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ABSTRACT 

Portions of the deep sea floor, trench, and 

continental margin adjacent to southern Peru and 

northern Chile were surveyed during the 1973 and 1974 

expeditions of the R/V Kana Keoki. A tectonic 

interpretation of the bathymetry _and structure of 

the region bracketed by 18° S and 23° S latitude shows 

that the Nazca Plate edge, seaward of the Peru-Chile 

Trench, is broken along an anastomosing network of 

normal fault scarps. In contrast, compressional 

folds and ridges characterize the continental margin. 

Seismic reflection profiles reveal three large basins 

at about 1000 m depth between Mollendo, Peru and 

Iquique, Chile. Only small basins and discontinuous 

terraces are seen on profiles crossing the Iquique 

iii. 

to Antofa~asta, Chile, segment of the continental margin. 

The structural cross-sections of the basins 

resemble those of arc-trench gaps. The undeformed 

uppermost reflectors probably represent turbidites, as 

evidenced by displaced shallow-water benthic foraminif era 

and coarse sands in cores. Deeper reflectors are 

generally inclined landward, with dips and deformation 

increasing in the lower reflectors down to about 1.5 

seconds penetration. Seaward convergence of these 

reflectors indicates a progressive shoreward migration 



of the axis of maximum sedimentation. If the deeper 

beds are also turbidites~ this axis marks the axis of 

the sediment trap on the continental slope. 

The structures are interpreted as having formed 

by subduction of the oceanic lithospheric plate, and 

accretion of a portion of its sed~ment cover. The 

imbricate stacking of accreted material is lifting an 

anticlinal ridge visible in most traverses across the 

seaward side of the basin. The growing ridge is 

deforming the older sediment trapped within the basins 

of the upper slope, and shifting the locus of 

deposition shoreward. The irregular distribution of 

the basins apparently is a product of sedimentation 

over culminations and depressions of the surfaces 

of imbricate fault planes. Free-air gravity values 

suggest that the loci of maximum deposition within the 

basins are even more localized than is apparent from 

the tectonic map. Undulations of acoustic basement 

may result from the transference of the irregular 

structure of the oceanic plate to the face of the 

continental block. 

Although the Peru-Chile Trench parellels the Andes 

mountain chain, correlation of onshore and offshore 

tectonic units is tenuous. Whatever model is proposed 

for deep structures of the continental margin must be 

iv. 
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compatible with the onshore geology and the near-surface 

features shown in the seismic reflection profiles. 

A core of the oldest sediment yet recovered from 

the Nazca Plate was retrieved from the outer swell of 

the Peru-Chile Trench, below the present calcite 

compensation level (CCD). The core contained 

assemblages of nannofossils of the Upper Middle 

Eocene Discoaster saipanensis Subzone, whereas the 

foraminifera are assigned to the Lower Middle Eocene 

Globigerinatheca subconglobata subconglobata Zone, . 
) 

suggesting reworking. These fossils, as well as 

basalt pebbles in the core suggest that normal pelagic 

sedimentation was interrupted and that tectonic 

events on the sea-floor are in part responsible for 

the disturbances in abducted stratigraphic sequences. 

The multivariate statistical techniques of 

cluster, factor, canonical correlation, and 

discriminant analysis are applied to solve for the 

relationships between samples cored at the Arica 

Bight. 

Microscopic examination of 54 samples for the 

relative abudance of 14 constituents is the basis of 

a coded data matrix used in canonical correlation 

analysis. The results quantify a relationship between 

the microconstituents and a group of 'environmental' 

parameters including, water-depth, core color, and 
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distance from shore. 

Particle size-frequency distributions were calculated 

for samples from 32 core tops. Canonical correlation 

analysis on these distributions indicates that the 

relative proportions of fine sand and clay best 

predict sample location. Cluster analysis grouped 

samples into categories that . could be eiplained in 

terms of geography and substrate. Factor analysis 

succeeded in grouping 30 out of 32 samples into a 

geographically meaningful pattern. Discriminant 

analysis also categorized samples according· to geography 

and substrate, and indicated an overlap of sample 

characteristics between some sites on the continental 

margin and Nazca Plate. These analyses identified four 

samples that could not be correctly classified. The 

discrepancies could generally be explained in terms of 

the microconstituents of the samples. 

The assemblage of foraminifera from the continental 

margin of southern Peru and northern Chile is 

represented by 17 species of planktonic foraminifera and 

110 species of benthic foraminifera. A core recovered 

from the trench axis confirms the downslope transport 

of sediment. Factor analysis of the percentage data 

for the benthic species shows several natural groupings 

within the data set. Samples are distinguished based on 

depth, age, location, and reworking by turbidity currents. 
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INTRODUCTION 

Nazca Plate Project 

A general goal of the Nazca Plate Project undertaken 

by the Hawaii Institute of Geophysics and Oregon State 

University was to investigate the crustal structure and 

tectonic processes of the easternmost Pacific Ocean floor, 

the Peru-Chile Trench, and the South American continental 

margin. The investigation of the Nazca Lithospheric Plate 

and its interaction with the South American continental 

block was supported by the National Science Foundation 

through its International Decade of Ocean Exploration (IDOE) 

program. 

Purpose of the Study 

Specific aspects of the Nazca Plate Project relevant 

to this study include: (1) the transition from oceanic to 

continental structure, (2) the mechanism for transfer of 

oceanic sediments onto the continental slope, (3) the 

identification of geologic structure beneath the continental 

slope, and (4) any longitudinal changes in these aspects. 

Problem 

The research presented here describes the response of 

the near-surface geologic structures and sedimentary over

burden to the convergence of the Nazca Plate and the South 

American Plate between latitudes 18° S and 23° S. 



Theoretical Background 

The theory of sea-floor spreading (Hess, 1962; Dietz, 

1962) requires the generation of crust at the spreading 

centers, and implies the eventual destruction of the same 

crust along convergent plate boundaries. This implication 

became a major tenent of the theory of global plate 

tectonics (Wilson, 1965; McKenzie and Parker, 1967; Dewey 

and Bird, 1970). Trenches such as the Peru-Chile Trench 

mark zones along which the oceanic plate is consumed. Along 

these fronts, oceanic lithosphere created at spreading 

centers, descends beneath more buoyant continental and 

island arc plates. 

Large gravity minima paralleling trenches (Hayes, 1966; 

Getts, 1975; Watts and Talwani, 1970) illustrate a mass 

deficiency, implying to most investigators that the oceanic 

plate is being held down. Subduction and partial melting 

of a landward dipping oceanic slab explains the parallelism 

of trench and volcanic arc (Coats, 1962), as well as the 

distribution of earthquake foci (Stander, 1973; Teisseyre 

and others, 1974; Stoiber and Carr and others, 1974; 

Rodriguez and others, 1976). A dipping plane of earthquake 

foci (Benioff, 1954; Isacks and others, 1968) locates the 

oceanic plate below the overriding lithosphere. Focal 

mechanisms within subducting oceanic plates of the Pacific 

are generally extensional at depths less than 200 km, and 

compressional at depths greater than 500 km (!sacks and 
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Molnar, 19 71). The cause of the descent of the oceanic 

lithospheric plate is as yet unresolved. One viewpoint 

(after Hess, 1962) requires viscous coupling between the 

asthenosphere and lithosphere so that convection currents 

within the mantle transport the overlying plate. An 

alternative scheme (Jacoby, 1973; Schuiling, 1973) shows 

sections of lithosphere sliding off welts in the 

asthenosphere. Both cases imply compression and upward 

flexure of the oceanic plate (Hanks, 1971) as it is forced 

against the overriding plate. A third view depends on 

an asthenosphere-lithosphere density inversion (Press, 

1969), in which the cold, dense plate-edge sinks into the 

asthenosphere, pulling the entire oceanic plate from the 

ridge crest toward the subduction zone (Elasser, 1967; 

Isacks and Molnar, 1969; McKenzie, 1969; Isacks and Molnar, 

1971). 

Matsuda and Uyeda (1971) define a 'Pacific-type' 

orogenic belt as a magmatic or inner belt paralleling an 

outer belt of deposition and subsidence. The outer belt 

generally corresponds to the continental margin, and 

displays features characteristic of an 'active' (Drake and 

Burk, 1974) or 'Pacific-type' (Fisher, 1974) margin. Fisher 

(1974) summarizes the general characteristics of this tectonic 

setting including: trench topography, seismicity, benches, 

and macerated sediment and rock. 

The Peru-Chile Trench marks the site at which the 



4. 

eastward moving (Johnson and Ade-Hall, 1975) Nazca Plate 

is subducted. Detailed mapping should, therefore, reveal 

structures and patterns compatible with the overall . 

scheme of global plate tectonics. Hess (1962) in his 

paper on sea-floor spreading, stated: 

"The cover of oceanic sediments and volcanic 
seamounts also ride down into the jaw 
crusher of the descending limb, are 
metamorphosed, and eventually probably are 
welded onto the continents." 

The research reported here focuses on the 'jaw crusher' 

as well as other specifics that fit within the overall 

framework of an active continental margin. 

Geologic Setting 

The study area (Fig. 1) extends from 17°30' S to 

22°30' S latitude along the Peru-Chile coastline, and 

seaward as far as 170 km. A linear structural grain, 

marked by the near parallel trends of the trench and 

Andes mountains, characterizes the region. An abrupt 

change of the trend of the coastl.ine occurs at the Peru-

Chile border. The 6000 m depth contour marking the trench 

(Fig. 2), and a similar bend in the -200 mgals free-air 

gravity contour (Fig. 5) parallel the cuastline. Landsat 

mosaic images (Carter, 1976) and geologic maps (Blondel, 

1974; Paredes and Megard, 1972) show that overthrusts of 

Carboniferous and Devonian sediments located 360 km 

inland also parallel the strike of the coastline and 
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Figure 1. Index map of the Nazca Plate and continental 

margin of South America. Area of study is 

outlined by heavy dashed lines. 
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Figure 2. Bathymetric map of the Arica bight segment 

of the South American continental margin, 

including subaerial topography for portions 

of Peru and Chile. Map is abstracted from 

Plate 1 where depth is contoured at 200 m 

intervals. Heavy lines are a portion of 

the total track coverage, and locate 

seismic reflection profiles illustrated as 

tracings. 
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trench. The change in strike at Arica is also matched by 

a change in rupture lengths of great earthquakes 

(Kelleher and Mccann, 1976). Wyss (1970) suggests that 

the Arica bight is the meeting point of two trenches, and 

uses stress estimates to argue that the Nazca Plate 

breaks apart underneath the continent. The transition from 

NW-SE to N-S trending structure reflects the contour of 

the stable central Brazilian craton, and Pampean Ranges 

nesocraton (Harrington, 1962) around which the mobile 

belt of southern Peru and northern Chile is molded. 

Previous Surveys of the Continental. Margin 

The Arica bight segment of the continental margin and 

bordering Nazca Plate was surveyed during several marine 

expeditions. Zeigler and others (1957) summarize work 

prior to the 'Shellback' and 'Atlantis' expeditions of 

1952 and 1955. Bathymetric profiles from these cruises 

revealed large offsets on the Nazca Plate edge, and incised 

canyons along the upper continental margin. Zen (1959) 

described various sedimentological properties, and 

Schmalz (1958) reported the X-Ray mineralogy of the 

samples cored during the Atlantis expedition. Bathymetry 

obtained during the 1957 and 1958 'Downwind' expeditions 

(Fisher and Raitt, 1962) shows elevated blocks along the 

edge of the Nazca Plate and benches or terraces at various 

crossings of the continental margin. Seismic refraction 



lines indicate that the velocities of 5.9 km/sec (Fisher 

and Raitt, 1962) characterize the deeper portion of the 

continental margin near Antofagasta. Gravity data from 

the 1962 and 1963 cruises of the R.V. Robert D. Conrad 
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and Verna enabled Hayes (1966) to diagram crustal sections 

across the trench, and to map the free air gravity anomaly 

along the length of the trench. This gravity map outlines 

the continuous linear trend of the trench and also shows 

a prominent gravity high centered over the Nazca Plate 

edge at 20° S latitude. 

James (1971) synthesized published data to form a 

plate tectonic model for the evolution of the Central 

Andes, and attempted to reconcile this scheme with the 

classic eugeosyncline-miogeosyncline concept. In 

searching for the three distinct sedimentary assemblages 

of a normal cordilleran arc setting (Dickinson, 1971), 

James (1971) could find only the volcaniclastic wedge of 

the foredeep east of the Andes. _The melange of 

turbidites and ophiolites, as well as marine graywacke 

deposits, escaped recognition. Large accumulations of 

sediment on the continental margin were not anticipated 

because of the aridity of the coastal region, and the 

paucity of sediment filling the trench axis. Seemingly, 

James (1971) was prejudiced by climate when he stated: 

'there appears to be little sedimentation between 

trench and coast.' 



Only scattered terraces had been mapped along the 

continental margin. During the first, 1973, cruise of 

the R.V. Kana Keoki off South America, however, seismic 

reflection records revealed large, sediment-filled 

basins along the upper continental margin. 

11. 

TECTONICS OF THE NAZCA PLATE EDGE AND THE CONTINENTAL MARGIN 

Geophysical Data Coverage 

During several weeks of 1973 and 1974 the scientific 

crews of the R.V. Kana Keoki collected bathymetry, gravity, 

magnetic, and seismic reflection data along the tracklines 

represented in Figure 3. 

Bathymetry was tabulated at five minute intervals 

and at breaks in slope shown on 3.5 kHz seismic reflection 

records. Depth determinations for segments of the track 

for which 3.5 kHz records were lost were made from 

composite tracings drawn from 40 to 250 Hz records. 

Dept~s were corrected according to Matthew's Table 

(Matthews, 1939) and the results compiled on a track-line 

plot that had been computer-generated from the corrected 

navigation. A plotting routine contourPd, at 200 m 

intervals, a bathymetric map for the region. Computer 

contouring averages depth values over a specified grid 

spacing so that contour lines pass close to, but not 

necessarily through, appropriate points on the track 

lines. As the gradient steepens the error increases. 
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Figure 3. Tracks of R.V. Kana Keoki within the study 

area bounded by latitudes 16°30' and 23°30'S, 

and by longitudes 69°30' and 74°00' W. 
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Cost increases rapidly for a finer mesh grid. The data 

were, therefore, hand contoured (Plate 1), and the 

computer plot used as a guide for trends over areas of 

sparse data coverage, or over areas where several 

interpretations were possible. 
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Gravity data were corrected to the 1930 International 

Reference Ellipsoid and contoured at 20 mgal intervals 

by Getts (1975). The nearshore portion of the original 

map was recontoured for this study (Fig. 4) to a 10 mgal 

interval to define the detailed features of the upper 

continental margin. The map is dominated by a large 

negative anomaly marking the trench axis, and minima 

over the basins of the continental margin. 

Magnetic data were corrected for regional gradient and 

diurnal fluctuations of the earth's magnetic field, 

and then were contoured from a track-line plot. Short 

wavelengths (Fig. 5) identify Nazca Plate crust, which 

here is sufficiently fractured near the trench that the 

large-wavelength anomalies of the oceanic lithosphere 

(Vine and Matthews, 1963; Handschumacher, 1976) do not 

appear. Long wavelengths and a random pattern characterize 

the continental margin and suggest a greater depth to 

source. Short wavelength features separate the Arequipa, 

Arica, and Iquique Basins. 

buring seismic reflection profiling, · the R.V. Kana 

Keoki records high and low frequencies, and mixes 40 to 100 
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Figure 4. Free-air gravity anomaly map of the Peru-Chile 

Trench 17° S to 22° S latitude. The axis of 

the trench nearly coincides with the gravity 

minimum. Wavy-line pattern shows the distri-

bution of fore-arc basins along the continental 

margin (cf. Fig. 6). Localized gravity 

minima mark depressions in the acoustic 

basement further subdividing the Arequipa and 

Arica basins. 
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Figure 5. Residual magnetic anomalies corrected for 

the International Geomagnetic Reference 

Field, 1965. A short wavelength 

signature over the Nazca Plate contrasts 

with long wavelengths identifying the 

continental margin. There appears to be 

no correlation between the position of 

the structural highs and residual 

anomalies of short wavelength. Culmi-

nations of acoustic basement between the 

Arequipa, Arica, and Iquique Basins 

coincide with short wavelength magnetic 

anomalies, and are also identified by 

gravity maxima (Fig. 4). The symbols 

used correspond to those of Figure 6. 
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with 100 to 250 Hz frequencies and records those mixed 

frequencies. Very low frequencies at 10 to 40 Hz were 

recorded along some of the traverses. All available 

records were assembled into composite tracings. Bottom 

and subbottom multiples, and side reflectors were omitted. 

Where steep slopes or irregular topography produced overlap 

of reflection hyperbolas and flat-lying reflectors, the 

flanks of the hyperbolas were deleted, and the inferred 

high-angle slopes drawn as dotted lines according to 

the examples of French (1974), Tucker and Yorston (1973), 

and Beldersen and others (1972). Reflectors drawn within 

the sedimentary column show two-way travel time, not 

actual thicknesses. Selected tracings were photographically 

processed so that the vertical exaggeration of topography 

was reduced to 2:1. 

Tectonic Map of Southern Peru and Northern Chile 

A tectonic map of the region was constructed by 

assembling all of the tracings on a three-dimensional 

grid, and matching the faults, structural highs, and 

other trends from one reflection profile to another. 

The features shown on the map (Fig. 6) may be divided 

into three categories: 

1) the Nazca Plate to the Peru-Chile Trench axis, 

2) the continental margin to the shoreline, and 

3) the continent. 
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Origin of Structural Relief of the Nazca Plate 

The surface of the Nazca Plate near the Peru-Chile 

Trench displays a variety of structures developed in 

response to tensional stress within the upper portion of 

the flexed oceanic plate. Wide-beam reflection data 

22. 

between 16° S and 24° S latitude show that the sea floor 

of the Nazca Plate consists of small-scale, offset blocks 

(Fig. 7). Topographic relief caused by horsts and grabens 

increases toward the outer ridge or outer swell, a 

broad arch flanking the trench. The swell itself is a 

composite of blocks standing at variable depths (Plate 1). 

