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Major (Fe, Mn, Al) and minor (Cr, Mo, Pb, Zn, Cd) element

analyses of metalUferous sediments in cores from the East Pacific

Rise and Bauer Deep indicate that the Bauer Deep sediments are

similar in chemistry and origin to metalliferous sediments of the

East Pacific Rises

Fe, Pb, and Zn are strongly associated in both cores and are

probably related to the hydrothermal processes which are postulated

to occur on the East Pacific Rise. Incomplete Cd data suggest that

Cd may also be released during hydrothermal leaching of basalt

Mn may originate by precipitation from hydrothermal solutions or by

normal authigenic precipitation from sea water The similar

accumulation rates of Mo in both cores, and poor correlation of Mo

with Fe imply that Mo is being extracted from sea water0 The low
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abundances of Cr and Al in rnetalliferous sediments suggest that

detritus is a minor component of the sediments.

Poorly crystalline smectites constitute a major mineralogical

phase of metalliferous sediments. Chemical and mineralogical

studies indicate that the smectite is an iron-rich montmorillonite,

similar in composition to the bulk sediment.

Information on sedimentation rates in the two cores indicate

that most elements are accumulating faster on the East Pacific Rise

than in the Bauer Deep, Accumulation rates of metals in the Bauer

Deep have decreased up to the present and are currently similar to

those for normal pelagic sediments. It is inferred that the sedimen-

tation rates in the Bauer Deep are influenced by the proximity of the

East Pacific Rise, It appears that sediments in the Bauer Deep are

largely the product of hydrothermal processes on the East Pacific

Rise, and that the precipitates are transported in suspension to the

Bauer Deep. Authigenic precipitation of elements from sea water

also occurs, having a stronger influence on the sediments as the

precipitation of rise-crest material decreases away from the ridge.
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TRACE ELEMENT STUDIES OF
METALLIFEROUS SEDIMENTS IN CORES FROM

THE EAST PACIFIC RISE AND BAUER DEEP, 10°S

INTRODUCTION

The unusual nature of erromanganese sediments from the East

Pacific Rise and adjacent Bauer Deep has been casually noted several

times during the past 80 years (Murray and Renard, l891; Revelle,

1944; El Wakeel and Riley, 1961). Only within the last decade, how-.

ever, have more thorough investigations of this area, interpreted

using the concepts of plate tectonics, clarified the context in which

such sediments occur. Bostrom and Peterson (1966) were perhaps

the first to suggest that the iron-manganese rich, aluminum-poor

sediments of the East Pacific Rise were products of volcanic pro-

cesses. In subsequent papers (for example, Bostrom and Peterson,

1969; Bostrom and Fisher, 1970) the association of metalliferous

sediments with actively spreading ocean ridges was clearly demon-

strated.

Since these inttial efforts, the literature on metalliferous sedi-

ments has increased greatly. Numerous papers have described the

enrichments of various elements such as Fe, Mn, V, B (Bostrom

and Peterson, 1969), U (Fisher and Bostrorn, 1969), Hg (Bostrom

and Fisher, 1969) and As (Bostrom and Valdes, 1969) on mid-ocean

ridges. At present, greater emphasis is being placed upon the
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geochemical processes that are responsible for the development of

such metal-rich deposits. Corliss (1971) has proposed that sea

water, heated by cooling magmas, is capable of leaching many

elements from the more accessible sites within holocrystalline

basalts, The lead isotope values of metalliferous sediments tend to

support such a volcanic-hydrothermal origin for trace metals

(Bender etal,, 1971; DaschetaL, 1971). However, there are

several indications that sea water may act as a source for some

trace elements either because elements are coprecipitated from sea

water by amorphous iron-manganese oxides r because chemical

exchange between sediments and sea water occurs. Veeh and

Bostrom (1971) have found that the activity ratio 234u1Z38u in

metalliferous sediments is similar to that of sea water. Bender

etal. (1971) and DymondetaL (1973) have shown, as well, that

these sediments have a pattern of rare earth abundances similar to

that in sea water. Bender etal. (1971) and DaschetaL (1971) have

reported sea water valueà for the ratio 87r/B6r in metalliferous

sediment. Further work by Dymond et al. (1973), however, indicates

that strontium acquires its higher radiogenic character by chemical

exchange of sea water Sr with Sr initially present in the sediments.

These observations point to the importance of sea water interaction

as a means of explaining the origin of certain enriched metals, The

distinction between these two processes Is of considerable importance
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to geochemists, since in one case (hydrothermal activity) the mid-

ocean ridges may be supplying tnew" metals to the oceans, while in

the other case (coprecipitation from sea water) they may be acting as

a sinks

Numerous occurrences of similar deposits on land in Cyprus

(Robertson and Hudson, 1973; Elderfield et aL, 1972), the Afar Rift

(Bonatti etal., 1973), and elsewhere, together with the recovery of

similar sediments in numerous Deep Sea Drilling Project holes (von

der Borch, Nesteroff, and Galehouse, 1971; von der Borch and Rex,

1970; Cook, 1972; CronanetaL, 1972) show that processes similar

to those now active on the East Pacific Rise are not just a recent

phenomenon.

Much investigative effort has heretofore been devoted to

examining the areal extent of the metalliferous sediments and their

associated chemical parameters. Although the Deep Sea Drilling

Project has plans to drill the Bauer Deep in late 1973, little work

has been done on variations in the chemistry of metalliferous sedi-.

ments as a function of time0 By studying such changes, it may be

possible to infer the processes which affect the formation of metalli-.

ferous sediments. In particular, such an investigation may help to

resolve the genesis of sediments within the Bauer Deep, where the

sediment is enriched in iron, manganese, and trace metals

(Bostrom and Peterson, 1969; Heath, Dymond and Veeh, 1973), but
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because of its great distance from the East Pacific Rise, does not

appear to originate in the same way as t!typicalfl metalliferous

sediments.

In order to evaluate temporal changes in the character of

rnetalliferous sediments, two cores collected during the YALOC 71

cruise of R/V YAQUINA of Oregon State University were selected

for detailed chemical analysis. The samples were analyzed for three

major elements Fe, Mn, and Al - - and five trace elements - Cd,

Cr, Mo, Pb, and Zn. The two cores, one from the East Pacific

Rise, the other from the Bauer Deep, provide an excellent basis for

comparison between these two dissimilar areas.

DESCRIPTION OF CORES

Y71-7-45P

Core Y71-7-45P is located about 30 km to the east of the axis

of the East Pacific Rise (11 °05'S, 110 °06'W, water depth 3096 m --

see Figure 1). The core is 385 cm in length and contains chips of

basalt at its base, indicating that the complete sedimentary section

was sampled. Figure 2 is a schematic log of the core, Most of the

sediment is moderate yellowish brown, intensely mottled, calcareous

ooze. The top eight centimeters are dusky yellowish browns, suggest-

ing that the core top has been more highly oxidized, Other dark
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Figure 1. Map of the Nazca Plate from Heath et a10

(1973). Core locations are indicated by

solid circles. Numbered magnetic anomalies

and fracture zones are after Herron (1972).

Dashed trackline at lO°S corresponds to

bathymetric profile of Figure 3,
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yellowish brown beds occur at 110-138 cm, 243-255 cm, and at the

base of the core. Sparse lami.nae of dark material are present

between 138 and 165 cm. Abundant forarninifera give the otherwise

fine-grained sediments a sandy texture. Under low magnification

dark fine-grains which presumably compose the metal-rich portion

of the sediment are discernible.

The base of the core has been dated paleontologicallyas

Quaternary (T. C. Moore, personal communication, 1973) and by

radiometric techniques as 550, 000 years. Details of the radiometric

measurements are discussedin a later section.

Y71-7-36P

Core Y71-7-36P, from the Bauer Deep (10°03'S, 102 °51'W,

water depth 4541 m - Figure 1), is markedly different in appearance

from Y71-7-45P. Nearly three-quarters of this 1888 cm core con-

sists of strikingly monotonous, dusky brown clay, only rarely

interrupted by an isolated brown mottle (Figure 2). At 1470 cm the

sediments abruptly becomes more carbonate-rich. Between 1490

and 1516 cm, homogeneous fine-grained carbonate sediment overlies

a foraminiferal sand, which appears graded, suggesting that the

carbonate sediment above 151 6 cm was emplaced by the action of

bottom or turbidity currents, This is not too surprising, as the core

site is located in very rough topography (Figure 3), Below 1516 cm
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the sediment is intensely mottled, and at about 15.5 m it grades from

a carbonate-rich, moderate yellow brown clay back to a more dusky

red and moderate brown clay. The last meter of the core appears to

consist of sediment which was sucked into the barrel as the core was

pulled out of the sediment,

The upper part of the core Is very fluid (, 80% water), so that

the top of the core was lost when it was opened. This part of the

section (the upper half meter) was sampled from the accompanying

gravity cores.

The deepest sediment has been dated paleontologically as early

Late Miocene (T. C. Moore, personal communication, 1973).

Because the fauna in the core catcher sample is very mixed, addi-

tional samples were examined pale ontologically. The calcareous

nannoplankton at 1500 cm lie very close to the zonal boundary

NN1 3/NN1 4 (T. C, Moore, per sonal communication, 1973). This

Early Pliocene datum has been estimated by Berggren (1973) to be

four million years old. If the rate of depositjon of the overlying

sediment has been constant, the average sedimentation rate for the

past four million years has been 3. 8 mm/1000 yr.

TECTONIC SETTING

The two cores used in thIs study sample areas with dissimilar

tectonic histories. Y7 1- 7-45P records very recent sedimentation
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atop the crest of an active spreading center, whereas Y71-7-36P is

located in the Bauer Deep between two spreading centers, one of

which is now extinct.

The Bauer Deep was named by Revelle (1944). Although its

geographic extent was not clearly defined, in recent years the name

has been applied to the broad depression which lies between the pre-

sently active East Pacific Rise and the now-extinct Galapagos Rise.

Studies of magnetic anomalies and of depth versus age relationships

suggest that the Nazca and Pacific lithospheric plates have undergone

a major reorientation within the last 20 million years. Inresponse

to this change in spreading direction, the spreading center jumped

from the Galapagos Rise to the East Pacific Rise. The Bauer Deep

lies at the junction of the crust formed by these two spreading centers,

and the geology of this feature is correspondingly complex,

Spreading rates calculated by different authors for the 11 °S

region are in fairly good agreement. From crossings of the East

Pacific Rise at 8°S (Arnph IA) and at 12. 5°S (Risepac Il-A) Anderson

and Sclater (1972) estimate a spreading half-rate of 9 cm/yr on the

basis of a theoretical depth versus age relationship. Herronts (1972)

interpretation of magetic anomalies requires a spreading -half- rate

of about 7.5 cm/yr at about 9°S. Similarly, Reaetal, (1973) have

estimated the rate at 11 °S to be 8. 3 cm/yr on the basis of magnetic

data obtained during YALOC-71.
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However, estimates of the time at which spreading jumped from

the Galapagos Rise to the East Pacific Rise are diverse. Herron

(197Z) hypothesized that the ridge.-jump which formed the Bauer Deep

began about 20 million years before present (mybp) at 35°S and over

the next 10 million years progressed northward. The probable

absence of anomaly 5 (9 mybp) on the flanks of the East Pacific Rise

between 5° and 10°S suggests that this portion of the basin did not

begin to form until perhaps 9-10 mybp, The existence of anomaly 5

on the topographic crest of the Galapagos Rise indicates that the fossil

ridge continued spreading simultaneously with the East Pacific Rise

until about nine million years ago, Anderson and Sciater (1972),

utilizing age versus depth concepts described more extensively in

Sciater, Anderson, and Bell (1971), suggest that spreading began in

the East Pacific Rise 6, 5 mybp, The assumption of this estimate is

that crust of a given age has the same elevation at all locations.

Therefore, if a new spreading center forms on the flank of a pre-

viously active spreading center, the ridge jump is marked by a

topographic discontinuity at the boundary between crusts, Such dis-

continuities are observable in the bottom topography of the East

Pacific Rise,

By measuring the depth of the crust at the top of the topographic

step on the flanks of the East Pacific Rise, Anderson and Sclater

(1972) estimated that the ridge-jump occurred 6, 5 rnybp.
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Furthermore, assuming that the elevation of a ridge crest at some

time after spreading has stopped is equivalent to the elevation that

the crust would have had if it had been spreading for the same length

of time, Anderson and Sciater (1972) estimated the cessation of

spreading along the Galapagos Rise at 4 mybp.

Herron (1972) and Anderson and Sciater (1972) agree that, for a

period of time, both the East Pacific Rise and the Galapagos Rise

were spreading simultaneously. In addition, although Anderson and

Sclater (1972) do not point this out, the depth of the discontinuity

tends to increase to the south, supporting Herron's (1972) suggestion

that the ridge jump progressed from south to north.

The disagreement between these authors over the timing of the

tectonic events may be largely the result of the uncertainties implicit

in their respective methods, In estimating crustal ages from crustal

elevations, all presently spreading ridges are assumed to have equal

crestal elevations. The data in Sciater etal, (1971) indicate that this

is not exactly true; the elevations of mid-ocean ridges vary by a few

hundred meters between 2518 and 2783 m. Such fluctuations may

result froni differences in spreading rate (Sciater etaL, 1971) or

perhaps from phase variations in the crust caused by mineral hydra-

tion (Anderson, 1972), Furthermore, no estimate has been made of

the effect of dual spreading centers on the age-depth relationship.

The other method, interpretation of magnetic anomalies, is
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complicated at these latitudes by the low intensity of the magnetic

signal. Thus, it may be difficult to resolve the discrepant conclu-

sions based only on the two methods,

An estimate for the initiation of spreading along the East Pacific

Rise, intermediate between the two already mentioned, is obtained by

using the spreading rate of Rea et al,' s (1973), If this rate of 8 3

cm/yr is applied to the bathymetric profiles published in Anderson

and Sciater (1972) for Conli-il and Risepac Il-A projected normal to

the East Pacific Rise (N8OW), it yields a 7, 5 mybp age for the ridge

jump, The somewhat lower spreading rate estimated by Herron

(1972) for 11 °S would yield a slightly greater age0 The bathymetric

profile from YALOC-71 shows a topographic break at the west end of

the Bauer Deep (Figure 3) similar to the Conrad and Risepac profiles,

Using Rea et aL (1973) rate, this discontinuity has an age of about

7, 5 mybp.

It is more difficult to determine when the Galapagos Rise

stopped spreading0 The occurrence of high heat flow over the

Galapagos Rise (Herron, 1972), howevei', may indicate that spread-

ing ceased more recently than 8, 7 mybp.

Core Y71-7-36P lies east of the crustal discontinuity separating

the two rises, amid the extremely rough topography which character-

izes the Bauer Deep, Consequently, it appears that the core is

underlain by crust generated at the Galapagos spreading center,
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Seismic reflection records show a sediment thickness of about 250 m

in the depression where the core was taken, indicating an age of 10

to 25 million years for the oceanic crust. From Herron's estimate

of 5 cm/yr for the spreading rate of the Galapagos Rise, it appears

that Y71-7-36P is located above basalt that was generated some 15

million years before spreading ceased along the Galapagos Rise,

Depending upon which estimate is used for the time of cessation of

spreading, the absolute age of the Bauer Deep could range from 19

to 24 mybp.

Understanding the tectonic history of the Bauer Deep is

important if actively spreading mid-ocean ridges are a source of

rnetalliferous sediment. The disagreement over timing of major

tectonic events may be unimportant to this study, however, because

the sediment at the base of Y71 -7-36P was deposited at a time

(4 rnybp) when, all authors agree, the East Pacific Rise was the only

active spreading center. Consequently, while the crust of the Bauer

Deep was generated by the Galapagos Rise, any sediments of volcanic

or hydrothermal origin in Y71 -7-36P were probably derived from the

East Pacific Rise.
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ANALYTICAL PROCEDURE

Sample Prpation

Five centimeter samples were taken from the two cores at

intervals of approximately 25 cm. Each sample was freeze-dried,

and its weight loss was noted as an indication of the low-temperature

water content, Samples were homogenized by shaking briefly in a

plastic vial with a plexiglass ball before being split and stored in

glass vials prior to analysis,

Methods of Analysis

Only a brief description of the analytical techniques used during

this research is given here. A more detailed explanation of the

methods can be found in Appendix I

Carbonate and organic carbon were determined by means of a

LECO 714 Carbon Analyzer, Organic carbon concentrations are in-

cluded in Table 4, but their low and relatively constant values do not

merit further comment.

