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Results of Mineralogical Analysis of Taconite Aggregate

At your request, mineralogical analyses were performed on the Mesabi Select aggregate taken
from a stockpile (-1 inch size) at Mn/Road comprised of crushed material obtained from the top
25 feet of the 'Lower Cherty' member, or LC-8 bed (LC-6 bed in NRRI study), of the United
Taconite mine near Eveleth. The material was utilized in asphalt (cell 32) and concrete
pavement (cell 54) constructed at Mn/Road's low volume loop.
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Fig. 1: Photo of Lower Cherty Member ledge face (LC-8 bed) showing

alternating beds of thin-bedded carbonate-rich rock and thicker-
bedded silica-rich rock.

Analyses suggest that about 90 to

i | 95% of the aggregate particles, by

volume, in the sample can be
categorized as either silica-rich,
carbonate-rich or a combination of
the two (Fig. 1). The silica-rich
component comprises about 60%
(+/-5%) of all particles and consists
of two varieties of a siliceous rock
type as well as a lesser chert

i~ fraction. The carbonate-rich
i component comprises about 30%
§ (+/-5%) of all particles and consists

primarily of a siderite-rich rock type
but also includes a chert-rich variant

£ and, to a lesser extent, a highly-
= deformed variant. The remaining 5
== to 10% of the sample can be

categorized as magnetite-rich, but is
essentially an iron-rich variant of
rocks comprising the silica-rich and
carbonate-rich classes.

Notes: the percentages above were not obtained from inspection and sampling of a ledge face,
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but were acquired via megascopic examination (lithological summary) of aggregate particles
retrieved from a Mn/Road stockpile composed of —1 inch aggregate. Representative aggregate
particles from each rock type identified during the lithological summary were selected for thin
section production, which allowed for petrologic analysis and lithologic verification (thin
sections from a previous taconite analysis performed for Nancy Whiting (2/3/04) were also used
in this analysis). The sample size used for the lithological summary was roughly 300 pounds
(four 5-gallon buckets) and is believed to be a fair representation of the stockpile (rock type
percentages did not fluctuate appreciably between sample bags/pails). This sample size also
ensured that adequate amounts of each rock type were available for subsequent mortar bar
testing and specific gravity and absorption determination, which assisted with the volume
percentages reported throughout this analysis. It should be noted that the aggregates acquired for
this analysis were extremely dirty. Initial efforts to obtain a fresh, clean face necessary for
lithological identification were unsuccessful. This included simply spraying the particles in a lab
sink to remove the black film of dust often found coating the aggregates. Only high pressure
water from a pressure washer was capable of removing this film. According to Larry Zanko,
geological engineer for the Natural Resources Research Institute, this material is currently not
being washed at the mine.

Some of the minerals encountered during thin section analysis are fairly unique to iron
formations. Their presence has been verified by earlier studies using X-Ray analyses. Some of
these iron-rich minerals, particularly minnesotaite and greenalite, form solid solutions involving
substitution of magnesium and iron. For example, previous X-ray analyses suggest that talc, the
magnesium-rich equivalent of minnesotaite, is present in iron formation rocks. Distinguishing
the two mineral species, petrographically, can be tedious given the plethora of characteristic
needles in thin section. Consequently, the reader should note that references to the presence of
minerals which form solid solutions with other minerals also take into account the possible
presence of end member or intermediate minerals. Additionally, several mineral varieties of iron
oxide are present in the samples, most notably magnetite but also goethite, hematite and
limonite. Given the fine grained nature of the iron oxide minerals, distinctions between the
varying types were often not made in thin section and, unless specified, will be loosely referred
to as 'iron oxide' in the written analysis. Also, though siderite
appears to be the prevailing carbonate mineral in the samples,
| previous X-ray analyses suggest that ankerite and dolomite may
also be present. Nonetheless, all carbonates will be referred to
{ as siderite unless a distinction can be made.

