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Abstract

Manganese oxide crusts were recovered from Baby Bare seamount in order to investigate the history of off-axis hydrothermal

venting. Baby Bare is a small basement high protruding from a regional sediment cover on the eastern flank of the Juan de Fuca

Ridge that acts as a focus for discharging crustal fluids. Stratabound Mn-oxide crusts were collected where warm venting has been

observed near the seamount summit. Mn-oxide crusts are composed primarily of 10 Å manganateFpyrolusite, with minor

nontronite, saponite, and/or barite. These assemblage and chemical characteristics such as high Mn/Fe ratios and low trace metal

and REE concentrations are indicative of a hydrothermal origin. Minimum ages for these deposits, calculated using growth rates

(324 to ~1800 mm/Ma) and estimated thicknesses of manganese outcrops, show that Baby Bare has been hydrothermally active for

at least 0.5 Myr, and possibly since its formation (1.7–2.7 Ma). Hydrothermal manganese oxide crusts such as these from Baby

Bare record interactions between the hydrothermal fluids and seawater and are important tools for estimating the longevity of off-

axis hydrothermal activity.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Circulation of seawater through basaltic ocean crust

is one of the largest geochemical cycles on earth and

significantly alters the chemical and biological states of

the crust and oceans. In the ridge-flank environment,

seawater convection is driven by heat associated with

cooling of the lithosphere. It may persist for millions of

years and accounts for 20% of the total heat flux

through the seafloor (Stein and Stein, 1994; Elderfield

and Schultz, 1996; Mottl et al., 1998). Basement topo-
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graphic highs and seamounts are common features on

flanks (Wessel, 2001; Villinger et al., 2002) and may

act as sites for crustal fluid discharge (Mottl and Wheat,

1994; Mottl et al., 1998; Wheat and McDuff, 1995) or

recharge (Fisher et al., 2003). Venting of low tempera-

ture, chemically modified seawater at discharge sites

commonly results in the accumulation of hydrothermal

deposits (e.g., Honnorez et al., 1983; Alt, 1988) and

development of vent-associated faunal communities

(Mottl et al., 1998).

Baby Bare seamount, located on the east flank of the

Juan de Fuca Ridge (Fig. 1A), is one of several isolated

outcrops that rises above the regionally continuous

sediment cover of the Cascadia Basin (Becker et al.,

2000). The turbiditic sedimentary fill effectively seals

the basin, limiting hydrological and geochemical ex-
(2006) 145–156



Fig. 1. (A) Location of Baby Bare seamount on the eastern flank of the Juan de Fuca Ridge in the Northeast Pacific Ocean. (B) Location of natural

warm springs observed in 1998 and the area of Mn-oxide crust sampling near the summit of Baby Bare seamount (Becker et al., 2000).
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change between the volcanic crust and ocean, except in

the vicinity of exposed edifices where large heat flow

and geochemical anomalies are observed (Davis et al.,

1992; Mottl and Wheat, 1994; Becker et al., 2000).

These edifices facilitate fluid flow between the volcanic

basement and ocean, serving both as discharge sites for

warm, spring fluids (e.g., Baby Bare seamount) and

recharge sites for unmodified seawater (e.g., Grizzly

Bare seamount) (Wheat et al., 2002; Fisher et al., 2003).

At the summit of Baby Bare seamount, Mn oxides have

accumulated in the vicinity of warm venting fluids and

vent fauna communities (Mottl et al., 1998; Becker et

al., 2000). In this paper, we present the results of a

mineralogical and geochemical study of Mn-oxide

deposits from Baby Bare seamount. We confirm the

prediction of Wheat and Mottl (2000) that the deposits

are hydrothermal in origin and show that spring fluid

chemistry and hydrothermal mineral assemblages con-

trol the Mn-oxide compositions. We predict that Baby

Bare seamount has served as a discharge site for at least

0.5 Myr, and perhaps since its formation.

2. Regional setting and sample suite

Baby Bare seamount is the southernmost of three

basement highs located along a linear basement ridge

produced by volcanic and tectonic processes at the Juan

de Fuca Ridge ~3.5 Myr ago (Kappel and Ryan, 1986;
Davis et al., 1997). The eastern flank of the Juan de

