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Transition metal and rare earth element (REE) data are pre-

sented f or various sedimentary materials from two Manganese Nodule

Program (MANOP) sites in the eastern tropical Pacific. These data

constrain the sources of elemental supply to the seafloor and the

processes that control ferromanganese nodule genesis. Investigation

of elemental partitioning between suspended particles, sediments,

ferromanganese nodules, crusts, and micronodules indicates that

particle settling dominates REE supply to the seafloor at MANOP site

H. Partitioning of the particle flux reveals that although detrital

and labile particles both convey REE to H sediments and nodules,

labile blogenic debris is the primary source of REE accreted by site

H nodules.

Evidence from REE abundance patterns and correlations of REE

with other elements define three basic processes of nodule accre-

tion: (1) hydrogenous or direct seawater precipitation; (2) oxic

diagenesis, referring to a variety of ferromanganese accretion pro-

cesses which occur in oxic sediments; and (3) suboxic diagenesis, in
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which Mn is mobilized by the oxidation of sedimentary organic mat-

ter. The REE geochemistry of site H nodules suggests an additional

accretionary process, resulting from the degradation of labile

organic matter in an oxic environment.

Contrasts in REE patterns, major element compositions, and

fluxes of various elements in sedimentary samples from MANOP site H

(a nodule-bearing site) with site M (a nodule-free site) reveal

differences in the sources of material to the seafloor in the two

environments. Geochemical data imply a greater hydrothermal influ-

ence and a greater accumulation of organic carbon in site M sedi-

ments relative to those at site H. Comparisons of the REE and major

element geochemistry of H and M sediment traps, sediments, and

crusts, as well as nodules from site H, imply that the reductive

mobilization of Mn and geochemically similar elements is controlled

primarily by surface water biological productivity and the accumula-

tion of organic carbon in the sediments. The organic flux to the

sediments determines the degree of depletion of oxidants, which

governs the reduction, mobilization, and supply of metals to nodule

surfaces. It appears that the depth to the Mn redox boundary and

possibly seasonal variations in the flux of organic material to the

seafloor determine whether nodules grow or whether Mn is exported to

bottom waters.



TRANSITION METAL AND RARE EARTH ELEMENT FLUXES AT TWO SITES

IN THE EASTERN TROPICAL PACIFIC:

RELATIONSHIP TO FERROMANGANESE NODULE GENESIS

by

Kim Marie Murphy

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed June 28, 19814

Commencement June 1985



APPROVED

Prof eor of Oceanography in charge of major

Dean of College of Oceanogra

Dean of Gradua4TSchool

Date Thesis is presented June 28, 19814

Typed by Mary Jo Armbrust for Kim Marie Murphy

Redacted for privacy

Redacted for privacy

Redacted for privacy



FOR MY FAMILY

AND

PATRICK FRANCIS DUNN



"True love in this differs from gold or clay,
In that to divide is not to take away."

-Irene Claremont de Castillejo

"It is only with the heart that one can see rightly;
what is essential is invisible to the eye."

-Antoine de Saint-Exupery
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TRANSITION METAL AND RARE EARTH ELEMENT FLUXES AT TWO SITES

IN THE EASTERN TROPICAL PACIFIC:

RELATIONSHIP TO FERROMANGANESE NODULE GENESIS

GENERAL INTRODUCTION

Interest in the origin of deep-sea ferromanganese nodules began

with their discovery during the Challenger Expedition (1873-76).

The elemental and mineralogical compositions of marine nodules have

been used to support various hypotheses of their formation. The

basic mechanisms proposed include: (1) precipitation of elements

from seawater supplied by weathering of continental rocks (Renard,

in Murray and Renard, 1891; Goldberg et al., 1963); (2) diagenesis

of marine sediments (Murray and Irvine, 1895; Price and Calvert,

1970); and (3) submarine volcanism (Murray, in Murray and Renard,

1891; Bonatti and Nayudu, 1965).

The rare earth elements (REE), because of their similar chemi

cal properties and generally coherent behavior, may be useful in

determining the origin of nodules. Under oxidizing conditions typi-

cal of oceanic environments, the REE are generally trivalent. Ce,

however, tends to exist in a +14 valence in seawater which results in

fractionation from the trivalent REE due to preferential adsorption

of Ce14 onto seawater particles (Goldberg, 19514). The heavy flEE

(HREE), due to smaller ionic radii, also tend to form more stable

dissolved complexes in seawater than the light REE (Goldberg et al.,

1963; I-1gdahl et al., 1968). The similarity in chemical
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properties of the REE, however, precludes their extensive

fractionation in seawater. Therefore, comparisons of REE abundances

in ferromanganese nodules and other marine phases may provide

information on the origin of nodules.

Numerous studies have examined the chemical and mineralogical

compositions of deep-ocean nodules (Glasby, 1972 and references

therein). It has been proposed that regional and inter-nodule vari-

ations may be ascribed to differences in sources of metals

(Arrhenius et al., l96; Calvert and Price, 1977; Calvert et al.,

1978) or variations in the relative amounts of major components

thought to comprise nodules. Few studies, however, have focused on

the relationship of sedimentary processes to the distribution of

ferromanganese nodules in the oceans. A main goal of this study, as

part of the Manganese Nodule Program (MANOP), was to examine sedi-

ment diagenesis and nodule-forming processes at a nodule-bearing and

a nodule-free site in order to understand how different factors

relate to the formation and distribution of nodules.

This thesis focuses on the transition metal and rare earth

element geochemistry of samples from MANOP sites H and M in the

eastern tropical Pacific, in order to determine the sources of

material to the sediments and define processes controlling nodule

accretion. Site H lies within a region of hemipelagic sedimentation

in the eastern tropical Pacific and is nodule covered, while site M,

located in an area of metalljferous sedimentation adjacent to the

East Pacific Rise, is nodule free. The first chapter investigates

REE partitioning between various sedimentary phases at site H in

order to provide a more complete understanding of REE cycling and



3

sources of BEE to the seafloor and to nodules. The second section

establishes that REE compositions of nodules from site H support the

concept of nodule accretion by distinct chemical processses. In

addition to supporting the three basic processes of nodule accretion

proposed by Dymond et al. (l98'), the REE data substantiate the

existence of an additional process resulting from the degradation of

organic matter in an oxic environment. Transition metal and BEE

fluxes at site M, site H, and in site H nodule-free areas are dis-

cussed in the third chapter. Geochemical comparisons between the

three areas support the hypothesis that the reductive mobilization

of Mn and associated metals within the sediments is controlled pri-

manly by the accumulation of organic carbon. At site M and in site

H bare patches, relatively high organic carbon burial rates

facilitate the mobilization and export of Mn into bottom water,

thereby preventing nodule formation. A generally lower organic

carbon burial rate persists in site H sediments, trapping Mn in the

oxidized surface sediments. Periods of relatively high organic flux

to I-I sediments result in depletion of oxygen within the surface

sediments, thereby facilitating Mn reduction and reprecipitation

onto nodule surfaces.



CHAPTER I

RARE EARTH ELEMENT FLUXES AND GEOCHEMICAL BUDGET

IN THE EASTERN EQUATORIAL PACIFIC

Reprinted by permission from Nature, Vol. 3014, pp. 141414..11147

Copyright (c) 1983
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Rare earth element (BEE> patterns and flux measurements of

sediment traps, sediments, and nodules from the eastern tropical

Pacific demonstrate the dominance of REE supply to the seafloor by

particle settling. Quantitative partitioning of the particle flux

reveals that biogenic debris is the major REE carrier in shallow

depths; however, the labile particles are surpassed in importance by

alumino-silicate particles at greater depths. Regeneration of blo-

genic-associated BEE appears responsible f or La/Ce variations in the

particle flux with depth, and provides the primary source of REE

accreted by nodules.

Studies of the fractionation of individual BEE from one another

have provided insight into the geochemical behavior of BEE in the

marine environment(l,23). Cerium, because of its unique preference

for the +I valence state in seawater, may be more readily adsorbed

onto water column particles and incorporated into deep-sea

sediments and ferroinanganese nodules. Thus, Ce's preferential

adsorption may explain its depletion in seawater relative to the

trivalent REE6'. Seawater is also enriched in the heavy REE

(HREE), possibly as a result of the greater stability of aqueous

complexes formed by HREE, leaving seawater enriched in these

eiements(6T).

Although previous studies have used REE fractionation to empha-

size the importance of a particle-derived source of REE to sediments

and nodules (2 and others therein), ours are the first reported

measurements of the particulate BEE flux. We present the REE con--

tents, patterns, and fluxes of sedimentary samples from the Mangan-

ese Nodule Program (MANOP) site H (6.5°N, 93°W) in the eastern



equatorial Pacific in order to establish the REE geochemical budget

for this site. In addition, we partition particulate REE into

biogenic and detrital components. Decomposition of organic matter

and dissolution of opal and carbonate can release REE which are

sorbed to other particle surfaces or lost to seawater. Since such

material decomposes more readily than detrital phases, the

associated REE are more available for uptake by nodules and other

authigenic phases.

Samples for this study were analyzed for La, Ce, Nd, Sm, Eu,

Tb, Yb, and Lu by instrumental neutron activation8 (Table 1.1).

Analytical precision for the REE was within 10% for all samples,

except for Nd and Tb which have peak interferences. Interferences

due to Ti were negligible.

Figure 1.1 shows the REE abundance patterns of site H samples

normalized to that of world average shale5. Different sample

types exhibit large variations in absolute concentration in the

order: ferromanganese crust > nodule tops > sediment > nodule bot-

toms > sediment traps. Nonetheless, the general pattern for all

samples is similar to that of site H bottom water (Fig. 1.1). All

samples exhibit the Ce depletion and HREE enrichment typical of

seawater. This does not, however, necessarily imply accretion by

precipitation from seawater. Site H ferromanganese crust, dredged

with basalts and isolated from sediment contact, is thought to form

by direct precipitation from bottom water (hydrogenous acere-

tion)0. This crust has the smallest Ce anomaly and least resem-

bles the seawater pattern of all the site H samples (Fig. 1.1). In
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Table 1.1. Site H sample REE compositions (INAA data)

ACCESSION 80X LA CE ND SM LU 73 3 LU

NUMBER CORE PPM PPM PPM PPM PPM PPM PPM PPM

TO PS

MP2327 126-i 56. 68. 88. 9.8 2.43 1.61 7.4 1.14
MP2880 126-4 48. 52. 42. 9.5 2.22 1.55 6.9 1.05
MP2930 127-i 35. 37. 29. 6.8 1.71 1.13 6.0 .92
MP2833 127-3 16. 10. 14. 3.0 .76 .60 2.9 .47
MP2335 134-i 29. 40. 26. 5.6 1.41 .87 5.0 .76
MP2536 134-2 35. 4. 32. 7.1 1.67 1.19 5.4 .82
MP2886 134-4 22. 17. 22. 4.4 1.20 .78 3.7 .55
MP2SUO 136-i 34. 37. 30. 6.3 1.58 1.01 5.4 .82
MP2842 136-2 46. 60. 35. 7.9 2.17 1.30 6.3 .93
MP4837 V37-1 46. 58. 40. 8.9 2.12 1.51 7.3 1.04
MP53t44 V52-i 33. 48. 35. 6.8 2.09 1.01 5.9 .82

BOTTC.IS
MP2326 126-i 10. 10. 11. 2.1 .43 .26 1.7 .28
MP2823 126-2 14. 8. 13. 2.6 .57 .43 2.3 .36
MP2379 126-4 11. 10. 10. 2.1 .43 .19 1.7 .26
MP2829 127-i 9. ii. 9. .40 .37 1.7 .25
MP2532 127-3 10. 13. 10. 2.0 .44 .21 1.6 .24
MP2382 127-4 ii. 11. 9. 2.0 .45 .37 1.8 .30
MP2834 134-1 12. 11. 10. 2.2 .51 .45 2.1 .30
MP2837 134-2 13. 10. 8. 2.6 .64 .49 2.4 .36
MP2885 134-4 10. 9. 11. 2.2 .49 .41 1.8 .27
MP2839 136-1 15. 11. 12. 2.5 .60 .46 2.5 .39
MP2841 136-2 16. 16. 12. 2.7 .68 .51 2.8 .43
MP4836 V37-i 11. 14. 10. 1.3 .50 .28 2.3 .46
MP5345 V52-i 8. 12. 9. 1.4 .47 .35 1.5 .28

