
Jumpei Baba

AN ABSTRACT OF THE THESIS OF

for the degree of Doctor of Philosophy

in Oceanography presented on March 20, 1986

Title: Terrigenous Sediments in Two Continental Margin Environ-

ments: Western South 2½merica and the Gulf of California

Abstracted Approved:

Nicklas G. Pisias

Sand found in the rivers of Peru and Chile correlate well with

the lithologies of the upper drainage basins where the stream

gradients are steepest and rapid erosion is most likely. Local tec-

tonism and/or plutonism have controlled the east-west position of the

continental divide, thereby influencing the character of rock types

present in the upper portions of most of these river drainages. The

climatic factors examined are much less important in influencing the

mineralogy of these high-gradient rivers. However, a very large

volume of exceptionally immature sediments comes from central Chile

where rainfall is higher, and is deposited along the adjacent conti-

nental margin.

The chemical compositions of the 87 surface sediment samples

from the Gulf of California display complex interactions among tern-

genous, biogenic opal, biogenic carbonate, and manganese hydrothermal

sedimentary components. Terrigenous sedimentation accounts for as

much as 80 to 90% of the total sedimentation on the southeastern
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margin. Mineralogy of the terrigenous component indicates that the

clay (2-4 i.') derived from the Colorado River covers the entire

northern Gulf, while silt (16-32 i) covers only the northern half of

the northern Gulf. The mineralogy of the clay and silt found in the

eastern slopes, and most of the basins of the central and southern

Gulf, indicates sources from the Mexican mainland rivers. Baja

California appears to have only a minor influence in the terrigenous

sedimentation as silt from Baja covers only the western slopes of the

Gulf and clay covers even a smaller part of the western slopes.

Analyses of sediment accumulation rate of six core samples

recovered from the Gulf of California, covering the last 60 to 200

years, indicate that the accumulation rate shows no significant change

in the Delfin Basin where the Colorado River has had the strongest

influence. The mass accumulation rate has decreased by a maximum of

37% between 1910 and 1980 on the doutheastern slopes where Mexican

mainland rivers supply terrigenous sediments. The cause of the

decreased rate is attributed to the decrease in the river discharge

caused by the damming and diversion of water for irrigation.
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TERRIGENOUS SEDIMENTS IN TWO CONTINENTAL MARGIN ENVIRONMENTS:

WESTERN SOUTH AMERICA AND THE GULF OF CALIFORNIA

INTRODUCTION

The deposition of terrigenous sediments in a continental margin

environment is a result of complex interactions among the sedimen-

tological factors in the erosional (continental source areas) and the

depositjona]. basins (deep-sea environments). The formation of tern-

genous sediments in an erosional basin is under the influence of

factors such as the lithologies of the drainage basins, climate of

the region, basin physiography and, in recent years, damming of

rivers. The sediments are then carried into the depositional basin

mostly by fluvial and eolian transport processes. The deposition of

the terrigenous sediments are controlled by factors such as the

nature of the sediments produced at the source areas, mixing of the

sediments from multiple source areas, distance from the source,

basin physiography and the transport processes. Therefore, it is

important to assess the role of these factors, both in the erosional

and the depositional basins, controlling the origin, dispersal, and

distribution of the hemipelagic sediments in order to clearly under-

stand the continental margin sedimentation as a whole.

The Peru-Chile continental margin in western South America was

found to provide an ideal environmental setting for the assessment of

the role of sedimentological factors in the erosional basins. The

4400 km-long Peru-Chile convergent margin is characterized by the

crest of Andean mountains, volcanic in nature, running sub-parallel
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to the trench system. Coastal batholiths, geosynclinal belts, and

the coast ranges add diversity to the lithologies of the drainage

basins. The rainfall of this region is also diverse. The Atacama

Desert in southern Peru and northern Chile is extremely arid while

southern Chile records an average annual rainfall of more than 500

cm. Other factors such as temperature and stream gradient are also

found to vary latitudinally.

The Gulf of California, on the other hand, provides an ideal

situation for assessing the importance of the factors in the depo-

sitional basins. The Gulf of California is roughly 1000 km long and

100 to 200 km wide, separated from the Pacific Ocean by Baja

California. The major terrigenous sediment source areas are the

Colorado River in the northern Gulf, and the Mexican rivers in the

southeastern Gulf. The nature of the sediment from these rivers are

characteristically different. High rainfall in summer, and strong

mixing by Ekman transport in winter add complexities in assessing

the source areas and the mixing of terrigenous sediments from dif-

ferent sources. The physiography is also complex. While most of the

northern Gulf is less than 200 m deep, a series of silled basins,

2000 to 3000 m deep, are found in the central and the southern Gulf.

In addition, the shelves and slopes in the eastern margin are wider

than those in the western margin. The influence of human activities

on sedimentation can also be examined in the Gulf of California.

During the last 60 years, there has been drastic decreases in the

water discharge and sediment supply from the Colorado River and the

Mexican mainland rivers due to damming and water diversion for irri-



gation. These decreases are believed to have had a definite effect

on the terrigenous sedimentation in the Gulf.

In an attempt to obtain a clear insight into the role of the

sedimentological factors, the processes controlling terrigenous sedi-

mentation in two continental margin environments - the Peru-Chile

margin and the Gulf of California - have been studied, and are dis-

cussed in four parts of this thesis. In Part I, the study focuses

on the mineralogy of sand-sized terrigenous sediment found near the

mouths of the 53 prinicpal rivers of Peru and Chile, followed by

the evaluation of the importance of sedimentological factors con-

trolling the mineralogy of the fluvial sand. Parts II and III

focus on the following aspects: (1) origin, transport, and dis-

tribution of the fine-grained hemipelagic sediments; (2) physical

processes influencing the distribution and composition of such sedi-

ments; and (3) the effects of the decrease in water discharge of the

rivers supplying terrigenous sediments to the Gulf. In Part II,

results from the detailed study of the 87 surface sediment samples

establish the origin and distribution of the terrigenous sediment

found in the Gulf of California. In Part III, results from the

study of six core samples are discussed in order to assess the

effects of decreased sediment discharge of the rivers in various

parts of the Gulf. In Part IV, the major findings from the preceed-

ing three parts of this thesis are summarized.



PART I

FACTORS INFLUENCING THE MINERALOGY OF SANDS

FOUND IN THE RIVERS OF PERU AND CHILE
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ABSTRACT

A long-standing problem for geologists interested in the inter-

pretation of ancient and modern continental margin sedimentary

environments is the relationship of the mineralogy of fluvial and

offshore sediments to the rock types present in the source terrains.

This problem is of particular interest along the active continental

margins of the western coast of South America because subduction has

been occurring for hundreds of millions of years, and the geology is

very complex. Factor analysis of sixteen heavy mineral species,

x-ray diffraction, and electron microprobe analyses of plagioclase

feldspar, potassium feldspar, and rock fragments have been used to

define the mineral assemblages of sands sampled near the mouths of

fifty-two coastal rivers along the continental margin of Peru and

Chile. In addition, data have been compiled on the gradients of the

rivers, distributions of major lithologic units in each river basin,

and latitudinal variations in climate and rainfall. Such combined

data sets make possible an assessment of how well the mineralogy of

such fluvial systems reflects the complex geology of the neigbboring

landmass and of the factors that most influence the final observed

mineralogy.

Sands found in the rivers of northern Peru contain high percen-

tages of garnet, andalusite and quartz; those from central Peru are

characterized by high percentages of common hornblende; the sands

from southern Peru are dominated by high percentages of hypersthene,

augite and plagioclase; and samples from the rivers of central Chile

have high percentages of olivine, hypersthene, augite and plagio-



clase, and low abundances of quartz and potassium feldspar. Plagio-

clase compositions vary latitudinally, with albite and oligoclase

being most common in northern and central Peru, andesine in southern

Peruvian rivers, and labradorite in central Chile.

For both Peru and Chile, the mineralogy of the river sands

sampled near their coastal mouths correlates well with the nature of

the rock types found in the headwaters where the stream gradients are

steepest and where rapid erosion is most likely. Local tectonism

and/or plutonism often have controlled the east-west position of the

continental divide, thereby influencing the character of rock types

present in the upper portions of most of thes,e river drainages. The

climatic factors examined are much less important in influencing the

mineralogy of these high-gradient rivers of western South America.

For example, very immature sediments with high percentages of calcic

plagioclase, olivine, and rock fragments are present in the rivers of

central Chile in spite of the higher rainfall which should promote

chemical weathering. Instead, the high rainfall combines with the

large areal extent of basic igneous rocks and with the high river

gradients to produce rapid rock erosion and sediment transport,

leaving little opportunity for significant chemical weathering. A

consequence of this is that a very large volume of exceptionally

immature sediment comes from central Chile and is deposited along

the adjacent continental margin. Simple analyses of such deposits

could provide a very misleading impression of the complex geology of

the neighboring landmass.
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INTRODUCTION

The tectonic setting and depositional environments of present-

day arc-trench systems have received considerable attention from

marine geologists and geophysicists during the last two decades.

This work has led to a greater understanding of the origin and evo-

lution of forearc basins, the nature of lithofacies present in shelf

to trench sedimentary environments, and the relative importance of

accretion versus subduction erosion in controlling the nature of the

lithologic record that is ultimately preserved along active margins.

However, only a few studies have attempted to use the petrologic

characteristics of deposits formed in ancient systems to better

understand the nature of the arc from which the sediments were

derived. Pmong these, Dickinson and Rich (1972) used the abundance

of quartz, the plagioclase-to-total-feldspar ratio, and the content

of mica to define five petrofacies within the Great Valley Sequence

in California. Ingersoll (1978) refined the definition of the litho-

logic units by using six parameters based on the percentages of

quartz, the plagioclase-to-total-feldspar ratio, the percentage of

phyllosilicates, and the ratio of volcanic to other unstable lithic

fragments. ,He related oberved lithologic changes to the geologic

features which were believed to exist in the Jurassic. Similarly,

Moore (1979) used relative abundances of quartz, feldspar and

lithics to distinguish between melange sandstone and slope sandstone

of Nias Island, Indonesia, and he related his findings to the neigh-

boring Himalayan terrain. All of these studies used the petrologic

characteristics of sandstones to infer the nature of tectonic



environments and neighboring geology that were believed to exist

during the time of deposition.

A major problem faced by those interested in relating the

mineralogy of convergent margin sediments to the terrigenous source

rocks concerns the lack of systematic and detailed studies of the

mineralogy of sediments found in rivers draining present-day active

margins. From plate tectonics theory, it is known that subduction

zones and related volcanic arcs can form when an oceanic lithospheric

plate decends beneath an oceanic or another continental lithospheric

plate. It is also known that the duration of subduction and the

thickness of the crust beneath the arc influence the nature of vol-

canism, pluthnism and metamorphism along the convergent margin

(Miyashiro, 1974), and this would lead to arcs with varying states of

maturity and more varied lithologies. Similarly, regional changes in

the topography of the river basins, tectonic features, climate, and

the susceptibility of different rock types to weathering and erosion

can also affect the mineralogy of sediments found at the mouths of

rivers along active margins. Until these and other factors are

rigorously assessed for present-day convergent margins, it will not

be possible to fully interpret the sedimentary record produced along

their older counterparts.

The continental margin of Peru and Chile is a classic example of

an oceanic crust-continent convergence zone where subduction has been

occurring at least since the Jurassic (James, 1971; Dalmayrac et al.,

1980). It thus represents an end-member which might best typify the

complexities to be expected for such a "mature" convergence zone.

Other factors which make this area attractive include:



1. The Peru-Chile convergence zone extends over more than 400

of latitude (4400 kin), ensuring that a representative seg-

ment of the arc is available for study;

2. Dramatic changes in climate and rainfall patterns exist

along this north-south trending convergence zone. Some of

the driest areas in the world are found in the Atacama

Desert of southern Peru and northern Chile, but both to the

north and particularly to the south, rainfall amounts and

the opportunities for chemical weathering and erosion

increase markedly;

3. Relief within the drainage basins is very steep in Peru, and

it gradually decreases to the south in southern Chile. Such

variations allow an assessment of the role of stream

gradient and its relationship to lithologic provenances in

influencing the mineralogy of fluvial sediment supplies to

the continental margin; and

4. Although the coastal mountains and Andean Cordillera are

ôontinuous features along the convergence zone, available

geologic maps and results of recent studies (Peterson, 1965;

Noble et al., 1972, 1974; Pitcher, 1974; Noble and Bowman,

1976) point to important latitudinal variations in the

nature of volcanism, the chemical composition of plutons,

and the type of metamorphism. Such variations in rock types

within individual drainage basins can be used as a guide to

the expected mineralogy of sediments found at the mouth of

each river.
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In this report, we first present data on the mineralogy of sand-

sized terrigenous sediments found near the mouths of the principle

rivers of Peru and Chile. This is followed by an attempt to

establish which factors (e.g., drainage basin relief, climate,

regional geology) are most important in controlling the observed

mineral differences observed along much of this convergent margin.

We view this study as an initial attempt to evaluate systematically

the nature of sediments derived from one of the world's best examples

of a convergence zone.

Sampling and Methods of Analysis

Samples used for the present study were obtained from forty-one

coastal rivers of Peru and from eleven rivers located south of the

Atacama Desert of Chile (Fig. 1-lA, l-lB). Sediment samples from

Peruvian rivers were collected by Pedro Levi of the Institute of

Geology and Minerals and Metallurgy, Lima, Peru, at distances of 1-2

kin upstream. Initial results on the abundance of quartz, feldspar,

and clay minerals in these samples have been reported by Scheidegger

and Krissek (1982). io sets of samples were collected independently

from Chilean rivers by Mark Hower of the College of Oceanography,

Oregon State University, Corvallis, and by Eduardo Valenzuela,

Universidad de Chile, Santiago. These samples were obtained further

upstream than Peruvian river samples because of geographical difficul-

ties (see Fig. l-lB).

All samples were cleaned and the 62-250 pm size fraction was

separated for study. Light and heavy separates were obtained by

standard density separation techniques using tetrabromoethane (sp.
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Figure 1-1

Maps showing the major geological features of Peru (A), Chile (B)

and the locations of the rivers from which samples were collected.

Rivers are identified by the following numbers for Peru arid letters

for Chile:

1. Tuinbes 22. Lurin A. Cachapoal

2. Chira 23. Mala B. Zamorano

3. Piura 24. Canete C. Tinguiririca

4. Reque 25. San Juan D. Mataquito

5. Zana 26. Pisco E. Maule

6. Jequetepeque 27. Ica F. Itata

7. Chicama 28. Nasca G. BioBio

8. Moche 29. Acari H. Imperial

9. Viru 30. Yauca I. Tolten

10. Chao 31. Chaparra J. Cruces

11. Santa 32. Atico K. Calle Calle

12. Nephena 33. Pescadore

13. Casma 34. Ocona

14. Culebras 35. Camana

15. Huarmey 36. Sihaus

16. Fortaleza 37. Tambo

17. Patvilca 38. de Osmore

18. Supe 39. Locuinba

19. Huaura 40. Sama

20. Chancay 41. Caplina

21. Chillon
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gr. 2.96 g/cm3). Small splits of the heavy mineral fraction of each

sample were mounted on glass slides, and standard petrographic pro-

cedures were used to identify about 200 non-opaque, non-micaceous

grains per sample. Additionally, X-ray diffraction patterns were

obtained for each sample to check the mineral identifications.

Four different analyses were performed on the light mineral

fraction of each sample: (1) X-ray diffraction analysis for the semi-

quantitative analysis of quartz and feldspar (Scheidegger and

Krissek, 1982), and for the determination of the anorthite content

and structural state of the plagioclase feldspar (Smith, 1956); (2)

grain-staining (Laniz et al., 1964) and petrographic analysis for the

quantitative analysis of quartz, plagioclase feldspar, alkali feld-

spar and rock fragments; and (3) electron microprobe analysis for the

measurement of the anorthite content of the plagioclase feldspar

grains. For the X-ray diffraction analysis, sand grains were ground

in acetone to < 4 jim, thus helping to reduce the crystal-size effect

on the intensity of peaks recorded on X-ray diffraction patterns.

Because results from the semi-quantitative analysis of the Peru river

samples were available (Scheidegger and Krissek, 1982), only the

river samples from Chile were analyzed. Each of these samples was

scanned between 3 and 30° 20 (0.02° steps; 3 sec count times) using

CuXct monochromatic radiation. Estimates of the anorthite content

and thermal state of plagioclase feldspars were obtained using

methods discussed by Smith (1956). The 20 interval between 21 and

26° contains three of the more important plagioclase peaks ([201],

[111] and 1111)), and this interval was scanned in 0.010 20 steps

with 3 second count times. Finally, the staining method of Laniz et
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al. (1964) was used on polished sand grains which had been impregnated

in epoxy resin. This method, coupled with petrographic examination of

grain mounts, enabled us to readily establish the relative abundance

of quartz, plagioclase feldspar and alkali feldspar and rock fragments.

In this study, both aphanitic and poly-mineralic grains were con-

sidered as rock fragments.

Mounts for electron microprobe analyses were prepared in a

manner similar to the one used for preparing mounts for staining, but

the plates were polished further. All microprobe analyses were per-

formed by Diane Smith of the Department of Geology, Rice University,

Houston, Texas. abundances of three major elements (Ca, Na and K)

were used to obtain the plagioclase feldspar compositions.

Regional Geology and Physiography

Peru

Several studies have considered the geological features of

western Peru (Cobbing and Pitcher, 1972; Cobbing, 1974, 1976, 1978;

Atherton et al., 1979). According to these studies, the geology is

characterized by two sub-parallel fold belts: the Palaeozoic Eastern

Cordillera and the Mesozoic-Tertiary Western Cordillera. The Eastern

Cordillera is divided into two major parts at about the latitude of

Lima (12°S). North of Lima, the Eastern Cordillera consists of epi-

zonal and mesozonal greenschists of up to garnet grade, while to the

south of Lima, it consists of Ordov.ician to Devoniari black shales and

dark quartzites of clastic origin. The Western Cordillera consists

of two parallel geosynclinal facies. The eastern miogeosynclinal
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sequence is about 5000 m thick and consists of folded clastics and

carbonates that form the peaks of the Andes. The western eugeosyn-

clinal volcaniclastics sequence is of marine origin. It consists of

about 600 m of pillow lava sequences that range in composition from

high alumina basalt to andesite. These units are interbedded with

volcaniclastic turbidites and tuffs, forming a sequence of some 7000

m in total thickness. North of Lima, the geosynclinal facies are

distinct, but to the south they inter-tongue freely. In the south,

the crest of the Andes moves into the western eugeosynclinal

sequences. In this area, thick sequences of andesitic to acidic vol-

canic rock of more recent age are present over the weathered surface

of the Mesozoic miogeosynclinal facies. The areal distribution of

the major rock types found in Peru is summarized in Figure 1-lA.

The coastal batholith is another important feature in Peru, and

it was emplaced mainly into the eugeosynclinal sequence. However, it

was also emplaced in the miogeosynclinal sequence in the northern

part of Peru and in the basement gneiss of southern Peru (Fig. 1-lA).

This suggests that structural control may be more important than

lithologic control in influencing the implacement of plutons in Peru

(Cobbing, 1974).

Studies of the nature of the coastal batholith (Pitcher, 1978;

Atherton et al., 1979; McCourt, 1981) indicate the existence of three

segmented units. These include the Trujillo segment in the north,

the Lima segment in central Peru, and the Arequipa segment to the

south. The Arequipa segment is found to be more basic than the Lima

segment although it lacks granites and is more potassic. Approxi-

mate boundaries of these units are located at 9° and 12°S.
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The oldest metamorphic rocks of amphibolite or granulite facies

are found south of Ica along the coast and possibly represent a part

of the Brazilian Craton.

As shown in Figure 1-2, most of the coastal rivers in Peru have

very steep profiles. This is partly due to the tectonic history of

the region which influenced the position of the Andes as a continen-

tal divide. For much of Peru, the crest of the Andes is only about

100 km from the coastline. Another factor influencing the steepness

of Peruvian rivers is climate. It is extremely arid in this part of

the world, and only a few cm of rain falls each year. Such aridity

has limited erosion of the high mountains. The general nature of the

relief in the Peru river basins can be summarized as follows:

1. River profiles 1-7 have gentle slopes (Fig. 1-2) because the

crest of the Andes is farther inland and the coastal batho-

lith has not developed into a continuous geological feature.

2. River profiles 8-15 are very steep and this reflects the

presence of the coastal batholith, a prominent geological

feature that withstands erosion better than other rock

types.

3. River profiles 16-3 7 become less steep and the headwaters

move progressively landward from north to south. This trend

results from the discontinuous nature of the coastal batho-

lith and the landward migration of the Andean continental

divide.

4. River profiles 38-41 are steep because the peaks of the

Andes are once again closer to the coastline.
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Figure 1-2

Profiles of the rivers of Peru and Chile. Major rock types

found in drainage basin of each river are also shown. Refer to

Figure 1-1 for names and locations of the rivers.
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In addition to the control exerted by major topographic features

on the slopes of river profiles, we have also noted that changes in

the lithology within individual drainage basins can affect the steep-

ness of the rivers (e.g., Rivers 16, 22, 23; Fig. 1-2).

The three major rock types which are most dominant in Peru are

volcaniclastic rocks, miogeosynclinal sequences, acidic volcanics, and

igneous intrusives (Fig. 1-lA). In northern Peru, because acidic vol-

canics are discontinuous and patchy, some of the rivers (e.g., Rivers

7, 11, 17) have miogeosynclinal clastic rock in the upper parts of

their drainages. However, in many cases where acidic volcanics form

a continuous belt parallel to the coastline, these rocks cover nearly

the entire drainage area. In southern Peru, acidic volcanics have

even a much wider distribution covering both sides of the Andean peaks;

but in central Peru, the crest of the Andes is close to the contact

between acidic volcanics and miogeosynclinal clastic rock (Fig. 1-lA).

'The coastal batholith runs parallel to the coastline and is an impor-

tant feature which contributes to the middle parts of many of the

drainages. Except for rivers in the most northerly and southerly por-

tions of Peru, nearly all have cut through this batholith. It is

probable that granite and related plutonic igneous rocks are less

susceptible to weathering and erosion than volcanic rocks found in the

steeper, headwater sections of many Peruvian rivers.

