The eastern bhorder of the pampa,
however, passes through a transitional zone of foothills befnre the
mountains are reached. These foothills form a 3 - 4 mile wide kelt of
rolling, grass-covered country end comnrise the thick, unsorted,
morainic deposits of a picdmont glacier.

1 (ii) PREVIQOUS WCORK

a departure from normal procedure is made by discussing previous
seologlcal work in the area at the end, rather than at the heginning [
‘
of this report. Only a cursory reading of l,f\TeT.--fell's)‘E report was under- i
taen hefore enmbarking on the expedition and it mav he fairly stated |
that the area was entored "hlind" and with no pre-conceived ideas
of the structure or stratigraphy.

® ?Geology of the Lake Titicaca region, Peru and Bolivia" by ¥.D. Mewell
Gzolorical Soc. of America Memoir 36.
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1 (iii) FIELD METHODS

The Expedition was in the field for Jjust over five wecks, from
July 17 to August 23, and during this period a total area of approx.
370 sduare miles was exanined by the three geclogists. The arean

cxanined is enclosed by lines drawn between Poto in the IT. West,
Pinuni in the S. , the eastern ond of L. Cololo and the Soral Este
rea% in the east, and Sina Pass in the north. A traverse was made
down 8ina Valley almost to the village of Sina. (lfap 1).

oxposure varied considerably within the three topographic regions.
Th: saondstone scarps in the west were well-cxposed on stecp faces,
but on gentler slopes were gener:1lly covered with soil and moraine.

The central arees surrounding and including the pampa were covered by

o continuous blanket of moraine and lake deposits. Best exposure was
frund in the mountain region, although here again morainc tended to
clothe some of the gentler slopes and valley bottoms whilst the highest
parts were clad by snow and 1ce.

Because of the monotony of tho rock type (hardened shale and
quartzite) and the absence of fossils (only thre-, poorly-preserved
Yruchiopods were found during the whole period) an enrly decision was
made to concentrate on structural mapping. In the field, the oft-
cxperienced difficulty of distinguishing bedding from cleavage was
usnally to be resolved by the presence of thin silty laminacs; or by the
refraction of cleavage through bads of different composition.

Linear structures comprised: a) cleuvage-bedding intersections
n) minor f£old aves c) "rodding" in the argillaccous rrcks d) boudins

o) slickensides.
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The "rods" were thought initially to be fragnents of more
silicoous sediment which had been 'rolled' by Told movements.
Perhaps they represent hinges of minor folds. Boudins had besn pro-
duced by the stretching of quartz veins and of quartzite beds, in both
cases these being enclosed by less competent shaly material.e A related
feature was the disruption of tHin beds ~f sandstonc in the alternating
shale~sandstone faciles.

Readings were occasionally taken of the ubiquitous anartz
veining and of joints (Stercogram K). I!any joint-rendings were made
in the extreme cast (sub-areas 13 - 15), from which it has been found
thaet glacier flow directions depend largely on the jointing of the
rock. (I - 8 faults probably provide an additionzl control).
1 (iv) TIHE MAPS

Planar clements and faults arc indicated on Map 1, overturned
bads being shown by @ hooked arrow. This overturning is bascd mainly

the criterion of bedding being steeper than cleavage and was confirmed

by current bedding S. of Ananca. Two gencral cases invalidate this
criterion ~ the sagging nosc of a rccumbent fold (i.e. a downfacing
structure) and the developmcnt of a sccond Told cleavage in inverted
baeds. o evidence was found Tor either of thoese cases. Axial

traces on Map 1 arce based partly on field observation »nd partly on

the evidence of dip arrows. To distinction has been drawn betwenn
slaty and fracture clecavages.

Twenty-two sub-areas heve hean established for stereographic
alysisy since 1t is found that by such sub-division the variations

in cleavage dip »nd strike msav be explained.
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SUCCESSICGT VD LITHOLOGY

2 (1) SEDIMEITARY ROCKS

Broadly speaking, a Quartzite Series in the cast is separated
hy a central Argillaceous Series from a Sandstons Series in the weste.
Thz rocks are found to bacome younger westwords. 4 tentative succession
has been established and is given in Table 1.

In the Soral Anticline and to the S.W. of the szucarani Glacier,
the rock is dominantly a fine-grained grey quartzite in beds of 1 - 20
"eet thick, separated by subordinate argillaceous material in beds

gerorally less than 4 feet thick. The gquartzite is fine-srained,

TABIE J.
hock tvpe or formation Digtribution by Sub-arcas
(Upper white sandstone South 19, W20 above thrust
(Purple shale and mudstone Central 19
54 DSTOE (Purple Quartzite 19, hoth sides of thrust-20
SERIES (Lower white sandstone E20 below thrust, 21, 22.
(Alternating shales & thin I're Pinuni, S.W. of Suches
( sandstns. village
Unconfornity ?
Hubbly grey micaceous sst. West 16 Port
#RGILLsCEOUS (Alternating sholes and thin ssts. D16, w17, 718,¥5,8.77
SERIES (Grey cleaved mudstones and 243,4,WC,18,W9,W10

poor slatcs

e

flaggy siltstone
lternating cuartzite and sub- 13,14 ,15.
ordinate shale

(Fine~-gr. sgt., grey quartzite, E9, E10,11,12,1.
CUARTZITE (

STRTIES (A1t

nassive and locally micaceous. The shaly rocks have becn given a
foirly good clcavage which is mechanical (fracture clesvage) in some
cases and true slaty cleanvage in others. (Threoughout the whole area

tudied, cleavage wns in gencrzl on the horderline between fracture

2

cleavage and true slaty cleavage. The term "poor slate" will he used
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to signify a hard, fairly compect rock which is slightly tougher than
the rock type designated "clesved mudstone.)

