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KARST IN SILICEOUS ROCKS KARST LANDFORMS AND
CAVES IN THE AUYAN-TEPUI MASSIF
(EST. BOLIVAR, VENEZUELA)

Leonardo Picoini -~

ABSTRALCT

Dhuring the capedifion “Tepuy 937 <y coves were caplaead i the procamibian quansncs. of Ronnm
Cironp. in the Auyan-tepui mwssal, One of 1his caves reaches e degrh of 370 meand 2 development of alinse 3
kit 0% parie G 7 Sima Auyin-tepu) Normeste” and it s comently the decpest vave o the waorld discoseied i
siliceons rovks,

Thae prologaeal ancd maephologicat study of this cave Bas anderined again the paanee of deep selaroml
weathering. abony the network of Tractures. Tor the fommasbon of caves in siliveous ks,

The differen fommation stages of the big superficial shalis called “simas” were observad mosome verical
collipse coves explored dunmg the ospedition, while gallenes wille plucate Torme were wbeerved n il degp
metwarrk ol caves: All these deep Toens ivelye karst processes of solution at feast s e il stage,

RIASSLNTO (1 carsisme nelie rocee silicee-Forme carsiche ¢ grotie mel Slassicoit A an-Tepuy
1Es1, Bolivar, Vene zuelad

Drrante la spestrmme “lepay 937 organicratn dalls Socwna dpaleolugica Dol ¢ dailz: Socwdal
emeeulm de Bspeloologn, sono state esplonale scl iaove gramdi gre ssilupgats e guaredi precamibinme
e Caruippso Faormimi che formane il maasicg o dell” Auydoerepon, Ui di gueste ragginnge Ty aolevaole profonding
i ETE i comiumn sy Bluppeo spictnale digquast 3 R guieso sisaemma, dessinimali S Ay iepan SNoieesie”, o
atnmemente Gepio profomd grooa del mondo esploratiom sovce o commnposisione preyvalenenils stlicea

Gl st geodogicd e modfulogn conpiute duraste L spediciane buanmes soliabbneatee soosamente Pingaor
tannza e prscessd Ji dissoluges Daongs o retreolo delie frmure proscipal i per B Bonmaione delle grone all e
na b rege i enmiposigene silicea

Lesplonueione di diverse can e anchimenter veracale, cbnarate bcabmente “snas ha pommessss &
mced e Lidvvers st da fommsenone Jigueste mpressismal soraging a ciele apera, protomdc G o ME s ed
ooltie, Ctee 2 grandn poad stgsertac e s stidi eaplorate retic ol di gallenis oom maorfologie ticaonducabils al i
circulagione mocond o freatche, Llorigine di wine gquesie morfologee ipogee mohiede necesanamente, aling-
ws ke st b adali ekel B sonbupgen, Uacione of prossessy dissoloie proipramcnde carsice.

INTREDUCTION

In recent years, superfiond and deep Karst bindfooms have been described by imany
authors in the Preciambeian quartzite massits of Rocaima Group, jo the Gran Sabana, in
the soutl-castern Venceuels (Urbani ef aof. 19772 Galin, 1985 Briceno & Scubert, [UHE
with hibl. .

In spite ol the silicevus lithology of the focks Torming e absde-mouman of Hus
region, the landscupe of the plaeaus shows vpical Kaest Bindtonms like harmens by pe
forms, dolines. sinkholes, stone-torests, caves and unpressive shalis called shnus.

