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ABSTRACT 

 

The integration of geothermobarometry with microstructure has allowed a temporally 

constrained comparison and correlation of tectonothermal events across an orogen to a 

resolution and complexity not decipherable by traditional approaches. A succession of 

five foliation intersection/inflection axes in porphyroblasts (FIAs) reveal that the New 

England Appalachians in central Vermont contain rocks that were progressively 

deformed and metamorphosed from c. 430 Ma through to c. 360 Ma. The pattern of 

deformation partitioning shifted with change in FIA trend with distributed strain being 

initially localized to the Pomfret dome but eventually migrating 45 km southwards to 

the Chester–Athens dome. They also reveal that garnet porphyroblasts nucleated in 

pelitic rocks for the first time from location to location throughout this history 

suggesting that T, P and bulk composition were not the sole controls on the reactions 

that proceeded. Rather, deformation partitioning at the scale of a porphyroblast was a 

key trigger to mineral growth. The T and P of nucleation of garnet cores were calculated 

using P–T pseudosections in conjunction with Mn, Ca and Fe compositional isopleths 

via THERMOCALC. A tightly constrained, FIA-controlled P–T–t–d path obtained from 

the cores of garnet porphyroblasts in rocks from the Pomfret dome region of Vermont 

has enabled an opportunity for real limits to be placed on the errors involved using 

THERMOCALC. A little varying P–T path ranges over a maximum of 2.3 kbar (including 

thermodynamic error) for all garnet porphyroblasts that progressively nucleated over a 

>70 million year time span. The narrow P range for the samples studied suggests that 

the Pomfret dome region remained at a stable depth in the crust over this extended 

period and consequently it proposed that THERMOCALC P estimates in these rocks have 

a limited effective error of less than ± 1.2 kbar; allowing for the variation in the P–T 

path. The pressure remained around 7.2 kbar in the Pomfret region throughout the many 

deformations that occurred over the next >70 million years. It did not increase to these 

levels at the Chester–Athens dome until half way through the succession of FIA shifts. 

At this time, increased competency in the Pomfret region, due to the large amount of 

garnet growth that had occurred there, forced sub-horizontally directed bulk shortening 

to partition preferentially into the Chester region, thickening the crust and moving these 

rocks to 8.4 kbar. The correlation of this area across the Connecticut Valley border fault 
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to the Orford–Piermont region of New Hampshire indicates quantitatively that 

fundamentally that the same history of orogenesis occurs on both sides of this terrane 

boundary. Reaction overstepping amounts relative to the incoming of the garnet-in 

reaction boundary from region to region is variable with magnitudes dependent on what 

P–T conditions operated when partitioning of deformation at the scale of a 

porphyroblast triggered garnet nucleation. 

 

Key words: New England Appalachians; garnet core; FIA; deformation partitioning; 

reaction overstep. 
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 INTRODUCTION 

 

In attempting to decipher complex tectonothermal histories of a continental region, one 

of the major difficulties is identifying the timing, nature and duration of these events. 

Yet, this is critical for the construction of accurate geological models based on temporal 

rather than spatial associations (e.g. Collins & Vernon, 1991). 

 The New England Appalachians of Vermont and New Hampshire comprises a 

polymetamorphic terrane where many of the significant concepts in metamorphic 

geology were developed (e.g. Thompson, 1957; Thompson et al., 1968; Thompson & 

Thompson, 1976; Tracy, 1982; Ferry, 1988; Ferry, 1992; Ferry, 1994; Spear, 1993). 

Recent studies (e.g. Hayward, 1992; Bell & Hickey, 1997; Bell et al., 1998; Hickey & 

Bell, 2001) have shown that these rocks contain histories that are far more complex than 

realised when the earlier classic studies were conducted. Microstructural relationships 

between porphyroblasts and the matrix, where used to infer the relative timing of 

foliation-forming deformation events, have been pivotal in unravelling these complex 

tectonothermal histories. In particular, the use of foliation intersection/inflexion axes 

preserved in porphyroblasts (FIAs; Hayward, 1990; Bell et al., 1995) integrates 

inclusion trails, timing of porphyroblast growth and matrix relationships and allows the 

history destroying effects of reactivation of compositional foliations to be bypassed. 

This approach allows one to distinguish separate phases of porphyroblast growth where 

inclusion trails have been truncated by the matrix foliation and preserved by subsequent 

growth. Such an approach has shown that protracted histories and multiple of periods of 

mineral growth can be preserved and measured quantitatively. During orogenesis, 

successive tectonothermal events generally obliterate structural evidence for earlier 
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histories particularly through the process of reactivation or shear on compositional 

layering during successive events (Bell et al., 2004). This process has the potential to 

prejudice metamorphic evidence, because the ability to distinguish successive events 

using matrix relationships relative to porphyroblast inclusion trails is destroyed (Spiess 

& Bell, 1996; Cihan & Parsons, 2005; Sayab, 2005). The approach allows the 

separating of multiple periods of growth. Critically, FIAs enable the possibility of 

temporally constraining and correlating foliation-forming deformation events across an 

orogen and from region to region (e.g. Bell et al., 1998; Bell & Mares, 1999; Bell et al., 

2003; Bell et al., 2004). 

 The integration of microstructure and geothermobarometry in deciphering complex 

tectonometamorphic histories such as those of the New England Appalachians is central 

to this study. P–T estimates for garnet core growth (i.e. nucleation) conditions derived 

from the intersection of Mn, Ca and Fe compositional isopleths are integrated with 

microstructurally constrained data able to be correlated across the orogen allowing the 

construction of temporally constrained pressure (P)–temperature (T)–time (t)–

deformation (d) histories. 

 Metamorphic mineral reactions have traditionally been thought as being primarily 

controlled by the roles of bulk composition, T and P. Determination of P–T histories in 

metamorphic rocks is commonly based on the variation in composition of growth-zoned 

garnet. Calculation of the changes in the effective bulk composition available for 

progressive garnet growth has been attempted (e.g. Marmo et al., 2002; Evans, 2004) 

but no microstructurally constrained temporally relevant data such as FIAs have been 

integrated into P–T determinations of the first grown garnet cores of samples. Yet, only 

garnet cores that first nucleated in a sample can be confidently assessed to have been in 

equilibrium with the bulk rock composition at the time of initial growth. P–T estimates 
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for garnet core nucleation are based on the intersection of garnet core compositional 

isopleths plotted within P–T pseudosections. FIAs were used to constrain and correlate 

separate events of initial garnet growth for the Pomfret dome region of Vermont, the 

Orford–Piermont region of New Hampshire and the Chester–Athens dome region of 

southeast Vermont. 

 Most EPMA point analyses were performed near the so-called geometric core of 

each probed garnet porphyroblast; their locations can be seen in Appendix A. The 

compositional profiles showing each point analysis are shown in Appendix F. They are 

evenly spaced for clarity and any trends are typically only apparent to the right of the 

profiles as most of the analyses are taken near the core. Point analysis ‘1’ is not always 

the compositional or geometric core although the final point analysis for each 

porphyroblast is typically the most outer rim. This is supported by the profiles 

displaying the zoning expected for Vermont rocks of this type. Exceptions to the 

expected zoning are garnets AV26A-gB, AV36C-gB, NT54-gA & NT54-gB, NT65-gB, 

NT126-gB, NT133-gA, NT133-gB, NT212-gA and NT212-gB, which have relatively 

flat profiles. Although volume diffusion in these garnets is a possibility, AV36C, NT54, 

NT65, NT126, NT133 and NT126 were still used for calculating the garnet isopleths. 

The location of the analyses used for calculating compositional isopleths was always 

that with the highest Mn content for a given sample. None of these were far from the so-

called geometric core suggesting using them as the true core is a reasonable assumption. 

Any compositional trends are intended be read in the context of the BSE images in 

Appendix A which show the location of each point analysis. 

 This study shows that large numbers of samples first grew at conditions that were 

significantly overstepped in equilibrium. In particular, the consistent overstepping 

observed locally in the Pomfret dome suggests that the partitioning of deformation at 
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the scale of porphyroblasts rather than just bulk composition, T and P is a key trigger 

for the nucleation and growth of porphyroblasts. Other factors are likely involved such 

as microfracture, which Bell et al. (1986) first assumed was essential for porphyroblast 

nucleation as it allows the rapid access of materials to and from the growth site needed 

for the reactions to take place (Bell et al., 2004). It occurs early in crenulation 

development at the start of a foliation-forming deformation event when strain is 

essentially coaxial and deformation partitioning on the scale of porphyroblasts is 

irregular, prior to the establishment of a pervasive pattern of partitioning (e.g. Bell et 

al., 1986; Bell & Hayward, 1991; Bell et al., 2004). 

 Comparison of the geothermobarometric data from all three regions examined in 

this study not only sheds new light on the unravelling of the complex tectonic histories 

of the regions concerned but also provides new detailed insights into the nature of the 

interdependent relationship between deformation, its partitioning, mineral growth and 

metamorphism. 

 This thesis consists of four sections (1–4), each written as individual bodies of 

work. Each section contains its own set of figures and references, which results in some 

repetition between sections. Volume 1 contains the main body of text of the thesis with 

references listed at the end of each section, whilst Volume 2 contains figures and 

appendices. 

 SECTION 1 examines the hypothesis that the tightly constrained, FIA-controlled 

P–T–t–d path of garnet nucleation data from the Pomfret dome region of Vermont 

enables effective limits to be placed on the errors obtained using THERMOCALC. 

 SECTION 2 examines the role of shifting patterns of deformation partitioning 

(localized versus distributed), basement competency and overthrusting in generating P 

increases during mountain building by comparing the tectonothermal evolution of two 
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regions in Vermont via the P–T of garnet nucleation across five successive FIA-forming 

events correlated across the New England Appalachians and separated by only 45 km. 

 SECTION 3 correlates the structural and metamorphic histories for two regions 

separated across a terrane boundary. The P–T of garnet nucleation for the last two 

recorded FIA-forming events are compared for the Pomfret region of Vermont and the 

Orford–Piermont region of New Hampshire. 

 SECTION 4 analyses ten samples from the Pomfret dome region selected on the 

basis that they experienced initial garnet core growth during one of five separate FIA-

forming events that developed over a period of >70 million years. They reveal that 

garnet porphyroblasts nucleated for the first time in pelitic rocks throughout this 

extended history. Associated consistent reaction overstepping observed in the Pomfret 

dome region suggests that the partitioning of deformation at the scale of porphyroblasts 

and not simply bulk composition, T and P is a key trigger for the nucleation and growth 

of porphyroblasts. 
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ABSTRACT 

The thermodynamic calculation software THERMOCALC does not provide a direct output 

of estimation of errors on the P–T conditions for actual rocks because they are estimated 

from experimental constraints on thermodynamic data. Since the real errors are 

unknown, anomalous data may be disregarded by surmising that equilibrium had not 

been achieved. In this study, foliation intersection/inflexion axes (FIAs) preserved in 

porphyroblasts are used in collaboration with P–T pseudosections resulting in a tightly 

constrained, FIA-controlled P–T–t–d path obtained from the cores of garnet 

porphyroblasts in rocks from the Pomfret dome region of Vermont. This has enabled an 

opportunity for real limits to be placed on the errors involved using THERMOCALC. A 

little varying P–T path ranges over a maximum of 2.3 kbar (including thermodynamic 

error) for all garnet porphyroblasts that progressively nucleated over a >70 million year 

time span. The narrow P range for the samples studied suggests that the Pomfret dome 

region remained at a stable depth in the crust over this extended period. Thus, 

THERMOCALC P estimates in these rocks have a limited effective error of less than ± 1.2 

kbar, allowing for the variation in the P–T path. 

 

Key words: THERMOCALC; FIA; Pomfret dome; Vermont; garnet core. 

 

INTRODUCTION 

Structural and metamorphic features produced during a multiple succession of events in 

polymetamorphic terranes can result in the interpretation of simple apparent tectonic 

histories and processes that may not have actually occurred (e.g. Hand et al., 1992; 

Scrimgeour & Hand, 1997). If the event history of a terrane can be unravelled in much 

finer detail, then one can assess the tectonic history that shaped its evolution plus 

examine any interdependent relationships that occurred between the various stages of 

evolution (e.g. Hand & Buick, 2001; Sandiford et al., 2001). In attempting to 

understand the tectonothermal evolution of a continental region one of the major 

difficulties is deciphering the event history. Identifying the timing, nature and duration 

of these events is critical for the construction of geological models and, if not done, 
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results in them being based on spatial rather than temporal associations (e.g. Collins & 

Vernon, 1991). 

