THE GEOCHEMISTRY AND MINERALOGY
OF PACIFIC SEDIMENTS,

BAJA CALIFORNIA

by
GRAHAM BARRY SHIMMIELD, B.Sc.

A thesis submitted for the degree of
DOCTOR OF PHILOSOQOPHY

at the University of Edinburgh

October, 1984



DECLARATION
I certify that the work described in this thesis is my own,
except where otherwise stated, and has not been previously

submitted for a degree at this, or any other, University.

Graham B. Shimmield



ABSTRACT

The geochemical composition, mineralogy and radiochemistry
of a suite of box—cores traversing the Pacitic margin of the
Baja California peninsula has been investigated. In particular,
the role of diagenesis in influencing qeochemical
transformations is assessed.

The Baja California margin is situated at the contluence
of the California Current and California Undercurrent.
Resulting upwelling and high surface productivity results in a
substantial flux of organic matter to the shel+ and hemipglagic
environment.

Detrital element geochemistry (S5i, Zr, K, Mg, Fe, Rb) and
mineralogy indicates that clay contents increase oceanwards,
the hemipelagic and pelagic environment being dominated by
smectite. Within hemipelagic sediments, grain size increases
with depth (>20 cm), attributed to enhanced detrital
sedimentation during the 1last glacial episode. Biogenic

elements (Ca, Sr) are also elevated in glacial sediment

al though the enrichment may be due to either 1i1ncreased
biological productivity or an increase in detrital carbonate.
Ba is believed to result from biological vectoring but 1is

diluted in concentration in glacial sediment.

Organic matter diagenesis results 1n a sequence of
diagenetic zones within hemipelagic and pelagic sediment. With
increasing diagenesis N, 1 and Br are more labile than in the
fully oxic pelagic sediment where clay fixation is prominent.
On the shelf, heavy metals (Cr, Ni, Cu, Zn, Mo, Fb), do not
appear to be associated with the high levels of organic matter

found, whilst grain size effectively controls the depth

distribution o+ organic C.



The remobilisation of Mn and associated trace metals (Ni,

Cu, ZIn, Mo) during diagenesis is well displayed in hemipelagic

sediments. The depth to the onset of Mn reduction occurs within

bioturbated sediment defined by the distribution of 230Th and

231Pa. The oxidation state of the Mn is always high (~“"01 8)

above the redoxcline al though reduction in microenvironments at

the sediment / water interface results i1in slightly 1 ower
oxidation states (""HnD1 75). The level of +trace metal
enrichment is Mo >Ni>Zn=Cu, the same as their relative

concentrations 1i1n seawater. With increasing diagenesis Ni

+
decreases relative to Hn4 - Following Mn reduction smectite

absorbtion of released trace metals is important. Mo is lost
prior to Mn remobilisation probably to the dissolved organic
carbon pool or to monosulphide precipitation.

2350 2351

Heésured Th a activity ratios decrease
excess excess Y

monotonically landwards. This is indication of preferential

zélpa removal at ocean margins. With time the flux of particles

has varied, resulting in changing initial activity ratios
within the sediment. Long-lived isotopes are theretfore
unsuitable to the measurement of sedimentation rate 1in areas
subject to variable particle flux.

Diagenetic mineral +formation occurs 1n a variety of
depositional environments. .The precipitation of both apatite
and manganese carbonate occurs in coarser—grained sediment,

apatite forming on the shel+t resulting from F'D4 generation
during organic matter decomposition, and manganese carbonate

forming at depth in the hemipelagic sediment after reduction of

P

MnO.,. Glaucony forms at sites of local reduction prior to SD4

2

reduction. Dolomite forms in slowly-accumulating, organic-rich



sediments of the hemipelagic and slope environments prior to

extensive 5042_ reduction. Pyrite tormation is an important

sink for Fe in reducing shelf sediments.
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CHAPTER 1

INTRODUCT ION



In recent years our knowledge of the chemistry of deep-sea
sediments has i1increased, due in part to the use of high
technoloqy apparatus, and 1in part to the rise in number o#f
researchers in this field and the growing awareness of 1ts
importance as a scientific subject. Large-scale, multi-million
dollar projects have been +funded (Deep Ocean Mining
Environmental Study. DOMES; Manganese Nodule Program, MANOP) in
order to tackle the problems of sedimentary geochemistry with a
view to exploiting the mineral resources of the deep—-sea.
Similar projects in this country consider aspects of nuclear
waste disposal in marine sediments. However, a fully integrated
study of deep—-sea processes has yet to be realised and the
MANOP concept of studying several areas of the Pacific ocean
chai~acterised by different types of sediment input has been
etfectively terminated due to the present economic situation.
Instead, the onus has again been placed on individual
researchers to undertake studies, which by their very nature
and complexity, involve only one or two components of a multi-
faceted natural system. In the last few years the vogue has
been to investigate aspects of the oceanic system by use of
numerical models which often necessitate aepruximations and
assumptions which are not fully justified. In particular, the
role of ocean margins vis-a-vis the open ocean in controlling
many processes which were once considered homogeneous is worthy
of critical examination. The Baja California continental margin
provides a possibly unique setting in which to observe the
geochemistry of a range of sediment types in a variety of

depositional and environmental habitats.

Fundamental to the study of sedimentary geochemistry 1is

the characterisation of detrital input material and its spatial

F
e



and temporal wvariability. Due to geographic and oceanographic
controls the major source of detrital material off Baja
California 1s from terrigenous weathering processes, whilst
bioclogical productivity in surface waters provides a

considerable flux of organic matter to the sea bed. Low overall

sediment accumulation rates and decomposition of organic
material conspire to establish a suite of diagenetic
environments, each having distinct chemical signatures,

reaction rates, and mineral assemblages.

Wwith these tactors in mind the geochemical investigation
of the Baja California shelf, slope and oceanic sediments
proceeds by studying the bulk geochemistry of detrital elements
in order to elucidate the type and variation of input in a
range of en;ircnments and with time. In particular, changes in

sedimentation between the last glacial episcde, the Wisconsin,

and the present-day 1nterglacial merits attention.
Characterisation of diagenetic environments by geochemical
indicators (oxygen, nitrate, manganese and iron oxides) and the
quantity and quality of organic matter K is examined. Organic
matter contains several elements (N, P, I. Br) which behave
differently depending on the degree and/or rate of diagenesis.
These rates are quantified using simple kinetic models in order
to identify the labile and refractory components of the organic
system and to relate organic matter +flux, depositional
environment and sedimentation rate in an effort to outline
controls on organic matter preservation.

The association of heavy metals (Ni, Cu, ¥Fb, In) with
organic-rich sediments in the geological record has often been

discussed and debated. Shelf sediments off Baja California



containing large amounts of organic matter are investigated
both with regard to their metal content and alsc their textural
relationships. Findings are compared with studies made on other
modern, organic-rich, shel+ facies.

Murray and Irvine ((1895) were the +irst to recognise the
mobilisation of manganese in deep-—sea sediments 1in the presence
of organic matter. Since then many authors have documented the
occurence of Mn-rich surficial sediments in the hemipelagic
realm, often in association with minor metals. These studies
have relied on the evaluation of solid phase profiles and
sometimes their associated pore waters to understand the
mechanisms of remobilisation and reprecipitation. In this study
the importance of 1dentifying the mineralogy and oxidation
state of the host Mn oxide and its gquantification with respect
to minor metal uptake is stressed. In particular, the minor

metal/Mn ratio through a range of sediments responding to

increasing diagenesis 1is investigated.

230 251

The vectoring of radionuclides ¢ Th and Fa) laterally

and vertically in the open ocean and ocean margins 1s receiving
critical appraisal. In this thesis accumulation of these
radionuclides in oceanic sediments off Baja California 1is
assessed in the context of theoretical supply rates of these
radionuclides (by radiocactive decay from uniformly distributed
U isotopes), and the particle flux characteristics of ocean
margins. The conclusions of such an approach not only pertain
to the present day oceanic system, but to the use of these
particular radionuclides in any situation where particle flux
may have changed substantially through time.

Finally, the manifestation of diagenesis through mineral

formation in marineg sediments 1s investigated. Controls



governing the precipitation of apatite, manganese carbonate,
glauconite, dolomite and pyrite are discussed. The validity of
extrapolating laboratory-simulated conditions for crystal
growth to the natural system operating on a time—-scale of
hundreds of years, rather than days or months, in questionable.
With +further insight into the mechanism of diagenetic mineral
tormation at the present day we will have a potentially
valuable tool in extrapolating and deciphering pal aeo-
environmental conditions of formation and sediment
accumul ation, of great importance to the hydrocarbon industry.
The geochemistry and mineralogy presented in this thesis
1s the result of analysis of a suite of box—-cores collected
along a transect normal to the strike of the Baja California
peninsula during cruise TGT-1463 of the R/V Thomas 6. Thompson
in November, 1981. The stations sample a range of environments
found on the shel+, slope and abyssal plain (Figure 1.1) at a
variety of water depths "(Table 1.1). Methods of core
collection, core descriptions and sample preparation may be
found in Appendix A analytical technigues and results in
ARppendices B and LC, respectively. Throughout the thesis
comparison is made with published analyses from the previous
year’s cruise, TGT-145, and work from the Deep Sea Drilling
Project (DSDP), DOMES and MANOP projects. The location of these

studies is shown in Figure 1.2.
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FIGURE 1.1 Locations of cores studied in this thesis.
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TABLE 1.1

CORE LOCATICNS

CRUISE  CORE NO.  LATITUDE (%)  LONGITUDE (%)  ¥ATER DEPTH (a)

T6T-145 5 23%-29.1° 117°-01.3" 3587
. b 24°17.0'  1147-59.0° 3643
. 7 24°-41,9° 114°-06.,4' 3639
. g 28%-54,9°  113%-25.1" 3655
. 17 23%-45.0° 111°-00.0° 200

T6T-163 15 24%-15,1" 1157-02,5’ 3934
- 9 28%-14.0° 115°-03.7 7485
. 10 24°-44,7° 114%-04,0° 3482
' 14 24%-43. 8 113%-44.8° 3148
' 7 24°-54.8" 113°-25,0° 3647
" 13 24°-53,3" 113%-03.1’ 992
. ¥ 24°-59.8° 112°-15.9’ 262
. 12 25°-02,2" 112920, 4’ 7%
. g 25°-22,5’ 112%-47.2° 311
. ; 26°-30.5° 113%-27.3’ 71

Station locations and spproximate water depths of sedisent cores
collected during cruises T6T-143 and TGT-163. All samples were
cbtained by box-core except 1845-56. Suspended particulate saterial

was collected at stations 145-5, 143-6 and 143-7.
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CHAPTER 2

THE STUDY AREA



2.1 REGIONAL TECTONICS, GEOLOGY AND BATHYMETRY

The Paciftic margin of Baja California can be divided into
two main structural provinces. The NW-SE trending basin—-and-
ridge topography of the California continental borderl and
(Shepard and Emervy, 19413 Emery, 1960) extends as far socuth as
the Vizcaino Peninsula (Figure 1.1). Farther south, off
Magdalena Ray, topographic relief is more subdued and the margin
narrower than 1in the borderland province. This morphology
retlects three distinct Cenozoic tectonic events (Krause., 196S5;
Spencer and Normark, 1979). The late Mesozoic and early Cenozoic
subduction of the Farallon plate which continued into the
Miccene and was succeeded by right-lateral transform faulting
along the Pacific—-North American plate boundary {(Atwater, 19703
Doyle and Bandy, 19723 Atwater and Molnar, 1973; Spencer and
Normark, 1979). The southward migrating ridge—-trench—-transform
fault triple junction "jumped" eastwards about 4.5 Ma ago,
forming the Gulf of California and leaving Baja California in a
relatively passive intraplate setting (Larson, 1972). Seismic
reflection data (Normark, 19773 Spencer and Normark; 1979) has
revealed a continuous fault zone (the "“Tosco-Abrejos Fault
Zone") extending for 400 km along the continental margin south
of the Vizcaino Peninsula, believed to mark the Neogene
transform +fault plate boundary between the Pacific and North
America plates. Submarine ridges (eg Uncle Sam Bank) bounded on
| the east by faults and basins (D’Anglejan, 1967) extend NW-SE

off Magdalena Bay (Figure 1.1). Recent seismicity (Sykes, 19&8)

and the uneven seafloor indicate that many of the faults are
still active.
Evidence of previous subduction is found in the Franciscan-

like terrain of Cedros Island, western Vizcaino Peninsula,

>



Magdalena and Santa Margarita Islands (Figure 1.1). The rocks
around Magdalena Ray are predominantly shearead gabbro,
cerpentinites and variegated thin-bedded cherts, typical of a
highly sheared ophiolite (Yeats et al, 1981). The continental
shel+ is underlain by Neogene sedimentary rocks that may overlie
part of the accretionary wedge basement. On land, east of
Magdalena Bay, exists a large area of Quaternary sands with
economically important placer deposits of phosphorite, often 1in
association with shelly cogquinas. The bedrock is composed of
shallow—-water, shelf sands of the Eocene Tepetate Formation
overlain by diatomaceous cherts and phosphorite bands of the
Miocene Monterey Formation and its shallow—-water, proximal
facies eguivalent, the San Isidro Formation. A marked erosional,
transgressive unconformity separates these lithologies from the
andesitic conglomerates and breccias of the Commondu Volcanics
which form the mountainous backbone of southern Baja California.
To the north and south of the peninsula Mesozoic granitic
batholiths form upstanding plateaus, further extensions of which
may be buried beneath the Commondu Volcanics. Deep Sea Drilling
Project (DSDP) studies and acoustic profiling have revealed 15
Ma diabase beneath the sedimentary cover at the foot of the
slope, indicative of the oceanic basement belonging either to
the Pacific plate, or a fragment of the Farallon plate that was
not consumed (Spencer and Normark, 1979).

