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Titanite, TiO2, and pseudorutile are associated with primary igneous Fe-oxide grains in basalt and rhyolite
clasts from the Keweenaw Peninsula, Michigan, USA which were metamorphosed to the prehnite–
pumpellyite facies. Pseudorutile occurs with titanite+TiO2 in broad lamellae within titaniferous magnetites.
It also occurs as intergrowths with titanite and Fe-oxide in embayments within primary oxide grains and in
composite Fe-oxide–titanite grains that appear to represent nearly complete replacement of original Ti-
bearing Fe-oxides. Thin {111} lamellae in titaniferous magnetite grains contain titanite, titanite+TiO2 and
titanite+TiO2+Fe-oxide. TiO2 also occurs by itself in networks of closely spaced small elongated lenses in
Fe–Ti oxides. Concentrations of CaAlSiO4F+CaAlSiO4(OH) in titanite range from 0 to 30%. The large variation
in titanite compositions suggests that equilibrium was not achieved except on a very local scale: a conclusion
also supported by local variations in the assemblages of Ti-bearing secondary minerals. Textures and mineral
assemblages indicate that ulvospinel lamellae were altered to titanite and/or TiO2 polymorphs while
ilmenite was altered to pseudorutile and titanite±TiO2. The relative proportions of TiO2 and titanite appear
to reflect local variations in the composition of the metamorphic fluid phase that may be linked to the degree
of interaction with a hydrothermal fluid. Titanite-rich regions may indicate a greater degree of fluid flushing
than TiO2-rich regions. Textures and mineral assemblages cannot distinguish between models in which
pseudorutile and a TiO2 polymorph formed during weathering or diagenesis followed by conversion of
TiO2 to titanite during metamorphism and models in which pseudorutile formed, together with titanite and
TiO2, during metamorphism. In either case, pseudorutile was able to persist through prehnite–pumpellyite
metamorphism suggesting that it can be a significant Ti-rich accessorymineral in very low-grademetamorphic
rocks.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Titanite, rutile and anatase are the most commonly reported Ti-
rich accessory minerals in low-grade (prehnite–pumpellyite to lower
greenschist-facies) metamorphic rocks. In their review of low-grade
metamorphism in mafic igneous rocks Robinson and Bevins (1999)
note that titanite is a widespread to ubiquitousmineral inmetabasites
from the Welsh Basin (Bevins and Rowbotham, 1983), the Andean
Basin (Levi et al., 1989), flood basalts from Northern Greenland
(Bevins et al., 1991) and the Smartville Complex Northern Sierra
Nevada Range, California (Springer et al., 1992). Titanite has also been
reported from hydrothermally altered sections of the ocean floor (Alt,
1999; Teagle and Alt, 2004), although during hydrothermal alteration
at low pH and high fluid to rock ratios rutile or anatase may occur
instead (Schiffman and Day, 1999). While titanite appears to be
widespread in low-grade metabasalts, rutile and/or anatase are the
common Ti-rich secondary accessory minerals in low-grade metape-
lites (Merriman and Frey, 1999). Thus, for example, while titanite is
ubiquitous in the low-grade metabasalts of the Welsh basin, anatase
and rutile occur in metapelites in the same area (Merriman and
Roberts, 1985).

During low-grade metamorphism secondary Ti-rich minerals can
form from a range of precursor phases. Titanite in low-grade
metabasalts may form from glass (Teagle and Alt, 2004), titanomag-
netite (Teagle and Alt, 2004) or ilmenite (Jolly and Smith, 1972).
Kuniyoshi and Liou (1976) noted the occurrence of titanite as lamellae
within magnetite in prehnite–pumpellyite-facies metabasalts from
Vancouver Island, British Columbia and suggested that they formed
from original ulvospinel or ilmenite lamellae. They noted a correlation
between titanite–magnetite intergrowths and albite–pumpellyite
assemblages and suggested a positive feedback relationship in
which the Fe released from ilmenite or ulvospinel was incorporated
into pumpellyite while some of the Ca released during the alteration
of plagioclase contributed to the formation of titanite. More recently
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Fig. 1. a. Geological map of the Keweenaw Peininsula. Modified from Bornhorst et al.
(1983). b. Cross-section from Victoria to Copper Harbor (a) showing the distribution of
interflow sedimentary units in the Portage Lake Lava Series including the Allouez
Conglomerate. Also shown is the position of the Allouez mine shaft from which our
samples were collected. Modified from Bornhorst et al (1983).
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Harlov et al. (2006) noted the occurrence of titanite rims on ilmenite
in higher-grade (greenschist to amphibolite-facies) rocks and attrib-
uted them to hydration and oxidation reactions in which clinopyr-
oxene, ilmenite, amphibole, and quartz were reactants. A study of the
formation of TiO2 polymorphs in a heavy mineral placer deposit
concluded that anatase formed during the leaching of hemoilmenite
grains and was converted to rutile during greenschist-facies meta-
morphism (Hébert and Gauthier, 2007). The Ti-rich, ferric, oxihydr-
oxide pseudorutile formed during the early stages of this process and
was later partially converted to anatase. Medaris and Fournelle (2009)
noted rutile accompanying pseudorutile and rutile polymorphs after
pseudorutile in a greenschist-facies slate from the Baraboo Range,
Wisconsin.