WHOLE 0DULE3
MP2881 126-U 18. 18. 15. 3.3 .77 .54 2.9 .45
MP2831 127-2 35. 38. 31. 6.9 1.70 1.27 6.0 .92
MP2383 127-U 12. 12. 11. 2.3 .54 .41 2.2 .34
MP2933 134-3 21. 16. 21. 4.1 1.10 .35 3.3 .58
MP2884 134-4 20. i7. 17. 3.9 .95 .55 3.3 .52
MP2387 136-4 17. 17. 19. 3.3 .85 .58 3.0 .47

CRUSTS
MP9843 P11-U 136. 196. 114. 25. 6.10 3.68 19. 2.89
MP9844 P11-5 131. 210. 109. 23. 6.22 3.55 18. 2.64

SEDIMENTS
MP5301 3C37-i 33. 35. 29. 7.0 1.8 1.3 6.3 1.1
MP5302 3C37-2 32. 34. 20. 6.9 1.6 1.1 6.4 1.1
MP5304 8C37-4 38. 38. 44. 7.2 1.8 1.3 6.8 1.1

TRAPS
MPT9640 Hi-U .83 1.4 - .16 .059 - .22 .031

MP79525 Hi-S 1.18 2.1 - .26 .099 .049 .30 .042
Mp-r97g7 Hi-L 1.66 2.1 3.8 .35 .10 .084 .32 .049
MPT9527 H2-U 2.16 2.3 5.8 .4 .13 .076 .48 .069
MPT9530 H2-S 2.77 3.5 2.5 .63 .17 .11 .45 .076
MPT9531 H2-L 4.91 6.2 6.3 1.09 .33 .19 .97 .15



Figure 1.1. Rare earth element abundances in ferromanganese

crust, nodule top and bottom, sediment, sediment traps, and bottom

water normalized to the world average shale(1). Seawater data are

for deep water from the Guatemala Basin near site and are mul-

tiplied by a factor of 1 x io. Values without error bars have

errors within symbol size. Values not shown were below detection

limit or had associated errors >50%.



ci

Co

ww
cr

0.01

Figure 1.1



10

contrast, similar crusts of probable hydrogenous origin have large

positive Ce anomalies.

The REE patterns of site H nodules are unlike those of most

deep-ocean nodules, which have positive Ce anomalies12). Nodules

from the Bauer Basin of the south equatorial Pacific, however, have

negative Ce anomalies(12,13) which are believed to be derived pri-

manly from hydrothermal iron oxyhydroxides possessing a seawater-

like REE pattern(13). The negative Ce anomalies of site H nodules

may also indicate hydrothermal influence, since site H and the Bauer

Basin are both within 1000 km of the East Pacific Rise.

Accumulation rates (mass added per unit time per area) were

calculated f or site H crusts, nodule tops and bottoms, sediments,

and trap material in order to provide a more complete understanding

of REE cycling (Fig. 1.2). Distinctions between nodule tops and

bottoms were based on texture and major element composition(10).

Results of site H flux calculations for OSU single cone2fl and

Soutar double cone(22) sediment traps deployed from September 1980

to October 1981 reveal increases in the total particle flux(23). In

addition, the increase in the particulate REE concentration with

depth (Fig. 1.1) results in a substantial increase in REE flux with

depth (Fig. 1.2). This may be caused by adsorption of REE onto

particulate debris as it falls through the water column and/or addi-

tional sources of REE-nich particles at depth. Within the upper

1500 m of the water column, there is a substantial increase in flEE

particulate flux with depth. Such an increase has been noted in

other oceanic locations and may be due to lateral transport of

material2, particle aggregation(25), or zooplankton feeding
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Figure 1.2. La fluxes and La/Ce ratios of site H samples.

Regression-derived REE concentrations and ratios: Biogenic: La =

0.5 ppm, Ce = 1.0 ppm, La/Ce 0.50 (R2 .99); Detrital: La = 140.5

ppm, Ce = 143.0 ppm, La/Ce = 0.93 CR2 = .98). Accumulation rates of

REE in crusts, nodule tops, nodule bottoms, sediments, and sediment

traps were calculated using A = SCp; where A is the flux or accumu-

lation rate of an element in a sample; S is the bulk growth rate,

sedimentation rate, or flux applying to crusts/nodules, sediments,

and traps, respectively; C is the concentration of an element in a

sample; and p is the dry bulk density of nodules, crusts, or sedi-

ments. Biogenic and detrital fluxes were derived from linear pro-

gramming. Crust growth rates are estimated at 1 mm/103 yr114).

Nodule top/bottom growth rates are estimated by references 15 and

16. Sediment accumulation rate ranges are based on sedimentation

rates of 0.145 cm/b3 yrCiT) and 0.65 cm/b3 yr C18) Dry bulk den-

sity values of 1.35 g/cm3 (19) and 0.22 g/cm3 (20) were used for

crust/nodules and sediment, respectively.
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dynamics(26). Below 1500 m REE flux increase is gradual until

within approximately 500 m of the bottom. Below this, there is a

sharp increase in apparent flux which is due to resuspension of

bottom materiai2. Therefore, in calculating sediment trap REE

fluxes to the sediment-water interface, an extrapolation of fluxes

between 11465 m and 3075 m depths was used to avoid the influence of

local resuspension which produces an artificial flux increase in

near-bottom traps.

Comparison of the extrapolated trap flux to the elemental accu-

mulation rate in the sediment reveals that the total REE particulate

flux accounts for approximately 85-100% of the REE preserved in site

H sediments (Fig. 1.2). Hydrogenous precipitation, presumably

represented by accretion in ferromanganese crust, is another poten-

tial source of REE to the sediments. However, since REE accumula-

tion in crust accounts for less than 7% and 1% of the REE accumula-

tion rates in nodules and sediments, respectively (Fig. 1.2), the

contribution from the hydrogenous source appears relatively insigni-

ficant, and particulate debris is apparently the major source of REE

to site H nodules and sediments. Near-bottom enrichments of REE in

the North At1antic3 suggest REE are released by regeneration of

labile biogenic particles at the sediment-water interface(25)

However, our geochemical balance (Fig. 1.2) implies that REE at H

are strongly retained by sedimentary phases. Nonetheless, the range

in bulk sedimentation rate (Fig. 1.2), the resuspension assumptions

of the flux calculations, and uncertainties involved in comparing a

single year of trap data with the sediment record limit the preci-

sion of the extrapolated and observed flux comparison. For several
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refractory elements, such as Al, the agreement between sediment

accumulation and extrapolated particle flux is within 10%, while

labile elements, such as Cu, show 0-50% regeneration at the sedi-

ment-water interface(23). Results for the REE clearly show that a

particulate source is the major supply to site H sediments and that

the fraction of REE regenerated from particles at the seafloor is

small.

To further clarify the REE budget at site H, sediment trap and

surface sediment samples were partitioned into end-member components

using normative analysis. Weight fractions of carbonate, opal,

organic matter, and ferromanganese precipitates, which best account

for the abundance of 13 elements (organic C, F, N, Al, Si, Ca, Ti,

Mn, Fe, Cu, Ni, Zn, and Co) in 27 annual and seasonal trap and sur-

face sediment samples from MANOP sites H and M (9°N, 1014°W) were

estimated by linear programming27. The carbonate, opal, and

organic matter fractions were combined as "biogenic material."

Regression lines were determined between the measured REE content

and the percent of biogenic or detrital component. Extrapolation of

the line to 100% of each component estimates the concentrations of

pure end-members shown in Figure 1.2. The REE flux from each source

can be computed from the end-member fractions in each sample and the

regression-derived REE end-member concentrations (Fig. 1.2). The

model, of course, assumes biogenic and detrital components have a

constant composition. Since the REE content of particles may result

from scavenging, compositional variability with depth may occur

which would add uncertainty to the normative analysis.
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Table 1.2 shows that the sum of the regression-derived biogenic

and detrita]. fluxes approximates the measured La flux within 10%,

for five out of six traps. The biogenic and detrital fluxes account

for nearly all the REE flux throughout the water column, while the

ferromanganese end-member, possibly representing hydrothermal influ-

ence, is relatively insignificant in all traps(28). The results

demonstrate that the biogenic REE flux is dominant in the upper 750

m of the water column but is surpassed by the detrital flux below

this depth (Table 1.2; Fig. 1.2). Within the bottom 500 m, resus-

pension of detrital material, which is relatively enriched in the

sediments, distorts the true flux of the two components. Neverthe-

less, the detrital REE flux increases gradually with depth, while

the biogenic REE flux decreases slightly. This trend probably

results from the decomposition and dissolution of biogenic debris as

it falls through the water column, combined with an increase in the

detrital fraction due to resuspension at depth. The observation

that the biogenic flEE flux comprises from 30 to 60% of the total

flux to site H sediment traps not influenced by resuspension (Table

1.2) is consistent with the suggestion that REE are associated with

biogenic particles3.

The La/Ce values suggest some fractionation occurs between Ce

and the trivalent REE. This ratio is a more direct means of compar-

ison and has greater precision than the Ce anomaly, particularly for

sediment traps which have low REE abundances and greater analytical

errors for Nd (Fig. 1.1). The biogenic component of trap debris,

with a La/Ce ratio of 0.50, is enriched in Ce relative to the detri-

tal end-member, with a La/Ce of 0.93 (Fig. 1.2). Both components,



16

Table 1.2. Percentage of total measured La flux
explained by end members in annual traps.

Difference
between Measured

Trap Depth Biogenic Detrital and Calculated
(m) (%) (%) Flux* (%)

505 60 148 8

11465 141 76 17

3075 29 70 1

3225** 22 75 3

31415** 17 91 8

35145** 9 86 5

*Calculated flux = regression derived biogenic +
detrital fluxes.
**Resuspensjon influenced (21)
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however, are enriched in Ce relative to La, and although deep-ocean

nodules have been claimed responsible for the REE pattern of sea-

water1, a quantitative accounting of the Ce enrichments in these

phases could also explain the negative Ce anomaly of seawater. The

La/Ce ratio of Guatemala Basin bottom water near site H is apprOxi

mately and North Atlantic waters below 200 m also have La/Ce

ratios ranging between 1.0 and 2.14(3). Therefore, the biogenic

component at site H is enriched in Ce relative to La when compared

to seawater. Elderuield and Greaves' study in the North Atlantic'3

revealed surface water enrichments of Ce that were high compared to

the trivalent REE, presumably due to preferential diffusion of Ce

from reducing continental margin sediments'29 and advection of

margin waters. Since site H could also receive excess Ce by advec-

tion from the slope region, the extent of La/Ce fractionation by

biogenic debris is uncertain without surface water REE data.

We find a consistently lower La/Ce ratio f or traps from the

upper 1500 m (La/Ce .6) compared to La/Ce values of the near-

bottom traps (La/Ce > 0.75) (Fig. 1.2). This trend may result from

the aforementioned input of Ce mobilized from nearshore anoxic sedi-

ments. It is hypothesized that Ce, like Mn(30,3fl, is solubilized

at locations where the oxygen minimum intersects the continental

margin. The unusually high Mn content of site H trap particles23

implies that nearshore reduction and subsequent remobilization of Mn

influences the composition of particles at this location. Alterna-

tively, the La/Ce increase with depth may be due to decomposition of

Ce-enriched labile biogenic particles that release REE to seawater

and increase the influence of the detrital fraction which is
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relatively depleted in Ce. Trapping of resuspended sediments in the

deepest traps would also result in higher La/Ce, since the La/Ce of

sediments is about 1.0. The 3075 m trap, which is more than 500 m

above the bottom, is believed to be free of resuspended material,

however19. Since it, too, has elevated La/Ce compared to the

near-surface traps, it appears that resuspension is not the sole

explanation for the La/Ce increase with depth. Moreover, the La/Ce

of the deepest traps (0.8) does not match the La/Ce ratio of site H

sediments (1.0). Fractionation of the REE, which apparently occurs

during sediment diagenesis, may explain the increased La/Ce of site

H sediments. During periodic, highly reducing conditions, Mn is

remobilized within the sediments and conveyed to nodule bottoms(10).