Fuca Ridge is buried by continentally derived Pleisto-

cene turbiditic and hemipelagic sediments that form a

flat-lying plain known as the Cascadia Basin (Davis et

al., 1992). These sediments are composed of quartz and

clay minerals such as kaolinite, illite, chlorite and sap-

onite and have low organic contents (b1%) (Under-

wood and Hoke, 2000; Buatier et al., 2001). Baby Bear

seamount rises 70 m above the basin and formed by off-

axis volcanism between 1.7 and 2.7 Ma, based on

regional sediment thickness and fossil assemblages

(Davis et al., 1997; Becker et al., 2000). Hydrothermal

discharge at Baby Bare seamount is focused in an area

10–50 m southeast of the summit, along a N to NE

trending fault (Mottl et al., 1998) (Fig. 1B). Alvin dives

in 1995 discovered warm (25 8C) hydrothermal fluids

venting through lava outcrops and a thin (b0.7 m)

sediment cover (Mottl et al., 1998). Focused venting

was not evident in 2002 and 2003; however, distur-

bance of sediment released fluids, indicating that the

area was still hydrothermally active at the time (John-

son, 2003). This was confirmed by the presence of

spider crabs, crinoids, brittle stars, and purple Pacific

octopus in 2002/2003 (Johnson, 2003). Regional heat

flow and seismic data indicate that the sediment–base-

ment contact is isothermal at ~62–64 8C, which demon-

strates that the warm (25 8C) basement fluids cooled

conductively in the sediment column (Davis et al.,



Fig. 2. (A) Bulbous Mn-oxide deposits near the summit of Baby Bare

seamount covered by biological organisms, including crabs, crinoids,

brittle stars, rays and Pacific octopus. (B) Outcrop of Mn-oxide

deposits. Note arm of ROV Jason in lower right.

Table 1

Mn-oxide crust sample locationsa

Sample no. Depth

(m)

Latitude Longitude

J2-04-02 2596 47 42.5968N 127 47.1408W
J2-04-03 2595 47 42.5968N 127 47.1408W
J2-05-04 2594 47 42.6048N 127 47.1358W
J2-05-05 2591 47 42.6158N 127 47.1348W
J2-62-04 2600 47 42.6038N 127 47.1588W
J2-63-11 2599 47 42.6058N 127 47.1518W
a Samples were collected during cruises R/V Thomas G. Thompson

Leg 158 in 2002 (Johnson, unpublished cruise report, 2002) and R/V

Atlantis Voyage 7, Leg 20 in 2003, using the remotely operated

vehicle Jason II.
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1997; Mottl et al., 1998). Spring (hydrothermal) fluids

and pore fluids extracted from sediments onlapping the

summit evolved from seawater in the volcanic base-

ment by fluid–rock reactions at moderate temperatures

(up to 70 8C) (Davis et al., 1997; Wheat and Mottl,

2000; Wheat et al., 2000). High advection rates (N2–10

cm/yr) through the sediments probably minimized fur-

ther reaction, although high concentrations of some

elements (e.g., Mn, Ni, Zn) in spring fluids are partly

attributed to near surface reactions (Wheat and Mottl,

2000; Wheat et al., 2000).

The summit area and upper flanks of Baby Bare

seamount are mostly covered by b0.7 m of hemipelagic

sediment, with scarce outcrops of basalt (~1% of sum-

mit). Mn-oxide layers and crusts up to 0.5 m thick (the

extent visible above the sediments) occur in the area of

venting (Fig. 2A and B)(Wheat and Mottl, 2000). Frag-

ments of Mn-oxides of varying size (~5 to 30 cm) also

lie loosely on top of sediment in some areas. Sediment

colour ranged from pale to dark brown on the surface,

but appeared grey below the sediment surface. The Mn-

oxides are primarily stratabound (Hein et al., 1990), and
partially cement the sediments that overlie the summit

of Baby Bare.

3. Sample suite

SixMn-oxide crust samples were recovered from near

the summit area where fluids were venting in 1995 (Fig

1B and Table 1). Samples 04-02, 04-03, and 62-04 were

broken off Mn-oxide outcrops, whereas samples 05-04,

05-05, and 63-11 were lying loose on or in the sediment.

All the crusts were hard and bluish-black to grey-black

with a submetallic luster, typical of many hydrothermal

manganese crusts (Eckhardt et al., 1997). The crusts

were dense with low porosity (b5%). Upper surfaces

of the crusts were coated in a thin (b10 mm), discontin-

uous layer of light brown sediment with patches of

biological material. In addition, most samples were coat-

ed in a thin (b3 mm), discontinuous and dull Mn-oxide

coating that may have been hydrogenous in origin. Small

(b1 cm in diameter and thickness) patches of green and

yellow clays and orange Fe-oxyhydroxides also formed

thin, discontinuous coatings on the upper surfaces of

several samples, occurring beneath and intermixed

with hydrogenous Mn-oxides. Lower surfaces were

coated with a thin (b1 cm) coating of dark brown sed-

iment. Small clumps of light and dark brown clay-like

sediments (b5% of samples) were incorporated into the

Mn crusts, presumably as the oxide accumulated.