The slope from the swell down to the trench axis is 

broken by en echelon, downfaulted blocks. 

Offshore of Peru, as far south as 19° S latitude, the 

plate steps downward towards the trench by means of a 

series of small offsets. A horst divides the trench 

axis at 18° S latitude, but off Peru, a small wedge of 

undeformed sediment fills the axis along that entire 

NW-SE trending segment. 

Within the Arica bight, a change in the character of 

faulting and increased relief accompany the change in 

strike of the trench from NW-SE to N-S. An anastomosing 

network of fault scarps (Fig. 6) extends from 19° S to 21° S 

latitude. Profile HH-HH' (Fig. 8), oriented parallel 

to the strike of the trench, shows a series of side e~hos 

spanning a range of 1000 m depth. Discontinuous reflectors 



23. 

Figure 7. Horsts and grabens typifying the structure of 

the Nazca Plate seaward of the outer swell. 

Sections are located on Figure 2. 
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Figure 8. Profile HH-HH' is located on the edge of 

the Nazca Plate and is oriented parallel 

to the strike of the trench. The random 

distribution of side echos, spanning a 

depth range of more t~an 1000 m, 

demonstrates the high relief of the 

seaward flank of the trench. 
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originate from the crests of faulted blocks, from salients 

along the scarp face, and from talus at the base of the 

scarp, or even from the crest of the next block. Offsets 

demonstrate the irregular, and high relief of the area. 

Figure 9, Profile QQ-QQ' shows dip-slip movement of about 

1000 m, and although profiles QQ-QQ' and T-T' are only 

10 km apart offsets do not generally match. 

South of 21° S latitude there is a gradual transition 

from step-like offsets to horst-and-grabens, parelleling 

the outer wall of the trench to the latitude of Valpariso, 

Chile (Schweller and Kul~ 1975). Some of these blocks 

are tilted towards the trench axis (Fig. 10). The trends 

of fault scarps of the southern section are shown as being 

straighter than those to the north. The simplified 

appearance, however, may be due to the sparser data 

coverage in the south. 

Profiles from the immediate region of the bight are 

more difficult to interpret than those to the north and 

south that show normal fault offsets. At the bight, 

offsets characteristically do not follow thr0ugh to the 

sub-bottom reflectors (Fig. 9b, and Fig. lla and llb), 

and hyperbolas reflecting off points are noticeably 

biased in strength toward the westward-dipping flanks. 

As a result, the true nature of the faulting, whether 

normal or otherwise, is difficult to resolve. The 

alternative of interpreting these offsets as ovcrthrusts 
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Figure 9. Faulted offsets of the downgoing Nazca 

Plate. Reflection profiles off northern 

Chile are 12 km apart. The irregular 

pattern of faulting is shown by the 

mismatch of the offsets. 
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Figure 10. Horsts and grabens characterize the 

seaward trench wall offshore of Chile. 

Lowest blocks are tilted toward the 

trench. 
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Figure 11. Variability of the morphology of the 

Peru-Chile Trench axis. Reflection 

profiles off northern Chile are 3 km 

apart. Profile JJ-JJ' shows a buried 

ridge that is ponding sediment above 

the deepest · part of the trench. These 

sediments are acoustically highly 

reflective, suggesting that they are 

turbidites. A sediment pond, perched 

behind a descending block of Nazca 

Plate crust is shown on profile II-II'. 
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seems untenable in view of the environment of tensional 

stress expected on the upper surface of a flexed elastic 

plate (Ludwig and others, 1966; Elasser, 1968; Hanks, 

1971; Anderson, 1975). 

34. 

Bowin and others (1966) have mapped discontinuous 

scarps along the northern wall of the Puerto Rico Trench. 

Billings (1954, Fig. 173, after Eardley, 1944) has 

described comparable subaerial geomorphology in the 

Wasatch Mountains. The fault pattern observed in the 

Arica bight resembles that in oceanic crust being formed, 

for example~ along mid-Atlantic Ridge (Moore and others, 

1974; Macdonald and others, 1975) and from the East Pacific 

Rise (Larson, 1971; Rea, 1975). Luyendyk (1970) suggested 

that faulting and tilting of the crust has recurred in a 

mid-plate section of the Northeast Pacific where normal 

faults developed along preferred orientations in re~ponse 

to the reimposition of a tensional stress field. The 

offsets were reactivated along a two-dimensional grain of 

weakness inherited from the East Pacific Rise crest. 

Rea (1975) discussed the conjugate fault set developed 

in a brittle lithosphere undergoing tensile stress, and 

Moore and others (1974) diagrammed the geometry of 

successive intrusions in Layer 2B. A detailed survey 

reported by Rona and others (1976) shows that a complex 

tectonic fabric or network of crustal blocks may be 

generated at ridge crests. These inherited structures 



can become the preferred control for the deformation at 

a plate edge. 
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Faulting along the eastern edge of the Nazca Plate 

is in response to increased tensile stress on the upper 

surface of the flexed lithospheric slab. The orientation 

of these offsets may be controlled by the inherited 

structural grain of the oceanic plate. The downgoing 

crust is therefore a mosaic of blocks that are available 

to interact with the overriding continental edge. 

Axis of the Peru-Chile Trench 

The morphology of the axis of the Peru-Chile Trench 

varies markedly over short distances. The variable 

configuration is controlled by the underlying structure. 

Thirteen of the twenty-nine profiles show no trench-axis 

sediment fill at all; in those that do, the amount of fill 

ranges up to 1 s (two-way) travel time. Where present, 

the sediment body is roughly wedge-shaped. Its reflectors 

are usually horizontal or gently undulating and abut the 

inner trench wall along a vertical or landward-dipping 

surface variously called a deformation front by Helwig 

and Hall (1974), and a tectonic front by Montecchi (1974). 

Buried ridges, for example as shown in Figure lla and 

Figure 12, have been observed in trench crossings. The 

ridges shown in these profiles are the crests of the 

lowest rotated fault block of the Nazca Plate. The 



36. 

Figure 12. Profile GG-GG' shows three tilted blocks 

of Nazca Plate crust. One of these 

blocks occupies the trench axis and its 

crest protrudes as a low ridge. Strong 

reflectors from horizontally stratified 

sediment suggest that turbidites are 

ponded seaward of the ridge, and 

approximately 100 m above a sediment-free 

portion of the trench axis. Acoustically 

unresolvable returns characterize the 

cantinental margin. 
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north to south orientation of these ridges (Fig. 6) causes 

them to intersect the continental margin obliquely. These 

ridges act as levees for turbidites derived from the 

Peruvian offshore basins (Fig. 6). Profiles oriented 

from east to west, perpendicular to the strike of the 

Chile trench (Fig. 12), show axial ridges ponding 

turbidites seaward and 100 m above a sediment-free trench 

axis. Prince and others (1974) described a turbidite 

basin oriented obliquely to the Peru Trench and about 

700 m above the trench axis. They interpret the basin 

as having been uplifted. As shown in Figure 13, the uplift 

of turbidite basins along the se~ward wall of the trench 

need not have occurred in the area of the Arica bight. 

A plot of depth along the trench axis (Fig. 14) 

shows an overall trend of deepening southward to a maximum 

of 8055 m, the deepest part of the Peru-Chile Trench 

(Hayes, 1966, 1974; von Huene, 1974). Abrupt local 

offsets are superimposed on this trend. Near-vertical 

offsets occur where the profile crosses from a sediment 

pond, over a buried ridge of Nazca Plate rock, and then 

downward across the steep scarp face. 

Comparative Structure of Convergent Margins 

Single-channel reflection profiles of various 

convergent plate boundaries suggest that imbricate thrust 

sheets are the dominant structure of the lower continental 
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Figure 13. A view of the Arica bight segment of the 

Peru-Chile Trench from a vantage point 

above the volcanic arc of Chile. The 

block diagram illustrates the manner in 

which ridges of the Nazca Plate intersect 

the continental margin of Peru. Raised 

portions of these blocks act as levees 

that channel turbidity flows from the 

Peruvian continental margin seaward and 

above unfilled portions of the trench 

axis. Arrows show paths along which 

sediment is transported downslope. 
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Figure 14. Bathymetric profile of the Peru-Chile 

Trench axis. Dots are the lowest points 

on trench crossings. Large topographic 

offsets occur where uneven blocks of 

Nazca Plate crust intersect the 

continental margin. 
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slope (Silver, 1971; Chase and Bunce, 1969; Ingle and 

Karig, 1973). Seismic refraction surveys off Central 

Peru (Hussong and others, 1976) and off southern Japan 

(Yoshii and others, 1973) gave velocities of about 

2.0 km/s for most of the surface layer of the lower 

continental slope. Shor and von Huene (1972) obtained 

values of 2.64 km/s, demonstrating that unconsolidated 

sediment also blankets the inner wall of the Eastern 

Aleutian Trench. Analysis of cores recovered at DSDP 

Site 298 on the inner wall of the Nankai Trough (Karig 
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and others, 1975) show that trench axis turbidites have 

been incorporated into the lower continental margin, and 

Kulm and others (1974) have reported pelagic foraminifera 

of Nazca Plate provenance incorporated in the Peruvian 

continental margin section. Processed multi-channel 

seismic reflection records (Beck and Lehner, 1974; 

Seely and others, 1974; Kulm and others, 1975; Hussong 

and others, 1976) provide ~dditional evidence supporting 

the imbricate thrust model for at least the upper portion 

of the continental margin. 

Profile LL-LL' (Fig. 15) shows the steep slopes, 

highly contorted and discontinuous reflectors, and overall 

poor reflectivity that characterize the single-channel 

reflection profiles of the deeper continental slope off 

South America. Disregarding the hyperbolic reflectors, 

other reflectors do show a general landward inclination. 
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Figure 15. (a) Profile showing structures of the Nazca 

Plate edge, trench axis, and lower 

continental margin. 

(b) Profile LL-LL' photographically processed 

to a 2:1 vertical exaggeration of 

topography. 
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When plotted at a 2:1 vertical exaggeration (Fig. 15b), 

the overall geometry of the reflectors is compatible with 

the imbricate-thrust interpretation. 

A prominent break in slope farther up the inner wall 

has been termed a structural high (Ross and Shor, 1965), 

a mid-slope basement high (Karig, 1971), or a shelf-break 

arch (von Huene, 1972). Its bathymetric expression may 

be a slight change in the slope angle, a terrace or a 

ridge. The breaks in slopes of the Peru-Chile continental 

margin are similar to those profiled by Grow (1973b) 

for the Aleutian Terrace, and Hilde and others (1968) 

and Ludwig and others (1973) for the Tosa Terrace near 

Japan. The breaks in slope are underlain by structural 

highs whose sub-bottom acoustic returns show discontinuous, 

tightly curved reflectors. This contorted geometry suggest 

that the deformation is more intense than that shown in 

the Aleutian and Japanese examples. The internal 

reflectors of the structural highs of the Arica bight 

are, however, quite similar to those of the Middle America 

Trench (Ross and Shor, 1965). Silver (1971) reported 

an analysis of a dredge haul from a ridge off northern 

C a 1 i f o rn i a • The lower bathyal fauna that Silver recovered 

had been uplifted from a much deeper environment than 

the one from which it was collected. Deep drill cores 

were obtained from two sites on the structural high 

bordering the Atka Basin of the Aleutian Terrace. DSDP 
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drilling at Site 186 penetrated 930 m to Pliocene sediment 

and drilling at Site 187 reached upper Miocene terrace 

· sediments. From these results and his interpretation of 

gravity and seismic profiles, Grow (1973b) concluded that 

the mid~slope basement high separating the Aleutian 

Trench from the Aleutian Terrace appears to be an uplifted 

sedimentary arch. , 
Karig and Sharman (1975) divide the slope between 

the trench and the frontal arc into upper and lower sections 

separated by a ridge, or trench-slope break. They also 

suggest that this ridge marks the boundary between 

acoustically resolvable and unresolvable reflectors 

representing undeformed and deformed sediments 

respectively. There are, however, some important 

except~ons to these generalizations. Surveys from South 

America (reported here and in Coulbourn and Moberly, 

1977), and from the Aleutians (van Huene and Shor, 1969, 

Profile IV; Grow, 1973a, Profile G) show more than one 

ridge separating segments of more-deformed and less-

deformed sediment. There may be several breaks in slope 

in any one profile. Figure 16 shows five breaks in slope 

of which reflections show that at least three are 

structural highs. The tectonic map (Fig. 6) shows, 

moreover that most ridges along the continental margin 

are unrelated to the separation of acoustically resolvable 

and unresolvable returns. 
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Figure 16. Profile T'-T" demonstrates that as many 

as five breaks in slope may be encountered 

in one crossing perpendicular to the 

continental margin. Sediments are 

ponded behind at least three of the 

breaks in slope. 
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In the Arica Bight area, the depth of water to 

structural highs ranges from 188 to 4650 m, with a mean 

depth of 1900 m. The quality of the reflection records 

improves markedly at depths less than 3000 or 4000 m~ 

The structural high is commonly a composite of several 

tight folds on a broad arch of 10 km width (Fig. 17, 

Profile P-P'). Typically there is no well-defined 

acoustic basement. 
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Off southern Peru the seaward slopes of the structural 

high are extremely steep, and landward tilted reflectors 

at the base df a steep slope (Fig. 18) are assumed to 

represent the toe of a large slump deposit. Slides of 

this type have been diagrammed for the Aleutian continental 

margin (von Huene, 1974), and for the Shikoku Subduction 

Zone (Moore and Karig, 1976). Slump deposits were 

revealed only in Profile I-I', off the Peruvian coast, 

and were not detected in profiles across the continental 

margin of Chile. 

Structural highs at depths greater than 1700 m 

show little or no ponded sediment, either because they 

are isolated from turbidity flows, or because folding may 

obliterate horizontal reflectors that otherwise would 

indicate turbidite sedimentation. The largest basins 

in terms of area and depth to acoustic basement are 

found landward of those structural highs occurring 

between 1700 m and 900 m depth. Their tectonic setting 
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Figure 17. Profiles across the Peru-Chile Trench 

showing the depth and location of the 

Arica and Iquique fore-arc basins and 

their distance from the trench axis. 
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Figure 18. Large-scale slump deposits are encountered 

on the seaward side of a structural high 

off the Peruvian coast. 



0 

0 

(/) 

r c 
:s: 
'"O 

~ SON0::>3S 

l> 
:0 
(") 
l> 

CD 
l> 
(/) 

z 



55. 

Table 1. 

Depth of 
Da!a coveragl' and Dasin width oc.:urrcnce Dathymetric 

Area fcaturl' ob~crved (km) (m) expression Reference 

Kcrma::ke- 5 traverses Max. 160 Variable Terrace Karig 1970 
Tonga 
Trenches 

Bismarck 3 tra\·ersc:s 25-50 1200-1800 Basin D. Erlandson (pcrs. comm.) 
Archipelago 

Mariana 1 traverse 125 2600 Seaward- Karig 1971 
Trench dipping 

terrace 
Nirnkai 1 traverse: 750 Br.sin Hilde er al. 1968 

Trough 

N:mkai Refraction survey 50 1000 Basin Yoshii et al. 1973 
Trough o\ler the Tosa 

Terrace 
Nankai 8 tra•,crses of the 800-2000 Basins and Ludwig et al. 1973 

Troug:-i upr;er continental terraces 
ma?1:in . Generalized bordered by 
bathymetric and festoon-like 
structural maps ridges 

Nankai Det:i.iled survey 20-50 1000-2000 Ba~ins Yonekura 1975 
Trough and map showing 

5 basins separated 
by transverse ridgci; 

Japan JO traverses 25--50 1500-2250 Seaward- Ludwig er al. 19156 
Trench dipping 

terraces 

Japan Detailed survey Variable I 000-3 CY'.JO Terraces Uyeda 1974 (after 
Trench and map showing lwabuchi 1968) 

20 discrete terraces 
Central 5 traverses 50 4600 Basin Grow 1973b 

Aleutian across oval-shaped 
T:e!lch Atka Basin 

Central 7 traverses 40-«l 4200-4600 Basins and Grow 1973a 
Aleutian sho-.\ inq a continuous terraces 
Trench 320-km·long trough 

(includes Atka Basin) 

Ea~tern 1 traverse (1 V) 10 Terrace von Hucne and Shor 1969 
Aleutian 
Trench 

Eastern 6 traverses 10-15 0-3700 Baslns and von H u:ne I 972 

Aku!ian shewing basins terraces 
T:er:ch distributed at 

varying depths 

Oregon Detailed survey Varii!.blc Less than Bi!5ins i!nd Kulm el ul. 19'74 

Continental anJ m~p showing 600 terraces 
Margin banks, benches, 

ancl basins of 
morr.hology 

J\;orthi:'.ri: I 0 t ra ve;$es of 13-35 750-1250 Trough Silver 1971 

Califorria l IO-krr·k'nJ 
Contir.ental :rough 
Margin 

Middle 12 ; r3 verSt's 10--4{) 250-2000 Basins and Ross and Shor 196.S 

A:nc:-ica showi:1r. l::asiM tcrra:cs 
Tn:nch of variable ~tn:cturc 
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Tab le 1. (cont.) 

Dq..1th ,,( 
Data coverage and Basin wid<h C<:Ci.lr~cn::c Bathymelric 

Area fc ;1 tu re obs;:rvcd (km) (1r 1) expres\ion Ref-:rencc 

Peru--Chile :!6 traversr.s Max. 65 (}. . ))()() Dasins am! Masi::s-Echegaray 1975 
Trench ~how!ng 5 basins terraces 
(Central ct 2 discrete 
Peru) structural types 

Pc~u-Chik I generalized 60 -230IJ Terrace Scholl et al. 1970 
Trench :.rrnctural section 
(33° S) sho\\ ing basin of 

J 800 m sediment fill 
Pcm- Chile I traverse Min. 30 Seaward- Lister 19:71 

Treni;h dipping 
(33°1S' S) terrace 

Peru- Chile Field survey, 15+ Subaerial Subaefr1l Kaizukl «!I .if. 1973 
Trench ::;opa : h map, ar.d submarine 
(37°30' S) geolcgic ~ection te:rrace 

showing culminatior.s 
and depressions within 
the sedimentary 
section 

Peru-·Chile Geology and 80 0-800 Ba~in Lomnitz 1969 
Trt nch recton!t setting {section not 
(39' S) of the Lake Budi- pe;pc-ndicular 

Mocha Island to strike) 
reg.ion 

relative to the trench and plate is shown in Figure 17. 