Under such conditions, Ce may be reduced to its trivalent state and

mobilized to nodules, and possibly into the bottom water(29)

Although the trivalent REE should also be mobilized under these

conditions, enhanced Ce release could result if the Mn-rich phase

that dissolves is also enriched in Ce relative to the other REE.

In summary, sediment trap material, sediments, and nodules from

the eastern tropical Pacific all have seawater-like flEE patterns.

Flux calculations imply that particles can account f or most, if not

all, of the REE supply to site H sediments and can easily account

f or REE accumulation rates in nodules. Breakdown of the particulate

flux into end-member components discloses the importance of biogenic

material as well as detrital particles in conveying flEE to the ocean

bottom at site H. The La/Ce ratios of the biogenic and detrital

trap components and traps throughout the water column confirm the

importance of both components in supplying flEE to sediments and
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nodules and indicate the release of REE from labile biogenic compO

nents. Although biogenic and detrital material both contribute REE

to sediment traps, it is the biogenic fraction, which undergoes

decomposition and dissolution reactions, that probably conveys the

majority of REE to nodules.
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CHAPTER II

RARE EARTH ELEMENT GEOCHEMISTRY OF FERROMANGANESE NODULES

FROM THE EASTERN TROPICAL PACIFIC:

EVIDENCE OF DISTINCT ACCRETIONARY PROCESSES
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ABSTRACT

The rare earth element (REE) composition of ferromanganese

nodules from MANOP site H in the eastern equatorial Pacific supports

the concept of nodule accretion by distinct chemical processes. REE

patterns and their correlations with other elements define three

basic nodule accretionary modes: (1) hydrogenous or direct seawater

precipitation; (2) oxic diagenesis, referring to a variety of ferro-

manganese accretion processes which occur in oxic sediments; and (3)

suboxic diagenesis, which occurs in concert with the oxidation of

organic matter within the sediments. An additional accretionary

process resulting from the degradation of labile organic matter in

an oxic environment is also evident from the REE geochemistry of

site H nodules.

In contrast to most deep-sea ferromanganese nodules, site H

nodules are depleted in Ce relative to the adjacent REE, and van-

ations in this Ce anomaly can be explained by the various nodule

accretionary mechanisms. We propose that the first stage of oxic

diagenesis involves decomposition of labile biogenic material which

releases metals and REE with a seawater pattern for incorporation

into nodules. Oxic diagenetic reactions may also involve authigeflic

silicate formation, producing nodules with less negative Ce anoma-

lies. Nodules formed by suboxic diagenesis are the most depleted in

REE but are Ce enriched relative to nodules formed by these oxic

processes. This Ce enrichment suggests that Ce is reduced to a

trivalent state under suboxic conditions. The Ce3 may then be

preferentially mobilized relative to the other trivalent REE and

incorporated into nodule bottoms. As an alternative process to



25

preferential Ce mobilization, Ce-enriched sedimentary ferromanganese

oxides (micronodules) may release REE under suboxic conditions,

thereby supplying Ce-enriched REE to nodule bottoms.
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INTRODUCTION

Various studies have relied upon rare earth element (REE) abun-

dance patterns of ferromanganese deposits to provide insight into

how other metals are incorporated. For example, the similarity of

REE patterns in metalliferous sediments to that of seawater (Bender

et al., 1971; Dymond et al., 1973; Piper and Graef, 197k) provides

strong evidence that the REE in these deposits are co-precipitated

from seawater without significant fractionation. Piper (l974a)

found a mirror-image relationship between the REE pattern of deep-

water Pacific and Indian Ocean nodules (positive Ce anomaly) and

seawater (negative Ce anomaly), suggesting that fractionation of REE

by the formation of these nodules is largely rsponsible for the

seawater REE pattern. Nodules from other oceanic areas have been

shown to exhibit negative Ce anomalies that may be explained by

processes other than seawater precipitation (Elderfield and Greaves,

1981). Studies have also used correlations between REE and other

elements in ferromanganese nodules to indicate REE carrier phases in

nodules (Calvert and Price, 1977; Elderfield et al., 1981).

In a recent study of the elemental and mineralogical composi-

tions of nodules from three Pacific Ocean sites (Dymond et al.,

198k), multiple accretionary processes were shown to account for the

variability in nodule chemical and mineralogical composition and

growth rates. These accretionary modes are: (1) hydrogenous or

direct seawater precipitation; (2) oxic diagenesis, referring to a

variety of ferromanganese accretion processes which occur in oxic

sediments; and (3) suboxic diagenesis which results from the reduc-

tion of Mn by organic matter within the sediment. Each process
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results in a distinct mineralogy, chemical composition, and growth

rate. Hydrogenous accretion produces SMnO2 mineralogy, high Fe and

Co contents, and the slowest growth rates. Oxic diagenesis produces

Cu-Ni-rich todorokite with intermediate growth rates. Suboxic dia-

genesis results in an unstable todorokite which transforms to a 7

A phase ("birnessite") upon dehydration, high Mn/Fe ratios, deple-

tions of most other elements, and the fastest growth rates. Vari-

ations in the relative importance of these three accretionary modes

can account for variability in nodule composition at site H.

Hydrogenous precipitation is presumably the dominant accretion-

ary process for samples exposed to seawater and not in contact with

sediment (Lyle et al., 1977; Toth, 1980), e.g., the process that

produces ferromanganese coatings on rocks. The hydrogenous accre-

tionary mechanism may involve incorporation of suspended

oxyhydroxide ferromanganese colloids into nodule or crust surfaces.

Oxic diagenesis refers to ferromanganese accretionary processes

occurring within the oxic zone of sediments. Oxic accretion can

occur on H nodule tops and bottoms since site H nodules are gener-

ally covered by a few millimeters of sediment (Dymond et al., l98U.

One set of reactions may release biologically-bound metals f or

incorporation into nodules by the decomposition and oxidation of

organic matter and the dissolution of labile biogenic components. A

second set of oxic diagenetic reactions, referred to in this paper

as silicate diagenesis, may occur between amorphous ferromanganese

oxyhydroxides and dissolving opal to form nontronite. This process

can fix Sb2 and Fe in the sediments, while releasing Mn and minor

elements such as Ni, Cu, Co, and REE for incorporation into nodules
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(Heath and Dymond, 1977; Lyle et al., 1977; Dyrnond and Eklund, 1978;

Hem et al., 1979). Alternatively, based on the high phillipsite

concentration of nodules, Bischoff et al. (1981) have proposed that

phillipsite formation is coupled to Mn oxidation. The formation of

phillipsite from the alteration of volcanic glass will produce a

local elevation of pH, resulting in greatly enhanced Mn2 oxidation

(Hem, 1981). A third oxic process could involve adsorptiOn

desorption interactions with other sedimentary components (Lyle et

al., 19814). In this case, adsorbed transition metals on sedimentary

grains are the reservoir from which nodules grow. Dissolution of a

component adds transition metals to the adsorbed pool from the

interior of the sedimentary grain, while growth of authigenic

minerals competes with nodules for transition metals from this

pool.

Suboxic diagenesis is driven by organic carbon utilization of

oxidants within the sediment (Arrhenius, 1952; Lynn and Bonatti,

1965; Froelich et al., 1979) and results in the reduction of solid

14 +2phase Mn to soluble Mn and subsequent upward diffusion in pore

waters. Since diffusion of Mn2 cannot occur through oxidized sur-

face sediments, nodule accretion by this process is believed to be

episodic (Dymond et al., 19814). When the flux of organic matter to

the sediments is relatively large, surficial sediments are reduced

and provide a source of manganese f or nodules. This process appears

to be important for nodule accretion at site H.
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SITE AND SAMPLE DESCRIPTIONS

In this study we examine the REE abundance patterns of hemipel-

agic site H, one of the five Manganese Nodule Program (MANOP) sites.

The site is located on a relatively flat plain approximately 1000 km

east of the East Pacific Rise crest (6°34' N, 92°147'W) and is bor-

dered on the northwest, west, and south by seainounts (Fig. 11.1).

Sedimentation at H is high (0.6 cm/ky [Kadko and Heath, l981]) rela-

tive to most oceanic locations where nodules are found, and primary

productivity in surface waters overlying H is approximately a factor

of 5 higher than other Pacific nodule-bearing sites. Consequently,

Mn reduction occurs at depths of 10-15 cm below the sediment-water

interface (Bonatti et al., 1971; Klinkhammer, 1980).

Tops and bottoms of site H nodules have distinctive surface

textures (Dymond et al., 19814), suggesting distinct accretionary

processes. Nodule top/bottom orientation was preserved during sam-

ple curation and Is evident by distinctive textures of the two sur-

faces and significantly different Mn/Fe ratios (Dymond et al.,

19814). Ferromanganese crusts, which form coatings on rocks, were

obtained by dredging a seamount approximately 12 km to the northwest

of site H. Growth rates of nodules at the site are high relative to

most pelagic nodules (50 mm/my for nodule tops [Huh, 1982] and up to

200 mm/my for nodule bottoms [Finney et al., 19814]).
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Figure 11.1. MANOP site H, including box core locations. Box

core numbers 26-36 are from Scripps Institution of Oceanography

(Sb) Indomed Expedition; numbers 37-69 are from SlO Vulcan Expedi-

tion. Contours are in corrected meters.
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ANALYTICAL PROCEDURES

While the manganese nodule study of Dymond et al. (l981)

focused on atomic absorption spectrophotometric analyses of site H

nodules, our study concentrates primarily on data obtained by

instrumental neutron activation analysis (INAA) and includes flEE

analyses. Ferromanganese crust, nodules and their associated sedi-

ments, sediment trap material, and ferroinanganese micronodules were

analyzed by INAA for the rare earth elements, Sc, Cr, Fe, Co, As,

Hf, Th, and U (Laul, 1979) at Oregon State University, and a subset

of samples was analyzed at the U.S. Geological Survey (Table 11.1).

Analytical precision for the flEE was within 10% for all samples,

except for Nd and Tb which have peak interferences. Interferences

due to U fission were negligible. Colorimetric determinations of

inorganic and organic P are also reported for certain H nodule

samples (Table 11.2). We report data for whole nodules as well as

samples of nodule tops and bottoms. Analyses of two dredged crust

samples, which are believed to represent ferromanganese accretion

uninfluenced by sediment diagenesis, are reported in Table 11.1.

RESULTS/DISCUSSION

The REE abundance patterns of different site 1-I samples nor-

malized to world average shale (Fig. 11.2) all resemble seawater.

They are depleted in Ce relative to adjacent rare earths (negative

Ce anomaly) and exhibit an increase in the concentration of heavy

flEE (HREE) with increasing atomic number (decreasing atomic radius).

