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Marine ferromanganese oxides form four major ferromanganese de-
posits: Hydrothermal crusts, ferromanganese coatings on basalt, ferro-
manganese nodules, and a mixture of micronodules and other dispersed
hydroxyoxides within marine sediments.

Hydrothermal crusts grow only near active marine hydrothermal
systems that cool newly emplaced basaltic crust. The crusts are charac-
terized by rapid growth rates, extreme fractionation of Mn from Fe, Tow
accessory element concentrations, and well crystallized manganese
minerals.

Ferromanganese coatings on basalt can receive an Fe-rich component
from hydrothermal source but are mainly composed of ferromanganese
oxides grown by direct precipitation from seawater (hydrogenous forma-
tion). They have cS—MnO2 mineralogy, have almost equal Mn and Fe abun-

dances, are relatively enriched in the rare earth elements, highly en-



riched in Ce and Co, and have relatively low Cu, Ni, and Zn abundances.
Coatings with a Targe hydrothermal component are more enriched in Fe,
and generally have lower trace element contents.

Nodule and micronodule compositional variations resulting from
different sources of transition metals may be further modified by dia-
genetic reactions within the sediments. The most extreme of these is
preferential reductive mobilization of manganese within the sediment
column by oxidation of organic carbon and subsequent Mn diffusion to
the seawater-sedihent interface. Because supply of organic carbon to
marine sediments comes primarily from biological productivity in the
surface waters and to a lesser extent from terrigenous sources, ferro-
manganese oxides formed or altered by this process Tie beneath highly
productive surface waters or near continents. They are characterized
by relatively pure well-crystallized manganese oxides, generally the
7 K mineral birnessite, and by rapid growth rates. Mn/Fe ratios are
5 or greater, and accessory element contents are low.

Ferromanganese deposits enriched in Mn relative to hydrogenous
precipitates are also found in the Bauer Deep and other areas along
the fringes of the most highly productive regions, where sediments
are not reducing enough to remobilize Mn. Oxic diagenetic reactions,
such as Fe-smectite formation from biogenic opal, fractionate Fe from
ferromanganese hydroxyoxides. The released Mn precipitates as nodules

and micronodules.



Iron and manganese that form the ferromanganese deposits have
only two ultimate sources: runoff from the continents and hydro-
thermal fluids that have interacted with cooling basalts formed on
the mid-ocean ridges. Seawater acts as a reservoir and mixing
chamber for these two sources and currents carry the added metals
far from their input point. The relative magnitudes of terrigenous
and hydrothermal input are roughly equal on the Nazca Plate, al-

though terrigenous input may dominate worldwide.



THE FORMATION AND GROWTH OF FERROMANGANESE
OXIDES ON THE NAZCA PLATE

by
Mitchell Lyle

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy e

7

Completed June 1978

Commencement June 1879



APPROVED:

Redacted for prlvacy
e

Redacted for prlvacy

1\?-\/ il | N N NS T
Professorglﬁf Oceanography in Charge of Major

Redacted for prlvacy

—r— ¥

i

Redacted for pnvacy

Dean of Graduate Schoo]

Date thesis s presented June 21, 1978

Typed by Chery! Schurg for Mitchell Lyle



ACKNOWL EDGEMENTS

There are always a great number of people that help to make a thesis
possible. I wish to first thank my two advisors, Jack Dymond and Jack
Corliss, whose support and advice made the job so much easier. I would
also 1ike to thank the rest of my committee, Erwin Suess, Juljus Dasch,
Arthur Chen, and Carroll DeKock for their help and their criticism on
various thesis drafts.

Pat Price, Libby Asbury, Mark Hower, Bobbi Conard, and Andy
Ungerer were all valuable help during the gathering and analysis of the
data while Cheryl Schurg and Lindy Zeeman slaved long hours at the
typewriter ta finish the thesis.

I would finally like to thank my other friends who helped me get
through, either by their direct aid on the thesis or by various and other
means: Chris Moser, Debbie Stakes, Roger Hart, Margaret Leinen, Chiye
Wenkam, Connie Sancetta, Terry and Heidi Chriss, John Toth, Bruce Selk,
Ralph Moore, Gail Davis, Greg Malstaff, Frances Stilwell, Ron Stiilinger,
and a certain A.G. Tanner.

My support was providéd by an Internaticnal Nickel Company Fellow-

snip and by the NSF/IDOE Nazca Plate Project.



I11.
science walks in beauty:

nets are many knots
skin is border-guard, a pelt is borrowed warmth;
a bow is the flex of a limb in the wind
a giant downtown building
is a creekbed stocd on end.

detritus pathways. '"delayed and complex ways
to pass the food through webs.”

maturity, stop and think. draw on the mind's
stored richness. memory, dream, half-digested
image of your life. “detritus pathways'--feed
the many tiny things that feed an owl.

send heart boldly travelling,

on the heat of the dead & down.

Gary Snyder

'Towards Climax’



FOR MY PARENTS



TABLE OF CONTENTS

Page
CHAPTER 1 - Copper-Nickel-Enriched Ferromanganese Nodules

and Associated Crusts from the Bauer Basin,

Northeast Nazca Plate 1
Introduction 2
Description of Nodules and Crusts 4
Methods of Analysis 5
Results 5

Mineralogy 5
Chemical Composition 8
Discussion and Conclusions 9
Acknowledgements 10
References 10
CHAPTER 2 - The Early Diagenesis of Metalliferous Sediments

in the Bauer Deep, Nazca Plate 12

CHAPTER 3 - Processes that Incorporate Transition Metals into

Ferromanganese Nodules: Evidence from the

Scutheast Pacific Ocean 22
Abstract 23
Introduction 25
Procedures 27
Regional Composition and Mineraiogy of Ferrcmanganese

Nodules 29
Estimation of Elemental Accumulation Rates in Nodules 34
fonclusiens 38
References 40

CHAPTER 4 - The Formation and Growth of Ferromanganese Qxides

on the Nazca Plate 53
Abstract
Introduction
Procedures

Ferromanganese Nodules and Ferromanganese Basalt Coatings
Micronodules and Sediment Analysis

Sources of Mn and Fe on the Nazca Plate and their Dispersal
Agents
Continental Mn, Fe Input to the Nazca Plate

R LN 4T U
— T I

oy O
[Sa NN



TABLE OF CONTENTS (continued)

Page
Distribution of Terrigenous and Hydrothermal Fe and Mn 67
Hydrothermal Ferromanganese Qxides on the Nazca Plate 69
Ferromanganese Coatings on Basalt 71
Ferromanganese Nodules 73
Hydrogenous Nodules
Diagenesis and its Effects on Ferromanganese Oxide
Geochemistry
Oxic Diagenetic Reactions
Composition and Mineralogy of the Nonleachable Fraction
of Ferromanganese Nodules
Micronodules and the Dispersed Oxide Fraction of the Sediment 85
Conclusions 89
References g1
APPENDIX 1 - Estimation of Hydrothermal Manganese Input to the 123
Oceans
APPENDIX 2 - The Chemistry of Hydrothermal Sediment Mounds 128
Deposits Near the Galapagos Rift
APPENDIX 3 - Ferromanganese Nodule, Fe-Mn Basalt Coating, and 164
Sediment Coarse Fraction Descriptions
APPENDIX 4 - Chemical Compositions of Bulk Sediment, Oxalic 170

Acid Leachable Fraction of Sediment, and
Micronodules in Core Y73-3-20P {Data for
Chapter 2)




Figure

CHAPTER 1
1

CHAPTER 2
]

CHAPTER 3
1

LIST OF FIGURES

Bulk sediment accumulation rates in the Eastern
Pacific

Bauer Deep and North Equatorial Pacific sediments,
nodules and crust on a Ni-Fe coordinate system

Photographs of noduies included in this study

Three representative x-ray diffractograms of
Bauer Deep ferromanganese nodules and crusts

Chemical and mineralogical distinction between
Bauer Deep podules and crusts shown by plotting
9.8 A/1.42 A peak area ratio versus Mn/Fe ratio

Factor l1oadings and factor abundances in Bauer
Deep nodules and crusts

Pathways by which Fe, Mn, and Si are transferred
from their scurces to their final pelagic phases

Variations of sedimentary components, bulk cdmposi-
tion of the leachable fraction of the sediment, and
micronodule composition downcore in Y73-3-20P

Change in smectite crystallinity downcore in Y73-3-20P

Regicnal distributions of Mn, Fe, Co, Ni, Cu, and
In in southeast Pacific

Mineralogy of ferromanganese nodules in the southeast
Pacific

Primary productivity of surface waters in the south-
east Pacific

Page

10

20

47

48

43



LIST OF FIGURES {continued)

Figure

CHAPTER 4
1

10

11

Thickness of the oxidized layer in cores from the
southeast Pacific

Ferromanganese nodule growth rates estimated from
Fe content plotted against measured growth rates

Estimated accumulation rates in southeast Pacific
nodules

Pathways by which Mn and Fe enter the oceans and are
rearganized

Generalized surface circulation of the Eastern
Pacific Qcean

Abyssal circulation in the Eastern Pacific Qcean

Regional distribution of Mn, Fe, Co, and Ce in
ferromanganese coatings

Chondrite normalized rare earth abundance patterns
for ferromanganese coatings

La plotted against Ce for ferromanganese coatings
Scatterplots of Fe against Sc, As, La, Hf in fer-
romanganese nodules to demonstrate the cocherent
behavior af these elements

Scatterplots of La against Ce and Co against Co in
ferromanganese nodules

Redox equilibria at pH 8 for elemental concentrations
as in seawater and in pore waters

Thickness of oxidized layer in sediments of the
Eastern Pacific

Scattergram of Mn against Sb in ferromanganese
nodules

Page

50

51

52

109

110

111
112

113

114

115

116

117

118

119



LIST OF FIGURES (continued)

Figure

12

13

14

APPENDIX 1
1

APPENDIX 2
1
2

Variation of La in ferromanganese ncdule residues
and La in sediments

Composition of micronodule and leachable fraction of
sediments plotted with ferromanganese nodule and
coating oxide fractions on a ternary diagram of Mn,
Fe, and (Ni + Cu + Co) x 10

Distribution of Mn/Fe ratios in the leachable
fraction of the sediment from the Nazca Plate

Profile of manganese accumulation rates between
10° and 17°S

Map showing the location of the survey area

Ultra slow scan x-ray diffraction of three samples
studied

X-ray diffraction patterns of the ferromanganese
sequence from the mounds

Ternary diagram of Fe-Mn-Si
Ternary diagram of Fe-Mn-{Cu + Ni + Cc) x 10

Rare earth element abundances normalized to the
rare earth element concentration in chondrites

Cu vs. Ni and Cu vs. Zn in Mn-oxide crusts from
the mounds

Ba vs. Ca in Mn-crusts from the mounds

Total dissolvable Mn in the water columns over the
mounds

122

125

154
155

156

157

159

160

162

163



LIST OF TABLES

Table Page
Chaptér 1

i Manganese nodule types in Y73-3-22D 4

2 Composition of nodules and crusts in the Bauer Deep 3}
Chapter 3

1 Ferromanganese nodule analyses 45
Chapter 4

1 Farromanganese nodule analyses 97

2 Ferromanganese coating analyses 99

3 Sediment analyses 101

4 Micronodule analyses ) 103

5 Mn and Fe fluxes to the Nazca Plate 104

5 Mineralogy of Fe-Mn coating and nodule residues 105
Appendix 1

1 Cores used in study 126

2 Manganese abundances in hydrothermal soiutions 126
Appendix 2

1 Composition of dredged sampies 149

2 Mineralogical description of samples 150

3 Atomic proportions ang+sfte occupancy of nontronite 152

assuming all Fe as Fe?".



CHAPTER 1

COPPER-NICKEL-ENRICHED FERROMANGANESE NODULES AND ASSOCIATED
CRUSTS FROM THE BAUER BASIN, NORTHWEST NAZCA PLATE
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Analysis of a suite of ferromanganese nodules and crusts from the dredge Y73-3-22D in the Bauer Deep {13°40'S,
1G2°08"W) shows distinct differences between the nodules and crusts. Ultra-slow-scan X-ray diffraction shows that the
nodules are more enriched in todorokite while the crusts are more enriched in §MnO5. Both have phillipsite and smec-
tite as accessory minerals as well as minot amounts of apatite, barite, and quartz. Chemical analyses show that the
nodules also have higher abundances of Mn, Ni, Cu, Zn, and Ba, while crusts are more enriched in Fe, Co, and Ca. We
suggest that normal authigenic precipitation of ferromanganese oxyhydroxides from seawater controls the mineralogy
and chemistry of the crusts, while nodule mineralogy and chemistry are governed by smail-scale diagenetic reactions in
the sediment. Todorokite may form because iron in the Fe-Mn axyhydroxide material dispersed in the sediment reacts
with amerphous silica to form jron-rich smectites. The remaining oxyhydroxide material recrystallizes as todorokite.

1. Introduction

Nodules enriched in Cu and Ni have long been
known froin a zone parallel to the equator in the
northeastern Pacific (Fig. 1) [1.2]. The Cu and Ni
enrichments have been ascribed to: (1) a high influx

of these eiements in biogenic debris (3} (2) high por-

osity of the radiolarian clay substrate, allowing free
upward ditfusion of metal ions [4]; (3} énhanced up-
ward migration of the metals in sediments enriched
in organic matter (lL.e. in sediments beneath produc-
tive surface waters [5]); and (4) repeated burial and
exhumation of nodules in the dynamic depositional
regime where bottom waters flow into the North
Pacific southeast of Hawaii [6}. The lack of metal-
enriched nodules beneath the equator, in apparent
defiance of 1 and 3 above, can be attributed to rapid
deposition of calcareous onze {7] which inhibits the
development of the slowly growing concretions [8].
If hypothesis 1, 2 or 3 is correct, then the belt of

enriched nodules at about 10°N shouid be matched
by an equivalent beit south of the equator. Hypothesis
4 does not require such a southern zone. Recent anal-
yses have identitied Cu-Ni-enriched nodules around
128, 80-90°W and 135—145°W (Fig. 1). This paper
describes similarly enriched nodules trom the Bauer
Deep. east of the East Pacific Rise, at about 14°8S.
These nodules are of particular interest because they
are associated with sediments rich in hydrothermal
components derived from the nearby rise crest [9,10].

Our samples were collected from R/V “Yaquina”
during cruise YALOC.73 of Oregon State University.
Nodules were recovered at 5 of 18 stations within the
Bauer Deep. Four of these were piston core stations,
at each of which more than one noduie was recovered.
The fifth, a dredge station (Y73-3-22D: 13°40'S,
102°8'W) collected 834 ferromanganese nodules, as
well as numerous ferromanganese crusts attached to
or broken from highly altered basalts.

The sediment in the Bauer Basin is unusually en-
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Fig. 1. Bulk sediment accumulation rates in the eastern Pacific. Accumulation rate data from references 16-20. Dots represent
stations between 20°N and 20°S where nodules that contain greater than 1.5% (Cu + Ni) have been collected. Mn nodule data from
Mero [1]and Monget et al. [21].
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Fig. 2. Fields of Bauer Deep and north equatorial Pacific sediments, nodules and crusts in a Ni—Fe coordinate system. North
equatorial Pacific sediment analyses from Cronan [22]; equatorial Pacific nodule analyses from Mero (1] and Monget et al. {21].
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riched in transition metals [10]. The Fe contents of MN 1188
these sediments are nearly double those in northern ;
equatorial Pacific sedizents (Fig. 2). Mn. Ni, and Cu
are also enriched. [f the composition of the sedimen- a.!
tary substrate controls nodule composition, the Bauer ’
Basin nodules might be expected to have distinctive
compositions. We have determined the mineralogy
and chemical composition of a suite of nodules and
associated crusts from the Bauer Basin to test this -MN 1190
possibility, and to further constrain the conditions

that govern the chemical composition of equatorial C:
Pacific nodules.

2. Description of nodules and crusts

Ferromanganese nodules recovered in Y73-3-22D
can be divided into six morphological types. Six sam-
ples of four of these morphologies were studied in this
paper (see Table 1 for a description of morphologic
types and for a list of samples studied).

In addition to the nodules, four samples of ferroman- f
ganese crust were also analyzed to determine whether ’
the chemistry and mineralogy of the ferromanganese
phases depend on the mode of occurrence. Two of the

samples were from the surfaces of altered basalt frag- Fig. 3. Photographs of nodules included in this study. Scale
ments. The other two were from competent pieces of bar is 2 cm in each case.
TABLE 1

Manganese nodule types in Y73-3-22D

Type Size (cm) Percentage of  Samples Description
total nodules in study
recovered of
a given type

1 0.5-2 33 MN 1191 Ellipsoidal to subspherical shape. Entire surface simple, somewhat
HN 1440 grainy, slightly abraded (during dredging?). Core of ferromanganese
material. Fig. 3d
2 41 MN 1189 Multicentered nodules, mostly type 1, grown together. Simple, some-
what grainy surface. Core of ferromanganese material. Fig. 3b
3 0.5-3 14 MN 1190 Discoidal nodules grading to flat ellipsoids (type 4) and to type 1.

Simple, grainy surface. Core in MN 1190 a fragment of an older
nodule. Fig. 3c.
4 0.5-8 5 MN 1188 Flat ellipsoidal nodules. Surface generally smooth, simple surface on
one side, botryoidal on other. Nodules grade into type 3. Core in
MN 1188 a fragment of older nodules. Fig. 3a
0.5-8 3 Highly irregular botryoidal nodules. Similar to masses of type 1 nodules
or perhaps crusts overgrowing basalt fragments. Grades to types 4 and 2
6 3 Abraded and often angular fragments, possibly exposed scree

w




crust lacking attached substrates. MN 1192 is a sample

from the surface 1 cm of 2 2—3<m crust that complete-

ly covers a 20-cm highly altered basalt fragment. There
is no visible fayering in the crust (Fig. 3¢} and it con-
tains minimal amounts of light-colored silicate phases.
In contrast, MN 1193 contains a major amount of the
light-colored phases. The sample, from a } -3-cm crust
on a 15<m fragment of highly altered basalt, consists
of regularly layered ferromanganese oxides surround-
ing yeillow lobes (Fig. 3f). MN 1194 and HN 1442 are
both samples of dense crusts. They are quite compe-
tent, fracture conchoidaily, and exhibit no layering
(Fig. 3g). They appear to have broken off a basalt pil-
low or other obiect with a radius of curvature of some
tens of centimeters. -

3. Methods of analysis

The six nodules and four crusts from ¥73-3-22D
were analyzed both chemically and mineralogically.
One cross-section through each sample was ground in
an agate mortar, dissolved with hydrofluoric acid and
aqua regio under pressure, and analyzed by atomic
absorption spectrophotometry for Fe, Mn, Cu, Ni,
Zn, Co, Ba, Ca, Si, and Al (see Dymond et al. [9] for
complete methodology). Splits of two nodules and
one crust were {eached with ammonium oxalate-
oxalic acid [11]. This leach preferentially attacks
poorly crystalline iron and manganese oxyhydroxides,
leaving behind well crystalline Fe phases such as
goethite. It also strongiy attacks Mn minerals such as
todorokite or 8MnO;. The dissolved material was
analyzed for Fe, Mn, Cu, Ni, Zn, Co, Ba, Si. and Al to
determine the partitioning of these ¢lements between
the oxyhydroxides and the more refractary phases.
Ca was not analyzed in the leachate because it forms
an insoluble oxalate precipitate. Results of all the
chemical analyses are given in Table 2.

A second cross-section of each nodule was ground
under liquid nitrogen to less than 200 mesh for X-ray
diffraction analysis using Cu radiation (graphite
crystal monochromator). Random mounts of the
ground material were scanned from 5° to 70° 24 using
an ultra-slow-scan rate of 500 seconds per degree.
Three representative diffractograms are shown in Fig.
4. They represent end member samples as defined by

5

both chemical and mineralogical analysis. X-ray dif-
fraction analyses were also performed on the residues
left after the ammonium oxalate leach of nodule HN
1441 and crust HN 1442, to identify the non-oxide
phases inciuded in the nodules and crusts of the Bauer
Deep.

4, Results

- 4.1, Mineralogy

Following the classification scheme outlined by
Burns and Burns [{2] two manganese minerals,
dMnO; and todorokite can be identified in the bulk-
sample diffractograms (Fig. 4). The lack of a 3.60-A
reflection indicates that birnessite is not present, even
though there are 7-A diffractions {due to phillipsite
plus the 002 reflection of a poorly crystalline smec-
tite) in most of the samples.

The relative abundance of todorokite and §MnO;
in each sample can be estimated from the ratio of
the 9.8-A todorokite peak area to the 1.42-A peak
area common to both todorokite and $MnO,. If
8MnO, dominates the sample, this ratio should ap-
proach zero. [f todorokite dominates, the ratio will
approach z finite upper limit reflecting the relative
intensity of these two peaks in pure toderokite. The
observed ratio differs significantly from nodules to
crusts (Fig. § and Table 2). Nodules are relatively en-
riched in todorokite and have an average 9.8 A/1.42
A ratio of 2.2. Crusts, on the other hand, with an
average ratio of only 0.6, must contain more $MnO,.
Diffractograms of the two extreme samples, the
nodule MN 1188 and the crust Mn 1194, are shown
in Fig. 4. Their 9.8 A/1.42 A peak area ratios are 3.5
and 0.0, respectively.

Accessory minerals identifiable in the bulk-sample
diffractograms are phillipsite, quartz, and smectite.
Only in crust MN 1193 do phillipsite peaks dominate
the diffractogram. This is consistent with the macro-
scopic descriptions of major inclusions of yellow non-
oxide phases (Fig. 3f). Most of the samples contain
only minor amounts of accessory minerals, Residual
phases comprise about 20 wt.% of the two nodules
and one crust that were leached by the ammonium
oxalate-oxalic acid technique. Diffractograms of the
residue from this leach again show phillipsite, quartz



TABLLE 2

Composition of nodules and crusts in the Baver Busin (in wLo)

Sample

Nodules
MN 1188
MN 1188
Lop surfuce
MN 1188
bottom surface
MN 1189
MN 1190
MN 1191
LIN 1440
1IN 1441

Average bulk
composilion

Average north equa-
torial Pacific com-
position (Ni+ Cu
> 1.5%)

Cruses

MN 1192

MN 1183

MN 1194

HN 14472

Average bulk
composition

Armoniuin oxalate leach (wi b of original sample feached)

EHIN 1440
tIN 1441
fIN 1442

98 A/l42 4
peak area ratio

35

2.2
2.1
1.7
1.7
20

22

0.8
1.2
0

.4

0.6

Al Si SifAl Ca Mn

1.36 367 2.71 1.35 33.8 8.26
1.69 4.1 2.44 1.77 28,7 13
L.14 3.23 2.85 191 323 101
1.76 4.08 2.31 1.54 28.5 12
1.65 3.70 2.25 1.65 Jj1 .8 9.06
1.60 391 245 1.55 279 1.7
1.78 423 2.38 1.81 27.0 13.1
1.91 5.06 2.65 1.86 27.6 110
1.68 411 245 1.63 293 109
294 7.29 2.48 1.24 28.1 622
1.42 423 2497 1.72 219 2001
2.92 B.76 3.01 1.04 16.8 17.0
.49 546 3.66 1.95 17.8 239
1.18 5.01 4.24 217 19.5 229
1.76 5.86 3.34 1.72 19.0 200
1.06 1.37 — — 25.0 7.49
0849 0.799 - - 244 6.08

0.719 194 -

189

15.4

(.U64
0.103

0.109
0.111
0.093
0.113
0.103
0.093

0.096

0.144
0.078
0.132
0.149

0.126

0.099
0086
0156

1.51

1.37
1.44
1.58
1.59
1.43
1.44

1.47

0.903
1.05

0.378
0.561

0.723

1.30
1.25

0.546

Cu

In 13a
0.80] 0.239 1.371
0622 0.178 0.285
0697 0.230 02717
0.658 G.149 0.270
0.829 0.193 0.238
0625 0.160 0.230
0.730 0.162 0.224
4702 0.169 0.197
0.724 0.179 0.255
117 0.133 0406
0.308 0.091 170
0.444 0.095 0.125
0.174 0.063 0.167
0.250 0.069 0.149
0.293 0.080 0.153
0.651 D128 0073
0.607 0.126 0.061

0214

0.063
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Fig. 4. Three representative X-ray diffractograms of Bauer Deep ferromanganese nodules and crusts (Cu-K,, radiaticn). They show
MN 1188, the sumple most highly enriched in todorokite; MN 1194, the most highly enriched in 5Mn03;and MN 1193, the sam-
ple most highly enriched in phillipsite.

and smectite, but also show the presence of apatite

a and minor amounts of barite. Although the ammoni-
um oxalate leach will not attack goethite or other
crystalline Fe phases, no sign of these minerals was
seen in the leach residue.

