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Abstract
The Paleoproterozoic Ironwood Iron-Formation, a Superior-type banded iron formation located in 

the western Gogebic Iron Range in Wisconsin, is one of the largest undeveloped iron ore resources in the 
United States. Interest in the development of this resource is complicated by potential environmental and 
health effects related to the presence of amphibole minerals in the Ironwood, a consequence of Meso-
proterozoic contact metamorphism. The presence of these amphiboles and their contact metamorphic 
origin have long been recognized; however, recent interest in this resource has highlighted the lack 
of detailed knowledge on their distribution, mineral chemistry, and morphology. Optical microscopy, 
X-ray diffraction, scanning electron microscopy, and electron microprobe analysis were utilized to 
investigate the origin, distribution, morphology, and chemistry of amphiboles in the Ironwood.

Amphibole is present in the western portion of the study area due to regional-scale contact meta-
morphism associated with the intrusion of the 1.1 Ga Mellen Intrusive Complex. Locally amphibole 
is also present, adjacent to diabase and/or gabbro dikes and sills in the lower-grade Ironwood in the 
eastern portion of the study area. In both localities, amphiboles in the Ironwood most commonly 
developed in massive and prismatic habits, and locally assumed a fibrous habit. Fibrous amphiboles 
were recognized locally in the two potential ore zones of the Ironwood but were not observed in the 
portion likely to be waste rock. Massive and prismatic amphiboles show a wide range of Mg# [molar 
Mg/(Mg+Fe2+)] values (0.06 to 0.87), whereas Mg# values of fibrous amphiboles are restricted from 
0.14 to 0.35. Factors that influenced the compositional variability of amphiboles in the Ironwood 
may have included temperature of formation, morphology, bulk chemistry of the iron formation, and 
variations in prograde and retrograde metamorphism. The presence of amphiboles in the Ironwood is a 
known issue that will need to be factored into any future mine plans. This study provides an objective 
assessment of the distribution and character of amphiboles in the Ironwood to aid all decision-makers 
in any future resource development scenarios.
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Introduction
Metamorphism of banded iron formations (BIFs)—the most 

important source of iron ore globally—commonly results in 
the formation of Fe-rich amphiboles in the ores at appropriate 
metamorphic grades. Amphiboles are found in metamorphosed 
BIFs throughout the world (Klein 2005). Various terms have 
been used to describe the morphology of amphibole particles, 
such as massive, equant, prismatic, fibrous, and asbestiform. The 
definitions for these terms can be found below in the Methods 
section. The term “elongate mineral particle” (EMP) has been 
used by the regulatory community for various mineral habits, 
including prismatic, fibrous, and asbestiform particles, as well as 
cleavage fragments (NIOSH 2011). Because of the links between 
commercial asbestiform amphibole minerals, mesothelioma, and 
lung cancer (Gibbs and Berry 2008; Berry and Gibbs 2008), 
concerns about potential human-health risks due to exposure 

non-asbestiform Fe amphiboles during mining and milling of 
metamorphosed BIF ores (taconite) have persisted. Interest in 
potential links between fibrous amphiboles and human health 
in the Lake Superior region began in earnest in the early 1970s 
related to airborne emissions around a taconite mill on the shore 
of Lake Superior and the since-banned practice of disposing of 
mill tailings at the bottom of the lake, which resulted in amphi-
bole fibers appearing in nearby municipal drinking water supplies 
(Berndt and Brice 2008). This incident has prompted over four 
and a half decades of scientific research exploring links between 
human health and amphibole particles through various pathways 
related to the mining and milling of taconite ores. Allen et al. 
(2014) found increased risks for mortality from lung cancer, 
mesothelioma, and some cardiovascular disease among taconite 
miners, but could not exclude non-occupational behaviors, such 
as smoking, as a contributor. Brunner et al. (2008) found that 
most (14 out of 15 with adequate work histories) of the meso-
thelioma cases found in a case study of northern Minnesota 
iron miners had identifiable source exposures to commercial 
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