In the region of L. Chucuyo Grande and extending to the E. end
of L. tuches, argillaceous nmaterial is less abundant than on the Soral
Ridze 2nd the rocks are dark grey siltstones, often laminated and flaggy;
and fine-grained grey quartzites. Probably to be correlated with
thece are the blue and grey fine-grained sandstones of the northern part
of 3ina Valley (sub-azrea 1). These, too, are occasionally laminated.

Pessing westwards along both northern and southern shores of L. Suches,
the grey quartzites becorie interbedded with argillaceous material

'and the beds of the former decrease in thickness and interval as the

beds of the latter increase, 3By the time the lerge N-S valley on the

N. Bhore has been reached, the lithological facies has changed completelyr
and comprises grey, well-cleaved mudstones with only rare indications

of bedding in the form of occasional thin silty bands. The latter appear
as thin, lighter-grey laminations up to % inch wide.

In similar fashion, the Tine-grained sandstones of the lower vart
of ina valley are succeeded by dark-grey and blue-grey cleaved nud-
stones and poor slates. These have a very extensive outcrop, being
found in the upper narts of both Sina and Trapiche valleys, on 3ina
Fass itself, in the broad arez between Sina Pass and L. Cochahuma;
and in the eastern halves of the two FE-W valleys south of the Pass
and extending over the col to the Palomani Lakes. The passage by alter-
nation is not seen.

In the central part of the more southern B-W valley south of

88, a dif“erent lithological facies is seen. This congsists of

U
r_l
o
]
[y
22
[6)]
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dark-grey cleaved mudstones with interbedded thin sandstones (2" - 6"),
the latter occurring at intervals of 18" - 24", The lithological facies
2nd structure (Chevron folding) here are strongly reminiscent of those
found in the Culm ¥easures 2long the N. Devon coast of S.W. England.
in 2ddition to the area mentioned, the alternating shale-thin sand-
atone facles outcrovs at seversl other widely-spaced localities.
Thus 1t is found at the eastern end of L. Cololo, below the thrust
about 2 wiles north of L. Suches, around the small laske to the S.%W. of
snenea and underlying the Lower White Sandstone both near Pinuni
ond about 2% miles S.E. of Suches village . (OCn lithological grounds,
thiore 1s no reasson to distinguish the alternsting facies beneath
trie L. “hite Sandstone from similar facies elsewhere. However, the fiel
Junctions in the former occurrences were zalways conformable and since
*n unconformity beneath the Sandstone Series is vostulated on the
basig of differing fold styles, the alternating sequences mentioned
nroboably belong to the younger series.)

& yellow-spotted green tuff was found in the U.,%W. corner of sub-
crea 6 interbedded with dark-grey voor slate.

ibout 13 miles north of the lake shore, canning a hill on the
western side of the valley which leads from L. Cololo to Pelechuco,
a 12 ft. thick outcrop of pillow lavas was seen. This was conposed
of a purvlish, fine-grained igneous rock, individusl pillows being
from 1 - 6 ft, in diameter. The lava rested on a laminated, current-
bedded tuff up to 2 ft. in thickness from which a rhynchonéllid was
obtained. Underlying beds displayed the Shale-thin sandstone facies.

1 mile W.S.W. of the pillew-lava exposure, the Shale-thin
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sandstone sedimentary facies passes conformnably upwards into at least
500 ft. of rubbly, grey-brown micaceous sandstone. Perhaps this
way be tentatively correlated with a thin formation of purple-brown
candaetone found + mile from the northern shore of L. Suches in sub-area 7.
The Lawer White Sandstone is exposed in the prominent N.E.-facing
scarn between the western ends of L. Suches and L. Colelo. it least
35C¢ ft. (true thicknese) are seen herc. Approx, 8 miles to the W.3.W.
it azain comes to the surface, rising abrupntly from the pampa to form
three isolated 300 f£t. hills. The formation is found, too, along the
lower sloves of the N-5 ridge to the %W. of Rio Trapiche. Lithologically,
15 is 2 mediun to coarse-gralned seandstone varying in colour from
white to light brown or grey. 1t may be flaggy, or massively-bedded,
is usually well-jointed and haos usually suffered much leaching so that
iron-staining exhibits all gradations up to a rich red-brown colour.
¥any of the larger grains are exceptionally well rounded. A formation
of “urnle uartzite rests conformably on the L.White Sandstone and is
nost extensively developed in the northern part of the range of hills
~outh of Pampa Blanca. 1t is also exrosed on both sides of the N-5 frac-
ture to the ¥. of Rio Trapiche and may also occur about 2 miles N.E. of
Caillora. The rock is pale-purple in colour, fine-grained and well-
beddéd. Current-bedding, @s in the case of the L. White Sandstone,
shows the sequence to beﬁoorrect way up.
retween the Purple Quartzite and the Upvner White Sandstone, a
5¢ ft. (winimum) bed of well-cleaved Purple Shale is found in the hills
to the 5. of Pampa Blanca.

