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Different types of manganiferous and ferruginous precipitates found
in glaciofluvial sediments are described. Mn is enriched into places
where oxidizing conditions prevail, probably through chemical
processes alone. In moist oxidates the enrichment of Mn originally
coprecipitated with Fe continues through the partial dissolution of the
precipitated Mn-compounds in interparticle fluids. The only Mn-rich
mineral identified through X-ray diffraction of manganiferous
cements was birnessite. It precipitates from groundwater instead
of pure manganese oxides because of the foreign cations present.
Of these, Ca seems to be the most important, while the amount
of other cations: Fe, Al, Mg, K, and Na, varies, and is dependent
on the composition of percolating waters and the state of crystalliza-
tion. Goethite and lepidocrocite were observed in ferruginous
precipitates. Upon heating, birnessite recrystallizes as hausman-
nite and spinel when few foreign ions are present, and also as bixbyite
if the sample contains enough iron. Ferruginous precipitates recrys-
tallize as hematite upon heating. The precipitation of Mn-rich com-
pounds from groundwater in which more Fe than Mn is present is
tentatively attributed to the lower stability of Mn-complexes — with
organic and -HCOg- ligands usually — which within higher pH—Eh
decompose in sand and gravel before Fe-complexes do. This leads,
under suitable conditions, to the oxidation of Mn2+ in groundwater
discharges and in well-aerated sediments. Fe precipitates after Mn
because it is complex-bound and does not precipitate before the com-
plex is destroyed, e.g., by organisms.
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Introduction Hem (1963, 1964); recently they have been

discussed by Koljonen and Carlson (1975)

The general principles of the separation of and Vasari et al. (1972) in the context of Fin-
iron and manganese in exogenic processes land.

have been discussed by Krauskopf (1957) and In Finland, Fe and Mn in oxidized form are
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Fig. 1. The most common types of manganiferous and ferruginous precipitates found in sorted sedi-

ments in Finland. The type, probable origin, and occurrence are set out in Table 1. The drawings are

simplified sketches taken from color photographs (cf. Figs. 4—6). Symbols: 1. Sand; 2. Stratified

sand; 3. Sand and gravel; 4. Stratified sand and gravel; 5. Gravel and pebbles; 6. Till or till-like
poorly sorted material; 7. Fe-precipitate (light) and Mn-precipitate (dark).
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commonly precipitated as: lake and bog ore
(cf. Halbach 1976; Koljonen and Carlson
1975); Fe-rich B horizon in podzolic soils (ef:
Aaltonen 1941; Jauhiainen 1969, 1973 a, b);
Mn-rich podzols in the Arctic Regions of
Norway and Finland (under study); pigment
on mineral grains in sorted, especially glacio-
fluvial sediments (this paper); spotted pre-
cipitate in gleyed soils, and concretions in
humus-rich silty clay (cf. Alhonen et al. 1975).

Occurrence of manganiferous and ferrugi-
nous precipitates in sand and gravel deposits

Iron and manganese precipitates are found
in sand and gravel, and are frequently un-
covered when the material of eskers, deltas,
and sandurs is utilized. Fe-rich precipitates
are much more common than Mn-rich
throughout Finland.

The most common types of precipitates are
set out in Fig. 1 and Table 1. The Mn-rich
types a, b, f, h, and j are found in the esker
studied and the others occur elsewhere.

A case history of precipitates in an esker at
the rural commune of Heinola

Description of the site

Numerous Mn-Fe-rich precipitates are
found on the walls of gravel pits between
the ponds V&ha Samjirvi and Kokkalammi,
a few kilometers N of the town of Heinola
(Fig. 2). The gravel pits are situated in a
radial esker sequence extending southward
from Lusi, a village about 10 km N of Heinola,
to the Second Salpausselké, a great ice-margi-
nal formation formed about 10 300 years ago.
Sometimes several parallel fragmentary es-
ker ridges occur in the trenches of the bed-
rock. Ponds and small bogs fill some of the
depressions which formed when the blocks of
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ice buried in sediments melted, causing the
sediments Consequently, the
morphology of the esker is irregular and
discontinuous.

to collapse.

The esker studied here is composed mostly
of glaciofluvial sand and sandy gravel with
stony intercalations. As the esker material
has been utilized, numerous manganiferous
and ferruginous precipitates have been ex-

posed on the walls of the pits.

The surficial deposits of the investigated

site have been mapped in detail and the posi-
tions of the upper limits of horizontal or
gently dipping precipitate horizons have been
levelled and plotted in profiles (Figs. 2 and
3). The evaluated original contour of the esker
and the location of the groundwater table
before exploitation are also set out in the
profiles. The gradient of the groundwater
table between Vidhid Samjirvi and Kokka-
lammi is about 2.4 %% (13 m in 540 m). Be-
tween points 300 m and 360 m it descends
steeply, and discharges issue from many
places (cf. Fig. 6). At the end of August 1974
the discharge of groundwater from the bot-
tom of the pits was from 6 to 9 liters per
second near the point 350 m (Fig. 3, long-
section A—B).
The level of the groundwater table prevail-
ing before the removal of gravel and sand
has been estimated in Fig. 3. Especially
between 210—320 m, most of the precipitate
stripes are situated near this former ground-
water table. Late in the autumn of 1974,
the water flow was dammed by earth near
the point 330 m (see also Fig. 2). An artificial
pond was formed and the water level rose
several meters to the height at which oxidate
precipitates are found.

The bedrock to the north is composed of
granite, granodiorite, and gneiss (Lehijarvi
1970). Because the movement of the conti-
nental ice sheet was from NW-—N, silicic
rocks with little Fe and Mn have the greatest
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influence on the lithology of the ridge ma-
terial and the composition of the ground-
water. Small occurrences of gabbroic and
dioritic rocks to the south have no effect.

Podzolic soils prevail in the region, and
near Vahid Samjérvi there lie small peat bogs

at about groundwater level. These increase
the content of low-polymerized organic acids
in the soil and promote the disintegration of
Fe—Mn-rich femic minerals. Groundwater in
the soil is reducing before the acids are neut-
ralized (cf. Table 3).

Table 1. Type, probable origin, and occurrence of manganiferous and ferruginous precipitates set out
in Fig. 1.