The bathymetry west of Baja California is dominated by
three main elements; the Guadalupe Arrugado to the north of the
study area, the Cedros Deep and the Magdalena Fan (Fiqure 1.1).
The Guadalupe Arrugado or "Rolling Plain" (Krause, 1965) is

separated +rom the Baja California continental margin by the



Cedros Deep. It is a relatively flat area of the sea flocor, some
3500 m deep, and was the site of the Experimental Mohole project
in 1961. The Cedros Deep i1is a 4000 m deep, sediment-+filled,
flat—-floored depression extending some 60-80 km seaward from the
base of the continental slope. It may well be a remnant of the
subduction trench formed during the consumation of the Farallon
plate. The Magdalena Fan ia a broadly convex feature extending
SW Ffrom the foot of the continental slope, between latitudes
23.3°N and 24.1DN, delineated by the 3200 m contour. Most of the
sediment forming the fan was deposited prior to 1353 Ma (Yeats and
Haq, 1981) since when it has become a fossil +eature. Exactly
whether this shut-off of sediment supply was due to the opening
of the Gulf of California, 1isolating the major source area of
the Sierra Madre Occidental mountains on mainland Mexico, or
that 1t was transported by right-lateral strike—-slip from
opposite the present position of the mouth of the Gulf of
California, 1s debatable as both scenarios are not strongly
supported by ages of events around the Gulf.

The sheltf off Baja California between the Vizcaino

Feninsula and Magdalena Bay is some 13,000 kmz, 80 km wide and

less than 200 m deep. A faulted basin (113DN, 25.5°N)  about
three times the depth of the shelf is flanked to the west by a

100 km long line of ridges which form a sill limiting the free

exchange of water between the shelf and open ocean.

2.2 CLIMATE
The semi-arid climate of the Baja California peninsula is
characterised by 12 cm of rainfall per vyear (Aschman, 1959),

which falls mostly during summer and autumn. Very few running

streams cut the western coastal plain to enter the Pacific,



except during thunderstorms over the mountains when flash floods
may occur. However, the deeply entrenched canyons, or "arroyos"
suggest a wetter climate in the past (Arnocld, 19537), perhaps
during the last glacial episcde. The undulating coastal plain
sustains a desertic vegetation of cacti and hardy shrubs. Along
the coast, north of Magdalena Bay, coastal dunes and 1lagoons
become developed colonised by abundant mangroves. At present,
the climate and transport processes conspire to prevent very
little terrigenous supply to the outer shelf and hemipelagic

environment.

2.3 | CIRCULATION AND PRODUCTIVITY

The oceanic hydrography off Baja California is influenced
by two large scale features of the east Pacific circulation
pattern; the California Current and the California Undercurrent
(Reid et al, 19583 Reid, 19633 Wooster and Jones, 1970). The
undercurrent is restricted to a narrow longituidinal zone
adjacent to the coast (Wooster and Jones, 19270) and interteres

with the California Current to produce a complex eddy structure

(Figure 2.1). Flow appears to be confined to the upper 300 m,

transporting 15 ¥ 106 m3/s of water in a broad, weak southward

movement (Wooster and Reid, 19655 Knauss, 1978).

During the summer the Pacific subtropical high—-pressure
cell intensifies and moves north along the western seaboard.
Heating of the continental landmass develops a thermal low
which further increases the coastal pressure gradient. The net

result 1is a persistent coastal surface wind field that has a

mean direction from the NNW (Breaker and Gilliland, 1981). The

10
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FIGURE 2.1 The complex eddy structure in the California Current
off Baja California in March, 1954. The lines indicate the
geostrophic flow pattern as calculated from temperature and
salinity observations. Independant current measurements are shown
by arrows (after Knauss, 1978).

W E

Current Direction

(®) out of paper
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FIGURE 2.2 Diagrammatic representation of the interaction between
the southward +lowing California Current and the northward
undercurrent off Baja California, resul ting in density

stratification and upwelling.



boundary between the California Current and undercurrent
represents a trough in the sea surface, along the axis of these
northerly winds. 0Off Baja California this trough and axis 1s
farther offshore than in the California Bight (Munk, 1930).
Resulting wind shear on the surface waters is at a maximum of+f
southern Baja California during April, May and Juna
(D’ Anglejan, 1967) resulting in upwelling which is particularly
intense off Punta Eugenia and Punta Abrejos (Figure 1.1). The

southward +Flowing cold waters of the California Current
override the more saline, oxygen depleted, nutrient-rich waters
of the California Undercurrent (Ried et al, 1958 Murray et al,

1983) shown diagrammatically in Figure 2.2. With density
stratification along the pycnocline an oxygen—-minimum (<0.2

ml /1 02) and nutrient maximum layer develop at about 200 m

depth (D’Anglejan, 1%967), somewhat shallower than farther north
off southern California. As the edge of the shelf is also at
about 200 m depth the oxygen depleted waters override the
longitudinal sills at times of maximum upwelling, 1leading to
1ow 02 levels in the near bottom waters of the shelf and 02
starvation in the basins (D’Anglejan, 1967). However, Phleger
and Soutar ((1973) +ound 02 concentrations of these near-bottom
waters to fluctuate strongly., being minimal during July and
August.

In deeper water off the shelf (station 145-7, Figure 2.3)

ND3 distribution mirrors the dissolved 02 with a maximum

concentration “S00 m deeper than the lowest dissolved 0., (Murray

2
et al, 1983), although denitrification at shallower depths may

be responsible for the discrepancy. Dissolved silicate increases

with depth and attains a broad concentration maxXximum 71000 m

above the seat+loor.

11
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Cn an areal distribution chlorophvyll—-a follows that of N03-
in the California Current (Bernal and McGowan, 1981). There i1is a
concentration gradient that decreases both south and west
(Figure 2.4a). Zooplankton also +ollow this general trend,
although their distribution tends to be more patchy ((Figure
2.4by Smith, 1971). By using time series spectral analysis on
biological and physical data for the California Current over the
last 21 vyears Bernal and McGowan (1981) has come up with the
surprising result that zooplankton biomass is uncorrelated with
upwelling.‘ Instead, advective transport of cold, low-salinity,
high-nutrient water coming horizontally from the north in the
main body of the California Current has a dominating influence.
While this appears to be the general mechanism for the northern
segment of the California Current, off Baja California 1local
upwelling and mixXing will have an important effect on
introducing nutrients to the euphotic zone augmenting primary

productivity,

Standing stocks of benthic foraminifera on the 10w-02 éhelf

are very large (FPheleger and Soutar, 1973). The population is
dominated by the genera Bolivina, Uvigerina and Bulimina (FPlate
2.1a), the Fforaminifera being small and thin-shelled, a
characteristic of large standing stocks 1n areas of high
production. The very high level of organic detritus causes the
sediment to become anoxic immediately beneath the sediment/water
interface. Nevertheless, the basin near station 163-8 (Figure
1.1) has a higher standing stock of benthic foraminifera (430Q)

than the Santa Barbara basin (2100-2300) or off Peru ((1200) (all

units 1in live forams per 20 cm2 ot surface sediment; Fheleger

and Soutar, 1973).
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2.4 SEDIMENT TYPE AND DISTRIBUTION

2.4.1 Miperalogy

In order to assess changes in bulk geochemistry between
the various cores taken on the continental shelf and rise of+f
Baja California it is necessary to have some knowledge of the
distribution and type of sediment deposited 1n each
environment. Al though the unlyh samples taken were f+rom
localities shown 1in Figure 1.1 it is possible to outline the
sediment type and distribution with reference to D’Anglejan’s
(1967) work. He +found that sediments on the shelf are
relatively fine grained in the clay-silt range, with occasional
tongues of coarser sediment radiating outwards in the central
and northern parts of Santo Domingo bay (Figure 1.1). In the
present study the coarsest sediments are found at stations 163—-
9, 163-12 and 145-17. These sediments, deposited in less than
100 m of water (Table 1.1), are olive drab in colour and
contain many fragments of bivalves, gastropods, scaphapods and
siliceous and calcareocus microfossils. Abundant evidence of
bioturbation was noted, whilst the rippled upper surface of
163-5 indicates that some sediment transport occurs. The
abundant macrofauna and bioturbation suggests thaf the sediment
surface was in contact with oxygenated waters at the time of
collection. Smear slide investigation reveals poorly sorted,
abundant quartz and feldspar, the grains being sub-rounded to
well-rounded. Appreciable quantities of glauconite are present.
Core 145-17, obtained from the previous year®s cruise of the
R/V Thomas Thompson, contains diagenetic apatite, (Chapter 8).

Minor mineral constituents in these cores include hypersthene,
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hornblende, zircon, sphene, garnet, epidote, magnetite and
phosphorite pellets.

The sediments in the intrashelt basin (163-8) are
characterised by fine—grainéd, dark green-black coze producing
H29 at depth. Bolivina is quite common. Core 163-8 is the most
organic-rich (Figure 2.5) of the sediments analysed, although
an attempt at coring station 163-6 revealed a very soft, H2S—
rich, o©oze in which the box core overpenetrated. Unfortunately
Nno sample was retained. Figure 2.6 displays a characteristic X-
ray diffraction (XRD) trace for 163-8 indicating quartz and
feldspar as primary detrital mineral components with some clay,

and calcite contribution fom benthic foraminifera. Although
undetected by this XRD trace, pyrite framboids and spherules
occur throughout this core.

The most carbonate-rich of the shelf cores, 163-11, is
situated on the outer bank (Figure 1.1) in an area rich in
foraminifera, gastropods and glauconite (D”’Anglejan, 1967). Most
of the +f+orams are benthonic and include the genera PRolivina,
Uvigerina and BRulimina {(FPlate 2.1a). XRD (Figure 2.6) reveals
detrital quartz and feldspar with little clay.

On the slope, station 163—-13 is characterised by a 1lag
deposit overlying stif+f, dark grey-green clay containing
abundant glauconite pellets and dolomite (Chapter 8). The ™15
cm coarse lag contains 1large blocks of basalt and old
phosphorite bored by gastropods and covered with a Mn-Fe
patina. The remainder of the lag comprises pellets of
gl auconite and phosphorite, detrital quartz and feldspar, heavy
minerals, sulphides and benthic foraminifera. The XRD trace in

Figure 2.6 displays the abundance of dolomite (Plate 2.1b) in
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the underlying clay. Glauconite pellets containing dolomite,
pyritised worm tubes and occasional large crystals of gypsum
also occur. The mineralogy and origin of these phases is
discussed in Chapter 8. The unstable tectonic environment in
the vicinify of 163—-13 (Section 2.1) may be responsible for the
eraosional process now occuring, a result of increased current
action winnowing away the fines leaving only the very coarse

material as a lag.