Four samples (04-02, 04-03, 05-04 and 63-11) were

massive (Fig. 3A); sample 63-11 has clumps of radiat-

ing fibers on fresh interior surfaces and four (b0.5 mm

thick) laminations at its base. Two samples (05-05 and

62-04) were laminated and were subdivided for chem-

ical and mineralogical analysis based on texture and

colour. Sample 05-05 was divided into two: dark grey

massive outer rind (05-05A) and an inner core that

consisted of grey clumps of fine radiating needles

(05-05B). Sample 62-04 was divided into three sub-
,



Fig. 3. (A) Massive Mn-oxide crust (sample 63-11). Radiating fibers

of 10 Å manganate are visible on the fresh surface. Sample is 7 cm

long and 3.5 cm wide. (B) Subdivision of sample 62-04 into three

horizons based on textural and colour differences. Sample is 11 cm

long and 6 cm wide.
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samples (Fig. 3B): ~1 cm top horizon (62-04T) that

consisted of 6-10 bluish-black discontinuous lamina-

tions b2 mm thick; a grayish-black more massive mid-

dle horizon 25 mm thick (62-04M); and a black bottom

horizon that had a cusp-like texture and consisted of

two laminations b4 mm thick (62-04B). There is no

relationship between texture of Mn-oxides and loca-

tions on outcrops or sediment.

4. Analytical methods

All Mn crusts were analyzed in bulk, with the ex-

ception of 05-05 and 62-04, which were subdivided on

the basis of colour and texture (see Section 3). Before

samples were crushed, sediment and hydrogenous Mn

material on the outer surfaces and sediment incorporat-

ed into the crusts during growth were carefully re-

moved. Samples were then ground into a fine powder

using a tungsten carbide ring mill and an agate pestle

and mortar.

Major elements and selected trace elements (Co, Cu,

Ni, V and Zn) were analyzed by X-ray Fluorescence

(XRF) with a Philips PW2440 4 kW automated XRF

spectrometer at McGill University in Montreal, Qué-

bec. Fused beads were prepared from a 1 :5 sample/
lithium tetraborate mixture. Accuracy is within 0.5%

for silica, 1% for other major elements and 5% for trace

elements; precision is within 0.5% relative for each

element. Accuracy was determined using natural sam-

ples and standards. Other trace elements and the rare

earth elements (REE) were analyzed by inductively

coupled plasma mass spectrometry using a Thermo

Instruments PQII ICP–MS with a GilsonR auto-sam-

pler and peristaltic pump at the University of Victoria in

Victoria, British Columbia. The dissolution procedure

followed the hotplate methods of Taylor et al. (2002),

except that HF was added only once during dissolution.

Final solutions were mixed to a final weight of 50 g in

polycarbonate Falcon tubes using 1% HNO3 and 1 ml of

a complexing agent consisting of 0.11 N HF, 0.45 N

boric and 0.22 N oxalic acids. Reproducibility for Sr, Ba,

Zr, Na, Cr, Hf, Th, U and most REEs was within 10%

(Eu, Tb, Ho, Tm, and Lu were 20–55%) and 14–28% for

Sc, V, Cr, Ni, Rb, Cs. Barium occurs in high concentra-

tions in these crusts and has a high oxide bonding energy

that causes interferences in the determination of Eu

(Dulski, 1994). Eu concentrations were corrected by

subtracting the measured Ba16O from the total measured

Eu. This resulted in Eu being below detection limits

(0.05 ppm) for all samples except 62-04B.

Bulk mineralogy was determined using a Siemens

D5000 powder X-ray Diffractometer at the University

of British Columbia, in Vancouver. Samples were run at

40 kV, 30 mÅ Cu-Ka with a monochromatized scan

from 38 to 508 2h and were run glycolated and ungly-

colated to identify clay minerals.

