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I NTRODU CTI ON 

~ 
(l\fm~st co~t_i_n_uo~ ~rou_n_d_t_he Pacific _QceanAare 0..: ~r 1'2..(I ~f 

"--°-" ,. 
arcuate to ~ linear deep-sea trenches. d 

o-bilie. 't~e.noha s ~ong tee tonic fore es~ a~t~e.s teorl . &y ,g; eq ue n tj 
Ir\ o. S Jo<! , .. i'1t>>< C,.,' I (1 .i l _._ \ /l • I' r> ,_ 11'\ c/. ~ (" ~i. -<r--

a n d energetic earthquakes~ aTe apparently intensi¥ely 
Gtll_. e>,,.~ v&7 
~Qe..forming the earth's crust between the trenches and adja-

rs/.,,..J <f '"Cl o,.l'\d l~. ~ ."l~l.ISI f~"- -12\Jl~CA ~ (' I..> 

cent/\ mountain helts" J:.mpry-±-rrg a genetic relationship 
T~ <!.o..\&..S .. -4, ... ~ .Vv\..4..~I .... . 'i~~<U-...r 

between the trenches and orogeny. The Jlr,opo11j..tjg,a of 

w~l.1 *' ~ sea-floor spreading and continental drift d -i-e-ta-1'-es---g.e-ne-r a-
o-'t...<2.. ..,_' 1 <.. <'. t u tY f"' r· t., Q J 

e±oa of new ~~~Lc__r.Q..C..ks at mid-oceanic rises, move~ 
,, , 

me._n._t of l-ci-' &e-..JZ:f>'lHH-±c p 1 at a~ away fr om th e rises , 

eventual collision with other lithospheric plates. 

s s-t-t:--i-n-g-&f- t:-h is s-t ud-y, t he Peru -Chi 1 e Trench and -the 
1.r ~ ..rvd /o<CO" •'f "tc..<;1~q_ F-0~ ~ 11,,.K,,._ ~ ' H~r .. L J 

Andean Cordillera\ are forma0 by motion in whiG 'A.-'the Nazca 
fe.r ,,,,_,.J, ""''f-.. 1«r .I' -te.... E'~ f' .. c •.{•c r1.s..so. <'cl/It~ <-v'~~, "'"J is 

L._ f i.,.. .... j(. 
lithospheric plat~ subdue~ < the South American continent& ~A~ 

~ becomej incorporated with it. 
i..Jl..1'{ 

The Andean Cordillera extends 9000 km along the west 

-10 /o T "'\ 
and north coasts of South America and th~s is the longest 

L.S "-. <!t1>(S$<<1uC:l'IU.. i ~IS 4-Jftnttf~tb\,<. 8 k.. 
continuous mountain system in the worldA Parallel to the 

Andes and seaward over most of its length, the equally 

impressive Peru-Chile Trench separates oceanic rocks from 

continental rocks for most of its length in contrasting 

structural settings. North of the Gulf of Guayaquil younger 

oceanic rocks are juxtaposed against older oceanic rocks 

now part of the continent. In southern Chile, the Nazca 

1-..k u /19-"~' 
(~,. - (<. (~ 
~o..i ·1i':'., ~ ....... t- • 

e t..""",. ..r:. • '" .,_g__ 

re~. 



and Antarctic lithospheric plates separated by the Chile 
~ c_,_. d,,. ~..9 (>_O;:i._ -\-to 

Ris e converge with South Americ~ create a still d~fferent 
/'I 

tectonic complexj;::e:& in which a marginal ocean basin was 

formed between the Peru-Chile Trench and the Andes. The 
~"".$ 1 ~ <!....D..., ... ~Q r13 .,,,.Q ~ \ 

western Sou t h America continental margin tne ~ mrs important 

va ri ations in morphotectonic setting/ . a-lon g ; t s lea.g-t.h 

'r~ ~,9 .... \, f>_o..,,.. -.//;) Ii, 
a.s -s-e-s-i-a-t-e d w i-t-h--t:-h t--r-en-e &y-& t:-e m a n d a re rro b e-c-<>m-i n g 

explainable under the tenets of global plate tectonics. 
/t_. C!""'"'"u-(f- t"k I.(",.-\ -(t;> J I• l ' 1 i Jf /,.....,. ....,._su.9-+-""- •lo\ 

~Beginning a little more than a decade ago~ ~ sweeping changes of 

scientific thought in the geological science~ le~ ta tfie cenc~Ee 
6 "d .....,,.._c~ ..,tA_ -(rrc:n-... 

2 

kn-Own aa plate-l: e e tsaic s-.. ,._ 1( convergence of diverse specialties of .rc.1"!v.<:.&. 

('l ~ tC..C1~ /a.....<t'l'l~j Ok ~b~tll \, ._~J q<.'.(._O ,l., IC'a.~ 1t>\'•-4- 1 ci"~ • Jll\ 
se-i eatisf:s teuarft.s interpreting geologic h i st-ory in-terms-M-f>l-&£ e ,_ 

tes tgaiss 'fiBs t" ,..t1t.1.LO.t-J 'f"""'"''t\C Q_ 4t. r-e.. ,.,._c;,!).,._ lQ"I<- .\ ~ &'"'4t.r"V,~t~.l \...\1/\.4 

+e..e M &ct.. 9..-.tlt>'~ fV-0\t'•M -t-- &.D{.e. -I~ ,sQd\IL~«~ .,._ 

Jf_ f{ ~J..... ~ tAu..c:kv-~\1v-~ ~c-"(~-!a.~tl<Q.. G"e~ -s o.-.~ 
-t"" ~16.~ 'I"~ ' i R 
+f_p,,.. ~ie·h~ 7 .. M"-?j/'...L.-frc.. pclo..r•~ rQu CrS•Q'S <U Vl\Cl.~~oo9.... 0 

{ f . .{J, C> -CQ..._ I~ i~ $~ dr I\ ( <° ~ -t ~ -,,._ + ~li:! S"-i<.q_ 'S.J ,..,,oc ~ ~ 
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.A.1 IM•~ a11'( r--ow C!os>"'~~· ~S2.. h ... ~ Vf"~e--11s,d.o:-rct>L'2si._ C!.cN-."'iotr:;,cJo_a-.r ] ~4=~·~~ i,_ 

resulted in a l"arge profusion of 'M.-t~ ~re, papers, 

!..,., 
symposiums and discussions. ~of the more comprehensive d..,~ 

'"'°1 
covera~es....a-f the principles and applications of plate 

'flll C 0\ I>'\ 

tectonics are try Bird and Isacks (eds, 1972) and Le Pichon, 

Francheteau and Bonnin (1973). 
) I ~ ' , (C\l'll f IC: .....fr- ~ "-SJo.t""v.d t """) 

The latter state/: 
). 

11 We feel that, at a time when plate tectonics is often 

used to justify wild extrapolations from poor data, 

with-little rigor, our approach may have some value. 

Accepting plate tectonics as a valid working hypo-

thesis, we try to present in a logical fashion the 

main ~aderlying concepts and some related applica- · 

tions .•. There is not yet a satisfactory answer 

to the dynamics of plates and the origin of the 

motions ••• II 

1r\ Mt~.l. J 
<lbo .J~ 1-, "- SA,1'\e •'' ~ 

It is with the.e:e perceptions( tJat " the westernmost part 
bork..r/, .. J A, ~ i..ltr1~4l ;I- 11<0~ 