Chile

The main morphological features of Chile, which are well des-

cribed by several authors (Zeil, 1964; D'Angelo and LeBert, 1968;

Kausei and Lomnitz, 1968; Vergara and Nunizaga, 1974), include the



21

following: (1) the coast range, which extends from 18° to 46°S; (2)

the central valley, which separates the coast range from the Andean

Cordillera, from 18° to 47°S; and (3) the Andean Cordillera which

extends the length of the country. The coast range is divided into

three parts from north to south. These include volcanics of Jurassic

age from 18° to 25°S, the Andean Batholith from 25° to 34°S, and

folded metamorphic rocks from 340 to 46°S. The central valley, which

was formed by recent range faults during the Pliocene, is interrupted

by ridges connecting the coast range and the Andean Cordillera from

27° to 33°S. The Andean Cordillera, which isphysiographically con-

tinuous, is geologically inhomogeneous latitudinally. From 18° to

28°S, sheet flows and strato-volcanoes of Tertiary age cover almost

the entire Cordillera, but from 28° to 33°S, late Jurassic to Cre-

taceous sediments and volcanics occupy the main part. Products of

recent volcanism are dominant between 33° to 38°S, and batholiths

crop out extensively south of 38°S (Fig. l-lB).

The river samples we have available for study were collected

between 34° and 40°S, an area in which recent volcanism characterizes

the geology in the high Andes, except in the extreme south where

acidic intrusives become dominant. The coast range in this region

consists mostly of folded metamorphic rock, and the central valley

clearly separates these two Cordilleras. The relief of the Chilean

rivers is low in comparison to Peruvian rivers (Fig. 1-2). This is a

consequence of the Andean peaks being located farther inland in Chile

than in Peru. In addition, the regional elevation of the Chilean

Andes decreases southward. This may be a consequence of the
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increased rainfall and erosion that occurs in southern Chile (see Fig.

1-3; Scholl et al., 1970; Lowrie and Hey, 1981).

Data

Heavy Mineral Analyses

Sixteen different minerals were counted (Table 1-1) and the dis-

tribution of the five major minerals are shown in Figure 1-4. It is

clear from Figure 1-4 that major trends are observed in the distribu-

tions of orthopyroxene (OPX), andalusite and olivine, while the horn-

blende abundance is reasonably uniform and dominant in most rivers.

Clinopyroxene (CPX) also has a uniform distribution, although its

abundance increases slightly south of Peru River 26, matching the

trend of OPX.

A Q-mode factor analysis of the eight major mineral groups of

the Peruvian river samples more clearly outlines regional trends

noted for individual heavy mineral abundances. A three-factor

analysis accounted for 84.2% of the variance in the data set. Factor-

one (19.8% variance) has high factor score coefficients in andalusite

and garnet. Factor-two (26.5%) has high factor score coefficients in

orthopyroxene and clinopyroxene. Factor-three (37.9%) has high factor

score coefficients in common hornblende, epidote, metamorphic amphi-

bole, and clinozoisite (Fig. 1-5).

The relationship between the factors and regional differences in

geology can be most easily seen for. river samples that have factor

loadings greater than 0.55. Such high factor-one loadings are

typically found in northern Peru (e.g., Rivers 3-5, 7-8, 10-11, 17,
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Figure 1-3

Latitudinal change in elevation of the Andean peaks of Chile

and estimates of the amount of offshore and onshore sediments

deposited during Cenozoic (top). At the bottom, latitudinal varia-

tions in coastal and Andean rainfall are shown. Illustrations have

been modified from Scholl et al. (1970) and Lowrie and Hey (1981).
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Table 1-1

Relative percentages of non-opaque heavy minerals in the

62-250 pm fraction of sands obtained from the rivers of Peru and

chile. Rivers indicated by numbers and letters are identified in

Figure 1-1.



Table 1-1

PERU RIVERS

MINERAL 1 2 3 4 5 6 7 8 9 10 11 12 13

Hornblende
Common 31.4 43.8 20.6 24.6 30.9 42.5 37.0 37.0 35.0 14.1 26.0 55,9 53.2

Metamorphic 10.7 16.5 10,3 12.7 9.6 2.1 6.0 8.7 3.4 2.2 4.7 10.9 8.1

Apatite

Epidote Group
Clinozoisite 3.3 2.5 9.6 3.0 2.9 5,3 5.2 1.9 0.9 8.2 8,7 2.3 3.6

Epidote 14.9 12.4 19.9 13.4 8.8 10.6 2.6 6.8 7.7 7.5 3.3 4.7 9.9

Garnet 0.8 0,8 16.1 10.4 6,6 5,4 12.1 2.0 2,6 2,2 3,4 7,8 8.1

Olivine

Orthopyroxene 1,7 0.7 3.7 5,9 9,6 6,9 7.8 12,8 1,3 0,8 1.8

Clinopyroxene 29.7 19.0 9.6 9,7 11.8 14.9 16.4 18.4 24,8 5.2 10,7 14,0 10.8

Rutile 0.9 0.7

Staurolite

Spinel 0,7

Tourmaline 0.8 1.7 0,7

Zircon 2,5 0.8 5.1 2,2 5.1 1,1 1,7 3.9 11.1 3,3 1.8

Andalusite 6.6 18,7 15.4 2.1 6.9 9.7 1.7 58.2 33,3 3.9 1.8

Serpentine 101



Table 1-1 .., continued

PERU RIVERS

MINERAL 14 15 16 17 18 19 20 21 22 23 24 25 26

Hornblende
Common 52.0 39.1 36.3 31.4 54,1 44,6 43.1 56.9 54,8 55,8 64.2 56.8 50.6
Metamorphic 5.7 5.2 17.7 12.9 5.1 2,5 4.3 9,2 6,8 7.1 3.8 4,0 4,4

Apatite 1.6 0.9 0,9 1,6 1.7 0.9 1.8 2,3 5.6 1,3

Epidote Group
Clinozoisite 5.7 9,6 14.2 4,0 5,9 6.7 5,2 4,6 0.9 2.7 3.1 3.2
Epidote 14.6 12.2 10.6 4.8 5.1 10.1 11.2 7,3 12,8 3,4 10.7 9.6 4,4

Garnet 1.8 14.8 8.8 11,0 16.8 16.4 11,.9 13.7 6.1 13,8 12,8 3,1

01 ivine

Orthopyroxene 2.4 5.2 2.7 3.2 2.5 5.0 5,2 4.3 3.6 0.8 3.2

Clinopyroxene 11.4 21.7 8,8 9.7 10.2 12,6 14.7 13.8 15.4 21.2 11.5 12,0 25.6

Rutile 0.9 2.4 3.4 1.8 0.9 0.9

Staurolite 0.9 0.9

Spinel 0.8 3.4 0,9 0.8 0.8

Tourmaline 0,9 2.4 1,7 1,7 1,7 1.7 0.9 0,9

Zircon 2.4 0.9 3.5 1,7 3,4 4.3 0.9 0.9 0,8 1.3

1nda1usite 4.1 0.9 2,7 226 2,5 5,0 2.6 0,9 1,7

Serpentine

-J



Table 1-1 .,. continued

PERU RIVERS

MINERAL 27 28 29 30 31 32 33 34 35 36 37 38 39

Hornblende
Common 35.9 37.7 34.7 50.0 43.3 40.8 91,3 35.7 29.4 29.6 38.6 21.7 7.9
Metamorphic 5.8 7.7 5.0 8.9 15.7 15.6 10.1 9.5 1.6

Apatite 1.5 3.3 3.2 4.7 1.5 2.3 0.8 2.6

Epidote Group
Clinozoisite 1.5 2.5 2.4 4.4 0.8 3.9 5.6 7.2 5.3 0.8 5.3

Epidote 6.5 5.4 0.8 3.2 24.4 13.3 5.6 2.3 1.6 0.7 1.8 2,4

Garnet 5.7 3.3 0.8 3.7 0.8 7.0 4,0 2.2 5.3 7,9

Olivine

Orthopyroxene 15.8 13.1 24.8 12.1 1,5 0.8 6,2 12.7 33.8 8,8 50.0

Clinopyroxene 25.2 23.8 20.7 20.7 4.7 15.6 17,1 32.5 25.9 30.7 19.4

Rutile

Staurolite

Spinel 0.8

Tourmaline 0.9 1.6 71.].

Zircon 0.8 1.7 1.6 2.3 2.6 2.4 5.3

Andalusite

Serpentine

o:i



Table 1-1 ... continued

PERU RIVERS CHILE RIVERS

MINERAL 40 41 A B C D E F G H I J H

Hornblende
Common 42.8 344 39.4 40.2 52.1 38.0 23.9 10.0 17,8 11,4 238 33.6 43.9
Metamorphic 3.1 1,7 5.6 3,3 9.1 1,5 2.0 3,0 6,1 3,2 3,3 6.9

Apatite 0.9 1.7 1.9 0.8 0.8

Epidote Group
Clinozoisite 4.3 0.8

Epidote 6.8 5,5 1.9 0.8 0.8 2.2 0,4 1,7

Garnet 1,7 4.7 4,2 0.8 0.8

Olivine 1.7 2.8 2.5 8,3 5.2 13.0 29,8 9.1 6.3 13,1 12.9

Orthopyroxene 2.6 14,1 16,0 15,9 17,4 23.1 33,6 48,0 6.7 31.8 33.3 15.6 19.8

Clinopyroxene 30.8 30.6 25.2 31.8 22.3 24,0 33.6 26,0 41.3 39.4 32,5 33,6 12.1

Rutile 0.8

Staurolite

Spinel

Tourmaline 5.9 0.8 1,7

Zircon 0.8 0.8 009

Andalusite

Serpentine
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Figure 1-4

Relative abundances of major heavy and light minerals in the

62-250 pm fraction of sands collected from the rivers of Peru and

chile. Dashed lines indicate that samples between connected points

are missing.
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Figure 1-5

Factor loadings obtained from the Q-mode factor analyses of the

heavy mineral data. Separate analyses were performed for the Peru

and Chile data. Factor scores from each analysis are shown in

Table 1-1.
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FACTOR SCORE MATRIX FOR PERU SAMPLES
FACTOR 1 2 3

Common Hornblende 0.033 0.116 0.502
Melamorphic Hornblende 0.122 0.014 0.426
Clinozoisile 0.243 0.071 0.287
Epidole 0.039 - 0.077 0.564
C,ovnel 0.362 0.183 0.146
OPX 0.020 0.865 -0.221
CPX 0.033 0.430 0.246
Andolusile 0.890 - 0.091 0.188

VARIANCE 19.831 26.465 37.860

FACTOR SCORE MATRIX FOR CHILE SAMPLES
FACTOR 1 2

Common Hornblende 0.748 -0.156
Melamorphic Hornblende 0.438 0.179
Olivine -0.205 0.851
OPX 0,325 0.338
CPX 0.318 0.324

VARIANCE 51.902 39.031

Figure 1-5



34

19) where the rivers have their headwaters in the miogeosynclinal

clastics. We speculate that the garnet and andalusite in these mio-

geosynclinal sequences are second cycle, having been derived from

epizonal and mesozonal schists of the Pre-cambrian schist belt

farther to the east, which was an emergent structure from the Upper

Jurassic to the Lower Cretaceous (Megard, 1978). High factor-two

loadings (Rivers 9, 27-30, 35-38, 41) are typically associated with

southern Peru rivers that have more basic to intermediate igneous

rocks in the upper reaches of their river drainages (Fig. 1-lA).

Finally, Rivers 1-2, 12-16, 18, 20-26, 31-33 and 40 have high factor-

three loadings. From Figure 1-5 we see that most of these rivers are

in central Peru and have acidic volcanics and/or granitic intrusives

in their upper drainage areas. Such rock types would account for the

large percentages of common horithlende observed in the fluvial sedi-

ments (see Fig. 1-4). The characteristic high relative percentages

of metamorphic (blue-green) amphibole, epidote and clinozoisite also

point to the importance of high-rank metamorphic rocks in these

drainages. Such rock types are connonly associated with plutons.

There are exceptions to the general trend of having high factor-

one loadings in northern Peru, high factor-three loadings in central

Peru, and high factor-two loadings in southern Peru (see Fig. 1-5),

and these provide additional insight into the factors which influence

the mineralogy of particular rivers. As an example, River 17 has a

high factor-one loading in a province dominated by high factor-two

loadings. In this case, River 17 has cut deeply into miogeosynclinal

clastics, and it shows the expected high factor-one loading. Another

example concerns a transition from high factor-three to high factor-
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two loadings which occurs south of River 26 (see Fig. 1-5). Although

both intrusive and volcanic rocks are ubiquitous along central and

southern Peru (Fig. 1-lA, l-lB, 1-2), we speculate that the composi-

tion of the igneous rocks becomes more basic to the south. This is

thought to be responsible for the dominance of factor-two loadings in

the south, a factor which is characterized by high percentages of

orthopyroxene and clinopyroxene. Finally, within the factor-two

dominated southern Peru province, three rivers (31, 32, 33) have high

factor-three loadings. Such results can be traced to the very short

length of each river (Fig. 1-2), and the fact that each river termi-

nates in Paleozoic to Pre-cambrian gneiss and other amphibole-bearing

metamorphic rocks (Fig. 1-lA).

For the Chilean river samples, a separate Q-mode factor analysis

was performed. The analysis discussed here was based on just five

variables, and the most geologically consistent results were obtained

with only two factors. As shown in the score matrix for the two fac-

tors (Fig. 1-5), the first factor is dominated by common hornblende

with lesser metamorphic amphibole, orthopyroxene, and clinopyroxene;

and the second factor is characterized by olivine, lesser ortho-

pyroxene and clinopyroxene. The compositional differences between

the common hornblende-dominated factor-one and the olivine-dominated

factor-two are thought to reflect a change in the chemical composi-

tion of igneous rocks with higher factor-two loadings being asso-

ciated with more basic igneous units.

Factor loadings of each river are also shown in Figure 1-5.

Rivers A to D have high factor-one loadings, Rivers F and G are

dominated by factor-two, and the remaining rivers have sub-equal
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loadings in both factors. All Chilean rivers except River K have

basaltic rocks in the upper portions of their drainage basins. The

change in factor loadings of samples from those dominated by factor-

one to those dominated by factor-two occurs at River E. This seems to

correspond to the appearance of active volcanoes to the south, as

shown in Figure 1-lB. Such recent volcanic rocks are believed to be

fresher, providing more olivine for the rivers. Farther to the south,

a sudden change in geology from basaltic volcanics to acidic intru-

sives occurs near 38°S, and River K has its upper drainage area in

these acidic intrusives. The heavy mineral asseithiage of River K

also reflects the influence of basaltic rock although, as indicated

below, the light mineral suite is most influenced by the acidic

intrusive s.

Light Mineral 1\rialyses

The separation of the (111) and (111) reflections on X-ray

diffractograms of plagioclase feldspar can be directly related to the

anorthite content of the grains if the structural state or cooling

history of the feldspar is known (Smith, 1956). For low-temperature

species, the peak separation in 20 of 0.5° and 0.7° roughly corre-

sponds to 5% and 32% in anortIuite content, respectively. However,

for samples used in the present study, where feldspars have been

derived from a variety of rock types with differing cooling his-

tories, it is not clear that one can directly use curves published by

Smith (1956) to estimate average feldspar compositions. Therefore,

the 20 separation of the two peaks measured from the X-ray diffrac-

tograms was directly plotted in Figure 1-6 as a semi-quantitative
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Figure 1-6

Latitudinal variations in the 20 peak separation of the plagio-

clase feldspar peaks (lii) and (201), the B parameter, and (111) and

(111) from X-ray diffraction analysis. The X-ray diffractogram of

light minerals from river 39 did not show feldspar peaks because of

extremely high quartz content.
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indicator of anorthite content of plagioclase grains. In the same

figure, we have plotted the 20 separation of (lii) and (201), denoted

as the B value, which was reported by Smith and Gay (1957) to be

sensitive to the thermal state of plagioclase feldspars.

The resulting plot of the two parameters can be readily inter-

preted in light of the results of the factor analysis discussed pre-

viously. In northern Peru, where factor-one is dominant, the average

separation of the (111) and (ill) reflections is 0.67 to 0.68, corre-

sponding to an anorthite content of about 26% to 27% for ordered

species. However, if the plagioclases are highly disordered, a

result unexpected for slowly cooled metamorphic rocks, the average

anorthite content of plagioclases in northern Peru rivers may be much

higher. For rivers from central Peru, dominated by factor-three, the

average separation angle is about 0.63 to 0.64, roughly correspond-

ing to an anorthite content of 20% (oligoclase). Again, this is

possibly a lower estimate for the actual anorthite range of this

group. A marked increase in the separation angle to 0.76 occurs at

River 27 and is positively correlated with the loadings of factor-two.

Such high values for plagioclases from the rivers of southern Peru

indicate a significant increase in anorthite content, possibly to the

compositional range of medium andesine '4o Most Chile river

samples have even higher values (0.72 to 0.87) reflecting even further

anorthite enrichment in the plagioclase feldspars as would be expected

for the more basic volcanic rocks found in the drainage areas.

Interestingly, rivers with high loadings in the olivine-pyroxene

factor have the largest (lll)-(lTl) peak separation.
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To a large extent, B values (lll)-(201), are negatively corre-

lated with the (lll)-(lll) peak separation because the (111) peak is

located between the (111) and (201) peaks, thereby producing compli-

mentary peak differences. However, many of the B values remain

between 0.9° and 1.0° for the samples from Peru, suggesting an anor-

thite range of between 10% and 40% for low-temperature species, and

from 0% to 30% for high-temperature species from Smith and Gay's

(1957) curve. In Chile, B values as low as 0.83 indicate an anor-

thite content of close to 75% and about 55% for low-temperature and

high-temperature species, respectively.

In Figure 1-7, we have plotted B against the (lll)-(ll1) peak

separation for each river sample to evaluate both plagioclase compo-

sitions and structural state indicators (Smith and Gay, 1957). Lines

representing expected values for plagioclases from plutonic and vol-

canic rocks were taken from Smith and Gay (1957) as lines of

reference. Each point was given a symbol according to the corre-

sponding factor-loading obtained from the factor analysis of the

heavy mineral data. Samples rich in factor-one define a linear trend

that is almost parallel to the line defined by plagioclases of plu-

tonic igneous origin. However, the points are displaced toward

plagioclases having a more disorded structure, and this may be con-

sistent with plagioclases derived from metamorphic terrains. The

range of anorthite content of these samples is from 22% to 33%; this

corresponds to the range of plagioclase compositions found, in rocks

of medium-grade metamorphism (Phillips and Griffin, 1981). Samples

that are best characterized by factor-three are mostly found in the

rivers of central Peru. They have (lll)-(1T1) separations of 0.6° to
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Figure 1-7

A plot of the separation of the (111) and (111) plagioclase

peaks against the separation of (ill) and (201) peaks. As discussed

in the text, the separations may provide information on plagioclase

analyses of the heavy mineral data. Open symbols indicate that the

factor loadings are less than 0.70 although the listed factor is

still dominant for the sample. Dashed lines are taken from Smith and

Gay (1957) and show where plagioclases with ordered structures (plu-

tonic) and disordered structures (volcanic) plot.
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0.7° which roughly correspond to 17% and 29% of anorthite content,

respectively. They have ordered to moderately disordered structural

states, suggesting the possibility that more than one rock type

influences the nature of the plagioclases found in these drainage

basins.

The samples associated with factor-two from the rivers of

southern Peru have higher anorthite contents. Although the data

points are scattered, they are generally in a more disordered state

than the ones associated with factor-three. Samples from Chile are

much more basic and disordered, and this is consistent with the

presence of basaltic rocks in the river drainages.

The results of microprobe analyses were used as checks on the

anorthite contents of selected samples using the linear relationship

between Ca content and anorthite content of plagioclase feldspar.

The resulting values were again grouped according to the results of

the factor analyses (Fig. 1-8). Because microprobe analysis gives

the anorthite content of individual grains rather than the average

values of whole samples, as obtained with X-ray analysis, it can give

a clearer view of the plagioclase compositional heterogeneity within

individual samples. In general, the results obtained by microprobe

were similar to those obtained by X-ray diffraction analysis. How-

ever, the Peru river samples with high factor-one loadings have a

somewhat lower average anorthite content than suggested by X-ray

diffraction results.

Relative abundances of quartz, plagioclase feldspar, alkali

feldspar, and rock fragments were obtained from grain-staining and

grain-mount examination. They are plotted in Figure 1-4. These data



44

Figure 1-8

Anorthite content of plagioclase feldspar grains obtained by

electron microprobe analysis. Samples from Peru were divided into

three groups according to the factor which was dominant in the factor

analysis of the heavy mineral data (see Fig. 1-5). The total number

grains analyzed are shown in parentheses.
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are in excellent agreement with the results obtained by factor analy-

sis of the heavy mineral data. This is especially true for the rela-

tive abundances of quartz and plagioclase feldspar (Fig. 1-9). With

the exception of River 8, all rivers characterized by a high factor-

one loading show high quartz and low plagioclase feldspar percentages,

strongly supporting the relationship of this factor with a metamorphic

source terrain. Samples associated with factor-three show much lower

quartz and higher plagioclase feldspar content. Alkali feldspar per-

centages in both groups show almost the same ranges, averaging about

10% and 15% for the samples associated with factors one and three,

respectively. However, samples associated with factor-two show

rather diverse quartz and plagioclase feldspar contents. About one-

half of the samples in this group are more quartz-poor and plagio-

clase feldspar-rich than the samples associated with factors one and

three. By comparison, samples from Chile have very high plagioclase

feldspar abundances and very low quartz and alkali feldspar contents,

confirming the importance of basaltic rock in these drainage basins.

Results from the semi-quantitative X-ray diffraction analysis of

quartz and plagioclase feldspar .(Scheidegger and Krissek, 1982) were

compared to the results obtained from grain counts. In general, the

X-ray diffraction results for quartz show excellent agreement with

those obtained by grain counting. However, X-ray diffraction results

are consistently lower for plagioclase feldspar than those obtained

by counting stained grains. This is probably due to the fact that the

compositional and structural state variability of the plagioclase

feldspars in the river samples was much greater than that associated



47

Figure 1-9

Triangular diagram showing relative abundances of quartz,

plagioclase feldspar and potassium feldspar obtained from counting

stained grains. All samples have been grouped according to the

results of the factor analysis.
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with the standard (i.e., oligoclase) used to prepare the calibration

curves.
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DISCUSSION

Both heavy and light mineral analyses of sands collected near the

mouths of the rivers of Peru and Chile clearly demonstrate that a num-

ber of interrelated factors control the overall mineralogy of each

sample. By far the most important factor is the rock types present in

the headwaters of each river drainage, where stream gradients are

steepest and where the greatest amounts of erosion would be expected.