Comparative Structure of Fore-Arc Basins 

Table 1 shows the variations in dimension and bathy-

metric expression of fore-arc basins described from 

Pacific margins. The variability of deposition site 

was recognized by Dickinson (1973), and Karig and 

Sharman (1975) suggested that the variability of the 

morphology of the basins depends on the duration of 

subduction, the quantity of oceanic lithosphere and 

pelagic sediment incorporated into the accretionary 

prism, and the rate of hemipelagic sedimentation. 

Variability also depends on the configuration of the 

seaward edge of the overriding plate. From a diagrammatic 
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model of the Nankai Trough - Tosa Terrace, Den and Yoshii 

(1970) infer that a high-angle reverse fault offset 

the Japanese Island block. There, the structure of the 

inner portion of the accretionary prism may be controlled 

by fault patterns in the basement rock. 

The vocabulary used to describe the diverse morphology 

of these basins is not yet standardized. The examples 

listed in Table 1 are fore-arc basins (Seely and others, 

1974; after Dickinson, 1971, 1973) in the sense that they 

are found in the gap between the trench axis and its 

accompanying magmatic arc. Fore-arc basins are located 

in a tectonic setting that is identical with the trough

like depths that have been termed 'interdeeps' by 

van Bemellen (1949) in Indonesia and by Weeks and others 

(1971) in the Antilles. In this study the term fore-arc 

basin is used only for those structural basins showing 

seaward convergence of reflectors toward an outer 

structural high (Fig. 19). This restricted meaning 

excludes basins such as the Central Valley of Chile 

(Scholl and others, 1970), which lack such a seaward 

convergence of beds. 

South American Fore-Arc Basins Viewed in Sections 

Across the Margin 

Profile N-N' and L-L' (Fig. 20) provide examples of 

the history of sedimentation and structural evolution 
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Figure 19. (a) Profile R-R' crosses one of the 

smaller fore-arc basins located on 

the continental margin. Reflectors 

generally converge towards a 

structural high. 

(b) Profile R-R' photographically 

reduced to a 2:1 vertical 

exaggeration of topography. 



R 

Cl) 

Cl 
z 

20 
(.) 
w 
Cf) 

3 

KM 
4 



60· 

Figure 20. (a) Profile across the Iquique Basin. 

Letters A and B indicate anticlinal 

ridges inferred to have been former 

structural highs, as explained in the 

text. C indicates a pocket of 

horizontal reflectors. 

(b) Plot of two-way travel time between 

reflectors versus 1ateral extent for 

twelve sedimentary intervals of 

profile N-N. 

(c) Profile across the Arica Basin. 

Position of fault represented by 

dotted line. 

(d) Plot of two-way travel time between 

reflectors versus lateral exte~t 

for 12 sedimentary intervals of 

profile L-L'. 
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as recorded in the seaward convergence and variable 

deformation of fore-arc basin reflectors. The spaces 

between the reflectors are numbered and the two-way 

travel time between them is plotted along the profile. 

The result is a sequence of lensoid shapes, indicating 

a progressive, albeit irregular, shift of the axis of 

maximum sedimentation through time. This trend can be 

be interpreted as a rotation produced by: 

(1) uplift of the structural high; 

(2) compaction due to overburden weight; 

(3) downthrow along the seaward side of faults 

paralleling the coastline. 

The two anticlinal ridges (A and B, Fig. 20a) may be 

representative of former structural highs that have 

either subsided to their present position or been 

buried due to a seaward shift of the axis of the 

62. 

maximum rate of uplift (Den and Yoshii, 1970; Karig and 

Sharman, 1975). The elevated pocket of horizontal 

reflectors at C supports the latter contention and suggests 

that basin-filling sediments become incorporated into the 

deformed body of the structural high. 

Three structurally discrete basins are located 

along the upper slope of the South American continental 

margin between 18° Sand 21° S (Fig. 6). The Arequipa 

Basin, named by Johnson and others (1975) and Masias

Echegaray (1975), exterids from 16° N into this area. 



The other two were named the Arica and Iquique Basins 

because they are situated off those cities. Profiles 

south of Iquique show small basins and terraces (Fig .• 6, 

Fig. 19), but their lateral discontinuity and widely 

spaced tracks do not permit detailed mapping. 

63. 

The three major basins all exhibit seaward convergence 

of reflectors and have similar histories and sedimentation 

(Fig. 20). There are, however, near-surface structures 

particular to each basin. 

The Arequipa basin shows a broad bathymetric 

depression, with well-developed levees beside notch-like 

depressions, and buried channel structures (Fig. 2la and 

b). Leveed channels connect (Fig. 6) ponds of undeformed 

sediment below the structural high to incised channels 

near to shore (Fig. 22). Truncation of horizontal 

reflectors demonstrates the erosional origin of these 

gulches, suggesting that turbidity currents are the 

mechanism responsible for downslope sediment transport 

and are the origin of much of the basin fill. Numerous 

cable breaks occurred off Mollendo, Peru, between 1870 

and 1890, after which the cables were relocated (Benest, 

1899; Zeigler and others, 1957). The largP- number of 

breaks during that period attested to the frequency of 

turbidity flows. Coarse sand was retrieved in 1974 

in a piston core from the central notch of the channel 

shown in Figure 23. Adjacent cores contain a species of 
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Figure 21. Reflection profiles of the Arequipa 

Bas in. Three leveed channels are shown 

on profile AA-AA'. 

Terraced channels are shown on 

profile E-E'. Sediments are ponded 

between the structural high and a 

slump block. 
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Figure 22. Submarine canyons incised into the 

upper continental margin near the coast 

of Peru. Truncation of horizontal 

reflectors indicates the erosional 

nature of these gulches. 
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68. 

Figure 23. 3.5 Khz seismic reflection profiles 

shows a portion of the notched canyon 

illustrated in Profile E-E' (Fig. 21). 

Coarse sand and broken pelecypod 

valves were retrieved by PCOD 11. 
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foraminifera, Buliminella elegantissima, displaced from 

shall ow depths, as well as broken pe le cyp od valves. 

These lines of evidence confirm the movement of sediment 

downslope froru the shelf rather than from off the 

structural high. 

Strong returns from an undulating acoustic basement 

show on some very-low frequency profiles at 1.5 to 

2.5 s (Fig. 24). Higher reflectors onlap the acoustic 

basement toward the Peruvian coast. There are no 

indications of faulting within the Arequipa Basin. The 

notches shown in Figure 2lb are interpreted to be 

erosional channels and therefore the slight offsets 

in sub-bottom reflectors result from velocity depth 

phenomena produced by the overlying channel rather 

than fault offsets. 

The Arica Basin underlies a clearly defined terrace 

at about 1500 m depth off Arica, Chile. Channel notches 

are rare. The basin is sediment filled, and a thin 

70. 

layer of undeformed sediment covers the structural high. 

The transition from the structural high to the seaward 

flank of the fore-arc basin is gradational. The 

moderately deformed reflectors within the structural 

high are successively overlain by smoother and more 

gently dipping reflectors of the basin. Within the basin, 

reflectors overstep one another landward, as they 

onlap the acoustic basement of the eastern flank of the 
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Figure 24. A 10 to 40 Hz seismic reflection record 

showing the undulating acoustic basement 

of the Arequipa Basin. 
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basin. The sediments of the basin are at least 1.5 km 

thick (Fig. 20c), applying an assumed velocity of 2.0 km/s 

(Johnson and others, 1975) to a section of 1.5 s 2-way 

travel time. There has been postdepositional deformation 

along the axis of the southern portion of the Arica 

Basin. Acoustic basement and several of the sub-bottom 

reflectors are offset and appear warped due to seismic 

roll-over on the high-angle fault shown in Figure 20c. 

The structural high of the Iquique Basin (Fig. 17b, 

Profile P-P' Fig. 20a and Fig. 25) is well defined 

bathymetrically. Small channels cross longitudinal 

profiles along the landward side of the basin, but are 

absent within the Iquique Basin and seaward of its 

structural high. The acoustic basement underlying the 

basin dips seaward or is subhorizontal. All traverses 

show near-vertical faults that help to define the landward 

border of the basin. 

Three-Dimensional Structural Relations 

Internally, the three basins of the Arica bight 

differ from one another in structure, and each basin 

is variable along its strike. For example, note the 

complex structural grain within and adjacent to the 

Arica Basin, as shown in Figure 26; the thickest basin 

fill is where the structural high is deepest and farthest 

from the shore (Fig. 26, profile K-K'). 
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Figure 25. (a) Profile o-o' across the Iquique Basin 

showing a prominent structural high 

(left), well-defined acoustic 

basement, and offset of reflectors 

along a high-angle fault (right). 

(b) Profile 0-0' photographically processed 

to a 2:1 v~rtical exaggeration of 

topography. 
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Figure 26. (a) Profile F-F' showing no young sediment 

landward of the structural high. 

This profile defines the northern 

boundary of the Arica Basin. The 

small terraces west of the structural 

high cannot be traced to ~djacent 

profiles. 

(b) Profile K-K' is characteristic of the 

northern section of the Arica 

Basin. A thick section of only 

slightly deformed reflectors oversteps 

a strong acoustic basement return. 

(b) Profile M-M' shows a thin sedimentary 

section, and shallow acoustic basement. 

This profile is near the southern 

boundary of the Arica Basin, 
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All of the available evidence indicates that there 

are two contrasting tectonic styles controlling the 

shallow structure of the continental margin. Both the 

structural high and the slope down to the trench axis 

consist of imbricate thrust sheets. Landward of the 

structural high, however, the tectonic regime is 

different (Shepherd and others, 1973). The re, . a well-

defined acoustic basement is discernable (Fig. 20a, 

Fig. 24, Fig. 25) and it is clearly onlapped by the 

overlying reflectors. The acoustic basement is either 

undulating (Fig. 24), or broken by near-vertical faults 

(Fig. 20a). 

Deeper structures seen in longitudinal profiles of 

Figure 27 and Figure 28 may be even more complex than 

those seen on traverse profiles. Profile z~z' defines 

the irregularly folded stru~ture of the inner edge of 

the Arica Basin, whereas X-X' and W-W' show evenly 

dipping acoustic basement reflectors of the landward 
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border of the Iquique Basin. Reflectors of longitudinal 

profile Y-Y', located seaward of the structural high of 

the Arica Basin, and BB-BB' (Fig. 28), located just 

landward of the structural high of the Arequipa Basin, 

are similar to those of Z-Z'. These horizons are 

presumed to be a product of imbricate thrusting (sec 

also profile 16 in Figure 2 of von Huene, 1972). 
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Figure 27. Profiles parallel or subparallel to 

the South American coast. W-W', X-X', 

and Z-Z' are inshore; Y-Y' is farther 

offshore. 
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Figure 28. Traverse BB-BB', oriented parallel to 

the coastline and just landward of the 

structural high of the Arequipa Basin, 

shows culminations and depressions 

of subbbottom reflectors. 
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Imbricate Thrusting along Convergent Plate Boundaries 

Dickinson (1973) has described the development of 

fore-arc basins as the 'gradual construction of a thick 

sediment wedge.' and Karig and Sharman (1975) used the 

phrase, 'building out of an accretionary prism.' 

These authors therefore agree on the mode of origin and 

evolution of structure based on sections perpendicular 

to the strike of a convergent plate boundary. These 

concepts are in accord with Silver's (1971) and Seeley 

and others' (1974) three-dimensional models showing 

accretionary prisms developed by imbricate thrusting 

along sub-planar surfaces. Those ideas are visualized 

in a sketch of a scale model from the University of 
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Hawaii Cafeteria (Fig. 29). These schemes would account 

for the near~surface structures viewed in any one 

traverse across the margin. According to these models, 

subparallel transverse profiles should be nearly 

identical, and the fore-arc basin would be a continuous 

trough. Although the three larger basins of the South 

American continental margin may appear to be inter7 

connected, as shown in the tectonic map (Fig. 6), they 

are, however, structurally discrete. Th~ deeper 

parts are separate basins, but the youngest sedimentary 

fill joins one basin to another. Culminations of the 

acoustic basement at 18°20' S and 19°40' S separate 

depressions over which thick lenses of sediment have 



accumulated. There is good correlation between gravity 

minima (Fig. 4) and location of large fore-arc basins. 

Because there is a good agreement on a large scale, 

local gravity minima are assumed to identify further 

subdivisions of the basins where acoustic basement 

was too deep to be detected by the single-channel 

seismic reflection method used. 

Basins and longitudinal trends of the South 

American continental margin, therefore, are highly 

discontinuous. Similarly, investigations of other 

Pacific margins suggest that such variability can be 

the rule rather than the exception (e.g., Table 1 

adjacent traverses of von Huene and others, 1967; 

Silver, 1971; von Huene, 1972; Gro~ 1973a; Kulm and 

others~ 1974). Accordingly, the conceptual diagrams 

of Silver (1971), of Seeley and others (1974), and of 

the cafeteria trays (Fig. 29) must be modified to 

take into account the variability of structure parallel 

to strike. Longitudinal trends on both the Nazca 

Plate and the South American margin are illustrated 

as non-parallel and discontinuous in the block diagram 

of Figure 30. 

84. 

The anastomosing) en echelon gravity faults of the 

Nazca Plate from the outer swell into the trench provide 

a pattern of widely varying dip-slip offsets, and 

en bloc, antithetic rotation. Slumps of pelagic sediment 
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Figure 29. Plate tectonics in the University of 

Hawaii Cafeteria. The conveyor belt 

carries trays towards a restrictive portal. 

Unaligned trays do not always pass 

tranquilly through to the dishwasher. 

Once a tray jams against the wall, 

successive trays are injected at the 

bottom of the stack. Inter-tray paper 

cups and plates are dewatered and 

metamorphosed. Accretion and overflow 

onto the floor ceases only when the 

kitchen worker presses the STOP switch. 
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and talus from scarp faces are a ready source of 

material for perched sediment ponds. As the surface 

of the Nazca Plate descends toward the trench axis, 

lines of weakness formed at the spreading center are 

reactivated. Should the vector of spreading be 

oriented obliquely rather than perpendicular to the 

continental margin (Dickinson, 1974), a second set of 

faults could be imposed on the plate. The buried 

ridges of the trench axis are interpreted to be the 

crests of tilted blocks of Nazca Plate basement. The 

diagrams of Figure 30 show the manner in which these 

basement ridges can be alternately exposed and buried, 

thereby allowing trench axis turbidites to be deposited 

around them. 

The deep structure under all convergent margins is 

poorly known, and therefore, the effect of subduction 

on the Nazca Plate surface is speculative. As noted 

above, DSDP drill sites retrieved only sedimentary 

sections. Deep penetration reflection and refraction 

data show velocities of 5 km/s, which may represent 

either indurated sediment (Kulm and others, 1975) 

or deformed granitic continental crust (Hussong and 
. 

others, 1976) overlying the subducted plate. 

Near-surface structures revealed by seismic reflection 

profiles constrain the possible interpretations. H.I.G. 

data suggest that imbricate thrusting is the dominant 
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Figure 30. 

Model for the development of fore-arc basins 

over a pattern of tectonic culminations and 

depressions within the accretionary prism. Views 

are shown towards the continent and toward the 

ocean. Irregular surfaces along which imbricate 

thrusting has occurred are shown on both diagrams. 

The oceanic plate has a series of anastomosing 

high-angle fa ult s, a long which blocks have been 

dropped toward the trench axis. Variation in 

trench morphology depends on the slope and position 

of the blocks, their sediment cover, and 

irregularities in the structure of the inner 

wall of the trench. The blocks also control 

the deformation of the inner wall, leading to 

culminations and depressions of the imbricate 

thrusts and asymmetric folds. Culminations 

protrude at irregularly spaced intervals.,and 

depressions become buried by hemipelagic sediments 

spilling down the slope. The mass of pelagic 

sediment and slivers of oceanic basement, and 

the trench and slope hemipelagic sediments are 

pasted against the face of the deforming 

continental block. The uppermost part of the 

accreted mass, the structural high, is the dam 

that ponds sediment in fore-arc basins. 
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mode of deformation of the margin seaward of the fore

arc basin. 
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Where a continental block overrides an oceanic . 

plate, the structures of the accreted crust and sediment 

can be as variable as those shown in the trench-snow 

plow analog of Helwig and Hall (1974). The 'plowing 

off' of both the structurally elevated and depressed 

portions of the Nazca Plate during subduction is the 

mechanism inferred for the development of culminations 

and depressions of the imbricate thrust sheets (Fig. 30). 

Some of the local depressions are filled by ponded 

turbidites that await eventual deformation and 

incorporation into the deformed accreted mass. The 

absence of near-vertical faults seaward of the tectonic 

transition suggests that either the basin marks the 

seaward limit of the continental crust, or that any 

continental blocks are so deep or fractured at such 

a small scale that their near-vertical relative 

displacements are absorbed within the overlying sediment 

column. 

Onshore Tectonic Units 

The tectonic units shown in Figure 6 represent a 

compilation from several source~ and accordingly, 

some tectonic boundaries could not be matched exactly 

across the border between Peru and Chile. 



Intrusive rocks, representing a wide span of 

geologic time, crop out along the coast. Extrusive 

rocks cover much of the interior, and Quaternary 

volcanic rocks are situated landward of their Tertiary 

equivalents. Salt lakes and unconsolidated Cenozoic 
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sediments cover most of the remaining surface. High-angle 

faults juxtapose intrusive rocks ranging from Precambrian 

to Cretaceous age (Wilson and Garcia, 1962), and the 

faults generally parallel the coastline except at 18° S 

and 19°40' S latitude (Fig. 6). 

