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Abstract—The hot spring water discharging from a flank of an active volcano is precipitating unique
monomineralic manganese deposits over volcanic terrain. The major and trace element chemistry, XRD
mineralogy, DTA, and SEM observations indicate that the deposits consist of 10 A phyllomanganate
(buserite) accommodating inter-layer Ca and Mg with negligible amounts of detrital minerals. Other
metallic elements can be accommodated by buserite, but concentrations are negligible ranging less than
10 ppm to 500 ppm. Abundance and pattern of REE (less than 100 ppm in total) are similar to those
from hydrothermal manganese deposits. The buserite is enriched in Ca and Mg but depleted in Na in
comparison with those in the spring water. The distribution coefficients for Ca, Mg and Na between the
buserite and the host water were calculated assuming an ion-exchange equilibrium in the Yuno-Taki
Falls, which proved applicable to other manganese deposits from surficial environments on land and
oceans.

Key Words— Buserite, DTA, Hot spring, Ion-exchange equilibrium, Manganese deposit, Phyllomangan-
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INTRODUCTION

Modern manganese oxide deposits or sinters have
been reported in various surficial environments from
deep ocean floors to deserts as summarized by Dixon
and Skinner (1992). Since manganese is a mobile el-
ement in surficial physico-chemical conditions, the dis-
solved manganese in aqueous solutions, such as hy-
drothermal waters, ground waters, soil interstitial wa-
ters, sea water, etc. is easily precipitated as clay-size
oxide particles when oxidizing environments are en-
countered. Growing large manganese oxide deposits
are reported typically near submarine low-temperature
hydrothermal vents associated with mid-oceanic
spreading centers and submarine island-arc volcanoes
(Moore and Vogt 1976, Corliss et al 1978, Lonsdale
etal 1980, Cronan et a/ 1982, Lalou et al 1983, Thomp-
son et al 1985, Usui et al 1986, Alt et al 1987, Bolton
et al 1988, Usui et al/ 1989, Usui and Nishimura 1992).
On the other hand, modern subareal active manganese
deposits are usuaily small in size and in deposition
rate. For instance, cold spring deposits (Brown 1964,
Mustoe 1981), desert varnishes (Potter and Rossman
1979a, Raymond ef al 1992), stream deposits (Robbins
et al 1992, Robinson 1993), and disseminated man-
ganese deposits and manganese aggregate in soils (Wada
et al 1978) have been reported. Subareal manganese
oxide material derived from discharging hot spring wa-
ters were reported in some Japanese Quaternary vol-
canos (Hariya 1985, Suzuki and Sakai 1991), and were
suggested to form in the final stage of magmatic activity
(Yoshimura 1952). However, their geochemical and
mineralogical characteristics and the factors control-
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ling compositional variability are not well document-
ed.

The Yuno-Taki Falls manganese deposit, which is
possibly the largest known actively-forming deposit of
this type on land, was first described by Hariya er a/
(1992). The primary manganese oxide is precipitating
in contact with hot waters running over the waterfall.
This article focuses on geochemical and mineralogical
characterization of the Yuno-Taki manganese oxide
deposits precipitating from hot waters discharging on
the flank of the active volcano, Mt. Me-Akan in Hok-
kaido, and on the factors controlling compositional
variations in minor element composition among them
with reference to host solutions in comparison with
other similar deposits. The processes and environ-
ments of the precipitating deposits can give us clues to
understand ancient and modern manganese oxide de-
posits on sea floors and on land surfaces.

FIELD SETTING OF MANGANESE DEPOSITS

Mount Me-Akan is an active composite volcano in
the Akan volcano group on the volcanic front in Hok-
kaido Island, Japan (Figure 1). The Yuno-Taki Falls
(650 m above sea level) are located on the lower slope
of the peak, Akan-Fuji (elevation of summit: 1474 m)
in the Akan National Park. The temperature of the
rock surface at the summit is 47 to 50°C, and the ad-
jacent peak, Pon-Machineshiri, erupted in 1955 and
1956 (Satoh 1964, Mitani et al 1964). Spring water
(42-43°C) is discharging at the Yuno-Taki Falls over
the front margin of the youngest andesitic lava flow
and volcanic ejecta named “Akan-Fuji lava” (Hariya
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Figure I. Location and simplified geological map of Me-
Akan volcano area and a vertical profile along A to B. Mod-
ified from Satoh {1964) and Mitani et a/ (1964). Solid triangles
with numbers are volcanic pinnacles and elevations from sea
level in meters. M1 to M7 enclosed by a thick line are the
Holocene volcanic lavas in descending order of age of erup-
tion. Curved lines with ticks denote margins of craters. The
corner insert map shows other similar Mn deposits and the
volcanic fronts on island-arc systems around Japan.