The karstic character of the landscape is underlined by the Gt that 1he dennage of
T water is mainly through upderground petworks, with spectacular resurgences along
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the high walls that bound the whle-mountain,

The development of karst landforms in very puorly seluble rocks is possible only
under rather particular environmental conditions. In this case the long time of
weathering, probably longer than 100 Ma, is the main factor which has allowed the
karstification of guanzite,

To increase the knowledge of this exceptional morphologies, in the dry season of
1993, an expedition, called “Tepuy "33, was organized by the Societd Speleologica Ia-
liana and-Associazione “La Yenta™ with the support of Sociedad Espeleologica
Yenezuelana, The aim of the expedition was the exploration of new sublerranean systems
in the Auyin-tepui. During the expedition, was discovered and explored the “Sima
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Fig. | = Lodaton map of the Aayhn-tepun and the investigaied areass SAN = Sima Auvin-tepal Nogoeste, 54 = Sinn
Aonda, 11 Siliceous agenites | Mataui Formation), 2y Approxmateve catcropgang of diabise
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Auvin-tepui Noroeste™ (SAN) the deepest and largest cave of the world in siliceous
rocks (C.G.E.B.. 1994, Bernabed er af., 19930

The explorations were concentrated in three small areas, selected during a previous
recognition by helicopter, The three arcas are located in the nonb-western side of the
Auyan-tepui, Two of them were never explored, the third was the platform were the Sima
Aonda, the largest sima of Yenezuela, opens together with several big shafts already
explored by the Sociedad Venezolana de Espeleologia (Galdn. 1986).

GEOGRAPHIC OVERVIEW

The Gran Sabana is a wide geo-morphological provinee of the Guayana shield; the
region is crossed by several affluents of Rio Caroni, flowing into the Orinoco River.

The main massifs of the Gran Sabana have the shape of a large table mountain,
locally named “tepuy” the Pemdn word meaning mountain. The tepuy are delimited by
vertical 1o overhanging walls, often 40000 more than 1000 m high. Many of these tepuis
are not yet explored. since the only way 1o reach them is by helicopier,

The Auyin-tepui (Fig. 1) is located from 3% 457 1o 6° 05" of latitude N and from 62°
20 1o 627 45" of longiude W, It represents one of the widest tabular-shape mountain of
the Gran Sabana: the “Devil’s Mountain™ {auydn = devil) has an area of about 700 k'
and a maximum clevation of 2800 m; together with Pico Neblina {3045 m) in Brasil, and
Roraima M. (2810 m), also in the Gran Sabana, it is one of the highest non-andine
mountains of the South America,

This massif became famous with the discovery of the Angel’s Fall, the highest
waterfall in the world, which jumps from the rim of the plateau with a drop of 972 m.

GEOLOGY

The Gran Sabana is part of the Guayana Shicld, the oldest portion of the South
American craton. The igneous and ulirs-metamorphic rocks outcropping in the nonhemn
side of the shield (Imataca-Bolivar Provinee, after Gonzidler de Juana et al, 1980} have
an age of 3.3 Ga.

The Auydn-tepui belongs 1o the Roraima-Canaima Provinee, where the silico-clastic
rocks of the Roraima Group widely outerop (Reid. 1974), This arenaceous group, of
cominental to peri-continenal environment (Reid, 1974; Gosh, [985), does not contain
fossils. Its age should be comprised from 2.3-1.8 Ga of the granitic basement and the 1.4-
1.5 G of the basaliic dikes and sills tha cross the Roraima Group (Bricefio of f., 19901),

A slight metamorphism, with quartz-piraphillyte paragenesis in the pelitic beds, is
the result of the load of a now eroded cover of almost 3 km thickness (Urbani ef af..
1977).

Strerigraphiy

In the Auyan-tepui region, rocks of the Romima Group prevalently outerop. The
main relieves, from the op of the plateau to the Toot of the scarps, are made up hy
oricquanziles 1o protoquarzites and subarkoses with subordinate beds of middle-fine
grained lithic wackes. This rocks belong to the stratigraphic unit named Mataoi
Formation by Reid (1974}, Along the slopes which connect the foot of the walls with the
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pediment of the Caroni valley, protogquartaines. arkoses and wackes, with beds of chens,
lustites and silites, of the Uaimapoe Formation (Resd. 1974 ootcrop. The two formations
have o sequence of facies shoving the passage from a fluvial-dehaic environment 1o o
proximal coastal one, with NW o SW ranspon directions. In the low -lands the Kukendn
Formation, made up prevamely by siltites and shales, oulcrops. A wide sills of diahase
cover the Mataui Formation for almost 100 ki’ cFig. )i the central pan of Auydn-
lepui  Bricefo, [Y83).

