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[1] Abundant ferromanganese oxides were collected along 1200 km of the active
Izu-Bonin-Mariana arc system. Chemical compositions and mineralogy show that
samples were collected from two deposit types: Fe-Mn crusts of mixed hydrogenetic/
hydrothermal origin and hydrothermal Mn oxide deposits; this paper addresses only the
second type. Mn oxides cement volcaniclastic and biogenic sandstone and breccia layers
(Mn sandstone) and form discrete dense stratabound layers along bedding planes and
within beds (stratabound Mn). The Mn oxide was deposited within coarse-grained
sediments from diffuse flow systems where precipitation occurred below the seafloor.
Deposits were exposed at the seabed by faulting, mass wasting, and erosion. Scanning
electron microscopy and microprobe analyses indicate the presence of both amorphous and
crystalline 10 Å and 7 Å manganate minerals, the fundamental chemical difference being
high water contents in the amorphous Mn oxides. Alternation of amorphous and crystalline
laminae occurs in many samples, which likely resulted from initial rapid precipitation of
amorphous Mn oxides from waxing pulses of hydrothermal fluids followed by precipitation
of slow forming crystallites during waning stages. The chemical composition is
characteristic of a hydrothermal origin including strong fractionation between Fe (mean
0.9 wt %) and Mn (mean 48 wt %) for the stratabound Mn, generally low trace metal
contents, and very low rare earth element and platinum group element contents.
However, Mo, Cd, Zn, Cu, Ni, and Co occur in high concentrations in some samples
and may be good indicator elements for proximity to the heat source or to massive
sulfide deposits. For the Mn sandstones, Fe (mean 8.4%) and Mn (12.4%) are not
significantly fractionated because of high Fe contents in the volcaniclastic material.
However, the proportion of hydrothermal Fe (nondetrital Fe) to total Fe is remarkably
constant (49–58%) for all the sample groups, regardless of the degree of Mn
mineralization. Factor analyses indicate various mixtures of two dominant components:
hydrothermal Mn oxide for the stratabound Mn and detrital aluminosilicate for the
Mn-cemented sandstone; and two minor components, hydrothermal Fe oxyhydroxide
and biocarbonate/biosilica. Our conceptual model shows that Mn mineralization was
produced by hydrothermal convection cells within arc volcanoes and sedimentary
prisms that occur along the flanks and within calderas. The main source of
hydrothermal fluid was seawater that penetrated through fractures, faults, and
permeable volcanic edifices. The fluids were heated by magma, enriched in metals by
leaching of basement rocks and sediments, and mixed with magmatic fluids and
gases. Dikes and sills may have been another source of heat that drove small-scale
circulation within sedimentary prisms.
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1. Introduction

[2] Iron oxyhydroxides and manganese oxides are ubiqui-
tous in the deep ocean and form generally by three processes
[Hein, 2004]: (1) Accretion of Fe-Mn colloids from ambient
bottom seawater onto hard rock substrates produces hydro-
genetic deposits, (2) precipitation from sediment pore fluids
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below and from seawater above produces mixed diagenetic/
hydrogenetic deposits, and (3) precipitation of either rela-
tively pure Mn oxides or Fe oxyhydroxides from ascending
hydrothermal fluids produces stratabound hydrothermal
deposits.

[3] Hydrothermal Mn oxides from the active Mariana
volcanic arc are the focus of this paper (Figure 1 and
Table 1). These diffuse flow hydrothermal precipitates are
the distal products of the hydrothermal systems that pro-
duce proximal polymetallic massive sulfides and sulfates.

Figure 1. Shaded bathymetric map of the Mariana Island arc system and sample locations for cruise
TT192 (filled squares and circles) and hydrothermal vent sites (stars) taken from NOAA cruises in 2003
and 2004 (http://oceanexplorer.noaa.gov/explorations/04fire; and other papers in this special section).
Contour interval is 1000 m.
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The hydrothermal Mn oxides precipitated below the sea-
floor as stratabound oxide layers and as cement for
volcaniclastic and biogenic sediments. On discharge of
the hydrothermal fluids from the seafloor, Fe-Mn crusts
of mixed hydrothermal/hydrogenetic origin were precipi-
tated. These Fe-Mn crusts of mixed origin were also
recovered from the Mariana arc and are used here for
comparative purposes.

2. Geographic and Geologic Settings

[4] The Mariana volcanic arc forms the southern third of
the Izu-Bonin-Mariana (IBM) arc system, a 2600-km-long
arc-trench system in which the Pacific plate plunges beneath
the Philippine Sea plate and into the Earth’s mantle along
the IBM trench. The chain of volcanic seamounts and
islands is located about 200 km west of the trench axis.
The IBM started to develop about 54 Ma, and volcanic
activity has occurred at various places along the arc since
that time. West of the IBM volcanic arc is the mostly
sediment-covered floor of the eastern Philippine Sea, with
numerous seamounts, ridges, and basins with ages mainly
less than 42 Ma. The basins and ridges consist of (1) the
Mariana Trough, an active back-arc spreading center located
immediately west of the Mariana arc, (2) the West Mariana
Ridge, a remnant (extinct) volcanic arc, and (3) the Parece
Vela Basin abyssal plain (Figure 1).
[5] The geologically continuous IBM volcanic arc is

divided politically into three parts, The U.S. Territory of
Guam in the southernmost Marianas, the U.S. Common-
wealth of the Northern Mariana Islands (CNMI) in the
central and northern Marianas, and the Japanese Izu-Bonin
islands in the north. The volcanic front in the Japan sector is
delineated by the Izu Islands to the north, Nishinoshima
Island in the central region, and the Volcano Islands (the
most notable being Iwo Jima) to the south, near the junction
with the Mariana Islands. A group of older islands that
occur in the fore-arc region of the Japanese sector are

referred to both as the Bonin and Ogasawara islands; these
islands are similar to the tectonically uplifted islands in the
southern Mariana arc (Saipan to Guam).
[6] The CNMI consists of 14 islands (477 km2 total area)

that delineate a 483-km-long archipelago (Figure 1). This
archipelago sits atop the Mariana ridge, which extends
about 1200 km within the Exclusive Economic Zone
(EEZ) of CNMI and 167 km within the Guam EEZ. South
of Guam, the Mariana ridge breaks up into a series of
seamounts and basins until it joins the Yap arc at nearly a
90� angle. Many seamounts occur on the Mariana ridge
between the islands. Six islands have been volcanically
active during historic times: Pagan, Agrihan, Asuncion,
Farallon de Pajaros, Guguan, and Anatahan. In addition,
at least 20 volcanic centers along the chain are volcanically
or hydrothermally active [Baker et al., 2008].

3. Samples and Methods

[7] Samples were collected during cruise TT192 aboard
the R/V T. Thompson in 1985 (Figure 1 and Table 1), a cruise
dedicated primarily to the study of the petrologic and
geochemical evolution of the Mariana volcanic arc [Bloomer
et al., 1989a, 1989b; Lin et al., 1989]. This study is therefore
based on random sampling of volcanoes distributed along
about 1200 km of the active arc. Hydrogenetic, hydrother-
mal, and mixed hydrogenetic/hydrothermal Fe/Mn oxide
samples were collected [Hein et al., 1987; Schulz and Hein,
1991]. The composition, textures, and mechanisms of for-
mation of the hydrothermal samples are presented here.
Individual samples are labeled using the dredge number
(e.g., D1) and a rock designation number (e.g., D1-1, D1-2,
etc.).
[8] Chemical analyses were completed on 61 samples of

Mn-cemented sandstone and stratabound Mn, and two
samples of a magnetite-goethite-siderite rock (Table 2) from
21 dredge hauls. Major oxides were determined by X-ray
fluorescence (XRF) spectrometry on samples D47-2A
through D47-2D and D54-4; for all other samples most
major and minor elements were determined by inductively
coupled plasma–atomic emission spectrometry (ICP-AES),
except for K, Zn, and Pb which were determined by flame
atomic–absorption spectroscopy, and As, Cr, and Cd by
graphite-furnace atomic absorption spectroscopy on air-
dried samples [Aruscavage et al., 1989]. Concentrations
of rare earth elements (REEs) were determined by ion
exchange chemical separation and ICP-AES, and plati-
num-group elements by fire assay and ICP–mass spectrom-
etry [Lichte et al., 1987a, 1987b]. Fe(II) was determined for
selected samples using modulated potential pulse coulom-
etry and Hg by cold vapor spectrometry. Abundances of
CO2 were determined by coulometric titration [Engleman et
al., 1985], H2O

+ by water evolved at 950�C as determined
coulometrically by Karl-Fischer titration [Jackson et al.,
1987], and H2O

� by sample weight difference on heating to
110�C for more than 1 h [Shapiro, 1975].
[9] Major elements were also determined by microprobe

on doubly polished thin sections using an ARL-SEMQ
nine-spectrometer electron microprobe [Schulz and Hein,
1991]. Volcanic glass and manganese oxides were analyzed
using a defocused beam (�50 �m) with an accelerating
voltage of 15 kV and sample current of 10 nA. Counting

Table 1. Dredge Locations and Depths for Samples in Table 2,

Cruise TT192

Location Latitude (N) Longitude (E) Depth (m)

D3 SW Guguan Ridge 17� 09.650 145� 39.250 2975-2860
D8 Poyo seamount 19� 09.740 145� 30.200 2880-2200
D11 Cheref seamount 19� 27.520 145� 29.860 1380-894
D12 Maug caldera 20� 01.360 145� 13.120 172-55
D13 Supply Reef 20� 07.030 145� 03.570 1650-1060
D15 Ahyi seamount 20� 23.910 144� 58.850 1930-1120
D20 NW Uracas Seamount 20� 36.840 144� 38.820 1640-1510
D28 Cross Chain Seamount 21� 07.960 143� 54.790 1715-1350
D31 Eifuku seamount 21� 23.440 144� 06.850 1715-1500
D33 Kasuga seamount 21� 46.220 143� 42.830 1170-600
D40 Syoyo seamount 22� 16.450 142� 54.670 1635-1390
D41 Syoyo Ridge 22� 28.090 142� 59.390 1230-600
D44 Ichiyo seamount 22� 55.940 142� 31.540 2000-1760
D47 N. Hiyoshi seamount 23� 23.350 141� 59.420 2030-1600
D51 Central Hiyoshi Knoll 23� 35.000 141� 49.200 1400-1060
D52 Central Hiyoshi Knoll 23� 37.080 141� 48.810 1105-647
D54 N. Hiyoshi seamount 23� 49.250 141� 43.250 1640-1250
D55 SW Fukutoku seamount 24� 02.500 141� 35.600 1780-1070
D56 NW Fukutoku seamount 24� 04.800 141� 33.450 1500-1250
D57 SE Fukutoku seamount 24� 04.250 141� 39.850 1730-930
D73 Kita Io-Jima 25� 07.700 141� 16.100 1620-1240
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times were 10 s. All raw microprobe data were reduced on
line with a modified version of the Bence-Albee method
[Albee and Ray, 1970].
[10] X-ray diffraction (XRD) analyses were performed on

all Fe/Mn samples analyzed for chemical composition as
well as the host rocks [Hein et al., 1987] using a Norelco
generator with Cu K� radiation at 40 kV and 20 mA, with a
curved crystal graphite monochromator. Petrography was
performed on doubly polished thin sections using transmit-
ted and reflected light. Scanning electron microscopy
(SEM) investigations were performed on polished thin
sections and fracture surfaces of selected samples. Samples

were carbon coated and imaged using backscatter and
secondary electrons. Semiquantitative chemical analyses
were undertaken using an energy dispersion X-ray analyzer
(EDX).
[11] The Pearson product moment correlation coefficient

was used to calculate correlation coefficient matrices. For
Q-mode factor analysis, each variable percentage was
scaled to the percent of the maximum value before the
values were normalized by row and the cosine theta
coefficients calculated. The factors were derived from
orthogonal rotations of the principal component eigenvec-
tors using the Varimax method [Klovan and Imbrie, 1971].

Figure 2. (a) Mixed hydrogenetic/hydrothermal Fe-Mn crust, D59-4; (b) coarse-grained Mn oxide
cemented sandstone with submetallic gray stratabound Mn oxide stringers, D41-1; (c) metallic gray
stratabound Mn oxide bed with multiple layers, D52-5; (d) breccia with gray Mn oxide veins, vug fill,
and cement, D33-2-3. (e) metallic gray hydrothermal Mn oxide cobble that was coated with red mud
when collected, D3-1; (f) layers of metallic gray, dense, hydrothermal Mn oxide; the seven layers
analyzed are strongly enriched in Zn, from 0.6 to 1.3 wt %, D28-1. Note centimeter scales.
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All communalities are �0.9. Low factor scores (�j0.15j)
were discarded because they are not statistically significant.