The abundances of Al and Mn were determined by Instrumental

Neutron Activation Analysis (INAA), utilizing the (n, ) reactions of

27A1 and 55Mn, Counting was done with a Ge(Li) detector, and the

errors were computed on the basis of counting statistics,

The elements Cd, Cr, Fe, Mn, Mo, Pb, and Zn were analyzed
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by Atomic Absorption Spectrophotometry (AAS), using a Jarrell-Ash

Model 810 Spectrophotometer, The samples were dissolved in

Teflon-lined bombs containing hydrofluoric acid and aqua regia.

Excess HF was subsequently neutralized with boric acid (Bernas,

1968). Elements which were not sufficiently abundant to measure by

conventional flame techniques were determined using the more sensi-

tive Varian Techtron Model 63 Carbon Rod Atomizer (CRA).

Three samples from Y717-36P -- at 205-Z10 cm (MS 0339),

1080-1085 cm (MS 0397), and 1500-1505 cm (MS 0435) -- were

selected for mineralogical examination, Since the non-silicate

fraction of similar sediments has been described (Daschetal.,

1971), only the aluminosilicate fraction was isolated for study.

Calcium carbonate and iron-manganese oxides were chemically

removed from the less than 63 micron fraction, A portion of each

sample (except for the 1500-1505 cm samples, which was too small)

was set aside for partial chemical analysis (Fe, Mg, and Al) by the

methods of atomic absorption spectrophotometry described pre-

viously. Samples were saturated with Mg+Z, size fractionated at

one micron, and mounted as oriented aggregates for X-ray diffrac-

tion. Each sample was run in duplicate.

Three different X-ray tests were performed on the samples,

For the purposes of mineral identification, the samples were

saturated with glycerol and X-rayed. In addition, the Li and K tests



of Green-Kelly (1955) described in Schultz (1969) were used to dis-

tinguish the location and size, respectively, of charge deficiency in

the smectite minerals.

SEI)IMENTATION RATES

Both cores were dated radiometrically to determine sedimenta-

tion rates. The measurements were made by H, H, Veeh of Hawaii

Institute of Geophysics (now at Flinders University, South Australia),

The data are presented in Table 1.

Sedimentation rates were calculated by both the excess 230Th

and the 230Th/232Th methods. The former method is based on

precipitation of Z3OTh produced by the decay of 234u in sea water

and measures the Z3OTh activity in excess of that which the sample

would have if 230Th were in secular equilibrium with Z34 in the

sediment, The latter method is an attempt to eliminate errors in the

former, which may arise from changes in detrital sedimentation

rates, by measuring the decay of 230Th normalized to 232Th.

Errors are possible with this method if the two isotopes have differ-

ent sources which change in relative importance during the decay of

230Th. The strengths and 'weaknesses of both procedures are dis-

cussed in Ku, Broecker, and Opdyke (1968), and Goldberg (1968).

Because of the slow sedimentation rate in the Bauer Deep,

excess 230Th activity was detectable only to a depth of about 60 cm



Table 1. Uranium and thorium isotopic data in sediments, East Pacific Rise and Bauer Deep.

Depth CaCO3 U Th
Th230/Th232 Th230(cm) (%) (ppm) (ppm) ex

(dimig)

Y71 -7-45P

10- 15 87 0.29 0.14 1l0±.03 199 6.97
50- 55 89 0.32 0.25 1.06± .03 125 7.75
92- 97 91 0.49 0.12 1.09±.03 180 5.11

142-147 86 0.39 0.20 1.09e.03 74 3.33
192-197 91 0.35 0.53 1.09± .03 25 3.08
260-265 90 0.69 0.20 1.16± .03 37 1.16
300-305 89 0.71 0.28 1.13± .03 28 0.35
343-348 85 0.66 0.11 1.08±.03 32 0.36

Y71-7-36MG-2

0- 5 -- 1.48 1.48 1,04±.02 107 101
15- 20 -- 1.53 4.57 1.04± .02 67 76.9
35- 40 -- 1.45 3.57 1.02± .02 27 23.2
50- 55 -- 2.14 2.95 1.00± .02 5.9 2,80

Analyses by H. H. Veeh, Hawaii Institute of Geophysics (now at Flinders University, South Australia)
Errors for 234TJ/238U based on counting statistics (1w)
Other Errors: U = 3%; Th = 5-10%; 230Th/232Th = 5-10%; Thex



in core Y71-7-36P. In contrast, excess activity could be measured

throughout the major portion of core Y71-7-45P. Because the deep-

est samples from the rise-crest core had very low activities, how-

ever, these values were ignored because of the large errors

involved. The sedimentation rates were assumed to be constant

throughout the dated intervals and were calculated by fitting least

squares regression lines to the data points (Figures 4 and 5). The

resultant sedimentation rates for the Bauer Deep core (Y7l7-36P)

and the rise crest core (Y71-7-45P) were .16 and 1,4 crn/l000 yr.,

respectively.

An independent sedimentation rate for the Bauer Deep core can

be calculated from the paleontological date mentioned previously.

The rate of . 38 crri/1000 yr obtained in this way is more than double

that obtained radiometrically. The discrepancy may be due to the

fact that the two rates are averages for very different intervals of the

core, Although the date at 1500 cm is within the carbonate portion

of the core, it is not possible for carbonate input to increase the

average sedimentation rate significantly since only about 30 cm of the

overlying sediment is carbonate, If some of the carbonate sediment

was deposited by bottom currents as suggested by the lithology at

1470-1516 cm, the incorporation of older faunas by erosion and re-

deposition would lower the apparent sedimentation rate, Thus, if

anything, the date at 1500 cm leads to a low estimate of the
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sedimentation rate,

Bischoff and Sayles (1973) have reported a sedimentation rate

of .47 cm/1000 yr for a core located near Y71-7-36P (10°22'S,

102 °38'W). This rate is a factor of three greater than the one deter-

mined for the surface of Y71-7-36P. It is not currently possible to

determine whether this difference in rates is the result of local

variability in sedimertation or the result of errors in one of the rate

determinations. The paleontologically determined rate agrees more

closely with that of Bischoff and Sayles (1973).

As a means of estimating the change in sedimentation rate with

time, a computer program written by G. R. Heath was used, This

program fits a cubic spline curve to the bulk density and age data

for the core (the bulk density measurements for both cores are

compiled in Table 2). Because of the large discontinuity in physical

properties at the carbonate/non-carbonate contact of the Bauer

Deep core and because of the paucity of age and density points near

this boundary, the sedimentation rate has not been extrapolated into

the carbonate. The accumulation rates calculated in this manner

are depicted in Figure 6, The rate values thus obtained can be

combined with the analytical data to compute accumulation rates for

the individual elements analyzed during this study, using the

formula:



A C * S * D(100 - W), where

A = accumulation rate of element in gm/cm2/1000 yr

C = measured concentration of the element

S = sedimentation rate in cm/1000 yr

D = wet bulk density in gm/cc

W= weight percent water of bulk sediment

Table 2, Bulk Density Measurements

Depth Bulk Density
(cm) (gm/cc)

Y71 -7-36P

Y71-7-45P

26- 28 1.11
56- 58 LU

960- 962 1.11

1480-1482 1.43

24- 26 1.35
64- 66 1.43

125- 127 1.34
210- 212 1.45
310- 312 1,51

24
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RESULTS

Chemical Analysis

The chemical analyses of cores Y71-7-36P and Y71-7-45P

have been tabulated in Tables 3 and 4. In instances where more than

one analysis was made of a sample, the average value is tabulated.

Appendl II lists all analyses as concentrations in freeze-dried sedi-

ment as well as concentrations converted to a carbonate- and salt-

free basis (CSFB).

When plotted versus depth in Y71-7-45P (Figure 7), the CSFB

concentrations of the elements display four different patterns. The

first pattern is followed by Fe, Pb, and Zn. The concentrations of

these elements gradually increase with depth, and have maxima at

130, 25, and 380 cm. These maxima are correlative with more

darkly colored horizons within the core (Figure 2). In contrast, Mo

and Mn are extremely enriched in the surface layer, but, unlike

elements of the first group, they are not enriched in the intermediate

dark beds. Instead, Mn and Mo are slightly enriched from 75 to 102

cm, and 205 to 230 cm - - both itervals lying slightly above the dark

horizons.

The abundance patterns of Cr and Al are very different from

both the preceding patterns and from each other (Figure 7b). Cr

abundance decreases continuously with depth whereas the
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Table 4. Calcium Carbonate, Organic Carbon, and Water
Contents of the Sediment Samples. Low temperature
water content is defined to be the weight percent of
the wet bulk sediment lost during freeze-drying.
High temperature water is defined as the weight
percent of the freeze-dried sediment lost during
heating from 20°C t 110°C. Calcium carbonate
and organic carbon values are in weight percent
of the dried sample (110°C).
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Sample
Depth Low T. High T. Sample
(cm) CaCO3 Org. C H20 H20 No.

Y71-7-36P

5- 10 1.2 3 84.5 5.5 MS0497
28- 35 1.6 .21 84.2 E.3 MSOS3S
53- 60 1.3 .15 S'..8 7.2 MS0539
80- 85 1.4 .13 84.5 6.1 !ISOSL+0

105- 110 .3 .10 82.7 6.7 MS0335
130- 135 .07 83.'. 6.4 P4S0336
155- 160 1.0 .14 82.6 4.3 MS0337
180- 185 1.2 .06 82.8 4.7 MSO.338
205- 210 .6 .10 82.1 7.8 MS0339
230- 235 .6 .1.2 81.4 8.0 MS0340.
255- 260 .9 .05 79.5 3.6 MS0341
280- 285 .9 .04 80.9 6.8 MS0342
305- 310 1.1 .12 81,5 6.6 MSO3'+3
330- 335 1.1 .05 82.3 3.6 MS0344
355- 360 1.1 .13 82.7 8.6 MS0345
380- 335 1.4 .05 81.9 6.6 MS0146
405- 410 .6 .17 81.2 3.2 M5C368
430- 435 .5 .18 31.8 4.6 MS0369
455- 460 .5 31 82.8 1.5 M3C370
480- 487 .5 .20 84.3 4.0 MS0371
505- 510 .5 .14 83.2 2.'. MS0372
530- 535 .4 .15 62.0 4.4 MS0373
550- 555 .5 .15 82.1 3.1 MS74
580- 555 .6 .17 81.6 3.9 MS0375
605- 610 .4 .38 51.6 4.2 PS0376
630- 635 .5 .18 31.6 5.4 '450377
655- 60 .4 .i6 81.8 5.9 lS0378
680- 685 .5 .21 81.1 i.6 MS0379
705- 710 .5 .16 81.3 6.5 MSC3S0
730- 735 .4 .20 81.4 7.8 '450.351
755- 760 .5 .25 61.8 6.6 '50382
780- 785 .5 .22 81.8 4.9 '430383
805- 810 .7 .40 82.1 2.5 MSO38L+
525- 830 .7 .14 81.2 1.5 M038S
855- 860 .7 .13 81.4 5.3 MS0366
880- 885 .8 .13 81.4 2.2 MS0387
905- 910 .6 13 32.1 3.'. '4SC385
930- 935 .6 .07 81.9 6.4 '450359
955- 960 .7 .10 52.9 3.0 '430350
980- 985 .5 .09 81.6 1.8 M30393

1005-1010 .4 .10 81.8 4,0 MSG3SL.
1030-1035 .5 .13 81.8 3.5 MSO3SS
1055-1060 .5 .09 82.2 3.4 MSOI96
1080-1085 .5 .07 82.2 5.0 MS0397
1135-1110 .4 .09 82.6 2.5
1130-1135 .4 .1.2 81.8 7.0 '450359
1155-ilbO .6 .05 82.2 3.3 MSQ400
1180-1185 .4 .06 82.3 3.2 MSC4O1
1205-1210 .4 .07 52.2 1.7 '4S0402
1230-1235 .4 .09 82.9 2.0 MS0403
1255-1260 .4 .07 52.8 6.2 '450404
1288-1253 1.4 1.84 52.0 1.5 MSCS41
1310-1315 1.6 .06 82.6 4.2 '450542
1330-1335 0 0 82.7 2.4 S0428
1355-1360 .5 .07 52.8 2.7 MS0429
1380-1385 .4 .09 82.3 3.7 MSC43O
1405-1410 .5 .00 32.9 1.1 USD431
1431-1436 .5 .06 81.9 2.6 UC432
1454-1459 17.9 1.77 78.1 4.5 M3Q433
1475-1L.SC 57.5 1.66 55.5 2.0 SC'.34
1500-1505 74.4 1.12 51.1 1.7
1530-1535 '4.4 .90 53.0 2.0 '430436
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Table 4, continued:

Sample
Depth Low T. High T. Sample
(cm) CaCO3 Org. C H20 H20 No.

1561-1566 12.7 2.03 76.0 2.9 MSQ437
1600-1605 2.1 1.71 75.2 6.6 MS04711623-1628 32.3 2.05 7t.7 3.2 MS0472
1646-1651 22.2 2.04 75.6 2.4 MS0473
1675-1680 6.4 2.26 79.5 3.5 MSO4+741700-1705 1.8 2.24 79.1 2.4 MS04751729-1734 9.9 2.'6 16.6 1.7 MS0476
1755-1760 11.8 2.33 75.9 2.4 MS04771785-1750 37.7 2.14 71.2 3.0 MS0478
1805-1810 39.5 1.93 71.2 2.4 MSflL,79
1825-1830 37.1 2.19 71.6 3.4 MSO4SO
1855-1860 38.7 1.78 11.9 2.7 MSO4BI1880-1885 37.0 2.15 72.0 3.0 MS0508

y7l-7
5- 10 50.9 .83 52.5 0 MS0391

30- 35 79.4 .97 53.1 1.2 MSOSOS
55- 60 52.1 .69 50.1 1.1 MS0510
75- 80 53.4 .59 51.4 1.5 S0511
57- 102 51.2 .53 51.6 1.2 MSOSI2

130- 135 73.0 .93 56.0 0 MS0513
155- 160 79.9 1.17 52.1 1.1 M50514
150- 185 52.4 .82 53.2 1.1 MS051
205- 210 80.2 .87 51.3 1.3 lS0516
228- 235 50.3 1.03 52.3 1.5 MS0517
255- 260 79.5 .74 53.6 1.5 'S0518
250- 285 77.2 1.21 51.3 1.5 PSfl519
305- 310 76.4 .91 52.7 1.3 'S0534
333- 338 75.7 1.05 5i.' 1.4 M50535
357- 362 78.0 1.12 51.0 1.6 '4S0536
380- 385 64.1 1.46 58.3 1.3 M0537
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concentration of Al increases with depth in the core, Both Al and Cr

show some enrichment at the 75 cm level, Otherwise their distribu-

tions appear to be totally antithetical, Between 305 and 333 cm, Al

displays a strong ma,dmum which coincides with a minimum in the

concentrations of Fe, Pb, and Zn,

Because only one sedimentation rate has been determined for

Y71-7-45P, it follows that, after correction for bulk density varia-

tions, the abundance of each element is proportional to its accumula-

tion rate, Accumulation rates for the samples for which bulk

density values were determined are tabulated in Table 5.