The U. White Sandstone is lithologically very sinilar to the

L. "hite BSandstone, being fine to coarse-grained, hard, sometimes
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blocky and with variable amounts of iron-staining. It outcrops in
the southern part of the hills 3. of Pampa Blanca and above the frac-
ture to the W. of Rio> Trapiche. 1t is at least 300 ft. thick.

The observation of ripnle marks, current bedding and Chondrites
iroregsions (radial grooves nroduccd by worms), the last being no
lesa abundant than those wroduced on tidal flats at the present day,
~uzrest that the Lower "hite Sandstone was deposited in very shallow
ster., In addition, the extrerme paucity of fossils (only one brachiopod

was found) further sugeests rapid deposition of sediment and/or leaching,

and with the roundness of the larger sand grains combines to give a mental
nicture of shallow-water off-shore deposition with occasional influxes
of wind blown desert sand,

2 (ii) IWNTRUSIVE IGNEQUS ROCKS

Two igneons intrusions werc found. The first was a small,

hizhly-weathered, Holerite &vke in 3ina valley 2 miles north of Sina

I
=
W

g3, It was narallel to tho regional strike and approximately

vertice-. 1.

he cecond intrusion was a pear-shaned bos= 2 mile . of L.
Cochrhuna. 1t had deflected the cleavage and bedding of the slaty
country rock. It~ dimensions were 1 x 1% niles. In thin section
the rock is seen to be a nuch-altered diorite. _ little lead mineral-

isntion occurs in joints.

2 (iii) WVINTRLLIS!TION

L notcworthy feature of the mountain area is the occurrence of
guertz veins in every rock type. Within the cuartzite and alternating

cuartzite - thin slate faciles, thesc veins are controlled largely by
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joint plenes and are also frequently found between separate boudins
whers boudinage is developed. In addition, quartz "sweat-out" has con-
tributed largely to the production of Ptygmatic folds seen, for example,
2% the T. end of L. Suches. In argillaceous rocks, quartz is to be seen
between and parallel to cleavage folia (often sharing the secandary
deformation of these folia) and in irregularly sub-parallel joints.
Un occasion, a fairly thick (un to 1 ft.) quartz vein itself displayed
boudinage,

‘'n iron-rich carbonate frequently occurs with the quartz, impart-
inz a brown stain to that nmineral. OSmall amounts of chalcopyrite
and pyrite may =2lso be assoclated; whilst in a very few instances a
greenish nicaceous wmincral (ohlorite?)was found.

3iderite, in the form of a fresh unaltered mineral, or altering
to brown iron oxides may occur with quartz as noted above. In other
lecalitics it was the dominant vein filling and in yet others it wes
found centirely on its own. .t a locality 8. of Sina Pase, siderite
foried the 10 ft. core of a vein bordered by two feet of quartz and
thie hanging and foot walls.

The only veins studied of economic importance were those of a
disused zold mine (the San ..ntonio Mine). Four principal vein sets
are scen, of which threo are barren. The Tfourth has an average width
o7 14" and contains, in addition to native gold, a little chalcopyrite,
salena end pyrite. falachite is scecondary after the chalconyrite,
e host quartz is either white or a waxy grey. .fter being mined
by hond, the quartz is crushed in a2 srall mill and the fragments panned.

It anmears that the sulphide-bearing part of the vein has been intruded



into a reonening of a previous quartz veiln.

Pyrrhotite was the only mineral found which was not related to
the =ilicification. In this occurrence referred to, the pyrrhotite
took the form of a discontinuous band of minute cryvstals in the bedding-
planes of a poor slate found north of the Soral ridge. It was probably
2 late-stage replacement along the bedding nlanes.

+t Suches Mine, a low grade gZold deposit has been worked inter-
nittently since 1700 when it waes first worked Ly the Spaniards. The
zold is disseninated in a very thick deposit of zlacial moraine
(perhaps 500 - 600 ft. thick) derived from the mountains to the east.

L]

Darker bands in the moraine (representing a more argillaceous source)
are the richest in gold. 3Bismuth, lead and silver occur to a much lesser
extent. Initial concentration of the gold is effected by washing the
moraine through a channel which has bassl riffles. The concentrate
is then panned.

The remeining mineral occurrence of note was & band of massive

N

haematite and limonite found in the Sandstone Series nile N,™, of
Finca ‘urora. TUnfortunately no positive outcrops were found; but
the float covered an area of 200 vds. x 30 yds., parallel to the

strike of the sandstones.

2 (iv) ¥TT ¥ORPHISM

. very low rrade of metamorphism is shown by the rocks to the
cazt of L. Buches spnd in the L. Chucuyo Grande arca. The fine-grained
siltastones have been compacted and have produced chlorite on a swall
scale to become impure micaceous quartzites. Cleavage at the same
tirie beocomes less pronounced. 3Siliceous rocks exhibit low degrees of

recrystallisation. The most noticeable feature is the migration of
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quartz into "sweat-out" veins, which are found in moat rock typcs and
nich also serve to indicate that some of the argillaceous rock facies
were pore siliceous than others.
It is not known whether the slight increase in mctanorphic grade
tc the east is to be related to stronger folding preseures or to a

combination of these with greatcr depth of burial.