of South AmericaA (Fig. 1) was studied ~to bring some under-
~~~ fo o'o\--. .. , r~{,(11).~ 

standing of the shallow crustal structures A and Aexplanations 
-(/ IC.0 ...... I'\ {-JV\._ ~ 

for the existence of diverse rocks ~ in their temporal and 
Tlt._ OJu>.-C\. ~ .rt"d'\, e,....._+~ ~ts•.!"., ,t' k._~,4 .. J -'-"'~,...o.c:.., 

spatial environments. '.f+M.s-;j,..&~ convergence zone between 
.s·~ c.J 

two iffi~ifigin~ ~lit~ospQ~riet ~lates-o the westward ~ moving 

14 ..f•u 
South American plate and eastward moving Nazca plate. ,.__ 

~It{\. 
~ The broad bases for plate tectonics have been elucidated 

.,._ ,~'-'"" -i> 1c..e v.>~0-EJ:1'n.U1sW, ~l 
and are being continually tested and investigated. With the 

A.. 'f.€iz. (.&.l•lf IA"-~V~\<tJC>I ~ st>'V.... /lv\"'.J.1('~ ... -61'1\.., J b~.G. ~ 1~,..d<(MC!I\~..\( 
passage. of time, w.e are POW b-e.~Ln-g- ia--e-i:-e.~ 

0 

e of the formation of §ceanic lithosphere at the 

~ 
ridges; its transport to convergence zones at trench, and . t-



Area of St~dy (shaded) , in relation to Nazca Plate 

and principal tectonic features. The Nazca Plate is 

bounded by the Peru - Chile Trench and spreading 

centers and transform faults of the Galapagos Ridge, 

East Pacific Rise, and Chile Rise. 
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(t.il.d~Jt&)>t.) I \. 11 .. + ~~+ '"° lu.. U"'°'"{4LJ. 
its sinking~ under an adjacent plate~ P<obab~y £he mgs~ ~~ovr~ 

.,,__I\ Ot-E?'lS ~ <?t>'ll'l~.l.1"',.Q 11~ 1"11).f<v~ Q~~~ rfrtA.divo .1 ~dt , 
G9Hlfl"lex -ef plate boundaries a.i; a tb~e where the adjacent 

To date, the most successful aspects of plate-tectonic 

study have been of large-scale geological and geophysical 

aspects of the origin and history of oceanic lithosphere. 

Of increasing interest, however, are studies of the small-

scale specific problems at plate margins. Not surprisingly, 

the small-scale studies have shown that many geological 
re~-..c.r"" t--

features &F-e poorly understood conditions, and so have 
/-

caused us to refocus on our understanding of the larger 

scale aspects. No existing theory, including plate tectonics, 

adequately explains all the geological and geophysical 

observations made in the study area off South America 

nor , in the surrounding areas. 

<::/.~{I ,..;aJ.._ 
a~d with time, but until 

Better explanations may be 

~ h.s d '\ w I I) "' 0.." • 
then, this ~F-O-fr£ess F&l'ort 

JI 

is... o-f--ii 
11'1 our- iV (t !~ {<"t'r ocf Ud' V.C:. \ jl.~ S°t? I(!~ Ir"- (<..l\~cV t~dr~-

Data acquisition and processing was funded by National 

Science Foundation Grant (ID071-04207-A04) through the Nazca 

Plate Project of the International Decade of Ocean Explora-

tion program. 



METHOD OF STUDY AND ANALYSES 

Data for this study were obtained on the R/V Kana Keoki 

in March and April, 1972 (Cruise KK 71-04-25, Legs 9, 10, 

and 11); February and March, 1973 (Cruise KK 72-11-08, Legs 

3 and 5); and February and April 1974 (Cruise KK 74-01-09, 

Legs 1 and 5). Lesser amounts of data were collected by 

Oregon State University's ship R/V Yaquina and by R/V 

Oceanographer of the Pacific Ocean Laboratory (NOAA) 

(Fig. U). During a crossing of the trench and continental 

slope at 5°30'S, Seiscom Delta Inc. recorded a multichannel 

seismic reflection profile µ-- (,.4. 

Data used included single-channel continuous seismic 

reflection profiles of 7400 km and 8100 km of fathometer 

traces for 
(A\rt)'>fl $0...,oDvO!j 

sonobouy =E 

bathymetric control, seaborne gravity records, ASPcR 
p,...~c:.1.s10P1 ~c.ho.so11rid .. ..-) . .&. 
-'e1~"'1c. ;,\.4,.a.Sil,.._ 

114 -~ re f r a c t i on , p i s t on c ore s , f r e e - f a 11 c o re s , 
I.. 

and dredges. 

Micropaleontological determinations for age of cored 

sediments were largely indeterminant or of such recent age 

to be of little value for the scope of this study. Dredge 

hauls on the trench inner slope were notably unsuccessful 

and recovered only 3 grams of mud out of five attempts. 

Dredge hauls on the continental shelf were successful but 

resulted only in obtaining rocks of Holocene age. 

' On the 1972 cruise, the reflection signals were 

received by a hydrophone streamer made by the Hawaii 

Institute of Gedphysics (RIG), which was towed 600 feet 



Figure 2. Cruise tracks providing data for this study . 
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behind the ship. A Seismic Engineering Co. streamer was 

added for the 1973 and 1974 cruises towed 1000 feet behind 

the ship at a constant depth of 50 feet in addition to the 

RIG streamer. 

The signals were passed through amplifiers with vari-

able filter settings to obtain maximum reflection response. 

Generally three Alpine wet paper recorders were in operation 

with 5 sec sweeps (Profile P is at 2 sec sweep) at t4ree 

frequency settings: 1) 40-80 Hz, 2) 50-200 Hz, and 3) a 

mixed frequency of 40-80 plus 150-300 Hz. Occasionally 

one recorder was switched to obtain a frequency-processed 

record at 15-30 plus• 30-60 Hz. Ship speed varied between 

4 to 12 knots resulting in variable vertical exaggeration 

of the records. Speeds over the continental shelf and 
,,j_ 

upper slope were generally about 7 or 8 knots, but were ---

10 to 11 knots over the lower slope, trench and oceanic 

plate regions. The increase in speed over the latter 

regions was the rule after it became obvious that good 

coherent reflectors were absent over the lower slope and 

that adequate reflections over the trench and oceanic 

plate could be obtained at 11 knots. 

Bathymetric data were taken with 3.5 kHz sources and 

( 1"1~'\) 
corrected according to Matthew's Tables. ,... 

The gravity data were obtained with a La Coste-Romberg 
')t 11'1 

stable platform gravimeter, and reduced to ~ free-air anomalies. 
. ' \'W 

T ~e-r-r~t-e- to ~e-:i:-0na-l e 11 i p-s o · and 
A. 

:v:..a r .j o 1::1 s h a r b-o I b a s-e s t a t i e a s -



Magnetic data were not analysed due to ~ proximity 

I,.</ l., I~ ~ S°....J.of.) 11'. ~ 
to the magnetic equator and the electrojet, where the 

3 

l1a.1.11 ~, CL. 1-4.,.1.~ Ct14..L .._.,.,~''I'd. S b .C 11\-<1\U\.' + ... ~ 
diurnal v:,r~~f~~i ~~-~ ~ gr~~;r~1 ~h2t:w:~:~~g r:eJ"\.A. ~:~;; ~~~.J .. 
of seafloor ~ reversals a ~0'1"' ~a+~e-~~~ f~ a 

tectonic s l:trdy. 

l b 
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flt r ~' '. r &es. ~ .. 7t-v f £-c k>~ J~ 
Oceanographic Conditions 

The waters of coastal northwest Peru are part of the anti-
,;"I ~,,L C11,.., • ~ 

cyclonic l;,ystem of the South Pacific that is dominated by the Peru 

(Humboldt) current which flows northwesterly. It has two components 

which parallel the coast line (Wyrtki, 1966); the Peru Coastal 

Current which lies approximately in the upwelling areas, and the 

Peru Oceanic Current farther offshore~ ~oth flow equatorward. 

According to Wyrtki (1963), the two currents are separated by a weak 

surface current, flowing irregularly southward, the Peru~Chile 

Undercurrent (Wooster and .Gilmarten, 1961), which occasionally 

reaches the surface. The Peru Coastal Current is between 100 m to 

400 m thick (Wyrtki, 1965) and flows 0.39 to 1.04 km ./hr (Wooster and 

Gilmarten, 1961). It is deflected westward at Punta Aguja (5°s). The 

irrnnediate inshore current regimes are poorly documented or understood. 

The points and capes of northwest Peru, however, cause westward 

deflections of the Peru Current and seem to form eddies in the 

inshore regions. As a result, there is a southeasterly flow 

innnediately along the shorelines north of the capes (Wyrtki, . 1965). 

At Caho Blanco (4°15'S), southerly flo~i~g tropically-warmed water 

meets the Peru Current. This convergence is most pronounced during 

the southern hemisphere sunnner. Longshore currents can be northward 

during the southern hemisphere winter, and southward during the 

sunnner. 

From July to October, the Peru Coastal and Peru Oceanic Currents 

form a single current of uniform flow (Wyrtki, 1965). During this 

time the Peru-Chile Undercurrent, flowing opposite to the Peru 



Current, is entirely in the subsurface. Wooster and Gilmarten (1961) 

0 /4-
found that the Peru-Chile Undercurrent extends to 41 S at depths of 

100 m to 300 m as inferred from meridional salinity and oxygen 

<)9 (\(-
diagrams. The undercurrent has speeds of 0.14 to 0.36 km/hr and is 
""""r" 

characterized by high salinity water (35.0%) as a tongue between 

lower salinity (34.8%) water whose origins are farther south. It 

is also characterized by low oxygen levels and relatively high 

temperature and its eastern limit parallels the continental shelf 

edge (Wooster and Gilmarten, 1961). Source water for the Peru-Chile 

Undercurrent may be derived from the Equatorial Undercurrent as it 

surfaces between the Galapagos Islands and the coast of South America 

where it partially mixes with the Equatorial Countercurrent (Wyrtki, 

1966). 

Surface waters in the coastal regions usually average less than 

23°c but can vary as much as 5° to 7°c mostly due to local heating 

(Wyrtki, 1966). At irregular years the surface temperatures warm 

considerably, caused by a southward shift of tropically-warmed, 

oxygen- and nutrient-poor waters into the biologically- and nutrient-

rich waters of the Peru Current. This condition, El Nino, occurs 

when the southerly winds off Ecuador and northwest Peru, and the 

southeast trades, weaken. This allows the inter-tropical convergence 

zone to shift considerably farther south than its normal seasonal 

shift during the southern hemisphere surmner. An El Nino condition 

drastically upsets the biologic fertility of the upwelled regions of 

coastal Peru. It also causes considerable rain in an otherwise 

I ~ 



1 'i 

desert climate and ~hereby ephemerally increases the sediment supply 

to the continental margin in regions otherwise having a very low 

total river runof f . 

The Rio Guayas drainage system of western Ecuador and lesser 

rivers of northwest " of Peru enter the G•lr. ~ Guayaquil , and have the 

highest total river runoff on the west coast of South America 

(Lvovitch, 1973). These highly sediment-charged waters gradually 

mix with the ocean and provide a large source of terrigenous organic-

rich sediments to the continental margin and trench. 

There are no known data regarding bottom currents within the 

study area although Lonsdale (1976) shows currents trending northward 

in the Peru-Chile Trench. At the sill depth of the intersection of 

the Carnegie Ridge (0°) with the continental margin, current meters 

recorded a northward flow averaging 35 cm/sec . 



Bathymetry and Offshore Morphotectonic/ R.a_f o:/-1-.0 

Bathymetric measurements were digitized from 3.5 kHz records 

,(..... .f-._""""'--4- (o.A. ~fH.fr._ 
using a sound velocity of 1500 m/sec and corrected according to 

41: 

Matthews' (1939) tables. In digitizing, a certain amount of value 

judgment was necessary in determining true bottom on steep slopes ,o~Lr 

rough topography, and especially where obvious slumped material gave 

~" ..... d1;.... 
chaotic responses. In some cases, especially on the lower slope of 

the inner trench wall, the bottom was so steep that no reflections 

could• be detected and the depths were interpolated between known 

points. 

The bathymetric chart (Plate I) was first rough contoured at a 

500 m contour interval, then integrated to a computer-derived contour 

chart, and finally contoured at a 100 m interval. 

The submarine topography is characterized by (1) a continental 

shelf of varying width~ (2) a steeply declining inner trench wall 

which is impressively crossed by submarine canyons, (3) a narrow, 

essentially flat-floored trench~ and (4) a gently declining outer 

trench wall with ridges trending obliquely into the trench. 

Continental Shelf 

),) .. 111/l.J 
The maximum inflection of gradients between the continental 

shelf and slope marks the edge of the shelf. Depth of the edge 

ranges between 100 and 300 m. The gently sloping (< 1°) continental 

shelf is more than 60 km wide in the south where it is underlain by 



the seaward extension of Sechura Basin (Masias, 1975). North of 

Bayovar, the shelf generally widens opposite the bays, but narrows at 

Caho Blanco where a submarine canyon almost intersects the coastline. 

Northward of Caho Blanco the shelf again widens where it conforms with 

t~e east-west trending Progreso Basin centered about the Gulf of 

Guayaquil where abundant detrital sediments are brought in by the Rio 

Guayas system. 

Continental SLope 

Dickinson (1973) in an analysis of arc-trench systems defined a 

prominent shoulder on . the middle part of continental slopes generally 

noted world-wide on convergent margins. This morphotectonic feature, 

called a trench-slope break (TSB) coincides with the junction of a 

steeper lower slope with chaotic seismic reflectors and a gentler 

& 
upper slope underlain by rocks of an upper plate domain, continental 

in the case of South America, with more defineable reflectors. The 

trench-slope break is suggested to be the top of~subduction zone, 

below ,which a wedge of tectonized and possibly faulted sediments are 

. tr J.. 
-aecumulating through subduction processes. The trench-slope break can 

·be mapp.ed by the coincidence of bathymetric and gravimetric profile 

" . inflections on the middle part of the continental slope (Fig. S, 

b•thy an& Bli'a 17 p~@:Eilcs ae1'"88 Erae'fteil aad war~). The TBS 

conforms with steps or benches which parallel the axis of the trench, 
r.. 

and its position does not vary much (2° to 30 km) from the base of the 

inner wall (Fig.\), ·suggesting a genetic relationship. Also, it 



does not vary much in water depth (2500 m) from north to south, but 

its vertical elevation is about 1000 m greater in the south due to a 

general deepening of the trench in that direction (Fig. 6). 

It is recognized that free-air gravity anomalies generally 

conform with bathymetry. Figure 3 shows several representative 

comparisons of free-air gravity and bathymetry traced from computer-

derived profiles. Tiieir positions correspond to the alphabetized line 

'-"•.J IC 
drawings of seismic refle,ction profiles described in tnis study. A 

~ 
number of bathymetric profiles show several breaks, in slope in mid-" . 

slope regions (Fig. 3, Profiles E, Land M), similar to those 

discovered by Kulm and others (1977) immediately to the south and by 

Coulbourn (1977) off northern Chile. The free-air gravity profiles 

in this area consistently show a preferential inflection where several 
... s-... If/' / 

choices of a TSB might have been made on bathymetry. It is proposed 
" 

for this area that the concurrence of bathymetric and gravimetric 

inflections in mid-slope regions (Fig. 3) marks the approximate upper 

limit of the tectonized wedge or TSB. Its position, based on mutual 

bathymetric and gravity inflections, is plotted on a bathymetric 

chart (Fig. 4), and is shown to follow the trend of the curvature of 

the trench, remaining about the same distance from it. Corresponding 

seismic reflection profiles (Profiles A through M, and Q) support the 

determination this line as the TSB which separates chaotic discontinuous 

reflectors below and more continuous defineable ones above. 

It is not known what causes the free-air gravity inflection at the 

TSB. Tiie persistence and greater amplitude of the inflection in the 

face of multiple bathymetric breaks on the inner wall of the trench 

suggests that denser rocks may underlie the TSB. 



Figure 3. Selected bathymetric (light lines) and free-air gravity 

profiles of trench crossings emphasizing the relationship 

between them in determining the positions of the trench

slope break (TSB). Determinations are based on the 

coincidence of the most prominent inflections of the 

gravity and bathymetric profiles nearest the trench and 

where chaotic and incoherent reflectors are seen on 

seismic reflection profiles trenchward of the TSB. 
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Figure 4. Position of the trench slope break (TSB) as determined by 

coincidence of inflections on bathymetric and free-air 

gravity anomaly profiles. The line connects the 

inflections from profile to profile and ignores bottom 

topography. 
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'llie upper slope varies from 1° to 10° and averages 3.5°. Below 

the trench-slope break the bwer slope averages 6.5° but ma~ exceed 

- ~ s 0 in steepness. 

If trends of ridges below the trench-slope break are indicators 

of underlying structure, they reveal a mixed pattern. Some trend 

normal to the trench, a few trend southwesterly, but most ridges trend 
~ ~ 

northwesterly. This •implies that 
1

the underlying structure 
. ~ccHAf/-fl/J.,. 
is -d1yers-e. 

Nea~ the trench-slope interface a few linear ridges are parallel to 

r~..L--0 .. / 
the trench and may be sim.ilar to overturned folds, result;.i..,ng from 

compression by subduction (~ig. 34A) , according to an interpretation 

of the section drilled on DSDP Leg 31 on the inner slope of the Nankai 

Trough off Japan (Ingle and others, 1975). 

Identification of Quaternary foraminifer from cores (J. Resig, 

pers. comm. ) support the interpretation of seismic reflection profiles ...,--
that thin quaternary sediments of varying thickness cover older rocks 

of the shelf and slope. 'llie Quaternary surficial sediments are 

unconsolidated olive-gray (when fresh) clays rich in diatoms, 

radiolarians, and nannofossils, and with occasionally abundant ash 

and detrital components. Burnett (1977) describes a burrowed, 

calcareous, detrital siltstone, authigenically phosphatized, dredged 

from the continental shelf at about S0 s. Similar samples with shallow-

water gastropods and cold-water benthic and planktonic foraminifers 

were dredged from the top of Banco Peru (3.5°s) and at 6.S 0 s but were 

not analyzed for phosphate. J. Resig (pers comm.) made a preliminary 

age determination of the Banco Peru sample as being no older than 

late Miocene but possibly as young as Holocene. 

Z.7 



Watkins and Kraft (1976) and Jacobi (1976) have described in 

detail a number of deformational features (slides, slumps, mudflows, 

faults, and diapirs) in shallow recent sediments on other continental 

shelves and slopes which indicate that the sea-floor is unstable and 4.J{,( 
r.s r.,J .. .;;(-<. I( 

..Hr-continuous '6-tit intermittent movement in downslope directions. Many 

of the features occur on slopes less than 0.5°. Bottom photographs by 

Manera (1970) of the lower slope at 33°s in the Peru-Chile trench 

showed "drape-like folds piled up through downslope movement" of 

soft unconsolidated sediments. 'Ibey look much like slip faces on 

downwind sides of subaerial sand dunes. Other features seen are 

ripple marks and bioturbation. All of these features may be involved 

as important mechanisms of sediment transport, possibly on both sides 

of the trench. The amount of sediment transported by mass movement 

toward the trench on the continental slope may be equal to or greater 

than that accumulated in the trench by turbidity currents and mass 

movement through the submarine canyons. 

Submarine Canyons 

Numerous V-shaped submarine canyons cross the landward slope of 

the trench perpendicular to the coastline (Fig. 5). Canyon heads 

generally coincide with the 100 m bathymetric contour or at the edge 

of the continental shelf, and most of the canyon continue to the 

trench. A few of the submarine canyons begin at the continental shelf 

edge and terminate at benches in middle slope regions, and others 

begin at a trench-slope break and end at the trench. 'lbe extent and 



Figure 5. Seismic reflection profile on the upper continental 

slope trans e cting submarine canyons. 
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position of the submarine canyons contrast with the observations by 

Prince (1973) south of 7°s, where canyons terminate at the trench

" :slope break, and benches occur below the break. 

Because of the scale and frequencies which seismic profiles 

w~ 
were recorded, little to no sediment fill is detected b y the airgun 

and sparker in the canyon bottoms, but the 3.5 kHz echosounder 

coIIllllonly recorded a thin (< 50 m) sediment -accumulation. The canyon 

off Caba Blanco shows some sediment fill (Fig. 29, Profile P) which 

terminates in a sediment pond. Several discontinuous sediment ponds 

were noted in the southern part of the study area, and in all cases 

they are above the trench-slope break . 

The most accepted processes for the formation and maintenance of 

submarine canyons are from subaqueous erosion by mass movements of 

sediment and turbidity currents in them, concurrently with upward 

growth by hemipelagic sedimentation in their marginal areas (Shepard 

and Dill, 1965; Shepard, 1973). All these processes are believed to 

operate within the study area. J. Resig (1978, manuscript) reports 

large percentages of displaced shelf foraminifers are found in a core 

in a canyon at 5°s in 2165 m water depth, an independent suggestion 

of massive downslope movement of shelf sediments. 

Large amounts of sediments arrive in the coastal areas, via 

intermittent streams and through-flowing rivers, when infre quent 

heavy rains drench the normally desert climate of northwest Peru. 

This occurs in those years when the intertropical convergence moves 

farther southward from its usual position. Prevailing offshore winds 

also contribute both detrital and volcanic ash to the oceanic 

environment (Rosato and others, 1975). 

31 
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Coastal and fluvial erosion provides sediments , attested by 

abundant coarse sands on the beaches and inshore areas, which move 

into the canyon .heads by longshore currents. They may actively erode 

the submarine canyons which act as avenues of sediment transport 

across the slope to the sediment ponds or trench. 

These sedimentary processes must have been accentuated in the 

Pleistocene, as Vuilleumier (1973) deduced that great accumulations of 

ice lay in the Cordillera Central, providing glacial moraines 2700 m 

lower than present snowline, large glacial lakes in the intermontane 

areas of northern Peru, and more humid climates in the coastal regions 

during those glacial periods. With those prevailing conditions and 

lowering of sea level, abundant sediment could have initiated or 

enlarged zones of erosion in the continental margin for submarine 

cany ons. Of lesser importance, draping of hemipelagic sedimentation 

over prominences can be seen on seismic reflection profiles (Fig. 5 ) 

which provide upward building of areas between canyons. 

There are no clear indications that the submarine canyons have 

landward counterparts or were initiated subaerially as there are too 

few rivers in the region, with the exception of the Rio Guayas system. 

Actually, opposite the Golfo de Guayaquil, into which Rio Guayas 

~ 
empties, are fewer submarine canyons than to the south. Rio Chira 

~ 

(4°45'S) and Rio Paita (5°30'S) enter the Pacific Ocean but any 

connection from them to contemporary submarine canyons is tenuous 

and several choices could be made with the numerous submarine canyons 

off those areas. No sediment filled channels on the continental 

shelf are recognized on seismic reflection records though few tracks 

were oriented in a manner to detect them. 
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There is some inference that some of the submarine canyons may 

have a relationship to known onshore structural features. As the 