5. Results

5.1. Mineralogy

Almost all samples are composed primarily of 10 Å

manganate, with characteristic X-ray diffraction peaks

at 9.6 Å, 4.8 Å and 3.4 Å. Pyrolusite [y-MnO2] is a

dominant phase in samples 62-04 and 63-11, with peaks

at 3.13 Å, 2.41 Å, 2.21 Å, 2.11 Å and 1.98 Å. Minor 10

Å manganate occurs in these samples. Saponite and

nontronite occur as minor phases in many crusts (sap-

onite was identified in all samples but 05-05, nontronite

in all but 05-04 and 62-04M). Barite was also identified

in sample 05-05A and may be present in samples 04-

02, 04-03 and 05-04, however, barite identification was

inconclusive as the primary barite peaks in these sam-

ples were missing or very small. The subdivided sample

62-04B had a slightly larger primary pyrolusite peak

and smaller primary 10 Å manganate peak than 62-04T

and 62-04M.
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It is notable that XRD and TEM data have con-

firmed the presence of todorokite (10 Å manganate)

in Mn crusts from other seamounts in the area (Bua-

tier et al., 2004). We therefore propose that the com-

mon mineral assemblage of Mn-oxide crusts at Baby

Bare seamount is todorokiteFpyrolusiteF saponiteF
nontronite. This assemblage has been documented for

other seamount-hosted Mn-oxide deposits, such as the
Table 2

Major element (wt.%) and trace element (ppm) chemistry with Mn/Fe and

Sample no. J2-04-02 J2-04-03 J2-05-04 J2-05-05a

Analysis Bulk Bulk Bulk Rind

Si 4.52 2.82 5.52 0.67

Ti 0.09 0.06 0.02 bd/l

Al 0.83 0.58 0.17 0.11

Fe 2.59 2.29 5.80 0.91

Mn 43.35 46.22 39.60 51.70

Mg 1.83 1.93 1.59 1.60

Ca 1.18 1.04 1.01 1.14

Na 0.88 0.76 0.77 0.68

K 0.55 0.34 0.42 0.07

P 0.03 0.04 0.02 0.03

LOI 19.02 20.22 20.66 21.01

Mn/Fe 16.75 20.14 6.83 27.07

Si/Al 5.46 4.86 32.57 6.36

Cr 15 25 8 4

Ba 2489 8109 5466 11412

Cu 37 1141 192 106

Ni 212 967 79 227

Zn 0 375 0 85

Co 81 126 88 115

V 85 463 104 47

Sc 3 2 bd/l bd/l

Rb 38 18 18 11

Sr 706 576 666 987

Y 6 12 5 6

Zr 12 27 4 5

Nb 2 2 bd/l bd/l

Cs 3 1 1 bd/l

La 4 14 3 3

Ce 8 10 4 3

Pr 1 3 1 1

Nd 4 12 3 3

Sm 1 3 1 1

Eu bd/l bd/l bd/l bd/l

Gd 1 3 1 1

Tb bd/l bd/l bd/l bd/l

Dy 1 3 1 1

Ho bd/l 1 bd/l bd/l

Er 1 2 bd/l bd/l

Tm bd/l bd/l bd/l bd/l

Yb 1 2 0 1

Lu bd/l bd/l bd/l bd/l

Hf bd/l bd/l bd/l bd/l

Ta bd/l bd/l bd/l bd/l

Th 1 1 bd/l bd/l

U 2 3 1 1

bd/l=concentrations were less than detection limits.
Bonin (Usui et al., 1986) and Yap (Hein et al., 1992a)

arcs.

5.2. Bulk chemistry

Baby Bare Mn-oxide crusts show a range in major

element compositions (Table 2). Mn and Fe concentra-

tions range from ~39 to 54 wt.% and ~1.7 to 2.6 wt.%,
Si/Al ratios for Mn-oxide crusts recovered from Baby Bare seamount

