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The rheology of banded iron

formation: constraints from
axial compression experiments

A reologia de formagdo ferrifera bandada: estudo
a partir de experimentos de compressdo axial
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cristiane@degeo.ufop.br Amostras de formagdes ferriferas bandadas (BIF), compostas por diferentes
propor¢des de quartzo e hematita foram deformadas, em experimentos de compressdo
Greg Hirth axial, usando-se a prensa triaxial de Griggs, sob T = 900°C, P =1.5 GPa e taxas
Department of Geological Sciences, de deformagio de 10~ e 10 s*'. O principal objetivo € investigar qual fase mineral
Brown University, USA. controla a reologia de rochas polimineralicas e determinar os processos que controlam
greg_hirth@brown.edu a resisténcia observada para tais rochas. Amostras de BIF, da regido do Quadrilitero
Ferrifero, foram cortadas perpendicularmente a foliacdo, que é definida por bandas
Leonardo Lagoeiro paralelas de quartzo e 6xidos de ferro. A resisténcia das amostras diminui com o
DEGEO-EM-UFOP. aumento da porcentagem de hematita e com a diminuicio da taxa de deformagio.
lagoeiro@degeo.ufop.br Sob taxa de deformagio de 10~ s, amostras com bandamento composicional bem

desenvolvido mostraram a mais alta resisténcia. Sob taxa de deformacao mais lenta,
106 s, significativa diferenca entre amostras com ou sem bandamento composicional
nao € observada. Como comparagio, a 10-°s™', a amostra com a mais alta porcentagem
de quartzo € tdo fraca quanto a amostra com a mais alta porcentagem de hematita a
107 s, A deformacio € localizada nas bandas ricas em hematita e uma observacdo
intrigante é que os grdos de quartzo, nessas bandas, mostram maior evidéncia de
deformacio cristal-plastica que os graos presentes em bandas quartzosas.
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Abstract

Samples of Banded Iron Formation (BIF) with different quartz and hematite
contents were deformed in axial compression experiments in a Griggs-type apparatus,
at T=900°C, P =1.5 GPa and strain rates of 10~ and 10°° s'. The aim is to investigate
the mineral phase that controls the rheology of multi-phase rocks and to determine
the processes that control the observed rock strength. BIF samples from Quadrildtero
Ferrifero region-Brazil were cored perpendicular to the foliation, which is defined by
parallel bands of quartz and iron oxide. Sample strength decreases with increasing
hematite content and decreasing strain rate. At a strain rate of 107 s, samples with
well-developed compositional banding showed higher strength. At the slower strain
rate of 10°° s no difference between samples with or without compositional banding
is observed. For comparison, at 10°° s, the highest quartz content sample is as weak
as the highest hematite content sample at 107 s, Strain is localized in hematite-rich
layers. One intriguing observation is that quartz grains within the more deformed
hematite-rich bands show more evidence for crystal-plastic deformation than grains
in quartz-rich bands.
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1. Introduction

One of the biggest challenges in
studying the dynamics of the Earth is to
understand how rocks deform. As dis-
cussed by Biirgmann & Dresen (2008),
knowledge about the kinematics of litho-
spheric plates is insufficient to understand
phenomena such as the mechanical inter-
action between the lithosphere and as-
thenospheric mantle or why deformation
localizes at the boundaries of lithospheric
plates. Numerous studies have been con-
ducted to analyze macro and microstruc-
tures, textural patterns and field stresses
related to them, mechanisms of ductile
flow in mineral aggregates and mechani-
cal properties relating strain and applied
stress through constitutive equations (e.g.
Gleason & Tullis, 1993, Gleason & Tullis,
1995, Hirth & Kohlstedt, 1995a,b, Karato
et al., 1986, Post & Tullis, 1999, Mei &
Kohlstedt, 2000 a,b, Stunitz & Tullis,
2001, Stunitz et al. 2003, Hirth et al.,
2001, Hansen et al., 2011). Based on natu-
ral and mainly experimental observations,
rheological properties of quartz, quartzo-