 During orogenesis, successive tectonothermal events generally obliterate structural 

evidence for earlier histories particularly through the process of reactivation or shear on 

compositional layering during successive events (Bell et al., 2004). This process 

generally prejudices metamorphic evidence, because the ability to distinguish 

successive events using matrix relationships relative to porphyroblast inclusion trails is 

destroyed (Spiess & Bell, 1996; Cihan & Parsons, 2005; Sayab, 2005). Traditional 

approaches to interpret bulk movement directions during deformation have used 

kinematic indicators such as stretching and mineral elongation lineations. However, 

these lineations can be re-orientated through re-use of the foliation plane on which they 

lie during later events (Bell, 1986; Bell & Johnson, 1992; Bell et al., 2003). As a result, 

matrix lineations may not be a reliable pointer to movement direction and thus 

deformation history during orogenesis. 

 An approach that integrates inclusion trails, timing of porphyroblast growth and 

matrix relationships, also allows the history destroying effects of reactivation of 

compositional foliations to be bypassed. This approach uses foliation 

intersection/inflexion axes preserved within porphyroblasts (FIAs; Hayward, 1990; Bell 

et al., 1995) and allows one to distinguish phases of porphyroblast growth where 

inclusion trails have been truncated by the matrix foliation. There is no other way of 

separating different periods of growth except via dating monazite grains preserved as 

inclusions (e.g. Bell & Welch, 2002; Cihan et al., 2006; Cao, 2009; Ali, 2010; Sanislav 

& Shah, 2010; Sanislav, 2011). Not all porphyroblasts that preserve inclusion trails 

necessarily grew during multiple phases of growth or have trails that have been 

truncated by the matrix foliation. Garnet growth may compositionally seem to be much 
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more continuous than microstructural analysis suggests. This is due to the fact that 

porphyroblastic growth during two distinct foliation producing deformation events at 

similar P–T conditions may not involve the development of steep compositional 

gradients if shearing is not partitioned against the porphyroblast rim (Spiess & Bell, 

1996). However, the garnet composition profile of AV19-g1 (Appendix F) is one 

example of a marked change in garnet composition corresponding to a microstructural 

and textural change. This change can be seen between point analyses ‘18’ and ‘19’ for 

this porphyroblast (Appendix A). The inclusions trails that define the core FIA are not 

continuous with the matrix implying an episodic growth. This is generally the case for 

porphyroblasts. Heterogeneous development of the FIA sets across the study area may 

represent heterogeneous and episodic growth all scales. However, the consistency of 

FIA trends across New England Appalachians (e.g. Bell et al., 2004; Bell & Newman, 

2006) suggests that the crenulation-forming events promoting porphyroblast growth 

sites are the result of changes in regional stresses in a new bulk shortening event rather 

than the initiation of crenulation against the growing porphyroblast occurring simply 

because it is there. 

 

Role of FIAs 

Porphyroblast growth occurring early during crenulation development commonly 

preserves foliations as inclusion trails (Bell, 1986). The curvature of an inclusion trail 

from which FIAs are derived generally results from an overprinting deformation, with 

the asymmetry of curvature caused by the inflexion of an earlier foliation affected by a 

younger event (Bell & Rubenach, 1983). Preservation of FIAs is enabled by the growth 

of porphyroblasts – preventing them from being destroyed by subsequent foliation-

forming deformation events. Consequently, FIAs are a reliable kinematic indicator (e.g. 
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Bell & Johnson, 1992) and trends of FIAs can be determined via asymmetry switches in 

inclusion trail geometries in differently orientated vertical thin-sections. (e.g. Rich, 

2006; Cihan & Parsons, 2005). This is described in further detail in the Methods 

section. 

 FIA trends preserved in porphyroblasts provide a quantitative tool for integrating 

structural and metamorphic phenomena, allowing detailed correlation of events across 

an orogen (e.g. Bell & Mares, 1999; Bell & Newman, 2006). Sets of FIAs that remain 

consistent in orientation around folds and across polymetamorphic terranes enable the 

correlation of lengthy periods of horizontal bulk shortening (effectively, relative plate 

motion; Bell & Welch, 2002) in the one direction, rather than correlation of inferred 

growth events. Each FIA develops over a period of time (potentially lengthy) with some 

samples recording several foliations accompanying FIA development and others only 

one (Bell & Welch, 2002). Consequently, a particular FIA can have formed at any stage 

over the period of time that the bulk shortening event remained constant, during the 

development of the foliations that define the FIA trend. This allows rocks that have 

undergone different pressure (P)–temperature (T)–time (t)–deformation (d) paths to be 

correlated or rocks that have undergone the same P–T path in adjacent outcrops or 

across a region to be distinguished and then correlated. Significantly, FIAs can be 

measured quantitatively – independent of the model adopted for the formation of 

sigmoidal or spiral-shaped inclusion trail geometries (Bell et al., 1995). Paterson & 

Vernon (2001) discussed an alternative to regional bulk shortening for formation of 

crenulations from the Foothills Terrane, California and that local complexity in 

porphyroblasts does not necessarily imply regional complexity of an orogen. They 

suggested using microstructural information preserved only in porphyroblasts to infer 

orogenic processes and plate motions may be unjustified and that even small strains can 
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be greatly concentrated against porphyroblast margins, resulting in intense foliations 

curving around the porphyroblasts. Additionally, Paterson & Vernon (2001) suggested 

that complex growth features and internal inclusion trail patterns formed in 

porphyroblasts in the Foothills Terrane that grew over short durations reflected the 

concentration of very localized strains adjacent to porphyroblasts. This study has used 

microstructural evidence preserved in porphyroblast cores to bypass the effects of the 

obliteration of foliation history in the matrix. Using multiple vertical thin-sections of 

different strike orientations overcomes a lack of critical geometric relationships between 

inclusion trails in porphyroblasts and the matrix caused by cut effects when examining 

apparent local complexities in inclusion trail geometries (Cihan, 2004a; Bell & Bruce, 

2006). Cihan (2004a) suggested that traditional use of thin sections generally shows 

strain shadows around the porphyroblasts relative to the matrix foliation in which the 

inclusion trails exiting the porphyroblasts appear continuous with the matrix foliation 

and can reveal a relatively simple history of porphyroblast growth. Multiple vertical 

thin sections with different strikes reveal a far more complex history than expected from 

the relative apparent continuity of inclusion trails with the matrix foliations that may be 

initially observed (Cihan, 2004a). 

 Determining P–T paths from single samples is rife with uncertainty even when 

using P–T pseudosections; that is, phase diagrams that show for a specific bulk 

composition the stable mineral assemblages in P–T space in a given rock. FIAs provide 

a means of distinguishing multiple phases of garnet growth from sample to sample 

across a region and correlating them when the underlying assumptions are correct. 

When combined with the computer program THERMOCALC (Powell & Holland, 1988; 

Powell et al., 1998), this opens up the possibility of a new approach to P–T path 

determinations. One can find a series of samples where garnet first grew during a 
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succession of different events that have been distinguished via FIAs. On acceptance of 

the basic assumptions the inferences are based, a P–T pseudosection and compositional 

isopleths can then be used to determine the T and P of nucleation of the garnet cores 

(i.e. first growth) in each sample and establish a P–T–t path through the relative time 

succession provided by the FIAs. 

 Calculation of the spessartine (Mn), almandine (Fe) and grossular (Ca) isopleths 

and determining where they intersect in P–T space on a pseudosection allows one to 

calculate an estimate of the T and P of garnet growth for a given bulk rock composition 

(Powell et al., 1998; Vance & Mahar, 1998; Marmo et al., 2002; Evans, 2004a). 

However, garnet is generally zoned which means that the bulk composition of the rock 

is modified with time. Although a method has been proposed that allows one to 

compensate for this (Evans, 2004a), the time span over which it works is just one 

growth event, which takes place during the start of just one deformation event (Bell & 

Hayward, 1991; Spiess & Bell, 1996). Such integrated studies of the microstructural 

and compositional development of garnet porphyroblasts have shown that there is an 

intimate microstructural control on compositional zoning through both access of 

material and dissolution of earlier grown portions of the porphyroblast. Once 

crenulation cleavage is developed early in a deformation event further growth is 

prevented or even dissolves prior growth (Bell & Rubenach, 1983). These effects may 

produce similar patterns in garnet zoning attributed to strong P–T changes. Garnet 

growth may compositionally seem to be much more continuous than microstructural 

analysis suggests if shearing is not partitioned against the porphyroblast rim (Spiess & 

Bell, 1996). Recent work suggests that there are numerous growth and dissolution 

events (Bell & Newman, 2006) and therefore, the zoning-based approach is limited. 
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 A better approach would be to analyse the cores of garnet porphyroblasts where one 

has been able to microstructurally constrain a long succession of events though time 

using FIAs (e.g. Bell & Newman, 2006). If a tight isopleth intersection is obtained (see 

methods section) then the garnet core composition should directly preserve the T and P 

of nucleation of this phase during the development of that particular FIA set. Integration 

of FIA successions with P–T pseudosection studies thus allows the derivation of an 

extended metamorphic record. 

 The New England Appalachians of Vermont (Fig. 1a) comprises a 

polymetamorphic terrane where many of the significant concepts in metamorphic 

petrology were developed (e.g. Thompson, 1957; Thompson et al., 1968; Thompson & 

Thompson, 1976; Tracy, 1982; Ferry, 1988; Ferry, 1992; Ferry, 1994; Spear and co-

workers). More recent studies (Hayward, 1992; Bell & Hickey, 1997; Bell et al., 1998; 

Hickey & Bell, 2001; Bell & Welch, 2002; Bell et al., 2003, 2004, 2005) have shown 

these rocks contain tectonothermal histories that are far more complex than realised 

when these classic studies were conducted. The microstructural and porphyroblast 

growth history of the Pomfret dome in east-central Vermont has been described by Ham 

& Bell (2004), who concentrated on the effects of dome formation on porphyroblast 

growth. This paper uses their samples and two from Bell et al. (1998) that lie to the 

west as a basis to determine FIA successions and produce a comprehensive data set on 

the P–T of nucleation of garnet cores. Significantly, the P–T data suggest that over a 

period of time >70 million years (Bell & Welch, 2002), there is relatively little change 

in T and P from FIA set 0 through to FIA set 4. This P–T expression could also result if 

the garnet growth was a continuous process. However, based on the correlation of FIAs 

with those from the Chester–Athens dome dated by Bell & Welch (2002), the T and P 
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relative stability is interpreted as representing the same >70 million year period 

spanning five growth episodes. 

 

METHODS 

FIAs and microstructural analysis 

Structural and metamorphic analysis are closely inter-related and can be fully integrated 

using FIAs (e.g. Kim & Bell, 2005; Sayab, 2006). FIA measurements are made relative 

to geographic coordinates and a line perpendicular to the earth’s surface. Consequently, 

they are independent of assumptions, inferences or interpretations about the timing of 

inclusion trails relative to any other structures present in the rock and whether or not the 

porphyroblasts have rotated. FIAs are the product of overprinting successive foliations 

that form sub-vertically and sub-horizontally against the margins of a present 

porphyroblast – independent of matrix orientation (Bell et al., 1995; Bell et al., 1998; 

Hickey & Bell, 1999). The trend of the FIA is the product of the strike of the sub-

vertical foliation since the FIA generally is an expression of the intersection of the sub-

vertical foliation with a pre-existing or subsequently formed sub-horizontal foliation 

(Bell & Wang, 1999). 

 If a consistent pattern in the relative timing of porphyroblasts with different 

trending FIAs is present, there is potential for combining the paragenetic history 

preserved in each phase of porphyroblast growth, in the form of chemical analysis and 

inclusion trail mineral assemblages to produce detailed P–T–t paths (Bell et al., 1998). 

 A detailed approach to FIA measurement is set out in Hayward (1990) and Bell et 

al. (1995), although a brief description for the reader’s convenience follows using 

samples from the region shown in Figure 1b. How these techniques can be used to 

determine changes in the orientation of the FIA from the core to the rim of a 
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porphyroblast is illustrated in Figure 2. This approach enables the relative timing of 

different generations of porphyroblast growth to be determined. 