PUEYSIC. L GROLOGY

3 (i) TOrCIRPHY /ND 3TRUCTURE

Only in tre western sandstone creas could torogranhy be used as
[}

= succesaful aid to interpretins the structurc of the rocke. The
Sandstone 3eries to the 3. of Pampa Blanca outcrops in a bold, H-facing
escarnment.  Further south, between Tranichce and rinuni along the western
edee of the pampa, this same series forms o prominent HN-5 range of hills
which zain hcight westwards to rerch apnrox., 4950 metres (15,3%00'")
whilst at the southernmost cnd of this range three isolated hills risc
sharvly from the pampa at the confluence of Rio Trapiche =2nd Rio 3uches.
They ark fold axcs within the Sendstone Scries. The sandstonce then
dip eastwards beneath the pampa and for about 7 miles not a single
cxposure of solid rock is found. In this intervening distance the
vanpa continues for about 6 miles and then grades upwards into rolling
crasey hills of the Moraine Belt. Between the western ends of Lakes
sucheg and Cololo, the Sandstone Seriles reappears to form a well-
rarked W.E.-fecing scarp which reaches 440C . (14,500ft.).

In the mountaincus area to the east, topozravhy is no longer such

2 good puide to the structure. On the large scale, the wotershed of the
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quertz into "sweat-out" veins, which are found in most rock typces and
which also serve to indicate that some of the argillaccous rock facies
—ere oore siliceous than others.

It is not known whether the slight increase in mctanorphic zrade
tc the east is to be related to stronger folding pressurcs or to a

combination of these with c¢reatcr depth of burial.

PEYSTIC. L SFOLOGY

3 (1) TCECIR PHY [ ND STRUCTURE

Only in tre weateorn sondstone c~rcas could townogranhy be used as
= guccegaful 2id to interpretin- the structurc of the rocks. The
Sandstone Series to the 3. of Pamna Blanca outcrops in a bold, HN~facing
cecarnment. PFurther south, between Tranichc and -inuni 2long the western
]

cdoe of the pampa, this same series forms o orominent -5 ronge of hills

5,300")

-

which 7ain height westwards to resch apnrox. 495C metres (
vhilst at the southernmost cnd of this range three isolated hills risc
sharnly from thc pampa at the confluence of Rio Trapiche and Rio 3uches.
They mark fold axcs within the Scndstone Series. The sandstonce then
dip eastwards beneath the pampa and for about 7 milcs not a single
cxrosure of solid rock is found. In this intervening distance the

vampa continues for about 6 miles and then gradcs upwards into rolling

2

crassy hills of the Moraine Belt. Between the western ends of Lakes

o

Juchergs and Cololo, the Sandstone Series reapnears to form a well-
rarked N.E.-fecing scarp which reaches 440C =, (14,500ft.).
In the mountainous arca to the east, toporravhy is no longer such

2 good guide to the structure. On the largn scale, the wotershed of the
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sountains runs for vnart of its course in a2 N. .-3.B. dircction parellel
to the regional trend of the rocks. The Qoral, Palomani and latchu Such:
Coochi ridres also take this alignment, as do tho combined ice fields
of the lizucarani snd Test Soral glaciers. 1t is noticeablce that the
rivers arc either parallel to the regional strike, e.g. Rio sSanches-—
cuchu, or at right angles to it, e.o. Rio Soral. Similarly, the
rivers to the S.%, of the watcershed arc narkedly sub-parallel in their
unscr recches, 211 flowing “.5.7. & structural control is postulated
for the origin of Lakcs Suches and Cololo (Section 4(ii)). It is
suggested that antiforms of the sccond folding wers more casily ex-—
nloited by glaciere than the corresponding synforms.

(n the small scale, structures which have exocrted a control
upon topogravhy are cleavage, bedding and jointing, Thesc three features
are voriously affected by frost sction #nd sonetimes one, sometines
snother determines the trend of a particular peal or valley, often
=ithout visible chonge of sedirent.

5 (ii1)  GL.LCILL TOPOGRLPHY

Feasurcments of the flow dircctions of cxisting zleciers show them

to be largely controlled by the jointing of the underlying rock. .
further control is nrobably to be found in the -8 faulting displayed

in sore arcas. The glacicrs src fced frow scveral ice fields, whosc
altitudes vary, on averaze, between 17,000 -nd 13,500 feet. South-
flowine glacicrs from any given ridge generally extend 1-2000 feot

lover than the corresvonding N-floving ones. The absence of a central
21ll-supplying ice-ficld probably accounts for the disconcerted action

of the glaciers for some were retreating whilst others were advancing,



hoth these rovewents having a rate of 1" - 2" ner day.