Different samples, however, have large variations in absolute
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Table 11.1. Site H sample REE compositions (INAA data)

ACCESSION SOX LA CE ND SM EU 73 3 LU

NUMBER CORE PPM PPM PPM PPM PPM PPM PPM PPM

TO PS
MP2827 126-1 56. 68. 148. 9.8 2.143 1.61 714 1.114

MP2880 125-4 148. 52. 142. 95 2.22 1.55 6.9 1.05
MP2830 127-i 35.. 37. 29. 6.8 1.71 1.13 6.0 .92
MP2833 127-3 16. 10. 114. 3.0 .76 .60 2.9 .147

MP2835 1314-i 29. 140. 26. 5.6 1.141 .87 5.0 .76
MP2836 1314-2 35. 142. 32. 7.1 1.67 1.19 5.14 .82
MP2886 1314-14 22. 17. 22. 414 1.20 .78 3.7 55
MP28140 136-i 314. 37. 30. 6.3 1.58 1.01 5.14 .82
HP26142 136-2 146. 60. 35. 7.9 2.17 1.30 6.3 .93
MP14837 V37-i 46. 58. 140. 8.9 2.12 1.51 7.3 1.04
MP5344 V52-1 33. 148. 35. 6.8 2.09 1.01 5.9 .82

BOTTOMS
MP2826 126-i 10. 10. 11. 2.1 .143 .26 1.7 .23
MP2328 126-2 114. 8. 13. 2.6 .57 .143 2.3 .36
MP2879 125-4 11. 10. 10. 2.1 .143 .19 1.7 .26
MP2829 127-i 9. 11. 9. 2.1 .140 .37 1.7 .25
MP2832 127-3 10. 13. 10. 2.0 .1414 .21 1.6 .24
MP2882 127-U 11. 11. 9. 2.0 .145 .37 1.8 .30
MP2834 1314-I 12. 11. 10. 2.2 .51 .145 2.1 .30
MP2837 1314-2 13. 10. 8. 2.6 .624 .149 2. .36
MP2885 134-4 10. 9. 11. 2.2 .149 .141 1.8 .27
MP2839 136-1 15. 11. 12. 2.5 .60 .146 2.5 .39.
MP28141 136-2 16. 16. 12. 2.7 .68 .51 2.8 .143

MP'4836 V37-1 11. 114. 10. 1.8 .50 .28 2.3 .146

HP53Z45 1(52-1 8. 12. 9. 1.14 .147 .35 1.5 .214

WHOLE NODULES
MP2881 126-14 18. 18. 15. 3.3 77 .514 2.9 .145

MP2831 127-2 35.. 38. 31. 6.9 1.70 1.27 6.0 .92
MP2883 127-4 12. 12. 11. 2.3 .524 .141 2.2 .34
MP2838 1314-3 21. 16. 21. 4.1 1.10 .85 3.8 .58
MP28814 134-14 20. 17. 17. 3.9 .95 .55 3.3 .52
MP2887 136-14 17. 17. 19. 3.3 .85 .58 3.0 .147

CRUSTS
MP98143 P11-24 136. 196. 1114. 25. 6.10 3.68 19. 2.89
MP98l414 P11-5 131. 210. 109. 23. 6.22 3.55 18. 2.514

LED IMENTS
MP5301 8C37-1 33. 35. 29. 7.0 1.8 1.3 6.3 1.1
MP5302 8C37-2 32. 34. 20. 6.9 1.6 1.1 6.14 1.1
MP53014 8C37-l4 38. 38. 1424 7.2 1.8 1.3 6.8 1.1

TRAPS
MPT9640 HI-tI .33 i.4 - .16 .059 - .22 .031

MPT9525 Hi-S 1.18 2.1 - .26 .099 .049 .30 .042
MPT9797 HI-I. 1.66 2.1 3.3 .35 .10 .0S .32 .049
MP79527 H2-U 2.16 2.8 5.3 .414 .13 .076 .148 .069
MPT9530 H2-S 2.77 3.5 2.5 .63 .17 .11 .145 .076
MPT9531 H2-L. 4.91 6.2 6.3 1.09 .33 .19 .97 .15
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Table 11.2. Phosphorus contents of
site H nodule samples.

P.
.inorganic

Porganic

(%)

Bottoms

MP2826 .0198 0

MP2879 .0255 0

MP283k .0221 .0050

MP28J41 .0287 .0069

MP14836 .0209 -

MP53k5 .012

Tops

MP2827 .037'9 .0116

MP2835 .0547 -

MP2836 .0434 .0289

MP28142 .0352 .0590

MP5314k .0I7l -
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Figure 11.2. Rare earth element abundances normalized to the

world average shale (Piper, 19714a). 0 refers to ferromanganese

crust, refers to nodule tops, + refers to sediment, A refers to

nodule bottoms, and o refers to seawater. Guatemala Basin bottom

water data near site H are from Hógdahl (1967) and are multiplied

by a factor of 1O3. Errors for REE concentrations are within symbol

size, except f or Nd and Tb which have peak interferences.
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concentration: crust > nodule tops - sediment > nodule bottoms, as

well as several subtle differences in the REE abundance patterns.

Nodule bottoms are the most Ce depleted and have the greatest HREE

enrichments, thereby most closely resembling seawater. A trend of

decreasing Ce depletion and HREE enrichment is exhibited by sedi-

ments, nodule tops, and crust, respectively (Fig. 11.2).

Because all samples have Ce depletions and REE abundance pat-

terns similar to seawater, it appears that site H nodules and sedi-

ments have both derived a major portion of their REE from seawater

without &'amatic fractionation. This observation is somewhat sur-

prising since deep-ocean nodules are typically Ce enriched and HREE

depleted (Piper, l9714a; Elderfield et al., 1981). In fact, the

mirror-image relationship between REE patterns of deep-water nodules

and seawater has provided evidence to support the concept that the

fractionation of the rare earths during their incorporation into

nodules controls the seawater pattern (Piper, l9711a). Cerium deple-

tions, however, have been reported f or nodules from other locations

in the eastern Pacific (Piper, 19714b; Elderfield and Greaves, 1982).

It has been suggested that these nodules may receive their REE by

incorporation of hydrothermal colloids that have scavenged REE from

seawater (Elderfield and Greaves, 1982).

For instance, Elderfield and Greaves (1981) measured a negative

Ce anomaly in Bauer Basin nodules and attributed this unusual REE

pattern to the influence of a hydrothermal Fe-oxyhydroxide component

with a strong Ce depletion. Hydrothermal influence may be present

at site H as well, since site I-I and the Bauer Basin are both within

1000 km of the East Pacific Rise.
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In any case, the seawater-like REE pattern of H samples does

not imply accretion by direct precipitation from seawater, nor is

there direct evidence of hydrothermal input. Previous studies have

demonstrated that hydrogenous samples, which have dominantly dMnO2

mineralogy, have large positive Ce anomalies (Calvert and Price,

1977). Similarly, crusts at H, which we interpret as direct sea-

water precipitates, least resemble seawater (i.e., they have the

least negative Ce anomalies) of all the site H samples (Fig. 11.2).

Since site H crusts, which are predominantly SMn02, are not nearly

so enriched in Ce as SMn02 nodules and crusts from other locations,

a hydrothermal contribution may also be influencing the REE patterns

of H crusts and nodules.

Because site H has relatively high surface water productivity,

transfer of seawater-borne REE to the bottom via settling biogenic

debris may be an additional cause of the seawater-like REE pattern

of H nodules. Analysis of sediment trap material from the site

demonstrates that 60-80% of the trivalent REE and 140-50% of Ce

fluxes are associated with biogenic particle debris (Murphy and

Dymond, 19814). The remaining REE flux is via detrital silicates,

which comprise less than 2% of the bulk particulate flux. Decompo-

sition and dissolution at the seafloor prevent the preservation of

the majority of biogenic particles (Fischer, 19814) and release REE

with a seawater pattern f or incorporation into nodules. Such a

scenario has been suggested as an important means f or introducing

REE to sediments and nodules (Piper, 19714a; Elderfield et al.,

1981). It, in itself, is not an explanation for the seawater-like

REE patterns of H nodules and sediments, since diagenetic reactions
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within the sediments may strongly fractionate the patterns as they

apparently do at other locations. Nonetheless, the high surface

water productivity at site H, compared to many Pacific nodule-

bearing locations, suggests that the REE contribution of labile

organic particles with a seawater pattern is more important than at

other locations.

Thus, at H there may be two types of seawater-derived REE,

those carried on hydrothermally-derived ferromanganese particles and

those conveyed by labile biogenic particles. In the following dis-

cussion, we will show how different diagenetic reactions in the

sediments fractionate these sources, resulting in systematic rela-

tionships between the IEE abundance patterns and the major element

chemistry of the nodules.

In order to quantify some of the relationships shown in Figure

11.2 and reveal relationships between REE fractionation and major

element abundances, we have calculated the La/Ce values of site H

samples. Past studies of REE fractionations have focused on the Ce

anomaly, defined as Ce* = log[Ce/(2/3La + 1/3Nd)]. We prefer, how-

ever, the La/Ce ratio to represent the Ce fractionation since it is

easier to calculate and excludes the imprecision of the Nd concen-

trations involved in the Ce anomaly. Figure 11.3 reveals the

inverse correlation between the Ce anomaly and La/Ce in site H

nodule samples. Apparently, the La/Ce ratio provides information

similar to the Ce anomaly on the fractionation of Ce from the tri-

valent REE.

The La/Ce ratios of site H nodules vary systematically with

changes in the Mn/Fe ratio (Fig. II.'). Nodule bottoms generally
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Figure 11.3. Ratio of La/Ce vs. Ce anomaly for site H nodules.

Cerium anomaly = Ce* = log [Ce/(2/3La + l/3Nd)]. La/Ce = -2.38 Ce*

+ 1.07; R2 = 0.911. 0 refers to nodule tops, refers to nodule

bottoms, 0 refers to bulk nodules, and refers to crusts.
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Figure II.L. La/Ce ratio vs. Mn/Fe ratio of site H samples.

North equatorial Pacific nodules are from Elderfield and Greaves

(1981). refers to nodule tops, A refers to nodule bottoms, 0

refers to bulk nodules, and 1jJ refers to crusts.
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have a Mn/Fe ratio of 30-70, while their tops have a ratio between 5

and 20. Dymond et al. (19814) explained these Mn/Fe variations by

suggesting that Mn is supplied to H nodules principally by diagene-

sis (oxic and suboxic) within the sediments, while hydrogenous

accretion results in strong Fe enrichment. The Mn/Fe ratio of a

sample may, therefore, indicate the degree of influence from sea-

water versus diagenetic processes.

The line representing north equatorial Pacific nodules in

Figure 11.14, as defined by Elderfield and Greaves (1981), indicates

increasing diagenetic influence as Mn/Fe values increase. This

trend is similar to that exhibited by a group of H nodule tops that

have Mn/Fe values similar to a proposed oxic diagenetic end-member

(Dymond et al., 198J4). This observation suggests that the oxic

diagenetic mechanisms operating in the north equatorial Pacific are

similar to those at site H and result in similar REE fractionation.

More Mn-rich nodule tops define a trend of increasing La/Ce with

increasing Mn/Fe (Fig. 11.14).

In contrast, nodule bottoms, with Mn/Fe ratios from 140 to 70,

exhibit decreasing La/Ce as Mn/Fe values increase. As a result of

these two trends, samples with the highest La/Ce ratios are both

tops and bottoms having Mn/Fe ratios of approximately 140 (Mn

contents between 140 and I42%). The composition of nodules with this

intermediate Mn content were not well explained by the three

end-member normative analysis of Dyrnond et al. (19811). Because of

the unusually high Zn content of these samples, Dymond et al. (19814)

proposed an additional accretionary process, resulting from the

breakdown of labile biogenic particles. Since nodules with 140-142%
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Mn have the most seawater-like REE patterns, both with respect to

their Ce depletion and HREE enrichment (Fig. 11.2), accretion

resulting from the decomposition of labile biogenic particles, which

exhibit a seawater-like REE pattern, is reasonable. Thus, the REE

data support the need for an additional oxic diagenetic mechanism

which may result from the degradation of biogenic debris. In

contrast, the process defined by the diagenetic trend of Elderfield

and Greaves (1981) may be representative of silicate diagenesis.