Type Origin

Distribution and magnitude

a Uniform Mn-rich precip-

Groundwater containing ferro-

itate as regular horizon-
tal layer above Fe-rich
precipitate in homoge-
neous gravelly sand (cf.
Fig. 4).

Mn-rich precipitate as
somewhat irregular layer
above Fe-rich precipitate
in heterogeneous stony
and gravelly sand.

Mn-rich precipitate as
somewhat irregular layer
above Fe-rich precipitate
along the contact of
gravelly sand and under-
lying till-like material.

Nearly horizontal Mn-
and Fe-rich precipitates
as discontinuous layers at
various depths in homo-
geneous sand.

iron reaches an area in esker
where material of uniform per-
meability is well ventilated and
aerated. Fe- and Mn-precipi-
tates are formed along the
groundwater table and some-
what above it.

In some places groundwater
flow is turbulent because of
coarse material. Mn-rich pre-
cipitates are formed in the best-
aerated spots along small, fast
flowing underground streams.
This type of precipitate has a
similar origin to type a.

Groundwater or perched water
flows mainly along the con-
tact between an upper bed and
a lower one of smaller per-
meability. Mn-precipitates are
formed along the contact, prin-
cipally into the upper coarser
gravelly material, which is bet-
ter aerated.

In some occurrences the lay-
ering probably represents an-
cient paths of flowing vadose
or perched water from which
oxidates have been precipitated.
In some cases this type of
layering may be caused by
slowly descending groundwater
table.

This type of regular Mn-rich
horizon overlying an Fe-rich
one is often met on the walls
of gravel pits in eskers, deltas,
and sandurs and is seen af-
ter the descending of the
groundwater table as a result of
utilization of material. Usually
the belt of Mn-precipitates is
only a few centimeters thick
and 10—20 m long, but in one
case it was ¢, i1 m . thick
The layer of Fe-precipitates is
usually much thicker than the
overlying manganiferous one.

This type of somewhat ir-
regular Mn—Fe-precipitate se-
quence is common. The hori-
zontal magnitude of the belt
is usually smaller than that of
type a.

Uncommon. Form varies and
the horizontal magnitude is
usually small. In till, fer-
rugineous and manganiferous
precipitates are generally not
so common and well developed
as in more pervious sand be-
cause conditions are more re-
ducing in the former.

Most common type. Mn-pre-
cipitates are usually small and
may be absent altogether. Fe-
rich rusty layering may be
present as pigment or cement
on mineral grains throughout
the deposit. Between precipi-
tates there may be quite clear
spots, usually consisting of finer
material.
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Type

Origin

Distribution and magnitude

Irregular Mn- and Fe-
precipitates in sandy
gravel in which grain
size greatly wvaries. Mn
is concentrated in outer
parts of Mn-rich spots.

Mn-rich precipitates in
the sheet of stony gravel
under an Fe-rich layer
of finer material (cf. Fig.
8).

Mn-precipitate concen-
trated in fissures of sand
hardened by Fe-rich ce-
ment.

Mn-precipitates in a
sheet of stony gravel sur-
rounded by finer mate-
rial with no traces of Fe-
rich precipitate.

Mn-rich precipitates con-
centrated into blind clus-
ters or veins of coarse
material in finer sandy
material (cf. types f and
h). There may be similar
Fe-rich precipitates.

In flowing groundwater and
perched water Mn tends to
precipitate to more aerated
parts where water flows fast.
Therefore in nonhomogeneous
coarse material where the flow
in places is rather fast, and
in some cases turbulent, Mn
may precipitate in Fe-rich parts
but mostly into the outer areas
of the deposits (cf. type b).

Mn is precipitated from flowing
groundwater or perched water
seeping downwards into stony
gravel intercalations under the
finer, less aerated material into
which Fe is enriched (cf. types
b and e).

Probably Mn migrates in re-
duced form in soil and sepa-
rates from iron into cracks be-
cause they are more aerated
and may dry seasonally. A sim-
ilar phenomenon has been ob-
served in Mn-ores where cryp-
tomelane crystallizes in synere-
sis cracks (Ostwald 1975). There
is a tendency toward separa-
tion of Fe and Mn in moist
oxidate deposits.

In glaciofluvial sediments, in
which coarse and fine layers
alternate, Mn tends to con-
centrate in the coarse material
during deposition and may af-
terwards migrate to other sites
in sediment (cf. types c, e, and
f). Some of the Mn-rich types
(e.g. f and i) may also be fossil
precipitates which have formed
on stones just above the water
level of lakes, rivers, and
brooks, and they may be used
as indicators of earlier shore
lines (cf. also Shepps and Fair-
bridge 1968).

Like type h.

Occurrence and size like type
b, but more rare.

Fairly common. Mn-rich parts
may be some twenty or thirty
centimeters thick and several
meters wide. In general Mn-
precipitates concentrate into
coarser parts of deposits. Some-
times pure Mn-precipitate oc-
curs abundantly as a needle-
like mass.

Uncommon.

Fairly common (cf. type f).

Fe-rich precipitates of this type
are very common and Mn-rich
fairly common. Both types are
small in size.
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Type Origin

Distribution and magnitude

j  Fe-rich precipitate on
coarse sand underlying
fine sand.

grains as

Iron has been oxidized, and has
precipitated from groundwater
and perched water onto mineral
cement,

Most common of all. Rusty
pigment may be present over
wide areas of deposits above

especially the groundwater table.

in the phase of descending
groundwater table.

Oxidate precipitates

The samples represent the different types
Their
chemical composition is set out in Table 2,

of precipitates found in the esker.
and that of ground- and surface-water
samples in Tables 3 and 4. The samples are
described in the tables.
as studied by X-ray diffraction are set out in
Figs. 7—10.

Mineral compositions

The manganiferous material in samples 1,
2, 3a, and 4 a is nearly black in color and
is a pepper-like precipitate more or less loose-
ly fixed on mineral grains. The layer is
thickest in the depressions on grain surfaces
and is usually much thinner at the edges.
The ferruginous material in 3b and 4b is
from brown (grains) to yellow-brown (pow-
der) and of varying grain size. In both sam-
ples it appears as a loose layer or pigment on

sand grains.