This paper reports on the occurrence of Ti-rich accessory minerals,
titanite, pseudorutile and TiO2 (rutile or anatase), in basalt and
rhyolite clasts in a conglomerate from the Keweenaw Peninsula,
Michigan, USA metamorphosed to the prehnite–pumpellyite-facies.
These clasts contain the Ti-rich accessory minerals commonly
reported in low-grade metamorphic rocks in textural relationships
that clearly indicate that they have formed by the alteration of
ilmenite and ulvospinel. Hence, this occurrence sheds light on the
conditions and processes responsible for the formation of Ti-rich
metamorphic minerals in low-grade rocks in general.

2. Geological setting

The Portage Lake Volcanics of the Keweenaw Peninsula in
Michigan, USA (Fig. 1a), are a thick (2500 to 5000 m) sequence of
predominantly basaltic flows that formed in the North American Mid-
Continental Rift between 1086 and 1098 Ma (Bornhorst et al., 1988).
These rocks were subsequently buried by the sediments of the Cooper
Harbor Conglomerate, Freda Sandstone and Nonesuch Shale and
metamorphosed under low-grade conditions. Metamorphic mineral
assemblages of both the prehnite–pumpellyite and zeolite-facies
occur in the Portage Lake Volcanics. The distribution of metamorphic
minerals is inhomogeneous within individual flows. They are most
abundant in the more permeable amygdule zones and flow tops and
are nearly absent in the more massive portions of the flows (Jolly and
Smith, 1972). This correlation between rock permeability and the
abundance of secondary minerals indicates that a hydrothermal fluid
played a critical role in driving low-grade metamorphism. The
prehnite–pumpellyite-facies assemblages can be subdivided into
lower-grade assemblages in which epidote occurs sporadically and
higher-grade assemblages with abundant epidote. On the basis of
fluid inclusion filling temperatures, oxygen isotope thermometry, and
mineral equilibria, Livnat et al. (1983) concluded that zeolite-facies
metamorphism occurred at 50 MPa and 180±40 °C while the highest
temperature epidote-bearing assemblages formed at 150±50 MPa
and 280±40 °C. They found that the metamorphic fluid was a brine
with salinities between 3 and 20% and CO2 mole fractions below 0.01.
Native copper mineralization was roughly contemporaneous with
metamorphism. Bornhorst et al. (1988) concluded that mineralization
occurred between 1060 and 1047 my. Titanite is a widespread
accessory mineral in rocks of both the zeolite and prehnite–
pumpellyite-facies. Jolly and Smith (1972) note that it is often
associated with chlorite in patches of altered olivine or glass, but also
note that it occurs as “embayments” in ilmenite grains.

The 8 m thick Allouez Conglomerate lies below the prominent
Greenstone Flow of the Portage Lake Lava Series (Fig. 1b). It is one of
the interflow sedimentary units that make up roughly 3% of the
Portage Lake Volcanics (Merk and Jirsa, 1982). The conglomerate
contains clasts of basalt and rhyolite in an arkosic matrix. As
summarized by T. Bornhorst (personal communication, 2008) the
history of the conglomerate begins with the weathering, erosion,
transportation and deposition of the clasts under oxidizing conditions
in an arid climate. Calcite was deposited at the surface as caliche and
continued to fill pore spaces during diagenesis. Metamorphism and
native copper mineralization by hydrothermal fluids occurred in the
Allouez Conglomerate at the same time as in the surrounding basaltic
lava flows. The last stage in the hydrothermal alteration involved the
deposition of calcite and copper sulfides. This was followed by uplift
and a late supergene alteration.
3. Analytical methods

