Deposition and Metamorphism of Precambrian
Banded Iron Ores in Manchuria

Takao SAkamoTo

I. General Properties of the “Banded Iron Ores”

A. CLASSIFICATION
The “banded iron ores” in Manchuria and other regions can be classified as
follows:

Table 1. Classification of “Banded Iron Ores.”

[ Hematite-magnetite-quartz-schist . ...................... (1)
Hematite-magnetite-quartz-schist or Magnetite-
quartz-schist with Siderite, Chlorite, Gruenerite,

( Poor ores
w ; Cummingtonite, Hornblende, Pyroxene, Garnet
Banded | | OECTHWRE 1+ s wewsassnssnss s snsmssss asnssssssasnns @)
from ores ’ ( Sedimentary Hematite-magnetite-quartz-schist ........ (3)
L Rich ores < Hydrotherm Magnetite-or Martite rock with
‘ Chlorite and Dolomite ................. (4)
| Weathering Limonite, Hematite, Martite ............ (5)

The major part of the “banded iron ores” in Manchuria consists of a hematite-
magnetite-quartz schist (1) or a poor ore with alternating bands of iron oxides and
silica which corresponds to jaspilites in Lake Superior and Krivoy Rog, only
recrystallized and with coarser grains. The rest of them consist of a finer banded
poor ore with alternating bands of three components, i.e., iron oxides, silica and
iron silicates (often iron carbonates). This second group occurs in thicker lamina
of beds only in locally restricted areas, e.g., in Yuen-chien-shan and Ta-ku-shan
areas at An-shan. Those poor ores which contain amphiboles, pyroxenes or olivines
represent more highly metamorphosed members of group (2), and occur at Miao-
erh-kou, Wai-tou-shan and to the south of Fu-shun, being accompanied with either
mica schist or migmatite gneisses. Poor ores of this type are also found in the
northern part of Krivoy Rog and in the Vermillion Range to the east of Mesabi,
in the United States.

The rich ores of group (3) are found in the local area in Krivoy Rog and An-
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shan, but their mode of formation has not yet been determined. The big deposit
in Brazil is thought to be in this class. The ores in group (4) are found in Krivoy
Rog and Miao-erh-kou. The ores in group (5) forms exceedingly large deposits in
the India, Krivoy Rog and Lake Superior districts. From the economic standpoint,
the value of the “banded iron ores” throughout the world, rests in the class of rich
ores of group (5).

B. STRATIGRAPHY

The iron formations are found in the Precambrian Group of each continent, but
do not cover all the Precambrian terrane. Their thickness is usually 100-200
meters, the maximum being 450 meters in the Lake Superior region. They are
found at three horizons in the Keewatin and Huronian Systems. Although their
age is considered Archaean in Fennoscandia and India, they are usually found
among intermediate members between the most highly and least metamorphosed
members of the Precambrian: e.g., among the Wu-t’ai System (Liao-ho Syst.) in
N. China and Manchuria, the Saksagan System in Ukraina, the Jaturian and
Kalevian in Fennoscandia and the Huronian in N. America.

There are iron ore beds in formations of later age, e.g., Wabana, Clinton and
Oriskany in N. America, Minette in Europe, Oolitic in England, etc. But these
are of an entirely different type, lacking in silica bands, and are much thinner
when compared with those of the Precambrian Group. The “banded iron ores”
are characteristic to the Precambrian Group, never in any later geological ages
are formed similar iron ore beds.

Among highly metamorphosed deposits stratigraphical horizons could be de-
cided only with difficulties owing to their lithological and structural features; while
among little metamorphosed deposits they are extremely clear.

All over the world, the banded iron formations are formed in the Proterozoic
Group when their stratigraphical position is known. Besides, it is a striking feature
that they are always accompanied by a clayslate formation among the major
Proterozoic cycle of quartzite, slate and calcareous rocks.

Table 2. Width of Bands and Diameter of Mineral Grains.

Ores Width of “bands” Diameter of mineral grains
(mm) (mm)
[ finely banded .... 0.5-2 Iron-
2-component poor ores coarsely banded ..2-10 minerals ..0.005-0.3
silica bands ...... 0.2-3 Quartz ....... 0.05-0.5
3-component poor ores Fe oxide bands.... 0.2-2

chlorite bands ....3-5.5

C. Tue BANDED STRUCTURE AND THE GRAIN SizE OF COMPONENT MINERALS
The above diameters of mineral grains show those of ordinary hematite-
magnetite-quartz schist or cummingtonite-magnetite schist in An-shan; while in
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jaspilites, grains are much smaller, but in higher metamorphosed ores, they be-
come a little coarser.