The abundance patterns for elements in Y71-7-36P do not fall

into the clear-cut groupings of Y71-7-45P (Figure 8), The CSFB

concentrations of most elements, except Cr, Cd, and perhaps Mo,

are much lower in the carbonate than in the non- carbonate portions

of this core, As discussed previously, this pattern may be an arti-

fact produced by low carbonate analyses, which would result in

inadequate carbonate corrections (Appendix III). The fact that not all

elements show the drop, however, suggests that the changes are real,

The abundance of Al is almost constant at 2-3% (CSFB) down

the length of Y71-7-36P. Two maxima do occur; one at 960 cm and

the other near the surface. The high surface values are associated

with high Si concentrations (J, Dymond, personal communication,

1973),



Table 50 Accumulation Rates (in ig/cm2/lOOO yrs) in Core Y71-7-45P on the East Pacific Rise0

Depth (cm) Al Cr Mn Fe Zn Mo Cd Pb

30- 35 760 52 3780 13300 27..Z 61 0 4O

55- 60 980 4.7 5000 15500 29.8 .8 0 7.7

130-135 890 3.5 7200 22900 44,8 1,4 0 10,0

205-210 1180 3,1 3970 15500 29,,Z 1,6 .25 4,7

305-310 1840 2,6 6870 21100 39.1 1,0 .68 7.8

u-I



36

Figure 8a, Diagram of Mo, Mn, Fe, Pb, Zn, and Cd concen
trations (CSFB) versus depth in Y71-7-36P,
Profiles have been smoothed using a three point,
binomial running average,
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The concentrations of the transition metals, Fe, Mn, Mo, Pb,

and Zn, display similar patterns. Each element is moderately

depleted in the surface sediments and is most concentrated between

about one and four meters in the core, Below this interval, they

tend to become less abundant with increasing depth, Mn shows the

least change in abundance with depth, whereas Mo shows the

greatest change (Figure 8a),

Cr and Cd concentrations vary little down the length of the

core, Cr is enriched in the surface sediment and in a layer between

1450-1485 cm. The deeper enrichment lies near the upper boundary

of the carbonate sediment, but does not appear to be associated with

the increased proportion of biogenic sediments. Cd, on the other

hand, is enriched within the carbonate-rich sediments between 1480-

1535 cm, This enrichment suggests that the assumption that calcite

can be treated as a chemically inactive diluent is incorrect. Cd+Z

o. +2 o(r = , 97A) is similar in size to Ca (r . 99A), and it is possible

that the Cd ion may be substituting for Ca in the calcite structure.

The patterns of Cr and Al abundances in Y71-7-36P are similar

(Figure 8b), and, when Cr is normalized to Al, much of the variation

in the profile of Cr abundance disappears. This suggests that Cr and

Al are present in the same phase within the sediments.

Because the sedimentation rate is not constant throughout core

Y71-7-36P, the accumulation rates of elements cannot parallel their



concentrations in the sediment. The elemental accumulation rates,

calculated using the sedimentation rates in Figure 6, show increasing

deposition rates with depth in the core (Table 6).

Mineralogy

The results of the glycerol solvation test are summarized in

Table 7. The samples consist almost entirely of smectite, having

001 spacings of about 18. 5A and recognizable 002, 004, and 005

peaks. Because d spacing shows smaller changes at higher 20 values,

higher order peaks often provide better estimates of the true basal

spacing. These estimates of the basal spacings are included in

Table 7. While estimates based on the 002 and 004 spacings are

similar to those based on the 001 values, those derived from the 005

spacings are consistently lower. Since no other minerals are present

in significant amounts, it is doubtful whether the 005 peak has been

misidentified. The cause of the discrepancy is not known.

In several slides a very small peak at 7, 1A points to the pre

sence of a small amount of chlorite of beidellitic smectite. Because

the peak is unchanged by a number of treatments with different polar

liquids, it is probably due to chlorite.

For small grains, peak width is a function of a mineral) s grain

size (Cullity, 1956). The peak widths listed in Table 8 indicate that

there is no apparent increase in the size of smectite grains with
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Table 7. Basal Spacings (in Angstroms) for Glycerol Solvated Samples

Depth in
Sample Core (cm) OO1S* OOJC* 002S 002C 004S 005S

MS 0339a 205- 210 18.8 14,2 9.28 7.08
(18.6)

MS0339a 1805 -- 9.30 7.13
(vapor) (18.6)

MS 0339b 19.0 13.3? 9.20
(18.4)

MS0339b 17.6 -- 9.30 7.13
(vapor) (18.6)

MS0397b 1080-1085 18.2 -- 9.17 --
(18. 3)

MS0397b 18.6 -- 9.32 --
(vapor) (18.6)

MS0435a 1500-1505 18.5 13.8? 9.24 7.11
(18,5)

MS 0435b 18. 2 13. 7 9. 28 7.04
(18.5)

* 5 refers to a smectite peak ** C refers to a chlorite peak

4,63 3.56
(18,5) (17.8)

4.65 3,56
(18.6) (17.8)

4059 3.58
(18.4) (17.9)

4.64 3.57
(18.6) (17.8)

4.59 3057
(18,3) (17.8)

4.58 3.57
(18.3) (17.9)

4.63 3.58
(18.5) (17.9)

Peak not present



Table 7. Continued:

Sample MS 0397a was lost as a result of a misfunction in the magnetic tape interface,

Values in parentheses represent the value for the 001 obtained by multiplying the higher
order peak spacing by the appropriate integer.

(vapor) indicates that the sample was solvated with glycerol vapor. All other samples
were solvated with glycerol liquid,
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Table 8. Crystallinity of smectite as measured by peak width at
half height in degrees 20.

Sample 001 002 004 005

MS0339a .90 1.10 1.50 1.46

MS0339b ,94 1.10 1.50 1,40

MS0397b .96 1,18 1.76 1.34

MS0435a .90 1.12 1,52 1.40

MS0435b .92 1,10 1,52 1.54

depth in the core. This observation suggests that the process of

mineral formation is not continuous, but ends soon after the sediment

has been deposited, preventing further mineral growth,

Schultz (1969) used the lithium test of Greene-Kelly (1955) as a

means of determining the location of the net charge deficiency in

smectjtes and thus as a method for distinguishing montmorillonite

and beidellite type structures. If the charge deficiency is octahedral,

the L1+ cations will enter available octahedral sites and neutralize the

mineral? s net charge, making it non-expanding. If, on the other hand,

the net charge is tetrahedral, the clay will still expand as there are

no cation vacancies into which the can migrate to neutralize the

net negative charge.

Glycerol solvation of heated, Li+ saturated samples produced

a mixed layer clay consisting of 9. 6A montmorillonite and 18A



beidellite. By looking at the position of the 002/004 peak (002 of
0 0

niontn-xorillonite is 4. 8A; 004 of beidellite is 5. 4A) it is possible to

determine the relative abundance of the two minerals (MacEwan

etaL, 1961), The diffractograms in this study displayed a peak

between 4. 6 and 4. 7A which presumably represented the 002/004

composite peak. From MacEwan' s graph, it appears that the

srnectites are 65-70% montmorillonite, This is compatible with the

results of the glycerol solvation, which also suggested that mont-

rnorillonite is the primary phase present.

Schultz (1969) found that K- saturation was a semi- quantitative

indicator of total charge; after treatment with ethylene glycol, the

clays with the highest total charge show the least amount of expansion

After K- saturation, the samples in this study diffracted energy over

the interval from 9 to 20 A with slight maxima sometimes occurring

between 13.1 and 13.6A, From Schultz's graph, the results suggest

that the net charge per unit cell is greater than . 85. Closer examin-

ation of Schultz's (1969) samples indicates that the smectites most

similar to those in metalliferous sediments have a charge deficiency

of about 1. per unit cell,

Partial chemical analyses of MS 0339 and MS 0397 were made

in order to obtain some idea of the relative importance of the

dominant octahedral cations in the smectites, Results of Fe, Al,

and Mg analyses are summarized in Table 9.



Table 9. Partial Chemical Composition of Smectites from this Study, Bischoff (1972),
Schultz (1969).

Element This Study Red Sea Bentonites
Bischoff (1972) Schultz (1969)

Clay Tatatilia Otay
MS 0339 MS 0397 120k 126P Spur-i tJmiat-14 28 34

Fe 14. 4%± 2 14. 2%± .1 22,0% 22.0% 3.00% 2.36% .042% . 62%

Al 2.5%±.1 3.O%±.2 1.1% 1,48% 11.75% 10. % 10,1% 9.8 %

Mg 2.91%±.01 3,46%.02 .9% .58% 1,64% 1,85% 1.68% 4.38%
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D. K. Rea (written communication, 197Z) has studied the

silicate mineralogy of basal sediments in cores from the East Pacific

Rise, including core Y71.7-45P, in the same way as the present

study. His X-ray diffraction results for glycerol-solvated samples

and his chemical analyses indicate the presence of an iron-rich

montmorillonite, similar in character to that found in the Bauer Deep

samples during this study.

DISCUSSION

Chemistry

This study seeks to answer several questions about the origin

and genesis of metalliferous sediments. The primary problem is to

determine whether sedi,mnents of the Bauer Deep are the same as

metalliferous sediments found on the East Pacific Rise, and, if they

are, to determine why the sediments are so highly enriched in metals

at such a great distance from the rise crest. It is also of importance

to investigate the processes which affect sedimentation on the East

Pacific Rise, with particular reference to the highly variable patterns

of metal abundances in core Y71-7-45P. Finally, it is worthwhile to

ecamine, by means of factor analysis, co-variations between differ-

ent elements in an attempt to distinguish the principal components of

sedimentation from elemental associations.



Several possible explanations for the origin of metalliferous

sediments in the Bauer Deep exist. 1) Hydrothermal processes on a

spreading center may supply metals to sea water which are subse-

quently transported as particulate matter to the Bauer Deep, 2) The

sediments may be formed in situ by the authigenic precipitation of

metals from sea water. 3) Low temperature weatherixig of basaltic

detritus might produce metal enriched deposits0 4) Metals such as

Mo might be deposited in locally reducing basins0 The data on

chemical composition and metal accumulation rates of Bauer Deep

sediments, together with similar studies of sediment from the East

Pacific Rise, can yield several inferences about the processes which

are significant.

The patterns of Al and Cr concentrations in the Bauer Deep are

somewhat similar, suggesting that they might follow similar geo-

chemical pathways. Al is distinctively low in metalliferous sedi-

ments, and this element has been considered by BostrometaL

(1969), as well as other authors, to be a detrital component. Although

Bostrom and Peterson (1969) found that Cr is more abundant on the

crest of the East Pacific Rise than on the flanks, this study, as well

as Bertine (1970), has found that Cr is depleted in rnetalliferous secli-

nients (Z5 ppm) by comparison with common pelagic sediments

(50-90 ppm) and oceanic basalts (250-300 ppm-- Appendix IV).

Manganese nodules are the only other marine deposits which are
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similarly depleted in Al and Cr. These observations indicate that Al

and Cr are not associated with the processes which produce

metalliferous sediments. Any relative enrichments of Cr or Al in

rise-crest sediments must therefore result from other processes.

The data of this study also indicate that Cr is more abundant on

the East Pacific Rise than in the Bauer Deep, Furthermore,

accumulation rates of Al and Cr (Tables 5 and 6) confirm that both Cr

and Al are presently being deposited at faster rates on the rise crest

than in the Bauer Deep. Because Cr and Al are more abundant in

basalts and continental detritus, these elements appear initially, at

least, to be associated with detrital phases.. The higher deposition

rates of Cr and Al on the East Pacific Rise seem reasonable in view

of the fact that submarine volcanism is associated with the rise crest.

The apparently antithetical patterns of Cr and Al in the rise

crest core, however, complicate the interpretation that Cr and Al

occur in the same phase. The occurrence of decreasing Cr and in-

creasing Al with depth in Y71-7-45P, suggests either that the two

elements occur in different phases or that Cr is more easily weather-

ed from the sediments than Al, The latter possibility is difficult to

evaluate because little work has been done on the behavior of Cr

during weathering, Bertine (1970) indicates that Cr tends to become

soluble under highly oxidizing, somewhat basic conditions,

It is possible to evaluate the possibility that Cr and Al may



occur in separate phases with the use of a ternary diagram of Al-Cr-

Pb (Figure 9). Basaltic material has higher Cr/Al ratios (Z0-35x

1O) than either granites (3x104) or non-metalliferous marine

sediments. Rise crest sediment from Y71-7-45P is relatively en-

riched in Cr, either because of admixed volcanic material, or less

likely because of Cr precipitation from sea water. The Bauer Deep

sediment in Y71-7-36P is richer in Al, implying that detritus in the

Bauer Deep includes a greater terrigenous component. These differ-

ing trends in Al and Cr suggest that there are two sources of detrital

material. Data for average manganese nodules (Mero, 196Z) and for

another sample from the East Pacific Rise (El Wakeel and Riley,

1961) display relatively lower contents of Al and Cr, suggesting that

both cores in this study have small but significant detrital components.

Analyses of holocrystalline and pillow basalts by Corliss (1970)

indicates that holocrystalline basalts have slightly less Al and

slightly more Cr than pillow basalts. While small amounts of Al may

be leached from basalts during hydrothermal alteration, the amount

is quite small and probably negligible in comparison to detrital con-

tributions of Al to metalliferous sediments.

Fe and Mn are the primary constituents of metalliferous sedi-

ments. Hypotheses about the origin of metalliferous sediments must

be capable of explaining the strong enrichments of Fe and Mn in these

sediments. Both elements are presently accumulating on the rise
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Figure 9, Ternary diagram of Al-Cr-Pb. Compositions of
pelagic sediments are from Goldberg and Arrhenius
(1958), El Wakeel and Riley (1961), and Turekian
and Wedepohi (1961). Basalt values are from Engel
etal, (1965), Turekian and Wedepohl (1961), and El
Wakeel and Riley (1961), The additional analysis of
metalliferous sediment is from El Wakeel and Riley
(1961). Average manganese nodule is that of Mero
(1962), Se a water value i. s from Home (19 69),
Granite values were reported by Turekian and
Wedepolil (1961).
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crest at faster rates than they are in the Bauer Deep (Tables 5 and

6). In the Bauer Deep, however, the accumulation rates of Fe and

Mn increase with depth in the core, eventually exceeding those on

the rise crest. The increases in accumulation rates of Fe and Mn

with depth in the core, which are displayed as well by the other

elements in this study, suggest that metal accumulation rates are

dependent upon the proximity of the spreading center to the site of

deposition. A comparison with data from Heathetal, (1970) (Table

10) indicates that Mn and Fe are not presently accumulating at un

usually highrates in the Bauer Deep. Bender et aL (1971) found that

Mn in sediments from the crest of the East Pacific Rise accumulates

about 30 times faster than in average pelagic sediments0 Data from

Y71.-7-45P of the present study show that Mn is deposited more

rapidly on the East Pacific Rise than elsewhere, but at rates much

less thanreported by Bender etal, (1971) in their core V19-54 at

17°S.

Bender, Ku and Broecker (1970) and SomayajuluetaL (1971)

found that metals associated with authigenic phases accumulate at

similar rates in manganese nodules and pelagic sediments0 The

accumulation rates of Fe, Mn, and other metals in nodules therefore

provide estimates of the rate of authigenic metal deposition from sea

water0 A comparison of metal accumulation rates on the East Pacific

Rise (Table 5) and in manganese nodules (Table 10) indicates that the



Table 10, Accumulation Rates (g/cm2/1OOO yr) of Marine Deposits Calculated by Other Authors

Cr Mn Fe Mo Pb

Average Pacific Sediment 4 - - - - 2. 2 -

(Bertine, 1970)

Pelagic Sediments 8 1600 5500 6 3
(HeathetaL, 1970)

Mn Nodules . 2 2600 670 4 4
(SomayajuluetaL, 1971)

East Pacific Rise
(Bender etaL, 1971)

Crest -- 35000 -- -- --

Flank -- 1120 -- -- --

u-I
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rates are comparable for Mn but that Fe is being deposited at a

faster rate on the rise crest, This comparison indicates that authi-

genic precipitation from sea water cannot be discounted as the source

of Mn in ruetalliferous sediments but that some additional source be-

sides sea water is required to account for the deposition of so much

iron.

The ternary diagram of Fe-Mn.Al (Figure 10) helps to clarify

the relation of metalliferous sediments to other marine deposits.

Two trends are apparent, One, which includes red clays, pelagic

sediments, and volcanic material, is characterized by increasing Al

content. The other, consisting primarily of manganese nodules, is

characterized by low Al and high Mn. Metalliferous sediments of the

East Pacific Rise and Bauer Deep lie at the intersection of these two

trends. Thus, it is tempting to infer that metalliferous sediments

are an 'end member" sediment type, which grades into more typical

pelagic sediment by addition of Al-rich detritus, and into ferro-

manganese nodules and manganese crusts either by the addition of

slowly precipitated authigenic Mn or by the early removal of Fe from

solution as described by Krauskopf (1957),

Assuming that Fe, and perhaps Mn, In rnetalliferous sediments

are derived by hydrothermal alteration of basalt, it is possible to

estimate the relative proportions of Fe and Mn that are removed

from basalts by comparing the compositions of holocrystalline and
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Figure 10. Ternary diagram of Fe-Mn.A1. Values of
manganese nodules are taken from Mero (1962),
Raab (1972), and Rancitelli and Perkins (1973).
Basalt values are from Engeletal. (1965),
Corliss (1971), and Turekian and Wedepohi
(1961). Basalt leachate computed from data of
C orli s s (1971), Red Clay values from Re ye lie
(1944), Pelagic Sediment values from Lander-
gren (1964), El Wakeel and Riley (1961), and
Goldberg and Arrhenius (1958).
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pillow basalts (Corliss, 1971). The initial leachate would be rich in

Fe relative to Mn and Al (Figure 10). Through early precipitation of

some Fe (Krauskopf, 1957) the Fe/Mn ratio of the leachate would

approach that of metalliferous sediments. Manganese nodules may

represent a more extreme product of Fe-Mn fractionation, in which

Mn remains in solution after Fe has been precipitated. Clearly, dis-

tribution patterns of additional elements in basalts should be deter-

mined to clarify the extractive and depositional processes.