On the plateay and along the extemal walls, an alteration crust hides part of the
Fabric features of the rocks. The besi outcroppings are in the caves, where we find clean
erosional surfaces: in the SAN. the good conditions of outcroppang have allowed 1o draw
the schematic lithological section of Fig, 2,

Around the ares where SAN opens, big resduul blocks of u line ortoguarnziie, of
red-wine color and with concoid fracture, are preserved on the lnho-structural surface of
670 . Just below this cappang hard rock we Tind mediom-fine guartzine areaite, either
white or ocraceous m color, with cross-laminated beds of [0-30 com hickness. Going
deswaeny, the grain size increases, and about 120 m below the entrance there are beds of
corse arenile und rudite, with pehbles of winte and wline guarz, with scour contagls
and crosion pockets, Around 1he depth of 170 m, we observed again beds of medium-
fine arenite with bedding suifaces modelled with ripples.

The arenite passes gradually 1o a coarse onhoguarate with beds of 122 mof
thickness. The comtacts surfaces of beds are locally erosive and show pockets Tilled wal
pebbles of whae or pinkish quartz. 290 m below the surface. the course ortequartzite lays
with an erosive contact on ocraceous-pintkish prowguanzite and arkose, Doely laminsted,
with crossbedding and red beds: the quarte pebbles disappear. This contact probably
separdles two sedinwnrary phases.

This stratigraphic section of alrmest 300 m of thickness, conains two man negalive
sequences which show the passage from coarse deposits of o high energy depositional
enviromment o fine cross-bedded sands1ones, of lower energy, wilh rmchive sirociures,

Gioing down we found a coarse arenite with local lenses of rudite, while o the
deepest part of the cive we found again the medium-fine arenie,

TTONIC SE

TE

The main tectonic elemenmts are some sets of ractures, mamly verical, wiuch col the
platean in prisms of quadrangular shape, Folding structures are absent, excepn at a very
large seale, The bedding is normally horeomal, locally shightly inclined. Faults bave nol
been observed, al any scale

I the areas investigated the main sets of fractures are onented aboul NNW-SSE and
NMNE-S5W. Near the rims of the platfonn there sre deep open fraciures orented WNW-ESE.

The main divections of fractures sre well emphasized by the plan of the SAN (g,
FhAcstmistee amlysis show that the directions of masimum developiment of the cave are
prevalenly around T, and around 307, Along the first direction we found the larsest
simias, while asmall difference in the onentanon of the Tractures has been observed in
the surface i respect with the deepest part of the cave, The meso-struciural survey of
Joints on surface didn’t reveal the exstence of direction arownd 5407,

Ll g B, 2 Pilile o the S Auvin Lops Ssorceste conepared woith the sohemae Hthostrath graple scotion, Sole
1 e fuvweoess o biesahges e verncal deselopmen of cave, B Beats of Butite aisd clsrt; 2000 bedded mediom
fime rinted B Cuarse acnite aod mdete, presalontly massive: 30 Baippless 3F Scoor contucs: ok Main ervson sorfice.
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GEOMORPHOLOGY
General morphiology

The Auyin-tcpui is a wide tabular mountain, with an upper sommital plane and some
intermediate planation surfaces of differential erosion at lower aliitudes.

The summit surface of the plateau has a gradine-shape profile, descending from the
2800 m of the castern side towards the western side, the lower. which has an elevation of
aboat 15000-16060 m., the average altitude of the plateau being about 2000 m a.s.l

In the central part of the plateau, the deep valley of Rio Churlin receives the waters
af the plateau from several waterfalls (Fig. 4). The highest waterfall is the impressive
Angels Fall, almost 10 m high, but many other waterfalls are higher than 500 m, Most
of the superficial drainage is centriperal, wowards the Churin Yalley.