Relation between Onshore and Offshore Geologic Structures 

Intrusive rocks front virtually the entire coastline 

(Fig. 6), and it seems logical that they must compose 

portions of the continental margin. A geologic map of 

the coastal batholith between 13n S to 15°30' S 

latitude (Ruegg, 1956), indicates that intrusive rocks 

border long stretches of the Pe~uvian coast. Working 

in the Ilo quandrangle, near 18° S latitude, Navarrez 

(1964) mapped a promentory of Mesozoic intrusive rocks 

at Punta Coles. Here, the ncean surrounds plutonic 

rocks on three sides. Based on field relations at 

14° S, Pitcher (1974) states that the San Nicholas 

Batholith continues seaward from the Paracas peninsula 

and forms a portion of the continental shelf. A 

subrounded granodiorite boulder recovered from an 
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exposure of acoustic basement at rock dredge 12, (Fig. 39) 

suggests that circumstances similar to those mapped 

along the Peruvian coast may also exist in the area of 

Arica. It seems appropriate, therefore, to infer that 

large portions of the continental margin are granitic 

rock, and further that th~ acoustic basement landward 

of the Iquique Basin and southern half of the Arica 

Basin represents the contact of sedimentary rock on 

granitic basement. This contention is also supported 

by the high-angle faulting within the basement apparent 

on reflection records. Absence of high-angle faulting 

within the Arequipa Basin and northern Arica Basin, 

(Fig. 6, Fig. 24) suggest that a different contact 

occurs off the Peruvian coast. 

Extrusive rocks locate the axis of the volcanic 

arc in the Quaternary and Tertiary times. Coats (1962) 

related volcanism to subduction, and Rutland (1971) 

applied this concept to the subduction zone of northern 

Chile. He attributed the periodic eastward movement 

of plutonism and volcanism in the Andes to the loss 

of continental crust along the subduction zone. 

on field relations in central Chile, Katz (1971) 

reached a similar conclusion for the continental 

Based 

margin between 35° S and 44° S. If the implications 

drawn by Rutland (1971) and Katz (1971) are applied 

to Peru, it appears that erosion of the continental 



plate is not occurring along the Peruvian subduction 

zone. The width of the magmatic belt narrows from a 

maximum of about 400 km in northern Chile to about 

100 km at the latitude of Lima, Peru (Paredes and 

Megard, 1972; and Blondel, 1964). There is a corres-

ponding increase in the dip of the Benioff zone from 

a minimum in northern Chile to a maximum in northern 

Peru (Stauder, 1973, 1975; Getts, 1975; Whitset, 1975; 

Kelleher and McCann, 1976). In northern Chile 

extrusive rocks dating from the Upper Pliocene to 

Recent are generally located to the east of their upper 

Miocene to Upper Pliocene equivalents (Frutos and 

Ferraris, 1973). In Peru the Tertiary and Quaternary 

extrusive rocks overprint each other in an irregular 

pattern (Paredes and Megard, 1972). Additionally, 

Bussell and others (1976) demonstrate the superposition 

of Peruvian ring complexes for a period of 70 m.yr 

beginning as far back as the Late Cretaceous (95 m.yr). 

The geologic data shows, therefore, a history of 

continentward migration of igneous activity in northern 

Chile contrastad with a history of stabilized igneous 

loci throughout much of Peru. The eastward shift of 

Chilean volcanism may only be due to a decrease through 

time of the dip of the Benioff Zone; but it may also be 

that the Chilean segment of the leading edge of the 

South American Plate is crumbling away, whereas the 

93. 
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Peruvian segment is effectively resisting 'attrition' 

or 'corrosion' by the Nazca Plate. 

Andean faulting is characterized by near-vertical 

offsets. Profiles from the Pacific coast to the interior 

show high-angle faults offsetting basement and 

overlying sediment in Peru, Chile, and Bolivia 

(JQnks, 1956; Sonnenberg, 1963; Megard, 1967; Rutland, 

1971; Katz, 1971; Myers, 1975). Overthrusts and 

transcurrent faults are rare except along the eastern 

Andean flank where Devonian and Carboniferous sediments 

are thrust toward the craton (Dalymayrac and others, 

1971). High-angle faults control the location of 

ring complexes in central Peru (Bussell and others, 1976), 

and the eugeosynclinal-miogeosynclinal belts of Peru 
• 

overlie vertically faulted basement of continental 

crust (Cobbing, 1976). The continental geology shows 

that the convergence of the Nazca and South American 

plates has not produced large scale compressive 

structures within the basement rocks of the overriding 

block. Whatever stresses are imparted by the subducting 

Nazca lithosphere are manifest principally in vertical 

oscillations of the crustal blocks of South America 

(Myers, 1975). This same pattern of vertical offsets 

is visible on the reflection records along the landward 

border of the Iquique Basin and within the southern 

portion of the Arica Basin (Fig. 6). Continental 



crust, may extend to the axis of the basins off northern 

Chile. As mentioned before, a similar proposal cannot 

be made for the Arequipa Basin, because the acoustic 

basement there is undulatory. It is noteworthy that 
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at 18° S and 19°40' S latitude, faults trend perpendicular 

to the coastline and are aligned with culminations 

separating the Arequipa, Arica, and Iquique Basins 

(Fig. 6). These culminations are also identified by 

gravity maxima (Fig. 4), and short wavelength magnetic 

patterns (Fig. 5) • 

For various convergent margins Silver (1971), 

Dickinson (1973), Kulm and others (1974~ Seely and 

others (1974), Beck and Lehner (1974), Karig and 

Sharman (1975), and W. Hamilton (oral communication, 

1977), describe near-surface structures of the continental 

margin matching those illustrated in Figures 15, 17, and 

19b. Imbricate thrusting (Fig. 29 and Fig. 30) 

deforms and dewaters the sedimentary section (Karig 

and Sharman, 1975; Moore and Karig, 1976). The question 

remains, however, as the whether imbricated sediment 

and slabs of oceanic crust have accreted to form a 

prism beyond Andean continental crust (Karig and 

Sharman, 1975; Kulm and others, 1975), or whether 

segments merely superficially cover a core of block-faulted 

granitic crust (Hussong and others, 1976)? 

The alternative answers, or two possible end 
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members of a continuum of choices, are shown in Figure 31. 

The accretionary end-member shows a thick wedge of 

deformed and dewatered sediment pasted against the 

edge of the continental block. A structural high r~ses 

as accreted material is added to the base of the stack, 

and the fore-arc basin straddles the sediment-granite 

contact. Granite is not corroded (eroded?) from under 

the edge of the continent. The non-accretionary end-

members shows a thin covering of deformed hemipelagic 

sediment overlying the prow of a faulted continental 

block. The structural high is formed by a horst that 

must rise incrementally relative to the graben 

underlying the fore-arc basin. Sediment of the fore-arc 

basin accumulates over continental crust only. Most 

of the pelagic and hemipelagic sediment, as well as 

blocks of granite are subducted. 

Verification of the process of either or both of 

these end-members is not likely until three important 

pieces of the puzzle are put into place. The narrow 

band of 'unknown' adjacent to the coastline (Fig. 6) 

masks much of the onshore to offshore transition of 

structure. The nature of the acoustically unresolved 

section seaward of the structural high remains 

inferential. The composition of cru~t underlying the 

continental margin has eluded definition by standard 

geophysical techniques. Indirect methods such as 
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Figure 31. Accretionary and erosional end-members for 

convergent continental margins, and 

relative amounts of accretion, subduction, 

and corrosion (attrition?). 

LEGEND 

1 = structural high 

2 = fore-arc basin 

3 = block-faulted continental blo~k 

4 = accretionary prism 

5 = trench axis turbidites 

6 = deformed and dewatered hemipelagic 

sediments of the continental margin 

7 = Mesozoic sediment 

8 = Coastal batholith 
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gravity modelling {Coulbourn and others, in prep.), 

and scale modelling (Seely and Dickinson, in press) 

offer some constraints. The deciphering of tectonic 

processes at convergent margins, however, probably 

requires deep drilling at several carefully selected 

sites. 
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THE INFLUENCE OF NAZCA PLATE TECTONICS ON 
AN ASSEMBLAGE OF EOCENE PELAGIC MICROFOSSILS 

Introduction 

A 29 cm long piston core (PCOD-19) was recovered 
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at a depth of 4350 m on the outer ridge of the Peru-Chile 

Trench at approximately 21° S latitude (Fig. 32). The 

middle Eocene sediment of the core is older than the 

late Eocene sediment from DSDP Site 321 off Callao, 

Peru (Yeats and others, 1976), and is thus the oldest 

sample recovered from the Nazca Plate. In addition 

to its antiquity and certain peculiarities of its 

fauna and flora, the sample is of interest because 

of the tectonic setting of the coring site. 

Geologic Setting 

Figure 33 shows a topographic section along 21° S 

latitude from the Galapagos Rise (Menard and others, 

1964; Herron, 1972) to the South American coast. The 

Nazca Ridge and the outer ridge of the Peru-Chile 

Trench stand in relief. Paleomagnetic evidence 

(Johnson and Ade-Hall, 1975) indicates that movement 

of the Nazca Plate has been predominately to the east 

since the late Eocene (39 m.y. B.P.). Oceanic crust 

identified as about 37 to 40 m.y. in age by magnetic 

anomalies 16 through 19 (Herron, 1972; Tarling and 

Mitchell, 1976) occurs west of the outer ridge at 
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Figure 32. Bathymetric map of the Peru-Chile 

Trench and outer ridge near 21° S 

latitude. Location of profile PP-PP' 

and PP'-PP" and PCOD-19 are shown. 
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Figure 33. Plot of bathymetry (values after 

Mammerickx and others, 1975) from the 

Galapagos Ridge to the coast of South 

America. The Nazca Ridge, outer ridge, 

and Peru-Chile Trench depart markedly 

from the theoretical age versus depth 

relation of Sclater and others (1971), 

shown as dashed line. Location of 

anomalies 16, 18, and 19 after Herron 

(1972). Age assignments for magnetic 

anomalies are listed in millions of years 

(Tarling and Mitchell, 1976). The CCD 

(after Berger and Winterer, 1974) is 

ap~rcximately 800 m above the site of 

PCOD-19. 
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depths of about 4600 m. This depth is appropriate 

for the age shown by Sclater and others (1971) for 
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oceanic crust in the Pacific. Extrapolation from Herron's 

(1972) map suggests that anomaly 20 identifies the core 

site. Thus, based on magnetic data, the age of oceanic 

crust in the vicinity of PCOD-19 ranges between 40 to 42 

m.y. (Tarling and Mitche'll, 1976). 

Seismic reflection profiles across relatively 

undisturbed segments of the outer ridge or swell show 

sediment accumulations of about 100 m thickness above 

acoustic basement. The sedimentation rate, therefore, 

averages slightly more than 2 mm/1000 y. on the crust 

identified by anomaly 20. This rate is within the 

rather broad range of values derived by Rosato and 

others (1975) for the Nazca Plate. Allowing for the 

sediment blanket, it follows that basement rock below 

the crest of the outer ridge stands as much as 650 m 

above the depths predicted for normal ocean crust of its 

age. 

Seismic reflection records show horses and grabens 

along the crest and the eastern flank of the outer 

swell near 21° S. These offsets suggest that a mosaic 

of crustal blocks composes the broad upwarp of the outer 

swell. Reflection records (Fig. 34) show numerous 

sediment ponds overlying grabens and perched behind 

tilted fault blocks. The records indicate, and coring 
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Figure 34. Seismic reflection profile along track 

segment PP-PP' and PP'-PP''. High relief, 

tilted fault blocks, and small ponds of 

sediment are characteristic of the 

structure of the Nazca Plate between the 

outer ridge and trench. 
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later confirmed, that portions of the tilted blocks are 

also mantled by sediment. 

Sampling Results 

Three free-fall cores, . a heat-flow instrument, and 

one piston core were dropped along the profile shown in 

Figure 34. The successful return of FFTG-38, a free-fall 

device to measure thermal gradient, indicated that 

sediment was encountered. FFC-49 did not return, and 

FFC-51 brought back several pebble-size aggregates of 

phillipsite. FFC-50 penetrated 68 cm of brown clay 

containirig agglutinated foraminifera in the surface 

layers. PCOD-19 retrieved 29 cm of sediment. The 

core barrel was bent at a 20° angle about 2 m above 

the base, and the bottom edge of the nose cone was 

severly dented, indicating that firm substrate 

underlies the sediment of PCOD-19. 

Core Description 

A mottled light and dark brown color characterizes 

all of PCOD-19 except for a sandy, foraminifera-rich 

upper. layer and a white ·nannofossil-rich layer at 21 cm. 

Basalt pebbles filled the core liner at 15 cm. A 

description of the core annotates Figure 35. 
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Figure 35. Core description for PCOD-19. 
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Biostratigraphy 

Calcareous microfossils from the top of PCOD-19 
~ 

were found well below the present regional calcite 

111. 

compensation depth (CCD) estimated at 3500 to 4200 m by 

Parker and Berger (1971) and Berger and Winterer (1974) 

and at 4000 m by Kulm and others (1974). Samples taken 

throughout the length of the core contain nannofossils 

indicative of the Reticulofenestra umbilica Zone, 

Discoaster saipenensis Subzone, NP 17 (Table 2). This 

age assignment is based on the coexistence of Chiasmolithus 

grandis, Dictyococcites bisectus, and Reticulofenestra 

umbilica, and the absence of Chiasmolithus solitus and 

Discoaster bifax. Although both assemblages are 

middle Eocene in age, a disparity exists between the 

foraminiferal and nannofossil zonal assignments (Table 2). 

The foraminifera throughout this core can be assigned 

to the Globigerinatheca subconglobata subconglobata 

Zone (Bolli, 1972), based on the coexistence of Acarinina 

bullbrooki, Globigerinatheca mexicana kugleri, 

Globigerinatheca index index, and Hantkenina mexicana, 

and the absence of Truncorotaloides rohri. Nannofossils 

lodged in the aperture of Acarinina bullbrooki are from 

the Reticulofenestra umbilica Zone. Neither the 

nannofossil nor the foraminiferal assemblages contain 

elements from other than the assigned zones, which are 

middle Eocene in age. 
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The population of planktonic foraminifera in the 

portion of the sample separated by microsplitter (Table 3) 

is characterized by robust individuals of spherical 

form. The round tests of Globigerina senni, Acarinina 

bullbrooki, and Globigerinatheca index index (Fig. 36) 

are abundant and well preserved whereas the spinose 

or thin-walled specimens of the species Hantkenina mexicana 

and Subbotina boweri are rare and fragmented. Some of 

these . specimens show spalling of the layers of the 

test, which is a common effect of solution. Kummerform 

tests and bullae are typical of the population. Bullae 

are shown in Figure 37 as 'blister-like structures' 

(Loeblich and Tappan, 1964) over the umbilical region or 

sutures of the individuals of the species Globigerinatheca 

mexicana mexicana, Morozovella lehneri, and Globigerinita 

turgida. Kumme~forms, individuals having a terminal ~ham-

ber of reduced size, are common among the species 

Acarinina bullbr6oki, Globigerinatheca index index, 

G. mexicana mexicana, and Globorotalia sp. Hecht and Savin 

(1970) report warmer isotopic temperatures for bullate 

specimens of ~lobigerinioides conglobatus, and colder 

temperatures for kummerform individuals of Globigerinoides 

ruber. Berger (1971) suggests that kummerforms develop 

in a 'stressed' habitat. Hect and Savin (1970) relate 

'stress' to unfavorable temperature, salinity, and food 

supply, and Reiss and Halicz (1976) show that lack of 



Table 3. 

The Eocene foram1nifera population sampled 
from 2-4 cm of PCOD-19 

PERCENTAGES 

ACllRININA bullbrook1 27 
ALABAHINA dissonata <l 
ARAGONI/I arRgonens1• <l 
BULIMINA elongat• <l 
B. i mpend~ns <l 
BULIHINELLA grat• <l 
CIBICIDOIDF.S havanens1• <l 
GLOBIGERINA senn1 50 
GLOBIGERINATHECA index index l4 
G. index rubriformi• <l 
G. m~xicana barri <l 
G. mexicana kugleri <l 
G. mexican& mexicana <l 
G. subconglobata subconglobat• <l 
GLOBIGERINITA turgid• <l 
G~OBOROTALIA sp. 2 
GYROIDINA girardana <l 
HANTKENINA mexicana <l 
MOROZOVELLA lehner1 l 
NUTTALLIDES truempy1 <l 
ORIDORSALIS umbonatus ecuadorens1• <l 
SUBBOTINA boweri <l 
Other epp. <1 

INDIVIDUALS PER GRAM 

ACARININA bullbrooki 
ALABAHINA dissonata 
ARAGONI/I aragonengis 
BULIMINA elongata 
B. impend ens 
EULIMINELLA gcata 
CIBICIDOIDES havanensi• 
GLOBIGERINA senni 
GLOBIGF.RINATHECA index index 
G. index rubriformi• 
G. mexicana barci 
G. mexicana kugleri 
G. mexicana mexicana 
G. subconglobata subconglob~t• 
GLOBIG~RlN:TA turgid• 
GLO B ORO TA LIA sp. 
GYROID I Nll giracdan• 
HllNTKENINA mexic&n• 
MLJROZOVELLA lehneri 
NUTTALLICES truempvi 
ORIDORSALIS umbonatus ecu~dorensJs 
SUBilUTINA bove:i 
Other app. 

TOTAL FORAMJNIFERAL SUHB£R 

8988 
28 
l4 
l4 
l4 
l4 
l4 

16697 
4750 

43 
100 
256 
l4 

170 
256 
£.fO 
100 
171 
3 SE 

SS 
28 

242 

HS 

33379 

114. 
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Figure 36. Eocene planktonic foraminifera of PCOD-19. 

Rounded, thick-walled forms such as 

Globigerina senni, Globigerinatheca 

index index, and Acarinina bullbrooki 

are abundant and well preserved. Thin-

walled forms such as Subhotina boweri 

commonly show the effects of solution, 

and angular forms such as Hantkenina 

mexicana are always broken. Bar = 100µ. 