Samples of the Allouez Conglomerate were collected from the
Allouez mine dump near Bumbleton. Nineteen thin sections were
made of five samples containing basalt and rhyolite clasts. Clasts in all
samples werewell rounded and ranged from 0.5 to 10 cm in diameter.
Clasts at the Bumbleton dump consist of basalt, quartz porphyry,
feldspar porphyry and granophyre (Bornhorst et al., 1983) with felsic
compositions dominating (∼85%). The locations of most thin sections
were chosen to contain portions of at least two different clasts. Felsic
clasts occurred in all thin sections. Five thin sections also contained
mafic clasts. After examination with the petrographic microscope, 13
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thin sections (two with mafic clasts) were selected to be examined
and imaged in backscatter mode with the JEOL LV-4500 scanning
electron microscope (SEM) in the Department of Geophysical
Sciences, University of Chicago, using a 15 kV accelerating current
and a 1 nA incident focused beam. Mineral identification relied on
semi-quantitative EDX analyses. Quantitative mineral analyses were
preformed on the CAMECA SX-100 electron microprobe at the
GeoForschungsZentrum, Potsdam, Germany. Details of the analytical
electron microprobe routines used to analyze oxides can be found in
Harlov and Hansen (2005), and titanite in Harlov et al. (2006). All
electron microprobe analyses came from felsic clasts.

4. Results

4.1. Thin section petrology

Fine-grained hematite dispersed throughout the samples give both
the clasts and the matrix a red color. Albite is abundant and quartz
present in all clasts and K-feldspar is abundant in the rhyolite clasts.
Epidote and chlorite were found in all rock types. Calcite occurs in
amygdules and veins within the clasts and as small grains between
quartz and feldspar in the sandstone matrix. Small scattered oxide
grains occur in all rock types. Native copper and copper sulfide was
found in most samples. In places the copper minerals were partially
surrounded by copper oxides suggesting a late alteration. Titaniferous
accessory minerals were found in six distinct settings in clasts within
the conglomerates. These included:

1. Titaniferous magnetite grains (Fig. 2 a, c, and d).
2. Secondary titaniferous minerals in lamellae within magnetite

grains. Relatively narrow lamellae form an intersecting grid
suggesting exsolution of ulvospinel or oxidation exsolution of
ilmenite along the {111} planes in the host magnetite (Haggerty,
1991). However, neither ulvospinel nor ilmenite were found in any
of the lamallae examined. In some oxide grains thin lamellae
contain only titanite while in other grains the narrow lamellae
contain both titanite and TiO2, which are mixed with small
amounts of iron oxide in places (Fig. 2d). In addition to these
narrow lamellae some oxide grains contain broad bands (Fig. 2a
and j). These are occupied by either titanite alone (Fig. 2j) or a
mixture of titanite, TiO2, and a Fe–Ti phase brighter in back-
scattered images than titanite or TiO2 but duller than magnetite or
hematite (Fig. 2a). Semiquanitative EDX analyses showed that
these grains were oxides with distinctly higher ratios of Ti to Fe
than ilmenite or ulvospinel. Quantitative electron microprobe
analyses (Section 5.1) indicate that these are pseudorutile. While
most examples came from felsic rocks (quartz porphyry, feldspar
porphyry and granophyre), TiO2, titanite, and pseudorutile were
identified in lamellae in oxide grains in mafic clasts in one sample.

3. TiO2 in networks of closely small spaced lenses within magnetite
grains (Fig. 2i)

4. Embayments along the edges of oxide grains (Fig. 2e and f). These
embayments generally contain intergrowths of titanite, pseudor-
utile and Fe oxides (Fig. 2f).

5. Composite grains containing significant proportions of secondary
titaniferous minerals in three associations: titanite+TiO2 (Fig. 2b),
titanite+pseudorutile (Fig. 2g), and isolated titanite (Fig. 2h). In
some cases the composites contain relicts of lamellae now
occupied by secondary titaniferous minerals (Fig. 2b) or lamellae
and patches of Fe-oxides in secondary titaniferous minerals
(Fig. 2h). This, together with the shapes and sizes of many of the
composite grains, strongly suggest that they were formed by the
replacement of primary Fe–Ti oxides. Secondary titaniferous
minerals frequently occupy the cores of the composites (Fig. 2g, h).

6. Small titanite grains, not associated with oxides, in epidote-rich
domains.
4.2. Mineral analyses

Typical and average oxide analyses are given in Table 1. All oxide
analyses are shown on a plot of Fe against Ti in Fig. 3. The analyses fall
into two groups. Oxides in the first group are more Fe-rich and form a
linear array parallel to, but slightly below, the line connecting pure
magnetite or hematite with ilmenite and ulvospinel (solid line in
Fig. 3). These Fe oxides include the host grains in which the lamellae
and bands containing titanite, pseudorutile and TiO2 are found (open
squares Fig. 3) as well as oxide grains intergrown with titanite ±
pseudorutile (solid squares Fig. 3). Typical analyses of these grains
(Table 1) contain variable amounts of Mn (0–3 wt.%), which partly
accounts for the fact that they lie below the pure Fe-oxide–
ulvospinel–ilmenite line. The second group of analyses all lie below
the Fe/Ti=1 line (dash-doted line in Fig. 3). The high-Ti grains
generally have some Mn (up to 6.91 wt.%) and totals are invariably
low (less than 95 wt.%) when calculated using ilmenite stochiometry.
The chemistry, texture and mineral association of these high-Ti grains
indicate that they are pseudorutile (Section 5.1)