et al 1992). Figure 1 shows a simplified geological map
and profile of the volcano. The hot spring water from
the vents falls 30 to 40 meters making up two major
waterfalls on the rocky slope of 30 to 40° gradient
(Figure 2). The permeable nature of the Akan-Fuji lava
may result in effective circulation of meteoric and un-
derground waters. The Akan-Fuji lava is thought to
have erupted between 2000 to 800 years B.P. based on
'4C dating of ash beds (Yokoyama et al 1976). These
manganese deposits overlie the andesitic lava, or less
frequently, the beds of buff to white calcareous sinters
(calcite) several meters thick. There is no positive field
evidence of modern precipitation of carbonates on the
waterfall. The age of the calcareous sinters is unknown,
but may be younger than the Akan-Fuji lava since they
cover the lava.

Black manganese deposits up to one meter thick un-
derlie the running water (Figure 3). The bulk of fresh
deposits on the waterfalls are semiconsolidated but eas-
ily scraped off with a steel knife. Cores up to 20 cm
long of earthy black manganese oxide show no appar-
ent sedimentary structure. The deposit is a wad or bog
manganese ore. Abundant living algae develop on the
surface of the manganese deposits along the paths of
the stream. The running water is still precipitating thin
manganese deposits, just before it finally merges into
a larger river more than 300 meters downstream. Older
more consolidated manganese deposits form a matrix
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Figure 2. Terrain map of Yuno-Taki Falls, location of vents
of spring waters, and areas of manganese mineralization mod-
ified from Umemoto et af (1956). Hot spring waters are dis-
charging from the flank of Akan-Fuji (to the east) and make
up two major waterfalls, F1 and F2, forming modern man-
ganese beds over volcanic rocks. Analyses were carried out
on Fi deposits where flow rate is apparently greater.

cementing volcanic breccia and cobbles more than three
meters below the ground surface around this area. The
total lateral dimensions of the mineralized area are
about 100 x 300 meters (Figure 2). More than 3500
tons of manganese ores were commercially mined until
1954 (Umemoto et al 1956).

The water discharging from vents is weakly acidic
(pH 6) and lacks dissolved oxygen (Hariya ef al 1992).
The water quickly changes to weakly alkaline (less than
pH 8) and becomes oxygen-saturated in the course of
falling about 20 meters over the steep rocky wall. The
total dissolved manganese in the vent water drops from
3 ppm to 2 ppm while running downstream as a result
of the precipitation of manganese oxide. The drop of
dissolved Mn content strongly suggests precipitation
of manganese in progress. In fact, we recovered newly
formed 10 mm films of Mn oxide precipitate from fixed
plastic containers after one-year of exposure in the
middle of the waterfall (October 1992 to November
1993). However, the measured pH-Eh conditions do
not indicate strong oxidation of Mn2?* despite being
saturated with DO. The oxidation process is possibly
accelerated by microbial mediation (Mita ef a/, 1994).
Concentrations of Ca2* (95 ppm), Mg?* (115 ppm),
Na* (116 ppm), and K* (29 ppm) of the water are
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constant over the waterfall. More details of water
chemistry and a role of bacterial mediation of this
deposit will be presented elsewhere by Mita et al (1994).

SAMPLES AND ANALYTICAL METHODS

One cm, or less, surface was taken from 30 locations
mostly beneath the running water, stored wet in the
spring water, and kept less than one week in a refrig-
erator at 4 to 8°C before analysis. Six cores (10 to 20
cm long) were also collected on the wall of the waterfall.
Figure 3 demonstrates sample locations at one (Fall
F1) of the two waterfalls. Twenty three samples from
surface deposits and 22 samples from three cores (at 2
cm interval) were analyzed.