Given the depositional, burial and kinematic history of

4 Minnesota's iron formation rocks, variability in rock type

4 percentages and mineralogies will likely be encountered
throughout the LC-8 ledge. It is also possible that other silica-
4 or carbonate-rich aggregate varieties exist in the ledge but
were not encountered during the analysis. Also, roughly 5% of
the sample by volume consisted of aggregates with very thin,
3, alternating beds composed of distinct mineralogies in various

amounts characteristic of the silica-rich, carbonate-rich and

Fig. 2: Photomicrograph (10.5mm X : : o . D
8mm) of an aggregate consisting of magnetite-rich varieties (Fig. 2). Additionally, several

alternating beds of (starting from top) - examples of gradational mineralogies can be found between

chert, cherty siderite and, magnetite

with coarse siderite. rock types within the silica-rich and carbonate-rich categories.

Silica-Rich
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(Siliceous Rock and Chert-Rich)

Approximately 60% of the total sample, by volume, consists of the silica-rich aggregate types.
Though the silica-rich component in Minnesota's iron formations is typically referred to as
‘cherty' by the mines and in publications, this group's quartz fraction is more adequately
represented, texturally, by the presence of fine grained quartz. In outcrop, silica-rich beds are
typically thicker-bedded than the carbonate-rich beds (Fig. 1).

Siliceous Rock

Approximately 55% of the total sample, by volume, consists of a siliceous rock type where
quartz comprises the bulk of the mineral constituents. Two varieties of the siliceous rock type
were identified and varied based on iron oxide and minnesotaite content.

Type I (ferruginous):

Roughly 46%, by volume, of the total sample are of the Type | variety. Type | aggregates
are composed of a matrix of what appears to be recrystallized (with some secondary) fine-
grained quartz. Chert is also present, typically in smaller quantities throughout the rock
type, but does comprise the matrix in several aggregates displaying a Type I-like texture
(discussed in the Chert section below; see also Fig. 12). Ovate nodules/ooids are visible
and are composed mainly of iron oxides/magnetite and greenalite but also of quartz, siderite,
and minnesotaite. Greenalite is also seen forming fine globules (possibly left over from
replacement processes) which in turn occasionally alter to iron oxides. Iron oxide is often
found as an alteration product in nodules and comprising what appears to be an insoluble
byproduct in styolitic, pressure solution veins. Minnesotaite is commonly present both in the
matrix and as a replacement product in the nodules. Siderite was found interspersed and in
some slides appeared to f es where inferred pressure solution took place.

IR

Though little mineralogical variation is
visible within Type I, distinctions can be

iy made based on quantity of nodules within an
| aggregate. These differences in quantities

& produce textural distinctions in hand sample.
g4 Aggregates that are rich in nodules are

Fig. 2: Photomicrograph (10.5mm X 8mm) of Type |
siliceous aggregate showing high concentration of
nodules.

typically darker in color and have a gritty
surface appearance (Fig. 2). Aggregates with
lower concentrations of nodules tend to have
coarser nodules and higher concentrations of X SR,
quartz which render the particles a lighter color Fig. 3: Photomicrograph (10.5mm X 8mm) of Type |
(Fig 3). Additionally, the coarse nodules found siliceous aggregate showing low concentration but
in this variety are often visible to the naked eye ~'ar9er nodular grain size.

and a freshly fractured face has a more 'shattered-glass' appearance. Siderite was also found
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mainly in aggregates with high quantities of nodules. Collectively, the dark color of the
Type | aggregates is due to the presence of dark minerals such as magnetite and other iron
oxides as well as greenalite found throughout the aggregates. The Type | category is
comprised of roughly equal amounts, by volume, of the fine and coarse- grained varieties.

Type Il (minnesotaite-rich):
Approximately 9%, by volume, of the total sample are of the Type Il variety (Fig. 4). Type
I aggregates share the characteristic quartz matrix found in Type I. However, preexisting
24 o ' #z nodules are now composed almost
exclusively of minnesotaite (Fig. 5).
Occasionally some nodules composed of
iron oxides (and occasionally siderite and
greenalite) can be seen, but overall the
mineral variation seen in Type | is scant to

Fig. 4: Photomicrograph (10.5mm X 8mm) of a
minnesotaite-rich aggregate. Under crossed polars,
minnesotaite-rich areas are tan in color.

nonexistent in Type Il. No distinction was made
in quantity of 'nodules' now composed of
minnesotaite, though one could probably be
made since Type Il varieties appear to be
minnesotaite-rich varieties of Type I. In hand Fig 5: Photomicrograph (0.8mm X 1.1mm) of
sample, the dominance of minnesotaite rendered radiating minnesotaite crystals under crossed polars.
the aggregate a light green color.