4. Results

[12] Eighty-four dredge attempts resulted in 66 that
recovered rock samples. Of those 66 dredge hauls, 18
(27%) contained significant amounts of Fe/Mn deposits
and 22 (33%) contained some Fe/Mn oxides. Host rocks
for the hydrothermal Mn oxides include volcaniclastic
rocks, breccia, mixed volcaniclastic/foraminiferal sand-

stone, and minor foraminiferal limestone. The volcaniclastic
rocks are mostly sandstone but range from mudstone to
conglomerate.
[13] Five varieties of Fe/Mn deposits were recovered:
[14] 1. Yellow-brown to black Fe-Mn encrustations that

occur on hard rock substrates (Figure 1) are friable, layered
or laminated and have predominantly botryoidal or granular
to smooth surfaces. These deposits are referred to as Fe-Mn
crusts (Figure 2a).
[15] 2. Brown, gray, and black Mn (more rarely Fe)

oxides that cement volcaniclastic sandstone, breccia, and

Figure 3. Thin section photomicrographs: (a) aligned crystallites within botryoidal and underlying
colloform amorphous cryptocrystalline oxides; as mineralization continued, botryoids were overgrown by
radially aligned crystallites extending downward into the sediment, D28-2; (b) mosaic crystallites
nucleating on amorphous cryptocrystalline (AC) cores; at top of photo are larger plumose crystallites,
D3-3; (c, d) microcrystalline Mn oxides precipitated around AC Mn oxides (dark areas), in polarized
reflected light (Figure 3c) and plane-reflected light (Figure 3d) showing apparent relief that AC oxides
display, D28-4; (e) alternating fibrous porous and dense laminae; reflected and transmitted light, D3-3;
(f) scalloped texture, D28-2.
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conglomerate (Figure 2b) are generally earthy and friable
and are submetallic gray in some samples. These deposits
are referred to as Mn sandstone.
[16] 3. Pale to dark gray, rarely brownish gray, Mn oxides

occur as stratiform, stratabound layers with a submetallic to
metallic (rarely glassy) luster (Figures 2c and 2d). These
deposits form discrete beds and lenses millimeters to
centimeters thick within sandstone and Mn-cemented sand-
stone. The Mn oxides are friable to dense, massive to
laminated, and brittle. Pebble- and cobble-sized chunks of
these beds were recovered in several dredge hauls with only
minor amounts of the host sandstone, which was lost during
dredging. These deposits are referred to as stratabound Mn,
although it should be noted that the Mn sandstone is also a
stratabound deposit.
[17] 4. Dark gray, submetallic, irregularly shaped masses

of Mn were recovered in dredge hauls D3, D20, and D28
(Figure 2e). These deposits are compositionally (see
section 4.2) similar to the stratabound Mn but differ in
texture, irregular morphology, and host sediment. A small
amount of ocher to redmudwas collected with these samples.
[18] 5. Two cobbles composed of magnetite, goethite, and

siderite were recovered from the submerged caldera of
Maug volcano in dredge D12. Fresh surfaces of these black
cobbles exposed to air altered within days to yellow-brown
goethite, reflecting the fine-grain size of the hydrothermal
magnetite.
[19] In summary, the Fe-Mn crusts and Mn sandstones are

mixed Fe-Mn deposits, whereas the stratabound Mn con-
tains little Fe and the magnetite/siderite deposit little Mn.

4.1. Sample Textures

4.1.1. Macroscopic Textures
[20] The two types of stratabound deposits, Mn sandstone

and stratabound Mn, contain variable amounts of detritus
and form a continuum between the end-members. The dense
stratabound Mn layers occur within both Mn sandstone beds
and otherwise unmineralized sedimentary rocks. The two
types of stratabound deposits display several textures:
(1) evenly distributed uniform cement, (2) fingers or den-
drites of Mn oxide cement oriented perpendicular to the
bedding, with friable sediment between the dendrites,
(3) dense layers and lenses within sandstone and breccia,
and (4) fracture and vug fill within breccia.
[21] The lower surface of stratabound Mn layers is

commonly botryoidal and smooth with a polished, metallic
to submetallic appearance. These layers formed along
preferred stratigraphic intervals, such as bedding planes,
fractures parallel to bedding, and intervals of textural
contrast.
[22] Dredges 3, 20, and 28 recovered stratabound Mn of

irregular shapes, without associated sediment (Figure 2c).
These stratabound layers consist of intercalated dense Mn
oxides and fibrous porous Mn oxides; both are associated
with X-ray amorphous, iron-rich, ocher to reddish muds,
presumably of hydrothermal origin. Muds of hydrothermal
origin were also recovered with stratabound Mn oxides
elsewhere in the IBM arc [Usui and Nishimura, 1992a,
1992b].
4.1.2. Microscopic Textures
[23] Textural diversity was determined from the study of

27 doubly polished thin sections and includes botryoidal

laminae, homogeneous dense layers, laminated dense
layers, porous fibrous laminae, and scalloped textures.
Within those textures, we define three mineral-size classes,
with decreasing size: crystallites, microcrystallites, and
amorphous cryptocrystalline (AC) oxides; these are similar
to textures described by Kang and Kosakevitch [1984] for
hydrothermal samples from the Lesser Antilles volcanic arc.
Crystallites are acicular needles of Mn oxides up to 500 �m
long and occur in three forms: Layers of aligned crystallites,
mosaics of crystallites, and radially oriented crystallites
(Figures 3a and 3b). Microcrystalline Mn oxide is finely
crystalline and does not occur in characteristic forms
(Figure 3c). AC Mn oxides are isotropic in polarized
reflected light and distinguishable by differential relief in
plane light (Figure 3c). These oxides appear softer and
usually have lower relief than microcrystallites and crystal-
lites (Figure 3d). AC oxides have no discernible crystal
structure and are probably X-ray amorphous but are too
small to isolate for XRD analysis.
[24] Botryoidal textures commonly coalesce into layers

and can be densely packed or have pore space between
botryoids. Individual botryoids are composed of alternating
laminae of aligned crystallites, microcrystallites, and AC
Mn oxides. Homogeneous layers are generally microcrys-
talline, whereas laminated textures are generally composed
of intercalated microcrystalline and crystalline laminae.
Porous, fibrous Mn oxides consist of long fibers that are
commonly subparallel and rarely dendritic (Figure 3e).
Porous fibrous Mn oxide on a sample surface produces a
velvety appearance. In thin section, porous, fibrous oxides
are generally AC oxides, although microcrystalline fibers
also exist. Scalloped Mn oxides consist of scales of radially
oriented crystallites (Figure 3f).
[25] SEM images show that porous, fibrous Mn oxides

from a fracture surface of sample D3-3 are composed of
subparallel fibers with irregular surfaces (Figure 4a). Bro-
ken fibers show a homogeneous internal structure. In
contrast, botryoids are composed of layers of aligned
crystallites (Figure 4b). A fracture surface of sample D44-4
shows botryoidal Mn oxides overlain by radially oriented
crystallites (Figure 4c); this secondary electron image shows
the crystallites and the open network of an outer surface of
aligned crystallites (upper left of center). A backscatter
electron image (not shown) of D44-4 shows that intercalated
AC oxides and microcrystalline oxides occur within the
botryoidal structure and that the AC oxides contain much
higher water contents than the microcrystalline oxides.
[26] AC oxides form the cores of radially oriented crys-

tallites (Figure 4d) and are intercalated with microcrystal-
lites or crystallites in botryoidal and laminated structures
(Figures 4e and 4f). In backscattered images, crystallites
have a higher mean atomic number (brighter) than the AC
oxides, which we interpret to reflect lower water contents in
the crystallites, consistent with the SEM-EDX and electron
microprobe results. In most samples, AC oxides appear to
be the initial phase of deposition and further precipitation of
Mn oxides proceeded outward from AC cores and layers. It
is likely that the AC Mn oxides formed by rapid oxidation
and precipitation on mixing of mineralizing fluids with
oxygenated pore waters. This rapid precipitation may have
been bacterially mediated/accelerated as it is in oxygenated
hydrothermal plumes [Cowen et al., 1986, 1990]. The
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crystalline and microcrystalline Mn oxides reflect slower
reaction kinetics due to less oxygenated pore fluids, less Mn
enrichment in the fluids, or longer time intervals over which
precipitation took place. The waxing and waning of miner-
alizing fluids (hydrothermal pulses) interacting with oxygen-
ated pore fluids can explain the occurrence of intercalated

AC oxides (rapid precipitation, waxing stage), microcrys-
tallites, and crystallites (slower precipitation, waning stages)
within the botryoidal and laminated Mn oxides (Figures 4e
and 4f); as well as the alternating massive (rapid precipita-
tion, waxing stage) and porous-fibrous layers (slower pre-
cipitation, waning stage; Figure 3d).

Figure 4. SEM photomicrographs: (a) fibrous porous Mn oxides from a fracture surface, D3-3;
(b) botryoidal/colloform Mn oxides from a fracture surface, D73-1D; (c) radially oriented crystallites
above botryoidal/colloform laminated Mn oxides from a fracture surface, D44-4; (d) backscatter electron
image of crystallites radiating from AC cores; the AC cores have higher water contents, and therefore are
darker in the image, D3-3; (e) and (f) backscatter electron and secondary electron images, respectively,
showing alternating laminae of aligned crystallites and AC oxides, D73-1C; in the backscatter image, the
AC layer is nearly black because of high water contents.
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Table 3. Electron Microprobe Spot Analyses of Crystalline and Microcrystalline Mn Oxidesa

