
American Mineralogist, Volume 90, pages ea1–ea17, 2005

0003-004X/05/1112–ea1$05.00/DOI: 10.2138/am.2005.1840       1 

INTRODUCTION

This paper describes a technique that allows the geometry 
of curved inclusion trails in garnet porphyroblasts to be stud-
ied in three dimensions. Curved inclusion trails are a common 
feature of porphyroblastic minerals in rocks from deformed 
metamorphic terranes. They have been a source of intrigue for 
nearly a century and have the potential to provide insights into 
the structural and metamorphic processes that occur during 
orogenesis. Johnson (1999) provided a good review of the cur-
rent literature on porphyroblast inclusion trails. He pointed out 
one of the remaining obstacles to getting the most from these 
structures is the lingering uncertainty over how these features 
are formed. This debate centers on whether the porphyroblasts 
rotate relative to fixed geographical coordinates. In the rotational 
model, the curved trails are the result of syn-growth rotation 
of the porphyroblast with respect to a foliation that is parallel 
to the plane of shear during simple shear or non-coaxial flow 
(e.g., Passchier et al. 1992; Rosenfeld 1970; Schoneveld 1977; 
Williams and Jiang 1999). The non-rotational model has the 
porphyroblast preserving the rotation of the matrix foliation about 
it during multiple foliation-forming events (Aerden 1995; Bell 
et al. 1992a, 1992b; Ramsay 1962; Stallard and Hickey 2001). 
How inclusion trails are interpreted in micro-structural studies 
is largely dependent on which of these contradictory models for 
their formation is favored.
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ABSTRACT

This study demonstrates how high-resolution X-ray computed tomography can be used to determine 
the geometry of curved inclusion trails in garnet porphyroblasts. For the first time, the three-dimensional 
geometry of these features is shown as an animation, a stereo pair, a VRML model, and two-dimen-
sional sections. The spatial resolution of the data in this study, approximately 10 μm, is high enough to 
resolve inclusions, and finer resolutions are possible. Comparisons of scan imagery with thin section 
and microprobe data demonstrate that many typical inclusion phases in garnet porphyroblasts can 
be clearly distinguished, including quartz, ilmenite, and monazite. A sodium metatungstate solution 
with a density of 1.19 g/cm3 was used for a wedge calibration during scanning, reducing artifacts to 
a minimum and allowing maximum image contrast. The overall conclusion of this study is that high-
resolution X-ray computed tomography is a quick, non-destructive technique that is invaluable in the 
study of porphyroblast microstructure. The three-dimensional data generated by this technique can 
be compared with geometries predicted by the varying theoretical models for the formation of curved 
inclusion trails in garnet porphyroblasts. They can also be analyzed to determine the three-dimensional 
orientation of curvature axes in individual porphyroblasts, which has not been possible until now. 

There have been many theoretical studies done attempting to 
predict the geometry of inclusion trails based on the mechanism 
of formation (e.g., Masuda and Mochizuki 1989; Samanta et 
al. 2002; Schoneveld 1977; Stallard et al. 2002; Williams and 
Jiang 1999). Conversely, the number of studies of the three-di-
mensional geometry of inclusion trails in rocks is small. This is 
because of the difficulty of doing such a study. The traditional 
approach to studying these geometries has been to cut serial thin 
sections (Johnson 1993; Johnson and Moore 1996), do univer-
sal stage studies (Powell and Treagus 1967, 1970), or do serial 
grinding/microprobe studies (e.g., Marschallinger 1998; Spear 
and Daniel 2003). These techniques are destructive and time con-
suming, and sections can only be cut in one direction. Serial thin 
sections have a minimum interval of one to two millimeters, serial 
grinding is time consuming whereas universal stage studies deal 
with only a thin slice of rock. It can be difficult to correlate trails 
between sections and impossible to re-section the porphyroblast 
in different orientations. To be able to get a full appreciation of 
the geometry of inclusion trails, a new technique is needed that 
allows these features to be studied in more detail.

Recently Ikeda et al. (2002) used high-resolution X-ray 
computed tomography (HRXCT) to look at the geometry of 
inclusion trails in garnet porphyroblasts in three dimensions. 
X-ray computed tomography, or X-ray CT, is a technique that 
enables the internal structure of solid objects to be visualized in 
three dimensions. X-ray CT has found an ever-increasing number 
of applications in the study of geological problems (Ketcham 
and Carlson 2001; Mees et al. 2003). Some of the tasks that * E-mail: cameron.hholmes@jcu.edu.au