The volume of Mn and Fe precipitates is
usually dependent only on the chemical
composition of groundwater and lithological
When these
elements are able to migrate in groundwater

composition of esker material.

and are present in sufficient quantity for
precipitates to form the most decisive factors
are pH-Eh-conditions. When organisms are

present only to a limited extent, the increase

in pH—Eh alone determines the oxidation
and precipitation.

usually
They
harden sand and gravel into dark boulders

Manganiferous precipitates are

much harder than ferruginous ones.

slid into the bottom of the pits or as out-
standing edges on the walls of pits or on
rocks.

In numerous places, aged precipitates can
be found more than 10 m above the recent
groundwater level, in some cases much higher
than ancient groundwater levels (Fig. 3). The
precipitates located near the recent ground-
water level are young, having been formed
during a period of several years when the
water level in the esker has lowered as a
result of excavations. The precipitates do
not persist for prolonged periods in water-
logged sediment unless oxygen-rich perco-
lating water is present.

Precipitates form in places where water
flows fast or up to which groundwater sea-
In till and fine sand of low
permeability there is more Fe than Mn, but
Mn content increases in coarse sorted sedi-
ments where aeration is better.

sonally ascends.

Fe is fre-
quently found over large areas of eskers as
dispersed pigment on mineral grains, whereas
Mn, which is found much more rarely, is
precipitated onto coarse material where water
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Fig. 2. An esker sequence containing oxidate precipitates on the walls of gravel pits in the rural
commune of Heinola. Symbols (refers also to Fig. 3): 1. Sand; 2. Sand and gravel; 3. Peat; 4. Bedrock
outcrop; 5. Surface water body; 6. Estimated earlier ground level of the esker before utilization of
gravel; 7. Recent ground water table; 8. Recent outcropping groundwater table or groundwater dis-
charge (spring) on the bottom of the pit and the ritulet originating from it; 9. Estimated earlier
groundwater table; 10. Direction of ground water flow and vertical percolation; 11. Location of fer-
ruginous or/and manganiferous precipitate (in meters in relation to the water level of the pond Vaha
Samjirvi); 12. Gravel pit; 13. Earth dam built after investigations were begun; 14. Road; 15. Site
of water sample.

flow is abundant, and migrates to restricted brown Fe-rich ones. Precipitates are gener-

areas as precipitate with transitional or sharp
contacts (cf. Figs. 4 and 5).

Mn-rich precipitates are black or bluish-
black in color and, therefore, can be separa-
ted visually from the reddish or yellowish-

ally mixed but, depending on the sedimenta-
tion conditions, some are richer in one com-
ponent, usually iron. Krauskopf (1957) em-
phasizes that the oxidations Fe?2* —> Fe3+
and Mn2t —> Mn** are slow reactions. A
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slow oxidation of iron seems to be the case
in the sediments studied here, but the sharp
contacts of manganese precipitates low in
iron point to a fast precipitation of manga-
nese.

Precipitation in eskers from fast flowing
groundwater cannot be brought about by
Rather, the
process can be supposed to be the following.
Femic minerals containing Fe and Mn are
Cat-
ions, excluding alkalis, migrate as dissolved

bacteria or higher vegetation.

dissolved by organic acids in the soil.

complex compounds (cf. Koljonen and Carl-
son 1975). Mn-complexes stable
as Fe-complexes and are broken down, more

are as
than Fe-complexes, by oxidation in sediments
where the pH is higher owing to the hydroly-
The Fe/Mn-ratio
silicic plutonic rocks of Central Finland is

sis of minerals. in the
107 (op. cit., Table 1). Fe dominates in ground-
water, but the Fe/Mn-ratio decreases because
part of the iron is precipitated into sediments
and especially into B-horizon in podzol when
pH—Eh conditions are suitable for oxida-
tion and precipitation of the iron which is
not complex-bound. Fe/Mn-ratio in ground-
water is about 25:1 (Table 3). Mn migrates
in sediments as Mn2* or as unstable inorganic
complexes, e.g., MnHCO;* (Hem 1963). Wher.
suitable pH—Eh conditions allow, Mn is
oxidized fast and precipitated, though in-
organic processes usually lead to the pre-

Fig. 3. The levelled profiles of gravel pits in the
studied esker. Symbols as in Fig. 2. The long
profile A—B is levelled between the ponds Vihi
Samjdrvi and Kokkalammi. At points 260 m
and 360 m, short cross profiles C—D and E—F
are depicted and a plan detail is drawn for the
area between points 200 m and 280 m. The
profiles show the present ground level and ground-
water table and the estimated levels before the
removal of sand and gravel. The water table
(the height of which naturally varies according
to the season) dips along the ridge towards Kok-
kalammi (cf. broken arrows).
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Table 2. Chemical compositions of the precipitates (110°C). 1. Loose, needle-like manganiferous powder
accumulated into cavities in gravel (cf. Fig. 5). The powder is probably recrystallized precipitate which
has dissolved from the surrounding cement; 2. Hard, manganiferous precipitate which for years has
been exposed to air. It forms a horizontal band about 10 cm thick and several meters long on a nearly
vertical rock face. The original layer was broken when gravel was removed; 3 a. Hard, aged
manganiferous horizon exposed to air high on the wall of the gravel pit above the ferruginous
horizon 3 b (cf. Fig. 4); 4 a. Loose, manganiferous precipitate recently deposited from groundwater

discharge on the bottom of the gravel pit (cf. Fig. 6), and ferruginous precipitate 4 b around it.

3a 3b 4a 4b
Mn %o 43.79 41.02 26.47 0.35 18.39 0.67
Fe 3.85 6.39 10.84 27.10 14.10 27.47
Al 0.91 3.77 7.23 11.14 8.84 10.83
Mg 0.58 1.84 4.81 5.20 11.67 5.69
Ca 1.26 0.44 0.35 0.89 0.55 0.55
K 0.82 2.79 3.15 4.15 4.49 5.36
Na 0.18 0.46 0.31 0.59 0.43 0.41
Li ppm 25 65 88 96 86 122
Zn 3378 913 895 1136 1233 711
Cu 926 216 481 290 398 317
Co 560 70 160 140 130 200
Ni 0.2 < 280 < 320 < 290 < 330 < 160
Table 3. Chemical composition of ground- and surface water in the studied area. The sampling sites

are shown in Figs. 2 and 3. The groundwater discharging from the bottom of the pit is slightly acidic
and Mn and Fe content in water are low and differ in various parts of the pit (Nos. 1—4). The sur-
face water and especially bog water (Nos. 6—7) coatains less electrolytes but more humus than ground-

water.