Na Mg Si S Ca Ti Mn Fe Ni Cu Mo Ba Pb

D3-3A 1.80 0.19 - - 0.26 0.01 22.2 0.02 0.01 - 0.01 - 0.04
D3-3B 1.91 0.25 - 0.03 0.29 - 24.3 0.05 0.01 - 0.02 0.01 0.03
D3-3C 1.94 0.25 - 0.01 0.30 - 24.5 0.04 - - 0.03 0.02 -
D3-3D 1.86 0.26 - - 0.28 - 25.3 0.04 0.02 - 0.01 - 0.03
D3-3E 2.14 0.34 - 0.02 0.32 - 27.7 0.04 - - 0.03 0.02 0.04
D3-3H1 1.78 0.21 - 0.02 0.26 - 22.0 0.02 - - 0.05 - 0.07
D3-3H2 1.80 0.20 - 0.03 0.26 - 21.8 0.02 0.02 - 0.03 - -
D3-3H3 1.92 0.25 - - 0.29 - 24.8 0.04 0.02 - 0.01 - 0.07
D3-3H4 1.91 0.24 - 0.02 0.28 0.01 24.6 0.04 - 0.02 0.02 0.01 -
D3-3H5 1.91 0.24 - 0.01 0.28 - 24.5 0.05 0.04 - 0.05 0.03 0.09
D3-3H6 1.84 0.21 - 0.01 0.28 0.02 23.3 0.04 - - 0.02 - -
D3-3H7 1.80 0.16 - 0.02 0.23 0.01 21.7 0.04 0.02 - - 0.01 -
D3-3H8 2.02 0.26 - 0.06 0.29 0.01 25.2 0.01 0.02 - 0.01 - 0.13
D3-3G1 2.14 0.65 - 0.04 0.34 0.01 45.6 0.09 0.01 - 0.06 0.17 0.01
D3-3G3 2.76 0.59 - 0.09 0.34 0.01 46.2 0.09 0.04 0.05 0.14 0.10 0.05
D3-3G4 3.14 0.54 - 0.04 0.37 - 47.1 0.09 0.03 0.04 0.08 0.07 0.01
D3-3G6 3.20 0.49 - 0.09 0.35 - 47.5 0.09 0.01 0.05 0.09 0.09 0.04
D3-3G7 2.95 0.53 - 0.07 0.38 - 47.1 0.09 0.03 0.04 0.10 0.06 0.01
D3-3G8 3.09 0.60 - 0.05 0.38 0.006 47.1 0.10 0.04 0.04 0.13 0.09 0.05
D3-3G9 3.18 0.13 - - 0.17 - 31.8 0.03 - - 0.06 0.02 -
D3-3I 1.14 0.57 0.43 0.21 0.34 - 38.6 0.10 0.04 - 0.10 0.32 0.10
D8-12A 1.42 3.11 0.58 0.10 0.28 0.042 30.9 0.12 - - 0.02 0.07 0.04
D8-12B 1.42 2.78 0.57 0.08 0.30 0.050 31.3 0.26 0.04 - 0.02 0.07 0.09
D812-2 0.99 3.52 0.79 0.21 0.27 0.07 29.5 0.30 0.02 - 0.02 0.03 0.07
D812-5 1.74 3.11 0.32 0.05 0.37 0.03 37.8 0.09 0.02 - 0.02 0.10 0.12
D812-5 1.90 2.72 0.45 0.08 0.37 0.04 37.8 0.11 - - 0.05 0.14 0.05
D812-5 1.68 2.90 0.72 0.06 0.33 0.02 37.4 0.10 0.05 - 0.01 0.08 -
D812-6 1.50 3.15 0.85 0.05 0.30 0.09 34.3 0.22 - - 0.02 0.37 0.14
D812-6 1.89 3.24 1.65 0.14 0.33 0.16 36.2 0.35 0.08 - 0.03 0.39 0.26
D812-6 1.60 3.25 1.25 0.13 0.33 0.18 38.5 0.27 - - 0.01 0.83 0.20
D812-8 1.37 3.20 0.65 0.27 0.26 0.03 30.9 0.10 0.01 - 0.01 0.03 0.10
D812-8 1.61 3.64 0.57 0.11 0.30 0.07 35.0 0.13 0.01 0.03 0.01 0.05 0.13
D812-8 1.35 3.26 0.65 0.20 0.27 0.07 31.9 0.11 0.01 - 0.02 0.09 0.01
D812-9 1.48 3.03 0.45 0.11 0.28 0.06 32.6 0.07 0.03 - 0.01 0.08 -
D812-9 1.73 3.31 0.48 0.11 0.29 0.05 34.6 0.09 0.04 - 0.02 0.05 0.05
D812-9 2.05 3.14 0.54 0.16 0.35 0.04 38.5 0.11 - 0.01 0.03 0.12 0.08
D812-10 1.74 3.20 1.09 0.21 0.32 0.05 35.2 0.13 0.03 0.01 0.01 0.06 -
D812-10 1.83 3.11 0.82 0.25 0.36 0.09 34.7 0.14 0.01 0.04 0.01 0.06 0.16
D812-10 1.62 2.95 1.32 0.18 0.32 0.16 31.5 0.37 0.07 - 0.01 0.07 0.05
D812-11 1.67 3.35 0.59 0.20 0.33 0.15 35.3 0.15 0.04 - - 0.10 0.09
D812-11 1.40 3.44 1.06 0.18 0.31 0.18 33.2 0.15 0.03 0.03 0.03 0.06 0.05
D812-11 1.48 3.20 0.81 0.11 0.31 0.16 33.3 0.35 - - - 0.03 0.06
D812-12 1.66 3.35 0.92 0.18 0.32 0.17 33.5 0.11 - - 0.02 0.10 0.13
D812-12 1.66 3.47 0.94 0.07 0.34 0.13 34.2 0.14 0.01 - 0.01 0.06 0.04
D812-12 1.50 3.31 1.55 0.17 0.34 0.11 34.7 0.16 0.00 - 0.01 0.10 -
D73-1C1 2.20 2.21 - 0.02 0.34 0.04 39.2 0.11 0.01 - 0.01 0.15 0.04
D731C3 1.67 2.32 0.45 0.03 0.77 0.04 37.1 0.31 0.04 0.02 0.02 0.31 0.02
D731C-4 1.68 3.05 0.28 0.06 0.41 0.07 38.3 0.33 0.04 - 0.03 0.39 0.02
D73-1C5A 1.11 3.34 5.00 0.09 0.54 0.29 26.4 3.47 0.08 0.05 - 0.33 -
D73-1C5B 0.70 3.56 1.99 0.033 0.27 0.567 25.9 2.83 0.14 0.03 0.01 0.22 -
D73-1CC 1.63 2.63 0.03 0.014 0.25 0.11 42.4 0.37 0.07 0.05 0.03 0.46 0.01
D73-1C5D 1.46 2.58 0.49 0.101 0.27 0.10 42.5 0.44 0.05 0.01 0.03 0.44 0.17
D73-1C5E 1.56 2.80 - 0.039 0.26 0.033 42.2 0.15 - 0.01 0.02 0.64 0.02
D73-1C6 2.00 2.71 0.49 0.08 0.20 0.062 40.9 0.41 0.04 0.03 0.02 0.66 0.10
D73-1C7 2.09 2.59 0.58 0.012 0.20 0.11 40.9 0.56 0.05 0.01 0.03 0.45 0.10
D73-1C8 1.96 3.00 0.75 0.068 0.21 0.056 41.0 0.28 0.02 0.01 0.01 0.36 0.04
D731C-9 1.51 3.02 0.73 0.042 0.20 0.158 34.4 0.39 - 0.02 0.04 0.35 0.04
D731C-10 1.94 2.38 0.39 0.024 0.23 0.089 42.6 0.25 0.03 - 0.05 0.37 -
D73-1C-11 1.90 3.02 0.62 0.032 0.24 0.099 39.1 0.39 0.03 0.03 0.01 0.34 0.02
D73-1C-12 2.12 3.14 0.30 0.127 0.26 0.094 40.4 0.38 0.01 0.02 0.02 0.26 0.10
D73-1C-13 1.91 2.97 0.43 0.102 0.28 - 41.1 0.10 0.02 0.01 0.01 0.23 -
D73-1C-14 2.45 2.03 0.29 0.091 0.38 - 44.1 0.17 0.01 - 0.03 0.22 0.07
D73-1C-15 2.25 1.62 - 0.078 0.35 - 39.2 0.17 0.02 0.02 0.02 0.07 0.01
D73-1C-16 2.51 1.49 - 0.016 0.28 - 35.5 0.10 0.02 - 0.02 0.02 0.08

Average 1.86 2.10 <0.80 0.09 0.31 <0.09 34.7 0.26 <0.03 <0.03 <0.03 <0.18 <0.07
Maximum 3.20 3.64 5.00 0.27 0.77 0.57 47.5 3.47 0.14 0.05 0.14 0.83 0.26
Minimum 0.70 0.13 <0.01 <0.01 0.17 <0.01 21.7 0.01 <0.01 <0.01 <0.01 <0.01 <0.01
SD 0.50 1.30 0.79 0.07 0.08 0.09 7.3 0.54 0.02 0.02 0.03 0.19 0.05

aValues in weight %. Dash indicates below the limit of detection.
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4.1.3. Electron Microprobe Composition
of Microtextures
[27] The microprobe was used to evaluate compositional

differences among the crystalline and AC manganates. The
stratabound Mn sample D3-3 and two Mn sandstone sam-
ples (D73-1 and D8-12) were analyzed because they display
a variety of textures. Sample D73-1C contains both volca-
niclastic and foraminiferal sandstones and D8-12 has a thin
stratabound Mn layer within the sandstone.
[28] Electron microprobe analyses caused pitting in the

AC oxides even at a low current of 15 nA. Pitting by the
electron beam is indicative of degassing. An attempt to
degas the Mn oxides by leaving the thin sections in the
vacuum of the microprobe overnight had little effect.
Microcrystalline oxides showed evidence of minor pitting,
but not as extensive as the AC oxides; the crystallites rarely
pitted. The volatile burn off caused element totals to be low.
The high loss on ignition (LOI) and H2O contents (Table 2)
verify high contents of volatiles. When microprobe ele-
ments are summed using their most oxidized forms and
normalized to 100% on a water-free basis, the normalized
Mn contents of the AC and crystalline oxides are roughly
the same.
[29] Sample D3-3 has Si concentrations below the micro-

probe detection limit, whereas samples D73-1C and D8-12
have low but measurable Si (Tables 3 and 4). AC oxides
have somewhat higher mean concentrations of Ti, Fe, and
Ni than the crystalline oxides; however, abundances are still
generally under 1%. The remaining elements are enriched in
the crystalline oxides. The characteristic difference is that
Mn in the crystalline oxides ranges from 22% to 47%
whereas in the AC oxides Mn ranges from 9% to 17%
(Tables 3 and 4). This large difference reflects the greater
water contents and smaller particle sizes of the AC phase.
Small particle size results in higher porosity and charge
imbalances, which create a greater capacity for water
adsorption. Areas of high porosity and hydrous minerals
create lower total counts on the microprobe and therefore
lower measured Mn in the AC Mn oxides.
[30] Plots of Mg, Ca, and Na against Mn show that, in

general, these elements increase with increasing crystallinity
(Figure 5). D3-3 crystalline oxides always plot in two

Table 4. Electron Microprobe Spot Analyses of Amorphous (AC) Mn Oxidesa

Na Mg Si S Ca Ti Mn Fe Ni Cu Mo Ba Pb

D3-3G2 0.67 0.24 - 0.01 0.07 - 16.39 - 0.04 - 0.01 0.02 -
D8-12C 0.62 1.97 0.38 0.03 0.14 0.05 15.61 0.11 0.01 - - 0.01 0.04
D8-12D 0.65 1.78 0.42 0.04 0.16 0.07 16.60 0.59 - - - - 0.05
D8-12E 0.50 1.74 0.73 0.01 0.12 0.20 14.00 0.77 - - 0.01 0.05 0.01
D812E2 0.50 1.61 0.60 0.02 0.12 0.25 14.14 0.60 - - 0.01 0.09 0.04
D812-7 0.33 1.30 0.22 0.04 0.07 0.04 10.34 0.09 - - 0.01 - 0.04
D812-7 0.29 1.21 0.31 0.02 0.08 0.06 9.49 0.14 - - - - -
D812-7 0.42 1.56 0.25 0.03 0.09 0.03 12.17 0.11 0.02 - - - -
D812-13 0.40 1.71 0.25 0.01 0.11 0.05 13.29 0.15 - - - - 0.01
D812-13 0.43 1.94 0.30 0.01 0.12 0.05 15.61 0.25 - - 0.01 0.01 0.02
D812-13 0.39 1.62 0.25 - 0.12 0.05 13.78 0.37 - - - - -
D73-1C2 0.82 3.64 3.45 0.04 0.09 0.38 14.14 2.28 0.09 0.11 0.01 0.05 0.07

Average 0.50 1.69 0.65 0.02 0.11 0.11 13.80 0.50 <0.04 <0.11 <0.01 <0.04 <0.03
Maximum 0.82 3.64 3.45 0.04 0.16 0.38 16.60 2.28 0.09 0.11 0.01 0.09 0.07
Minimum 0.29 0.24 0.22 0.01 0.07 0.03 9.49 0.09 <0.01 <0.11 <0.01 <0.01 <0.01
SD 0.16 0.77 0.94 0.01 0.03 0.11 2.23 0.64 0.04 - - 0.03 0.02

aValues in weight %. Dash indicates below limit of detection.

Figure 5. Scatterplots of (a) Mg, (b) Ca, and (c) Na versus
Mn from electron microprobe spot analyses of amorphous
cryptocrystalline Mn oxides and crystalline Mn oxides in
three samples.
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groups; the microcrystalline oxides are lower in Mn and
generally lower in Ca, Mg, and Na than the crystallite
oxides. The highest Na values are from the crystallites of
D3-3. The high Na/Mn ratios for all D3-3 Mn oxides may
indicate seawater-mineral exchange.
[31] A plot of Mg versus Mn (Figure 5a) shows that D3-3

is lower in Mg than the other two samples. Generally, low
Mg is indicative of a proximal subseafloor hydrothermal
deposit because it is removed readily from hydrothermal
fluids during alteration of arc rocks creating Mg silicates
(usually clay minerals). Mg is enriched in more distal
deposits when hydrothermal fluids mix with pore fluids
and seawater [Mottl, 1983]. Sample D3-3 may therefore
have formed closer to the source of the hydrothermal fluids
than either D8-12 or D73-1C.
[32] In general, the plot of Ca versus Mn (Figure 5b)

shows a similar trend of increasing concentrations with
increasing crystallinity. D73-1C has two anomalously high
Ca values that were taken in a Mn oxide cemented forami-
nifera-rich sandstone and may reflect the dissolution of tests
as a source of the high Ca, which was then adsorbed onto
the Mn oxides.
[33] Na, Mg, and Ca concentrations may be indicators of

differing conditions during Mn oxide mineralization. Low
Mg contents may reflect precipitation proximal to the
hydrothermal source, whereas high Na may indicate sea-
floor or near seafloor deposition. High Ca values probably
reflect a carbonate sediment source. Alternatively, high Na,
Mg, and Ca may reflect adsorption during postdepositional
exposure at the seabed.