 

Basic technique 

At least eight differently oriented thin-sections are required to determine a FIA within a 

10° range. For each sample, the rock is reorientated in the lab to its field orientation. 

The direction of north and horizontal traces are then marked on the re-orientated sample 

with the horizontal trace intervals being the width of a thin-section. The sample is then 

cut along the marked traces creating horizontal slabs. The eight thin-sections are cut in a 

vertical plane from these horizontal slabs – one every 30° interval around the compass 

(i.e. 0°, 30°, 60°, 90°, 120°, 150°) and two cut 10° apart between the sections where the 

asymmetry of the inclusion trails switches (Fig. 2). When viewed from the one 

direction, as shown in Figure 2a when looking at the page, the inclusion trail asymmetry 

changes from a ‘Z’ (anticlockwise curvature – e.g. AV36C BSE image, Appendix A) to 

an ‘S’ (clockwise curvature – e.g. AV19 BSE, Appendix A) or vice-versa as the series 

of vertical thin sections with different strikes are cut and viewed (Fig. 2). The trend of 

the axis is taken as being midway between two sections across which the switch in 

asymmetry occurs (Fig. 2e). The error involved in determining FIA trends using this 

method is a function of the precision with which the thin-section can be orientated, and 

is estimated to be ± 8° (appendix 1 Bell et al., 1998). 

 Inconsistencies in asymmetry from section to section are important since they arise 

from a change in porphyroblast FIA trend from core to rim (Bell et al., 1998). Core 

FIAs – i.e. those corresponding to the earliest growth of a garnet porphyroblast – 

together with median and rim FIAs, are used to determine whether a consistent relative 

succession is present. Five FIAs have been found in garnet porphyroblast cores of 
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samples used herein from the Pomfret dome region (Bell et al., 2004, Ham & Bell, 

2004). These are named FIA sets 0 through 4. 

 

Mineral equilibria modelling 

P–T pseudosections are phase diagrams that calculate and plot the stability of mineral 

assemblages through P–T space in a chosen chemical system for a specified bulk rock 

composition and can be used to constrain P–T conditions and elucidate metamorphic 

processes (e.g. Powell et al., 1998; Diener et al., 2008). The bulk composition of each 

sample was determined via X-ray fluorescence (XRF) analysis using a Bruker-AXS S4 

Pioneer spectrometer at the Advanced Analytical Centre, James Cook University. Rock 

portions were crushed from the samples used to make the thin-sections to ensure that 

XRF analyses could be compared to compositions measured in garnet porphyroblast 

cores. All available rock material for each sample that was discarded in the making of 

the original thin-sections was utilized. The samples chosen for crushing were 

homogeneous at the hand sample scale and free from any visible alteration such as 

quartz veins or iron oxide staining. The CaO content is generally low for samples from 

the Pomfret dome region studied here (Appendix B). This means that changes in bulk 

composition due to carbonate or plagioclase loss through dissolution, solution transfer 

and volume loss accompanying foliation development would be negligible (e.g. Bell & 

Bruce, 2007). If these rocks had been calc-pelites, volume loss during foliation 

development could have shifted the bulk composition from that operating at the time of 

garnet growth. Bulk compositions for all 10 samples are shown on the respective 

pseudosections in Figures 4–13 with the full suite displayed Appendix B. There appears 

to be no correlation between differences in bulk composition and trends with P–T of 

garnet nucleation. 
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 Mineral compositions were determined using a JEOL 840 and JEOL JXA-8200 

Electron Probe Microanalyzer (EPMA) at the Advanced Analytical Centre, James Cook 

University. The cores of the largest garnet porphyroblasts were analysed. Carlson 

(1989) showed that there is a strong positive correlation between garnet size and Mn 

content. MnO can significantly influence garnet stability at grades lower than granulite 

facies (Diener et al., 2008). The two largest garnets out of the several available thin-

sections for each sample were probed repeatedly (typically 15–20 times) from the centre 

region towards the rim (Appendix A). The core analysis with the highest MnO content 

is considered as being most representative of the earliest grown garnet core for that 

sample. Though it is highly unlikely that any analyses taken from thin-sections made 

without the aid of either serial sectioning or X-ray CT (e.g. Huddlestone-Holmes, 2005) 

will sample the true geometric centre of a garnet, uncertainty in knowing whether the 

exact garnet core has been probed is largely negated by the use of the isopleth 

intersection method. The method will not work if the point analysis is not a near-true 

representation of the garnet core composition. The relatively flat compositional profile 

in the core of growth zoned garnet (e.g. Appendix F) will mitigate the effects of any 

small variations around the true centre-cut (Evans, 2004a). Only the garnet core can 

grow in equilibrium with the whole-rock bulk composition; thus isopleth intersections 

not clustering tightly around the P–T point at which the core stabilized in composition 

can be considered as not representing the P–T conditions of nucleation (e.g. Vance & 

Holland, 1993; Vance & Mahar, 1998; Evans, 2004a). Metapelitic assemblages such as 

those found in the rocks of this study were targeted since they often contain low 

variance assemblages highly suited for P–T analysis and are also potentially useful for 

geochronology. Garnet is one of the few common minerals in metapelites that has more 

than two independent compositional variables that are measurable by EPMA analysis, 
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making it ideal for isopleth geothermobarometry. Using pseudosections to estimate P–T 

conditions of specific episodes of porphyroblast growth also circumvents many of the 

problems related to retrograde mineral re-equilibration that hinder and limit the 

application of conventional cation-exchange thermometers and barometers (e.g. Diener 

et al., 2008). Nevertheless, the garnet composition determined from chemical analysis 

may be subject to potential post-peak changes (R. H. Vernon, pers. comm. 2010). 

 Pseudosection calculations were performed in the MnO–Na2O–CaO–K2O–Fe2O3–

MgO–Al2O3–SiO2–H2O (MnNCKFMASH) model system via the thermodynamic 

calculation software THERMOCALC (v. 3.21; Powell & Holland, 1988; Powell et al., 

1998) using the dataset of Holland & Powell (2001) (updated from the Holland & 

Powell (1998) dataset). The MnNCKFMASH system chosen to calculate the phase 

relationships allows the inclusion of most common minerals in pelitic rocks (Stowell et 

al., 2001). Although this system does not account for the influences of potentially 

important phases such as Ti and P, the major rock forming mineral assemblages 

naturally developed in pelites can still be modelled successfully (Tinkham et al., 2001). 

Inclusion of Mn (and the garnet end-member spessartine) provides critical information 

for modelling the nucleation of garnet (e.g. Vance & Holland, 1993) due to the 

significant effect it can have on the temperature of garnet growth (e.g. Hsu, 1968; 

Symmes & Ferry, 1992; Mahar et al., 1997; Stowell et al., 2001). Tinkham et al. (2001) 

highlighted the importance of including the important rock constituents MnO, Na2O and 

CaO when constructing pseudosections. Their addition allows the simultaneous 

modelling of garnet and plagioclase, which is important because anorthite and grossular 

are commonly used to constrain pressures. The inclusion of Mn allows for garnet 

stability to be modelled at appropriately low pressures and temperatures because the 

stabilizing effect of Mn can be accounted for (Tinkham et al., 2001). Including Ca (and 
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the garnet end-member grossular) provides good constraints on pressure during garnet 

growth due to grossular content in garnet having a significant pressure dependence in 

many mineral assemblages (Spear, 1993; Stowell et al., 2001). The THERMOCALC based 

P–T calculations use the intersection relationships between Mn, Fe and Ca isopleths for 

garnet core compositions (e.g. Vance & Mahar, 1998; Marmo et al., 2002; Evans, 

2004a). This determines the P–T conditions of equilibration between garnet of a 

particular composition and the bulk composition of the rock in which it grew. The 

compositional variation in garnet is controlled by solid solution between three end 

members (spessartine, almandine and grossular respectively). It can be described in 

terms of the molar concentrations of Mn, Fe and Ca, which are independent of one 

another and are plotted for the garnet core in each sample in Figures 4–13. Intersections 

between isopleths plot as points in P–T space within a field consisting of a mineral 

assemblage that was stable at the time of garnet core nucleation for the specific bulk 

rock composition. THERMOCALC calculates the standard deviation for each of these 

isopleths based on errors propagated from the thermodynamic data. Error ellipses are 

plotted in this study in a way similar to the methods used by Powell & Holland (1994). 

Due to the number of samples analysed, the standard deviation determined by isopleth 

intersections of the garnet compositions as calculated by THERMOCALC have been 

plotted with the overlapping rhomboidal area (e.g. Powell & Holland, 1994; Evans, 

2004a; Kim & Bell, 2005) modified to an ellipse to make the modelled P–Ts of 

nucleation clearer to the reader – especially Figure 14. This illustrates that even when a 

tight isopleth intersection is achieved it still represents a point in P–T space within a 

potential field of error; rather than giving the impression that the intersection point is a 

precise P–T point estimate (e.g. Gaidies et al., 2006). If the three compositional 

isopleths intersect within the overlap of their calculated standard deviation then 
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modelling of the equilibrium between garnet and the bulk rock is considered adequate 

within the constraints of errors in the thermodynamic data (Evans, 2004a). The garnet 

model used here is in keeping with that used in the studies of Evans (2004b) and Cihan 

(2004b) who used the isopleth intersection method. Non-ideal mixing interaction 

parameters are taken as a garnet activity (in kJ mol
–1

), Wgr alm = 0, Wgr py = 33, Wgr spss = 

0, Walm py = 2.5, Walm spss = 0.24 and Wpy spss = 4.5. Evans (2004a) and Cihan et al. (2006) 

used these same interaction parameters and used similar rocks; thus the same garnet 

activity relationships were chosen for compatibility. For the rocks analysed for this 

study, adjustment of the non-ideal mixing parameter Walm spss to 0 kJ mol
–1

 did not 

appear to significantly affect the thermodynamics of the mineral phases concerned, 

making practically no difference to the position of the garnet-in line (in the order of 10
–2

 

°C). 

 

FIA FRAMEWORK 

The five FIA sets that form the basis of much of the discussion in this entire study have 

been derived primarily from the original microstructural analysis complied by two 

previous studies; Ham (2001; this section and later sections) and Timms (2002; later 

sections). Timms originally defined eight FIA sets, which were subsequently 

reinterpreted by this study as representing the same five FIA sets seen in the other parts 

of the New England Appalachians (e.g. Bell et al., 2004; Bell & Newman, 2006; fig. 4 

Section 3). Since the 1990s, numerous individual microstructural studies over various 

geological districts of the New England Appalachians have been conducted. Over this 

time there have been slight variations in the interpretations of the number of FIA 

generations present in a given area of interest. Fundamentally however the orientations 

and relative timings of the quantitatively measured FIAs have been consistent between 



PhD Thesis  M. T. Rieuwers 

 

1  16 

areas across the region suggesting large-scale processes have governed their formation 

and subsequent timing and orientation (e.g. Bell & Newman, 2006). 

 Much of the complexity within the structural and metamorphic history of the New 

England Appalachians can be attributed to three overprinting Palaeozoic orogenic 

phases; the Taconic (455–442 Ma), the Acadian (423–385 Ma) and the Alleghanian 

(300–260 Ma). Each orogenic pulse has been associated with a major collisional 

orogenic event (e.g. Rich, 2006). For example, the Alleghanian is regarded as 

coinciding with the development of Pangaea as Africa collided with North America 

~300 million years ago (Mosher, 1983). Importantly, each FIA set is assumed to be 

orthogonal to and records the bulk shortening direction for the deformations that 

accompanied its development. Thus, changes in FIA set orientation record changes in 

the convergent approach of accretionary collisions. Though, it should be noted that 

alternate interpretations for the creation (and/or destruction) of microstructures during 

porphyroblast growth other than by regional multiple orthogonal cleavage-forming 

events have been proposed during orogenesis (e.g. Johnson, 1999; Paterson & Vernon, 

2001). Whether a FIA set is recorded in a given volume of rock depends on the 

partitioning of deformation at the scale of a porphyroblast (e.g. Bell & Bruce, 2007) and 

this aspect is discussed extensively in Section 2 of the thesis. 