The short line means no determination.

Sp. con- ‘Allea Totgl KMnOj4- 4 o . 4 :
: duetivity | 1. . hard- con- a g e n A
No. and site of samples pH Slem linity ness |sumption| ppm | ppm | ppm ppm o
(+20°C) | ™€ | gHO | mg/1
1. Groundwater discharge in
a gravel pit (Fig. 3) 5.91 93 024 | 2.1 7.9 105 | 2.9 |4.00 0.25 21
2. Groundwater discharge in
a gravel pit (Figs. 3 and 6) |5.64 116 0.16 | 2.0 6.5 7.0 | 3.4 |0.83 0.03 0.2
3. Groundwater discharge in
a gravel pit (Fig. 3) 6.31 72 0.33: | 1.8 7.6 10.7 | 2.9 |4.44 0.18 —
4. Brook in a gravel pit
(Fig. 3) 6.19 107 0:20 | 2.2 — 107129 - — 1.8
5. Well with concrete
casing (Fig. 2) 6.28 114 0.20 23 5.8 11.8 2.1 [1.42 0.15 —_
6. The pond Vahd Samjarvi
(Fig. 2) 6.64 45 015119 17.0 53 | 1.8 |0.07 | <0.005 —
7. Surface water from a
small bog (Fig. 3) 4.79 26 0.03 | 0.8 68.6 1.8 | 2.5 ]0.50 0.005 0.4
8. A ditch (Fig. 2) 5.79 111 0 F131- 2538 9.8 1261122 125 0.005 —

cipitation of Fe before Mn unless the content

of the latter in solution is very high. How-

ever, Fe is more tightly bound in complexes
than Mn and is not oxidized as fast as Mn.

Hence Mn-rich precipitates are formed first.
Angular grain faces and earlier Mn-pre-
cipitates support precipitation but are not
necessary to it.
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ERRATA
Page 120, Table 4, ppm ought to be ppb as follows

Zn Cu Co Ni

No. of samples ppb | ppb | ppb | ppb

9 22 7 4 6
10 17 1 [<2 <2
11 100 28 13 15
12 17 2 4.5 5

13 7 2 25| <2




120

Table 4. Zn, Cu, Co, and Ni contents in 5
water samples from the studied area. After the
investigation of the site an earth dam was built
in the narrow passage between the upper and
lower parts of the pit (300—350 m in the long-
section A—B, c¢f. Figs. 2 and 3). As a result of
this the water table has risen a couple of meters
to about the estimated level of the earlier water
table. Sampling sites are indicated in Figs. 2 and
3. Only the samples for heavy metal analysis (this
table) were collected after damming. 9. Water
on the bottom of the pit; 10—13. Groundwater
discharging from the bottom and walls of the pit
below the dam. The sample of groundwater
discharging near the small peat bog (No. 11)
contains more heavy metals than samples from
other parts of the pit. Both in precipitates (Table
2) and in groundwater the contents of Zn are
greater than Cu, Ni, and Co.

No. of samples Zn Cu Co Ni
ppm | ppm | ppm ppm
9 22 7 4 6
10 11 1 <2 =2
11 100 28 13 15
12 1T 2 4.5 5
13 7 2 2.5 <{2
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Fe may be oxidized later in small rivulets
and ponds (Fig. 6).
promoted by organisms that thrive in slug-

This process is especially

gish water, in sunshine, and under atmos-
pheric conditions. Possibly the precipita-
tion of Fe is brought about by the decomposi-
tion of the organic part of the complex. In
waters rich in organisms, Mn seems to mi-
grate easily. In organic-rich milieu Mn is
in dissolved form or incorporated into or-
ganisms as trace nutrient, whereas Fe is
largely removed as hydroxide (cf. Koljonen
and Carlson 1975).
utilized in water supply, Mn is precipitated,

If aerated waters are

harmfully, in wells and in pipes through
which water flows fast and where conditions
are not favorable for organic life.

Al, Mg, and K, and many trace elements
are coprecipitated with oxidates (Table 2).

Fig. 4. A photo of aged manganiferous and ferruginous precipitates in stratified sand and gravel.

Thin horizontal Mn-rich belt of precipitate (black) above thick zone of ferruginous precipitate (brown)

on the wall of the gravel pit (the highest position, 340 m in Fig. 3) (type a in Fig. 1 and Table 1; Nos.
3a and b in Table 2).
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Fig. 5. A photo of manganese-rich precipitate (black) on an inclined sheet of stony gravel (type f in
Fig. 1 and Table 1; No. 1 in Table 2). The groundwater table was at the level of the zone of precipi-
tates until the utilization of material a few years ago.

Fig. 6. A photo of recent ferruginous precipitate in a shallow pond formed by groundwater discharg-
ing on the bottom of a gravel pit. In the background there are Fe- and Mn-precipitates represent-
ing earlier positions of the groundwater table as it descended during utilization of material.
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The precipitation of other major elements as
cement is not as conspicuous as that of Fe
and Mn because their hydroxides are color-
less, and they separate during the process
and settle in different sites usually as hydro-
lyzates.

Experimental

A Philips diffractometer using Mn-filtered
Fe-radiation and equipped with a wide-angle
goniometer was used to identify the minerals
in manganiferous and ferruginous precipi-
tates. Manganiferous samples were scanned
from 4 to 90° 20 and ferruginous samples
from 4 to 75° at a scanning speed of 1/2° 26/
min. Internal silicion was used as standard
and results were recorded as graphs (Figs.
7—10, Tables 5—10).

To concentrate the minerals in precipitates
Three

fractions were decanted and dried at 50°C.

the sample was stirred with water.

The finest was mostly amorphous and the
coarsest contained disturbing amounts of de-
trital minerals typical of the surrounding
bedrock (quartz, feldspars, mica, etc.). The
middle fraction contained some mica but was
used for the mineral analysis since mica does

not interfere with the

identification.