The abundance patterns of Zn and Pb in the Bauer Deep follow

those of Fe and Mn (Figure 8a). Similarly on the East Pacific Rise,

Fe, Pb, andZn appear to be more closely associated (Figure 7a).

Cd, which.is chemically similar to Zn, shows a more constant pattern

with depth in the Bauer Deep. Of these elements, only Zn appears to

be more abundant in metalliferous sediments than in the normal

pelagic sediments analyzed by Turekian andWedepohl (1961-165

ppm) or by Brutyetal. (1972--129 ppm). Zn, Pb, and Cd are all

accumulating at faster rates on the East Pacific Rise than in the

Bauer Deep. The rates of deposition, however, are not so great

that authigenic precipitation from sea water can be excluded as a

possible source. Bender etal, (1971), Daschetal. (1971), and

Dymond et al, (1973) all report that Pb in metalliferous sediments

has an isotopic ratio indicative of a volcanic origin, Because Pb is

also associated with Fe in metalliferous sediments, it seems that
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there are some grounds for postulating that these two elements are

derivatives of hydrothermal processes. There is less information

available about Zn although it seems to be associated with Fe and Pb

in both cores of this study.

Bostrorn and Peterson (1969) showed that, unlike most other

trace elements, Mo is enriched in the Bauer Deep sediment rather

than on the East Pacific Rise, Turekian and Bertine (1971) have sug-

gested that the distribution of Mo in rise crest sediments is strongly

dependent on locally reducing conditions, If so, Mo may serve as a

useful indicator of the oxidation state of the sediment during deposi-

tion and diagenesis, The results of this study indicate that Mo is,

indeed, more abundant in the Bauer Deep than on the rise crest, but

that the accumulation rates in these two areas are comparable. The

accumulation rate of Mo in metalliferous sediments does not appear

to exceed that for pelagic sediments (Heath et al,, 1970-- Table 10),

Bertine and Turekian (1973) account for enrichment of Mo in

marine sediments by two processes -- coprecipitation with ferro-

manganese minerals and precipitation in anoxic, organic-rich sedi-

ments. Mo is not deposited in metalliferous sediments by the latter

process because the Eh is too high and the content of organic

material is too low in these sediments, It appears therefore, that

Mo is being coprecipitated from sea water by ferromanganese mm-

erals, This inferences is further confirmed by the diagram of Al,



Zn, and Mo (Figure 11). Many samples in the Bauer Deep are en

riched in Mo, and the range in compositions forms a trend which

suggests that Mo in metalliferous sediments, as well as manganese

nodules, originates from sea water. In this respect, the sediments

of the Bauer Deep may differ from typical metalliferous sediments.

Heathetal. (1973) have reported the enrichment of Cu, and Ni. in the

Bauer Deep. The enrichment of Mo, Cu, and Ni in the Bauer Deep

suggests that the chemistry of the sediments may be strongly

influenced by slow authigenic precipitation of elements from sea

water, in a manner analogous to the formation of manganese nodules.

Separate consideration must be given, for a moment, to the

sediments of Y71-7-45P and the possible mechanisms by which they

are deposited. The distribution of metals in Y71-7-45P is generally

much more variable than in Y71-7-36P, and metal enrichment is

associated with distinct horizons in the core, The questions arise

whether the different zones of enrichment were formed by the same

mechanism and whether the maxima in metal accumulation are pri-

mary or secondary features of sediment accumulation.

The dark colored surface sediment of Y7l-7-4P is very

strongly enriched in Mn and Mo. The absence of high Fe or Pb in

this sediment indicates that this is not a primary feature resulting

from hydrothermal processes. Other possible explanations are that

the surface sediment reflects post-depositional mobilization and
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Figure 11. Ternary diagram of Al-Zn-Moe Sea water value
taken from Home (1969), Manganese nodules
reported by Mero (196a, 1965) and Raab (1972),

Pelagic clay from Turekian and Wedepohl (1961).
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reprecipitation of certain chemical constituents or that Mn and Mo are

being precipitated from sea water by conventional processes of

authi geni c sedimentation.

Surface enrichments of Mn have been noted by Lynn and Bonatti

(1965) and Bonatti etal. (1971) and have been attributed to upward

diffusion of Mn in the interstitial waters of deeper, reducing sedi-

ments followed by precipitation in the oxidized surface layer.

Bonatti etal. (1971) tabulated Eh values at which different elements

undergo redox reactions and become soluble in pore fluids, At a pH

of 8, elements such as Mn and Ni are remobilized at Eh' s below 500

and 800 my, respectively, whereas significant reduction of Fe to the
+2soluble Fe state occurs only when the Eh -200 my, and Cu is

mobilized only below 100 my. The enrichment of Mn and Ni (J.

Dymond, personal communication, 1973), but not Fe or Cu (J.

Dymond, personal communication, 1973) in the surface sample of

Y71-7-45P, suggests that the Eh deeper in the core is less than 500

my but greater than 100 my. This interpretation of the chemical

data suggests that the sediment is moderately to highly oxidized.

The surface enrichment of Mo is anomalous in the context of

the previous interpretation. Under oxidizing conditions (above about

-200 my), Mo occurs as the soluble MoO2 radical. Thus, it should

not be precipitated in the oxidized surface layer.

Figure 10 shows that the composition of the surface sample in
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Y71-7-45P (most Mn-rich data point for Y71-7-45P) approaches the

composition of manganese nodules. This observation suggests an

alternative hypothesis of primary authigenic precipitation from sea

water, Although Cu is not enriched in this sediment, the association

of Mn, Mo, and Ni is reminiscent of chemical associations observed

in manganese nodules. The concurrent enrichment of Mn and Mo in

the surface sediment can more plausibly be explained by coprecipita-

tion of Mo by Mn. Bertine and Turekian (1973) have previously ob-

served this elemental association in marine sediments. Although

this seems to be the more tenable of the two hypothesis, one objection

may be that the accumulation rates of Mn and Mo are too high to be

deposited authigenically. The five-fold enrichment of Mn and Mo in

the surface sediment must be accompanied by a commensurate

increase in accumulation rate, unless erosion or a decrease in sedi-

mentation rate has caused a reduction in the accumulation rate which

was not detected by the Th isotopic work.

The origin of the darker color beds at depth in Y71-7-45P is

difficult to attribute either to variations in Eh-pH conditions or to

authigenic precipitation, because different elements (Fe, Pb, and

Zn) are concentrated in these beds, Rather, it seems that these

metal-enriched zones reflect episodes of hydrotherrrially related

sedimentation. If the observations of such authors as Zelenov (1964)

and Ferguson and Lambert (1972) are relevant to the hydrothermal



65

processes which form metal-rich precipitates, it seems that the rate

of metal deposition would be highly variable and dependent on the

proximity and activity of nearby vents and fumaroles. If such a

situation prevails, measured rates of accumulation should show large

variations both within a core and between different cores. The dis

crepant rates of Bender etal, (1971) relative to those of this study

may reflect such variability.

The basal layer of Y71-7-45P is moderately enriched in all the

elements analyzed except Cr and Al, This layer may be analagous

to metal-rich layers found at the base of DSDP holes. Such basal

deposits bear a strong chemical resemblance to metalliferous sedi-

ments from active mid-ocean ridges (DymondetaL, 1973; Cronan

etal,, 1972; BostrometaL, 1972; Cook, 1972; yonder Borchetal.,

1971; von der Borch and Rex, 1970). The basal layer of Y71-7-45P

differs from the overlying sediments in that Mo and Mn, as well as

Fe, Pb, and Zn, are enriched, Other studies of basal sediments

have not included Mo analyses, so that it is not yet possible to

evaluate the significance of such an enrichment.

The data from cores Y71-7-36P and Y71-7-45P were subjected

to R-Mode factor analysis in order to determine objectively the mini-

mum number of parameters capable of explaining the variability in

the data, Cd was eliminated from the data set for Y71 -7-45P because

there were too few analyses, The analysis of Y71-7-45P yielded



four factors which accounted for 98% of the variability in the data

(Figure 12). These factors group the analytical data in a way which

is compatible with the previous discussion. The variability of the

elements are accounted for by the four factors as follows:

l Fe, Pb, Zn

2. Mn, Mo

3. Cr

4. Al

Because the preceding discussion suggests that the deposition

of Fe and Pb is related to hydrothermal activity, the first factor

appears to reflect the hydrothermal component of metalliferous sedi-

ment. The association of Mn and Mo with a second factor may be due

to either post-depositional migration of these two elements or authi-

genic precipitation of these elements in a manner analagous to the

formation of manganese nodules. If Mn and Mo are authigenically

deposited, the significance of this analysis might be that hydro-

thermal and authigenic components in metalliferous sediments are

distinguishable in some cases. Cr and Al compose separate factors,

which are probably both indicators of detrital sediment. It is difficult

to conclude, however, whether the independence of Cr from Al is

indicative of fractionation during weathering or the occurrence of

separate detrital phases.

The factor analysis of Y71-7-36P yielded somewhat different
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Figure 12. Histogram of factor loading on variables for
Y71-7-36P and Y71745Pc
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groupings. Cd is not correlated with any other elements0 This was

unexpected, since Cd should behave like Zn, which is chemically

similar. It is possible that noise in the datais destroying any

correlation between variations in the abundance of Cd and other

elements0 Because the Cd concentrations were close to the detection

limit of the method, Cd was eliminated from the final factor analysis

of Y71-7-36P, Four factors accounted for 97% of the variability of

the remaining data (Figure 12). The loadings of elements on the

different factors, which are less clear cut and different from those

in Y71-7--45P, are:

1. Primarily Pb, Fe, Zn, Mn; Secondarily Mo

2. Primarily Cr; Secondarily Al

3. Primarily Al; Secondarily Mn, Zn

4 Primarily Mo; Secondarily Fe, Zn, Mn, Pb

The first group resembles that of Y717-4SP, except that Mn

and Mo are to some extent also associated with Fe, Pb, and Zn0

The strong association of Mn and Mo is no longer apparent0 Con-

sequently, there is some reason to question the conclusion thatMo

is deposited by coprecipitation with Mn. Presently, however, there

do not appear to be any reasonable alternative explanations of

mechanisms by which Mo is partitioned into the sediments0 Although

Cr and Al are associated somewhat in factor two, Cr and Al essen-

tiafly load onto separate factors of Y71-7-36P0 This result is similar
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to that in the analysis of Y71 -7-45P. Yet the basis for the difference

between Cr and Al is not so readily apparent in the Bauer Deep core,

as Cr and Al seem to have fairly similar profiles down the length of

the core (Figure 7b).

The formation of metalliferous sediments is apparently in-

fluenced by two mechanisms - hydrothermal activity and authigenic

marine sedimentation, It is frequently difficult to determine which

of these two mechanisms more effectively controls the deposition of

particular species into the sediments, and, in fact, these two

mechanisms are probably active simultaneously in many instances,

If particulate iron and manganese oxides are being transported to the

Bauer Deep from the East Pacific Rise, it is reasonable to expect

that they will react with sea water, Berner (1973) found that even

though as much as 18% of the phosphorus in metalliferous sediments

might be of hydrothermal origin, most is derived from sea water,

Other constituents of metalliferous sediments may have an equally

complex origin.

Mine- alogy

The partial chemical analysis of the Bauer Deep smectites

indicate that their composition is similar to that of the bulk rnetal1i

ferous sediment (Table 9), These smectites are similar in

composition to Red Sea smectites in terms of Fe and Al (Bischoff,
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1972), but have more Fe and less Al than continental bentonites

(Schultz, 1969). The Mg content of Bauer Deep smectites is similar

to that in bentonites but greater than in Red Sea smectites0

The composition of the clay minerals reflects the environment

in which they occur, and because of this compositional similarity, it

is apparent that the smectites have formed authigenically. The fact

that Mg is higher in Bauer Deep smectites than in Red Sea smectites,

despite high concentrations of Mg in Red Sea brines, may reflect the

lower temperatures at which Bauer Deep smectites probably formed

or perhaps the proximity of rnafic igneous rocks in the Bauer Deep0

On the basis of the partial chemical analyses and the magnitude

and location of the net charge deficiency per unit cell, it is possible

to calculate structural formulae for the semctites which are found in

the Bauer Deep0 On the basis of the Li test, a montmorillonite

structure of the form Si8(F'e, Al, Mg)4O20(OH)4 is assumed, in which

all Fe, Al, and Mg fill the octahedral cation sites0 Using the

chemical analyses,. it is possible to obtain molar ratios for the octa

hedral cations by an iterative process. The resulting mineral

formulae are as follows:

MS 0339 Si8(Fe196Mg92A171)020(OH)4

Charge = -Zl5

Octahedral cations 3 S9
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MS 0397 Si8(Fe196Mg1 11A1 87)020(OH)4

Charge = -1.15

Octahedral cations 3.94

The formula for sample MS 0397 is a dioctahedral montmoril-

lonite with a net charge close to that predicted from the K-. saturation

tests, However, the formula for sample MS 0339 has an excessive

charge deficiency and too few octahedral cations. This might simply

reflect an incomplete chemical analysis, in which other important

octahedral cations have been overlooked. Alternatively, the defi-

ciencies might be caused by the presence of contaminants, such as

biogenous silica, which would tend to reduce the apparent concentra-

tions of the three cations in a pure srnectite, On the assumption that

silica dilution is responsible, it is possible to recalculate the formula

for the smectite of sample MS 0339, by constaining the sum of octa-.

hedral cations to equal 4. 0.

Si8(Fe2 19Mg1 03A1 79)020(OH)4

The corrected structural formula has a charge deficiency of -.1.0,

which is in good agreement with the results of the K test, Whether

the source of the problem is silica dilution or incomplete chemical

analysis, however, the deficiency of cations does not allow any of the

charge deficiency to be attributed to the tetrahedral sheet, even

though X-ray data from the Li test suggest that a portion of the charge
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does, in fact, lie in tetrahedral sites.

The evidence presented in this study suggests that the smectite

found in the rnetalliferous sediments of the Bauer Deep differs from

the nontronites postulated by Bischoff and Sayles (1972) and Ekiund

(1974). The smectite is Fe-rich, but is structurally closer to iron-

rich rnontmori.11onjte than nontronite,

The complexity of the problem is indicated by the work of

Ekiund (1974). He analyzed several srnectite grains from the Bauer

Deep by electron microprobe, and found Fe, Al, and Mg concentra-

tions similar to those reported here, In constructing a structural

formula based on his chemical data, however, he found it necessary
+3 +3.to place all Al and some Fe in tetrahedral sites, leading to the

conclusion that the smectite was, in fact, nontronite. Further

mineralogical work on the samples analyzed by Eklund is necessary

to resolve this disagreement.

Laboratory studies of smectite synthesis can be used to place

limits on the conditions of smectite formation in the Bauer Deep.