points .and capes of northwest Peru are high-standing -structural 

blocks bounded by faults (Plate II), some of the canyons may be 

controlled by transverse faults, as Shepard and Dill (1965) noted 

elsewhere. Off Bayover, Paita, and Caho Blanco the continental 

slopes appear smoother and less dissected by canyons, and to some 

extent that is also true off Isla Lobos de Tierra. Gravity gradients 

(Fig. 31) support the seaward ,extension of faults •known onshore. · 

A prominent narrow canyon located on the southeast side of Banco 

Peru (3°30 1 S, 81°15 1 W) (Plate I) crosses the continental slope at an 

acute angle almost to the trench. It coincides with a fault, inter-

preted from seismic reflection profiles, that separates Banco Peru, 

underlain by anomalously high density rocks, from a deep sedimentary 

basin located between it and the coastline. 

In view of the aforementioned discussion, it is believed that 

locations of the majority of the submarine canyons are fault-

controlled, and their growth was initiated above the TSB, and maintained 

and enlarged from mass movements of sediments and turbidity currents 

along the canyons. Reasoning is suIIRilarized as follows: 

1. Canyons continue from the continental shelf to the trench 

and cross underlying tectonic domains formed at disparate 

times and by different processes. If the lower slope is 

underlain by an accumulating wedge of tectonized sediments 

it is apparent that the canyon-cutting processes are already 

in operation as the wedge forms. 
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2. Canyons on the upper slope may cut through older consolidated 

rocks (Figs. 5 and 21). 

3. Canyons are essentially free of sediments, ·indicating . ' 

efficient downslope movement. 

4. Canyons continue far below the maximum lowering of 100 to 

200 m of sea level during the Pleistocene glacial stages 

(Shepard, 1973), thus precluding a subaerial origin. 

Trench - . ;.r 

The Peru-Chile Trench is the dominant geomorphic feature of the 

area studied. It borders almost the entire length of western South 

America and although it enjoys many corrnnon features along the extent, 

it does have many important geological and geophysical differences 

along certain sectors (Hayes, 1966; Scholl and others, 1968; Barazangi 

and Isacks, 1976; Kulm and others, 1973; Prince, 1973; Hussong, and 

others, 1976; Coulhourn and Moberly, 1977). In this northern 

Peruvian part of the trench it is partially filled with a wedge of 

sediments of varying thickness believed to be derived from: 

1. Pelagic sediments of the oceanic plate carried into the 

trench by the convergent motion of the Nazca and South 

American Plates. 

2. Hemipelagic sedimentation which overprints all of the 

offshore areas. 

3. Detrital additions by turbidity flows through canyons, and 

mass movement and redeposition of hemipelagic surficial 

sediments down the slope from source areas on the shelf and 

slope. 



4. Rock~ eroded from the shelf and upper slope, and those 

composing the accreted wedge below the trench-slope 

break along the submarine canyons. 

5. Possible contribution of hemipelagic and pelagic sediments 

from the oceanic plate, redeposited by turbidity flows. 

6. Massive slumps from the inner slopes which in some places 

cover the abyssal plain of the trench. 

The trench floor where uncomplicated is relatively smooth and 

·-flat and varies in .width from 2 to 17 lan. Constrictions occur where._ 

each of several ridges of the oceanic plate intersect the trench and 

cause separate basins (Plate I). Records of crossings of the trench, 

show the trench floor to have various geometries and structural 

complications. Most of the trench crossings show the trench floor 

dipping toward the innerwall, some are flat while a few dip toward 

the outer wall. Unfortunately, the variable dips of the trench floor 

cannot be· readily seen on al 1 of the line drawings of the seismic 

reflection profiles, as the dips are very low and must be seen on the 

original records. 

There are no readily discernible reasons for the variations in 

~ 
trench-floor geometr~ other than where slumps have occurred. It 

appears that bending and inclination of the subducting slab contributes 

to the inclination toward the inner wall. Those crossings having 

structural complications appear to be caused by draping of sediments 

over irregular or faulted blocks of oceanic basement (Fig. 16, Profile 

E and Fig. 21, Profile I). Some crossings show beds that dip towards 



the outer wall, perhaps caused by uplift and f~lding along the trench-

slope interface or perhaps due to rebounding of repeated turbidity - -: 

~ currents against the walls (as recognized by .Maley ~ and others, 1974, · "h., L 

in the Puerto Rico Trench) which would pile sediments in th se areas. 

This mechanism might also account for some contribution of inclination 

toward the inner wall if turbidites are piled on the outer wall side. 

Several profiles (Fig. 12, Profile B) show symmetrical bumps in 

mid-trench, believed to be diapirs of less dense pelagic sediments 

..e;: from the oceanic plate piercing the overlying denser turbidite and ··' 

and hemipelagic sediments of the surface layers. Similar structures 

are reported in the Nankai Trough, off Japan (K. Nemoto, pers. comm.). 

According to J. Resig (manuscript and personal communication), 

WI 
cores fros the trench are composed of Quaternary, olive gray, fora-

miniferal, diatom, radiolarian, and nannofossil-bearing oozes and 

clays having contents of quartz_. up to 15%. The se~iments are probably 

J1,.... 
of turbidity current origin, and might provide strong reflectors seen 

o( 

on most profiles. 

Considering that trench sediments are wedge-shaped and deposited 

~n an uneven basement, it is difficult to measure their thickness in 

any standard manner. If measured in the middle of the trench, they 

show a general thinning from north (0.7 sec; 1.8 km/sec= - 800 m) to 

south (0.5 sec; - 360 m). Thinning to the south is not constant, 

however, as it is interrupted by basins where sediments may locally be 

thicker. If measured at or slightly under the inner wall, the thick-

ne&s on most sections exceeds 1.0 sec (- 900 m). 



A bathymetric-gravimetric profile made in the axis of the trench 

(Fig. 6) over a distance of 480 km shows a deepening of the trench 

. floo~ from 4300 min the north to 5800 min the south and shows the 

effect of the intersecting ridges forming separate basins of trench 

sediments. 

Three predominant factors can explain the greater thickness in 

the north: (1) sediment influx from the Rio Guayas system into the 

Gulf of Guayaquil, (2) increased pelagic biological production toward 

the equator (Fig. 8), and (3) better_=: preservation of the carbonate 

fraction as the bottom approaches the carbonate compensation surface 

(Berger and Winterer, 1974). A contributing factor may be that 

northward flowing bottom currents in the trench (Lonsdale and Spiess, 

1975; Lonsdale, 1975) inhibits sediments transport southward. 

Outer Slope and Oceanic Plate 

The slope of the outer wall, on the oceanic-plate side of the 

trench, is more gentle than the inner wall. The outer slope is about 

~st-
50 km wide, between the outer edge of the trench floor and the ~ 

of an outer ridge. As does the trench, the oceanic plate gradually 

shoals to the north. 

Normal faults, down-dropped toward the trench, characteristically 

offset both oceanic basement and overlying sediments on the outer 

slope (Fig. 12, Profile Band Fig. 20, Profile H). The normal faults 

are believed to be the consequence of tension in the upper lithosphere 

from bending prior to subduction of the oceanic slab. 



........ 

•L.~ 

Figure 6. Comparison of free-air gravity and bathymetry profiles 

along the axis of the Peru-Chile Trench. 
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A series of en echelon ridges trending obliquely to the trench 

are as much as 1600 m higher than the~ surroundiii°" floor. They 

have been described by Mannnerickx and others (1975) as fracture zones 

and appear to be essentially sediment-free or with acoustically 

transparent sediments where seen on seismic reflection profiles 

(Fig. 28, Profiles N and 0). Hey (1975) and Handschumacher (1976) 

imply that they conform with fracture zones or transform faults 

created by changes of spreading regimes as determined from paleo-

magnetic constructions. van Andel and others (1969) noted similar 

structures called "leaky transforms", in the Atlantic, and proposed 

that after initiation of a transform fault, a reorientation of spread-

ing would create progressive tension to allow emplacement of new 

crustal material along the crack. This emplacement of mid-plate 

volcanism, noted elsewhere on the Nazca Plate by Woollard and Ocala 

(1973), could have happened <lurin8) here during the progressive changes -
in spreading regimes since the major break-up of the Farallon plate 

at 20-25 m.y.B.P. (Handschumacher, 1976). 

Kulm and others (1973) obtained a sample of tholeiitic basalt 

from a r -idge in the Peru-Chile Trench at 9°20 1 S which was dated 

8.7 m. y.B.P. by K/Ar means. Their preferred interpretation is that 

the basalt ridge formed from mid-plate vulcanism on older oceanic 

crust. 

Hey (1977) dates the Grijalva Ridge (Fig. 1) as 25-27 m.y.B.P. 

from paleomagnetic considerations. Although there are no samples from 

the ridges to the south of the Grijalva Ridge within the study area 



·"- .... 

for age-dating , their structural relationships suggests that th~y are 

younger than the surrounding oceanic crust of 40 to 50 m.y.B.P. 

(Herron, 1972; Handschumacher, 1976). 
-.-:.--i:.&.. 

The Grijalva Ridge extends southwest about 660 lan from the study 

area and separates younger crust on the north from .older to the south 

(Hey, 1975; Handschumacher, 1976). It also separates thicker (0.70 sec) 

sediments with a smooth acoustic basement on the north from thinner 

(0.40 sec ) sediments with a rough acoustic basement to the south. 

Moreover, the seafloor is 500 m shallower north of the Grijalva Ridge 

and is magnetically quieter in that region (David Handschumacher, pers . _,____ 

comm. ). 

Between the Grijalva and Sarmiento Ridges, the latter which 

extends about 200 lan to the southwest are two other previously un-

named ridges, here called Zevallos and Ocala* from north to south. The 

Ocola Ridge extends about 380 lan southwest whereas the Zevallos Ridge 

may extend more than twice that distance (Mammerickx and others, 1975). 

The Zevallos Ridge, bounded by faults, is more subdued and indistinct 

than the others, and has a varying amount of sediment cover (Fig. 28, 

Profile 0). It appears to be, at least in part, intrusive ~nto the 

sediment cover. Because of the sediment cover it may be an older 

feature than the apparently sediment-free ridges. 

All of the ridges or their en-echelon parts (except the Sarmiento) 

inters e ct the trench and create distinct basins in the trench. There 

*Note: Re cently, Larson and Klitgord (1978) have used the name 
Alvarado for the ridge called Ocola here 

i..) 1 



is only a slight suggestion of any bathymetric influence of the 

Sarmiento Ridge on the trench even though there is some gravimetric 

response which may be due to the mass effect of the ridge immediately 
~ 

adjacent to the ~west. A vertically exaggerated bathymetric and 

gravimetric profile (Fig. 6) along the axis of the trench shows the 

sharp changes in gravity and bathymetric relief of the Grijalva, 

Zevallos and Ocala Ridges in the trench. 'Ibis suggests that the 

Sarmiento Ridge is not yet being subducted into the trench or is 

younger than the others. 

It was noted from transverse tracks that varying thicknesses of 

sediments overlie acoustic basement on the oceanic plate. In order to 

see this variation longitudinally, a plot of bathymetry and sediment 

thickness along track Leg 5 of KK74-01-09 (Fig. 7) by Dale Erlandson 

(manuscript) gives a perspective of the amount of oceanic sediment 

that is potentially transported into the trench (Fig. 8). The plot 

records sediment thickness in milliseconds of two-way travel time 

averaged over an hour of record (- 28 km). 

'Ibe general trend of the average sediment thickness on the 

oceanic plate shows a thinning southward and indicates that decreasing 

amounts of sediment are available to be carried into the trench in 

that direction. The plot is expanded beyond the study area to see 

this relationship better. 

'Ibere are many factors which control or compensate the accumula-

tion of pelagic sediments (Berger and Winterer, 1974) which are not 

all elucidated here. Some factors and explanations are, however, 

considered with Figure 8: 



... . 

Figure 7. Track line of Leg 5 of KK74-0l-9 for sediment thickness 

and bathymetric measurements shown on Figure 8. 
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Figure 8. Plot of bathymetry, sediment thickness in milliseconds 

of two-way time averaged over - 28 km, carbonate compensa

tion surface, and primary production along a N-S ship 

track on the Nazca Plate. Track line is shown on Figure 7. 

Because the sediment thickness is averaged over an hour 

of record (- 28 km) the extrusive ridges may show some 

sediment cover but in reality are essentially sediment 

free. See further discussion in text. 
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1. Oceanic base~ent rocks north of the Grijalva Ridge although 

younger than to the south (Handschumacher, 1975; Lonsdale 

and Klitgord, in press) have a greater sediment thickness 

than to the south due to higher sedimentation rate and low 

t-;·- dissolution rate of the calcium carbonate fraction of the 

pelagic sediments. 

2. A plot of primary production in milligrams of carbon per 

cubic meter per day (Anonymous, 1975) shows a direct correla-

tion with sediment thickness, decreasing southward. 

3. The carbonate compensation surface (Berger and Winterer , 

1975) deepens southward indicating greater dissolution of the 

calcium carbonate fraction of pelagic sediments and therefore 

less sediment. The carbonate compensation surface according 

to Berger and Winterer (1975) is a facies boundary between 

calcareous sediment and sediments with no or a few per cent 

of calcium carbonate. It approximates the calcium carbonate 

compensation depth. The surface intersects the average 

sediment thickness curve at 7°s, south of which the sediments 

are considerably thinner on the oceanic plate. 

4. There may be a greater mass of sediments, due to load 

compaction, where accumulations are thicker. 

5. Local excursions of sediment thickness may be due to erosion 

by bottom currents and deposition in areas of low relief or 

at bases of ridges where slumping has occurred. 



6. Over the Carnegie Ridge wide excursious and zero sediment 

• 1,...-.... 

thickness are noted. Here, Lonsdale and Spiess (1977) 

_reported erosion from fast (35 cm/sec) bottom currents -and 

exposures of basement swept clear of sediments . 



Discussion of Onshore Geology Related to Plate Tectonics 

The Andean Range and the_ Peru-Chile Trench are two first-order 

relief features on .the western border of South America. The longest 
• C'_~ ..;-

cont inu~'G"s mountain belt or cordillera in the world, the Andes 
·Fx 

extends 9000 km, from Venezuela in the north to the southern tip of 

the continent, and may be as much as 600 km wide. At the latitude 

of central Peru, the relief from the trench (- 6260 m) to Cerro 

Huarascan (+ 6760 m) in the Cordillera Occidental is some 13,000 m 

over a horizontal distance of 370 km. The trench and subduction 

zone parallels the range and Pacific coastline along most of its 

length , a parallelism that implies their genetic relationship. 

Although geologic histories and morphogenetic units of the 

Andean Range and continental borderland as related to subduction 

tectonics are generalized and have excluded some geology covered by 

water on the continental margin (Dewey and Bird, 1970; James, 1971), 

they are quite different at latitudinal segments along the range, 

but may share gross similarities (Auboin and others, 1973; Gansser, 

1973; Datt, 1976). Weeks' (1947) and Harrington's (1962) paleo-

geographic maps from the Cambrian through Pliocene time for South 

America, and Hosmer's (1959) paleotectonic maps from Permian to 

Pliocene time for Peru and southern Ecuador, graphically illustrate 

that the western margin of South America coinciding with the Andean 

Range has been tectonically active over most of the Phanerozoic. 

Because the geology of the Andes varies from place to place along 

its length, and because published opinions . of the geology also vary 

e o 



alo.n_g the And~an Range, this discti'ssion will be constrained or focused 

on northwest Peru and southern Ecuador, Even so, it is necessary to 

c·onsider some distant geologic evidence for better understanding of 

the limited area and of ·the tectonics involved in oveanic and 
I 

continental convergence. 

The reader is cautioned that the spatial distribution of rock-

types, ages, and structural relationships of some areas are poorly 

known; some areas have yet to be known even on a reconnaissance 

basis, while others are known in extreme detail such as in the oil 

fields of northwest Peru and mining districts of the Cordillera. 

The Andean Range separates Peru into three morphotectonic and 

physiographic regions (Ham and Herrera, 1962): Coastal (including 

the submerged continental shelf), Cordilleran, and Subandean regions. 

The dry northern coastal region is recognized as a massif of 

low discontinuous hills trending in an arcuate pattern from the . 

Cerros de Amotape, Silla de Paita, and Cerros de Illescas to the 

offshore islands of Lobos de Tierra and Lobos de Afuera (Fig. 9 

and Plate II). This massif exposes the oldest known rocks in 

northwest Peru, composed of more than 4500 m of predominantly 

detrital marine Devonian through Pennsylvaniana, and possibly 

Permian, sediments (Paredes, J., 1958; Martinez, 1970; Paz, 1974). 

These rocks containing turbidite sequences (Martinez, 1970) may 

indicate that they were deposited on the distal end of a Paleozoic 

geosyncline. They lap onto the Precambrian Brazilian shield east 

of the Andes (Hosmer, 1959), and · are unconformably overlain by 



Figure 9. Morphotectonic map of northwestern South America and 

eastern part of the Nazca Plate. 



as· 
10· 

t 
I 
I 
IGolopogos 
I Rift 

PANAMA 
BASIN 

so· 

75• 

KM 

75• 

10· 

BRAZIL 

70° 

Mego she or 

65. 
10• 



Cretaceous and Triassic-Jurassic sedimentary rocks, as seen in 

outcrop and known from wildcat oil wells. The Paleozoic rocks crop 

out on uplifts or hills of the northern Coastal Cordillera from 

southwestern Ecuador, across northwest Peru, through the islands to 

the south, and were encountered in wells drilled on the continental 

shelf at 8°s . They show diverse metamorphism ranging from contact 

to regional, ·resulting predominantly in phyllites , but including 

also slates, quartzites, hornfels, and mica schists . Some, however, 

are only incipiently metamorphosed. They are intruded by Jurassic 

granitic rocks (Bellido, 1969; A. Aleman, pers. cormn.) and Late 

Cretaceous (?) (0. Zevallos, pers. cormn. ) dioritic rocks which may 

represent deeper exposures of a former volcanic arc in that region 

(Fischer, 1956; Morris and Aleman, 1975). The volcanic rocks were a 

source of thick volcaniclastic flysch sequences east of the coastal 

massif. 

Harrington's (1962) regional studies led him to show Cambrian 

through Silurian marine sediments on his paleogeographic maps of 

the western margin of South America, including northwest Peru, even 

though none of these rocks (expose~" is there now.~ If once present, 

they may have been partially or completely eroded by a late Silurian 

epirogenic event (Megard, 1973). Megard and others (1971) also 

document granitoid intrusives in central Peru as correlatives of 

this orogeny. 

South of Pisco at 15°s the Southern Coastal Cordillera appears. 

It is geomorphically similar to the Northern Coastal Cordillera and 



in fact the two probably are structurally continuous under the 

continental shelf between Lobos de Afuera and Pisco. 'lbe Southern 

Coastal Cordillera continues, paralleling the coast, to the Chilean 

border. Its rocks are gneiss, migmatite and granite which have 

radiometric dates of Precambrian age (J. Paredes, 1973, pers. comm. ; 

Stewart and others, 1974) and are unconformably overlain with faulted 

inliers of metamorphosed Devonian sediments (Bellido, 1969; Megard 

and others,_1971). 

It has been suggested that the Northern and Southern Coastal 

Cordilleras are continuous as a structural element or buried ridge 

(Shepherd and others, 1973; Audebaud and others, 1973; Cobbing, 1974) 

and that it forms nearly a direct line near the edge of the 

continental shelf (Zuniga and Travis, 1975). 'Ibis buried ridge was 

interpreted from a refraction survey (Shepherd and others, 1973 ; 

Hussong and others, 1976) at 9°s where compressional velocities 

correlate with those determined from Paleozoic rocks penetrated in 

an onshore well at 5°30'S. An offshore well drilled on the continental 

margin recovered phyllites similar to those Paleozoic ones which 

crop out in the massifs of coastal northwest Peru. 

In northwest Peru, Megard and others (1971) chronicle a 

Hercynian orogeny in two phases for the Paleozoic rocks: (1) between 

the middle Devonian and lower Mississippian, and (2) in the upper 

Permian. J. Paredes, (1966) recognized a strong discordance between 

(1) and (2) in the Cerros de Amotape. It is interesting to note that 

Megard and others (1971) extend this Hercynian fold belt through Peru 



and Bolivia to Argentina and Chile (Halpern, 1968) as part of the 

"Samfrau" geosyncline which bordered Gondwana and whose elements 

are found in South Africa, Antarctica, and Australia (Du Toit, 1937). 

It is suggested that the Paleozoic rocks of northwest Peru were 

deposited on Precambrian crust (Harrington, 1975) although there are 

no exposures within the coastal zone showing this relationship. 

About 300 lan southeast of Talara along the Rio Marafion in the 

Cordillera Central, young Precambrian metamorphics and intrusives 

are unconformably overlain by lower Paleozoic slates (Hosmer, 1959; 

Bellido, 1969). Supportive grounds for this relationship comes 

from the southern Coastal Cordillera where (1 ) a Paleozoic on Pre

cambrian relationship exists which presumably is linked as a linear 

structural element to the massifs of the northern Coastal Cordillera, 

and (2) a similar association is reported in the Amotape-Canchan 

belt of southern Ecuador (Campbell, 1.975). 

Northwest Peru was in a "miogeosynclinal" set·ting at least to 

mid-Permian time when orogeny represented mostly by epirogenetic 

movements affected the whole of western South America (F-ischer, 

1956; Paredes, M., 1958; Harrington, 1962; Megard, 1973). Movements 

culminated in the middle to late Jurassic, and the region of the 

massifs was emergent as volcanic island arcs. In central and 

northern Peru coeval dioritic intrusives and andesitic extrusives 

(Helwig, 1972; Megard, 1973) suggest active subduction beginning in 

mid-Permian time, and possibly as early as late Silurian if granitic 

intrusives and orogenic events reported by Megard and others (1971) 