The wet samples were rinsed and ground with dis-
tilled water in an agate mortar, followed by X-ray pow-
der diffraction (XRD) analysis while wet at a room
temperature. The air-dried and 110°C-dried powders
were also subjected to XRD in order to examine min-
eralogical change during dehydration. Aliquots (0.5-1
gram) of air-dried powders were analyzed by Multi-
element ICP spectroscopy for 35 elements. We used
HF/HNOQO,/HCIO, mixed acid for digestion. The Ches-
ter extraction method (Chester and Hughes 1976) was
not necessarily used because of negligible amounts of
insoluble fraction in the deposits. The analyses were
done by X-ray Laboratories Co. Ltd., Canada using
Multi-channel Type ARL3560 ICP-AES. Rare earths
were determined by ICP mass spectrometer by the same
laboratory calibrated with reference sample SY-2
(Govindaraju 1989). Carbon (organic form and car-
bonate form) and sulfur (free sulfur plus sulfide form
and sulfate form) were calculated by C-S analysis with
Horiba Type HF-500/EMIA-250 at the Geological
Survey of Japan (GSJ), assuming that.thermal treat-
ment at 450°C for 12 hours releases organic C, free and
sulfide S (Krom and Berner 1983). Contents of free
sulfur including sulfide were below detection limit (0.01
wt. %) in all samples. Reliability of each analysis of
elements was checked with USGS Rock Standard Nod-
P-1 and Nod-A-1 (Flanagan and Gotterfried 1980) and
other reference manganese samples at GSJ (cross-
checked with atomic absorption spectroscopy and in-
strumental neutron activation analysis). The maxi-
mum analytical errors are in the range of 5-10 relative
% for major elements and 5-20% for minor and trace
elements. The water content is the weight loss after
heating at 110°C for 12 hours in an oven. Selected air-
dried samples were observed and analyzed by scanning
electron microscope (SEM) and energy-dispersive X-ray
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Figure 4. Average = one standard deviation of concentra-
tions of 23 elements in decreasing order in the Yuno-Taki
deposits (sample no.: 50).

analysis (EDX). Differential thermal analysis (DTA)
was carried out for two typical samples.

Chemical and mineralogical characteristics of
manganese deposits

Major and minor element chemistry. Among 40 ele-
ments analyzed, the average concentrations of Mn, Ca,
Mg, and organic C exceed 1 wt. %, those of K, Al, P,
Fe, Na exceed 0.1 wt. %, but other elements (inorganic
C, total S, V, Cu, Sr, Zn, Ti, Ni, Y, Cr, Ba, Bi, As, Pb,
Mo, REEs, Li, Co, W, Zr, Nb, Sb, Cd, Sc, and Ag; in
descending order) are less than 0.1 wt. %, as shown in
Figure 4. From the field observations, most of the sur-
face samples taken below running water contain living
algae and fragments of plants which yield high organic
carbon contents (up to 5 wt. %; average of 1.7 wt. %).
The variations of major and minor elements are small
throughout 50 samples from surface and cores of the
Yuno-Taki deposits. We observe no significant com-
positional variations in major and minor elements with
distance from the vent of waterfall F1 to about 50 m
downstream or no clear downcore variations (Table 1).
The only important downcore variation in chemical
composition is abrupt depletion of organic carbon by
a factor of six or more at depths of 2 to 6 cm below
the surface in the three cores. The decrease of organic
carbon may be caused by decomposition of organic

—

Figure 3. View of the Yuno-Taki Fall F1 and sample locations of manganese deposits in Table | only. Alphabetical labels
are locations of core samples up to 20 cm depth. Mn-mineralized zone is enclosed with dotted lines. Hot waters are flowing
over the vent. Distances (10 m, 20 m) are measured from the vent (marked 0 m). Some part of surface is covered with green

moss plants.
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Table 1. Atomic ratios of (Ca + Mg)/Mn and Mg/(Ca + Mg), showing no significant downcore or downstream variation
over the fall. Atomic ratios were calibrated assuming some parts of Ca and Mg are accommodated as carbonate or sulfate.
The reciprocal of the ratio falls mostly within the range between 5.7 to 7.1 close to 6.0 for the ideal buserite. Sample numbers

are the same as in Figure 3.