It is a remarkable feature that such fine bands should be piled up in beds, show-
ing regular cycles, and attain thickness of tens or even hundreds of meters without
any interrupting beds of other clastic sediments.

Example of bands and regular cycles of three component poor ores are shown in

Fig. 1.
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Fig. 1. Cyclic Banding in the Banded Iron Ore from Pai-chia-pu-tze, An-shan.

II. Process of Sedimentation and Development of Banding

A. EARLIER VIEws oN THE ORIGIN

There seems to be a consensus on sedimentary origin of poor ores while the
silicification of tuffs, as recently postulated by Dunn, is quite a unique opinion.
One point which deeply concerns me, is the interrelation between two-component
and three-component poor ores. In all earlier views, two-component ores are
believed to be products of secondary oxidation of three-component ores. This is
due to the fact that many students followed the views postulated by Van Hise and
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Lerra. These authors believed that the original rock with greenalite and siderite,
after oxidation, gave rise to ferruginous chert with hematite, limonite and quartz.

On the deposits in Singhbhum, India, Dunn states that “the study of the chloritic
phyllites indicates that they are extremely high iniron, in the form of magnetite as
well as chlorite. Frequently as these chlorite phyllites are traced laterally along the
strike, both chlorite and magnetite are seen to give place to hematite, eventually
merging into a hematite phyllite, hematite schist and even iron ore. Again and
again this association of hematite phyllite to chlorite phyllite is demonstrated,
forcing the conclusion that the large areas of hematite shales and hematite phyllites
are merely another form of the chloritic phyllites completely oxidized.”

Svitalsky, on the Krivoy Rog deposit, made following statement; “the ore beds
were precipitated from colloidal solutions by electrolytes, and that the primary
precipitates of ferric iron were changed into ferrous iron, and by a diagenetic
reaction between this ferrous iron and silica and other elements, ferrous silicates
and carbonates were formed. Later these primary iron silicate and carbonate sedi-
ments were oxidized by hot solutions emanating from intrusive granite magma
resulting in the formation of first, a jaspilite and ferruginous chert from a siderite
chert, and also ferruginous chert from chloritic hornstone. This hydrothermal
action in certain localities, dissolved silica and deposited magnetite in its place.
Thus the transformation of iron silicates into jaspilite and ferruginous chert by the
oxidation and the formation of rich ores were accomplished simultaneously by the
hydrothermal action.”

On basis of my recent studies on the ore beds at An-shan I now assume that the
interrelation between the two-component ore beds and the three-component ore
beds can be accounted for by a sedimentary mechanism under a special environ-
ment, and that such an environment was characteristic only in the Precambrian;
thus the elucidation of this problem of sedimentation gives a clue to the solution of
important problems in the historical geology. In the following sections I will state
my ideas about the mechanism of sedimentation of the iron formation and, further,
about the environment of sedimentation of the whole Precambrian Group.

B. Tue ENVIRONMENT OF DEPOSITION

Iron migrates in acid environments and is precipitated in neutral and alkaline
environments. Silica, on the contrary, migrates in alkaline and is precipitated in
acid environments. This fact, as the phenomena in the weathering crust, has been
quantitatively established by the experiments on the “isoelectric points” by Sante
MATTSON.

In my former studies upon the weathering and sedimentation of bauxites and
“bando-Ketugan” (aluminous shale), I found that the distribution of soil colloids
are in close connection with the acidity of the environment and that the result of
MATTSON’s experiments upon the isoelectric points are in good harmony with the
distribution of soil colloids in natural soil profile. I, then, found out that the system-
atic distribution of soil colloids in a generallized soil profile of humid soils through-
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out cold, temperate and tropical zones, could be demonstrated with the “equal
silica-alumina molecular ratio lines” inclining towards the south, in the northern
hemisphere, to which I proposed a new term “Isosials™ (see Fig. 2).
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Fig. 2. Diagram Showing “Isosials” or Equal SiO,: Al,O, Molecular Ratio
Lines in Natural Soil Zones and Profiles.

In short, according to the acidity of the environments, the most stable compo-
nents among the soil colloids remain in situ, while unstable components are
dissolved out of the system. Taking into account the above-stated facts, it is known
that the iron in the acid environment above the water table and the silica in the
alkaline environment below the water table are unstable and migrate until they
reach an opposite environment and are redeposited. Especially in the profile above
the water table in regions of higher latitudes, the environment is highly acidic and
the iron (also part of the alunina) is dissolved out, while in the profile below the
water table in tropics, the environment being highly alkaline, the silica is dissolved
out.