The predominantly 1lithogenous sediments of the oceanic
environment have been divided into hemipelagic and pelagic
+acies. The henipelagic sediments are characterised by a red-
brown oxidising layer overlying grey-—-green reduced sediment. The
upper oxic zone contains high levels of Mn (Chapter &) and
associated trace metals, whilst a CaCD3 increase is observed at
depth 1in the more reduced sediment (Chapter 3). In the pelagic
setting the sediments are red-brown and oxidising throughout.
Mushroom—shaped manganese nodules are found both on the sediment
surface and buried to a depth of 10 cm. The surface nodules have
a knobbly undersurface in cnntéct with the sediment as opposed
to a smooth upper surface covered with encrusting organisms
above the sediment/water interface.

This oceanic environment is characterised by & marked
increase in the clay fraction of the sediment. XﬁD (Figure 2.6)

for the surface samples of 165-10 and 163-9 reveal that
smectite, 1illite and chlorite are all present together with
detrital quartz and feldspar. Whilst the smectite displays a
rather broad peak characteristic or poor crystallinity and
possible mixed layers the illite 15 quite crystalline and well-
defined. Chlorite is asymetric towards lower angles.

With depth (Figure 2.65 165-7:30-34 cm) in the three

15



hemipelagic cores there 1s some evidence to suggest that
detrital quartz, +feldspar and minor illite and chlorite assume
greater 1mportance, although this would require an exhaustive
XRD study to prove conclusively. These deeper sediments also
contain measurable gquantities of diagenetic dolomite (Chapter 8)
and manganese carbonate (cores 163—-14 and 163-103 Chapter 8).
Little identifiable biogenic debris is seen in the oceanic

cores, despite the CaCO_ increase (Figure 3.2) observed below

>
Y13 ©m in the three hemipelagic cores. Diatoms are rare and

sponge spicules are nearly all dissolved away at depth.

2.8.2 6eotechnical propeties

In geochemical studies of recent sediments the volume of
pore space, oOr porosity, may significantly influence rates and
mechanisms of nutrient release to overlying waters (Berner,
197535 Martens and Klump, 19803 Reimers, 1982) and diffusion of
chemical species (Berner, 1980). The bulk dry sediment density
is often required for calculations of input on a weight per unit
time basis. With increasing time and depth of burial the
reduction in porosity varies considerably among the different
sediment types and is primarily controlled by physico—-chemical
conditions and the depositional environment rather than simply
overburden stress (Bennett et al, 1981).

Water content, and hence porosity, was determined for the
samples collected off Baja California by drying at 60°C
(Appendix A). Porosity was calculated according to Berner
(1971)*. This was done +or all cores collected on cruise TT-

1637 for the TT-140 samples water content is taken as being

16



approximately proportional to the Cl concentration. The
measured water content 1s used to calculate the contribution of
sea salt 1n each sample interval, assuming a constant salinity
of 35 /oo throughout the core (Appendix B.2). Figqure 2.7
displays the water content of selected cores to illustrate the
dependance of porosity on facies type. The lowest water
contents are found in the near shore shelf sands (163-5 and

163-12). The foraminiferal sands of the ocuter shelf ((163-11)
l
have 10 4 more water in them. These shelf deposits are unusual

in that water contents increase downcore (Figure 2.7). This
effect is attributed to changes in grain size and an increasing

clay component with depth. {(Further discussion of this
statement may be found in Chapter 3). In contrast to the low
water content in these silty sediments, 163-8 has the highest
(“70%4) of any core measured reflecting its depositional
environment. This intrashelf basin receives large amounts of
organic matter (Chapter 4; Figure 2.5) and probably has one of
the highest sedimentation rates of the Baja California
transect. Busch and Keller (1981) found that extremely organic-
rich sediments of the upper slope mud lens on the FPeruvian
margin had very high water contents. They attributed this to

the organic matter adsorbing water and forming an open sediment

fabric, resulting in an increase in the Atterberg limits (water

2 F ¥ - ¥ ¥ F " I X F ¥ 3 F TR g T RIS T TR e ey ¢ ¢ ¢ ¢ ¢ ¢ § ¢ ‘¢ ¢} & ¢ ‘. __} . .. _ L . L _ _§ I ! 7 __§ 1 F  F ¥ " F O F P TR U g e e

where: W %~ H.O (wet wt.)/7100

P dry“density of solid sediment (gem—3),
taken to be 2.7 gcm—-3
P, = density of interstitial water, taken to

be 1.025 gcm—-3
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contents that correspond to different states of consistency of

a remcoulded sediment; Lambe and Whitman, 1949).

In the oceanic environment (165-7, 163-14, 163-10, 163-9,
163-13) water contents are approximately similar, ranging from
2.2 — 69.1 7 at the surface to S5.9 - S8B.6 “Z at depth. There is
evidence to suggest that slowly accumulating pelagic sediments
(163-9, 163-15) have high water contents at the surface which
rapidly decrease with depth. Moore’s (19464) work on the Mohole
project +farther north, showed that low shear strength and

therefore high water content was found in sediments that

accumulated more slowly than high shear strength, rapidly

accumul ating sediments.
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FPLATE Z2.1a Photomicrograph of benthic foraminifera,
Bolivina, Uvigerina and Bulimina, occuring in sediment from
core 163-11 on the outer shel¥ off Baja California. The
foraminifera are small and thin—-shelled, a characteristic of
large standing stocks 1n areas of high production.

PLATE 2.1b Photomicrograph ot abundant, euhedral dolomite
rhombs occuring in the basal clay of core 163-13, beneath
the overlying lag deposit.
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CHAPTER 3

THE DISTRIEBUTION AND EEHAVIOUR
OF

DETRITAL AND EBEIOGENIC ELLEMENTS
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Se1 INTRODUCT ION

Aside from hydrogenocus and diagenetic precipitation and
redistribution (Chapter 6) the i1mportant controls on the
distribution of major and trace elements in marine sediments
are the inputs of terrigenous minerals and biogenic detritus.
This chapter will be concerned with identifying the

geochemistry of these primary inputs, and the relationship

between eslement distributions in time and space.

Of+ Baja California sediment supply is partitioned between
inorganic and biogenic phases. In order to exclude the effects
of dilution of one or other phase, the element distribution is
frequently reported on a ratio basis, usually with respect to
AFl. The distribution of Al in marine sediments is almost
exclusively controlled by detrital aluminosilicates, either
from the continents or submarine vulcanism (Chester and Aston,
1976) and 1is not i1ncorporated into biogenic material to any

significant degree. As a result Al has been used as an

indicator of terrigenous debris (Arrhenius, 19323 Landergren,
19643 Bostrom et al, 1969 Chester and Aston, 19746, Bischott et
al, 1979) allocwing element/Al ratios to be interpreted as
mineralogical changes in the sediment +Free +rom 1 nduced
correlation resulting +from dilution by biogenic, detrital,
hydrogenous and diagenetic components.

In addition, concentrations of several major elements (Na,
Mg, Ca and K) and Br are affected by contributions from sea
salt during sample preparation. These have been corrected for
by the method outlined in Appendix B.2 together with a
correction for total dilution for all elements by the salt
present. Analysis techniques are fully described in Appendix B.

The sequence of elements considered in this chapter is




determined by the major phase in which they are i1ncorporated.
catrital geochemistry is divided into those el ements
concentrated in the heavy mineral +raction, Ti1 and 2Zr, and
those associated with detrital clay or feldspar, 61, K, Mg, Fe
and Rb. The final section deals with biogenic geochemistrvy,

identifying the distribution of biogenic opal, Ca, CaCO Sr

3!
and Ba. These geochemical divisions are not mutually exclusive

and some elements are governed by several processes, however,

they provide a framework with which to desribe their

distribution.

Sel INORGANIC ELEMENT GEOCHEMISTRY
Selel Reavy »ineral geochemistry

Titanium

Although Ti may occur within a number of phases within
deep~-sea sediments (terrigenous material, basaltic debris,
hydrogenocus precipitates and biogenic material) it is primarily
concentrated in continentally-derived minerals, especially the
oxides i1ilmenite, rutile and anatase (Rankama and Sahama, 1950;
Chester and Aston, 1976). In sediments with very high Ti
contents (> ™~0.70 wt.4) the contributor 1is almost always
basaltic debris (Goldberg and Arrhenius, 1958). Although
biogenic Ti has been found in marine organisms (Nicholls et al,
19593 Martins and Knauer, 19733 Bostrom et al, 1974) the lack
of abnormal Ti/Al ratios in biogenic sediments of the
equatorial Pacific productivity belt (Goldberg and Arrhenius,
19583 Pedersen, 1979) suggests that is not an important source

especially in the predominantly lithogenous sediments off Baja
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California. Authigenic 7Ti, either due to post depositional
migration to form anatase, or to relace Al in clay mineral
lattices (Correns, 1954) may occur. Similarly, hydrogenous
sorption of dissloved Ti by ferric oxides in nodules (Goldberg,

195345 Cronan, 1972) has been documented.

TABLE 3.1
Sazple Depth Al Ti Ir T1/R1  1Ir/&l
¢ wt.1 wt.l PPR 110-4

165-3  0-1 .49 0,35 175 0.034 27,0
165-12  0-1 7.83 0.37 140 0,087 17.9
145-17  0-! bev] 0.30 203 0.046  31.2
163-8  0-l 4.79 0.28 18 0.039  14.3
163-11* -1 3e27 0.13 b9 0.086  21.1
163-13  0-1 2. 47 0.18 89 0.067  31.8

163-7  0-l 1.43 0.4] 125 0.033  15.8
165-10 0~ 1.91 0.43 138 0.004  17.5
163-15 0-1 7.73 0,43 142 0.053  18.3

o anl e e A A Al g - s el A A e e e gl el g S a al al) S W el aly WS al vl G A o R S - A A e S ARl SN A A A

Turekian and .
wedepohl (1961) 8,70 0.48 157 0.050  18.0

- iy ik S S g e o de 5 S S ey B A S I S T T e A D T T il ol A - e el i A

1 1ag deposit
Salt-corrected ¢roa presented Cl analysis

The concentration of Ti in surface sediments (Table J3.1)
ranges from 0.15 wt.% in the foraminiferal sand of 163-11, to
0.44 wt.?” in the oceanic red clay of 163-9. Relative to Al
(Figure 3.1) the ratio is very constant without any marked
increase in nearshore shel+ sands. The similarity in ratio
between the different facies indicates the uniformity of Ti
incorporation, probably in detrital ilmenite and rutile, the

absolute concentration being diluted by clay, quartz, feldspar,
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carbonate and organic matter. The slightly higher Ti1i/Al ratios
in the oceanic sediment may be due to scme oxyhydroxide

absorption of Ti.