Harder (1972) has shown that it is possible to form poorly crystalline

smectites from freshly precipitated amorphous Al, Fe, or Mg

hydroxides, Given the concentration of Mg+Z in sea water, it is

possible that amorphous hydroddes. scavenge silica and form poorly

crystalline smectites at low temperatures. Once formed, these

minerals do not seem to recrystallize, but instead retain their poorly



crystalline nature0 The silicates examined in this study are very

similar in nature, and probably, in origin to those synthesized by

Harder (197Z), The smectites of the Bauer Deep are associated with

large quantities of amorphous hydroxides, and their crystallinity does

not improve with time, Clay formation apparently occurred soon

after deposition of the hydroxide, and probably proceeded as long as

interstitial waters contained proper levels of dissolved silica0

A question which cannot yet be answered concerns the source of

Al incorporated into the authigenic clay minerals, Does detritus in

the sediment breakdown and release enough Al for clay mineral

formation, or does sea water contribute dissolved and colloidal

aluminum to the sediments? Whatever the source, it must be capable

of supplying a large amount of Al to account for the proportion of

smectite in the metafliferous sediments,

CONCLUSIONS

Despite the higher concentrations of most elements in the sedi-

ments of the Bauer Deep, consideration of sedimentation rates in the

two areas indicates that metals are actually accumulating much faster

on the crest of the East Pacific Rise, The chemistry of Bauer Deep

sediments indicates that they resemble deposita on active spreading

centers, yet many of the elements are presently accumulating at

rates comparable to those in normal pelagic sediments, It appears



75

that the metal accumulation rates have decreased up to the present,

suggesting that proxi.mity to the East Pacific Rise in the past was

reflected in higher rates of metal deposition, and that distance from

the East Pacific Rise is responsible for what appear to be normal

pelagic sedimentation rates today.

The abundance patterns of Cr and Al show that they are pri.

manly supplied by detrital sedimentation, Differences in the distri-

bution of Cr and Al in the sediments suggests that the detritus may be

both terrigenous (Al) and volcanic (Cr) in origin. The low abundance

of both elements relative to normal pelagic sediments indicates that

such detritus is a minor component of the sediment and is not

responsible for the high metal accumulations.

Fe, Pb, and Zn are strongly associated and are probably pre-

cipitated from hydrothermal solutions inferred to be debouching at

the rise crest. The origin of Mn is somewhat more obscure. If Mn

has been derived by hydrothermal processes, post-depositional

migration in core Y71-7-45P has destroyed any original correlation

with Fe, Pb, and Zn. Otherwise, Mn appears to be forming by

authigenic precipitation from sea water. Cd data are too few to

allow many inferences to be drawn, but by analogy with Zn and

because of its higher accumulation rates on the East Pacific Rise,

Cd may also be released during hydrothermal leaching of basaltic

material.
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Mo does not appear to be strongly associated with mid-ocean

ridges, a conclusion consistent with the results of Bertine and

Turekian (1973). It appears that Mo is being extracted from sea

water into metalliferous sediments, but is is not yet clear whether

coprecipitation with Mn is the only mechanism by which Mo is re-

moved from sea water. The poor correlation of Mo with all other

elements in the Bauer Deep core may indicate that only Mo is

derived solely from sea water.

The poorly crystalline srnectites which occur both in the Bauer

Deep and on the East Pacific Rise are authigenic and similar to the

bulk sediment in their high Fe and low Al contents. The crystal

size of the smectite does not change with time, suggesting that the

mineral forms concurrently with or soon after deposition of the

hydroxide phases and does not crystallize further with time.

The metalliferous sediments of the Bauer Deep appear to con-

tam components from hydrothermal activity at the crest of the East

Pacific Rise and, to a lesser extent, from slow authigenic precipita-

tion from sea water. The movement of bottom water is probably

responsible for the dispersal of colloidal, metal-rich suspensions

originating at the crest of the East Pacific Rise, and the effects of

authigenic precipitation from sea water become more pronounced at

greater distances from the rise crest as the rate of precipitation of

rise-crest material decreases.

L



77

BIBLIOGRAPHY

Anderson, R. N, (1972) Petrologic significance of low heat flow on
the flanks of slow-spreading mid-ocean ridges. Geol. Soc.
America Bull,, 83:2947-2956,

Anderson, R. N, and J, G. Sciater (1972) Topography and evolution
of the East Pacific Rise between 5°S and 20°S, Earth Planet.
Sci, Lett., 14:433-441,

Bender, Michael, Wallace Broecker, Vivian Gornitz, Ursula Middel,
Robert Kay, Shine-Soon Sun, and Pierre Biscaye (1971) Geo-
chemistry of three cores from the East Pacific Rise. Earth
Planet, Sci. Lett., 12:425-433.

Bender, M. L,, T. L. Ku, and W, S. Broecker (1970) Accumulation
rates of manganese in pelagic sediments and nodules, Earth
Planet, Sci. Lett.,, 8:143-148,

Berggren, W. A. (1973) The Pliocene time scale: calibration of
plaiiktonic foraminiferal and calcareous nannoplankton zones.
Nature, 243(5407):391-397.

Bernas, B, (1968) A new method for decomposition and comprehen-
sive analysis of silicates by atomic absorption spectrometry.
Anal, Chem,, 40(11):1682-1686,

Berner, R. A. (1973) Phosphate removal from sea water by ad-
sorption on volcanogenic ferric oxides, Earth Planet, Sci,
Lett,, 18:77-86,

Bertine, Kathe K. (1970) The marine geochemical cycle of
chromium and molybdenum. Ph, D. thesis. Yale University.
67 numb, leaves,

Bertine, K. K. and K. K. Turekian (1973) Molybdenum in marine
deposits. Geochim, Cosmochirn, Acta 37:1415-1434,

Bischoff, J. L, (1972) A ferroan nontronite from the Red Sea
geothermal system. Clays & Clay Mm, , 20:217-223,

Bischoff, J. L. and F. L, Sayles (1972) Pore fluid and mineralogi-
cal studies of recent marine sediments: Bauer Depression
region of East Pacific Rise. Jour, Sed, Pet., 42:711-724,



Bischoff, J. L. and F. L. Sayles (1973) Geochemical studies of
recent marine sediments and rnetalliferous deposits of the East
Pacific Rise near 1O°S. In: A. P. Lisitzin (ed,), Marine
Geology of the Southeast Pacific Ocean, (in press)

Bonatti, Enrico, D. E. Fisher, Oiva Joensuu, and H. S. Rydell
(1971) Post-depositional mobility of some transition elements,
phosphorus, uranium, and thorium in deep-sea sediments.
Geochirn. Cosmochim, Acta,, 35:189-201.

Bonatti, E., D, E, Fisher, 0. Joensuu, H, S. Rydell, and M, Beyth
(1972) Iron-manganese-barium deposit from the northern Afar
Rift (Ethiopia). Econ, GeoL, 67:717-730.

Bostrorn, K, and D, E. Fisher (1969) Distribution of mercury in
East Pacific sediments. Geochim, Cosmochim, Acta, 33:743-
745,

Bostrom, Kurt and D. E. Fisher (1971) Volcanogenic uranium,
vanadium and iron in Indian Ocean sediments, Earth Planet,
Sci, Lett,, 11:95-98.

Bostrom, K, and M, N, A. Peterson (1966) Precipitates from
hydrothermal exhalations on the East Pacific Rise. Econ. Geol,
61:1258-1265.

Bostrorri, K, and M. N. A, Peterson (1969) The origin of aluminum-
poor ferromanganoan sediments in areas of high heat flow on
the East Pacific Rise. Mar, Geol,, 7:427-447,

Bostrom, K., M. N. A, Peterson, 0. Joensuu, and D. Fisher
(1969) Aluminum-poor ferromanganoan sediments on active
oceanic ridges. Jour, Geophys. Res., 74:3261-3270.

Bostrom, Kurt and Sylvia Valdes (1969) Arsenic in ocean floors,
Lithos, 2:351-360.

Bostrom, K., 0, Joensuu, S. Valdes, andM. Riera (1972) Geo-
chemical history of South Atlantic Ocean sediments since late
Cretaceous, Mar, Geol.,, 12:85-121.

Bruty, D., R. Chester, L. G. Royle, and H. Elderfield (1972)
Distribution of zinc in North Atlantic deep- sea sediments,
Nature Phys, Sd., 237:86-87,



Cook, H. E. (1972) Stratigraphy and sedimentation. In: Hays, J.
D. et al. (eds.), Initial Reports of the Deep Sea Drilling Pro-
ject, Vol. IX: Washington (U. S. Government Printing Office),
p. 933-943,

Corliss, J. B. (1970) Mid-ocean ridge basalts: I, The origin of
submarine hydrothermal solutions; IL Regional diversity along
the mid-Atlantic Ridge. Ph. D. thesis. San Diego, University
of California. 147 numb, leaves.

Corliss, John B. (1971) The origin of metal-bearing hydrothermal
solutions, 3, Geophys, Res., 76:8128-8138,

Cronan, D. S.,, Tj. H. van Andel, G. R. Heath, M. G, Dinkelman,
R. H. Bennett, D. Bukry, S. Charleston, A, Kaneps, K. S.
Rodolfo, and R. S.. Yeats. (1972) Iron-rich basal sediments
from the eastern Equatorial Pacific: Leg 16, Deep Sea
Drilling Proje ct, Science, 175:61-63.

Cullity, B. D, (1956) Elements of X-ray diffraction, Addison-
Wesley, Reading, Mass, 514 p.

Dasch, E. Julius, JackR. Dymond, and G. RossHeath (1971)
Isotopic analyses of metalliferous sediments from the East
Pacific Rise, Earth Planet, Sci. Lett,, 13(1):175-180,

Dymond, J,, 3, B. Corliss, G, R, Heath, C, W. Field, E, 3.
Dasch, and H, H. Veeh (1973) Origin of metalliferous sedi-
ments from the Pacific Ocean, Geol, Soc. America Bull,
(in press)

Ekiund, W. A. (1974) A microprobe study of metalliferous sediment
components, M, S. thesis. Corvallis, Oregon State University.
77 numb, leaves,

Elderfield, H., I, G. Gass, A., Hammond, and L. M. Bear (1972)
The origin of ferromanganese sediments associated with the
Troodos Massif of Cyprus, Sedimentology, 19:1-19.

Engel, A. E, 3., C. G. Engel, and R. G. Havens (1965) Chemical
characteristics of oceanic basalts and the upper mantle, GeoL.
Soc. America Bull,, 76:719-734,



Ferguson, 3. and I, B. Larnbert (1972) Volcanic exhalations and
metal enrichments at Matupi Harbor, New Britain, T. P. N, G.
Econ. Geol., 67:25-37.

Fisher, D, E. and K. Bostrom (1969) Uranium-rich sediments on
the East Pacific Rise. Nature, 224:64-65,

Flanagan, F. 3. (1969) U. S. Geological Survey Standards - II First
compilation of data for the new U. S. G, S. rocks. Geochim.
Cosmochim, Acta,, 33:81-120.

Flanagan, F. J. (1973) 1972 values for international geochemical
reference samples, Geochim. Cosmochim, Acta,, 37:1189-
1200.

Goldberg, E. D. (1968) lonium/Thorium geochronologies. Earth
Planet. Sci. Lett,, 4(1):17-.21.

Goldberg, E. D. and G. 0. S. Arrhenius (1958) Chemistry of
Pacific pelagic sediments, Geochim. Cosmochim. Acta.,
1 3:153-212,

Greene-Kelly (1955) Dehydration of the montmorillonite minerals,
Mineral. Mag,, 30:604-615.

Harder, H. (1972) The role of magnesium in the formation of
smectite minerals. Chem, Geol.., 10:31-39.

Harwood, M, E., D. Carstea, and A. Sayegh (1969) Properties of
vermiculites and smectites: expansion and collapse. Clays &
Clay Mm,, 16:437-447.

Heath, G. R.., 3. R. Dymond, and H. H. Veeh (1973) Metalliferous
sediments from the southeast Pacific: the IDOE Nazca Plate
Program. In: A. F, Listzin (edj, Marine Geology of the
Southeast Pacific Ocean. (in press)

Heath, G. R.., T. C, Moore, Jr., B. L. K. Somayajulu, and D. S.
Cronan (1970) Sediment budget in a deep-sea core from the
central Equatorial Pacific, 3. Mar, Res, , 28(2):225-234,

Herron, E. M, (1972) Sea floor spreading and the Cenozoic history
of the east-central Pacific, Geol, Soc. America Bull., 83:
1671-1692.



Home, R, A, (1969) Marine Chemistry. Wiley-Interscience.
New York,

Krauskopf, K, B, (1957) Separation of manganese from iron in
sedimentary processes. Geochim, Cosmochim. Acta., 12:
61-84.

Ku, T. L,, W. S. Broecker, and N. Opdyke. (1968) Comparison of
sedimentation rates measured by paleomagnetic and the ionium
methods of age determination. Earth Planet, Sd Lett,, 4:1-16,

Landergren, S. (1964) On the geochemistry of deep-sea sediments.
Reports of the Swedish deep-sea Expedition, Vol. X, Special
Investigations No, 5, Goteborg, p. 61-154.

Lynn, D. C. and E. Bonatti (1965) Mobility of manganese in dia-
genesis of deep-sea sediments, Mar, Geol,, 3:457-474.

MacEwan, D, M. C., A, Ruiz Arriil,, and G. Brown (1961) Inter-
stratified clay minerals, In: G. Brown (ed,), The X-ray
identification and crystal structures of clay minerals. Jarrold
& Sons, Norwich, p. 393-445,

Mehra, 0. P. and M. L. Jackson (1958) Iron oxide removal from
soil and clays by a dithionite-citrate system buffered with
sodium bicarbonate, Clays & Clay Mm., 5:317-327.

Mero, J, L. (1962) Ocean floor manganese nodules, Econ, GeoL.,
57:747- 767,

Mero, John L, (1965) The mineral resources of the sea, Elsevier:
Amsterdam, 312 p.

Murray, J, and A. F, Renard (1891) Deep sea deposits: report of
the scientific results of the H. M. S. Challenger, 1873-187 6,

Parker, C. R. (1972) Water analysis by atomic absorption spectro-
scopy, Varian Techtron, Springvale, Australia, 78 p.

Piper, D. Z. (1973) Origin of metalliferous sediments of the East
Pacific Rise. Earth Planet, Sci. Lett., 19:75-82,



Raab, W. (1972) Physical and chemical features of Pacific deep-sea
manganese nodules and their implications of the genesis of
nodules. In: Horn, D. R. (ed.), Papers from Conference of
Ferromanganese Nodules on the Ocean Floor, NSF-IDOE,
Washington, D. C. p. 31-49.

Rancitelli, L. A, and R. W, Perkins (1973) Major and minor ele-
mental composition of manganese nodules. In: Inter-university
program of research on ferromanganese deposits on the ocean
floor. NSF-IDOE, Washington, D C. p. 1-5.

Rea, D, K., J. Dymond, G, R, Heath, D, F. Hei.nrichs, S. H,
Johnson, and D. M, Hussong (1973) New estimates of rapid
sea-floor spreading rates and the identification of young
magnetic anomalies on the East Pacific Rise, 6° and 11°S.
Earth Planet. Sd, Lett,, 19:225-229,

Revelle, R. G. (1944) I - Marine bottom samples collected in the
Pacific Ocean by the Carnegie on its seventh cruise, (Scientific
results of Cruise VIII of the Carnegie during 1928-1929),
Carnegie Institute of Washington Publication 556, Washington,
3D. C, p. 1-180.

Robertson, A. H. F. and J. 3D. Hudson (1973) Cyprus limbers:
Chemical precipitates on a tethyan ocean ridge. Earth Planet.
Sci. Lett., 18:93-101.

Roth, C, B., M, L, Jackson, and J. K. Syers (1969) Deferration
effect on structural ferrous-ferric iron ratio and CEC of
vermiculites and soils. Clays & Clay Mm., 17:253-264,

Schultz, L. G. (1969) Lithium and potassium absorption, dehydro-
xylation temperature, and structural water content of
alurinous smectites. Clays & Clay Mm., 17:115-149,

Sciater, J. G., R. N, A.nderson, and M, L. Bell (1971) Elevation
of ridges and evolution of the central eastern Pacific. J.
Geophys, Res,, 76(32):7888-7915,

Somayajulu, B. L. K., G. R, Heath, T. C. Moore, Jr., and D. S.
Cronan (1971) Rates of accumulation of manganese nodules
and associated sediment from the equatorial Pacific. Geochim.
Cosmochim, Acta., 35:621-624,



Turekian, K, K. and K, K, Bertine (1971) Deposition of molybdenum
and uranium along the major ocean ridge systems. Nature,
229(5282):250-251.