It proved to be extremely difficult to obtain analyses of small
titanite grains surrounded by Fe-oxides and intergrownwith TiO2 and
pseudorutile. Particularly unreliable were Fe analyses that could be
affected not only by direct contamination but also by Fe fluorescence
from the nearby oxides. Titanite analyses were accepted as valid only
if sum of all cations normalized to one Si was 3.00±0.15 (Ribbe,
1982). Averages of valid analyses in different settings are given in
Table 1. Concentrations of U, Th, Y and LREE's were below detection
limits for all analyses. Average Fe concentrations ranged from 2 wt.%
FeO in grains not associated with Fe-oxides to 4.5 wt.% FeO in grains
intergrownwith Fe-oxides. These differencesmay reflect the difficulty
of avoiding Fe contamination or fluorescence rather than real
compositional differences. The titanite structure accommodates Al
and Fe+3 through the substitution (Al+Fe+3)→Ti coupled with the
substitution (F+OH)→O (Tropper et al., 2002). Under the assump-
tion that all of the Fe in the titanite grains is Fe+3, this substitution can
be represented on a plot of Al+Fe against F (Fig. 4). There is a rough
positive correlation between the concentrations of F and Al+Fe in the
titanites from the Allouez Conglomerate. However, as Fig. 4 shows, all
grains fall below the line representing F=(Al+Fe), and more than
half of the grains fall below the line representing F=1/2 (Al+Fe),
suggesting that the titanite grains contain significant amounts of the
Ca(Al,Fe+3)SiO4OH component.

5. Discussion

5.1. Pseudorutile

On a diagram of Fe versus Ti (Fig. 3), the pseudorutile in the
Alluoez conglomerate forms a cluster centered just above the line
with a Fe/Ti ratio of 2/3, which represents the value of the “ideal”
pseudorutile formula. Most pseudorutile analyses in the literature
have a Fe/Ti ratio slightly below 2/3 and hence the analyses from the
Allouez Conglomerate are slightly more Fe-rich than normal.
However, this may simply reflect the difficulty in avoiding all Fe
contamination and fluorescence in relatively small grains intimately
associated with Fe-oxides. Although the formula of pseudorutile is
commonly given as Fe2Ti3O9 (Pseudorutile Mineral Data, webmineral.
com/data/Pseudorutile.shml, March 19, 2009), Grey et al. (1983) have
shown that the structure consists of goethite-like and rutile-like
microdomains that can be combined in somewhat variable propor-
tions giving variable compositions. Thus pseudorutile should be
considered as an oxihydroxide and the presence of OH in the structure
will result in low totals in electron microprobe analyses. When Fe
concentrations are calculated as FeO (as in ilmenite), for the
pseudorutile in the Allouez Conglomerate the totals are low
(Table 1) with an average of 93.4%. Even when Fe concentrations



Fig. 2. BSE-SEM images of titanite-oxide grains associations. Ab=albite, FAP=fluorapatite, Ep=epidote, Hm=hematite, Mt=magnetite, Prt=pseudorutile, Ttn=titanite,
Zn=zircon. Positions of quantitative electron microprobe analyses are marked with x's. Positions of semi-quantitative EDX analyses are marked with asterisks. a: Titanite,
pseudorutile, and TiO2 polymorph within broad lamellae in a magnetite grain. The narrow gray lamellae contain titanite with subordinate amount of TiO2. b: Titanite and TiO2

polymorph in lamellae within and patches at the edge of a large Fe-oxide grain. c: Magnetite grain with thin lamellae. d: Close up of the area enclosed by the box in b. Note that the
thin lamellae contain titanite and a TiO2 polymorph with scattered hematite grains. e: Large oxide grain with embayment at the bottom edge. f: Close up of an embayment within
oxide (e) filled with titanite–hematite–pseudorutile intergrowth. g: Titanite–pseudorutile-intergrowth surrounded by hematite. h: Magnetite surrounding titanite containing Fe-
oxide patches and lamellae. i: TiO2 lenses in magnetite. j: Titanite bands in magnetite.
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Table 1
Representative mineral analyses.