J2-05-05b 62-04T 62-04M 62-04B 63-11

Core Top Middle Bottom Bulk

0.28 1.67 1.23 1.05 0.39

bd/l 0.03 0.02 0.01 bd/l

0.03 0.31 0.22 0.17 0.05

1.71 1.94 1.87 1.88 1.69

54.32 47.54 50.26 50.87 52.85

1.23 1.69 1.78 1.54 1.03

1.17 0.87 0.87 0.85 0.59

0.55 0.67 0.66 0.57 0.20

0.05 0.21 0.17 0.10 0.04

0.05 0.04 0.03 0.04 0.06

19.63 23.71 21.77 22.15 24.83

31.69 24.53 26.80 27.05 31.22

9.63 5.36 5.47 6.02 7.72

7 10 4 4 3

15999 5799 5344 6345 2862

59 187 74 150 88

156 329 208 354 174

161 128 6 98 256

151 138 157 262 100

112 231 117 159 233

3 1 bd/l 2 bd/l

8 13 9 10 3

1154 959 778 1138 933

14 16 6 14 11

3 14 4 11 3

bd/l 1 bd/l 1 bd/l

bd/l 1 bd/l bd/l bd/l

5 10 4 9 6

bd/l 6 3 6 4

1 2 1 2 1

3 9 3 9 5

1 2 1 2 1

bd/l bd/l bd/l 0 bd/l

1 3 1 2 2

bd/l bd/l bd/l bd/l bd/l

1 3 1 2 2

bd/l 1 bd/l bd/l bd/l

1 2 1 2 1

bd/l bd/l bd/l bd/l bd/l

2 2 1 1 1

bd/l bd/l bd/l bd/l bd/l

bd/l bd/l bd/l bd/l bd/l

bd/l bd/l bd/l bd/l bd/l

bd/l 1 bd/l bd/l bd/l

3 7 7 8 10
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respectively. Mn and Fe are highly fractionated, with

Mn/Fe ratios ranging from ~7 to 32. Si and Fe are

slightly higher in samples 04-02, 04-03 and 05-04,

probably due to the incorporation of minor amounts

of nontronite and/or saponite. This interpretation is

supported by XRD data that show the strongest peaks

for nontronite and/or saponite for these samples. Ca,

Na, K, and Mg contents are b2 wt.%. Si/Al ratios

generally range from ~4 to 9, similar to the ratio of

the hemipelagic sediments (~1 to 6.5) collected from

ODP hole 1026C drilled close to the Baby Bare edifice

(Buatier et al., 2001).

Trace metal (Cu, Co, Ni, and Zn) concentrations are

typically b1000 ppm. Ba shows the greatest variation

(~2400 to ~16,000 ppm); sample 05-05, which con-

tains barite as a minor phase, has the highest Ba con-

centrations (Table 2). Concentrations of other trace

elements, such as V, Y, Zr, U, and Th, are low (Table

2), and crusts have variable Co/Zn ratios (0.3–1.35).

Total REE concentrations are low, with AREE rang-

ing from ~13 to 52 ppm. Chondrite-normalized REE

patterns display LREE-enrichment with LaN/SmN ratios

ranging from 2.7 to 4.3 and DyN /YbN ranging from 0.4

to 1.1. The crusts exhibit prominent negative Ce

anomalies (CeN /CeN*=CeN / 10
(logLaN + logPrN)/2)), with

values ranging from 0.32 to 0.96, and negative Eu

anomalies (Fig. 4).

Of the subdivided samples, sample 05-05A has

slightly higher Cu and Ni concentrations and slightly

less Ba, Zn and Co concentrations than 05-05B. Of the

three horizons analyzed for sample 62-04, the top and

bottom are more alike than the middle. Concentrations
0.1

1.0

10.0

100.0

La Ce Pr Nd Sm Eu Gd

Sa
m
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e/

C
ho
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ri
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Fig. 4. Chondrite-normalized rare earth element plot for Mn-oxide crusts fro

1989). All samples except 04-02 and 05-04 have pronounced negative Ce an

all other samples is below detection limits (0.05 ppm); note that dashed lin
of Ba, Cu, Ni, Zn, Co, V, Rb, Y, Zr, Nb, and REEs are

slightly higher in the top and bottom sections than in

the middle.

6. Discussion

6.1. Classification as hydrothermal crusts

Manganese-oxide deposits occur in many tectonic

settings throughout the world ocean. They may be

classified as hydrogenous, diagenetic and hydrothermal

in origin, based on mineralogy, chemical composition

and tectonic setting (Hein et al., 1997). Hydrogenous

crusts precipitate slowly (2–10 mm/Myr), from seawa-

ter in the form of crusts or pavements, precipitating on

sediment-free, hard substrates (Halbach et al., 1983;

Manheim and Lane-Bostwick, 1988; Ingram et al.,

1990). They are primarily composed of poorly crystal-

line manganese oxide (y-MnO2 or vernadite) and amor-

phous iron oxyhydroxides. These crusts have Mn/Fe

ratios of ~1, high concentrations of Ni and Cu (N3000

ppm) and REE concentrations, and positive Ce anoma-

lies (Toth, 1980; Bolton et al., 1988; Ingram et al.,

1990; Usui and Nishimura, 1992; Hein et al., 1996,

1997; Usui and Someya, 1997). Diagenetic deposits

typically form nodules that precipitate slowly (b100

mm/Myr) from diagenetically altered sediment pore

waters away from hydrothermal sources (Calvert and

Price, 1970; Bonatti et al., 1972; Klinkhammer et al.,

1982; Manheim and Lane-Bostwick, 1988). Hydrother-

mal Mn-oxide deposits precipitate directly from low-

temperature hydrothermal fluids at rates typically
Tb Dy Ho Er Tm Yb Lu

04-02 05-04 05-05A
05-05B 62-04T 62-04M
62-04B 63-11

m Baby Bare seamount (chondritic values from Sun and McDonough,

omalies; sample 62-04B also has a strong negative Eu anomaly. Eu in

es indicate the value for the detection limit for Eu.