Turekian, K. K. and K. H. Wedepohi (1961) Distribution of the
elements in some major units of the earthts crust, Geol, Soc.
America Bull.,, 72:175-192,

Veeh, H, H. and Kurt Bostrom (1971) Anomalous 234U/238U on the
East Pacific Rise, Earth Planet, Sci, Lett,, 10:372-374.

von der Borch, C, C,, W. D. Nesteroff, and J, Galehouse (1971)
Iron-rich sediments cored during Leg 8 of the Deep Sea Drilling
Project. In: Tracey, J. I,, Jr. etal, (edsj, Initial Reports
of the Deep Sea Drilling Project, Vol. VIII: Washington (U, S.
Government Printing Office). p. 829-835.

von der Borch, C, C, and R, W, Rex (1970) Amorphous iron oxide
precipitates in sediments cored during Leg 5, Deep Sea Drilling
Project. In: McManus, D. A, et al, (eds,), Initial Reports of
the Deep Sea Drilling Project, Vol. V: Washington (U, S,
Government Printing Office), p. 541-544,

El Wakeel, S. K. and J, P. Riley (1961) Chemical and mineralogical
studies of deep-sea sediments, Geochim, Cosmochim, Acta.,
25:110-146,

Zelenov, K, -K, (1964) Iron and manganese in exhalations of the sub-
marine Banu Wuhu Volcano, Indonesia, Dokiady Akademii Nauk
SSR, Engi, Trans,, v, 155, 94-9 6.



APPENDICES



APPENDIX I

Detailed Analytical Procedure

This appendix describes the analytical methods in more detail

than does the text of the thesis,

Chemical Analyses

Because biogenous calcite is a major component of many

samples, it was necessary to analyze for CaCO3 to allow other

analyses to be converted to a carbonate-free basisq Samples were

heated to 100°C for one hour to eliminate adsorbed low temperature

water, then split and weighed, A portion of each sample was heated

at 500°C for two hours to eliminate organic carbon by oxidation to

CO2 before the carbonate carbon was determined The amount of

organic carbon present in the sample was determined by measuring

the total carbon in an unburned portion of the sample and subtracting

the value for carbonate carbon, Steel rings of known carbon content

were used to calibrate the LECO 714 analyzers

Of the elements studied, Cd, Cr, Fe, Mn, Mo, Pb, Mg, and

Zn, were analyzed by atomic absorption spectrophotometry (AAS).

One hundred to five hundred rug samples (depending on the carbonate

content) were dissolved in Teflon-lined bombs containing 3 ml HF

and 1 ml aqua regia, After the bombs had been heated for one hour



at 100°C, excess HF was neutralized by the addition of 2.8 gm

H3B03. The boric acid also breaks up any insoluble fluoride corn-

pounds formed in the bomb (Bernas, 1968). Experience suggests

that this function is particularly important for carbonate-rich samples

in which CaF2 may form. Standards were prepared either from

commercially available solutions (Fisher Scientific Co.) or by dis-

solving pure metals in acid.

Depending on the sensitivity that was required, the elements

were analyzed either by conventional flame or by flarneless atomic

absorption. The latter method provides greater sensitivity through

the elimination of interferences which arise from the presence of a

flame and other particles in the light path. The flameless analyses

were performed with a Carbon Rod Atomizer (CRA) which utilizes a

three step cycle. The progressive increase in temperature from

step-to-step frequently eliminates much of the matrix which would

otherwise interfere with the analysis, Table I- 1 lists the operating

parameters used for the analyses.

Initially, samples prepared for INAA and AAS were not pre-

heated to 100°C for fear that elements such as Cd and Pb would be

partially volatilized. However, it soon became apparent that freeze-

dried samples retained varying amounts of low temperature water

which could affect the analytical results, particularly when the

carbonate correction was applied. Consequently, later samples were



Table I-I.

Cd Cr Fe Mn Mo Pb Zn Mg

Analytical 2288 3579 2483 2795 3133 2833 2139 2852
Wavelength A

Background 2316Ni 3520 -- -- 3234 2874 2100 --
Wavelength A

Flame Type CRA CRA Air/Aect Air/Aect CRA CRA Air/Aect Air/Aect

Detection 2x105* 005* 01** . 003** 004* 2* 003** 0004**
Limit ppm

H2Flow 0 1 -- -- 1 1 -- --
CRA only

Dry 2, 35 2 28 2 28 2.5 35
Volt Sec

Ash 4,5 12 8 15 8 12 45 12
Volt Sec

Atomize 5. 2,5 10 3,5 10 4-6 9 3,5
Volt Sec

Postfire 9 2, 5 No No No
Volt Sec
* Parker (1972) ** Atomic Absorption Analytical Methods-Fisher Scientific Co.



preheated to 100°C for one hour prior to analysis by AASO Tests

indicated that no volatilization of elements studied occurred during

the heating,. Water loss from 20° to 100°C was measured so that

earlier analyses might be corrected. However, duplicate analyses

of several samples indicated that there were no systematic differ-

ences between the values obtained by preheating and not preheating

the samples. Therefore, the application of a correction factor for

those samples which had not been preheated seems unwarranted0

Mineralogical Analyses

Prior to analysis, samples were chemically treated to remove

the principal non-phyllosilicate components of the sediment0 Calcium

carbonate was dissolved from the less than 63 micron fraction of the

samples with acetic acid buffered with sodium acetate to a pH of 4 8.

Iron and manganese oxides were chemically removed by treatment

with sodium dithionite-citrate (Mehra and Jackson, 1958), The

treated samples were saturated with Mg2 and freed of material

coarser than one micron by centrifugation before being mounted as

oriented aggregates on porous silver planchets.



APPENDIX 11-A

Complete Table of Chemical Analyses and Errors (11)

Y7 1-7- 36 P

Sample #

Al
wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS 0497 1.97+.02 18.1+.5 3.00+. 02 12.11+.09 304+2 13.4+.7 .80±.O5 56+2
2.04+.02 29. +2. 1Z.894-.09 292±1 .77±.06 64+3

MS0538 2.14+.02 16.6±.3 2.95±.02 13.6±.06 300+2 4.4±1.2 .48±.0Z 623
2.38+.02 26. +1. 301±1 64+2

MS0539 1.9O+.O2 15.1+.6 3.46+.0l 15.84±.06 434±2 16.6±.4 .58+.06 70+4
Z.02+.02 15.21+.07 694

MS 0540 1.28+.01 8.1+.7 3.82±.02 17.3±.1 419±2 40+2 .50±.02 603
11.5+.3 18.0±.1

MS 0335 1.33+.01 15. ±1. 4.34+.03 17.93+.06 385±2 48+4 .46+.06 45+2
1.35±.01 14.7+1.9 4.23±.03 16.32±.09 388±2 59+4 .63+.02 70+2

11.1±.8 17.68+.09 388+2 39+4 64-1-4

lZ.2.5 19.0 ±.1 602
11.7±.

MS0336 1.59+.02 7.5+.6 4.40+.02 17.5±.1 393±2 .46±.02 90±4
13.2-l-.6 17.55±.07 80±4

MS 0337 1.60±.02 7.7±.6 4.37±.03 17.2 ±.2 391±3 67+2 .56±.02 86+4
14.4±.8 17.66+.05



Appendix 11-A, continued:

Al
wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS0338 1.55+.02 11.0+.5 4.30+.03 17.5 +.1 369+4 77+3 .47±.02 88+3
11.4±.4 16.7 +.09 376+3 81+3 75+4
11.Z+.8 18.62+.1 385+2 93+9 71+4
13.4+.8 17.81+.08 391+3 59+1

MS 0339 1.46+.02 9.2±.6 4.26+.03 17.8 +.1 394+4 84+10 .53±.O1 86±2
11.1+.4 4.08-I-.03 21.08+.07 396±2 95±6 .80±.04
14.3±.5 19.13±.09 400+2 116+14
Z2.0+.6 19.40+.07 132+9

MS 0340 1.53+. 02 6.7+. 6 4.62±. 02 19.1 +. 1 396+4 112±9 75±3
11.7±.7 406±2
19. ±2.

MS 0341 1.57±.02 8.5±1, 4.52±.02 20.2 .1 401±4 107±7 .57±.05 76±2
1.65±.01 20.1 ±.1

MS 0342 1.48±.02 93±.6 4.47±.02 18.3 ±.1 392±4 9± .86±. 05 81±3
1.59±. 01 12.1-i-.5 18. 12±. 09 404±1

MS0343 1.50±.02 8.9±.9 3.94±.01 17.01±.09 388±3 65±5 .69+.05 92±3
1.58±.01 9± 17.26±.05 390±1 76±2

17.4 ±.11 96±3
17. ± 08

MS 0344 1.49+.02 9.4±.4 4.08±.02 18.7 ±.1 401±2 80±6 .52±.02 72±6
1.55+.01 9± 20.084-.07 394±1 .83-i-.02 44±2

17. 63±. 08
'0

M50345 1.43±.02 9.5±.6 4.67±.0Z 18.47±.09 396±3 82±2 .77±.05 70.1±.9
12.1±.6 18.2 ±.1 406±1



Appendix Il-A, continued:

Al
wt.%

Cr
ppm

Mn
wt.%

Fe
wt.%

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS 0346 1.52±.01 9.l+.8 4.79+.02 18.2 ±.2 408±3 88+4 .92+.08 81+3
17.0±.3 l8.57+.09 410+3

MS0368 1.69±.o1 13.4+.7 5.l5+.03 16.85+.07 421+3 84+3 .95+.05 74+2
12.6.2 19.47+.09 423+3 91±.1
11.6.6 18.09±.08 441+2 104+9
10.6.2 17.58+.l 68±5

MS 0369 1.82±.0l 9.7+.9 5.00+.0Z 18.3 ±.1 427+4 89+5 .73±.06 78±4
25. +1. 67±3 1.12±.08

MS 0370 1.92±.0l 1O.8-i-.8 4.79±.03 16.8 +.1 398±3 .96±.06 78+8
1Z.0±.4 4.81+.03

MS 0371 1.85±.01 12.8+.4 4.74±.03 16.2 ±.1 400±2 89±3 .58+.05 65±4
18. +1. 16. 21+. 05 401±2 84±5

MS 0372 1.82±.01 10.3±.3 4,71+.01 16.3 ±.06 399±2 .62±.06 672
1. 92±. 01

MS 0373 1.89±.01 11.3±.5 4.69±.02 17.0 ±.1 407±3 642 .58±.03 63±3
1.97±.01 11.9+.8 16.Z8--.O7 411±3 .67±.08

15. ±1.

MS 0374 3.54±.02 11.8±.7 4.70±.02 15.2 ±.1 423±2 57±5 .68±.06 69±3
15. 61±. 05

MS0375 1.85±.01 12.2+.4 4.69±.03 15.65±.07 422±2 58±6 .44±03 71+3
12.6±.8 16. 81±. 04 427±3 71±2 .70±.03

17.89±.08 91±5

'C0



Appendix 11-A, continued

Al Cr Mn Fe Zn Mo Cd Pb
wt. % ppm wt. % wt. % ppm ppm ppm ppm

MS 0376 1.88±.01 1324.5 4.984,03 16.9 4.08 408+1 45+4 .564.01 61+2
13.8+.5 17.194-.08 414+2 65±3
14.04.5 19.13+.08 425+1 71+6
14.4+1.2

MS 0377 1.85+.01 9.3±.3 4.52±.02 16.7 ±,1 400+1 34±1 .444.05 67+2
15.34.9 18.07+,08 406+1
12.8+.3 16.8±.1

MS0378 2.064,01 11.4+.7 4.864,03 16,904.08 399+3 37+.8 .87+.07 78±3
14. 1±. 6

MS 0379 1.73±.01 11.6±.7 4.804,02 18.8 +.1 410±2 80±3 .86±.03 77+4
18.5±1.1 18.13+.09 397+2 59±2
36. ±. 409±1

MS0380 1.634,01 9.6+.6 4.66±.02 17.05+.06 397+3 54+1 .63+.04 78±4
9.74.7 18.4 ±.1 402+1 57+6 .764.07

13.5+.5 17.96+,08 403±2 64±8
35+1

MS 0381 1.77+.01 8.74.5 4.514,02 18.374,09 404±3 59±1 .524.03 66+3
15.7±1. .73±.07

MS 0382 1.66+.0i 10.04.3 4.244.01 18.7±.1 395±2 52±1 47±.05 72±3
13.54.5 .544.06

MS0383 1.73±.01 10.04.3 4.314,01 17.5±.1 382±3 .49±.05 71±2
13.2+.6 .56+.04



Appendix Il-A, continued

Al
wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS 0384 l.68±.O1 9.6±.3 4.29+.02 16.6 +.1 385+3 32±2 .61±.11 76+4
11.8±.5 17.4+.1 387±2 31.5±.6 .60±.07
14.0±1. 17.05+.09 387±2 .83±.08
15. 7±1.

MS 0385 1.66.0l 10.4±,5 4.76±.01 17.3 36+2 .60±.07 76±2
l.69±.01 zo. .90+.05

MS 0386 1.59+. 01 8.7+. 4 4.70±. 03 16.7 +. 1 365±3 39±2 .66+. 04 62+3
1.60±. 01 11.8±.8 17.47±.08 385±2

13.1±.4 398±2

MS 0387 1.78±.01 9.3±.7 4.79+.02 17.0 ±.l 374±3 32±1 l.01±.05 60±1
26. ±1.

MS0388 2.10+.01 10.5±.4 4.40±.02 14.3 ±.1 341±3 32±2 .43±.04 69±2
10.8±.4 14.52±.08

MS 0389 2.11±.01 10.5±.5 3.98±.02 13.4 ±.1 332±2 25±2 .80±.09 53±3
12.4±.7 13.75±.08 341±1 31±1
19.2±.8 344±1

MS 0390 2.46±.02 14.2±.5 3.87±.02 12.9 .±.1 330±3 23±1 .53±.04 50±2
14.3±2. 13.23±.07 3M±2 29±1
12.3±.5

17.9±..8 23±2

MS 0393 2.11-i-.01 9.2±.4 3.96±.02 13.27±.09 341±3 34±2 .73±.04 60±3
14.6±1. 13.56±.05 346±2
20. 1±. 5

'0



r

Appendix Il-A, continued:

Al
wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS 0394 1.95+.01 7.0+.4 4.ZZ+.0Z 14.40+.07 361+3 29+1 .49+.05 59±3
20. j1.
17. 6+.9

MS 0395 2.05±.0l 6.9+.4 4.42±.0Z 14.70+.07 371±1 29+2 .40+.08 51+3
9. 9±.

MS 0396 1.83±.Ol 7.a-t-.4 4.39+.02 15.21±.09 374+2 29+3 .71+.06 59+2
10.5±.5 15.21+.04 p1±2 39±1

MS 0397 1.70+.01 8.3+.4 4.67+.03 15.26-i-.06 375±2 40±2 .59+.04 64+3
9. 6+. 6 14. ± 09 369±2 37+3

10. 1±. 6 389±2
11. 3±. 8

MS 0398 1.56±.01 9.0±.6 4.35±.02 14.5 +.1 375+2 39±2 .40±. 08 63±2
14. 80+. 06

MS 0399 1.82±.01 9.8±.8 4.40±.02 14.7 ±.1 377±2 38±2 .50±.06 56±5.
10. 8+. 7

MS 0400 1.64±.01 10.8±.6 4.42+.0Z 14.45±.09 371±2 36.7±1.0 .62±.07 46±3
10. 7±.