Dried fractions were ground and a thin
film of powder was spread with distilled
water on a glass-slide for the analysis. The
method may cause preferred orientation and
have some effect on the intensities of reflec-
tions.

Samples were heated in a Heraeus muffle
oven in air for 1—2 h at each temperature.
The same material was heated stepwise to
facilitate the interpretation of results. Glass-
slides were then prepared and the minerals
identified.

Manganiferous samples

The reflections, usually four, of the man-
ganese oxide J-MnO, (McMurdie 1944), called
manganous manganite (Feitknecht and Mar-
ti 1945) as synthetic and birnessite (Jones
and Milne 1956) as mineral, were recorded
for most of the samples (Figs. 7—10, Table 5).
This mineral has been found in Mn-ores,
usually as an alteration or weathering prod-
uct (McMurdie and Golovato 1948; Frondel
et al. 1960; Hariya 1961; Larson 1962; Levin-
son 1962; Sorem and Gunn 1967; Brown et al.
1971), in marine manganese nodules (Buser
and Griitter 1956; Barnes 1967; Cronan and
Tooms 1969; Finkelman et al. 1972; Glasby
1972; Finkelman et al. 1974), and in soils
(Jones and Milne 1956; Taylor et al. 1964;
Taylor and McKenzie 1966; Taylor 1968).
Jones and Milne who assigned the name
found it in a »manganese pan cutting in a
fluvio-glacial deposit of gravel» in Scotland
and, together with Li-bearing lithiophorite, it
is the most common manganiferous mineral
found in several different soils in Australia
(Taylor et al. 1964). Birnessite is orthorhom-
bic with a,.= 8.54, b, = 15.39, and c, = 14.26
A (Giovanoli et al. 1970).

Natural birnessite always contains small
amounts of Ca, Na, K, and other cations.
Brown et al. (1971) give the chemical for-
mula as Cagz Nagz (Mn**gg Mn2% ) Oy
2.9 H,0.

Even small amounts of foreign cations pre-
sent as weathering products in soils prevent
the formation of Mn-oxides which otherwise
would crystallize, and favor the formation of
birnessite and lithiophorite (McKenzie 1972).
Birnessite crystallizes mostly in alkaline and
neutral soils and lithiophorite in acid (Taylor
et al. 1964).

In the samples studied the intensity and



Origin, mineralogy, and chemistry of manganiferous and...

123

Ta.ble 5. Diffraction data of birnessite according to Jones and Milne (1956), Brown et al. (1971), and
this study. Determined d-values are averages of 4 samples and the intensity values are based on the
areas of the peaks in the graph (Figs. 7, 8, 9 a, and 10 a).

Jones and Milne

Brown et al. This study
hkl d (A) I d (A) I d (A) I
002 .27 s 724,k 0.07 s 7.28 * 0.05 100
004 3.60 w 365 0.07 mw,w 3.63 *0.02 10
100 2.44 m 2:46 *0.01 m 2.44 * 0.01 10
110 1.412 m 1.424 *+ 0.004 m 1.414 * 0.004 5
s, strong

m, medium
mw, medium weak
w, weak

broadness of the reflections of birnessite
varied from sample to sample (Figs. 7, 8, 9 a,
and 10 a). The orientation of platy crystals
during preparation may be due to the higher
average intensity of basal reflections in this
study compared with the others. In sample
4 a (Table 2), which contains least Mn, only
three of the four reflections were observed,
and the strongest reflection, 7.2 A, was ex-
tremely weak and borad. McMurdie’s (1944)
0-MnO, gave only two reflections and Buser
et al. (1954) suggest that highly oxidized forms
do not give basal reflections (7.2 and 3.6 A).
Bricker (1965), on the other hand, explained
the presence of basal reflections as a func-
tion of particle size rather than oxidation
state. In this study the variation in particle
size explains the greater variation in intensity
of basal reflections than of the other two
reflections from sample to sample. Taylor
et al. (1964) estimate a particle size of c. 0.02
um for soil birnessite from line broaden-
ing of the diffraction pattern. According to
Brown et al. (1971) birnessite clusters on cole-
manite from Boron, California, are made
up of thin, slightly bent lamellae, about
0.2 um thick at the edges.

Aging, dehydration, and high manganese
content clearly improve the crystal structure
of the precipitates. The best reflections were

found for sample No. 1 (Table 2), taken from
a cavity into which birnessite had recrystal-
lized, and No. 2, which was the hardest
cement and which had endured for years,
exposed to air. When the content of foreign
ions and especially iron increases (Nos. 3 a
and 4 a) or the precipitate is young (4 a) the
birnessite crystals are small and the basal
reflections are poor. Iron apparently im-
pedes crystallization. Remarkably, no iron
mineral is observed in manganese-rich ce-
ments.

The chemical composition of birnessite
varies considerably. In the purest sample
(No. 1) Ca was enriched. This supports the
chemical formula presented by Brown et al.
(1971), but composition is dependent on the
surrounding sediments and in granitic areas
potassium predominates over sodium, espe-
cially, because potassium is more strongly
than sodium adsorbed on colloids (Koljonen
and Carlson 1975). Based on the values re-
corded in Table 2, the formula of birnessite
may be written as (Ca, K, Na)(Mn, Fe, Al,
Mg) Oy - nH;O.

Ferruginous samples

Two varieties of hydrated iron-oxide mi-
nerals occur (Rooksby 1972). These are poly-
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Fig. 7. X-ray data of unheated and heated manganiferous precipitate (Table 2, No. 1). Symbols: BR,
birnessite; CR, cryptomelane; NS, nsutite; BX, bixbyite; HA, hausmannite; SP, spinel; G, goethite; L,

lepidocrocite; M, maghemite; H, hematite; BT, biotite.

morphs of monohydrate FeO(OH), goethite
and lepidocrocite, the a- and y-ferric oxide
monohydrates, respectively. Goethite is the
crystal form produced from aging sols and
gels of hydrous basic ferric oxide. It is
orthorhombic with a, = 4.596, b, = 9.957, and
¢, = 3.021 A (JCPDS 17—536). Lepidocrocite,
which is formed through oxidation of ferrous
compounds, is also orthorhombic, with ay =
3.87, b, = 12,51, and ¢, = 3.06 A (Bernal et al.
1959). Powdered goethite is yellow and lepi-

The graphs are explained in text.

docrocite brown. Some modification in in-
tensity of color is attributable to particle
size (Birnbaum et al. 1947), but the shade
depends on crystal form alone (Bunn 1941).
In powdered form, the two samples here were
yellowish brown (Figs. 9 b and 10 b) and mix-
tures of goethite (Table 6) and lepidocrocite
(Table 7).