Fig. 5. (Top) Classification of Mn oxide deposits based on Mn–Fe–

(Cu+Co+Ni�10) from Baby Bare seamount as (A) diagenetic, (B

hydrogenous (Hein et al., 1992b), or (C) hydrothermal. The diagenetic

and hydrothermal fields are after Bonatti et al. (1972). (Bottom

Classification of Mn oxide deposits based on Mn–Fe–Si�2 (Toth

1980) as (A) diagenetic, (B) hydrogenous, or (C) hydrothermal fo

samples from Baby Bare seamount.
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N1000 mm/Myr (Ingram et al., 1990; Hein et al., 1997).

These deposits usually have a laminated texture and are

stratabound (cementing sediment) (Hein et al., 1997).

Both diagenetic and hydrothermal crusts are composed

of 10 Å and/or 7 Å manganate, have high Mn/Fe ratios

(N10) and low trace metal contents (Cronan et al.,

1982; Bolton et al., 1988; Varentsov et al., 1991;

Usui and Nishimura, 1992; Hein et al., 1994, 1996).

Because of similarities between these two types of

crusts, they are usually distinguished based on crust

morphology, tectonic setting and growth rate (Varnavas

et al., 1988; Kuhn et al., 1998).

Manganese-oxide crusts from Baby Bare are first

classified based on the relative abundance of Mn, Fe

and selected trace elements. On the conventional terna-

ry diagram of Mn–Fe–(Co+Ni+Cu)�10 (Bonatti et

al., 1972), Baby Bare crusts plot in the high Mn field,

where the diagenetic and hydrothermal fields overlap

(Fig. 5A). The ternary diagram of Toth (1980) distin-

guishes hydrothermal and diagenetic sources and points

to a hydrothermal origin for the Baby Bare samples

(Fig. 5B). Three samples trend towards the diagenetic

field, reflecting either a diagenetic influence or, more

probably, the incorporation of clay minerals into the

samples during growth.

Textural evidence also points to a hydrothermal

origin. The layered structure of these crusts is common

in hydrothermal oxide deposits, reflecting variation in

intensity of hydrothermal discharge (Lalou, 1983) or

changes in the pH and/or redox conditions during

growth of the crusts (Eckhardt et al., 1997). The strata-

bound nature of the crusts is also consistent with a

hydrothermal origin (Hein et al., 1997).

In summary, chemical, mineralogical and textural

properties, and the tectonic setting of Baby Bare indi-

cate that the Mn-oxide crusts formed by hydrothermal

processes. In particular, the chemistry of the Mn-oxides

is consistent with average chemical compositions of

hydrothermal crusts collected in other tectonic settings,

such as those found at volcanic arcs (Cronan et al.,

1982; Bolton et al., 1988; Hein et al., 1990), back arc

spreading centers (Halbach et al., 1989; Herzig et al.,

1990), midplate hot-spot volcanoes (DeCarlo, 1983;

Hein et al., 1996) and mid-ocean ridges (Grill et al.,

1981).

6.2. Elemental sources and growth conditions

Classification of the Baby Bare Mn-oxide crusts as

hydrothermal implies formation by precipitation from

warm fluids within and on top of the sediment near the

summit of the seamount, as predicted by Wheat and
)

)

,

r

Mottl (2000). Spring fluids are mixtures of upwelling

basement fluids and seawater that vented directly from

basalt or through a thin (b0.7 m) sediment carapace

(Mottl et al., 1998; Wheat and Mottl, 2000; Wheat et

al., 2002). All spring fluids are Mn-enriched relative to

seawater, as a result of reactions occurring within the

volcanic sequence. Fluids venting through sediment are

slightly more Mn-enriched, due to microbially mediated

processes at or near the seafloor (Wheat and Mottl,

2000). Similarly, Co, Ni, and Zn are slightly more

enriched in fluids venting through sediment versus

basalt and in spring fluids relative to seawater (Wheat

et al., 2002). Mn and Fe are probably fractionated

during the hydrothermal process resulting in the depo-

sition of Fe, as sulfides in the ocean crust, and of Mn, as

Mn-oxide crusts at the seafloor.