MS 0401 1.83+.01 7.4+.4 4.14±.02 13.8 +.1 364±2 35±2 1.60±.2
1l.2±.3 14.36±.06 372±2 39±1
12. 6±. 9
13. l+.7

'0



Appendix Il-A, continued:

Al Cr Mn Fe Zn Mo
wt.% ppm wt.% wt.% ppm ppm

MS0402 l.80±.01 8.3+.Z 3.76±.01 14.53±.06 3562 48±2

MS 0403

MS 0404

MS 0541

MS 0542

MS 0428

MS 0429

MS 0430

MS 0431

24.2+.8 15.72+.08 362+2 33.5+.5
11.7+.5 369+1 27+2

1.93+.01 7.9±.2 3.90±.02 14.23+.08 353+2 46+2
15. 4±. 5

1.71+.01 6.8+.1 4.03±.02 14.69±.06 360+1 36+1
11.1+.3 14.1 ±.1 356+2
13. 6+. 5

1.51+.02 11.3+.4 4.10±.02 14.07+.09 357+3 39+4
12.2+.5 53+5

1.57+. 02 7.7+.3 3. 60±. 02 13.44±.05 39+2
7.9+.8 13.69±.09 338±1
8. 0±. 5

24. ±.2

Cd Pb
ppm ppm

.41±. 02

47+2
58+3

.6o+.os 262
44+4

.61±.03 42±3
41+3
32+3

.44+. 07 646
64±10

20+1

22+1

70+3

1.75±.03 6.2-i-.Z 3.28±.02 12.74±.09 334±2 41+1 .44±.05
13.6±.7

2.52±.03 14.9+.6 2.75±.02 12.94+.10 338±2 25±2 .94±.06 41±2
15.4+.4 12.8'±.l 327±1 27±1

315+1

1.86±.02 8.6±.3 3.08±.009 13.19±.10 319±2 ±Z 44±2
12.7±.7 341±1

1.95±.01 9.2±.,4 2.70±.02 12.79±.09 320±2 16.9±.6 .20±.02 263
14.4±.6 13.1 ±1 334±2 .23-i-.O1

0



Appendix Il-A, continued:

Al
wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS0432 1.85+.O1 7.7±.3 2.90-i-.01 13.03±.08 335+1 2l.6+.3 .37±.04 40±3
14.7±.9 357+1 49+4

MS0433 1.19±.01 5.9+.Z 1.93+.013 8.78-F.06 242+2 17.l.6 19.54-.9
8.7+. 4

MS 0434 .376±. 004 6.4+. 3 .639+. 003 3.38±. 02 104.7+. 5 4. 6±.4 . 54±. 02 12.8+1.0
3. 02' 7±. 1

MS0435 .215±.003 l.3±.2 .353±.003 1.84±.01 55.5±.3 Z.2-i-.4 7.0±.6
3.2±.l 1.85±.02

MS0436 .188±.003 1.l±.1 .332±.004 1.712+.009 54.5±.3 1.9±.3 .80±.2 7.8±.8
1.76±.02 l.6+.1

MS 0437 .826±.01 7.2±.09 1.59+.02 8.78±.07 235±1 13.1±.7 .20+.03 30±2
8. 7±.

9. 3±. 2

MS 0471 l.04±.01 6.1±.4 1.91±. 02 10.17±.07 284±2 16. 1±.8 .16±.02 31±2
13. ±1. 285+2 .26±.01 34+4

37+2

MS0472 .58±.01 4.9±.2 1.053+.008 6.06±.03 177.2±.,7 ± .31±.03 15±2
4.9+.3 .42±.03 18.7±1

MS0473 .74±.01 5.2±.4 1.Z2±.01 7.05+.04 200.3±.9 9.1±.5 .56±.03 17±2
6. 0+. 6 20±2

I



Appendix Il-A, continued:

Al
wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

MS0474 .93+.01 6.4+.6 1.52+.0l 8.75+.06 237±2 14.2±.5 .13+.04 33±2
12.2±.4 28+1

MS0475 .96±.O1 7.0+.8 l.80+.01 9.5l±.06 269±2 15.3±.5 .17±.04 27.9±.9
15.6±,9 60±4

MS 0476 .80±.0l 4.8+.2 1.52±.01 8.42±.05 239±1 1a.3+.6 .47±.06 28+2
5.8±.5 35±2

MS0477 .78-i-.0l 3.5-i-.3 l.57+.ol 8.41±.06 228±1 12.9±.6 .33±.02 19+2
24±2

MS0478 .558±.0l 3.3±.1 1.06±.004 5.22±.03 147.3±.,9 7.2±.3 .36±.02 12.5+.9
628±. 006 4. ± 1

MS0479 .57±.01 Z.94±.08 1.001±.005 5.18+.03 143.4±.9 6.4±.3 .31+.03 14.0+.9
5. 0±. 2

MS0480 .54±.01 3.5±.Z 1.04+.01 5.10±.03 145.7±.7 6.9-i-.4 .43+.03 13.8±.8
8.0±.5 1.027±.009 14. ±1.

MS 0481 552±.009 3.0±.Z 1.035±.007 5.26+.03 145.1-i-.8 6.2+.4 .38±.03 13.2±.7
.609+. 006 4.8±.2 15. ±1.

MSOSO8 .547±.009 3.6±.2 1.o12±.006 5.21±.0Z 145.l±.7 6.2±.4 17±.0l 17. ±1.
6. 0+. 3



Appendix Il-A, continued:

Y7 1- 7_45 p

Sample #
Al

wt. %

Cr
ppm

Mn
wt. %

Fe
wt. %

Zn
ppm

Mo Cd
ppm ppm

Pb
ppm

MS0391 .078+.003 4.O+.3 1.886±.007 l.Z0+.OZ 30.8.3 5.4+.5 3.3+.3
5.9+.3 l.Z3+.0l 31.0+.4 ± 3.7+.4
6.l+.3 32.6.3 13.2-1-.7 4.2.2
7.7+.3 6.2+.6

MS0509 .075+.003 4.l±.2 .418+.004 1.44±.01 Z8.6.4 1.4+.2
.080+.003 7.5+.3 l.49+.02
.096±.

MSOSIO .092±.003 4.6±.2 .490±.005 l.50±.02 29.2±.4 .8±.l 7.5±.4
.099±.003 1l.Z±.5 l.53±.02
.107±.003 lZ.9+.8

MSO511 .080±.003 3.9±.2 .517+.003 1.44±.0l 27.8+.4 ±.' 7.3±.6
.095±.003

MSO51Z .1OZ±.004 3.8±.3 .545±.004 1.65±.02 32.9±.3 l.4±.l 4.6±.5
.1OZ±.004 Z.76±.08

4. 30+. 09

MS0513 .106±.003 3.4±.3 .859±.004 Z.72-I-.0Z 53.l±.4 l.7±.2 l0.3±.,7
5.0±.Z 13.4-j-.9

MS0514 .098+.003 Z.8±.3 .383±.003 1.45+.0Z Z8.2±.3 .6±.l 7.0±.8
3.8±.5

MS 0515 .093±.003 2.Z+.l .390±.003 l.45±.0l 27.l±.3 .9±.l 6.5±.8
2. 6±. 1
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Appendix Il-A, continued:

Al
wt. %

MS0516 .117+.003

MS 0517

MS 0518

MS 0519

MS 0534

MS 0535

MS 0536

MS 0537

Cr Mn Fe
ppm wt, % wt. %

3.24+.08 .393±.003 1.50±.01
1. 56±. 01

.109+.003 1.49±.06 .678.o06 l.84±.02
2.1+.1 1.862±.009

.128+.003 2.7±.1 .642+.003 1.85+.02
4.9+.2 l.92+.01

.163-i-.004 2.l+.1 .617-f.004 2.02±.02
199+. 003 2.04+. 02

.180+.005 2.5±.2 .673±.005 2.07±.02

246±.006 2.29+.09 .659+.005 1.92±.02
7. 6+. 5

.151+.004 1.63+.061.006+.005 l.97+.02
3. 6±. 2

236+. 004 3. 6+. 1 1.701+. 007 4.08+. 02
3.84+. 1

Zn
ppm

Mo
ppm

Cd
ppm

Pb
ppm

31.5±.3 1.4+.2 2- .9±.5
26.8+.4 1.6.2
28.3+.3 1.9±.2

36.6±.4 1.41±.07 55±.04 6.4±.7
1.50±.2 7.1+.5

1.8+.1 .72±.06 12. ±2.
1.3±. 2

62±. 07

39.6±.3 .7±.15 .55±04 7.0±.5
8. 1+. 4

1.0±.3 .67±.05 6.6±.5
38.9+.4 8.5+.4

36.5+.3 1.12±.07 6.7±.4

39.2+.4 1.4±.2 8.5+.6

9. _±l.

80.1±.3 4.9+.2 17. ±2.5
17. 8±2.



APPENDIX Il-B

Elemental concentration (in ppm) corrected for salt and

calcium carbonate content, using the correction factor,

1 - .965W
1 - W - C + .965 * C * W , where

W wt. % low temperature water/100

C wt. % calcium carbonate/100

Values of zero indicate that the analysis was not made.



100

Sample
Depth Sample
(cm) Al Cr Mn Fe Zn Mo Cd Pb No.

Y71-7-36P
5 24+300 26.99 36200 151000 360.00 16.19 .97 72.48 .1S0497

28 27300 25.76 35700 16'.600 364.05 5.32 .58 76.20 fr50538
53 23800 18.33 42000 188600 526.93 12.87 .70 84.99 MSOS3S
80 15500 11.87 46300 213700 507.41 48.44 .61 76.29 P4SOS(.0

185 15700 15.11 50800 207700 453.34 58.57 .64 78.48 M$0335
130 1900 12.36 52300 208300 467.05 67.74 .55 106.96 S033
155 18900 12.98 51600 205300 451.3'. 79.05 .66 101.47 MS0331
180 18400 12.68 51000 209300 450.34 99.55 .56 92.4+4 tiSO33!
205 17100 16.60 49800 226100 463.96 125.05 .78 100.51 MS0339
230 17800 14.55 53800 222300 466.73 130.36 1.05 87.29 '1S0340
255 18500 9.75 51900 230600 '.60.13 122.78 .65 87.21 P1S0342
280 17900 12.41 51900 211200 461.77 112.54 1.00 93.98 +190342
305 18000 10.76 46100 202800 458.26 92.35 .81 107.55 MS0343
330 17900 11.31 48100 214400 468.77 94.22 .80 84.80 MS0344.
355 16900 12.77 55200 216400 474.18 96.96 .91 82.89 +1S034S
380 17900 15.42 56400 216700 481.58 103.62 1.08 95.37 +150346
4+05 19600 14.03 59700 208700 496.13 107.80 1.10 85.78 MS0368
430 21200 11.29 58200 213000 497.05 103.60 1.08 90.80 +190365
4+55 22600 13.52 56300 195100 467.19 0 1.13 91.68 MS0370
480 22100 17.93 56600 193600 479.21 103.97 .65 77.68 PS0371
505 22100 12.16 55600 192400 470.92 64.91 .73 79.08 MS0372
530 22500 14.79 54600 193400 476.4.2 74.55 .73 73.39 P'!90373
550 22100 13.77 54900 179600 493.77 6.54 .79 80.94+ MS037'.
580 21500 14.42 54600 195200 494.39 84.92 .66 82.59 +S0375
605 21600 16.13 57800 196500 482.80 69.63 .65 70.80 +150376
630 21500 14.52 52500 195200 466.26 39.51 .91 77.85 MS0377
655 24000 14.88 56500 196500 463.91 43.02 .94+ 90.69 +190379
680 20000 17.47 55500 214000 468.52 80.98 .95 89.08 S53?9
705 18900 12.63 54000 205000 464.70 67.21 .81 90.39 MSO300
730 20500 14.13 92200 212800 468.04 68.39 .73 76.46 +150391
755 19300 13.74 4+9400 217700 4+59.80 60.93 .59 86.16 S93B2
780 20100 13.50 50200 203700 444.66 39.00 .62 82.65 +190363
805 19700 14.98 50200 198900 451.53 37.44 .82 88.92 P'S0384
825 15500 12.07 55200 200660 439.20 41.76 .87 88.20 +1S0385
855 13600 13.02 54600 198800 445.26 45.34 .77 72.08 +1S0336
680 20700 10.82 55800 197900 4+35.30 37.25 1.18 69.83 +19036?
905 24500 12.50 51400 168300 396.52 37.4+0 .50 80.64 +1S035S
930 24600 14.43 46400 158600 395.44 32.66 .93 61.82 +150395
955 29000 17.34 45600 154500 391.54 30.66 .03 86.97 MSO3SO
960 24500 16.96 46000 195900 399.70 39.51 .85 69.72 +150393

1005 22700 17.32 49100 1674+00 419.73 33.72 .97 60.60 'S9394
1030 23500 9.78 51500 171100 431.90 33.76 .4+7 59.37 +1S0390
1055 21400 10.40 51300 177700 435.82 39.73 .83 68.54 +150396
1080 19900 11.45 54600 174300 441.66 45.97 .09 74.7 +1S0397
1105 10300 10.54 51000 172200 439.36 45.69 .4+7 73.1 MSO3SO
1130 21200 11.99 51200 170900 438.33 44.18 .58 05.11 +1S0399
1155 19200 13.69 51700 169000 4+33.95 42.93 .73 53.01 +1S0400
1180 21400 12.97 48400 164709 429.59 43.22 0 68.92 +150401
1209 21990 11.67 43900 176600 4+22.47 4+2.01 .40 57.15 +150602
1230 22700 13.75 45000 167200 4+14.64 5+.06 .71 61.13 +1SO4+03
1255 20000 12.30 47200 165700 419.4+4 4+2.10 .71 44.52 MS040.
1296 17900 13.91 8309 165900 420.70 45.96 .02 70.63 +150541
1310 19700 9.39 42800 161300 405.22 66.34 0 43.97 frSI5L.2
1330 20400 11.96 38300 149700 389.9 47.86 .51 469
1355 21300 17.87 32300 151600 384.34 30.56 1.10 4+8.19 '159.79
1380 21700 12.50 36000 194100 389.00 35.55 0 51.0 '$04+30
1405 22900 13.83 31600 151800 354.73 19.08 .24 4+1.10 +151431
1431 21600 13.05 33800 151900 403.13 25.17 .43 S?.3 +150432
1454 16509 10.13 2b800 121800 339.77 23.73 0 27.06 +159433
1475 10000 21.01 IIUQI 95500 278.39 12.23 0.6k 34.03 '5043'
1500 9700 10.4+2 16000 83800 251.45 5.97 0 31.71 +50435
0530 8600 5.95 15200 79800 24+9.97 5.71 3.67 35.77 +150419
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Appendix II- B, continued:

Sample
Depth Sampi.

Al Cr Mn F. Zn Mo Cd Pb NO.

1561 10600 10.49 20600 115100 308.15 11.18 26 39.34 WS0437
1600 12100 1.08 22200 118100 330.86 18.69 .24 39.47 PS1471
1623 9700 6.23 17600 101800 297.54 15.62 .60 28.55 SO472
1646 10900 8.23 17900 103700 294.49 13.36 .82 27.93 S0473
1615 j1400 7.84 16600 107200 290.21 11.39 .16 37.97 MS0474
1700 11100 8.09 20800 109900 310.97 17.69 20 32.25 NSO47S
1729 10000 6.64 19000 105500 299.42 15.41 .59 40.09 S0476
1755 10000 7.03 20100 107400 291.29 16.1.6 .1.2 26.11 S0477
1765 10900 7.36 19500 96100 271.09 13.25 .66 23.00 MSONTS
1805 10600 7.61 19000 98600 272.95 12.16 .59 53.11 SO4?9
1625 9900 10.59 19000 93100 265,92 12.59 .18 25.55 M00460
1855 10900 7.30 19600 99100 2T33E 11.68 .72 26.37 $50461
1860 10000 8.77 18400 95200 255.06 11.33 .31 31.05 MSOSOS

Y71-7-45P
5 5100 35.37 122900 79300 195.11 '.3.58 0 2b.t2 PS3391

30 5000 34.55 24900 87600 170.36 8.3'. 0 '.0.50 1150509
55 8600 31.11 33800 104900 201.31 5.52 0 51.11 11S0510
15 6800 '.4.51 39700 110500 213.35 3.84 0 o.02 11S0511
97 6700 23.68 35800 108500 21.41 17.10 0 3.18 11S0512

130 4700 18.47 37800 119600 233.56 7.48 0 52.34 11S0513
155 6000 20.08 23300 88200 171.61 3.55 0 '.2.50 11S0511.
180 5800 17.42 28300 105300 196.75 b.53 0 '.7.19 MSOb15
205 7200 19.08 24200 94200 177.91 9.85 1.54 26.93 11S0515
228 6800 11.25 42400 115600 228.69 9.31 3.'.' 42.49 11S0517
255 7700 22.87 3&600 113800 261.83 7.22 4.33 72.23 11S0518
280 9400 10.91 32100 105500 205.78 3.64 2.86 38.97 P1S0519
305 9100 12.60 33900 104300 192.38 5.0'. 3.38 38.29 11S053'.
333 11900 11.09 31800 92600 17b.07 5.31 0 32.32 1150535
.35? 8200 14.07 54b00 106600 212.06 7.57 0 '.7.51 '150536
380 7600 1i.8 5'.'.00 130500 256.e4 15.59 0 55.71 11S3537
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APPENDIX III

Comments on the Quality of the Data

There were several opportunities during the course of the

research to test the accuracy and precision of the data. The checks

fall into three general categories:

1. Duplicate analysis of the same sample by the

same analyst.

2. Duplicate analysis of the same sample by two

different analysts.

3. Analysis of U. S. G. S. Standard Rocks BCR- 1,

AGV-1, asp-i.

