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Manganese Crusts and Nodules from the Hawaiian Ridge1

G. P. G l a s b y 2 and J. E. A n d r e w s 3

A BSTRA CT : M anganese stains, crusts, and nodules are widely d istributed on 
the insular slopes o f the H aw aiian ridge. The thickness o f the m anganese crusts 
depends on depth of w ater, w ater circulation, and the age and lithology of 
the substrate, and varies from  absent to  stains off the island o f Haw aii to a 
maxim um  o f 5 cm in the vicinity o f Midway. Scanning electron microscope 
studies indicate tha t the internal structure of the m anganese crusts is relatively 
featureless com pared w ith tha t o f deep-sea manganese nodules. R econsidera­
tion of ages o f m anganese deposits from  the H aw aiian archipelago indicates 
that the rates o f  accretion o f m anganese crusts are probably in the same range 
as those o f deep-sea deposits and tha t the crusts do not accrete at a m uch faster 
rate than deep-sea deposits as previously suggested. Iron  staining is observed 
in the volcanic substrates and becomes more apparent with the increasing age 
o f the substrate. There appears, however, to  be no evidence tha t iron oxide is 
a ubiquitous control factor in initiating manganese crustal growth. Because 
of the terrain  and the rocky nature of the substrate, diagenetic processes 
within the sediment colum n probably play no m ajor role in controlling the 
com position of m anganese crusts on the flanks of the island ridge.

M a n g a n e s e  s t a i n s , crusts, and m ore rarely 
nodules have been recovered from  subm arine 
terraces and slopes th roughout the H awaiian 
archipelago on a variety o f substrates, al­
though dom inantly on highly altered volcanic 
rock. The thickness of the crusts is variable 
even within a single dredge haul, but in 
general increases w ith increasing age o f the 
substrate (i.e., tow ard the northw est, the 
older sector o f the seam ount chain). M axi­
m um  thicknesses o f 5 cm are observed for 
the m anganese crust in the vicinity of 
M idway, although thicknesses o f up to 2 cm 
are m ore com m on. The crusts are found 
m ainly between 400 and 2000 m eters and 
occur dom inantly on terraces. Seven m ajor
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terraces are identified on the Hawaiian 
ridge (Stearns 1966, 1967, M athew son 1971, 
M orgenstein 1974). These terraces act as 
traps to downward-m oving rubble on which 
the manganese oxides accrete. The W aho 
Terrace at 1100 meters, which is generally 
recognizable th roughout the archipelago, 
contains the most extensive crustal deposits.

The manganese deposits o f the Hawaiian 
archipelago have recently a ttracted  interest 
as a potential economic resource, particularly 
for cobalt, and a prelim inary report on their 
distribution, mineralogy, and com position 
has been prepared (F rank  et al. 1976). We 
present here a short account o f the m or­
phology, internal structure, and com position, 
and the role o f iron oxides in initiating 
manganese crustal grow th in these deposit?. 
The samples described here are those col­
lected from  the H aw aiian chain southeast of 
M idway (Frank et al. 1976) and do not 
include those collected during the 1976 
R /V  K ana Keoki cruises to  the leeward 
H awaiian and Em peror Seam ount chains, 
which are still being studied.
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F igure 1. C om parison  o f  p h o tog raphs and  charcoal and  pastel draw ings o f m anganese crusts from  tw o localities 
in the H aw aiian  archipelago. D raw ings have the advantage th a t they can  be used to  h ighlight features o f  im portance 
in the origin o f  the crusts. T hey are particularly  useful in th a t perspective can be chosen to  illustrate m ore facets 
o f  the object th an  is possible in pho tog raphy , and the problem s w ith  d ep th  o f  focus o f the  cam era can  be overcome 
(for exam ple, w here it becom es im possible to  bring ou t m icrobo tryo idal surface texture o f  the crust as well as the 
m ajor m orpholog ica l features o f  the  crust). P ho tography  does, how ever, rem ain  superio r for rou tine , accurate 
docum entation  o f  nodu le collections and  gives better results th an  draw ings fo r m any  nodule shapes, particularly  
w here the above po in ts are less im p o rtan t. The draw ings are by L. F o rtin ; we believe th a t th is is the  first tim e that 
draw ings o f  this quality  o f  m anganese crusts have been produced  since the  classic draw ings in the H.M.S.- Challenger 
reports. T he scale is in centim eters. The sam ples are: a, M anganese crust w ith bo try o id a l surface texture from  
sta tion  K K  72 M idw ay D redge 43 (24°17.5' N , 166c43.8' W , 1060-1170 m eters). T he altered  volcanic substrate 
is penetrated  by m anganese-encrusted  bore tubes. Pho tograph , b, D raw ing  o f  sam ple show n in p a rt a. c, M anganese- 
encrusted altered  volcanic substra te  o r  large, flattened m anganese nodu le  (depending on definition o f  a m anganese 
nodule) from  sta tion  K K  72 M idw ay D redge 32; present on  upper surface. U pper m anganese crust is thicker than  
low er crust. C o n tac t betw een m anganese crust and substrate is well defined, a lthough  som e m anganese-lined bore 
tube  features are noted . P ho tog raph , d , D raw ing o f  sam ple show n in p a r t  c.