As shown in Figures 1-2 and 1-4, marked changes in mineralogy are

observed over short latitudinal distances as the position of the

headwaters changes from being in the miogeosynclinal facies to either

volcanic or plutonic igneous rock types. In central Chile, local

changes in geology are less extreme, and this results in less diver-

sity in the mineral composition of river sands. Nonetheless, it is

clear that the mineralogy of river sediments is still controlled by

rock types in the upper portions of the river drainages. Although

we were not able to obtain samples from northern Chile, it is assumed

that the river sands there should have about the same assemblage of

minerals as in central Chile because the upper drainages of the

rivers are in basaltic volcanics. For this reason, we suggest that

the overall mineralogy of Chilean rivers is generally less diverse

than that of the rivers of Peru.

Existing data on the climate of western South America indicate

striking latitudinal variations in rainfall (Kendrew, 1953; Nelson,

1970), and it might be anticipated that corresponding differences in

the potential for chemical weathering would exert a significant

influence on the mineralogy of fluvial sediments. For the Atacama



51

Desert, extending from 15° to 28°S, coastal rainfall is less than a

few cm per year. Rainfall increases to about 500 cm per year near

40°S in southern Chile, and to about 100 cm per year in northern

Peru. However, the rainfall in the high Andes region may be greater

than the coastal averages by perhaps an order of magnitude. This may

be another important factor which causes greater erosion in the upper

drainage area than in the neighboring lowlands. All samples from

cthilean rivers were collected between 34° and 40°S, in a region of

relatively high rainfall, although there is a rainfall gradient that

ranges from 50 cm per year near 34°S to about 500 cm per year near

40°S. However, the increase of rainfall southward does not seem to

influence the mineral content of the samples. As shown in Figure 1-4,

we find significant amounts of chemically imstable olivine in these

central Chilean rivers. Apparently the more rapid erosion rates that

result from the increased rainfall are enough to offset the tendency

for an increase in the intensity of chemical weathering, thereby

allowing preservation of very instable mineral species in a

chemically aggressive environment. Thus, we find in the coastal

rivers of Chile, some of the most immature sediments reported, even

though subduction has been occurring for hundreds of millions of

years. In addition, Scholl et al. (1970) have shown that sediment

supplied by southern Chilean rivers to offshore areas is extremely

high and points to the influence of combined high rainfall and relief

on erosion rates (see Fig. 1-3). We suggest that much of,this sedi-

nnt may be mineralogically immature.

Differences in the relief of rivers do not seem to play a major

role in influencing the mineralogy of these fluvial sediments.
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Because of the high precipitation and extensive Cenozoic glaciation in

southern Chile, the mountains have lower profiles and the rivers have

lower relief. Yet much higher amounts of sediment are found along

the central and southern Chilean margin than any other part of the

ndean margin (Fig. 1-3; Scholl et al., 1970).

In Peru and northern Chile, the sediment yield to the continen-

tal margin is much lower. In a study of cores taken from the conti-

nental margin and deep-sea environments off Peru and Chile, Zen (1959)

did not observe the striking mineral variations that we have observed

for neighboring fluvial sediments. The main reason for this can be

traced to the qualitative nature of Zen's (1959) work, because he

stressed the presence or absence of minerals and not their relative

abundances. However, the ubiquitous presence of pyroxene and amphi-

bole in the offshore sediments was noted by Zen in this area and this

points to their immature nature.

More recent work by Yerino (1982) on deep-sea sediments in the

Peru-Chile forearc region indicates that the composition of sands off

the Peruvian margin between 8° and 16°S is distinctly different from

sands off the southern Chilean margin between 34° and 42°S. Count-

ing aphanitic polymineralic grains and other polymineralic grains as

lithic fragments, Yerino (1982) found Q32F46L22 and Q3F16L81 for the

two areas, respectively. In our work, we used the same counting pro-

cedures as Yerino (1982), thereby making a direct comparison with his

work possible. In Figure 1-10, we show a comparison of the results of

the two studies. From our work, we find that samples associated with

each factor have a fairly narrow range in the Q/F ratio, but they

show greater variations in relative abundance of rock fragments. It
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Figure 1-10

Triangular diagram showing relative abundances of quartz, feld-

spar and rock fragments.
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is interesting that samples from 8° to 16°S of Yerino's study (1982)

contain somewhat less rock fragments than neighboring Peru river sam-

ples with high factor two and factor three loadings. This is possi-

bly due to the most unstable rock fragments being removed during

transit from the river mouths to the sedimentary basins. On the con-

trary, the average Q-F-R ratio of the offshore samples from 34° to

42°S of Yerino's study (1982) do not show such a trend. Instead,

they plot on the most immature side of the cluster of our Chile river

samples. It is very possible that such immature sediments are trans-

ported without much chemical alteration. Again, this may be a conse-

quence of combined high relief, high rainfall and minimal chemical

alteration onshore resulting in high sedimentation rates offshore.

Other attempts to classify the petrographic characteristics of

ixdern deep-sea and continental shelf sands have been made by

Dickinson and Valloni (1980) and Valloni and Maynard (1981). Average

sand compositions reported by these investigators were Q20F41L39 and

Q16F53L31, respectively. Both studies used Dickinson's and Valloni's

(1980) definition of lithics and thus, a direct comparison with our

results is not possible. Nevertheless, it seems that the composition

of sands from the rivers of Peru and Chile (e.g., the ratio of quartz

to feldspar) varies considerably, particularly for samples derived

from metamorphic and basic igneous terrains. We find sands in rivers

of northern Peru and central Chile which have much higher and lower

quartz/feldspar ratios than average values reported by Dickinson and

Valloni (1980) and Valloni and Maynard (1981).

The aforementioned considerations lead us to conclude that using

the petrographic characteristics and compositions of forearc sands to
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predict the nature of the source rocks in the neighboring drainage

basins is not at all straightforward. Many factors, such as varia-

tions in climate, rainfall, weathering intensity and tectonism can

exert considerable influence on the amount of sediment derived from

any particular drainage basin. In addition, tectonic activity and

associated plutonism and volcanism can interact to influence the

nature of source rocks found in the headwaters of the drainage

basins. It is the sands which are derived from the upper portions

of the river drainages that will most likely be transported to off-

shore sedimentary basins. In many cases, such sands may reflect in a

very biased and simple way the complex geology present along the

neighboring convergent margin.
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MODERN TERRIGENOUS SEDIMENTS

IN THE GULF OF CALIFORNIA
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ABSTRACT

Surface sediment samples from eighty-seven locations within the

Gulf of California were analyzed in order to assess the distribution

and dispersal processes affecting the terrigenous component of fine-

grained hemipelagic sediments. Bulk sediment chemistry and a Q-mode

factor analysis indicate the surface sediments of the Gulf of Califor-

nia can be described in terms of four end-members: a terrigenous,

biogenic opal, biogenic carbonate and manganese-rich component. The

terrigenous factor accounts for as much as 80 to 90 percent of the

total sedimentation on the eastern margin of the central and southern

Gulf. The importance of this component systematically decreases to

the west where it accounts for less than 40% of the total sediment on

the western margin of the central and southern Gulf. Terrigenous

component mass accumulation rates from nine laminated cores taken

from the slopes of the eastern and western margins are 168 g/m2/yr

and 651 g/m2/yr in the northern slope of the Guaymas Basin and the

eastern slopes of the southern Gulf; the average value on the western

slope equalled 74 g/m2/yr.

X-ray diffraction mineralogical studies of two size fractions

(2-4 p and 16-32 p) revealed mineralogical provinces within the

Gulf. The clay fraction (2-4 p) of sediments, derived mostly from

the Colorado River, is dispersed over the entire area of the northern

Gulf, while the silt fraction (16-32 p) is dispersed only in the

northern half of the northern Gulf. In the central and southern

Gulf, the eastern slopes and most of the Gulf floor are covered by

sediments derived from the rivers of the Mexican mainland. Dis-
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persion of these sediments is similar for both clay and silt frac-

tions. However, only a minor input of silt from Baja California is

found on the western shelves and upper slopes. An even smaller

mineralogical signature of clay derived from Baja is seen in only a

small area of the western slope.
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INTRODUCTION

Finely laminated sediments found along the upper slopes around

the margins of the Gulf of California have been a target of intense

study (Revelle, 1950; Byrne and Emery, 1960; Calvert, 1964, 1966;

Schrader et al., 1980; Donegan and Schrader, 1981, 1982). The

laminated sediment units are preserved only where an oxygen minimum

zone intersects the slopes, thus inhibiting bioturbation. Two major

factors controlling the formation of such sediments are biological

productivity during seasonal upwelling periods (Roden and Groves,

1959; Roden, 1964; Round, 1968) and the high input of terrigenous

sediments during summer months. The relative importance of the two

major factors has not been clearly resolved because investigators

have concentrated on different portions of the Gulf, each with some-

what different sedimentation processes (Byrne and -Emery, 1960; Cal-

vert, 1966; Schrader et al., 1980; Donegan and Schrader, 1981, 1982).

The nature and amount of terrigenous sediment deposited in the

Gulf of California are heavily influenced by several factors: (1)

lithology of the drainage basins, (2) seasonal fluctuation in rain-

fall and runoff patterns, and (3) water circulation patterns which

influence dispersal. A classic study by van Andel (1964) demon-

strated that sands found in the Gulf reflect the lithology of the

drainage basins. The sand found in the area north of Tiburon Island

was mostly derived from the Colorado River during the last sea level

rise. In the area between Tiburon Island and the entrance to the

Gulf in the south, there are distinct mineralogical provinces asso-

ciated with the lithologies of the various drainage basins. Sediment
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dispersal in this area was foui-id to be directly offshore from the

individual sediment soi.jrces. The sands in sediments of the western

shelves and slopes are derived from Baja California, and the sands in

sediments of the eastern shelves, slopes, and most of the deep basins

are derived from the Mexican mainland. The study by van Andel (1964)

is significant in that it clearly demonstrates the importance of the

source rock mineralogy and defines the dispersal patterns of the sand-

sized sediments in the Gulf of California. However, the sediment

covering most of the basins and slopes of the area south of Tiburon

Island is silty clay to clayey silt, and sand constitutes less than a

few percent of the total terrigenous sediments (Byrne and Emery, 1960;

van Andel, 1964). Thus, the nature of transport and dispersal of fine-

grained terrigenous sediments making up the laminated and homogeneous

sediments in the Gulf are virtually unknown.

In this study, we focus on the problems of distribution and dis-

persal of such fine-grained sediments. The major objectives of this

study have been (1) to understand the origin, transport, and distri-

bution of fine-grained terrigenous hemipelagic sediments within the

Gulf of California using textural, mineralogical, and bulk chemical

data, and (2) to examine the physical processes influencing the dis-

tribution and composition of such hemipelagic sediments using avail-

able hydrographic data, river discharge records, and Landsat imagery.
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Sampling and Methods of Analysis

The samples used for this study were obtained from box cores

taken during Cruise BAP82 on the R/V EL PUMA in May 1982, and from

gravity cores obtained by Calvert (1964) in 1961. A total of eighty-

seven surface sediment samples (0-2 cm depth in core) were chosen for

the various analyses. A careful effort was made to choose only the

cores with minimal signs of sediment loss, however, some sediment

losses during the coring procedure, due to extremely high water con-

tent nea the sediment surface, are unavoidable. Sample localities

are shown in Figure 2-1 and Table 2-1. As is indicted to the left of

the Figure, the Gulf is divided into three parts for the ease of

locating areas of interest; northern, central, and southern.

Additional samples were collected from the Colorado River, Rio Con-

cepcion, and twelve coastal rivers on the Mexican mainland. These

rivers are identified in Figure 2-1 by block numerals 1 to 12.

Bulk chemical analyses of a subset of fifty-eight samples con-

taming little to no terrigenous sand were performed using a combina-

tion of atomic absorption and spectrophotometric techniques (Krissek

and Scheidegger, 1982). These analyses provided concentrations of

the major oxides; Si02, Al203, Fe203, MgO, CaO, K20, Ti02, Na20, MnO

(Table 2-2). The bulk chemical data were subjected to a Q-mode

factor analysis (Kiovan and Iinbrie, 1971) in order to characterize

end-member factors. The method of Leinen and Pisias (1984) was then

used to calculate the absolute end-member chemical composition by

rotating the principal axis toward the multivariate data mean.



67

Figure 2-1

Sample locations and the principal features of the Gulf of

California. The rivers with block numerals indicate that sediment

samples were collected for light and heavy mineral analyses, and they

match the numbers on Figures 2-4, 2-5, and 2-6. ¶Io areas of the

Landsat coverage are also shown (Area I, Area II).
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Table 2-1

Sample locations. The asterisk (*) indicates the sample subset

used for the bulk chemical analysis.
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Table 2-i

Sample Ntunber Lattitude (N) Longitude (W) Depth (in)

BAP82 BC-02 29 59,9 113 3909 230
BAP82 BC-03 * 29 58.6 113 47.2 364
BAP82 BC-05 * 29 59.0 114 00.0 448
BAP82 BC-07 * 29 57.7 114 1100 380
BAP82 BC-09 * 30 00.1 114 03.2 344
BAP82 BC-b 29 35.0 113 23.0 465
BAP82 BC-li 29 00,8 112 56.6 348
BAP82 BC-13 28 21.0 112 28.0 905
BAP82 BC-14 * 28 17.9 112 27.1 897
BAP82 BC-17 27 51.0 112 32.0 620
BAP82 BC-18 * 27 56.0 112 23.0 848
BAP82 BC-19 * 27 59.0 112 17.0 1070
BAP82 BC-21 * 27 56.5 112 22.0 850
BAP82 BC-24 28 17.9 112 27.1 325
BAP82 BC-26 28 04.0 111 41.5 389
BAP82 BC-27 * 28 03.0 111 43.9 477
BAP82 BC-28 * 27 59.8 iii 39.3 520
BAP82 BC-30 * 27 54.1 lii 42.1 608
BAP82 BC-31 * 27 50.0 lii 4307 668
BAP82 BC-33 * 27 46.7 111 43.3 804
BAP82 BC-34 * 27 52.9 iii 25.6 548
BAP82 BC-37 * 27 46.8 iii 04.2 453
BAP82 BC-40 * 27 40.9 iii 05.6 607
BAP82 BC-41 * 27 38,0 iii 04.8 832
BAP82 BC-42 * 27 51.4 iii 43.0 647
BAP82 BC-52 * 26 26.1 109 55.4 515
BAP82 BC-53 26 17.6 110 02.4 745
BAP82 BC-54 * 26 18.9 109 56.1 605
BAP82 BC-56 * 26 19.5 109 46.2 406
BAP82 BC-58 * 26 04.5 109 4905 595
BAP82 BC-59 * 25 39.7 109 39.2 653
BAP82 BC-60 25 40.6 109 34.0 373
BAP82 BC-61 25 41,2 109 31.8 163
BAP82 BC-63 * 24 45.3 108 3304 645
BAP82 BC-64 24 50.8 108 32.3 212
BAP82 BC-65 24 48.6 108 32.5 645
BAP82 BC-68 * 24 44,9 108 33.6 860
BAP82 BC-69 * 24 05.3 108 03.2 227
BAP82 BC-70 * 23 59.0 108 08.6 600
BAP82 BC-72 23 49.2 108 15.7 895
BAP82 BC-75 24 32.9 110 15.4 741
BAP82 BC-77 * 24 35.4 110 16.3 725
BAP82 BC-79 25 53,3 110 07.6 256
BAP82 BC-80 * 25 58.8 lii 00.4 615
BAP82 BC-83 * 25 32.9 110 42.1 620
BAP82 BC-84 25 17,5 110 45.6 550
BAP82 BC85 * 25 17,6 110 51,9 670
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Table 2-1 ,.. continued

Sample Number Lattitude (N) Longitude (W) Depth (in)

BAP82 BC-87 24 10.0 109 31.2 482
BAP82 BC-88 24 09.3 109 31.5 850
BAP82 BC-90 23 41.9 109 26.2 978

L- 49 26 32 110 01 567
L- 51 26 49 110 02 319
L- 54 * 26 41 110 18 1149
L- 57 * 26 30 110 40 1330
L- 59 * 26 19 110 59 1383
L- 62 * 26 11 111 16 475
L- 63 26 38 111 00 1600
L- 66 26 50 110 49 1610
L- 70 * 27 04 110 37 1080
L- 73 26 42 111 28 507
L- 76 * 26 55 111 18 1837
L- 80 * 27 11 111 06 1760
L- 82 * 27 15 110 59 1590
L- 84 27 44 110 55 213
L- 91 * 27 35 110 09 1183
L- 95 * 27 24 111 25 1950
L- 97 * 27 19 111 34 1822
L- 99 * 25 14 111 43 1600
L-101 27 10 111 54 350
L-102 27 33 111 45 336
L-105 * 27 30 111 51 1008
L-111 28 06 111 31 250
L-112 28 03 111 35 416
L-119 * 27 41 111 59 1540
L-121 * 27 38 112 08 1274
L-123 * 27 36 112 18 692
L-129 28 21 112 18 119
L-131 28 39 113 02 1560
L-133 * 28 31 112 37 627
L-136 28 28 112 23 274
L-151 * 28 03 112 22 966
L-154 * 27 40 112 19 490
L-161 28 07 111 54 335
L-163 28 04 112 00 574
L-167 * 27 57 112 13 1140
L-171 * 27 51 112 25 348
L-180 * 28 10 112 10 641
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Table 2-2

Bulk sediment chemistry of the 58 samples (identified in Table

2-1) determined using the combination of atomic absorption and spec-

trophotometric techniques.



Table 2-2

Bulk Sediment Chemistry (%)

Sample Number Sb2 Al203 Fe203 MgO CaO K20 Ti02 Na20 MnO P205

BAP82 BC-03 54,29 10.71 3,76 3.19 6.59 2.20 0.55 0.64 0,07 0,18
BAP82 BC-05 41.27 9.87 3,10 2,92 5.14 1,76 0,47 0.57 0.11 0,47
BAP82 BC-07 54.71 12,05 4.56 2.52 3,88 2.26 0.80 1,31 0,04 0.24
BAP82 BC-09 52.09 11.96 4,04 3,43 6,78 2.30 0.66 0.59 0.11 0,18
BAP82 BC-li 53.12 10.25 3,64 2.36 9.91 1.99 0,40 1.30 0.04 0,21
BAP82 BC-14 63.27 994 3.76 1.54 2.22 2,16 0,53 1.57 0.03 0,25
BAP82 BC-18 60.96 7,96 2.73 1,82 4,84 1,68 0.42 1.06 0,03 0.20
BAP82 BC-19 41.59 9.47 3.18 1.90 4,86 1.65 0,46 1.00 0,03 0.40
BAP82 BC-21 59.89 9.28 2.82 1.86 4,69 1.86 0,49 1.21 0.03 0,24
BAP82 BC-27 57.19 11.30 3.63 1.95 4,77 2.29 0.69 1.75 0.03 0,72
BAP82 BC-28 56.32 9.77 3.47 1.90 4,97 1,91 0.60 1,20 0.03 0,29
BAP82 BC-30 57.29 7,93 2.98 1,61 5.23 1,52 0.45 0.89 0,03 0.23
BAP82 BC-31 54.49 8,36 2,94 1,77 6.66 1,58 0.45 0.88 0,03 0.21
BAP82 BC-33 49.35 8,71 2,50 1.59 11.66 1,66 0.39 1.25 0,03 0,30
BAP82 BC-34 54.61 9.54 3.49 1.99 4.36 1,74 0.53 0.94 0,03 0.19
BAP82 BC-37 54.30 13.35 4.88 2.60 3,09 2.43 0,70 1.42 0.04 0.29
BAP82 BC-40 52.59 10,45 4.25 2,10 5,54 1.91 0.55 1.06 0.04 0,27
BAP82 BC-41 13.04 4.18 1.40 0,81 37.33 0.79 0.10 0.53 0,01 0.62
BAP82 BC-42 57.96 7.94 2.88 1.57 3.88 1.48 0.45 0.84 0.03 0,21
BAP82 BC-52 47.92 13.07 4,50 2.49 6,36 2,45 0.69 1.36 0.05 0,21
BAP82 BC-53 48.65 10.44 3,79 1,97 7.90 1,94 0.59 1.14 0,04 0,22
BAP82 BC-54 52.24 11.39 3.98 2.17 4.58 2.10 0.57 1,15 0,04 0,21
BAP82 BC-56 56.30 15,09 4.88 2.15 2.91 2.51 0,80 1.72 0.05 0,33
BAPB2 BC-58 50.55 13.03 4.83 2.29 5.06 2.38 0.66 1.33 0.05 0.27
BAP82 BC-59 51,05 14.90 5.17 2.59 4.55 2.58 0.73 1,43 0,06 0,19
BAP82 BC-63 52,18 14.06 5.13 2.31 4,41 2.57 0.79 1,59 0,06 0.23
BAP82 BC-65 55.88 15.17 4.86 2.32 2.02 2.63 0.71 1.74 0.05 0.21
BAP82 BC-68 52.07 13.90 4.89 2.25 3.32 2.58 0,79 1.53 0.05 0.2t
BAP82 BC-69 51,59 13,72 4.85 2,30 3,23 2.55 0.81 1.53 0.05 0,19

r]



Table 2-2 .. continued

Sample Number Si02 A1203 Fe203 MgO CaO K20 Ti02 Na20 MnO P205

BAP82 BC-70 44.93 13.42 5.11 2.20 5,75 2,32 0.63 1,21 0,05 0,33
BAP82 BC-75 42.40 9.24 3.11 2.03 12.75 1.59 0.35 1.10 0.03 0,31
BAP82 BC-77 39.37 9,77 3.24 2.12 13.30 1.68 0,46 1.01 0,04 0,27
B1P82 BC-80 42.69 8,91 3.16 2.12 12.86 1.41 0.46 1,20 0,04 0,28
BAP82 BC-83 40.97 9.60 3,52 1.91 12.60 1.63 0.47 0.99 0.04 0.26
BAP82 BC-85 44.41 9.10 3.66 2,20 10.96 1,56 0.38 1.27 0.04 0.30

L- 54 49.60 10.38 4.04 2.35 7.13 2,08 0.61 1,29 0,04 0,20
L- 57 51.71 9,98 3.79 2,38 5,96 1,93 0.51 1,14 0,04 0.20
L- 59 54.94 8.00 3.17 2,08 7,72 1,42 0,42 1.11 0.03 0,21

L- 62 49.19 10,18 4,16 2.93 8.90 1.45 0,59 1.65 0.04 0,33
L- 66 58.84 10.41 3,69 2.00 4,42 1,88 0,51 1.20 0,06 0,18

L- 70 55.48 14.02 4.82 2.52 3.51 2.38 0.76 1.48 0,04 0,24

L- 76 57.22 14.45 5.06 2,03 2,98 2.53 0.90 1.90 0.12 0.26
L- 80 56.71 12.03 4,32 2.34 4.16 2.11 0.65 1.29 0.15 0.20
L- 82 58.06 13.45 5.19 2.03 3.88 2.43 0.97 2.01 0,05 0.23

L- 91 54,53 13.57 4.89 2.65 4.38 2.43 0,86 1,45 0.04 0,26
L- 95 60.71 12.25 4.23 2.05 2,80 2.17 0.71 1.34 0,10 0,21

L- 97 53,15 11.15 3.50 2.29 8.47 1,62 0,61 1.85 0,12 0.31

L- 99 58.79 7.31 2.69 1,63 5.62 1.26 0,47 0.84 0.05 0,15

L-105 59.09 15,68 5.51 1.96 2.46 2.97 0.87 1.95 0,04 0,24

L-119 56.47 10,20 3.41 2.16 6.32 1.78 0,44 1.00 0.03 0.17

L-121 60.98 9.05 3.09 1,84 4.87 1.55 0.41 0.97 0.03 0.17

L-123 60.23 8.34 2.70 2.04 5.83 1,49 0.39 1.00 0,03 0.19

L-133 59.46 10.23 3.56 2.11 6.37 2.03 0.46 1.41 0.03 0,22
L-151 63.72 10,58 3.55 1,55 2.71 2.14 0.52 1.33 0,03 0,24

L-154 59.16 9.95 3.17 2.03 6.00 1.79 0.44 1.32 0,03 0,21

L-167 58.34 9.50 3.21 1.98 3,83 1.76 0.45 1.01 0.13 0.20

L-171 59.38 9.07 2.95 1,91 4.94 1.73 0.43 1.09 0,03 0,19
L-180 60.78 11.25 3.48 1.80 4.61 2.23 0.56 1.61 0,03 0,23
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For For textural and mineralogical studies, splits of all Gulf and

river samples were sequentially treated with H202 and acetic acid

(buffered to pH = 4.8) to remove organic matter and carbonates. The

samples were then heated in a 5% Na2CO3 solution at 100°C for 45

minutes to remove opal. After removal of the sand fraction by wet

sieving, a textural analysis of the 2 to 62 p-size fraction was per-

formed by repeated settling and decantation (Thiede et al., 1976).