Nodule bottoms, on the other hand, with Mn/Fe values approach-

ing 70, represent the suboxic diagenetic end member. These samples

have La/Ce values less than 1, and, along with samples having Mn/Fe

values of approximately 4O, define a trend of decreasing La/Ce with

increasing Mn/Fe. We propose that this trend is a mixing line

between suboxic accretion and oxic accretion resulting from the

diagenesis of labile biogenic debris. The relative enrichment of Ce

in the suboxic end member suggests that Ce is mobilized with Mn

during suboxic diagenesis of sediments. Analysis of the La content

of sediment from the eastern equatorial Pacific (Bonatti et al.,

1971) suggests REE mobilization may occur. Our results imply, how-

ever, that if trivalent REE are remobilized, Ce must be remobilized

to a greater extent if we are to account for the low La/Ce in

high Mn/Fe nodule bottoms.

Although Ce, which is normally tetravalent under oxic condi-

tions, can be reduced to a trivalent state, there is no apparent

reason Ce3 would be more mobile than the other trivalen REE. HOW

ever, a study by deBaar et al. (1983) in the western North Atlantic

provides evidence of Ce mobilization from the discovery of positive
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Ce anomalies in nearshore waters overlying reducing sediments.

Alternatively, reduction and dissolution of Mn micronodules could

preferentially mobilize Ce, since these sedimentary components have

been shown to be relatively Ce rich (Dymond and Ekiund, 1978; Lopez,

1978).

NORMATIVE ANALYSIS OF REE

In order to better define the processes supplying REE to 1-I

nodules and to estimate the input of REE from the proposed accre-

tionary mechanisms, a technique of inverse linear programming was

used. The weight fractions of hydrogenous, oxic diagenetic, suboxic

diagenetic, and labile end-member contributions to each nodule

sample, which were determined by linear programming analysis (Dymond

et al., 1984) of 12 major and minor elements (Na, Mg, Al, Si, K, Ca,

Mn, Fe, Co, Ni, Cu, and Zn), were used to set up mass balance equa-

tions involving the REE. For example:

La = f0La0 + f5La5 + fHLaH + fLLaL

where f0, f and
L

refer to the known weight fractions of

oxic, suboxic, hydrogenous, and labile contributions, respectively,

based on the linear programming analysis; and La0, Las, Lard, and LaL

refer to the unknown concentrations of lanthanum in pure end members

of these sources. A series of these linear equations was set up

using 30 nodule samples (6 whole, 11 tops, and 13 bottoms), result-

ing in a system of 30 equations with 14 unknowns. Using the abun-

dances of oxic, suboxic, labile, and hydrogenous end members
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computed from the major elements, the end member nodule abundances

were computed for each REE.

The results of these computations (Table 11.3) reveal that the

hydrogenous ferromanganese end-member contains the highest REE con-

centrations, followed by the oxic diagenetic end-member which has 73

to 85% lower REE contents. The labile end-member contains even

lower REE abundances, and the suboxic end-member is extremely

depleted in REE (Table 11.3). Concentrations of the hydrogenous

material agree within approximately 15% with the measured crust

compositions (Table 11.3) and serve as a check on the validity of

the assumption that crusts are representative of the hydrogenous

end-member.

In addition, we have computed the percentage of various REE in

the average nodule top, bottom, and whole nodule contributed by each

source (Table II.'4). These values were obtained by multiplying the

end-member REE concentrations (Table 11.3) by the average top, bot-

tom, and whole nodule end-member partitioning solutions derived by

Dymond et al. (19814).

Thus, the suboxic process, which accounts for approximately 140%

of the whole nodule contents (Dymond et al., 19814), contributes less

than 10% of the flEE contents to the average bulk nodule. The oxic

process appears to dominate the REE budget of whole nodules (80-

83%), while the hydrogenous and labile accretion processes con-

tribute only a minor amount of the flEE (2-10%). Nodule tops also

have end-member contributions which are dominated by oxic accretion

(67-78%), followed by a secondary contribution via the hydrogenous

end-member (20-31%) and relatively minor inputs of the labile and
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Table 11.3. Solutions f or REE concentrations in the four
end members derived from inverse linear
programming.

Suboxic Labile Oxic Hydrogenous Average

(ppm) Crust

La 24 31 156 134

Ce 3 13 3J4 231 203

Nd 14 13 30 112 112
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Table II.LI. REE contributions to whole, top
and bottom nodules from the four
sources.

Oxic Suboxic Hydrogenous Labile

(% of measured)

Whole

La 80.2 8.2 7.2

Ce 82.1 5.9 9.9 2.3

Nd 83.0 8.8 5.7 2.6

Top

La 72.3 1.1 2)4.9 1.7

Ce 67.1! 0.7 31.2 0.7

Nd 78.1 0.9 20.0 0.9

Bottom

La 60.3 22.3 1.3 15.7

Ce 70.8 18.6 1.8 8.8

Nd 65.1 2)4.8 0.9 9.2
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suboxic components. Nodule bottoms, on the other hand, apparently

receive a more significant input of REE via suboxic diagenesis

(19-25%) and labile particle diagenesis (9-16%). This modelling

suggests that diagenetic reactions occurring in site H sediments

control the input of REE to the nodule surfaces.

REE FRACTIONATION THROUGH SEDIMENT DIAGENESIS

From the previous discussion it appears that different accre-

tionary processes result in distinct REE fractionations, abundances,

and correlations with other elements. We have also quantified the

relative importance of the four hypothesized accretionary processes

supplying REE to site H nodules. Our previous studies (Murphy and

Dymond, 19811) have demonstrated that the particulate flux of REE can

quantitatively account for REE preservation at site H. These data

and observations help to define a conceptual model of the accretion-

ary processes at the site and their relevance to REE budgets.

Accumulation rate calculations reveal that the majority of REE

falling through the water column (sediment trap flux) are incorpo-

rated into site H sediments (85-100%), while nodule REE accumulation

rates are an order of magnitude lower than those of traps and/or

sediments (Murphy and Dymond, 19811). The REE flux to ferroinanganese

crusts, representing hydrogenous accretion, accounts for less than

7% of the REE flux to nodule tops or bottoms and is less than 1% of

the REE accumulation rate in sediments (Murphy and Dymond, 19811).

Thus, flux comparisons indicate that particulate debris is appar-

ently the major source of REE to site H nodules.
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Furthermore, the inverse linear programming results show the

dominance of various diagenetic processes in supplying REE to H

nodules. Diagenetic processes (including oxic, labile, and suboxic)

supply 69-81% of the REE in H nodule tops and 88-100% of the REE

flux to H bottoms (Table II.LI). Since the major mechanisms for

incorporating REE into nodules involve diagenetic reactions within

the sediments, defining the REE partitioning between sedimentary

phases is important in order to clarify the nodule accretionary

processes occurring at site H.

A study of sediment components in the Bauer Basin of the south

equatorial Pacific revealed that REE are primarily partitioned

between ferromanganese micronodules and phosphatic fish. debris

(Dymond and Eklund, 1978). The study also established a fractiona-

tion of Ce from the trivalent REE in these phases, revealing an

enrichment of Ce on micronodules (La/Ce - 0.14) and a Ce depletion in

fish debris (La/Ce 35). In the Bauer and Roggeveen basins of the

eastern Pacific, an iron-rich smectite, manganese micronodules, and

fish debris dominate the bulk sediment compositions of both basins

(Lopez, 1978). Lopez (1978) also found a Ce enrichment in micro-

nodules (La/Ce - 0.5), while fish debris, with La/Ce values from

12-19, and smectite (La/Ce from 1.85 to 7.148) are relatively

depleted in Ce.

These major REE sedimentary phases probably obtain their REE

through diagenetic reactions within the sediments. The Fe-rich

smectite found in these sediments is hypothesized to form by a dia-

genetic reaction between opal and amorphous ferromangeflese hydroxy-

oxides (Heath and Dymond, 1977; Lyle et al., 1977; Dymond and
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Eklund, 1978; Hem et aL,, 1979). Fish debris appears to pick up

its REE after reaching the sediments (Arrhenius and Bonatti, 1965),

and micronodules are clearly formed within the sediment or at the

sediment-water interface. After reaching the sediments, particles

may undergo oxic diagenesis, whereby labile and detrital phases,

which are enriched in Ce relative to trivalent REE, release rare

earths and other elements that are partitioned between fish debris,

smectite, micronodules, and nodules (Fig. 11.5). The flux of REE

(La and Ce) to H sediments is approximately 50 times greater than H

nodule REE accumulation rates (Fig. 11.5). Thus, control of the REE

supply to H nodules by an oxic diagenetic source is reasonable.

Fractionations of REE between the major sedimentary phases

resulting from diagenesis may account for REE patterns in nodules.

The aforementioned studies have shown that micronodules and nodules

receive an enrichment of Ce during oxic diagenesis, while smectite

and fish debris take up La and other trivalent REE preferentially to

Ce. Site H micronodules exhibit a Ce enrichment (La/Ce = O.39-0.94)

similar to micronodules from other areas (K. Murphy, unpub. data).

Therefore, if suboxic diagenesis at site H dissolves Cerenriched

micronodules, REE must be repartitioned into the remaining phases

such as fish debris and nodule bottoms. This would account f or the

decrease in the La/Ce ratio as the suboxic fraction of nodules

increases (Mn/Fe ratio increases). It may be that conditions within

the sediments where micronodules are present are sufficiently more

reducing than those existing closer to the sediment/water interf ace

where nodules grow. Such conditions would provide a mechanism by

which nodule surfaces acerete at the expense of micronodules. An
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Figure 11.5. Rare earth element fractionation through sediment

diagenesis. A = SCPd; where A is the flux or accumulation rate of

an element in a sample; S is the bulk growth rate, sedimentation

rate, or flux applying to crusts/nodules, sediments, and traps,

respectively; C is the concentration of an element in a sample; and

is the dry bulk density of nodules. Fluxes are in

micrograzns/cm2/yr; bulk sedimentation rate = 0.65 cni/l000 yr (Kadko

and Heath, l984);
d = 0.23's g/cm3 (Dyinond, unpub. data); bulk

nodule growth rate = 50 mm/my (Dymond et a].., l98).
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alternative is that the preferential incorporation of La into

phosphatic fish debris could account for the relative Ce enrichment

in site H nodules. However, fish debris is not typically of

sufficient abundance in most pelagic sediments to account for the

fractionation of Ce observed in site H nodules.

In summary, the REE fractionations, abundances, and correla-

tions with other elements support the hypothesis of nodule formation

by distinct chemical processes. Cerium depletions of most H nodules

may result from both hydrothermal and labile particle input rather

than a direct seawater source of supply as is common for many deep

ocean nodules. The correlations between Mn/Fe and La/Ce ratios in H

nodules indicate that Ce is supplied preferentially to nodules rela-

tive to trivalent REE during suboxic diagenesis by release of Ce-

enriched REE from manganese micronodules. Diagenetic reactions

within the sediments are not only the major nodule accretionary

mechanism but also result in significant fractionation of REE.
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CHAPTER III

TRANSITION METAL GEOCHEMISTRY AT TWO SITES IN THE EASTERN

TROPICAL PACIFIC: CONTROL OF FERROMANGANESE NODULE GENESIS BY

SEDIMENTATION AND ORGANIC CARBON ACCUMULATION



ABSTRACT

Flux calculations for Manganese Nodule Program (MANOP) sites M

(8°18'N; 10140W) and H (6°3'PN; 92°147'W) in the eastern tropical

Pacific suggest that the accumulation of particulate material con-

trols the chemistry of the sediments and directly affects nodule

genesis. Although primary productivity at the two sites is similar,

site M, where no nodules are present, has a higher sedimentation

rate and preserves more calcium carbonate and organic carbon than

site H. We propose that these differences result in contrasting

sedimentary redox conditions in the two environments. Geochemical

evidence from nodule-free areas within site H also implies that the

reductive mobilization of Mn and chemically similar elements within

the sediments is controlled primarily by the sedimentary

accumulation of organic carbon. The formation of ferromanganese

nodules at site H is evidently governed by variations in the

preservation of organic carbon in H sediments. Periods of

relatively high flux and accumulation result in more intense Mn

mobilization and subsequent accretion of Mn and other metals onto

nodules. High organic carbon preservation rates prevent nodule

formation at site M and in site H nodule-free areas, primarily due

to the escape of Mn and other elements from the sediments into the

overlying water.
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INTRODUCTION

Although researchers have ascribed the compositional variabil-

ity of marine ferromanganese nodules to differences in the supply of

metals (Arrhenius et al., 19614; Calvert and Price, 1977; Calvert et

al., 1978), few studies have attempted to relate regional variations

in supply to the distribution of nodules in marine sediments. There

is some evidence, however, that sedimentation processes may be more

important than merely a source of metals in controlling the forma-

tion of nodules. For example, nodules are rare or absent where

sediments accumulate faster than 0.7 cm/ky (Heath, 1980), suggesting

that the presence of nodules may be controlled by the bulk sedimen-

tation rate. Related to the bulk sedimentation rate are the flux

and accumulation of biogenic material at the seafloor which deter-

mine redox conditions and diagenetic reactions in the sediments.