M ORPHOLOGY

M anganese crusts from  the Hawaiian 
archipelago display a variety o f m orpho­
logies, bu t they com m only are flattened or 
angular crusts and may display thicker 
m anganiferous coatings on the upper surfaces

than  on the lower surfaces. The crusts 
com m only have m anganiferous botryoidal 
protuberances typically 5 to  15 mm in 
diam eter, although sometimes larger on the 
upper surfaces. The substrates are generally 
highly altered volcanic debris, which in some 
cases has been replaced by m anganese oxides
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(Figure la , b). In  o ther cases, the surface is 
covered with a sm ooth thin coating of 
manganese oxides. The crusts grade into 
nodule form  in regions where the manganese 
crusts are thicker, but retain  botryoidal 
surfaces. In general, for such nodules, the 
manganese crust is o f  similar thickness on 
all sides of the nodules (Figure le, d) and 
the nodules tend to be discoidal in shape. In 
some cases, the nuclei of these nodules, 
although com posed of highly subm arine- 
weathered volcanic m aterial, show a sharp 
contact with the overlying m anganese crust 
and are not interpenetrated  to any significant 
extent by m anganese oxides or manganese 
dendrites. The crusts and substrate have in 
m any cases been bored by burrow ing o r­
ganisms. The resulting bore tubes are in the 
range of 2 to 40 m m  in diam eter. In some 
nodules, the bore tube is restricted to  the 
substrate and does not penetrate into the 
overlying m anganese crust. In such cases, 
the boring clearly predates the manganese 
accretion. The walls o f these tubes are 
sometimes lined with a thin layer of ferric 
oxides, particularly when the bore is through 
the volcanic substrate. This m ode of occur­
rence of the iron m inerals suggests that 
the iron is derived principally by leaching of 
the substrate m aterial. The bore holes are 
filled with carbonate m aterial in some cases, 
and organic rem ains and tubes are also seen 
on the upper surfaces of some crusts. Light 
brow n iron oxide and silicate m inerals are 
commonly interlayered with the black m an­
ganese oxide m atrix. As previously m en­
tioned, the thickness of the crusts generally 
increases with increasing age o f the substrate. 
For example, m anganese oxide coatings are 
thin or absent on volcanic rocks dredged 
from  around the island o f Haw aii (M oore 
1966), and increase in thickness along the 
chain to the northw est with increasing age of 
the volcanic islands and seam ounts. Coral 
grow th on the ridge obviously postdates 
the volcanic rock o f  the island, and m an­
ganese crustal thickness on coral is therefore 
generally less than  th a t on volcanic rock from 
the same area, and often occurs as stains. 
Some o f the m anganese-encrusted rocks are 
extremely large and samples in excess of

50-cm diam eter have been dredged. Pre­
sumably, even larger deposits occur in situ 
(e.g., Figures 4, 8, 9).