 

GEOTHERMOBAROMETRIC AND COMPOSITIONAL DATA 

All P–T calculations were performed using THERMOCALC in the MnNCKFMASH 

system with quartz and fluid set as being in excess. Muscovite is set as being in excess 

where stability implications require and is stated in the relevant figures. The 

pseudosections calculated include quartz, muscovite, plagioclase, zoisite, chlorite, 

biotite, garnet, staurolite, chloritoid, aluminosilicate, and aqueous fluid (H2O). Although 
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not included, it is possible that cordierite may be able to be calculated in some instances 

at low-P; however, this has no influence on the intersection of compositional isopleths 

for garnet in P–T space. Many reactions in these rocks consume or produce quartz or 

H2O (and commonly muscovite), and, therefore, these phases are assumed to be present 

in excess when calculating pseudosections. Mineral assemblages in these rocks are 

consistent with having H2O being present in excess. This modelling also reflects the 

likely situation that these rocks were exposed to the infiltration of fluids (assumed to be 

pure H2O for the purposes of modelling where bulk composition has not been 

significantly affected during the rock’s metamorphic evolution). Unlike recrystallized 

multiply reworked pelites found in granulite terranes, it would be unreasonable to 

assume amphibolite facies pelitic rocks used in this study exhibited closed system 

behaviour with respect to H2O unaffected by pervasive fluid infiltration and hydration. 

The selection of phases is thought to represent as closely as possible the phases that 

were likely to have been present during some stage of the rock’s evolution through P–T 

space (Welch, 2003). Chloritoid was not found to be stable for any of the bulk 

compositions. Assemblages of the samples analysed in this study are tabulated in 

Appendix E. Table 1 summarizes the P–T data outlined here. 

 

Sample AV17B 

This sample comes from the east limb of the Pomfret dome (Fig. 1b). The garnet core 

formed during FIA set 0 (Fig. 3). The compositional isopleths intersect centred at c. 7.1 

kbar and 540 °C (Fig. 4). 

 The garnet compositional profile (Appendix F) of the garnet porphyroblast used in 

this sample (AV17B-g1) is relatively flat from that taken as the core (‘AV17Bg1-1’ – 

highest XMn) until the final point analysis 17 (Appendix A), where there is a sharp drop 
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in XMn and XCa that is mirrored by an increase in XFe and XMg that corresponds with a 

microstructural change. The apparently flat profile is mostly due to most of the analyses 

being near the core until point 14 onwards where a change in composition is noticed as 

the inclusions trails curve. 

Sample AV36C 

The sample comes from the west limb of the Pomfret dome (Fig. 1b). Garnet cores 

formed during FIA set 0 (Fig. 3). There is a very tight intersection of isopleths centred 

at c. 6.3 kbar and 543 °C (Fig. 5). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (AV36C-gB), point ‘AV36CgB-12’ 

(Appendix A) is that taken as the core (highest XMn for both AV36C-gA and gB). From 

this point, the analyses move towards the rim with a gentle decrease in XMn 

accompanied by an increase in XFe. At point 15 there is a sharp drop in XMn and increase 

in XMg that corresponds with a microstructural change. 

Sample AV19 

The garnet core for this sample from the eastern limb of the Pomfret dome (Fig. 1b) 

formed during FIA set 1 (Fig. 3). Isopleths in P–T space intersect centred at c. 7.1 kbar 

and 515 °C (Fig. 6). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (AV19-g1), point ‘AV19g1-1’ 

(Appendix A) is that taken as the core (highest XMn for both AV19-g1 and g2). Most 

analyses are taken near the core until point 18, which shows the beginning of a steep 

decrease in XMn, mirrored by a XFe increase towards the rim. The inclusions trails are 

truncated between points 18 and 19. The change seen in point 18 compared to 17 before 

the truncation is likely due to volume diffusion associated with the truncating 
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differentiated crenulation cleavage against the ‘proto-rim’ that ceased this phase of 

growth. Points 19–21 represent the rim episode of growth showing a steep 

compositional gradient. 

Sample AV29 

This sample comes from the west limb of the Pomfret dome (Fig. 1b). Cores of garnet 

first grew during the development of FIA set 1 (Fig. 3). The intersection of isopleths is 

centred at c. 7.1 kbar and 518 °C (Fig. 7). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (AV29-gB), point ‘AV29gB-1’ 

(Appendix A) is that taken as the core (highest XMn for both AV29-gA and gB). Most 

analyses are taken near the core until point 13, which corresponds with a smooth 

decrease in XMn and XCa mirrored by a XFe and XMg increase towards the rim (points 13–

15, 18). The compositional change corresponds with a microstructural change. Points 16 

and 17 appear to be taken out of sync with points 13–15 and 18 with respect to the 

likely growth zonation as reflected in the step in the profile for these points. 

Sample AV26A 

This sample lies on the west limb of the Pomfret dome (Fig. 1b). The garnet core 

formed during FIA set 2 (Fig. 3). The isopleths intersect centred at c. 7.9 kbar and 542 

°C (Fig. 8). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (AV26-gA), point ‘AV26gA-12’ 

(Appendix A) is that taken as the core (highest XMn for both AV26-gA and gB). This 

point analysis is right in the middle of the porphyroblast for this thin-section (Appendix 

A). Most analyses are taken near the core until point 17, which corresponds with a 

decrease in XMn and XCa mirrored by a XFe and XMg increase towards the rim (points 17–
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21). This suggests typical growth zoning for pelitic garnet that grew during prograde 

metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

Sample AV33 

This sample comes from the northern part of the west limb of the Pomfret dome (Fig. 

1b). Garnet cores first grew during FIA set 2 (Fig. 3). The P–T data shows an isopleth 

intersection centred at c. 7.5 kbar and 528 °C (Fig. 9). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (AV33-gB), point ‘AV33gB-6’ 

(Appendix A) is that taken as the core (highest XMn for both AV33-gA and gB). Note 

the straight inclusion trails for garnet AV33-gB. Most analyses are taken near the core 

until points 15–18, which corresponds with a decrease in XMn mirrored by a XFe and XMg 

increase towards the rim (points 15–18). This suggests typical growth zoning for pelitic 

garnet that grew during prograde metamorphism, with cores high in Mn and Ca and low 

in Fe and Mg. 

Sample V387B 

This sample comes from approximately 20 km to the west of the Pomfret dome (Fig. 

1a). Garnet core growth occurred during FIA set 3 (Fig. 3). Isopleths intersect very 

tightly centred at c.7.4 kbar and 522 °C (Fig. 10). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (V387B-g1), point ‘V387Bg1-2’ 

(Appendix A) is that taken as the core (highest XMn). Most analyses are taken near the 

core until points 13–14, which corresponds with the rim boundary and a decrease in XMn 

and XCa mirrored by a XFe and XMg increase. Point 15 is from near the core, hence the 

sharp change in composition (e.g. XFe rise). 
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Sample V396 

This sample comes from approximately 10 km west of the Pomfret dome (Fig. 1a). 

Garnet core formation occurred during FIA set 3 (Fig. 3). Isopleths intersect very tightly 

centred at c. 6.2 kbar and 525 °C (Fig. 11). 

 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (V396-g2), point ‘V396g2-3’ 

(Appendix A) is that taken as the core (highest XMn for both V396-g1 and g2). Most 

analyses are taken near the core until point 13. Points 14–16 then show a decrease in 

XMn mirrored by an increase in XFe and XMg. This suggests typical growth zoning for 

pelitic garnet that grew during prograde metamorphism, with cores high in Mn and Ca 

and low in Fe and Mg. 

Sample AV27 

This sample comes from the west limb of the Pomfret dome with garnet core growth 

occurring during FIA set 4 (Fig. 1b). The P–T data shows intersection of isopleths 

centred at c. 7.1 kbar and 540 °C (Fig. 12). 

 The garnet compositional profile (Appendix F) shows the garnet used for the 

compositional isopleth calculations in this sample (AV27-gA), point ‘AV27gA-5’ 

(Appendix A) is that taken as the core (highest XMn for both AV27-g1 and g2). Most 

analyses are taken near the core until points 15–18. These show a gentle decrease in XMn 

and XCa mirrored by a slight increase in XFe and XMg. 

Sample AV138 

This sample, from the eastern Pomfret dome (Fig. 1b), contains garnet that first grew 

during the development of FIA set 4 (Fig. 3). The very tight intersection of isopleths is 

centred at c. 7.7 kbar and 555 °C (Fig. 13). 
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 The garnet compositional profile (Appendix F) shows for the garnet used for 

compositional isopleth calculations in this sample (AV138-gA), point ‘AV138gA-8’ 

(Appendix A) is that taken as the core (highest XMn for both AV138-gA and gB). Most 

analyses are taken near the core until point 13, before reaching the rim edge at point 18. 

These show a gentle decrease in XMn from point 14 onwards mirrored by a slight 

increase in XFe. This suggests typical growth zoning for pelitic garnet that grew during 

prograde metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

 

INTEPRETATION 

Samples used in this study were selected because they contain garnet that first nucleated 

during the development of one of the FIA sets that have been described from the 

Pomfret dome region based on their interpretation that the orientation of the deduced 

core FIA is the same as a defined set that is present across this region (Fig. 3; Ham & 

Bell, 2004). That is, for each sample, garnet first grew during one of either FIA sets 0, 

1, 2, 3 or 4, allowing the intersection of Mn, Fe and Ca isopleths to be used to determine 

the P–T conditions of garnet core nucleation in a relative temporal context since the FIA 

sets represent a time succession and core FIAs were the first to form for each given 

sample. The differences in T and P of when garnet cores nucleated in FIA set to FIA set 

can then be used to propose a P–T–t–d history. 

 

Constant P–T metamorphism 

The P–T data show relatively little change in T and P from FIA set 0 through to FIA set 

4. The range in T of the points in P–T space where garnet core isopleth intersections are 

centred is ~45 °C. The range in P of intersection centres is ~1.7 kbar. When error is 

considered, the range is in the order of 2.3 kbar with values of 5.9–8.2 kbar/507–557 
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°C. Combining these data (Fig. 14) suggests that either (1) the metamorphism is 

essentially constant in P–T over five separate FIA-forming events; at least within the 

likely resolution of estimated P–T of nucleation the used methodology is capable of, or 

(2) that each FIA is instead representing a local effect in a single tectonometamorphic 

event. It should be noted that P–T estimates are commonly tens of degrees warmer than 

the conditions of their respective isograds. The significance of this is discussed in detail 

in Sections 2 and 4. For each sample from the Pomfret dome region (Fig. 1) the Ca, Mn, 

Fe isopleths intersect within the same mineral assemblage field as that preserved as 

inclusions within the garnet core suggesting that garnet core growth occurred in the 

expected equilibrium conditions. 

 Ham & Bell (2004) showed that the Pomfret dome fold formed early, predating 

FIA set 0. All subsequent events involved episodic garnet growth that correlates with 

the FIAs measured around the Chester–Athens dome lying ~45 km to the south (Fig. 

15). Implications for the tectonothermal evolution of the Chester–Athens dome region 

are explored in detail in Section 2. Bell & Welch (2002) showed that these FIAs formed 

over a >70 million year period. Assuming that the FIAs and ages correlate between the 

Chester–Athens dome and Pomfret dome regions, then the crust appears to have 

remained essentially in equilibrium, moving relatively insignificantly up and down 

during sub-vertical to sub-horizontal foliation-forming events over a >70 million year 

period rather than representing essentially a single tectonometamorphic event. This 

assumes that a crenulation axial surface forms at a high angle to a regional shortening 

direction, rather than being the result of local strain as demonstrated by the regionally 

consistent FIA trends across the New England Appalachians by Bell et al, (2004) and 

Bell & Newman (2006). Adshead-Bell & Bell (1999) showed that a similar pattern of 

successive foliations in the Adelaide Fold Belt, South Australia involved fluctuations in 
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depth during four successive vertical to horizontal shortening events that were around 

225 m. If, as proposed here, a similar scale of depth fluctuations occurred in the Pomfret 

dome region during the development of the five successive FIA-forming events over a 

>70 million year period, the presented P–T of garnet nucleation data is, as close as is 

practicable using THERMOCALC, to constant. 