The overall picture in recent geological tine is onc of retreat.
The Loraine 3¢lt, which was laid down by glaciers issuling frow their
valleys =nd coalescing over a wide srea (i.c. a piednont zlacier),
‘3 now fully clothed by vegetation; and grase 1s besinning to sprout
o1 tho hummocky moraines within the valleys theiselves. The glacicr
»hich has withdrown frow L. Cslijon to .noenea has left in its wake a
crriecn of crescentic terminal rvoraines with intoervening lakes and later
svonmeg, whilet lateral woreince forn ridees on the sides of the valley
%t succcssively lower lovels, L sinilarly-formed foetnre 1s o wmorailnic
rid:s¢ about 500 ft. above the northern shorcline of L. Suches just

~

under 2 dles from the W.R. corner of the lake. It is parallel to
tho lak: and indicatos tho hoight of glacier which produccd and supportad
it.

Sina vallcy, running northwerds fror the wat.rshed of vina Parcs,
Jispleyoed many glacial features., 1t was U-ghaned in cross-section
and rcnsibly straight for a distence of #bout 10 miles. The flat-
lying valley floor doscoended in throeoe onronounced stens to the north
(Fig. 2). Cnc of the flat stretches me T have been the site of a small
12k hold back by o land slip. Tho threoo steps, however, probably
tnd o glacial origin, for which the cormionly-held thcory invokes
corric-nction by residual fragments of the valley glacicr. In the lower
r¢zches, Rio Sina meandercd arong intcrlockings spurs produced in 10 - 20!
of alluviwm and norainc. This valley-in-valley form nodificd the UW-

tancd crose-scetion (Pis. 1).

Sgyrauetrical folding ~t the eastern onds of Lakes Suches and Cololo
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3 (iv) ILORAINE

Two studied sections may be considered typical of the moraine
as a whole. Near Suches Mine, individual fragments in the unsorted
deposit showed all gradations from boulders of 2 cubic yards volume.
down to fine rock flouy, Sandstones of various types were the most
abundant rocks - coarse, medium or fine grained, usually blue in
colour and often veined with straight or ptygmatic quartz veins.
Quartzite was the next most abundant rock type, followed by vein
quartz and then shaly rocks and phyllite. In general, the boulders
were well rounded. Their matrix consisted of clay minerals and
rock flour and contained gold, bismuth, lead and silver.

Two miles N. of Finca Aurora, the followihg section (Pig. 4)
was drawn. About 15 inches of white, non-pebbly clay is underlain
by 7 feet of unsorted moraine which contains blue sandstone and
poor slate, grey quartzite and vein quartz. Overlying the clay is
some 4 feet of poorly-stratified pebbly moraine, which is succeeded
upward by about 8 feet of unsorted moraine. These last two sub-
divisions contain pebbles of khaki, blue and blue-black siltstone,
micaceous siltstone, laminated sandstone and fine-grained grey
quartzite.

3 (v) SOILS AND WEATHERING

The rainfall of the Northern Altiplano of Bolivia varies from
16 - 27" per annum. Daytime temperatures of up to 60 - 70o drop
sharply at night, often to below zero. Hence frost action is a
prominent weathering agent and, depending on the cleavage and joint-

ing of the rock, produces angular blocks (snndstone) and flakes or




GRQUND
MORAINE

MORAINE SLIGHTLY
"WORKED over® BY
MOVING WATER

LAKE
DEPOSIT

GROUND
MORAINE

Unsorted .
Rebbles up to 6™ diam.,

y 8ft i L'qk" brown matrin

wdt'&r‘ﬂl'n,
" Foor 5""3";“13‘1.0'\. shown
26 by flatter members.

Pebbles up to 2" diam,

: 18" As above, c'q_ih'r\c'
finer uwpwards,
3 Waterlain.
+ 15" White -qrey floury clay
wth few shaly fraqments
at +op.
} 24" Fragments become

coarser downwards

> 5 ft. Unsorted.

Fia. & TYPICAL secTion From THe Moraine BeLt




pencils (shale). Extensive scree slopes were often to be found,
e.g. along parts of the Sina valley where they reached 150 - 200!
above the wvalley floor.

Depending upon the amount of iron in the sediment, usually
in the form of pyrite, the shaly rocks gave Light grey or khaki to
brown soils. Occasionally a markedly blue soil was seen. Soils
derived from the sandstone series were generally little different
from the colour of the massive-rock, i.e. grades from light to rich-
brown. Leaching has played a part in the weathering of these rocks
and iron had been withdrawn from the centre of jointed blocks to be
deposited as a stain on joint and bedding faces. 'Boxstones' were
seen at a few localities. Selective erosion by wind action had
picked~out the less-cemented parfs of the leached sandstones.

Light grey~brown, stony soils on the moraine supported a
cover of coarse grass.

Spheroidal weathering had affected the pillow lavas and
dolerite dyke to a small extent.
3 (vi) DRAINAGE

The watershed separating the inland drainage region of L.
Titiecaca in the S, from the Amazon Basin to the N.E. follows a curve
which is convex northwards. It runs ffom Pelechuco Pass northwards
to the Soral Ridge, thence N.W. to Chupi Orco and W. to Calijon
over the Sina Pass.

Streams and rivers were everywhere small in volume, largely
because of the Season (Southern Winter). In the Summer months,
rivers are swollen by melt-waters and the pampa becomes one large

marsh, only crossed with difficulty.




)
The drainage of the pampa follows its southern slope and

eventually the rivers combine to flow through a steep-sided wvalley;
the western side, of sandstone, is approx. 100 feet high; the
eastern side which forms part of the Moraine Belt is less steep.
Thereafter the river continues to L. Titicaca.