INTERNAL STRUCTURE

The internal structure of H aw aiian archi­
pelagic m anganese nodules and crusts, as 
studied by X-ray radiography and optical and 
scanning electron m icroscopy (SEM ), is not 
as well developed as in deep-sea manganese 
nodules. The characteristic features of deep- 
sea nodules, such as concentric banding, 
growth cusps, colum nar structure, and m icro­
lam inations, are either absent or subdued. 
X-ray radiographs o f nodules from  the Kauai 
channel (Kaieiewaho channel), for example, 
show diffuse banding in the m anganese oxide 
layers and a sharp contact between the 
manganese crust and the associated nucleus 
(Figure 2). The account here is therefore of 
features observed in this relatively struc­
tureless iron-m anganese oxide matrix.

M icrolam inations of the order o f 5 to 10 ¡im 
in width can be seen in parts o f the manganese 
crustal m atrix  (Figure 3a). In contrast to 
those observed in deep-sea nodules (M argolis 
and Glasby 1973), however, these lam inations 
cannot be traced over large distances and 
do not appear to  be a m ajor feature of 
manganese oxide accretion in this type of 
environm ent. Cusplike features can also be 
seen (Figure 36), bu t these are rare and do 
not appear to be fundam ental grow th struc­
tures similar to those observed in deep-sea 
nodules (D unham  and G lasby 1974). Small 
worm  tubes occur on the surface of some 
crusts (Figure 3d), bu t the outer walls tend 
to be composed o f clay m inerals ra ther than 
calcareous m aterial as judged by X-ray 
analysis. The volcanoclastic m aterial that 
com m only form s the nucleus of the nodules 
may contain abundan t foram inifera (Figure 
3e), but the outer walls o f the foram inifera 
again tend to be com posed o f clay minerals 
or to be iron-cem ented (Dudley 1976) 
rather than calcareous. The volcanoclastic 
m aterial does, however, effervesce with dilute 
HC1, indicating tha t calcareous m aterial 
must be present. C om pared w ith those of
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F igure  2. X -ray  rad iog raph  o f  a  m edium -sized nodule from  the W aho  shelf con tain ing  tw o discrete nuclei.
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F igure  3. a, L am ina tions in a  m anganese crust from  M idw ay 72-07-02 D redge 47 (23°49.9' N , 164°25.2' W, 
775-960 m eters), b, Poorly  defined grow th cusps in a  m anganese crust from  M idw ay 72-07-02 D redge 47. c, Micro- 
bo tryo ids on surface o f  a  m anganese crust from  M idw ay 72-07-02 D redge 32 (25°40.5' N , 168°41.8' W , 1450-1570 
m eters), d , W orm  tu b e  on surface o f  a m anganese crust from  M idw ay 72-07-02 D redge 32. e, F oram in ifera  in volca­
noclastic m aterial in nucleus o f  a m anganese nodule from  M idw ay 72-07-02 D redge 32 . f  H ydrated  volcanic glass 
layer 10 ;im  th ick  separa tin g  m anganese crust on right from  basaltic nucleus on left in sam ple M n 75-02 Station 11 
D redge 8 (20°08.2' N , 156° 15.9' W , 1220-1660 m eters), sam ple 3. N o te  the weak lam inations in the m anganese crust.
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T A B L E  1

M N  75-02

S A M PL E ST A T IO N D R E D G E D E P T H

N U M B E R A R EA N U M B E R N U M B E R L O C A T IO N (m eters) D E S C R IP T IO N

1 W aho shelf 1 1 21°50' N , 
158°40' W

1,265-1,320 Prim arily  a friable, yellow -brow n, coarse 
sandy tu ff with 0.5 to 2 m m  ferrom anganese 
encrustation  displaying a  sm ooth  to b o t­
ryoidal surface

2 W aho shelf 2 2 21°50' N , 
158°40 'W

1,265-1,320 Brown, coarse sandy tu ff w ith M n coating 
3 to 10 m m  thick and a sm ooth  botryoidal 
surface