Finally, quantitative X-ray diffraction analysis for quartz and feld-

spar was performed on the 2 to 4 p and 16 to 32 p-size fractions of

all samples (Scheidegger and Krissek, 1982), and a qualitative

estimate of the average anorthite content of plagioclase feldspar in

these same splits was obtained with the method described by Smith

(1956). Each of the sample fractions used for the X-ray analyses was

ground in acetone to < 4 p to reduce crystal-size effects on X-ray

diffraction patterns. Random oriented powder X-ray diffraction

mounts were prepared for both fractions of each sample using 10%

boehmite as an internal standard and scanned between 3° and 30° 20

(0.02° step; 3 sec count times) using CuKa monochromatic radiation.

The raw data were smoothed with a 17-point algorithm and plotted on a

strip chart recorder. For a quantitative estimation of quartz and

plagioclase feldspar, peak areas of boehmite (020), quartz (100), and

plagioclase feldspar (201) were measured for all samples using a

polar planimeter. lthundances of quartz and plagioclase feldspar were

then calculated using the calibration curve developed by Scheidegger

and Krissek (1982). For estimates of anorthite content, each of the

samples were scanned over the 20 interval between 22° and 26°
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(0.01° step; 3 sec count times) which includes the (111) and (111)

reflection peaks. Then the peak separation of these two peaks was

measured on the strip chart.
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RESULTS

Bulk Sediment Chemistry

To evaluate the importance of terrigenous sediment supply and to

clearly model the sedimentation processes in the Gulf of California,

a series of Q-mode factor analyses (Klovan and Imbrie, 1971) was per-

formed on the 58-sample subset. Analyses were performed on both the

original data set, consisting of the bulk chemical compositions, and

on the data resulting from the partitioning of Si02 into terrigenous

silica and biogenic opal. The amount of terrigenous silica was esti-

mated based on the 5i02/A1203 ratio of typical volcanic rocks (i.e.,

basalt = 3.13, andesite = 3.44) and granite (= 4.85). The results

of the original Q-mode factor analysis were then transformed into

composition scores (Miesch, 1976). The composition scores for the

reference axis (ideal end-member composition) were calculated by

rotating the principal axis toward the mean (Leinen and Pisias, 1984)

to give the chemical composition of each end-member.

The model calculations using the original data set were not able

to partition Si02 successfully into terrigenous silica and biogenic

opal. Thus, the total Si02 values were partitioned into terrigenous

and biogenic silica based on Si02/A1203 ratios described above. The

best result was obtained when the amount of terrigenous silica was

calculated based on the Si02/Al203 ratio of andesite (3.44). The

analyses using different Si02/Al203 ratios produced almost identical

results, except that over- and under-estimation of some elements was

clearly detected.
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The scaled varimax factor score matrix from the original Q-mode

factor analysis (Klovan and Imbrie, 1971) is shown in Table 2-3A, and

the end-member composition from the rotation of the varimax axes

(Leinen and Pisias, 1984) is shown in Table 2-3B. In the original

Q-mode factor analysis (Table 2-3A), four factors account for 98.84%

of the total data variability (Factor 1 = 38.27%, Factor 2 = 36.51%,

Factor 3 = 13.84%, Factor 4 = 10.22%). The scaled varimax factor

score matrix indicates that Factor 1 has high factor coefficients in

Si02 (terrigenous), A1203, Fe203, K20, Ti02, and Na20, and we con-

clude that this factor is best correlated with a terrigenous sedi-

ment end-member. Factor 2 has high factor coefficients in OPAL (bio-

genic silica from the partition) and is associated with biogenous

siliceous sedimentation. The actual chemical composition (Table

2-3B) of Factor 2 contains considerable amounts of other elements,

indicating that this end-member is not pure opal but also receives

a significant input of terrigenous sediments. Factor 3 has high fac-

tor coefficients in CaO and P2O5 (Table 2-3A). The ideal end-member

composition suggests that this sediment contains as much as 37.1% of

CaO and, thus, represents high biogenic carbonate input. However,

this end-member also contains more than 26% silica. Factor 4 has

high factor coefficients in NnO, suggesting that the sediments are

probably receiving high inputs of NnO from hydrothermal activity.

However, when this factor is expressed in terms of absolute concen-

tration of MnO, concentration for this end-member is only 0.484%.

The geographical distribution of the relative abundances of the

end-members identified by the rotated Q-mode axes are shown in Figure

2-2. Factor 1, which correlate with the terrigenous sediment com-
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Table 2-3

Scaled varimax factor score matrix resulted from the Q-mode

factor analysis (A), and ideal end-member composition obtained by the

rotation of principal axis toward the mean (B).



Table 2-3

A. Scaled varimax factor score matrix

Factor 1 Factor 2 Factor 3 Factor 4
Terrigenous Biogenic Biogenic Manganese

Opal Carbonates

Si02 1.162 0.395 0.057 0,015

Opal -1.147 3.047 -0.511 0.265

A1203 1.162 0.390 0.066 0.014

Fe2O3 1.201 0.371 0.072 -0,032

MgO 0.706 0.474 0.364 0,463

CaO -0.520 0.273 3,051 0.170

K20 1.150 0.500 -0,023 -0.075

Ti02 1.319 0.361 -0.164 0,002

Na20 1,138 0,603 0,087 -0.389

MnO 0.219 -0.223 -0,096 3.239

0.609 0.424 1.114 -0,188

B. Ideal end-member composition

Factor 1 Factor 2 Factor 3 Factor 4
Terrigenous Biogenic Biogenic Manganese

Opal Carbonates

Si02 51,0 16,0 26,7 29.0

Opal 0.0 52.8 0,0 26.2

A1203 5.32 4.61 7,93 8,38

Fe2O3 5.32 1,54 2,82 2,48

MgO 2,27 1,10 2,69 4.42

CaO 1,28 1.89 37,1 7.79

K20 2.70 1,08 1,15 1.04

Ti02 0.842 0.226 0,190 0.419

Na2O 1.70 0.824 0.963 0.0

MnO 0.0348 0.0 0.0223 0,484

p205 0.249 0.118 0.643 0.503
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Figure 2-2

Factor composition loadings of four end-members of sedimentary

components determined by Q-mode factor analysis. Each end-member is

interpreted as: Factor 1 - terrigenous, Factor 2 - biogenic silica,

Factor 3 - biogenic carbonate, and Factor 4 - high-manganese sedi-

mentation.



FACTOR 1 FACTOR 2 FACTOR 3 FACTOR 4
Sample Locations Terrigenous Biogenic Silica Biogenic Carbonate Manganese

a b c d

Figure 2-2
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ponent in hemipelagic sediments, is most important on the eastern

shelves and slopes of the central and southern Gulf (Fig. 2-2A). The

distribution of sediments with high abundances of the terrigenous end-

member coincides with the area where Mexican rivers flow into the

Gulf (Fig. 2-1). The southern half of the Guaymas basin also is

covered by sediments with high terrigenous contributions. The

tongue-like distribution of sediments with a strong terrigenous com-

ponent over the southern Guaymas Basin may indicate offshore trans-

port of river discharged sediments (Fig. 2-2A). The northern Gulf

also shows relatively high input of terrigenous sediments.

The highest abundances of the biogenic silica end-member are

found in the central Gulf corroborating the findings by Calvert (1966)

and Round (1968) (Fig. 2-2B). The areas with opal comprising more

than 50% of the total sediment are found on the western slopes between

27°N and 29°N and on the northern slope of the Guaymas Basin. A high

concentration of opal in the surface sediments of the northern

Guaymas Basin was also found by Calvert (1966).

Sample loadings for Factor 3, the end-member reflecting the

higher influence of calcareous sediment is characterized by the

highest (20-30%) loadings on the western slopes of the southern Gulf

(Fig. 2-2C). Only minor contributions are observed on the western

shelves of the central Gulf, and less than 10% in the northern Gulf.

The distribution of CaCO3 as determined by Calvert (1966) indicates

that the highest concentrations of calcareous material range from 15

to 20% and are found in sediments near La Paz and decreases to the
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east. Sediments from the eastern shelves and slopes in the central

and southern Gulf contain either no calcareous matter or only minor

contribution.

Sediments containing high abundances of the MnO end-member are

found only in the San Pedro Nartir Basin and in parts of the Guaymas

Basin where the water depth exceeds 1600 in. In the northern Gulf,

sediments with high Mn concentration are also found. Elsewhere in

the Gulf, the NnO end-member represent less than 10% of the total

sediment (Fig. 2-2D).

The objective analysis of the major element composition of the

surface sediment samples has shown that these sediment can be des-

cribed in terms of simple mixing of four sedimentary components. The

distribution of these components are consistent with previous

analysis of the Gulf of California. The chemical composition of the

identified end-members suggest that pure end-member composition were

not identified. As found by Leinen (in press), who studied a

chemical data set with limited total variability and which was

dominated by a few end-members, the chemical composition of some end-

members were "contaminated" by the composition of the more dominate

components. However, further, subjective partitioning modelling of

the Gulf of California data does not alter the picture obtained from

the present objective analysis.

Mass Accumulation Rates of Sedimentary Components

To determine how rapidly terrigenous and other sedimentary corn-

ponents are accumulating in the various parts of the Gulf, mass

accumulation rates for the sedimentary components represented by the
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four end-members were calculated for the cores which contain distinct

annual laminations. The mass accumulation rate of each sedimentary

component was calculated from the product of the linear sedimenta-

tion rate (calculated from the analysis of the annual laminations),

the dry bulk density (measured for each core), and therelative abun-

dance estimates for each end-member. The results are shown in Table

2-4 and Figure 2-3.

Total mass accumulation rate ranges from 341 to 1178 g/m2/yr on

the eastern slopes, and from 166 to 193 g/m2/yr on the western

slopes. The average mass accumulation rate on the northern slope of

the Guaymas Basin is 461 g/m2/yr. Bruland (1974) estimated the

total mass accumulation rate in the Guaymas Basin slope to be 230

g/m2/yr which is about one-half of the average estimate in our study.

The lower estimates of mass accumulation rates is possibly due to the

southerly location of the core in Bruland's (1974) study, where the

biological productivity is less intense, compared to the location of

the cores in this study.

On the northern slope of the Guaymas Basin, biogenic silica

accumulation predominates over terrigenous sedimentation (cores BC28,

BC3O, BC33). On the eastern slopes of the southern Gulf, terrigenous

sedimentation overwhelms the other sedimentary components (cores

BC59, BC63, BC65). Although Q-mode factor analysis of the bulk sedi-

ment chemistry revealed the importance of biogenic carbonates on the

western slopes (Fig. 2-2C), it is evident that the lower accumulation

rate of other components is mainly responsible for creating the con-

centration distribution pattern. In addition, we speculate that such



Table 2-4

(A) Mass accumulation rates of the well-laminated cores for the

slopes of the Gulf of California. Sedimentation rates were calculated

from the laminae counts of the top 10 cm of the cores. The numbers in

parentheses for dry bulk density indicates the depth from the core

top from which the samples were obtained, partitioning of the total

mass accumulation rates was performed using the composition loadings

of each sample resulting from the Q-mode factor analysis and the

rotation of the principal axis toward the mean. (B) Mass accumula-

tion rates of the cores from the basins and the slopes of the Gulf of

California. Original data was presented in van Andel (1964), Calvert

(1966), and Niemitz (1977). Dry bulk density for each sample was

assumed from the values obtained for this study.



Table 2-4A

Ave. Dry Mass Accumulation Rate
Water Sed, Bulk (g/m2/yr)

Sample Depth Rate Density Fac,, 1 Fac.,2 Fac,3 Fac.4
Area Number (rn) (min/yr) (g/cm3) (Terr,) (Opal) (Ca) (Mn) Total

Guaymas BAP82 BC-28 520 4,0 0.15 (3,5) 277 265 54 11 607

Basin
BAP82 BC-30 608 305 0010 (3.0) 103 216 33 12 364

Slope
BAP82 BC-33 804 2.5 0.16 (5.0) 124 168 ill 9 412

Average 3.3 0.14 168 216 66 1]. 461

South- BAP82 BC-59 653 2,5 0.26 (5.0) 168 25 46 47 710
eastern

BAP82 BC-63 645 1.0 0.34 (10.0) 287 15 20 19 341
Slopes

BAP82 BC-65 645 2,5 0.47 (5.0 1057 71 9 42 1178

Average 2.0 0.36 651 34 25 36 745

Western BAPS2 BC-75 741 1.0 0.18 (5,0) 72 44 62 4 182
dopes

BAP82 BC-80 615 1.25 0.17 (5.0) 63 42 53 8 166

BAP82 BC-83 620 1.0 0,15 (5,0) 88 32 64 9 193

Average 1,1 0.17 74 39 60 7 180

0,
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Ave
Water Sed Dry Bulk Mass Accumulation Rate
Depth Pate Density (g/m2/yr)

Area Core (m) (mm/yr) (g/cm3) Terrigenous Opal Total

From van Andel (1964); Calvert (1966)

Delfin B. R190 838 3.16 0.25-0.30 632-758 135-162 790-948

San Pedro Ll38 1056 1.12 0.25-0.30 223-267 30-36 280-336

Martir B.

Guayrnas B. L178 849 4.98 0.14 353 244 697
L181. 787 4.71 0.14 373 158 659
L190 1910 2.76 0.14 260 70 386
L 66 1604 0.23 0.14 16 11 32

Farallon B. R 82 3170 1.00 0.25-0.30 216-260 17-20 250-300

Pescadero B. R 47 2820 0.46 0.250.30 95l14 5-6 115138

Western Slope R 79 1618 0.60 0.17 102

Eastern Slope
(Rio Fuerte) R 85 732 0.84 0.36 302

(Mazatlan) R 16 1373 0.12 0.36 34 2 43

From Niemitz (1977)

Farallon B. 2400 0.30 0.25-0.30 75-90

Pescadero B. 3600 0.47 0.25-0.30 118-141

Mazatlan B. 2900 0.06 0.25-0.30 15-18

West of

Mazatlan B. 2800 0.08 0.25-0.30 20-24

OD
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Figure 2-3

Mass accumulation rates of the nine laminated cores from the

slopes of the Gulf of California determined from sedimentation rate,

dry bulk density, and the composition loadings of the ideal end-

members.
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high carbonate concentration decreases downcore due to dissolution

(Schrader et al., 1983).

In the studies of sedimentation rates and mass accumulation

rates in the basins of the Gulf of California, van Indel (1964) and

Calvert (1966) used radiocarbon dating to determine the sedimentation

rates. Calvert assumed a dry bulk density of 1.0 g/cm3 in his calcu-

lation. Demaster (1981) revised the dry bulk density of the typical

siliceous sediment in the Gulf of California as 0.25 g/cm3. The

samples used in van Andel's (1964) and Calvert's (1966) studies have

various amounts of terrigenous components ranging from 51% to 87% of

the total sediment. We assume, therefore, that the range in the dry

bulk density of their samples is as large as the values used in this

study. In this study, the average dry bulk density of the sediments

from the Guaymas Basin slope, the western slopes, and the eastern

slopes are measured to be 0.14 g/cin3, 0.17 g/cm3, and 0.36 g/cm3,

respectively (Table 2-4A). Therefore, we assume that the dry bulk

density of the sediments from the Guaymas Basin, western slopes, and

the eastern slopes in van Andel's (1964) and Calvert's (1966) data

3 3 3
set to be 0.14 g/cm , 0.17 g/cxn , and 0.36 g/cm , respectively

(Table 2-4B). For the sediments from basins other than the Guaymas

Basin in van Andel (1964), Calvert (1966), and Niemitz's (1977)

study, they assumed the dry bulk density to be 0.25 g/cm3, to 0.30

g/cm3 (Table 2-4B), because the sediments in these basins contain

less opal than the sediments in the Guaymas Basin. At the same time,

the opal content of these basin sediments is not as low as that of

eastern slope sediments. Using the assumed dry bulk density, mass
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Figure 2-4

Areal distribution of texture of the surface terrigenous

sediments.



Figure 2-4
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accumulation rate was ca1c.jLated for the basin sediments and shown in

Table 2-4B.

The highest accumulation rates of opal in the basins of the Gulf

is found in the northern Guaymas Basin (Calvert cores Ll78, L18l).

In our study, slope sediments in the northern Guaymas Basin have the

highest opal accumulation rates in the Gulf (cores BC28, BC3O, BC33).

The highest accumulation of terrigenous sediment is found in the Del-

fin Basin. Pnother area of high accumulation is in the Guaymas (Cal-

vert cores Ll78, Ll81, Ll90, L66) indicating the strong influence of

the terrigenous sediments over the basin floor of the central Gulf.

However, Niemitz (1977) pointed out that a tectonic control in the

basins seem to have a strong influence in the sedimentation. For

example, a sample from the Farallon Basin in Niemitz's (1977) study

indicates a much lower sedimentation rate (0.03 cm/yr) than R82

(Calvert core) (0.10 cm/yr), as a fracture zone separates these two

sample points creating different sedimentary environments. The con-

siderably lower accumulation rate of L66 (Calvert core) from the

southern Guaymas Basin could have been a result of other processes as

the sample is located in a relatively smooth southern flank of the

Guaymas Basin.

High accumulation rates of biogenic silica are reported in up-

welling zones in other parts of the world. DeMaster (1981) sum-

inarizes some of these areas in his attempt to calculate the silica

budget in various marine environments. Using his data, the total

mass accumulation rate and the accumulation rate of opal in the up-

welling zones other than the Gulf of California are calculated to be

242 and 31 g/m2/yr for the Peru and Chile continental margin and
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1100 and 440 g/m2/yr for the Walvis Bay in southwest Africa. Thus,

although the relative amount of opal accumulation on the eastern and

western slopes is considerably lower than that on the Guaymas Basin

slope, it is comparable to the continental margin off Peru and Chile.

The total mass accumulation rate of the western slopes in the Gulf is

comparable to the Peru-Chile margin. On the eastern slopes of the

Gulf, an extremely high terrigenous sedimentation rate increases the

total mass accumulation rate. But overall accumulation rate of bio-

genic silica in the Gulf (0.10 x 1014 g/yr) has comparable value to

Walvis Bay (- .11 x 1014 g/yr), while it is higher than the Peru and

Chile margin 0.06 x 1014 g/yr)

Texture

Spatial distribution of bottom sediment texture shows almost

identical results with the study presented by van Andel (1964; his

Figure 21). The result of the analysis is presented in Table 2-5

and Figure 2-4. In general, the northern Gulf is covered by sand-

sized sediments on the eastern portion where water depth is generally

less than 200 m. The deeper part of the northern Gulf on the western

side is covered by clayey-sand and silty-clay. In the central and

southern Gulf, the eastern slopes are covered with clayey-silt, with

a gradual westward decrease in grain size. All the basins, and most

of the western slopes, are covered with silty-clay. Small areas of

sand are found on the western slopes at 24°N and 25°N. On the

eastern slope, near the mouth of the Rio Yaqui, a small area of sand-

silt-clay is found indicating turbidity current activity.