9.8 A
142 A

NODULES

]

PEAK RATIO

. Fig. 5. Chemical and mineralogical distinction between Bauer
s CRUSTS Deep nodules and crusts shown by plotting the 9.8 A/1.42 A
N peak area ratio versus Mn/Fe ratio. The higher the .8 4/
[ 2 3 . 5 1.42 A ratio, the more highly enriched the sample is in todo-
MN /FE rokite.




4.2. Chemical composition

The chemical compositions of the Bauer Deep
manganese nodules are not radically different from
north equatoriai Pacific nodules (Table 2, aithough
the former appear to have higher Fe relative to Nj
contents (Fig. 2). The compositions of material

leached from two nodules by the ammonium oxalate-

oxalic acid extraction lie well within the range of
north equatorial Pacific nodules. Much of the Fe
remains behind in a residual phase, presumably smec-

tite; there is no X-ray evidence for other major residuat

8

Fe phases. The bulk-sediment composition thus seems

to exert little control over the composition of the oxy-

hydroxide phases in the nodule.

The mineralogic distinction between nodules and
Crusts is also evident in the chemical data. Nodules
have more Mn, Ni. Cu, Zn, and Ba, whereas crusts
have more Fe and Co, With the exception of Ba, the
same trends persist in the leach data, indicating that
the chernical differences between nodules and crusis
reflect differences in the composition of the poorly
erystalline oxyhydroxide phases. Ba is consistently
more abundant in the nodules even though it does
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Fig. 6. Elemental loadings of each factor and relative abundance of factors in Bauer Deep nodules and crusts.



not reside in the oxyhydroxide phases. One possible

explanation for this may be that it is found in a residual

phase that forms more readily in the presence ot todo-
rokite or that barite formed at the sediment-water
interface during breakdown of biogenic debris is ac-
cidently incorporated in growing nodules.

Another striking difference between nodules and
crusts is the Si/Al ratio (Table 2). The average nodule
ratio is 2.5 versus 3.4 for the crusts, with no overlap
between values in the two populations. The crust
value is consistent with the value in bulk-sediment
surface samples from the region {10], suggesting ac-
cidensal incorporation of detrital grains in the growing
crusts. The nodules, however, are clearly enriched in
Al, suggesting incorporation of Al** in the todorokite
lattice. The SifAl ratios in the material leached from
the nodules in HN 1440 and HN [441 clearly demon-
strate the Al enrichment in the oxyhydroxide phase.

The distinction between nodule and crust composi-
tions can be summarized through the statistical tech-
nique of factor analysis. Factor analysis describes
most of the variance in 2 complex data set in terms of
a few statistically independent linear combinations of
the original variables, known as factors. The algorithm
used in this paper is described by Klovan and Imbrie
[131. Since ail the elements which we analyzed are of
roughly equal geochemical interest in this study, we
scaled the concentration of each element in each
samnple (Table 1) to the {raction of its concentration
range in the data set so that abundant elements would
not dominate the resultant factors as they would if
raw data were used.

Three factors that together explain 98% of the
variance in the scaled data set were generated by the
factor analysis. The elemental loadings for each factor
and the compositions of each sample in terms of
these factors are shown in Fig. 6. Factor 1, which is
dominated by Mn, Ni, Cu, Zn, and Ba, is most abun-
dant in todorokite-rich samples. The nodule with the
highest 9.8 A/1.42 A peak area ratio (MN 1188) is
most highly loaded in this factor. Factor 2 is primarily
a Fe, Co, Ca Factor, and is most abundant in $MnO,-
enriched samples. Again, the sample with extreme
(lowest) 9.8 A/i .42 A peak area ratio (MN 1194)is
most highly loaded in this factor. The final factor,
dominated by Al and Si, represents alumino-silicate
residual phases. Only the phillipsite-rich sample, MN
1193, shows high loadings in this factor.

The anrichment of Ni, Cu, and Zn in todorokite is
possible because of its structure, which is presumed
to be similar to hollandite or psilomelane in having
frameworks of MnOg octahedra and large tunnel
structures where large cations or hydrated metal jons
needed to balance charge can e fitted [12]. Itis
also possible that the metal cations replace octahedral-
ly coordinated Mn'l.

5Mn(O, does not have the room for these cations
in its structure and, therefore, is not enriched in
them. The enrichment of Fe and Co is attributed to
random intergrowths of FeOQOH - H,0 with sheets of
edge-shared MnQOg octahedra in the disordered birnes-
site structure of §MnO, {20]. This would account for
the correlation between Fe content and the presence
of 5MnO, [20]. The replzcement of Mn'"Y by Co in
octahedral sites of the mineral [12] would also account
for Co enrichment in this phase.

3. Discussion and conclusions

Our data indicate that ferromanganese crusts from
the Bauer Basin are richer in § MnO; and contain more
e, Co and Ca than nodules from the same area which
are ticher in todorokite and contain more Mn, Cu, Ni,
Zn and Na. Accessory minerals found in both crusts
and nodules are phillipsite, quartz, iron-rich smectite,
apatite, and barite.

Because crusts grow only in contact with normal
bottom waters, we conclude that they must form by
direct precipitation of ferromanganese oxyhydraxides
from seawater. Incorporation of detritus settling
througl the water column or resuspended particles
captured trom the near-bottom nepheloid layer intro-
duce accessory minerals and possibly add more ferro-
manganese phases {coiloidal material of hydrothermal
origin, for example). Crystallization of amorphous
ferromanganese oxyhydroxides in seawater produces
SMnO,.

In contrast, the nodules appear to have accreted
within the surficial sediments. They show no features
[14] that suggest they grow partially above the
sediment-water interface. Nodules recovered in cores
from the same area typically show nodules buried at
adepth of about 5 ¢m.

We believe that the markedly lower Fe/Mn ratio
in nodules is a result of small-scale diagenetic process-



es within the sediment. Segregation of Fe into a
smectite during the diagenetic formation of the clay
is suggested by recent work on northwest Nazca
piate sediments by Heath and Dymond [10]. They
found that hydrothermal Fe-Mn oxyhydroxides
formed at the crest of the East Pacific Rise are trans-
formed inio iron-rich smectite by reaction with
biogenic silica (opal) after they are transported to the
Bauer Deep. The Mn originally associated with the
iron oxyhydroxide is not accepted by the smectite
structure and crystaliizes as very pure todorekite
micronodules [15]. An analogous scenario can be
visualized for the Bauer Deep nodules: the presence
of reactive silica {opal) leads to the formation of
sedimentary iron-rich smectite. The incompatible

Mn is incorporated inio the noduie and crystallizes
to todorokite, which also accepts Ni, Cu and Zn (per-
haps derived in part from the opal) in the process.
The process can be summarized as:

opal (Cu, Ni, Zn) + Fe-MnQ(OH) = Fe smectite
+ todorokite (Cu, Ni, Zn)

This diagenetic process does not require large-scaie
remobifization of manganese. [t can be adequately
supplied from sediments close to the nodule. Some
of the ferromanganese components in the nodules
may be seawater-derived. From existing data, it is
impossible to establish what fraction of the ferroman-
ganese oxyhydroxides was derived directly from sea-
water. and what fraction was acereted during trans-
formaticn and early diagenetic reactions within the
sediment. In either case, the resultant nodules are
markedly enriched in Mn and depleted in Fe relative
to the crusts.

If the diagenetic process we envision actually oc-
curs and is globally applicable. it explains many enig-
matic features of nodule compositions. In particular,
todorokite-Cu-Ni-enriched nodules will only be found
where biogenic opal is available to react with and
fractionate Fe from Mn. Such opal is available in the
zone of Cu-Ni-rich nodules north of the equator, for
example. In contrast, nodules from red clay areas
where surface productivity is low will show less Fe
depletion and will grade in composition to the crusts,
which retain the original Mn/Fe ration of the authi-
genic oxyhydroxides. Fig. 7 is a schematic diagram
that summarizes the pathways by which we visualize
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The Bauer Deep forms a catchment basin for hydrothermal ferroman-
ganese hydroxyoxide precipitates that drift from the East Pacific Rise.
This process results in an unusually high concentration of amorphous,
reactive iron and manganese-rich phases due to the low input of other
sedimentary components. As a result, the Bauer Deep provides a unique
opportunity to examine the processes that form ferromanganese nodules,
micronodules, and Fe-rich smectites, since the authigenic and diagene-
tic phases will not be as easily masked by sediment phases common in
more normal pelagic basins. Lyle et al. (1977) suggest that formation
of smectites by the reaction of poorly crystalline ferromanganese hy-
droxyoxides with biogenic silica is a means to form economically valua-
ble Cu,. Ni, and manganese-enriched nodules in oxidizing marine sediments.
In this letter I will examine evidence of diagenetic reorganization of
ferromanganese hydroxyoxides and opal in a core from the Bauer Deep to
evaluate the extent to which these reactions occur.

Y73-3-20P (13°36.8'S 102°31'W) recovered 10.6 meters of sediment
in a water depth of 4396 meters. The upper 5 meters are a microfossil-
poor dark reddish-brown metalliferous sediment as has been described by
Oymond et al. (1973) and grades into reddish-brown calcareous foram-
nanno ooze of Late Miocene age {D. Bukry, written communication). Man-
ganese nodules up to 5 cm in diameter were found at the top of the core
and in the trigger weight cores. Another nodule about 1 c¢m in diameter
was discovered at 7] cm depth. Two catastrophic sedimentation events
are indicated by a turbidite Tayer of silicified forams at 409-411 cm

and by a relatively pure foram sand turbidite from 670 to 716 cm.
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Bulk samples were analyzed by atomic absorption spectrophotometry
(AA) for Mg, Al, Ca, Si, Mn, Fe, Co, Ni, Cu, and 7Zn after dissolution
in hydrofluoric acid and aqua regia. A second split was leached with
oxalic acid buffered with ammonium oxalate (Landa and Gast, 1973) to

‘separate the oxide fraction of the sediment, filtered, and the leachate
analyzed by AA for all elements excent Ca (it forms an insoluble oxa-
late precipitate). A third split was sieved at 44 microns while rubbing
gently under flowing water and washed with acetic acid buffered at pH
5 to separate a micronodule-rich concentrate free of dispersed oxides.
Micronodules were separated from this coarse fraction by the oxalic
acid leach and filtration, and also analyzed by AA.

Silica exhibits the most pronounced diagenetic mobility of any
species in this core. Despite the poor preservation of silica micro-
fossils at this site, Fe-stained Si-replaced forams are common in the
coarse fraction of the sediment. C(lay aggregates, possibly loosely
bound with silica, are abundant. The percentage of opaline siiica,
determined by the normative technique of Leinen (1977) and confirmed
by the x-ray diffraction technique described by Molina-Cruz and Price
(1977), remains relatively constant throughout the first 3 meters of
the metalliferous sediment section (Figure 1).

The x-ray diffraction technique estimates a higher opal abundance
in the surface sediment that decreases in parallel with the decrease
in carbonate abundance, however. Both techniques estimate that opal
increases dramatically in the lower 2 meters of the metalliferous sedi-

ment section and within the carbonate ooze, correlated to the increasing
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carbonate content of the sediment. Quartz abundance (Figure 1), esti-
mated by x-ray diffraction, has a similar distribution. It is most
abundant in the surface, decreases downcore as carbonate decreases,
and increases slightly in the carbonate ooze. Dilution by opal masks
its increase within the carbonate ooze. Kastner et al. (1977) have
shown experimentally that calcium carbonate increases the rate at which
biogenic opal is diagenetically altered to chert. I suggest that the
correlation between x-ray determined opal and quartz abundances and
calcium carbonate in the core in this study are due to similar inter-
actions between carbonate and biogenic silica. The carbonate &nhances
the conversion of silica to more ordered forms, such as quartz or
secondary opal. If true, much of the quartz in this core must be
authigenically formed; its variation in abundance are not produced by
processes of sedimentation. If quartz were truly of detrital origin,
Towest abundances would occur in the more quickly deposited carbonate-
rich sediments, opposite of the pattern observed here.

Although Bauer Deep sediments are relatively similar to East
Pacific Rise sediments {Dymond et al., 1373), they are enriched in
silica, most probably from dissolution of biogenic debris. The average
Si/Fe ratio of East Pacific Rise sediment is about 0.15 (J. Dymond,
personal communication) compared with a ratio of ébout 1 throughout
Y73-3-20P. Even when Si bound in opal and in guartz are subtracted
from the sediment, Si is about twice as abundant in Bauer Deep sediments
as in those from the Rise Crest. $i released from dissolving biogenic

debris must also be incorporated in another sedimentary component.
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Kato (1969) has demonstrated that Fe, and to a lesser extent Mn,
coprecipitate Si and Tower its solubility from that in equilibrium with
amorphous silica. Nriagu (1978) hypothesizes that such neoformed cryp-
tocrystalline aluminosilicates fix biogenic Si in the Great Lakes. I
hypothesize that a similar reaction occurs in the Bauer Deep. Fe, de-
rived from poorly crystalline ferromanganese hydroxyoxides, will co-
precipitate S, forming an aluminosilicate that eventually ages to form
an Fe-rich smectite. Although this reaction consumes Fe from the
hydroxyoxide, 1ittle of the Mn is invoived. Manganese can then pre-
cipitate as a separate phase.

The smectite found in the sediment is characterized by poor cry-
stallinity along the c-axis, even though a and b reflections are rela-
tively strong. The crystallinity of the clay is relatively constant
downcore, until the metalliferous sediment-carbonate ooze boundary has
been reached (see Figure 2). Where carbonate percentages increase,
the 060 peak of the smectite in the carbonate-free fraction sharpens
and increases dramatically, however, suggesting that its relative abun-
dance and crystallinity have increased. Carbonate may promote smectite
formation by uptake of protons released as the clay forms. Throughout
the metalliferous sediment section Si and Al leachable by oxalic acid
treatment decrease steadily downcore. This suggests that although the
crystal size of the smectite may not increase, the constituents that
make up the clay are more tightly bound with time.

Ferromanganese hydroxyoxides occur as micro-concretions and as

dispersed hydroxyoxides throughout the core. Although the bulk Fe/Mn
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ratio in the metalliferous sediment section is similar to a hydrother-
mal ration of 3 (Heath and Dymond, 1977) the leachable fraction is more
highly enriched in Mn (Fe/Mn -1.3). Most of this 'excess' Mn is con-
tained in the micronodule fraction of the sediments, consistent with
the model that Fe is partitioned 1ﬁto a smectite and Mn into a separate
oxide phase (Lyle et al., 1977; Heath and Dymond, 1977}. The Fe/Mn
ratio in the micronodules rises dramatically in the Tower part of the
core, to greater than 1 in the carbonate coze. The Fe enrichments may
represent later overgrowths of Fe-rich oxides on the micronodules, as
described by Dymond and Eklund (in press) for micronodules sieved from
470 cm at a nearby station in the Bauer Deep. The data suggests there
is a second diagenetic process that mobilizes Fe during maturation of
the sediment.

Enrichments in Ni, Cu, and Zn in the oxide fraction (oxalic acid
leachable) of micronodules correlate with Mn content of the micronodules
(Figure 1). The similar composition of the nodule at the top of the
core {oxide fraction composition is Mn, 41.9%; Fe, 5.88%; Ni, 1.76%;

Cu, 1.10%; Zn, 0.225%) and suggest that the processes that form nodules
and micronodules at this site are similar.

The evidence contained in this core implies that the following dia-
genetic sequence occurs. Biogenic opal is deposited at the sediment-water
interface and subsequently dissolves within the upper few centimeters of
the sediment. If carbonate is present, a fraction of the silica either
replaces the carbonate or precipitates in micro-environments within

foraminiferal tests. Some of the silica also combines with FeMn-
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hydroxyoxides to form well crystallized smectites. In metalliferous
sediment devoid of carbonate, biogenic SiO2 is fixed through the for-
mation of poorly crystalline Fe-smectites. The abservation that the
measﬁred leachable fraction Fe/Mn ratio is approximately equal to
1 suggests that the formation of smectites must consume approximately
2/3 of the available Fe in the amorphous hydroxyoxides, assuming that
the original Fe/Mn ratio in ferromanganese hydroxyoxides is 3 as in
Rise Crests sediments. If accumulation rates of Fe and Mn are similar
in this core as in others in the Bauer Deep (1.0-2.1 mg Mn/cmz/loo yr;
Dymond and Veeh, 1975), approximately 0.7 to 1.4 mg/cm2/103 yr of Mn
are freed during the formation of smectites to form micronodules and
nodules. In comparison, nodule accumulation rates of Mn reported by
Bender et al. (1970) are from 0.2 to 1.0 mg/cm2/103 yr.

This paper is a part of the author's Ph.D. research at Oregon
State University. Funding was provided by an International Nickel

Company Fellowship, and by the NSF/IDOE Nazca Plate Project.
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Variations of sedimentary components, bulk composition, com-
position of leachable fraction of the sediment and microno-
dule composition downcore in Y73-3-20P. Qua;tz, opal, and
micronodule abundances, as well as the bulk and leach compo-
sitions are reported on a CaCO3 and salt-free basis. Opal
abundances are estimated by the technique of Leinen {1977).
Leach fraction composition is reported as mg leached/kg
original sample.

Change of smectite crystallinity downcore in Y73-3-20P, as

shown by the smectite 060 peak. Shaded section is carbonate
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Abstract

Ferromanganese nodules from the southeastern Pacific Ocean have
distinct regional variations in their mineralogical and chemical
compositions. Nodules from areas of Tow biological productivity have
higher Fe and Co contents and a 6Mn02 mineralogy, while nodules that
1ie beneath regions of higher productivity are enriched in Mn, Ni, Cu,
and Zn and formed of either todorokite or birnessite. The highest M
and Cu abundances 1in nodule occur at the fringes of the productive
region, as has been observed in the North Pacific, while highest
manganese concentrations occur in nodules beneath waters of highest
productivity. HNodules most enriched in Mn grow on sediments that
become reducing at depth; the nodule must receive a component of
remobilized Mn. In areas of moderate productivity, there is no evi-
dence of reducing conditions at depth 1in the'sediments. Other diagen-
etic reactions (e.g., the formation of Fe-rich smectite from ferroman-
ganese hydroxyoxide and biogenic opal must snrich nodules in iin.
Accumuiation rates of Mn, Fe, Co, Ni, Cu, and Zn were calculated by
estimating growth rates uf tie nodu.es trom a regression of chemical
compositional data with growth rates for dated nodules. It predicts
very high growth rates (~100mm/10° yr) for nodules underneath regions of
highest productivity and rates consistent with the bulk of measured
growth rates for the other nodules. Accumwulation rates for Ni, Cu,
and Zn in nadules increase toward regions of highest productivity,
suggesting that thesa@ elements are enriched by a biogenic vector. Mn,

which can be added to sediment through settling of biogenic debris to
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the bottom, receives an additional compenent from its preferential
reductive mobilization. The extra Mn fiux overwhelms higher fluxes of
the other transition metals and causes the nodules most highly enriched

in Cu, Ri, and ZIn to be found at the fringes of productive regions.
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Introduction

Ferromanganese nodules and other ferromanganese oxide deposits
can be classified by the processes that form them into three major
types of deposits (1). The first major class are the authigenic or
hydrogenous nodules. These are considered to have formed by direct
precipitation from seawater, and are characterized by Mn/Fa ratios
near unity and a S—MnO2 mineralogy (2). Diagenetic nodules make up
the second class of these deposits and are recognized by much higher
Mn contents, due to fractionation of manganese from iron within the
sediment either through remobilization of manganese by reducing condi-
tions {3, 4) or through diagenetic formation of iron-rich minerals
that reject manganese (5). The redox condition of pelagic sediments
is primarily controiled by the influx of particulate bjogenic debris
nigh in organic carbon. The flux of biogenic debris also can carry
significant quantities of the minor elements to the sediments (6).
This produces additional compositional variaticns in the diagenetic
nodules. Hydrothermally formed ferromanganese oxides form the third
type of deposit. They form crusts on Mn and Fe precipitated on rocks
and sediments from seawater solutions that have interacted at elevated
temperatures with cooling basalt. Recent studies {7, 8, 9, 10) indi-
cate that true hydrothermal ferromanganese deposits occur only locally
around hydrothermal vent areas. Hydrothermal processes may be of
regional importance only through the supply of Mn and Fe fp seawater
that may later be incorporated into a growing nodule through other

processes.
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Most workers agree that the relative importance of each formation
mechanism will produce regional compositional differences in nodules,
For instance, Calvert and Price (2} have shown that variations in
nodule composition and mineralogy occur from the poorly productive
central gyre regions to more highly productive equatorial Pacific
sites. They suggest that central gyre nodules have compositions
determined by direct precipitation from seawater (authigenic or hydro-
genous formation) while nodules from the equatorial Pacific are more
inf1uenced by diagenetic reactions. Boudreau and Scott (11}, using a
theoretical approach, suggest that diagenetic remobilization of Mn
will only be significant for nodule growth if the oxidizing layer is
less than 40 cm thick. They also show that no other source than
seawater is needed to supply most of the trace metals to nodules.

Work by Lyle et al (1977) demonstrates that both hydrogenous and
diagenentic processes can operate at the same locality. Ferromanganese
crusts that flow in contact with seawater alone have significantly
different compositions than nodules growing in sediments close by.

The nodules are enriched in Mn, Ni, Cu, and Zn, while the crusts have
compositions that resemble authigenic nodules.

The purpcse of this paper is to examine the regicnal variations
of chemical composition and flux of elements to manganese nodules in
the southeast Pacific Ocean in order to discern specific incorporation
processes for Mn, Fe, Hi, Cu, Zn, and Co. I hope to further demon-
strate that the interplay between hydrogenous precipitation and the

range of diagenetic processes can produce striking regional variations
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in manganese nodule chemistry. I also p]ah to demonstrate through
elemental accumulation rate estimates that the enigmatic enrichment of
Cu, Ni, and Zn at the edges of regions of high productivity (6, 13) in
ferromanganese nodules is produced because Mn is supplied to the

nodules by different processes than the minor transition metals.