3 A lenuihaha
channel 11 8 20°08' N , 1,220-1,660 Interbedded yellow -brow n tu ff and m anga­

(south side) 1 5 6 °1 6 'W nese crust*

*D redge 8 also  c o n ta in e d  (a) friab le, p artia lly  a ltered , m o ttle d , c o a rse  san d y  tu ff w ith  cry sta llin e  tu ff ju s t  below  th e  M n c ru s t;  (b ) fr ia b le , yellow -brow n , 
co a rse  san d y  tu ff w ith  a  7 -cm -long, 1.5 cm  d iam ete r m an g a n ese -lin ed  b o re  tu b e ;  (c) g ray  p o rp h y r itic  b asa lt w ith  oliv ine p h e n o c ry s ts ; m an g an ese  oxides 
a p p e a r  p rim arily  as s ta in in g  o r  crusts 1 to  2 m m  th ick , w ith  sm o o th  to  low  b o try o id a l su rface  tex tu res .

deep-sea nodules, the m anganese crusts of 
the H awaiian archipelago display few well- 
defined structural features.

O f particular im portance is the nature of 
the contact between the volcanic substrate 
and the overlying manganese crust. This is 
generally sharp. Figure 3 /  shows a layer of 
volcanic glass approxim ately 10 juin  thick 
form ing the contact between the outer m an­
ganese crust and the volcanic core (which is 
relatively unweathered) in a sample from  
the eastern end of the H aw aiian chain in 
the vicinity o f M olokai. W ith increasing 
distance to the west along the island ridge, 
the nuclear m aterial is observed to be 
progressively m ore highly altered, but the 
contact between oxide crust and nucleus 
rem ains sharp. A t the extreme western end 
o f the Haw aiian chain in the vicinity of 
M idway, interpenetration of m anganese into 
the substrate in the form o f dendrites 
becomes more com m on, and in the Em peror 
Seam ount chain interpenetration and re­
placem ent o f the substrate by m anganese 
oxides becomes m arked.

Botryoidal textures such as noted by 
M orgenstein (1972a, b) were no t observed 
within the manganese crusts examined in 
this study using SEM techniques (cf. surface 
o f the crusts in the size range 100-200 fim, 
Figure 3c; see also Fewkes 1976). M orgen­
stern (19726) estim ated the rates o f accretion 
of manganese oxides in the H aw aiian archi­
pelago to be of the order 10 to 20 m m /IO6

yr (i.e., tw o to three times faster than  norm al 
deep-sea nodular form ation). Interestingly, 
Burnett and M orgenstein (1976) subsequent­
ly presented hydration-rind and uranium - 
series accretion rates of nodules from  a depth 
of 1230 meters on the W aho shelf o f 3.5 and 
3.6 mm/10s yr, respectively, which suggests 
that m anganese nodules and crusts from 
the Hawaiian archipelago have growth rates 
similar to those o f deep-sea nodules. A l­
though only a portion of the nodules orginally 
collected from  the K auai channel are still 
available, it can be stated with some certainty 
that the m anganese crustal thickness in the 
channel is typically in the range 3 to  4 mm, 
reaching 10 m m  in only a few cases. Taking 
this thickness o f m anganese crusts in the 
K auai channel and the age o f the channel as 
less than 2.7 million years (based on the age 
o f the W aianae volcano on O ahu, M acdonald 
and A bbott 1970), the m inim um  average 
accretion rate of K auai channel manganese 
deposits is o f the order o f 1.5 m m /10® yr. 
The actual rate is obviously m ore rapid, but 
again com parable with the deep-sea rates of 
accretion.