in the central Andes presage subduction. 



The qiscontinuous arcuate low hills composing the massif of 

coastal northwest Peru are horsts bounded by faults which trend 

orthogonally to the coast. They form the cores of the capes and 

seaward prominances. On the coastal plain and continental shelf, 

some 10,000 m of marine Tertiary sediments, deposited in four cycles 

(Paz, 1974), overlie thin late Cretaceous marine flysch sediments. 

The flysch may aggregate 15,000 m (Ham and Herrera, 1962), and filled 

the flanking grabens contemporaneously with faulting. It is notable 

that the Andean Coastal batholith formed, largely in the Paleocene 

and Eocene (Gileti and Day, 1968), while deposition occurred in 

northwest Peru. 

Thick Jura-Triassic volcaniclastic sediments, flows, tuffs , 

pillow lavas with minor marine limestone, and shale are known east of 

the coastal massifs but none is known to the west (Fischer, 1956; 

Zuniga and Travis, 1975). Likewise, extremely thick Late Cretaceous 

marine volcaniclastic flysch occurs east of the massif but it is 

thin to the west. 

The coastal region underwent a massive taphrogenic breakdown 

contemporaneously with deposition, affecting Cretaceous and Tertiary 

detrital, paralic to marine sediments. Faulting began in Late 

Cretaceous, and has persisted energetically through the Tertiary to 

the quaternary (M. Paredes, 1958). The structure is characterized 

normal block faulting in which folding· is absent and 

even minor warping is rare (Travis, 1953), as indicated by subsurface 

data from more than 9,000 wells in the coastal zone. Involved with 



the taphrogeny are gravity slides inclined 7° to bedding planes 

(Baldry, 1938; Brown, 1938) extending more than 10 km. Tiiey crop 

out near the coast and trend offshore (Fig. 11)~ Tertiary sediments 

also exhibit rubble zones from mudflows and graded deposits from 

turbidity currents (Dorreen, 1951). Four principal marine terraces 

(tablazos) of Quaternary age are recognized in northwest Peru of 

which the oldest and most extensive is 344 m above sea level. 

Tiie taphrogeny also affected the north side of the Gulf of 

Guayaquil, where normal faults show that the continental margin of 

northwest Peru has been uplifted in an extensional stress-field 

since at least the Late Cretaceous. Tii is is be 1 ieved t .o be due to 

active subduction and wedging of accretion of sediments below a 

trench slope break which uplifted the seaward margin, of the 

continental crust. 

However, the Gulf of Guayaquil is a region of subsidence also 
I 

exclusively with normal faulting (growth faults) but due to extension 

of older crustal rocks. Tiiis extension provided the framework for 

the accumulation of at least 6000 m of essentially Middle to Late 

Tertiary sediments which are gently folded and compose the E-W 

trending Progress Basin. Its genesis is discussed more fully in the 

section Progreso Basin and the Dolores-Guayaquil fitegashear. 

Tiie high cordilleran physiographic province is composed of 

three principal structural zones (Hosmer, 1959 and Paredes, 1972) 

(Fig. 9). Tiie highly elevated Cordillera Occidental is a Mesozoic 

fold belt probably representing an island arc (Hosmer, 1959; Megard, 



1973). It composes a western eugeosynclinal facies and an eastern 

miogeosynclinal facies (Fischer, 1956; Cossio and Jaen, 1967; 

Myers, 1974) overlain by Eocene molasse sediments which are strongly 

deformed under a cover of Oligocene and Mio-Pliocene silicic 

volcanic rocks which are slightly folded anf faulted. These 

terranes are intruded by the great Andean composite batholith which 

ranges .in age from Late Cretaceous to Late Tertiary. The bulk of 

the batholith is composed of quartz diorite and granodiorite. The 

cordillera is deeply dissected by rivers and marks the drainage 

divide . for waters entering the Pacific and Atlantic Oceans. 

The western flank of the Cordillera Occidental cooncides with 
{ 

the coast southward from Trujillo near/~ to Lima. The coastline 

here is relatively straight with cliffed headlands formed by marine 

erosion. 

A relatively narrow and topographically higher but structurally 

depressed intermontane plateau or inter-cordilleran belt corrnnonly 

called the Titicaca Trough in the south, is located between the 

Cordillera Occidental and Cordillera Orinetal. It is floored by 

Mesozoic rocks and possibly by Paleozoic flysch sediments (Cobbing 

and Pitcher, 1972), and overlain by thick Eocene molasse deposits 

which are slightly folded. This sequence is cut by a few intrusives 

(Paredes, J. , 1972). 

This · .. province is deeply dissected by longitudinal valleys whose 

rivers cut through the Cordillera Oriental and drain into the Amazon 

basin. 

The Cordillera Oriental and Cordillera Central are deformed 

fold belts composed of thick detrital Lower Paleozoic sediments 



(Paredes, 1972) overlying Precambrian gneiss, schist, ;metavolcanics, 

and amphibolites. All of these rocks have been in~ruded by large 

masses of granite, diorite, and pegmatites of undetermined age 

(Bellido, 1969; Megard, and others, 1971). Paredes, J. (1972) shows 

that some of the intrusives were emplaced in the Late Paleozoic 

and others in the Jurassic according to their cross-cutting relation-

ships. 

The Subandean zone is a foreland setting on theEE.st side of 

the Andean Cordillera and it is composed of marine Paleozoic, and 

marine and continental Mesozoic, miogeosynclinal sediments overlain 

by continental Tertiary sediments with the exception of one marine 

Oligocene incursion. In the Andean foothills th~ rocks are strongly 

and assymetrically folded, with fold axes and fault planes dipping 

westward. Intensity of folding decreases eastward as the sediments 

thin onto the Brazilian shield. Faulting is connnon in the Subandean 

foothill belt and decreases eastward. The faulting is essentially 

of the high angle reverse style with rare to questionable thrust 

faults extending en echelon along the mountain front almost the 

entire length of the Andes. 

The Brazilian and Guayana shields, composed of granite and 

associated metamorphic rocks of Precambrian age, have acted as 

stable, positive elements through the Phranerozoic, and have 

provided the source of sediments for the moderately mobile, negative 

Subandean basin. The Subandean basin~ further separated into 

various sub-basins by structural highs. 



Southern Ecuador and northern Peru is the locus of several 

regional geologic trends (Fig. 9). The Andean ranges rather 

abruptly change trend from southeasterly to northeasterly. This 

change is named the Chicama Trend (Jenks, 1942) or the Huancabamba 

Deflection (Ham and Herrera, 1962). The deflection parallels E-W 

folds whose axial planes dip southward and align with the Amazons 

megashear (C. Ham, pers. connn.). It also trends along the south side 

of the Amazon Basin separating contrasting basement known from wells 

drilled in that region. The western massifs of the northern Coastal 

Cordillera of northwestern Peru bend in line with the Huancabamba 

Deflection. As yet, however, there is no strong evidence of a 

continuation of the deflection west of the Cordillera Occidental 

(F. Zuniga, pers. cormn.). The tripartite cordilleras south of the 

Huancabamba Deflection terminate against it, two other ranges 

continue north of the Tumbes-Guayana Megashear- (C. Hc:._~~~~s. connn.), 

arso- know as -·th; ~~~ap~ _T~~d ~-_(:] ~ - BaX<lo-~k-::-_~r;;r~~rmn.)' into----

Ecuador. The elevations of the Andes between the Huancabamba Deflec

tion and the Tumbes-Tuyana Megashear arecbout 1000 m lower than 

north or south of them. The Tumbes-Guayana Megashear trends out of 

the Precambrian Guayana Shield toward the south side of the Gulf of 

Guayaquil and aligns with mineralization along old E-W fault zones, 

a major E-W magnetic disruption in the southern part of the Ecuadorean 

Andes (Goosens, 1972), and with "relics of early easterly structural 

grain" (Campbell, 1974). 



Carey (1958), Krause (1965), De Loczy (1970), and Campbell 

(1974) discuss major intracontinental structural lineaments coinci-

ding with the north and south sides of the Amazon Basin whose trends 

align with the Huancabamba-Amazons and Tumbes-Guayana megashears. 

It can be reasoned that they are old reoccurring lines of stress 

in which the depressed Maranon Portal (Campbell, 1974) between them 

moved westward. Gregory (1929), quoted in Du Toit (1937), remarked 

about "the westerly urge of the continent" in northern Peru. The 

megashears may have been the boundaries of an aborted aulacogen 

that became a re-entrant for marine deposition that persisted from 

the Paleozoic to as late as the Oligocene (Weeks, 1947; Hosmer, 

1959; Harrington, 1962), in which marine rocks were deposited prior 

to the principal Andean orogeny. It is noteworthy that prior to the 

Andean orogeny, the Subandean region drained westward into the 

Pacific. 

Cale-alkaline igneous rocks so dominant in outcrops of the 

Coastal Batholith to the south become fewer in the Maranon Portal. 

They may be more extensive at depth, however, and ~no~et 

unroofed. 
I 

The Dolores-Guayaquil Megasnear (Case and others, 1971) aligns 

with the Cordillera Occidental in Ecuador and Colombia and separates 

continental crust on the east from former oceanic crust on the west 

(Goosens, 1973; Campbell, 1974; Case and others, 1971). It bends 

westerly into the Gulf of Guayaquil and the E-W trending Tertiary 

Progreso Basin which separates a basement of granitic and metamorphic 

Paleozoic rocks on the south from a basement of mafic to ultramafic 

,, 

.• 



rocks with oceanic or ophiolitic affinities (Goosens and Rose, 1973) 

on the north. 



Seismic-Reflection Profiles and their Interpretation 

"It ain't so much from not knowin' 
as it is from knowin' so much that 
ain't so" 

Phillip Abbot Luce 
The Intelligent Students' 
Guide to Survival, 
Viewpoint Books, 1968. 

Seismic-reflection profiles shown here as line drawings were 

constructed by cautiously interpreting and tracing the mixed-frequency 

records (usually 40-80 and 150-300 Hz). To this base, records of 

other frequencies were composited whenever needed for clarification. 

In general, low frequency seismic waves are able to penetrate deeper 

in the sediment sequences to outline deeper structure. Conversely, 

the high frequency waves show more detail, but do not penetrate 

deeply, and so they show shallow structure better than low frequency 

waves. Interpretation of single-channel seismic-reflection profiles 

is individualistic and subjective, as recognized by Moore (1967), but 

the interpretation is constrained within the likely range of archi-

tecture of the rocks resulting from deformation or the manner in which 

stratified rocks accumulated. Profiles are not undistorted geologic 

transects, as the reflectors or non-reflectors are recorded in time 

rather than in vertical distance. Vertical position and orientation 

of reflecting geologic surfaces on seismic profiles result from 

differences of composition _and thickness of layers (Moore, 1967; 

Kroe.nke, 1972). Geologic surfaces may be bedding planes, products of 

erosion, or fault planes. Should fault planes approach a horizontal 



attitude, they would be indistinguishable f~om bedding planes. The 

scale at which the majority of these profiles were made did not 
~~ 

allow deciphering short w~ye-length features. Continuous seismic 

reflection profiling, however, remains the most significant tool to 

determine gross aspects of distribution of rocks and their structure 

in water-covered areas. 

As pointed out by Kroenke (1972), principles of reflection 

seismology are deceptively simple, but contrasting and differing 

acoustic properties of rocks in varying spatial relationships may 

provide acoustic effects which could give an erroneous interpretation 

of the actual subsurface condition. The literature covering these 

15 
concepts voluminous, but articles by Moore (1967), Kroenke (1972), and ,. 
Tucker and Yorston (1973) were especially useful in interpretation of 

seismic-reflection profiles in this study. 

It may be appropriate to list those phenomena of acoustic 

propagation which cause problems in interpretation. 

1. Multiple reflections from the seabottom are usually detectable 

whereas subbottom multiples may not be. 

2. Interference patterns created by bottom and subbottom 

multiples with true reflectors may provide spurio~s inter-

pretations of structure. 

3. Diffraction-like events may be echos from features to the 

side of the lines of profile. 

4. Geometry of subbottom reflectors may nearly coincide with 

seabottom or subbottom multiples making it difficult to 

identify the true structure. 



5. Reflections are three-dimensional but are plotted in a two

dimensional section which may distort or give spurioui 

interpretations or pseudo-structures. 

6. Apparent structural interpretations and thinning of units 

may be velocity-induced because the reflectors are recorded 

in travel-time rather than true depth. 

7. Recordings at different frequencies may provide alternative 

records especially where packets of coherent reflectors or 

8. Shadings of moderately opaque zones (families of "thin" 

reflectors) are not easily depicted on line drawings and at 

places appear to intersect or can be drawn across reflectors 

of more opaque zones recorded at another frequenc y . 

9. A zone that is moderately opaque at one frequency may be 

transparent on another, and may vary in thickness , but gross 

aspects are maintained. 

10. Basement is taken to mean the deepest reflecting opaque 

horizon below which internal reflectors are incoherent. 

Basement on the oceanic plate is assumed to be igneous. 

'Ibere could be cherty horizons with similar, but much smoother 

reflective response, overlying the igne ous rock (Ewing and 

others, 1968) . 

11. While profiling in shallow water, the outgoing pulse will 

completely blank out the shallow reflectors although some

times they can be seen between the . pulses recorded. 

t, ( 



12. Horizontal beds intersected by a submarine canyon will show 

as a pseudo-syncline on the seismic section. If the canyon 

is very sharp a pseudo-anticline will show· in the axis.· 

13. Where the bottom topography approaches slopes of 15° and bedding 

or fault planes approach dips of 10° they are not usually 

recordable. 

14. 'lhe high vertical exaggeration of recorded profiles may 

give the observer a false impression of the steepness of the 

slope (Schweller, 1976) and of the spatial relationship of 

subbottom geology (Beck and Lehner, 1974). See de-

exaggerated (2.5X) seismic profiles on Figs. /~ and23· On the 

other hand, lack of vertical exaggeration would preclude 

identification of features of low relief, which would be so 

subdued that their significance might be missed. 

15. It is noteworthy that portions of the sa~e records with 

coherent or unclear reflectors could be interpreted with 

subtie differences when done at a later time due to changes 

in geologic mental filters. 

16. Horizontal distances shown above the profiles may be only 

approximate, due to slight changes of ship track or speed. 
11-'l."7 ~ 31 

Profiles A through Mand Q (Figs. ), transect the trench and 

" continental margin orthogonally from north to south and demonstrate 

considerable variation in morphology and underlying structure, 

especially on the continental margin. Gross similarities in morphology 

prevail but profiles separated by less than 5 km may show wide 



Figure 10. Track chart. Heavy lines with letters indicate 

profiles discussed in text. 

Dot+e~ 
SQgrt d hed lines are photographs of seismic-reflection 

profiles. Segments of photographs identified in the 

text under profiles described are not ~hown. 
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variances. This implies that morphology and structure may be more 

complicated, especially on the inner wall of the trench, than can be 

deciphered under the constraint of the density of data acquired. 
lF~- ~1') 

P-rofile J is a multichannel seismic profile discussed under "Seiscom ,... 

Delta Line." Profiles are horizontally scaled in kilometers from 

zero on the landward end. 
(1=~ .,,..,) 

Profiles N and 0 are~short north-south segments on the oceanic 
( ;-~.1..q) 

plate, and Profile P is on the landward coastal margin. 
t. 

Maximum penetration observed on the single-channel reflection 

profiles in this area is generally less than 1 sec of two-way travel 

time. Velocity measurements from ASPER #35 (° · g 9 hrn ; P ; 1*i:f 
( {:~ . ~o ') 

Hcl:s SQ\UA:ez) (t'!8~1!1R Ztfcum c)) record suggest this penetration is ,.. 

less than 1 km. 

Some pertinent and significant morphological and structural 

details are discussed with each profile. 

Profile A (Fig. II ) 

Oceanic basement, a hard reflective surface, is usually readily 

detectable. Normal, down-to-the trench, faults offset basement and 

overlying pelagic and hemipelagic sediments. Here the trench, which 

elsewhere is usually flat, is obliterated by material that apparently 

slumped from the inner wall. Slumped material provides a hunnnocky 

topography, below which weak, discontinuous and incoherent reflectors 

prevail. 

A trench-slope break (TSB), is prominent at km 65, some 25 km 

from the axis of the trench. The determination of the TSB on this and 

"" 



Figure 11. Profile A. NW from near Zorritos, Peru, showing south 

end of Banco Peru (km 10), faulted fore-arc basin 

(km 20-40), trench-slope break (km 65), and slumped 

sediment in axis of Peru Trench (km 90). Position 

of profile is shown on Figure 10. 
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other crossings is based on the concurrence of topographic and gravity 

profile inflections which occurs on the middle part of the inner 

trench wall. Between the TSB and the trench the inner trench wall has 

a slope averaging 8° and incoherent internal reflectors are noted. 

Landward of the TSB the slope averages 2° and shallow reflectors 

gradually become more continuous and traceable landward as seen on 

other profiles with similar settings. Uneven topography suggests 

more structural complications than can be deciphered from the scale 

of this seismic reflection profile. 

Between km 40 and 30, angular discordance between families of 

reflectors suggests unconformities. 

Between km 30 and 0, three prominent normal faults offset beds. 

The topographic high at km 10 is an extension of Banco Peru 

discussed under Profile B (Fig. )7. ) • 

Profile B (Fig. l"l.- ) 

The oceanic side of the trench with an average slope of 2° shows 

normal, down-to-the-trench, faults with offsetting basement and 

sediment reflectors characteristic of the outer wall of the trench. 

The sharp prominence at km 130 may be an igneous extrusion along a 

fault zone created by bending of the oceanic plate prior to entry in 

the subduction zone. Few of these :isolated igneous features were seen 

oceanward of the outer swell which coincides with the maximum inflec

tion of bending, though few tracks traverse that province. The summit 

of the peak seems devoid of sediments. 

Oceanic basement reflectors extend a few kilometers under the 

landward wall of the trench. 



y 

- - Figure ·f 2- Profile B 

Profile crosses Banco Peru, which lacks internal reflectors, 

and a deep sedimentary basin between it and the coastline. 

Faults are interpreted by offsetting beds on opposite sides 

of Banco Peru. Those on the seaward side are associated with 

complexly oriented reflectors suggesting considerable deformation. 

Normal faults on the seaward wall of the trench offset basement 

and overlying sediments. Oceanic basement reflectors extend under 

the landward wall of the trench. The small bump in the middle of 

the trench is believed to be a sediment diapir. Variable vertical 

exaggerations are due to changes in ship speed. 
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In the axis of the trench, flat-lying turbidites surround a 

·small bump, thought to be a diapiric intrusion of less dense sediments 

of the oceanic plate domain penetrating denser overlying turbidites. 

From the trench to a TSB at 1an 80, only incoherent, short 

reflectors are seen. Faulting from 1an 80 to 65, shown by discontinuous 

reflectors, is interpreted to coincide with topographic notches. 

Flat-topped Banco Peru lacks internal reflectors except on its 

sides. Subbottom reverberations blank out any internal reflectors, 

if there are any, in the middle part. Siltstone with abundant 

burrows dredged from 142 m may only be a thin capping over an 

unknown but very dense rock type as indicated by a high free-air 

p~,\.c. s 
gravity anomaly shown in Fig.~' . The relationship of Banco Peru to 

A 

surrounding geology is discussed more fully in the section on Free-Air 

Gravity . 

Between Banco Peru and the SE end of the profile, families of 

rather continuous . reflectors prevail over ·a sedimentary basin with a 

few well-defined faults. Subsurface studies by Zevallos (1970) show 

the basin to have sediments greater than 5500 m thick. A low gravity 

response substantiates this viewpoint. 

Between 1an 10 and 0, aips of the reflectors suggest progradation 

of sediments. 



Profile C (Fig. 13 ) 

This is one of the few profiles in which the oceanic plate lacks 

normal faults in the vicinity of the trench. Flat trench turbidites 

lap onto sediments of the plate, and the oceanic basement can be 

traced a few kilometers under the landward wall whose slope reaches 

10°. Coherent reflectors on the lower slope are non-existant and even 

the water-sediment interface is difficult to delineate. 

The position of the TSB appears uncertain. Following the 

geomorphic criteria of Dickinson (1973), a position at km 50 would 

be dictated and would suggest (as also on Profile D) an anomalously 

large accretionary zone as compared with most other profiles 

crossing the trench and continental margin. A preferred position of 

the TSB, however, is at km 65 where topographic and gravity inflections 

coincide (Fig.~ ) . 

Two faults between km 40 and 30 are parts of a trend of faulting 

that separates Banco Peru from the thick sedimentary basin on its 

southeast side. The trend strikes obliquely across the continental 

margin almost to the trench. Regional significance of the faults 

is discussed in the section on'~rogreso Basin and the Dolores

Guayaquil ffiegashear". 

Relatively continuous reflectors from km 50 to 0 show large 

amplitude folds, and convergence of reflectors suggest 

unconformities or penecontemporaneous folding and deposition. 



Figure 1'3 Profile C 

The outer wall of the trench is unaffected by faulting on this 

profile oriented perpendicular to the coast. Large amplitude folds 

with converging reflectors suggest unconformities or penecontem-

poraneous folding and deposition. Faults between lan 40 and 30 are 

parts of the same trend of faulting found on the landward side of 

Banco Peru as seen on Profile B (Fig. n .. ). The bottom/water 

interface on the lower inner trench wall cannot be deciphered with 

accuracy probably due to steep slopes and rugose topography. 
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Profile D. (Fig. l't ) 

Well-defined offsets of basement and continuous sediment reflectors 

of the oceanic plate show faults that meet topographic breaks. Shallow 

continuous reflectors in the trench give way at depth to incoherent 
)~ 