 

Effective error estimation 

The data spread of the various P–T estimates or ‘bandwidth’ for garnet core growth 

calculated for this study is strikingly clustered. It is argued here that this phenomenon 

cannot simply be coincidence because the timeframe over which the P–T data 

represents spans >70 million years, incorporating five separate FIA-forming events. 

Additionally, the P–T path from the nearby Chester–Athens dome is considerably 

different (see Section 2). This suggests that the little varying path calculated in this 

study is real, allowing one to suggest that the maximum effective resolution of P–T 

estimates using THERMOCALC calculations is represented by the bandwidth of P–T data 

points presented here. It is proposed that the effective error estimated represents the 

best-case P–T resolution THERMOCALC is capable of attaining. That is, the all-

encompassing errors that include experimental errors of thermodynamic data, including 

activity/composition relationships as well as analytical and geological error (both 

random). It assumes that both systematic error (constant throughout all calculations) and 

random error (relating to values specific to individual analyses) are also at a best-case 

minimal level. Comprehensive discussions on error analysis in THERMOCALC and the 

errors associated with input parameters have been detailed by the software’s authors 

(Powell & Holland, 1998; Powell & Holland, 1994; Worley & Powell, 2000) and will 

not be further detailed here. 
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DISCUSSION 

Prior to the FIA approach, awareness of the very lengthy and complex deformation and 

metamorphic histories that most rocks appear to have undergone was lacking. The data 

that is presented here shows significant variations in T and P for the growth of garnet 

cores in proximal outcrops. Traditionally when such data has been encountered, it may 

have been difficult to rationalize – i.e. how can more than one sample from the same 

outcrop produce different metamorphic P–T results and yet be attributed to a natural 

tectonophysical process? 

 Alternatively, such variation may be attributed to measurement error or other 

complications. FIAs however allow one to distinguish successions in the timing of 

growth of any porphyroblastic mineral where previously this was not possible (if it 

assumed that each FIA set is synchronous) – particularly where discrepancies in P–Ts 

of mineral phase nucleation occur in samples from the same outcrop. FIAs reveal that 

the intersection in P–T space of Mn, Fe and Ca compositional isopleths for garnet cores 

(the first nucleation for a given porphyroblast) vary from sample to sample within an 

outcrop because the porphyroblasts first grew at different relative times during the P–T–

t path that the host rocks underwent. This variation in timing has resulted from variable 

partitioning of deformation on an outcrop scale and its effects on porphyroblast 

nucleation and growth (e.g. Spiess & Bell, 1996; Bell et al., 2004). Microstructural 

processes at all scales, including down to the scale of individual porphyroblasts, hold 

the key to provoking these effects. The effects explain the role that deformation 

partitioning imparts on reaction sites and reaction duration and its control on the 

episodic nature of metamorphic reactions (e.g. porphyroblast growth) during orogenesis 

(e.g. Bell et al., 1986; Bell & Hayward, 1991; Spiess & Bell, 1996; Bell et al., 2003, 

2004; Bell & Bruce, 2007). Previous geothermobarometric studies producing P–T–t 
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paths have tended to focus on zoning profiles of minerals and their relevance to the 

tectonothermal evolution of a study area. This largely assumes that given mineral 

porphyroblasts grow in times where P–T conditions are simply favourable for growth 

for a given bulk composition – without consideration of deformation partitioning. This 

also largely assumes that all major metamorphic events will be recorded by mineral 

growth. P–T conditions derived from growth-zoned porphyroblasts like garnet need to 

consider changes in effective bulk composition with fractionation since some 

component of growth zoning is necessarily the result of an effective bulk composition 

change within the rock that has been generated by crystal fractionation of components 

into the core of the porphyroblast (Evans 2004a). If this is not accounted for where P–

T–t paths are generated using non-core data, the data will usually be geochemically 

flawed. This is likely, although Zuluaga et al. (2005) showed that for a low mode of 

garnet (less than c. 5%) the effect may be negligible. As is described herein, 

microstructural constraints are also critical to generating meaningful P–T–t–d histories. 

 In this study, since only garnet cores that first grew in one of either FIA sets 0, 1, 2, 

3 or 4 are investigated, the requirement to calculate an effective bulk composition 

providing for crystal fractionation is removed. Consequently, if the FIAs can be 

correlated in a time succession between outcrops and regions, separating multiple 

periods of garnet growth according to a FIA succession has the potential to reveal 

aspects of P–T–t–d path development that have not previously been conceptualised until 

this study, and Sanislav & Bell (2011). Sanislav & Bell (2011) demonstrated that the 

limited variation in bulk composition of the rocks described was not a major control on 

garnet nucleation because T was always overstepped. Garnet did not grow during the 

development of the first FIA in one sample because even if a foliation of the first FIA 

set origin developed in that portion of the outcrop, no subsequent crenulations 
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developed there at the scale of a garnet during that period of bulk shortening. 

Deformation partitioned 1.5 m away however at the scale of a porphyroblast as 

foliations that formed at that time were preserved at that location and so garnet grew 

preserving the first FIA within its inclusion trails. Garnet would have grown in this 

sample under these P–T conditions if crenulation deformation at the scale of a 

porphyroblast had partitioned through this portion of the outcrop, but it did not. The 

samples from the same outcrop 1.5 m apart had the opportunity to grow both garnet and 

staurolite four FIA sets later because the P–T conditions were appropriate for either 

phase, but only one sample did. 

 

Obliteration of deformation history and destruction of access to P–T–t path 

Orogenesis is assumed to always be accompanied by foliation formation (although not 

all foliation is necessarily orogenic in origin – e.g. mimetic fabrics). Foliations can be 

dated using suitable minerals that lie within them (e.g. Bell & Welch, 2002; Cihan et 

al., 2006; Sanislav, 2011). Rocks subjected to many deformation events always contain 

a foliation parallel to the pre-existing compositional layering (usually bedding) – an 

inherent weakness that may be used by several events to accommodate movement via 

reactivation, intensifying the bedding fissility (Bell, 1986). This process tends to destroy 

or prevent the development of cross-cutting foliations and results in the foliation 

parallel to layering being the product of many events rather than just one as is 

commonly inferred (e.g. Tobisch & Paterson, 1988; Bell et al., 2005). This can pose 

problems when attempting to constrain the ages of deformation hidden within a 

potentially complex, but apparently simple fabric using the minerals within it. It also 

poses a considerable problem in resolving the tectonothermal histories associated with 

orogenesis. 
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 For two decades, FIA data from porphyroblasts has been providing extended 

structural histories that have been lost from the matrix due to repeated shearing and re-

use or reactivation of the bedding (e.g. Ham & Bell, 2004). The integration of FIAs 

with P–T pseudosections thus provides an approach for deciphering metamorphic 

histories that previously were hidden to researchers due to the obliteration of 

deformation history destroying access to the P–T–t record (this study, Sayab, 2005; 

Sanislav, 2009, Sanislav & Bell, 2011). 

 

Geothermobarometry 

From the above discussion it is clear that P–T pseudosections and isopleth 

geothermobarometry, when integrated with quantitative microstructure (FIAs), become 

valuable tools in the deciphering of tectonothermal events associated with orogenesis 

and allow the derivation of very extended metamorphic records. Quantitative P–T 

determination in metamorphic rocks is commonly based on the variation in composition 

of growth-zoned garnet (e.g. Tracy & Frost, 1991; Vance & Mahar, 1998; Evans, 

2004a). However, growth zoning in garnet largely results from an ‘effective bulk 

composition’ (Stüwe, 1997) change within the rock where the sequestration of 

components into the core modifies the composition of the chemical system from which 

subsequent growth of this mineral is sourced. Therefore, any quantitative calculation of 

the P–T regime over the course of garnet growth should be completed using an accurate 

assessment of the effective bulk composition (Evans, 2004a). 

 Evans (2004a) proposed a method to compensate for effective bulk composition 

modification due to crystal fractionation via garnet growth. However, the time span 

over which it works is just one growth event and this occurs at the start of just one 

deformation event (Bell & Hayward, 1991). Variation in T and P over such short time 
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spans should be insignificant and the resulting gradients demonstrated by Evans 

(2004b) appear to reflect other local processes at work as a porphyroblast grows. 

 It is common to calculate a well-constrained equilibrium between the core of a 

zoned garnet and the bulk composition. For example, Stowell et al. (2001), Stowell & 

Tinkham (2003) and Zuluaga et al. (2005) used garnet core compositions to estimate P–

T conditions along with exchange thermobarometry to estimate the later/peak P–T 

conditions where very poorly constrained equilibrium between the rim and the bulk 

composition exists because fractionation of the effective bulk composition is caused by 

garnet growth itself (Vance & Mahar, 1998). Analysing only the cores of garnet 

porphyroblasts removes complications involved with effective bulk composition 

modification. Such garnet core compositions should directly preserve the T and P of 

nucleation during the development of a particular FIA set before garnet sequestered 

significant amounts of Mn, Mg, Fe and Ca, thus modifying the effective bulk 

composition of the rock. Without the fine control in relative timing provided by 

successive FIA sets, researchers are mixing multiple phases of growth that cannot be 

distinguished without a FIA approach. 

 In light of the ability to constrain successive phases of garnet nucleation and growth 

via FIAs, the tight geothermobarometric data presented in this study represents a 

significant opportunity to place an effective estimation on the error of P–T calculations 

via THERMOCALC. Since the five successive FIA sets represent a period spanning >70 

million years and as many deformation events (e.g. Bell & Newman, 2006), it can be 

argued that the relatively tight bandwidth of the P–T data expresses a real phenomenon 

for which the tectonic implications are discussed further below. With garnet cores 

nucleating at different times, with first growth of garnet porphyroblasts recorded in each 

of the five FIA sets, the consistency of the data from FIA set 0 (forming prior to c. 424 
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Ma) through to FIA set 4 (forming prior to c. 366 Ma) can be best explained by the 

arguments put forward herein. There is no evidence that the rocks have been subjected 

to metamorphic grades high enough to compromise the integrity of the P–T data over 

the >70 million year period represented. 

 

Error estimation for THERMOCALC 

When constructing P–T–t paths with the aid of THERMOCALC, an independent guide is 

needed as to what the effective errors are. What is the ‘real-world’ resolution of P–T 

estimates using THERMOCALC since the results obtained are affected by error and 

variability at every step along the data acquisition and calculation chain? Since there is 

relatively little change in T and P of garnet core nucleation over five successive periods 

of FIA development in this study, an estimation of the effective T and P resolution for 

THERMOCALC has been proposed. This approach to an effective error estimation may 

provide a solution to the problem of classifying systematic versus random error – i.e. 

‘systematic’ referring to the uncertainty of a value that is constant throughout all of the 

calculations and ‘random’ being the uncertainty relating to values that are specific to 

individual analyses (Evans, 2004b). Although little P–T variation is seen in the data 

presented here, the same thermodynamic and experimental errors apply to all estimates 

and so such an estimate is not ‘independent’ sensu stricto. However, prior to the 

proposal presented in this study, error estimation for THERMOCALC was essentially 

limited to the calculated uncertainties within the internally consistent dataset of Holland 

& Powell (1985, 1990, 1998). These uncertainties get propagated through calculations 

in THERMOCALC to give uncertainties in calculated P–T values and mineral 

compositions (Evans, 2004b). 
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 Other sources of error not incorporated by THERMOCALC include inaccurately 

formulated activity–composition (a–x) models describing mixing between end-members 

in complex phases. These are widely considered to be the largest contributors to 

systematic error in geothermobarometry (Hodges & McKenna, 1987; Kohn & Spear, 

1991; Evans, 2004b). The mixing relationships in complex phases such as garnet and 

staurolite are generally quite poorly constrained experimentally despite being factored 

in to the internally consistent thermodynamic datasets of Holland & Powell (1985, 

1990, 1998). Analytical and geological error – both random – are also not accounted for 

by THERMOCALC. Workers such as Marmo et al. (2002) and Evans (2004a,b) have 

attempted to correct for aspects of these types of errors. No microstructurally 

constrained temporal assessments have been integrated into P–T determinations of the 

first grown garnet cores of samples. Yet, only garnet cores that first nucleated in a 

sample can be confidently assessed to have been in equilibrium with the bulk rock 

composition at the time of initial growth. 