Zirconium

Zirconium concentrations range from 69 to 205 ppm in the
surface sediments off Baja California (Table 3.1). Relative to

Al the shelf sediments, especially the nearshore stations of
165-0 and 145-17, have the highest ratios indicating the placer
enrichment of 2zircon in these shallow-water coarse silts
(Chapter 2). In the deeper water environment the ratio
increases offshore as coarser-—grained, feldspathic detritus
gives wWay to +Ffine—grained clays. However, the depth
distribution of Ir in these cores is very interesting, and
reveals detail concerning changes in terrigenocus input into the
hemipelagic environment. The Zr/Al ratio in four cores (163-7,
163-14, 163-10 and 1635-9) has been normalised to the surface
ratio and plotted against depth in Fiqure 3.2, together with
the appropriate CaC03 profile (Section 3.3). In the hemipelagic

sediments both carbonate and normalised Zr/Al abrubtly increase

about 15 cm below the surface. The change in Zr/Al ratio 1is
accentuated towards the coast. Given that both Zr and Al are
little affected by redox reactions the change in ratio can
result from a variation in grain size of terrigenous 1nput

(Goldschmidt, 19545 Tavylor 1963). This may be interpreted as an

increase in the coarse—grained terrigenous component with
depth (time) in the core. Further discussions on changes 1n

mineralogical input and productivity with time may be found in

Section 3.4.
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Delel Rluminosilicate and Clay Geochemistry
Silicon

S1 can be partitioned between terrigenous and biogenic
phases. 1In terrigencus material Si is a primary component of
feldspar and clays, as well as occuring as free quartz. Off
Baja California aeolian sedimentation (Rex and Goldberg, 1958s
Bonatti and Arrhenius, 1943) is characterised by a high
proportion of quartz, plagioclase and mica. The distribution of
91 relative to terrigenous Al in all the =ediments is shown in
Figure 3.3. The samples define a Si/Al ratio of 3.26, slightly
in excess of 5.0 in average lithogenous pelagic clay (Turekian
and Wedepohl, 1%961), and near a line defining the average Si/Al

for sites A, B and €C of the DOMES area further to the west

(Bischot+ et al, 1979), with the exception of 163-5 and samples

from the upper decimeter of 145-17. These two stations lie off

the main cruise transect (north and south respectively) and
are very close to shore. -

Wwith depth subtle changes in the Si/Al ratio become more
apparent (Figures 4.4 and 3.959). The shel+f sediments,
particularly 145~-17 and 163-5, do indeed have high ratios

although falling rapidly with depth. Comparison with Figure 2.7

indicates that the lower Si/Al ratios correspond to an increase
in water and organic matter content with depth, suggesting that
Si/Al 1is an indicator of grain size; there being coarser,
quartz-rich sediment in the upper 35 cm. The extremely high and
variable S5i/A]l ratio in 163-13 (Figure 3.4) is also evidence of
quartz concentration in this lag-type deposit. 2Ir/Al ratios
{Appendix C) reinforce the hypothesis of coarse, heavy mineral

concentration at the surface of 145-17, 163-5 and 163-13.
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In the oceanic environment (Figure 3.5) Si/Al ratios
increase downcore in a manner similar to ZIr/Aal (Fiqure 3.2).
However, extreme elevations are evident in the basal sample of
16314 and 163-10 accompanied by increases 1in Fe,‘K and Mg (see
below) without a concomitant increase in normalised Ir/Al. This
may be due to a lithologic change, such as an ash band, which
may have preventeq further penetration of the corer. The
changing ©Si/Al ratio with depth possibly records a change 1in
depositional mechanism and associated sedimentation rates
accompanying changes in Quaternary climate. This hypothesis is

discussed in Section 3.4.

The slightly elevated averaqge Si/Al ratio of the DOMES

area over pelagic clay deftined by Turekian and Wedepohl (1961)

(Figure 3.3) bhas been taken to indicate a contribution of
biogenic silica 1n the sediments (Bischoff et al, 1979). They
estimate that 64 of the total Si content is biogenic at site C,
increasing SW towards the equatorial productivity belt (Figure
1.2). However, using the normative calculation of Leinen (1977)
based on the proportion of Al and Mg in the sediment, the
percentage of biocgenic Si off Baja California is negligible.
Indeed, SEM evidence indicates dissolution of siliceous tests

at a very early stage during sediment burial. Instead, free

quartz of detrital origin is believed responsible +or the
slightly higher S5i/Al ratio relative to Pacitic pelagic clay

ocbserved off Baja California.

Potassium

The distribution of K relative to Al is quite striking

(Figure 3.6) showing a dramatic increase in surface K/Al1 +from

0.16-0.17 in shallow-water, shelf sediments to 0.26-0.30 in the
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distal red-clay of the pelagic environment (Table 3.2). The
lawest K/Al ratios (Figure 3.7) are found in the foraminiferal
silt of 163-11 (™M0.08) and the anoxic organic-rich mud of 163-8
(¥“0.04), the latter being very erratic’ . Apart from the latter
core the K/Al ratio with depth on the shelf 1s generally
constant at 0.16-0.17. In the hemipelagic and pelagic
environment the K/Al ratio increases very slightly with
distance +rom the coast (Table 3.2). An enrichment 1in Al
relative to K is seen in core 163-12. This shallow—-water,
nearshore station {(Figure 1.1) may be receiving local inputs of
detrital minerals. The lack of K and Mg but increase in Ca

(Section 3.3) 1in this core may represent an input of calcic
plagioclase. Inspection of beach sands from Santo Domingo Bay
indicate the abundance of this mineral, probably as a result of
weathering of the Commondu Volcanics.

In the oceanic sediments (Figure 3.8) K/Al increases in
163-7 +rom 0.240 at the surtace to 0.264 at 32-34 cm depth;
163—-14 increases from 0.240 to 0.292 at 28-30 cm but displays a

K/A1 minimum of 0.186 at 18-20 cm depth*; 163-10 has elevated

K/A1 at 30-32 cm depth corresponding to an increase 1in the
Si/Al ratio (Fiqure 3.3). In the red-clay of 163-9 K/Al
increases from 0.2635 at the surface to 0.298 at 36-38 cm depth,

similarly in 163-15 an increase from 0.258 to 0.297 is

observed.

*-———-“—-——_—----ﬂ‘———————-——_—--—_—----—-— s e o el el BN SR A S S S S i i sl e Sk

It should be noted that there may be a loss of alkalies during
the preparation of fused discs which have a high Ca and organic
C content relative to Al. For further details csee Appendix
B.1.1. This artifact in sample preparation may result in the
low K values for cores 163-11, 163-8 and the lower 15-32 cm of
165-14 shown in Figures 3.6, 3.7 and 3.8.
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TAZLE 3.2
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Sazple  Depth X/AL Ng/Al Fe/al  K/Rb
o
1635 0-1  0.185 0,159 0,288 297
163-12 Q-] 0.1b65 0.174 0.314 349
143-17 0~} 0.149 0.143 0.299 160
163-8 Q-1 0.044 0.323 0,014 43
i63-11 0O~} 0.076 0.199 0,383 123
163-7 0-4 0.240 0.292 0.399 221
163-14 0~} 0,240 0.296 0.618 209
163-10 0O-1 0,257 0.233 0.603 233
163-9 0-1 0.263 0.271 0.70b 207
153-15 0-1 0-253 0-274 0:703 225

Turekian and .
wedepohl (1961) 0.300 0,230 0,780 226
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4
Salt-corrected froa presented Cl analysis

Magnesium

The highest surtace Mg/Al ratios ((Y0.33) off Baja
California are found in the organic—-rich, anoxic sediments of
the intrashelf basin. 163-8 (Table 3.2 Figure 3.9). The other
shelf sediments (163-3, 163-11, 1&63-12) display Mg/Al ratios 1in
the range 0.16-0.20, except for the lower 10 cm of 165-11
(Figure 3I.7). In core 145-17 Mg/Al ratios steadily 1increase
from ©.123 at the surface to 0.226 at depth (Figure J3.7),
corresponding to a decrease in Si/Al (Figure 35.4), but an
increase in C (Figqure 4.2).

org

In the oceanic environment surface Mg/Al ratios decrease

offshore from 0.292 at station 163-7 to 0.271 at station 1&65-9
(Table 3.2). Similarly, Mg/Al ratios decrease slightly downcore

{(Figure 3.8), in an antipathetic manner relative to K/Al. the
major K/Al decrease at 18-20 cm depth in 163-14 1s not shown by

Mg/Al, however, the basal elevation at 30-32 cm in this core

and 163-10 is complemented. In the red-clay of 163-%9, after an

27
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intial ratio of “.27., Mg/Al decreases rapidly below 10-12 cm
depth to a core minimum of 0.252 at 20-22 cm before increasing

slightly at depth.

Fe distribution, relative to Al, off Baja California is

quite variable (Table 3.2 Figure 3.10) depending on the
environmental conditions of sediment deposition. The two
nearshore silt-sands, 163-5 and 163-12 (Figure 3.11) have Fe/Al
ratios averaging 0.353-0.33, changing very little with depth. In
contrast, the finer—-grained, organic-rich cores, in particular
165~-8, have much higher Fe/Al ratios varying erratically with
depth (Figure 3.11). The transition from silt to mud in 145-17

is marked by a large increase in Fe/Al from 0.299 at the

surface to a caore maximum of 0.447 at 18-20 c& depth. Likewlse
163-11, the foraminiteral ooze, increases from 0.385 at the
surface to 0.458 at 22-24 cm depth. The high Fe/Al ratio in the
organic-rich sediment of 165-8 averages 0.51, but 1is quite
variable.

In the oceanic environment, the hemipelagic cores (163-7,
163—-14 and 163-103 Fiqgure 3.12) have lower surface Fe/Al ratios
(~0.6035) than the oceanic red—clays (163-9, 163-15; Table 3.2),
which aré *0.1 higher. Overall, Fe/Al decreases dgwncore
(Fiqure 3.12) at all these stations, but some perturbations
exist. A double subsurface spike occurs between 14-20 cm 1in
163-7, reaching a maximum ratio of 0.679. In 163—-14 and 1463-10
the basal metal enrichment, relative to Al, displayed by K, Mg
and Si is well shown by Fe. In the red—-clay of 165-9 Fe/Al 1is

guite constant over the uppermaost ~8 cm (Y0.700) before
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decreasing to a core minimum of 0.636 at 14-1865 com depth,

similar to Mg/ARl and opposite to the increase in K/Al.

Rubidium

The geochemistry of the trace eplement Rb approximately
parallels that of K as shown by Figure 3.13. In typical marine
sediments the diadochous relationship 1is mainly due to their
similarity in ionic radii (1.48 A for Rb® and 1.33 & for K

enabling Rb+ to substitute +for K+ in potassic clays (eg illite)

and feldspar. However, Figure 35.15 also indicates that alkali

loss in the organic-rich sediments of 163-8, 163-11 and the

lower part of core 145-1/7, and in the high CaCQ0 portion of

>
163~14, occurs causing these samples to deviate from linearity.

Nevertheless, the K/Rb ratio for oceanic sediments (Table 3.2)
is very close to that of Turekian and Wedepohl (1961)
indicating the uniformity of this i1onic substitution in deep
sea clays.

In the shelf sediments the Rb to Al ratio 1is variable;
station 163—-8 has an average Rb/Al of “9.0 ¥ 10_4 (Appendix (),

whilet 145-17 increases +rom 9.14 ¢ 10_4 in the surface si1lt to

to 12.10 10-4 at depth. Similarly, the foraminiferal ooze of

163—-11 has relatively higher Rb/Al ratios averaging V6.9 X 10_4

compared with “v5.5-4.6 ¥ 10_4 in the sandy—-silts of nearshore

cores 163-5 and 163-12. These ratios may reflect grain size as

Calvert (1976) has suggested that Rb is enriched 1in +iner-

grained sediment.
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De Lo Discussion

Si distribution off Baja California is primarily
controlled by the distribution of qquartz, feldspar and clay;
bicgenic input being very small. Four mineral hosts for K may
be i1dentified +rom XRD analysis (Figure 2.6); 1llite, feldspar,
chlorite and smectite (in decreasing importance). Glauconite
will also contribute to the K level in some of the nearshore
sands but 1t does not occur in sufficient concentration to
significantly affect the bulk geochemistry. Mg is commonly
found to be enriched in smectites (Table 3.3) relative to other
clays and is important in the diagenetic formation of dolomite
{Chapter 8). Fe is distributed between smectites, chlorites and
sulphides as well as occuring in oxyhydroxides. The range of
environments off Baja California causes the bulk geochemistry

to be dependant, to some extent, on the distribution and

formation of these mineral phases.

Clay Geochemistr

Many studies of marine sediments have concluded that clay
minerals are primarily detrital in origin and reflect the
composition of their source area. Brief XRD evidence presented
in Chapter 2 suggests that much of the illite and chlorite off
Baja California, and perhaps some of the smectite, 1s detrital
in nature. Due to the proximity of continental sources of
detritus it is probable that variations in clay mineralogy and
the resulting geochemical signature is influenced by changes 1in
rate and method of supply of the clays to the shelt and oceanic
environment The distribution of illite in the Baja California
cceanic sediments may be portrayed by variations in the K/Al

ratio (Boyle, 1983), which increase with greater concentrations



TABLE 3.3

ELEMENTAL RATIDS FCOR DEEP-SER SMECTITES

- ¥ 'FF-" ! "J " §F¥F "'V FyoE - N°-! ¥ FP YT FOO' ¥ ¥ ¥ ¥V ¥ ¥ 1 ¥ ¢ r ¥ ¥ ¥r 3 ¢ ¢ ¥ 3 1+ 1 J 1 L 2 1 1 _ _J 1 . Jf I 1 1 1 2 ¢ 1 J ¢ L L L Lt 1 [ . } 1 & 1 J+ J % J [ J § [ 3 J § ¥ F §F 3 L 3 J N |

Reference Hg/Al Si/Al K/l Cashl Ti/Al Fe/Rl  Crigin
Bischott (1972) 0.54 15.33 0,59 0.32 - ~20.00 !
Melson ang 0.64 3.13 0.22 0.04 0.03 0.76 3
Thoapsan (1973) 1,84 3.456 0.23 0.07 0.03 2,05

0.42 3.33 0.22 0.07 0,30 2.61

1.40 2,34 0.22 0.07 0.23 0.35

foki et al (1974) 0.39-0,68 3.61-6.90 0.14-0.18 0,02-0.18 0.03-0.23 1.82-2,97 4

Lrever (1974) 0,24 2.79 - 0,09 - 0.73 g

0,256-0.41 2.96-3.76 0.08-0.20 0.15-0.50 - 0.76-1,50 3

Kastner {1976) - - - - - *0.50 3

- - - - - 1.70

Seytried et al 3. 80 1.77 0.31 0.04 0.05 §,23 2
(197¢8)

Hzath & Dyzond - 18,93 - - - 15.10 3
(1877)

Scheideger & 1.41-2,10 4.52-5.8%4 0.15-0.3% 0.28-0.42 0.08 ~ 1.96-3.12 3
Stakes (1977)

Hein % Scholl - - - - 0.13 *0.45 3
(1?78) - - - - 0.29 1-0?
hein et al 0.42 2.85 0,23 0.08 0.03 0.87 3
{1979) 0. 50 - - 0.S50 0,13 2,50
Origins hydrothernal precipitation

!