These reactions, in turn, govern the formation and chemical composi-

tion of ferromanganese nodules (Dymond et al., 19814).

In addition, studies of the chemical composition of nodules and

other sedimentary samples from various oceanic sites suggest three

primary mechanisms of elemental accretion onto nodules: (1) a

direct seawater source (hydrogenous precipitation); (2) a particu-

late source derived by release from biogenic or detrital phases in

oxic sediments (oxic diagenesis); and (3) an underlying sediment

source related to Mn reduction by organic matter (suboxic diagene-

sis) (Dymond et al., l98'4). The relative significance of each of

these processes is also determined by the sedimentary redox
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conditions, which, in turn, are influenced by the factors discussed

above.

In order to determine the factors controlling nodule genesis,

we present analytical results of the elemental geochemistry of sedi-

ment traps, sediments, ferromanganese crusts, and nodules from the

Manganese Nodule Program (MANOP) site H, a nodule-bearing area

(6°3'4'N; 92°117'W); and site M, a nodule-free area (8°'8'N; 10140W)

(Fig. 111.1). We also focus on the rare earth element (REE) geo-

chemistry of samples which provides valuable information on ele-

mental sources to the seafloor and the relevance of these sources to

nodule formation.

We present geochemical evidence from site M (a nodule-free

site) and site H (a nodule-bearing environment) which supports the

hypothesis that the flux and accumulation of organic material deter-

mine the sedimentary redox conditions, which, in turn, control

nodule accretion and composition. Intra-site geochemical comparisons

between site H nodule-bearing areas, nodule-free areas, and adjacent

transitional areas supply information on factors controlling the

regional presence or absence of ferromanganese nodules.

MATERIALS AND METHODS

We report sediment trap data derived from deployments at sites

H and M from September 1981 to October 1982 (for experimental design

see Fischer, 19814). Sediments from M and H, and H nodules were

sampled from box cores (Figs. 111.2, 111.3). Sediments from nodule-

free areas within site H and nodules and sediments adjacent to these
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Figure 111.1. Map of eastern tropical North Pacific Ocean with

sites H and M, the East Pacific Rise, continents, and regional

topography shown. Contours are in corrected meters.
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Figure 111.2. Map of MANOP site H, including box core loca-

tions. Box core numbers 26-36 are from Scripps Institution of

Oceanography (Sb) Indomed Expedition; numbers 37-67 are from SlO

Vulcan Expedition. Contours are in corrected meters.
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Figure 111.3. Map of MANOP site M, including box core loca-

tions. 0 represents Indomed cores; represents Vulcan cores;

represents Pluto cores.
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areas were also studied to clarify whether variations between sites

M and H are mirrored by more subdued local variations at H. Nodule

and ferromanganese crust compositions for site H have been reported

previously (Dymond et al., 19814; Murphy et al., 19814), and new data

on the composition of ferromanganese crusts dredged from seaxnounts

approximately 2 km southeast of site M are reported here.

Samples were analyzed for Na, Mg,, Al, Si, K, Ca, Ti, Mn, Fe,

Co, NI, Cu, Zn, and Ba by atomic absorption spectrometry (AAS) fol-

lowing complete dissolution with HF and aqua regia In teflon bombs

(Fukui, 1976) (Table 111.1). Instrumental neutron activation (INAA)

was used to analyze for the rare earth elements, Sc, Cr, Fe, Co, As,

Hf, Ba, Th, and U (Laul, 1979) at Oregon State University and the

U.S. Geological Survey (Table 111.2). Organic carbon analyses were

performed by wet oxidation with a LECO induction furnace carbon

analyzer (Weliky et al., 1983).

REGIONAL SEDIMENTATION AT SITES M AND H

Sites M and H are located in the eastern tropical Pacific (Fig.

111.1). Both are approximately 900 km from the nearest land. Site

M is 25 km from the East Pacific Rise (EPR), an active spreading

center, while site H is located about 900 km from the EPR. The

overlying waters at the two sites have similar primary productivi-

ties (Owen and Zeitzschel, 1970), but the bulk flux to sediments is

roughly 30% greater at site H (Fig. III.tl). Site M, however, is

about 500 m shallower, which results in enhanced carbonate preserva-

tion, a higher sedimentation rate, and more rapid elemental



Table 111.1. Sites H and M sediment
trap, sediment, nodule, and crust compositions (AAS data)

I%EC(W (1,ENTIF*CA**ON Ito AL 6! K, CA II MN PC HI CU ZN

z z I Z I I PPM 3 PPM PPM PPM
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1401'Utl 1011*
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Table 111.2. Sites H and M sample compositions (INAA data)

ACChO FL SC CR CO AS SA LA CE ND Oh EU 18 93 LU HF U

I P9-h 9 Ph Pih Pill PIH PPM Pill PPI* P9-Il 19-H 9-PM Pin If-N P9-H P9-H
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hI *9994 7.66 0.23 23.3 434.3 *94 2404 902.3 30 14.13 3.56 2.? 90.38 9.39 4.9 4.7
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Figure 111.14. Characteristics and bulk sediment trap fluxes at

sites H and M. Current meter data is from Moser and Dymond (19814);

bulk fluxes to the sediments are from Fischer (19811); sedimentation

rates are from Kadko and Heath (19811); --- represents "extrapolated"

trap flux. For explanation see text.
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accumulation rates relative to site H (Fischer, 198'l; Fig. 111.11).

Site M also receives a greater input of continentally-derived

material and has greater topographic relief (Fig. 111.14) which may

result in more significant lateral transport of material eroded from

nearby topographic highs.

Ferromanganese Crusts

Sites H and N ferromanganese crusts, presumably representing

direct precipitation from seawater and/or hydrothermal solutions

(Lyle et al., 1977; Toth, 1980), reveal compositional differences

which suggest that the seawater-derived contribution differs between

the two sites. Two crusts from site H have very similar composi-

tions, whereas two from site N exhibit significant compositional

differences (Table 111.3). One of the N crusts (NP9830) has an

extremely high Fe concentration (Table 111.3), probably reflecting a

greater hydrothermal influence (Toth, 1980). Crust MP98145 from site

M, however, has lower Fe and high Cu and Ni contents, character-

istics that may reflect seawater contamination of hydrothermally

precipitated material. In addition to its high Fe content, the N

crust which appears to record greater hydrothermal influence

(Mp983o), is rich in Si and poor in Cu, Ni, and Co; characteristics

typical of hydrothermal crusts (Toth, 1980; Table 111.3). The

relatively low Co/Zn ratios of the N deposits imply a low input of

seawater-derived Co relative to hydrothermally-derived Zn (Toth,

1980; Table 111.3).
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Table 111.3. Elemental compositions of site H and M
ferronianganese crusts

Site H Site M

MP98143 MP981414 MP9830 MP98145

K (%) 0.51 0.51 0.50 0.60

AL (%) 1.17 1.21 2.13 2.35

SI (%) 14.78 5.10 9.140 8.15

MN (%) 21.70 21.20 13.50 21.30

FE (%) 18.10 18.40 22.20 13.40

CU (%) 0.065 0.061 0.0142 0.150

NI (%) 0.521 0.527 0.179 0.509

ZN (%) 0.075 0.077 0.076 0.1614

CO (%) 0.117 0.132 0.059 0.036

BA (%) 0.180 0.138 0.1714 0.187

AS (%) 0.021 0.019 0.025 0.011

SB (PPM) 15.8 16.1 17.3 37.7

LA (PPM) 136.14 131.1 1514.5 98.8

CE (PPM) 196.14 210.2 1614.14 102.2

SM (PPM) 214.7 22.9 32.0 17.3

EU (PPM) 6.1 6.2 6.7 14.7

YB (PPM) 19.0 17.7 22.5 13.2

CO/ZN 1.6 1.7 .78 .22
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REE patterns of H and M ferromanganese crusts also imply dif-

ferences in the degree of hydrothermal influence at the two sites.

Crusts from both sites have Ce-depleted arid heavy REE-enriched REE

patterns that resemble seawater (Hógdahl, 1967; Piper, l97; Fig.

111.5). Site M crusts, however, have significantly higher La/Ce

ratios, indicating greater Ce depletion than site H crusts (Fig.

111.5). The Ce depletion of crusts from the Bauer Basin of the

equatorial South Pacific (La/Ce values of -0.98; Fig. 111.5) have

been attributed to the large fraction of EPR-derived hydrothermal

Fe-Mn oxyhydroxides low in REE and depleted in Ce (Elderfield and

Greaves, 1981). Although site H is approximately 900 km from the

EPR, H crusts also appear be influenced by a hydrothermal source,

since their La/Ce ratios (-0.65) indicate a depletion of Ce relative

to typical hydrogenous crusts (La/Ce -0.25) (Toth, 1980). Any

hydrothermal signature in site H crusts is masked, however, by the

typical hydrogenous component which has extremely low La/Ce ratios.

Sediment Traps

Sediment trap data are a key factor in understanding the role

of particulate supply in the formation of nodules. Although the

bulk particulate fluxes at sites H and M exhibit variations with

depth (Fischer, l98!), a general increase in total flux with depth

is apparent at both sites (Fig. 111.14). The extreme flux increases

present in the lower 500 in of the water column at both sites (Fig.

111.14) have been attributed to resuspension of sediments, lateral

transport of material from topographic highs, or introduction of
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Figure 111.5. La/Ce ratios and REE abundances of sites H and !'1

ferromanganese crusts normalized to the world average shale (Piper,

197k). La/Ce values are absolute concentration ratios. Bauer Basin

crust data are from Elderfield and Greaves (1981); seawater data is

from H6gdahl (1967).
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hydrothermal precipitates (Fischer, 1981). Because of the sharp

near-bottom flux increase at both sites, we assume that the 3075m

trap at H and the 2700m trap at M are the deepest traps free of

resuspension and other near-bottom source effects. Estimated

to-the-bottom fluxes based on extrapolations between the 1565 and

270Cm traps at M and between the 165 and 3075m traps at H

(Fig. 111.11) were compared to sediment accumulation rates. This

comparison reveals that a much more significant fraction of most

biogenic components and associated elements, such as CaCO3, organic

C, N, and F, are preserved in site M relative to site H sediments

(Dymond and Lyle, submitted). The greater preservation of labile

phases at M is probably due to the greater bulk accumulation of

material at site M whioh results in more rapid burial and, thus,

greater preservation of organic debris at M.