PROCEDURES:

The data set described in this paper is a combination of previous
analyses compiled in Monget et al (12) and new analyses of MNazca Plate
nodules (Table I). A half or quarter of each nodule described in
Table I was ground coarsely {(to about 30 mesh) in an agate mortar and
pestle. A split was dissolved in hydrofluoric acid and aqua regia as
described by Dymond et al (1973) and analyzed by atomic absorption
spectrophotometry for Mn, Fe, Al, Si, Mg, Cu, Ni, and Zn. A second
split was irradiated three hours at one megawatt on the research
reactor at Oregon State University and analyzed for Sc, Co, Ag, b,
Ba, the rare earth elements, Hf, Th, and U by instrumental neutron
activation analysis. A1l data except Co is discussed in a separate
paper (14). Replicate precision was better than 5% for Mn, Fe, Mg,
Cu, Ni, and Zn and better than 7.5% for Al and Si. Accuracy for all
elements determined by in-house standards are of the same magnitude.

third split was ground fine (less than 325 mesh) in an auto-
grinder under butanol and random powder mounts were analyzed by slow
scan x-ray diffractometry (500 sec/degree 28) using Cu-Ka radiation

with graphite monochromater and Ni filtration. The data was collected
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digitally and smoothed with a 13 point filter. Comparison of crystal-
linities from diffractograms of powdered nodule material ground under
butanol and that ground under Tiquid nitrogen to preserve crystallinity
(13) show little difference between the two techniques. The results

of the x-ray diffraction analysis are also reported in Table I. The
data are reported as the respective areas of the todorokite 9.63 peak,

[=] o]
the birnessite 3.8A peak, and '5-Mn0,' 1.42A peak {mineral usage as in

2
Burns and Burns, 1977) over the combined peak areas. The birnessite
3.6K peak was used instead of the primary 7.23 peak because of possible
smectite and phillipsite interference at 7.2&. Although the 1.42&
peak is common to birnessite, todorokite and the disordered 6—Mn02,
the relative importance of this peak gives a measure of the abuncance
of the disordered S—MnO2 phase.

These data were combined with those compiled by Monget et al (12).
The published analyses were filtered by removing all analyses of
nodules recovered from less than 4000 meters (except for two coastal
nodules at 33°S, 75°W under 3950 meters of water) and by removing all
noduies with A1+Si percentages greater than 10%4. The latter filter
eliminates nodules with significant detrital core material. If more
than one nodule from the same station have been analyzed, the compos-
jtional data were averaged together. The compositional data from the
combined data set of 50 nodules at 40 stations were then plotted to
produce Figures la-1f that show the regional distribution of Mn, Fe,
Ni, Cu, Zn, and Co in ferromanganese nodules from the southeast Pacific

Ocean.
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REGIONAL COMPCSITIOM AND MINERALOGY OF FERROMANGANESE NODULES

The striking pattern of nodule compositions from the southeast
Pacific suggest that Mn compositions of ferromanganese nodules are
strongly related to the biological productivity in surface waters
(compare Figure Ta to Figure 3). Productivity is the major control of
sedimentary redox conditions in the pelagic realm, siﬁce the oxidation
of organic matter within sediments can significantly lower the Eh of

IV, forming a

the sediments. Manganese is relatively immobile aé Mn
variety of Mn oxides including the common marine minerals todorokite,
birnessite, and d-MnOZ. Although MnIV js the stable valence in sea-

water {Eh of 0.75V) and in surface sediments in contact with seawater,

II 2t a relatively high Eh

manganese can be reduced to the soluble Mn
of about 0.5V at a pH of 8 (14), permitting it to be remobilized and
diffuse back to the more oxidizing sediment surface. Subsequent
oxidation to MnIV will result in deposition on the manganese nodule
growing at the sediment seawater interface, as has been suggested by
Lynn and Bonatti (4) and Price and Calvert (3). As reducing conditions
become more intense, cycling of the Mn becomes more intense, and more
may accumulate in the nodule.

The relationship between productivity and sedimentary redox
conditions can be explaored by a simple yet powerful semiquantitative
technique first emploved by Lynn and Bonatti (4) to map the intensity
of redox conditions. There is commonly a color change that can be
obsarved in tops of cores from reducing environments which marks a

eIII 11

redox boundary in the core. F reduction to Fe ~ {15) probably
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causes the sediment color to change from brown to gray-green, although
Lynn and Bonatti give strong evidence that it marks the precipitation
boundary of Mn and thus a much higher Eh (about 0.5V}. The color
change does mark the depth at which the diffusion of oxidants into the
sediment from seawater can no longer buffer the Eh, causing it to drop
rapidliy. The depth to this boundary thus gives a measure of intensity
of reducing conditions within the sediment.

Figure 4 is a map of the depth to this boundary measured in 161
cores taken by Oregon State University in the eastern Pacific and
combined with Lynn and Bonatti's data set. Comparison with Figure 3
shows the strong relationship between sedimentary redox conditions and
surface productivity. Secondary control of the redox conditions is
from continental organic carbon added from the continental margins by
rivers.

Reduction and remobilization of Mn may thus be a major control of
the regional pattern of Mn enrichment in nodules. Hodules are also
enriched in ¥n at the edges of productivity regions, however, where
thick oxidizing sequences of sediments preclude significant remobiii-
zation of manganese, (11), and a second mechanism is needed to enrich
Mn in the nodules found in these regions, as suggested by Lyle et al
(5). #n and Fe are probably added to the sediment as an amorphous
ferromanganese oxyhydroxide colloid or adsorbed on grains that fall
through the water column (15). In the margins of productive regions,
amorphous silica in the form of diatom and radiclarian tests are also

added in significant quantities to the surface sediment. Ouring
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dissolution and reprecipitation of a more stable assemblage, the Fe is
fractionated into an iron-rich smectite, while the manganese has no
stable phase other than the oxide. This mechanism could produce
relatively iron-free Mn oxides. This type of fracticnation may aiso
occur during diagenesis under more reducing conditions.

Fe and Co (Figures 1b and 1c) have antisymmetrical distributions
to manganese. Their highest concentrations are found in the midst of
the poorly productive central gyre region and drop rapidly as produc-

HI 1 in reducing

tivity increases. Although Fe can be reduced to Fe
sediments, formation of authigenic clays, phosphates, and in some
cases, sulfides, will limit its mobility (17). In all but the most
oxidizing marine environments Co will remain as CoII, and not be
influenced by reduction or oxidation reactions. In central gyre
nodules where Tow productivity leads to oxidizing conditions in the

sediment, enrichment of Co in the &-Mn0
I1 OIII

phase may be strongly influ-
Iv

2

enced by Co oxidation and replacement of Mn

C in the mineral
(18). The antisymmetric distribution of Fe and Co with manganese
could result from dilution by manganese. If Fe and Co accumulate
slowly in a nodule at a roughly constant rate, an additional flux of
remobilized manganese to the nodule would reduce their concentrations
in the nodule. This will be further discussed in the next section.

Cu, Ni, and ZIn exhibit more complex behavior than Mn, Fe, or Co.
Cu and Ni are most highly enriched at the margin of the productive

region, while Zn is enriched at this margin and also within the highly

productive region {Figures 1d, le, 1f}. This behavior is similar to
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that reported in the Central Equatorial Pacific (13). Hodules with

the greatest abundance of the manganese mineral todorokite are also
found at the margins of the productivity region (Figure 2)}. The
enrichment of Cu, Ni, and Zn in these nodules could thus be caused by
preferential uptake of these elements by todorokite over either 6—Mn02
or birnessite. There are several lines of evidence, however, that
suggest that this hypothesis is not completely true. Although there

is data (5) and plausible argument (19) that the disordered d-MnO2
mineralogy will not incorporate as much Cu, Ni, Zn, or other divalent
cations as todorokite, even when elemental availability to both minerals
is similar, there is no evidence for birnessite-todorokite fractiona-
tion. Burns and Burns {19} indicated that Cu, Ni, and Zn replace MnII
in both todorckite and birnessite. Studies of a hydrothermally formed
suite of manganese oxides ranging from pure birnessite to nearly pure
todorokite dredged from the Galapagos Rise (8) show no correlation
between mineralogy and the concentration of Cu, Ni, or Zn. Admittedly
these elements are present in the manganese oxides in very low abun-
dances and may never reach a concentration where preferential uptake
may be significant. Todorokite has been synthesized by treating a
synthetic birnessite with a 10% solution of Cu, Ni, or Co (20), while
Giovanoli et al (21) has demonstrated that Cu, Ni, and Zn stabilize
the metal-rich buserite (equivalent to my usage of todorokite) cver
its Mg equivalent. The zone of high Cu, Ni, and In that coincides
with the region of high todorokite may thus represent the stabilizing

of the todorokite structure by these elements and not an enrichment of
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Cu, Ni, and Zn in nodules by their preferential uptake in todorokite.

Biogenic vectors may be responsible for nodules enriched in Cu,
Ni, and Zn (6). Trace metals are incorporated in the soft parts or
tests of plankton, or perhaps are adsorbed to test surfaces. These
sink to the bottom after the organism dies, where most dissolve and
release their trace metal constituents. The trace metals can then be
incorporatad into the growing manganese nodule. Evidence for this
type of mechanism comes from elemental analyses of phytoplankton (22)
which show significant abundances of Cu, Ni, and Zn in both the organic
fraction and tests. Additional support is provided by studies of
variations of the water column composition of Cu, Ni, and Zn. i and
Zn have a high deep water concentration that correlate with dissolved
Si and suggest that dissolution of tests or the accompanying organic
fractions releases these elements (23, 24). Cu distribution in the
water column is not so simple, yet still looks like its primary control
may be by scavenging onto particulates (25). Deep waters are also
enriched in Cu indicating that it is released at the bottom.

The transport and concentration of Cu, MNi, and Zn at the sediments
by plankton would most probably produce the highest accumulation rates
of these elements in nodules underneath the regions of highest surface
productivity. This may not be at all obvious from nodule concentration
data, however. Manganese uptake by nodules, although also related to
productivity, need not accumulate in a constant proportion to the
minor elements. Although one might postulate a Tinear increase of Cu,

Ni, or Zn accumulation rates with productivity, remobilization of Mn
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would probably cause an additional flux of Mn to the nodules. Because
Mn oxides are the major component of ferromanganese nodules, any
additional flux of Mn would overwhelm the additional fluxes of other
elements. Examination of concentration data would then show a high of
Cu, Ni, and Zn at the margins of the productive zone because of Mn
dilution in more highly producitve regions. To truly understand the
processes of incorporation of these elements into manganese nodules,
we must examine elemental fluxes into nodules and not elemental abun-

dance data.

ESTIMATION CF ELEMENTAL ACCUMULATION RATES IN NODULES

Although the study of elemental accumulation rates provide unam-
biguous information about the uptake of elements in nodules, the
difficulty in dating nodules has hindered progress in this field.
Most commonly nodules have been dated by alpha counting of 230Th. A
known surface area is scraped and the scraped material weighed to
calculate the depth of the sample interval. The decay of excess 230Th
in the depth intervals is then used to determine the age (26). The
technique suffers because of the slow growth rates of the nodules --

230Th commonly decays away in the upper few milli-

all of the excess

meters of the nodule. Extreme care is necessary to obtain good dates.
A simpler technique, total alpha counting, is fast becoming the

standard method of nodule dating (27, 28, 29). The distribution of

total alpha activity in a nodule slice is measured with plastic films.

To date the nodule, it is assumed that the exponential decrease of
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alpha tracks is due to the unsupported decay of 230

Th and its daugh-
ters. The assumption seems to be reasonable in most cases (29).
Other dating techniques have been occasionally applied to nodules,

including 10

Be, K-Ar dat%ng of nodule cores, and 234U decay (26).
These have been primarily applied to extend dating beyond the outer
few millimeters of the nodule.

Despite the inherent difficulties in dating nodules, about %0
have now been dated (26, 30). Most have growth rates between 1 and 10
mm/TO6 yr, although recent data extends growth rates in pelagic nodules
to greater than 50 mm/105 yr. The existing data suggest the slowest
growing nodules form in regions of Tow productivity. HKodules with
high growth rates come from areas of higher productivity, where addi-
tion of remobi]fzéﬁ Hn to the nodule should increase its growth rate.
This concept has been jllustrated by Calvert (31) who shows that Mn/Fe
ratios increase in nodules with higher growth rates. This implies
that it could be possible to predict growth rate of nodules, and
therefore elemental accumulation rates, from their chemical composi-
tion.

There are 20 dated nodules with reasonably complete chemical
analyses performed on them (30, 32, 33). The elemental abundances of
Mn, Fe, Ni, Cu, and Co from these nodules formed the basic data set
for a multiple regression analysis to predict the growth rates of
manganese nodules. These elements were chosen because their abundances

are most commonly reported in the nodule 1iterature and because they

comprise the bulk of the oxjde fraction of the nodule. Some elements,
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for example Fe and Co, may accumulate in nodules primarily through
direct precipitation from seawater. If so, the growth rate of the
nodule should be inversely proportional to the concentrations of these
elements (33). Accordingly, the inverse of all the elemental abun-
dances were also included in the regression. The elemental abundances
iﬁ the 20 nodules were first normalized to remove the effects of non-
oxide diluents and the corrected abundances for these 5 elements as
well as their inverses were entered into a stepwise multiple regression
analysis.

An equation with 2 terms explaired the majority of the variance
in the data set:

GROWTH RATE = 6.30(1/Fe) + 42.02(Fe) - 31.20

where Fe = Fe/Fe + Mn + Ni + Cu + Co

The entire equation is significant at >89.9% confidence level. *0f the
two terms, 1/Fe explained 86% of the variance in the growth rate data
set, while Fe explained an additional 3%. Standard error of the
estimate is £5.8 mm/1O6 yr. A plot of estimated sedimentation rate
against measured rates is shown in Figure 5.

Growth rates for the same data set used to produce Figure 1 were
estimated by this equation. The data set suggest that nodule growth
rates may be greater than 100 mm/106 yr in certain cases, approaching
growth rates as have already been reported for shallow water and fresh
water nodules (26). When combined with elemental abundance data, the

growth rates produce the elemental accumulation rate patterns mapped

in Figure 6.
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The distribution of Fe accumulation (Figure 6a) shows some in-
crease with productivity. Manganese (Figure 6b) has a much more
intense increase when it enters the productive region, however. Where
Fe accumulation rates are about 10x greater in the productive region
than in the central gyre, manganese accumulates up to 200x faster.

The huge difference in response to productivity between Mn and Fe
produces their anticorretlated behavior.

Manganese shows the strongest reaction to the change in produc-
tivity, even though manganese is less biologically active than Fe.

Its remobilization by minor changes in Eh conditions has probably the
greatest effect on its distribution in nodules, as suggested by the
concentration data.

Fe may respond to productivity in two possbile ways. Significant
amounts of Fe are incorporated into phytoplankton (22), and thus high
productivity and subsequent dissolution of biogenic remains may provide
Fe to nodules. Alternatively Fe could adsorb to tests or other sinking
particles and be carried in this fashion to the sediments and ultimate-
1y to nodules. Either process will probably not be as significant as
diagenetic remobilization of Mn.

Cobalt (Figure 6¢) shows no strong pattern, but does have some
correlation with productivity. Because it shows no enrichment in
phytoplankton (22), the enrichment in more productive regions is
probably a response to adsorption and transport by particulates.
Because plankton produce the majority of particles in the pelagic

realm, there should be some relation to productivity.
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Of major interest is the pattern of Cu, Ni, and Zn accumulation
in the nodules {Figures 6d,e,f). Unlike the concentration data (Fig-
ures 1d,e,f) all these patterns show strong similarity. The accumula-
tion rate patterns for ali three elements also show a strong resem-
blance to primary productivity in the surface waters, and suggest that
transport of Cu, Ni, and Zn to the sea floor by biologic activity
delivers these transition elements to ferromanganese nodules. [t is
uniikely that these eiements aré enriched in surface sediments by
reduction within the sediment column. Zn is not reduced, while Cu is
fixed by more reducing conditions (14). Ni may be reduced and remobii-
jzed as the Eh drops below that of seawater, however. Since its
distribution does not resemble.Mn more closely, [ argue that supply is

a more important control on its distribution.

CONCLUSIONS

The data I have presented in this paper suggest a few relatively
simple processes produce the regional variations in ferromanganese
nodule compositions observed in the Southeast Pacific. First, to ail
nodules comes a low background flux of Fe, Mn, Co and other trace
metals that directly precipitate from seawater. This seawater flux
provides all of the transition metals to nodules from the central gyre
and provides most, if not all, of the transition metals to ferromangan-
ese coatings growing on hard substrate, even if they occur in more
productive regions.

A strong input of biogenic debris to sediments enriches nodules
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growing within the sediment in manganese, either by fractionation of
Mn from Fe ejther through formation of iron-rich smectites, ar through
reduction and remobilization of Mn. The addition of Mn to the nodule
allows the formation of more ordered manganese minerals, forming first
todorokite at the margins of the equatorial productivity region, and
then birnessite where surface producfivity is higher.

Cu, Ni, and Zn are carried by the rain of biogenic debris to the
sediments, where dissolution frees them to be incorporated within the
nodules. High concentrations in the nodules (about 1% Cu and Ni) of
these elements may stabilize the todorokite structure at the margins
of productive regions.

The strong relationship between manganese concentration in nodules
and redox conditions of sediments may explain the variation of Mn and
Fe within nodule Tayers. High i{in layers would have grown during times
of more intense reducing conditions (and hence higher productivity of
surface waters), while high Fe, low Mn layers would have been produced
when sediments were more oxidizing (lower productivity) or if the
nodule were exhumed by strong bottom currents or benthic bio]ogicaT
activity. In the latter case, the noduie has been isolated to some
extent from diagenetic reactions within the sediment and its chemistry
is more controlled by authigenic precipitation reactions from seawater.
It may therefore be possible to use nodules to trace the productivity
of surface waters through time, if one can eliminate exhumation ef-

fects.
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Figure Captions

Figure 1: Regional distributions of {n, Fe, Co, Ni, Cu, and Zn in the
southeast Pacific. Data are from this study and (12).

Fiqure 2: Mineralogy of ferromanganese nodules in the southeast
Pacific (this study). T = todorokite, B = birnessite.

Figure 3: Primary productivity of surface waters in the southeast
Pacific based on EASTROPAC data (35). Inset shows the
generalized productivity of the Pacific Ocean (36).

Figure 4: Thickness of the oxidized layer in cores from the southeast
Pacific. Data from this study and (4). The most reduced
sediments map surface productivity patterns and continental
input of organic matter.

Figure 5: Ferromanganese nodule growth rates estimated from Fe content
(see text) plotted against measured growth rates, for 20
nodules that have been both dated and chemically analyzed
(30, 32, 33}.

Figure 6: Estimated accumulation rates of Mn, Fe, Co, Ni, Cu, and iIn
in southeast Pacific nodules. Hote the difference between
Cu, Ni, and Zn accumulation rates and their elemental abun~

dances (Figure 1).
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Figure 2
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ABSTRACT

Marine ferromanganese oxjides form four major ferromanganese deposits:
hydrothermal crusts, ferromanganese coatings on basalt, ferromanganese
nodules, and a mixture of micronodules and other dispersed hydroxyoxides
within marine sediments.

Hydrothermal crusts grow only near active marine hydrothermal sys-
tems that cool newly emplaced basaltic crust. The crusts are character-
ized by rapid growth rates, extreme fractionation of Mn from Fe, low
accessory element concentrations, and well crystallized manganese
minerals.

Ferromanganese coatings on basalt can receive an Fe-rich component
from a hydrothermal source but are mainly composed of ferromanganese
oxides grown by direct precipitation from seawater (hydrogencus forma-
tion). They have 5-Mn02 mineralogy, have almost equal Mn and Fe abun-
dances, are relatively enriched in the rare earth elements, highly en-
riched in Ce and Co, and have relatively Tow Cu, Ni, and Zn abundances.
Coatings with a large hydrothermal component are more enriched in Fe,
and generally have lower trace element contents.

Nodule and micronodule compositional variations resulting from dif-
ferent sources of transition metals may be further modified by diagenetic
reactions within the sediments. The most extreme of these is preferen-
tial reductive mobilization of manganese within the sediment column by
oxidation of organic carbon and subsequent Mn diffusion to the Seawater-
sediment interface, Because supply of organic carbon to marine sediments

comes primarily from biclogical productivity in the surface waters and to
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a lesser extent from terrigenous sources, ferromanganese oxides formed
or altered by this process 1ie beneath highly productive surface waters
or near continents. They are characterized by refatively pure well-
crystallized manganese cxides, generally the 7 E mineral birnessite, and
by rapid growth rates. Mn/Fe ratios are § or greater, and accessory ele-
ment contents are low.

Ferromanganese deposits enriched in Mn relative to hydrogenous pre-
cipitates are also found in the Bauer Deep and other areas along the
fringes of the most highly productive regions, where sediments are not
reducing enough to remobilize Mn. Oxic diagenetic reactions, such Fe-
smectite formation from biogenic opal, fractionate Fe from ferromanganese
hydroxyoxides. The released Mn precipitates as nodules and micronodules.

Iron and manganese that form the ferromanganese deposits have only
two ultimate sources: runoff from the continents and Hydrot;erma1 fluids
that have interacted with cooling basalts formed on the mid-ocean ridges.
Seawater acts as a reserveoir and mixing chamber for these two sources as cur-
rents carry the introduced metals far from their input point. The relative
magnitudes of terrigenous and hydrothermal input are roughly equal on the

Nazca Plate, although terrigenous input may dominate worldwide.
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INTRODUCTION

The ferromanganese oxides form four major types of marine deposits:
nodules, coatings on rocks, hydrothermal crusts, and micronodules. Most
spectacular are the huge deposits of ferromanganese nodules, found
throughout the oceans in regions of slowly accumulating sediments (Mero,
1965). The nodules are generally at least 1 cm in diameter while some
grow to be greater than 10 cm across. They have shapes that range from
flat discs toc almost spherical concretions and are primarily composed of
Fe and Mn oxides, although they contain at Teast trace amounts of almost
every naturally occurring element.

Ferromanganese oxides also occur as coatings on basalt or other hard
substrate. Normally these coatings are on the order of 1 mm thick on
fresh basalts, but may reach several centimeters in thickness on older
rocks. Their chemistry to a certain extent resembles that of the
nodules, although they tend to be more iron-rich and have systematic
variations in the other transition metals (Lyle et al., 1977; Toth, 1977).

The most recently documented ferromanganese deposits occur near mid-
ocean ridges and are associated with cooling of newly emplaced crust by
seawater (Corliss et al., in press; Moore and Vogt, 1975; Cann et al.,
1977; Lalou et al., 1977; Scott et al., 1974). They occur as crusts
coating basalt or sediment and can be distinguished from other basalt
coatings by the extreme purity of the constituent manganese oxides.

Hydrothermal deposits of essentially pure Fe-oxides or mixed Fe-
oxides and Fe-smectites have also been reported (Toth, 1977}.

The fourth type of ferromanganese oxides are micronodules and dis-
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persed oxides within sediments. Micronodules are small concretions less
than T mm in diameter that grow separately within the sediment or at-
tached to other sedimentary grains. Much of the dispersed oxide fraction
occurs as coatings on other sediment components though a significant
fraction may also form separate particles in the extremely fine fraction
of the sediment. The chemistry and mineralogy of micronodules has not
undergone the extensive study that macro-nodules have. Reported compo-
sitions do resemble the larger concretions, however (Dymond and £klund,
1978; Lopez, 1977; Friedrich, 1976).

Although the ferromanganese oxides occur in a diverse set of mor-
phologies and have diverse mineralogies and elemental abundances, this
diversity can be accounted for by relatively few processes. In Figure
1, I have illustrated the pathways through which ferromanganese oxides
enter the oceans and then become redistributed. As I will show in later
sections, the true source of Fe, Mn, and other elements in ferromanganese
deposits can only rarely be distinguished. Hydrothermally influenced
deposits can be recognized near the axis of the mid-ocean ridge; terri-
genous deposits are generally so reorganized by diagenesis that
only process and not source can be recognized. The majority of
ejements that eventually find their way into the various types of
concretions have been relatively well mixed after being added to the
oceans. Precipitation from the oceanic reservoir forms what others
have called hydrogenous or authigenic deposits (Krishnaswami, 1976).