GLOBIGERINA 
senni 

ACARININA bullbrooki 

SUBBOTINA boweri --

GLOBIG E RINATHECA 
index index 

\ 

HANTKENINA 
mexicana 
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Figure 37. Eocene planktonic foraminifera of 

PCOD-19. The ~ssemblage is characterized 

by species having terminal 'blister

like' structures called bullae, as 

shown in the illustrations of 

Globigerinita turgida, Globigerinatheca 

mexicana barri, and Morozovella 

lehneri. The remaining specimens 

illustrated are termed 'kummerforms' 

for their terminal chambers of 

reduced size. Bar = 100µ. 



GLOBIGERINITA turgido 

GLOBIGERINITA turoido -

'1$.~'!t/:tf~ 
fit:·://:"/~ 

€8~ 
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MOROZOVELLA 
lehneri 

GL081 GERI NATHE CA 
mexicono mexicono 

GLOBIGERINATHECA _ 
mexicono borri 

GLOBIGERINATHECA 
mexicona 

kugleri 

GLOBOROTALIA sp. 
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food seems to be the environmental parameter 

influencing kummerforms. Test morphology and isotopic 

temperatures suggest, therefore, a stratified watermass 

during the Eocene climatic optimum in which the bullate 

individua1s resided in the warm, near-surface waters and 

the kummerforms were confined to deeper and cooler 

waters. 

Commonly occurring species of Eocene benthonic 

foraminifera are illustrated in Figure 38. The robust, 

rounded forms are generally found intact, whereas tests 

of the elongate forms such as Siphonodosaria abyssorum 

and Chrysalogonium longicostatum are usually fragmented 

or broken. The benthonic assemblage bears a marked 

resemblance to the generally thick-walled and robust 

forms recovered at DSDP Sites 167 and 171 in the Central 

North Paci~ic. Douglas (1973) described this assemblage 
I 

as being restricted to the Eocene or earlier, and noted 

its similarity to the fauna described from the Oceanic 

Formation of Barbados (Beckmann, 1953). In contrast, 

Resig (1976) reported a population including smaller and 

thinner-walled late Eocene benthonic foraminifera from 

DSDP Site 321 on . the eastern Nazca Plate. 

Table 4 lists agglutinated and pseudochitinous 

species of foraminifera that are mixed with the Eocene 

assemblage in the surface layers of the core. These 

individuals, which comprise less than one percent of the 
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Figure 38. Middle Eocene benthonic foraminifera 

of PCOD-19. Tests are generally robust. 

Elongate forms such as those of 

Chrysalogonium lon gicostatum and 

Siphonodosaria abyssorum are usually 

broken. Bar = 100µ. 



•. 

BULIMINA 
sp. 

CHRYSALOGONIUM 
aff. longicostotum 

SIPHONODOSARIA 
abyssorum _ 

PLECTOFRON DICULARIA 
Ii rota 

ALABAMINA dissonoto 

GYROIOINA girordona 

ANOMALINOIDES aragonensis 

CIBICIOOIDES grimsdalei _ 

CIBICIDOIDES havanensis _ 

BULIMINELLA oroto 



Recent foraminifera from 2-4 cm of PCOD-19 

ADERCOTRYMA glomeratum (Brady) 
AMMOBACULITES filiformis Earland 
AMMODISCUS tenuis Brady 
BATHYSIPHON filiformis Sars 
CRIBROSTOMOIDES subglobosum (Sars) 
CYCLAMMINA trullissata (Brady) 
CYSTAMMINA galeatea (Brady) 
C. pauciloculata (Brady) 
KARRERIELLA bradyi (Cushman) 
NODELLUM membranaceum (Brady) 
RECURVOIDES contortus Earland 
R. turbinatus (Brady) 
REOPHAX aduncus Brady 
R. dentaliniformis Brady 
R. fusiformis (Williamson) 
R. guttifer Brady 
R. nodulosus Brady 
R. scorpiurus Montfort 
RHABDAMMINA abyssorum Sars 
SACCORHIZA ramosa (Brady) 

• 
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total popul~tion, are fresh in appearance, well preserved, 

and representative of the Recent bottom-dwelling micro

fauna at depths below the CCD (Bandy and Rodolfo, 1964). 

Preservation of Eocene Deep-Sea Calcium Carbonate Sediment 

Berger (1973) discusses the singularity of Eocene 

facies patterns compared with those of the Oligocene 

to Holocene, and reports that calcareous sediment of 

Eocene age is scarce in deep-ocean areas. Winterer (1973) 

and Berger and Winterer (1974) suggest the possibility 

that during the Eocene climatic optimum, high . biological 

production and sedimentation of calcium carbonate on 

flooded continental margins might have been responsible 

for elevating the CCD. Van Andel and Moore (1974) 

indicate that the shallow depth of the Eocene CCD, 3000 m, 

must have restricted 'the accumulation of calcareous 

sediment to shallow areas of the sea floor. Results of 

the Deep Sea Drilling Project demonstrate that pelagic, 

calcareous microfossils and especially foraminifera 

of middle Eocene age are poorly represented in the global 

stratigraphic record. This time interval is generally 

marked by a hiatus in the sedimentary s~quence of the 

Caribbean section (Saunders and others, 1973), and of 

the Central Pacific. section (Douglas and others, 1973; 

van Andel aQd Moore, 1974); in the eastern Indian 

Ocean, the middle Eocene is represented by cherty 
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horizons or hiatuses (Vincent, 1974). There are a few 

exceptions to this generality. McGowran (1974) reported 

middle Eocene (PlO to Pl4) assemblages of pelagic 

foraminifera from DSDP Site 214 in the central Indian 

Ocean, and Toumarkine (1975) found assemblages character

ized by Gloigerinatheca spp. at DSDP Sites 305, 310~ and 

313 in the northwest Pacific, which she assigned to Zones 

Pll to Pl2, or perhaps even younger. These foraminifera 

were recovered with nannofossils of a correlative zonal 

age (Bukry, 1975). 

The foraminifera of PCOD-19 must have been deposited 

originally at a relatively shallow depth, probably near 

the crest of the Galapagos Rise. The fact that this 

calcareous assemblage is now found at or near the sediment 

surface, at a depth in excess of the regional CCD, 

suggests either rapid transport of calcareous sand into 

the area, exposure time of less than one month at the 

sediment-water interface (Adelseck and Berger, 1975), 

or protection of the underlying calcareou~ tests by 

sedimentary overburden lost in the coring process. 

History of the Core Site 

The unusual combination of microf~una recoveted in 

PCOD-19 may be explained by a variety of events on the 

sea floor. 

During late middle Eocene time, episodes of faulting 
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that contributed to the tectonic fabric (Rona and others, 

1976) near the crest of the Galapagos rise, may have 

exposed the base~ent rock and the overlying foraminifera 

of the Globigerinatheca subconglobata subconglobata 

Zone (=Pll =46.5-48 m.yr) to erosion and redeposition in 

an accumulating nanndfossil ooze of the Reticulofenestra 

urnbilica Zone (correlative with Pl3 to Pl4 = 45.5-43 m.y.). 

As the s~te moved eastward from the rise crest the 

calcareous section was buried by clay and protected 

from dissolution as the sea floor dropped below the 

regional CCD. Subsequent remo~al of the sediment 

overlying the middle Eocene deposit through slumping and 

erosion by bottom currents occurred duririg the lithospheric 

warping which fdrmed the horst and graben structure of 

the outer swell. 

Alternatively, all · of the material in PCOD-19 may 

have been redeposited from exposure of the basement and 

of two middl.e Eocene zones at the outer swell. 

Both of these interpretations assume that ~orting 

and redeposition are responsible for selective skeletal 

morphology and preservation of the foraminifera. In 

each case, species of agglutinated foraminifera inhabited 

the relatively thin layer of modern sediment overlying 

the Eocene material. · 
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Future Events 

As the sea floor continues to move downward toward 

the Peru-Chile Trench axis, the horsts and grabens of 

th~ outer swell are rotated into a step-like series of 

antithetic blocks, with dip-slip offsets increasing 

eastward towards the trench axis. This submarine 

geomorphology (Fig. 34) is similar to that of the 

north slope of the Puerto Rico Trench (Chase and 

Hersey, 1968), where Bowin and others (1966) dredged 

serpentized peridotites, basalts, and sedimentary 

rocks from exposed scarps. Continued faulting along 

the outer ridge and downgoing limb of the Nazca Plate 

disturbs exposed sediment and crust moving toward 

the Peru-Chile Trench. The sedimentary sequence is 

mixed, reworked, and incorporated in talus deposits 

at the base of fault scarps prior to imbrication along 

the continental margin. The stratigraphic section 

will continue to be deformed within the accretionary 

prism, or during subduction. 

Discussion 

The age of the foraminiferal asseillblage, about 48 

m.y. (Berggren, 1972), is older than the crustal age, 

based on magnetic . lineations for this segment of the 

outer ridge (Rerron, 1972). The nannofossil assemblage, 

43 + 3.7 m.y. in age (Van Andel and Bukry, 1973), is 
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about 2 m.y. older than the 41 to 42 m.y. range assigned 

to anomaly 20 (Tarling and Mitchell, 1976), but is 

within the interval of resolution attainable from 

magnetic liheations of middle Eocene age. These 

ages, and the fact that the seismic reflection profile 

presented in Figure 34 does not show a thick accumulation 

of sediment at th~ core site, suggest that PCOD-19 

sampled relatively close to basement. Thus, the 

foraminiferal assemblage if not introduced near the 

rise crest, was reworked from a site that is now 

either closer to the trench or subducted beneath the 

continental margin. 

Sclater and others' (1971) curve for the age 

versus depth -0£ Pacific Ocean crust indicates that base

ment 41 m.y. old might be expected to occur at depths 

between 4600 m and 5100 m. PCOD-19 sampled at 4350 m, 

a'bout 250 m above the upper limit of this range, thus 

demonstrating the amount of vertical displacement due 

to lithosphe~ic warping. A comparison of bathymetric 

profiles shows that the upwarping of the outer swell 

of the Peru~Chile Trench (Plate 1) is somewhat greater 

than that of the ridge or swells associated with most 

other circum-Pacific Trench systems (Malahoff and 

Erickson, 1969; Hanks, 1971; Grow, 1973a; Watts and 

Talwani, 1973). 
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Conclusions 

The highly fossiliferous middle Eocene calcareous 

deposit sampled by PCOD-19 is remarkable for its depth 

~f occurrence and complex history. Tectonic fabric, 

bottom currents, dissolution of various fossils, and 

lithospheric flexure at the outer ridge have influenced 

the formation of the deposit. 



MULTIVARIATE ANALYSIS OF SEDIMENT CORED FROM THE 

NAZCA PLATE AND CONTINENTAL MARGIN 

Introduction 

A sampling program was carried out within the 

Arica Bight in order to lend meaning to the seismic 

reflection profiles, to search for pelagic sediments 

and basement rock of the oceanic crust that might 

have been added to the continental margin, and to 

determine the pattern of sediment transport. This 

chapter concentrates primarily on · the latter- goal, 

and discusses relationships between core samples as 

revealed by multivariate statistical methods • . 

Large-scale crustal movements, the convergence 

of the Nazca · and South American lithospheric plates~ 

probably exert the greatest control on sediment 

distribution. Pelagic sediments of the Nazca Plate 

are juxtaposed with hemipelagic sediments of the 

continental margin. Red-brown clays and carbonates 

are carried down toward the trench atop block-faulted 

segments of Nazca Plate crust (Fig. 9, Fig. 10, 

Fig. 11, Fig . 15). During crustal movements 

these are subject to chance episodes of reworking 

and exposure (Fig~ 34). As blocks reach the trench 
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axis, both undisturbed and reworked pelagic accumulaticns 

are mixed with and buried by hemipelagic turbidites 



(Fig. 12> Fig. 13, Fig. 30). Along the landward 

side of the Peru-Chile Trench, sediment and porti~ns 

of oceanic cru~t are plastered against the deforming 

continental margin (Fig. 31). 

As pelagic sediments are incorporated into the 

accret~d mass, turbidity flows pond hemipelagic 

sediments in local depressions along the continental 

margin, and these in turn are gradually embodied 
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into the deforming mass of accreted material (Fig. 20). 

Turbidity flows are probably the dominant mode of 

downslope transport for grains already on the sea 

floor. Most detrital grains presumably reach the 

ocean as fluvial deposits swept seaward during rare 

desert rainstorms. Nears ho re submari.n e chann.els 

(Fig. 22), recordings of numerous offshore cable 

breaks (Benest, 1899), and displaced benthic 

foraminifera indicate that turbidity flows are filling 

the fore-arc basins of the Peru-Chile continental 

margin. Microfauna typical of shallow water were 

recovered from the trench axis in sampie FSS, 

indicating that once these basins overflow, transport 

continues downslope as far as the trench axis. 

Slumping does occur (Profile I-I', Fig. 18), but 

this type of feature shows up rarely on ~rofiles, 

suggesting that it is of minor importance in the 

overall downslope transport of sediment. 
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Glass shards and biotite grains are important 

components of the sediment that fills basins along the 

upper continental slope. Some of these grains may be 

eolian deposits, but onshore dune forms and yardang 

orientation, prevailing onshore winds (Craig and 

Psuty, 1968), and the east-blowing jet-stream suggest 

that most eolian transport is directed landward. 

The concentration of fecal pellets wit~in 

the cores is not uniform. No attempt was made to 

\ 

distinguish between the relative contribution of 

pelagic and beOthic organisms to the tot~l mass of 

coprolites, nor to relate pellet concentrations to 

avenues of mass transport. The absence of fine 

structures and laminations within the cores, however, 

suggests considerable reworking by bottom-dwelling 

organisms. 

Glauconite pellets are common along the co~tinental 

margin and account for nearly 100% of the sand 

fraction of some cores. These pellets and the 

phosphorite nodules dredged from near shore (RD12, 

Fig. 39) demonstrate the importance of authigenesis. 

Diagenetic pyrite replaces and fills some foraminiferal 

tests. 

Measurable parameters, such as grain size and 

counts of constituents are, therefore, the product of 

a complex set of interacting physical, biological, 
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Figure 39. 

f 

Distribution of samples within the study 

area. Subaerial drainage lines are 

shown. 

PC = piston core 
:-- - - --- - - - -- . 

PCOD = piston core with orienting 

device 

FFC = free-fall core 

FFTG "" free-fall device fore measuri·ng 
_... - -· : -- -· 

thermal gradient 
- - - ... _ - . -- - - - -- -

Other symbols as -indicated on page 20. 
I ' - - . .... ""' - -· :- - . - - - - - --- - -- - - ---
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and chemical controls. 

Data Base and General Analytic Approach 

Figure 39 shows, and Table 5 lists, the 
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distribution of samples within the study area. Samples 

are located witp respect to major structural features 

and lines marking subaerial drainage. 

Analysis of the samples produced two data sets. 

In one, 54 washed samples were analy~ed under an 

optical ruicroscope at 80X magnification and the coded 

abudances of 14 constituents recorded in Table 6. In 

the other, 32 large sample~ from core tops were 

classed according to grain size and their size

frequency distribution are shown on Table 7. 

A variety of multivariate statistical t~chniques, 

including cluster, factor, and canonical correlation 

analysis was employed to examine relations within 

each data set, and relations between each data set 

and a matrix of geographic parameters. The approach 

is more or less experimental in that (1) the efficacy 

of one statistical approach is compared to another, 

(2) relations among the size-frequency curves are 

ordered in a fashion that might otherwise have 

escaped notice, and (3) sedimentological characteristics 

are related, quantitatively, to provenance. 
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Table 5. 

LOCATION OF SAMPLES 

Core Number Length (cm) Location Depth in Meters 

KK 72 Pl5 1160 19°01.35' 72°48.53' 4158 

Pl6 103 19"02.85' 71°33.40' 3736 

KK 74 P9 423 2700 

PlO .... 477 18°31.50' 71°30.40' 1180 

F25 Lost 18°26.90' 71°21.40' 

F26 100 19°05.00' 71°54.50' 6695 

F27 120 19°08.00' 11•5s.oo• 6353 

F28 109 19°11.00' 12°00.50' 6045 

F29 Sand grains 

F30 54 17°59.00' 71°41.00 1 1049 

F31 69 17°59.00' 71°38.00 1 1050 

F32 79 17°59.00' 71°36.00 1 1G70 

F33 Lost 

F34 80 17°59.oo' 71°36.00' 1125 

Pll 184 17°58.68' 11°35.18' 1155 

F44 Lost 

F45 Lost 

Fli 6 Sample vial 21°16.00' 70°34.70' 1815 

F4 7 12 21°16.00' 70°34.95' 1840 

F48 105 21°12.00' 71°40.10' 4 540 

F49 Lost 

F50 68 20°58.10 1 71o33 • 80 I 4800 

F51 Sample vial 20°58.00' 71°37.60' 4700 

Pl9 Z9 20°57.90 1 71°41.90' 4350 
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Location of Samples (cont.) 

Core Number Length (cm) Location De~th in Meters 

F52 120 20°31.89' 71 ° 1.8. I+ 9 I 6800 

F53 97 20°32.19' 71°21.40' 6320 

F54 No sample 

FSS 89 20°10.30' 71°18.45' 7300 

F56 Lost 

F57 Lost 

RD12 -150 lbs 19°37.50' 70°23.40' 380 

P20 117 19°52.60' 71°09.40' 4700 

P21 82 19°47.70' 71°02.40' 3865 

F58 63 19°35.20 1 10°42.so• 925 

F59 40 19°35.20' 70°43.80' 1000 

F60 63 19°35.20' 70°44.44' 1050 

P22 53 19°35.20' 70°46.45' 1395 

F6 l Lost 

F62 . Sample vial 20°11.70' 70°10~40' 30 

F63 110 20°08.00 1 71°28.80' 5695 

F64 Lost 

F65 116 20°os.oo' 71°34.70 1 5660 

F66 Lost 

P'23 314 20°os.20• 71°4.3.90' 4940 

F67 Lost 

F68 Lost 

F69 No sample 
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Location of Samples (Cont.) 

Co re Number 
. !" 

Length (cm) Location Depth in Meters 

F70 94 ls·s4.90' 70°34.00' 1100 

F71 50 18°ss.3o' 70°34.60 1 1180 

P24 443 ls 0 s6.40' 70°39.90' 1253 

P25 332 18°52.65' 10•30,a• 909 

F72 66 19°18.60' 71° .40.60' 6570 

F73 16 19°20.15' 71°40.60' 7 27 5 . 