Carbonate

In order to test the reproducibility of the CaCO3 determination,

ten samples were given to another analyst (C, Rathbun) for re

measurement. Agreement with previous analyses was very good.

Duplicate analyses of two samples low in carbonate (<3%) suggests a

precision (coefficient of variations = -c-- x -4 % ) of about 10%,

Similar analyses of eight samples high in CaCO3 (65-85%) indicate a

precision slightly greater than 1%,

However, independent determinations of CaCO3 by H. H. Veeh

on samples from Y717-45P raise serious questions about the
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accuracy of the CaCO3 measurements, Differences of 7-17% occur

between the analyses of similar samples by Oregon State and Hawaii,

While the analytical method used by Veeh is not known, other evidence

indicates that this disparity merits serious attention0 Core Y71-7-

36P contains a transition from carbonate-poor to carbonate-rich

sediment, Concentrations of Fe, Mn, Al, Mo, and Zn, even after

correction to a carbonate-free basis (CFB), still show dramatic drops

in abundance across this boundary0 Such drops could result from low

carbonate analyses which would lead to inadequate carbonate correc-

ti.ons. S concentrations in this core (S0 Fukui, personal communica-

tion, 1973) suggest that biogenic silica is not acting as a further bio-

genic diluent,

Two observations, however, suggest that the carbonate

analyses may not be in error, Firstly, Pb and Cd in Y71-7-36P do

not show large drops in abundance across the carbonate I non-

carbonate boundary, Secondly, a recent determination of carbonate

in a piece of pure calcite was 97. 8%
CaCO30 To determine conclu-

sively whether the carbonate analyses are good measurements by

independent methods should be made,

Aluminum

Al was measured in several samples by both INAA and by flame

emission (S. Fukui, analyst), Agreement was generally good except
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at low concentrations (carbonate-rich samples), where the values

from flame emission were systematically lower. Because INAA is

the more sensitive and precise method, it is felt that such analyses

are the better estimate of Al in sediments,

Two Al determinations by INAA, MS 0374 3, 54% Al and

MS 0429 2. 52% Al, were so anomalous that they were discarded

and interpolated values were used instead, The reason for the

anomalous value is unknown.

Manganese

Manganese was initially measured by INAA, but several

anomalously high values made the data appear suspicious. Subse-

quently, Mn was measured by AAS to check the INAA data. The

comparison showed good agreement below 4% Mn, but considerable

disagreement at higher concentrations, Comparison of AAS values

from the present study with those determined by another analyst

(S. Fukui) showed very good agreement. Analysis of Mn by AAS in

AGV-1 and BCR-1 showed fair to good agreement with the values

compiled in Flanagan (1969) (Table III- 1). Only the Mn values ob-

tamed by AAS have been reported in Appendix II.

Iron and Zinc

Standard rocks GSP- 1, AGV- 1, and BCR- 1 were analyzed for



Table UI-i. Values for U. S. G. S. Standard Rocks

BCR-1

This work:

Mean

Std. Dev.

Range

Median

# Analyses

Flanagan (1969):

Mean

Std. Dev.

Range

Median

# Analyses

Flanagan (1973):

Fe as
Cr Mn Fe203 Zn Mo Pb Cd

12.8 1403 13.61 136 2.7 19 .14
1.7 8 .67 2 1.8 1

10.8-15,7 1397-1409 12.94-14.57 133-140 1,4-4. 18-20

12.4 1403 13.57 136 2.7 19

8 2 6 6 2. 2

16.3 1348 13.48 132 4.3 18 .067
6.4 269 .21 38 2.3 8.5

8.5-45 450-1850 12.9-14,26 94-278 1.2-6.6 5-35

14.2 1370 13,45 113 5,0 16.0

51 66 49 36 28 37

17.6 1406 13,40 120 1,1 17.6 .12

0
Ui
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Table 111-1, continued:

AGV-1

This work:

Mean

Std. Dev.

Range

Median

# Analyses

Flanagan (1969):

Mean

Std. Dev.

Range

Median

# Analyses

Flanagan (1973):

Fe as
Cr Mn Fe203

11.5 629 6.92
1.7 18 .25

9.6-13.4 617-642 6.50-7,34
11.4 629 6.89

14 2 12

Zn Mo Pb Cd

92.2 1.82 33.7 .13
1.9 .55 5. .05

89.3-96,4 1.3-2.7 26-41 .06-20
920 1.6 33.5 .12
10 5 6 5

12.9 729 6.80 112, 3.7 35.3

5.5 104 .28 61 1.2 8.

7-45 250-867 6.10 7,45 64-304 1.7-5.5
12.0 723 6.80 85. 4,0 36.2

51 66 49 36 28 37

12,2 763 6.76 84 2,3 35.1

.017

1

09

0
C'



Table 111-1, continued:

GSP-1

This work:

Mean

Std, Dev.

Range

Median

# Analyses

Flanagan (1969):

Mean

Std, Dev,

Range

Median

# Analyses

Flanagan (1973):

Cr Mn
Fe as
Fe203 Zn Mo Pb Cd

12,7 4,14 105,8 35

201 035 1,7 2,8
10,2-15,4 3.63-4.39 104 6-107 33-37

12,7 4,28 105,8 35

4 4 4 2

13,2 4,31 142 52,4
34 ,20 104 13,9

5-18 4.O0-489 54..340 14-80

143 4,24 102 56,6
52 36 38 56

12,5 4,33 98 51,3

C
-J



both Zn and Fe, Although a few values fall outside the range of values

in Flanagan (1969), most values for Fe show fair to good agreement

with the mean of compiled values (Table 111-1) The values for Zn in

GSP.-1 and AGV-1 are markedly different from those published in

Flanagan (1969) (Table III- 1). This discrepancy refle cts the fact that

the published values are compilations of many analyses, some of

which are highly anomalous, Revised values of Zn reported in

Flanagan (1973) are in better agreement with those reported in this

work.

Analyses of Zn on metalliferous sediments by a different

analyst (S. Fukui) show generally good agreement with the values

reported here. However, there was a difference of 5-10% in the

values obtained for Fe. This discrepancy has not yet been resolved.

A similar discrepancy was reported by Dymond et al. (1973) between

Fe analysis by INAA and by AAS. Although there is no basis for

direct comparison, the deviation of values in this work from those of

another analyst (S. Fukui) are of the same sign and similar magnitude

as are those obtained by INAA. Therefore, the data tends to support

those measured by INAA in Dyniondetal. (1973),

Cadmium, Chromium, Molybdenum, Lead

These elements are grouped together because they were all

analyzed with the Carbon Rod Atomizer, and each is correspondingly
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susceptible to various problems incumbent with the CRA. Precision

(relative standard deviation) is on the order of 10%. Among other

things, the reproducibility is dependent upon the integrity of the

graphite, the precision with which a volume of sample can be intro-

duced each time, accumulation of residues after repeated firings, and

the temperature of the rod throughout the analysis.

The integrity of the graphite rod after several firings became

perhaps the most critical factor in obtaining precise and accurate

results. With time, the graphite tubes and support electrodes begin

to oxidize, frequently causing a decrease in sensitivity. Consequently,

anomalous values sometimes result, and it is necessary to rerun

some samples. Toward the completion of the analytical work, a new

type of graphite (Ringsdorff type, Varian Techtron) was used, and

this change had a profound effect on several analyses. While the new

graphite reportedly facilitates higher atomization temperatures, its

deterioration produces a quick and dramatic drop in sensitivity. In

particular, for Mo it became impossible to run a standard, the

sample, and another standard without experiencing drops in sensiti

vity approaching 50% for a half dozen firings. In such a situation

where a sample is bracketed by two standards, a continuous drop in

sensitivity will yield high sample concentrations, Thus, it has been

difficult, in many cases, to recheck samples whose initial values

appear anomalous.
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Lead is presently about the most trustworthy and stable of the

elements analyzed on the CRA. The concentrations were sufficiently

high that a carbon cup rather than a carbon tube was used. This re-

duced the sensitivity to ensure that the standard curve was linear,

and analyses of standard rocks (Table Ill-i) confirm that the values

are accurate.

Analyses of Mo in standard rocks fell within the range of values

compiled by Flanagan (1969) although most values fell below

Flanagants mean values. Subsequent values published in Flanagan

(1973) are in closer agreement with the values of this work, mdi-

cating that there is no systematic error in the analysis. The pre-

viously mentioned problem of graphite deterioration precluded the

reexamination of some samples with anomalous values.

Complete analysis of Cd was not possible because of repeatedly

defective hollow cathode tubes. There Is not sufficiently good agree-

ment of values for standard rocks to permit a good comparison with

values obtained here, There is a good deal of variation between

duplicate analyses. It is not completely certain why so much varia-

bility exists, but it seems possible that the low concentrations being

analyzed ( . 5-1. ppb in solution) might be vulnerable to small

amounts of contamination, or, for that matter, sediment inhomo-

geneity during sampling.

Initially Cr appeared to be very susceptible to good analysis
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on the CRA. However, time has proven it to be the least reliable of

the analyses., Re-examination of several samples yielded consistent-

ly higher Cr values, sometimes by as much as a factor of two or

three. Quality of graphite may be a factor, but it is probably not

sufficient to account for all of the observed variability. An insuffi-

cient number of standard rock analyses were made with the new

graphite to detect any systematic changes in Cr concentration. As a

consequence, it is not possible to discern which are the better values,

and the values listed in the thesis represent averages. As a crude

comparison, the Cr data of Piper (1973) from the East Pacific Rise,

39 OS, appears to agree better with the initial, lower values of this

paper.

Mineralogy

Several remarks are in order concerning the mineralogical

tests which were performed. Harwardetal. (1969) found that

glycerol vapor is effective in distinguishing beidellite, which expands
0

to 14. 4A, from montmorillonite, which expands to 17, 4A. The same

authors reported, however, that glycerol liquid expands both minerals

to 17. 9A, Initially glycerol liquid was used in this study. However,

subsequent trials, employing glycerol vapor, showed no significant

difference in basal spacing, suggesting that the samples are pri-

manly moutmorillonite.
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The results of the Li test were somewhat ambiguous. As

described by Schultz (1969), Li saturation and glycerol solvation

should produce a mixed layer clay in which montmorillonite layers

are 9. 6A and beidellite layers are 18k The 002/004 peak is an

indication of the relative amounts of the two minerals according to

Macwanetal. (1961). While broad peaks around 18A were some-

times discernible in this work, the 001 peaks were frequently

obscure, and the diffracted energy was dispersed over a broad range

between 9 and 1 8A. The peak at 4. 6 - 4. 7A was usually the best

peak, and it was assumed that this represented the 002/004 composite

peak. However, while such a value as 70% montmorillonite lends

support to the resi1ts of the glycerol solvation, it is somewhat sur-

prising that an 001 peak at 9. 6A is never clearly developed.

The data of Schultz (1969) indicated that the Na-citrate-dithionite

treatment affected the smectites, increasing the cation exchange

capacity (CEC) by about 25%. Since the majority of Fe in these

samples is probably octahedrally coordinated, the effect of reducing

some of the iron would be to concentrate more of the net charge in

the octahedral sheet. Similarly, the iron-manganese removal treat-

rnent would also tend to affect the size of the net charge.

The effect of such treatment cannot be readily calculated with-

out repeating the work. Rothetal. (1969) have found that smectites

can be returned to their original oxidation state following treatment
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with H202 at a pH of 5. This step should have been inserted into

the procedure.



APPENDIX IV

Analyses of Marine Deposits by Different Authors

Fe Mn Al Cr Mo Pb
wt. % wt. % Wt. % ppm ppm ppm

Basalt

Engeletal. (1965

Avg. Basalt (tholeiite)
Avg. Basalt (alkali)

Corliss (1970)

Leached Basalt
Pillow Basalt (W4-427)
Holocrystalline Basalt (W4-l5)

Turekian & Wedepohi (1961)

Basalt

Marine Sediments

Goldberg & Arrhenius (1958)

Avg. Pelagic Sed.

6.70 .17 9.01 297 -- (.8)
7.43 .16 9.53 67 -- --

1.08 .017 .07 -39 -- -

7.74 .14 8.05 249 -- -_
6.60 .12 8.04 270 -- --

Zn Cd
ppm ppm

8.65 .15 7.80 170 1.5 6. 105 .22

6.5 1.25 9.2 93 45 150 -- --
3-.

I-



Appendix IV, continued

Marine Sediments, continued

Heathetal. (1970)

Pelagic Sediment

Landergren (1964)

Avg. Pac. Sed.

Revelle (1944)

East Pacific Rise (16)
East Pacific Rise (17)
East Pacific Rise (18)
East Pacific Rise (19)
East Pacific Rise (41)
Red Clay - S. Pac. (22)
Red Clay S. Pac, (23)
Red Clay - S. Pac. (27)
Red Clay - S. Pac. (44)
Red Clay - S. Pac, (45)
Red Clay-N. Pac. (65)
Red Clay - N. Pac. (66)
Voic. Sed. (56)

Fe Mn Al Cr Mo Pb Zn Cd
wt. % wt. % wt. % ppm ppm ppm ppm ppm

3.45 1.02 --

5.74 1.99 8.25

2.27
5.91

34
3.08
1.84

10.50
3.28
5.91
3.09

55
5.94
5.63
4.12

.90 .15
1.99 1.16

.11 .07

.91 .28

.46 .12
3.17 2.86
1.25 1.32
1.36 4.67
1.07 1.61
.22 .55
.56 8.96
.56 9.13
.06 7.21

50 40 20

49 -- --

I-

I-
UI



Appendix IV, continued

Marine Sediments, continued

El Wakeel & Riley (1961)

Avg. Oceanic Sed.
Avg. Argillaceous Sed.
Avg. Calcareous Sed.
Avg. Siliceous Sed.
EPR (DWHD 81)
Voic. Sed. (H-24)
Voic. Sed. (20-2)
Red Clay (18)
Red Clay (19)
Red Clay (17)

Turekian & Wedepohi (1961)

Deep Sea Carbonate
Deep Sea Clay
Shale

Manganese Nodules

Mero (1962)

Avg. Pac. Mn Nodules

Fe Mn Al Cr Mo Pb Zn Cd
wt. % wt. % wt. % ppm ppm ppm ppm ppm

4.15 .32 6.50
5.74 .37 9.25 55 17 175
2. 72 . 26 4. 22 51 20 150
4.48 .32 7.04 97 38 180
9.72 3.72 .34 8 70 200
8.62 1.84 8.14 12 5 230
8.87 .19 7.38 370 15 170
4.57 1.19 5.54 200 20 120
5.64 .68 8.75 30 30 200
6.15 .53 10.12 60 25 220

.90 .10 2.00 11 3 9 35
6.50 .67 8.40 90 27. 80 165 .42
4.72 .085 8.00 90 2.6 20 95 .3

14.0 24.2 2.9 66 57 900 470

I-.



Appendix IV, continued

Fe
wt. %

Mn
wt. %

Al
wt. %

Cr
ppm

Mo
ppm

Pb
ppm

Zn Cd
ppm ppm

Manganese Nodules, continued

Mero (1965)

MnNoduleAlb472 14.3 23.0 1.3 -- 320 500 1100
Alb4701 1L6 17.2 2.0 -- 430 520 --

7 A1b4711 3.68 36.5 1.8 -- 380 110 1300
II II DWBD 16 13.8 22.4 .69 -- 560 2500 670

DWBG 17 7.0 23.9 2.3 -- 300 280 460

Raab (1972)

Mn Nodules 1-iT 9.62 26.9 2.84 -- 445 730 1500
Mn Nodules 1-3B 4.96 26.6 3.95 -- 685 390 1900

3-lB 7.31 26.0 3.11 -- 530 695 1200
3-2T 9.95 15.0 4.64 -- 195 620 1000

H II 11-7T 10.1 30.7 2.44 -- 770 800 1600
14-iT 14.1 26.1 1.77 -- 590 427 1000
16-213 3. 36 27. 3 3.85 -- 810 290 1700

Rancitelli & Perkins (1973)

MnNodule DH-1 8.85 22.1 1.60 29 -- -- 2500
DH-4 7.70 21.6 1.92 25 -- -- 2300

77 DH-8 7.48 23.0 1.59 17 -- -- 2500

Sea Water

Home (1969) (Sea Water) .01* .002* .01* 5x105 .01 3x105 .01 1.1x104

*ppm