 Errors calculated by THERMOCALC invoke questions about whether they, just like 

the actual calculations from which they were derived, are measuring accuracy or 

precision. The results and interpretation of the data presented in this study suggest that 

there can be considerable confidence in the geothermobarometric results produced by 

the compositional isopleths approach plus an indication of the effective error of 

THERMOCALC. The clustered and precise nature of the data suggests that it is 

reproducible from sample to sample and through successive deformation events – and 

therefore likely real. This is discussed in more contextual detail below. 
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Success of approach 

The relatively tight cluster of P–T data from all FIA sets suggests there is little change 

in T and P from FIA set 0 through to FIA set 4. Bell & Welch (2002) showed that FIAs 

result from a time succession, with garnet growth at the start of multiple successive 

deformations recording several different FIA-forming events. Clearly, it should be 

possible to integrate structural information and P–T growth conditions constrained 

temporally via FIAs. Therefore, the P–T cluster can be explained by either (1) 

overlapping of P–T data resulting from a lack of accuracy using THERMOCALC; it may 

simply be unable to discern subtle changes in T and P, or (2) overlap reflecting an 

effective variation and thus the part of the crust containing the Pomfret region 

essentially varied little in depth for >70 million years, or (3) both. The implications of 

(2) are discussed further below. 

 With the integration of FIA and P–T data, a problem that arises is that the former 

initially appears to be more sensitive to analysis than the latter. Structurally, FIAs have 

the potential to preserve the effects of every deformation that formed immediately prior 

to and then accompanying porphyroblast growth across a region. Although FIAs are 

measured and correlated rather than foliations, one can use the maximum number of 

successive foliations preserved as inclusion trails about a FIA within a single sample to 

provide a minimum estimate of the maximum number of foliations that could have 

formed over the period of time that that FIA developed (e.g. Bell & Newman, 2005). 

Porphyroblast growth has traditionally been treated more simply because reactions are 

generally considered by petrologists as being controlled by bulk composition, ionic 

diffusion, T and P with no significant input for the role of deformation. Once a reaction 

starts it is thought of as going to completion rather than stopping and starting as a 

function of deformation affecting the access of materials required for the reaction to 
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continue. If the growth of a product mineral stops locally it does not mean that the 

reaction for a larger volume of rock has ceased because the same product minerals 

could be growing elsewhere in the rock as the overall reaction continues (R. H. Vernon, 

pers. comm. 2010). However, a FIA can only be measured where the deformation has 

been accompanied by porphyroblast growth. Because FIAs rather than foliations are 

measured, it should be possible to fully integrate deformation and metamorphism at this 

level. However, when the standard deviation of the thermodynamic data is accounted 

for, THERMOCALC‘s ‘best-case’ resolution may be too inaccurate to cope with (scenario 

(1) above). Yet, this data allows one to advocate an effective resolution for 

THERMOCALC, rather than just a precision of the result, because the clustering is tight 

from sample to sample over the >70 million year period. That is, the 35 °C range in T 

and 1.7 kbar range in P is so small that when standard deviation error ranges from 

THERMOCALC are considered, the resultant 5.9–8.2 kbar/507–557 °C range still leaves a 

tight cluster by geothermobarometry standards. Such clustering strongly suggests there 

was little change in T and P from FIA set 0 through to FIA set 4. Mechanisms 

permitting this are proposed in Section 2. 

 

Implications of P–T data for timing of the Pomfret dome 

The amplitude of the Pomfret dome fold (5 km, c. 1.5 kbar; Fig. 16) is no greater than 

the fluctuations in depth indicated by the P–T data (1.7 kbar). Therefore, this data 

supports the notion that this regional fold formed prior to the development of FIA set 0, 

providing an independent approach to confirming the timing derived by Ham & Bell 

(2004). The only other previous detailed study around the Pomfret dome (Lyons, 1955) 

believed that it formed late in the Acadian and proposed that after initial upright 

folding, doming resulted from up-welling of an intrusive body that has not been 
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exposed. The location of samples relative to the hinge and limb of the Pomfret dome 

fold, across which there is little topographic variation, show no associated variation in 

the P–T data. This suggests that the Pomfret dome fold limbs and hinge were not 

significantly modified in their levels in the crust relative to one another during the 

development of the garnet growth events from FIA set 0 to 4. Rather, the fold was 

developed prior to the earliest recorded garnet growth event. 

 

Implications of crust staying clustered in T and P for >70 million years 

The P–T data shows relatively little change in T and P from FIA set 0 through to FIA 

set 4 – in the order of 1.7 kbar. Bell & Welch (2002) documented ages for FIA sets 1 to 

4 forming prior to c. 424 Ma, c. 405 Ma, c. 386 Ma and c. 366 Ma respectively from the 

nearby Chester–Athens dome region of Vermont. Bell et al. (2004) looked at rocks 

from the Northfield syncline, Massachusetts along with those from the Chester–Athens 

and Pomfret domes of southeastern and east-central Vermont respectively, which are 

around 110 km apart. Bell & Newman (2006) extended this correlation to the Orange–

Milford Belt, southwest Connecticut. They have recorded a nearly indistinguishable 

succession of FIA orientations. They interpreted that the succession of FIAs in each 

area must have formed at the same time by the same sequence of changes in direction of 

bulk shortening during orogenesis. Rich (2006) revealed that FIA set orientations can be 

linked to orogen scale bulk shortening processes accompanied by metamorphism. Thus, 

the interpretation of Bell et al. (2004) and Bell & Newman (2006) suggests that the 

three separate regions experienced an orogen scale event where each FIA correlates in 

time within the time a single FIA develops (i.e. 10–30 million years; Cao, 2009; Ali, 

2010; Sanislav & Shah, 2010). Therefore, assuming that the FIA set ages from both 

regions correlate for the time period over which a single FIA develops, for >70 million 
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years the data suggests that the portion of the Pomfret dome region sampled and now 

exposed at surface remained essentially in equilibrium, moving up and down only 

relatively small amounts from sub-vertical to sub-horizontal foliation-forming events. 

However, these relatively small fluctuations could represent up to ~6 km (1.7 kbar) 

difference in garnet nucleation when the uncertainty range is considered. Considering 

that the time of development of each FIA set spans up to 20 million years, there is 

ample time for differentials in P–T of nucleation within a single FIA set. 

 As discussed earlier, Adshead-Bell & Bell (1999) suggested a similar phenomenon 

of crustal equilibrium as discussed here in the Adelaide Fold Belt where fluctuation in 

depth over four successive vertical to horizontal shortening events was only of the order 

of 225 m. The small depth fluctuations for the younger events suggest that once a 

balance was achieved, between isostasy and the rate of relative horizontal shortening 

across the orogen and the rate of erosion, the orogen thickened and thinned by small 

amounts about an equilibrium mean as each successive foliation developed. If this was 

the case in the Pomfret dome one can get an estimation of the effective T and P 

resolution of THERMOCALC. Certainly, one can estimate a maximum error. 

 Ham & Bell (2004) have demonstrated that deformation at the Pomfret dome was 

essentially coaxial from FIA set 0 through to FIA set 4, with both sub-vertical and sub-

horizontal foliations forming with similar intensities. Therefore, it is not overly 

surprising that rocks did not move very far in P–T space. This however does not resolve 

the problem of how the rocks were taken to ~25 km (~7.1 kbar) from the surface. The 

P–T data suggests the rocks reached this depth prior to first garnet growth and stayed 

there for >70 million years. If the limited variation in the T of garnet core nucleation for 

the successive FIA sets is considered to be significant  (Fig. 14) then FIA set 0 is similar 
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to FIA set 4 and higher than that for FIA set 3. This suggests rocks got up to T and 

remained there. How this can be accommodated regionally is a focus of Section 2. 

 

Significance for location of Pomfret dome within the orogen 

The overall coaxial asymmetries associated with the development of foliations on the 

scale of the fold (Fig. 17) suggests that the dome lay close to the core of the orogen with 

gravitational collapse centred on the dome axis (see Section 2; e.g. Ham, 2001; Ham & 

Bell, 2004). The highest Acadian P–T values in the New Hampshire–Vermont border 

region were recorded in this region (10.5 kbar, Kohn & Spear, 1990) supporting this 

suggestion (samples V387B and V396 are situated ~10 and 20 km to the west of the 

Pomfret dome respectively within the regional Townshend–Browninton Syncline). 

 

Implications for using THERMOCALC for P–T estimation 

The data presented in this study supports the notion that THERMOCALC is a valuable tool 

in deciphering the P–T history of a region when FIAs are used to distinguish periods of 

porphyroblast growth. The quality of the output of THERMOCALC is dependant on the 

quality of the data input into the program and cumulative error in the data is always a 

problem that needs to be considered. In general, there are no real rock controls available 

that allow meaningful interpretation of the significance of what may appear to be 

metamorphically anomalous data. Metamorphic assemblages and textures or mineral 

zoning analyses that are not constrained by a relative time succession such as FIAs 

provide only limited insights when used in isolation. As Bell & Welch (2002) showed, 

absolute ages for multiple periods of deformation and episodic garnet growth provided 

by monazite inclusions, which lie within the various foliations that define the FIAs, 

would be even more powerful. Consequently, anomalous P–T results obtained using 
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THERMOCALC may be disregarded or rationalized as a product of disequilibrium. The 

~2 kbar P range for the P–T data for the Pomfret region appears indicative of a 

maximum ‘effective’ error for the P resolution of THERMOCALC. It could be much less 

than this because a P path can be interpreted with time for this data in spite of its narrow 

range (see Section 2). The total range considering error of 2.3 kbar indicates a 

maximum of ± 1.15 kbar effective error. The real range should be considerably less than 

this because a progressive shift within the P–T data is apparent from FIA to FIA (see 

Section 2). Temporal constraints and geological models derived from P–T estimates 

generated via THERMOCALC, integrated with quantitative microstructural analysis 

involving FIAs provides a very powerful approach for future research. 
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SECTION 2 

 

The role of shifting patterns of deformation partitioning, basement competency 

and overthrusting in generating pressure increases during mountain building 
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ABSTRACT 

An identical succession of FIA trends (foliation intersection/inflection axes preserved 

within porphyroblasts) around the Chester–Athens and Pomfret domes reveals that five 

major changes in the direction of horizontal bulk shortening affected this portion of the 

Appalachian orogen between c. 435 Ma and 360 Ma. The pattern of deformation 

partitioning shifted with change in FIA trend with distributed strain being initially 

localized to the Pomfret dome but eventually migrating 45 km southwards to the 

Chester–Athens dome. The extension that led to deposition of the strata affected by 

orogenesis left a thick outlier of competent basement gneiss beneath the Chester–

Athens region but not the Pomfret dome. Orogenesis commenced with the overthrust of 

a 7 km thick sheet leaving the rocks below undeformed. Initial SW–NE directed bulk 

horizontal shortening resulted in preferential partitioning of deformation into the 

Pomfret region with these rocks reaching 7.2 kbar during crustal thickening associated 

with the development of a sub-vertical foliation. The thick competent gneiss below the 

Chester region reduced the amount of deformation taken up by this region and so it only 

reached 4.5 kbar at this time. The amount of crustal thickening caused sufficient 

topographic relief to drive gravitational collapse and many garnet porphyroblasts 

nucleated in the Pomfret region in crenulations with sub-horizontal axial planes, but 

only a few formed at this time in the Chester region. The pressure remained around 7.2 

kbar in the Pomfret region throughout the many deformations that occurred over the 

next >70 million years. It did not increase to these levels at the Chester–Athens dome 

until half way through the succession of FIA shifts. At this time, increased competency 

in the Pomfret region, due to the large amount of garnet growth that had occurred there, 

forced sub-horizontally directed bulk shortening to partition preferentially into the 

Chester region, thickening the crust and moving these rocks to 8.4 kbar. With the 

changes in relative direction of plate motion that produced the youngest 2 FIA trends, 

increased garnet growth and thus competency in the Chester region resulted in these 

rocks returning to similar pressures to those at Pomfret where they remained until 

orogenesis ceased. The preferential partitioning of deformation initially into the Pomfret 

region resulted in pressure overstepping of the reaction boundary for garnet throughout 

the >70 million year history of orogenesis around this dome. 
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isopleths. 