4.2. Mineralogy of Manganese Oxides

[34] Mn oxide minerals found in Mariana samples include

10 Å (todorokite and/or buserite) and 7 Å (birnessite)
manganates, and possibly also vernadite (�-MnO2). Todor-
okite and buserite have similar X-ray diffraction reflections
and XRD alone cannot differentiate between them [Burns
and Burns, 1977]. Vernadite is defined by only two X-ray
reflections at about 2.4 Å and 1.4 Å. Birnessite has two
additional reflections to those found in vernadite at about
7.2 Å and 3.5 Å, whereas the 10 Å phase has two additional
reflections to those found in vernadite at about 9.6 Å and
4.8 Å. In several Mariana samples, the 10 Å phase also has
a reflection at about 3.4 Å, which is not commonly found in
modern marine Mn deposits but does occur in on-land Mn
deposits containing todorokite/buserite. Vernadite is diffi-
cult to identify when accompanied by the 10 Å and/or 7 Å
manganates because of the overlapping reflections and must
be inferred to occur if the relative intensities of the 2.4 Å
and 1.4 Å reflections appear anomalous, which was rarely
the case in Mariana samples. Recent work indicates that the
phyllomanganates have no significant structural differences
and therefore the 10 Å buserite, 7 Å birnessite, and
vernadite are structurally the same and by way of prece-
dence in nomenclature should all be called vernadite, such
as 10 Å vernadite, 7 Å vernadite, and vernadite, respectively
[Manceau et al., 2007]. We will use the general designa-
tions of 10 Å and 7 Å manganates, and vernadite. For
Mariana samples, Fe-Mn crusts consist solely of vernadite,

with rare exceptions of minor 10 Å or 7 Å manganates.
Stratabound Mn deposits consist predominantly of 10 Å and
7 Å manganates.

[35] Two types of 10 Å manganates exist in the Mariana
samples: A mineral that collapses to 7 Å manganate through
dehydration and oxidation when exposed to air (e.g., sample
D3-8); and a manganate that does not collapse after drying
(e.g., D3-1). Most samples seem to be a mixture of these
two 10 Å manganates. We consider the 7 Å manganate in
our samples to be predominantly a transformation product
created by collapse of a structurally unstable 10 Å manga-
nate, whether or not the original 10 Å phase was identified
by XRD [see also Usui et al., 1989]. When todorokite
tunnels have walls of greater than three chains long, they are
structurally unstable. Without stabilizing cations, absorbed
water, or formation at a relatively higher temperature, the
tunnel structure collapses to a 7 Å phase [Usui et al., 1989;
Mellin and Lei, 1993].
[36] In the IBM samples, the 10 Å manganate presumably

collapsed completely to a 7 Å manganate in six samples,
although samples D3-3I and D3-8 are the only two that
were X-rayed quickly enough after exposure in air to
document this transformation. Consequently, we cannot rule
out the possibility that a primary 7 Å manganate was present
in some samples [see Ostwald and Dubrawski, 1987]. We
documented the complete collapse of a 10 Å manganate to a
7 Å manganate that took place in less than two weeks in
sample D3-8. This sample was stored in water after collec-
tion, ground while wet, and air-dried for about 2 h before
being X-rayed the first time. The sample was then kept at
room temperature for two weeks and X-rayed again. The
transformation from a well crystallized 10 Å manganate to a
moderately well crystallized 7 Å manganate was complete.

The 10 Å manganate remained stable in 17 samples,
completely collapsed in six samples as mentioned above,
and only partially collapsed to a 7 Å phase in the remaining
34 samples.

4.3. Crystallinity of Manganese Oxides

[37] Changes in crystallinity associated with the transfor-
mation of 10 Å to 7 Å manganate were determined by
reanalyzing samples after intervals ranging from 2 weeks to
2 years. Crystallinity (peak height/peak width at half height)
of the Mn oxide minerals is highly variable with reflections
ranging from broad low-intensity to sharp high-intensity
peaks for each mineral. Crystallinity increases with increas-
ing exposure to air in most samples of noncollapsing 10 Å
manganate and for the 7 Å manganates if present in the
initial scan. Increases in 7 Å manganate crystallinity can be
accompanied by either a decrease or an increase in the
accompanying 10 Å manganate crystallinity.
[38] Changes in crystallinity are the result of dehydration

through loss of both absorbed and structural water, and
perhaps also through oxidation. The increased crystallinity
of the stable 10 Å manganate probably reflects dehydration,
which results in decreased distortion of the tunnel structure;
a few 10 Å manganate samples did not increase in crystal-
linity with time. The crystallinity of the 7 Å manganate
continued to increase with time because the 10 Å to 7 Å
transformation proceeded with continued dehydration and
oxidation.
[39] The transformation of the 10 Å manganate to 7 Å

manganate does not appear to be related to deposit type,
texture, age of the Mn oxide deposit, or composition of the
sandstone. On the basis of the spatial distribution of Mn
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minerals in hydrothermal Mn deposits from Kaikata Sea-
mount (Izu-Bonin arc), Usui et al. [1989] proposed that
higher temperatures of mineralization produced more stable
10 Å phases, that is with closer proximity to the hydrother-
mal source. We suggest that a similar mechanism was
responsible for the stability of the 10 Å manganates col-
lected by dredging in this study. If this is correct, then some
of the samples from dredge hauls D3, D8, D15, D28, D57,
and D73, and all samples from D13, D47, and D54 formed
from higher temperature mineralizing fluids than the other
samples. However, dredging recovers samples from a rather
large area and some dredge hauls contained both non-
collapsible and fully collapsible 10 Å manganates. The least
stable, lowest temperature 10 Å manganates were found in
dredge hauls D3, D41, D52, and D55.

4.4. Chemical Composition

[40] Samples were grouped in order to calculate mean
compositional data and for statistical analyses, including
correlation coefficient matrices and Q-mode factor analyses:
Group 1, stratabound grain-supported, Mn-cemented sand-
stones with 4–21% Mn; and Group 2, stratabound Mn with
27–51% Mn (Table 5). This division is based on a break in
Mn concentrations of five percentage points, otherwise the
Mn concentrations form a near continuum within each
group. Group 2 samples were further subdivided into
Subgroup 2A samples with 27–41% Mn, and Subgroup
2B with >41% Mn. This subdivision is based on the
occurrence of macroscopically identifiable detrital grains
in Subgroup 2A samples, which generally show cement-
supported textures, unlike Group 1 Mn sandstones; Sub-
group 2B samples do not containmacroscopically identifiable
detrital grains and comprise the nearly pure hydrothermal
Mn end-member. Analyses of Mn sandstones (Group 1;
Subgroup 2A) were completed on bulk samples; the com-
position therefore reflects the framework/cement ratio and
the framework grain composition in addition to the Mn
mineralization (Tables 2 and 5). Analyses of stratabound
Mn (Subgroup 2B) include layers removed from their
sandstone and breccia hosts and deposits collected without
host material. Analyses of two unusual magnetite-goethite-
siderite samples are also presented (Table 2).
[41] Fe/Mn ratios for Group 1 Mn sandstone samples

average 0.75, whereas the mean for Group 2 Mn sandstone
and stratabound Mn samples is significantly lower, 0.06. Fe,
Fe/Mn, Si, Al, Ca, Ti, Co, and Cr decrease from Group 1
through Subgroup 2A to Subgroup 2B samples, whereas
Mn, Ba, Cd, Mo, and volatiles (H2O

�, H2O
+, LOI) show the

opposite trend. Subgroup 2B (high Mn) samples are also
highest in Ni and Zn. Only CO2 is highest in Subgroup 2A
samples, whereas As, Cu, Ni, Pb, Pt, V, Y, and Zn are lowest
in Subgroup 2A samples and higher in both Group 1 and
Subgroup 2B samples. Mg, K, and Sr have about the same
concentrations in Group 1 and Subgroups 2A and 2B
samples. P and Na concentrations increase from Group 1
to Group 2 samples. These trends reflect the higher alumi-
nosilicate fraction (Si, Al, Ca, Ti, Cr) in Group 1 samples,
higher biocarbonate (CO2 and part of the Ca) and biosilica
(Si/Al ratios) in Subgroup 2A samples, and higher hydro-
thermal component (Mn, Ba, Cd, Mo, Ni, Zn) in Subgroup
2B samples. The increasing water contents with increasing
Mn reflect water (up to 20 wt % H2O

�) adsorbed by the Mn

oxide minerals and incorporated into their structural frame-
work at the time of formation (up to 11 wt % H2O

+).
[42] Group 1 samples have more As and Ni than Sub-

group 2A samples, indicating that a component of these two
elements is probably associated with the aluminosilicate
fraction. Mean Cd contents are about the same in Group 1
and Subgroup 2A samples, indicating that it is enriched only
in the most Mn-rich samples (Subgroup 2B).
[43] High Li [Chan and Hein, 2007], Mo [Kuhn et al.,

2003], and Cd [Moorby et al., 1984] contents determined
here and in other Mn deposits are indicators of a hydro-
thermal origin, but their wide ranges of concentrations
caution that these proxies need to be combined with
supporting evidence. Li is perhaps the element most con-
sistently high in hydrothermal Mn deposits, being typically
1–3 orders of magnitude higher than Li contents in hydro-
genetic Mn deposits. Zn is also very high in some hydro-
thermal Mn samples (i.e., D28-1, up to 1.3%; Figure 2f [see
also Moorby et al., 1984]), but is also highly variable. Zn is
generally expected to be fractionated in hydrothermal sys-
tems through concentration in proximal sulfide deposits; the
high Zn concentration in sample D28-1 may indicate
formation at a proximal location, paucity of sulfide forma-
tion at depth, dissolution of previously formed sulfides, or
higher Zn concentrations in the fluids than could be re-
moved by sulfide precipitation. High Zn concentrations may
be an important pathfinder element for nearby massive
sulfide deposits [see also Boyd et al., 1993]. This may also
be true for especially high concentrations of other typically
sulfide-hosted elements such as Cu, Pb, Mo, and Cd, also of
Co and Ni if a hydrogenetic component can be ruled out.
[44] Several samples have unusually high Co contents

compared to other hydrothermal Mn deposits [Hein et al.,
1997], which is the element considered most characteristic
of hydrogenetic precipitation [Halbach et al., 1983]. How-
ever, the samples (D8-5A, D8-12A, D8-12C, D33-2-1,
D33-2-2, and D33-2-3) with high Co (501–1169 ppm) are
clearly hydrothermal and the high Co is probably hydro-
thermal and associated with high Fe contents. The three
D33 samples are vein fill and cement that were isolated
from strongly altered breccias. If the Co was adsorbed from
seawater near the seabed after mineralization of the sedi-
ment, then the middle layer (D8-12B) of the three layers
(D8-12A, D8-12B, D8-12C) of sample D8-12 should have
high Co contents like the adjacent layers, but it does not,
even if the data are normalized for the higher aluminosil-
icate fraction in sample D8-12B (Table 2). A more likely
explanation is that the hydrothermal component of each
layer represents a different hydrothermal pulse, each with a
different composition. We suggest that samples with high
Co contents might reflect mineralization from relatively
higher temperature hydrothermal fluids.
[45] The abundance of Fe increases with decreasing Mn:

Subgroup 2B (mean 0.89% Fe), Subgroup 2A (4.23% Fe),
Group 1 (8.39% Fe). However, the relative proportion of
hydrothermal Fe (excess Fe over detrital Fe based on Fe/
Al ratios compared to arc volcanic rocks) changes very
little among the three sample groups: From 55% of the
total Fe for Subgroup 2B samples, to 58% for Subgroup
2A samples, to 49% of the total Fe for Group 1 samples;
the proportion of hydrothermal Fe to total Fe is remark-
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ably constant (49–58%), regardless of the degree of Mn
mineralization.
[46] Groups 1 and 2 and Subgroups 2A and 2B mean

compositions, normalized to the mean composition of
volcanic rocks from the Mariana arc (Figure 6 and Table 6),
show that Mn, Mo, Pb, and Cd are consistently 1–2 orders
of magnitude enriched in the Mn deposits. Zn is also
included with those elements for Group 2 samples as a
whole and Subgroup 2B specifically. Mn consistently has
the highest enrichment factor (up to about 400 times for

Subgroup 2B), Mo is next, and then Cd is third highest
except in Group 1 samples where Pb has the third highest
enrichment. Other elements that are consistently enriched
(up to 9 times) over Mariana arc volcanic rocks include Zn,
Ni, Ba, Co, Cu, K, Sr, La, P, and Ce; and only in the low Mn
samples (Group 1), all the REEs and Y. Ce is probably
concentrated by oxidation on the surface of the Mn minerals
in all sample groups, whereas the REEs in general are
probably sorbed on the Fe oxyhydroxide in the low Mn,
high Fe samples (Group 1).