short reflectors (Fig. a. ~) 

The TSB is selected at km 63 for the same reasons given in the 

description of profile C, although the sharpest topographic break 

occurs at km 50. Shoreward of km 50 the profile suggests that the 

geology is of a continental regime. 

Faults at km 40 are continuations of those that skirt the south-

east side of Banco Peru. The 1 km-deep wide apparent bench from km 50 

to 10 is deeper than seen on Profile C. Its uneven topography and 

rather poorly defined discontinuous reflectors suggest that it is 

structurally more complicated than single channel reflection profiles 

can detect at this scale. Landward inclination of reflectors at km 28 

suggests migration of the axis of the sedimentation, similarly noted 

by Coulbourn and Moberly (1977) off northern Chile. Lack of reflectors 

near the surface is due to bottom and subbottom reverberations which 

blank out true subbottom reflectors. 

Profile E (Fig. {fo) 

Drapes of oceanic sediments over basement highs at kms 140 and 

130, apparent piercements of igneous rocks through the oceanic sedi-

ments, and normal faults near the trench are seen on the oceanic plate. 

The piercements at kms 123 and 118 have little to no sediment cover 



Figure I~ Profile D 

· Profile D off Caho Blanco shows a broad uneven bench between 

km 50 and km 10 underlain by complex structure defined by short 

discontinuous reflectors. A TSB is selected at km 50 by coincidence 

of gravity inflection and topography. Landward inclination of 

reflectors at km 28 suggests landward migration of the axis of 

sedimentation. A photograph of the trench segment is shown on 

Figure ·t S"". 
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Figure ~J!. Trench segment of Profile D showing normal faults on 

the oceanic plate, flat trench turbidi.tes, incoherence 

of reflectors at depth under the strong surface- reflec-

tors of the trench, lumpy poorly defined topography 

near the trench/slope interface. Orientation of the 

photograph is reversed to that of Profile D (Fig. t~ ). 

Landward side is on the left. 
I 
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indicating their recency or strong bottom currents. Both the 

piercements and sediment drapes are part of the Ocola Ridge (Fig.Z8'~ ) 

Pt0Hk 0). 

The mid-trench fold and undulating trench floor is quite uncommon 

in this part of the Peru-Chile Trench~ · , Whether it was deformed 

tectonically or by other processes is not· known. The intersections of 

the trench floor and inner wall is poorly defined because the ship's 

track closely passed higher topography to the side and received 

hyperbola-like responses from it. Topographic variations on the lower 

part of the inner wall are common. 

Below the TSB at km 60 reflectors are few and incoherent, but 

reflectors become more distinct landward from km 60 to 40, as is the 

case on several profiles. The topographic low at km 35 is a submarine 

canyon crossing oblique to the profiles, and reflectors indicate that 

deeper sedimentary beds could crop out on the canyon wall. Dredging 

to sample these "outcrops" was unsuccessful in similar settings else-

where. 

Landward of the continental shelf breaks, offsets of families 

of reflectors suggest faulting and folding. The apparent folding is 

enigmatic when compared with the subsurface geology as known from more 

than 9000 oil wells and detailed geophysical data in the onshore and 

offshore oil fields of northwest Peru ' south of about 4°S. Figure 17 

is a simplified cross-section; with well control out of the line of 

a 
section, through the Restin-C.fbo Blanco oil field and typifies the 

structural style believed to exist landward of the continental shelf 



( 

Figure '" • Profile E transects the trench obliquely between Talara 

and Paita. The oceanic plate sediments drape over 

basement highs at kms 140 and 130 while igneous pierce-

ments at kms 123 and 118 have little to no sediment 

cover. The trench shows an undulating floor and a 

mid-trenchfold. Below the TSB at km 60 the reflectors 

are few and incoherent. At km 35 the profile crosses 

a submarine canyon showing deeper sedimentary beds 

that could crop out. 
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Figure rT A simplified cross-section through an offshore-onshore 

Restin-Cabo Blanco oil field south of Caba Blanco, 

northwest Peru. It shows the complexity ' of subsurface 

structure believed to exist landward of the continental 

shelf break. Note the exclusively normal block faulting 

cut b y gravity slide planes . 
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break. The degree of stratigraphic and structural control by use of 

foraminifers and lithology in this area is, by oil field standards, 

the best possible. The entire length of the cross-section, 

11 km, can be located between about km 20 and 10 of Profile 

about 
(~ 11) 
E for 

" 
comparison of structural definition. It shows that these single 

channel seismic reflection profiles cannot discern the complex style 

of structural deformation characteristic of this part of the continen-

tal margin. Of significance is the lack of folding and even minor 

warping in any of the drilled areas, offshore and onshore at the La 

Brea-Parinas-Talara oil fields. However, there is a concurrence 

between the seismic profiles and the cross-section in that stratigraphic 

units dip landward, shoreward of km 25. No reversal of this trend has 

been found from drilling, to date, in the offshore and is discussed in 

more detail in the section on "Hydrocarbons." 

Profile F (Fig. Ii ) 

Normal faults, rather continuous reflectors from oceanic sediment 

interfaces sometimes showing supratenuous folding, sediment drapes over 

basement highs, and a possible intrusion at km 125 portrays features of 

the oceanic plate. 

Surface hyperbolic signatures at km 93 and 90 are probably 

reflectors from the side of topographic highs not directly underneath 

the ship's track. However, deeper hyperbolae may be due to either 

supratenuous folds or sediment drapes that moved into the trench by 

subduction and were covered by trench turbidites. Folding from sub-

duction processes may be an alternative explanation for the subbottom 

complexities. 



Figure 18 Profile F shows subbottom structural complexities in 

the trench due to supratenuous folds or sediment drapes 

that were moved into the trench by subduction and 

covered by turbidites. Deformation by subductive move

ments may also cause the surface and subbottom. complexi

ties. At km 75 reflectors appear to intersect the 

bottom. 
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Poor definition of the bottom as well as lack of reliable and 

definable internal reflectors on the lower slope and part of the 

upper slope are noted on the inner wall of the trench, which has a 

relatively unbroken slope of 5°. A TSB is presumed at km 75 and 

reflectors tend to intersect the bottom at km 40. 

East of the edge of the continental shelf at km 20, beds dip 

shoreward as seen on previous profiles. 

Profile G (Fig. 1~ ) 

This traverse clips the trenchward end of the Sarmiento Ridge, 

which however produces no noticeable response of the free-air gravity 

anomaly curve plotted above this seismic reflection profile. Evenly 

bedded and supratenuously folded sediments are apparent on the oceanic 

plate as demonstrated by continuous reflectors. None or very little 

sediment can be seen on the ridge attesting to recency of volcanic 

activity or were removed by bottom currents. 

A reduced exaggeration (~ 2.SX) profile below tracings of the 

original reflection record graphically illustrates the advantages and 

disadvantages in visualizing the structural and geomorphic setting. 

The slope between the trench floor and the TSB at km 50 is about 6°, 

and almost no subbottom reflectors were recorded there. 

A submarine landslide probably extends between km 58 and 28 . This 

interpretation is based on discontinuities of structure and faults 

across the presumed slide plane, and relatively lumpy topography. 

The slide plane closely corresponds with dark shading or bottom 

simulatigg reflections (BSR's) which cannot be shown on this line 



tracing from the original record. The BSR is believed to be the 

result . .,of gas-hydrates or clathrates that accumulate in shallow sedi-

mentary horizons (see section on Clathrates). SuIImlerhayes and others 

(in prep) discuss the existence of sediment slides on the Southwest 

African continental slopes associated with clathrate horizons that may 

act as a triggering mechanism for the slides. Triggering by simple 

overloading of sediments or earthquakes, however, cannot be discounted 

in this setting. Submarine slumps of this scale may be modern-day 

example of DI 1s+o .s+ron'\e.$ ( t-~a..-twe.J IJ l'f S<=t) 

The gravity minimum of the trench is skewed landward of the bathy-

metric minimum probably in response to the mass of less dense sediments 

of an accreted wedge noted elsewhere in the Peru-Chile Trench by Hayes 

(1966). The inflection of the gravity profile at km 50, seen similarly 

on other profiles in mid-slope regions, corresponds to the TSB. 



( 

Figure t'i A gravity profile is plotted above~ Profile G which 

passes over the landward end of the Sarmiento Ridge. It 

shows the landward offset of the gravity minimum with 

respect to the trench bathymetric minimum which is prob-

ably due to the mass of less dense sediments in the 

accreted wedge below a TSB at km 50. A reduced exag-

geration profile of about 2.5X below the tracings of the 

original reflection record illustrates the advantages 

and disadvantages in visualizing the structural and 

geomorphic setting. A gravity slide is interpreted 

between km 58 and 28. 
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Profile H (Fig. 2. D) 

Tii.e oceanic plate under this traverse is dominated by the 

Sarmiento Ridge, which appears to be free of sediments over its 

sunnnit, and by closely spaced normal faults near the trench. Several 

intrusive-like features seaward of Sarmiento Ridge have thinner 

sediments over their tops compared to their flanks. Supratenuous 

folds over uneven basement are also present at km 165. 

The trench floor undulates, which implies structural deformation. 

The lower part of the inner wall is poorly defined by diffuse, 

chaotic reflectors and hyperbolae, indicating slumping which may 

continue onto the trench floor, or other deformation. Flat-lying 

shallow reflectors on a bench at km 72 suggest ponding of bottom-

transported sediment. 

A TSB is expressed by topography and gravity at 3500 m (km 65). 

Upslope, between km 60 and 40, the profile passes along the axis of 

a submarine canyon and shows lumpiness of the bottom, lack of 

continuity, and disordered reflectors suggesting slumping. 

Between km 40 and the shelf break, the slope is 10° and several 

faults are interpreted. Internal reflectors suggest that landward 

sediments may crop out or have a thin recent sediment cover. 

Profile I (Fig. 21) 

Sediment reflectors and good definition of bottom are lacking 

over the . 5° slope of the Sarmiento Ridge. Sediment cover cannot be 

determined over most of the ridge but there is a suggestion of chaotic 

sediment piles midway down its slope, which might have accumulated 
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Figure l.C>. Profile H shows the apparently sediment-free 

Sarmiento Ridge and closely spaced normal faults of 

the oceanic plate. The trench floor which is uneven 

suggests deformation as does diffuse, chaotic 

reflectors and hyperbolae on the lower part of 

the inner wall of the trench. Slumping is suspected 

between km 60 and 40 and reflectors under km 30 

suggest that landward sediments may crop out in that 

area. 
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Figure 21. Profile I. The Sarmiento Ridge appears sediment free 

on its summit but sediment piles indicated by chaotic 

reflectors occurs on its flank. Continuous reflectors 

of oceanic sediments and well-defined acoustic base

ment shows bending of the oceanic plate. Irregular 

topography, few and short reflectors below the TSB 

at km 65, and lack of flat-lying reflectors in the 

trench suggest slumping. Internal reflectors at 

km 55 intersect the bottom on the wall of a submarine 

canyon. 
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by downslope movement of hemipelagic sediments from higher levels. 

A piston core taken at km 150 and below the carbonate compensation 

depth, contained calcareous foraminifera which J. Resig (pers. comm.), 
I 

believes came from higher on the Sarmiento Ridge by do~-slope 

movements of sediment. Continuous reflectors and well-defined 

acoustic basement show bending of the oceanic plate toward the trench. 

The oceanic plate sediment reflectors rapidly lose their continuity 

approaching the trench where they become completely chaotic suggest-

ing deformation. The deepest part of the trench on this traverse 

is devoid of the usual continuous flat-lying reflectors from 

turbidites. 

Identification of the water-bottom interface at the intersection 

of the trench and inner wall is conjectural as bottom returns were 

few and diffuse on both the reflection profile and the 3.5 kHz record. 

The diffraction-like events and irregular topography suggests 

extreme slumping and/or tectonically derived complexities between 

the TSB at km 65 and the trench. At km 60 the ship's track crossed 

a portion of a lateral ridge which trends into a canyon and the 

topographic prominence of the TSB is accentuated. 

Note that the landward sediments intersect the bottom at km 55 

ll. 
on the wall of a submarine canyon (Fig. I) and that the number of 

defineable internal reflectors markedly decreases below the TSB as 

seen on other profiles. The appearance on the record that suggests 

folding of sediments under the continental shelf, may, however, 

actually be tilted blocks of beds caused by severe faulting as seen 

·11 
on the cross-section through the Restin-Cabo Blanco oilfield (Fig.~). 



Figure 22. Photograph of a seismic reflection record on the upper 

slope of Profile I where coherent reflectors of 

landward sediments intersect the wall of a submarine 

canyon. Landward side is on the left. 
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Profile J (Fig. ~I) 

See discussion of Seiscom Delta line in a section that follows. 

Profile K (Fig.'l .. .'~) 

Trenchward from the spur of the Sarmiento Ridge a rather uneven 

acoustic basement prevails with supratenous folds. 

'!be usual flat trench bottom is completely obliterated by a 

massive slump from the inner wall (Fig. 2..~.) . '!be average slope 

from km 97 to 77 is about 1.5° but its irregularity indicate slump _ 

topography. '!be position at which the break-away for the slump occurs 

• H-
is diff~ to identify, but the length of the slump is suggested 

to be in the range of 20 to 30 km. 

The prominence at km 60 corresponds to a TSB. On this record 

it is accentuated because the ship pass obliquely over the wall of a 

submarine canyon. Some sediment fill is suggested by subparallel 

reflectors in the canyon bottom. 

A profile with reduced vertical exaggeration (~2.5X) is shown 

to give a less distorted perspective of the topography and structure . 

Profile L (Fig.'J..2) 

Tilis profile clips along the north side of a broad re-entrant 

llW~ 
in the continental ~ and passes 8 km north of Isla Lobos de 

Tierra which expose metamorphosed Paleozoic rocks. Tile island is 

in trend with similar rocks which crop out on Silla de Paita at 6°s, 

81°w (Plate II). No deeper reflectors or other seismic indication of 

these rocks can be seen on the record. 'Iberefore, the grabens among 
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Figure 23. Profile K. This E-W profile off Bayovar shows an 

uneven acoustic basement on the oceanic plate whichis 

unfaulted except near and in the trench. The trench 

is completely covered by a slump. A TSB at lan 60 is 

accentuated as the profile obliquely crosses a submarine 

canyon which may have some sediment fill at lan 55 . 

A reduced vertical exaggeration (- ·2.5x ) is shown 

below a 13x ex~ggeration for a different perspective. 

I 
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Figure 24. Trench segment of seismic reflection profile K 

(Fig. 23) showing a slump that covers the usually 

flat travel floor. Landward side is on the right. 
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Figure 25. Profile L. This profile passes along the northside 

of a re-entrant in the continental shelf and between 

metamorphic Paleozoic rocks which crop out onshore and 

Isla Lobos de Tierra. Deeper reflectors representing 

these rocks cannot be seen indicating thick post 

Paleozoic rocks deposited in a graben. A TSB is 

located at km 100. An anticlinal fold is suggested 

at the trench/lower slope interface. Bottom could 

not be deciphered between km 118 and 133 where no 

coherent internal reflectors are absent. 

I 
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.( the faults segmenting the arcuate massif from the Amotape Mountains 

southward on the continental margin contain thick younger sediments 

1l1~c.uu .... ot bl'l~ho1>e Gieolos~ ~.e.l•+•d. ~ Pio~• T~c..{o...1q 
(see also section on I!!! 1 8!f). 

"' 
. Continental shelf sediments dip seaward, suggesting progradation. 

Deeper reflectors at km 57 show a slight landward dip. The ship's 

track passes over a submarine canyon with horizontally bedded 

sediments at km 75. 

A TSB is located at km 100,c;;_t at km 80 or based on 

concurrence of topography with a gravity inflection which is charac-

teristic of several other crossing. Between km 113 and 130, a diffuse 

mass of diffraction patterns is seen on the original reflection 

record, but it is so indistinct it was not traced or reproduced here; 

true bottom cannot be determined. 

On the lowermost part of the inner wall, reflectors outline a 

poorly defined anticlinal fold. 

Profile M (Fig. 1,,lt,) 

This profi~e is almost a continuation of the landward end of the 

previously described Profile L. Before the change in course at 

km 0, the ship's track pa~sed Isla Lobos de Tierra 5 km abeam. Unlike 

Profile L, Paleozoic metamorphic rocks which crop out on the island 

are believed to be discernible as deeper reflectors of one character 

which are abutted by reflectors of younger sediments of another 

character. Shelf reflectors intersect the walls of a submarine 

canyon at km 15 on the seaward leg of the ship's track. The canyon 

bottom appears to be devoid of younger sediment fill. 

l 



Figure 26. Profile M. Younger Tertiary sediments of the Sechura 

Basin appear to lap onto Paleozoic metamorphics which 

crop out on Isla Lobos de Tierra about 5 km abeam. 

Shelf sediment reflectors appear to crop out in a 

submarine canyon at km 15. An anticlinal fold is 

expressed as a ridge which parallels the trench on the 

lower inner wall. 
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( The slope of the relatively smooth inner wall is 6° and a TSB 

is determined from 3.5 kHz data and gravity data at km 65 in the 

area of no seismic record. At the base of the inner wall, an anti-

clinal fold is implied and is expressed as a discontinuous ridge 

which parallels the trench axis. 

In the trench, deeper sediment reflectors of presumed oceanic 

plate sediments parallel acoustic basement and are overlain with 

angularity by trench turbidites which also have a slight dip towards 

the inner wall. 

Profile Q 

This photographic reproduction of a seismic reflection record 

crossing the trench and continental margin typifies those profiles of 

the southern part of the study area. Thick ponded sediments have 

almost filled in behind the TSB at 3.8 sec in the middle part of the 

inner trench wall. Ponded sediment and benches characterize mid-

slope regions southward to about 15°s (Kulm and others, 1977), but 

are absent to the north. A gas-hydrate (clathrate) zone at about 

0.25 sec sub-bottom on the upper slope closely follows the bottom 

topography and terminates at the double peaks landward of the large 

sediment pond. 

Note the general lack of coherent reflections between the TSB 

and the trench. Anticlinally folded trench sediments at the inter-

section of trench floor and inner trench wall are suggested. 



Figure 27. Profile Q. Photograph of a seismic reflection profile 

showing the overall perspective of a trench crossing 

in the southern part of the study area. Ponded 

sediments have filled in behind the TSB at 3.8 sec in 

the middle part of the inner trench wall. A gas hydrate 

horizon at 0.25 sec subbottom is seen landward of the 

double "peaks" on the upper slope. 

( 
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Profile N (FigJiB) 

A line drawing of a short segment of traverse across the Sarmiento 

Ridge shows some enigmatic relationships which cannot be resolved by 

the seismic reflection profiles. No sediment cover can be seen on the 

refle~tion records over the ridge. Chaotic, lumpy masses can, however, 

be seen on the flanks. Perhaps they are slumped sediments from higher 

on the r"idge. If the ridge has a sediment cover, it is transparent 

or too thin to detect. The latter alternative is favored as Kulm and 

others (1973) piston-cored the top ridge adjacent to the trench at 

9°20'S, and recovered 5.5 m of sediment and tholeiitic basalt at the 

base of the core. This seismic reflection record of that ridge also 

showed little or no sediment on it. 

The contact relationship between the igneous rocks of the ridge 

and the sediments of the oceanic plate are unclear. Certainly the 

sediment reflectors appear to abut the ridge and the igneous rocks of 

the ridge appear to pierce the sediments, but if multiple volcanic 

flows cover oceanic sediments within the flanks of the ridge or if the 

two rock types interdigitate, they would not be seen on a seismic 

reflection profile. 

Profile 0 (FigJ8A) 

The contra-sting nature of the Ocola and Zevallos ridges is shown 

on this profile. Ocola Ridge is very much like the Sarmiento Ridge 

whereas the subdued topography, multiple topographic highs, and rough 

acoustic basement of the Zevallos Ridge have discernable sediment 



Figure 28 . A (lower. Line drawing over the Sarmiento Ridge 

showing apparent lack of sedimentation on its summit 

and possible slumped sediments on lower flanks. 

B (upper). Line drawings across the Ocala and 

Zevallos ridges. The Ocala Ridge appears free of 

sediment on its summit while the multiple Zevallos 

Ridge shows sediment cover, rough acoustic basement 

and possible intrusions. 



I SON0)3S 

-
_ ___i_1 _ ____:L,...,._ i 

z 



( 

,r-· 
I 

( . 

cover. The apparent piercement to the south of Ocola Ridge shows 

no sediment cover, and its poorly-defined prominence may be an acoustic 

effect due to the sharpness of the feature. 

supratenuouslyfolds of the sediment cover, and faults may be present 

on their flanks, but the appearance of faults may simply be due to very 

steep sides of an intrusion. The topographic high on the central part 

of the Zevallos ·Ridge has thin but ch~otically defined relfectors, 

and it may be an igneous intrusion. 

Profile P (Fig. ~q ) 

This line drawing of more than +200 km of reflection profile• was 

recorded at a 2 sec sweep. The track parallels the coastline at about 

20 km distance, and crosses submarine canyons as well as the Progreso 