The tepuy rises from a planation surface situated at an average altitude of about 1000
m a8l This surface represents the main surface that forms the lowlands of the Gran
Sabana, No sure elements exist concerning its age, but it seems to be correlated with the
Gondwana Surface of Brazil and Africa of Jurassic or older age (King, 1956)

The upper plane of the plateao is above the altitude of 2500 m and is part of an
planation surface, named Auydn-tepui Surface by Bricefio & Schubert (1990). The age
of this ancient peoeplain is not known as well, because of the lack of any temporal
clement (o date it the authors hypotize a Triassic-Jurassic age.

Between these two main planation surfaces, the Auvdn-tepul presents several
generations of intermediate horizomal platforms which draw a gradinate profile. These
non-soimmital surfaces are the result of different cycles of selective erosion, conditioned
by the presence of lithological changes. Normally the widest platforms are formed in
correspondence of bed of fine hard rocks, more resisteni (o erosion, capping maore
erodible beds.

Superficial landforns

The peculiar landforms on the summit surface of the tepuy are the result of chemical
weathering processes. This origin, wogether with the exisience of a4 subterranean drainage,
leads us 1o define the landscape of the tepuy a karstic landscape, as already proposed by
Urbani (1986; 1990). The impornance of the chemical weathering of quartzarenites 1s
well emphasized by landforms wypical of calcareous karst landscapes: karren, kamenitza,
stone-forests, etc,

The chemical solution attacks mainly the silica cement of arenites, leading to the
“arenisation” of the rock, which can be thus carried away by washing waters (Urbani,
1986). This process acts mainly along the joints where the low velocity of the water
corresponds 0 a longer time of reaction between water and rock. On the surface and
along 1he walls of canyons and simas the runoff waters have not enough time 1o dissolve
the silica cement of quartzitic arenites, On the contrary, on the surfaces of rocks exposed
1o the meteoric weathering. the alternation of wet and dry periods moves upwards the
waters for capillarity to deposit a hard crust of silica cement and iron oxids

The development of a karst-ivpe landscape has been possible because the
envirmmmental conditions have limited the effects of mechanic weathering, allowing, in

e p]lu"l- ﬁg__ 3 - Plan view of Sjma .-\u}'i'ln Iqsm' Mopoesie, 1) Stutistical analysis of direclions ol the SAN, Porcenlags
of lenghl; b Satisticnl anplyvsis of directions ol superficial joims § T measupemenish,
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very long time. the development of salition Torms, These plateaus are in lacr subject Lo
weathering from the end of Cretacic at least, in a sime of almost absolute wecionic
guiescence and with o very low morphologic gradien.

Fig. 4 - A spectacnlar vwin winerfall. The
heighn b approsimativels 3000w {phoao P
Pesralato - Tepuy W3

Frg. & - A svsdem ol fisswres developed along geints on the sumimin sirfsce of Aayan lepoi (phoe
L Piceini - Tepuy iy
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The importance of the time [acior s suggesied by the low solobility of 50 A
sampling of superficial waters gave concentrations of $iO, of 0.2 - 0.4 mg/l, while
percolating waters collected in the caves have concentrations ranging from | o 2 mg/l.

Mechanical-erosive processes are also active. bl only along the streams, mainly
near the border of 1he plateau, and inside the active caves.

|

g f - Bvobution of u simi: apcoarse arene: b medinm-fine aremte. See the 1ext for explamigions,

O the surface of the plinean we mainly saw landforms due 1o seleciive erosion. The
small seale landforms undergo a lithalogic contral, while the large scale ones are
conrolled by ecronic Teatures. These landforms can be divided between positive or
negdlive ones.

Rock towers and pinnacles are the most abundant positive Tandforms on the plateau.
We found two differen kinds of rock 1owers. Mear the border of the plateau there are
wwers with guadrangolar shape with o height varying from some ten 1o some hundred of
meters. They are prevalently due o solution-erosion processes along ractures opencd
by scarp-release stresses.