Observations:

In both of the above-mentioned siliceous
varieties, evidence of low-grade
metamorphism or burial deformation is
visible. In the quartz matrix, remnants of
recrystallization appear to be present and
may have been accomplished by grain
boundary migration (GBM). In some
slides, vestiges of a preexisting matrix are
present and similar to Type I-like chert
aggregates (discussed in Chert section
s paehss e _ below) consisting of a chert matrix with

Fig.6 : Photomicrograph (2mm X 2.8mm) of Type | interspersed siderite crystals (Fig.6). Some
aggregate. Rhomb-shaped crystals (circled), now 'left-over grains' from recrystallization
ﬁ‘l’(’;]go;:fuggﬂ:ﬁgﬁserfe‘;'z:g:fn't’;the matrix and are appear to be visible in both types but are
probably more prevalent in Type |
aggregates. Though GBM typically occurs at medium to high grade conditions, the
presence of phylosilicate minerals (minnesotaite/talc) and styolitic, pressure solution veins
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(Fig. 7) coupled with the lack of higher grade fabrics suggests a lower grade environment
(GBM can be accomplished during low-grade deformation if high pore water pressures are
present within the rock). Relict fractures are also preserved in both aggregate types.

Pseudomorphism is also visible in the siliceous ..
aggregates and is likely a result of either
metamorphic or burial processes. Most
replacement is performed by fine-grained quartz
but is also accomplished by minnesotaite,
magnetite and chert. Quartz is found replacing
both primary and secondary minerals. Whole
nodules are often replaced by quartz and,
occasionally, a thin iron oxide shell is visible
around nodules detailing the original shape of
the preexisting nodule. Quartz is also present
forming serrated to blocky reaction rims or
moats, around unreplaced nodules (Fig.8).
Compared to the colorless quartz matrix,

. . . Fig. 7: Photomicrograph (10.5mm X 8mm) of a
secondary quartz is tylcaly dlcolrd toa pressure solution vein,

W ke

light yellowish-brown color and occasionally,
dark brown with a physically 'dehydrated'
appearance. Some pseudomorphic quartz
crystals even appear to have acquired a
rotating, 'iron-cross’ extinction pattern upon
replacement of either minnesotaite or
possibly recrystallization from chalcedony
M (Fig. 9). Occasionally quartz is found

g structurally mimicking the coxcomb and

B rhombohedral arrangement of preexisting
siderite. Residual iron oxide from
replacement of siderite and greenalite with

Fig. 8: Photomicrograph (2mm X 2.8mm) of nodule
with light-yellowish brown secondary quartz
reaction rim.

fine-grained quartz as well as recrystallization
from chalcedony may explain some of the
yellowish-brown to brown discoloration often
seen in the slides since iron oxide grains are
sometimes visible within the pseudomorphic
quartz crystals. Nonetheless, replacement 'y
with fine grained quartz appears to have been e
accomplished through the following
sequences: 1) greenalite to quartz, 2) siderite P N l
to quartz, 3) minnesotaite to quartz, 4) S . e
magretit (0 chert?, ) primary magnetitefiron 7. i) Q3L e
oxide to secondary magnetite, 6) incomplete mingesotaite (gircled). Pseudomorpgs re?ain the
replacement of greenalite to quartz, spheroid or  circular extinction pattern.

hexagaonal crystal allowing growth of

minnesotaite around greenalite core (core sometimes alters to iron oxide) which, in turn,
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allows replacement of radiating minnesotaite with quartz.

Though nodule concentrations likely varied within the siliceous beds prior to burial or low-
grade deformation, the variable quartz contents now found in some Type | aggregates may
be partly due to the differing degrees of quartz replacement.