Downstream variation

Downcore variation

. Distance {Ca + Mg)/Mn Ca/(Ca + Mpg) Depth from (Ca + Mg)/Mn Ca/(Ca + Mg)
Site from vent (m) atom. ratio atom. % Core surface (cm) atom. ratio atom. %

Fl-#1 0 0.154 46.9 A 0-2 0.140 44.7
F1-#2 5 0.162 52.0 2-4 0.139 47.7
Core A 7 0.140 44.7 4-6 0.151 50.4
Fl-#4 8 0.150 57.0 6-8 0.157 47.9
F1-#3 10 0.152 43.8 10-12 0.174 46.0
F1-#5 11.5 0.162 67.8 C 4-6 0.171 47.6
F1-#8 14 0.166 44.1 8-10 0.171 47.7
F1-#7 14 0.172 42.2 10-12 0.181 47.0
F1-#6 14.5 0.174 51.3 12-14 0.174 46.8
F1-#9 19 0.173 60.2 E 0-2 0.149 56.0
S-#4 200 0.147 47.2 2-4 0.141 49.7
S-#9 200 0.152 47.5 4-6 0.165 43.4
6-8 0.193 41.2
8-10 0.182 43.4
12-14 0.187 43.8
16-18 0.158 45.5
18-19 0.184 45.0

Ave. & S.D. 0.159 + 0.011 50.1 + 7.7 0.166 + 0.017 46.7 £ 3.4

material in the deeper part of the deposits after burial.
The process may cause mildly-reduced conditions in
the depth.

Correlation and cluster analyses were done on 42
selected surface and core samples (more than 40 wt. %
Mn and less than 1 wt. % Al) for 17 abundant elements
(Table 2, Figure 5). As shown in the dendrogram, the
17 elements are fairly well grouped into four categories:
1) Mn, Ca, Mg, K, Cu, Ni, Zn, and V in a manganese
mineral, 2) Al, Fe, and Na in detrital silicate minerals,

CORRELATION COEFFICIENT

0.0 +0.5 +1.0
Zn
Ni
T
— Cu buserite
— ¢
Ca
Mn
Mg
— Na
L[ Fe) silicates
Al
Ba
Sr ) sulfates?
S+
P organic
-—‘[_—*1:: g+ material

Figure 5. Results of cluster analysis for major and minor
elements in surface deposits (n = 22). A possible grouping
demonstrates four different components. C+ means residual
fraction at 450°C, and C— means the released fraction below
450°C.
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3) carbon and P in organic materials, 4) Ba, Sr, and S
possibly as sulfate minerals. The total, Mn, Ca, Mg,
water, and organic C, amounts to 75% to 98% by weight
assuming stoichiometric oxides MnO,, Ca0O, MgO,
H,0, and cellulose CH,O in algae.

Mineral composition. SEM observations reveal dom-
inant clay-sized (several um across and less than 0.1
um thick) crystals of a manganese oxide mineral in all
samples. The estimated mean dimension of the man-
ganese mineral from the broadening of basal 10 A peak
on powder XRD patterns ranges 90 to 100 A according
to Scherrer equation (Klug and Alexander 1954). The
actual size (thickness) of the thin crystals may be larger
since the equation assumes uniform stacking. The es-
timated sizes from XRD broadening and SEM obser-
vation are fairly in good agreement.

The manganese oxide crystals have blade- or plate-
like habit, which form knobby columns or bumpy ag-
gregates (Figures 6A and 6B). The surface of knobs and
aggregates commonly show boxwork features of thin
crystals. The boxwork feature is observed in the depth
of core samples as well as surfaces. The crystals often
encrust long tubes of algae (Figures 6C and 6D). This
structure is observed only in surface samples. The man-
ganese mineral very rarely grows inside the algae but
usually surrounds its tubes as several um thick en-
crustation. The size, blade-like habit and boxwork fea-
ture of the manganese deposits are common to man-
ganese sinters from a cold spring water in Washington,
U.S.A. (Mustoe 1981) and submarine hydrothermal
manganese deposits (Usui ez al/ 1989). Small amounts
of diatom tests, and more rarely, silicate particles are
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Figure 7. Typical results of EDX analysis of buserite crystals
on SEM micrograph (same type as in Figure 6B). Several
analyses over several similar samples reveal no significant
differences in composition.