ELECTRON MICROPROBE ANALYSIS

Three samples of ferrom anganese oxide 
crusts from  the Haw aiian archipelago (Table 
1) have been examined by electron m icro­
probe for structure and chemical growth 
patterns. Two samples are from  the W aho
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F igure  4. B o ttom  pho tog raphs o f  the  W aho shelf, northw est o f  O ahu. C ruise M n 75-02 S tation  3 (21 °54' N, 
158°40' W , 1770 m eters). T hin  sedim ent cover on lithified bedded  volcanoclastic substra te . N ote  fragm entation  
o f  edges o f  outcrops.

terrace level in the K auai channel (W aho 
shelf) and one from  the A lenuihaha channel 
on the northw est side of the island of Hawaii. 
In general, the nuclei o f samples selected for 
electron m icroprobe studies have undergone 
less subm arine weathering and have thinner 
m anganese coatings than  those studied by 
other m ethods.

W aho shelf samples 1 and 2 were recovered 
(Figure 4) abou t 6 km  from  the cam era 
station on the north  side o f the shelf. Here 
the bo ttom  slopes sharply to  the north. 
Sedim ent cover is thin and patchy. The 
substrate consists o f beds o f lithified volcano- 
genic sedim ent encrusted w ith manganese 
oxides. These beds are  eroding at the edges 
o f the ou tcrops and the debris is m igrating 
downslope.

Sample 1 is a m anganese-encrusted ag­

glom eration of m icronodules. The m icrono­
dules consist o f thin (0.1-0.8 mm) manganese 
oxide coatings on basalt nuclei up to 5 mm 
in diam eter (Figure 5). The micronodules 
are held in a m atrix of fine sediment and 
iron-rich cement. This lithified deposit is 
then encrusted by a 1-mm-thick manganese 
oxide layer. M icroprobe analyses were carried 
out on the m ain crust o f the sample and an 
adjacent underlying m anganese coating of 
one of the m icronodules. The m ain crust 
(outer, m ore recent m anganese oxide layer) 
appears optically m ore reflective and less 
lam inar than the inner m icronodule m an­
ganese layer. It shows signs of fracture and 
erosion a t the exposed outer surface. A 
0.7-mm-long point traverse was made by 
m icroprobe across the outer m anganese crust 
and inner m icronodule m anganese zone.
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F igure 5. O ptical pho tom icrog raph  o f  section o f  sam ple 1 show ing a p o rtion  o f  the basaltic nucleus o f  a m icro­
nodule and the prim ary  (m icronodule) an d  secondary  oxide layers. P o in t traverse (Figure 6) follow s line A -B . 
B oundary between oxide layers is m arked  by arrow .

This traverse (Figure 6) shows the inner 
manganese layer (early m icronodule coating) 
to  be high in Fe and low in M n (14-24 percent 
versus 14-16 percent Fe and 10 percent 
versus 22 percent M n) com pared with the 
outer layer. The Fe values of the inner layer 
are quite variable and the M n values are 
fairly constant. In the outer layer, both  Fe 
and M n show little variability; only one 
area has a high Fe content (approx. 22 
percent)— no low M n content corresponds to 
this. H igh M n values occur in tw o areas, one 
at the outer rim o f the sample (approx. 
30 percent M n) and one at the ou ter edge of 
the boundary between the inner and outer 
manganese oxide layers (approx. 36 percent 
Mn).

The boundary between the inner and outer 
manganese layers is physically sharp but 
chemically has a transition  zone 60 ¡im thick. 
Over this distance, a steady change in values 
of manganese and iron occurs. There is no 
abrupt change in com position at the physical 
boundary. This suggests th a t there has been 
m igration of transition metals after form ation

T A B LE 2

Poin t  A nalyses Sample 1

ELEMENT 1 2 3 4

Mn 10.5 10,7 12.9 16.6
Fe 16.8 16.7 16.7 16.5
Ni 0.2 0.1 0.2 0.1
Co 0.3 0.2 0.1 0.2
Ti 1.9 1.9 1.6 2.0
Cu 0.1 0.1 0.1 0.1

N o t e : P o in ts  1 to  4 are  show n  in  F ig u re  7. D a ta  a re  u n co rrec ted  w eight 
percen ts.

of the two layers (or in the early stages of 
deposition o f the outer layer). The M n/Fe 
ratios in the inner layer range from  0.4 to  0.7. 
In the outer layer, the M n/Fe ratios are 1.4 
to 1.6.