Magnetite is also visible as a secondary mineral in nodules forming euhedral crystals after
greenalite. Fine grained, euhedral magnetite also appears to fill void space or possibly
replace preexisting minerals in siderite-rich beds. An anhedral, fine grained form of
magnetite (primary?) is also visible in the cores of several nodules in Type | aggregates and,
in reflected light, appears to have been preserved from complete replacement by or
alteration to some sort of iron oxide or secondary magnetite.

As mentioned, minnesotaite is found in both siliceous varieties. However, minnesotaite is
found almost exclusively in the Type Il aggregates where it is found in zones previously
occupied by nodules, former pressure solution veins, the shells encompassing nodules, and
in areas where greenalite globules altered to iron oxide. Though minnesotaite appears to
replace some minerals, specifically greenalite, the above data seem to suggest that
minnesotaite growth was favored in zones where alteration products, iron oxides, were
present.

To sum up, Type Il varieties appear, texturally, to be minnesotaite-rich varieties of Type I.
In hand sample and in thin section some aggregates displayed mineralogic characteristics
intermediate between the Type | and Type Il varieties. One thin section was partitioned into

N R < o ; mineralogies representative of both
I and Il (Fig. 10). These types of
assemblages made distinction
between the two varieties difficult
at times. A category
acknowledging this gradational
trend in aggregate species was not
made and aggregates were grouped
based on dominant mineralogy, i.e.,
hand sample color (black or light
green). Overall, it is apparent that
deformation rates or burial
conditions varied within the ledge
owing to the gradation in silica-rich
varieties.

Fig. 10: Photomicrograph (10.5mm X 8mm) of aggregate
displaying characteristics of both Type | and Type Il silica-rich
aggregates.

Chert-Rich
Between 5 and 10% of the total sample, by
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volume, consists of chert-rich aggregate which is typically black to light green and displays a
conchoidal fracture and sharp fractured edges in hand sample. In one thin section, the matrix is
characterized by a cherty texture with indistinguishable quartz 'grains' encompassing radiating
minnesotaite fibers, euhedral crystals of pleochroic siderite and zones of coarse grained
carbonate and fine-grained, secondary quartz (Fig. 11). Some chalcedony can also be found.
Light green chert varieties likely contain higher minnesotaite concentrations whereas black
varieties likely consist of higher quantities of iron oxides.

"1 As mentioned in the Type | description, several

. chert-rich aggregates similar to the coarse-

W grained variety of Type | were identified during
§ litho-picking (Fig.12). In hand sample, the

| particles are very similar texturally to Type |

» but have a more conchoidal fracture, glassy

appearance and sharper edges. In thin section, a

chert matrix is prevalent as are the characteristic

nodules, with several appearing to be partially

- or wholly replaced by chert. Euhedral siderite

£ was commonly found scattered throughout this

aggregate type in  Fig.12 : Photomicrograph (10.5mm X 8mm) of Type
E thin secﬂon 1-like aggregate with chert matrix. Some

reflectlve siderite crystal faces can often be seen in hand sample, ~ replacement of nodules by chertis visible (light-
colored areas). Tan-colored crystals are siderite.
Minnesotaite is also commonly found in this aggregate type.

Some chert-rich aggregates contained an anomolously soft, black material possessing conchoidal
fracture and concentrated in nodular, pea-sized zones. Personnel from the Minnesota Geological
Survey speculated that this component may be composed of an asphaltite mineral termed
anthraxolite. According to texts, anthraxolite is essentially the crystalline remains of preexisting
hydrocarbons and has purportedly been identified in iron formation rocks in Minnesota.
Apparently, asphaltite minerals will typically ignite upon exposure to intense open flame. No
attempt, however was made to ignite this material since the small amount available was needed
for verification via infrared analysis. The analysis, performed by the MN/DOT Chemistry Unit,
did confirm that a small fraction of aeromatic carbon chains are present.