Discharging reduced warm spring fluids are mixed

with oxygenated seawater at or near the seawater–sed-



Fig. 6. Comparison of Cu+Co+Ni concentrations (grade) and calcu-

lated growth rates in Mn-oxide crusts. With the exception of sample

04-03, there is a correlation (R2=0.61) between growth rate and

grade, showing that the faster the growth rate, the more trace metals

are excluded from the Mn crusts.
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iment interface (Wheat et al., 2002). This interaction

causes a change in redox conditions, which results in

the oxidation of Mn2+ to MnO2, which accumulates to

form Mn-oxide deposits (Mandernack and Tebo, 1993;

Post, 1999 and references therein). 10 Å manganate is

an end product of Mn2+ oxidation (Golden et al., 1986)

and is the primary mineral phase in Mn-oxide crusts

from Baby Bare. Trace amounts of authigenic nontro-

nite incorporated during growth with the Mn-oxide

phases likely formed as a result of oxidation of Fe2+

in the basement (e.g., Alt, 1988). Authigenic nontronite

probably formed by a similar process in basal sediments

drilled in the Baby Bear area, from upwelling basement

fluids (Buatier et al., 2001).

The trace element and REE concentrations of Mn

crusts are controlled by adsorption of elements onto
Fig. 7. Chondrite normalized REE plot for average Mn crusts (this study), spr

SE Pacific bottom seawater (2500 m water depth) from Klinkhammer et al. (1

the scale of the oxide deposits. Note that sample 62-04B shows a prominen

other samples, which suggests that all samples may have negative Eu anom
MnO2 surfaces (Toth, 1980), and the growth rates of the

crusts. The trace metals (Co, Ni, and Zn) absorbed by

the Mn-oxides were primarily derived from the base-

ment component of the spring fluids, as their concen-

trations are low in seawater. Crusts at Baby Bare with

lower trace metal concentrations had faster growth rates

(Fig. 6). In contrast, the adsorbed REEs were most

likely derived from the seawater component because

basement fluids have lower REE contents than seawater

(5% to 70%) (Wheat and Mottl, 2002) due to reactions

within the volcanic basement (e.g., Porter et al., 2000).

Mn-oxide crust REE patterns mimic those of both

seawater and spring fluids (Fig. 7). For example, spring

fluid LaN /NdN (3.0–7.4, average=4.5) and DyN /YbN
ratios (0.6–2.1, average=1.2) overlap those of Mn-

oxide crusts (2.7–4.3 and 0.4–1.1, respectively). Mn-

oxide Ce anomalies in the Baby Bare crusts range from

0.32 to 0.96. These values are higher than that of

seawater (0.08) and more similar to basement fluids

(e.g., Spring 17, 0.53; Wheat and Mottl, 2002).

Compositions of the crusts are also controlled by

their mineralogy. For example, samples with the highest

Ba contents contain minor amounts of authigenic barite.

It is feasible that high Ba contents in the other samples

reflect the presence of barite in amounts undetectable

by XRD, as barite precipitation is favored by mixing of

warm Ba-rich fluids with cool sulfate-rich seawater

(Monnin et al., 2001). Alternatively, high Ba contents

may reflect the partitioning of Ba into the todorokite

structure (Usui and Someya, 1997). Spring fluids are

enriched in Ba relative to seawater due to reactions in

the volcanic basement and sediments along recharge

pathways distal from Baby Bare (Monnin et al.,

2001).
ing fluids and Baby Bare bottom seawater (Wheat et al., 2003). Data of

983). Fluid values have been multiplied by 1000 to bring values up to

t negative Eu anomaly. Eu is below detection limits (0.05 ppm) in the

alies.



Table 3

Calculated growth ratesa and agesb for Mn-oxide crusts

Sample no. Growth rate

(mm/Myr)

Sample

thickness

(mm)

Age–Sample

scale

(kyr)

Age–Outcrop

scale

(kyr)

J2-04-02 1800 32 17 272

J2-04-03 960 35 36 520

J2-05-04 1600 80 51 318

J2-05-05A 1300 40 30 377

J2-05-05B 900 40 44 553

62-04T 850 10 12 585

62-04M 750 30 40 665

62-04B 300 10 31 1544

63-11 1700 30 17 290

a Growth rates calculated using the empirical equation by Manheim

and Lane-Bostwick (1988).
b Ages at the sample scale were calculated using the growth rate and

individual sample thickness. Ages at the outcrop scale were calculated

using the growth rates and observed maximum outcrop thickness o

0.5 m.
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Finally, the incorporation of clay minerals and other

components from the sediment also influences Mn

crust compositions. The Si/Al ratios of Mn crusts

and the surrounding sediments are similar, suggesting

that the primary source of these elements in the crusts

is sediment.