Diagenesis due to interactions between newly precipitated ferroman-

ganese hydroxyoxides and other sedimentary components dominate the re-
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gional geochemistry of the ferromanganese deposits. In regions of rela-
tively Tow surface productivity or in deposits that grow only in contact
with seawater, 1ittle or no diagenesis occurs. These deposits have ele-
mental abundances and a mineralogy that can be considered hydrogenous
{authigenic).

Interactions of ferromanganese oxides with biogenic silica occur
where productivity of the surface waters is of intermediate value. For-
mation of Fe-rich smectites fractionates Fe from Mn; more manganese rich
oxides are thus formed (Heath and Dymond, 1977; Lyle et al., 1977). Ni,
Cu, and Zn absorbed or incorporated in the microfossil tests and releas-
ed by dissolution can also be added to the growing concretions_(Ca?vert

and Price, 1977; Greenslate et al., 1973; Lyle, in prep.).

Under regions of high productivity, Targe amounts of organic carbon

v to MnII

are added to the sediments. Reduction of Mn coupled with the
oxidation of organic matter remobilizes Mn within the sediment column
and deposits it in an oxidized surface Tayer. Some of the remobilized
Mn can be added to surface concretions, enriching them highly in Mn.
Because Fe and other transition metals are not mobilized concurrently,
relatively pure Mn oxides form.

The body of this paper will explore scurces of Fe and Mn on the
Nazca Plate and the effects that source and diagenesis have on the major

ferromanganese oxjde deposits. I will begin with estimates of the

magnitude of Mn and Fe sources on the plate and suggest possible disper-
sal paths. I will then describe the various ferromanganese deposits,

beginning with hydrothermal deposits, whose chemistry is strongly in-
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fluenced by source, followed by ferromanganese coatings on basalt which
can be influenced by hydrothermal input but also form from the more
indiscriminate hydrogenous ‘source'. The regional geochemistry of fer-
romanganese nodules, micronodules, and the leachable fraction of sedi-
ments will illustrate the diagenetic processes that control the geo-

chemistry of ferromanganese oxides growing on or within sediments,

PROCEDURES

Ferromangancse Nodules and Ferromanganese Basalt Coatings

. Either one half or one quarter of each ferromangan nodule in the
SEQQQ was coarsely ground (-30 mesh) in an agate mortar. In addition,
portions were scraped from the tops and bottoms of each of three nodules
(C141, C165, C169) which had distinguishable top and bottom features as
described by Raab (1972) and subjected to separate analysis. A split was
taken for X-ray diffraction analysis and ground fine (<325 mesh) under
butanol in an autogrinder. Random powder mounts were X-rayed at 500 sec/
deg 28 with Cu-K « radiation from 5-70° 28. A second split was dissolved
whole under heat and pressure in hydrofluoric acid and aqua regia and ana-
lyzed in replicate for Mg, Al, Si, Ca, Mn, Fe, Co, Ni, Cu, and Zn by
atomic absorption spectrophotometry (see Oymond et al., 1973, for more

complete description of the technique). The precision of analyses was

better than 8% for Al, Si and Ca and better than 5% for the other elements.
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Accuracy determined by in-house standards were of the same level, A
third split was dissolved in oxalic acid buffered at pH 3 by ammonium
oxalate {Heath and Dymond, 1977} to separate the oxide fraction of the
nodule from silicate and other refractory components. The solution was
filtered through prewashed, preweighed 0.45u filters to determine the
percent of non-oxide components within the nodule and to ailow the cal-
culation of the composition of the oxide fraction and of the residue.
Residues collected on the filters were also subjected to X-ray diffrac-
tion analysis to determine their mineralogy. The leachate was analyzed
by AA for Mg, Al, Si, Mn, Fe, Co, Ni, Cu, and Zn. Ca was not analyzed
because it forms an insoluble oxalate precipitate. Precision of the
analysis was determined by repeated leaching of an in-house Bauer Deep
sediment standard. The analyses indicate a precision of better, than 15%
for Si, better than 10% for Co, and better than 5% for the others.

Two other splits of the ground noduie material were taken for in-
strumental neutron activation analysis {Gordon et al., 1968). One was ir-
radiated untreated for the elements Sc, Co, Ag, As, Sb, Ba, La, Ce, Nd,
Sm, Yb, Tb, Lu, Hf, Th, and U. The second was leached as described above.
The residue was collected and weighed, and a portion irradiated to analyze
for the elements listed above. The material scraped from the tops and bot-
toms of the nodules had too little sample for the residue study.

Ferromanganese coatings were treated similarly to the nodules
except in sampiing. One sample, FDR75, was thick enough that the sam-
pling procedure was similar to the nodules. The others were scraped

from their substrate of gither fresh or altered basalt. Only FDR75 and
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DM 1016 had enough sample to attempt the neutron activation residue
study.

The data from these anaiyses are presented in Tables I and II.
Also included in the table are four samplies from other recent studies

{Corliss et al., in press; Toth, 1977; Lyle et al., 1977) located on

the Nazca Plate.

Micronodule and Sediment Analysis

Surface sediment samples were available from the same stations as
all nodules in this study except Y73-3-22D, in the Bauer Deep. The
samples were first split for micronodule analysis and a bulk sediment
study. The split designated for bulk sediment analysis was further sub-
divided for buik chemical analysis, leach chemical analysis, and for
X-ray diffractometry. Bulk chemical analysis was accomplished by a
combination of atomic absorption spectrophotometry and neutron activa-
tion analysis as had been done for the nodule study.

Leach chemical analysis was performed to separate the micronodule
and dispersed oxide fraction from the other sediment components by the
same technique as for the nodules. The oxalic acid leach solution was
filtered through prewashed, preweighed 0.45 u filters, and the leachate
analyzed for Mg, Al, Si, Mn, Fe, Co, Cu, Ni, and Zn by AA,

A third part of the bulk sediment was examined by X-ray diffrac-
tometry. The subsample was first leached with acetic acid buffered at
pH 5 with sodium acetate to remove any calcijum carbonate. A preliminary

study revealed that this treatment did not chemically attack micronodule
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material to any significant extent. The acetic acid Teached sampie was
ground fine (<325 mesh} under butanol in an autogrinder and random pow-
der mounts of the material were X-rayed using Cu-K= radiation at a scan
rate of 500 sec/degree 28 over a range of 5° to 70° 26.

Micronodules were separated from the second split of the sediment
by a combined physico-chemical technique. The sediment samples were
first wet sieved at 44 u (325 mesh) to remove the clay fraction. Clay
aggregates were dispersed and removed by gently rubbing the sample through
the sieve under flowing water. Calcijum carbonate debris was removed by
Teaching with acetic acid buffered at pH 5 with sodium acetate. This
has thé additional effect of probably removing any adsorbed or surface-
coating ferromanganese oxides. The coarse fraction was examined both
before and after leaching as a qualitative determination of minerals
present in the sediment. Results are described in Appendix 3.

The final separation of micronodule material from the coarse frac-
tion of the sediment was achieved by the buffered oxalic acid leach
technique. The leach was filtered again at 0.45u and the difference in
weight between the residue and original sample was used to determine
the weight of micronodules analyzed. Accuracy of the micronodule weight
is to within 1-2 milligrams.

Atomic absorption analysis was performed for Mg, Al, Si, Mn, Fe,
Co, Ni, Cu, and Zn. Precision determined by replicate analyses is better
than 10% for all elements. Absolute composition seems good for samples
where greater than 5 mg of micronodule material was leached. Relative

abundances for those samples where less micronodule material was leached
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still seem good except for Y71-9-86 MGI. There was so little micro-
nodule material leached in this sample that the data was ignored.

Sediment and micronodule analyses are reported in Tables III and IV.

SOURCES OF Mn AND Fe ON THE NAZCA PLATE AND THEIR DISPERSAL AGENTS

Ferromanganese ‘
oceanic ferromanganese deposits. There are only two ultimate sources
of manganese and iron in seawatervand marine sediments - the continents
and the mantle. Erosion strips sediments and dissolved constituents
from the land and cycles them into the oceans. Emplacement of basaltic
crust derived from the mantle and the high temperature interaction be-
tween seawater and rock will also leach Mn, Fe, and other constituents
and deliver them to the oceans.

The relative proportions of Mn and Fe that enter the oceans at
rise crests are probably best estimated from the composition of sedimen-
tary deposits at the East Pacific Rise (Dymond et al., 1973; Heath and
Dymond, 1977)}. Although hydrothermal solutions emanating from rise
crests have now been collected (Corliss et al., in prep.} local condi-
tions are important enough to produce major variations in solution
chemistry (Stakes, 1978). The sediments most probably collect precipi-~
tates from large numbers of hydrothermal fields in all stages of develop-
ment. They therefore remove the effects of local variations. The Fe/Mn
ratio of East Pacific Rise sediments is relatively constant at 3.0 all
along the Rise Crest {Heath and Dymond, 1977). I

will use this as the ratio of Fe to Mn from hydrothermally derived
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material. Lyle (1976) (see Appendix 1) has estimated the hydrothermally

derived manganese input to the oceans to be 9 x 1011

gm/yr. The esti-
mate is based on accumulation rates of Mn in a rough transect across the
EPR at 11-17°S. The worldwide estimate is based upon the assumption
that manganese leached by crustal alteration is proportionai to the
amount of crust emplaced per year. The input of manganese to the oceans
at the spreading margins of the Nazca Plate can be estimated through

use of the same assumption. The production of 0.92 km2 new crust per
year {based upon Minster et al., 1974) around the Nazca Plate will pro-

duce 3 x 101] gm Mn/yr to the oceans. From the hydrothermal ratio

given above, approximately 9 x 101]

gm Fe/yr are released by the same
process.

Terrigenous Fluxes of Mn and Fe from Scuth America are necessarily
tentative because of the sparse amount of data available. Before I dis-
cuss the methods I used to estimate continental fluxes, I first wish to
develop a qualitative model for the mechanism that coentrols continental
loss of Mn and Fe.

Mn and Fe are removed from the continents through the erosion of
highlands and transport of dissolved and particulate erosion products
to the sea in rivers. Although Mn and Fe are dissolved components in
river water, most Mn and Fe are associated with the particulate fraction
carried by the river [Boyle et al., 1977; plus suspended sediment load
of about 400 mg/1, Turekian, 1969). As the manganese and iron pass

into the marine environment, the dissolved fracticn converts to parti-

culate form (Boyle et al., 1977; Graham et al., 1976) and either setties



65

out of the water column within the estuary or passes into the open
ocean to deposit on the continental shelf with mest of the suspended
load of the river.

Because of the large percentage of organic debris carried by the
rivers, these shelf sediments are mildly to strongly reducing through-
out the entire sediment column. Any MnIV existing as oxide particu-
lates or adsorbed to other grains could be remobilized and cycled back
to the sea. Most of the dissolved load of Mn which had precipitated
in the estuaries and a significant fraction of the particulate Mn
should thus escape from the sediments. Fe not contained in silicate
phases is also reduced, but I will assume that much of this Fe is fixed
by formation of diagenetic minerals such as sulfides, clays, and phos-
phates {(Krauskopf, 1956). The continentally derived Mn and Fe, now
fractionated to be more Mn rich, is carried away by surface currents

and mixed with normal ocean waters.

Continental Mn, Fe Input to the Nazca Plate

The continental Mn and Fe contribution from South America to the
Nazca Plate could be estimated from runoff data for the Pacific Coast
of South America. Since 1ittle runoff data for rivers on the western
side of the continent are available, hewever, I have used maps of average
rainfall for Chile and Colombia (Prohaska, 1976; Snow, 1976) and con-
toured the sparse data for the Pacific coast of Ecuador presented in
Ferdon {1950) to estimate average rainfall to these countries. I as-

sumed that for a maximum estimate, rainfall must equal runoff. By this
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technique I estimated that 3 x 10]4 1/yr flows from Colombia to the

Pacific while 2 x 1014 1/yr and 1 x 1015

1/yr flow from Ecuador and
Chile, respectively. Average total runoff from Peru is 4 x 1014 1/yr,
primarily from the north coast (Zuta and Guillen, 1970). The total for
the entire coast is about 2 x 10]5 1/yr.

The total mass of Mn and Fe that reaches the shelf will be equiva-
lent to the dissolved plus particulate load of the river, since I assume
that all dissclved Mn and Fe will coagulate and precipitate. The amount
of continental material added to the continental shelf can now be esti-
mated by assuming that the particulate load of the river is proportional
to runoff. On the Pacific Coast of South America, this does not seem to
be a bad assumptian; Scholl and others (1970} have demonstrated that the
volume of Cenozoic sediments on the Chile margin are proportional to the
rainfall on land. Their maximum denudation rate suggests that Chile sup-
plies approximately 10M gm/sed per year to the shelf, and implies an
average suspended load of 100 mg/liter. Turekian {1969) has estimated
average suspended load for the world’s rivers to be 400 mg/liter, which
I will use for a maximum suspended load. The rivers of South America

4 gm/yr to the shelf

thus supply a suspended sediment load of 2 to 8 x 10
and slope of the continental margin.

The average sediment compasition of 20 cores taken from the
continental margin of Ecuador and Peru is about 400 ppm Mn and
4.7% Fe {Erwin Suess, personal communication). An estimate for

remobilization for this shelf sediment can be made by comparing this

average to either average igneous rock or average shale composition es-
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timates (Broecker, 1974: Wedepohl, 1969a,b). The difference should
represent the remobilized fraction. Estimates of Mn content in the
average shale or igneous rock range from 600 to 950 ppm -- significantly
higher than the Peru shelf sediments. Average Mn loss can be estimated
to be 200 to 550 ppm from the continental shelf sediments of South
Fmerica. Fe contents of Peru shelf sediments fall within the ranges
quoted for average igneous rock or shale. I cannot therefore distin-
guish Fe loss from these sediments by this approach.

10 11

to 4.4 x 10" gm of Mn would be remobilized

Approximately 4 x 10
from particulates each year on the continental shelf of South America.
[f the same type of argument is applied to the suspended load discharged

12

by the world's rivers, continental Mn flux should be 1-7 x 10'“ gm/yr.

Elderfield (1976) calculated that precipitation of Mn in deep-sea sediments

required 1-7x10'2

gm of Mn in excess of the dissolved stream supply.
Elderfield's value is for all other sources including hydrothermal
sources; nonetheless, the similarity of the numbers provides support
for my model. Total Mn removed from the continent will also include
the dissolved Mn, which will have a flux of 1 x ]0]0 gn/yr (based upon
7 ppb Mn in average river water; Turekian, 1969). The total Mn flux

10 11

to 4.5 x 10" " gm/yr. Table

from South America should be about 5§ x 10
V 1ists the fluxes of Mn and Fe from terrigenous and hydrothermal sources

around the Nazca Plate.

DISTRIBUTION OF TERRIGENOUS AND HYDROTHERMAL Fe AND Mn
Iron and manganese entering oceans at mid-ocean ridges will be

dispersed in a much different fashion than that derived from the South
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American continent. Hydrothermal Mn and Fe is injected in dissolved
form into the bottom waters, so bottom flow will govern the hydrothermal
distribution. Terrigenous Mn and Fe will be added to near-surface
waters passing over the continental shelf, so that surface currents or
midwater flow will govern the dispersal in this case. Reducing abyssal
sediments near the continents may also cause remobilization of terri-
geneous Mn and addition into bottom waters, however,

Figure 2 illustrates the generalized surface circulation for the
Nazca Plate and shows where maximum river runoff occurs. As this figure
demonstrates, most continentally derived elements will travel along the
coast and be carried offshore between 15°S and the equator.

As terrigenous Mn and Fe are being carried by the near-surface
currents, they will be continually stripped from the waters by adsorp-
tion onto biogenic tests or by incorporation into the planktonic or-
ganisms. The highest productivity occurs along the continental margin
(Zuta and Guillen, "970); Mn and Fe may thus cycle many times between
waters and sediments before escaping the margin. The surface waters of
the Eastern equatorial Pacific are also highly productive (Love and
Allen, 1975) so the cycling of continental Mn and Fe to the sediments
near the equator should be very effective.

Circulation of abyssal waters that controls the distribution of
hydrothermal Mn and Fe is more poorly understood than surface circula-
tion. Lonsdale (1976) has developed general circulation patterns for
the southeast Pacific, however. Flow over the East Pacific Rise most

probabiy passes through fracture zones in the north and is forced
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south by topographic confinement of the Fossil Galapagos Rise (Figure
3). Hydrothermal components for this highly active section of the
mid-ocean ridge are thus largely confined in the Bauer Deep. A

second flow of abyssal waters enters through fracture zones on the

southern boundary of the Nazca Plate. There is much less crustal pro-
duction on this segment of the mid ocean ridge, however, so hydrothermal
influence is probably not as great as in the northwest corner of the
plate.

Most manganese and iron from either hydrothermal or terrigenous
sources gets stripped from seawater near where they enter the oceans.
Biological vectors remove much of the terrigenous Fe and Mn along the
margin and in the northeast corner of the plate. Hydrothermal Fe and
Mn precipitate rapidly to the sediment as indicated by accumulation
rates (Dymond and Veeh, 1975) and modeling studies (Weiss, 1977). The
remains mix together to form the hydrogenous 'source’.

As will be seen in the next two sections, effects of the hydro-
thermal source can be distinguished near the East Pacific Rise Crest.
Extensive diagenesis of terrigenous source material masks its distinc-
tive characteristics, however. Diagenetic processes will control the

geochemistry of deposits near the continental margins.

HYDROTHERMAL FERROMANGANESE DEPOSITS ON THE NAZCA PLATE
Hydrothermal ferromanganese deposits are one of the few marine
ferromanganese deposits where source can have demgnstrable effect on

the geochemistry of the deposit. Marine hydrothermal systems debouch
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fluids relatively rich in both manganese and jron, but carry only trace
amounts of the other common elements in ferromanganese deposits. High
concentrations of HZS’ such as found in the Galapagos hydrothermal
fluids (Corliss and others, in press), suggest Fe and other trace
metals are precipitated in the rocks as sulfides. The huge influx of
Fe and Mn causes the deposits to grow quite rapidly, as has been re-
ported by Scott and others (1974), Moore and Vogt (1975), and has been
inferred by Corliss and others (in press}).

The rapid growth rate precludes incorporation of large abundances
of trace metals from seawater {Toth, 1977; Corliss and others, in press),
and also prevents large scale preferential enrichment of elements such
as Ce and Co from seawater as may be seen in more normal deposits.

Fractionation of Fe from Mn is common in hydrothermal-type deposits
due to precipitation of Fe as sulfides before the hydrothermal fluid
leaves the vent (Corliss and others, in press), as silicates (Stakes,
1978), or through preferential preacipitation of Fe over Mn from sea-
water (Bonatti and others, 1972). Relatively pure Mn oxides and Fe-
silicates, sulfides, or oxides instead of mixed phases are thus nor-
mally found.

Documented hydrothermal deposits are all local features near hydro-
thermal vents {Lalou and others, 1977; Scott and others, 1974; Cann and
others, 1977; Corliss and athers, 1978). The infiuence of hydrothermal
activity extends further, however, as is indicated by metaliiferous
sediments near active spreading centers {Bostrom and Peterson, 1969;

Dymond and others, 1973), and by compositions of ferromanganese coatings
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as was discussed by Toth (1977) and as will be discussed in the next

section.

FERROMANGANESE COATINGS ON BASALT

Toth (1977) has suggested that ferromanganese coatings on basalt
are formed by hydrogenous precipitation of ferromanganese oxides and
associated elements from seawater, diluted near the Rise crest by hy-
drothermal Fe and Si. Findings in this study agree with his conclu-
sions.

Hydrogenous formation of ferromanganese oxides is assumed to occur
because seawater is oversaturated in Fe and Mn due to continual addi-
tion from terrigenous and hydrothermal sources. The excess will pre-
cipitate to sediments, nodules, and basalt as well as coprecipitate
other elements from seawater. Calvert and Price (1977) have established
criteria that describes hydrogenous ferromanganese deposits. They as-
sumed that ferromanganese nodules that have the same Mn/Fe ratio as the
oxide fraction of the associated sediment have not been diagenetically
altered (calculated from Al contents and compositions of the alumino-
silicate fraction of the sediment). Mineralogy and elemental abundances
in these nodules can be considered to represent hydrogenous ferromanga-
nese oxides. By use of this criterion they suggest that hydrogenous
ferromanganese oxides are distinguished by having a G-Mn{)2 mineralogy,
@ Mn/ Fe ratio near unity, relatively high concentrations of Ce, Co,
Pb, and Ti, and relatively low concentrations of Cu, Ni, Zn and Mo.

On the other hand, hydrothermal precipitates are distinguished by
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very low trace element concentrations and by rare earth element abun-
dance patterns similar to seawater (Toth, 1977; Corliss and others, in
press). The Ce content is low in these precipitates, presumably because
of the Tow trace element content of the hydrothermal fluid and the rela-
tively rapid growth which precludes large-scale cerium adsorption from
seawater. Toth (1977) also suggests that hydrothermal precipitates in-
corporated into ferromanganese coatings will be Fe-rich,

Figure 4 illustrates the regional distribution of Mn, Fe, fe, and
Co in ferromanganese coatings from this study. Although Fe is not al-
ways most highly enriched in coatings recovered near the Rise Crest,
trace element contents, illustrated by Co and Ce, are lowest there as
would be expected if ferromanganese coatings growing near the rise crest
have a hydrothermal component. It is unlikely that the Ce high near the
continent is caused by terrigenous input since enrichments as high or
higher are seen in hydrogenous ferromanganese nodules in this study re-
covered far from the continents (e.g. nodule DM 981, Ce = 1770 ppm,
versus Coating FDR 75, Ce = 769 ppm).

Additional support for a hydrothermal component in Rise Crest fer-
romanganese coatings is illustrated by Figures 5 and 6. Rare earth
abundance patterns of ferromanganese coatings (Figure §) show that Rise
Crest coatings typically have lower absolute abundances of the rare
earths and patterns more similar to seawater than coatings from off the
Rise Crest. Figure 6 demonstrates that the La/Ce ratio of coatings
from the Rise Crest are similar to seawater, while coatings from off

the Rise Crest are much more highly enriched in Ce.
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FERROMANGANESE NODULES

Calvert and Price (1977a) and Lyle {in preparation) have demon-
strated that diagenesis related to surface productivity in equatorial
Pacific waters produces profound modifications of ferromanganese nodule
mineralogy and chemistry. Nodules under regions of low productivity seem
to be products of hydrogencus precipitation from seawater alone. Where
productivity is high, the high flux of organic carbon and its oxidation pro-
duce reducing conditions within the sediment column. MtV in oxides be-

1 and diffuses back to the surface.

comes reduced to the more soluble Mn
Lyle (in preparation) estimates extremely high growth rates for nodules
from this region, due to the high Mn flux. Concentrations of other ele-
ments in these nodules are low for the same reascn -- the remobilization
of Mn and its precipitation on nodules dilutes the concentrations of
other elements. |

In the borderlands between high productivity and Tow productivity,
sedimentation rates are low encugh that much of the organic carbon is
oxidized at the surface of the sediment column. There is little evidence
that the sediments become reducing or that Mn is remobilized. Ferro-
manganese nodules from this region still exhibit enrichment in manganese
when compared with hydrogenous nodules, however. Heath and Dymond

(1977) and Lyle et al. {1977) have suggested that reaction of poorly

crystalline ferromanganese hydroxyoxides precipitated from seawater
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with bijogenic opal forms an Fe-rich smectite while the manganese released
will form micronodules or precipitate on nodules.