Basin, which contains thick Cenozoic sediments. 

Subparallel reflectors intersect the canyons attesting to their 

erosional origin. There is only the faintest ~uggestion of sediment 

fill in Talara Canyon whereas the deepest part of Caba Blanco Canyon 
( Plirt~r) 

shows some fill. Shoreward of this track, the bathymetric mapAhas 

closed contours in the Caba Blanco · Canyon, indicating a possible trap 

of recent sediments. 

Several significant faults known onshore and offshore between 

Talara and Zorritos (Platef :t.feel .He:.) trend into the line of profile 

but are not clearly recognized on the profiles. One is inferred to be 

km 70 where a break in slope and apparent off sets of reflectors coincide. 

,~o 
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Figure 29. Profile P. This +200 lan profile taken on a 2 sec 

sweep passes parallel to and about 20 lan from the 

coastline from Talara to Tumbes; then into the Progreso 

Basin underlying the Gulf of Guayaquil. The ship ' s 

track passes across the Talara and Cabo Blanco sub

marine canyons. A fault zone in the axial part of 

a large anticline at lan 130 continues past the landward 

side of Banco Peru and terminates at the TSB of the 

Peru-Chile Trench. Track passes closely abeam of two 

hydrocarbon discovery wells located on anticlines. 

North is on the left side of the profile. 
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Disharmonic folds are suggested by reflectors within the confines of 

Cabo Blanco Canyon. 

A fault zone in the axial part of a large anticline at km 130 is 

believed to be the same zone which borders the landward si~ of Banco 

Peru. The angular relationship of reflectors on the flanks of this 

fold at km 125 and 140 infer an unconformity. Oblique progradation 

is shown between km 100 and 125 which is indicative of deposition in 

an environment of high energy from waves commonly seen aligned with 

some deltas (Sangree and Widmier, 1978). Anticlines are allied with 

the two wells drilled a short distance from the track line. An oil 

field has been developed in Peruvian waters from Tertiary sediments on 

the anticline on which Tenneco-Union 8X-2 was drilled. The ADA E-1, 

in Ecuadorean waters, is a shut-in gas well on a rather broad anticline 

with several faults. The well, with connnercial productive rates, is 

shut-in pending contractual agreements with the government. Intensity 

of folding and structural complexity increases with depth, at least 

within the field which includes the Union-Tenneco well (M. Naranjo, 

pers. comm.). 

This sonobuoy run, analyzed by L. Wipperman (Fig. 30, unpublished), 

is located on a wide part of the continental shelf (Fig. 10) within the 

off shore part _of the N-S trending Sechura Basin. The axis of the basin 

is east of the Paleozoic 
~~..µ') 

massif composed-e-t Cerro de Illesca and the 

islands of Lobos de Tierra and Lobos de Afuera (Masias, 1975). 

,.,. ., 



Figure 30. ASPER Run ~35 is located in the offshore part of the 

Sechura Basin depicting thicknesses and compressional 

velocities of underlying rocks. Length of the inter

preted ASPER is about 12 km. 
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Zuniga and Travis (1975) report sediments as thick as 6000 m 

St.I , 
overlying Paleozoic basement which thickens southward~ tl:lerefere- the 

' ,... ./Z! ~ I"' 
sonobuoy-detennined thickness of about 5000 mis i~ ·good agreement u,~~ •fT.f.,.. - tftl!" 

Seiscom Del ta Line, Profile J l 1=~ . :51) 

During the cruises of 1972 and 1973, single-channel reflection 

profiles could not resolve structural details below the trench-slope 

break to a desired degree of satisfaction. Karig and Sharman (1975) 

in a study of Circum-Pacific trenches and Beck and Lehner (1974) in 

their study of the Java Trench also noted this same condition. In 

order to improve resolution of structural details, Seiscom Delta Inc., 

a geophysical exploration company, was contracted to record and pro-

cess a 24-channel CDP (common depth point) digital unmigrated seismic 

reflection profile over the sector in question as an extension of 

work being done by them for oil exploration on the continental shelf 

(Fig. ~I, Profile J). Velocity analysis and processing to produce 

deconvolved and 1200% stacked time sections was done by Seiscom 

Delta Inc., in cooperation with Exxon Production Research Co. 

A preliminary interpretation by L. K. Wipperman (1974., unpublished) 

used velocity spectra to calculate the interval velocity-depth functions 

at appropriate segments along the profile. These spectra aided in 

correlation of layers with a velocity-age function, allowing consider-

able resolution of structural and stratigraphic relationships of 

reflecting beds. 

A nonmigrated depth section (not shown) was used to modify the 

interpretations on the time section. It is recognized that spatial 
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relationships and existence of reflections on depth sections can be 

inherently erroneous as they are controiled by velocities selected by 
' 

. the interpreter for playback along the profile. The velocities 

selected may either create or eliminate reflections and structural 

configurations. However, the time and depth sections are in general 

compatible concerning major structural geometries but may vary widely 

with respect to minor ones. Only those segments along the depth section 

which made geologic sense or were compatible with the time section were 

used to arrive at an interpretation. 

The velocity-formational function for the upper slope part of the 

profile was obtained from a velocity survey in a wildcat well (VIRU 4-X-l) 

drilled onshore about 40 km from the landward end of the line. Addi-

tional and confirming velocity-formational data came from an off shore 

well drilled on the continental shelf at 8°S and from a seismic refrac-

tion line crossing the shelf and trench at about 8°30'S (Shepherd and 

others, 1973; Hussong and others, 1976). All the velocity-formational 

determinations show good compatibility. 

Prominent coherent reflections are emphasized by solid dark lines 

on the profile whereas faults are dashed. Subsurface formations with 

their ages are shown on the right hand side of Profile J (Fig.31 ). 

Seaward of about 10 km from the landward end of the line, interpreta-

tions of the ages and formational contacts become increasingly unreliable. 

This uncertainty may be due to low velocity contrasts across the sedi-

ment interfaces due to facies changes (at least below the base of the 

Oligo-Miocene), but it is more probably caused by lack of coherent 

( reflections as a result of intense faulting of the Paleocene to 



Figure 31. Profile J. (Seiscom Delta Line) A multichannel 

CDP seismic reflection profile that extends from the 

oceanic plate, across the trench to the upper slope. 

Landward formations are shown on the right hand side 

are projected from a wildcat well drilled onshore 

about 40 km from the landward end of the profile. 

Reflector labeled M on the oceanic plate is believed 

to be the moho discontinuity. Horizon B is the 

oceanic acoustic basement which can be traced conserva-

tively 23 km under the landward wall of the trench and 

possibly as much as 32 km. Incoherent reflectors and 

a mass of diffractions between the TSB at km 35 and 

the trench represent accreted sediments. 
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Paleozoic section. It seems reasonable to project the Cretaceous to 

Plio-Pleistocene section, presumably lying on Paleozoic, to kilometer 

30 where the m::ire coherent reflectors dissipate within a faulted 

area. The internal constitution of the prominent fati.l:t-bounded 

trench-slope break between kilometer 30 and 40 is conjectural. Well-

determined reflectors are lacking, and those that are traced have 

geometries contrasting to those farther landward, but are similar to 

those farther seaward. 

On the oceanic-plate side of the profile at 9.3 sec two-way travel 

time, a reflector labeled M is believed to be the Moho discontinuity 

and correlates with its determination from 

to another CDP The reflector 

at 8 sec is an undetermined horizon within the oceanic crust. Horizon B 

which separates oceanic layer 1 (sediments) from oceanic layer 2 

(igneous), can be conservatively traced under the landward slope of the 

trench as a continuous reflector 23 km, and possibly as far as 32 km, 

from the intersection of the slope and trench flow. From the slope-

trench intersection to kilometer 37, the B horizon appears nearly flat 

and even rises landward on this type of profile that is not corrected 

for sediment velocities. Father landward of km 37, Bis indeterminate 
" 

from interference' by bottom multiples. Because · the profile is on a 

time scale, the B horizon under the landward slope is aberrantly 

higher because of the landward increase in thickness of higher velocity, 

overlying sediments which decreases the travel time to that horizon. 

The dip of oceanic layer 2 is actually about 9° and therefore is 

/ 30 



compatible with that determined by Hussong and others (1976), on a 
s 

similarly oriented 25-channel CDP reflection profile at 9°X. It 

is interesting to note that if the projections of oceanic crust under 

the inner trench wall and seaward extent of continental elements are 

valid, their interpreted end points are separated by 15 kilometers 

horinzontal distance, possibly 8 kilometers, but whose vertical 

relationships remain unclear. There may be about 6800 m of tectonized 

sediments and/or slices of oceanic crustal material as a melange as 

inferred from the depth section. 

The zone from the trench-slope break to the base of the landward 

slope, and above horizon B, lacks coherent reflectors and is repre-

sented by a mass of diffraction patterns seen similarly on single-

channel reflection profiles . . Seely et .al. (1974) in ·the middle America 

Trench~ Beck_ and Lehner (1974} in the Java trench, and Kulm and Fowler 

(1974) off Oregon found similar refiection signatures which were inter-

preted as intensely folded sediments or randomly tectonized sequences 

separated by faults which provide the point sources for the mass of 

the diffractions beginning abruptly at the trench-landward slope inter-

face. It is believed that the bulk of the accreted sediments in this 

zone are pervasively sheared and that the horizons marked by dark lines 

may be acoustic artifacts or bedding plane faults. Until the profile 

is processed by migration procedures to eliminate the diffraction 

patterns a clearer interpretation cannot be made. It is believed, 

however, that even after migration the acoustic responses will still 

show short, indiscrete and incoherent reflectors or diffraction patterns, 

making any interpretation tenuous. 

I~ I 



Among other features along the profile are 700 to 900 m of 

sediments in the trench. They have a ·- 1andward dip of 1.5 to 2°, 

indicating that turbidite sedimentation may not be keeping pace with 

the rate of oceanic crustal subduction. A small hump at lan 85 is 

interpreted as a tangential crossing near a topographic prominence out 

of the line of the profile. A gravity slide is interpreted to lie 

between lan 20 and 30, and a thin turbidite channel-deposit is in 

the prominent notch of a submarine canyon at lan 30. Significantly, 

the trench-slope break separates intense descrete block faults on the 

upper slope from abundant hyperbolic diffraction patterns, probably 

associated with abundant anastomosing indiscrete faults, in the lower 

slope. 
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( Subduction Tectonics 

If convergence of oceanic and continental plots adds material 

to the continental plate, it becomes interesting to discover what 

composes the accreted wedge and how it forms in the convergent 

margin. Seyfert (1969) , Silver (1971), Seeley and others (1974), 

Prince (1974), Moore and Karig (1976), Hussong and others (1976), 

and Coulbourn and Moberly (1977) seemingly are in general agreement 

with a model in which packets of trench sediments are deformed, as 

subduction proceeds, by having younger sediments structurally 

emplaced below older deformed units. They believe this might give 

sub-planar packets or units separated by imbricate thrust-fault 

slices. 

The individual packets may begin as isoclinal, overturned 

folds, with internal deformation and shearing along axial planes as 

interpreted from DSDP Hole #298 in the Nankai Trough (Ingle and 

others, 1975) (Fig. 34A). Figure 32 typifies structures seen on 

many trench crossings. Immediately adjacent to the trench, flat 

trench sediments give way landward to anticlinal folds. Increasing 

incoherence of reflectors landward presumably results from increasing 

tectonism. Note that the horizontal reflectors in the intervening 

lows of the folds suggest ponding of slope sediments, and can be 

likened to the model of accreting melange plus slope sediment, 

deduced by Moore and Karig (1976). See also left-hand inset of 

Figure 33. 



Figure 32. Suggested anticlinal folds at the trench/slope inter

face. This photograph of a seismic reflection profile 

crosses Profile B (Fig. 12) obliquely. Location of 

the photographic profile is shown on Figure 10. Note 

the deeper reflector representing oceanic acoustic 

basement which dips under the inner trench wall. 

Landward side is on the right. 

( 
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Figure 33. Shallow structure deduced by Moore and Karig (1976) 

of an accreting margin in the Sunda Arc. 
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Figure 34. A (upper) Interpretive geologic section across the 

Nankai Trough (Ingle and others, 1975) based on 

data from Hole 298 and reflection profiles. 

B (lower) Trench-snow plow analog of Hellwig and 

Hall (1974). 
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The imbricate units would be progressively elevated, stacked, 

and rotated landward until vertical or overturned (Karig and others, 

in press). They might even be obducted over older and denser 

rocks that represent the plow blade of the snow plow-trench analog 

of Helwig and Hall (1974) (Fig. 34B). The analog also calls for 

a smaller amount of trench sediments innnediately above oceanic 

igneous rocks to be subducted and thereby segregated from the main 

body of the accreted wedge. In all likelihood, the shallow 

sediments composing the TSB could have been obducted, as shown by 

compatibility of seismic velocities for sediments calculated by 

L. Wipperman (unpublished) and the incoherent reflector pattern 

characteristic of the main body of the accreted wedge as taken from 

the multi-channel reflection record (Fig. 31, Profile J). 

~ 
Moore and Karig (in press), however, described subduction complex 

A 

exposed in the Sunda Arc as being melange units which could be 

mapped. Thf; interpreted the complex as mostly packets of deformed 

trench-fill, separated by slope basin sediments. Thrust faults are 

only inferred diagrannnatically, presumably because of the pervasive 

shearing of the entire complex. This suggests that imbricate thrust 

faults may be subordinate to incremental small movements of pervasive 

internal shearing caused by tectonic deformation in the whole mass 

of the accreted wedge, or else the faults apparently were unrecog-

nizable. Shear surfaces would supplant bedding or thrust faults as 

the dominant planar structural elements. 

,~o 



The continuum of shearing and rotation in the accreting twedge 

would incorporate any gravity slides, and ponded or slope-basin 

sediments into the wedge. ... ·- lJ .. • ..:et.,. ~ - - ... . ' 

As pointed out above, this study suggests that the trench 

sediments are from varied sources and accumulate by various mechanisms: 

1. Pelagic sediments from the oceanic plate. 

2. Hemipelagic sediments. 

3. Turbidites from the continental margin. 

4. Turbidites, though thought to be of small con~ribution, 

from the outer trench slope. 

5. Slumps and flistromes from the innter trench wall. 

Sources for turbidites from the landward wall would include: 

1. Continental shelf sediments. 

2. Hemipelagic cover. 

3. Eroded underlying continental margin rocks. 

4. Eroded ponded sediments after destruction of a sediment 

dam by tectonism. 

Tiiough accreted wedges are difficult to map and describe in outcrop 

II in terms of the lingua franca of structural geology, Hsu (1968) and 

Moore and Karig (in press) have been successful identifying and 

mapping such bodies of rocks as tectono-stratigraphic units. 

Tiiough a complete trench sediment sequence has yet to be drilled, 

seismic reflection profiles may give some clue to the ratio of 

turbidites to oceanic-plate sediments as total trench fill, and 

suggest which might be incorporated into the accreted wedge. Tiie 
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hemipelagic component is considered to settle equally on all areas 

within the confines of the trench and margin and is not considered 

in the following calculations. Nor is there any consideration of ·~ 

material slumped from the inner trench wall of possible turbidites 

from the outer trench wall. 

Graph paper was overlain on eight seismic reflection records 

where trench-fill geometries, boundaries, and time-thicknesses of 

oceanic plate sediments immediately entering the trench were most 

clearly defined. Then the cross-sectional areas of (1) trench 

turbidites and (2) underlying oceanic plate sediments were graphi-

cally calculated. The reader is cautioned that the cross-sectional 

areas measured are not true areas, as the seismic reflection profiles 

are recorded in time rather than distance, nor is compaction considered. 

As noted earlier, oceanic plate sediments thin southward farther 

seaward of the trench and that observation is confirmed by these 

measurements immediately adjacent to the trench. 

The percentage "areas" of the turbidite component, by this 

approach, r~nged from 26 to 51% and averaged 38.5%. The remaining 

percentage (6ll5%) of "area", of course, is from the oceanic plate 

domain. There is no discernible trend in "areas" of the turbidite 

component where ponding is created by ridges of the oceanic plate 

intersecting the trench. 

Larson and P~bnan Ci972) cqlculate that as much as 5000 JCrn of 

ocea,nic plate has been subducted unqer South America since the 

Creta,ceous (.v 65 m.y;). It may be interesting to attempt a calculation 

of the size of the actual accreted wedge and compare that to what 



"should have" accreted in this part of the trench since the cretaceous. 

Many assumptions must be made. From the multi-channel seismic profile 

(Fig.31._Profile J), distanc::e _of the inner wall and slope --:s an be readily 

determined as can the dip of the acoustic basement of the oceanic plate 

under the wedge. This information is used to construct part of an 

oblique triangle (Fig.35) whose other part we must approximate as the 

upper limit is difficult to determine. The upper limit of the wedge 

is assumed to coincide with an interpreted fault at km 31 (Fig.31 . 

Profile J). The dip of the fault is acoustically difficult to resolve 

as seismic velocities along this part of the profile ~e unknown. 

' 
They must be estimated from L. Wtpperman's (unpublished) depth• section 

(not shown) based 

-the. 6eett- s e.c: • ..+1 on o+ +wo 
in a dd._p of 480. 

on velocity spectra. The depth to the fault using 
po1n+.s vc:s" It 
The triangle is closed, and assumed to represent the 

A 

total cross - scretional area of accreted sediments within that traverse 

of the convergent margin. Trigonometrically calculated the size is 

241 km2 of cross - sectional area. 

For comparison, to calculate the area that "should have" 

a,ccreted, the assumptions are: 

1. All oceanic plate sediment is scraped off into : the 

wedge. 

2. Subduction of 5000 km occured since Cretaceous time. 

3. An average thickness of oceanic sediment is about 250m 

in this part of the trench and the same thickness 

prevailed since Cretaceous time. 

4. . 'The -reduction in vol1.Illle of oceanic - plate sediments 

due to de - watering and compaction is assumed to be 

62%, based on average porosity reductions from DSDP 

/43 



/ Figure 35. 

-! 
' 

~· .• 4.,... 

';.~:-

Trigonometric solution for cross··- sectional area of the 

accreted wedge along _Profile J (Fig. 31) .A - B .is distance 

(42 Jan) from trench/inner wall interface to a fault at km 31. 

The fault is believed to be the upper limit of the accreted 

wedge. Angle is composed of the 9° dip of the subducting 

oceanic basement plus the 30 slope of the inner wall bottom/ 

· water interface. The dip of the ~ault (48°) at km 31 along 

segment B - C of the oblique triangle is determined from 

a depth section at two points on the fault which closes 

the triangle. Cross - sectional area of the. triangle is 

241 km2. See text for discussion. 



c,)v 
r-9'~~ 

Trench/inner wall 
interface Top of accreted wedge 

per fault 

j 
c b=42 km: 

A ~,y=l360 ', · qx48° 
:.:bOs-em-en; -P.:~2}_ ~ 

8 

Area of accreted wedge= b2 sin a· siny 

.: 2sin/3 

=(422 )·(0.21)·(0.69)=241 km 2 

2. (0.53) 





.. ~------ ·- - ... 

~ Sites 298 and 320. 

Therefore, 5000 km.x 0.25 km x 62% . equals 775 km2 of cross -
""i;i 

sectional area that "should have" accreted compared to --241 Jan2 now 
.:::, 

in place (Fig. 35). It can only be surmised that a goodly portion 

(factor of 3.2) is being removed from the convergent margin by 

subduction. 

Hussong and others (1976) came to the same conclusion from data 

gathered between 8° and 12° 5 where oceanic - plate sediments are 

thinner ( rv lOOm). 
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Accordin~ to the plate-tectonic paradigm, the western margin 

of South America and its youngest orogenic belts must be related to 

convergent motion and subduction. · A-complete explanation of the 

structure is not possible because our understanding both of details 

of the geology and of processes at convergent plate margins is 

incomplete. We must accept, however, that there is an efficient 

mechanism for subduction if we accept the plate-tectonic premise of a 

dynamic equilibrium of plate area, in that crustal generation at the 

spreading centers equals that being subducted. 

One of the gnawing questions has been, why is there a lack of 

compressional structures within the leading edge of the overriding 

plate (with the apparent exception of minuscule folds at the base of 

the inner trench wall)? A lithosphere transmitting horizontal 

compressive stress is certainly implied by those who suggest that the 

outer ridge results from horizontal compressive buckling of the 

oceanic lithosphere (Watts, Talwani, and Cochran, 1976). The seismic 

refraction information that can be interpreted as thrusting seaward 

of the outer ridge was given by Hussong and others (1976). Earthquake 

focal mechanisms in the upper parts of the Benioff zone clearly show 

thrusting of the plates. Accretion in front of the TSB, and landward-

migrating forearc basins . (Coulbourn and Moberl~, 1977) are almost 

certainly the result of compression but difficult to study by 

classical structural geology. Massive breakdown of the sedimentary 

prism by normal faulting in the forearc basin of northwest Peru can 

be explained by uplift, concomittant with accretion and subduction, 
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( to provide a necessary extensional tectonic reglm~. Seely and 