khrov et al 1985, Turner et al 1982, Miura and Hariya
1984, Giovanoli 1985, Post and Bish 1988). Todorok-
ite has no contractible or expandable nature on heating
at 100°C (Usui ef a/ 1989) or usually up to 400°C (Miura
and Hariya 1984, Bish and Post 1989). Thus the cri-
teria for discriminating the two series are: 1) expansion
test by dodecylammonium treatment and 2) contrac-
tion test to 7 A by heating at 110°C in air. The second
criteria seems more reliable because some synthetic
and natural buserites never expand after dodecylam-
monium treatment for more than one month.

All of the samples taken from the bottom of running
water on the Yuno-Taki Falls are typical 10 A man-
ganate material on XRD pattern when wet and dry at
room temperature. However, the samples from dry
surface soil 4 m away from the running water and from
older outcrops often show a 7 A reflection probably
due to post-depositional dehydration. The 10 A re-
flection of all samples disappears and 7 A appears when
dried at 100°C in air. This behavior is common to
natural and synthetic buserites. Typical XRD patterns
are shown in Figure 8. No significant downstream dif-
ferences in mineralogical characteristics were ob-
served.

One significant downcore change in mineralogical
character is an increase of contractible 10 A manganate
(in air) near the bottom of the core in association with
the depletion of organic carbon. The most probable
explanation is the existence of divalent Mn as inter-
layer cations in the buserite, which cannot stabilize 10
A spacing in air (Usui 1979).

Treatment by dodecylammonium-hydrochloride on
some Yuno-Taki deposits also supports the evidence
of sheet-structure buserite, showing apparent expan-
sion of basal reflections from 10 A to 25 A immediately
after soaking in dodecylammonium solution (Figure
8). Another evidence for buserite in the samples is a
nearly stoichiometric chemical composition. The cal-
culation of atomic ratios of interlayer cations to Mn
(Table 1) shows that the ratio is approximately 1:6
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Figure 8. XRD patterns of the wet manganese deposits, a
sample heated at 110°C for 2 hours, and a sample treated by
dodecylammonium (DDA) solution at room temperature. Note
the contraction of 10 A basal reflections to 7 Ke and the ex-
pansion to 25 A, both indicating sheet structure of buserite.

(0.163 £ 0.015) which is close to the ideal ratio of
synthetic buserite (Usui 1979, Giovanoli and Briitsch
1979). EDX analyses again indicate that the crystals
are composed mainly of Mn, Ca, Mg and O (Figure 7).
The Ca and Mg accommodated by the buserite was
calculated by subtracting the part as carbonate and
sulfate which was substantially negligible. The total
concentrations of other possible interlayer divalent cat-
ions (Cu, Ni, Zn, and Co) are also negligible (less than
0.003 atom. % to Mn) for all the samples. This cal-
culation shows that Ca and Mg are accommodated as
(Ca, Mg)-buserite which is isomorphic with natural and
synthetic buserites. The probable formula of the bus-
erite is (Cag s, Mgy 5)O-6MnO,-nH,0.

DTA curves for two Yuno-Taki samples show close
similarity to those of marine buserites which have two
endothermic peaks at around 100°C and 200-250°C
(Figure 9) most probably due to loss of interlayer waters
as suggested by Potter and Rossman (1979b). By con-
trast, tunnel-structure todorokites show no substantial
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TEMPERATURE (°C)

Figure 9. DTA curves for two samples from Core C in com-
parison with 10 A manganates from land (todorokites from
the Tertiary hydrothermal deposits: T1, Todoroki mine and
T2, Ikeshiro mine) and ocean (marine buserites: M1, hydro-
thermal deposits from the Bonin arc seamount and M2, Mn
nodule buserite from the Central Pacific Basin). Note two
typical endothermic peaks (90-110°C and 200-250°C) for
buserites due to dehydration of interlayer waters in contrast
to no peak for todorokite.