Pseudorutile Titanite Hemo-
ilmenite
typical
host

Magnetite
typical
host

Representative analyses Independent grains Lamallae in oxide Intergrowth with oxide

1 2 3 Mean
SiO2 0.57 0.69 0.70 0.67 31.36 30.64 29.60 0.19 0.34
TiO2 52.36 56.90 53.08 54.65 28.34 33.92 34.34 18.33 1.37
Al2O3 nd nd nd nd 6.77 3.75 3.37 0.21 0.39
FeO 36.93 33.25 34.75 34.54 2.08 3.16 4.47 71.61 90.6
MgO nd nd nd nd 0.41 nd 0.61 nd nd
MnO 2.78 1.47 4.86 3.32 0.12 nd 0.1 2.28 0.05
CaO na na na na 27.98 27.56 26.10 na na
F na na na na 2.35 1.06 0.86 na na
Sum 92.63 92.32 93.39 93.18 99.40 100.09 99.44 92.62 92.75
O F −0.99 −0.42 −0.36
Fe2O3* 41.04 36.96 38.62 38.39 63.66 66.01
FeO* 14.33 31.13
Total 96.746 96.023 97.255 97.03 98.41 99.67 99.08 99 99.29
n 1 1 1 10 3 5 13 1 1
Si 0.04 0.05 0.05 0.05 1.01 0.99 0.96 0 0.01
Ti 2.69 2.95 2.7 2.8 0.69 0.83 0.84 0.36 0.04
Al 0.26 0.14 0.13 0.01 0.02
Fe+2 0.32 1.01
Fe+3 2.11 1.92 1.97 1.97 0.06 0.09 0.13 1.26 1.92
Mg 0.02 0 0.03
Mn 0.16 0.09 0.28 0 0 0 0 0.05 0
Ca 0.97 0.96 0.91
Fe

nd=below dectection limits.
na=not analyzed.
Fe2O3⁎ caclculated for pseudorulite and titanite by assuming that all Fe is Fe+3.
Fe2O3⁎ caclculated for hemoilmenite and magnetite by stochiometry.
FeO⁎ caclculated for hemoilmenite and magnetite by stochiometry.
Formulas calculated on the basis of 5 cations for pseudorutile, 3 cations for titanite and magnetite and 2 cations for hemoilmenite.
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are recalculated as Fe2O3, totals are low (average 97.03%) suggesting
an additional missing component, which could be H2O. In the Allouez
Conglomerate the occurrence of pseudorutile in lamellae within
magnetite grains mimics the common occurrence of ilmenite or
ulvospinel lamellae (Haggerty, 1991) suggesting that the pseudorutile
may have formed from the alteration of these minerals. The
pseudorutile in tha Allouez Conglomerate is also frequently associated
with TiO2. Numerous studies (Grey and Reid, 1975; Anand and Gikes,
Fig. 3. Plot of Fe versus Ti concentrations for Fe-bearing oxide analyses. Fe and Ti
concentrations were calculated on the basis of 6 cations. Also shown on the diagram are
the compositions of pure magnetite, hematite, ilmenite, and ulvospinel as well as the
lines representing Fe/Ti ratios of 1, 2/3 and 2/5. Textures, mineral associations and
chemistry indicate that the high-Ti oxide is pseudorutile.
1984; Schroeder et al., 2002, 2004; Pe-Piper et al., 2005; Hébert and
Gauthier, 2007) have shown that pseudorutile forms alongwith a TiO2

phase (either anatase or rutile) as an intermediate phase in the
alteration of ilmenite.

5.2. Evaluation of equilibrium

The secondary Ti-rich minerals occur in 5 associations within the
Allouez Conglomerate: 1. titanite+TiO2+pseudorutile, 2. titanite+
pseudorutile, 3. titanite+TiO2, 4. titanite and 5. TiO2. Neither
experimental phase equilbria nor thermodynamic data are available
for pseudorutile and hence it is not possible to model the conditions
under which it is stable. However, experimental data (Hunt and
Kerrick, 1977) exists for the reaction:

TiO2 +
Rutile or Anatase

CaCO3 +
Calcite

SiO2 =
Quartz

CaTiSiO +
Titanite

CO2
Fluid ð1Þ

showing that at that at very low-grade metamorphic conditions
titanite is in equilibrium with fluids with very low XCO2. Calcite and
quartz are both abundant in the Allouez Conglomerate and, if
equilibrium was achieved on the scale of a hand sample or even a
single clast, thenmineral assemblages suggest that fluid compositions
were buffered by reaction (1). Fig. 5 shows the curve for reaction (1)
on a T–XCO2 diagram at 0.15 GPa calculated with the PerpleX program
(Connolly, 2005). The diagram indicates that at the highest tempera-
tures likely for Keweenawmetamorphism (320 °C), the coexistence of
titanite and rutile requires a mole fraction of CO2 in the fluid phase of
roughly 0.018 with the mole fraction of CO2 rapidly decreasing as the
temperature of equilibration decreases. The application of Fig. 5 to the
mineral assemblages in the Allouez Conglomerate is semi quantitative
since the calculations were done for pure CaTiSiO5 and do not take
into account the effects of Al, Fe+3, F, and OH. The substitution of