F74 Lost 

F75 No sample 

P26 1200 19°29.9' 73°27.20' 4630 



TABLE 6. 
CODED VALUES FOR CANONICAL 
CORRELATION ANALYSIS OF 
MI CROCONSTITUENTS 

u 
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KIC.72 Pl> TOP 0 .. 158 " Pl6 TOP 0 3736 10 
KK74 P9 TOP 3 2700 • .. 73-74c• 3 2700 • PIO TOP 1 11RO 1 5 

PIO l7J -l74 c11 1 111'0 1 5 
F26 TOP 0 1 6695 3 12 
F27 TOP 1 1 n 6353 3 12 
F28 TOP 0 1 1 0 0 601t5 3 13 
FlO TOP 3 0 1 1 101t9 2 • FJl TOP 1 1 1 0 1050 2 3 
Fll 25-26cm 0 0 1 0 1050 • FJl 69-70c• 1 3 0 0 1050 • FJ2 TOP 1 1 1 0 1070 3 
FJ2 78-79c11 2 2 0 0 1070 3 
Fl4 TOP 0 1 1 0 o· 1125 • Pll TOP 2 0 1 I 1155 3 
Pll 144-14Sc11 o 1 1 I 1155 3 
F46 SV 0 2 1815 3 
F47 TOP 0 0 1 181t0 • F48 TOP 1 0 0 0 451t0 11 
F50 TOP 2 0 .. 800 10 
Pl9 TOP 2 0 0 .. 350 11 
F52 TOP 1 1 0 6800 I 
F5J TOP 2 0 0 3 0 0 6320 • F>S TOP 1 1 1 1 0 1 1 1 7300 • FSS SS-59c• 0 1 0 0 1 3 0 0 7300 • FSS 90-9lc:• 0 3 3 3 0 1 0 1 7300 • PZO TOP 1 1 1 0 1 1 I 1t700 7 
P21 TOP 0 0 1 .o 0 1 0 3865 7 
FS8 TOP 1 0 1 0 0 2 2 2 925 3 
FS9 TOP 0 0 0 1 3 1 1 1000 3 
F59 19-20c11 0 2 1 1 3 0 0 0 100 3 
F60 TOP 0 0 3 1 0 0 1050 
F60 9-lOc• 0 1 3 1 0 1050 
P22 TOP 3 2 0 1395 
P22 52-Slcm 2 2 1 1395 • 
F62 SV 0 3 0 301 0 
F6l TOP 5695 11 
F65 TOP 5660 12 
P2) 305-306c11 o 0 4940 12 
P24 TOP 1253 1 
P24 50-Slcm 2 1253 1 
P2' TOP 1 909 1 
P2S 35-36c11 1 909 1 
P2S 49-50c11 0 0 0 1 909 1 
P2S 144-14Sca 0 0 0 0 3 3 909 1 
F70 TOP 0 1 1 1 0 3 1100 1 
F70 94-9Sca 0 2 1 1 1 1 1100 1 
Fll TO P 1 1 n 0 0 I 1180 1 
Fll 50-Slc• 0 1 3 0 1180 1 ,,, TOP 1 1 1 ' 1 0 6570 10 
FJJ TOP 3 1 3 2 7275 11 
P26 TOP 0 0 lf630 23 

CODE FOil MICROCONSTITUENTS CODE FOR HUE 

o • Al~F.NT 
I • SCY (greys) 

' • JCW 
I • JURE ) . 2. 5YR 2 • COHHON 4 5YR 
) . ABUNDANT s 7. SYR .. lOYR 

7 • 2. 5Y 
8 • SY 



TABLE 7 

PHI I~TERVAL_ . 75 
SAMPLE 

p 9 0 
PIO 0 
Pl 1 0 
Pl 5 0 
Pl6 0 
Pl 9 ii 
1'20 0 
P2 1 0 
P22 0 
P2 6 0 
F2 6 0 
F2 7 0 
F2 8 0 
n o o 
F3 1 0 
F32 0 
F34 0 
F47 0 
F48 0 
F50 0 
F52 0 
r·s3 o 
F55 0 
F5 8 0 
F59 ii 
F60 \ 3 
F6 3 0 
F65 0 
F70 0 
F71 0 
F72 0 
F73 0 

-. ~ s 

0 
0 
0 
0 
0 
ii 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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Canonical Correlation Analysis on Microconstituents 

The goal of this study is to relate sedimentological 

properties to physical environment. In the region of 

the Arica Bight, depth does not increase uniformly 

with distance from . shore. It was, therefore necessary 

to apply an analytical technique capable of correlating 

the interdependence of these geographic parameters 

with the interdependence between the microconstituents. 

Method 

The method of canonical correlation was applied 

to 54 samples (objects). The relative abundance of 

14 microconstituents (variables) was coded according 

to the arbitrary scheme: 0 = absent 

1 = rare 

2 = common 

3 = abundant 

A constituent was judged as rarely occurring if 

only a few representatives were recovered in 5 

or more grams of material, and commonly occurring if 

it was encountered at infrequent intervals~ 

constituents pervade the sample. 

Abundant 

The variables and scores are listed on Table 6 

and comprise the matri~ of 'predictor variables' 

shown as Data Matiix X in Figure 40. In the canonical 

correlation procedure a weighted, linear combination 

of these predictors, x, is formed so that the 
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Figure 40. Schematic diagram showing relation 

between two sets of data subjected 

to canonical correlation. 
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corre~ation between X and n is maximized. n is a 

a weighted linear combination of the Y, or outcome 

variables. c is the vector of loadings that combines 

the p·redictor variables and d serves a similar 

purpose for the outcome variables. The Y variables 

include depth of w~ter at the core site, distance 

of the core site from shore, and three coded values 

representative of color. Color was included with the 

outcome, or geographic variables, because it was felt 

that the relative abundance of microconstituents, 

especially calcareous foraminifera and glauconite 

effectively predict core color. 

The scheme for color coding i?cludes tbe 

variables of hue, value, and chroma, according to the 

Munsell color system, wherein integers from one to 

ten express gradations in value and chroma. Hue is 

expressed in combinations of letters and numbers. 

Because letters are unacceptable in the numerical 

manipulations, gradations in hue were recoded 

according to the sch~me shown on Table 6. 

Canonical correlation analysis produces not 

merely one, but a ranked series of solutions, each 

of which maximize the X - Y correlation while 

simultaneously satisfying the condition of mutual 

independence. Otherwise stated, the first solution 

is uncorrelated with the second, and the third is 
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uncorrelated with the first two, etc. There are as 

many solutions possible as there ar~ variables in the 

smaller of the two data matrices. 

Results 

The biomedical routine BMDP6M (Dixon, 1975) 

was used for the computations. Five eigenvalues and 

corresponding solutions were extracted of which only 

the first is necessary to express the dependence 

between the set of predictor and outcome variables 

at a .01 level of significance. Accordingly, the 
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first pair of canonical variates is shown in Figure 4la. 

This pair has a correlation of .81 and accounts for 

66% of the variance w~thin the original data set 

(Table 6). A loading of 0.833 on the parameter 

'distance from shore' and .715 on the parameter 'depth' 

suggests that these variates primarily identify the 

tendency of the predicior v~riables (microconstituents) 

to describe the location of the core site. 

Magnitudes within the first set of canonical 

loadings (Fig. 4la) show that content of agglutinated 

foraminifera, nannofossils, fecal pellets, glauconite, 

biotite, detrital grains, ahd glass are the best 

predictors. Negative loadings indicate inverse 

relations. F-0r example, high glauconite content 

colors the cores dark grey-green, described as 
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Figure 41. (a) Canonical correlation of micro

constituents with geography and 

color. The coefficient 0.81 indicates 

that there is a strong relationship 

between the two sets of variables. 

(b) Canonical correlation of micro-

constituents with geography. Deletion 

of the color dependent variables 

altered the loadings on calcareous 

benthic foraminifera, agglutinated 

foraminifera, and nannofossils. 



· .. 

FIRST SET 
OF CANON/CAL 

LOADINGS 

AGGLUTINATED FORAMINIFERA 0.333 SECOND SET 

PELAGIC FORAM/N/FERA 0./23 OF CANON /CAL 

CALCAREOUS BENTH/C FORAMINIFERA - 0.278 ~ LOADINGS 
D/ATOMS-0.082 ~ 0.715 DEPTH 

RADIOLARIANS - 0.002 p--
NANNOFOSS/LS 0.450 --.._ ~ 

81 
-0.576 HUE 

PELECYPODS -0.101 ~x ·-1~ 0.553 VALUE 

FECAL PELLETs-0.329~~ - ~ 
GLAUCONITE-0.614 ~ ~ -............._o.413 CHROMA 

8/0TI TE -0.455 0.833 DISTANCE 

DETRITAL GRAINS -0.552 FROM 
PYRITE -0.059 SHORE 
GLASS -0.55/ 

TUBES -0./59 

FIRST SET 

OF CANON/CAL 
LOADINGS 

AGGLUTINATED FORAMINIFERA 0.434 

PELAGIC FORAM/N/FERA - 0 .039 

CALCAREOUS BENTH/C FORAMIN/FERA - 0 .440 ~ 
DIATOMS 0.098 ~ 

RAD/OLAR/ ANS 0.298 ~ 
NANNOFOSS/LS 0.257 ~ 

FE~~r:~~~~;; =~~~; ~,~ 
8 I 0 TI TE - 0.523 /:::::ff 

DETRITAL GRAINS -0.553 
PYRITE 0.064 
GLASS -0.352 
TUBES -0.035 

SECOND SET 

OF CANONICAL 
LOADINGS 

.?S / 0.945 DEPTH 

== 1 
~0.946 DISTANCE 

FROM 
SHORE 



·2.SY by Munsell's color code. The hue 2.SY has been 

coded as 7, a relatively large value, in the scheme 

used here (Table 6). The canonical loadings show 

that as the content of fecal pellets, glauconite, 

biotite, detrital grains, and glass decrease relative 

to the content of agglutinated foraminifers, and 

nannofossils, the core color moves toward the yellow 

and reds, and distance from shore and depth both 

increase. 

Discussion 

147. 

The treatment of coded data by canonical correlation 

analysis shows that the set of coded variables (Table 

6) is related to core color and geography. For example, 

it is obvious that as calcium carbonate content 

increases a core will become brighter (higher chroma), 

or as biotite, glaucontite, and detrital grain 

content decreases, the distance from shore increases. 

The important aspect of this analysis is that the 

relationships are described quantitatively, and 

therefore have some predictive value. To illustrate 

this point the data set of Table 6 was subjected to 

the· same analysis with the outcome variable of hue, 

value, and chroma . deleted. The results (Fig. 4lb) 

show that 'depth' and ., distance from shore' P...re 

related in equal strength to the microconstituents. 
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The pattern and relative magnitude of the loadings 

on the predictor variables is the same as in Figure 4la, 

although th~ loading on nannofossils has decreased with 

the deletion of color dependent outcome variables. 

In this scheme the weighted, linear combination of 

the predictor variables: 

c
1

2)_ + c2x
2 

+ .... + c
14

x
14 

= X = d1 (depth)+ d2 (distance) 

reduces to a single number that is a weighted, linear 

combinati6n of depth and distance. If one is knownr 

then the other may be estimated. For example, a 

long core sample obtained at a drill site near shore 

could have a weighted depth, distance combination 

totalling less than X [(X > d 1 (depth) + d
2 

(distance 

from shore)]. If the core contained faunal depth 

indicators, the original core site, distance from 

shore, could be estimated. 

The results reported here are limited in 

predictive capacity because samples from the pl.ate may 

not be entirely representative cf that provenance. 

The active deformation along the plate edge disturbs 

and . mixes the accumulating sediment so that the 

material cdred is ~omething other than a 'typical' 

pelagic sequence. 

Multivariate Analyses on Grain-Size Distributions 

Table 7 lists the 32 core tops that were analyzed 
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for grain-size distribution. Because the size 

gradations of the sediment range from sand to clay, two 

methods of analysis were required. Samples were 

wet-sieved at 1/2¢ intervals for fractions coarser 

than 4.5¢. The pan fraction was analyzed using a 

centrifuge-photometric apparatus (Woodruff, 1972). 

Because the centrifuge procedure is based on a small 

fraction of the total sample weight, inaccuracies 

may ~e introduced. The apparatus reproduces measurements 

on successive splits of the sample to within ±0.5¢ 

for the mean, ±0.2¢ for the variance, and ±0.1¢ 

for the skewness, Woodruff (1972) found that the 

centrifuge results compared favorably with pipette 

analyses. Indiosyncracies within the machine, or 

heterogeneity of the constituents of the samples, 

introduce short wavelength oscillations in the 4.5¢ 

and finer fractions. The ~reatest departure from an 

accurate representation of the size distributions 

probably arises in the transition between sieving 

and centrifuging (Thiede and others, 1976). The data 

set, however, is internally consistent. 

Canonical Correlation Analysis of 

Size-Frequency Data 

The technique of canonical correlation was used 

to determine which of the 20 phi classes (variables) 



best predict the geographic parameters of depth, 

distance from shore, and provenance (margin = 1, 

plate= 0). Only one significant set of canonical 

variates could be extracted. The results are 

diagrammed in Figure 42. Values between 2.75 ¢to 

4.25 ¢, fine · and very fine sand (Folk, 1968), and 

between 7.25 ¢to 8.75 ¢, very fine silt and clay, 

best predict sample location. It is the contrast, 

sand minus silt, or the difference between sand 

and silt that is related to geography. When there is 

more sand than silt, the sample tends to come from 

shallow water, nearshore, somewhere along the upper 

continental margin. 

Cluster Analysis 

Two simple geograpic variables have been related 

to particle size distribution. To determine whether 
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other variables also might be important, the techniques 

of cluster analysis and factor analysis were used 

to search fQr natural groupings or orderings of cores, 

according to particle size dist~ibution, groupings 

that could not adequately be understood with 

reference only to depth and distance from shore. 

Cluster analysis is a useful exploratory tool 

for deciphering interrelationships within a data 

matrix when it is suspected that several distinct 
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Figure 42. Loadings for first pair of variates in a 

canonical correlation analysis relating 

20 phi intervals (predictor variables) 

to 3 geographic parameters (outcome 

variables). These two variates account 

for 63% of the variance within the 

data set. The intervals between 2.75 ~ 

to 4.25 ¢and 7.25 ¢to 8.75 ¢best 

predict location. 
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populations comprise the data set (Dixon, 1975). 

Kafescioglu (1975), Brooks (1973), and Mello and Buzas 

(1968) made extensive use 6f this technique to map 

biotopes (groups of stations) and biofacies (groups 

of species of foraminifera). In these instances a 

major-product moment matrix multiplication (Q-Mode) 

generated a similarity matrix from which clusters of 

stations (bioto~es) were derived. Counts for each 

species within each biotope constituted a second 

set of data matrices. A minor-product moment, 

multiplication (R-Mode) generated an intercorrelation 

matrix from which clusters of individual species 

(biofacies) were dervied. 

Results 

The BMDP2M statistical routine (Dixori, 1975) 

was used to generate the clustering dendrogram, or 

tree diagram (Fig. 43) based on size-frequency 

distributions of 32 samples (Table 7). Euclidean 

distance was used rather than the correlation 

coefficient, because it was . suspected that some of 

the cases mi6ht be quite dissimilar (Dixon, 1975; 

Davis, 1973), a suspicion which was borne out by 

the rapidly increasing amalgamation distances towards 

the base of the diagram (Fig. 43). Distances were 

computed fer all pairs of samples and used to generate 
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Figure 43. Dendrogram for 20 marine-sediment 

samples collected from the Arica 

bight, South America. Values for the 

distance coefficient range from · 

zero (top) to 104 (bottom). Three 

geographically meaningful groups, A~ 

B, and C, cluster at distances of 40 or 

less. Group D includes four adjacent 

samples (Fig. 44), discussed in the 

text. 
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a 32 x 32 matrix of similarity coefficients from 

which the dendrogram of Figure 43 was constructed. 

Mello and others (1968) and Davis (1973) described 

the computational procedure. 

Interpretati6n 

Three clusters amalgamated at distances of 42 

or less, and seem to bave m~aning relative to their 

geographic distribution. Samples outside these 

clusters are grouped at rather large distances. 

Linkages at great distances are either artifacts of 

sample preparation or clustering, or indicators of 

real, physical dissimilarity. Xhe four samples 

of ~roup D, P22, F58, F59, and F60 come from a single 

traverse (Fig. 44) across the structural high 

seaward of the Arica and Iquique Basins, and yet 

the dendrogram branches indicate a disparity between 

them. The structural high shown in Figure 44 is a 

culmination of acoustic basement (Fig. 28, Fig. 30) 
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consisting of se~i-indurated sediment. Disaggregation 

produces a variety of angular fragments th~t generate 

large irregularities on the size-frequency curves. 

Because the Euclidean distance coefficient calculates 

the difference between cases one variable at a time, 

these fluctuations show up in the sum of squares as 

large values. Accordingly, even though samples P22, 
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Figure 44. Seismic reflection profile across the 

upper continental margin at 19°40' S 

latitude. Coring devices sampled semi

indurated sediment of a struc~ural 

high, or ridge of acoustic bas.e~ent. 
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F58, F59, and F60 have particle size distributions of 

generally similar form, the similarity is camouflaged 

by minor irregularities. The dendrogram records 
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these fluctuations in terms of large absolute values, and 

branches · the samples at large distances from each 

other as well as the remainder of the samples of 

the data set. Thus, Group D seems to have been 

divided as a result of the analytic procedure. 

Samples from the continental margin compose Groups 

A and C. These groupings, however, also include 

samples Pl5, P26, and F27, located on the Nazca Plate. 

Group A consists of hemipelagic sediments from a range 

of continental margin sites. No discernable natural 

process seems to characterize this group. Group C 

includes samples F30, F32, (Fig. 45), undeformed 

hemipelagic sediment from the Arequipa Basin, F73, 

F55, turbidites of the trench axis, and Pll, coarse 

sand ~ram a submarine cany6n within the Arequipa Basin 

(Fig. 23). - Thus, Group C is characterized by undeformed 

hemipelagic sediments that are generally turbidites. 