Sediments

The bulk sedimentation rate at site M (1.0 cm/ky) is almost

twice that at site H (0.66 cm/ky) (Kadko, 1981; Kadko and Heath,

198J4; Fig. III.!!) and is predominantly the result of more rapid

accumulations of detrital silicates, dispersed hydrothermal pre-

cipitates, and biogenic calcite. The greater detrital input at site

M is exhibited by Al burial rates which are about 1.6 times greater

at site M than at site H (Table 111.14). This difference may reflect

the submarine weathering and erosion of nearby topographic highs,

downslope movement of detritus, or the greater supply of conti

nentally-derived detrital material at site M. Evidence of greater



Table 111.14. Elemental accumulation rates in
sites H and M sediments*

Site H Site M
(micrograms/crn2/yr)

FE 5.0-7.2 114.6-20.1

MN 14.3-6.2 1.14-2.0

CU .063-.091 .053-.073

NI .0)4)4-.063 .0140-.056

ZN .066-.095 .072-.,098

AL 6.0-8.7 10.2-114.1

SI 16.1-23.2 19.0-26.1

CO .0081-.O120 .0085-.0120

LA .0036-.0052 .o064-.0088

CE .0037-.00514 .0057-.0079

LU .00011-.00016 .00016-.00023

*Elemental accumulation rate ranges are
based on a range in bulk sedimentation rate
from 0.145 cm/ky (Kadko, 1981) to 0.66 cm/ky
(Kadko and Heath, 19814) for site I-I and from
0.8 cm/ky (Kadko, 1981) to 1.1 cm/ky (Lyle,
pers. comm.) for site M.
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hydrothermal influence at M is provided by the relatively high Fe

and Zn and low Cu and Ni accumulation rates at M compared to H

(Table III.!). These traits are typical of metalliferous sediments

(Dymond, 1981), suggesting greater hydrothermal influence at M.

Because the Mn content of' metalliferous sediment is excep-

tionally high (Bostrom and Peterson, 1966), the inferred greater

hydrothermal contribution at M should result in a higher Mn accum-

ulation rate in M sediments. Site H, however, is accumulating Mn

about four times more rapidly than site M (Table 111.14). We will

present evidence that suggests the low Mn accumulation rates at site

M result from more intense reducing conditions at this site. As a

result, Mn in site M surface sediments is mobilized and exported

into the bottom water and is thereby unavailable for nodule

accretion.

COMPARISON OF NODULE-FREE SEDIMENTS AT SITE M AND SITE I-I WITH SITE H

NODULE-BEARING SEDIMENTS

Nodules are absent both at site M and within localized areas of

site H. The presence of 100 m to 1 km-diameter nodule-free areas or

"bare patches" soattered throughout the nodule-covered areas of site

H (Fig. 111.2) indicates that local as well as regional variations

in sediment accumulation or diagenesis profoundly affect the condi-

tions that control nodule genesis. Excess 230Th profiles of a bare

patch core near the northern edge of site H, box core 33BC (Fig.

111.6), indicate a sedimentation rate of 1.0 cm/ky (Kadko, unpub.
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FIgure 111.6. 230Th profile in site H nodule-free areaexcess

(33 BC).
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data), comparable to rates at site M. Site H nodule-bearing areas

have a lower sedimentation rate of 0.66 cm/ky (Kadko and Heath,

l981). The absence of nodules in site H bare patches and at site M

may be related to the similar, relatively high sedimentation rates

in these areas. The greater sedimentation rates at M and in H bare

patches should result in more efficient organic carbon preservation

than in typical nodule-bearing areas of site H (MUller and Suess,

1979).

The organic carbon contents of M sediments (25BC) are the high-

est of the three areas, followed by intermediate organic C contents

in the bare patch (33BC), and relatively low organic C concentra-

tions in site H nodule-bearing sediments (37BC; Fig. 111.7). The

contrasting organic C contents, combined with the sedimentation rate

differences in the three areas, result in near-surface (0-7 cm)

organic C burial rates of 2.5 mg/cm2/ky at M (25BC), 2.1 mg/cm2/ky

in the bare patch (33BC), and 1.2 mg/cm2/ky in the H nodule-bearing

(37BC) area.

A Deep-Tow survey of site H revealed that bare patches often

occur in or on the sides of topographic lows (Spiess et al., 1977).

Bathymetric data from Deep-Sea Research Vehicle (DSRV) ALVIN dives

1115 and 11i5 revealed that even small bare patches on a relatively

flat bottom are shallow depressions, approximately 1-14 in deeper than

surrounding areas. This topographic setting, although subtle, may

result in funneling of sediment into the bare patches, as supported

by studies which imply preferential accumulation of sediment in

troughs or areas with gently depressed slopes (Arrhenius, 1963;

Mayer, 1981).
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Figure 111.7. Organic carbon profiles for site M (25BC) and

site H nodule-bearing (37BC), bare patch (33BC), and bare-patch

margin (C-12) sediments.
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Differences in redox conditions between site M, site H, and H

bare patches, controlled by bulk sedimentation and organic matter

preservation rate differences, are indicated by the solid phase Mn

profiles of the sediments. The reduction of solid phase Mn to

soluble Mn2 and subsequent upward diffusion in pore waters, which

may provide a source of Mn for nodules and oxidized surface sedi-

ments, is controlled by the utilization of oxidants by organic C

(Arrhenius, 1952; Lynn and Bonatti, 1965; Froelich et al., 1979).

Variation in sedimentary Mn content between the three areas may be

explained by this process.

In nodule-bearing H sediments (37BC), a peak in solid phase Mn

concentration of roughly 6% occurs at approximately 10 cm depth

within the sediments (Fig. 111.8), implying that Mn is mobilized at

depth and precipitates when it reaches oxygenated surface sediments

(Kadko and Heath, l98I). Site M sediments, however, have Mn

profiles that increase gradually from depth to a maximum value of

1.7% at the sediment surface (Fig. 111.8). The solid-phase Mn

concentrations of the bare patch sediments (33BC) increase gradually

from below 20 cm depth up to the sediment/water interface, with a

maximum value of -5.6% at the interface (Fig. 111.8).

Although the Mn concentrations of the bare patch sediments are

higher than at site M, the absence of a subsurface peak in Mn con-

+2
centration implies mobilization and escape of Mn into the

overlying water. In contrast, although site M and H bare patch

surface sediments may be periodically depleted of oxygen,

nodule-bearing site H surface sediments generally remain oxic due to

relatively low organic carbon preservation. Consequently, although



Figure 111.8. Solid phase Mn profiles in sites H (37BC) and M

(25BC), site H bare patch (33BC), and site H bare patch margin

(C-12) sediments.
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Mn is mobilized at depth, it precipitates as Mn02 at approximately

10 cm depth (Fig. 111.8) and does not escape to bottom water.

Differences in organic carbon accumulation rates in the three

environments may account for differential behavior of other metals

in H and M sediments as well. Klinkhammer (1980) and Sawlan (1982)

found evidence that Ni is adsorbed onto manganese oxide and released

to solution during the reduction of Mn(IV) to Mn(II). Downcore

solid-phase profiles reveal a peak in Ni concentration at

approximately 6 cm at site H but more gradually increasing Ni

contents from depth up to the sediment/water interface in site M and

bare patch sediments (Fig. 111.9).

BOX MODEL MN CALCULATIONS

Since Mn is apparently mobilized and escapes from site M and

site H bare patch sediments, a box model was employed to quantify

the flux of "excess" Mn supplied by upward diffusion of reduced Mn.

Fluxes into the surface Mn-enriched zone consist of the particulate

flux of Mn to the sediments and the upward Mn flux resulting from

the diffusion of Mn2 which reprecipitates in the surface Mn oxida-

tion zone (Fig. 111.10). The Mn burial below the oxic surface zone

is a flux out of the Mn-rich layer (Fig. 111.10). Loss of dis-

solved Mn from the sediments into the overlying water may be cal-

culated from the difference between the net fluxes into and out of

this layer. A positive value represents a net export of Mn from the

sediments.
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Figure 111.9. Solid phase Ni profiles in sites H (37BC) and M

(25BC), site H bare patch (33BC), and site H bare patch margin

(C-12) sediments.
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Figure 111.10. Box model of Mn migration in sites M and H and

site H nodule-free surface sediments. Mn burial and export flux

ranges are based on bulk sedimentation rate ranges described in

Table 111.4.
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Figure 111.10
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The hypothesis that site H bare patches receive a greater

influx of particulate debris than nodule-bearing areas complicates

the particulate Mn flux calculations. To avoid this complication,

the particulate Mn flux to the sediments was calculated by multiply-

ing the extrapolated trap Mn/Al ratio by the Al accumulation in the

surface sediments. Since Al is generally detrital and, therefore,

may be considered a conservative tracer, and by assuming that the

Mn/Al ratio is constant in the incoming particulate flux throughout

the area, we can use the known Al accumulation in the sediments to

derive the particle-associated flux of Mn. The upward diffusive Mn

flux was computed from the equation: FMn+2 a
dC/dx (Bender,

1971), where FMfl+2 is the flux of Mn through sediment pore waters,

Da is the apparent diffusion coefficient of Mn2 through pore waters

as defined by Manheim (1970), and dC/dx is the dissolved Mn2

concentration gradient with depth. The concentration gradient of

Mn2 (dC/dx), chosen as the interval where there is maximum negative

curvature in the Mn-depth profile, was derived from the data of

Klinkharnmer (1980). The burial flux of Mn was calculated from

estimates of background Mn concentrations based on downcore solid

phase Mn profiles and the derived sedimentation rate ranges (Fig.

111.10).

At site M, about 90% of the Mn or about 11.0 mg/cm2/ky diffuse

back into the overlying water (Fig. 111.10). This flux is

approximately two times greater than the total Mn flux into the

oxidized zone of site H surface sediments (Fig. 111.10). At site

H, the model suggests a flux of 1.11 mg/cm2/ky from the bare patch



(33BC) and essentially no loss of Mn from nodule-bearing sediments

(37BC; Fig. 111.10).

MECHANISMS OF NODULE ACCRETION

The site H Mn profile and box model results suggest that Mn is

precipitated below the top few cm of site H nodule-bearing sedi-

ments. In order for nodule accretion to occur by upward diffusion,

however, a mechanism f or transporting Mn through the oxic surface

layer to nodule surfaces must exist. A possible mechanism is stir-

ring of the sediments by benthic organisms which results in upward

mixing of Mn sorbed in the zone of Mn oxidation (Fig. 111.11). This

manganese may desorb and transfer itself to nodule surfaces (Lyle et

al., l981). Another possible mechanism of Mn transport to nodule

surfaces may result from long term changes in organic matter

accumulation which alter the sedimentary redox conditions. During

periods when relatively high fluxes of organic debris reach the

sediments, they are depleted of oxidants, and the oxic zone thins

from below (Fig. 111.11; Finney, pers. comm.). This process

facilitates migration and reprecipitation of Mn onto nodules over

long periods of time. Alternatively short term or transient Mn

reduction within the upper 1 to 2 cm of sediments may facilitate the

precipitation of Mn onto nodules (Fig. 111.11; Dymond et al., 19814).

Kaihorn and Emerson (19814) observed Mn reduction in the upper 1.5 cm

of site H sediments. They proposed that this near-surface Mn

reduction, which may facilitate Mn transfer to nodule surfaces (Fig.

111.11), may be due to one of the following: anoxic
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Figure 111.11. Mechanisms of Mn transport through the oxic

surface zone to nodules.
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microenvironments created by rapid organic matter degradation;

deposition of a relatively unstable, reactive Mn oxide phase in the

surface sediments which is reduced while a different phase forms in

deeper sediments; or deposition of organic matter which is

kinetically reactive toward Mn reduction in the surface sediments.

We suggest, similar to the transient Mn reduction proposed by

others, that periodic local changes in the flux and sedimentary

accumulation of organic matter govern nodule accretion at site H.

Alternating periods of oxic and suboxic conditions facilitate Mn

mobilization, while periodically allowing oxidation on nodule

surfaces. For instance, periods of high primary productivity at

site H may result in unusually high organic carbon fluxes to the

sediments. High productivity events such as this could produce a

transient depletion of oxygen and periodic thinning of the oxic

zone. Any Mn mobilized by this event could be accreted onto H

nodules during periods of low productivity and more typical redox

conditions.

Evidence for this hypothesis that H nodule accretion occurs in

pulses comes from an analysis of seasonal sediment trap fluxes.