2. Starting material

Samples of BIF were collected in
the northeast region of Quadrildtero
Ferrifero area and are comprised of
quartz and specular hematite, distrib-
uted in layers with different proportions
of these phases. Two types of samples
were deformed: (i) samples with well-
developed compositional banding,
showing nominally pure quartz bands
(quartz content: ~ 90% of its bulk com-

3. Experimental procedure

Samples were deformed using a
Griggs-type apparatus (Tullis & Tullis,
1986), at 900°C and a confining pressure
of 1.5 £ 0.1 GPa, at constant displacement
rates of 1.83 x 10*mm/s and 1.83 x 10
mm/s, corresponding to constant strain
rates of 1.5 x 10%/sand 1.5 x 10-%/s, respec-
tively (Table 1). Samples were first cored
perpendicular to compositional banding/
foliation, then cut and polished in order to
produce flat and parallel end surfaces to
produce cylindrical samples 12.7mm long
and 6 mm in diameter (Figure 1C). Axial
compression experiments, with o, >0, =
o,, were performed to an axial strain of ~
40%. The axial stress (0,) is transmitted to
the sample inside of a furnace by opposing
pistons positioned at its ends, which are
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feldspathic and olivine rich aggregates
have been determined and models about
the strength of the lithosphere have been
established (e.g. Goetze & Evans, 1979,
Brace & Kohlstedt, 1980, Brudy et al.,
1997, Jackson, 2002, Hirth & Kohlstedst,
2003, Rutter & Brodie, 2004a,b, Burov
& Watts, 2006). Nevertheless, most of
these studies make use of monophasic
aggregates and the rheology of polyphase
aggregates is poorly understood, although
in nature mineral aggregates are generally
composed of phases with highly contrast-
ing strength, commonly quartz, phyllosili-
cates and felsdspars, or similarly quartz
and iron oxides.

High temperature creep experi-
ments on quartz rich aggregates have
been conducted since the 1960’s, and the
strength of nominally pure quartz ag-
gregates is well characterized: as natural
or synthetic aggregates; in the presence
of water or under dry condition; under
different levels of oxygen and water fu-
gacity; varying temperature, confining

position) with lenticular morphology
bounded by domains with fine micro-
layering of quartz and hematite (Figure
1A) (samples W1533 and W1556); (ii)
samples with high quartz content (~ 75%
of bulk composition) but in which the
quartz is more dispersed among specu-
lar hematite crystals oriented parallel
to the compositional banding (Figure
1B) (samples W1530 and W1565). The

compressed by a load piston driven by a
motor at constant rate (Figure 1C). The
confining pressure (0,) is applied to the
sides of the sample through a very weak
solid (NaCl, in this case, Figure 1C), which
is applied by compression of the confining
pressure piston using hydraulic ram con-
nected to a hand pump.

Displacement of both the loading
and confining pressure pistons is measured
by a direct current differential trans-
former, DCDT. Force is measured on an
external load cell for the load piston, and
with a pressure transducer that measures
the hydraulic oil pressure for the confining
pressure piston.

The sample strain is determined us-
ing the load piston displacement by divid-
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pressure and strain rates (e.g. Tullis et al.,
1973, Twiss, 1977, Kronenberg & Tul-
lis, 1984, Mainprice & Paterson, 1984,
Dell’Angelo & Tullis, 1989, Hirth &
Tullis, 1992, Post & Tullis, 1998, Rutter
& Brodie, 2004a,b, Stipp et al., 2006,
Chernak et al., 2009). The rheology of
iron oxides has not been deeply studied,
but studies on pure hematite aggregates
indicate they are much weaker than
quartz aggregates (Siemes et al., 2003,
Siemes et al., 2008, Siemes et al., 2010).
The rheology of rocks made up of quartz
and iron oxides has not been studied yet,
although their microfabric and defor-
mation history are intimately related to
the deformation history of ore deposits,
such as in the Quadrildtero Ferrifero
region, Minas Gerais - Brazil (e.g. Ros-
iere et al., 2001 and 2008). From these
perspectives, Banded Iron Formation
(BIF) samples, comprised of quartz and
hematite grains, were chosen to conduct
a set of axial compression experiments
under high temperature and pressure.