Table 2-5

Texture of 87 samples determined using repeated settling and

decantation methods.
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Table 2-5

Texture

Sample 2-4p 4-81i 8-16p 16-32p 32-62p >62p
Number (%) (%) (%) (%) (%) (%) (%)

BAP82 BC-02 2.8 0.3 0.1 0.3 1.2 5.7 89.6
BAP82 BC-03 68.9 14.1 7.9 3.4 2.2 0.6 2.9
BAP82 BC-OS 0 55.1 33.9 8.0 2.2 0.8 0

BAP82 BC-07 64.3 16.2 7.7 7.6 1.1 0.2 2.9
BAP82 BC-09 64.5 12.7 10.7 6.3 2.5 0.5 2.7
BAP82 BC-b 7.3 1.1 0.7 0.4 0.3 2.0 88.3
BAP82 BC-li 3.4 0.5 0.4 0.3 0.4 0.3 94.7
BAPS2 BC-13 3.4 0.7 0.7 0.9 1.2 2.4 90.9
BAP82 BC-14 32.2 9.5 7.3 7.2 5.9 5.6 32.3
BAP82 BC-17 4.2 0.6 0.5 0.4 0.6 2.1 91.6
BlP82 BC-18 35.4 8.7 6.2 6.7 9.1 6.3 27.6
BAP82 BC-19 65.0 12.3 9.8 3.9 4.4 4.6 0

BAP82 BC-21 41.9 11.4 7.5 5.6 11.0 7.7 15.0
BM82 BC-24 5.0 0.2 0.2 0.3 0.8 2.3 91.2
BAP82 BC-26 0 2.1 1.9 2.9 10.0 23.8 59.3
B7P82 Bc-27 24.6 5.2 4.1 6.2 29.7 20.3 10.0
BAP82 BC-28 48.4 10.4 10.7 9.8 13.1 7.5 0

BAP82 BC-30 45.2 15.0 14.2 10.0 4.7 2.8 8.1
BAP82 BC-31 47.5 16.1 12.9 10.4 4.3 1.9 6.9
BAP82 BC-33 44.3 13.7 10.9 9.6 7.4 7.3 6.7
BAP82 BC-34 55.6 14.6 8.2 5.2 4.2 0.6 11.6
BAP82 BC-37 44.8 11.8 8.8 17.6 10.6 3.8 2.5
BAP82 BC-40 46.6 13.5 6.9 11.4 4.4 1.1 16.1
BAP82 BC-41 49.8 11.9 9.9 12.1 7.5 3.4 5.4
B1\P82 BC-42 40.6 9.5 6.6 4.6 3.7 2.5 32.5
BAP82 BC-52 53.7 14.1 11.1 8.9 4.7 1.8 5.8
BAP82 BC-53 55.5 15.1 13.6 8.9 3.5 1.6 1.8
B2P82 BC-54 52.4 16.8 11.9 8.6 3.9 0.7 5.8
BAP82 BC-56 41.2 8.9 11.3 14.9 14.6 9.2 0

BAP82 BC-58 46.8 11.6 12.7 11.2 7.9 2.1 7.7
BAP82 BC-59 47.2 14.8 10.2 16.2 6.2 2.9 2.6
8AP82 BC-60 17.4 3.6 3.5 5.8 13.8 24.9 31.0
BAP82 BC-61 16.9 3.5 4.7 7.0 12.7 22.2 33.0
BAP82 BC-63 34.0 9.6 10.5 12.6 23.7 5.3 4.2
BlP82 BC-64 14.1 3.0 2.2 6.9 17.9 24.3 31.7
BAP82 BC-65 29.6 10.7 12.2 27.6 12.3 7.7 0

BAP82 BC-68 44.8 12.9 10.7 12.5 8.8 6.7 3.6
BZP82 BC-69 3.3 0.7 0.4 0.8 1.2 1.8 91.7
BAP82 BC-70 56.4 18.7 7.6 11.9 3.1 0.3 2.0
8AP82 BC-72 28.0 7.1 4.3 3.3 2.3 3.3 51.6
BAP82 BC-75 64.2 11.9 11.1 4.1 5.0 3.7 0

BAP82 BC-77 53.4 14.8 11.5 9.7 4.3 4.1 2.2

BAP82 BC-79 35.4 7.2 8.2 13.2 11.6 8.6 16.0
BAP82 BC-SO 49.1 14.2 9.9 11.0 5.8 3.6 6.3
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Table 2-5 ... continued

Sample <2p 2-41i 4-8p 8-16p 16-32p 32-621.1 >6211

Number (%) (%) (%) (%) (%) (%) (%)

BAP82 BC-83 55.5 15.8 11.9 7.4 2.6 2.6 4.2
BAP82 BC-84 3.9 1.0 0.8 0.8 0.9 1.0 91.6
BAP82 BC-85 50.5 14.0 11.5 9.8 7.7 3.4 3.2
BAP82 BC-87 4.9 1.4 0.8 0.5 0.4 0.3 91.7
BAP82 BC-88 29.9 8.7 6.2 4.3 2.8 2.2 45.8
BAP82 BC-90 23.0 7.7 7.7 8.8 9.6 19.4 23.8

L- 49 53.4 15.5 12.3 0.8 7.7 1.4 8.8
L- 51 13.0 2.2 3.3 6.8 16.4 17.4 40.9
L- 54 47.9 15.7 12.0 8.3 4.4 2.1 9.6
L- 57 53.0 15.1 13.2 8.1 3.2 1.0 6.5
L- 59 50.0 15.0 10.7 3.9 4.7 0.6 15.2
L- 62 32.7 13.1 10.8 10.7 10.6 7.3 14.8
L- 63 49.5 17.7 11.9 6.5 2.8 1.3 10.3
L- 66 44.9 17.2 11.5 7.1 2.7 1.0 15.6
L- 70 42.7 14.5 11.4 11.1 7.8 5.3 7.3
L- 73 27.7 9.3 9.1 6.9 6.2 3.5 37.3
L- 76 46.2 16.5 11.0 5.9 4.3 0.6 15.4
L- 80 49.5 15.3 12.6 9.1 6.2 2.1 5.2
L- 82 29.8 9.7 8.1 9.0 10.8 12.4 20.2
L- 84 26.7 5.8 6.8 11.4 21.9 15.1 12.3
L- 91 41.9 14.0 11.8 11.3 8.3 5.8 6.9
L- 95 44.4 16.9 13.7 11.8 7.9 3.2 2.1
L- 97 31.2 10.3 6.9 3.5 2.3 1.2 44.6
L- 99 49.4 19.2 14.7 6.2 2.4 0.8 7.3
L-101 7.9 2.1 1.6 1.6 1.4 2.5 83.0
L-102 28.8 6.8 7.9 12.5 13.8 13.6 16.7
L-105 41.1 14.5 14.4 15.1 9.7 4.2 1.1
L-111 5.2 0.7 0.4 0.8 1.8 3.6 87.5
L-112 25.6 5.2 5.4 6.8 11.4 13.2 33.4
L-119 47.2 14.7 12.6 7.5 3.6 1.2 13.2
L-121 42.7 17.2 13.5 9.2 4.3 2.6 10.5
L-123 40.8 14.4 11.9 7.6 4.5 3.3 17.4
L-129 9.3 1.5 1.2 1.7 3.4 12.6 70.3
L-131 16.9 3.8 2.9 2.1 1.5 3.5 69.3
L-133 45.6 14.9 12.6 0 6.8 4.7 15.4
L-136 3.5 0.5 0.4 0.7 1.1 3.4 90.2
L-151 39.1 15.9 11.3 5.3 4.1 1.1 23.2
L-154 36.7 14.0 10.7 8.1 5.5 5.5 19.5
L-161 7.7 1.2 1.1 1.9 3.7 17.7 66.7
L-163 12.2 3.2 2.8 3.4 4.4 15.1 58.9
L-167 46.6 18.5 13.4 8.6 3.8 1.7 7.4
L-171 31.9 11.5 8.7 6.1 5.5 4.0 32.4
L-180 25.6 7.6 6.6 6.7 7.5 12.2 33.8



Mineralogy of the River Sediments

To further examine the dispersal patterns of silt- and clay-

sized terrigenous sediments discharged by the rivers flowing into the

Gulf of California, we carried out mineralogical analyses of river

sediments and of the terrigenous components of Gulf sediments.

We performed three types of mineralogical analyses on the

samples from the Colorado river and the coastal rivers of Mexico:

(1) quantitative X-ray diffraction analyses of quartz and plagio-

clase feldspar, (2) plagioclase feldspar chemistry, and (3) heavy

mineral analysis of river sand grains to characterize the geological

nature of the drainage basins.

Figure 2-5 shows the results of the mineralogic analysis for

the coastal rivers of the central and southern Gulf. Figure 2-5

also shows that the quartz to feldspar ratio (Q/F) is highly variable

and that both of the analyzed fractions clearly reflect the litholo-

gies of the drainage basins. Figure 2-6 is a gelogic map of the pro-

venance areas which provide sediments to the coastal rivers.

The Sierra Madre Occidental, where the upper drainages of the

coastal rivers are located, is characterized by Paleozoic and Meso-

zoic intrusive and sedimentary rocks north of 28°N (Allison, 1964).

Between 28°N and 27°N, thick Tertiary volcanics cover the Paleozoic

and Mesozoic batholithic rocks and, thus, dominate the derived sedi-

ments. Rivers south of 28°N are, in general, shorter than their

northern counterparts, and between 27°N and 25°N, their headwaters

are in metamorphic, geosynclinal sedimentary, and plutonic igneous

rocks. Therefore, the major lithological units traversed by the

coastal rivers are complex, as is evident in the heavy mineral data.
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Figure 2-5

Two peak separations of (111) and (111) peaks and Quartz/

Feldspar ratio of the river samples obtained from X-ray diffraction

analysis. Hornblende/Pyroxene ratio of river sand resulted from the

heavy mineral counts is also shown. Major lithology of the upper

drainage area is indicated for each river. More detailed examination

of the lithology can be obtained from Figure 2-6.
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Figure 2-6

Simplified lithological map of the area bordering the Gulf of

California. Numbers on rivers correspond with those of Figure 2-1.
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Figure 2-6
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Generally, the higher Q/F ratios are found in rivers where upper

drainages derive sediments from sedimentary, piutonic, or metamor-

phic rocks (Fuerte, Sinaloa, San Lorenzo, Piaxtia), and lower values

are found in the rivers where the upper drainages contain volcanic

rocks (Yaqui, Mayo, Mocorito) (Fig. 2-5, 2-6).

In Figure 2-5, Q/F ratios of the 2-4 p and 16-32 p fractions

show similar trends, indicating that both fractions contain minerals

from the same lithological units. However, higher Q/F ratios are

apparent in 16-32 p fractions which suggest the higher resistance

of quartz grains in most river sediments. Heavy mineral analyses of

river sand grains show a more positive correlation with the

mineralogy of the drainage area (Fig. 2-5). For instance, the rivers

with large outcrop areas of acid plutonic rocks have a very high

hornblende/pyroxene ratio (San Lorenzo, Piaxtla, Quelite), whereas,

the area covered by basic volcanic rocks has very low values (Yaqui

to Mocorito, Elota, Balvarte). Samples from Rio Concepcion have even

lower Q/F ratio in both size fractions than all the southern rivers;

0.20 for 2-4 p fraction and 0.18 for 16-32 p fraction due to the

nature of the drainage basin covered mostly by basic volcanic rocks.

Colorado River samples have considerably higher values for the Q/F

ratio in both size fractions, 1.30 for 2-4 p fraction and 1.84 for

16-32 p fraction, compared to Rio Concepcion and the coastal rivers

of Mexico (Figure 2-5). This anomalously high quartz sign is due to

the general nature of large rivers, which tend to have sediments

with highly acidic characteristics (van Andel, 1964). As a result,

75% of the sand-sized heavy minerals from the Colorado River have an
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igneous origin although the lithology of the drainage basins is

mixed.

Athough Q/F ratio can provide valuable information about the

relative acidity of the provenance area, it cannot distinguish

whether the Q/F ratio reflects the relative acidity of a single

lithological unit or of a mixture of several lithological units

having different Q/F ratios. The estimated anorthite content of the

plagioclase feldspar has the potential to resolve this uncertainty,

however, it was found that one of the diffractogram peaks, (1T1),

has very broad multiple peaks, indicating that the sediment sample

containing a mixture of plagioclase feldspar compositions. Because

of the uncertainty in determining the strongest peaks, values for the

maximum and minimum peak separation were averaged for both silt and

clay fractions. The data obtained from this method show only

generalized trends for changes in the lithologies of the drainage

basins. In the area between 28°N and 27°N, where the Rio Yaqui and

Rio Nayo are located, the general lithology is a mixture of plutonic

and volcanic rocks. A relatively high anorthite content is observed

in feldspars from this area in comparison with the area south of

27°N where metamorphics, geosynclinal sediments, and plutonic igneous

rocks constitute the major lithologies. The difference between the

values for the two size fractions from samples of river sediments

south of the Rio Piaxtla cannot be clearly explained at this point.

Mineralogy of the Sediments from the Gulf Floor

The same techniques used for the analysis of the river samples

were used to examine Gulf bottom samples (Table 2-6). Figure 2-7
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Table 2-6

Quartz % and Feldspar % for the two size fractions were deter-

mined independently using a quantitative X-ray diffraction technique

described by Krissek and Scheidegger (1982). 20 peak separations

between (lll)-(lil) of 0.5° and 0.7° roughly correspond to 5% and

32% anorthite content, respectively, for high temperature plagio-

clase species.
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Table 2-6

MINERALOGY

%Q %F Q/F %Q %F Q/F (1l1)-(1ll)
20 degree

(2-4p) (16-32p) (16-32i)

BC-02 37 94 0.39 42 50 0.84 0.58
BC-03 31 42 0.76 46 50 0.92 0.63
BC-OS 38 45 0.84 43 40 1.08 0.61
BC-07 46 44 1.06 41 44 0.93 0.57
BC-09 32 41 0.79 51 36 1.41 -

BC-b 35 42 0.82 19 40 0.47 0.84
BC-li 29 54 0.53 52 87 0.60 0.76
BC-13 25 57 0.44 36 45 0.80 0.66
BC-14 17 53 0.32 50 70 0.71 0.60
BC-17 - - - 57 72 0.79
BC-18 22 58 0.37 19 39 0.48 0.69
BC-19 23 69 0.33 53 88 0.60 0.71
BC-21 19 54 0.35 38 49 0.77 0.73
BC-24 24 63 0.38 26 49 0.52 0.57
BC-26 22 52 0.42 26 44 0.59
BC-27 20 60 0.34 36 19 0.60 0.74
BC-28 19 58 0.33 27 50 0.53 0.73
BC-30 16 41 0.39 43 60 0.71 -

BC-31 17 47 0.36 44 75 0.58 -

BC-33 23 56 0.41 33 52 0.63 0.82
BC-34 23 66 0.34 52 172 0.30 -
BC-37 16 42 0.38 22 50 0.43 0.88
BC-40 17 48 0.35 27 56 0.48 0.86
BC-41 18 60 0.30 31 65 0.47 0.84
BC-42 18 49 0.37 92 107 0.86 0.72
BC-52 26 70 0.37 31 51 0.60 0.83
BC-53 23 64 0.35 20 42 0.47 0.85
BC-54 20 66 0.31 34 86 0.39 0.86
BC-56 29 76 0.37 51 84 0.60
BC-58 24 67 0.35 15 35 0.44 0.64
BC-59 25 58 0.43 27 47 0.57 0.69
BC-60 - - - 26 30 0.87 -

BC-61 26 67 0.39 29 45 0.64 -
BC-63 29 58 0.49 39 49 0.79 0.66
BC-64 25 53 0.48 31 40 0.76 0.65
BC-65 27 66 0.42 38 57 0.66 -

BC-68 30 66 0.45 43 54 0.79 0.61
BC-69 27 61 0.45 28 39 0.70 0.60
BC-70 25 60 0.42 26 40 0.64 0.59
BC-72 31 70 0.44 50 58 0.86 0.58
BC-75 23 85 0.27 32 142 0.22 -

BC-77 22 76 0.28 28 110 0.25 -

BC-79 16 82 0.19 9 82 0.11 -

BC-80 18 72 0.25 11 96 0.11
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Table 2-6 ... continued

%Q %F Q/F %Q %F Q/F (lll)-(lll)
26 degree

(2-4i) (16-32p) (16-32i)

BC-83 22 60 0.36 36 99 0.36 -

BC-84 17 58 0.29 14 67 0.20 -

Bc-85 18 60 0.30 11 55 0.19 0.95
BC-87 27 60 0.46 23 50 0.46 -

BC-88 27 66 0.42 16 39 0.41
BC-90 23 58 0.39 18 38 0.47 -

L- 49 - - - 24 47 0.51 0.86
L- 51 24 56 0.43 25 56 0.44 0.89
L- 54 - - - 24 56 0.43 0.83
L- 57 - - - 17 43 0.39 -

L- 59 17 60 0.28 18 60 0.29 0.85
L- 62 14 60 0.24 9 56 0.15 0.87
L- 63 - - 20 49 0.41 -

L- 66 17 57 0.29 20 49 0.40 0.82
L- 70 17 52 0.32 23 51 0.44 0.82
L- 73 - - - 11 50 0.21 0.86
L- 76 - - - 20 41 0.48 0.86
L- 80 - - - 20 47 0.42
L- 82 19 67 0.28 20 46 0.43
L- 84 - - 21 49 0.42 -

L- 91 19 61 0.31 21 47 0.44 0.85
L- 95 18 58 0.31 20 44 0.45 0.87
L- 97 - - - 20 57 0.34 0.87
L- 99 13 54 0.25 18 61 0.29 0.87
L-101 - - - 19 64 0.29 0.87
L-102 20 64 0.32 23 48 0.47 0.82
L-105 23 72 0.32 26 52 0.49 0.82
L-11l 22 56 0.39 - - - -

L-112 22 56 0.39 22 49 0.44 0.78
L-119 - - - 25 52 0.47 0.81
L-121 13 42 0.32 - - - -

L-123 16 47 0.34 33 53 0.62 0.70
L-129 26 61 0.43 38 47 0.81 0.79
L-131 - - - 26 47 0.55 0.84
L-133 13 33 0.39 28 49 0.59 0.79
L-136 31 64 0.48 29 49 0.59 0.65
L-151 - - - 26 47 0.55 0.67
L-154 17 43 0.40 27 53 0.51 -

L-161 24 58 0.41 61 79 0.77 0.73
L-163 27 63 0.44 31 42 0.74 0.75
L-167 16 48 0.33 28 51 0.54 0.57
L-171 17 47 0.36 30 43 0.69 0.65
L-180 16 45 0.35 32 49 0.65 0.68
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Figure 2-7

Areal distributions of Quartz/Feldspar ratio for the 2-4 p and

16-32 p fractions and the 20 peak separations of (111) and (111)

peaks for 16-32 p fraction of the Gulf bottom sediments.
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shows that areal distributions of Q/F ratios for silt- and clay-size

fractions vary markedly within the Gulf. A statistical summary of Q/F

ratio for each curve is shown in Table 2-7. The highest Q/F ratio for

both fractions is found in the northern Gulf. The highest values for

the silt fraction (16-32 i) appear to end at an indistinct boundary

north of Angel de la Guarda Island (dashed line, Fig. 2-7B, Area U).

The highest values for the clay fraction (2-4 p) end at a very dis-

tinct boundary near Tiburon Island (Fig. 2-7A, Area A). Thus, for

clays, the area of high Q/F values is distinctly separated from the

rest of the Gulf. In Figure 2-7A, Area B, and Figure 2-7B, Area V

and W, the Q/F ratios have much lower values than those north of

these areas. This distribution clearly indicates that terrigenous

sediments in both fractions are more locally derived.

In the area south of Guaymas, where increasing annual rainfall

causes permanent coastal rivers, some complications of the pattern

are found. For example, as shown in Figure 2-7A, Area D, and Figure

2-7B, Area Y, slightly lower Q/F values are found. For the silt

fraction, the zone (Fig. 2-7B, Area Y) covers only the eastern two-

thirds of the width of the Gulf and has a tongue-like extension

toward the tip of Baja California. Figure 2-7 Also shows that the

western shelves and slopes are covered by sediments of low Q/F

values (Fig. 2-7A, Area C and Fig. 2-7B, Area X). The low Q/F

value clearly indicates that the sediments are derived from the basic

igneous rocks of Baja California. In the southernmost areas of the

Gulf (Fig. 2-7A, Area E, and Fig. 2-713, Area Z), the sediments have

uniformly high Q/F ratios. These Q/F ratios correspond well to the
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Table 2-7. Statistical summary of Q/F ratios.

Number of Standard
Samples Mean Deviation

2-4 p Fraction

Area A 7 0.74 0.20

Area B 29 0.38 0.04

Area C 4 0.23 0.03

Area D 19 0.31 0.03

16-32 p Fraction

Area U 5 1.04 0.20

Area V 4 0.55 0.05

Area W 26 0.55 0.11

Area X 11 0.21 0.07

Area Y 23 0.44 0.03

Area Z 16 0.66 0.12
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values found in river sediments located south of Rio Fuerte, except

for Rio Mocorito (Fig. 2-5), which is a small contributor of sedi-

ments to the Gulf (Table 2-7).

The areal distribution of the 20 peak separations for the

(lll)-(lil) X-ray diffraction peaks is shown in Figure 2-7C.

Although both 2-4 p and 16-32 p size fractions in all of the sediment

samples were analyzed, most of the clay-sized sediments failed to

show strong peaks. Figure 2-7c shows that the boundaries between

mineralogical provinces in terms of anorthite content Tnatch well with

those of the areal distribution of Q/F ratios. The indistinct

boundary in the northern Gulf between Areas U and V in Figure 2-7B

coincides with the boundary between Areas L and N in Figure 2-7C and

is thus shown to represent a real mineralogical change in the nature

of Gulf sediments. A major difference between the areal distribu-

tions of Q/F ratios and (lll)-(lil) peak separations is that the dis-

tribution of peak separations does not show a separate signal corre-

sponding to sediments derived from Baja California. This is probably

due to the fact that the anorthite content of the sediments derived

from Baja California on the western slopes and those derived from the

Rio Yaqui and Rio Mayo on the east is similar due to the similar

lithology of the source terrains. The average value of the peak

separation for sediments from this area is 0.85, indicating high

anorthite content in the plagioclase feldspar. In the most southerly

area of the Gulf (Fig. 2-7C, Area P),. the average value of the peak

separation is 0.63, indicating that the sediments are more acidic.

The difference in the anorthite content between the two areas is cal-

culated to be approximately 25% (Smith, 1956).
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DISCUSSION

Origin and Dispersal of the Terrigenous

and Other Sedimentary Components

The regional variation in the bulk sediment chemistry, shown by

the result of Q-mode analysis, exhibits the complex interaction among

the terrigenous, biological (opal and calcareous), and hydrothermal

components in the Gulf of California.

The distribution of the chemically defined terrigenous end-

member sediment component, combined with the results of textural and

mineralogical analyses indicate that the mainland exerts a strong

influence on the distribution of silt- and clay-sized particles.

There is a definite indication that much of the silt settles on the

shelves and upper slopes of the eastern margin shortly after being

discharged from the rivers of the Mexican mainland (Fig. 2-4). The

clay-rich fraction is then carried by surface currents into the

middle Gulf where it settles through the deep-water column. Three

processes of accelerated settling of clay particles are possible, the

packaging of fine particles into large fecal matters by marine

organisms (Schrader, 1971; McCave, 1975; Honjo and Roman, 1978;

Scheidegger and Krissek, 1983), the nepheloid layer transport (Baum-

gartner and Ferreira-Bartrina, 1984), and marine snow (Smetacek et

al., 1978; Silver and Alldredge, 1981). lunong these processes,

nepheloid layer transport in the Gulf of California is reported to be

the most likely process (Bauxngartner and Ferreira-Bartrina, 1984).