In both  layers, N i covaries with M n, and 
Co with Fe. C opper does no t follow M n. 
This may be due to  the very low concentra­
tions present. Table 2 shows the inner and 
outer oxide layer concentrations for Ti, Cu, 
N i, and Co. C opper shows no variation 
across the two layers.
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Figure 7 shows the elemental distribution 
in the inner m anganese layer and nucleus. 
M anganese is alm ost exclusively in the oxide 
layer, while Fe has high values in the basalt 
nucleus and especially a t the inner boundary 
between the nucleus and manganese oxide 
layer. C obalt follows the Fe distribution in 
the oxide but is essentially absent in the 
nucleus. T itanium  follows Fe in the oxide; 
it is abundan t in the nucleus, where it is 
associated with discrete titanium -rich mineral 
grains, while iron is m ore evenly distributed. 
There is some m inor enrichm ent of Cu in 
the regions of highest M n values.

In this sample, Fe may well be leached from 
the in terior to  the surface o f the substrate 
and play a role in initial accum ulation of 
the ferrom anganese oxides, as suggested by 
Burns and Brown (1972) and M orgenstein 
(1974). The M n, Ni, and Co are supplied 
from  seawater, whereas Ti appears to  be 
derived from  the substrate (nucleus). This 
is in keeping with the high Ti contents of 
the substrate and H aw aiian soils on land 
(W alker 1964). C opper values are too low 
to perm it an interpretation  o f the source of 
this element, although it is presumed to be 
seawater.

Sample 2 is a coarse-grained volcanogenic 
sandstone with a 2-mm-thick manganese 
oxide crust. The M n/Fe ratio varies from 
0.78 to  1.36 from  the base to  outer surface 
of the crust. Table 3 presents point analyses 
for M n, Fe, Cu, Co, Ni, and Ti. Two thin 
bands appear in the elemental distribution 
but not in the structure of the layer (Figure 
8). These are higher in M n and Ni, and lower 
in Fe than  the bulk o f the layer. T itanium  is 
highest at the base of the crust. Cobalt shows 
no pattern ing in the elem ent-distribution 
photographs, but the point analyses (Table 3) 
do show a small increase in Co in the outer 
part o f the crust where M n is highest and Fe 
is lowest. In  contrast to  sample 1 from  the 
same station, no strong substrate influence is 
apparent for the m anganese crustal com posi­
tion in sample 2.

Sample 3, from  the m argin on the n o rth ­
west side o f the island o f Hawaii, is entirely 
different from  the W aho shelf m aterial. The 
deposit as seen on the sea floor (Figure 9)
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TABLE 3

Point A nalyses Sample 2

EL E M E N T 1 2 3

Mn 20.7 17.0 12.3
Fe 14.8 14.7 15.5
Ni 0.2 0.2 0.2
Co 0.6 0.5 0.5
Ti 0.7 0.6 0.9
Cu 0.1 0.1 0.1

N o te  : P o in ts  1 to  3 are  show n  in F ig u re  8. D a ta  are  uncorrec ted  w eight 
p ercen ts .