F26 clusters with P21 at a low distance, indicating a 

very close association. F26 is located on a block of 

Nazca Plate crust elevated only slightly above the 

trench axis (Fig. · 46), whereas P21 sampled acoustic 

basement on the continental margin. Clustering 

suggests that Pl5, F26, and F27 are either contaminated 
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Figure 45. Profile across the Arequipa Basin. 

Sediment was retrieved from the 

uppermost layers of undeformed 

hemipelagics. FFC 31, FFC 32, and FFC 34 

sampled terraces flanking a su~marine 

canyon. FFC 29 retrieved only a few 

sand~size grains, and FFC 33 d{d not 

ret·urn. 
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Figure 46. Profile I-I' crosses the axis of the 

Peru Trench near 18°30' S. Only FFC 25 

did not return with a sample, 

~resumably because the trench axis 

sediments are semi-indurated. 

Doubling the lead weight carried by 

the free-fall cores resulted in 

successful sampling of the trench axis 

during subsequent attempts. 
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by turbidites, or were arbitrarily forced into a 

cluster by the calculatio~that determine the shape 

of the dendrogram (Brooks, 1973), or as shown in 

the following section, bear a fortuitous resemblance 

to samples £rom the continental m~rgin. 

Cluster B contains cores that sampled reworked 

sediment from accumulations near tilted fault 

blocks of the Nazca Plate (FSO of Fig. 34, F52 and 

F53 of Fig. 47, F63 of Fig. 48). Pl6 and P20 are 

located on the continental margin (Fig. 39) and yet 

cluster with samples representative of Nazca Plate 

provenance. Clustering, therefore, implies that 

Pl6 and P20 represent pelagic sediment that has been 

embodied within the continental margin. 

164. 

The dendrogram (Fig. 43) suggests that the samples 

of Table 7 may be classified into groups represented 

by either hemipelagic or pelagic size-frequency 

distributions. Clustering also points out the 

disparity between sample F58, F59, F60, and P22 

from various locations across a structural high. 

Moreover, cluster analysis singles out Pl5~ F27, 

Pl6, and P20 as samples having size-frequency 

distributipns that do not correspond to those of 

the sedimentary provenance within which they are 

located now. The fact that these samples cannot 

possibly have a common origin is demonstrated by their 
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Figure 47. Traverse across the Chile trench and 

Nazca plate edge. Horsts and grabens 

pond sediment, FFC 52, above the 

trench axis. FFC 53 retrieved a 

sample, but FFC 54 returned empty, 

suggesting only a partial blanket 

of sediment covers portions of the 

blocks. 
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Figure 48. Profile shows a tectonic setting 

identical to that of Figure 5. FFC 64 

was the only core that did not return. 

Samples FFC 52, FFC 53, and FFC 63 

are grouped together in the cluster 

analysis. 
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diverse geographic locations (Fig. 39) and 

microconstituents (Table 6). 

169. 

Comparison of the clusters (Fig. 43) with particle 

size-frequency distributions (Table 7) show that 

samples from the Nazca Plate generally contain 

proportions of clay that far exceed sand. These 

samples are also located the farthest from shore. 

In other words, the groupi~gs revealed by cluster 

analysis correspond to the sand-clay canonical 

correlation with geography (Fig. 42). 

Factor Analysis 

The fact that cluster analysis forces cases into 

hierarchial groups limits its usefulness. Klovan 

(1966) used factor analysis to decipher relations 

within a matrix of size-frequency distributions. 

The three resulting factors, describing the grain-

size of the samples from Barataria Bay, Louisiana, were 

found to be related to surf, current, and gravitational 

energy. Klovan (1966) plotted che results on a ternary 

diagram that clearly illustrated the . gradations and 

end-members within the set of samples. 

Method 

According to the general procedure outlined by 

Joreskog and ot~ers (1976), a matrix of inter-sample 

similarity coefficients (Imbrie and Purdy, 1962) was 



computed in order to study the relationships among 

samples. The resultant 32 x 32 matrix was subjected 

to a Q-mode factor analysis which generated the 

matrices of factor loadings and factor scores 

shown in Table 8. Reference axes then were rotated 

according to a v2rimax criterion, and communalities 

were determined for each case (Table 9). The 

dimensionality was reduced to a plane by normalizing 

the three rotated factors (Table 8, and Table 9) 

and the r~sults are plotted on the ternary diagram of 

Figure 49. 

Results 

Eliminating factors having eigenvalues less 

than unity, three factors were derived (Table 9) 

that accounted for 77.5%, 9.2%i and 4.5% of the total 

variance. Communalities shown in Table 9 indicate 

the percent of variance accounted for in each case 

when the original data matrix is reconstructed by 

the matrix multiplication of the factor loadings and 

factor scores. Except for samples F59 and F60, all 

samples have a very high communality, thus indicating 

that the three factors extracted are a reliable 

representation of the original data set based on 

20 variabl~s (phi intervals). 
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Interpretation · 

The analysis of Klovan (1966) showed that mean 

grain-size values progressed from fine to coarse for 

samples distributed around the border of a ternary 

diagram (Fig. 2 of Klovan, 1966). Figure 49 shows 

a pattern that is more complicated. Factor I is 

identified by a single broad peak in the fine silts · 

and clays (F27, Fig. 49). The sequence of curves 

between Factor I and Factor II shows a diminution 

of the silt and clay peak and a growth in the size of 

a peak centered in the phi intervals representing 

medium and coarse grain sand. The sequence of curves 

from Factor I to Factor III shows a growth in the 

spike identifying fine sand. 

The phi intervals showing the greatest 

fluctuations between the three Factors are precisely 

those singled out by the canonical correlation 

17 3. 

analysis (Fig. 42) as the best indi~ators of provenance, 

depth, and distance from shore. 

Most of . the samples of the data set load highly 

on Factor I, which seems strongly tied to fine mean 

grain sizes of about 6.0 ¢. Thus, samples of pelagic 

silts and clays, as well as some samples of fine

grained turbidites plot in the upper portion of the 

triangle. 
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Figure 49. Ternary diagram representing the 

spatial distribution of 32 samples with 

respect to Factors I, II, and III. 

Size frequency curves show a systematic 

pattern between samples plotting 

along the border of the diagram. 
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Samples of semi-indurated sediment load highly 

on Factor II. P22, F58, F59, and F60 were singled 

out in the cluster analysis as being different from 

each other as well as from the remainder of the 

data set. Factor analysis groups them together as 

an end-member .represented by Factor II (Fig. 44, 

Fig. 49). The distance coefficient used in cluster 

analysis registers the variable-to-variahle (phi 

interval-to-phi i~terval) disparity between these 

samples, whereas the similarity coefficient sums 

over a11 of the irregularities. The result is that 

the similarity coefficient classes F58, F59, and 

F60 together, and P22 nearby. Coarse mean grain 

sizes and poor sorting identify these samples of a 

structural high. 
I 

Factor III is identified by F34. Centic diatom 

frustules constitute virtually all of this sample, 

and distinguish this sediment from all others 

included in the analysis. These plant remains 

' are all nearly the same size, so that 51% of the 

sample occurs in one phi class. Clay minerals 

constitute the tail towards the fines. 

The factors make sense in tetms of the nature of 

sediment as well as in terms of tectonic setting. 

The cores can be mapped on the ternary diagram 

(Fig. 50) according to their present geographic 
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Figure 50. Mapping of sediments according to their 

geographic distribution, based on the 

combined results of factor analysis and 

microscopic examination. Group A 

represents cores that sampled deformed 

sections, as indicated by seismic 

reflection profiles. Samples of pelagic 

sediment from the Nazca Plate compose 

Group B. Group C represents 

undeformed turbidites. F26, P20, 

identified by solid circles, and PlS, 

identified by the 'x', are located 

outside areas that represent their 

present-day geographic location. See 

text for discussion. 
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location. The 'oceanic plate' region (Group B) consists 

of a band between Factor I and III. Samples from the 

continental margin occupy roughly the left half of 

the triangle, and that grouping is divisible into 

samples from undeformed (Group C) and deformed 

(Group A) regions. 

Factor analysis has, therefore, succeeded in 

deciphering relationships within the data set of 

size-frequency distributions of marine sediments. 

These interrelationships would probably not ?ave been 

obvious based on a comparison of the statistics of 

mean, standard deviation and skewness. Figure 50 

shows that samples F26, Pl6, P20, identified by 

solid circles, and Pl5, identified by an 'x', are 

located outside areas representing their present-day 

geographic location. 

Discriminant Analysis 

The technique of discriminant analysis was used 

to explore the relation of the grain size-frequency 

distributions to sample groupings based on ~ priori 

geographical considerations. The technique selects, 

according to a stepwise procedure, the variables 

that best discriminate groups (Dixon, 1975). The 

procedure is comparable to a canonical re~ression 

analysis on coded data, the frequencies for each phi 



180. 

interval being the predictor variables 1 and the coded 

geographic groupings A, B, and C, being the dependent 

variables. The analysis determines a weighted, 

linear combination of selected phi intervals that 

best predicts the groupings. 

Groupings were based on 16cation, and on the 

characteristics of acoustic returns shown on the seismic 

reflection profiles of the core site. Samples from 

the Nazca Plate were classed in Group B (Fig. 47, 

Fig. 48). If the sample was located on the continental 

margin, it was labelled A (Fig. 44), but if it also 

was represented by strong horizontal reflectors and 

located near or within the submarine canyon, it was 

classed in Group C. Cores of Group C are, therefore, 

considered to be turbidites. Groups A, B, and C 

were numerically coded 1, 2, and 3. 

Results 

The BMDP7M statistical routine (Dixon, 1975), 

stepwise discriminant analysis, was used to generate 

a 2-dimensional plot of the 20-dimensional data set 

(Table 7), the two axes representing the tw-0 sets 

of canonical variates generated. The results indicate 
' 

that only two phi intervals, 6.75 ¢, and 8.25 ¢, are 

important in predicting group assignment, according 
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to th ·e relation: 

First canonical variate= 1.657 + (0.114)(weight % 

6.75¢) + (-0.711)(weight % 8.25 ¢), 

Second canonical variate= -2.666 + (0.280)(weight % 

6.75 ~ + (-0.283)(weight % 8.25 ¢). 

Plots of the cases within the data set (Table 7), 

based on th~se weightings, show the distrihution of 

core samples in 2-dimensional space (Fig. 51). 

Interpretation 

The classification matrix indicates that given 

the size-frequency distribution of only the 6.75 ¢ 

and 8.25 ¢ intervals of a sample, a correct grouping 

is achieved for 72% of the cases and that a correct 

assignment to Group A is achieved 57% df the time, 

and to Group C 100% of the time. The reliability of 

the Group C assignment is remarkable. By the 

relative weighting of two _phi units a sample can be 

reliably classed as a turbidite 100% of the time. 

The overlap in the Group A and Group B (Fig. 51) 

assignments is ·understandable. · Turbidites may 

contaminate Nazca Plate samples that are located near 

the tren~h axis (F26 of Fig. 45), and samples from 

the Nazca Plate may be incorporated into the deforming 

continental margin (Fl6 and F20). The results are 

comparable to those of the factor analysis (Fig. 48). 

If the circled group assignments of Figure 51 are 
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Figure 51. Plots base4 on the particle-size 

distributions of Table 7. 

are as follows: 

A continental margin 

B = Nazca Plate 

Symbols 

C = turbidites from the 

continental margin 

* = group centroid 

0 = samples misclassified in the 

factor analysis 
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interchanged, the A's (Pl6 and P20) become B's, and 

the B's (F26) become A's, the Group - A-Group B overlap 

is eliminated except for the problematic sample Pl5 

(Fig. 39, Fig. 48). 

Comparison of this analysis with the canonical 

correlation on the grain size data (Fig. 42) suggests 

an interesting disparity. The sand fraction is 

not important in class~ng sam~les into Groups A, B, 

C, whereas the canonical correlation indicates that 

the fine sand fractions are strongly related to 

depth and distance f~om shore. This disparity 

arises from the use of different dependent variables. 

The canonical correlation represented only geography, 

whereas the discriminant analysis also considered the 

seismic reflection profiles. The results of · the 

discriminant analysis correspond closely to thos~ 

of the factor analysis, but differ from th~ cluster 

analysis with respect to the grouping of samples 

F58, F59, F60. 

Microscopic Examination of Unusual Samples 

184. 

The multivariate techniques of canonical correlation, 

cluster, factor, and discriminant analysis appli~d to 

a matrix of size-frequency distributions respectively 

grouped and ordered samples. The results of the four 

analyses are generally compatible. Samples PlS, F26, 
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Pl6, and P20, however, were grouped in seemingly · 

inappropriate categories (Fig. 43, Fig. 50, Fig. 51). 

F27 was classified incorrectly only in the cluster 

~nalysis. These samples were examined under the 

microscope, and the results were used in the 

determination of the field boundaries shown in Figure 50. 

Pl5 is composed of nonfossiliferous red-brown 

clay in semi-indurated aggregates. Likewise, F27 is 

composed of pelagic clay, but contains a few diatoms, 

radiolarians, and agglutinated foraminifera. There 

is nothing in either of these cores to suggest 

contamination by hemipelagic sediment. As a result, 

the position of Pl5 and F27 in the dendrogram (Fig. 43), 

and the position PlS in the ternary map (Fig. 49, 

Fig. 50) cannot be explained in terms of geography 

or microconstituents. F27, however, plots in its 

proper geographic field according to the factor 

analytic results (Fig. 49 and Fig. SO). 

The top of F26 contains biotite, glass, and an 

assort~erit of detrital grains mixed with red-brown 

clay and radiolarians. A coarse layer at 44-45 cm 

is composed of subangular detrital grains, including 

biotite and glass shards. This sediment resembles 

that sampled near and within canyons on the upper 
I 

continental margin, and in the - trench axis (F55), 

samples which contain displaced shallow water fauna. 



186. 

Thus, turbidity flows have probably contaminated 

the section at F26 (Fig. 46). This inference is 

' supported by the ' geometry of structures within the 

Arica bight. The Nazca Plate edge is broken 

into a series of ridges that intersect the continental 

margin of Peru obliquely, and act as levees for 

turbidites derived from fore-arc basins along 

the Peruvian coast (Fig. 13). It seems appropriate, 

therefore, td include this sample in Group C 

(Fig. 4~, Fig. 50), representing undeformed hemipelagic 

sediments. 

Pl6 and P20 are light brown in color, and generally 

nonfossiliferous: although P20 does contain a few 

agglutinated for~miniera. The color of these cores 

contrasts sharply with the gray green color 

characteristic of continental margin sediment. A 

few biotite grains and glauconite pellets occur in 

P20, and glass fragments and fecal pellets are 

contained in Pl6. Otherwise, the cores consist 

entirely of red-bro~n clay aggregates identical to 

those recovered in samples from the Nazca Plate. These 

two samples may, therefore, represent pelagic sediment 

that has been transferred from the Nazca Plate to 

the continehtal margin of Chile. Accordingly, Pl6 

and P20 are included within the field for pelagic 
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sediment, Group B, on the dendrogram (Fig. 43), on 

the ternary diagram (Fig. 50), and plot very near the 

Group B centroid (Fig. 51). These results suggest 

that it may be possible to identify accreted pelagic 

sediment not only by microfaunal population (Kulm 

and others, 1974), but also by size-frequency 

distribution. 



FORAMINIFERAL ASSEMBLAGES FROM THE CONTINENTAL 

MARGIN OF SOUTHERN PERU AND NORTHERN CHILE 

Introduction 

188. 

Cores located near the Arica Bight of the west coast 

of South America, 18°S to 21°S latitude (Fig. 39, Table 5) 

sampled a variety of substrates. Zeigler and others (1957), 

and Hayes (1966, 1974) described the topography and struc-

ture of the region. The seismic reflection profiles, 

presented in an earlier section, have lead to speculation 

about the interaction of structures of the Nazca Plate and 

continental margin, and the manner in which subduction 

affects the sedimentary overburden. The purpose of this 

study is to inventory and relate populations of foraminifera 

to large scale geologic structures, and to monitor modes of 

sediment transport. 

Other researchers have analyzed cores from the west 

coast of South America near Arica. Zen (1959) described 

the lithology and mineralogy of 16 cores collected during 

the 1955 expedition of the Atlantis. These results were 

purely descriptive, but Schmalz (1958) X-rayed 25 of the 

Atlantis samples from off Arica, and by plotting distribu

tions of mineral constituents, was able to diagram direc

tions of sediment transport, Quartz, hornblende, and 

augite were interpreted as being the most important trans

port indicators. 
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Many of the foraminifera from the west coast of South 

America were originally figured by d'Orbigny (1839). 

Additional species from the eastern Pacific were identified 

and illustrated by Cushman and Wickenden (1929), Cushman 

and Kellett (1929), Uchio (1960) and Parker (1964). The 

more recent reports of Anderson (1975) and Keigwin (1976) 

were helpful in identifying species of the assemblage at 

Arica. The quantitative work of Bandy and Rodolfo (1964), 

however, provided a data base to which new samples could be 

added. Bandy and Rodolfo (1964) described the distribution 

of foraminifera in samples collected between 5°N and 33°S 

latitude during the 1962 voyage of the USNS Eltanin. 

Relative abundances of species within these cores changed 

only sligh~ly with latitude, but significantly with depth, 

so that benthic species could be grouped into seven 

categories based on their uppermost depth of occurrence. 

Downslope transport, was not discussed. Boltovskoy and 

Theyer (1970) reported on the continental shelf foraminifera 

collected during the Mar Chile I expedition off central 

Chile, and Prince and others (1974) described two cores 

from near 8°S latitude. These cores contained assemblages 

of foraminifera, apparently derived from the continental 

margin, and presently stranded on the Nazca Plate, both 

seaward and above the axis of the trench. 
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Boltovskoy (1970) divided the South American coastline 

into biogeographic segments. The Arica Bight falls within 

the boundary of the North Chilean Subprovince for benthic 

foraminifera, and the transitional biogeographic province 

for planktonic foraminifera. 