Figure 6. Element enrichment diagrams for Groups 1 and 2 sample data relative to average volcanic
rock composition for the Mariana arc volcanoes from which our samples were taken (see Tables 2 and 6).
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4.4.1. End-Member Components
[47] On the basis of the (Co + Ni + Cu)x10-Fe-Mn

ternary diagram, most of the Mariana arc samples fall within
the hydrothermal field (Figure 7a). Subgroup 2B samples
occur at the Mn apex with Subgroup 2A and then Group 1
samples moving consecutively through the hydrothermal
field toward the Fe apex. One sample from Group 1 falls
within the hydrogenetic field because of unusually high Co
and Ni contents. Two samples from Group 1 and most of the
Fe-Mn crusts from the Mariana arc fall in the hydrogenetic/
hydrothermal transition zone. It should not be construed that
the samples that fall outside the hydrothermal field are not
hydrothermal or not predominantly hydrothermal; rather, it

is the result of the unusual hydrothermal compositions of a
few samples as pointed out above.
[48] Most samples can be modeled using a three-compo-

nent system with aluminosilicate, Mn oxide, and Fe oxy-
hydroxide end-members. Only the Mn oxide end-member is
found in nearly pure form. This relationship is shown on a
(Si)x2-Fe-Mn ternary plot, where most of our data fall near
a line connecting the mean arc volcanic rock datum with the
Mn apex (Figure 7b). Data that do not fall along that line
have a relatively greater Fe component, the amount of
which generally increases from Subgroup 1B through
Group 1 samples. These relationships can also be seen on
scatterplots of Si + Al versus Mn and Fe (Figures 7c and 7d).
For Si + Al versus Mn, nearly all the data fall on or below a
line connecting mean volcanic arc rocks and the highest Mn
sample, with an increasing deviation from that line going
from Subgroup 2B through Group 1 samples. This shows
that most samples are depleted in Si + Al relative to a two-
component aluminosilicate/Mn oxide mixing system. In a
plot (not presented) of Mn versus Fe + Si + Al, a single
regression line passes statistically through all Groups 1 and
2 data points and shows that Mn has a nearly perfect
negative correlation (r2 = 0.97, n = 60) with the alumino-
silicate plus Fe oxyhydroxide components. A plot of Si + Al
versus Fe clearly shows that nearly all samples are enriched
in Fe relative to a mixing line connecting arc volcanic rocks
and Mn oxide end-members (Figure 7d), which is also true
in a plot of Fe + Si + Al versus Fe. Many of the samples
from Groups 1 and 2 show a positive correlation between Fe
and Si + Al; however, the Group 1 Mn sandstones taken
separately show a negative correlation between Fe and
Si + Al (Figure 7d). This emphasizes the fact that Fe is
about equally distributed between the aluminosilicate and
hydrothermal end-members.
4.4.2. Rare Earth Elements
[49] Total REE concentrations are generally very low,

consistent with a hydrothermal origin. Subgroup 2B sam-
ples have the lowest total REE concentrations. Chondrite-
and shale-normalized REE patterns (Figure 8a) show that
some Group 1 samples have patterns similar to that of the
mean volcanic arc rocks (i.e., sample D8-1) and others
similar to that of the mean mixed hydrothermal-hydro-
genetic Mariana arc Fe-Mn crust samples (i.e., D8-20).
Those differences reflect the ratio of Mn cement to frame-
work grains and growth rates. Subgroup 2A samples gen-
erally show less enrichment in REEs than the arc volcanic
rocks, but have similar normalized patterns to arc rocks
(Figure 8b). Sample D3-3 from Subgroup 2B has the lowest
relative enrichment of REEs, with 9 of the 15 elements
below their detection limits (Table 7 and Figure 8c). The
other Subgroup 2B samples have normalized enrichments
similar to those of the arc volcanic rocks; the normalized
patterns are also similar, with the exception that all three
Subgroup 2B samples have negative Ce anomalies, as do
most of Group 1 and Subgroup 2A samples. Sample D55-3
is depleted in La, which produces an apparent positive Ce
anomaly. A better measure of the Ce anomaly for that
sample would be the shale-normalized Ce/Pr ratio, which
indicates a negative Ce anomaly; this would not be true for
sample D44-1, which appears to be the only sample with a
positive Ce anomaly. A positive Eu anomaly occurs in most

Table 6. Mean Chemical Composition for Mariana Arc Volcanic

Rocks From Seamounts for Which Samples Were Collected for

This Studya

Value

Fe 6.51
Mn 0.134
Si 25.2
Al 8.91
Mg 3.00
Ca 6.93
Na 2.04
K 0.657
Ti 0.480
P 0.063
B 19.8
Ba 210
Be 0.732
Cd 0.280
Co 35.0
Cr 97.7
Cs 0.395
Cu 98.5
Ga 16.3
Hf 1.73
In 0.051
Mo 2.02
Nb 1.53
Pb 3.13
Rb 14.9
Sc 34.8
Sr 322
Ta 0.105
Th 0.793
U 0.352
V 257
Y 22.5
Zn 76.3
Zr 35.0
La 6.47
Ce 14.3
Pr 2.03
Nd 9.68
Sm 2.75
Eu 0.931
Gd 3.18
Tb 0.790
Dy 3.51
Ho 1.05
Er 2.25
Tm 0.330
Yb 2.19
Lu 0.353

aHere n = 38 samples (R. J. Stern, unpublished data, 2007). Major
elements are in percent (or weight percent), and minor elements are in ppm.
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shale-normalized patterns and a small negative anomaly on
chrondrite-normalized patterns, both reflecting the patterns
of mean arc rock. These data suggest that end-member
hydrothermal fluids were of moderate temperatures, proba-
bly less than about 250�C [e.g., Glasby et al., 1997]. The
patterns for the hydrothermal samples are generally light
REE enriched on chondrite-normalized patterns and heavy
REE enriched on shale-normalized patterns. Overall, the
REEs are derived predominantly from leaching of arc rocks
by hydrothermal fluids (and incorporation of volcaniclastic
material) and rarely from seawater. This can be seen from
the Y/Ho ratios, where all samples but one fall within the
range of volcanic rocks/shales (20–35, mean 28), rather
than near that of seawater (45–75, mean 57) [Bau et al.,
1996]. The negative Ce anomalies indicate rapid precipita-
tion of the Mn oxides, which is consistent with growth rate
calculations (see below); the general increase in its magni-
tude with increasing Mn content reflects increasing rates of
growth.

4.4.3. Platinum Group Elements
[50] Pt, Pd, and Rh concentrations vary from below their

limits of detection to maximum values of 88 ppb (mean
16.5), 16 ppb (mean 3.7), and 41 ppb (mean 3.6), respec-
tively. Pt and especially Rh are enriched and Pd is about the
same compared with concentrations for Mariana arc volca-
nic rocks of 8.5 ppb Pt (2–55 ppb, n = 17; mean 5.6 ppb if
55 ppb outlier not used), 4.1 ppb Pd (<1–13 ppb; 3.6 ppb if
13 ppm outlier not used) and <1 ppb Rh for all samples
(J. R. Hein, unpublished data, 2006). In contrast, mean Pt
values for hydrogenetic Fe-Mn crusts from the central
Pacific vary from about 150 to 800 ppb and Rh values
from about 10 to 15 ppb [e.g., Hein, 2004]. The Mariana
stratabound deposits and hydrogenetic Fe-Mn crusts have
about the same mean concentrations of Pd. Pt correlates
with Fe and elements associated with Fe, which is probably
the dominant host for Pt, whereas Pd correlates only with
Ba and is likely partitioned among several phases. The
concentration of Os was determined by Burton et al. [1999]

Figure 7. (a) Fe-Mn-(Co + Ni + Cu)x10 ternary diagram for 24 samples from Group 1, 11 from
Subgroup 2A, and 21 from Subgroup 2B, and average compositions for Mariana arc volcanic rocks
(Table 6), Fe-Mn crusts from cruise TT192 [Hein et al., 1987], and Fe-Mn crusts from the Marshall
Islands [Hein, 2004]; field A is diagenetic, field B hydrogenetic, field C hydrothermal (fields modified
from Bonatti et al. [1972]); (b) Fe-Mn-(Si)x2 ternary diagram for sample data as in Figure 7a; a line is
drawn through the highest Mn sample and the average arc volcanic rock; (c) Mn versus Si + Al
concentrations for 60 samples from Groups 1 and 2; a line is drawn through the highest Mn sample and
the average arc volcanic rock; (d) Fe versus Si + Al concentrations for 60 samples from Groups 1 and 2;
the red line is a regression through Group 1 samples, and the r2 value shows a statistically significant
negative correlation at a greater than 99% confidence level. The black line is drawn through the highest
Mn sample and the average arc volcanic rock.
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for one of the stratabound Mn samples (D20-1) and was
very low, 0.07 ppb, more than an order of magnitude lower
than Os concentrations in hydrogenetic Fe-Mn crusts, 1.0 to
3.6 ppb [Burton et al., 1999]. These data suggest that
platinum group elements (PGEs) are derived predominantly
from leaching of basement rocks and that samples with
relatively high PGEs may have a component derived from
leaching of ultramafic rocks.
4.4.4. Statistical Correlations From Bulk Chemical
Data
[51] Correlation coefficients for Subgroup 2B samples

(n = 21) show no positive correlations between Mn and
any other element, but Mn shows negative correlations with
the aluminosilicate-associated elements (Si, Al, Ti, etc.) and
Fe. Fe correlates with aluminosilicate elements (Si, Al, Cr),
as well as Co; Fe has negative correlations with Mn and Na.
Elements that correlate with Si and Al include Ti and Fe.
These data indicate that the low concentrations of Fe in
Subgroup 2B samples are partitioned between two phases,
aluminosilicates and Fe oxyhydroxide, in agreement with
calculations presented above. Cd, Zn, Cu, Pb, and Ni
correlate with each other, but do not have a dominant
(statistically significant) association with Fe, Mn, or Si-Al.
They are probably partitioned among all those phases, but
predominantly with the Fe and Mn minerals, and second-
arily with aluminosilicates for Ni and Pb. In contrast, Co
correlates with Fe and is probably associated predominantly

with Fe oxyhydroxide. Mo correlates only with As, but is
probably associated with the Mn minerals, as determined by
others [Glasby et al., 1997; Rogers et al., 2001; Koschinsky
and Hein, 2003; Kuhn et al., 2003].
[52] As Mn concentrations decrease, the number of ele-

ments that correlate with Mn increases, such as from
Subgroup 2B to Subgroup 2A samples then to Group 1
samples. Mn shows positive correlations with Co, Mo,
H2O

+, H2O
�, and Na in Subgroup 2A samples and with

LOI, H2O
+, H2O

�, Mo, K, Cd, and Ba in Group 1 samples.
Co correlates with Mn in Subgroup 2A samples, but with Fe
in Group 1 samples. Fe correlates with P, As, and Ba in
Subgroup 2A samples and with P, As, Pb, Pt, LOI, H2O

+,
H2O

�, Co, and Mo in Group 1 samples. These Fe correla-
tions reflect elements associated with the Fe oxyhydroxide,
rather than aluminosilicate minerals; in fact, Fe shows
negative correlations with aluminosilicate-associated ele-
ments (Si, Al, Ca, Na) in Group 1 samples. Of the minor
metals (Cd, Zn, Cu, Pb, and Ni), Cd correlates with Mn, and
Pb with Fe in Group 1 samples; Zn, Cu, and Ni in Group 1
samples and all of them in Subgroup 2A samples do not
show correlations with Mn, Fe, or Al-Si, and are probably
partitioned among several minerals.
[53] Several elements show positive correlations with

water depth, with Pb having the highest statistical signifi-
cance; others include Fe/Mn, Na, Ti, Cr, Cu, V, Y, Ce, and
Tb. The other REEs would correlate with water depth at

Figure 8. Rare earth element plots for (a) Group 1, (b) Subgroup 2A, and (c) Subgroup 2B, normalized
to (top) chondrites [Anders and Grevesse, 1989] and (bottom) shale-PAAS [McLennan, 1989]. For
elements below the detection limit, the sample symbol is left out and connecting lines dashed.
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somewhat below a 95% confidence level. K is the only
element with a negative correlation with water depth. It is
difficult to assess if those same elements change predictably
with geographic location because water depth generally
increases from west to east and from north to south and
would have a greater influence than geographic location.
However, Ni has no correlation with water depth but is
generally higher in crusts from the easternmost part of the
arc. This is interesting because that region is closer to the
fore arc where serpentines are common, which typically
have high Ni contents. High Ni in Mn deposits, along with
high Cr, may reflect an ultramafic source (see section 5).
4.4.5. Grouping of Elements From Factor Analyses
[54] For Subgroup 2B (high Mn) elements, four factors

account for 92% of the variance in the data set. Elements are
listed in order of decreasing rotated factor scores. We
interpret those factors to represent the aluminosilicate de-
trital fraction (Ti, Al, Si, Ni, Ce, Fe, Cr, Ba, Y, Co); and
three Mn-bearing hydrothermal components that probably
represent hydrothermal leaching of different materials: Sul-
fides (Pb, Zn, P, Cd, Cu, Mn, Mg, Na, and Ni), volcano-
genic rocks and sediments (Na, Ca, As, Mo, Mn, Ce, and
Si), and biogenic material (Mg, K, Mn, Ba, Sr, V, and Ca).
[55] For Subgroup 2A (high-Mn sandstones) elements,

four factors account for 96% of the variance in the data set.
We interpret those factors to represent the aluminosilicate
detrital fraction (Al, Cd, V, Zn, Cr, Ti, Mg, Si, and Y);
hydrothermal Fe oxyhydroxide (P, Ni, As, Ce, Co, Zn, K,
Fe, Sr, and Pb); hydrothermal Mn (Mo, Cu, Na, Mn, Fe, Co,
Si, Ba); and carbonate fraction (CO2, Ca, Sr, Y, Mg, and
Na). A carbonate factor is consistent with this subgroup
showing the highest biocarbonate component.
[56] For Group 1 (low-Mn sandstones) elements, three

factors account for 91% of the variance in the data set. We
interpret those factors to represent the aluminosilicate de-
trital and carbonate fractions (Al, Cr, Ca, Si, Na, Ti, V, Mg,
CO2, and Y); hydrothermal Fe oxyhydroxide (P, Co, Fe, As,

Ba, Ni, Mo, Sr, Zn, Ce, Mn, and Y); and hydrothermal Mn
fraction (Cd, Mn, Na, K, Zn, Mg, Ba, Si, Al).
[57] Elements interpreted to be in a detrital factor consis-

tently include Si, Al, Ti, Cr, and Y, and Mg and V in two of
the three data sets; the Fe oxyhydroxide/Fe-bearing lithic
phases consistently include Fe, Co, Ce, K, and Ni in all
three data sets and P, As, Zn, and Sr in two of the three data
sets; and the hydrothermal Mn consistently includes Mn,
Ba, Na, and Si in all data sets and Mo, Cd, Cu, Zn, Mg, and
K in two of the three data sets.