Fig. 4. Plot of F versus Al+Fe concentrations for titanite analyses. All concentrations
were normalized to 1 Si (Ribbe, 1982). Also shown are the lines for F concentration=
(Al+Fe) concentration (all Al and Fe in the Ca(Al,Fe)lSiO4F component) and F
concentration=0.5 (Al+Fe) concentration (Al and Fe equally partitioned between the
Ca(Al,Fe)SiO4F and Ca(Al,Fe)SiO4OH components).
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these elements into the titanite structure will extend the stability of
the assemblage titanite+TiO2 to somewhat higher mole fractions of
CO2. However, this assemblage does indicate relatively low CO2

concentrations in themetamorphic fluid phase which is in accordance
with the conclusions of Livnat et al. (1983).

The existence of different Ti-rich mineral assemblages in different
portions of the same thin sections may indicate that equilibrium was
not achieved even on the scale of a thin section. In places where
titanite and TiO2 coexist, the concentration of CO2 in the fluid may
have been locally buffered by reactions similar to reaction (1). If
equilibrium was achieved only on a very local scale then the
concentration of CO2 may have been lower in regions where titanite
occurs without rutile and higher where rutile occurs without titanite.
Titanite and TiO2 can be related to each other by metasomatic
reactions such as:

TiO2 +
RutileorAnatase

Caþþ +
insolution

H2SiO3 =
in solution

CaTiSiO5 +
Titanite

2Hþ

in solution
ð2Þ
Fig. 5. Position of the reaction calcite+quartz+rutile=titanite+CO2 as a function of T
and XCO2 at 0.15 GPa calculated using the Perplex program of Connolly (2005).
Hence the local variations in the Ti-richmineral assemblages could
also reflect local variations in the activity of Ca or Si.

Significant amounts of Al can be incorporated into the titanite
structure through substitution of Al for Ti and F, or OH for O (Ribbe,
1982). Titanite grains from the Allouez Conglomerate have a wide
range of Al values from essentially 0 to 30% of the Ti crystallographic
site. The source of Al was probably the anorthite component in
plagioclase through net reactions like:

CaAl2Si2O8 +
in plagioclase

CaCO3 +
calcite

H2O =
fluid

2CaAlSiO4 OHð Þ +
in titanite

CO2
fluid ð3Þ

Low temperature conditions tend to favor the formation of titanite
with relatively large amounts of the CaAlSiO4(OH) component (Enami
et al., 1993). The presence of significant amounts of F in the titanite
grains from the Allouez Conglomerate (up to 0.3 atoms per formula
unit) indicates the presence of F in the hydrothermal fluid that
accompanied metamorphism. The wide range of Al, Fe, F, and OH
concentrations in the titanite grains (Fig. 4) indicates that equilibrium
was not achieved even on the scale of a single clast. This is further
evidence that assemblages of secondary Ti-rich minerals in the
Allouez Conglomerate do not represent equilibrium assemblages
except, perhaps, on a very local scale.

5.3. Formation of secondary titaniferous minerals

The mode of occurrence of the secondary titaniferous minerals,
and especially their occurrence in lamellae within titaniferous
magnetite, strongly suggests that they formed through the alteration
of primary Ti–Fe oxides (ilmenite and/or ulvospinel). Two distinctly
different scenerios are possible:

5.3.1. Scenerio #1: pseudorutile forms during metamorphism
A search of the literature revealed only two reported occurrences

of pseudorutile in metamorphic rocks, and in one of these cases the
pseudorutile was attributed to pre-metamorphic alteration (Hébert
and Gauthier, 2007). However, unambiguously metamorphic pseu-
dorutile has recently been reported by Medaris and Fournelle (2009)
from the low-grade metamorphic Seeley slates in the Barababoo
range of Wisconsin. During weathering the formation of pseudorutile
is typically accompanied by a TiO2 polymorph and in the Seeley slates
pseudorutile is accompanied by and replaced by rutile (Medaris and
Fournelle, 2009). The potential reactions between ilmenite, pseudor-
utile, titanite, rutile, hematite, calcite, and quartz are shown as a
function of fCO2 and fO2 in Fig. 6. In the presence of calcite, titanite
should form instead of rutile if CO2 concentrations in the metamor-
phic fluid phase are low (Fig 6). This can be represented by the
schematic reaction:

4FeTiO3 +
Ilmenite

CaCO3 +
Calcite

SiO2 +
Quartz

O2 =
Fluid

Fe2Ti3O9 +
Pseudorutile

Fe2O3
Hematite

þCaTiSiO5 +
Titanite

CO2
Fluid ð4Þ

In regions of extensive fluid flushing CO2 concentrations may
never reach the point where rutile instead of titanite is stable and the
assemblage pseudorutile+titanite (Fig. 2g and f) will form. In places
with less extensive fluid flushing, reaction (4) would cause the CO2

concentrations in the fluid to reach the point where a TiO2 polymorph
begins to form (invariant point in Fig. 6) resulting in the three phase
assemblage pseudorutile+titanite+TiO2 (Fig. 2a). The assemblage
pseudorutile+TiO2 without titanite was not observed in the Allouez
Conglomerate.

The scenario outlined above does not account for the observation
that pseudorutile is confined to broad lamellae (Fig. 2a), and titanite–
pseudorutile intergrowths at the margins (Fig. 2e and f) and cores of



Fig. 6. Schreinemakers diagram showing the relative positions, in fO2 – fCO2 space, of
reactions involving anatase or rutile (TiO2), calcite (Cc), hematite (Hem), ilmenite
(Ilm), pseudorutile (Prt), quartz (Qt) and titanite (Ttn).
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Fe-oxide grains (Fig. 2g). Thin lamellae, veins and lenses contain
either TiO2 or titanite. Studies of the formation of pseudorutile during
weathering have concentrated on the alteration of ilmenite (Anand
and Gikes, 1984; Schroeder et al., 2002, 2004) and it is possible that
pseudorutile does not form as readily from ulvospinel. Thus the
distribution of pseudorutile may simply reflect the original distribu-
tion of ilmenite in the rock. The thin pseudorutile-free lamellae and
lenses may mark regions where ulvospinel exsolved from titaniferous
magnetite grains. If this was the case, the ulvospinel was later
converted to TiO2 and titanite by reactions like:

Fe2TiO4 +
Ulvospinel

0:5O2 =
Fluid

TiO2 +
Anatase or Rutile

Fe2O3
Hematite ð5Þ

and

Fe2TiO4 +
Ulvospinel

CaCO3 +
Calcite

SiO2 +
Quartz

0:5O2 =
Fluid

CaTiSiO5 +
Titanite

Fe2O3 +
Hematite

CO2
Fluid

ð6Þ

Titanite will only be stable in fluids with very low amounts of CO2.
Thus, significant amounts of titanite can form by reaction (6) only in
regions in which the pore fluid is flushed by the ingress of fresh CO2-
poor fluid. Local variations in the degree of flushing by a hydrothermal
fluid could explain the variations in the proportions of titanite versus
TiO2 observed in the thin lamellae.

5.3.2. Scenerio #2: pseudorutile and TiO2 form during weathering
Pseudorutile can form from ilmenite during weathering (Anand

and Gikes, 1984; Schroeder et al., 2002, 2004), or diagenesis (Pe-Piper
et al., 2005). Leaching and oxidation of Fe+2 during early alteration of
ilmenite produces pseudorutile which breaks down upon further
alteration to form rutile or anatase together with hematite or goethite
(Schroeder et al., 2004). This process can be represented by the two
model reactions:

6FeTiO3 + O2 =
Ilmenite

2Fe2Ti3O9 +
Pseudorutile

Fe2O3

Hematite ð7Þ
followed by

Fe2Ti3O9 =
Pseudorutile

Fe2O3 +
Hematite

TiO2
Anatase or Rutile ð8Þ

Thus, pseudorutile is an intermediate phase formed during the
incomplete alteration of ilmenite and is usually accompanied by a
TiO2 polymorph.

In the Allouez Conglomerate, pseudorutile could have formed by
the alteration of ilmenite during weathering and erosion of the
original lava flows, transportation and deposition of the clasts, or
diagensis after burial. The precipitation of the Fe leached from the
ilmenite could account for a portion of the fine-grained hematite
dispersed throughout the rock. While most studies of the formation of
pseudorutile have focused on warm wet environments, the Alluoez
conglomerate was apparently deposited under relatively arid condi-
tions that led to the widespread precipitation of calcite in the pore
spaces between clasts. If pseudorutile formed during weathering then
by the onset of metamorphism the Alluoez conglomerate would have
contained mixtures of pseudorutile and TiO2 in variable proportions
along with calcite and quartz. On the purely local (grain scale) titanite
can form from TiO2 by metasomatic reactions like reaction (2). If the
reacting phases remain coupled with the quartz and calcite elsewhere
in the rock then the net reaction would be reaction (1).