others (1974) also suggest that accretion under the lower slope 

~ causes uplift of the upper continental slope and subsidence of - a -~ 

forearc basin in the Middle America Trench. 

It is best for this discussion to refer to Figure 36 which 

schematically depicts major features of geology along a transect at 

s0 s extending from the oceanic plate eastward about 720 lan to the 

Iquitos Arch on the Brazilian craton. This section readily insinuates 

that subduction tectonics is not limited to the trench but affects 

the entire Andean orogen. The reader should realize that transects 

across western South America a few degrees north or south of this 

cross-section are quite different, and vary drastically over the 

length of the Andean orogen (Gansser, 1973). Although the schematic 

cross-section shows a relatively steeply dipping oceanic slab, that is 

due to vertical exaggeration of the figure. The subducting plate 

dips gently (- 100) under this part of the Andes (Ocala and Meyers, 

1973; James 1971; Stauder, 1975) based on earthquake seismology. 

Fyfe and McBirney (1975) wrote, "Seafloor-spreading and sub-

duction involve a . massive exchange of crustal and mantle material. 

Every one or two hundred million years something on the order of 

three-quarters of the Earth's crust is thought to be rising from the 

mantle and then returning, along with a substantial volume of sedi-

ments of continental origin". A volume of oceanic plate sediments 

can be added to that being subducted. 

( 



Figure 36. A 720 km oblique perspective schematic cross-section 

along 5°s from the oceanic plate to the Amazon Basin. 

Vertical exaggeration varies but averages 50x. The 

oceanic part of the cross-section is about 3x larger 

than the landward part in order to accentuate the 

features determined from this study. 
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Processes causing vertical tectonics and deformation in the 

Andes are undoubtedly deep-seated ones, but it is not yet clear 

whether or not there is a conflict between observation and earlier 

speculations. Previous Andean geological studies were not viewed 

within the context of plate tectonics. Recent, on-going, and a 

significant work by the French (Megard, 1971 and 1973; Auboin and 

others, 1973; Audebaud, 1973; Julivert, 1973; Faucher and Savoyat, 

1973) and the Peruvian (Paredes, J., 1972) have provided new insights 

on the chronology and tectonics (as well as the contradictions and 

imprecisions) within the context of plate tectonics. One of their 

major conclusions is that the main Andean cordilleras have structures 

dictating an extensional stress field concomittant with 3000-4000 m of 

uplift since Pliocene time(Quechua phase). Woollard and Ocola (1973) 

in a study of shallow and intermediate depth earthquakes in Peru 

conclude that tensional fractures dipping . towards the Andes from the 

east as well as from the west are evidence that the Andes is in an 

extensional stress field. 1be Andean orogeny with four phases began 

in late Cretaceous (Santonian) (Megard, 1971; 1973) or mid Cretaceous 

(Cenomanian) (Rutland, 1971) followed by Oligo-Eocene, mid-Miocene, 

and the Quechua phaset which still continues with measurable uplift 

(G. Woollard, pers. corrnn.). Megard (1973) has shown that the 

contemporary stress-fields for the Andes is extensional and compatible 

with the style of recent deformation. Furthermore, he alludes to 

varying compression and extension tectonics for different latitudinal 

transverse segments of the Andean belt of Peru over time from the 



Late Paleozoic. Tiie interpreted tectonics accommodate the spatial 

relationships of rock types in their mode of environment and 

dynamics indicated by their structural deformation. Auboin (1973) 

suggests that the Andean orogeny, implicit with subduction, began 

earliest in the southern part of South America and progressively 

moved northward in time. Megard (1973) concluded that subduction for 

western South America began in Late Permian, to correspond with 

diorite intrusives and andesite extrusives of that age in Central 

Peru. James (1971) invokes an earlier passive Atlantic-type margin 

along a sector for the Central Andes, with subduction beginning in 

the Jurassic-Triassic. On the other hand, several earlier orogenic 

events and igneous rocks (Harrinton, 1962; Hosmer, 1959; Megard, 

1973; Audebaud, 1973; Julivert, 1973; Kennerly, 1973; Bellido, 1969) 

on the western margin of South America suggest earlier subduction. 

It may be that subduction has been in operation there, at least 

through most of the Phranerozoic. 

Several models have been proposed for vertical uplift in the 

Andes, such as thermal expansion of magma and compositional contamina-

tion (Gough, 1973), or hydration along a subducting slab (Fyfe and 

McBirney, 1975), both of which would create essentially irreversible 

volume changes corresponding to uplift and tensional stress-fields. 

If the Fyfe and McBirney model is applied to the cross-section, a 

relatively explainable fit is provided wherein hydration along the 

subducting slab underlies known igneous intrusives and volcanism and 

depression accord with dehydration. It is implicit, herein, that 



considerably more intrusives lie at depth below any surface manifesta-

tions for this area. As pointed out, depression with volcanism is 

inco~spicuous, because the volume of volcanic rocks keeps .pace with 

subsidence as magma is removed from below the volcanic axis. One 

degree farther south of the cross-section, thousands of meters of 

the Tertiary to Quaternary Calipuy Volcanics (Bellido, 1969), with 

no exposed base, are cut by stocks related to the composite Andean 

batholith. The model of Fyfe and McBirney in this case would have to 

be modified as it does not consider the lateral variations in the 

geometry (Stauder, 1975) or segmentation (Rodriquez and others, 

1976) of the subducting slab. These variations that occur along the 

Andean margin were determined from seismicity studies. Neither does 

the model consider probable changes through time in the dip of the 

subducting slab, which might allow a better fit to the known geology. 

This study between 2°30' and 7°s and that of Hussong and others 

(1975) between 8°-12°s, show subduction in the trench at dip angles 

of 9° and 8° respectively, while Stauder (1973) and Barazangi and 

!sacks (1976) calculate a dip of 10° to 15° for northern Peru 

(assuming a horizontal configuration 200 to 300 km or 200-500 km, 

Barazangi and !sacks, 1976, east of the trench axis). 

Although ages of igneous rocks in northern Peru are dated mostly 

on cross-cutting relationships rather than radiometr-ically, they 

appear to be younger to the east. The Jurassic age assigned to the 

intrusion near the coast is extrapolated from a radiometrically dated 

pluton (A. Aleman, pers. counn.) in the Coastal Cordillera to the 
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northeast. From cross-cu~ting relationships, O. Zevallos can only 

. .-date the western-most intrusives of northwest Peru as pre-Late 
.:,~ ... 

Cretaceous. They may be the root of .. a Mesozoic volcanic3d.sland ·arc, 

since eroded, and seem anomalously located with respect to the 

subducting slab and nearness to the trench. .It does not seem possible 

that temperatures could be high enough at 20 km depth and 75 km from 

- the trench to mobilize magma from the subducting slab for the intrusions. 

It seems that (1) ·the Mesozoic subducting slab had tu be dipping 

steeper than at present to attain melting temperatures, or (2) melting 

occurred with excess water (Fyfe and McBirney, 1975) for shallow 

generation, or (3) tectonic corrosion has removed some of the leading 

edge of continental crust. The removal may have been by subduction, 

or by a me.chanism of lateral translation (Karig, 1978) of continental 

crust as suggested by Megard (1973) from oblique subduction for Peru, 

or combinations thereof. No preferred conclusions can be made based 

on existing data. Gough (1973), however, presumes from electrical 

conductivity zones supported by abnormal delay and absorption of 

seismic waves that a zone of partial melting could occur at a depth 

of 20 km, but it is under the Cordillera Oriental and above a slab 

dipping 25°. 

An alternative application of the Fyfe and McBirney hypothesis 

might be t~at hydration events successively stepped eastward with 

time in correspondence with a decreasing dip of the subducting slab. 

Today, however, the slab may be above the geotherm necessary for 

melting, to account for the lack of recent volcanism in this sector 



\ 
of the Andean chain. Barazangi and !sacks (1976) remark on the corre1 

lation of flat segments of the subducting Nazca Plate with lack of 
- ;;s. 

recent volcanism here and in parts of Chile. 

The Cretaceous intrusives (Ki on Fig. 36) are thought to be the 

root of a volcanic arc which persisted in the Cretaceous (Fischer, 

1956; Hosmer, 1959; ~Megard, 1973) based on eugeosynclinal-miogeosyn-

clinal paired sedimentary facies. The intrusive may be composite 

and have extrusive counterparts that crop out to the northeast and 

continue into Ecuador where several thousands of meters of andesites 

(Kennerly, 1973) grade westerly into Late Cretaceous marine volcani-

elastic formations. The Late Cretaceous formations of the Lancones 

synclinorium east of the Cerros de Amotape have many facies variations 

but are essentially flysch successions deposited as thick as 3700 m 

in a rapidly subsiding basin (Morris and Aleman, 1975) . Recent work 

(A. Aleman, pers. connn.) south the Lancones synclinorium has 

encountered dunites and peridotites associated with volcanics which 

may have been partial sources for the marine volcaniclastics. The 

significance and relationships of these rocks are not yet determined. 

, .... -
A. Aleman provisionally suggests Lback-ar£/ rifting caused by a 

thermal anomaly forming a trough in which a series of basic volcanic 

· rocks were emplaced" (free translation from Spanish). 

In addition, the ages of some of the intrusives south and east 

of the Cerros de Arnotape are in doubt. When they are dated they may 

materially modify this part of the schematic cross-section and 

portrayal of subduction tectonics. On-going work by the Institute of 

= 

·· · -· • j 



Geological Sciences of Great Britain ii clarifying some of the poorly 

understood geol,qgy of Ecuador (J. Baldock, pers. conn1i.) . One of the .·..., 

significant findings is that there are two volcanic arcs associated 

with the Cordillera Occidental of Ecuador; an older one to the west 

partly covered by a younger one to the east. Institute geologists 

have also better delineated the Dolores-Guayaquil megashear north of 

Quito. 



Fre~-Air Gravity 

Discussion and Interpretation 

The most significant free-air gravity anomaly is the strong 

negative belt of -110 to -150 mgal, associated with the Peru-Chile 

trench (Fig. 37). The belt is found over the entire length of the 

trench (Hayes, 1966, and Getts, 1975). Off Peru, the axis of minimum 

gravity is 2.5 to 8 Ian landward of the topographic axis of the 

trench, due to the mass effect of the continental margin (Fig. 3). 

This relationship can also be seen on comparative free-air gravity 

anomaly and bathymetric profiles of Hayes · (1966) over most of the 

Peru-Chile Trench. 

Seaward of the trench, the free-air gravity anomaly increases 

gradually to an average of 0 mgal which is the outer gravity high 

comni.only seen elsewhere along the Peru-Chile trench (Getts, 1975) and 

other trenches of the world (Watts and Talwani, 1975). The Grijalva, 

Sarmiento, and - Ocola Ridges are strongly positive (+20 to +40 

mgal) in response to the increased mass and topographic relief of 

younger crustal rocks magmatically empla~~d along fracture zones. 

The lower slope usually shows a flattened gradient which can be 

attributed to a mass deficiency provided largely by a wedge of 

tectonized sediments accumulated below the trench slope break from 

subduction processes. In addition, there is some lesser effect of 

the draping of less dense hemipelagic younger sediments there. An 

additional flattening ·effect may be seen on some profiles near and 

parallel to submarine canyons whose topography provides mass 

deficiency. 
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Figure 37. Free-air gravity anomaly map of the Peru-Chile Trench 

and environs from 2°30' to 7°s latitude. Axis of 

gravity minima is 2.5 to 8 km landward of the 

batbymetric axis. Steep gradients surrounding the 

capes accentuate the deeper older rocks composing 

them. A contrasting gravity high underlies Banco Peru 
I 

at 3°30's and 81°15'W. The low gravity minima in the 

Gulf of Guayaquil represents greater than 6000 m of 

se4iments of the Progreso Basin. 
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Landward the free-air anomaly increases to more than + 100 mgal 

with a rather abrupt inflection centered above the trench slope break 

......;: in the upper slope region. This condition continues from Cabo Blanco 

to the southern boundary of the study area but is not seen north of 

Cabo Blanco or opposite the Gelfo de Guayaquil. The strong gradient 

reappears off southern Ecuador at about 2°15'S, and continues north-
··:.. 

ward to 0°30'S (Getts, 1975) where basement is presumed to be the 

mafic and ultramafic Pinon Formation (Hector Ayon, pers. comm. ) 

with oceanic crustal affinities (Goosens and Rose, 1973). Such 

relatively dense rocks could logically provide the strong gravity 

gradients in that sector. 

From Caho Blanco southward the strong gradient may be at the 

edge of continental crust, or may possibly indicate a slab of oceanic 

or quasi-oceanic crust. There is, however, no direct evidence to 

support these ideas. 

The continental shelf is c_haracterized by free-air anomalies of 

greater than +50 mgal that may locally exceed +100 mgal. Steep. 

gradients surround the capes, which are horsts. Intervening grabens 

are mainly filled with early Tertiary sediments that lap onto older 

rocks of the horsts. These are composed of metamorphosed Paleozoic 

sediments and Jurassic (?) intrusive rocks. Closed free-air gravity 

contours surround Isla Lobos de Tierra and Isla Lobos de .Afuera 

where metamorphosed Paleozoic sediments crop out. Gravity gradients 

there also suggest segmentation by faults, similar to the capes 

innnediately to the north. The steep gradients of the capes facing 

the trench suggest that Paleozoic rocks are 40 to 50 lan from the axis 

of the trench. 



Near Zorritos, oilwells drilled to basement found granitic rocks 

of~undetermined age but which are believed correlative to Mesozoic 
~-'~"i:\: 

gr.:i.nitic rocks which crop out about 22 Jan .farther ieast, on the west ·. 

side of Cerros de Amotape (0. Zevallos, pers. comm.). 

The more complex gravity anomalies north of Cabo Blanco and 

within the Golfo de Guayaquil indicate an altogether different 

shallow crustal structure than to the south. Eastward along 3°30'S, 

values of -120 mgal in the trench rise to -50 mgal, then again 

decrease to -150 mgal on the shelf areas of the Gulf of Guayaquil. 

The latter gravity minimum coincides with the axis of the Progreso 

Basin, filled with Cenozoic sediments. The northern part of the 

Gulf of Guayaquil exhibits another strong gravity gradient, believed 

to be the locus of maximum faulting for the northern margin of the 

Progreso Basin. It is worth noting that basement rocks on the 

north side of Golfo de Guayaquil are mafic ones that Goosens (1975) 

believed originated as oceanic crust, whereas those on the south 

side are continental granitic rocks. The strong gravity gradients 

may represent the margins of a pull-apart basin (Crowell, 1974), 

which very likely is the structural origin of the widening and . 

subsiding Progreso Basin, filled with more than 6000 m of Tertiary 

sediments (Zevallos, 1970). 

The strong positive (+30 mgal) gravity anomaly over Banco Peru 

at. 3°30' and 81°15 'W indicates an excess mass of · ~igh density rocks. 

T. 1b, Getts (1976, pers. corrnn.) determined density contrasts with 

respect to the thick sedimentary sections on each side of· Banco Peru. 



Several simple geometric configurations ~ere used, all of which 
I 

yielded density contrasts of Or 3 to 0.6 gm/cc. Based on empirical 

mean densities with depth of sediments (Woollard, 1962), the rocks 

underlying Banco Peru have a minimum density of at least 2.7 gm/cc 

and a possible maximum density of 3.0 gm/ cc. Til.ese densities fall 

within the range typical of mafic rocks, or of mixtures of ultra-

mafic and less dense rocks. More precise density ,determinations 

cannot be made, however., without seismic refraction data or obtaining 

a sample. 

Between Banco Peru and the coast, the negative values that 

prevail coincide with a basin containing in excess of 5500 m of 

Tertiary sediments. Along the coast in this region gravity contours 

parallel the basin and align with basinward-dipping antithetic growth 

faults (H . Mason, pers. connn.) on the northwest side of a shallow 

granitic basement high known from wells drilled around Zorritos 

(Zevallos, 1970). 

The apparent enigmatic relationship of Banco Peru to the regional 

structure will be discussed more fully in the section on'~rogreso 

Basin and the Dolores-Guayaquil Megashear". 

I Co I 



Clathrates (Gas Hydrates) 

From 4°45' to 7°s most reflection profiles over the landward 

wall of the Peru-Chile trench exhibit apparent subbottom impedance 

contrasts {dark shading) or anomalous horizons that are essentially 

parallel to the seafloor and which appear to be independent of 

subbottom structure (Fig. 38). Not to be confused with subbottom 

mult~ples, they occur at water depths ranging from 800 to 3200 m but 

are never seen below the trench-slope break. 

Markl and others (1970) noted analogous bottom-simulating 

reflections (BSR's) on the . Blake-Bahama Outer Ridge in a passive 

continental margin setting. Stoll and others (1971) reported on the 

BSR's at that locality and suggested they were due to the existence 

in sediment of gas hydrates, or clathrates, which created velocity

impedance contrasts. Ewing and Hollister (1972) recorded large 

amounts of methane gas in cores when the Glomar Challenger drilled on 

the Blake-Bahama Outer Ridge. The gas-rich sediments correlated with 

seismic velocities of about 2.0 to 2.2 km/sec which is considered 

high for unconsolidated hemipelagic . sediments. These high velocities 

suggest increased rigidity due to the presence of gas hydrates. 

Tucholke and others (1977) investigated the physico-chemical, 

environmental considerations, and extent of gas-hydrate occurrences 

in the Western North Atlantic. Their preferred interpretation was 

that the BSR's represent the horizon of a phase equilibrium boundary 

between gas hydrate above and gas in water-saturated sediments below. 



Figure 38. A photograph of a seismic reflection profile on the 

upper slope showing a gas hydrate zone (darker shading) 

at about 0.37 sec subbottom which parallels the 

bottom and is independent of subbottom structure. 

The zone terminates under a sediment pond landward 

of the first prominent "peak". Location of the 

Cf 
photograph is seen on Figure 3f. 
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Figure 39. Bathymetric chart showing recognized distribution of 

gas hydrates and track of seismic reflection profile 

in Figure 38. 
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Gas hydrates or clathrates are ice-like, solid-ring c_rystal 

lattices of water molecules in which gas molecules are physically 

entrapped within the .. lattice with no chemical bonding (Tscholke and 

others, 1977). The lighter hydrocarbon gas molecules (methane, 

ethane, propane, and butane) plus co2 , CO, and H2s will form gas 

hydrates. The heavier hydrocarbons (pentane and hexane) are too 

large to fit into the crystal lattices and hence do not form gas 

hydrates (Miller, 1974). The hydrate-forming gases become stable, 

solid gas hydrates under conditions of low temperature and high 

fluid pressure, which can exist widely in sediments on the ocean 

floor (Tucholke and others, 1977; Hedberg, 1976). In oceanic 

conditions they can theoretically form from 100 m depth to most of 

the greater depths of the sea floor (Stoll, 1974). Certainly they 

can exist to 6000 m (Hedberg, 1976), assuming a thermal gradient of 

at least .035° C/m. The preponderant hydrocarbon gas found in 

sediment is methane, which can be either biochemically derived at 

depths of burial of less than 1000 m, or thermochemically formed, along 

with liquid oil and higher hydrocarbons (pentane and hexane) at 

burials from 500 m to an unknown but deeper depth (Hedberg, 1976). 

Ideally, bottom-water temperatures and geothermal gradients, 

neither of which are available for northwest Peru, would be needed to 

calculate the expected depths of the hydrate equilibrium curve. 

Wyrtki (1973) showed 11°c temperatures at 250 m with 3.5°c recorded 

at a deeper but unspecified depth. By using the pressure-temperature 

phase diagrams for methane . prepared by Claypool and Kaplan (1974) and 



Tucholke and others (19?7), the BSR's of northwest Peru fall within 

the range expected to form a gas hydrate. The case is further 

--
ei:i.hanced by the high organic content (6.9 per cent) of sediments 

below this upwelling area, reported by Rosato and others (1975) as a 

source for methane generation. 

That H2S, which can form gas hydrates, or a mixture of methane 

and Hzs exists to form the BSR's in this area cannot be ruled out. 

Bacteria living in sediments, according to Manheim (1978) can consume 

organic matter and natural petroleum gases, and as wastes · produce 

H2s gas. Cores taken in the area had a slight HzS odor and expanding 

gas sometimes bulged the core caps on the core barrels. Attempts to 

ignite the expanding gas were negative but if the gas was inflammable 

methane or partly methane, there may have not been enough to ignite 

r· 
or it may quickly have diffused with air to prevent ignition. 

Figure 38 typifies those reflection profiles with the BSR's. 

This profile was recorded at 40 to 100 Hz with sound sources of two 

air-guns (80 and 300 cubic inch capacity) fired at a 10 sec repetition 

rate, and a 4500 joule sparke! at a 5 sec repetition rate. 

The BSR is found at 0.37 sec (two-way travel time) subbottom, 

and deepens with increasing water depth. It deepens considerably on 

the lower extremity where the horizon is overlain by an increased 

thickness of ponded sediments. This increased deepening of the BSR 

could be explained by ponding of recent sediments, thereby not allow-

ing time for the position of the phase boundary to re-equilibrate 

(Brian Tucholke, pers. connn.). 
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The BSR's were also seen on reflection profiles recorded at 

100 to 250 Hz. Where recognized, the reflection records with a high 

'\.-:·:- . 
frequency band-pass showed better resolution, as was similarly noted 

by Tucholke and others, (1977). It is not known why on other profiles 

when the 300 in3 air-gun was not in operation that no BSR's are .seen. 

Also puzzling is the fact that no BSR's are recorded north of 4°45'S 

except in one isolated questionable area at 3°30's (Fig. 39). The 