However, more studies are needed to verify their conclusions.
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Because of the lack of sediment supply, only a small amount of

sand- and silt-sized sediment from Baja settles on the shelves and

upper slopes of the western margin. On the slopes of the deep

basins, turbidity currents fed through submarine channels may supply

the coarse sand to areas where anomalously coarse sediments have been

observed near La Paz and the mouth of the Rio Yaqui.

Correlation of mineralogical data from river and core samples

(both Q/F ratios and feldspar chemistry) provides a clear insight

into the origin and the formation of the mineralogical provinces of

the terrigenous sediments found in the Gulf of California (Fig. 2-5,

2-7). The highest Q/F values are found north of Tiburon Is land in

the clay fraction and north of Angel de la Guarda Island in the silt

fraction. This pattern indicates that much of the fine terrigenous

sediment has come from the Colorado River, although considerable

diluting by the locally derived sediment has occurred. A simple mix-

ing model in two closed systems, Area A for 2-4 p fraction, and

Area U for 16-32 p fraction, with three sediment sources; Colorado

River, Rio Concepcion, and Rio Sonoita (Fig. 2-1) was calculated

using Q/F ratios of the corresponding rivers and areas. If we assume

that Rio Sonoita has the same Q/F value as Rio Concepcion, the calcu-

lations yield that 62% of the sediment in Area A has come from the

Colorado River and 38% from Rio Concepcion and Rio Sonoita for 2-4 P

fraction, and 72% of the sedi!ments in Area U has come from the

Colorado River and 28% from Rio Concepcion and Rio Sonoita for 16-32

p fraction.

The area of lower Q/F ratio in the silt fraction, between the

Angel de la Guarda Island and Guaymas (Fig. 2-7b, Area V, W) and in
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the clay fraction, between Tiburon Island and Guaymas (Fig. 2-7a,

Area B) is probably due to the greater influence of the granitic bor-

der area. Lower Q/F values (Fig. 2-7a, Area D and Fig. 2-7b, Area Y)

strongly indicate the volcanic nature of the drainage basin. The

tongue-like extension of deposit found for both fractions reaches the

southern part of Baja California. This suggests a very high tern-

genous input from the mainland, which probably influences a large

part of the bottom sample composition in this region. The results of

the Q-mode analysis indicate that approximately 40% of the sediments

in the western margin of the Gulf are terrigenous in origin (Fig.

2-2a). We suspect that most of the terrigenous clay-sized sediment

from the Mexican rivers in this area is carried away from the eastern

margin of the Gulf offshore to cover almost the entire width of the

Gulf. Only a small area between 26°N and 27°N in the western shelf

shows a strong basic igneous signal in the clay-sized sediments from

Baja (Fig. 2-7a, Area C) which is supported by the drop in accuinula-

tion rates over this area (Fig. 2-2a). By contrast, a larger area

of basic igneous signal is seen on the western slope sediments

between 24°N and 27°N in the silt fraction (Fig. 2-7b, Area X).

The geography of Baja in this area is rugged and dry. We suspect,

therefore, that the eolian transport and the direct offshore trans-

port of sediments from the beaches to the shelves and upper slopes

are the major processes by which the deposits, characteristics of

the Baja, are produced. Higher values of the Q/F ratio are found in

two fractions located between the tip of Baja California and near

the mouth of the Rio Mayo (Fig. 2-7a, Area E and Fig. 2-7b, Area Z).

The rivers flowing into this area of high Q/F ratio carry sediments
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with the high Q/F values. A sharp increase of Q/F ratio in the

rivers located south of Rio Fuerte, with the exception of the Rio

Mocorito, is found to correlate well with the mineralogy of the

bottom sediments. The silt- and clay-sized sediments in this area

were probably derived from rivers on the Mexican mainland. The plu-

tonic igneous part of the southern Baja is too small to have any

significant effect on the distribution of the bottom sediment,

especially when compared to that part of Sierra Madre Occidental

which supplies the sediments of similar nature to the Gulf.

A study of the origin and dispersal of sand-sized sediments in

the Gulf of California (Imbrie and van Andel, 1964; van Andel, 1964)

demonstrates that dispersal in the central and southern Gulf is

merely in the offshore direction with almost no evidence of mixing

between mineralogical provinces. The comparison among the heavy

mineral provinces of sand-sized sediments (van Andel, 1964; his Fig.

10), along with the distribution of the Q/F ratio in silt- arid clay-

sized fraction (Fig. 2-7), reveals that unlike clay- and silt-sized

fraction, sand-sized sediments have clear boundaries which run sub-

parallel to the axis of the Gulf and separate those sediments derived

from Baja California and the Mexican mainland. The sand from Baja

California covers the entire western slopes in the central Gulf and

western part of the basin floor in the southern Gulf. In the clay

and silt fractions, a strong Baja influence occurs only in the area

between 24°N and 27°N on the upper slopes of the western Gulf. The

Kino Bay Provence for sand fraction matches the uniform Q/F distri-

bution in the area between Tiburon Island and Guaymas for clay and

silt, even though the Kino Bay Provence extends only to the eastern
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half of the central Gulf. The boundary between Yaqui Provence and

Sinaloa-Nayarit complex found in the sand fraction is not found in

the silt and clay fractions. It appears that southward transport of

the sediments is responsible for dispersal of silt- and clay-sized

sediments rather than a simple offshore transport found in the sand-

sized sediments. It must be noted, therefore, that the processes

which produced the mineralogical provinces in sand-sized sediments

are definitely different from the processes which formed the

mineralogical boundaries in silt- and clay-sized fractions. As van

ndel suggested (1964), the lack of strong longshore transport allows

sand grains to be transported directly in the offshore direction.

Fine-grained sediment are discharged from rivers in the summer months

when weak Ekman transport develops in the direction from Baja

California to the Mexican mainland. The movement of the surface

water is slow, therefore, allowing sufficient time for the sediment

particles to settle.

A study involving the mineralogy of cores from the northeastern

(BAV79 E-9) and southwestern (BAV79 B-29) slopes of the Guaymas Basin

(Donegan and Schrader, 1982) documented that terrigenous sediment

supply from Baja to the western slopes of the central Gulf has been a

consistant process for more than 100 years. In a detailed chrono-

logical study of core BAM8O E-17 from the eastern slope of the

Guaymas Basin, Karlin (1983) suggests that the supply of the tern-

genous sediments from the Mexican mainland into the central Gulf has

been surprisingly consistant over the last 3000 years. The linear

sedimentation rate, however, shows oscillatory changes of 200 to 350

g/m2/yr. It is probable from the results of these studies that the
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dispersal of the terrigenous sediments in the central Gulf of

California has not changed drastically in the last few thousand years

(Karlin, 1983)

The biological opal influence in the sediments of the central

Gulf is explained by the high primary productivity (Zeitzchel, 1969).

Studies of silicoflagellate species in the Gulf (Murray and Schrader,

1983; Schrader et al., in press) also show that the area between

Tiburon Island and Guaymas Basin has the highest primary pro-

ductivity.

The constituents of the calcareous sediments, represented by the

biogenic carbonate end-member, are both benthic and planktonic fora-

minifera (Bandy, 1961; van Andel, 1964; Schrader et al., 1983). The

high concentration of this end-member between 24°N (near La Paz) and

26°N, and the generally high concentration on the western slopes and

basins south of 28°N are explained by the lack of terrigenous supply

from Baja California (van Andel, 1964; Calvert, 1966). This is sup-

ported by the mass accumulation results in estimates which imply that

although the concentrations of biogenic carbonate on the western Gulf

are higher than the eastern Gulf, the actual accumulation rate of

this sedimentary component is fairly uniform over the study area with

the exception of a few core locations (BC33, BC65).

The high concentrations of the NnO end-member are found only in

the samples from the areas deeper than 1600 m in the Guaymas Basin,

one sample from the San Pedro Martir Basin show high concentration of

the component in the central and southern Gulf. A submersible inves-

tigation in the Guaymas Basin (Lonsdale et al., 1980) reported a Mn

encrusted talc, a deposit believed to have had a hydrothermal origin.
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Klinkhammer (1980) reported that a high concentration of Mn (10 to 50

times higher than background level) is found in the deep water over

the Galapagos Rift and the East Pacific Rise, concluding that these

anomalously high concentrations of the 1,4n0 end-member are hydro-

thermal in origin. We believe, therefore, that the high Mn concen-

tration of this component found in the deeper area of the Guaymas

Basins and the San Pedro Martir Basin has a hydrothermal origin

associated with the spreading ridges. Although we do not have

samples from other deep basins south of the Guaymas Basin, we expect

that high concentrations of Mn may exist there as e1l, due to the

presence of the East Pacific Rise. Niemitz (1977) supported this

assumption by presenting data which show higher concentrations of

leachable manganese in Carmen, Farallon, and Pescadero Basins.

Another area showing high values in Mn is the northern Gulf (Fig.

2-2d), where the Colorado River has a strong influence. However,

more analysis is needed to determine the origin of 14n in this area.

Factors Influencing the Sedimentation

of the Terrigenous Component

Fluvial discharge. As an indicator of the relative amount of

sediment discharged from rivers flowing into the Gulf of California,

a fluvial discharge record is shown in Table 2-8. The record is

from the station closest to the mouths of the rivers. The annual

average discharge record (Table 2-8) shows that the Colorado River

is currently only a minor contributor of sediments to the Gulf. Van

Andel (1964) estimated that the sediment load for the Colorado River

was 8952 ton/106m3 before, and 1857 ton/106m3 after, the construc-
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Table 2-8

Annual discharge and annual sediment load of major rivers flow-

ing into the Gulf of California. Annual sediment load was calculated

using the estimation of the sediment load by van Andel (l964) Num-

bers indicate the rivers from which sediment samples were collected

and match the river numbers in Figure 2-1.
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Table 2-8

Annual
Annual Sediment

Discharge Load
River (xl000m3) (ton) Period

Sonoita 121,692 1,217,407 1963-1969

Concepcion 48,903 489,226 1961-1969

Sonora 113,577 1,136,224 1961-1969

Matape 35,350 353,641 1961-1969

1 Yaqui 1,522,754 15,233,631 1950-1954

2 Mayo 850,261 8,506,011 1954-1963

3 Fuerte 1,693,009 16,936,862 1961-1969

4 Sinaloa 1,388,385 13,889,403 1961-1969

5 Mocorito 113,762 1,138,075 19611969

(exc. 1966)

6 Culiacan 1,950,693 19,514,732 1951-1958

Colorado 169,256 314,271 1961-1969

Data Sources

Colorado River: U.S. Geological Survey Water-Data Report,

Water Resources Data for Arizona.

Mexican Rivers: Secretaria de Aguriculture y Recursos

Hidraulicos, Actualization al Boletin

Hidrologico.

Assuming a sediment load of 10004 tons/lO m in all rivers
except a load of 1857 tons/b in for the Colorado River.
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of Hoover Dam, and 10004 ton/106xn3 for all the other Mexican rivers.

Using these sediment load estimates, the annual average sediment load

was calculated and presented in Table 2-8. The annual sediment dis-

charge of the Colorado River before 1935 was more than 500 times

higher than the 1961 to 1969 period. On the other hand, the annual

sediment discharge of the major Mexican rivers has not changed as

much: Rio Yaqui, Fuerte, and Sinaloa recorded 57%, 36%, and 84% of

the sediment load into the Gulf during the 1961 to 1969 period com-

pared to the annual sediment discharge for the same rivers reported

by van Indel, respectively. However, considerable variation in the

sediment load of the Mexican rivers could exist in a monthly and

yearly basis, which does not allow us a direct comparison between two

data sets. Further, it is not known what kind of effects the damming

of the rivers have had on the sediment load of these rivers. The

comparison of the data in this study and the data of van Andel,

therefore, is still preliminary.

It has been speculated that the decrease in the annual sediment

load resulting from the damming of the Colorado River must have had a

significant effect on the sedimentation processes in the Gulf. The

most probable area to be influenced by such a change would be the

northern Gulf. The immense amount of water which had flowed into

the Gulf through the Colorado River before the completion of the

Hoover Dam, contrasted by almost no water after its completion must

have changed the accumulation rate of terrigenous sediments in the

northern Gulf. It is puzzling, however, that the accumulation rate

of a core (BAP82 GC-6) using eco-biostratigraphy shows no change in

the rate (Schrader, unpublished research). The sediments currently
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being deposited in the northern Gulf, therefore, could possibly be

the resuspended sediments from the Colorado River Delta and other

shallow water regions in the northern Gulf.

The major contributors of the terrigenous sediment to the Gulf

are currently found to be the Rio Yaqui, Rio Fuerte, Rio Sinaloa, and

Rio Culiacan (Table 2-8). This is consistent with the distribution

and mass accumulation of terrigenous sediment in the Gulf (Fig. 2-2,

2-3)

Water circulation. Another important process which controls the

terrigenous sediment dispersal in the Gulf is the surface, inter-

rrdiate, and deep water circulation. In the northern Gulf, the sedi-

mentation process is governed by a tidal circulation with little

seasonal fluctuation (Roden, 1964). Badan-Dangon et al. (1985),

using infrared satellite imagery, reported a large patch of warm

water in the northern Gulf in April 1980 with a sign of surface con-

vective overturning, which are unique and are confined to the

northern Gulf.

Twelve Landsat images which recorded the surface water tur-

bidity, obtained in the period between 1972 and 1973, indicate that a

simple tidal fluctuation is the major driving force for the water

circulation in the northern Gulf. A turbid water mass is generated

near the mouth of the Colorado River, but much of the turbid water

dissipates in the northern Gulf and only a small indication of this

turbid water escaping to the south of this area is found. The images

obtained during this same period over the area of the Angel de la

Guarda island and the Tiburon Island, fail to show any clear sign of
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turbidity with the exception of surface ripple patterns created by

strong seasonal winds (Fig. 2-8).

In the central and southern Gulf, seasonality of general circu-

lation is reported (Roden, 1964; Wyllie, 1966). Between the months

of February and May, southeasterly surface currents of 10-15 cm/sec

and between June and September, northwesterly surface currents of 10

cm/sec, maximum speed are observed (Roden, 1964). In addition to

this, strong northwesterly winds during winter and spring months

(February-May) causes Ekman transport. Consequently, surface water

on the eastern margin of the central and southern Gulf moves across

the Gulf creating strong upwelling on the eastern margin. During the

summer months (June-September), weak southeasterly wind causes Ekman

transport to develop in the opposite direction, thus generating less

intense upwelling on the western margin.

The sediment dispersal direction from the Landsat images indicate

much variability in the intensity and direction of the surface water

movement. Local changes in the orientation of coastline also have a

strong effect on the movement of turbid water discharged into the

Gulf from major rivers. It is surprising that the size and density

of the plumes in summer and winter do not differ very much, perhaps

suggesting that the water discharge during summer has declined in

the recent years due to extensive irrigation. Also, these turbid

water plumes could well be resuspended sediments from the tidal

flats, however, we do not have any positive evidence for that.

Generally, in the central Gulf, highly turbid water discharged

by the coastal rivers (Rio Yaqui, Rio Mayo) remains close to the

coastline especially where coastal embayment is a prominent feature
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Figure 2-8

A Landsat imagery of the central Gulf showing the surface ripple

patterns created by the strong seasonal wind from the northwestern

direction (Nov. 3, 1972). The area of coverage is shown in Figure

2-1 (Area I). The lighter-toned areas represent the areas of rough

sea surface created by the seasonal wind, and the darker-toned areas

represent the areas of calm sea surface which are protected by the

islands in the windward direction. arrow indicates the direction

of the wind.
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(Rio Mayo). Turbid water gradually dissipates offshore with a north-

westward component in summer, and a southeastward component during

winter. In the southern Gulf, a turbid water mass near the mouth of

Rio Fuerte, which could be a phytoplankton bloom as well as a dis-

charged water mass from Rio Fuerte, indicates that it is carried

toward the mouth of the Gulf in winter (Fig. 2-9b). In general, the

current movement during the summer months appears slow with an of f-

shore direction of a slight southwestward component. Such calm

oceanographic conditions in the summer are favorable for keeping the

sediment-laden water within the Gulf. This provides enough time to

allow the fine sediments to be transported to the Gulf floor.

It is puzzling, however, to see that the general circulation

pattern of surface water during the winter season, when the sediment

discharge is low, the infrared image (Badan-Dangon et al., 1985),

correlates well with the terrigenous sediment distribution (Fig.

2-7). There are three strong surface currents recorded in the

imagery, two of which move across the Gulf and reach the shores of

Baja California (Badan-Dangon et al., 1985; their Fig. 4,9). It

appears that the mineralogical provences, Area D and E (Fig. 2-7a),

correlate well with the distribution of the two surface currents

generated near Cabo Lobos and the mouth of Rio Fuerte, respectively.

In addition, the year-round existence of the cold water mass near

Tiburon Island match well with the Area B (Fig. 2-7a). Therefore,

the study by Badan-Dangon et al. (1985) suggests the possibility of

the deposition of the terrigenous sediments in the early winter

season immediately followed by the deposition of the opal-rich sedi-

ment throughout the upwelling period of the winter season. With all
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Figure 2-9

Landsat imageries from the southern Gulf showing the typical

surface water turbidity patterns during the winter and spring season

(A), and the summer season (B). The imageries were obtained April 11,

1973 (A), and August 20, 1972. The area of coverage is shown in

Figure 2-1 (Area II). All the arrows indicate the direction of the

nDvement of the turbid water masses. In the winter-spring season

(A), a turbid water plume generated near the mouth of Rio Fuerte

noves toward the Gulf entrance (a). A very faint turbidity is

observed in offshore (b), moving across the Gulf. Some distinct tur-

bid water masses are observed to move southward along the coastline

(c). In the summer season (B), no distinct masses of turbid water

is observed except some small plumes near the coastline which appear

to move toward Baja California (shown by arrows).
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the data collected for this study, the formation of laminated sedi-

ments is best explained by a model as follows. High summer rainfall

over Sierra Madre Occidental results in high sediment discharge of

the Mexican rivers. With a calm oceanographic condition, only minor

amounts of the sediment is dispersed offshore leaving the rest to

settle in the shallow nearshore areas. Immediately after the winter

wind pattern with strong northwesterly component develops, sediment

deposited during the summer months is resuspended by agitation by the

winter waves and carried offshore by Ekman transport. A study using

sediment traps in monthly bases over at least a one-year period is

recommended for further testing of this model hypothesis.
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SUMMARY

chemical analysis of the bulk textural samples and the

mineralogical analyses of the silt- and clay-sized fractions of the

terrigenous sediments display complex interactions between biogenic

(opal), biogenic (calcareous), hydrothermal, and terrigenous sedi-

mentary components. In the northern Gulf, terrigenous sediments

derived from the Colorado River cover the northern half in the silt

fraction and the entire area in the clay fraction. The dispersal is

governed mostly by tidal currents. There is no positive evidence

from Landsat imagery that large amounts of sediment in the northern

Gulf are escaping into the central Gulf.

In the central and southern Gulf, a high concentration of opal

is found from the northern slope of the Guaymas Basin to Tiburon

Is land and "high concentrations" of manganese oxide are found in the

deeper part (> 1600 m) of the Guaymas Basin. The highest concen-

tration of calcium carbonate is found on the southwestern shelves

and slopes.

Terrigenous sedimentation in the central and southern Gulf is

dominated by the high sediment discharge of Mexican rivers during

summer months. The mineralogical analyses and the study of the Land-

sat image indicate calm oceanographic conditions during this season

and dispersal of the terrigenous sediments is offshore without much

longitudinal mixing. Sediments from Baja California exerts only a

small influence on the western shelves and slopes in both the silt

and clay fractions.
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ABSTRACT

A sharp decrease in water discharge of the Colorado River over

the last sixty years caused by extensive irrigation and damming did

not have a strong effect in the accumulation rate of the terrigenous

sediment in the Deif in Basin. A shallow water sediment reservoir in

the large area of the northern Gulf is believed to be responsible for

the constant accumulation of the sediments at the core site.

In the San Pedro Nartir Basin and Guaymas Basin in the central

Gulf, no sign of a steady change in the accumulation is observed. It

is postulated that due to the lack of large rivers directly supplying

the terrigenous sediments into these basins, the accumulation rate

was not affected by the decreased discharge of the rivers in other

parts of the Gulf.

Cores from the southeastern slopes of the Gulf of California

show steady decrease in the terrigenous mass accumulation rate since

around the 1930's. Since there is no evidence of long term changes

in precipitation, it is concluded that the decrease of water dis-

charge of the Mexico mainland rivers, due to irrigation and damming,

is the major cause for the steady decrease.



141

INTRODUCTION

Over the last sixty years, drastic changes in the volume of

river discharge into the Gulf of California have been observed (van

Andel, 1964). These changes were due to the construction of dams and

the increase of water diverted for irrigation purposes. Because the

input of terrigenous sediment into the Gulf is closely linked with

the fluvial discharge, it has been suggested that the decrease in the

discharge has influenced the accumulation rate of the sediments. The

areas most likely to be affected by the man-induced changes in river

sediment discharge include the area north of the Tiburon Island,

which is under the influence of the Colorado River, and the south-

eastern slopes, where the Mexican mainland rivers supply large

amounts of terrigenous sediments (Inibrie and van Aridel, 1964; van

Pndel, 1964; Calvert, 1966).

To evaluate possible effects of reduced river discharge, we have

calculated mass accumulation rates of terrigenous sediment (MART) in

a number of cores from the Gulf of California. The major objectives

of this study are (1) to compare the changes in MART in the last two

centuries by examining those cores collected from areas of high

accumulation rates, and (2) to examine the effect of the man-made

changes in the terrigenous sedimentation processes using textural and

mineralogical data.

Lithology of the Cores

The cores used for this study were collected on three cruises

from 1979 to 1982 (Table 3-1, Figure 3-1). The selection of the
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Figure 3-1

Sample locations and general bathymetry, in meters, of the

study area.
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Table 3-1

Locations of the cores

Core Locations

Water
Core Longitude Latitude Depth Type of Core

(W) (N) (m)

BAP82-GC6 114 0100 29 59.0 433 Gravity Core

B7W79-D13 112 25.0 28 17.5 924 Kasten Core

BAM8O-E17 111 36.6 27 55,2 620 Kasten Core

BAV79-A2 110 08.6 26 47.4 710 Box Core

BAP82-BC59 109 39.2 25 39.7 653 Box Core

BAM8O-G34 107 41.8 23 50.7 645 Kasten Core
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cores used for this study was based on the following criteria: (1)

north-south coverage along the Gulf axis, (2) locations on eastern

slopes of the Gulf where proximity of terrigenous sediment sources

result in relatively high sedimentation rates, in contrast to the

low rates on the western slopes, and (3) sufficient age control for

calculations of mass accumulation rates. The locations of the six

cores used in this study are shown in Figure 3-1. Figure 3-2 shows

the lithology of the cores.