2 low tesperature precipitation at spreading centres
3 alteration of volcanic debris

& cheaical cosbination of Fe oxyhydroxides and Si

o detrital sasctite (for coaparison)

{atter Hein et al, 1979]




of illite relative to other clay minerals.

The slight increase in K/Al with depth in 163-7, 163-10
and 1463-9 (Figure 3.8) corresponds to a marked 1ncrease 1in
Si/Al (Figure 3.35) suggesting that the proportion of 1llite may
well increase with depth in these cores together with quartz.
The causitive factor behind this change in detrital mineralogy
is discussed in Section 3JI.4 . The large decrease in K/Al at
depth in 163-14 may be an artifact of sample preparation
(6ppendix B.1.1)3 coincidence with the large increase in CaCD3
(Figure 3.2) should not affect the K/Al ratio. If illite is the
dominant K bearing mineral on the shelf, rather than feldspar,
the increase in K/Al with depth in 145-17 and 163-11 (Figure

3.7) is futher evidence of a decrease in grain size.

In contrast to illite, the distribution of smectite and
its chemical composition 1is affected by both detrital and
aggradation processes. The predominance of a smectite component
is characteristic of Pacific sediments along the California
margin and in the east Equatorial Pacific ((Griffin and
Goldberg, 1963, 19693 Heath, 19693 Heath et al 197343
Pedersen, 19793 Hein et al, 1979 Rateev et al, 1981). There 1is
considerable evidence to suggest that appreciable quantities of
smectite can form diagenetically in the abyssal environment
(Griffin et al, 19683 Heath, 196937 Windom, 19695 Sayles and
Bischoff, 19733 Aoki et al, 19743 Hein et al, 1979). Griffin
and Goldberg (1963) have suggested that smectite forms from an
situ alteration of volcanic debris. Off Baja California it is

uncertain if detrital smectite from weathered andesitic source

terranes (the Commondu Volcanics, Section 2.1) or 1i1n si1tda

formation is the primary factor, although diagenetic tformation



certainly seems to occur from physical (Plate 3) and chemical

(Chapters 3 and 6) evidence.

Mg/Al 1is taken as the primary indicator of this mineral
phase given the abundance of Mgz+ in marine smectites (Table
S«w)e. Apart from core 163-13, dolomite concentrations are not
sufficiently high to influence the bulk Mg content. The higher
Mg/Al ratios in the octeanic environment suggests greater
concentrations of smectite, supported by ARD evidence (Figure
2.8). The antipathetic trend between Mg and K relative to Al
(Figure 3.8) may be interpreted as indicating the relative
importance of smectite over 1illite with time. In the

hemipelagic sediments there has been a general increase in the

level of smectite (Mg/Al) from the past to the present day. 1In

the pelagic red—-clay such a change occurs suddenly at ™10 cm

depth.

The Multifarious Role of Iron

In the o©oceanic sediments, Fe displays an 1ncrease
oceanwards (Table 3.2) in the same direction as increasing clay
content. The plot of Fe against Al (Figure 3.10) indicates that
aluminosilicate minerals, probably Fe-rich smectite, host
nearly all the Fe apart from two exceptions.

(1) The highest Fe/Al of the shelf sediments occurs 1in
the anoxic basin, 1463-8, and may be due to the formation of
iron sulphide in the presence of HQS. Similarly, sulphide
formation may well be responsible for the rise in Fe/Al with

depth in 145-17 and 163-11. The parallel behaviour of Mg/Al

(compare Figure 3.7 and 3.11) in these cores may be a



caonsequence of this process.* Drever (1971) {found that non-

exchangeable Mg increased in anoxic sediments of Banderas Bay,
Mexico, which he believed +to result from Fe release from
smectite during sulphate reduction to form sulphides, enabling
Mg to enter the vacant structural site. High Mg concentrations
in diatomaceous, organic-rich sediments of the Nambian shelf
have been attributed to the same process ((Calvert, 19764).
However, organic matter itselt+ may be an important source of Mg
in anoxic sediments without the need to envoke Mg substitution
into smectite. Chapters 3 and 8 present ftuther geochemical (Fe,
Mo, S) and mineralogical evidence of sulphide formation in the
Baja California shelf sediments.

(2) The 1increase 1n Fe/Al in the oceanic sediments
oceanwards may be due to a greater proportion of iron oxide in
the 1less reducing sediment, due to decreasing organic matter
content (Chapter 4) and correspondingly slower diagenetic
reactions. Fe 1s a redox—-controlled element, commonly existing

-
. il . e . . .
as insoluble Fe 1N oxidising sediment and on reduction to

Fe2+ hecomes solubilised. The element behaves in much the same

way as Mn (Chapter 6) undergoing dissolution/reprecipitation
reactions during diagenesis, but at a lower Eh. The redox
change is also marked by a colour change from prawn, oxidised
sediment to grey—-green, reduced sediment (Bezrukov, 19605 Lynn
and Bonatti, 196533 Lyle, 1983). Recent work (Rozenson and
Heller-Kallai, 197ba,b; Russell et al, 1979) has shown that
this colour change is both reversible, and unique to Fe-rich

smectites. In contrast, aluminous smectites only darken +from

NOo dolomite was observed in these cores (Chapter 8) enabling
this source of Mg to be discounted.



off-white to grey (Rozenson and Heller-Kallai, 1976a) while
iron oxyhydroxides do not show a reversible reaction (Lyle,
1983).

In the hemipelagic sediments (163-7, 163-14, 163-10) such

colour changes are seen (Appendix A) despite no distinct change

in Fe/Al gradient at the colour change depth as one might
expect 1f large quantities of Fe were released into solution at
the critical Eh level. In fact, Russell et al (1979) suggest
that only 104 of Fe in typical smectites need be reduced to
incur a colour change. The lack of a surficial maximum in Fe/Al
for these sediments indicates that Fe oxyhydroxides are only a
minor component {(as opposed to Mn oxyhydroxidess Chapter 6) and
that aluminosilicates do indeed host most of the Fe. Several
studies (Table 3.35) on authigenic smectites in the Pacific have

shown high Fe/Al ratios, although this may be partly

attributable to their mode of formation. The sharp increase in
Fe/Al at the base of 163-14 and 163-10 (Figure 3.12) is
reflected by smaller increases in K/Al and Mg/Al (Fiqure 3.8)
and may represent a lithological variation, such as an ash
band. In addition, the lack of any "excess" Fe is evidence that
diagenetic precipitation of ferriphosphate is unlikely. In the
pelagic red—clay cores (163-9, 163—-135) the higher Fe/Al ratios
probably 1indicate that oxvhydroxides are a more impartant

component 1n this more oxic environment: no colour change is

seen 1n these cores.



PLATE 3 Scanning electron micrograph of "cornflake”
textured diagenetic smectite overgrowing detrital grains.
The sample 1is from the base of core 163-10 at the site of a
possible ash band. The interval between the ticks on the
scale bar 1s 10 um.






P ¢ BIOGENIC ELEMENT GEOCHEMISTRY
Calcium

Ca. like 85i, is partitioned between both biogenic and
terrigenous phases. However, unlike Gi which is terrigenously
dominated, the Ca distribution of Baja California is primarily
controlled by biogenic CaCDS. Ca was measured by XRF techniques
(Appendix B.1)3 CaC03 by difference between total C and organic
C using a Perkin-Elmer Elemental Analyser and a Leco induction
furnace respectively (Appendix B.3). Figure 3.14 shows the
correlation between the two methods, indicating the control on
Ca distribution by 03303 in the oceanic sediments. The
intercept on the ordinate (¥1.0 wt.%4) represents Ca in detrital
aluminosilicate (feldspar). Table 3.4 indicates the decreasing

curface Ca/Al offshore, shown for all samples in Figure 3.10.

TRBLE 3.4

Caaple Depth Ca Catﬂ3 ccrg Sr Ba Ca/Al  Sr/Al  Ba/Al

con wt.l  wt.k t.1  ppa Dpa mm-4 :clf)-4
163-5 0-1  4.84 - 1.7 G3b 441 1,034 83.7 8.0
163-12 0-1  6.85 - 1.30 744 0t  0.87% 93.0 4.0
145'17 0-1 3:91 = 1-9? 579 561 1:357 33-2 9515
1&3-8 0'1 12-34 = 5.90 712 27q 2-631 149:7 59-3
1&3-11 0-1 23!13 - 1:3? 365 157 7.&99 2&4-9 48-0
163-7  0-] 1.5 1.08 1.28 363 3473 0.213 49.1% 468.0
163-14 0-1 1,89  1.3B  1.:2 387 Jé84  0.221 0.4  480.2
153-10 0'1 1-53 1-75 0-96 383 4041 0-194 43-4 EIth

163-9 0= .31 0.7 0,41 415 5583 - 0.143 22.4  704.6
4

163-15 (=} - 0.79 348 4529 0.183 §7.5 997.3
Clay' L300 - - 188 2800 0.380 2.6 275.9
Carbaonate 32,463 - - 2050 198 15.620 1G00.0 94.7

*Turekian and Yedepoh! (1961) Salt-corrected using presented C1 analysis
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The antipathetic trend between terrigenocus aluminosilicate
indicated by Al, and biogenic input indicated by Ca, shows
clearly the dual incorporation mechanisms each acting as a
dilutent of the other, although deviations f+rom this trend
indicate the presence of other components. For instance, the
high organic matter content of 163-8 reduces both Ca and Al in
this case, whilst the calcic plagioclase in the nearshore
environment of 1463—-12 lies above the dilution line.

The high Ca/Al ratios of the shelf sediments occur in
deposits containing abundant benthic, calcareous foraminifera
{iPlate 2.1a), especially 1n the organic-rich basin (163-8,
CaZAl = 2.681) and taowards the ocuter part of the shelf (163-11,
Cas/Al = 7.089). 1In the deeper water of the hemipelagic and
pelagic setting the surface Ca/Al are much lower than expected
(0.221-0.1635 Table S5.4) given the abundant productivity in the
surface waters. This suggests that dissolution of CaCD3,
especially planktonic foraminifera, occurs in the water column
with the sediment being deposited below the calcite
compensation depth (CCD). The actual depth of this horizon is
unknown. Station 165-14 has the highest surtace Ca/Al ratio
(0.221) of the +ive oceanic cores, and is situated on a slight
topographic rise (3229 m), about S00 m shallower than the other

stations (Table 1.1). In addition, the high degree of carbonate

solution may result from the high dissolved organic matter

content, lower 0032—, and high CO

sediment (Berger, 1970).

- production within the

With depth the distribution of Ca/Al (Fiqure 3.16) 18
marked by a striking increase at ™15 com depth 1in the

hemipelagic cores, and an absence of this increase in the red-

clay of cores 163-9 and 163-15. In 163-7 the maximum Ca/Al is
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0.694 and maintains a slightly lower ratio to the base of the
core. In contrast, 163-14 and 163-10 display well-defined
maxima, having the largest Ca/Al ratio of 1.151 at 20-22 cm
depth in 163—-14, and 0.466 at 24-26 cm depth in 163-10. The two
pelagic cores, 1&63-92 and 163-15, display a slight decrease 1in
Ca/Al with depth, and no maxima. The hemipelagic depth protfiles
suggest that major changes in the flux of carbonate to the
seafloor has occured over the time interval of the cores. This

subject is discussed 1in detail below (Section 3.4).