has a rougher surface than  that on the W aho 
shelf off O ahu (Figure 4) and as a result has 
a m ore patchy sedim ent cover. Ferrom an­
ganese oxides coat angular and rounded 
clumps o f lava and tuffs in contrast to the 
bedded appearance o f the outcrops off Oahu. 
M anganese coatings are thinner (1-2  mm) 
than off Oahu. However, in the sample 
examined by m icroprobe, there are extensive 
internal fillings o f ferrom anganese m aterial 
(cement or m icronodule agglom erations) up 
to 5 to  7 mm thick. The zone studied in this 
sample consists o f m icronodules in a m an­
ganese oxide groundm ass, but unlike the 
m icronodules o f sample 1, these are smaller, 
do not have large nuclei relative to their total 
size, and show well-developed lam inar struc­
ture. These m icronodules form  a mass that 
encloses larger fragm ents of altered volcanic 
rocks (Figure 10). The m icronodules are 1 to 
6 mm in diam eter, w ith concentric laminae 
o f 50 /<m or less. U nder the ore microscope, 
the oxides are highly reflective in vertical 
illum ination. X -ray diffraction analyses of 
adjacent m aterial show only <5-Mn02 to be 
present. The sample studied with the m icro­
probe appears to  be som ewhat anom alous. 
The m icronodule nuclei are not identifiable, 
because they are either extremely small or 
have been com pletely replaced by ferrom an­
ganese oxides. The oxides are high in M n 
(20-26 percent) and low in Fe (< 0 .5  per­
cent). In  fact, w ithin the well-defined lam inar 
structures o f the m icronodules, Fe is almost 
absent. As seen in Figure 11, Fe is high only 
in the ou ter m argin o f the m icronodule and 
in some o f the spaces between nodules (in 
the am orphous cement). There is a slight
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F i g u r e  9. B ottom  p h o tog raphs fro m  S tation  12, A lenu ihaha channel (20°05.7' N , I56°15.8 ' W , 1420 meters). 
N ote  lava surfaces an d  fragm enta tion  o f  edge o f  outcrops.

F ig u re  10. O ptical pho tom icro g rap h  o f  section o f  sam ple 3 from  S tation  11, A lenu ihaha channel (20°08.2' N , 
156°15.9' W , 1220-1660 m eters). M icronodu le  groundm ass. A rrow  m arks m icronodule studied  by m icroprobe.
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T A B L E  4

Point A nalyses Sample 3

E L E M E N T 1 2 3 4

M n 26.0 25.7 22.5 17.0
Fe 0.5 0.3 0.3 0.3
Ni 1.0 1.0 0 . 6 0.7
Co 0.1 0.1 0.1 0.1
Ti 0.1 0.1 0.1 0.1
Cu 0.1 0.1 0.1 0.1

N o t e : P oin ts  1[ to  4  are show n  in F igu re 11. D a ta  are un co rrec ted
w eight p ercen ts .

increase in Fe near the m icronodule nucleus. 
In contrast, M n is lowest near the nucleus 
and absent from  the cem ent and zones be­
tween the m icronodules. Nickel covaries with 
Mn. C obalt is present in low concentrations 
(0.1 percent) th roughou t the m icronodule 
and is also concentrated  on the rim o f the 
m icronodules in the high Fe zone. T itanium  
is essentially absent from  the sample. Copper 
values are low and, in general, follow Mn. 
As in samples 1 and 2, the concentrations of 
Cu are too low for a pattern  to be clearly 
defined. Point analyses are given in Table 4.

ROLE OF IRON OXIDES IN MANGANESE 
ACCRETION

On the basis o f the work o f Burns and 
Brown (1972), M orgenstein (1974) suggested 
that the form ation o f iron oxide m inerals is 
im portant in seeding m anganese accretion in 
the Haw aiian archipelago and that the rate 
of iron oxide supply controls the rate of 
manganese accretion. Exam ination o f a large 
num ber o f hand specimens of manganese 
crusts from  the archipelago does no t support 
this contention, as there appears to  be no 
evidence in m ost nodules o f a discrete iron 
oxide layer at the contact between the vol­
canic substrate and the overlying manganese 
crust, which is necessary to initiate such a 
process. W here a discrete iron oxide layer is 
form ed (as, for example, on the surface o f a 
bore hole through the volcanic substrate), it 
is generally no t coated with m anganese 
oxides. The form ation o f discrete iron oxide 
minerals o r layers in volcanic substrate does,