 

INTRODUCTION 

The descent of rocks deposited at the surface to significant depths in the crust in 

locations not directly linked to subduction zones has always been a problem for 

geologists. The obvious role of overthrusting has been appealed to ever since thrusts 

were discovered in the Scottish Highlands around one hundred years ago and we now 

know that the foreland rocks beneath the Moine Thrust system there were overthrust by 

more than 8 km of rock and yet remained virtually unaffected by that process. But how 

do we get them deeper than that? Attempts have been made to resolve these questions 

using the metamorphic paths suggested by a progression of mineral assemblages and the 

structures preserved in the rock matrix. However, it has been revealed recently that the 

schistosity parallel to compositional layering, common to all multiply deformed and 

metamorphosed rocks, is the end product of a multitude of deformation events that are 

not preserved in the matrix (e.g. Ham & Bell, 2004). Therefore, structural evidence in 

the rock matrix for the path down into the crust is very limited and those foliations 

oblique to S0//S1 may better reflect the path back up (e.g. Bell & Newman, 2006). 

Cutting multiple differently striking vertical thin sections from a single sample reveals 

that many porphyroblasts containing inclusion trails appearing continuous with the 

matrix foliation are actually truncated by it and the schistosity parallel to compositional 

layering (e.g. Cihan, 2004). Therefore, much of the early history that they contain has 

not been recognized and cannot be accessed with standard approaches to determining 

pressure (P)–temperature (T)–time (t)–deformation (d) paths. 

 The development of more locally distributed versus pervasive deformation 

partitioning during orogenesis controls many aspects of tectonism and metamorphism. 
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Realization of the role and significance of this phenomenon in understanding 

fundamental controls on tectonic processes has only surfaced recently. Consequently, 

detailed investigations of its effects are only in their infancy. The reason for this late 

recognition is that as deformation partitions through a rock mass the early effects are 

removed by the later effects. As each deformation occurs this is repeated over and over 

and so the extraordinary extent and multiple effects of orogenesis are lost in the rock 

matrix. Fortunately, when porphyroblast growth takes place during each successive 

event, evidence is preserved of the effects and role of the processes that take place (e.g. 

Bell et al., 2004). 

 Currently, the most studied region from this perspective is the Vermont 

Appalachians centred on the Chester–Athens and Pomfret domes. Detailed structural 

(Bell & Hickey, 1997), microstructural (Ham & Bell, 2004), FIA (foliation 

intersection/inflection axes preserved within porphyroblasts; description and 

measurement technique described fully in Bell et al., 1998), metamorphic (Welch, 

2002; Evans, 2004; this study) and tectonic (Bell & Newman, 2006) studies plus FIA-

controlled in situ age dating (Bell & Welch, 2002), have been made of these rocks. 

These allow a fully integrated structural and metamorphic approach to understanding 

their development. This work has shown that multiple periods of deformation and 

associated porphyroblast nucleation and growth are differentially partitioned around the 

Chester–Athens versus the Pomfret domes and that the character of this partitioning 

changes with time (Bell et al., 2004). A comparison of the P paths that the rocks 

followed within the Chester–Athens and Pomfret domes reveals a direct linkage 

between significant differences between the two regions in deformation partitioning, the 

timing of the bulk of porphyroblast growth and whether P overstepping of reactions 

occurs. 
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The region 

The Chester–Athens dome in SE Vermont contains middle Proterozoic basement 

gneisses of the Green Mountain massif unconformably overlain by the Late Proterozoic 

to Early Cambrian Hoosac Formation (Fig. 1). These rocks are overthrust by a sequence 

of Cambrian to Middle Ordovician calcareous, pelitic and semi-pelitic metasedimentary 

and, mainly mafic, metavolcanic and intrusive rocks of the Rowe-Moretown (or Rowe-

Hawley) lithotectonic unit (Fig. 1). The youngest lithotectonic unit is the thick Silurian 

sequence of the Connecticut Valley Trough, separated from the Cambro-Ordovician 

rocks to the west by an angular unconformity (Ratcliffe, 1993, 1995a,b; Ratcliffe & 

Armstrong, 1995). The Pomfret dome, 45 km to the north (Fig. 1), does not preserve 

any evidence for a gneiss dome core. These rocks consist mainly of a much-thickened 

portion of the Silurian part of the stratigraphic succession. Deformation and 

metamorphism in the region is considered to have occurred during the Taconic and 

Acadian Orogenies (Stanley & Ratcliffe, 1985; Armstrong et al., 1992) with 

porphyroblast growth ranging from c. 435 to 360 Ma (Bell & Welch, 2002). 

 

Deformation history 

Recorded by the matrix 

The structural history preserved in the matrix across the Chester–Athens and Pomfret 

dome region consists firstly of an early penetrative fabric (S2) that lies sub-parallel to 

bedding (S0). Hickey & Bell (2001) and Ham & Bell (2004) have suggested, in 

accordance with Hayward (1992), that a foliation (S3) formed with an upright 

orientation and that a well-developed crenulation cleavage (S4), which formed with a 

shallow NW-dipping to sub-horizontal attitude, overprints this earlier fabric. This 

crenulation cleavage is in turn overprinted by a steeply dipping, NNE-striking, 
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crenulation cleavage (S5). Earlier formed foliations, which are preserved in 

porphyroblasts, have been rotated into parallelism with S0 in the matrix due to 

reactivation of the bedding (Ham & Bell, 2004; Bell et al., 2005). A late crenulation 

with a sub-horizontal axial plane, called S6, is developed locally. 

 

Recorded by the FIAs  

Garnet across the region records a succession of five FIA sets numbered 0 through 4 via 

consistent changes in FIA trend from core to median to rims of the porphyroblasts (Bell 

et al., 1998, 2005; Ham & Bell, 2004). These FIA sets vary dramatically in distribution 

between the two domes as shown in Figure 1b,c. So few samples contain FIA sets 0 and 

1 in the Chester–Athens dome region that they cannot be easily distinguished on the 

total FIA plot shown in Figure 1c. They can be seen when plotted separately as shown 

in Figure 2. The last four FIA sets (1 through 4) have been dated in the Chester–Athens 

dome region by Bell & Welch (2002) as forming prior to 424 ± 3, 405 ± 6, 386 ± 6 and 

366 ± 4 Ma ago respectively. The distribution of FIAs on maps in Ham & Bell (2004) 

and Bell et al. (2005) for example shows that the five FIA sets are present across the 

whole region so it is assumed here that the ages would be similar for the same FIA 

succession as seen in the Pomfret dome region (monazite dating of porphyroblast 

inclusions has not been conducted on samples from the Pomfret dome region). Only 

three examples of the first FIA set (Fig. 2b) and not a lot more of the second set have 

been found in the south (Fig. 2d). The matrix foliations have generally only been 

observed as continuous with foliations preserved as inclusion trails within garnet 

porphyroblasts containing the most recently formed FIA set 4, which has a NNE–SSW 

trend. Inclusion trails in garnet porphyroblasts defining the other FIA sets are 

commonly truncated by the matrix foliations (Bell et al., 1998; Ham & Bell, 2004). 
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Thus the FIA trends are quite independent of the trends of matrix foliations in most 

porphyroblasts examined. 

 

Metamorphic history 

FIAs enable a different approach to determining metamorphic history and P–T paths 

from conventional non-microstructurally constrained approaches. Firstly, they 

quantitatively reveal different periods of porphyroblast growth enabling the dating of 

successive FIA sets using monazite grains trapped as inclusion trails. Secondly, in 

~66% of samples only one FIA is present (this study). Consequently, samples can be 

found in the Chester–Athens and Pomfret regions where garnet nucleated for the first 

time during one of any of the five FIAs that formed in the region (e.g. Bell et al., 1998). 

The composition of these garnet cores depends on the bulk composition of the rock 

sample and the P–T at the time of nucleation. Therefore, by measuring the Ca, Fe and 

Mn contents of the garnet core (Table 1), and the bulk composition of the rock sample 

(Tables 2 and 3), the P–T at which garnet nucleated can be calculated at each stage in 

the FIA succession. This allows a P–T path to be determined that is independent of 

assumptions about matrix/porphyroblast rim relationships. Sanislav & Bell (2011) 

demonstrated that the limited variation in bulk composition of the rocks described was 

not a major control on garnet nucleation because T was always overstepped. Garnet did 

not grow during the development of the first FIA in one sample because even if a 

foliation of the first FIA set origin developed in that portion of the outcrop, no 

subsequent crenulations developed there at the scale of a garnet during that period of 

bulk shortening. Deformation partitioned 1.5 m away however at the scale of a 

porphyroblast as foliations that formed at that time were preserved at that location and 

so garnet grew preserving the first FIA within its inclusion trails. Garnet would have 
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grown in this sample under these P–T conditions if crenulation deformation at the scale 

of a porphyroblast had partitioned through this portion of the outcrop, but it did not. The 

samples from the same outcrop 1.5 m apart had the opportunity to grow both garnet and 

staurolite four FIA sets later because the P–T conditions were appropriate for either 

phase, but only one sample did. 

 The P–T of garnet nucleation occurs where Ca, Fe and Mn isopleths intersect 

tightly (Table 1) on a pseudosection (Figs. 3 and 4) determined for that bulk 

composition (Tables 2 and 3) using THERMOCALC (Powell et al., 1998; e.g. Kim & 

Bell, 2005). Most significantly, the composition of the core of the porphyroblast 

remains unaffected by subsequent orogenic history unless the T gets high enough for 

homogenization of the garnet by volume diffusion. In non-calcareous pelites, the effects 

of dissolution and volume loss during cleavage development can be ignored, as SiO2 

loss has no effect on a P–T pseudosection (if the rock is silica saturated before and after 

loss). Consequently, the P–T of nucleation of a succession of garnet porphyroblast cores 

that developed at different stages in the FIA history and, therefore, at different stages 

along the P–T and structural path, can be determined provided the FIAs are 

quantitatively correlated across the region with their absolute timing known and all 

rocks studied experienced the same P–T–t path. 

 Pseudosection and Ca, Fe and Mn isopleth intersection data for garnet cores relative 

to FIA sets is shown for the Chester–Athens dome in Figure 3 and for the Pomfret dome 

in Figure 4; tight clustering of the intersection of isopleths allows considerable 

confidence in the results. These are combined into a total plot for each dome in Figure 5 

to show the distribution of P–T of nucleation for all the samples that have been analysed 

in this way. These distributions indicate that P progressively increased to just over 8 

kbar before settling back to around 7 kbar over a relatively narrow T range of 505–555 
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°C for >70 million years at the Chester–Athens dome. In the Pomfret dome itself 

(excluding those west of the dome; V387B, V396), over a similar T range, the P jumped 

to around 7.9 kbar before settling back to just above 7 kbar and remaining there 

throughout the P–T history recorded by porphyroblasts. 

 

The distribution of FIA sets 

No sample contains all five FIAs and only a third of them contain more than one FIA 

(Bell et al., 2004). Only three of FIA set 0 have been found in the Chester–Athens dome 

whereas the number of FIAs in this set is large at the Pomfret dome (Figs. 1 and 2). The 

number of FIAs in each successive set increases at the Chester–Athens dome (except 

for FIA set 4) and decreases at the Pomfret dome as shown in Figure 6.  

 

Geophysics 

Images of Bouguer gravity anomaly maps of the New England area acquired from 

publicly available data sets at the United States Geological Survey (Fig. 7) contain weak 

NW–SE striking lineaments that cut all gradients across New Hampshire and Vermont. 

 

INTERPRETATION 

FIA succession 

The same succession of FIA trends in garnet porphyroblasts around the Chester–Athens 

and Pomfret domes (Figs. 1 and 2) indicates that they went through the same sequence 

of directions of bulk orogenic shortening (e.g. Bell et al., 2004) over a period of time 

beginning before 424 Ma for FIA sets 0 and 1, and continuing for FIAs 2 (424 to 405 

Ma), 3 (404 to 385 Ma) and 4 (384 to 360 Ma; Bell & Welch, 2002). They have also 

been through the same overall deformation history with many of the numerous periods 
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of foliation development required to form each of the five FIA sets affecting both 

regions. The domes lie close to one another and so this similarity is to be expected. 