3 (vii) LAKES AT THE PRESENT DAY

Two convenient catagories may be distinguished: lakes on
solid rock and lakes on moraine,

Of the former group, the lakes to the N.E. of and including L.
Suches may be taken as examples. L. Chucuyo Grande is fed by

numerous melt-water streams from the surrounding ice-cemp. It occupieq

a rock basin, steep-sided in many places, from which it overflows

to L. Chucuyo Chico in a waterfall. Probably the lower lake was
once deeper and rather larger, at a time when the W. Soral glacier
had greater lateral extent. The former outlet would be down the
Pucar Kollo valley immediately south of San Antonio mine. Two
shallow, almost circular rock basin lakes occur E.N.E. of L. Suches.
The lower of these is an indirect result of the glacial plucking
mentioned in Section 3 (ii).

Lake Suches itself is long and probably quite deep. It rests
in a glaciated valley, of which the eastern third is of solid rock
and blunt-ended. To the west, the valley-sides slope gradually down-
wards, decreasing from over 1,000 feet to less than 50 feet-at the
mouth of the lake, where moraine has entirely blanketed the solid rock.
The outlet is shallow, boulder strewn and about 50 yards wide.

Practically identical conditions characterize L. Cololo,




Draining into the western part of L. Suches 1is a string of
for Paternoster lakes (termed the "Palomani Lakes"). Their waters
rest on the flat stretches of a stepped, glaciated valley (Cp. Sina
Valley).

The second category of lakes - those on moraine ~ is exempli-
fied by an unnamed lake on Pampa Blanca which drains west through
Poto, Its basin is wide, shelving and shallow. Many of these
"over-sized puddles" are to be found in the wide expanse of the
Moraine Belt, but they are usually inconstant and readily dry-up
in the (Southern) Winter months of July to November.

3 (viiil) FORMER LAKES

One of the most difficult problems encountered concerned
the origin of the "pampa", that extremely flat tract of country,
poorly-drained by small streams, which has an areal extent of
about 200 square miles. From nezsr Trapiche in the north, it slopes
very gently S.S5.E. to beyond Ucha Ucha, a distance of approx. 30
miles, The maximum width of 10 miles opposite L. Cololo decrease”
southwards until the western boundary of s0lid rock meets the eastern
boundary of moraine; and here the entire drainage of the pampa in
the form of a shallow river flows through a steep-sided valley.

Almost certainly the flatness and low slope (1 in 160 or 3°935!)
can be attributed in one way or another to water. Aggradation by
fluvial sediments had been the dominant process in recent geological
time, but it is possible that a degraded topography (i.e. a2 marine

planation surface) underlies the panpa,



The first stage of formation, as suggested here, requires a
great enlargement of the mountain ice cap and the smothering of
existing topography beneath a thick blanket of moraine. On the
partial retreat of the ice, it is considered that an extensive lake
remained, impounded by solid rock and moraine in the south and by
piedmont ice in the north. Outwash streams would thus have no
opportunity of eroding the unconsoclidated sediment. They would be
compelled to drop their load in the lake, tending to build a
flattish floor. The fact that streams of the area begin to meander
before reaching the pampa accor#s with this conception of a local
base~level.

When the lake eventually drained (to the South) the great extent
and relative flatness of its basin did not permit a rapid erosion.
Rather did it slow down the streams and induce greater meandering.
Establishment of a vegetation cover of wiry grass and marsh plants
further holds the soil and probably contributes to aggradation by
catching wind-blown dust.

The following stream section (Fig. 5) was sketched 12 miles
S.E. of Suches village. It shows lake deposits of fine grey clays

above and below a central, discontinuous pebble deposit. This

last probably represents an o0ld watercourse. The two thin clay-
and-pezt bands presumably indicate one-time marshy conditions.

In the field, the flat tops of a number of the moraine ridges
was thought to indicate deposition below, but near, water-level.
If this were the case, a subsequent lowering of lake-level would

have to occur almost to the level of the present pampa,
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STRUCTURAL GEQLOGY

4 (i) THE SANDSTONE SERIES (Stereogram J)

Pressures from a dominantly E~W direction have produced a
series of amticlines and synelines in the Sandstone Series. These
folds are symmetrical, open, with rounded hinges and vertical
axial planes; and with a wave-length (in the Pinuni area) of approx.
3 miles (Section J-K). To the south of Pampa Blanca the usual axial
trace direction of N-S changes to run W.N.,W.-E,S.E. Here, the U.White
Sandstone, forming the S. part of the range of hills, dips gently S5.W.
and is underl=in by Purple Shale and then by Purple Quartzite. Since
the cleavage of the Purple Shale d&ps gently towards the N.N.E.,
it is suggested that the escarpment which overlooks Pampa Blanca
forms the short, southern limb of an asymmetrical fold which has
been pushed from the N.N.E.

A prominent N-S striking fracture, some £ mile to 1% miles
west of Rio Trapiche, is well exposed in the valley immediately to
the west of Finca Aurora. The plane of the fracture dips to the
west and is marked by a finely-ground, grey, flinty rock, underlain
by a wide sheared-zone. Above the dislocation,beds dip gently

eastwards and consist of an alternating series of fine-grained and

coarse-grained white sandstones passing upwards into purple sandstones.
Immediately below the fradture, to the east, is a well-bedded coarse
whitec sandstone inclined stecply westwards, whilst further to the

east the dip decreases and the white sandstone appears t0 be under-

lain by purple sandstone, Another strongly-sheared flinty rock to



the S,W. of Traniche stock farm probably indicates the northward
continuation of the fracture.