Taking these facts into consideration in the inference of the Precambrian envi-
ronmental conditions of weathering, it seems to me that a gleam of light is thrown
upon the question of accumulation of unusually large amount of iron and silica.
The lack of coarse debris, the homogeneous and normal cycles as in Lake Superior,
all point to a mature weathering, as is already pointed out by Lerrd. Also it is
generally accepted that the Precambrian atmosphere was very rich in CO, gas.
Under such physiographical conditions, chemical weathering predominates, and
especially when the atmosphere contains much COs, the surface water in contact
with the atmosphere can retain much bicabonates in a solution whose vapor
pressure is in equilibrium with the large pressure of the CO; in the atmosphere.
In other words, rocks are rapidly decomposed and hence, give rise to a condition
of a deep going weathering. If'so, it is inferred that the soil solution above the water
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table was acidic with free CO, while that below the water table was alkaline with
alkali bicarbonates.

Suppose that the annual rainfall was great and divided into periodically dry and
wet seasons, or that the same meteorological conditions as the present “monsoon”
climate existed; then in dry seasons, the shallow grounds above the water table
become neutral or alkaline, while in wet seasons the phreatic zone near the water
table become again neutral or acid. Consequently, in wet seasons iron migrates in
acidic surface water, while in dry seasons, silicon migrates in alkaline ground water.
The majority of iron and silica, though partly consumed in the formation of fer-
ruginous “‘Ortstein’ or silicification of the country rocks, goes into solution and
are transported into basins and depressions to get precipitated there as “Fern-
faellung.”

Suppose, further, that these basins and depressions were wide but shallow, and
between the open sea there were only low barriers which separate these basins or
lakes from the sea. When, in wet seasons, there is much influx of the surface water,
the lake water easily overflows into the sea; while in dry seasons, the influx stops
and the lake becomes an inland lake of an arid rigion. The lake water becomes acid
in wet seasons, and by convection, the cool, surface water with free oxygen cir-
culates down to the bottom, so all of the whole lake water becomes acid and
oxidizing. In dry seasons, on the contrary, the influx of a fresh supply of oxygen-
bearing and oxidizing water stops, and owing to the seepage of alkaline under-
ground water, the lake water gets neutralized, and owing to the subsequent
evaporation the lake becomes at last an inland lake in the arid region, in which the
lake water stays stagnant, oxygen is lost and as the level of the lake water goes
down, its reaction becomes alkaline. In the next wet cycle, a fresh influx begins
and the level of the lake water rises, the reaction becomes neutral and finally, when
it begins to overflow, it becomes acid again.

Similar phenomena can be observed, at present, in rivers and lakes in the semi-
arid region in N. W. Manchuria. In the river Sungari, the pH falls in the flood
seasons in summer, it rises in low water in winter. Many small lakes around Hailar
are all weakly to strongly alkaline and none is acid.

C. DEVELOPMENT OF BANDING

In the lakes where the reaction of water repeats regular cycles of acid-neutral-
alkaline-neutral-acid, the condition under which silica and iron are precipitated
is inferred as follows:

The iron, either in the form of colloids or true solution, is supplied to the lake
in wet seasons. Ferrous iron is oxidized into ferric iron due to an aeration. Then,
in arid seasons, when the influx of the surface water stops and the pH of the lake
water gradually rises to neutral, ferric hydroxide gets precipitated very rapidly,
because its isoelectric point is pH: 7. A little iron still remains in the solution. Due
to the seepage of underground water and evaporation, the reaction becomes
alkaline, when silica is supplied to the basin as colloidal solution, gradually in-
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creasing its concentration as the evaporation goes on. Under an increased alkaline
condition, colloidal silica and iron hydroxide combine to form iron silicates
(greenalite, chamosite, etc.,), and the rise of the temperature accelerates precipita-
tion of carbonates of iron and other elements. Again, upon the return of a wet
season and the influx of fresh surface water, the reaction returns through neutral
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back to acid again. In this stage, silica is totally precipitated, the lake water is
acid and contains free oxygen and receives a new supply of iron in solution thus the
second cycle gets started and repeated.

The above-stated sequence is diagrammatically shown in the cross section of a
lake basin in Fig. 3 and Table 3.

Table 3. The Reaction (pH) of Lake Water and Sediments.