Strontium

The distribution of Sr of+¥ Baja California is partitioned
hetween four phases; carbonate (calcite), barite, apatite, and
aluminosilicates (clay and feldspar). Figure 3.17 indicates the
inverse relationship between Sr and Ca for all sediments along
the transect, each of which have varying proportions of the
+our Sr—-bearing phases. Calcite occurs in both the
foraminiferal debris of the shelf (eqg 163-11), and at depth in
the three hemipelagic cores, particularly 163-14. The highest

Ca value in 163-11 is 25.8 wt.’% (22-24 cm depth, Appendix 0C)
corresponding to approximately 65 wt.7% CaCD3. Tgking Turekian
and Wedepohl’s (1961, Table 3.4) Sr analysis +for average
lithogenous clay, this corresponds to ~66 ppm of Sr in the 39%
clay fraction of this core, or 1430 ppm Sr in pure CaCD3 (Line
A, Figure 3.17). This core contains little or no barite and/or
apatite unlike the oceanic sediments (see below) or core 14517

(Chapter 8) respectively. Barite apparently increases

cceanwards in the deep-water sediments, reaching a maximum

concentration in 163-9, but is reduced in the glacial sediment
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cf the 1lower decimeter of the three hemipelagic cores where
CaC03 concentrations are greatest (Figure J3.22). The Gr
concentration in 1004 Ca803 has been calculated +for these
sediments by fitting a regression line to Ca (Figure >=17) and
Ca003 (Figqure 3.18) data from the lower 20 cm in 163-7 and 165—
14, and the lower 14 cm in 163-10. In this case 300-336 ppm of
Sr i= held in the non-carbonate fraction, whilst 1054-1287 ppm
occurs in pure calcite. This regression data indicates the
similarity in Sr content of the CaCO3 fraction of the Baja
California sediments with that found by Turekian (1264) and
ather workers who have analysed pelagic foraminifera tests
{Table 3.5). Figure 3.17 also indicates that other sediments
without barite or apatite (eg 163-8) fall parallel to, and

between, lines A and B according to the degree of carbonate

dilution by aluminosilicate debris or organic matter.

TRSLE 3.3

Sr CONCENTRATION OF PELAGIC FCRAMINIFERA TESTS

Author Sr (ppa)
Eailiani (1933) 1200
Thoapson and Chow (1936) 1300
Turekian {1937) 1200
Krinsley (1540) 1150
Turekian (196%) 633
This study - by extrapolation:

163-11 1430

183-7, 163-14, 163-10 10541237
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The gquantity of Sr held in barite is estimated from 163-9.
In this core a maximumn Ba concentration of 46036 ppm is matched
by‘438 ppm Sr at 30-32 cm depth (Appendix C). As carbonate is
negligible 1in this core the enrichment in Gr relative to
average lithogenous clay (Table 3.4) must be due to the
presence of barite. Thus approximately S.7 wt.X of Sr is held
in one mole of barite, or 6.5 mole’/ of Sr504. Church (1979)
found Sr to range from 0.2-3.4 moleZ with an average of 1 mole%
in marine barites.

Core 163-12 1i1ndicates that substantial Sr is held in
excess of possible barite or calcite. The presence of calcic
plagioclase (see above) may be responsible for this Sr
enrichment. The extreme elevation of Sr relative to Ca in 145-

17 is due to the formation of diagenetic apatite (Chapter 8).

BRarium .

The occurrence of barite in marine sediments, existing as
large concretions, was first documented by Murray and Renard
(1898) during the Challenger expedition. Similar concretions
off southern California have been attributed to reaction

between magmatic +luids containing dissol ved Ba and
interstitial water of the sediments (Cortecci and Longinelli,
1972) . Vinogradov (19533) found barite crystals and nodules in
the Indian Ocean associated with benthic protozcans of the
order Xenophyphorida. Futher work identified dispersed, but
ubi qui tous, microcrystals underlying the equatorial
productivity belt of the eastern Pacific, and occasionally the
Atlantic (Goldberg and Arrhenius, 1958; Turekian and Tausch,

17645 Bostrom et al, 1973). In addition, high concentrations of
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Ba have been found in the vicinity of active spreading ridges
(Afrrhenius and Bonatti, 19653 Bostrom and Feterson, 19646) and
in metalliterous Fe-Mn sediments (Bostrom and Feterson, 19466;
Dayles and Bischof+t, 1973). The most recent work on Ba has
identitied particulate Ba enrichment in the water column
(Dehairs et al; 1980) with the highest contents of suspended
barite just below the euphotic zone, and may correlate with
biological productivity.

Of+f Baja California the distribution of Ba seems to be
controlled by two important mechanisms (Figure 3.19).

{1) The shel+ sediments (163-5, 1463-11, 1463-12, 145-17,
163-8) display a correlation between Ba and Al (Figure 3.20)
suggesting that detrital aluminosilicate (probably K-feldspar)
hosts most of the Ba in the nearshore, shallow-water
environment. Note however, that station 163-12 and possibly
163-5, have a different behaviour relating to the aluminous

nature of these sediments (see also Figures 3.1, 3.6, 3.9,

»

3.10, 3.135) and the increase in Ca (Figure 3.13) and Sr (Figure
3.17). Previously, it was noted that core 163-12 may contain an

abundance of calcic plagioclase relative to the other shel+f
sediments. If this 1s the case, the lack of Ba 1n these

4=
sediments may be attributable to BaZ+ substitution +for K

{ionic radius 1.34 8 for Ba2+, 1.33 A for K) in potassic
orthoclase (Taylor, 1965) which may be the primary feldspar on
the shel+ but not in the local nearshore environment sampled by
16353-12. The positive Al intercept indicates that some of the
aluminosilicate debris does not contain any Ba. On the shel#

no relation 1s observed between the level of Ba and organic

matter {Table 3.4). The concentration of organic C broadly

retlects primary productivity in the surface waters, indicating
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that Ba is not intimately associated with the flux of organic
matter to the sediments.

(2) In the oceanic environment concentrations of Ba are
much higher than on the shelf, anq apparently independant of
both Ca and Al (Figures 3.16 and 3.19). The n:eani;
concentration increases seawards from 3473 ppm at the surtface
of 163-7 to a maximum of S5S88 ppm in i63—9 {(Table 3.4). Again
no correlation with the level of organic matter in the sediment
15 sSeen.

While it seems that Ba distribution on the shel$ can be
accounted for in terms of terrigenous supply the lack of
correlation between Ba and biogenic components (CaCOs, Ca,
Corg) in the offshore environment is difficult to explain.
However, the abhsence of metalliferous sediment (Chapter 2) and
large distance from any volcanogenic Ba source indicates that
some biogenic agent must be operating. When the Ba distribution
of high productivity areas are studied in detail anomalies
begin to appear. Along the equatorial productivity belt Ba

concentrations rapidly diminish westwards whereas opaline 8Si

concentrations continue uniterrupted (Bostrom et al, 1973).
Brongersma—-Sanders (19266) suggested that Ba—-containing diatoms
dissolve easily leaving Ba in the sediments and accounting for
the lack of source organisms, but this appears unlikely. Church
(19270, 1979) suggests that Ba concentrations are correlated
with CaCD3 and organic matter on the East Pacific Rise. He
proposes that pelagic barite results from a concentration of Ba
in the bioclogical cycle, and is subsequently precipitated after
2+

biogenic degradation and re}ease of Ba to sulphate-rich

microenvironments. The water column flux would contribute hal+
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of the sedimentary barite, the remainder coming from diagenetic
growth within the sediment during further organic degradation.
In order to assess these proposals Ba is plotted against
salt—-corrected S (Figure 3.21), and normalised against Al with
depth 1n Figure (3.22). § exists in excess of the maximum
concentration of stoichiometric barite because of the possible
presence of micro—-framboids of sulphide. With depth Ba/Al
decreases in the three hemipelagic ccres, dropping by 21.3% in
163~7, 16.52 1in 16353-14 and 18.77%4 in 163~10. In each case the
maximum change 1in gradient of the Ba/Al profiles occurs at
depths 14 cm in 165-7, 10 cm in 163-14 and 16-18 ecm in 1&63-10.
In the pelagic sediment of 163-9, Ba/Al decreases down to 14-16

cm before increasing again to a core maximum of 748.5 ¥ 10_4 at

30-32 cm depth.

The ‘decrease in Ba/Al with depth would suggest that
Church?’s- (1979) hypothesis of diagenetic precipitation is not
occuring to a signiticant degree. Dehairs et al’s (1980) work
referred to above i1dentified micron sized barite particles in
suspended matter throughout the world’s oceans. They claim that
barite is 1introduced 1into surface waters by biological
processes, and that the degree of biological productivity
correlates with the particulate Ba contents barite <formation
proceeds by direct secreticn within planktonic organisms and by
precipitation within microenvironments of decaying organic
debris. It 1is therefore possible that changes in the Ba/Al
ratio reflect the degree of dilution by terrigencous debris of

biogenic Ba deposited on the ocean floor.
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sS4 THE GEOCHEMICAL RECORD OF CLIMATIC FLUCTUATION
OFF BAJA CALIFORNIA

Since Arrhenius ((1952) Ffirst proposed that cyclic
variations in CaCD3 with depth in the eastern equatorial
Facific were due to climatic extremes during the Pleistocene,
there have been many studies on this phenomenon (Ericson et al,
19563 Broecker et al, 19585 Broecker, 19713 Berger, 1973;
Thompson and Saito, 19745 Damuth, 19755 Luz and Shackleton,

19753 Adelseck and Anderson, 19783 Volat et al, 1980; Pedersen,

198535 Bacon, 1984). The cause of these 83003 variations is

uncertain, particularly as a universal explanation is certainly
not applicable to all locations and depths in the world?’s
oceans. In the Atlantic dissolution cycles are the opposite to
the Indo-Paciftic. Three oceanographic factors influence the
carbonate content ot a sediment: (1) biological productivity of
calcareous organisms,; (2) dissolution of carbonate pre- and
post—-deposition; (3) dilution by non—-carbonate material. In
addition off Baja California, a fourth factor, the supply of

detrital carbonate, may be considered.

Important to the evaluation of the effect of these

mechanisms on the Baja California sediments is the
establishment of a chronological time scale. Sawlan ((1982)
cbtained 140 dates for two cores (145-7 and 145-8) +from the
previous cruise, TT-145,. At 2635 cm depth 1in 145~-7
(approximately the same position as 163-10; Figure 1.1) a date
of 14,090 + 150 years was reported. For the intervals 0-6 cm
and 26-34 cm in 145-8 (equivalent to 163-7) dates of 2,700 and
10,400 vears were measured. From these dates sediment

1 -1

accumulation rates of 2.2 cm kyr- for 145-8 and 3.5 cm Kyr

were calculated (Sawlan, 1982). These dates indicate that the



elevated CaCD3 (Figures 3.2 and 3.16), §5i1/RAl, normalised Zr/Al
and K/Al, and the decrease in Mg/Al and Ba/Al at >™15 cm depth
in the hemipelagic cores, occur in sediment deposited during
the last glacial episode, the Wisconsin. Thus changes 1in
climate may have directly or indirectly affected sediment
geochemistry and mineralogy in the oceanic environment of+ Baja

California. It remains to assess the importance of the four

factors outlined above.

S.4.1 Calcareous plankton productivity

Arrhenius (1952) proposed that high carbonate contents 1n
Facific equateorial sediments result from increased atmospheric
and oceanic circulation due to compression of climatic belts
with ice advance, intensifying upwelling and productivity. This
hypothesis has recieved considerable support from other Pacific
workers (Broecker et al, 19583 Hays et al 19693 Quinn, 19713
Gardner and Hays, 197463 Valencia, 19773 Pedersen, 1983).
Fundamental to this arguement is whether primary productivity
actually results in a higher carbonate content in the sediment.
A greater degree of upwelling of nutrient—-rich waters is likely
to increase siliceous productivity, which may dilute the
carbonate content of the sediment, and organic matter flux
resulting in greater organic oxidation, production of 802 and
therefore carbonate dissolution (Berger, 1970). Quantification
of these processes 1is extremely difficult, especially as
sedimentation rate (tending to protect tests from solutiocn) and

the long term balance of carbonate in the oceans may vary
through climatic episodes.