4.5. Growth Rates

[58] Growth rates of Mn mineralization were determined
using the empirical equation ofManheim and Lane-Bostwick
[1988]: Growth rate R = 0.68/(Con)1.67, where normalized
Co is Con = Co � 50/(Fe + Mn), and Co, Fe, and Mn are
measured concentrations in weight percent. On average, the
21 Subgroup 2B samples have the highest growth rates,
with five samples yielding rates of over 125,000 mm/Ma
and three others over 14,000 mm/Ma (Table 8). Only one
Subgroup 2B sample has a growth rate of <100 mm/Ma,
96 mm/Ma, which is the result of an anomalously high Co
content in that sample. Growth rates for the remainder of
samples in Subgroup 2B range from 465 to 8950 mm/Ma.
Subgroup 2A samples range from 207 to 23,910 mm/Ma
and Group 1 samples from 15 to 64,650 mm/Ma; if one
outlier sample is not considered, the range would be 15 to
4700 mm/Ma. The low growth rates could indicate either a
hydrogenetic component, or, as we favor for our samples, a
hydrothermal Co source (see above), in which case the low
growth rates would be spurious. Overall, the growth rates
are typical of hydrothermal accretion of Mn oxides.
[59] The number of years required to accrete a Mn oxide

layer can be determined from the growth rate and thickness
of the layer mineralized. It should be emphasized that
complete Mn sandstone beds were not always recovered
and mineralization may have covered a thicker stratigraphic

Table 7. Yttrium and Rare Earth Elements for 10 Hydrothermal Mn Samples and Mariana Arc Averages for Fe-Mn Crusts and Volcanic

Rocksa

Group 1 Group 2A Group 2B Average Fe-Mn
Crusts

Average
VolcanicsD8-1 D8-20 D28-4A D55-3 D44-1 D51-1 D52-5 D3-3 D41-2B D73-1F

La 5.08 122 32.9 13.4 5.33 7.38 12.8 2.10 13.9 11.7 284 6.47
Ce 9.14 223 52.4 64.8 14.9 9.48 22.5 2.10 19.2 4.26 547 14.3
Pr 1.02 27.3 6.16 7.20 1.07 1.05 2.14 <1 2.13 2.13 59.9 2.03
Nd 7.11 119 29.8 27.8 5.33 5.27 9.63 <2 11.7 11.7 254 9.68
Sm 2.03 26.3 6.16 5.14 1.07 1.05 2.14 <0.5 2.13 2.13 55.6 2.75
Eu 0.670 6.88 1.64 1.35 0.416 0.274 0.545 0.136 0.725 0.883 13.8 0.931
Gd 3.05 29.4 7.19 5.14 1.07 1.05 2.14 1.05 3.20 3.19 59.3 3.18
Tb <1 5.06 2.05 <1 <1 <1 <1 <1 1.07 1.06 9.36 0.790
Dy 3.05 – – <1 1.07 <1 <1 <1 3.20 3.19 53.0 3.51
Y 17.3 97.2 46.2 22.6 8.53 9.48 10.7 3.14 64.0 23.4 193 22.5
Ho 0.650 5.26 1.64 0.782 0.426 0.253 0.396 0.126 1.02 0.777 11.2 1.05
Er 2.23 14.2 5.13 2.26 1.49 0.843 1.28 <0.5 3.30 2.45 31.2 2.25
Tm 0.305 2.23 0.719 0.309 <0.2 <0.2 <0.2 <0.2 0.320 0.319 4.61 0.330
Yb 1.93 14.2 4.41 2.37 1.60 0.843 1.07 <0.5 2.35 2.23 29.4 2.19
Lu 0.305 2.13 0.749 0.381 0.224 0.148 0.182 <0.05 0.426 0.394 4.36 0.353P

REE <54.81 694.64 197.05 <155.54 <43.74 <39.33 <67.71 <15.40 128.61 69.82 1609 72
Y/Ho 27 18 28 29 20 38 27 25 63 30 17 21
Ce* 0.921 0.894 0.834 1.560 1.433 0.731 0.951 0.345 0.770 0.192 0.966 0.943
LaN/SmN 1.447 2.694 3.088 1.505 2.895 4.052 3.474 2.427 3.763 3.184 2.958 1.361
YbN/SmN 0.989 0.561 0.746 0.479 1.562 0.833 0.521 1.042 1.146 1.094 0.551 0.827

aRare earth elements values are in ppm. Normalized to 0% hygroscopic water. Ce* is calculated using chondrite-normalized data and the equation 2Ce/
(La+Pr). LREE and HREE enrichments calculated using chondrite-normalized data.
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interval for some samples. Durations of mineralization
range from 23 years for a 5-mm-thick stratabound Mn layer
to 4 Ma for a 60-mm-thick Co-rich, Mn sandstone layer,
which is a distant outlier value. The next longest duration is
about 0.5 Ma, for a 10-mm-thick Mn sandstone layer, which
would not be greatly different from the above duration for a

layer of equivalent thickness. However, the longest dura-
tions are the result of calculations from high Co samples,
which may not give reliable results. The fastest growth rate,
which is a minimum rate for D28-1E, yields 30 years
(a maximum estimate) to accrete a 6-mm-thick stratabound
Mn layer; sample D56-4 has the next fastest rate, which
took about 110 years to accrete a 25-mm-thick layer.

4.6. Petrography of Host Sedimentary Rocks

[60] Most sandstones and breccias are composed of
volcaniclastic debris derived from the arc volcanoes; the
remainder are foraminifera-bearing sandstones and forami-
niferal limestones that contain minor volcaniclastic debris.
Unaltered samples are composed of detrital plagioclase,
clinopyroxene, and minor olivine, orthopyroxene, amphi-
bole, and quartz. Mineral grains are commonly euhedral.
Pyroxene and plagioclase are commonly twinned and
zoned, and less commonly embayed. Volcanic rock frag-
ments and fresh volcanic glass fragments are present in all
thin sections analyzed. On the basis of planktonic forami-
nifera and nannofossil species, most of the fossil-bearing
sandstones are of Quaternary age (D8-2; D11-1; D55-6;
D56-1; D56-2; D58-1; D73-1), although some could only
be assigned a range of late Pliocene or Quaternary (D36-5;
D42-3) (J. R. Hein, unpublished data, 1986). Mn mineral-
ization in all dated samples is therefore relatively recent,
less than 1.8 Ma.
[61] A total of 100 framework grains were counted for

each of nine polished sections to classify the sandstones.
Point counts were not done on stratabound Mn layers,
breccias, or silty mudstones. With one exception, data plot
within the undissected arc field of the quartz-feldspar-lithics
diagram of Dickinson et al. [1983] (Figure 9). The excep-
tion is a sandy siltstone (D28-6) that plots in the transitional
arc field. This sample is from the west side of the cross-
chain seamount, located west of Uracas Seamount. Its
anomalous composition is due to its fine grain size, which
discriminates against the incorporation of and identification
of lithic fragments. However, the presumably greater age of
cross-chain seamounts at their western end may also be
reflected by the sediment composition. Several sandstones
with unusual grain types were identified. One of these, a
coarse-grained sandstone (D28-2), contains the typically
altered volcanic rock fragments, plagioclase, and pyroxene
grains, but also contains clasts of iron-rich mud, detrital
barite, and detrital grains of polycrystalline quartz (presum-
ably of hydrothermal origin). The provenance of this
sandstone appears to have been in part a hydrothermal
deposit.
[62] The delicate structure of detrital glass in several thin

sections indicates little or no transport before deposition.
Dredge haul D73 recovered sandstones with vesiculated and
fragile volcanic glass fragments as a major component.
These sandstones have minor lithic fragments with both
broken and euhedral mineral crystals. Sample D73-1D is a
graded sandstone with coarse lithic fragments grading into
fine-grained glass and mineral fragments. Petrographic and
hand sample textures of D73 sandstones are indicative of an
eruptive center facies; and microprobe analyses of volcanic
glass from samples D73-1D and D73-1A indicate derivation
from two or more eruptive events. The glass fragments of
this dredge follow a compositional trend that shows deri-

Table 8. Growth Rates and Ages for 24 Samples From Group 1

and 32 Samples From Group 2

Growth Rate (mm/Ma) Age (ka)

Group 1
D8-1 852 47.0
D8-5A 15 4,127
D8-12A 18 570.4
D8-12B 1,804 6.65
D8-12C 23 345.8
D8-20 135 111.5
D13-1A 2,165 2.31
D15-1A 175 45.7
D28-3A 601 20.0
D28-4A 2,173 32.2
D28-6A 1,093 18.3
D31-1 2,353 2.13
D33-2-1 37 218.1
D33-2-2 20 –
D33-2-3A >64,646 <0.31
D40-3A 1,025 29.3
D40-3B 839 17.9
D40-3C 576 29.5
D54-2 2,225 6.74
D55-3 4,695 6.39
D56-1B 798 37.6
D57-2 161 93.4
D57-4 60 416.1
D73-1A 2,109 42.7

Subgroup 2A
D12-2 23,912 0.04
D44-1 424 47.1
D44-1A 1,508 6.63
D44-3 300 113.3
D51-1 3,277 12.8
D52-4A 1,090 18.4
D52-4C 3,762 5.32
D52-5 269 223.0
D52-9A 912 43.9
D52-11 207 48.4
D56-2 2,768 14.5

Subgroup 2B
D3-1 8,005 0.87
D3-3 14,184 1.55
D3-5 7,271 3.44
D8-8 7,243 0.55
D11-1A 1,689 8.88
D20-1A 74,321 0.20
D28-1B 804 6.22
D28-1-CI 2,763 2.53
D28-1-CII 32,827 0.09
D28-1D >219,125 <0.02
D28-1E >227,820 <0.03
D28-1F >218,213 <0.05
D28-1G 1,169 34.2
D33-2-3 96 20.9
D41-2B 8,949 4.47
D52-4B 465 32.2
D52-9B 1,391 2.88
D52-10 2,263 4.42
D55-4 5,616 5.34
D56-4 >227,335 <0.11
D73-1F 125,437 0.24
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vation from the same parent magma [Schulz and Hein,
1991]. These samples probably represent reworked detritus
from several eruptive phases of a single eruptive center.
[63] Minor alteration of clastic grains occurs in every

sample and involves the breakdown of volcanic glass and
volcanic rock fragments to clay minerals (generally smec-
tite) and palagonite. However, alteration cannot be attribut-
ed exclusively to Mn-bearing hydrothermal fluids, and both
halmyrolysis and the mineralizing fluids played roles.
[64] The alteration of glass and volcanic rock fragments

in samples D28-2 and D73-1D can be directly attributed to
the mineralizing fluids. Sample D28-2 has a dense laminat-
ed stratabound layer of Mn oxide at the base that is overlain
by volcanic rock fragments. The most highly altered vol-
canic rock fragments occur immediately above the strata-
bound layer. Sample D73-1D has a crosscutting fracture
filled with dense Mn oxides. The volcanic glass fragments
to either side of the fracture are highly altered to a greenish-
yellow clay mineral (smectite?), whereas away from the
fracture the glass is less altered. In both samples, the
greatest alteration occurred near the fluid pathways.
[65] Grains in Mn sandstones were first coated by Mn

oxides, thereby forming a fine-grained, massive rim cement,
and the remaining void space was then filled by coarser-
grained Mn oxides (Figure 10a). Replacement of mineral
grains by Mn oxides (Figure 10b) was rare compared to
replacement of foraminifera (Figure 10c) followed by radio-
larians. Molds of foraminifers and radiolarians are very
common. Molds formed when mineralizing fluids precipi-
tated Mn oxides around and in fossil tests, which preserved
their fine structure and ornamentation, and produced inter-
nal and external casts after the tests dissolved (Figure 10d).