Sample Preparation and Data Base 

Forty samples were retrieved (Table 5) within the 

boundaries of the study area. Cores were sampled at several 

intervals, so that one site may be represented by more than 

one sample in the data set (Table 10 and Table 12). Samples 

were washed over a 62 micron sieve and the sand fraction 

was examined optically at 80X magnification. Relative 

abundances of microconstituents were recorded (Table 7) and 

those samples containing adequate quantities of foramini

fera were divided to obtain approximately 300 individual, 

and the microfaunal population was arranged on sample mounts. 

Only the divided portion of the sample was analyzed. Of 

the 55 samples examined, only 18 were fossiliferous. This 

data base was augmented by including samples 51, 56, 66, 

and 68 of Bandy and Rodolfo (Table 4, 1964). 

Data Analysis 

Percentages were calculated for 13 planktonic species 

(Table 10) and 77 benthic species of foraminifera (Table 

12) occurring in the Kana Keoki samples. Occurrences of 



TABLE 10 PELAGIC FORAMINIFERAL PERCENTAGES 
ARICA BIGHT, SOUTH AMERICA 

PELAGIC SPECIES s A M p L E s 
B66T Bb6U P9A P9tl P9C PU P24 P2SA 

CANOEINA NITIOA 19 0 0 0 0 0 0 0 
GLOBIGERINA BULLOIDES 14 19 47 20 13 0 4 100 
Go EGGER I B 0 0 0 l 0 1 0 
G. PARABULLOIDES 8 0 0 0 0 0 0 0 
G. OUINOUELOBA & PACHYDERMA 36 33 35 60 49 l 00 79 0 
G. SUBCRETACEA 6 0 0 0 0 0 0 0 
GLOBIGERINITA GLUTINATA 6 29 0 0 3 0 0 0 
Go UVULA 0 0 0 0 0 0 x 0 
GLOBIGERINOIDES RUBER 0 0 0 0 3 0 1 0 
GLOBOOUADRINA HEXAGON~ 0 0 12 20 9 0 4 0 
GLOBOROTALIA CULTRATA 0 0 0 0 t) 0 0 0 
G. HIRSUTA 0 0 0 0 3 0 0 0 
Go INFLATA 0 0 0 0 0 0 3 0 
G. MlOCENICA MIOCENICA 0 2 0 0 0 0 0 0 
G. SCI TULA 0 0 0 0 4 0 6 0 
G. TUM IDA 0 2 0 0 0 0 0 0 
ORBULINA UNIVERSA 3 14 6 0 0 0 l 0 
OTHERS (PELAGIC) 0 0 0 0 7 0 0 0 
TOTAL 100 100 100 100 100 100 100 100 

F30 F31 F34 F55 FS8 F59 F70 F718 
C.ANOEINA NITIOA 0 0 0 0 0 0 0 0 
GLOBIGERINA BULLOIDES 19 14 0 0 13" l l 0 18 
G. EGGER I 0 0 0 0 0 3 0 0 
G. PARABULLOIDES 0 0 0 0 0 0 0 0 
G. OUINOUELOBA & PACHYDERMA 76 68 100 0 72 75 83 76 
G. SUt:lCRETACEA 0 0 0 0 0 0 0 0 
GLOBIGERINITA GLUTINATA 0 0 0 0 0 0 0 0 
G. UVULA 1 l 0 33 3 0 3 0 
GLOBIGERINOIDES RUBER 0 x 0 0 2 3 0 0 
GLOBOOUAORINA HEXAGONA x 3 0 0 4 3 3 6 
GLOBOROTALIA CULTRATA 0 0 0 0 0 0 0 0 
G. HIRSUTA x x 0 0 x 0 0 0 
G. INFLATA x 6 0 0 2 0 3 0 
G. MIOCENICA MIOCENICA 0 0 0 0 0 0 0 0 
G. SC ITULA 2 4 0 0 2 3 3 0 
G. TUM I DA 0 0 0 0 0 0 0 0 
ORBULINA UNlVERSA x 2 0 0 x 0 0 0 
OTHERS (PELAGICI 0 x 0 67 0 3 6 0 
TOTAL 

X= <I 
100 100 100 100 100 100 1 00 100 
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Table 11. Selected Core Sites of Bandy and Rodolfo (1964) 

Interval Water 
Code Sample Sampled Latitude Longitude Depth 

in cm in 
from Top Meters 

B56T 0-3 

56 18°28.00'S 70°40.00'W 796 

B56U 3-10 

B51U 51 3-10 16°12.00'S 74°40.so•w 2858 

B66T 0-3 

66 25°43.00'S 71°07.00'W 3257 

B66U 3-10 

B68T 68 0-3 25°39.SO'S 11°22.so•w 5942 
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these species in each sample were combined with the percen-

tage data for 8 Phleger cores of Bandy and Rodolfo (1964) 

(Table 11). The combined lists consist of 16 pelagic and 

111 benthic species. 

Factor analysis was carried out on the percentage data 

for the benthic species following the procedure outlined 

by Joreskog (1976) and using computer programs modified 

from Davis (1973). Because one of the goals of this study 

was to identify assemblages of bottom-dwelling foraminifera, 

: a major product moment matrix multiplication (Q-Mode) was 

used to construct a 111 x 111 table of similarity coeffi-

cients. The eigenvalues indicated that four factors were 

:adequate to - describe the data set. Accordingly, 111 

~: : -.~._' load in gs and 24 scores on four factors we re extracted and 

the :Coordinates rotated ac·cording to the varimax criterion. 

The ~esults are listed in Table 11 and T~ble 14. 

'· :~ ::. ( 

Planktonic Foraminifera 
: ·:· :. ·:. . 

Planktonic foraminifera were recovered in two cores 

from the Nazca Plate, Pl9 and P23 (Table 5), and 12 cores 

from the continental margin (Table 10). 

The two fossiliferous cores Pl9 and P23, proved to be 

unusual samples in that both were predominantly calcareous, 

even though the core sites were located well below the 

.... . regional carbonate compensation depth (CCD) of 3500 m 

(Berger and Winterer, 1974). Planktonic foraminifera 
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dominate the assemblages of both of these cores. The 

influence of regional tectonics and the nature of the 

assemblage of Pl9 (PCOD-19) were discussed in a previous 

section. P23 is similar to Pl9 with regard to geologic 

site, but contained a higher percentage of nannofossils 

and a mixture of planktonic foraminifera representative 

of zones from the Eocene to the Recent. Because the 

depth of the sea floor greatly exceeds the CCD, cores from 

undisturbed sites (Fig. 39) on the Nazca Plate recovered 

only nonfossiliferous red-brown clay. 

For core sites of the continental margin, counts of 

13 species of planktonic foraminifera were made. 

Globigerina quinqueloba and G. pachyderma (Fig. 52) were 

lumped int~ one category to avoid questionable assignment 

of individuals into inappropriate groups. In general, 

these two forms dominate planktonic assemblages of the 

continental margin (Table 10). Boltovskoy (1976) 

considered assemblages of the Arica Bight area to be 

transitional between Subantarctic and Tropical provinces. 

Occurrences shown in Table 10 allow the latitudinal 

ranges (Fig. 10 of Boltovskoy, 1976) of Globigerinita 

uvula and Globorotalia inflata to be extended northward 

from about 31° S to 18° S latitude, due to the influence 

of the northward flowing Humboldt Current. 
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Figure 52. Planktonic foraminifera of samples 

from the continental margin at the 

Arica Bight, South America. 

Bar = 100µ. 
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Benthic Foraminifera 

FSS was the most significant core from the trench axis 

or continental margin. This free-fall core returned 89 cm 

of sediment from 7300 m water depth. The seismic reflection 

profile (Fig. 53) indicates that the core sampled the 

trench axis. Fifty-eight centim~ters (58 cm) of detrital 

grains covered a layer rich in foraminifera, and must have 

acted as a protective covering against corrosive bottom 

water. Figure 54 and Figure 55 illustrate the assemblage 

of F55. Bolivina costata, !· spissa, !· seminuda, 

Bolivinita minuta, and Epistominella pacifica smithi were 

considered as indices for the Epistominella pacifica smithi 

Group (2c) by Bandy and Rodolfo (1964), who labeled the 

assemblage characteristic of 796 m uppermost depth limit. 

This assemblage also roughly corresponds to Uchio's (1960) 

Fauna 6 and Fauna 7 of living foraminifera, groups spanning 

a range of depths from 700 m to 1300 m. There remains 

little doubt that the microfauna of F55 is displaced from 

relatively shallow to very deep water. Additionally, trans

port must have been quite rapid, because individuals show 

few signs of dissolution effects. The most probable avenue 

of transport is, therefore, by turbidity flows within the 

many channels of the upper continental margin. This sample 

confirms the fact that sediment is transported across the 

continental margin from 800 m to the trench axis. 
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Figure 53. Location of F55 and sample of 

displaced shallow-water benthic 

foraminifera. 



C\I co 0 

SON0~3S 



201. 

Figure 54. Benthic foraminifera of core F55 from 

7300 m water depth. Bar = 100µ. 
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Figure 55. Benthic foraminifera of core F55 

from 7300 m water depth. 

Bar = 100µ. 
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There are, therefore, at least 20 species whose 

distributions have been affected by_ transport. Ninety-one 

(91) distributions in 24 samples remain to be explained. 

Because it is difficult to decipher relationships within a 

numerical table as large as Table 10, factor analysis was 

employed in an effort to reduce the dimensionality to a 

manageable level. 

The matrix of factor scores (Table 13) is relatively 

small and readily lends itself to interpretation. B66U and 

B66T are the only samples that are represented by high 

scores on the first and third factors, whereas only the 18 

samples of the Kana Keoki data set have high scores on the 

second Factor. The differences in the two data sets may 

arise from any of four causes. There may be a difference 

between the fauna near 26°8 and that near 19°8, although 

both areas have been included within the boundaries of the 

North Chilean Subprovince (Boltovskoy, 1976). Secondly, 

the factor socres may be representing a depth dependency. 

B66 is from 3257 m, considerably deeper than most of the 

Kana Keoki samples. Thirdly, B66U contains several species 

of fossil benthic and planktonic foraminifera (Table 4 of 

Bandy and Rodolfo, 1964). Lastly, identical species may 

have been assigned different names. The depth and age 

differences are probably the most important. The scores 

suggest that B66T is unique because of the depth of the 



TABLE 13. 
VAR/MAX FACTOR SCORES 

.....l 
-< ... > :J 0:: ;r: 

F A c T 0 R ... w ,..., 
~ 

,..., ... z w 
(/) H Q 

I 2 3 4 

B56T TO P 796 -0.1456 0.5102 o.7431 6.4112 

B56U 3- 10 769 -0.0738 0.3727 o.25os 5.7189 

B51U 3-10 2858 0.0754 0.1072 -0.4544 2.7339 

B66T TOP 3257 1.9538 1.9313 6.1395 -o. 7206 

B66U 3- 10 3257 3.5168 1.0615 l. 0144 -0.0408 

B68T TOP 594 2 0.0031 -o. 0450 -0.0275 0.1315 

P9A 61 - 62 2700 o.4843 4.2182 o.8795 1.6212 

P9B 73 - 74 2700 0.1828 4 .1869 0.2639 1. 9782 

P9C 422- 423 2700 0.1357 4.2870 0.2904 2.2057 

Pll 24- 25 1155 0.0528 3.5552 o.0996 2.4874 

P24 50- 52 1253 0.3318 4.1531 0.4422 o.5963 

P25A 49-50 909 0.3529 4.7730 0.1910 1.2677 

P25B 143-144 909 0.0595 2.9687 -0.3489 1.1732 

F30 TOP 1049 o.6432 4.3417 1. 062 7 o.7463 

F31 68-69 1050 0.5288 5.0920 0.2958 -0.3462 

F32 78 - 79 1070 -0.0329 2.6877 o.0682 3.8521 

F34 TOP 1125 0.2721 3.3924 1.1325 2.4226 

F55 58- 59 7300 0.1425 3.2038 -0.0457 2.9120 

F58 62 - 63 925 o.5054 4.7299 0.4 350 -o. 5403 

F59 10-20 1000 0.5584 5.3539 o.7535 -0.5396 

F62 TOP 30 -0.1284 1. l 725 0.05 92 3.2701 

F70 93-94 llOO o.6243 5.9072 0.6145 -0.7957 

F71A TOP 1180 o.ooso 3.1586 -0.1046 2.6216 

F71H 49- 50 ll80 o.7533 5.6311 1.1758 -0.1855 
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site, and that B66U is distinctive because it sampled 

material that may be older than the Recent. 

208. 

Examination of the factor loadings (Table 14) furthe~ 

illustrates the dichotomy. Of the species that load highly 

(greater than 0.5) on Factor 1, only ca~sidulina crassa, 

and Melonis barleeanus occur within the 18 samples of the 

Kana Keoki data set. Similarly, of the species that load 

highly on Factor 3, only Cassidulina subglobosa, and 

Epistominella exigua were identified in the newer samples. 

The four species that occur within both portions of the 

data set are easily recognized and have widespread occur

rences. The question of whether the disparity in factor 

scores arises from real differences within the microfaunal 

populations, of from divergent identification remains 

unresolved.· 

The assemblage represented by loadings greater than 

0.5 on Factor 2 (Table 14) is shown in Figure 56. Bulimina 

exilis tenuata, Cassidulina cushmani, and ~· neocarinata 

also belong in this group, but are figured in the assem

blage of F55 (Fig. 54). Ten samples from the Arica Bight 

are strongly characterized (scores > 4.0) by Factor 2. 

Values for scores on Factor 2 were contoured (Fig. 57) 

to determine the relative importance of that foraminiferal 

assemblage in describing the stations of the Arica Bight. 

The species represented by Factor 2 are most important at 

sites located more than several hundred meters depth and 
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Figure 56. Species of benthic foraminifera 

represented by Factor 2, Table 14. 

Bar = 1001-1. 
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Figure 57. Contours for scores on Factor 2. 

Highest values occur at mid-depths 

along the continental margin. Dotted 

lines represent submarine canyons. 

Stippled pattern represents 

directions of sediment transport 

based on quantitative x-ray 

mineralogy (after Schmalz, 1958). 
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some distance from submarine channels. The samples of 

Profile L-L' (Fig. 58) typify this geologic setting. 

Unfortunately, the data does not indicate whether Factor 2 

is more strongly related to the sediments filling the fore

arc basins, or to those outcropping along the structural 

highs. As mentioned before, none of Bandy and Rodolfo's 

(1964) samples have high scores of Factor 2, so that this 

Factor may merely be depicting the difference between the 

two data sets, and indicating that the assemblage of Figure 

56 belongs only to the 18 new samples. Accordingly, the 

species of Factor 2 may best characterize the overall 

foraminiferal assemblage of the Arica Bight region. 

Samples having large scores on Factor 4 are generally 

located at depths of 1180 m or less, B56T, B56U, (Table 

11), F62, F71A (Table 5), or near submarine canyons P9C, 

Pll, F30~ F32 (Fig. 23), or in the trench axis, F55 (Fig. 

53). The very high score for B56T and B56U indicates that 

this sample from 796 m characterized the Factor. 

Seven of the remaining 18 samples from near Arica 

have scores of 2 or greater on Factor 4. In spite of the 

condition of orthogonality or independence of Factors, 

relatively high values on Factor 4 are matched by reduced 

magnitudes of Factor 2 (Table 13). For this reason, the 

contour pattern of Factor 4 would roughly parallel that of 

Factor 2 (Fig. 57), but the values would be reversed. 

Again the sparse data coverage precludes anything but 

, ~ r 
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Figure 58. Profile L-L' (Fig. 20) shows sites 

typical of samples with high scores 

on Factor 2. 
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speculation, however, it does seem that this factor 

represents nearshore and displaced fauna. A check of the 

list of species loadings on Factor 4 (Table 14) confirms 

this supposition. Ten species have loadings of 0.5 or 

greater, and all fall within the 796 m Group of Bandy and 

Rodolfo (1964). 

Of these 10 species,only Bolivina costata, !· spissa, 

Epistominella smithi, and Gyroidina altiformis were present 

within the Kana Keoki samples. Of these 4 species, 3 were 

recovered as far downslope as the trench axis (Fig. 53, 

Fig. S4, Fig. SS). The fact that many of the samples from 

depths greater than 796 m have high scores on Factor 4 

(Table 13) indicates that the species of that group are 

carried downslope in quantity. These results are entirely 

compatible with distribution patterns of mineral components 

(Schmalz, "1958) within the sediment. 

Future Work 

Deciphering the complex relations governing the distri

bution of microfauna on the continental margin near Arica 

will require transects of samples d~stributed in patterns 

comparable to those of Zen (1959) and Schmalz (1958). 

Additionally, it will be necessary to have taxonomic confor-

mity among various data sets. To further this end, illus-

trations of most of the foraminifera from off Arica are 

given in Figures 
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Conclusion 

Nonfossiliferous cores are characteristic of samples 

from the upper few meters of Nazca Plate sediment, however, 

sites on or near tilted fault blocks may yield assemblages 

of pelagic foraminifera dating back to the Middle Eocene. 

Nonfossiliferous cores also characterize samples from 

the continental margin, however, spotty concentrations of 

pelagic and benthic foraminifera do occur there. Calcareous 

benthic foraminifera occur as far downslope as the trench 

axis. Factor analysis on percentage data for benthic 

foraminifera shows that the data set of Bandy and Rodolfo 

(1964) differs from the data set based on 18 Kana Keoki 

samples. Two factors described two samples from one Phleger 

core of Bandy and Rodolfo (1964). These samples differ from 

others of the data set both in depth and content of fossil 

species. Two factors describe the Kana Keoki samples. One 

is characterized by benthic foraminifera offshore of Arica, 

and the second suggests that species are transported from 

nearshore, downslope across the continental margin to the 

trench axis. 
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Figure 59. Benthic foraminifera of the Arica 

Bight. South America. Bar = 100µ. 
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Figure 60. Benthic foraminifera of the 

Arica Bight, South America. Bar = 100µ. 

~ · 
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Figure 61. Benthic foraminifera of the 

Arica Bight, South America. Bar = 100µ. 
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