Far from the rim of the plaweaw. the towers hove smaller dimensions and are
abundamt mainly near the border of the seeondary scarps which bound ther e rmediae
plitforms, They often represent crosional “wirness™ normally capped by a hard fine
Crtguanzite.

On the inner side of the platesu we found stone Torests of rock pinnacles, some
meters ugh. Their origin 1s due o solution processes which act along joims,
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In its initial stage the erosion along joints gives origin to open fssures, from a few
decimetres 1w several meters wide and from a few meters io several tens of meters deep.
They often form a regular network along two or more joint sets (Fig. 5).

The large simas, the deepest of the negative forms, have a different origing they are
formed by the collapse of sublerranean cavities,

The simas

The more impressive morphologic featre on the summit plane of wpuy are the
simas: big shafis elonged in the direction of the fractures. Their size is sometimes very
huge. The Sima Aonda, for cxample, is 360 m deep, 500 m long and about 100 m wide,
Ciiten the simas are deeper than 100 m, and they are more abundant near the border of
the plateau.

Figure 6 shows a simplified evolutionary scheme of a sima, A fracture is enlarged by
solution processes until i reaches an important lithologic change, frequently where
coarse arenites and rudites pass to fine and more erodible arenites, In correspondence aff
this horizon, and in s very long time, interstratal conduits forms a drainage network with
horizonal waker Mow, The presence of subierranean drainage allows the piping of the
“arenisated” rock along the fractures.

Along the main axis of subterranean drainage network, the cave enlarges laterally
until 115 size is such to cause the collapse of overstanding rock. The collapsed blocks can
be successively mechanically eroded by deep waters flowing through the cave network,

The cavity so formed enlarges progressively owards the surface; when it reaches
the surface a sima is formed. The largest simas are probably due 1o the coalescence of
differen simas,

The initial stages of the formation of a sima can be found far from the border of the
plateau while the evolutive stages can be found closer (o the rims of the plateaw,

During our descent in the chasms of the Auyin-tepui we had the possibility to
observe the differem evolutive stages in the formation of a simas. The firs pan of the
“Sumidero del Rio Pimado” (Fig. 23, the active sinkhale of the SAN, represent a good
example of the stage of yvouth, The "Sima Aonda 3" represents a middle stage; the width
of this chasm is 3-4 meters umil the depth of 50 m, then the fracture is less than one
meter wide, Suddenly, at the depth of 200 m, a large cavity, about 15 m wide, opens. At
the bottom of the chasm, 300 m deep, a chaos of big rock blocks doesn’t allow 1o
proceed,

The great chasm of “Sima Aonda™ is a typical example of the final stage. With time
this sima will open towards the wall of the plateau giving origin (o a pseudo-canyon with
vertical o overhanging walls.

The simas are landforms of the initial sage of the long process thar lead to the
formation of an erosion plane (Fig. 7). This process can be summarized as follows:

In the perimetral areas of the plateaw, narrow and deep shafts form along the fracture
due 1o tensional release, The shafis extend uniil they reach an imporant lithologic change
where an embrional drainage network develops,

The shafts widen and become caplure points of superficial waters, while the
sublerranean network is subject 1o enlargement by erosion. The simas so formed extend

Anext pged Fig, 7« lbeal profile across the dm of o tepuy, shoving e dilfeeem stages of development of on intermendiate
prliase (ronnt lefT b gl e 8y Macaud Formation: Uy Uaimapud Foermation: ok fine grained beads (lutite amd cherty; b fine
10 coarse arenive: o) quarmzitic-feldspatic prenite with imerbegdded silties

|y Residual blocks; 21 Fissunes; 11 Simis; 35 Bock towerss 55 Chaos ol Blocks: O Active sinkhole: 71 Active resergence.
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Fig. K - Temporary avtive gallery of the hori pamial
nevanrk (Simn Auviinoepo Norcesie, - 280 m
Aplwoto B Peesoduto - Tepuy "3}

in the direction of the main fraciure, joining wgether in a guadrangular-shape systems of
prendo-canyons which are opencd towards the external cliff of the plaean: typically
these deep chasnis have greal chacs of Blocks at their hottom,

The enlargement ol fssurcs, simas and canyons leads (o the Tormation of - large
yuadrangular towers, These towers are croded at the base until they collapse, giving
arigin 1o impressive chaos of ginm rock blocks, These blocks are progressively croded,
while under ihem the water rills towards the nims of the platean over @ horeon of hard
rowk whoere joins already begin o be enlarged by solutional processes.