main difference between the two types
of samples is the size of quartz grains:
the first sample shows an average size
between 170 and 200pm within the
quartz bands; the quartz grains in the
second sample are less than ~ 50pm.
The foliation in both samples is defined
by hematite platelets with a strong shape
preferred orientation, parallel to the
compositional banding.

ing the sample displacement by the initial
sample length. Elastic distortion of the
load system must be subtracted from the
load piston displacement. The tempera-
ture is controlled by the electrical power
to the furnace and is measured using a
thermocouple placed next to the sample
(Figure 1C). The furnace is a graphite tube,
surrounded by tubes of pyrophyllite that
serve as insulators (Figure 1C).
Experimental conditions were
chosen so that dislocation creep re-
gimes for quartz grains were attained
(Hirth & Tullis, 1992). The procedure
was the same as used by Kronenberg &
Tullis (1984) and Post & Tullis (1998):
temperature and pressure were raised
stepwise, increasing temperature and



Figure 1

Samples of banded iron formation:

(A) well developed compositional bands,
showing pure quartz bands limited by
“wavy” foliation and also domains with
fine micro-layering.

(B) weak banding, but pervasive
foliation defined by well-oriented
specular hematite grains (black).

(C) Schematic drawing showing the
sample assembly used for cylindrical
samples, 12.7 mm long.

Table 1

Experimental details. Values are for:

T, temperature; P, confining pressure;
original sample length; strain rate;
total axial strain; time at temperature
and confining pressure. lron oxides
are not differentiated because

do not imply rheological

differences (Siemes et al., 2003).

pressure at rates of 30°C/min and 25
MPa respectively each 5 minutes. Ini-
tially we increase temperature to 100°C
at 250 MPa, to 200°C at 400 MPa, to
300°C at 600 MPa; then pressure was
raised at a rate of 100 MPa each 15 min-

4. Results
Mechanical Data

The sample with better defined
compositional banding (strong anisot-
ropy) and higher quartz content has the
highest peak of stress at 10~ s, 325 MPa,
achieved at axial strain (g) of 15%; this
sample then strain weakens to a steady
state flow stress of ~ 270 MPa (¢ = 35%,
Figure 2A - W1533). The more homog-
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Ceonfining ring

Pb piece

NacCl insert

Upper Cu piece
ZrO, top piston (TP)
Inner NaCl piece
Outer NaCl pieces

Pressure vessel

ZrO, bottom piston (BP)

| lLower Cu disc
Crushable alumina insert

2.54cm

Thermocouple (Pt/Pt-Rh,

Type S) mullite sheath

/ Inner and outer soft fired pyrophyllite Liners,
surrounding a graphite tube. (FURNACE)

Unfired pyrophyllite base piece

Base plate Base plate
Experiment T P_ | Sample length | Strain rate €. |t (h)atP |lron oxide
P (°C) | (GPa) (mm) (s™) (%) | and T (%)
W1530 900 1.5 12.08 1.5x10° 39 9.37 ~20
W1533 900 1.5 12.95 1.5x10° 42 10.00 ~10
W1556 900 1.5 12.36 1.5x10° 39 83.07 ~10
1.5x 107,
W1565 900 1.5 12.65 then 1.5x 107, 43 64.70 ~20
then 1.5 x10°¢
W1549 | 900 | 1.5 12.02 Hydrostatic | 1 44 09
experiment
w1551 | 900 | 1.5 12.10 Hydrostatic | 1 5 09
experiment

" Samples were held at 300°C and 1.3 GPa prior deformation:
W1530/W1533/W1549/W1551 for 15h; W1556/W1565 for 4h.