The five different associations of secondary titaniferousminerals in
the Allouez Conglomerate could be explained by variable amounts of
weathering combined with differences in the extent of the metamor-
phic reactions. Complete weathering would lead to a TiO2 polymorph
without pseudorutile. TiO2 could survive in fine-grained lenses or
lamellae within oxides that were shielded from interaction with a
metamorphic fluid (Fig. 2i). In regions that interacted with a
hydrothermal fluid during metamorphism, titanite would replace
TiO2 by reactions (1) or (2) releasing CO2 (reaction (1)) or consuming
Ca++ (reaction (2)). Without constant flushing these reactions would
cease as the concentration of CO2 increased or the activity of Ca++

decreased. Thus, depending on the amount of hydrothermal fluid
moving through local areas in the rock, the assemblages TiO2+
titanite (Fig. 2b and d) or titanite without TiO2 (Fig. 2h and i) could
develop. Incomplete weathering would lead to mixtures of TiO2 and
pseudorutile before metamorphism. Variable amounts of interaction
with the metamorphic fluid could lead to the observed assemblages
pseudorutile+titanite (Fig. 2f and g) and pseudorutile+titanite+
TiO2 (Fig. 2a).

Our search of the literature has found only two other reports of
pseudorutile from metamorphic rocks and in one of these cases
(Hébert and Gauthier, 2007) the pseudorutile apparently formed by
alteration of ilmenite before metamorphism. In the samples described
by Medaris and Fournelle (2009) the pseudorutile is clearly
metamorphic. Unfortunately the textural relationships and phase
assemblages in the Allouez Conglomerate are ambiguous and do not
settle the question of whether the pseudorutile formed before or
during metamorphism. However, they do indicate that, at the very
least, pseudorutile can survive very low-grade (prehnite–pumpel-
lyite-facies) metamorphism. Pseudorutile is fairly easy to overlook or
to confuse with ilmenite during examination of thin sections by the
petrographic microscope or SEM. Thus, it appears likely that it may be
much more widespread in very low-grademetamorphic rocks than
the relatively limited number of reports would indicate.

Titanite is a widespread Ti-rich accessory mineral in mafic igneous
rocks that have undergone very low-grade metamorphism, while
rutile is widespread in very low-grade metapelites. The difference in
the secondary Ti-richmineralogy in the two different rock types could
reflect either lower Ca activity or higher xCO2 in themetamorphic fluid
phase in pelitic compared to mafic rocks. The Allouez Conglomerate
contains both titanite and rutile, both separately and together, as
replacement products of ilmenite and/or ulvospinel. The presence of
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both minerals probably reflects local variations in the amount of the
hydrothermal fluid phase moving through the rocks. In regions in
which the amount of fluid moving through the rock is relatively
limited CO2 concentrations in the fluid phase will build up to the point
where rutile rather than titanite is stable (Fig. 5). In these regions
ulvospinel or ilmenite will break down to form a TiO2 polymorph and
a Fe-bearing phase (oxide, oxihydroxide, carbonate or silicate). In
places where the metamorphic phase is continually replaced by fresh
fluids, CO2 concentrations will remain low and titanite, together with
an Fe-bearing phase, will form instead of TiO2. Local variations in Ca or
Si activity could have a similar effect. Thus the distribution of
secondary Ti-rich accessory minerals reflects, on a microscopic scale,
the situation on an outcrop scale where metamorphic minerals are
most abundant where rock permeability, and hence the amount of
hydrothermal fluid flow, was highest.

6. Conclusions

Pseudorutile , titanite, and a TiO2 polymorph all occur associated
with Fe-oxide grains in basalt and rhyolite clasts from the Allouez
Conglomerate. The setting of these three Ti-rich secondary minerals
strongly suggests that they formed by the alteration of ilmenite and
ulvospinel. The textural relationships do not unambiguously indicate
whether pseudorutile formed during weathering and diagensis or
during low-grade metamorphism. In either case, pseudorutile was
apparently stable or metastable under prehnite–pumpellyite-facies
conditions. The occurrence of both TiO2 and titanite in the Allouez
Conglomerates probably represents small scale variations in the
amount of hydrothermal fluid flow with titanite-bearing assemblages
forming in regions of greater fluid flow. Thus it is unlikely that the
secondary Ti-rich minerals in the Allouez Conglomerate represent
equilibrium on anything but a very local scale: a conclusion that is
reinforced by the wide variation in titanite chemistry.
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