5. Discussion

[66] Hydrothermal Mn deposits have been found along all
active volcanic arcs in the west Pacific such as the Kuril arc
[Gavrilenko, 1997; Glasby et al., 2006], Izu-Bonin arc

[Usui et al., 1986, 1989], Yap-Belau arc [Hein, 1992; Hein
et al., 1999], Tonga/Kermadec arc [Cronan et al., 1982;
Moorby et al., 1984; Hein et al., 1990], and the Mariana arc,
as described here. Hydrothermal, diffuse flow Mn mineral-
ization is perhaps the most widespread type of mineraliza-
tion in active arcs, at least in the near-surface environment.
Mn mineralization is found in volcanic arcs elsewhere in the
world as well, for example the Lesser Antilles active arc and
Aves Ridge (remnant arc) of the eastern Caribbean [Kang
and Kosakevitch, 1984]. All of these submarine arc-hosted
Mn oxide deposits have similar chemical compositions,
such as strong fractionation of Fe and Mn and generally
low, but occasionally high, trace element contents, espe-
cially Li, Mo, Cd, Zn, and Pb. Texturally, the Mn mineral-
ization is nearly identical throughout the global active arc
system [e.g., Cronan et al., 1982; Usui and Nishimura,
1992a, 1992b] and also in other tectonic settings with
hydrothermal systems such as active hot spot volcanoes
[e.g., Hein et al., 1996], back-arc basins [e.g., Kuhn et al.,
2003; Moorby et al., 1984], and mounds located both on-
axis [Scott et al., 1974; Thompson et al., 1985] and off-axis
of spreading ridges [e.g., Moore and Vogt, 1976; Fitzgerald
and Gillis, 2006]. The global distribution of samples of
similar occurrence and compositions indicates that the
processes of formation of stratabound Mn deposits are
broadly applicable to all modern arc systems.
[67] These stratabound hydrothermal Mn deposits have

been mistakenly called crusts in many studies. They do not
encrust anything, and do not generally form as a crust on the
seabed, but rather are Mn oxide-impregnated sediment; that
is they are predominantly sediment-hosted (more rarely
basalt-hosted) stratabound and also predominantly strati-
form deposits. Textural evidence shows that the Mn was
supplied in up-flow systems and precipitation occurred
within the sediment, albeit within the uppermost layer of
sediment in some places. Once the hydrothermal fluids enter
the water column, they rapidly adsorb metals from seawater
and become in part hydrogenetic, a characteristic that
increases with distance from the hydrothermal source
[e.g., Manheim and Lane-Bostwick, 1988]. Once the fluids
enter the water column, the Fe-Mn deposits that form from
those fluids no longer have the same textural (or chemical)
characteristics as the sediment-hosted stratabound deposits,
even if they precipitated very near the discharge zone; these
mixed-origin deposits are properly called crusts and have
both hydrothermal and hydrogenetic components. The me-
tallic/submetallic luster that characterizes stratabound Mn is
not found in the mixed-origin crusts.
[68] The stratabound hydrothermal Mn deposits are ex-

posed at the seabed in some areas, which is the result of
either cementation of the uppermost sediment layer, or more
commonly as the result of exposure through erosion and
mass wasting of the uppermost unmineralized sediment that
overlies the stratigraphically highest Mn-cemented bed.
Mass wasting around submarine arc volcanoes is very
common [e.g., Cronan et al., 2002; Draut and Clift,
2006]. Many of the deposits are also associated with faults,
which uplift deposits formed at some depth. These processes
can result in a Mn oxide hard ground-like seabed and
hydrogenetic and mixed hydrogenetic-hydrothermal crusts
commonly grow on the stratabound Mn deposits if they do
become exposed. Sr and Li in stratabound hydrothermal Mn

Figure 9. Point counted sandstone samples plotted on a
ternary diagram with provenance fields of Dickinson et al.
[1983].
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exposed at the seabed can exchange isotopically with
seawater Sr and Li [Chan and Hein, 2007], whereas other
elements’ (i.e., Pb, Hf, Tl, Os) isotopes apparently do not
exchange with seawater.

5.1. Sediment Bodies and Pathways of Mineralization

[69] Mn-mineralized sediment was recovered from the
outer flanks, summit areas, and inside the caldera of
submarine volcanoes along the IBM arc. All IBM strata-
bound deposits are hosted by sandstone and volcanic and
sedimentary breccias, which were the most common non-
lava rock types collected during cruise TT192; other min-
eralized rock types include pyroclastic and biogenic
deposits. Sediments that compose the dominant rock types
were deposited by slumping, debris flows, turbidites, and
other mass wasting processes, and were redistributed by
bottom currents in some places. The volcanic glass and
delicate grains found in the sandstone samples indicate that
the sediment was not transported very far. Draut and Clift
[2006] found a pattern of mass wasting that occurs for about
20 km around each caldera that they studied along the
southern Mariana arc. The distribution of sediment and the
sediment types deposited on arc volcanoes must also have

changed as the volcanoes grew and degraded through their
life cycle and as the result of caldera collapse.
[70] The thickness of the sediment that overlies volcanic

basement and the thickness of the sedimentary sections that
were mineralized are for the most part unknown. That
information is needed to determine the size of the reservoir
in which Mn oxides can accumulate and the amount of
mineralization that occurred. A potential analog example in
the geologic record (Milos Island, Greece) has a sediment
thickness of 35 to 50 m and about 35 to 40% of the beds in
that section were mineralized (see section 5.4). Hyaloclas-
tite and volcaniclastic sediment on the Mariana volcanoes
can be up to several meters thick even around the summit of
volcanoes, on caldera walls, and on caldera cinder cones
and lava domes.
[71] The stratabound Mn was deposited within the sedi-

mentary sections as determined by data collected here, but
also likely occurs deeper in the sections as stockwork veins
in the volcanic basement and sediment. Mn preferentially
precipitated adjacent to fractures and faults, along bedding
planes, and in coarse-grained sediments, especially if
capped by a finer-grained lithology. Trace metals in the
Mn deposits were derived predominantly from leaching of

Figure 10. Thin section and SEM photomicrographs: (a) Mn oxide cemented sandstone, reflected light;
the radiolarian at the center is completely coated by microcrystalline to crystalline Mn oxides, with
colloform AC Mn oxides at the bottom center; the other clasts are unaltered glass fragments with Mn
coatings, D73-1D; (b) reflected light, a pyroxene grain in an altered volcanic rock is replaced by Mn
oxides, D33-2-3; (c) SEM backscatter electron image of a partly replaced foraminifera from stratabound
layer D8-12; the Mn oxides penetrated the foraminiferal test; calcite is still present in several areas but is
degraded; (d) foraminifera mold, the original calcite test dissolved leaving the fine structures preserved in
Mn oxide, D8-27.
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basement rocks of various compositions (ultramafic through
rhyolitic), leaching of the volcaniclastic and biogenic sedi-
ments, and mixing of the seawater-dominated hydrothermal
fluids with magmatic fluids and gases (Figure 11).
[72] Fe oxyhydroxides are known to precipitate in more

proximal locations than Mn oxides, which would be located
both within the sediment section and volcanic basement in
the systems studied here; however, depending on the
volcanic/hydrothermal conditions, both Mn and Fe can vent
directly into the water column and not precipitate as strata-
bound deposits [see also Malahoff et al., 2006]; diffuse flow
Fe oxyhydroxides can also precipitate on the seabed asso-
ciated with bacterial mats (2004 ROVobservations by J. R.
Hein et al. (unpublished data, 2004)). Close associations
(interlaminations, mounds) of Fe oxyhydroxides and Mn

oxides in some samples reflect fluctuating redox and tem-
perature conditions of the mineralizing fluids.
[73] The relatively minor textural and mineralogical

changes of the host rocks induced by the mineralizing fluids
argue against the possibility of high fluid temperatures
during mineralization. In most samples, fresh volcanic glass
is cemented by Mn oxides. Volcanic glass degrades readily
to palagonite or clay minerals under ambient temperatures
and pressures on the seafloor, and degradation is enhanced
with increased temperatures. If mineralizing fluid temper-
atures were high (>150�C), unaltered volcanic glass would
be rare. The alteration minerals, Mn minerals, and textures
indicate that Mn mineralizing fluid temperatures were
relatively low, less than 125�C.

Figure 11. Schematic genetic model for the formation of hydrothermal Mn around a submarine caldera
in an active volcanic arc setting. Mn is predominantly deposited within the volcaniclastic/pyroclastic/
biogenic sedimentary sections as determined by data collected here, but also probably occurs as
stockwork veins in the near-surface volcanic basement and sediment sections. Mn precipitates
preferentially adjacent to fractures and faults, along bedding planes, and in coarse-grained sediments. Fe
oxyhydroxides precipitate in more proximal locations both within the sediment section and in the
volcanic basement; however, depending on the conditions, Mn and Fe can vent directly into the water
column and not be precipitated as stratabound deposits. The dominant sediment types are coarse-grained
sandstones and both primary volcanic and sedimentary breccias, which were deposited by slumping,
turbidity flows, and other mass wasting processes, and were redistributed by bottom currents in some
areas. The thickness and extent of the sedimentary deposits are not known but, based on analogs in the
geologic record, may be up to a few tens of meters thick and unevenly distributed on the seamounts
depending on currents, biological productivity, and tectonic/volcanic activity. Hyaloclastite and
volcaniclastic sediment can be up to several meters thick even along the summit of caldera walls,
cinder cones, and lava domes. Trace metals in the Mn deposits were derived predominantly from leaching
of basement rocks of various compositions (ultramafic through rhyolitic), leaching of the volcaniclastic/
biogenic sediments, and magmatic fluids and gases. Mineralizing hydrothermal fluids made up of mixed
magmatic and seawater components were driven by heat from magma bodies, dikes, and sills. We
speculate that dikes and sills probably penetrated the sediment in places and generated sediment-hosted
hydrothermal circulation cells.
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5.2. Model of Mineralization

[74] Mn oxide mineralization within arc volcanoes can be
produced through various types of circulation cells. For
example, generally shallow, low-temperature hydrothermal
convection cells within the sedimentary prisms on the flanks
and within calderas of active volcanoes can produce diffuse
flow Mn oxide precipitates at shallow subsurface depths;
these small-scale systems (tens of meters) can be driven by
the heat from dikes and sills, or from more distant magma
bodies [see also Kinoshita et al., 2006]. Larger hydrother-
mal systems (100s of meters to kilometers) developed
within the volcanic edifices from the heat of magma bodies
can also generate fluids from which diffuse flow, low-
temperature Mn oxides precipitate at shallow subseafloor
depths and high-temperature sulfides/sulfates precipitate at
depth. These larger systems can also form sulfides/sulfates
at the seabed in the form of black and white smokers, in
which the hydrothermal Mn and Fe are vented into the
water column (Figure 11).
[75] The large chemical variations of trace elements such

as Li, Mo, Ni, Cu, and Zn in the Mn oxide deposits, both
within single beds and among deposits from different
volcanoes, reflect depth (or size) of the hydrothermal
system, which is related to the longevity and depth of the
heat source, as well as rock/water ratio, source rock com-
position, permeability of the volcanic edifice, contributions
of magmatic fluids and gas, precipitation of sulfides, sul-
fates, and Fe oxyhydroxides at depth, temperature, pH, and
salinity of the hydrothermal fluid, and phase separation,
which can occur at relatively low temperatures (<250�C) at
shallow water depths. Fall-out from black smoker hydro-
thermal plumes can also form Mn oxide deposits, but not
the stratabound types described here in which the mineral-
izing fluids were clearly part of up-flow systems.
[76] Sample textures indicate that the initial stage of

mineralization was cementation of sediments by Mn oxides,
which proceeded from forming rim cement on grains to
completely filling pore space and finally replacement of
grains in the most advanced stages. This cement has the
highest amount of hydrothermal Fe, although the proportion
of hydrothermal Fe to total Fe is nearly the same in all the
stratabound deposits. As precipitation continued and poros-
ity of the sediment decreased, the movement of mineralizing
fluids became confined to fractures, faults, and other ave-
nues of less resistance, such as along bedding planes. The
concentration of mineralizing fluids along zones of less
resistance led to the precipitation of high-grade stratabound
layers within the Mn oxide cemented sediment, within
otherwise unmineralized sediment, and within vugs and
fractures.
[77] Generally, Mn oxide cement and stratabound Mn