Lepidocrocite dominated in sample 3 b.
The reflections were sharp and strong (Fig.
9 b) because aged and dried precipitates are
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Fig. 8. X-ray data of unheated and heated manganiferous precipitate (Table 2, No.
Fig. 7. The graphs are explained in text.

2). Symbols as in

better crystallized than newly formed ones
(cf. sample 4 b in Fig. 10 b). The ratio of the
intensity of the strongest reflection of lepi-
docrocite to that of goethite was 1.7 in No. 3 b

(Table 2), while in sample 4 b (Table 2) it
was 0.3. The reflections of goethite were
broad and diffuse
though intensities varied. According to Norrish

in both samples even
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and Taylor (1961) this is typical of soil goe-
thites and not only due to small crystal size
but to the superposition of slightly different
patterns.

Recrystallization of manganiferous
precipitates upon heating

Birnessite is not stable when heated: de-
pending on temperature and the duration of
the heating process, it either recrystallizes as
cryptomelane (a-MnO,) or nsutite (y-MnO,)
(Jones and Milne 1956) or decomposes to
amorphous form. Synthetic birnessite with
low potassium content was found to convert
to nsutite on boiling, but cryptomelane
(KMngO;;) formed when the K content was
over c. 1 % (Buser et al. 1954).
with a potassium content of 9.4 ° remained
unchanged after boiling for 24 h but con-

Birnessite

verted to cryptomelane after being heated
for 60 h at 400°C (McKenzie 1971). The

Table 6. Diffraction data of goethite according to
Rooksby (1972) and as recorded here. Determined
d-values are from sample 3b (Fig. 9b), and the
intensities are based on the areas of peaks in
the graph.

9% K, which
The ease with

cryptomelane contained c. 7
seems to be the upper limit.
which birnessite is converted to cryptomelane
also appears to depend on the crystal form.
Needle-like birnessite crystals recrystallized
to bigger cryptomelane crystals more easily
than platy crystals did. Platy birnessite
crystals gave rise to mixtures: more birnes-

site than cryptomelane on boiling and more

Table 7. Diffraction data of lepidocrocite accord-
ing to Rooksby (1972) and as recorded in this study.
Determined d-values are from sample 3b (Fig.
9b), and the intensities are based on the areas
of peaks in the graph.

Rooksby This study

hkl d (A) 14 d (&) I
020 6.27 100 6.226 * 0.02 100
021 3.29 60 3.280 * 0.005 40
130 2.473 30 2.469 * 0.002 24
111 2.362 15

131 2.086 12

150, 002 1.935 30 1.936 £ 0.002 10
022 1.848 10

151 1.733 15

Table 8. Diffraction data of bixbyite according
to JCPDS card 10—69 (synthetic material) and as
recorded here. Determined d-values are averages
of three samples and the intensities are based on
the areas of peaks in the graph (Figs. 8, 9 a, and
10 a).

Rooksby This study JCPDS 10—69 This study
hkl d (&) I d (&) I hkl d (&) I d (4) I
020 4.98 15 4.998 + 0.02 15 200 4.70 4
110 4.18 100 4.195 + 0.02 100 211 3.84 25 3.82 * 0.01 T
120 3.38 10 222 2.72 100 2.706 * 0.003 100
130 2.69 30 2.694 * 0.005 30 321 2.51 4 2.505 *+ 0.003 5
021 2.58 8 2.580 * 0.005 10 400 2.35 12 2.345 * 0.002 7
101 2.520 3 420 2.10 2
040 2.490 15 2.500 * 0.008 15 = 332 2.01 14 1.996 = 0.002 4
113 2.452 25 2.444 + 0.003 40 431 1.845 14 1.836 * 0.002 4
121 2.252 10 2.242 * 0.004 15 521 1.719 4
140 2.192 20 2.186 * 0.004 10 440 1.664 30 1.658 £ 0.002 19
131 2.009 2 433 1.615 2
041 1.920 6 611 1.527 6
211 1.799 b § 620 1.487 2
141 1.770 2 541 1.4524 10 1.448 + 0.001 2
221 1.721 20 1.723 *+ 0.002 10~ 622 1.4191 14 1.414 * 0.002 6
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cryptomelane than birnessite on heating
(McKenzie 1971).
Synthetic 9-MnO,, crystallized as pyro-

lusite (#-MnO,) at 300°C, as bixbyite (Mn,0s3)
at c. 500°C, and as hausmannite at c¢. 900°C
(Klingsberg and Roy 1959). y-MnO, converted
to bixbyite at c. 450°C.

According to McKenzie (1972), the forma-
tion of nsutite and pyrolusite in soils is pre-

Table 9. Diffraction data of hausmannite accord-
ing to JCPDS card 16—154 and as recorded in this
study. Determined d-values are averages of four
samples and the intensities are based on the areas
of peaks in the graph (Figs. 7, 8, 9a and 10 a).

JCPDS 16—154 This study

hkl d (A) I d (&) I
001 4.94 30 489 =+ 0.02 50
112 3.09 50 3.07 *0.01 35
020 2.89 30 2.874 * 0.005 13
013 2.717 90 2.744 * 0.010 65
121 2.49 100 2.482 * 0.005 100
004 2.36 40 2.340 * 0.004 10
220 2.04 40 2.033 * 0.003 16
024 1.825 20 1.818 * 0.001 5
015 1.795 50 1.782 £ 0.004 10
132 1.706 30 1.696 £ 0.001 5
033 1.642 20 1.638 £ 0.001 5
231 1.579 50 1.575 £ 0.002 15
224 1.544 80 1.536 £ 0.002 30
116 1.468 10

134, 040 1.445 40 1.439 £ 0.003 10

Table 10. Diffraction data of hematite according
to Rooksby (1972) and as recorded in this study.
Determined d-values are averages of two samples
(Figs. 9b and 10 b) and the intensities are based
on the areas of peaks in the graph.