6.3. Age and Mn-oxide crust growth rates

It is possible to estimate the rate at which Mn-oxide

deposits precipitated using the empirically derived

growth equations of Manheim and Lane-Bostwick

(1988). Their bcobalt chronometerQ for hydrothermal

deposits utilizes the concentrations of Fe, Mn, and Co

in Mn-oxide crusts to calculate an estimated growth rate.

The primary factor that influences Co concentrations in

Mn-oxide crusts is the growth rate, since the flux of Co

into different types of Mn-oxide crusts is relatively con-

stant (Halbach et al., 1983; Hein et al., 1992b). Co is

sorbed onto MnO2 substrates and is then oxidized from

Co(II) to Co(III). A normalized value of Co concentra-

tion (in ppm) Con, is calculated from the measured

concentration of Co, whereby Con=Co�50 /Fe+Mn

and Fe+Mn=normalized percent by weight of

Fe+Mn. Fe+Mn was chosen as the normalizing factor

because Fe and Mn are the building blocks of all oxide

crusts and these elements are analyzed in nearly all

samples (Manheim and Lane-Bostwick, 1988). The

equation R =6.8�10�1 / (Con)1.67, in mm/Myr, is then

used to calculate the growth rate of the Mn crust and has

been found to apply consistently for all types of Mn-

oxide crusts (Hein et al., 1994). One limitation of the

calculation is that the equation does not take into account

possible hiatuses in hydrothermal venting. The calculat-

ed rates therefore represent maximum values and the

derived ages (using sample thicknesses) minimum

values (Hein et al., 1990; McMurtry et al., 1994). In ge-

neral, Th/U ages of other deposits agree well with ages

calculated using the cobalt chronometer and the crust

thicknesses (Moore and Vogt, 1976; Cronan et al., 1982;

Lalou et al., 1983; Bolton et al., 1988; Hodkinson et al.,

1994).

Calculated growth rates for Baby Bare crusts range

from ~324 to 1800 mm/Myr, consistent with a hydro-

thermal origin. Maximum crust ages, calculated using

the growth rate and thickness for each sample, range

from 11,700 to 51,000 yrs (Table 3). From the observed

maximum thickness of the outcrop (0.5 m), it is inferred

that the age of the deposit age ranges from about 272 to

665 kyrs, with sample 62-04B showing an age of 1.5

Myr. This demonstrates that hydrothermal venting at

Baby Bare has taken place at least since 0.5 Myr, and
f

possibly since 1.5 Myr ago. Because these calculated

ages are minimum values, it is also possible that Baby

Bare has been hydrothermally active since its formation

1.7–2.7 Myr ago.

The future of hydrothermal venting at Baby Bare

seamount is not known, as the impacts of changing

variables such as permeability and sediment thickness

on fluid flow are difficult to predict. It is reasonable to

assume that venting will cease once Baby Bare is

completely buried ~0.2 Myr from now based on current

sedimentation rates (Davis et al., 1999; Wheat et al.,

2004) and may have detectable fluid flow through

sediment for an additional 0.5 Myr (Wheat et al.,

2004). This demonstrates that the geochemical fluxes

associated with warm ridge-flank hydrothermal springs

(e.g., Wheat and Mottl, 1994, 2000) have a short-lived

impact on global geochemical cycles.

7. Summary

A stratabound, hydrothermal Mn-oxide deposit has

been discovered near the summit of Baby Bare sea-

mount, on the eastern flank of the Juan de Fuca Ridge.

The seamount is actively venting warm fluids, mixtures

of basement fluids and seawater. Manganese oxide

crusts are composed primarily of 10 Å mangana-

teFpyrolusite with minor nontronite, saponite and bar-

ite. They have high Mn/Fe ratios, low trace metal and

REE contents, strong negative Ce anomalies, and high

Ba contents. These chemical characteristics were influ-

enced by spring fluid and seawater chemistry, and bulk

mineralogy. Growth rate and age calculations indicate

that Baby Bare may have been hydrothermally active
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for at least 0.5 Myr and possibly since 1.5 Myr, near the

time of its formation (1.7–2.7 Myr ago).
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