However, various authors, Arrhenius (1952) and Pedersen
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(1983) in the equatorial Pacitic and Heath e¢ al (unpub.
report) at MANOP site H, have dated CaCDs increases in the
sediment column as being of Wisconsin age. In particular,
Pedersen (1933) dates carbonate maxima in the Panama Basin as

occuring 14,000-19,000 years B.P. Comparison of Sawlan’s (1582)
'c  dates with CaCO, (Figure 3.2) and Ca/Al (Figure 3.16)
profiles for the three hemipelagic cores indicates the strong
possibilty that the profiles result from an increase 10
productivity during the Wisconsin.

In the previous section it was noted that Ba is probably
biologically vectored. If this is the case, one might expect

Ba/Al to increase in sympathy with Ca/Al if the two elements

are limited by biological processes in the oceanic environment.
As they do not correlate, either Ba and Ca respond to different
biosystems, or the high productivity influence on carbonate is

augmented by an alternative detrital source, diluting the

nroductivity signal of Ba (see below).

Seldald Calcium carbonate dissolution

A great deal of literature centers on aspects of carbonate
dissolution since Berger (1968, 1970, 1971, 1973) constructed
the carbonate-solution model based on the equilibrium process
of carbonate supply to the ocean, and carbonate removal by
organisms. Various authors have felt that most dissolution of
calcareous organisms occurs at the sea bed rather than in the
water column (Berger and Piper, 19723 Volat et 3l, 1980). In
this respect sedimentation rate is of great importance.
Crganism type is also of consequence; coccoliths may be more

resistant to solution than planktonic foraminifera (Hay. 19703
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Mcilntyre and Mclntyre, 1971).

The 1influence of bottom currents and their corrosive
attitude towards carbonate has been remarked on (Edmond, 1974).
Ruddiman and Heezen (19467) and Berger (1968) point out the

coincidence between Antarctic BRottom Water and carbonate

dissolution features. The resulting dissolution cycles are a
subject of great debate (Volat et al, 1980), outside the scope
of this chapter, save to indicate that dissolution has

undoubtedly affected, and will continue to affect, the

carbonate profiles off Baja California.

SeBad Dilution by non—-carbonate m»aterial

Although some parts of the world’s oceans are heavily
influenced by biogenic silica production, this i1is not the case
of+ Baja California (Section 3.2.2) and therefore dilution
occurs primarily by terrigenocus debris. Several lines of
evidence have indicated an increase in terrigenous components
during glacial episodes: (1) by atmospheric processes (Farkin
and Shackleton, 19733 Diester-Haas, 19763 Sarnthein et al,
19813 Janecek and Rea, 1983); (2) by eustatic seglevel changes
{(Damuth and Kumar, 1975; Damuth and Embley, 19813 Nardin et al,
19813 Nardin, 1983). Damuth and Kumar (1973) suggest that
during the 1last glaciation (the Wisconsin) the continental
shelf off the Amazon River was emergent and that most of the
sediment 1load transported by the river was fed directly to the
head of the Amazon Submarine Canyon. With sea-level rise the
continental shelf became flooded and the locus of sedimentation

moved some 300-330 km inland from the shel f-break. Sediment is

346



Ml Frk

Thousand years B.P.

A ey mr A P ey e i ] gy P T

20 15 10 5 0
O
- ,-'""
- /
Nardin etal -;" \‘ !
— 4
(1981) 7/ -
50 /
— - o
E R \
= . Curray (1965)
Q. /
a /
V 4
100 - /
Y 4
R
fFlandrian Modern
150 fransgression - o am - o =

FIGURE J3.23 Flandrian sea-level fluctuations for Texas
(Curray, 1965) and southern California (Nardin et a1, 1981)

shelves. Prior to 10,000 years BP time control is poorer.
(after Nardin et a1, 1981)




now deposited in the river estuary or transported NW by
longshore currents, so that the Amazon Cone has become
essentially i nactive. Boyle (19383) has shown that the
relationship between changes in c¢limate and variation 1in
detrital input is far from simple. It is felt that eustatic sea
level changes are 1likely to dominate the marginal setting
described here, whereas atmospheric processes have undoubtedly
played an important role in the more open ocean environment.
Evidence from the Baja California hemipelagic sediments
suggests that detrital sedimentation was indeed higher during
the latter stages of the Wisconsin. The concomitant increase 1in

Zr/Al and Si/Al, and to a lesser extent the possible i1ncrease
in detrital illite (represented by K/Al) supports this theory

in showing a higher quantity of coarser—-grained debris at
depth. Boyle ((1983) used the total change in Ti/Al ratio of

sediments from the Peruvian margin to delineate changes in
detrital input with time. Unfortunately, without high-precision
Ti analyses such changes are undefined off Baja California.

An inspection of published late Quaternary sea level curves
(Bloom, 1977) shows that no single curve can be applied
worldwide due to changes in tectonic environment, and a
significant isostatic component related to 1lcading of the
seafloor by glacial meltwater (Wellman, 19623 Nardin et al,
1981). Nevertheless, Nardin et al (1981) have shown that a
eustatic sea level curve +for the California continental
borderland is similar in shape, if not amplitude, to other
studies. Their proposed curve is illustrated in Figure 3.23 and
indicates that the Flandrian trangression commenced some 18,000

years ago when sea level was 120 m below its present level. I¥f
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this were the case off Baja California then large areas of the
continental shelf would have been exposed to wave scour and/or
terrestrial erosion. Large quantities of detritus could have
been shed into deep water by turbid, sediment-laden plumes
supported by density stratification (Kemar et al, 12743 Kulm et
al, 1973) and/or increased aeclian transport resulting in

coarser—grained and higher sedimentation rates in the

hemipelagic environment.

Apart from the 140 dates from Sawlan (1983) chronologic

control on the relation between geochemical profiles and the
actual age of the sediment is poor. However, the abrupt
uniformity in Ca/Al, Si/Al and Zr/Al at 14-146 cm depth in 1463-
7, 10-12 cm in 163-14 and 12-14 ecm in 163-10 (Ca/Al is slightly
out of step in this core) suggests a chronostratigraphic time

plane, perhaps relating to submergence of most of the shelf

below the influence of wave and wind action. The csea level
curve oOf Nardin e¢ al (1981) (Figure 3.23) indicates a waning
of the Flandrian transgression towards the present, however,
sea level was 10 m lower some 6,000 years B.P. This indicates
that the sedimentation rate in the hemipelagic environment is
much lower during the present interglacial episode, as one
might expect.

The balance between enhanced carbonate p?oduction and
preservation during the glacial high productivity episode, and
dilution by terrigenous debris 1is extremely fine. Barite
production during the Wisconsin was apparently not sufficient
to overcome dilution, resulting in decreasing Ba/Al ratios with
depth and towards the coast. With regard to CaCDE either
primary production was greater and/or higher sedimentation

rates prevented substantial seabed dissolution, or 1low sea
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level stands allowed detrital carbonate (foraminifera,
molluscs, etc.) from the shelf to enter the deeper water
environment and augment the carbonate content. No recognisable
benthic carbonate debris has been found in these cores to
resolve this possibility, nor 1s the resolution in the
determination of the Sr content (Sectinn >«3) in the two

environments sufficient to provide any conclusive evidence.
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CHAPTER 4

THE DIAGENESIS OF ORGANIC CAREON

AND RELATED ELEMENTS



4.1 INTRODUCT ION

An important process in the geochemical evolution of
marine sediments is the occurrence of diagenetic reactions near
the sediment/water interface. Characterised by oxidation-—-
reduction, these reactions influence the distribution and

behaviour of many trace metals, nutrients, major ions and,

indirectly, carbonates. The driving force behind these
geochemical transformations is primarily the presence of
crganic carbon (Cnrg) and its rate of oxidation or

mineralisation.

Environment plays a critical role in limiting the degree
of diagenesis that occurs, by governing the input of marine
organic matter and the availability of major oxidants
(especially 0.). There is an extensive literature on diagenesis

ol

in organic-rich, anoxic marine sediments where reactions

g P

involve the consumption of 504“ and the generation of CDE’

CH4, alkalinity, PD4Q_, NHq_ and metal reaction (Rittenberg et
al, 19355 Richards and Vaccaro, 19565 Richards, 19653 Berner et
al, 19703 Bischoff and Ku, 19713 Nissenbaum et al, 19723
Sholkovitz, 19733 Martens and Berner, 19743 Kaplan, 1974;
Reeburgh, 19763 Barnes and Goldberg, 19763 Martens and Berner,
19773 Goldhaber et al, 19773 Murray et al, 19733 Jahnke,
Emerson and Murray, 1982). Where Carg contents are lower and
the sediment overlain by oxygenated waters, such as in the
hemipelagic and pelagic environments, there has been less work

(Lynn and Bonatti, 19655 Presley et al, 195675 Li et al, 19695

Bischoff and ¥Xu, 19703 Bender et al, 12773 Froelich et al,

197%2) although there has been great interest in the last few

years with the advent of 1iIn situ pore water samplers,




eliminating pressure and temperature artifacts (Murray et al,
19803 Emerson and Bender, 19813 Grundmanis and Murray, 1%982;
Sawlan and Murray, 19837 Liu and Kaplan, 1984). In these types
of sediments the slow rate of water exchange and low levels of

organic matter mean that utilisation of oxidants occurs within

the sediments, not the water column. Off Baja California the
overall sedimentation rate and the level of cnrg in the
hemipelagic and pelagic environments conspire to allow the
cbservation of oxidant utilisation over a depth range of some

30-40 cm within the sediment. On the shelf, small intrashel+

basins and the presence of an oxygen minimum in the water

column {(Chapter 2) cause rapid depletion of 0O, and N03_ leading
- ]
to 504 reduction and anoxia in the sediments at a much

shallower depth; a useful end-member process to compare ‘with

the oxic conditions of the pelagic realnm.

The availability of CD and related elements, N, P, I and

g
Bry, and its reactivity, is exceedingly complex, dependant on
many oceanocgraphic controls both in the water column and in the
sediment. Organic matter settling through the water column is
susceptible to oxidation and elemental fractionation,
especially the removal of labile organic compounds (lipids and
amino acids) containing N and P (Rittenberg et aI! 1955 Holm-

Hansen et al, 19663 Gordon, 19713 Bishop et al, 19775 Knauer et

al, 1979; Wakeham et al, 1984). 0On arrival at the sea floor
much of the organic detritus is converted into biomass by
benthic organisms (Smith, 19785 Wishner, 19805 Smith e¢ al,
1983) which tend to concentrate F and N relativé to C

{(Grundmanis and Murray, 1982). Organic matter reconstituted 1in

this way is then available for benthic heterotrophic organisms

and accompanying diagenetic redox reactions. To a +First

N
S



approximation the level of Corg that finally enters the
sediment column is geographically related to areas of high
primary productivity in the surface waters (Koblentz—-Mishke et
al, 19703 Premuzic et al, 1982) and high sedimentation rate
which enhances the preservation of Cnrg (Toth and Lerman, 19773

Heath et 2, 19773 Muller and Suess, 19793 Reimers and Suess,

1983).

This chapter presents data describing the distribution of
organic matter between the shelf, hemipelagic and pelagic
environments and the elemental partitioning of Carg’ N, P, 1

and Br with depth in the sediment column. From this three main

areas of discussion will follow:

(1) 7To describe and infer diagenetic reactions resulting

from organic matter decomposition and utilisation of available
oxidants.

{(2) To attempt to quantify the rate ot these decomposition
reactions using published kinetic and advection-diffusion
models.