Carbonate-Rich

Siderite-Rich, Cherty Siderite, and Meta-Siderite-Rich
Approximately 30% of the total sample, by volume, consists of the carbonate-rich aggregate
types. In hand sample the aggregates range from black to dark brown to light brown, are mostly
fine grained and, based on the shape of the aggregates, appear to have been derived from thin
beds within the ledge (see Fig. 1). Though composed mostly of carbonate, primarily siderite,
ledges and members of this rock type are commonly referred to as ‘slaty’ by the mines or in
publications. In thin section, the aggregates often display a faint bedding or foliation which
becomes manifested in hand sample by parallel top and bottom bedding planes. Often a black,
fine-grained but robust, film that sometimes appears slickensided is found coating some surfaces
of this aggregate type and possibly delineates the carbonate-rich rocks into thin beds (this film
has also been observed in the siliceous varieties and other rock types within the sample). The
quartz/chert content can also vary considerably within this aggregate type and governs the
hardness.
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Siderite-Rich and Cherty Siderite
Approximately 19% of the total sample, by volume, consists of siderite-rich aggregate. In thin
section, the siderite-rich mineral assemblage is dominated by siderite, stilpnomelane and iron
oxides (Fig. 13). Siderite is mostly found as fine-grained, anhedral aggregates or subhedral
rhombohedrons. In some thin sections, the siderite minerals are coarser grained and display a
faint 'willow leaf' to slender rnombohedral crystal shape. Many siderite crystals contain
e Pleochroic patches which may be due to crystal
% orientation or alteration to iron oxide,
particularly goethite. Siderite is typically found
associated with stilpnomelane crystals and often
encapsulated by a film of iron oxide (possibly
goethite). Stilpnomelane is present as very fine
grained, radiating to sheaf-like aggregates.
Occasionally, it is found as coarse crystals in or
around iron oxide-rich styolitic veins or

Fig. 13: Photomicrograph (10.5mm X 8mm) of siderite-
rich aggregate. Though indistinguishable in thin section,
brown areas are composed of siderite and clear to white
zones are quartz/chert.

replacing/altering to scattered 'pockets’ of a green
mineral- greenalite, but possibly Al-bearing
chamosite. Minor minnesotaite and
greenalite/chamosite, as just mentioned, is also

present in variable quantities. Fine grained quartz is  Fig. 14: Photomicrograph (10.5mm X 8mm) of cherty

. . has a greyish hue in thin section from the high
throughout the aggregate or in bands which concentration of chert.

sometimes accentuate a faint foliation or bedding.

Approximately 9% of the total sample, by volume, consists of cherty siderite aggregate. In hand
sample, the cherty siderite aggregates are texturally identical to the siderite-rich aggregates (Fig.
14). In thin section, however, they are composed of very fine-grained siderite and chert which
varies from equal amounts of siderite and chert to increasingly greater amounts of chert.
Minnesotaite, as opposed to stilpnomelane, is commonly found throughout the aggregates as
very fine-grained needles. Several aggregates were found to be composed of coarser-grained
siderite with a chert matrix which, in hand sample, made them deceptively similar to the fine-
grained version of the Type I, silica-rich aggregates. Also, some aggregates were almost
completely dominated by chert with interspersed iron-oxide 'fish’, which possess a preferred
grain shape orientation. This variant may represent a more deformed equivalent of the cherty
siderites and given its mineralogic composition could be more aptly classified as chert. Because
of the higher quartz/chert content, cherty siderite aggregates are harder than their siderite-rich
counterparts and display a more angular conchoidal fracture in hand sample.
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Observations

As seen in the siliceous rocks, remnants of weak/low grade metamorphism or burial
deformation appear to be present. Pressure solution appears to have taken place resulting in
the formation of scattered iron oxide-rich, styolitic veins which parallel the top and bottom
faces of the aggregate. A dark halo of concentrated iron oxide is sometimes present near
these styolitic veins which grade into lower, less dark iron oxide concentrations where iron
oxide is typically found encompassing just siderite grains. It is possible that a portion of the
iron oxide found in this rock type may have been produced via alteration of siderite during
deformation or burial.