utes, until 1.3 GPa. From this point we
increased the temperature up to 900°C
by increments of 100°C. At the end of
each experiment, samples were quenched
under load to 300°C, at a rate of ~ 2°C/s,
to preserve microstructures. Confining

enous sample with ~25 % of iron oxide
is significantly weaker, showing a peak
stress of ~ 230 MPa (W15635) at 10° s,
At a strain rate of 10 s, there is little
difference between the strength of the two
types of samples (Figure 2A). At 10 s,
the well-banded sample, with ~ 90 % of
quartz shows a peak stress of ~ 95 MPa
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pressure and load were released slowly
to minimize unloading cracks. Samples
were recovered from the assembly and
cut longitudinally; one half was then
impregnated with epoxy and used to
prepare doubly polished thin sections.

(e = 10%), followed by strain weakening
to ~ 65 MPa (W1556). In contrast, little
or no strain weakening is observed in the
more homogenous sample with lower
quartz content (Figure 2A). The differ-
ence in strength between the two types of
studied BIF is much lower at slower strain
rate. At 107 s the strength difference is



between ~ 100 MPa (comparing W1533
and W1565) to ~ 200 MPa (comparing
W1533 and W1530), while at 10 s it
is not more than 20 MPa. As 20 MPa is
close to the apparatus resolution (Holyoke
and Kronenberg 2010), one can argue that
there is no resolvable strength difference
at 10¢ ¢! (Figure 2A — W1530, W1556
and W1565 —red line). The effect of strain
rate on strength is well characterized by
the strain rate stepping experiment on the
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type 2 sample (W1565); this experiment
shows a flow stress of ~ 110 MPa, at 10-¢
s, a stress of 215 MPa when strain rate
is increased to 107 s (¢ = 15%), and a
stress of ~ 65 MPa when the strain rate is
decreased back to 10 s (e = 35%).

The strength of quartz and hematite
aggregates at our deformation condi-
tions are also shown in Figure 2; data for
quartzite from Chernak et al. (2009) are
shown in Figure 2A (dashed black line);

Hemartite aggregates experimentally deformed at:
T=900°C and P =400MPa (I);
T=950°C, P_=370MPa and 10 /% (Il)

500 —
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All samples show the development of
a reaction rim resulting from the reduction
of hematite to magnetite. The width of
the rim increases for longer experiments
(Figure 3A). In hydrostatically annealed
samples (hydrostatic experiments, Table
1), magnetite is only observed in the re-
action rim. In contrast, some randomly
distributed magnetite grains are found in
the center of deformed samples.

Samples with well-developed com-
positional banding show distinctive
microstructures. At 10 s, quartz richer
layers do not show recrystallized grains
and only modest evidence for crystal-
plastic deformation (such as undulatory
extinction and deformation lamellae)

5. Discussion

One of the biggest challenges in
understanding the rheology of multi-
phase rocks is to understand the phase
strength contrast (PSC). The magnitude
of the PSC, together with the topology
of the weak phase controls the degree
of strain localization and weakening of
multi-phase rocks (Handy, 1990, Stiinitz
& FitzGerald, 1993, Stiinitz & Tullis,
2001, de Ronde et al., 2004 and 2005,

35

4 6 8 10
Strain (%)

(Figure 3B). In contrast, within the
hematite-rich bands, quartz grains sur-
rounded by hematite flakes are flattened
and show better defined deformation
lamellae (Figure 3C). Magnetite grains,
when present, form trails parallel to the
compositional banding (Figure 3D). At
slower strain rate quartz grains also
show minor subgrain formation and
sutured grain boundaries, surrounded by
few very fine recrystallized grains (Figure
3E), mainly present at the contact with
iron oxide rich layers.