Rooksby This study

hkl d (A) : d (A) I
102 3.67 35 3.665 * 0.010 45
104 2.69 100 2.691 * 0.004 100
110 2.514 5 2.510 £ 0.004 75
133 2.204 25 2.200 £ 0.003 20
202 2.072 3

204 1.838 30 1.836 * 0.003 24
116 1.692 45 1.691 *+ 0.002 30
121 1.635 2

108 1.597 15 1.594 * 0.002 10
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vented by the presence of foreign ions; large
amounts prevent the formation of nsutite
and even small amounts the formation of
pyrolusite. Heating of pure birnessite pro-
duced first nsutite and then pyrolusite, but
birnessite containing large amount of cations
such as Na, K, Ca, and Ba converted directly
to cryptomelane.

Hariya (1961) heated natural birnessite
for 1 h at 150°C and found that the inten-
sities of X-ray reflections decreased. After
1h at 300°C the material was
amorphous.
560°C.
(1971), natural birnessite changed to crypto-
melane and then crystallized as haus-
mannite at 600°C after passing through an
amorphous Glemser et al. (1961)
containing

almost
Hausmannite crystallized at

In the experiments of Brown et al.

state.
that
foreign cations lost water at 110—125°C and

observed birnessite
converted to cryptomelane at 370—500°C and
to bixbyite upon further heating. McMurdie
and Golovato (1948) report that cryptomelane
may convert directly to hausmannite or go
through an intermediate stage of bixbyite
because of impurities. Natural cryptomelane
was found to convert to bixbyite upon heat
treatment for 5 h at 600°C, but not totally
(Faulring et al. 1960). After 17 h at 800°C,
bixbyite was the only mineral present. Haus-
mannite appeared as minor constituent after
1.5 h at 900°C, and was the only constituent
at 1000°C when heated 6°/min. After the
material had been ignited for 17 h at 900°C,
a phase with spinel structure was obtained,
and after 48 h at 950°C, spinel with a, = 8.42
A was the only mineral observed. McMurdie
and Golovato (1948) report a spinel with
a, = 8.7 A as the inversion product of haus-
mannite at 1170°C.

The X-ray diffractograms of the heat-
treated manganiferous samples studied here
are set out in Figs. 7—10 and their chemical
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Fig. 9a. X-ray data of unheated and heated manganiferous precipitate (Table 2, No. 3a). Symbols
as in Fig. 7. The graphs are explained in text.
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Fig. 9b. X-ray data of unheated and heated ferruginous precipitate. (Table 2, No. 3b). Symbols as
in Fig. 7. The graphs are explained in text.

compositions in Table 2 (Nos. 1, 2, 3a, and
4 a).

The first mineral to appear was crypto-
melane at 200°C. The material at this tem-
perature was probably a mixture containing
birnessite. Birnessite is represented by its
non-basal reflections of 2.44 and 1.41 A, the
intensities of which decrease upon further
heating. In all the samples a broad reflection
at 2.39—2.44 A (cryptomelane 121, d = 2.39 A)
was left after heating 1 h at 400°C. The
intensities of reflections of birnessite and
cryptomelane were strongest in Nos. 1 and 2
(Table 2) which contain most Mn, indicating
that birnessite converts directly to crypto-
melane. Cryptomelane decomposed at tem-
peratures between 300 and 500°C and more
easily when the content of foreign ions was
low.

In sample 3 a (Fig. 9 a) a reflection at
400 A was present between 300°C and
530°C, and the 2.44 A reflection of birnessite
had moved to 2.42 A.

9

If caused by a man-

ganese mineral, that mineral may have
been nsutite (y-MnO;, Mn _**Mn,2+0y_s,
(OH),,; McKenzie 1972).

At temperatures above 500°C two miner-
als crystallized: bixbyite, (Fe, Mn),O, (Table
8), whose composition varies from nearly pure
Mn;O3 to 59 % Fe,O3 (cubic with a, =
9.365 A) and hausmannite (Table 9), Mn,O,
(Fe: Mn = 1:23, teragonal with a, = 5.75 A
and ¢,=9.42 A) (Faulring et al. 1960), which
appeared with weak reflections at 560°C and
was present until 1050°C. In sample No. 1
(Fig. 7) which contained least Fe (Fe: Mn =
1:11) hausmannite was the only manganese
mineral present. The intensity of reflections
increased as the temperature rose, indicating
an ordering of structure and growing crystal
size. This is in accordance with the observa-
tions of Brown et al. (1971) for birnessite con-
taining less than 0.02 °/0 Fe, which recrys-
tallized as hausmannite when heated for 2 h
at 600°C. In all the samples containing more
Fe (Fe:Mn in sample No. 2, Fig. 8, is 1:6.4;
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in No. 3a, Fig. 9a, 1:24; and in No. 4a,
Fig. 10, 1:1.3) the dominating mineral above
500°C was bixbyite, but hausmannite oc-
curred as well. In sample No. 2 both minerals
began to crystallize at 560°C; in sample
No. 3a bixbyite appeared at 550°C and
hausmannite at 700°C; in sample No. 4 a
crystallization began with hausmannite at
600°C and bixbyite appeared at 800°C. The
intensity of hausmannite reflections began
to decrease at higher temperatures: in sample
No. 2 above 800°C, in sample No. 3 a above
1000°C, and in sample No. 4 a above 900°C.

At the same time the reflections of bixbyite
increased considerably in intensity. Bixbyite
appeared first and converted to hausmannite
at higher temperatures in the studies of
Klingsberg and Roy (1959), McMurdie and
Golovato (1948), and Faulring et al. (1960).
The material examined by Faulring et al.
(1960, Table 1) contained 1.86 °/o Fe,Os. The
reverse order of crystallization observed for
Nos. 2, 3 a, and 4 a in this study is due to the
high Fe content in the samples.
of Fe hausmannite cell is able to hold is
dependent of temperature and negligible

The amount
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Fig. 10 b. X-ray data of unheated and heated ferruginous precipitate (Table 2, No. 4 b). Symbols as

in Fig. 7. The graphs are explained in text.

compared with the amount bixbyite is able
to hold.