Productivity in the surface water, besides controlling manganese
concentration in nodules, provides transport for biocactive trace
metals to the ocean floor. Cu, Ni, and Zn may thus be enriched in nodules
in regions underneath moderate to highly productive surface waters (Piper
and Williamson, 1977).

In this section [ will present a more detailed analysis of this

proposed diagenetic scheme.

Hydrogenous Nodules

Nodules from low productivity regions (DM981, DM994, DM1006, and
W7706-19, in this study) appear to be little modified from hydrogenous
type deposits discussed in the last section. They have a 5—Mn02 miner-
atogy, low Mn/Fe ratios, high Ce and Co contents, and relatively low Cu,
Ni, and Zn abundances. The nodules from this study also exhibit high
rare earth element, Sc, As, Th, and U abundances (Table I). Nodules
considered hydrogenous by Calvert and Price (1977A) and those from low
productivity regions in this study show little compositional difference
between the oxide fraction of the sediments and that of the nodule at the
same station (the oxide fraction in this study is defined as the fraction
ieachable by oxalic acid).

Hydrogenous precipitation most probably adds Mn, Fe, and co-
precipitated trace elements in relatively constant proportions, and will

continue to add elements even to nodules highly modified by diagenesis.
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Good correlations should thus exist for all elements whose prime

source is from hydrogenous precipitation alone. Good correlations

are found between Fe, As, and rare earths, Hf, Th, and Sc in all the
nodules of this study, as illustrated by scatterplots of Fe against

As, La, Sc, and Hf (Figure 7). Fe-hydroxides are used to strip rare
earths from seawater for analysis (Hogdahl and others, 1968) and to

strip Th and U from solution during separation for isotope studies

(Ku, 1966). Fe-hydroxides are also known to quantitatively coprecipitate
As (Onishi, 1969).

These elements should thus coprecipitate with Fe if it precipi-
tated from seawater and thus support the postulate that they are hydro-
genous, .

Evidence that hydrogenous precipitation continues to occur even in
areas where dijagenesis reorganizes the ferromanganese oxide can be demon-
strated by nodule top and bottom studies. Raab (1872) discovered that
nodules from the central Equatorial Pacific with morphologically dis-
tinguishable tops and bottoms resemble hydrogenous deposits on the
upper surface, but are enriched in Mn, Ni, Cu, Zn, and Mo on the Tower
surface. Calvert and Price (1977) interpret this to demonstrate a
higher amount of hydrogenous enrichment on the upper surface versus a
larger diagenetic component in the lower one. Three nodules in this
study (C141, C165, and C169) also have morphologically distinct tops

and bottoms. C141 from a region of moderate productivity, has-an Mn/Fe



76

‘ratio of 1.9 for its top versus 10.5 for the bottom. The upper surface
aiso has a cS-MnO2 mineralogy typical of hydrogenous deposits, while the
lower surface is primarily birnessite. (165 and C169, both within the
more highly reducing productive region, show no strong difference in the
Mn/Fe ratio from top to bottom. Birnessite is the only manganese mineral
to occur on either surface of either nodule. Diagenetic processes and
the concomitant higher accumulation rates for Mn presumably more important
at these sites probably overwhelm the small flux from hydrogenous pre-
cipitation.

Nodules from low productivity regions can be strongly enriched in
Ce with respect to other rare earths (Figure 8), but this may be due to
oxidation to cel! in highly oxidizing marine environments (Piper, 1974).

Co also can be oxidized from CoII to CoIII

at about the same Eh (Figure
9). Both are most highly enriched in nodules from what appear to be the
most oxidizing environments, and each is enriched in constant proportion
to the other (Figure 8b). Enrichment of Ce and Co by oxidation and pre-

ferential uptake can also be considered hydrogenous precipitation.

Diagenesis and its Effects on Ferromanganese Oxide Geochemistry

Nodules highly enriched in manganese in lakes, estuaries, and con-
tinental shelves (Calvert and Price, 1977b) can be explained best by
diagenetic remchilization of Mn and its precipitation in more oxidizing
environments. Similar patterns in pelagic environments (high Mn/Fe ratios

in nodules from organic carbon-rich equatorial Pacific sediments) Ted
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Price and Calvert {1970} to propose the same type of mechanism for pelagic
nodules. Because Fe in ferromanganese oxides disorders the manganese
structure and probably reduces the available sites for Cu, Ni, Zn and
other trace metals (Burns and Burns, 1977) diagenetic separation of
Mn and Fe can have profound effects on the geochemistry of the ferro-
manganese oxide. In addition, the added flux of Mn -- one of the major
components of the oxide -- should produce major increases in the growth
rate of the nodule.

Krauskopf {1956) best describes the separation of manganese from
iron by redox reactions, and demonstrates theoretically that the lower

solubility of FeII

silicates, carbonates, and sulfides would enhance
the fractionation of the two elements. Figure 9 illustrates redox
reactions that would occur in the marine environment for oxides and
hydroxides (Pourbaix, 1974) at pH 8. Because of the relative constancy
of marine pH conditions, a pH range need not be considered. It shows
that redox governed Fe and Mn precipitation/dissolution are separated
by ~800 mV when the elements are present in concentrations reported in
seawater (Brewer, 1975), and are still separated by greater than 700 mV
when at concentration levels measured in pore waters {Hartmann and
Muller, in press). Manganese would thus be the first to be mobilized
as the sediment becomes more reducing than oxygenéted seawater and would
thus be easily separated from coexisting Fe hydroxides.

The only other element that may be enriched by reducing diagenetic

reactions is Ni. The concentration of Ni in seawater is at the level
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that would be expected if it were in redox equilibrium with oxygenated
seawater. Any Towering of Eh conditions within the sediment should re-
mobilize precipitated Ni oxides, unless the Ni became fixed in other
minerals (e.g., Mn oxides or silicates). M. Bender (personal communica-
tion) notes a strong correlation between dissolved Ni and dissolved Mn
in pore water, suggesting that its distribution is governed by solid
solution with or adsorption onto the manganese oxides, and not by the
thermodynamic stability of Ni oxides.

Redox conditions in marine sediments are controlled by the oxi-
dation of organic carbon. Organic carbon provides by far the largest
reservoir of electrons (Stumm and Morgan, 1970) and biogenic catalysis
of its oxidation is quite common. On the Nazca Plate, organic carbon is
added to the sediments from the continents and from biclogical activity
in the surface waters. The combined flux is most important in the north-
east corner of the plate following the same arguments as presented earlier
in this paper for terrigenous dispersal. Redox conditions determined
by mapping the thickness of the oxidized tops of cores taken from the
Nazca Plate demonstrate the response of the sediments to this flux.

There is commonly a color change that can be observed in the tops
of cores from reducing environments which marks an oxidation boundary.

FeIII 11

reduction to Fe"" probably causes the sediment color to change
from brown to gray-green (Hartmann et al., 1976) although Lynn and
Bonatti (1965) give good evidence that it marks the precipitation

boundary of Mn and thus a much higher Eh (about 400-500 mV). In either
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case the coior change marks the depth at which the diffusion of oxidants
into the sediment from seawater can no longer buffer the Eh, which con-
sequently plummets. The depth to this boundary thus gives a measure

of intensity of reducing conditions within the sediment. Figure 10 maps
the depth of this boundary measured in 161 cores takén by Oregon State
University in the eastern Pacific and combined with the data set of

Lynn and Bonatti (1965). The color change generally cannot be dis-
tinguished when the oxidized zone becomes thicker than about 20-30 cm.

Nodules in this study that were recovered from within the region
of reducing sediments at depth (Y71-9-86, €151, €165, C169) all have
distinctive chemical compositions and mineralogy.

Birnessite is generé]]y the dominant manganese mineral present,
although one sample (C151) was composed of a well crystallized todoro-
kite. Mn/Fe ratios are extremely high, in all cases greater than 5 for
the bulk nodule compositions (see Table I). Other transition metal
trace element contents are relatively low. For example, all samples
contain less than 1% Ni, and the rare earth concentrations are about
10% of hydrogenous nodules (e.g., DM 981 or w7706-19).

Sb and Ag are both enriched in tte nodules formed by reducing dia-
genesis (RD nodules). The good correlation between Sb and Mn (Figure

Iv v

11) at higher Mn contents, and the similarity between Mn"' and Sb

ionic radii (Whittaker and Mantus, 1970) suggest that it may replace

IV

Mn®" in the manganese lattice. Ag is very actively sorbed by manganese

oxides (Anderson et al., 1973). Any available silver, perhaps from
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the continents, may enter these nodules.

Lyle (in preparation) has estimated accumulation rates for nodules
and can demonstrate that although concentrations of most accassory ele-
ments are low, their accumulation rates in RD nodules are as nhigh or
higher than accumulation rates in hydrogenous nodules. Cu, Ni, and Zn
fluxes are more than 10 times higher in RD noduies than fluxes to hydro-
genous nodules, for example.

Cu, Ni, and Zn do not become remobilized by redox reactions within
the sediments (see Figure 9); the high accumulation rates of these ele-
ments in RD nodules must be due to another process. High productivity
occurs over the areas where RD nodules occur, and the remains of plank-
ton falling to the sea floor may transport significant quantities of
transition metals and other elements to the sediments (Murray and
Brewer, 1977). Most of the planktonic debris redissolves (Heath, 1374;
Hurd, 1973), much of it at the sea floor (Edmond, 1974), where part of
the trace metal load may become incorporated in nodules. Because plank-
tonic debris supplies the bulk of organic carbon to pelagic sediments
and because the oxidation or organic carbon cgntrgls the redex condition
of the sediments, highest accumulation rates will occur in nodules in

regions of reducing diagenesis.

Oxic Diagenetic Reactions

There is little evidence that sediment on the borders of regions

of biogenic sedimentation become reducing enough to remobilize manganese.
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There is no color change in the surface sediment, and only rarely is
there a surface maximum of manganese abundance in sediment cores, a
feature characteristic of Mn remobilization {Lynn and Bonatti, 1965).
Yet within this region nodules are commonly recovered with Mn/Fe ratios
of 2 or greater. Nodules recovered only a few degrees further south
have Mn/Fe ratios of approximately 1 (compare W7706-19 with C141) while
ferromanganese coatings presumably growing in seawater recovered at the
same site as nodules grown in sediment have a significantly lower Mn/Fe
ratio (Lyle et al., 1977). These data suggest that precipitation of
ferromanganese oxides from bottom waters enriched in Mn cannot explain
the relative enrichment of Mn in these nodules.

Dissolution of the mere sparse biogenic remains that settle to
the bottom here and incorparation of the released elements into nodules
could not enrich nodules in Mn either. Mn/Fe ratios in the hard parts
of phytoplankton are less than 1, while Fe is approximately an order
of magnitude more abundant than Mn in the organic fraction (Martin
and Knauer, 1973).

A mechanism is needed to fractionate iron from manganese in an
oxic environment. One possible mechanism was suggested by Lyle et al.
(1977) and Heath and Dymond (1877). Fe-rich smectite formation could
occur by the dissolution of opaline silica tests and recombination
with Fe from FeMn hydroxyoxides. The Mn released would form manganese
minerals in nodules and micronodules.

The general reaction can be written as follows:
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$i0, (opal} + FeMnQOH + Fe,(Fe,Al1,5i), O (OH)4- nH20 (Fe-smectite) +

g 3 O

Mn0, _, (todorokite, birnessite)

This reaction cannot be evaluated by the thermodynamics of
the solids alone, however, because of the microcrystalline nature of
the reactants and products. A free energy of formation can be esti-
mated for the smectite (Nrviagu, 1975; Tardy and Garrels, 1974), and
has been measured for a typical birnessite (Bricker, 1965). One may
be justified in approximating the free energy of formation of ferro-
manganese oxyhydroxides as being greater than that of goethite, and
could assume the free energy of opal to be similar to amorphous éi]ica
(Robie and Waldbaum, 1972). With these assumptions and using the
average Fe-smectite composition reported in Dymond and Ekiund (1978)
and free energies for aqueous Al, Mg, Ca, Na, and K as reported in
Tardy and Garrels (1974), the free energy for the reaction can be
calculated to be about -122 kcal/mole.

The additional free energy contributed by the formation of a
surface may reverse the stability of the reaction, however. For
example, goethite has an enthalpy of formation for its surface of
1250 ergs/cm2 at 70°C (Langmuir and Whittemore, 1971). If this is
approximately equal to the free energy of the surface, approximately
4000 kcal/mole will be added to the free energy of formation of 10 E

crystallites by the surface free energy. Approximately the same
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magnitude of energy is probably needed to form smectite surfaces, too.
The stability of either the dispersed hydroxyoxides or a smectite, MnO2
assemblage most probably depends on the ability of the smectite to
nucleate and grow. Nucleation sites may actually be provided by the
opaline biogenic remains -- Hurd (1973) provides evidence that authi-
genic mineral formation may occur on opaline tests. If this be true,
the lack of opaline tests in regions of poor productivity (e.g., the
central portion of the Naica Plate} may prevent smectite formation and
the resulting fractionation of Fe and Mn in two ways -- by limiting
the available silica to make smectites and by Timiting the available
nucleation sites for clay formation.

Nodules from oxic diagenetic (OD) regions (C136, C141, Y73-3-22D,
Y73-3-20P in this study) have Mn/Fe ratios of 2 or greater. They are
also characterized by high Ni and Cu contents, moderate to high rare
earth and other 'hydrogencus’ elements, and a mineralogy dominated by
todorokite. Lyle (in preparation) suggests that the high values of
Cu, Ni, and Zn occur in this region because of the lower Mn flux than
to nodules there. Because Mn is a major component of nodules, a high
flux of Mn due to remobilization will dilute the other transition metal
concentrations.

Composition and Mineralogy of the Nonleachable Fraction of Ferroman-
ganese Nodules

In addition to the ferromanganese oxide fraction, which is soluble

in oxalic acid, nodules contain up to 30% by weight of insoluble residue.
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Table VI Tists the mineralogy of each of the nodule residues along with
the mineralogy of the bulk sediment in each station. Examinatijon of
this table reveals that the mineralogy of the nodule residue is similar
to sediment mineralogy, with a few important exceptions. Smectite 001
peaks are generally much weaker in the nodule residue, but this could
be an artifact of the leach procedure. The oxaiic acid lTeach can attack
smectite to some extent, even though it is a mild lTeach (Dudas and
Harward, 1971). Barite is present in sediments from some of the re-
ducing diagenetic nodules though it is not seen in the module residue.
In addition, the oxic diagenetic nodule residues and some of the
hydrogenous nodules have a reversal of the relative intensity of the
plagioclase and quartz peaks. Invariably, the quartz peak is more
intense in the sediment while the reverse is true in the nodule resi-
due. Hydrogenous nodules have goethite in the nodule residue that
can not be detected in the sediment, although some of the sediments
do have peaks similar to FeOOH polymers as listed in Burns and Burns
(1977). These data suggest that at least some of the residue minerals
within the nodule grow authigenically. Quartz and goethite may be
forming within 0D and hydrogenous nodules.

Chemical data show no consistent differences between residue and
sediment except in the rare earth elements (Table 1, see also Figure
12). Nodule residues commoniy have 3 to 10 times higher abundances of

these elements than the sediments they were recovered with. This
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could be an artifact of the leaching procedure, however, since oxalates
precipitate rare earths effectively. Because of the small size of the
samples being leached, at no time was the solubility product of the
rare earth oxalates reached. Calcium oxalate is detected in all of
the nodule residues, however, and during its precipitation a signifi=
cant percentage of the rare earths leached from the oxide fraction
could have coprecipitated. The relatively constant ratio of the abun-
dance of rare earths in the residue to the abundances in the sediment
(Figure 12) even at very low absolute rare earth concentrations suggest

that coprecipitation did not occur, however.

MICRONODULES AND THE DISPERSED OXIDE FRACTION QF THE SEDIMENT
Micronodules and the dispersed oxide fraction of sadiments are
probably the most poorly understood of the ferromanganese deposits.
Mineralogical data is available for only a few micronodule deposits.
Glover (1977) reports either birnessite or a birnessite-todorokite
mixture in micronodules from a Caribbean core, while Dymond and
Eklund {in press) reports todorokite in micronodules from the Bauer
Deep. Somewhat more chemical composition data is available, however.
Glover (1977) reported compositions that are essentially manganese
oxides with low abundances of the other transition metals, while
Dymond and Eklund (in press) reported compositions similar to nodules,
although lower in Ni and Cu. Friedrich (1976) reports micronodule
compositions similar to nodules recovered from the same location in the

central Pacific.
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Micronodules in this study also have similar compositions to
nodules at the same station (see Table 4). Absolute elemental abun-
dances for the micronodule analyses in this study may not be highly
accurate, though, since the weight of micronodules analyzed was
determined by the difference between original sample weight and residue
collected on a 0.45 u filter.

Although I estimate the weight of the micronodule sample determined
by this technique to be accurate to within 1 milligram, micronodule
samples at stations C141, €136, C169, and C151 were less than 5 mg in
size. 3Significant errors in absolute abundance for these stations
could therefore occur. In order to eliminate the weighing error, I
will compare the chemical compositions of these elements on a ternary
diagram of Fe, Mn, and {Ni + Cu + Co x 10), as in Bonatti (1972) (see
Figure 13).

Nodule and Fe-Mn coating data for the oxide fraction only (frac-
tion Teachable with oxalic acid) and including top and bottom data
from the nodule are alsc included in the figure to enable comparison
with the micronodule data. Also included in the figure are an ap-
proximate field for hydrogenous precipitates, assumed to be similar
to the most hydrogenous nodules and ferromanganese coatings. Finally,
the effects of dilution with a hydrothermal source and the effects of
diagenetic changes on the ferromanganese oxides are indicated by
arrows. Oxic diagenesis will not only add Mn, but will add transition

metals from biogenic debris. The addition of remobilized manganese
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during reducing diagenesis will dilute Fe and trace metal contents.

Micronodule compositions and noduie compositions map similar fields
on this diagram. Micronodule compositions seem to be more uniform,
however, Al1l are relatively enriched in Cu, Ni, and Co, and except
for Dm 981, the station from the central Pacific, all are more enriched
in Mn than a hydrogenous '‘source' material.

The composition of the sediment fraction leachable by oxalic acid
is also given in Figure 13. This fraction is composed of both micro-
nodules and the dispersed oxide fraction of the sediment. The composi-
tion of this fraction is similar to the hypothesized hydrogenous preci-
pitate except for the sample C169, which is enriched in Ni, Cu, and
Co, and Y71-9-86, the station furthest north, which is depleted in
Mn. Because Y71-9-86 probably experiences the most severe reducing
diagenesis, I speculate that the Mn depletion represents actual loss
of Mn from the sediment either to seawater or to the nodule at the
surface of the core. The enrichment of C169 in trace metals may also
demonstrate djagenesis of the sedimentary oxides to a less severe de-
gree.

Figure 14, which shows the distribution of the Mn/Fe ratio in
the leachable fraction of the sediment, demeonstrates that there are
systematic variations in its composition. Except for Y71-9-86, which
may have lost Mn from the sediment, the Mn/Fe distribution maps the
redox intensity shown in Figure 10, and confirms that a component of

Mn is added to the surface sediments by remobilization.
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The variations of the nodule, micronodule and leachable component
of the sediment suggest the following scenario for their formation and
diagenesis. Hydrogenous precipitation provides ferromanganese hydroxy-
oxide to sediments and nodules. Within the sediment the ferromanganese
hydroxyoxides reform to make more manganese-rich micronodules and a
more Fe-rich residue of dispersed oxides or cryptocrystalline smectite.
In regions of oxic diagenesis, a portion of the freed Mn is added to
the nodule to make it relatively Mn-rich. Dissolution of biogenic sili-
ca {which alsc drives the oxic diagenesis) will release Cu, Ni, and In
to be also incorporated in nodules and the sediment fraction.

In regions of reducing diagenesis, more dramatic effects occur.

An additional component of manganese cycles back to the surface sedi=-
ments from below, and is added both to nodules and to micronodules,
though there may be preferential uptake by the nodules.

Nodules continue to grow and micronodules do not for a simple
reason. Micronodules stay in their stratigraphic position in
sediment. After a period of time, all avajlable ferromanganese hydro-
xyoxides have diagenetically altered or all readily soluble biogenic
opal has been used and the small-scale diagenesis stops. Growth rates
of nodules demand that they be continually moving to the benthic
boundary layer, either by benthos pushing them upward or by another
mechanism. They are thus cqntinua]]y surrounded by reactive compo-

nents and claim their share of newly formed ferromanganese oxides.
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CONCLUSIONS

The geochemistry of ferromanganese oxides is governed by source
and by diagenetic processes, as is listed in Figure 1, Ferromanganese
deposits near mid-ocean ridges can be demonstrably influenced by a
hydrothermal source; deposits near the continents are so diagenetically
altered that source cannot truly be distinguished, however. Most of
the ferromanganese deposits appear to have received ferromanganese
hydroxyoxides from a we]]—mixed reservoir of terrigenous and hydro-
thermal source material that is commonly known as the hydrogenous or
authigenic 'source'.

Hydrothermal and terrigenous sources add approximately equal
quantities of Mn around the rim of the Nazca Plate. Because a large
fraction of the oceanic crust is produced at the edge of the Nazca
Plate and because river input to the plate is low, the terrigenous
source for Mn dominates worldwide. Total input for Mn worldwide is

about 2 to 8 x 1012

gm/yr. -This estimate is two orders of magnitude
higher than that based upon the dissolved load of rivers alone. The
residence time of Mn in the oceans is therefore much more similar to
that of iron (40-160 yr).

Diagenesis can profoundly modify the chemical composition and
mineralogy of the ferromanganese oxides. Both oxic and re-
ducing diagenesis are most probably strongly

influenced by surface productivity. Dissolution of biogenic silica

and formation of authigenic smectites is a possible fractionation
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process that fixes iron from mixed Fe-Mn-hydroxyoxides. The freed Mn
can precipitate as oxides and coprecipitate Cu, Ni, and Zn also
released by the dissolution of biogenic silica.

High productivity regions receive a large organic carbon flux
along with high fluxes of other biogenic remains. Oxidation of the
organic carbon lowers redox conditions sufficiently for both Fe and
Mn to be reduced. Lower solubilities of Fe minerals binds Fe in the
solid phase. Mn, however, will diffuse back to the surface sediments
to precipitate to microncdules and to the larger concretions. The
added component of Mn that fluxes from below causes these nodules
to grow at a fast rate, forming nodules of relatively pure Mn oxides
lower in Cu, Ni, and Zn than oxijc diagenetic nodules.

Because surface productivity controls the type and intensity of
diagenesis, regional distributions of ferromanganese oxide compositions
and mineralogy will map surface productivity. Hydrogenous-type nodules
will be found in the central gyres of the oceans, while nodules enriched
in Ni, Cu, and Zn will occur at the edges of nhigh productivity regions,
as is reported by Piper and Williamson (1977). Highest Mn concentra-
tions will be found underneath the most productive regions. Ferro-
manganese oxides grown only in contact with seawater will have hydro-
genous compositions, however, no matter where they are found: they are

not influenced by diagenetic reactions in the sediments.
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TABLE 11.  Ferromdanganese coaling compositions
[ALL VALUES IN PPM.)
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TABLE IV. Micronodule compositions.

(ALL VALUES IN PPM.}

1

NAME LEACH
C13s 2.0
C151 2.8
¥Y73-20 37.8
G141l 1.2
t16% 31.3
C1m9 3.5
7786113 1l.5
DM I94 15.0*
OMibd6 29.0%
oM981 8.0

1

*Has replicate analysis

MG

16509.
5500.
10400,
21600,
13701,
2150 .
BL&D.
33400,
11200.
T2LU,.