Deformation in the texturally
homogenous samples, with higher iron
oxide content is correspondingly more
homogenous. Iron oxide grains form

Holyoke & Tullis, 2006). As rock strength
has to be analyzed at constant mineral
strength ratio (Handy, 1990), any reac-
tion, during deformation generating new
mineral phases may imply drastic changes
in deformation processes. Consequently,
one can argue that owing to the reducing
reaction in our experiments, the PSC in
BIF samples varies during deformation.
The production of magnetite was identi-
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data for hematite from Siemes et al. (2003)
are shown in Figure 2B. The quartz ag-
gregate deformed at the same condition
(900°C and 1.5 GPa) is stronger, showing
a peak stress of 485 MPa and weakening
to ~ 325 MPa (¢ = ~ 45%). In contrast,
pure hematite aggregates deformed at the
same temperature but lower confining
pressure shows a strength of ~ 260 MPa at
10 s, and ~ 110 MPa at 10-¢ s, similar
to our samples.

Figure 2

Differential stress versus axial strain plots.
A) Strength of studied BIF samples:
dashed lines for experiments at 10° s™
and solid lines for experiments at 10 s™
(black dashed line from Chernak et al.,
20009, blue curves for Type 1 and red
curves for Type 2).

B) Strength of hematite aggregates
presented by Siemes et al. (2003).

interconnected layers around quartz
grains, which are, to some extent, pre-
served. Recrystallized grains are not
observed, flattened grains are scarce,
and the most common deformational
features are undulatory extinction and
deformation lamellae. Iron oxides do
not show evidence of recrystallization
or other features of intracrystalline
deformation. TEM studies and/or
the determination of crystallographic
preferred orientation as well as disori-
entation patterns of iron oxide grains
would be the best way to address how
the deformation was accommodated by
these phases, which is beyond the scope
of this article.

fied in all samples. Different thicknesses
of reaction rims around samples from
hydrostatic experiments (Table 1, Figure
3A) characterize the reduction reaction’s
dependency on time. Indeed the presence
of magnetite grains randomly distributed
only in deformed samples suggests that
deformation processes enhance the reac-
tion (Figure 3D). However, Siemes et al.
(2003) showed that the strength of mag-
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Photomicrographs. A) Samples hydrostatically annealed showing reaction rims composed solely by magnetite grains (Mgt). On the left,
the sample was kept under experimental condition for 10 hours; on the right, for 75 hours (length of black bars: 500 pm). B) Quartz
(Qtz) rich layer from Type 1 sample (W1533) with well-defined compositional banding showing few grains with undulatory extinction
and deformation lamellae (Hem: hematite). C) Flattened quartz (Qtz) grains, showing undulatory extinction and deformation lamellae
when surrounded by hematite (Hem) grains into hematite rich layers (W1533, same sample as b). D) Magnetite (mgt) grains parallel to
the foliation, within a hematite (Hem) rich domain (Qtz: quartz). E) Quartz (Qtz) grains showing sutured boundaries and recrystallized
grains at the contact with hematite (Hem) plates; sample deformed at 10 s. (photomicrographs a and d were taken using reflected
plane polarized light, while for b, cand e transmitted cross-polarized light was used).

netite might be neglected if compared to
the strength of hematite. Therefore, the
experimental deformation of BIF samples
do represent a good way to understand
the rheology of quartz rich aggregates in
the presence of weaker phase (iron oxide:
either hematite or magnetite), showing a
considerable PSC as observed comparing
the curves in the Figure 2. The similar
strength between BIF samples and those
presented by Siemes et al. (2003) suggests
that the confining pressure has no strong
effect on these samples, with the caveat
that the confining pressure used by Siemes
et al. (2003) was much lower than in the
present experiments.

The strength of pure quartz aggre-
gate compared to the strength of BIF un-
der the adopted experimental conditions
shows that BIF samples are considerably
weaker than quartzite with only ~ 10-15
% of iron oxides. The experimentally de-
formed BIF samples have shown strength
lower than 325 MPa, and turned out to
be as weak as pure hematite aggregates.
While the variation in the strength of
pure hematite aggregate is related only
to change in the strain rate (Figure 2B,
considering the same temperature), the
compositional banding appears to be a key
factor for the strength of the BIF samples.