Core BAP82-GC6 was selected to represent the area most strongly

influenced by the Colorado River. The core is 197 cm long, the

longest core available from the area north of Tiburon Island; the

sediment is homogeneous, with no signs of disturbance, except for

some worm holes at 35 cm and 37 cm.

Core BAV79-D13 is located in the San Pedro Nartir Basin, which

appears to be a catch basin for sediments transported from the

northern Gulf to the central Gulf. This area could be affected by

the drastic decrease in discharge of the Colorado river. The core is

110 cm long and has alternating light and dark lamina of 0.5 to 1.0

cm in thickness. A sharp color change is observed at 18.8 cm, from

light olive-gray below this depth to dark olive-gray above it. No

structural change is observed in relation to the color change.

Core BAM8O-El7 was recovered from the northern slope of the

Guaymas Basin. It is 449.5 cm long and undisturbed. The top 50 cm

of the core consists of well-defined laminations composed of thick-

nesses of 1.0 to 1.5 mm, alternating in layers of light and dark

tones. Yet the color is consistent olive-gray.



146

Figure 3-2

Lithology; each column represents the following: (1) box

number of the subcores, (2) presence of lamination, (3) color,

(4) sampling intervals.
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Core 3AV79-A2 was recovered from the slope directly offshore of

the mouth of the Rio Mayo. The faint laminae in this 34.5 cm core

are distinct enough for counting, except for the top 2.7 cm interval.

Examination of the laminae in the entire core shows a slight decrease

in laminae thickness above 15 cm. In addition, a sharp color change

is observed at 15.0 cm from dark olive below this core depth to dark

grayish-brown above it (Murray, 1982).

Core BAP82-BC59 is located on the slope directly offshore from

the mouth of the Rio Fuerte and close to a distinct mineralogical

boundary observed in surface sediments of the Gulf (Baba et al., in

press). The core is 53 cm long and well laminated in most of the

intervals except for the top 5 cm where it is homogeneous and only

faintly laminated.

Core BAM8O-G34 is located at the southern end of the Gulf of

California. The core is 408 cm long and well laminated in the top 40

cm section. No structural disturbance or color change is observed in

Stratigraphy

Sedimentation rate of the cores was calculated using a coinbina-

tion of varve chronology and stratigraphic correlations based on the

variations in silicoflagellate species. Variations in abundances of

silicoflagellate species, principally Dictyocha mandral, Dictyocha

messanensis, Dictyocha calida, and Octactis pulchra have been used to

develop a stratigraphic framework for the Gulf of California

(Schrader and Baumgartner, 1983). In their study, Schrader and Baum-

gartner (1983) defined stratigraphic markers estimated to represent
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deposition in 1910, 1923, 1936, 1953, 1957, 1960, 1962, and 1976.

These events are characterized by the increased abundances in D. man-

drai. Based on downcore variations of silicoflagellates, these

datums could be identified in some cores. The result of the strati-

graphic analyses are shown in Figure 3-3.

In core Dl3, the average sedimentation rate between 1910 and the

time of sampling (1979) was calculated to be 0.23 cm/yr, assuming the

surface sediment loss during coring was minimal. The 0.5 to 1.0 cm-

thick laminae, therefore, represent the sedimentation over two to

four year periods, and do not allow a more detailed chronology. The

1910 biostratigraphic horizon for the BC59 core is located in the

homogeneous clayey and sandy layers at 12.7 to 14.7 cm. Laminae

count above 1910 horizon yields 1973 as the year of the core surface.

No systematic changes in laminae thickness was found; Sedimentation

rate of core GC6 was calculated based on the positions of five

stratigraphic horizons (Fig. 3-3). Because of the close positions of

the markers between 1953 and 1962, and the associated errors due to

the sampling methods, two horizons (1957 and 1960) were found only to

increase the uncertainty of the sedimentatin rate. The two horizons

(1957 and 1960) were, therefore, omitted from the calculations. The

result shows that the sedimentation rate of core GC6 is about 10 to

20 times higher than other cores, and indicates a generally increas-

ing trend. Due to the sampling density of core GC6, biostratigra-

phic markers can be positioned within 5 cm intervals in the core.

Thus, with sedimentation rates of 2.5 to 4.0 cm/yr, the error in

assigning age to certain intervals is, therefore, within two to

three years. Varve chronology was used to estimate sedimentation
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Figure 3-3

Downcore changes of sedimentation rate. Neasurements are ba

based on biostratigraphy (markers indicated as dark bars on the

depth scale). Horizontal bars in BAP82-GC6 core indicate errors

associated with calculation.
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rates for cores El7, A2, and G34. The chronology for core E17 was

established for the entire length of the core (450 cm) by counting

the number of laminae for every 2 cm intervals (Karlin, 1983;

Schrader, unpublished research), whereas, cores A2 and G34 laminae

are counted in 2.5 cm intervals. Generally increasing laminae thick-

nesses are seen in E17 core, while decreasing trends are seen in

cores A2 and G34. The decrease appears to start around 1880 to 1890.

Schrader and Baumgartner (1983) calculate error associated with

varve age estimates using varve chronology and eco-biostratigraphy to

be within ±20 years during the last 400 year period. In the cur-

rent study, the time interval covered by sampling is less than 200

years, and the biostratigraphic marker for 1910, located in core

BC59, displays only a nine-year discrepancy between the core surface

age (1973) and the time of sampling (1982). The error in determining

varve age, therefore, should fall close to the sampling resolution of

10 to 15 years. These estimates are used for evaluating the sig-

nificance of changes in sediment accumulation rates.

Sampling and Inalysis of the Terrigenous Sediment

For the analyses of mass accumulation rate, texture, and

mineralogy, each core was sampled whenever possible, to cover the

last 100 to 200 years of the sedimentation record (Table 3-2, Fig.

3-2).

Surface scraping of the opened core, by means of a glass slide

2.5 cm wide, was used as the sampling method. Although the technique

may collect a sample covering 15 years of sediment record in some
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Table 3-2

Mass accumulation rates, texture, and mineralogy. For sample

locations, see Table 3-1. Corresponding years for sample intervals

are calculated from the result of eco-biostratigraphic study and

lamjnae count. The asterisk (*) indicates that sample dry bulk

density measurements were collected shortly after core recovery. All

the other dry bulk density measurements were done later. Texture of

the terrigenous sediment was determined using repeated settling and

decantation methods. Mineralogy of the terrigenous sediment samples

for 2-4 p and 16-32 p fraction represented by quartz-to-feldspar

ratio (Q/F) was obtained from X-ray diffraction analysis as an indi-

cator of the relative acidity of the sediments.
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:onE CORRESPONDING
.NTERVAL YEARS

(cm)

Sed. Dry
Rate Bulk
(cm/yr)(g/cm3)

OPAL

(%)

Terr.

(%)

TERRIGENOUS MASS
ACCUt4JLATION RATE

(MART)
(/m2/yr)

< 2i

(%)

2-li
(%)

Ll-8i

(%)

8-1 6i

(%)

1 6-32k

(%)

32-62
(%)

> 62ii

(%)

%Q iF
(2-n )

Q/F %Q %F

(16-32 )

Q/F

BAP82- GC6

5.5- 6.0 1980 0.38* 88.5

10.0- 12.5 19i8 0.38 11.3 88.7 56.9 17.5 13.3 6.6 3.0 1.1 1.6 25.9 29.7 0.87 57.8 53.5 1.08

20.5- 23.0 1975 3.77' 0.110 10.7 89.3 1,285
35.5- 38.0 1970 0.145 10.9 89.1 (average value) 58.2 17.3 12.7 6.6 3.1 1.1 0.9 17.8 16.3 1.09 30.6 29.0 1.05

50.5- 53.0 1965 0.52* 11.2 88.8

65.5- 68.0 1960 0.52 11.11 88.6 59.4 17.1 12.11 6.11 2.6 1.3 0.9 25.5 17.3 1 .147 117.6 29.7 1.60

80.5- 83.0 1955 2.91 0.51 10.2 89.8 13,296

95.5- 98.0 1950 0.50* 9.6 90.1! (average value) 59.5 16.8 12.0 6.1 2.6 1.5 1.5 22.9 21.1 1.09 30.11 25.3 1.20

110.5-113.0 19115 2.87 0.50 7.5 92.5 13,14143

25.5-128.0 19110 0.51 7.0 93.0 .(average value) 59.0 17.5 12.0 5.8 2.1 1.2 2.5 115.3 26.2 1.73 118.1 31.5 1.53

155.5-158.0 1930 2.111 0.52* 8.6 91.11 13,352 52.3 16.2 11.3 6.5 3.2 2.5 8.0 19.11 15.6 1.211 20.11 211.9 0.82

85.5-188.0 1920 0.69 8.3 91.7 (average value) 117.0 111.7 12.0 9.0 7.0 11.0 6.2 22.11 21.7 1.03 25.9 110.14 0.62

8AV79-D1 3

0.1- 2.6 1979-1974 0.23 0.36 17.1 82.9 686 7.3 11.5 5.9 14.6 8.3 13.4 49.0 16.5 29.9 0.55 36.8 67.5 0.55

5.1- 7.6 1969-1965 0.23 0.38 13.7 86.3 751! 11.2 11.7 5.6 5.0 7.6 11.9 117.0 12.5 16.6 0.75 32.11 51.7 0.63

10.0-12.5 1960-1955 0.23 0.38 111.9 85.1 7'!'! 18.6 111.7 8.7 6.7 9.0 12;6 29.6 15.3 30.0 0.51 110.6 57.1 0.71

15.0-17.5 1951-19116 0.23 0.35 13.3 86.7 698 20.7 6.0 5.7 5.6 8.7 9.5 113.8 15.7 25.8 0.61 311.6 55.8 0.62

20.0-22.5 19111-1937 0.23 0.25 26.6 73.14 1122 21.6 9.7 9.0 10.1 13.5 12.1 214.0 16.3 34.1 0.48 35.9 611.7 0.55

25.0-27.5 1932-1928 0.23 0.25 31.3 68.7 395 33.9 9.6 7.7 .9.6 12.1 10.11 16.6 17.11 33.0 0.53 32.1 614.0 0.50

30.5-33.0 1922-1917 0.23 0.211 37.0 63.0 3118 15.3 18.'! 13.2 10.9 12.6 8.0 21.6 12.9 23.3 0.55 i414.5 85.0 0.52

35.5-38.0 1912-1907 0.23 0.25 21.1 78.6 1452 16.5 18.5 114.3 10.3 10.7 9.11 20.3 13.6 36.0 0.38 36.1 89.2 0.140

140.5-113.0 1902-1897 0.23 0.26 32.3 67.7 1105 10.4 107 11.3 10.7 11.7 12.8 32.3 16.3 32.5 0.50 21.1 51.6 O41

145.5-148.0 1893-1888 0.23 0.26 33.1 66.9 1401 13.1 20.1 13.3 11.11 11.14 12.5 18.2 17.7 28.5 0.62 25.5 53.2 0.118

BAM8O-E1 7

0.0- 2.5 1980-1973 0.3k! 0.18 28.1 71.9 14110 53.0 14.0 12.8 9.3 6.5 3.0 1.4 .19.6 33.3 0.59 15.7 35.0 0.45

6.1- 8.6 1963-1956 0.314 0.19 15.3 811.7 1$61! 37.6 17.7 17.6 15.0 8.1 2.6 1.3 12.9 19.1 0.68 19.6 146.5 0.112

10.8-13.3 1950-19113 0.28 0.17* 15.3 811.7 1403 39.7 17;9 17.5 14.5 5.8 2.8 1,8 11.5 25.6 0.45 18.8 143.7 0.143

13.3-15.8 19143-1936 0.28 0.16* 15;6 84.11 378 114.9 17.1 16.1 11.8 6.6 2.3 1.0 10.1 35.9 0.28 17.7 140.0 0.1414

15.8-18.3 1936-1929 0.33 0.18 114.0 86.0 511 39.3 17.8 17.6 14.7 6.5 2.5 1.6 10.2 29.1 0.35 19.3 411.9 0.113

18.3-20.5 1929-1923 0.31 0.18 20.3 79.7 1l45 147.8 17.3 15.7 10.9 51I 1.5 1.11 13.9 33.1 0.42 18.5 144.0 0.42

20.5-23.3 1923-1915 0.36 0.18* 7.5 92.5 599 143.8 17.2 17.1 12.11 6.3 2.1 1.2 14.7 38.3 0.38 20.8 52.0 0.'lO

23.3-25.8 1915-1907 0.28 0.17* 14.9 85.1 1405 36.14 17.0 18.6 15.9 8.3 2.14 1.'! 12.6 26.8 0.147 19.6 145.6 0.143.

25.8-28.3 1907-1900 0.20 0.16 6.3 93.7 300 25.2 16.1 13.8 21.4 111.14 8.9 1.3 12.3 20.8 0.59 20.3 148.3 0.142

34.0-36.5 1860-1850 0.20 0.16 11.7 88.3 283 40.2 t7.9 18.3 13.14 6.8 2.0 1.3 10.2 16.8 0.61 22.9 52.7 0.143

115.0-117.5 1805-1792 0.20 0.111* 12.6 87.4 2145 141.3 18.8 20.14 12.0 5.1 1.8 0.7 8.8 25.1! 0.35 18.6 141.8 0.l11
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CORE CORRESPONDING

INTERVAL YEARS

(cm)

Sed. Dry
Rate Bulk
(cm/yr)(g/cm3)

OPAL

(%)

Terr.

(%)

TERRIGENOUS MASS
ACCUMULATION RATE

(MART)
(g/m2/yr)

< 2i
()

2-4j
(%)

14-8p
()

8-161.
(%)

16-32z
(%)

3262i > 62
(%) (%) (2-'! ì)

Q/F
(16-32 )

Q/F

BAV79-A2

0.0- 2.7 1979-1960 0.18 0.25 3.11 96.6 1435 37.7 114.5 10.3 11.6 12.1 6.2 7.6 17.1 36.8 0.146 21.8 '49.14 0.1411

3.0- 5.7 1958-19140 0.18 0.27 3.5 96.5 5011 l3.5 15.0 13.0 12.2 9.2 3.14 3.7 12.0 26.3 0.146 19.1 l0.1 0.148

5.7- 8.2 19140-1920 0.17 0.31* 1.8 98.2 518 145.2 15.9 11.1 12.1 8.9 3.3 3.7 l4.5 311.1 0.143 19.2 66.9 0.29

9.7-12.2 1912-1900 0.21 0.29* 2.0 98.0 597 1114.8 16.2 12.11 10.7 8,6 3.2 I4.1 13.9 25.0 0.55 23.0 52.5 0.141!

14.6-17.1 1887-1875 0.25 0.24 '4.0 96.0 588 214.7 19.0 111.9 11.1 9.7 5.7 15.0 13.1 29.7 0.4i 21.5 511.3 0.140

18.5-22.0 1863-1850 0.26 0.21* 3.5 96.5 579 112.11 19.11 14.0 11.7 6.3 2.8 3.5 12.14 28.0 0.1111 25.9 82.6 0.31

28.8-31.3 1798-1779 0.23 0.26 0.8 99.2 593 314.9 114.9 13.8 114.7 11.2 11.6 5.9 114.7 26.2 0.56 15.'! 112.8 0.36

BAP82-BC59

0.0- 2.5 1973-1960 0.23 0.26 6.2 93.8 561 38.0 12,5 13.7 13.1 10.2 4.9 7.7 16.7 36.7 0.145 20.8 35.0 0.59

3.8- 6.3 1953-19140 0.21 0.26 6;3 93.7 527 38.7 12.8 13.2 12.1 9.3 6.1 7.9 18.2 36.9 0.149 28.5 52.2 0.55

8.0-10.5 1932-1920 0.28 0.26* 6.2 93.8 683 1111.9 16.0 9.6 13.5 9.5 3.7 2.9 23.0 514.6 0.112 19.11 19.9 0.97

12.7-15.2 1910 2.00 0.56 2.3 97.7 109112 13.2 40 4'! .57 7.5 6.9 58.2 13.8 35.9 0.38 19.9 29.7 0.67

17.9-20.1! 1893-1880 0.21 0.31* 7.3 92.7 6146 38.5 15.3 16.0 111.2 9.14 3.8 2.8 114.3 33.3 0.143 211.1 140.6 0.59

214.6-27.1 1863-1850 0.22 0.31 9.9 90.1 675 110.2 114.6 111.9 13.9 9.14 3.8 3.2 26.2 50.3 0.52 28.3 113.0 0.63

BAtI8O-G314

0.0- 2.5 1980-1965 0.15 0.27* 11.8 88.2 357 1111.7 21.5 16.5 10.9 'I.? 1.0 0.7 16.8 35.9 0.'17 211.1 140.1! 0.60

2.5- 5.0 1965-1951 0.18 0.27 7.0 93.0 1452 ILI.2 21.7 16.6 10.8 5.1 1.1 0.5 18.2 31.14 0.58 20.0 36.7 0.55

5.0- 7.5 1951-1937 0.19 0.27* 9.14 90.6 1165 '11.6 20.3 15.8 13.1 6.9 1.6 0.8 21.3 146.6 0.116 25.7 116.6 0.55

7.5-10.0 1937-1925 0.19 0.28 10.0 90.0 L179 142.1 20.2 16.2 12.9 6.8 1.2 0.6 i.'i.8 31.5 0.'47 21.1 33.3 0.63

10.0-12.5 1925-1913 0.18 0.29 6.9 93.1 1486 142.1 19.5 16.8 13.0 6.7 1.3 0.7 16.8 38.1 0.1414 33.8 72.3 0.I7

12.5-15.0 1913-1901 0.18 0.29 5.9 94.1 563 141.7 19.8 15.11 13.1 7.2 1.8 0.9 15.6 35.0 0.145 19.3 37.1 0.52

22.8-25.3 1868-1860 0.23 0.26* 10.1 89.9 537 140.9 214.0 18.5 11.0 11.6 0.8 0.2 20.1 314.1 0.59 37.1 53.7 0.69

35.9-38.11 1820-1810 0.21 0.31* 8.3 91.7 597 140.11 22.0 17.11 12.5 5.7 1.2 0.7 16.1 37.7 0.143 31.0 55.11 0.56
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cases, it was accepted because of our interest, as mentioned above,

in examining the general trend in sedimentological signals over the

years, and because the technique allowed us to collect sufficient

amounts of samples for -the analyses.

Each sample was first treated with II202 and acetic acid (buf-

fered to pH = 4.8) to remove organic matter and carbonates. After

each sample was cleaned by repeated candle filtering with distilled

water, it was freeze dried and weighed. After this procedure, blo-

genic opal was dissolved and removed in a heated 5% Na2CO3 solution

at 100°C for 45 minutes. The sample was freeze-dried and weighed

again. Biogenic opal was estimated from the weight difference

between the final .weight and the weight before Na2CO3 treatments.

Then the > 62 p fraction of the remaining terrigenous sediment

was removed by wet sieving, followed by the textural analysis of the

2 to 62 p size fraction by a repeated settling and decantation

method (Thiede et al., 1976). Finally, quantitative X-ray diffrac-

tion analysis for quartz and feldspar was performed on the 2-4 p

and 16-32 p size fractions of all samples (Scheidegger and Krissek,

1982). Each of the sample fractions used for X-ray diffraction

analysis were ground in acetone to < 4 p to reduce crystal-size

effects on X-ray diffraction patterns. Randomly oriented powder

X-ray diffraction mounts were prepared for both size fractions with

10% boehmite added as an internal standard. Standard samples con-

taining various portions of quartz and oligioclase powder in ground

pumice with 10% boehmite internal standard were also prepared to con-

struct calibration curves for the estimation of the relative abun-

dances of quartz and feldspar. All the samples and standards were
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scanned between 5° and 55° 20 using CuKxx monochromatic radiation

(fast continuous scan, 5°/mm) on a Scintag X-ray diffractometer.

The peak areas of boebmite (020), quartz (100), and feldspar (201)

were measured with a sonic digitizer on the X-ray diffractogram pro-

duced with 6-point smoothing. The amount of quartz and plagioclase

feldspar was then calculated using the relationship between each peak

area from the calibration curve.
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RESULTS

Mass Accumulation Rates

Dry bulk density measurements of the samples collected

immediately after coring using a plastic ctthe of approximately 7 cm3

in size were used for the calculation of the mass accumulation rate.

For the estimation of the density for the intervals where no samples

were taken during coring, additional density measurements were made

for intervals of known dry bulk density and for intervals without the

density measurements. Although a considerable dehydration is

expected from all the cores, only minor increases in dry bulk den-

sity (average = 9%) is observed between the samples taken immediately

after coring and during the current study. This value was used to

correct bulk density measurements made after the cores had

experienced some dehydration.

Mass accumulation rates of terrigenous sediment (MART) for all

cores are shown in Table 3-2 and Figure 3-4. Sedimentation rates of

the two intervals near the surface of the cores (E17 0.0 to 6.1 cm,

A2 0.0 to 2.7 cm) could not be determined because the laminae were

too faint to be measured. Therefore, they are assumed to have the

same sedimentation rate of the intervals directly below them.

Core GC6 from the northern Gulf is characterized by very high

MART (Table 3-2). The steady increase of average sedimentation rate

in four intervals (Fig. 3-3) is compensated by the decrease in dry

bulk density. As a result, average MART for these four intervals

display only minor changes (Table 3-2). The largest change in the
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Figure 3-4

Downcore changes of mass accumulation rates of terrigenous

fraction (MART).
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MART occurred from the 1955-1960 interval to the 1965-1980 interval.

However, the total change is on the order of 7% which is in the same

range as the error associated with the estimation of sedimentation

rate (shown as horizontal bars in Fig. 3-3). The error in estima-

ting dry density also contributes in the error in calculating MART.

Therefore, such a small change should be considered insignificant.

Thus, there is no strong evidence for a change in MART at this site

in the far northern Gulf of California.

The changes in the MART for core D13 reflect changes in

measured sediment bulk density since we have assumed a constant sedi-

mentation. It is apparent from the dry bulk density measurements

that the estimated increase in the MART is closely related to an

increase of dry bulk density of about 0.10 g/cm3. The sudden

increase between two intervals in the 1941-1937 and 1951-1946, there-

fore, indicate relative increase in the amount of sand or decrease

in the amount of clay above these intervals (Fig. 3-4).