The heighy of the walls which bound the secondary platforms depends on the vertical
variations of the lithologic features of the sedimentary succession. Normally the height
of the scarps is from 360 10 200 m

s long process of morphological modelling causes the progressive retrograding
ol the scarps, which bound different secondary plane in the inner side of the plaeau, with
a velocity greater tham that of the perimetral scamps of the massif,

.\'fr1r'|f:l|l.'.'r|r¢’.ll|~l_1.' af ovex

The caves are ariginated from fractures acting like points of concentrated
infiltration. They are the morphologic environment on the tepuys most subject o
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mechanical crosion, In other words the energy of nilling waters is generally greater in the
sublerrancan drasinage svstems than in the superficial ones. In fact, 1f the inital stage of
the formation of caves is mainly due 1o solutional processes along fractures and joints,
their eplargement is mainly due 1o erosion and subsequent collapse.

The morphology of underground passages is simpler than in the carbonatic rock cave
svstems; their shape is often controlled by the bedding planes und by the joints, as we
can see parmicularly in collapse chambers but also in erosion galleries (Fig. 8,

Al the caves explored show a pattern strongly controlled by the joint sets. This s
well emphasized by the planimetric view of the caves; the plan of SAN. for example,
shows o distinet et structure along the main sets of fractures, The SAN s the most
comples underground <vstem presently known to exist in siliceous rocks. In thes system
mosl of the morphologic Teatures typical of underground systems in siliceous rock can
be found.

The main entrance is an active sinkhole. The sublerranean canyon which takes ongin
from it is from 2 to 4 mowide and from 1 o 300m all. Lateral widening and braided
conduits are developed along the bedding plane, The canyon reaches a large chamber of
rectangular shape of collapse origin through a shafl about 1200m deep, The Tloor of the
chamber is covered by a chaos of rock blocks. Below these blocks the fracture, along
which the upper pan of the cave 15 developed, can be found again . A the botom of vhis
frocture, less than one meter wide, a subterranean stream flows along o canyon, at the
depth of almost 300m, which follows an imporant lithologie comact, Along this contact
little comduits braid with the main one.

The most interesting fooms can be seen in the network of inactive galleries, which
Brganeh aft from the active canyon. These galleries have a subcirculsr cross-section and
probably developed i phreatic conditions, Their celding 15 a rounded crosive surface
wilh ceiling pockets, Probably these conduits formed dunng high meteoric flows, In such
comeitions the deeper pans of the sublerrancan systems are probably Aooded with water,

CONCLUSIONS

The Auvvibi-tepai is one of the best siudied quanzitic massif in the world, from a
spelevlogical pomt of view, Many of the several caves explored have a morphogenetic
complexity tha involve the action of different geomorphical agems during a very long
time andd under parnewlar environmental conditions,

In the ininal stage of caves development. the karstic process of solution of silica
cement along joints has a very imporiant rele. This process acts also in depth allowing
the formation of netwaorks of horizonial gallernies of phreatic origin,

The karst process sots mainly in the young stages of the formation of caves, while
the mature -senile stages the evolution of caves is mainly due 1o erosion and collapse,
ziving origin o the big shalls named simas.

The profile of cave systems and the underground drainage of runoff waters is
controlled by vertical lithological variations. Curremly the homeontal draimage networks
are developed in correspondence of beds of medivm-fine arenites, while the shafts
nomually cross the sequences of comrse arennes,
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