AL

1940046,
51100,
26100,

247000,
20200.
33e00.
20900,

1710080,
31200,

105600.

31206,
156900,
2E700.
136000,
14L00.
7380,
19080,
67700,
aril,
56200

MN

Ju2000.
361000.
3780040,
5617000,
3gzt00.

45300,
273000.

63300.
370000,
150000,

Total micronodule sample leached from coarse fraction (in mg.).
Absolute elemental abundances are accurate for samples where greater
than 5 wy were leached or when replicate analyses could be perforued.

FE

1e5C00.

15900,
239000,
263000,
114008,

21200,
138000,

131000,
3497600,

co

16480,
1030.
4710,
292.
Gl
2720.
942,
i020.
3840,

NI

155080,
3460,
12700.
22800,
17900.
1560.
13000.
1590,
19000.
3470,

cu

6140,
7910,
6960.
15300,
14003,
2030.
welid,
702,
6110,
2I30.

ZN

86L0.
2130.
1860,
5360.
8760,
B2,
1516
e,
1580.
1330.

€01
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) 11
TABLE V. Mn and Fe Fluxes to the Nazca Plate (x 107 gm/yr)

Nazca Plate

Terrigenous

Dissolved
Remobilized
from particulates

TOTAL

Hydrothermal
TOTAL FOR NAZCA PLATE

Warld Qcean

Terrigenous
Hydrothermal

Mn

0.1
0.4-4.4
0.5-4.5

3.5-7.5

10-70
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TABLE VI. Mineralogy of Fe-Mn Coating and Nodule Residues*
STATION Plag Qtz Phil Bar Mica Smec Goet FeQQH

Fe-Mn_COATINGS

Rise Crest

DM1011 M-S  W-M - - ? - - ?
KK7233 W-M W -- - - - ? -
0ff Crest

DM1016 W=-M W W -- - -- M -
DM1028 W-M  W-M W -- YW -- - -
FDR75 W-M S Vi -- VW - - -

NODULES

Reducing Diagenetic

Y71-86 M M W -- W W -- --
sediment S ) W M-S W M -— --
cisl VS VS W-M -- M W - -
sediment S VS M M M M - “=
165 VS VS W-M -- M M -- --
sediment S ') M -- M M - -
€169 VS VS W-M -- M W - -
sediment S 'S M-S -- M M - _—
Oxic Diagenetic
C136 'S VS M - W - - -
sediment S Vs M-S -- W W-M -~ --
Cid1 VS 'S M -~ W-M  W-M - --
sediment S i) M -~ W-M W -- -
Y73-20P S M ) - -- -- W --
sediment M M W-M M-S -- W -- -
Y73-220 S S S O --

*
Plag=plagioclase, Qtz=quartz, Phil=phillipsite, Bar=barite, Mica=
mica, Smec=smectite, Goet+goethite, FeQOH=hydrated polymer;
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TABLE VI. {Continued)

STATION Plag Qtz Phil Bar Mica Smec Goet FeQOH

Hydrogenous
770613 VS ¥s S -- M -- M --
sediment M-S M-S M-S -- M W W-M --
DM994 ') Vs VS -~ W -- M+ -—
sediment S ') M -- M-S W -— --
DM1006 VS ') S -- W -- M --
sediment VS S S -- W - -- S
oMagl S M W-M -~ W-M -

wn =
]
)

sediment S VS -- M+ W -- ?
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Figure

Figure

Figure

Figure

Figure
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CAPTIONS

1: Pathways by which Mn and Fe enter the oceans and are sub-
sequently reorganized

2: Generalized surface circulation of the Eastern Pacific Ocean
after Molina-Cruz, 1978.

3: Abyssal circulation in the Eastern Pacific Ocean, after
Lonsdale, 1976.

4: Regional distribution of Mn, Fe, Co, and Ce in ferroman-
ganese coatings, this study.

5: Rare earth abundance patterns for ferromanganese coatings
normalized to chondrites

6: La plotted against Ce for ferrcmanganese coatings. The line
represents the La/Ce ratio in seawater. Solid circles
are coatings from the Rise Crest.

7: Scatterplots of Fe against Sc, As, La, and Hf to demonstrate
the coherent behavior of these elements.

8: Scatterplots of La against Ce and Ce against Co. They show
that Ce can be highly enriched with respect to the other
rare earths, but covaries with Co.

9: Redox equilibria at pH 8 for elemental concentrations as in

seawater (Brewer, 1975) and in pore waters {Hartmann and
Muller, in press). Lines go to the baseline at the
Eh that elemental oxide precipitates (data from Pourbaix,

1974).
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Figure 10: Thickness of oxidized layer in sediments of the Eastern
Pacific. The figure combines data of Lynn and Bonatti
(1965) (triangles) with that from Oregon State University
(circles).

Figure 11: Scattergram of Mn against Sb. Note the good correlation
in nodules with greater than 20% Mn.

Figure 12: La in ferromanganese nodule residues plotted against La in
sediments. Note enrichments in nodule residues.

Figure 13: Composition of micronodule and leachable fraction of sedi-
ments plotted with ferromanganese nodule and Fe-Mn coating
oxide fraction on a ternary diagram of Mn, Fe, and (Ni +
Cu + Co) x 10. Stars indicate nodules for which micronodule
compositions are reported.

Figure 14: Distribution of Mn/Fe ratios in the leachable fraction of

the sediment from the Nazca Plate.
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Estimation of hydrothermal manganese
input to the oceans

ABRSTRACT

Accumuiation of mangarese ong the
East Pacifie Rise is much oo rapid to be
explained by simple authigenic precipita-
tion. Since the rise crest sediments are
oxidizing throughout the entire, though
short, sedimentary column, it is unlikely
that the high manganese accumulation
rates represent upward flux of manganese
during diagenesis. The most probable
source of this excess manganese is hydro-
thermal activity. By assuming that the
accumulation race of hvdrothermal man-
ganese alang mid-ocean ridge crests is
proportional to the area of new crust
{ormed per year, it is possible to estimate
that 9 ¥ 10! gfyr of mangansse is pro-
duced by hydrothermal activity a¢ spread-
ing centers. Data on manganese loss from
basalt due to hydrothermal leaching and
on manganese concentrations in hydro-
thermal solutions support this estimate.
Hydrothermal manganese flux to the
oceans is abaut three times higher than
the dissoived load of manganese carried
by rivers (2.5 X 10'" g/yr). Thus, hydro-
thermal manganese intreduced at aceanic
spreading centers should be considered
one of the major sources of manganese
input to the oceans.

INTRODUCTION

Studies of metalliferous sediments from
the East Pacific Rise (Bosttom and
Peterson, 1969; Bender and others, 1971
Dymond and others, £973) cail upon local
introduction of mantle manganese, either

fram leaching of newly emplaced basalt
by sea water during convective cooling
(Corliss, 1971), or from the debouching of
juvenile emanations that sccompany rise
crest magmatism (Bostrom and Peterson,
1966). A growing body of geophysical

and geochemical evidence suggests that
convective circulation of sea water through
basalt {5 a major means of cooling uew
crust at spreading cencers. Heat-flow
studies (Talwani and others, 1971; Lister.
1972; Williams and others. 1974; Wolery
and Sleep. 1976) strongly support the idea
of convective coniing af new crust, while
oxygen isctope data on submarine green-
stones {Muchlenbachs and Clayton, 1972}
and observations of 2n active marine
hydrothermal system (Zelenov.. [954)
indicate that sea water is the hydrotherma
fluid. Juveniie emanations, if they exist,
must be 2 minor component of this fluid.

Even though the removal of manganese
from its mantle source i§ the subject of
some controversy, it now scems clear that
there is addition of manganese to the
oceans from this soutce. Because hydra-
thermal circulation at spreading <enters
ieems to be an important process, mid-
ocean tidge <rests could supply a sig-
nificant amount of manganase to the
aceans.

Mobilization and upwatd diffusion of
manganZse have been suggested as an
alternative mechanism for producing high
accumulation rates of manganese i sur-
ficial sediments. MalY can be reduced o
Mnll in reducing sediments 2t depth,
diffuse upward. and reprecipitate in an
oxidizing zone neat the surface. This
ptocess could account for high manganese

Mitcheil Lyle
Scnool of Oceanography
Oregon State University
Corvaliis. Oregon 87331

coneentrations in areas of high productivity
(Li and others, 1969; Lynn and Bonatti,
1965) where the oxidized 20ne is relatively
thin. Bender (1971}, however, has demon-
strated that such diffusion will not aceount
for true “excess” manganese in most of
the Pacific Ocean. In the relativeiy thick
sequences of oxidized sediments on the
East Pacific Rise (Sayles and Bischoff,
1973), upward mobifization of manganese
supplies an insignificant amount of excess

- manganese ta the surface sediments.

As a result of recent studies of metal
accumufation rates across the East Pacific
Rise (Dymeond and Veeh. 1975; McMurtry
and Burnet, 1375), sufficient data exist to
place a lower {imit on the flux of hydro-
thermal manganese at oceanic spreading
centers. This estimate can he compared to
continental input of manganese to assess
the significance of rise crest hydrothermai
activity as a source of manganese to the
oceans.

ESTIMATION OF RIDGE CREST
HYDROTHERMAL INPUT OF
MANGANESE

The estimate of hydrothermal input
used here is based upon accumulation
rates of manganese in cotes that foem 2
rough transect extending 1.200 km 0
either side of the East Pacific Rise berween
lat 10 and 17°S (Table I; Fig. 1). In
addition t0 3 “normal™ rise crast sedimen-
tation regime, this span also includes a
catchmment basin, the Bauer Deep. to the
east of the Bast Pacific Rise crest. The
relativety high accumulacion rates that
oceur 300 to 1,200 km east of the rise



crest are most probably caused by the
trapping of hydrothermal sediments
wafted from the spreading center or from
local hydrothermal saurces (Dymond and
Veeh, 1975). Because the higher accumu-
lation rate of manganese in the Bauer
Deep has hydrothermal origins, I extended
the span of the trapsect to include this .
region,

Bacause manganese is essentiafly insoju-
ble in oxygenated sea water (Krauskopf,
1958), akmaost ail manganese introduced
by hydrothermal activity shauld precipi-
tate to the sediments near the East Pacific
Rise crest. Accordingly, almost all hydro-
thermal manganese should reach the sedi-
ments within the transect. From a graphic
integration of Figure 1, | obrained the
average total manganese accurulation
tate for this span, 2.3 mg/cm?®/1,000 yr.
If the influence of hydrothermal man-
ganese extends farther thaa the bounds

1 chose for the transect, it will only make
my linal estimate of the hydrothermal
input a [ower limit.

The average total accumuylation rate of
manganese across the East Pacific Rise
includes the manganese added by detrital
and hydrogenous sources in additian o
hydrothermal manganese. Both detrital
and hydrogenous sources in addition to
continentally derived material: the hydro-
genois component represents manganese
supplied by rivers in 2 soluble form, and
the detrital component represeats that
carried in particuiate form.

The continental influence must be
remaved to determine a true hydrothermal
manganese input. Since most detrizal
sedimentation is blocked from the East
Pacific Rise by the Peru-Chile Trench
and the fossil Galapagas Rise (Bischoff
and Sayles. 1972), sediments in the

transect contain very little derritai materiai.
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Heath and Dymond (1977), using a form
of normative analysis, have estimated the
detrital manganese component in East
Pacific Rise sediments to be approximately
3 percent of the toral anganese. The
accumuiation rate of hydrogenous and
hydrothermal manganese is, therefors,
about 2.2 mg/em?/ 1,060 yr.

Hydrogenous manganese can be esti.
mated from the flux of dissolved man-
ganese river water to the oceans. According
to Turekian (1569}, the average concan-
tration of dissolved manganese in river
water {s 7 pph. If the average yeacly river
output is 3.6 x 10 { of water (Turekian.
1969), the average input of dissolved man-
ganese to the oceans is 2.5 X 10 gfyr,
This is cquivalent to an average accumula-
tion rate of 0.07 mg/¢m?/ L,.LOO yr. Here.

1 shall assume that hydrogenous man-
ganese is aceurnulating at a rare of about
0.1 mg/em?/1,000 yr. The average hydro-
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thermal manganess accumulation raie
within 1,200 km of the East Pacific Rise
is. therefors, about 2.1 mg/em?/ 1,000 yr.
This is equivaient to an annuat production
of 5.0 x 10’ g of hydrothermal manganese
for every kilometre of the rise crest. This
estimate is insensitive to the boundary
conditions used. Changes in the length of
the transect, in the hydrogenous man-
ganese component. and in the detrital
component will not signifieantly change
the mass of hydrothermal manganese
produced per year. Increasing the length
of the transect will lower the average
accumuiation rate of manganese, but
because of the increased area over which
the manganese accumulates, the mass of
manganese remains approximately con-
stant. For instance, if the tronsect were
extended 500 fin facther o either side of
the rise crest, the average manganese
accumulazion rare would drop to

1.6 mg/em?/1,000 yr. After removing

the continental influence and multiplying
by the new area, the new estimate of
hydcethermal manganese production is
4.9 % 107 g/yr for every kilometre of the
rise crest.

Although the estimate is more sensitive
0 changes in detrital and hydrogenous
manganese accumulation. major mis-
estimacions of these still have fictte effect.
Increasing both detrital and hydrogenous
accumulation rates by a factor of 3 reduces
the hydrothermal production by anly
16 pereent, to 4.0 X 107 g/yr per kilometre
of East Pacific Rise crest. while reducing
them by a factor of J increases the hydro-
thermal production 6 percent, to 5.3
x 107 g/yr.

With an estimate of East Pacific Rise
production of manganese. it should now

Be possible to estimate the world-wide
manganese production by macine hydro-
therma| systams, if the heat from cooling
basalt drives the convective circulation in
these systems and if the manganese {zached
is a direct funsction of the amount of basalt
produced. As a first approximation, it
can be assumed that manganese of hydro-
thermal origin should be proportional o
crustal production at spreading centers.
For the East Pacific Rise. the production
of 1.6 x 10~ km? of new crust by 2 l-km
section of rise crest (from a half-spreading
rate of § em/yv: Rea and others, 1973}
forms 5.0 % 107 g/yr of hydrothermal
manganese. World crustal production of
2.94 km?¥/vr of new crust (Willlams and
Von Herzen, 1974} would therefore
praduce about $ x 10% g of hydrothermal
manganese,

Ecrors may result from exttapolation
of manganese preduction at fast-spreading
ridge crests, such as the East Pacific Rise.
to slow-spreading ones, such as the Mid-
Atlantic Ridge. Thers may be significant
diFferences in crustal seructure {far
example, crack spacing and faule place-
ment) or in other fundamentals (such as
size and location of the heat source) that
could make hydrothermal processes
different at the two types of spteading
center. The sparse sedimentary data con-
cermng manganese accumulation rates
in the Atlantic do not show rates as high
as would be expectsd from extrapolation
of East Pacific Rise data (Bender and
others, 1970). Accumulation rates of
manganase in manganese crusts from the
Trans-Atlantic Geotraverse geothermal
area, however, are significantly higher—
13 to 24 mg/em? /1,000 ye {Scotr and
others, 1974)—than the maximum expested

TALE 1. CORSS BSED M STuar
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Tie lang depen asccumilation rae
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-t w
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of about 3 mg/em#/1.000 yr. It is impos-
sible to say from the data available whether
the extrapolation is valid.

1t is stiil possible ta gput bounds on the
error this assumption may lead to. however.
The Mid-Atlantic Ridge, which accounts
for 30 percent of the total length of the
mid-ocean ridge system, produces only
about 18 percent of the new ¢rust formed
every year. Faulty extrapofation couid
lower the hydrotherma! manganese esti-
mate by only about 20 percent. or 1.8
x 10" g/yv, It is improbable that it would
preduce errors toward greater hydeo-
thermal manganese production,

Othrer, mOre serious errors may result
from assuming that hydrothermal man-
ganese production is directly proportionai
to erustal production. No data are cur-
rently available to evaluate directly the
worth of this assumption, Two indirect
tests described in the next section indicate
that the modei presented in this paper is
at least reasonable, however.

TESTS OF HYDROTHERMAL
MANGANESE PRODUCTION
ESTIMATE

Available data allow two independent
tests of my estimate for hydrothermal
manganese production. Data on man-
ganese ioss from basalts as well as an
hydrothermal soiution compesitions can
show whether a hydrothermal manganese
production of 9 x 101! g/yr Is reagonable.

Corliss (1971), by comparing clemental
abundances in rapidly quenched pillaws
to those in holocrystalline baszlts, showed
that there was a 120 ppm loss of man.
ganese from the holocrystalline basalts
and assumed that this was due o hydro-

TABLE 2. MANGANISE ABURAYCES
[N SPOROIMERMAL SCLUTICHS

Talul1aa ¥n doungamee
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(El2erfreie, 1972)
1
and Clexsan (1975} s
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thermal leaching. Hajash (1973) showed
that basalt reacted with sea water at
temperatures berween 200 and 5G0°C and
at sga-floor pressures lost berween 80 and
180 ppm manganese. If 120 ppm man-
ganese is lost from basalt during hydro-
thermal activity. ieaching of only 0.8 km
of newly formed crust is requiced to pro-
duce the hydeothermal manganese esti-
mated in this paper. This is well within
estimates of the depth of hydrothermal
penetration made by other authors (1 to
2 xm~Lister, 1974; J km=—Williams

and others, 1973; 3 km=—Wolery and
Sieep. 1976).

Hydrothermal solution compositions
provide another test of my hydrothermal
estimate. Woiery and Sleep (1976} asti-
mated that 2 to 6 X 107 g/yr of sea water
circulates through the oceanic crust near
spreading centers. My modef would require
that it have o manganese concentration:
of t to 4 ppm. well within the range of
vaiues observed in marine hydrothermal
systems and measured in iaboratory
experiments (Table 2). Exceptions are
the low values. seen at Heimaey, [celand.
and Deception [sland. Antarctica, which
probably reflect significant mixing with
normal sea water, Both of these studies
were on water collected ffom open bays
near volcanic activicy.

SUMMARY

Data on the rate of aecumulation of
manganese at the East Pacific Rise indi-
cate that approximately 9 x 104 g/yr of
manganese is Injectad into the world
ocean by hydrothermal activity at spesad-
ing centers. With more 2ccumulation-rate
data from the East Pacific Rise and other
spreading <centars. it may be possible o
refine this estimate. This value is further
supported by data for the amount of man-
ganese leached from deep-sza basalts
and by dissolved manganese contents
observed in narural and experimentally
derived hydrothermal solutions. Unior-
tunately, it is impossible to compare the
estimate with continental input of man-
ganese. because there is no good meisure
of detrital manganese input. Because the
estimated hydrothermal manganese input
is about three times larger than the dis-
solved load of manganese carried by rivers
(2.3 % 10t g/y7), it should be considered
an important source of manganese input
to the oceans.
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Abstract

Samples dredged from the sadiment mounds have a unique chemistry and
mineraloqy which reveals details of the nydrothermal processes that produce
these deposits. The mounds form primarily by deposition of Fe, Mn and 3i
from hydrothermal fluids which circulate through the basalt crust and the
averlying sediments, The Mn, Fe and Si are strongly fractionated in the
grocess; the Fe and ST precipitate within the mounds under slightiy reducing
conditions as nentromite, while the Mp is deposited as #n Oxyhydroxides at
the seawatar-sediment interface. The nontronite is exceptienally Qe]?
crystallized, and contains less than 200 pem A1. The Mn minerals, todorokite
and birmessite, also have axceptional crystallinity and the distribution of
trace elements Cu, Mi, In, Co, Ca and Ba in these phasas agrees with predic-
tions made on the basis of models of their crystal structurs. The environment
of deposition which oroducas this suita of minerals - slow percolation of hydro-
.therma1 fluids through pelagic sediments - may not te unique tg the Galapagos
Ri€t, as the same suite of minerals has been found fn similar setting in the

Gulf of Aden and on the Mid-Atlantic Ridge.
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1.0 Introduction

Although it has been long proposad that ferromanganese noduies and crusts
form by valcanic processas {1, 2), recent work suggests that most of these deposits
form as 2 result of slow authigenic and/or diagenetic processas at the sea floor
(3, ). GQne type of ferramanganese dedosit found near active spreading centers,
howaver, exnibits the fa11oting characteristics wnich contrast markediy with
typical deposits:
(1) They generally sxhibit a very strong fractionation of fe and Mn and
are composed of either nearly pure Mn oxides or Fe oxides and sili~
catss (5, 6, 7).

(2) They appear to accumulate 100-1000 times nore rapidly than typical
nodules (3).

22

(3} They have very low trace metal and OTh cantents (5, 8}.

Z
(4) Some of these deposits have anomaiously high ‘34U/238U values {9).

fhese characteristics have Tead to suggestions fhat this type of ferromanganese
deposits form by precipitation from sea water hydrothermal solutions which have
circulatad tarough cooling volcanic rocks and mixed with normal saa water near
the saa floor.

We report hers an a suite of samples with similar characteristics which
wers dredged from an area of sediment mounds, lacatzd on the south flank of the

Galapagos Rift at 86°4, near the spreading canter, 200 miles northeast of the Galapaces
islands.

2.0 G2olegic Setting of the Mound Sampies

Detailed descriptions of the sadiment mounds hased an Qeep Taw surveys during
expeditions SOUTHTOW and PLEIACES Leq [ of Scripps Institution of Oceanography
have besn pubilished elsewhere (10, 11}, These surveys provided beoth high resalu-
tion seismic reflection and side-scanning sanar profiles of the sediment mound

area. Williams, at al. (12) reportad on an intensive heat flow survey made ¢n
! Y
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the SOUTHTCW expedition.

The samples described hera were dredged on PLEIADES Leq [I during a
program of heat flow measursments. Dottcm photograpny, coring, botiom water
and water column sampling, suspended particulate sampling, profiling, tottom
water temperature, 0BS and sonobuoy measursments which served as a sits survey
for a desp submersible (ALVIN) study of hydrothermai activity on the Galapages
2ift. Preliminary results of the ALYIN study are renorted in Corliss, et al.,
{13). Comprehensive studies of the results of the ALYIN diving
program, which included sxtensive additional sampling, will be
repcrtad in the future.

The mounds are located in a band 20 km south of tne Galapagos Rift (Fig. 1)
an sediments ranging from Zﬂ-to 30 metars in thickness. The spreading half-rate
is 35 mm/year (14), so that the basalt crust underiying ithe mounds ranges Frem
500,000 to 706,000 years in age. The mean sedimentation tate, derived from ob-
servations of sediment thickness and crustal age is approximately 5 <m/10d0 years
(10).

The %gpography of the sea floor reflects the underiying basement structure
slys incrsasing sediment fhickness to the south. The terrain is dominated oy east-
west trending normal fault scarps which predominantly face the spreading center
to the north {1G8). The welief on these scarps ranges fram greater than 200 meters
at the spreading center to less than 100 meters in the sediment mound area.

The mounds themseives reach heights of 15-20 metars and are up to
50 metars in diameter. They accur in linear arrays waich are supparailel
ta the dominant structural and the trend of the spreading axis (11). The
distribution pattern of the arrays of mounds and ridges rgsembles the
pattern of small faults and fissures exposed aleng the spreading axis

to the north.
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They occur as rows of distinct mounds, and also coalesce to form more or Tess
continuous ridges commoniy spaced about 100 m. apart. Scme mounds campletely
buried by seadiment were seen in refiection records, and the basalt hasament
appears to be centinyous beneath the mounds.

dottom photograpns and ALVIN observations of the mounds reveal numerous
outcrops of resiszant material syrrounded by sadiment. Massive
outerops of dark colared material with gccasional bright yellcw patches and
bands are presant as wall, contrasting with the normal gray green calcareous-
siliceous vozs in the area. Ouring dredging we obtained samplas with morsghaiogies
and calors representing all types readily visible in the photograpns and later
saen from ALVIN. Evidencas from reflection protiling, the absencez of bhasalt in
the dredges, and the direct observations made from ALYIN show that thesa crusts
do npt grow on basal:.