An B-W fault with downthrow to the south is found in the
szandstone scrrp to the E. of the pampa.

The folds in the Sandstone Series =2re quite different from
fold styles seen further east in the mountains. This mny indicate
different reaction to the same pressures. (No angular unconformity
or basal conglomerate was seen in the field between the sandstones
and underlying shales, but it is @momble that the shales immediately
beneath the sandstones are also part of the Younger Series:) The
fold styles are sufficiently different to warrant the assumption of
an unconformity, whilst if the N-S fracture is indeed a thrust, as
was thought in the ficld, dominant pressures must have been from
the west and hence completely opposite in direction to pressures
in the eastern area.

4 (ii) THE QUARTZITE AND ARGILLACEOUS SERIES

In the eastern mountainous area, folding pressures came from
the N.E., and have produced styles of folding which depend to a
large extent on the lithology of the rocks concerned. The sandy
and quartzitic rocks of sub-arens 11 - 15 and 1 reacted to the stroasg
compression by producing folds which often have very steep limbs,
In general they are symmetrical or slightly overturned and the
cleavage dips between 50° and 90° to the N.E. (Sections A-B, E-F).
Further to the S.W., a8 argillaceous rocks becomc increasingly
dominant, the fold style changes in sympathy. The poor slates of

Sina Pass are isoclinally folded (Section A-B); whilst alternating
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shales and thin s~ondstones =t Loke Bololo exhibit asymuetrical folds,
agnin overturned from the W.E. (Section G-H), In both thesc arens,
cleavage dips 30° - 50° to the N.E. In sub-uress 4,5,6 and 8,

where the rock tync is nlmost exclusively clecaved mudstone and

poor sl~te, the vorintion in clcavage dip is taken a stage further.
In thesc arens it 1s very low and dips at less than 30° to the N.E.
(Section @-D).

The verination just noted indicates that the direction of
ensiest relief ( the a stress axis) woe upwards in the east, but
that further west it inclined incrensingly over to the S.W. as the
compressive forces acted on more argillaceous rocks. Put in another
woys the dip of the cleavage decrenses progressively from E. to W.

The varistion in clesvege strike, as oppesed to the dip
variation, is not considered to be an effect of the primary folding.
Rather is 1t due to a2 second phase of folding much weaker than and
ot right-nnglcs to the first, i.e. precssures acting in a W.W.-S.E.
direction. Thus in sub-ares 2, the cleavage has the regionzl
strike of 150°, To thz north, in sub-anre= 1, the strike swings to
1409, whilst to the south, in sub-~rea 3, it swings in the opnosite
direction to 160°. The linear structures change their plunge direc-
tion in sub-nre~ 2, dipving away from it on both sides. This cul-
mination indicates = gentle warp of the controlling cleavage planes
about an axial plane striking 060°. slthough the Sina Pass and
S3ina Valley areas have been taken as an exemple, the same pattern -
of regular devistion from the rcgional cleavage strike accomprnied

by corresponding culminations and depressions in the plunge of
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-»uch rore quartz veining than further north. The presence in this area
of a greater nurber of silty bands in the rock ray explain this
feature. The quartz probably nigrated ("sweat-out") in response to
the extrene pressures of folding. Between the Pass and L. Calijon,
no indications of bedding were to be found in the poor slaty rocks.
The dip here is very low (less than 30° to the W.E.) and the strike
very variable,

Conzonly in the areas just described and in other areas where
slaty rocks are developed, the cleavage folla have been sharply
bent by subsequent roverents. The deforration shows itself as small-
scale angular corrugations, the axes of which were neasured in the
field as linear strustures. Such lineations are found to be approx-
imately parallel to the calculated 2xis of the local fold and nay
therefore represent a late phase of the first folding.

4 (ii) B. SO0UTH QOF SINA PLi33. THE "PALOMANT TAKES". (Stereograr 3)

Grey cleaved 1udstones outcrop in the eastern parts of sub-
areas 5 and 6, whilst the Shale-thin Ssndstone facies is found in
the central ond western parts, especially in the centre of the
southern-rost E-W valley. In both sreas the cleavage dips at a low
angle, usually below 30° and its strike is very variable. At the
western end of the possible E.N.E.-Y.3.W, fault, a 10 ft. thick
breccia of gquartz and siderite separates overlying beds striking 276°
from underlying beds with a strike of 3520. This fact, plus the
juxtanosition of flat-lying and ruch steeper cleavage along the
boundary between sub-areas 3 and 5 sugrests that a NW.E.-S.W.
structural break occurs here. It is not shown on the map.