In regards to the 'film' found coating many of the carbonate-rich aggregates, petrographic
analysis was not sufficient in determining its chemical make-up. In thin section, the film
appears as a fine grained, finely-laminated opaque material, most likely composed of
indistinguishable iron oxides, which are often interlayered with bands of siderite,
stilpnomelane and serrated and deformed quartz. It seems plausible, given the presence of
pressure solution visible in several siderite-rich aggregates, that the ‘film' found on many
aggregates are a product of focused deformation along more soluble or weaker zones within
the siderite-rich beds.

Given the presence of iron carbonate in the sample, an insoluble residue was performed on a
100g sample comprised of randomly selected siderite-rich aggregates to obtain an estimate
of percent-soluble. Testing initially revealed that 50% by mass was soluble with several
1/4"-sized aggregates still present at the conclusion of testing. Further crushing of the
remaining insoluble portion and subsequent testing revealed a final total of 70% soluble by
mass. Complete dissolution of all siderite grains during the first phase of testing was
probably not achieved due to the presence of iron oxides and stilpnomelane coating siderite
grains, as seen in thin section. Since no attempt was made to measure the amount of soluble
iron in solution, a reliable measurement of soluble carbonate could not be acquired.
Additionally, the soluble fraction of the test rendered the solution a green color suggesting
that a copper, nickel or chromium component may be present in the aggregates.

Meta-Siderite-Rich

Approximately 2% of the total sample, by volume, consists of a coarse-grained, foliated
aggregate dominated by siderite. In both hand sample and thin section, siderite is noticeably
coarser-grained (from recrystallization) than the previously-mentioned carbonate-rich varieties
and displays a preferred grain shape orientation responsible for the visible foliation (Fig 15.).
Stilpnomelane is scattered throughout in pockets which are bounded by ribbonized siderite. Like
the previously-mentioned siderite-rich aggregates, quartz/chert and greenalite/chamosite are also
visible but coarser grained.

Evidence of deformation is present throughout
the aggregate type. In one slide, lattice
preferred orientation is visible in a thin bed of
fine grained stilpnomelane and is manifested by
uniform parallel extinction. Siderite can also be
§ seen as inclusion patterns growing into

. preexisting pressure solution veins. Pure shear

| sense indicators are also present particularly in

§ the pseudomorphic quartz fraction where
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preexisting nodules, as well as the accompanying quartz grains, now display a flattened shape.

Fig. 15: Photomicrograph (10.5mm X 8mm) of a meta- Mag netite-Rich
siderite-rich aggregate. Tan and multi-colored zones are Approximately 5 to 10% of the total sample, by volume,

composed of coarse-grained siderite. Black-colored
zones are also composed of coarse-grained siderite but

consists of magnetite-rich aggregates. In hand sample, these

appears extinct under crossed-polars). aggregates are noticeably heavier than the other aggregate

types and varlably magnetlc The aggregate type often has a

metallic appearance due to the presence of

magnetite which is visible in thin layers as
consolidated, euhedral crystals or is
disseminated, but concentrated, throughout
the aggregate. In one thin section,

stilpnomelane, greenalite, siderite, calcite,
hematite and other iron oxides are all visible
(Fig 16).

Based on hand sample

examinations it appears that magnetite-
rich aggregates are essentially iron-rich
varieties of the previously mentioned

Fig. 16: Photomicrograph of a portion of magnetite-
rich aggregate. Black zones are magnetite. Tan-
colored zones are composed of siderite.

silica-rich and carbonate-rich rock types The
silica-rich aggregates appear to comprise the bulk
of the magnetite-rich varieties with lesser amounts
distributed proportionally amongst the other varieties.

Many of the silica-rich rocks contain one or more small bands of a dusky, fine grained material
found at the tops, bottoms or within the aggregates. The bands are strikingly similar to those
found in magnetite-rich aggregates which contain metallic, magnetic magnetite bands and are
also silica-rich. It is possible that these silica-rich aggregates with nonmagnetic bands contain an
altered, but still iron-rich, form of the previously magnetic bands.

cc: Doug Schwartz, Glenn Engstrom,
Charles Howe
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