Stage and Reaction Sediments (Bands) Area of deposition

A-N (Acd 1) Ferruginous chert Entire lake bottom

N-B (Alkaline 1) Siderite chert Small area around the center
of lake

B’-N’ (Alkaline 2) Chlorite chert Small area around the center
of lake

N’-A’ (Acid 2) Pure chert Entire lake bottom

In the case of a complete cycle, as is seen in the above figure, or a cycle with the
succeeding stages of acid-neutral-alkaline-neutral-acid, the sediments shall be,
from the bottom upward, a ferruginous chert, siderite and chlorite chert, and pure
chert, thus giving rise to a distinct banding. In the deeper portion near the lake
center, a three-component poor ore is deposited, while in the shallow, marginal
portion, a two-component poor ore.

While, in the case of an incomplete cycle, or a cycle with the succeeding stages
only of acid-neutral-acid (or a cycle which may be called an acid semi-cycle),
only a two-component poor ore is deposited all over the lake bottom; in the other
case of an incomplete cycle of neutral-alkaline-neutral (or a cycle which may be
called an alkaline semi-cycle), only three-component poor ore is deposited within
a restricted area around the lake center.

The banded structure described in the foregoing chapter, especially the one in
the example taken by me from Pai-chia-pu-tzu, An-shan, show a remarkable
coincidence with the banding in the acid-alkaline complete cycle in the above
figure. And the cycles in the banding of the ore from Yuen-chien-shan taken by
Asano, shows, beside acid-alkaline complete cycles, alkaline semi-cycles.

That, each of the two- and three-component poor ores, according to field
observations, has locally separate areas of distribution, has been stated in a fore-
going chapter. This peculiarity is very easily explained by the scheme of deposition
stated above.

The view that the two-component poor ore is secondarily derived from the
three-component poor ore by an oxidation seems to have been entertained almost
universally. Yet, the fact observed in those ores in which finely banded structures
are extremely well preserved like those in An-shan, clearly shows that it is more
reasonable to assign this to the primary sedimentational structure and distribution.

The two-component poor ore may, at a glance, seem an entirely different type
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of ore from the three-component poor ore, yet, upon closer observation, the latter
ore is known to be the same as the two-component ore only added with a band of
silicates or carbonates of iron in cherts. This is naturally expected from the above-
stated condition of sedimentation, that is, an acid semi-cycle is included in an
acid-alkaline complete cycle; in fact, the two-component ore, in the lake margin,
of the complete cycle, is traced laterally into the lake center, into the constituent
bands of the three-component poor ore. Consequently, it is quite impossible that
such two-component ore should be derived from a three-component ore by a later
oxidation. If oxidation is a necessary procedure, it must have operated exactly at
the same time with the deposition of those thin bands, and that, with a regular
intermittent recurrence. Such syngenetic oxidation, if present, is only one of the
sedimentary conditions under a well aerated, hence oxidizing, lake water. Thus,
this coincides with my ““acid 1°* or ““acid 2" stages of the sedimentation.

III. Progressive Metamorphism of “Banded Iron Ores”

A. METramorpHISM OF Poor ORrEs

In the preceding section, the stratigraphy of the iron-bearing formation, the
banded structure of the iron ores, the mechanism of their sedimentation were con-
sidered in the deposits of Lake Superior, Krivoy Rog and An-shan. In these
deposits, the “banded iron ores” consist of following mineral components:

Table 4. Poor ores and their mineral components.

Classification Ores Component minerals
Ferruginous chert, Chalcedonic quartz, Red
Two-component Jaspilite and purple hematite
poor ore Hematite-magnetite- Quartz, Black hematite,
quartz schist Magnetite
Siderite-chlorite- Chalcedonic quartz,
hematite chert, and Siderite, Chamosite,
Three-component Siderite chert Greenalite
poor ore Thiiringnite-magnetite- Quartz, Thiiringite,
Gruenerite- Gruenerite,
cummingtonite- Cummingtonite,
magnetite schist Magnetite

The poor ores in Lake Superior and Krivoy Rog consist largely of compact
jaspilite, ferruginous chert or siderite-chlorite chert, while those in An-shan
crystalline hematite-magnetite-quartz schist and thuringite-gruenerite (or cum-
mingtonite)-magnetite-quartz schist. In the eastern part of the Lake Superior
(Masabi) deposits and in the northern part of the Krivoy Rog deposits are met
with crystalline thuringite-cummingtonite-magnetite schist, gruenerite-magnetite
schist and further eulysitic ores with pyroxenes and olivines.