1
100 400

peaks indicating gradual dehydration like zeolitic wa-
ters. This is consistent with the results of thermal treat-
ment of todorokite by Bish and Post (1989). It is thus
concluded that the Yuno-Taki deposit is a unique mon-
omineralic (Ca, Mg)-buserite deposit having nearly
stoichiometric chemical composition.

REE patterns. The rare earth element (REE) pattern
and abundance of two Yuno-Taki deposits are gener-
ally similar to those from hydrothermal manganese
deposits from land and oceans. The total contents of
REEs (La to Lu) of the deposits range 18 to 27 ppm
with a maximum of 6.8 ppm La. The total REE is
within the range of reported marine hydrothermal
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Figure 10. REE patterns of manganese samples of newly
precipitated samples in the Yuno-Taki during 1992 to 1993
(Traps A and B from Points 3 and 4 in Figure 3) in comparison
with those of hydrothermal 10 A manganates from land (three
todorokite samples as in Figure 9) and ocean (five marine
hydrothermal Mn deposits from the Bonin arc seamounts).
The abundances are normalized to averaged chondrites by
Evanson et al (1978).

manganese deposits (Hein et a/ 1987). The common
Ce negative anomaly suggests that all the three types
were formed from reducing to suboxic solutions in
contrast to the positive anomaly observed in hydro-
genetic manganese minerals formed from oxygenated
normal sea water (Glasby et al 1987, Kunzendorf et a/
1993). Figure 10 demonstrates a significant relative
negative Eu anomaly of the Yuno-Taki deposits. The
Eu positive anomaly in hydrothermal deposits, in gen-
eral, reflects interaction of heated waters with substrate
volcanic rocks of high Eu content during circulation.
The characteristic negative Eu anomaly of Yuno-Taki
deposits, in contrast, suggests insufficient interaction
of ground water with substrate volcanic rocks probably
due to low temperature.

Ton-exchange equilibrium of manganese mineral with
host solution

When the Yuno-Taki deposits are compared with
various submarine hydrothermal deposits and other
similar hot spring deposits (Sanbe and Asama), Ca and
Mg are enriched and Na, Ba and Mo are depleted. The
ternary plots of major elements, Mg-Ca-Na atomic ra-
tio in manganese deposits, demonstrate that each type
falls within a narrow specific region (Figure 11, Table
3).
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Figure 11. Ternary plots of Mg-Ca-Na for manganese de-
posits of Yuno-Taki fall F1 and other surface environments.
The data source is the same as in Table 3. Sanbe and Asama
(Figure 1) yield similar but small Mn deposits. Each group
falls in a specific small region. The predicted compositions of
buserites (calculated from compositions of host-solution), as-
suming ion-exchange equilibrium in the Yuno-Taki Falls, well
agree with the analyses of natural samples. A relatively vari-
able composition for submarine deposits may be due to larger
variety of composition of host fluids and/or mineralogy.

Here we attempt to demonstrate how the composi-
tion of minor essential cations (Ca, Mg, and Na) in
buserite is controlled by the composition of the host
solutions. Assuming that the uniform composition of
buserite of the Yuno-Taki deposits is in equilibrium
with that of the coexisting hot spring waters, the ratios
of distribution coefficients K between elements are ex-
pressed as follows.

KC ‘K. = [Ca/Mn]buserite . [Mg/Mn]buserile
e [Ca/Mn]solulion ' [Mg/Mn]solution ’

Similarly, this formula can be applied to three elements
or more as follows:

Usui and Mita

Clays and Clay Minerals

[Ca/Mn]buserite . {Mg/ Mn]buserlle . [Na/Mn]buserile

* Yuno-Taki [Ca/ Mn]solution ’ [Mg/ Mn]solulion ' [Na/ Mn]solution
o ] Sanbe volcano
o} [ Asama volcano = KCa:KMg:KNa = 31.8:17.9:1.00.
\{ imizu . . - .
v v seRwaers The calculated Ks indicate relative preference of in-
A A sea water