The last mineral to appear on heating was
an oxide with spinel structure. Faulring
et al. (1960) report a spinel with a, = 8.42 A
which crystallized after cryptomelane was
heated for 17 h at 900°C. The spinel crys-
tallized in most samples of this study at
1050°C, but sample No. 2 displayed broad
reflections at 900°C, indicating small crys-
tallite size. Spinel had a varying chemical
composition and different dimensions for the
unit cell depending on the total composition
of the sample. The a, of sample No. 2 was
8.43 A.

The color of powdered, untreated samples
varied from greyish-black to black, excluding
sample No. 2 which was brownish-black.
Upon heating they first darkened and were
dark black at 500—600°C. Above that tem-
perature they got lighter, becoming greyish-

brown. The lightest sample was No. 1 (pure
hausmannite) and the darkest No. 3 a (bix-
byite dominating), displaying the colors of
hausmannite and bixbyite, respectively. With
the crystallizing of spinel the samples became
darker again. The shade after 2 h at 1050°C
was brownish-black to brown, and in sample

No. 1 dark red-brown.

Recrystallization of ferruginous precipitates
upon heating

According to Rooksby (1972), goethite be-
gins to decompose in air at c. 250°C and is
completely recrystallized as a-Fe,O3 (hema-
tite) when heated 1 h at 300°C in a slow cur-
rent of air. The change from goethite to
hematite is pseudomorphic in character and
the transformation thus takes place without
entire disruption of the original atomic pack-
ing. The crystallite size at 300°C remains so
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small as to give broadened reflections in X-
ray patterns. The broadening is not uni-
form; reflections associated with planes of
atoms suffering least disorganization on
transformation are relatively sharp (e.g. 110,
113, 116, and 300) while the others are con-
siderably broadened. The crystal gize in-
creases rapidly as the ignition temperature
is raised, and at 700°C no measurable
broadening of reflections remains. Crystal
size is then c. 0.5 #m and the color Turkey
red. At higher temperatures, 900°C and
above, the crystal increases several

micrometers and the color becomes darker.

When lepidocrocite is heated, y-Fe,O4
(Rooksby 1972), maghemite (Bernal et al.
1957), is the first mineral to form. Lepi-

size

docrocite decomposes completely when it is
heated 1 h at 300°C; the crystallites formed
are extremely small and X-ray reflections
appreciably broadened. Transformation to
a-structure occurs totally at c. 400°C (Ber-
1957). Transformation of lepi-
docrocite to maghemite is pseudomorphic. The
small crystallite size and consequent broad-

nal. et al.

ening of reflections as well as lack of or-
dering of lattice vacancies hinder the detec-
tion of most of the reflections (Rooksby 1972).

The changes in X-ray patterns of ferrugi-
nous samples as a result of heat treatment
are shown in Figs. 9b and 10b. The first
reflection to appear, at 300°C, was that at
2.51 A (110 of hematite, 313 of maghemite). No
other reflections of maghemite could be de-
tected, but three further faint reflections of
hematite were detected at 300 and 400°C:
2.69 A (104), 2.20 A (113), and 1.69 A (116).
At 700°C the intensity of the reflection of
hematite at 2.51 A was still stronger than
that at 2.69 A, because the 110-plane (2.51 A)
suffers less dis-organization on transforma-
tion from goethite structure than the 104-
plane (2.69 A) does, and the structure of
hematite is still disordered. The samples

heated for 1 h at 900°C showed perfect X-ray
patterns of hematite (Table 10).

At 300°C, the powdered samples turned
from their original yellowish color to reddish-
brown. The shade deepened as the tempera-
ture was raised, so that at 900°C the color
was darker than at 700°C.

Conclusions

When the suitable pH—Eh conditions pre-
vail manganese is precipitated with iron from
groundwater in sorted sediments. On aver-
age, manganese compounds are more soluble
than iron compounds, but precipitates rich in
manganese are found even in areas where
iron predominates in groundwater. In sand
and gravel, manganese is apparently removed
from solution before iron, even through it
needs higher pH—Eh conditions to precipi-
tate. This phenomenon can be attributed to
the greater stability of Fe- than Mn-complex-
es, usually organic, formed in soils (cf. Vasari
et al. 1972). For complex compounds the
oxidation and precipitation of iron is much
slower than that of manganese; most of it
stays in dissolved form when groundwater
reaches aerated sites in esker, and precipi-
tates rich in manganese are formed. In the
case investigated here the Fe/Mn-ratios in
bedrock, groundwater, and manganiferous
precipitate were 100, 25, and 0.1, respectively.

In homogeneous sediments, Mn-rich pre-
cipitates overlie Fe-rich ones. Possibly this
phenomenon could be used as an indicator
of sedimentation conditions and of the upper
sides of sediments (e.g., in overturned strata
in metasediments). Mn-precipitates tend to
dissolve once they become buried, however.

In moist sediments, Mn — and under
stronger reducing conditions, also Fe — may
be partly dissolved and migrate to areas in
sediments where oxidizing conditions prevail,
for example, to stony clusters in sand, which
are aerated especially during dry seasons.
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Upon dissolving, oxidates become purer
through the release of coprecipitated cations,
and iron and manganese, through crystalliza-
tion and partial reduction and oxidation, may
separate from each other during deposition
and the early burial stage.

The precipitates studied were composed
of hydrous iron and manganese oxides, and
the minerals observed were birnessite in
manganiferous, and goethite and lepidocrocite
in ferruginous precipitates. Iron and man-
ganese minerals were not found in the same
precipitate even when large amounts of iron
were found in manganiferous precipitates.
This indicates that in the early stage of crys-
tallization birnessite may incorporate con-
siderable amounts of foreign elements.

The recrystallization and probably even
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the behavior of oxidate cements during dia-
genesis and metamorphosis under oxidizing
conditions can be studied by heating them
in air. Upon ignition, birnessite recrystal-
lizes as spinel and hausmannite if iron-poor

and as spinel and bixbyite if iron-rich. Iron
precipitates recrystallize as hematite.
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