bulk of the reflection records north of 4°45' were taken a year later 

than those to the south with a different seismic profiling configura-

tion but recorded only a fair resolution of BSR's south of 4°45'S by 

using a mixed frequency of 40-80 H2 / 150-300 Hz. They were never as 

good as those recorded in the previous year, although some tracks 

were in close proximity (Fig. 2). It could be that there are unknown 

structural complications north of 4°45'S that have interfered with 

development of gas hydrates, or as suggested by B. Tucholke (pers. 

comm.), there may have been recent sediments that slumped away in 

that area. 

In all cases where the sparker sys£em was not operating, no 

BSR's were recorded. In regard to this and variation in definition 

of the BSR's, the energy spectrum of each sound source at the 

frequencies considered would have to be evaluated to determine whether 

the presence, absence, or fading of the BSR's are real. That might 

not be productive, however, because little is known about the bottom 

water temperature, thermal gradient, or the nature of the contact 

along the equilibrium curve (hydrated sediment vs gaseous sediment) 

or their respective acoustic properties (B. Tucholke·, pers. comm.). 
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On a multi-channel profile at 9°s, a reflector that is parallel 

to the sediment surface and crosses subbottom bedding was inter- · 

preted by 0. Holecamp of Shell Oil Company to be the base of a gas 

hydrate layer (Woollard and Kulm, 1975). 
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PROGRE~O BASIN AND THE 

D~~~ORES-GUAYAQUIL MEGASHEAR 

The Gulf of Guayaquil is an unusual embayment of the generally 

straight wes·t coast of South America (Figs. 1 and 40) . It is also 

structurally unusual in that it is underlain by the E-W trending 

Progreso Basin which is contrary to other Tertiary basins which 

parallel the gross N-S structural grain of the Andes (Fig. 9). 

Marchant (1961), Malfait and Dinkelman (1972), Goosens (1973), Faucher 

and Savoyat (1973), and Campbell (1974, 1975) have suggested that the 

origin of the gulf and basin lies with right-lateral slip on the 

Dolores-Guayaquil Megashear (Case and others, 1971). 

The Dolores-Guayaquil ~egashear is a fault zone recognized by 

Carey (1958) as a major structural discontinuity in northwestern 

South America. It trends about 1600 km SSW from northwest Colombia 

into the Gulf of Guayaquil. In the north it can be projected offshore 

into the Caribbean toward the Santa Marta and Oca faults of regional 

consequence but whose relationships there are unclear (Fig. 40). 

Southward, Shepherd and Moberly (1975) extended the Dolores-Guayaquil 

Kegashear system across the continental margin into the landward wall 

of the Peru-Chile Trench from marine geophysical investigations. They 

also proposed a model for the origin of the Progreso Basin based on 

the right-slip movement along the megashear. 

Earthquake epicenters align with the southern part of the mega-

shear (Goosens, 1973; Campbell, 1974). On the trace of the megashear 

in Ecuador, Stauder (1975) determined a focal mechanism at intermediate 



Figure 40. Diagrammatic map showing the location of the Dolores

Guayaquil megashear and principal morphotectonic 

features. Heavy arrows show the contemporary 

relative movements of tectonic plates. 
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depth that is compatible with rig~t-lateral slip. Paucity of earth-

quakes along the mega~hear, howe~~~' indicate that it is ·not parti-

cularly active at present. 

In Colombia and Ecuador the megashear separates rocks interpreted 

as having been Mesozoic oceanic crust on the west from Precambrian 

and Paleozoic continental crust on the east (Case and others, 1971; 

Case and others, 1973; Gansser, 1973; Campbell, 1974; Irving, 1975). 

In Colombia and Ecuador, the former oceanic crust is overlain by 

Mesozoic and Cenozoic eugeosynclinal sediments (Duque-Caro, 1973; 

Gansser, 1973; Goosens and others, 1977; Julivert, 1973) in a complex 

structural setting of possibly several abandoned subduction zones 

(Malfait and Dinkelman, 1973) associated with diabases and tholeiitic 

basalts with pillow structures (Case and others, 1971; Stibane, 1975) 

and granitic to dioritic plutons (Case and others , 1971; Malfait and 

Dinkelman, 1972). In Ecuador tholeiitic oceanic crust, called Pinon 

Formation, Pinon Complex, or Basic Igneous Complex (Goosens and Rose, 

1973; Goosens and others, 1977) and Diabase Formation (Sauer, 1971) 

is petrologically similar to those in Colombia but apparently has 

fewer known structural complications. 

Sauer (1971), Goosens and Rose (1973, 1975, 1977), Faucher and 

Savoyat (1973), Kennerly (1973), Ruegg (1967), and Thalmann (1943, 

1946) point out the petrologic nature of the Pinon Formation is similar 

wherever it crops out on in the coastal lowlands and on the western 

flank of the Cordillera Occidental of Ecuador, Colombia and northern-

most Peru. They also affirm that the Pinon Formation is found in 



widely varying structural settings and diachronous ages in a pattern 

which ~annot be explained satisfactorily with available data: Ages 

of Late Jurassic to Early Cretaceous are suggested ·for the Pinon 

Formation by Goosens and Rose . (1973); Early (?) to Late Cretaceous 

by Kennerly (1973) in the Andes; Jurassic to Cretaceous in the west 

and Cretaceous in the western flank of the Western Cordillera Andes 

by Sauer (1973); and absolute dates of 110 to 135 m.y. (Early 

Cretaceous) are reported by Faucher and Savoyat (1973). Its age, then, 

may vary from place to place. According to Thalmann (1946), in 

southwestern Ecuador it is overlain by Cenomanian and Turonian (Late 

Cretaceous) silicic cherts, tuffs, and shales whose microfaunal 

content indicates open ocean, deep water to bathyal depositional 

environments (J. Resig, pers. comm.), suggesting considerable post

depositional ~plift in that area. 

Goosens and Rose (1975) · proposed that the Pinon Formation may be 

ocean floor tholeiites on the coast and "young" island arc tholeiites 

in the Andes. They applied geochemical distinctions to these rocks 

but got conflicting conclusions and suggested that they may not be as 

chemically distinct as some investigators believe. 

The reason for the origin and emplacement· of the oceanic Pinon 

Formation landward of the Peru-Chile Trench north of the Gulf of 

Guayaquil into northern Colombia is conjectural. The status of onshore 

geology in this region is known in such general terms that at this 

time it would be unwise to incite extrapolations based on few data. 

In addition, the plate tectonic settings of the past could have had 

a number of configurations obliterated by subduction of some 5000 km 
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L-o+t. 
of oceanic crust under South America since ~ Cretaceous (~ 

; Ip' Larson and Pitman, 1972). The only setting that seems 

certain is that curre.ntly younger oceanic crust is subducting under 

older oceanic crust (Pinon Formation), whose boundary with continental 

crust is rather sharply delineated along the Dolores-Guayaquil 

megashear and coincides with the Cordillera of Occidental Ecuador and 

Colombia. Faucher and Savoyat (1973) suggest that the eastern boundary 

of the Pinon Formation was a subduction zone in the Jurassic that would 

have had to be aborted or inactive since the Late Cretaceous, as 

constrained by absolute dates of 110-135 m.y. for the Pinon Formation. 

A new subduction zone would then have to be stepped westward possibly 

by mid-oceanic plate subduction. Malfait and Dinkelman (1972) 

envision this as having happened in the Paleocene (55-65 m.y.B.P.), 

but Faucher and Savoyat (1973) select the Late Cretaceous for the 

new westward subduction event. 

Additionally, Karig (1974) suggests Early Tertiary oblique 

subduction f ·or northwestern South America, which is supported by 

Larson and Pitman (1972) who call ·for a spreading center abutting the 

continent at about 12°s in the Late Cretaceous. This would necessitate 

a transform or several transform faults between the spreading center 

at 12°s and a spreading center between South and Central America as 

proposed by Freeland and Dietz (1971) and inferred by Larson and 

Pitman (1972). The transform or transforms might also have converged 

on the ancient coast of South America from spreading between the 

Pacific and Farallon plates in a mid-Pacific region (Larson and Chase, 



1972) assuming a fixed position ;for South America. This motion would 

continue to until at least 20 m.y.B.F. when the Farallon broke up 

(Handschumacher, 1976; Hey, 1977), the Galapagos -Rift began opening, 

and active subduction north of the Carnegie Ridge began to decrease 

or stop (van Andel and others, 1971). 

Therefore, the older ocean floor rocks west of the Dolores

Guayaquil megashear are now in the process of being welded to older 

continental crust (Gansser, 1973; Campbell, 1974) and becoming 

tectonitic crust (MacDonald, 1972) or "continentalized" (Rogers and 

Novitsky-Evans, 1977). 

In Colombia, strain on the Dolores-Guayaquil megashear is dis

tributed over several faults resulting in a broad zone of fault

bounded blocks in complex relative movement with one another. Maps 

in that region by Feininger (1970) and Irving (1975) showing dextral 

offsets of intersecting faults and plutons may represent only the 

latest displacements in the order of magnitude of 30 km. In the Gulf 

of Guayaquil, if the steep free-air gravity anomaly gradients on 

opposite sides of the gulf (Fig. 41) are the deep-seated margins of 

a pull-apart basin (Crowell, 1974), then a dextral displacement of 80 

to 100 km can be invoked which may describe the maximum possible 

displacement in that area. Campbell (1974) suggests 300 km dextral 

offset. 

It is suggested that the westerly bending of the Dolores

Guayaquil megashear into the Gulf of Guayaquil and across the 

continental margin and right-lateral movement (Case and others, 1971; 

,,, 



Figure 41. A free-air gravity anomaly map . with faults and the 

pull-apart margins of the Progreso Basin as inter

preted by gravity, seismic reflection profiles arid 

regional geology. 
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Campbell, 1975) provides the framework to form a pull-apart basin 

(Crowell, 1974) represented by the Progreso Basin (Fig. 42) with 
-~ 

greater than i 6000 m of sediment fill. 

Tne model demonstrates that as movement along the megashear 

.progressed, sediments from high-standing terrains poured into a 

continuously widening hole. With widening, younger stratigraphic 

units lap basinward as known from outcrop {Plate II) and subsurface 

data (Zevallos, 1970). 

Southeasterly between Isla Puna (Plate II) and the coastline 

and towards the Andes lies the Jambeli Graben. It fo l lows the 

curvature of the converging margins of the basin where 9000 m. of 

post-Cretaceous sediments are estimated by Faucher and Savoyat 

(1973) to be present. In the same area, H. Mason (pers. colillll.) 

calculated at least 5200 m of throw on the southern margin of the 

graben. The graben is an extension of the Progreso Basin which 

according to Faucher and Savoyat (1973) filled so fast as to be 

emergent. 

The occurrence of former oceanic crust on the north side of the 

Gulf of Guayaquil and continental crust on the south has been a 

tectonic problem. Campbell (1975) suggests there is a "great E-W 

transverse line of faulting" which appears to align with the Tumbes-

Guyana ~gashear (Fig. 9) on the north side of the Amazon Basin. It 

also aligns with old metallogenic transverse faults in the high Andes 

(Goosens, 1972), earthquake focal centers (Goosens, 1973; Campbell, 

1975) in that region, and a cluster of focal centers on the south 



Figure 41. A block diagram model showing how the movement on 

the Dolores-Guayaquil megashear formed the 

framework for the Progreso Basin. 
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side of the Gulf of Guayaquil. Campbell (1975) further alludes that 

the Gulf of Guayaquil is due to the interaction between the Tumbes-

GU}7ana and Dolores-Guayaquil megashears. It can be implied then that 

the south side of the gulf might have dextrally moved the continental 

crust westward but would still have to invoke westward stepping of 

the subduction zone (the present one) to segregate younger oceanic 

crust from the older oceanic crust north of the gulf. 

The position on the continental margin, apparent isolation, and 

presumed rock constitution of Benco Peru is enigmatic. From gravity 

calculations it is underlain by rocks having densities of mafic to 

ultramafic rocks similar to the Pinon Complex. It is surrounded by 

strong _gravity gra~ients with faults seen on seismic reflection 

profiles on the northwest and southeast side; the latter follows a 

bathymetric notch to the trencb-slope break ~bout 1300 m above the 

trench floor (Plate IJ). 

Figure 43 illustrates one possible explanation for Banco Peru, 

genesis of the Progreso Basin, and subduction of younger oceanic crust 

under older oceanic crust of -the Pinon Formation south of the Carnegie 

Ridge. No specific time for stages 2 through 4 are given because 

the knowledge of ages of rocks and events bearing on them are 

uncertain. Stage 1, however, would be Jurassic or older, and stage 5 

is contemporary time. It hypothecates Banco Peru as an isolated 

slice of older oceanic crust along a transform (strike-slip) fault 

activated by the Tumbes-Guyana ~egashear. Isolated high-standing 

blocks are not uncormnon in pull~apart basins (Crowell, 1974). 

' 



Figure 43. A sequential diagram illustrating a possible 

explanation for the Progreso Basin, Banco Peru, and 

subduction of younger oceanic crust under older 

oceanic crust north of the Progreso Basin. Stage 

1 is Jurassic or older; stage 5 is contem~orary 

time but no time is specified for stages 2 

through 4 due to uncertain ages of the rocks and 

events affecting them. The floor of the Progreso Basin 

m~y be either l) attenuated marginal rocks, 2) a 

complex of volcanic rocks and sediments, 3) young 

oceanic crust now subducting, or 4) combination of all 

of them. 



OC - Ocean Crust 

CC - Continental Crust 

OOC- Old Ocean Crust 
(Pinon Formation) 

YOC- Young Ocean Crust 



An alternative hypothesis is that Banco Peru could be an intrusion 

of mafic and ultramafic rocks from partial melting of the subducting 

slab. This idea, however, is constrained by the current slab dipping 

10°. By graphic projections, its upper surface would be located 12 Ian 

under Banco Peru. It is not conceivable that partial melting could 

occur at these depths. Theoretical considerations and the trends of 

volcanoes and trenches call for depths of 100 to 150 km for partial 

melting to take place (Wyllie, 1971; Marsh, 1976). That would 

necessitate a dip of 60° or greater on a subducting slab, which· is 

0 about 30 greater than the steepest dip calculated anywhere along 

the Peru-Chile Trench subduction zone (Rodriquez and others, 1976). 

Marshak and Karig (1977) have reported on anomalous near-trench 

plutons in the Aleutian arc and the southwestern Japan trench systems. 

One of their propositions invokes a ridge-trench-trench triple junction 

in whi~h a spreading ridge is subducted and intrusions occurred on 

the landward side near an active trench. An analogous setting was 

proposed by Larson and Pitman (1972) at 12°s for the Late Cretaceous. 

If this ridge migrated northward it may have provided an intrusive 

origin for Banco Peru and other near-trench igneous activity from 

11. 
0 s 

~..e.en1 :8ctta:doT into Colombia. 



HYDROCARBONS 

The oil and gas fields of northwest Peru and the Santa Elena 

Peninsula of Ecuador (Fig. 43) are notably unique among others of 

the world in that they are the only connnercial ones located adjacent 

to an active convergent margin. Existing productive limits near 

Talara are as close as 50 km to the axis of the trench, but the 

true seaward limits of the coastal fields of Peru have not yet been 

established. The deepest production platform is in 90 m of · water 

about 8 km from the shore. 

The complexly faulted coastal fields of Peru have attained 

giant status by having produced ·more than 941 million barrels of oil 

by 1976 (Amato, 1977). Those of coastal Ecuador have cumulative 

production to 1976 of 110 million barrels. Tar seeps were mined both 

by Incas and Conquistadors, and so these are among the oldest, if 

not the oldest, oilfields utilized in the Western Hemisphere. 

Offshore, the discovery well (Union-Tenneco BX-2) for the Albacora 

Field had an initial production of 5300 barrels per day, and indicated 

estimated reserves of 47 million barrels as of 1974 (Franco, 1974). 

Follow-up drilling has not materially extended the field, which is 

located on a highly · faulted anticline. Of some sixteen structures 

that have been delineated in Peruvian waters, eight have been 

drilled resulting in two separate pools (Franco, 1974). 

The Amistad Field is currently a shut-in gas discovery and 

awaits contractual agreements with the Ecuadorean government and 

production facilities before development. It is estimated that 

1~1 



Figure 44. Light stippling oil and gas fields. 

Heavy stippling = massif of metamorphic Paleozoic rocks and 

later granitics composing the Cordillera Coastal. 
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\ 4 trillion cubic feet of.reserves have been found. 

The wells in Santa Elena fields of Ecuador are shallow and of low 

productivity. Here again seaward limits are questionable but the 

low productivity has not justified more expensive offshore drilling. 

Production in the Peruvian coastal fields is essentially from 

Eocene marine and paralic facies overlying severely deformed volcani

clastic and calcareous Cretaceous rocks of little productive poten

tial. A smaller amount is produced from fractured Paleozoic meta

morphic rocks whose source beds are believed to be onlapping 

Tertiary sediments (Zevallos, 1970); accumulation is by dilation 

created by fracturing. The oil ·and gas fields in the Gulf of 

Guayaquil have Miocene sandstone reservoirs, and the fields of the 

Santa Elena Peninsula produce from Eocene marine sandstones. 

Many prolific oil and gas fields lie on the foreland side of 

orogens along convergent plate margins (e.g., Iran, Iraq, Sumatra, 

eastern Ecuador, Roumania, etc.), but aside from these coastal and 

off-shore fields of Peru and Ecuador, fields are rare between the 

main belt of mag::-tism and deformation and the trench (arc-trench 

gap). Only three or possibly four areas in the world other than 

Peru-Ecuador are known to be adjacent to the trench side of young 

convergent margins. Of these, two are non-connnercial: Barbados and 

Timor are characterized by low productivity, extreme complexity of · 

structure, and lack of lateral continuity of strata. 

East of Trinidad are connnercial offshore oil and gas fields on 

trend from Barbados. They are in thick sediments deformed above 



what appears to be a completely filled and now inactive subduction 

zone. 'llie recently discovered Nido field, now in a phase of 

development drilling, lies off the west coast of Palawan and 

produces from Tertiary reefal limestones (A. Hatley, pers. con:m.). 

It is located on the landward side and adjacent to the old Borneo

Palawan trench, which later became a transcurrent fault, according 

to Murphy (1975). 

Exploration for hydrocarbons on active convergent margins 

currently suffer bias by explorationists primarily because they 

believe these fore-arc basins generally have poor quality reservoirs, 

low geothermal gradients for maturation of organo-rich sediments .._ 

to hydrocarbons, and complex geology (Yarborough; ·1977). Many of 

them lie well below sea level. Heat flow is notably low along many 

convergent margins. Dow (1977) states that relatively young sediments 

of basins above subducting margins usually have low geothermal 

gradients and that burial to generate oil would have to be as much 

as 5 to 6 km, and more for gas. Whether or not the petroliferous 

basins of coastal Peru and Ecuador were ever buried to those depths 

is uncertain, but it is conceivable since the composite Tertiary 

thickness exceeds 9000m (Zevallos, 1970). 'llie sediment piles in 

the Gulf of Guayaquil certainly fall within the range of 5 to 6 km, 

and the apparent pull-apart basin (Crowell, 1974) might have 

attenuated crust enough to allow sufficient heat for hydrocarbon 

maturation. Because published data of geothermal gradients or heat 

flow in convergent margins is slim, and none is known in this area, 



the or~gin of heat sufficient for oil generation remains speculative 
o-a 6.lo"-1'\o.~._sT'" Gc.l.IO.AO't' 

in the coastal fields of northwest Peru-. All in all, however, these 

" 
~ 1 •& fields are evidence that large accumulations can exist on the 

trench side of young orogens, and suggest that here as well as 

elsewhere, petroleum geologists should include forearc basins in 

their prospects . 

Future exploration will certainly find more hydrocarbons within 

the lightly prospected and thick folded sediments of the Progreso 

Basin. Tile complexly faulted coastal fields of Peru whose productive 

horizons stratigraphically rise seaward will undoubtedly be extended 

seaward as offshore technology and economics permit. Since petroleum 

is produced from sediments between and west of the old structural 

highs which extend beyond the continental shelf edge, similar 

settings to the south centered about Paita, Bayovar, and the off-

shore islands remain highly prospective. An oil seep reported on 

Isla Lobos de Tierra, and formations which are productive elsewhere 

indicated by the multi-channel record (Fig. 31, Profile J) to be 

present off Bayovar, add to the sttractiveness of these areas. 

Clathrates or gas hydrates indicated by seismic reflection 

profiles on ·the upper slope may provide a trapping mechanism for 

potential gas production. It must be stated that very little is 

known about the nature, occurrence, and consequences of drilling 

into clathrates, so that what is written here falls into the realm 

of speculations that might be pursued. 



Clathrates are pore fillings of ice-like water that has en-

~ 
trapped gas in its lattice. Clathrates overlie additional gas 

dissolved in connate water (Tucholke and others, 1977). Tiiey may 

be sufficiently impermeable to prevent upward or lateral migration 

of connate water with dissolved gas into reservoirs, should adequate 

geopressuring of sediments exist. Under proper physico-chemical 

conditions it is possible that gas alone might accumulate below 

clathrates and above connate waters. 

Clathrate horizons closely parallel bottom topography and might 

be mapped as "structure" by seismic reflection profiles, to delineate 

closed structures. The Joides Panel on Pollution Prevention has 

been quite cognizant of potential dangerous blowouts associated 

with sea-bottom drilling of clathrates and are avoiding drilling in 

areas where they are suspected (Anonymous , 1976). Should the 

aforementioned speculations have validity, enormous gas reserves 

might become available off western South America and other continental 

slopes, if development of technologies of production advances. 
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