corporation of interlayer cations into the buserite sheet.
The order of preference, Ca > Mg > Na in the Yuno-
Taki deposit, is in accordance with the results of syn-
thesis experiments of buserite, Ni > Cu > Zn > Ca
> Mg > Na (Giovanoli and Briitch 1979, Crane 1981).
If these factors do not vary significantly within the
range of variation of temperatures of each solution, the
estimated ratios of these elements in the buserites can
be applied to other buserite deposits. The ternary di-
agram (Figure 11) shows the composition of natural
manganates, modern and old, compositions of modern
ambient waters, and the expected composition of bus-
erite after calculation on the assumption of equilibrium
at Yuno-Taki. The effect of temperature may be neg-
ligible in the range of this discussion, because the com-
position of buserite from an active hydrothermal mound
in the Okinawa Trough (Kimura et a/ 1988) also falls
in the same region of other submarine deposits in the
diagram despite an elevated temperature of 40°C for
the hydrothermal vent water. The compositions of the
Yuno-Taki deposit, other smalier spring-water depos-
its (possibly modern), and submarine hydrothermal
deposits fall into typical regions in the Na-Ca-Mg di-
agram of Figure 11. As shown in Table 3, the ratio Ca:
Mg:Na in solution is quite variable among these types.

The combined plots on the diagram show a nice
coincidence of the buserite composition with those pre-
dicted from the K values in the Yuno-Taki deposits.
This agreement supports the idea that the minor ele-
ments in buserite are in equilibrium and primarily con-
trolled by the chemical composition of the solution.
This, in turn, suggests the possibility of estimating the

Table 3. Concentrations of Ca, Mg, and Na in host sclutions and buserite deposits from various environments.

Ca (mg/ Mg (mg/ Na(mg/ Temperature
liter) hiter) liter) pH Source
Solution
1) Yuno-Taki Spring 95 115 116 7.1-7.7 4243 Mita et al (1994)
2) Sanbe Spring 135 55 519 5.6-6.0 39 Suzuki and Sakai (1991)
3) Asama Spring 62 32 78 7.7 25 Sakai (personal communication,
1985)
4) Sea water 410 1287 10,685 7.9 4 Gross (1987)
5) Sea water (pumped at Shimuzu) 399 1290 9860 7.8 19 Sato (1991) and Takematsu
et al (1988)
(wt. %)  (wt. %) (wt. %) No. of data
Buserite
1) Yuno-Taki Spring 281 1.92 0.10 —_ n = 34 this study
2) Sanbe Spring 0.03 0.08 0.12 - n=2 this study
3) Asama Spring 3.87 0.93 0.13 — n=2 this study
4) Submarine (Bonin) 093 2.16 0.17 - n =45 this study
5) Sea water (pumped at Shimuzu) 2.00 1.60 0.80 — n=1 this study
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composition of original solution from the composition
of buserite, whether it is modern or ancient. For in-
stance the Ca/Mg/Na ratio of buserites would indicate
relative influences from normal sea water or hydro-
thermal waters. However, the relative scatter of points
for submarine hydrothermal deposits in the diagram
suggests partial controls by different mineral compo-
sition (for instance, dominant todorokite), by signifi-
cant contamination of detrital fine particles in the sam-
ples, and possibly by fluids with distinctly different
composition.

SUMMARY

The Yuno-Taki Falls is precipitating a unique mon-
omineralic manganese deposit from a discharging hot
spring. The expandable and contractible features of 10
A spacing and stoichiometric composition indicate that
the deposits are composed of pure (Ca, Mg)-buserite
(sheet manganate). The content of other metallic ele-
ments are negligible in buserite. There is no significant
downstream or downcore variation in chemical and
mineralogical compositions over the area of mineral-
ization, though the deposits include small amounts of
silicates, organic matter, and possibly sulfate. The typ-
ical REE pattern suggests that the host waters did not
strongly interact with substrate volcanic rocks.

Distribution coefficients for Ca, Mg, and Na between
buserite and spring water were calculated assuming
ion-exchange equilibria in the Yuno-Taki deposits and
discharging waters. The evidence of preferential in-
corporation of divalent cations (Ca, Mg) to Na agrees
with reported synthetic experiments of buserites. The
comparison of the variable composition in buserites
from other deposits with their host solutions strongly
supports the idea of ion-exchange equilibrium of the
three elements between buserite and solution. This, in
turn, may be useful in estimating the solution chem-
istry from the composition of the buserite deposits.
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