Three intervals, September (1981) through January (1982), February

through July, and July through October, were sampled. At H, the

total flux for the first period was 3_1 times greater than for the

rest of the year and double the average annual flux. Although sig-

nificant seasonal variations are also evident at site H (Fischer,

l984), the greater bulk sediment accumulation and consistently

higher accumulation of organic matter apparently results in more

intense reduction and, therefore, a much thinner or periodically
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nonexistent oxic layer within M sediments. Consequently, Mn2 fre-

quently migrates to the sediment/water boundary and escapes into the

overlying water (Heath and Lyle, 1982; Graybeal and Heath, 19814).

Since the seasonal flux signal at H appears to be more developed,

periods of relatively high organic flux may result in Mn reduction

in the upper few cm of H nodule-bearing sediments and subsequent

accretion onto nodules (Dymond et al., 19814).

Thus, the solid-phase transition metal profiles and differing

sedimentation and organic C accumulation rates in the three areas

demonstrate that the preservation of material at the seafloor con-

trols the sediment redox conditions which, in turn, govern nodule

formation. Periodic high fluxes of organic material to site H sedi-

ments apparently result in conditions which reduce Mn2 and facili-

tate its precipitation onto nodules. In addition, similarities

between sedimentation rate, organic C accumulation, Mn profiles, and

"excess" Mn flux calculations for site M and site H bare patch sedi-

ments suggest that the escape of Mn from the sediments in these

areas may prevent nodule formation.

SITE H BARE PATCH MARGINS

Sediments and nodules from the boundaries between site H

nodule-bearing and nodule-free sediments were examined to see if the

margins are transitional between nodule-rich and nodule-free areas

at the site. A sharp contact exists between nodule-bearing sedi-

ments and the bare patches (ALVIN 11145 Dive Transcripts). There-

fore, investigation of the margins may allow us to establish limits
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of nodule growth/no growth conditions. Core C-12 (ALVIN Dive 11145)

was taken approximately 20 meters from the edge of a bare patch, and

nodules within 1 or 2 meters of the boundaries of two bare patches

at the north end of site H were collected using the DSRV ALVIN

during Pluto Leg III (Fig. 111.2).

The solid-phase Mn profile in C-12 is similar to that in the

bare patch, except that the Mn concentration at the sediment-water

interface of the C-12 core is much greater (12.6% vs. 5.6%; Fig.

111.8). The Ni (Fig. 111.9) and Cu profiles also have intense sur-

face maxima. The solid-phase transition metal profiles suggest that

redox conditions at the margins are transitional between those in

bare patch and nodule-bearing H sediments. The high surface Mn

concentration in the bare patch margin is consistent with a Mn oxi-

dation zone that lies very close to the sediment/water interface,

but where Mn does not escape as readily from the sediments. Mn

apparently reprecipitates in a thin near-surface oxygenated layer

and does not escape into the bottom water. Furthermore, organic

carbon contents of the margin (C-12) sediments are generally

intermediate between those in the bare patch (33BC) and nodule-

bearing H sediments (37BC; Fig. 111.7).

Nodules from the margins of two different site H bare patches

(Fig. 111.2) have the most extreme compositional differences between

top and bottom surfaces of any H nodules. The tops of nodules from

bare patch margins have the lowest Mn/Fe ratios of any nodules ana-

lyzed from site H (Table 111.5). The margin nodule tops also have

much greater Fe, Co, and REE contents than typical site Fl nodule

tops (Table 111.5). The Co in nodules is dominantly associated with
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Table 111.5. Elemental compositions of site H and site H bare patch
margin nodule tops and bottoms

Margin Tops Margin Bottoms

(Ill-i) (X-14) Average H (111-1) (X-4) Average H

MP199911 MP19996 Top MP19995 MP19997 Bottom

FE (%) 8.1 10.8 11 0.66 0.92 0.9

MN (%) 32.9 28.1 33 36.0 36.7 14)4

MN/FE 14.1 2.6 8.3 5I.5 39.9 119

CU (%) 0.5)46 0.361 0.1460 0.073 0.0)45 0.1

NI (%) 0.981 0.890 0.850 0.11)47 0.392 0.600

ZN (%) 0.207 0.152 0.230 0.072 0.046 0.1110

AL (%) 2.3 2.0 2.3 0.9)4 1.2 1.0

SI (%) 11.6 11.9 3.5 2.3 2.9 1.7

CO (%) 0.0)45 0.071 0.018 0.002)4 0.0017 0.00116

LA (PPM) 79.5 1111.8 ItO 8.14 6.2 10

CE (PPM) 102.8 1112.2 30 10.3 11.7 11

LA/CE 0.77 0.81 1.33 0.82 0.53 0.91

SM (PPM) 14.1 18.9 7 1.4 1.2. 2.2

EU (PPM) 3.6 5.1 2 0.11 Q14 0.5

YB (PPM) 10.6 11.3 6 1.2 1.0 1

LU (PPM) 1.11 1.8 0.9 0.2 0.2 0.11
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disordered manganese oxyhydroxide, a component produced primarily by

hydrogenous accretion (Dymond et al., 19814). Fe and the REE are

also commonly hydrogenously supplied. Margin nodule tops also

exhibit Ce enrichments (La/Ce = 0.79) relative to the average nodule

top from site H (La/Ce = 1.33). Furthermore, observations from DSRV

ALVIN suggest that nodules adjacent to bare patches typically have

less sediment cover than the majority of H nodules (Dymond, 11145

Dive transcripts). Each of these distinctive features of the bare

patch margin nodules is in accordance with a large influence by

hydrogenous accretion. Nodule bottoms from the bare patch margins,

however, have lower Mn, Cu, Ni, Zn, Co and flEE concentrations than

the average H nodule bottom (Table 111.5).

Similar results can be seen by partitioning the elements using

a normative model that assumes nodules grow by mixing of four end-

member acoretionary processes defined by Dymond et a].. (19814). For

site H margin nodules, the proportions of each end-member needed to

account for the bulk compositions are significantly different than

for the average site H nodule. The margin tops have a much greater

hydrogenous contribution (28-143%) than the average H top (6%), while

the oxic contribution to the bare patch margin tops is only about

half the average top contribution (147% vs. 83%). Moreover, margin

nodule bottoms contain more of the suboxic component, 86-91%, versus

69% for the average H bottom.

The linear programming results indicate extreme differences in

the conditions that form the tops and bottoms of the bare patch

margin nodules. Presumably, the higher proportion of hydrogenous

accretion on the margin nodule tops implies a relatively low
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sedimentation rate. For example, nodules from the central gyre

region of the Pacific, where very low biogenic inputs and low

sedimentation rates prevail, are dominated by hydrogenous accretion

(Dymond et al.,, 19814). On the other hand, the sedimentary

solid-phase transition metal profiles and the extremely high suboxic

contribution to margin nodule bottoms derived from the linear

programming, seem to imply a relatively high sedimentation rate and

greater reducing conditions. Thus, the bare patch margin nodules

seem to present a paradox. Although the sediment data is consistent

with transitional redox conditions, the large hydrogenous

contribution seems most compatible with low sedimentation rates

which usually result in oxidizing conditions.

The paradox may be explained if there exists a mechanism which

prevents the nodule tops from becoming covered, yet allows a high

accumulation of material in the sediments. If accumulation of

organic matter at the bare patch margins is relatively high, benthic

organisms may migrate to these areas and feed on the organic-rich

surface sediments. The cleaning of nodule surfaces due to a high

organism density may explain how the tops of nodules at bare patch

margins apparently remain exposed and grow by hydrogenous accretion,

while the bottoms accrete by suboxic diagenesis.

Although the bare patch margins evidently reflect redox con-

ditions that are transitional between typical nodule-bearing and

nodule-free areas of site H, additional pore water and sedimenta-

tion rate data for bare patch margins would enable us to better

understand the genesis of nodules in these areas and how their
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formation relates to large-scale questions concerning the presence

and compositional variations of nodules.

CONCLUSIONS

Contrasts In the sedimentary regimes of site M, site H nodule-

covered areas, and site H nodule-free areas reveal that differences

in sedimentation and preservation of organic matter control the

redox conditions that govern the mobilization of elements within the

sediments and control the formation of manganese nodules. Bulk

particulate fluxes at the two sites do not differ significantly, but

the bulk sedimentation rate at site M is almost twice that at site

H (Fig. 111.12). This results in greater organic carbon

preservation in H sediments (Fig. 111.12). In site H bare patches, a

sedimentation rate comparable to that of site H produces a high

organic carbon preservation rate, similar to that of site H

sediments (Fig. 111.12). The depletion of oxygen associated with

the high organic contents of site H and site H bare patch sediments

apparently leads to the escape of Mn2 from these sediments.

The occurrence of nodule-free areas within an environment where

nodule cover is ubiquitous may be a topographic effect. Since bare

patches are typically a few meters deeper than surrounding areas,

preferential accumulation of organic debris in these areas may

result in reducing conditions that are intense enough to permit the

escape of dissolved Mn and associated metals from the sediments,

similar to site M (Fig. 111.12).
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Figure 111.12. Summary of sedimentation and organic carbon

accumulation effects on nodule formation.
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Site H nodule-bearing areas, however, differ from the bare

patches and site M in that relatively low sedimentation rates there

result in lower organic carbon accumulation. Site H surface sedi-

ments, therefore, tend to remain oxic, while the zone of Mn reduc-

tion persists below approximately 10 cm. In order for Mn and other

elements to accrete onto nodules, diffusion of metals through the

oxidized surface layer must be facilitated. We suggest that peri-

odic variations in the flux of organic matter at site H result in

changes in the depth to the redox boundary. Periods of relatively

high organic flux result in depletion of oxygen within the surface

sediments, thereby facilitating Mn reduction and reprecipitation

onto nodule surfaces.
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GENERAL CONCLUSIONS

The transition metal and rare earth element (REE) data pre-

sented reveal the importance of the particulate flux of material to

the seafloor in controlling sediment diagenetic processes and the

formation and composition of ferroinanganese nodules. Flux calcu-

lations imply that particles account f or the majority of REE supply

to the ocean bottom and can easily account for REE accumulation

rates in nodules. The REE data support the concept of nodule accre-

tion by three basic processes: (1) hydrogenous or direct seawater

precipitation; (2) oxic diagenesis, referring to a variety of ferro-

manganese accretionary processes which occur in oxic sediments; and

(3) suboxic diagenesis which occurs in concert with the oxidation of

organic matter within the sediments. Investigation of FlEE abundance

patterns of various sedimentary materials and breakdown of the par-

ticulate REE flux into end-member components disclose the importance

of biogenic material in supplying REE to the seafloor and reveal an

additional nodule accretionary process resulting from the degrada-

tion of labile biogenic matter in oxygenated sediments.

The transition metal and REE compositions and fluxes of sedi-

mentary samples from a nodule-bearing area (site H) and a nodule-

free environment (site M) reveal contrasting sources of material

which account for basic differences in sedimentary conditions

between sites H and M. At site M, a relatively high bulk sedimen-

tation rate and accumulation of organic carbon result from more

rapid accumulations of detrital silicates, dispersed hydrothermal

precipitates, and biogenic calcite than at site H. The higher
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organic matter preservation at site M typically results in depletion

of oxidants in the sediments and subsequent mobilization and escape

of Mn2 into the overlying water. This process apparently prevents

nodule nucleation at site M. Similarly preferential accumulation of

particulate debris in nodule-free shallow depressions at site H

(bare patches) also results in high organic C preservation and pre-

vents nodule formation due to the mobilization and export of Mn2

from the sediments. Lower sedimentation and organic C accumulation

in nodule-bearing site H sediments maintain an oxic surface zone

within these sediments, causing soluble Mn2 to precipitate in the

surface layer. Periodic high fluxes of organic debris result in

transient reduction of solid phase Mn to soluble Mn2 in

near-surface sediments which allows Mn and associated metals to

accrete onto nodules.
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