The prominent ehevron foldins (with lirb-length approx. 40')



found in the central nmart of the valley and along the eastern
side of Trepiche Valley has been affected by the second folding, so
that the saxial plasnes, which were probably at one tire horizontal,
now dip sently to the S.E. Likewise the linear structures have becn
affected and show » variety of plunge directions although rost
plunge either to the S.EB. (down the dip of the axial plane) or to the NV
To the S.E. of the Falonani Lakes, a N-S thrust which dips east-
wards ot 40-50° is seen as s well-marked fracture in the valley
side. This frecture runs disgonelly up the eastern valley wall to
the south nnd can be traced further south to within % nile of the
N. Shore of L. Suches - a total distance of about 3% miles. In the
extrere west of sub-ares 8, at the headwaters of the strean drain-
ing south to L. Suches, the thrust is warked by a 15 foot vein of
iron-stained quartz which dips eastwards at 550. It is here down-
thrown to the south by a small fault striking 212°, which also
displaces n previous fault striking parallel to the thrust at 190°,
The outcrop of the thrust in the roraine-covered area is
rerked by a line of iron-stained quartz boulders. Opposite the
circular Palorani Lake in the north, 2 second fracture breaks off
from the first, whilst two converging lines of gquartz boulders in
the south indicate the southern 1linit of this splinter thrust. in
extensive, but isolated, outcrop of breccin S.%W. of the circular
lake may represent yet another snlinter-thrust.

4(ii) C. RASTERY END OF L.SUCHES. NORTHERN AND SOUTHERN SHORES
(Stereogranm C)

The grey quar®zites and siltstones of the eastern parts of

sub-areas 9 and 10 are folded into asyrmetrical anticlines and synclines



S yb

The long lirb of the anticline dips B. to E.N.E. at lOO—BOO, whilst
the chort linb dips steeply to the W.S.W., or is vertical, or dips
steeply to the E. (overturned) (Section E-I'). The cleavage usually
dips =zbout 30° to the E, changing its strike between the two sub-
areas.

The asyrmetrical style of folding continues along the southern
shore of L.Suches, prohably as far as Caljiapata, but on the northern
shore the fold style is difficult to determine until the nost
eastern ¥-S valley is reached. Here, the dip of the bedding
(at locslities where readings were made) was always greater than
the dip of the cleavage, indicating.that the beds were overturned.
Likewise, in the valley to the west, bedding was always steeper
than cleavage, both dipping to the E.N.E. Two interpretations are
possible: 1) That the structure of the two valleys i1s that of the
inverted limb of a large recumbent fold; 2) That the folding is a
continuation of the fold style further eagt (i.e. asymietrical folds)
wodified by a slightly greater fold wavelength and a flatter
cleavage dip (Section 0-D). In this interpretation, field readings
wust have been confined ~lmost entirely to the steeper, overturned
limbs. It is not considered that the rocks are isoclinally-folded
since there exists a large angle between bedding and cleavage.

The thrust vnlane in the west dips beneath the asyriietrical
folding and probably lessens in dip to the east. It separates
steenly-dipning, overturned beds above from underlying beds whose
structure is not completely known but appears to be asyrmetrical

and similar to the folding at Sina Pass.
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Nothing is known about the noverment on the thrust plane, but
it is sugzested here thot only =~ smnll tronslation has occurred:
the grey amd blue-grey cleaved udstones of sub-area 8 "tie-in"
neatly with sirilar rocks at Sine Pass when traced along the regional
strike, whilst 2 sub-thrust facies of alternating shale and thin

sondstone "tieg-in"™ ®with 2 siniler facies in sub-area 6.

4 (ii) D. PELECHUCO PASS AND L.COLOLO (Stereograr D)

On Pelechuco Pass, a series of grey quartzites with inter-
calated shales is found, sirdilor to the facies observed near the
eastern end of L.Suches. This series is flanked to the east, down
Pelechuco Valley, =nd to the west by overlying drrk-grey to black
shale, whose cleavage hes the regional strike. The structure of
the Pass is thus a brond N.¥.-S.E. trending anticline. The fold is
roughly sycmetrical in the S5.BE., but is asyrmmetrical in the N.¥.,
its short limb dipning steeply to the S.Y., or vertical, or even
slightly overturned.

At the enstern end of L.Cololo, aasymretrical folds whose
2xirl traces strike 155° are overturned frori the N.E. The cleavage
dips on average 30°- 50° to the N.E. It is interesting to note
that the gently-dipping linb of the anticlines has been pushed
beyond the horizontal, so that it now dips to the S.V. The practical
effect of this arrangement is that heds become progressively younger
to the west., (Section G-H). TFurther to the west, the long anti-
clinal limbs are inclined to the .E. The wavelength of folding in
this region varies between 300 y~rds ~nd one mile and is thus smaller

than that of folds further north (Pelechuco Pass and L.Suches).
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4 (ii) F®. THE SORLL RIDGE 4D RIO SANCHES-CUCHU VALLEY (Stereogram )

The Soral ridge is situated on the crest of o broad and open
anticline (terried the Soral inticline) which is corposed of grey
quertzite with lesser aiounts of interbedded poor slate. The N.E.
limb dips at 300—400, flattening to become horizontal, whilst the
5.%. 1limb is inclined at about 50° near the cusp-like hinge, decrecasir.
in dip on thc fl=snk. The fold-forrm does not appear to continue in
depth. Probably the style of folding is concentric: bedding plane
sliv> would be facilitated by the presencs of shaly beds, which
would receive a fracture cleavasge dipping to the N.E. and to the S