The mounds are located within a broad band of high heat flow as dascribed
by Ai1liams, et al. (12). Refinement of this work on PLZIADES Leg II has veri-
fied the occurrence of the mounds in a high heat flow zone with ranges of heat
fluxes of 6 h.f.u. over the whole mound area, several measursments of 12 h.f.u.
and two stations with heat flow greater than 30 h.f.y. (15). The measured tamp-
arature gradients in the latter casz are greater than 2 degress centigrada per meter.

Recent driliing in the srea by the Desp Sea Orilling Project on Leg 34 {16),
cored inaividual sadiment mounds. A 10 %o 15 meter thick section cf Fe-tin frag-
ments in a green Fa aﬁd,S{_rich, Al poor'mud and Qas recavered from the tops of

w0 mounds.
3.0 Sampiing and Analysis
Tne mound samples described here were callected in three transpender navi-

gatad dredges which diagonally cressad lines of mounds noted in the Deap Tow



Survey. In addition to these, one dredge haul was made to the South of the
mound area, azbout 43 km from the reading center, where the crust is approxi-
mately 1.2 million years old. This dredge haul recovered stightly altared
basalt, encrusted with a manganese £0ating on expesed surfaces ranging from

1 to 5 mm thickness.

The dredge hauls were sampled tgo represent the diversity of the dredged
material. Each sampie was analyzed by slow-scan x-ray diffractometry ({500
sec/deg 28), atsmic absorﬁtion specirophotometry, and instrumenta] neutron
activation analysis (17). The chemical datz are cresentad in Tabie 1 and ihe

x-ray results in Table 2 and Figures 2 and 3.

4.0 Comparisan of Sediment Moynd Deposits and Basalt Coatings
The sampiles dredged in the PLETADES II cruise can be sénarated inta two

distinct groups, relatively thick crusts deposited on sediment mounds and the -

thin and presumably more slowly depositad crusts on basalt which were dredged from

2 scarp south of the mounds area {samples DM] and Dit2!. Thase latter samplas
nave dMnUZ, following the usage of (18),25 the only Mn mineral present {Figure
1). This mineral has been reported as Fe-¥in coatings on altered basalt from
the Nazca plate (21) and nodules in oxidizing enviromments (4). Growth

rates of these Fe-in basalt coatings calculatad from the crustail age at the
dredge site are approximately 4 mm/TO5 years, within the range of typicsl
ferromanganese deposits (3).

The samples from the mounds area show mineraiogical and morphoiogical
features which contrast strongly with these siowly depositad Fe-Mn coatings.
Thay fall into 3 categaries: crusts that are mixtures of the two well crystal-
liz2d manganese minerals, todorokite and birnessite (sampies TB! - T87, Figure
3), piecas of well crystallizad aontronite smectita (N1 - N5}, and ceatings of

X=-ray amorphohs material (Al - A2, Figure2),
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The Mn crust samples range from thin flat plates, often smooth, hard and
densa an ane side and safi on the ather (731, T82, and TB3) o veins of hard
Yn mineral {T34) in a porous soft Slack groundmass (T86), to thin plates (3-15mm)
with chalky, irregular surfaces on both sides {TBS and TB7). HMost of
+he todorokite-airnassite samoles are abour 1 <m thick, but scome massive <rusis
are more than 5 cm thick. Given the age of the crust they overiie, thase samples
must have a growth rate greater than 2 cm/106 year, or at least an order of mag-
nitude dreater than typical ferramanganese depesits {3). The amorphous Fe-oxide
samples (Al and A2) occur as red- or yellow-orange coatings on some of these
todorokite-girnessite Mn Crusts.

The nontronite samples occur either as dark green tg vellow-green irrequiar
crusts with 3 thin black surface c¢cating, N1 and N2, or roughly equidimensional
lumps of semi-1ithifiad mud, 3-6 ¢m in diameter with colors ranging from dark green
to a rich dark orange (N3, N4 and NS). Scme piscas grade <ontinucusly in coler

from green to0 orange from one side to the other.

The sampies dredged from the sediment mounds exhibit a strong Traction-
ation af Fe and ¥Mn. Iran is found almost exclusively in an Fe-rich nontronita
{N) containing approximately 25% fe and essentially no Mn, or in amorphous
iron oxides (A). Manganese Torms separate phases (TB) composed of tedorskita,
birnessita, or mixturss of these two minerals, containing S0% Mn and less than
0.6% Fe (Table 1, Figure 4). The crusts {TB), the nontronite (N}, and the
amorphous Fe-oxides (A) because of their low trace metal abundances, have
compasitions that Bonat:i et al., (5} have defined as hydfothermai (Figure 3).

The Fe-Mn cocatings on basalts {OM) have much higher frace 2lement contents
than %the mounds deposits. For example, Cc and Th ars 100K, Hi and As from 10X

to 100X and the rare earth alements (REE}, Hf and Sc are 30X more abundant in

the Fz-Mn coatings on basalt compared to the mounds crusts. Conszquently the re-Mn
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coatings fall in the "hydrogencus" ferrcmandanese rfield on Figure 5 and have
Fa, #n and 31 contents in the range of typical Pacific manganasa nodules (4, 19).

Antimony and barium exnibit behaviar unlike the other trace slements in
the Mn deoosits. Although most trace slements are consistently anriched in the
slowly growing Fe-Mn coatings on basalt (DM), Sb and 8a have approximataly the
same concentration in both types of depmosit., This suggests either more active
uptake of Sb and Ba by the Mn minerals in the mounds deposits, or an additicnal
squrce in the mounds arez, presumably the hydrothermal fiuids.

The REE distribution patterns (Fig. &} of a1l samples dredged from the
sadimant mounds {TB, N, and A] expibit anly slight cerium depletions relative to
chrondritic abundances, less than those in the seawatar REE pattarn., The ferromanganese
coatings on basalt (OM), in comtrast, have RET abundances 100X greatsr than the
mounds deposits and no cerium depleticns. Althouah the CM samoles have
a tatal! REE content similar t0 normal ferromanganese noduies, they do not display

the streng Ca znrichments that are characteristic of nodules (20, 21).

5.0 Mineralagy and Trace Element Distribution in the Hydrothermal !tanganese Phasas

Burns and 3urns, in a recent sumpary {13) suggest that both the birnessite

2

) . . L+
and todorokite structures accammodatsz Mn , and that the divailent cations Ni 2,

& - . - - 4 : . :
Cu 2, in 2 renlace this Mn’z. Co 3 and Ce™ replace Mn&4 in the actahedral sites.

2 and #a" can be accomodated in the layered birnessite

+

They 3lso suggest that Ca
. : + L . - .

structure and that the large cations Ba E and ¥ may e accommodatad inm cavities

in a framework structure tantatively nypcthesized for todorskite.

Two features of the chemistry of the mounds Mn crusts sesm to suppert these

ideas. The concentration of Cu, 4i, and In are indegendent of the relatijve
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abundance of todarokite and birnessite. The todorokite (9.83) to birnessite
paak (7.23) ratio {7/8) variss from 20 in TB] to Tess than .01 in TB7, but it
iz apparent that the distribution of samples in the plots of Cu, i and‘Zn
(Figure 8,5) bears no relationship to variations in mineralogy. The samples with
the highest Cu, Hi, and Zn concentrations (T36) is essentially pure birnessite '
(7/8 = .01}, while the sample with the next highes:t abundances of thesa metals
is predominantly toderckite (T/%9 = 2}. The purest tadorokite (T31) is similar
in Cu=Ni-Zn compesition to samples with only traces of todarskits (TBZ and T8S).
Co is most abundant in the todorokite rich samples {TB1 and 2) but alsa is high
in a nearly pure birnessits samuﬁe {T38).

unile the Cu, Ni, and In are not correlated with the T/8 ratio, they are
highly correlated with one ancther (Figure 7a,h). The reason for the covariznce

may relate to the availability of Mn'o

sitas, but this seems unlikaly as it re-

quires that the number of Mn+2 sites is a limiting factor. Since it is iikely

that syfficient Mn+2 sitas are available, the flugtuations in Cu, Ni and In may

result from variations in the rate of drowth of the crusts. In contrast the

Co abundancz in these crusts does aot correlate with Cu, Ni, or ZIn. The corre-

lation coefficients (rz} for Co with Cu, ¥i, and Zn range from .38 o .13. This

coantrast in the distribution of Co and Cu, Ni, and Zn tends to support the notion

of Burns and Surns that Co can nave two valencs statas and replace doth Mn+2 and

Mn+4 while Cu, Ni, and In substitute oniy for Mn+2 in both birnessite and todorokite.
Ca and 2a may show fractionaticn between todorokiies and birnessita, however.

Z in {nteriayer sites

+
8urns and 3urns sugcest that birnessite accormodatas Ca
. . . . . . +2
suitable for an ion of its size and that todorckite will taks up the large 8a

jen in large cavities in its proposad tubular siructure. The piat of Ca vs.



Ba (Figure 8 ) snows that =he distribution of these elements agrees with this
Arediction. Burns and 3urns alsa suggest that the monovalent cations ¥ and
Na+ wnich have similar jonic radii to Ba‘z and Ca#z respectively, could alsa
substitute in the same sites. Dur data does nat support this {Table 1). Ne

can aonly speculate that the difference in charge may be imporrant,

5.0 Formation of Hydrothermal Nontronite

The nontronite from the sediment meunds i< another important component
of these deposits. The data on the nontronits samples reveals i trand from
nearly pure Fe-nontronita (N1 and N2) with extremaly low Al, Ca, Mn snd trace
=lements through N3, 84 and NS which contain increasing abundances of these
elements. The purast samples, A1 and NZ, are from crust like fragments while
the contaminatad samples occur as formless lumps. The presencs qf calcite and
quartz in the x-ray pattarns of N4 and N3, and the appearance of foraminifera]
fragments in N5 indicata that this trend results from increasing contamimatisn
of the naatronits in thesz samples with the normal relagic sediment depositing
in the sadiment mound area.

The green Al-poer Fe-Si-rich mud recoverad by the DSDP Leg 54 drilling
(18] presumably is deminantly nontrenits. Biscnofs (22) also reserts on 2an
occurranc2 in the Red Sea brine depesits. Becausa the Galapagos RifFt Mound
samples are assentially Al free (Table 3), Fe must be prasent in soth the
octahedral and tetrahedral layer as proposad by Bischoff and clearly shown by
Goodman et 2). (23) in Mosshauer Spectrascopy studiss. As noteqd in che des-
cristicns, the nontronite varies in color from yellow to gresn. Oxidation-

reduction experiments (24, 25, 25, 27) show that *his color change accompanies
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a change in oxidaticn state of some octahedral Fe from Fe+3 in the yellow
nontronite to o™ in the green with the charges balanced by addition of a
second hydrogen, derived from interlayer water, o the OH groups adjacent to
the Fe+3. In the experimental synthesis (23), nontronite formeg by orecipi-
tatien and subsequent aging of R fydroxides and Si go-precipitated silica from
solutions cont;ining these glements. Precipitation cccurred in sciutions that
contained 20 ppm moncmeric SiO2 and 4 to 7.5 ppm Fe, at temgeratures of 3°C

and 20°C under reducing conditions (Eh = -0.1 to -0.8 v.) with pH in the range
7-3. Two features of the experimental conditions which Harder cites as critical
to the faormation of nontronite are the relatively low 51 concentration and the

- +2)

presence of reducad iron (Fe in tne sclutions. Higher Si concentraticns lead

to polymerization of the silica, which inhibits clay mineral Tormation so that
the precipitates remain amorenous on aging. The gresence of ?2*2, Harder
suggests, stabilizes the formation of a brucite-gibbsita-type octzhedral layer
wnich in furn is necsssary for orientation of the 3104 tatrahedra intoc a clay
mineral latticz. With paesitive £h, the Fe+3 precipitatas rapidly to form
goethite and the silica orecipitates as. quartz. At lower Eh, some proportion of
the Fe uccurs as Fe+2, and the layer silicate structure of nontronite can form.
The cceurrence of ccexisting yellow and grean nontronit2 and amorphous silica-
rich “e axide in the mounds suggest that the intersti=zial fluids of the mounds

contain iron and silica contents in the general range of the nontranite synthesis

experiments, with Eh ranging froem slightly oxidizing to reducing.
g g g

7.0 The Sita of the Convective System which Could Produce the Mound Degosits
Thers are two models, calling on hydrothermal activity, that could

explain the presence of the mounds. In one model, hydrothermal canvection
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cells are estabiished with the fractured permeable basalt crust eneath the
sediment layer. Channels Tor hydrothermal #lcw may be establisned through the
sediment, stabiiized by alteration and deposition in the sediments around them
or the fluids may simply percolate through the sadiment. The vertical Flow is
concentrated aiong fissures and fractures within the basalt, so that the natiam
of mounds refiects the distribution of fractures in the bSasal®.

The sacond modei invalves the estaplishment of & secondary convection cell
within the sediments. If the sediment is sufficiently permeabla, slow convection
af 20re waters could be established througn hezt deliversd o the base of the
sadiment 2y the convection system within the basalt. The hydrothermal fluids in
this case would de inﬂuénced oniy slightly by basalt altaration rezchicns,
since most of the {luids debouching would be pore watars.

The prime geochemical distinction hetween these two models, is that the
first model calls for extensive influsnce of basalt alterazion reactions on
the chemistry of the hydrothermal #1uid whil2 the second demands that tne nydro-
thermal fiuid chemistry be governed primarily by reactions within the sediment.
The first model also implias large scale transfer of matarial from che mantla
into the mounds and seawatar. In the sacond model, this matarial is derived from
the undarlying sadiments.

We can axzmine the relative importance of thesa two orocesses by considaring
a mass balanca for manganese assuming it is all derived from the sediment. Man-
ganese is known L0 be mobilized and transfarred upward in the sadiments of the
Galapagas Rift area by reduction at depth and oxidation at the surface {29), as
was observed in cores taken adjacent to the mound areas. Conceivably, large
scale enrichments of manganese could occur by the anhancament of this process.
Sreliminary anaiyses of the 45 cores from the area between the spreading centar

and the mounds reveal a surface oxidized layer of about 10 cm thickness which
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contains 1.8% Mn. The sediments below contain apout 9.17% Mn. Given the
conczntration of Mn in the sediment (0.7%), in tne Mn crust (50%), the dry
bulx density of the sadiment (0.7 g/cm3), and the bulk density of the ¢rust
(~ 2.3 gm/cms), a crust about 2 cm thick would be deposited if all the sedi-
mentary manginesa from a 30 meter column were mobilizad %o the surface and de-
positad. [f the convective systems in the sediment extended laterally to flush
the sediment between the chains of sediment mounds then, given that the mound
chains are spaced about 100 m apart, according to the Desp Tow Survey (3) and
are Trom 20 <o 50 mazers wide, this should provide at most a 2-5 fold incroase
in thickness, so that something on the arder of 10 am of Mn could possitly be
dapositad on the mound ridges by this procass. Sampling of the mounds by coring
and visual sbservations suggest that the Mn crysts are grecominantly formed at
the surface of the mounds {n contact with oxygenatsd bottom water, and that
their tgrai averige thickness, over the mounds may no* he significantly greatar
than this.

The situation is complicated by the observation that there szems Lo te
3 considerable flux of Mn into the bottom watzr above the mounds. On Lsg [I
of the FLEIADES Cruise on the R/Y Melville, we collected near bottom water
samcles in contamination-free 20 liter bottles mounted both on the wira and on
a XKamikaze hottom watsr sampler. The samples nave been anmalyzed for total
dissolvapie manganesa by G. Klinkhammer and M. 3ender (30). Fiqure %, from
Klinkhammer at al. (30}, reveals a strong gradients in total dissoivable Mn
in the botiom water reaching maximum values in Kamikaze sampies taken lass

than § metars above the sediment watar interface.
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This gradisnt implies a consideranle flux of Mn out of the sediments and
supports the suggestion that the hydrothermal fluids derive significant Mn
frem interaction with the basalt rather than the sediment alone.

The most likely situatien is that the interstitial fluids in the sasalt
can migrate across the sediment rock boundary and thus do interact with the
pore waters of the sediments to form a continuous chemical system. Thus, it
is probable that the chemistry of the fluids forming the mound depesits is
infﬁugnced toth by reacticns within the hasalt and {nteraction with the aver-
Tying sadiment. The actual situation will be clarified by studies of sediment
cares and both squeezed and in sity sampied intsrstitial Fluids from the mounds

currently underway.

8.0 The Formation of Submarine Hydrothermal Deposits

One fmportant question regarding these mounds sampies is whether thay are
& common qccyrrence on the sea floor or are the result of a unique set of condi-
tions sexisting only near the Galapagos Rift. In this regard, a recant report
by Cann and others {&) of a very similar deposit dredged 3 km from a spreading
axis in the GUIT of Aden is of some interest. They describe a dredge haul con-
tafning (1) soft to hard manganese crusts of todorokite and birnessite, (2} a
low Al nontronite and (3) X-ray amorphous iron axides, with the Mn oxides forming
4 carapac2 gver the nontronite and Fe-gxide. This assemblage is strikingly similar
to that of the Gaiapagos Rift mounds. The dredge sita was described by Glasby
(31) as the side of a narrow shallow median valley, containing a caonsiderable thick-
ness of rapidly accumulating, highly reducad green sediment which results from the
high biclogic productivity in the area. Thus, the setting at the Gulf of Aden
is alsa similar to that of the Galapagos mounds.

A similar depesit was also reportad from transform fault A in the FAMOUS
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area on the Mid-Atlantic Ridge (7). Two vent areas, |00 meters apart,
depositad concentric bands of green, yellow, rad and then black crusts from
1 metar thick 2t the vents and 10- 50 cm thick away from the vents. They
are low in Co, Ni and Cu and have Fe/Mn ratios Trom 0.2 to 237. The L-ray
catterns show that the Mn rich phases are tcdorokite and birmessite, and the
Fa-rich samples are primarily nontrenite {32}, The deposits rest on cansolidated
carconate coZ2; some samples of the crusts contain coccoliths and faraminifara
in various stages of alteratieon and replacement by hydrothermal fluids.

The similarity of these three occurrences of this mineralogically and
chemically unique suite of samples indicatzs that the hydrothermal
procassas in each area are also similar. The experimental data an nontronite
synthesis (28) suggasts that the solutions were at Tow temperatures {3-20°C),
nearly neutral pH (7-9) and siigntly reducing (Eh= -.2 to -.3). The prasencs
oF sediment underiying the deoosits is interesting, and one can speculiata that
the percolation of fluids .through the sediment is an imporiant gart of the pro-
czss leading to this particular suitz of minerals.

Samples attributad ta nhydrothermal activity containing Mn oxyhydroxides but
without nontronite, accompanied by silica-rich Fe oxides have heen recaverad
from many localities in the oczans; for exampie, the TAG area (25°N) on the Mid-
Atlantic Ridge (33, 9 ) the [De Steiger leep on the Galapages Rif: (34), 11°S on
the Zast Pacific Rise (35), Dellwood Seamount in the Northeast Pacific (335), efc.
The axperimental dataz sugQgest that these deoosits form under oxidizing ¢anditions
with the Fe+3 precipitating rapidiy as Fe hydroxides and silica, aging to goethite

in some czses and followed by precipitation of the low temparature Mn pnases

with no low tamperature reducing zone suitable for nontronitz formation.
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When thers is sufficient sediment prasent so that the hydrothermal
#1uids cool slowly under reducing conditions while percolating through the
sediment, the Fe and 51 precipitate as nontronits,

Approaching the surtace of the mounds, the sequence af nontronite-iron
oxida-manganese oxides may reflect a stable steady-state oxidation gradient.
Near the surface of the mound the interstitial fluids become slightly more
oxidized and Fe-oxides and amorphous silica are precipitatad instead of non-
tronite. At the interface with the oxygenated bottom water, the Mn oxides
oracipitatz, perhaps initiated by epitaxial intergrowth with the Fe-gxides,

as suggested by Burns and Surns (37).
Conclusians

(1) The Salapagos Rift sediment mounds are formed by deposition of Fe,

Mn and Si from hydrothermal fluids percolating througn seadiments averlying
basaltic crust. The fluids are sea water which has circulatad through and
interacted with the tasaltic crust and the sediments. The relative contribu-
tion of interactions with the basalt and the sadiment to the composition of

the fluids is not clear, but it is likely that the basalt is the primary sourcs
of the Fe, Mn and Si which form the bulk of the deposits.

{2) The cnemistry and mineralogy of the deposits reflect a change froem
reducing conditions within the mounds, whers Fe and Si are depositaed as a nearly
Al-fr=2 nontronita, to oxidizing conditions at the bottom watar interface, where
Si-rich Fe-oxides and Mn-oxide crusts form the exposad surface of the mounds.
These conditions Tead to nearly quantitative separation of Fe and Mn.

{3) These Mn crusts are well crystallized todorokitz or sirnessite or
mixtures of these phases. The trace element abundances in these samplas reveal

that the Cu, Ni and Zn ara strongly <ovariant independent of mingralogy, that
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Ca is not covariant with Cu, Ni, and Zn, and that in contrast to the metals,
mineralogy does infiuence the distrihuticn af 3a and Ca in the crusts. These
rapidly depositad hydrothermal Mn crusts have a much lower Cu, Hi, In and Co
content than a slowly accumulating Mn-coating composaed of §Mn02 on basalt
dredged from older cceanic crust south of the sadiment mounds.