MART of core El7 shows a sharp increase from the 1907-1900

interval to the 1923-1915 interval (Fig. 3-4). After this period, a

generally decreasing trend is observed. The dry bulk density of this

core shows only minor fluctuations. The MART is, therefore, con-

trolled mostly by the sedimentation rate changes.

All three cores from the southern Gulf (A2, BC59, G34) show a

similar pattern in decreased MART in the last 60-80 years indicating

a decrease in sediment supply to the core sites. The MART of A2 and

G34 do not show sharp changes before 1910. After 1910, a constant

reduction is recorded in both cores (Fig. 3-4). The MART of A2 in

the 1979-1960 interval shows a 27% reduction from the 1912-1900
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interval, while core G34 shows a 37% reduction from the 1913-1901

interval to the 1980-1965 interval (Table 3-2). The sedimentation

rate and the MART of the layer dated as the 1910 horizon (14.0 to

14.7 cm interval) in core BC59 are very high (Fig. 3-2) when com-

pared to other intervals of the same core. The biostratigraphic

horizon in 1910 has been reported to be a strong "anti-El Nino"

event and found in many of the cores recovered in the Gulf of

California (Schrader and Baumgartner, 1983). Although the exact

process which formed this thick layer of sediment has not been deter-

mined, it indicates a massive sedimentological event. Other than

this event, the MART of the BC59 core shows changes similar to those

of cores A2 and G34, indicating a decrease between the intervals in

1932-1920 and 1953-1940.

Texture

Results of textural analysis of each core are shown in Table

3-2. The sand, silt, and clay content of each sample was calculated

from the data produced by the textural analysis and shown in Figure

3-5.

Core GC6 shows a high clay content throughout the core. A

slight decrease in sand and silt content and an increase in clay con-

tent is observed from 1920 to 1940. After this period, a constant

and gradual increase in silt and a decrease in clay is observed. The

constant MART only suggests that a slight decrease in coarse sedi-

ments and an increase in clay is the cause for the observed textural

change.
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Figure 3-5

Downcore changes in texture represented by sand (>62 11), silt

(4-62 p), and clay (<4 p) fraction.
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Core D13 shows a highly variable textural pattern. But the

sudden increase of the sand fraction above the 1941-1937 interval,

and the gradual decrease of silt fraction over the entire period of

1888 to 1979 are both apparent. The increase in bulk density and in

MART (Table 3-2, Fig. 3-4) is probably related to the change in the

sand content above the 1941-1937 interval.

Core E17 has a very low sand content throughout. The silt con-

tent generally stayed around 40%, except in the 1907-1900 interval,

where it rose to 60% and the clay content remained only 37%. It

appears that unstable changes in texture is somehow reflected on the

large fluctuation of the MART.

The texture of cores A2, BC59, and G34 is very consistent over

time; however, dramatic increases of coarse sediments are seen in A2

during the 1887-1875 interval and in BC59 in the 1910 interval. Be-

cause the change in the core A2 is small, it is not reflected in the

MART. The change in the core BC59, however, is very significant,

from less than five% sand to almost 60% in 1910. Since the MART is

also extremely high during this period (Table 3-2), it is possible

that this layer of sediment was deposited from a single catastrophic

event. Core G34 shows a very stable texture in all the intervals,

with sand remaining always less than 1%. The stable textural pattern

for cores A2, BC59, and G34 indicates steady sedimentation processes

have dominated at the core sites for the most of the last 200 years.

Mineralogy

The results of the mineralogical analysis are presented in Table

3-2. The downcore trends of quartz-to-feldspar ratio (Q/F) for the

L
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2-4 p and 16-32 p fractions of terrigenous sediment in each core

are shown in Figure 3-6a, b. In a study of the surface sediments of

the Gulf (Baba et al., in press), each mineral province observed in

modern sediments is found to have characteristic Q/F values reflect-

ing the nature of the source rock in the corresponding drainage

basins. The inset figures in Figure 3-6a, b, show the result of

their analysis.

Core GC6 shows that the sediments from the 1978 interval (10.0

to 12.5 cm) for both fractions show reasonably close values to the

average values for the northern Gulf sediments (Table 3-2, 3-6a, b).

The downcore trend of Q/F ratio in core GC6 shows large fluctuation.

Large fluctuations in the Q/F ratio may be an artifact at values

above 0.7 because the feldspar peak on the X-ray diffractogram may

become too small to be accurately distinguished from the background

noise. The downcore trend of the 2-4 p and 16-32 p fractions, how-

ever, demonstrate a definite coherency. Because the sediment col-

lected from the Colorado River shows high values of Q/F ratio (1.30

for the 2-4 p and 1.84 for 16-32 p fraction (Baba et al., in

press), the high Q/F values of core GC6, when compared to other

cores in this study, indicate a strong Colorado River influence. The

two periods of high Q/F ratio in 1940 and 1960 for both fractions,

are inferred to indicate a period when more sediment from the

Colorado River was transported to the core site. Although the pre-

sent Colorado River sediments still shows the highest Q/F values in

the rivers flowing into the Gulf, the two periods of high Q/F ratio

in core GC6 (1940, 1960) shows even higher values. It is possible

that the changes in the nature of the Colorado River sediments, due



167

Figure 3-6

Downcore changes in quartz to feldspar ratio (Q/F) as an mdi-

cator of relative acidity of the sediments for 2-4 p fraction (a),

and for 16-32 p fraction (b). Inset figures indicate the average

Q/F values of the surface sediments in each mineralogical provinces.
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to the dam construction and irrigation, have occurred in the last

several decades.

Core D13 is located in Area B for 2-4 p and Area W for 16-32 p

fraction. The surface sediment of D13, however, has Q/F values of

0.55 for both fractions, which do not match well with the core

samples, especially in the 2-4 p fraction (Standard deviation of Q/F

value is 0.04 for 2-4 p and 0.11 for 16-32 p fraction). These

differences are most probably explained by the complex sedimentation

regime present in the San Pedro Nartir Basin where the core is

located. Both fractions demonstrate generally increasing trends in

Q/F values, possibly suggesting the increased influence of the

northerly province, contrary to what we might expect if Colorado

River input had decreased during this interval.

Core El7 is located near the boundary of two provinces: Area B

and Area W to the north, Area D and Area Y to the south. The Q/F

value of the surface sediment of the E17 core for the 2-4 p fraction

is 0.59, which is much too high when compared to the average value in

this province (0.38). Downcore flucturations of Q/F ratio strongly

suggest changes of source areas which carry clay-sized sediments into

the core site. On the other hand, the Q/F value of the 16-32 p

fraction of 0.0 to 2.5 cm interval (0.45) is very close to the Q/F

value of the province to the south (Area Y, 0.44). The downcore

trend also demonstrates extremely consistent Q/F values suggesting a

very consistent supply of silt-sized sediments from the same source

area into the core site.. Therefore, the sharp changes seen in the

M7RT and texture. is probably a result of the changes in the source

area for 2-4 p fraction.
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Again, the three cores from the southern Gulf (A2, BC59, G34)

show very similar patterns. The A2 core site is located near the

boundary between two provinces of different mineralogical nature:

Area A and Area B to the north, Area E and Area Z to the south. The

Q/F ratios indicate that the 2-4 p fraction originates from the

southern province, and the 16-32 p fraction originates from the

northern province. This conclusion is also supported by the location

of the boundaries, which are located closer to the core site for the

2-4 p fraction. The downcore trend is consistent except for the

higher values of Q/F ratio during the 1912-1900 and 1798-1779 period.

The silt-sized fraction also shows consistency in the Q/F value in

the recent past, but the lower values in the 1938-1920, 1863-1850,

and 1798-1779 periods suggest an input of sediment of a more basic

nature, possibly from the province to the west (Area X).

Cores BC59 and G34 are located in Area E for the 2-4 p and

Area Z for the 16-32 p fractions. Although the BC59 site is

located near the boundary of two provinces, the province to the

south (Area E for the 2-4 p, Area Z for the 16-32 p fractions)

appears to control the mineralogy of both fractions except for one

interval in 1932-1920, showing an anomalously high Q/F value for the

16-32 p fraction. G34 also shows good agreement with the

mineralogy of the province (Area Z), except for two intervals with

high Q/F values (1965-1951, 1868-1860) for the 2-4 p fraction and

one interval with low Q/F values (1925-1913) for the 16-32 p frac-

tion. Mineralogy of the three cores (A2, BC59, G34), therefore,

indicates that the source area remained almost constant for the last

two centuries.
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DISCUSSION

The mineralogy of core GC6 is similar to that of the Colorado

River sediments in both the 2-4 p and 16-32 p fractions. The

decrease in the discharge of the Colorado River, shown in Figure 3-7,

indicates that the Colorado River had a mean annual discharge of

21.37 x 109m3 between 1910 and 1920. After 1920, the discharge

decreased dramatically, owing to the extensive irrigation of the

newly cultivated fields along the river. In 1934, one year before

the completion of Hoover Dam, the discharge had decreased to 1.78 x

109m3, probably because of the initial filling of the catch basin.

After some recovery between 1940 and 1952, the discharge again

decreased. The average discharge between 1960 and 1970 dropped to

0.85 x 109m3, which is only 4% of the discharge between 1910 and

1920. No significant changes in the MART in core GC6, however, is

observed despite the sharp decrease of the Colorado River discharge.

The apparent stability in the mass accumulation rate and texture

between 1930 and 1965 might indicate that much of the sediment

carried into the Delfin Basin is re-suspended. The sediment reser-

voir for the re-suspended sediment probably coincides with the

western northern Gulf where silty-clay covers a large area (van

Andel, 1964). Strong tidal currents through the Ballenas Channel may

be an important factor in the re-suspension of clay. However, it is

not clear why the decrease in the Colorado River discharge, which

started more than sixty years ago, has not affected the MART at core

GC6. One possible explanation is the location of the core.

Shallower areas of the sediment reservoir in the north provides a
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Figure 3-7

Mean annual discharge of the Colorado River, 1908-1980. Data

are obtained from the U.S. Geological Survey Water-Data Report, Water

Resources Data for Arizona.
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constant supply of sediment to the core site. Another possibility is

eolian transport directly from the surrounding landxnasses. Although

the nature of the fine-grained eolian sediments in this area has not

been studied, the area surrounding the northern Gulf is dry and may

supply abundant sediments with the mineralogical nature similar to

the Colorado River sediments.

Core D13 indicates a sudden increase of the MART since the 1951-

1946 interval (Fig. 3-4). The major cause is a sharp increase in the

sand content which also increased the dry bulk density of the sedi-

ment by approximately 0.1 g/cm3 (Table 3-2). These changes are

also clearly seen in the core as a sharp color change from light

olive-gray to dark olive-gray. A study by van Andel (1964) reported

that the San Pedro Martir Basin, where Dl3 site is located, is

covered by silty-clay, but the area surrounding the Basin is covered

by sand derived from the borderland. Due to the absence of large

rivers draining into this area, the terrigenous sediments found in

the area between Tiburon Island and Guaymas may indicate that a mix-

ing between the sediments from the northern Gulf and the Rio Yaqui

has taken place. This results in the Q/F ratio in Area B as an

intermediate value derived from the values found in Area A and Area

D for the 2-4 p fraction. For the 16-32 p fraction, Q/F ratio

in Area W is slightly higher than Area V. The lowered value in Area

V may be the result of coarser grained material escaping from Area

U through the Ballenas Channel, a deep narrow strait between Baja

California and Angel de la Guarda Island where strong tidal currents

cause year-round mixing (Badan-Dangon et al., 1985) into Area W.



176

The cause of the increase in the MART can be explained by the

consistent accumulation of the sand fraction from the surrounding

shelf area has occurred, but with damming of the rivers that accumu-

lation of clay fraction was drastically decreased. The average MART

before and after the sharp increase in 1951-1946 interval are calcu-

lated to be 90 g/m2/yr and 304 g/m2/yr for the sand fraction, and

133 g/m2/yr and 184 g/rn2/yr for the clay fraction. If we assume

that the sand supply to the core site has remained constant, and clay

supply has decreased, a simple calculation yields a 59% decrease in

clay accumulation. Because only the average sedimentation rate of

this core was estimated from a biostratigraphic marker in 1910, the

sedimentation rate has possibly decreased since the 1951-1946 inter-

val as a result of less input of the clay fraction. This inter-

pretation also helps explain the general increase in Q/F ratio for

both fractions because the increase in relative amount of the sedi-

ments from the northern province can result in higher Q/F ratio.

Core E17 is located on the northern slope of the Guaymas Basin

where major terrigenous sediment source appears to be the Rio Yaqui

(Karlin, 1983). Because the core site is located close to the

boundary of different mineralogical provinces (Fig. 3-6, Area B, D,

for the 2-4 p fraction; Area W, Y, for the 16-32 p fraction),

irregular fluctuations in the texture would not be surprising. The

mineralogy of the 16-32 p fraction, however, has remained very con-

stant, suggesting an extremely steady supply of silt from a single

source, probably from the Rio Yaqui, whereas, the 2-4 p fraction

displays a large fluctuation in Q/F value, suggesting multiple

sources to the core site. The low Q/F values imply that Baja
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California may be the major source area, whereas, the high Q/F value

indicates that the Colorado River and/or the Mexican rivers in the

southeastern Gulf are the source areas. The MART also strongly

indicates variable sedimentation conditions, probably caused by

changes in the relative abundance of the 2-4 p fraction (Fig. 3-4).

All three cores from the southern Gulf (A2, BC59, G34) display

similar patterns in the MART, texture, and mineralogy. The data

suggest that the origin of the sediment for all three cores remained

almost unchanged through time except for the occasional intrusion of

sediments with different mineralogical nature. Texture is also con-

sistent with this observation. The MART for all three cores, how-

ever, indictes constant decrease, suggesting that only the amount of

sediments supplied into the core sites has changed.

In the 2-4 p fraction, core A2 shows a nearly constant Q/F

ratio similar to Area E with two high values, although the core site

is located very close to the boundary between Area D and Area E. The

Q/F ratios in cores BC59 and G34 are in good agreement with the

mineralogy of Area E except for small fluctuations in core BC59 and

two high values in G34. The observed peaks in the downcore trend of

the Q/F ratio suggests a constant supply of clay into the core sites

with occasional intrusion of sediments from other sources with a

higher Q/F ratio. Although sediment with such high 0/F ratio is only

found in the northern Gulf, it is expected that the rivers located

south of the Rio Culiacan yield sediments with a higher Q/F ratio

than those represented in corresponding surface sediments (Area E).

In the 16-32 p fraction, the A2 core shows the Q/F values which are

in the range of those in Area Y, while the Q/F values of cores BC59
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and G34 are clearly in the range of those in Area Z. The Q/F ratio

of the 16-32 p fraction in cores BC59 and G34 displays extreme

downcore variability. But the Q/F ratio of the rivers south of the

Rio Culiacan indicate that they would yield such large values. The

textures of these three cores are very constant except for a higher

content of coarse sediments in the 1887-1875 interval for the A2 core

and the 1910 interval for the BC59 core.

The sudden shift in the mass accumulation rate occurred between

1910 and 1930 for A2 and G34, and between 1930 and 1950 for the BC59

core. There are a number of possible factors which may be related to

the decrease in the MART. .2mong these factors, decrease in river

discharge due to man-mande changes in the drainage system and/or

long-term changes in precipitation over Sierra Nadre Occidental, is

considered to be most significant. All the data gathered imply that

the source area, the Mexican rivers, remained almost constant, but

only the amount of sediment carried through these rivers has

decreased considerably. The most probable reason, therefore, is the

decrease in fluvial discharge due to the man-induced changes of the

river systems, damming, and irrigation. Figure 3-8 shows the three-

year running mean of the annual discharge of the Rio Culiacan, one

of the major rivers supplying sediment to the southern Gulf. Van

Am-idel (1964) reported the mean annual discharge of the Rio Culiacan

between 1911 and 1935 to be 3.83 x 109mn3. In the current study,

the mean annual discharge between 1936 and 1944 is 3.58 x 109m3,

a 10% decrease. Therefore, the sharp decrease in discharge, started

in the mid-l940's, is a unique occurrence caused by damming and irri-

gation. The time periods when the decrease in the MART started (the
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Figure 3-8

Precipitation at Mazatlan, 1880-1970 (three-year running mean),

and mean annual discharge of the Rio Culiacan, 1924-1973 (three-year

running mean). Puente Sud-Pacifico Station is located on the main

canal about 60 km upstream from the river mouth, and Palos Blancos

Station is located about 20 kin further upstream on a main tributary.
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1920's to 1940's) are within the range of the estimated sampling

error.

Miother important factor which may have affected the MART is a

long-term change in climate pattern. The three-year running mean of

the annual precipitation at Nazatlan, the weather station closest to

the core sites, is shown in Figure 3-8. The record indicates that

precipitation at Nazatlan shows large fluctuations but no long-term

climate change is observed during the period when A2, BC59, and G34

cores showed a marked decrease in the MART. Hence, climatic change

is not unlikely to have affected the observed MART pattern. The

long-term changes in dispersal, another factor which may have

influenced the sedimentation processes, is not likely to have

happened in the last 200 years. All the changes in the dispersal,

indicated by the changes in Q/F ratios, do not appear to have lasted

for more than a few decades.
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CONCLUS ION

Studies of the mass accumulation rate, texture, and mineralogy

of six cores from the Gulf of California display the effects of the

recent decrease in the discharge of the river systems flowing into

the Gulf of California. The area most affected by the decreased

fluvial discharge is the southeastern slopes showing as much as 37%

decrease in the accumulation rate from the pre-damming periods. The

northern Gulf, the area most likely to be affected by the decrease

of the Colorado River discharge, does not show sufficient evidence of

any changes in the accumulation rate. The central Gulf is found to

be least affected by the man-made changes because of the large dis-

tance from the major rivers.
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Importance of the sedimentological factors controlling the for-

mation and the deposition of terrigenous sediment in the continental

margin environments were assessed in this thesis. Processes in two

continental margin environments, the Peru-Chile margin representing

the erosional basin, and the Gulf of California representing the

depositional basin, were analyzed and discussed.

The lithologies of the drainage basins were found to play the

most important role in controlling the mineralogy of the fluvial

sediments in the Peru-Chile margin. Other factors appear to have

only minor importance. Imong the factors influencing the deposition

of the terrigenous sediments discharged from the rivers, the amount

of fluvial discharge and the distance from the mouths of the rivers

to the depositional sites are found to have direct effects on accumu-

lations rates in the Gulf of California. Mixing of the sediments

from different source areas does not appear to have a strong effect

on the distribution of the sediments. Although the effect of dam-

ming of the rivers clearly appear in the sedimentation in some areas,

other factors, such as the existence of sediment reservoir, might be

influencial to delay the effect of damming in the sediment accumu-

lation.

Mineralogy of the sand in 53 coastal rivers of Peru and Chile

correlate well with the nature of the rock types found in the head-

waters, where the stream gradients are steepest, and rapid erosion

is most likely. Sand found in the rivers of northern Peru contains

high percentages of garnet, andalusite, and quartz, where mio-

geosynclinal clastics dominate: those from central Peru are charac-

terized by high percentages of common hornblende, where acidic vol-
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canics control the upper drainage; the sand from southern Peru is

dominated by high percentages of hyperstherne, augite, and plagio-

clase where acidic volcanics and/or igneous rock are the major

lithology; and samples from the rivers of central Chile have high

percentages of olivine, hyperstherne, augite, and plagioclase, and

low abundances of quartz and potassium feldspar, derived from

basaltic rocks in the headwaters. The presence of active volcanoes

in south-central Chile is found to correlate with the increased per-

centages of olivine.

Climatic factors examined are much less important in

influencing the mineralogy of these high-gradient rivers of western

South Imerica. However, extremely high rainfall in central Chile

promotes the mechanical weathering and the production of very large

volumes of immature sediments found on the adjacent continental

margin.

Chemical analyses of 58 surface samples from the Gulf of

California, and the subsequent Q-mode factor analysis, yielded four

end-members: terrigenous, biogenic opal, biogenic carbonate, and

hydrothermal. Spacial distribution of the sample loadings is

characterized by high values for the terrigenous end-member in the

south eastern slopes and northern Gulf, in the central Gulf for the

biogenic silica end-member, the southwestern slopes for the bio-

genic carbonate end-member, and the San Pedro Nartir Basin

Guaymas Basin for the manganese end-member.

Mineralogical analyses of 87 samples of surface sedime

samples from the Colorado River and Mexican rivers, using

dif fraction technique for the 2-4 p and 16-32 p size fracti
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yielded a good correlation between the mineralogy of fluvial sedi-

ments and the distinctive mineralogical provinces found in the sur-

face sediments. In the 2-4 p fraction, Colorado River sediment

has a strong influence in the entire northern Gulf as far south as

Tiburon Island. Baja California has only a minor influence on the

western shelves and slopes of the central Gulf. Other provinces

indicate strong influence by the rivers of the Mexican mainland. In

the 16-32 p fraction, Colorado River sediment reaches only to the

north of lngel de la Guarda Island, while sediment from Baja

California has more influence covering the western slopes of the cen-

tral and southern Gulf. Eastern slopes and the basins are covered

by sediments derived from the Mexican mainland.

The highest loadings of the terrigenous sediment end-member on

the southeastern slopes is due to the high fluvial discharge of the

Mexican mainland rivers during summer months. It is postulated that

the sediment discharged from those rivers settles in nearshore areas.

Immediately after a strong winter wind develops, resuspended sedi-

ments may be dispersed offshore by strong Ekman transport. However,

more study is needed to reach a definite conclusion.

Study of six core samples from the Gulf of California indicated

that northern, central, and southern parts of the Gulf experienced

different changes in sedimentation during the last 200 years.

Although there has been a drastic decrease in the Colorado River dis-

charge, no effect is detected in sediment mass accumulation rates in

the northern Gulf. The sediment reservoir in the northern Gulf is

assumed to have continued the supply of sediments to the core site.

In the central Gulf, large fluctuations in the accumulation and
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mineralogy are observed. Because of the large distance from sedi-

ment sources, the decrease in river discharge is not believed to

have affected the sedimentation significantly. In the southern Gulf,

a steady accumulation rate until the 1920-1940's, and a steady

decrease after this period is clearly observed. It is believed that

the decrease in the discharge of the Mexican rivers, resulting from

damming and water diversion, caused this observed decrease in the sedi-

ment accumulation.
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