oxide layers and lenses are younger with depth in the
sediment, that is, away from the seawater/sediment inter-
face, based on textural data (orientation of columnar,
botryoidal, scalloped structures); this conclusion is consis-
tent with the limited radiometric dating available, which has
been determined for only two deposits [Cronan et al., 1982;
Usui et al., 1989]. The subbottom depth at which cemen-
tation began is not known, but is likely to have been within
a few meters of the seabed, and in places was at or very near
the seafloor/sediment interface, where the ascending fluids
mixed with oxygenated interstitial waters. As the porosity

decreased, thereby blocking the egress of diffuse flow
fluids, precipitation occurred deeper in the sediment column
creating younger Mn oxides beneath older ones. Those
deeper layers may have been fed laterally from more
focused flow along fractures. Some stratabound Mn layers
were fractured and others were brecciated, which were
then cemented by later stage Mn oxide. This sequence
demonstrates repeated episodes of injection of hydrother-
mal fluids and fracturing and healing by filling fractures
and vein formation as part of the mineralization. Fracturing
was probably caused by both fluid pressure (hydrofractur-
ing) and seismic activity. This simple model does not
explain completely the variety of cementation textures
found in IBM arc samples, but it is a reasonable first-order
approximation.
[78] The characteristic bedding and lamination of the

stratabound deposits indicate that individual beds formed
from multiple episodes of precipitation. This occurred on
large and small scales, through a sequence of beds, through
single beds, and at the micrometer scale within laminae. On
the submillimeter scale, variations in chemical and miner-
alogical compositions reflect the waxing and waning of
single hydrothermal pulses, and on the millimeter scale,
different pulses of hydrothermal fluids within a single
hydrothermal phase; these pulses probably had different
ratios of source components and probably differing temper-
atures, Eh, and pH as evidenced by the chemical variations
in our samples. The waxing and waning of individual
hydrothermal pulses explains the intercalation of AC oxides
(rapid precipitation, waxing stage), and microcrystallites
and crystallites (slower precipitation, waning stages) within
the Mn oxides. This process also manifests itself in alter-
nating massive (rapid precipitation, waxing stage) and
porous-fibrous layers (slower precipitation, waning stage),
which has been noted for other hydrothermal stratabound
Mn deposits [e.g., Hein et al., 1991]. These mineralogical/
textural changes are accompanied by chemical changes that
reflect the oxidation potential, temperature, and element
concentrations in the mineralizing fluid, and growth rates
and kinetics of the reactions.
[79] Different source components can be gleaned from

the Q-mode factors, which suggest that there were contri-
butions from the leaching of igneous rocks of different
compositions, and minor inputs from biosiliceous and bio-
carbonate sediments including organic matter in places. The
leaching of various proportions of the source rocks in
different areas, combined with the precipitation of sulfides
(or lack thereof) at depth and the leaching of sulfides at
depth, can explain the variety of large- to fine-scale changes
in chemical composition found in the hydrothermal Mn
deposits. Elements that characterize the diffuse flow depos-
its studied here include Mn, Fe, Li, Mo, Cd, Zn, Pb, Ba, Ni,
Cu, Co, Sr, K, and Na. Most of these elements can reflect
multiple sources and therefore discriminant plots to identify
various source components are not precise. However, high
Ni plus Cr contents probably reflect the incorporation of a
detrital ultramafic component or the leaching of ultramafic
rocks, which for the IBM and Yap arcs would include
serpentinites. Stratabound Mn deposits from the Yap arc
are especially enriched in those two elements (Figure 12)
and serpentinite was recovered in the same dredge haul as
the hydrothermal Mn [Hein et al., 1992]. Unfortunately, Ni
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also occurs in sulfides and therefore has multiple sources; if
high Ni is not accompanied by high Cr, then an ultramafic
component may not be indicated. High Cu, Zn, Pb, and Cd
concentrations predominantly reflect the influence of sul-
fides, such as whether sulfides were precipitated at depth
and if so whether they were later leached by the fluids that
precipitated the Mn oxides. Most of the Mn sandstones and
a set of seven Zn-rich stratabound Mn samples reflect the
dominant influence of sulfides (Figure 12); these samples
may in addition represent a high-temperature end-member.
The status of sulfides in the hydrothermal system seems to
play a key role in the composition of the Mn oxide end-
member (Figure 12). A proxy for the leaching of interme-
diate to silicic arc rocks might be the high Mo concen-
trations in many of our stratabound Mn samples (Figure 12).
In basaltic systems, high Mo concentrations in the hydro-
thermal fluids reflect leaching only at high temperatures
(>310�C); this Mo may be incorporated primarily into
sulfides at depth [Trefry et al., 1994]. If this scenario also
holds for the IBM, then Mo, like Cu and Zn, would reflect
the status of sulfides in the system. The fact that Mo does
not correlate with Cu and Zn in our samples may indicate
that it was not predominantly sequestered by sulfides at
depth, as is also probably true for the Co in our samples.
Both Mo and Co can be enriched in sulfides, but they may
also reflect the high-temperature leaching of arc rocks,

which we favor as an explanation for the high Mo and Co
in our samples. Li may be a better discriminant element in
place of Mo (Figure 12), but we do not have enough Li data
to test that idea. High Ba concentrations in Mn oxides
probably reflect either the leaching of organic-rich biogenic
sediments (minor components of the Fe, Co, Ni, Cu, and Zn
may also be from such a source), or the lack of precipitation
of barite at depth in the hydrothermal systems. Our samples
generally show relatively low Ba concentrations; leaching
of biogenic sediments may therefore not have contributed
significantly to the compositions of the IBM samples,
except on a local scale as mentioned above for the enrich-
ment of Ca related to the replacement of biocarbonate.
[80] A surprising result is that the proportion of hydro-

thermal Fe to silicate-associated Fe remains nearly constant
regardless of Mn content, deposit type, or location; whereas
the absolute amounts of the two sources of Fe increase with
decreasing Mn in the deposits. This indicates that, although
hydrothermal Fe occurs in all samples, it comprises a
significant contribution relative to Mn content only in the
Mn sandstones. This probably indicates higher temperatures
and somewhat lower Eh conditions during formation of the
Mn cements relative to the stratabound layers. The rocks
with the highest Fe contents are strongly altered and this
also indicates that mineralization of those Mn sandstones
took place from relatively higher temperature fluids.

Figure 12. Discriminant ternary plot showing possible sources of trace metals in hydrothermal Mn
deposits: Ni + Cr, leaching of ultramafic end-member; Cu + Zn, leaching of sulfide end-member, or
nondeposition of sulfides at depth; Mo, high-temperature leaching of intermediate to acidic volcanic arc
rocks; many samples fall along a line connecting the average arc volcanic rock (unleached; Table 6) with
the high-temperature leaching apex characterized by relatively high Mo contents in the hydrothermal Mn.
Most samples show a mixture of the Mo proxy and sulfide proxy end-members, which is more
pronounced if Ni is not plotted with Cr, because Ni can have multiple sources (see text for discussion).
Only the Yap samples have a strong contribution from ultramafic rocks (Yap arc samples from Hein et al.
[1992]).
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5.3. Seabed Mounds

[81] We suggest that water-saturated red hydrothermal
muds formed mounds on the seabed and Mn oxides were
deposited within the mounds as irregularly shaped, strata-
bound masses: the mounds provided a matrix within which
the stratabound Mn oxides precipitated. Although we have
no direct evidence for seabed hydrothermal mounds on the
volcanoes sampled, their existence is inferred from the red
muds recovered with a few hydrothermal Mn samples. The
hydrothermal red muds were not recovered in great quan-
tities, probably because they were washed out as the dredge
hauls were brought up through the water column. Such
mounds were observed during submersible dives in the Izu-
Bonin arc [Usui and Nishimura, 1992a, 1992b] and have
been described from other areas as well [e.g., Kimura et al.,
1988; Hein et al., 1991]. On the basis of textures and
lithologic associations, some of the stratabound Mn oxide
deposits recovered in IBM dredges D3, D20, and D28
probably formed as the ascending mineralizing fluids ar-
rived near the seawater/sediment interface. Electron micro-
probe determined Na and Mg concentrations of sample D3-3
support the interpretation of a near-seabed environment of
formation for that sample. This order of precipitation would
have been promoted by a decrease in temperature and
increase in pH and/or Eh following deposition of the Fe
oxyhydroxide. The morphology of this type of Mn oxide is
quite different than the tabular stratiform layers found
associated with the clastic rocks. These presumed mound
deposits have some characteristics in common and some
that contrast with Mn oxide deposits from the Galapagos
mounds, a series of off-axis structures on the flank of the
Galapagos spreading center. In the Galapagos mounds, Mn
oxide formed first, near the surface of the mound, followed
by nontronite which partly replaced the Mn oxide
[Honnorez et al., 1981]. Slightly reducing conditions pro-
moted the formation of nontronite rather than Fe oxyhydr-
oxide. The textures of the Mn oxide deposits from the
Galapagos mounds are similar to those of the stratabound
deposits recovered in dredge hauls D3, D20, and D28 and
similarly indicate precipitation from an up-flow system and
decreasing age with increasing depth in the sediment;
numerous pulses of hydrothermal fluids were required to
form the Mn oxides, rather than formation during continu-
ous flow [Moore and Vogt, 1976; Corliss et al., 1978; Lalou
et al., 1983].

5.4. Preservation in the Geologic Record and On-Land
Analogs

[82] The preservation potential of an undissected oceanic
volcanic arc is poor. Volcanic arcs can be obducted, sub-
ducted, or accreted during closure of back-arc basins or
collision of arcs with continents. Tectonic processes are
likely to obliterate the volcaniclastic sedimentary sequences
and associated Mn oxide accumulations of the arc, as are
sedimentary and volcanic processes (eruptions, erosion,
mass wasting, slumping, etc.) prior to destruction of the
arc. In addition, subsequent sedimentary or volcanic burial
of the Mn oxides can produce reducing conditions that
would remobilize the Mn. Although the preservation
potential for these deposits is low, fossil analogs of IBM
Mn oxide-type deposits occur on the Philippine Islands
[Sorem, 1956], Todoro district Hokkaido, Japan; Eua and

Tonumea Islands in Tonga [Hein et al., 1991], on many of
the islands in other volcanic arcs of the western Pacific,
Mediterranean Sea [Hein et al., 2000], and eastern Indian
Ocean, on Cuba, and accreted terranes in Alaska, among
others. Mn oxides that occur on the Yap Islands and
Babeldoab Island (Belau), south of the Mariana Islands, have
chemical compositions very similar to the Mariana strata-
bound Mn deposits (J. R. Hein, unpublished data, 1992).
[83] The lateral and vertical extents of the IBM arc Mn

deposits are not known. Although Mn oxides were recov-
ered along the length of the IBM arc, many of the individual
deposits may be fairly small, with maximum dimensions of
a few square kilometers and a few tens of meters strati-
graphically being mineralized. Perhaps the best described
analog to our IBM deposits is the Quaternary hydrothermal
Mn deposit on Milos Island, Aegean arc, Greece. Hydro-
thermal fluids mineralized a series of volcaniclastic/pyro-
clastic rocks through cementation, formation of stratabound
layers, and metasomatic replacement of a cap limestone in a
shallow marine environment [Hein et al., 2000]. A sediment
body about 1 km long and 35 to 50 m thick was mineral-
ized. About 35 to 40% of the beds in that section were
mineralized, which supported mining operations for about
35 years during the late 1800s and early 1900s. The Milos
deposit has higher Pb, Zn, As, Sb, Cu, and Cd contents than
the IBM samples, perhaps as a result of greater leaching of
sulfide deposits and the leaching of basement rock by high-
salinity fluids produced by phase separation at depth on
Milos [e.g., Pflumio et al., 1993]. The Milos deposit may be
a good indication of the size of deposits likely to be found
along the IBM and other arc systems.
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manganese and iron at Lô’ihi volcano, Hawai’i, Geochem. Geophys.
Geosyst., 7, Q06002, doi:10.1029/2005GC001222.

Manceau, A., M. Lanson, and N. Geoffroy (2007), Natural speciation of Ni,
Zn, Ba, and As in ferromanganese coatings on quartz using X-ray flor-
escence, absorption, and diffraction, Geochim. Cosmochim. Acta, 71,
95–128, doi:10.1016/j.gca.2006.08.036.

Manheim, F. T., and C. M. Lane-Bostwick (1988), Cobalt in ferromanga-
nese crusts as a monitor of hydrothermal discharge on the Pacific sea-
floor, Nature, 335, 59–62, doi:10.1038/335059a0.

McLennan, S. M. (1989), Rare earth elements in sedimentary rocks: Influ-
ence of provenance and sedimentary processes, in Geochemistry and
Mineralogy of Rare Earth Elements, Rev. Mineral., vol. 21, edited by
B. R. Lipin and G. A. McKay, pp. 169–200, Mineral. Soc. of Am.,
Washington, D. C.

Mellin, T. A., and G. Lei (1993), Stabilization of 10 Å-manganates by
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