(3) The relationship between primary productivity and
sedimentation rate leading to organic matter preservation

areally alcng the transect, and with time down the sediment

column.

n
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4.2 THE DISTRIBUTION OF ORGANIC C, N, P, I AND Br
4,2.1 Organic Carbon

The surface concentrations of Carg and related elements on
a salt-free basis are presented in Table 4.1. In a similar way
Figure 2.5 illustrates the increase in concentration ot Carg

TRBLE 4.1

THE CONCENTRATICN CF CRGANIC CARBON AND RELATED ELEMENTS
IN SURFACE SEDIMENTS (SALT-FREE]

C ) }
cre  Depth Cnrg { P I B CH C/P Ilt‘.m,g Erlccrg
C3 wt.d wt.X  wt.%l ppn ppa xlﬁﬁg - :10-4
183-0 Q-1 .70 - 0,40 224 123 - §.25 13 72
163-12 0~ .35 - 0,20 123 {10 - %140 ) Bl
145-17  0-1 1.97 - 0.60 260 202 - 3.28 132 103
165-3  0-! .90 - 0.26 T27 &34 - 28.5 76 53
163-11  0-1 (.39 - 0,23 424 148 - .04 303 106
{637 Q-1 1.24 0,22 0.17 333 B7 G.64 7.29 289 70
163-13 (-1 1.12 0.18 0,17 212 110 6,22 6.39 189 58
163“0 0'1 o-qﬁ 0:13 0:15 172 5 5.33 6-40 179 ?q
i83-9  0-1 0.8 0.12 0.13 116 71 3.08 4.69 190 114
163-1% Q-1 0.79 - 0.13 87 - 6,08 110 b

from the open ocean (0.461 wt.’Z) to the shelf (max. 6.90 wt.%).
In detail, this increase is due to a number of environmental
factors. The high productivity in the surtace waters (Chapter
2) over the outer part of the shelf not only contributes to a
higher flux of organic matter to the sea bed but also to the
maintenance of a pronounced oxygen minimum zone between 200 and
800 meters depth which intersects the shelf (Chapter 2). As a
recsult the waters of the intrashelf basins are depleted 1in 02;
with the substantial carbon flux and the highest sedimentation
rates of the Baja California transect (10 cm kyr_l; Kim (19835)

cited in Jahnke et al, 1938353, Cnrg preservation is at 1its
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maximum. The lack of any rivers debouching cnto the shelf and
the arid climate make the likelihood of terresstrial carbon
input unlikely for the southern Baja Calitornia margin.

In the hemipelagic and pelagic environments there is a
monotonic decrease in surface corg away from the coast (Table

4.1). In addition, approximate sedimentation rates decrease in

the same direction from 3.5 cm kyr © (Sawlan, 1982), at

approximately the location of 163-7, to 0.45 cm k'yr"“1 in 163-9
(Chapter 7). A consequence of this decreasing Corg oceanwards
i1s the increase in thickness of the oxic, red-brown top of

these cores (see core descriptions in Appendix A) in a manner

similar to that described by Lynn and Bonatti (1965) and Lyle
{1983).

Vertical distributions of Corg in these sediments are
displayed 1in Figures 4.1 and 4.2. Only 143-9 displays the
expected exponential decrease in Curg tfrom 0.61 wt.?Z at the
surface to 0.26 wt.”Z at 36-38 cm depth if decomposition is
expected to follow first—-order kinetics mediated by bacterial

breakdown (Muller and Mangini, 19803 Waples and Sloan, 1980;
Reimers and Suess, 1983). In the three hemipelagic cores the
initial decrease in Corg is modified by greater concentrations
at depth. As a result, in 163-10 a steady decrease from 0.96
wt.Z at the surface to 0.70 wt.4 at 8-9 cm depth is followed by
an increase to a Cnrg maximum in this core of 1.10 wt.%Z at 12-
14 cm depth before decreasing more gradually with depth. In
163-14 the subsurface decrease occurs over &6-~7 cm Ffrom 1.12
wt.72 at the surface to 0.753 wt.%, before increasing to a core

maximum of 1.23 wt.’ and decreasing again. Finally, in the most

nearshore of the three hemipelagic cores, 163-7, Curg decreases

Cn
(n
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over 2-3 cm from 1.24 wt.7% at the surface to 1.16 wt.%. before
increasing rapidly to 1.51 wt.’Z and decreasing again to 1.43
wt.4 at depth, with occasional, minor perturbations.

The reason why these hemipelagic profiles appear not to be

in steady state 1s a major problem, but the maximum depth of O_

ey

diffusion, the degree of bioturbation and the feeding/excretion
characteristics of the infaunal benthos may all contribute in

SOme wWavy.

The two shallow-water, shelf stations, 163-8 and 145-17,

also present unusual Cnrg profiles (Figure 4.2). Not only are

the CD profiles exremely high (6.90 wt.% and 1.97 wt.%Z at the

rg

surface of 165-8 and 145-17 respectively) but they increase
with depth to a maximum of 10.37 wt.% at 42-34 wt.% in 1563-8B

and 6.97 wt.Z in 145-17. Jahnke et al (1983) found C a to
or

behave exactly the same way in their analysis for the latter

core. They note that 145-17 is situated at the upper boundary

of the oXygen minimum and that the bottom water 02

concentration does not exceed 10 umoles/kg. However, 02 is

still available for Carg oxidation, whereas in the past the 02

minimum may have shifted allowing greater organic matter

preservation and accounting for the positive gradient in Corg
with depth. This explanation ignores the possibility that
productivity and sediment input {(grain size) fluctuations may

&lso be responsible for the increasing Cnrg profile with depth

(Chapter 5.

4.2.2 Nitrogen
The distribution of N in marine sediments tends to

follow that of CD indicating its incorporation in the amino

rg
groups oOfFf the organic molecule. Amino acids are the building

=b



blocks of proteins and the largest reservoir of organic N 1in
most organisms (Wakeham et al, 1984) and as such may be used to
characterise various types of organic matter. FPFrotein has an
atomic C/N ratio ot about 3; so organisms rich in protein have
1ow C/N ratios eg. polychaetes (3.4), fish and fish 1larvae
(3.9) and copepods (4.3) (Beers, 1966). In contrast, Redfield
et al] (1963) and Bordovskiy (19465,a) have determined the C/N
ratio of zooplankton as 5.4 and 5.9 respectively (Table 4.2).
The benthic community of macro and micro-organisms is also
rich in protein showing C/N ratios of 4-5 (Bordovskiy,
19465,a,b). Higher land plants are low in protein and therefore

display high C/N ratios of 25-30 (Marlett and Erdman, 19595

Muller., 1977).

TRBLE 4.2

ELENENTAL CONPOSITION OF MARINE ORGANISMS

Organisa Ruthor Content Ydry weight Atoaic ratio
ash C H N P C/N C/P
diatoas | 57.81 18,68 3.45 2.49 0.60 8.73  B0.43
peridineans | £.20 33.49 5.58 4.41 0.5 8.48 131.73
copepods 1 10,10 45,52 7.22 9.96 1.03 S.33  114.17
bacteria l 5.50 50,30 b6.78 12,30 - 4.78 -
benthos | 9,14 51,53 7.87 12,32 - 4,88 -

Atomic ratios in plankton

zooplankton 2 - 103 - 165 ! .24 103
phytoplankton 2 - 103 - 15,5 ! 5.97 103
average 2 - 106 - 16,0 1 6.6 106

{ Data fros various authors given in Bordovskiy (1943,a)
2 Fleming (1940); Redfield et al {1343)

o/



In the oceanic sediments the total surface N measured
decreases oceanwards (Table 4.1) and at depth closely +follows

Curg {compare profiles in Figure 4.3 with Figure 4.1). 1In all
cases the total N content decreases downcore but the subsurtface
minima seen 1in Cnrg at 2-3 cm in 163-7 and 8-2 cm in 163-10
(Figure 4.1) are also defined by N. As these two elements were
measured by two separate methods (Appendix B) it is concluded

that these profiles are real and not an artifact of sample

analysis.

In the hemipelagic sediments the C/N ratios increase with

depth. This is most marked in 1683-7 where the surface C/N

(atcmic) of 6.58 1ncreases to 9.26 at 32-34 cm depth. 1In

contrast, the pelagic red clay of core 163-9 displays a

decrease in C/N from 5.93 at the surface to 5.05 at depth.
Despite the cummulative experimental inaccuracies involved in
obtaining the atomic C/N ratio it is remarkable how consistent
the surface ratios are, and indicates that the same source of
organic matter supplies the four cores and that similar
degradation processes operate on the particulate organic matter
as it descends through the water column. These surface ratios
also indicate the absence of terrestrial organic matter in the
sediment with its attendant high C/N value. The possible
diagenetic mechanisms operating on the organic matter 1leading
to a lowering or raising of the ratio with depth are discussed

below in Section 4.4.1.

f.2.3 Phosphorus

Phosphorus 1is a principal component of the organic

molecule, albeit in low concentratiocons. Assuming a Redfield
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FIGURE 4.3 Profiles of N (upper axis) and C/N ratio (lower
axis, weight and atomic ratio) with depth for the Baja

California oceanic sediments (salt—free). Note that the
origins for N in 163-9 and C/N in 163~7 are different.




composition for degradable organic matter (Redfield et al,
1963) the C/P atomic ratio is 105 (Table 4.2). E forms
molecules of great physiological importance to organisms and
its release during microbial breakdown may play an important
part in the formation of diagenetic mineral phases such as
apatite (Kazakov, 19333 McConnell, 19633 Burnett, 197735
Froelich et al, 19823 Jahnke et alI, 1983). In addition, P is
also concentrated in the skeletal debris of marine organisms
(Arrhenius, 19633 Lowenstam, 197435 Doyle and Reidel, 1979;

Suess, 1981), whilst "average" biogenic CaCD3 may contain 300

i+

80 ppm of P (El Wakeel and Rilevy, 194615 Froelich et alI, 1982).

Inorganic phases such as ferriphosphate coatings on grains
(Berner, 19735, Froelich e€ al, 1977) and detrital apatite also
contribute to the total P sink in the sediment column.

In an attempt to partition the toctal P measured here,
various contributicns relating to organic, detrital and
authigenic fractians‘were calculated using published ratios to
Ccrg {(Redfield et al, 1963) and Al (Turekian and Wedepohl,
1961). This partitioning for the surface sediment of each core
ie presented in Table 4.3. Authigenic P is defined as total P -
(organic P + detrital P), and thus will include contributions
from authigenic phases (apatite and ferriphnsphafes) and P 1n
skeletal debris. These calculations indicate that whilst all
the environments along the Baja California transect receive
similar proportions of detrital P, the major area of authigenic
enrichment 1is on the open shel+ (145-17 and 163-3) where

apatite formation is thought to occur (D’Anglejan, 19673 Jahnke

et al, 1983).
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THE PARTITICRING OF PHOSPHOROUS IN SURFACE SEDIMENTS CFF BaJA CALIFURNIA

L ¥y rr "y rrrr7r rr 1 rrr 7 rxro79rC T *Yv " ryrr7¥T 7712’ r . r»r» p : ¢+ o 3 <1 . O ¢ 2 J J» [ L . O L . 1l Jt 1 . L I L L 0 R B L L R

sasple  Depth cnrg Ptnti Fnrg I:':!etril:al Pencess
, 163-3 0-1 1.70 0.40 0,041 0.037 0.302

153-12 G'l 1!35 0:25 0-033 0-059 0:!48
145-17  0-{ 1.97 0.50 0.048 0.037 0.493
163-8 0-1 5.90 0.25 0,168 0,042 0.0
161-11 0'1 1.39 0123 0-034 0:029 0-157
163-7 (-1 1.4 0.174 0.030 0.0635 0.076
163'14 0'1 1112 0:170 0:027 0-0&? 0 076
163-10  0-1 0.9 0.148 0,023 0.067 0.035
163-9 0-1 0.41 0.130 0.015 0,069 0.045
163-15 - 19 0.133 0.019 0.068 0.044

3 = (. /741.0)

org org

Pdetrital = {alx0.00373)

Pe:cess ) Ptntal-‘Purg+Pdetrital’

The vertical distribution of salt-free P in the

hemipelagic and pelagic cores and two representative cores from
the shelf are shown in Figures 4.4 and 4.5. 1In Figqure 4.4 the
total P concentration deceases over the length of the four
cores, although 1in each case the upper decimeter or so,
displays relatively constant values with the average P content
decreasing offshore. In the same way that the surface wvalues
were partitioned in Table 4.3 so too have the depth values. A
sgurce of error here is the changing C/P ratio for the organic
matter which is likely to increase with depth during organic
matter diagenesis. Indeed, it is well established that
significant elevations in the C/P ratio occur in settling
organic matter due to degradation within the water column.
However, it is possible that the formation of large organic-
containing particles, such as faecal pellets and marine snow

floccules, sink so rapidly (McCave, 1975; Shanks and Trent,

60
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