(4} The combination of nantronitz with Fe and #n oxidas in submarine
hydrothermal deposits has been observed in the Gulf of Aden and on the Mid-
Atlantic Ridge in the FAMOUS area as well as in thesa Galapagos Rift mounds.
This suite of minerals may result from the presence of sediment, which allows
the fluids %o cool and precipitate Fe and Si, under reducing conditions as

montranita, in contrast to conditions where hydrothermai fluids flow directly

from basalt into botiom waters and deposit oniy oxides.
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Table 1 Composition of Bredged Samples

Miajor tlemends Bl Tu2 143 144 Tub 6 187 VE]] DM2 Al AZ Nl nNe K] Na Ha
(%)
Na 2.49 2. 1.8 2,48 3.46 2. 28 4.03 -- .11 -- ~- i.19 1.03 1.21 .09 .20
My 1.97 1.81 .85 1.42 .15 2.07 .67 -- BB -- -- 1.44 1.1 1.27 1.01 1.4
A R0 .2] .21 .01 .28 b .16 1.33 1.32 .09 .58 .0l .02 .26 1.12 .83
Si .65 .52 1.2 N 1.06 .91 70 5.17  11.8 15,1 4.4 22.4 24.8 14.8 20.8 13.4
K .55 62 L32 Y4 .16 V.17 .21 -~ 4B .- -- 1.74 1.86 .83 .64 .50
Ca .13 1.34 1.6 1.31 1.69 1.82 1.12 2.46 2.1 .07 1.7 .49 .08 1.02 6.7 17.2
My 51.1 50.1 50.2 50.8 50.3 6.1 51, 2.6 15.1 1.29 a.41 .20 .18 .35 .34 .14
e L2l .13 .19 .03 .26 .62 a0 1703 1.2 22.3 21.6 25.7 23.2 27.4 1.8 8.33
Hinor Elewents
{(ppm)
Sc .76 .97 .95 14 .B6 .54 .62 1.5 7.1 L4l 1.8 .20 1Y Rk 3.9 2.6
Cr 5.1 5.1 2.8 3.6 3.2 2.6 4.0 40.8 16.3 5.9 10.7 3.4 4.1 6.8 18.9 12.
Co 8.7 8.1 © 2.9 1.3 1.5 5.9 2.4 503. 2417. 1.6 1.8 .35 .9 1.6 11.2 7.0
Hi 496. 450. 122. 16. 148 1460. 103. 1776, 4540. . 54. 1.0 i4. 27. 101. 58.
tu 99. i66. 48. 34. 65. 264. 29. 404G, au0. Jé. &0. 2.3 8.0 2.9 1he. B&
in 301. 153. 244. 38. 163. 1070. 75. 174. 624. 150. 151. 28. 29. 55, 375. 244.
As 4.3 3.7 27, 40. 1.9 8. Z2.h 1680, 120. 59. 24. 5.2 2.9 11.8 2.1 i.4
Sh 32. L4, 9, 21. 20, 42. 5.5 23. 13. 8.1 3.9 1.3 .50 1.9 1.4 1.5
Ra 2490. Jl60. 1238, 2310, 1530. 1300. 1008 1440. 760.  320. 1090. 74. 68. 600, 1930. 2090.
e - 19 J0 .06 A5 - -- 1. 1.2 19 .55 Rl -- Rl .68 .29
i a2 .14 .14 .02 .18 .09 ), C1.? -- .03 -- -- A2 58 55
kave barths
{ppm)
La 3.2 3.9 2.5 8 3.0 3.7 1.4 175, 92. 6.8 6.6 2.9 2.2 5.2 5.3 4.6
(D) 3.2 1.4 1.8 1.4 2.5 1.5 .3 201, 113. - 4.2 2.9 2.3 2.2 1.4 4.2
{id . -- -- -- -~ - ~- -~ 13. - -- -- -- - - .-
Sin .39 43 AD .07 .56 .18 26 6.9 15.4 LG ] .bb .49 .59 1.2 39
tu .16 .14 2 A2 10 L6 .09 G.6 1.3 A .32 LW 5 6 .25 .23
b Nl .08 .0 R 07 9 .06 5.4 2.7 13 .6 04 -- .05 .20 .14
th .51 L .56 .22 .51 66 A3 27,6 4. -- .99 .3 .30 .83 1.2 1.2
Lu 13 Ry N1 0% 13 A7 .09 4.3 2.4 .09 15 .03 .03 .20 22 e
lodorakitef 20, 2. & 0.1 0.1 00
Bivnessite -

6l
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Minarzicgical Description of Samples

Sampla

Dredae

T/g*

Mineraloay af Samnie

TE1

T32

783

T84

—4

TB6

T87

oM1

Al

AZ

Nl

"2

i

~t

I

o

20

N

Almost pure todorokite, very well crystallizad,
with slight amount of birnessite. There ig a
well deffned 1.47 A peak, not related tg known
todarokite or birnessite peaks (see note *™)

W81l crystallized todorokites with some birnessita.
Possible nontronite and barits oresent, lWell
defined 1.47 & gezk appears again.

Well crystallized b1rpe551ta with a minor amount
of todorckita. 1.47 A peak is we]l defined again,
and 'associated' 1.32 A and 2.15 A peaks aiso are
presant.

Well crystallized birnessite with a minor amount
of todorokit2. A small 1.47 A peak is present.

Well crystallized birnessite
of todorokita. 1.47 A, 1.82 !
again present,

minor zmount
A peaks all

Tl

I\J -

&
.15

D-J'QI

Alimost pure pirnessita, well crystalld ized, with
very minor ftodorokite calcite and quartz.

Almost pure birnessite, well crystailizad, with
only hints of todorckite. 1.47 A peak has returnad
in strength, and 1.82 A, 2.15 A peaks are again
presant.

Essentially pure aMnQ,, with mincr quartz present.
Slight hump at ~ €.3 & possible phillipsite ar
birnessite.

¢ Mn0, with slight amount of plagicclase.

Generally X-ray amoronous, with 31ight 2mounts
of birnessite and nontronita.

Ganerally X-ray amorphous, but with slight zmount
af a plagioclase.

Nontronite, very well crystallized. A strong 060
peak at 1.318 A in the randem mount shows that it
is primarily a dicctanedral clay.

Well crystailized nontronite, as in N1.
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TABLE 2. continued

Sample  Oredoe T/B* Mineralogy of Sampla

~4
i

N3 Almost pure nantrenita, not quite sa
well crystallized as N1, Hint of

birnessite.

N4 7 - A mixture of calcite and fairly well
crystallized nontronite.

NS, 3 - A mixture of calcita and faifrly weil
crystailized nontronita.

*T/8 refars to the peak area ratio of the 9.7 A todorokita peak to the 7.2 A
birnessita peak.

-82 A and 2.15 A peaks resemble 2 synthetic Na-Mn mineral remorted

**The 1.47 1
lay (38)

’iv
by Wadslay
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Atamic Proportions and Site Occupancy of Hontranite Assu

all Fe as Fetd
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ming

N1
ratrabadral L si 7.30
gtranedra
& ayer a1*3 .03
ret3 .70
8.00
Fet3 3.50
Cctznedral Laver Mg+2 54
- ca*? "
niariayear da 47
3 .47
.39

Interiayer Chargs 1.10




Figure

Figure

Figure

Figure

Figure

Figure
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Captians

Maps showing the location of the survey area, the distribution of
the hydrothermal mounds {from Londsdaile, 1977) and the tracks of
the dredge hauls (Oredgs 4 is located off the map at 0°25°N,
8B°06'W).

Ultra slow scan X-ray ditfraction patterns of three sampies
studied. Upper trace {OM1) is § Mnds, a basalt coating,
dradged south of %the mounds area, the middle scan {A2) is
amorphous iren axide from the sediment mounds, and lower scan
(NI} is @ very weil crystallized nantronita from the mounds.
Pezks labeled In are zinc backing usad in 3he X-ray mount.

X-ray diffraction patterns of the ferromanganese saquence from
the mounds. The upper trace (7B7) is neariy pure birnessite

and the jower trace (T381) is weil crystaliized todorokite with
on@y_:racgs of birnessita. Middle frace (T34) i3 a sample con-
taining signiticant portions of both birnessite and todorckita.

Ternary diagram of Ffe-Mn-Si. The basalt crusts fall in the field

oF manganese ncdulses. The mounds samples show the strong frac-
tionation of Mnintooxide phases and fe into nontronits, the

dilution of the pure Fe-rich nontronite sampiss with

normai sediment, andthe intermediate composition of the amorohous rFe-
oxides betfween the Mn oxides and the purest nontreonite.

Ternary diagram of Fe vs. i vs. (Co + Cu + #9)X10 avter fonat:i
et 2l (3). The mounds samples fall in the hydrothermal field, the
basalt crusts in the nydrogenous field. .

Rare earth alement zbundances normalizad to the rare sarth alement
concentration fn chondrites. The ssawatar abundances are from (20)
(X104}. The § MmOy basalt caatings (OM) are strongly anriched in
the REE relative to the hydrothermal mound samples.

la) Cu vs. Ni and {B) Cu vs. Zn in Mn oxide crusts
(T8) from the mounds showing strong correlation of Cu-di-Zn but no
correlation of metal cantent with fle mineralogy expressad as the
todorokite/birnessite X-ray peak ratio.(T/8)..

Ba vs5. Ca in Mn-Crusts from the mounds suggesting that 8a entars
the todorokite lattice and Ca the birnessite latiice, 2s suggestad
by Surms and Burms (18),

Total dissolvable manganese in the watar column ovar the mounds,
compared to 2 profile free of direct hydrothermal influencs. The
Kamikazi samples are collectad from 1 to & meters abave the sediment-
water fnterface. The samples were analyzed by G. Klinkhammer (30).
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APPENDIX 3

Ferromanganese Nodule, Fe-Mn Basalt Coating,

and Sediment Coarse Fraction Descriptions
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APPENDIX 3

Ferromanganese Nodule, Fe-Mn Basalt Coating,

and Sediment Coarse Fraction Descriptions

Ferromanganese Nodules

Y71-9-~86 5°05's 90°47'W 3877 m

Nodule: 4 x 3 cm subspherical nodule, vary friable. Surface is
grainy, botyroidal. No core can be distinguished, while thick in-
distinct layers can be seen.

>44 1 sediment fraction: Forams and other calcite microfossils abun-
dant. Micronodules rare, even after acetic acid cleaning. All are
growing inside radiolaria or are of the size +to have done so. Radio-

laria are abundant, with rars fish debris. Some of the radiolaria
are Fe-stained.

Cl36 8°47's 89°26'W 4252 m

Nedule: Small multicentered nodule, 3 x 1.5 cm. Smooth to slightly
grainy surface. Two major cores, both nodule fragments; one minor
core of altered basalt. Layering is well developed.

>44 y sediment fraction: Original sediment red-brown. Large numbers
of microfossil fragments, biotite flakes. Micronodules are about
20% of coarse fraction, small, subangular.

Cl51 8°58's 86°22'W 4253 m

Nodule: Large ellipsoidal nedule, 6 x 3 cm. Surface very knobby,
borous. Layering indistinct, nc distinguishable core.

>44 1 sediment fraction: Micronodules ~10% of coarse fraction,
generally small, rounded. Scme are growing in radiolaria, others
are of the size to fit in cavity. Larger micronodules are rare.
Radiolaria are abundant - many Fe-stained or filled with smectite
(?). Rare sponge spicules.

Cl4l 14°557g 87°43'w 4171 m

Nodule: Large subspherical ellipsoidal nedule, 4 x 7 cm. Botyroidal
equatorial rim, smooth top, more grainy underside. ~1 cm3 piele of
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altered basalt forms the core of the nodule, ILayering is distinct,
smooth on upper side, botyroidal on the lower.

>44 y sediment fraction: Micronodules ~25% of the coarse fraction,
reqular to botyroidal, small. Forams and foram fragments abundant,
some Fe-stained or Si-replaced {do not dissolve in acetic acid).
Radiolaria common. Phillipsite common but as an hedral tc subhed-
ral crystals.

Cle5 13°29's 83°40's 4634 m

Nodule: Large subspherical nodule, 4.5 % 6 cm. Upper surface smooth
but grades to very grainy at the bottom. 'Eguatorial' rim of boty-
roids about 2/3 of the distance of the upper surface. Layering in-
distinct, no observable core.

>44 1 sediment fraction: Many large micronodules, up to 2 mm, boty-
roidal. Smaller micronodules rounded. Micronodules ~20% of sam-
ple. Abundant radiolaria, common replaced forams, some of which
are Fe-stained. Several large, orange, palagionitic grains -5 mm,
some with Mn veins. One greenish quartz grain, rounded. Two .5 km
nodules picked out of the coarse fraction. Both were rounded.

Cle9 14°24'3 81°83'w 4634 m

Nodule: Large nodule, 6 x 4 cm. Originally spherical, but 1/2 brocken
away. Broken surface has been overgrown by new Mn precipitation.
Indistinct top and bottom - upper surface smooth with large botyroids,
lower surface grainy on large botyroids. Layering distinct, no ob-
servakle core.

>44 y sediment fraction: Micronocdules consist of ~20% of this small
sample. Radiolaria abundant, forams present, but all appeared Fe-
stained and/or Si replaced. Microncdules are generally small, boty-
roidal to subrounded.

W7706-19 22°14°'s 79°31'W 44lém

Nodule: Spherical nodule, 2 c¢m in diameter. Surface is grainy but
competent. Small piece of altered basalt forms core, cross cut by
Mn-oxide vein filling. ILayering within the nodule is indistinct =~
has 'chrysanthemum' texture of small petal-like botyroids growing
from the center.

>44 1 sediment fraction: Approximately 70% micronodules. There were
nodule fragments in core, so some may be from nodule. Apout 20% of
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the microncdules are rounded, however, Common guartz grains, common
rock fragments, common biotite.

DMS924 48°19's 96°28'W 4540 m

Nodule: Multicentered nodule ~6 cm in diameter. The surface is smooth
to grainy with botyroids -1 cm in diameter. Multiple cores of al-
tered basalt, up to 5 mm in diameter. FeMn-oxide layering is dis-
tinct.

>44 y sediment fracticn: Almost entirely forams in coarse fraction.
Radiolaria are abundant in the acetic and cleaned sample, as well
as large amounts of detrital material. Detritus includes large
rounded quartz grains, rock fragments. Micronodules make up -~20%
of cleaned coarse fraction. Most of them are rounded or botyroidal,
but there are many angular ones. Occasional f£ish debris is seen.
Miocene-pliocene boundary was seen at 240 cm in this core.

DM1006 38°08's 125°21'wW 4890 m

Nodule: Ellipsocidal multicentered nodule, ~5 cm. Surface is smooth,
made up of botyroids -1 ¢m in diameter. Large altered basalt core.
FeMn oxides layering is distinct.

>44 y sediment fraction: Micronodules make up ~80% of sample, mostly
small, subrounded, but some are angular. Rare fish debris. Prhil-
lipsite (?) particles present. Si replaced forams and siliceous
biogenic debris common. Rars sponge spicules.

DM981 22°40's 160°47'W 4800 m

Nodule: Spherical nodule, 4 cm in diameter. Surface is grainy. The
core is a ~1 cm multicentered nodule. Indistinct layering - shows
'chrysanthemum’ texture as in W7706-19. OQuter 5 mm is a dense Fe-
Mn oxide, with no layering.

>44 u sediment fraction: Micronodules are ~30% of the sample, general-
ly small, angular to subrounded. Some reach 1 mm in size. Forams
and foram fragments are common. ILarge phillipsite crystals, many
of which are twinned, are also common. Yellowish phillipsite (?)
aggregates and red-brown grains present. Occasicnal quartz grains,
fish debris and sponge spicules are seen, as well as rare radio-
larian.
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¥73-3-20P 13°38's 102°34'w 4396 m

Module: Subspherical nodule, 5 x 4 cm. Surface grainy, consists of
small botyrcids up to 1 cm in diameter. ILayering inside indistinct,
nc distinguishable core.

>44 1 sediment fraction:

0-20 cm (Y73-3-20MGZ) - Small rounded to subspherical micronodules
make up ~40% of the sample. Foram fragments and siliceocus bio-
genic debris is common; many Fe-stained Si-replaced forams.
Phillipsite (? vellowish-white subrounded grains) common. Rare
whole radiclaria.

‘ 25-45 cm (¥733-20P) - Large nodule fragments ~5 mm in sieved sam-

ple. These were removed. Micronodules make up about 40% of
coarse fraction. Large micronodules (or nodule fragments) more
common. Foram fragments are present, rare whole tests. Fe-stained,
Si-replaced foram tests common, sponge spicules, whole radiolaria,
fish debris, are rare. There are some phillipsite laths.

160-180 cm ~ Micronodules are about 50% of the coarse fraction -
some show evidence of layering. Large micronodules common, gen-
erally subrounded to botvroidal. Euhedral phillipsite crystals

‘ common, mdstly twinned. Fe-stained, Si-replaced forams or casts
of forams common. Fish debris is present.

‘ 260-280 cm - Micronodules are about 30% of the sample, are small
and subrounded. Yellow phillipsite (?) grains common. Common
Fe-stained, Si~replaced foram fragments; other biogenic debris
is rare. Fish debris is present.

360-380 cm - Micronodules make up about 30% of the coarse fraction,
are small to medium-sized, subrounded. Fe-stained, Si-replaced
forams present. Fish debris present to common. Phillipsite (?)
aggregates present. Qccasional guartz grains seen.

440-460 cm - Micronodules make up about 20% of the coarse fraction;
are small, subrounded. Fe-stained, S$Si-replaced forams common,
fragments of sponge spicules common, phillipsite (?) grains pre-
sent. Fish debris common to abundant.

510-530 cm - Forams and feoram fragments abundant. After the acetic
acid leach, microncdules make up ~10% of the sample. Some appear
to be pseudemcrphs of forams. Some Fe-stained, Si-replaced forams.
Phillipsite (?) aggregates present, as are spicule fragments, fish
debris.

650-670 cm - Forams and foram fragments are abundant. Micronodulas
comprise about 10-20% of acetic acid cleaned sample; are small to
medium, subrounded. Phillipsite (?) particles present, replaced
forams common.
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680~700 cm - Forams and foram fragments are extremely abundant.
Micronodules comprise ~10% of cleaned sample and tend tec be
larger, subrounded. Replaced forams and fish debris are common
in the clean sample.

760-780 cm - Forams and foram fragments as well as other biogenic
debris is abundant. Micronodules are about 20% of the acetic
acid cleaned fraction. Fe-stained, Si-replaced forams are abun-
dant in the cleaned fracticn.

Ferromanganese Ccatings on Basalt

FDRAKE 75 3-10-45 17°09°*s 75°15'wW 4911 m

5 cm thick ferromanganese crust on extremely altered basalt. Red-
brown color, nc distinct layering.

DM1028-3-2 to 4 21°07's 80°50'W 2953 m

DPark brown-black ferromanganese coating, 3-5 mm thick growing on ex-
tremely altered basalt.

bM101l6 25°24's 28°%47'W 38l3 m

Black ferromanganese coating, 5-7 mm thick on white altered basalt (?).
Coating is hard but very porous.

DM1011 33°00's 108°30'wW 4384 m

~1 mm thick brown-black coating on fresh bhasalt.

KX72-33-2 23°02's 113°56'w 2285 m

~1 mm thick red~brown coating on fresh basalt.
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APPENDIX 4

Chemical Compositions of Bulk Sediment, Oxalic Acid Leachable
Fraction of Sediment, and Micronodules in Core Y73-3-20P

(Data for Chapter 2)



APPENLLY 4. Data for Chapter 2.

(ALL VALUES 1N PPM.)

BULK SEDEIMERT
COMPOSITION

NAME ]

Y73=-20
25 =45
E7-30
160-90
260-A80
360-380
44 0-60
514~30
650=-70
634-0n

LEACHABLE FRACT lON
OF SEGJHENT*

¥Yri3-420
25-45
hO-~a0
160-30
260-80
360-30
i =50
510-30
6519-70
6540-00

MICRONODULE
CUMPOSITION

¥?3-20)
2545
1£1-81
260-40
361-80
44 0~60
680-01
TH0-80

MG

18000,
191048,
21500,
19300,
2uhnd.
2z106.
29200,
153040,
1uA00.

6169,

99C¢.
18464 .
11500,
3380,
10500,
9494,
123G9.
6570,
G7¢U.
21E0.

IR0y,
43t d.
11200,
11360,
14000,
185T0.
13700.
12200,

at

25000.
2600d.
29400,
27500,
24200,
26300.
3340,
5570.
Whul.
1774,

E120.
67 30.
64640,
3150,
3134,
233d.
1350,
7bd.
592.
239,

2100,
209432,
16500,
33006,
37100,
264100,
36900,
51700.

120806,
118006,
13oag.
1225660,
116004,
1446000,
1460006

80100,

7i7C0.

18100,

13700,
177106,
19300,
13300,
12200,
10504,
9560,
1860,
7050
1861,

¢HTGC.
20490-
11804,
3L300.
33100,
619006,
506200,
42500 .

(o

73500,
52580,
21100,
23208.
25300,
32100,
usrno.
190400,
245400 .
y3udn0.

(%l
[

24420
25.410
25.4918
25.93
22.50
21.10
8.92
5.23
Gl
1.37

*Reported in mg of element leached/kq of original sampie weight

HN

L3108,
47700,
48700.
atend.
62600,
L6200,
28700,
15300,
14700,

Loabl.

40300,
LEDB9,
L6700,
6£.00,
81200,
46059,
27300,
14206,
12100,

3430,

37aana,
I6330¢0.
334000,
2u2000D.
285000,
3516040,
224309,
1520006,

FE

116000,
123000,
135p00.
156000,
180000,
1452000,
135000.

7C00.

SuT08.,

21¢00.

SEX00.
58700,
qalL00.
61000.
692400,
50080,
145440,
18400,
14200,

HE%0.

239000.
125690,
106000
253000Q.
263000,
311000,
Z2H2004.
166000,

co

220,
226,
268.
263,
248,
221.
36.
50.
40,
13,

260.
2ED.
272.
277,
253.
213.
84,
£2.
L1
1d.

1090,
476,
7ol
.

1070.
Su0.
6ShA.
293.

NI

962.
1110,
1070,
1340,
1230.

741,

2483

137,

117,

34,

912.
11080,
1640,
1450,
1310.

765,

261,

130.

101,

Zhe

12700,

13300, -

14600,
i19080.
5770,
7050,
2ug.
1500,

Cu

q57.
1040,
1140,
1330.
1230.
976.
794.
L57.
438,
152,

632,
744,
794.
A84.
7.
LT
291.
138.
162.

65,

6960 .
7230.
7751.
61T0.
5230.
5670.
1620,
3210,

™

021,
ML
3nD.
L26
511.
375,
3.
1a91.
175,

8.

gLE,
Iht.
282,
2e8.
314,
2rh2.
led.

73.

&3,

3z.

188C,
190G,
P4
1360,
35ul.
50640 .
19¢0.
1520,

Led



APPLNDIX 4 (CONT[NUED

BULK SLUIMENT
CUMPOSITION

¥73-20
25-45
60-40
160-180
260-280
360-380
440-460
510-530
650~670
£80-700

SEOIMENT COMPONENTS

¥73-20
25-45
60-80
160-80
260-280
360-380
440-460D
£§16-530
650-670
680-700
160-760

A1} reported as Cato
technique of Leinea

nodule abundance is estimated by leach fractian abundance and composition.

J

¢

As

46.4
Tha5
1d4.4
122,43
226.0
126.0
DY
I4 R
19.9

9.1

Cabhqt

and salt free percentages.

R N - - R TR

AG

9.56
12. 80
G. 32
1,24
11.9¢
19.u0
10,00
?.30
10. 80
h,53

WO Mo )

53 BA La

9.8 16700, 151.0
10.3 16600, 152.0
1.3 20000, 1A2.D
13,9 17300, 1#4.9
16.0 12204, 141.0
tt.u 16404, 294,08
Ba3 168300 . 1040
3.1 ©8ald. Sl
2.2 w420, 4245
9 17D, L3.4

1 1

OPALYE QUARTZA

9.7 2.37

9.8 2.34

9.8 1.55

3.4 1.15

9.4 .43

14.8 1.08
19.6 1.18
25.0 1.21
256.4 1.40
20.3 V.60

— V.47

-»

Opal is estimated by the

CE NI bR ]
ra. 0 168,06 24.210
Bha.é& 1az2,0 e3.70
It 139,10 36 .50
49,1 205.0 34 .30
£2.9 158.0 31.30
%3.9 e, 11,35
3.7 129.0  15.10
Lh. ¥ GLa0 7.9k
13.¢ 46, 2 [y
L. f 2n.7 a1l

MICRONODULES
13,
12
13.
13,
7.0
68
1.5

1977}, quartz by X-ray diffraction analysis, and micro-

£y

.99
4,22
9.9
9.33
d.u5
.80
3.59
222
.77

|

Bail
Ea.EA
La.75
6,729
£.91
£.58
2437
1.2%
1.1¢

407

Y3

2e.20
25.10
3i.40
32.23
13.50
JL.50
1z.80
7.18
€. 37

2.28

tu

3.37
a7
3.08
5.01
.29
5.61
2.6
{.13

.36

v 35

HF

44K9
499
Gall
Gabhl
4.9%
401
1.26
t.a7

a1

21

L]

LR §
Lald
Sahd
3.2¢
2.18
2.56
1.11

.56

5t

W LL

.34
3.12
3.38
4,05
L.530
.60
2. 34
1.34

.35

58

¢l