however, depend upon (am ong other condi­
tions) the age and lithology o f the substrate. 
Flecking of iron oxide minerals around 
vesicles, form ation o f discrete iron-rich 
bands, surface staining o f the substrate by 
iron oxide layers, and the conversion to  an 
iron-rich clay are all noted to varying degrees 
in the substrates of samples dredged from 
the western end o f the H aw aiian chain and 
the E m peror Seam ount chain. These iron 
oxide minerals are undoubtedly derived by 
halmyrolysis from  the substrate m aterial 
(Pasteur 1968, C ronan 1974). By virtue of 
the greater age o f the substrate m aterial from 
the western end of the H aw aiian chain, these 
substrates are characterized by the thickest 
manganese crusts and, because the iron is 
generally associated with the substrate rather 
than the m anganese oxides, it stratigraphical- 
ly underlies the manganese oxide layers. From 
visual observation, however, there appears to 
be no correlation between the occurrence of 
the iron oxides and the form ation o f m anga­
nese oxide layers. Surface staining o f the 
substrate by iron oxides, for example, often 
occurs on parts o f the rock where manganese 
oxides are absent. Further, the manganese 
and iron contents o f m anganese crusts from 
the Haw aiian chain (average 23.2 and 17.3 
percent, respectively, F rank  et al. 1976) are 
in the general range o f deep-sea nodules 
(C ronan 1972), although the iron content is 
about a factor o f two higher than  in the 
equatorial N orth  Pacific nodules. This sug­
gests tha t enrichm ent o f iron from  the 
substrate into the crust does no t take place 
on any m ore significant scale than in the 
deep sea, although some iron may be derived 
from local volcanic sources in deep-sea nod­
ules (Cronan 1972). A lthough leaching and 
redeposition of iron is therefore im portant in 
the rocks of the H aw aiian chain, particularly 
in the volcanic rocks, no direct causal rela­
tionship between iron and m anganese oxide 
deposition can be inferred in samples from 
this region.

By contrast, electron m icroprobe studies 
of the m aterial from  the archipelago show 
the presence of iron-rich basal layers in a 
num ber o f  cases. The absence o f such layers 
as a general feature on the microscale sup­
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ports the conclusion from  the hand specimen 
exam inations that iron oxides do not play a 
principal or necessary role in initiating m an­
ganese oxide growth. In those cases where 
such layers do exist, however, they do in­
fluence later manganese oxide growth. Such 
iron basal layers are derived directly from  
the substrate, and iron (as well as Ti) appear 
to be supplied to the oxide layers in part 
from  the substrate. O ther transition elements 
are supplied dom inantly from  seawater.

W here iron-rich basal layers do occur, it 
is observed that the immediately subsequent 
m anganese oxide layer is com positionally 
different from  the later m anganese oxide 
growth and from manganese oxide growth 
where the iron layer is absent. These differ­
ences include higher Fe contents, lower M n/ 
Fe ratios, and higher Co and Ti values in the 
layers associated with iron basal layers. 
U nder vertical illum ination, the m anganese 
oxides adjacent to iron basal layers are less 
reflective than  those not associated with such 
layers. Sorem and Foster (1972) have sug­
gested that zones of m oderate reflectivity 
(gray, sm ooth appearance) are generally 
“ am orphous F e -M n  oxides” and zones of 
high reflectivity (white, dense appearance) 
are mixtures o f crystalline M n -F e  oxides and 
am orphous F e -M n  oxides. Such differences 
observed in the present samples may be a 
result of the influence of the iron basal layer 
on the mineralogy of the m anganese oxides.

ROLE OF DIAGENESIS IN MANGANESE 
ACCRETION

The fact that the lower surface of the vol­
canic substrate is commonly not coated by a 
manganese oxide layer suggests that upw ard 
diffusion of manganese th rough the sediment 
colum n and deposition at the sedim ent-w ater 
interface are not im portant in this type of 
environm ent. Seawater is probably  the m ajor 
source of ferride elements in the m anganese 
crusts, although leaching o f elements from  
the volcanic substrates (Fein and M orgen­
stern 1972) may also contribute to a lesser 
degree to the form ation o f the crusts. The 
sharp nature of the contact between the outer

m anganese crust and the underlying nucleus, 
however, suggests tha t replacem ent o f the 
volcanic core by m anganese oxides is not a 
m ajor phenom enon, particularly at the east­
ern end of the Flawaiian chain. A t the western 
end of the Hawaiian chain and in the Em peror 
Seam ount chain, replacem ent o f the substrate 
by manganese oxides becomes more ap­
parent.
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