Samples W1565 and W1530 have
the same iron oxide content (Table 1) but
present different strengths at a strain rate
of 10 s™'. The observed strength contrast
between 270-325 MPa (W1533) to ~ 90
MPa (W1530), at 10~ s, is therefore
not related to a difference in iron oxide
content, but possibly due to the indis-
tinct compositional banding in the latter
sample. As iron oxides are weaker than
quartz, such rheological patterns suggest
that, at faster strain rate the strength of
BIF with well-developed compositional
banding depends, mainly, on the strength
of the stronger phase, which is quartz.
Such mechanical behavior is defined by
Handy (1990) as load-bearing framework.

In contrast, the increase in iron oxide
content allows the interconnection of iron
oxide layers (Figure 3C and E) that appar-
ently makes BIF samples as weak as pure
hematite aggregates, even in the presence
of ~ 75% of quartz (W1530). In this case,
the bulk rheology is controlled by the
weaker phase (iron oxides) and it can be
described as a matrix-controlled rheology
(Handy, 1990, Holyoke & Tullis, 2006).

At 10 s, the presence of the pure
quartz bands does not appear to affect the
bulk rheology. This suggests one of two
possibilities: (1) owing to differences in
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the strain rate dependence of quartz and
hematite/magnetite, the quartz strength
becomes more similar to oxide strength
at lower strain rates, or (2) the strength of
the iron oxides controls the bulk rheology
in both samples, forming interconnected
layers of weak phase throughout the
sample (type 2 sample) or localized in the
microlayered domains that accommodate
most of the strain (Figure 1A).

The fact that the strength of the
more homogeneous type 2 samples de-
formed at 10-s™ is quite variable (compare
W1565 and W1530 in Figure 2A) and that
W1565 was deformed by a strain rate step-
ping experiment (deformed at 10~s™ after
a long interval of deformation at 10-s?)
thus allowing more time for reaction sug-
gests that the influence of the reduction of
hematite to magnetite on the rheology of
the samples must be considered. Neverthe-
less further experiments are still required
to determine to what extent the reduction
from hematite to magnetite may influence
the rheology of BIF.

Distinct microstructural patterns of
quartz grains in load-bearing framework
and matrix-controlled rheology attest the
strain partitioning and strain localization
into the iron oxide rich domains, for type
1 sample, or into interconnected layers of



iron oxides (matrix), for type 2 sample.
Samples with load-bearing framework
rheology show pure quartz bands as the
least strained regions; with no evidence of
microstructures that indicate intracrystal-
line deformation even at axial strain up to
40%. Flattened and recrystallized quartz
grains appear solely in the domains with
fine iron oxide micro-layering, character-
izing local boudin-matrix controlled rhe-
ology (Handy, 1990) and indicating that,
although the strength of the weak phase
prevails, grains of the stronger phase are not
passive and also accommodate strain. In
contrast, preserved quartz grains in samples
with matrix-controlled rheology, character-
ize clast-matrix behavior (Handy, 1990),
where strain appears to be accommodated
almost exclusively by the weak phase.
One could argue that only quartz
grains surrounded by iron oxide grains
are strained due to the initial differences in
grain size. It is well established that grains
with platy shape pin the growth of other
mineral phases (Passchier & Trouw, 2005).
The pinning process is well characterized
in quartzites with mica, in which quartz

6. Conclusions

Our experiments show that:

e Thesstrength of banded iron formations
is dependent on iron oxide content, fab-
ric anisotropy and strain rate; progres-
sive strain enhances reducing reaction,
characterized by the development of
magnetite. Even with quartz content up
t0 85-90%, BIF can be as weak as pure
hematite aggregates, depending on
strain rate and on how the iron oxide
grains are distributed in the aggregate.

e Atastrain rate of 10 s, the strength
of samples with strong fabric an-
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