Indeed, this same succession of FIA sets has been recorded in equivalent aged rocks 

along the Appalachian orogen into Connecticut (Bell & Newman, 2006). Time 

correlation of inferred deformation sequences has always been identified as a 

fundamental problem in structural analysis (e.g. Means, 1963; Park, 1969; Williams, 

1970; Williams, 1991; Gibson, 1992; Williams, 1994; Johnson, 1999; Alias et al., 

2002). FIAs preserved within porphyroblasts provide an opportunity to bypass many of 

these problems, however it remains to be seen if the interpretation of FIA-constrained 

correlation across the orogen are indeed synchrononous until monazite ages are attained 

for samples other than from the Chester–Athens dome FIA sets alone. 

 Many samples were collected around both domes where growth of garnet occurred 

for the first time in one of the five FIA sets in the succession. That is, samples where the 

garnet cores grew in FIA 0 or FIA 1 or FIA 2 or FIA 3 or FIA 4 are present in each 

region. Such samples enable a core Mn, Fe Ca isopleth intersection determination of the 

P–T at the commencement of garnet growth for each FIA in the succession. This 

enables correlation of periods of growth and thus construction of a P–T path within each 

region, plus correlation between them.  

 

T development relative to P changes 

Figure 3 shows that the T remained close to 530 °C during the development of FIA sets 

0, 1 and the lowest P stage of FIA 2 at the Chester–Athens dome. As P increased during 

the development of the latter FIA, T increased to 550 °C and then 556 °C before 

decreasing during the development of FIA 3 to 530 °C, while still at high P, and then 

dropping to 505 °C as the P dropped while this FIA continued to develop. T then 
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increased slightly again to 510 °C and 515 °C as P increased during the development of 

FIA 4. 

 Figure 4 shows that during the development of FIA set 0 at the Pomfret dome, the T 

remained around 540 °C as the P increased slightly. During the development of FIA 1 it 

dropped to 516 °C with no change in P. During the development of FIA 2 it increased to 

530 °C and then 542 °C as the P increased, and then decreased to 521 °C as the P 

decreased during the development of FIA 3. With increase in P during the development 

of FIA 4 the T increased to 540 °C and then 555 °C. 

 Both regions show little variation in T. There is some concordance, but not a direct 

relationship, of T increasing as the P increased and decreasing when it decreased. 

Alternatively of course, the relatively little T variation seen in both regions (40–50 °C) 

could be reflection of error. Detailed discussion on the alternate possibility of the 

variation being a reflection of error is outside the scope of this section. Consequently, 

although the latter possibility cannot be dismissed, this study attempts to reconcile the 

data on their merits and put forward a constructive hypothesis. 

 

Pressure development at both domes 

Garnet porphyroblasts at the Chester–Athens dome nucleated at Ps between 3.2 and 8.4 

kbar and at Ts within 23° of 533 °C (Figs. 3 and 5a). The sample containing FIA 0 

nucleated at 4.5 kbar and that containing FIA 1 nucleated at 3.2 kbar. P then climbed 

between 6 and 8.4 kbar and remained there for a period around 60 million years during 

the development of the FIA sets 2, 3 and 4. The increase in P occurred during the 

development of FIA 2 and ranged in three samples from 6.6 to 8.2 kbar. For FIA 3 the P 

ranged from 6 to 8.4 kbar and for FIA 4 from 6.6 to 7 kbar. 
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 Garnet porphyroblasts at the Pomfret dome first nucleated between 6 and 8 kbar 

and at Ts within 20° of 535 °C for every FIA set. Therefore, the P did not change by 

more than 2 kbar through the inferred >70 million years that deformation and 

metamorphism accompanied by porphyroblast growth occurred in region if the same 

FIA ages of Bell & Welch (2002) from the Chester–Athens dome are indeed seen at the 

Pomfret dome (Figs. 4 and 5b). The lowest Ps at the Pomfret dome were preserved by 

porphyroblasts that nucleated during the development of FIA set 0 at around 6.3 kbar. 

Samples containing FIA 1 nucleated at similar Ps but those containing FIA 2 nucleated 

at higher Ps. Sample V387B containing FIA 3 from west of the dome records similar 

Ps, while V396, also west of the dome and containing FIA 3, is lower in P (6.2 kbar). 

The samples containing FIA 4 nucleated at similar or lower Ps to those containing FIA 

2. 

 Why should the Ps be so different during the development of FIAs 0 and 1 between 

the two domes? Why is there no evidence for a progressive increase in P, as would 

normally be expected, at the Pomfret dome? To answer these questions we need to 

examine: 

1. Where garnet cores nucleated in P–T space relative to the incoming boundary for this 

mineral phase on a pseudosection for each sample; 

2. How sediments recently deposited at the earth’s surface can reach 7 kbar without any 

porphyroblast growth having occurred on the way down there; 

3. How the pattern of deformation partitioning changed with time. 

 

The pressure of garnet core nucleation relative to its phase boundary 

For each sample from the Chester–Athens dome (Fig. 3), the Ca, Mn, Fe isopleth 

intersection lies within the same mineral assemblage as that preserved as inclusions 
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within the garnet core, with three exceptions; sample V259A, which contains epidote 

inclusions in garnet but not the matrix, sample V437B, which has inclusions of zoisite 

in garnet rims but not the core or the matrix, and sample V261A, which contains zoisite 

inclusions in garnet but not in the matrix. Where garnet cores contain zoisite/epidote 

inclusions, the pre-garnet assemblage would likely have evolved above 5 kbar. Once 

garnet growth began, zoisite/epidote must have been removed from the assemblage as it 

only occurs as an included phase. Alternatively, the fact that zoisite/epidote is not in the 

matrix could suggest they are secondary (replacing Ca–Al–Fe-bearing garnet), which 

could explain how Ca could become locally high enough to produce these minerals in 

metapelites with very low total CaO (Table 2; R. H. Vernon, pers. comm. 2010). Only 

samples V261A and V257 have the intersection of Ca, Mn and Fe isopleths suggesting 

that garnet nucleated at a higher P than the incoming boundary for this mineral (garnet-

in line, Fig. 3d,e) in P–T space relative to appropriate assemblage from which it formed 

on the relevant pseudosection. Magnitudes of overstepping are measured with respect to 

the stability field for which garnet core nucleation occurs with the difference between 

the centre of the P–T ellipse and maximum T and P of the garnet-in line position for 

that field taken as the estimate of the amount of overstepping. V257 and V261A grew 

their garnet cores during the development of FIA set 2 after a large jump in P (Fig. 

3d,e). The jump in P to 6.7 kbar, as FIA 2 developed in V240 (Fig. 3c), was not 

overstepped. However, the increase in P during the development of FIA 2 to 7.1 and 8 

kbar in samples V257 and V261A (Fig. 3d,e), appears to have resulted in around 0.8 

and 2 kbar overstepping in P respectively. Sample V653, which formed during FIA 3 at 

a similar P to V261A, is not P overstepped (Fig. 3f). A drop in P by 1 or 2 kbar resulted 

in garnet nucleating in subsequently formed FIA 3 and 4 samples on the incoming 

boundary for this mineral (Figs. 3g,h and 5a). 
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 In strong contrast, Figure 4 shows that the intersection of Ca, Mn and Fe isopleths 

for garnet cores in all samples from the Pomfret dome indicate that this mineral 

nucleated at a higher P than the incoming boundary for this phase (the garnet-in line, 

Fig. 4) in P–T space for the appropriate assemblage on the relevant pseudosection. The 

path into this mineral assemblage was via the same assemblage without garnet on the 

pseudosections in Figure 4 based on the minerals preserved as inclusions within the 

porphyroblasts (i.e. quartz, graphite, ilmenite, rutile, titanite, minor feldspar and, less 

commonly, clinozoisite). The difference in P ranges from 0.5 to 1.8 kbar (Fig. 5b). This 

appears to have resulted from overstepping of the incoming of the garnet reaction 

because: 

1) garnet porphyroblasts growing for the first time in FIA set 4 are as overstepped as 

those growing in FIA sets 0 or 1; 

2) all the samples are tightly clustered in P between 6 and 8 kbar suggesting that these 

rocks reached >20 km depth before porphyroblast nucleation and growth began and 

stayed there for the >70 million years that the succession of FIA sets took to develop 

(Bell & Welch, 2002); 

3) it occurs in all samples analysed near the dome and disappears with distance from the 

dome – sample V387 lies 20 km west of the Pomfret dome and 32 km NNW of the 

Chester–Athens dome; 

4) it is independent of the low and variable CaO contents of the samples (Table 3). 

 

Pomfret dome overstepping 

FIA set 0 to FIA set 4 reaction overstepping 

If overstepping of the phase boundary for garnet growth during FIA set 0 at the Pomfret 

dome resulted from the rocks reaching a high P prior to the first phase of garnet 
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porphyroblast growth, then the first phase of garnet nucleation should be similarly 

overstepped for all subsequently formed FIA sets in comparable bulk composition rocks 

(Table 1) because there was no reduction in P. This is the case as shown in Figure 4. Of 

course, all subsequent phases of garnet growth in any one sample would have tended to 

equilibrate to the prevailing conditions. 

 

How >20 km depth was reached before garnet growth began 

Microstructurally, porphyroblasts grow very early during the development of 

crenulations in their vicinity and cease to grow if a differentiated crenulation cleavage 

begins to develop close to their rim (Bell et al., 1986; Spiess & Bell, 1996; Bell & 

Bruce, 2006). This model of porphyroblast growth is supported by foliation truncations 

preserved in porphyroblasts with complex inclusion trails (Bell & Hayward, 1991). 

They reflect cycles of successive foliations that develop against competent 

porphyroblasts during orogenesis and are preserved by successive growth increments. 

Their truncational character can be explained as resulting from shear and dissolution 

along a particular foliation generating a differentiated crenulation cleavage (Bell & 

Hayward, 1991). Further growth does not occur until crenulations form with axial 

planes near orthogonal to those that accompanied the previous phase of growth; the 

pattern of cessation of growth relative to differentiated cleavage development is then 

repeated (Bell & Hayward, 1991). The formation of crenulations at a sufficient scale for 

porphyroblast growth prior to differentiated crenulation cleavage development is vital 

(e.g. Bell & Hayward, 1991; Bell et al., 2003) and bedding fissility does not crenulate in 

this manner because bedding fissilities are generally weaker than tectonically generated 

foliations and are only very strong in fine-grained sediments like shales and mudstones, 

particularly as a slaty cleavage (Bell et al., 1986). Deformation and metamorphism 
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generally generate a much stronger and coarser-grained foliation than a bedding fissility 

in a far greater range of rock types and grain sizes. Thus, crenulation wavelengths are 

considerably larger in a second or later deformation event, causing coarser deformation 

partitioning and thus providing sites for porphyroblast growth (Bell et al., 1986). 

Therefore, it is highly likely that porphyroblast growth will not occur in the first 

deformation that produces a cleavage or schistosity but can occur in the second, once 

the P–T and bulk composition are appropriate. Consequently, for no garnet growth to 

have occurred at Ps less than 6.2 kbar in rocks with the bulk compositions shown in 

Table 3, one has to be able to take them to >20 km deep during the first foliation 

producing deformation. Horizontal crustal shortening causing crustal thickening that 

takes rocks to a significant depth cannot take place for rocks lying within 2 km of the 

earth’s surface (Fig. 8). Only those rocks lying 5 or more kilometres deep can be taken 

significantly deeper by horizontal bulk shortening of the crust due to the contiguous 

effects of uplift, erosion and isostasy. A process that can bury rocks to more than 8 km 

deep without internally deforming them is overthrusting through gravitational collapse 

and spreading of a tectonized hinterland such as that preserved in the Moine region 

NNW of Ullapool. Here, the thrust at the base of the famous duplex of fucoid beds 

carried the overlying Glencoul and Moine thrusts and Moine series rocks over the 

Torridonian sediments leaving them undeformed by that process at a depth of 

approximately 8 to 12 km (Laubach & Diaz-Tushman, 2009; R. W. H. Butler, pers. 

comm. 2007, 2009). Significant horizontal bulk shortening of such rocks at just 7 km 

deep could take them to >20 km during the first foliation producing ductile deformation 

to affect them (Fig. 8). 
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A possible solution to why overstepping in P disappears with distance westwards from 

the dome 

Several weak ~119° trending lineaments cut gradients on the Bouguer gravity anomaly 

map across parts of New Hampshire and Vermont. Two bound the Pomfret dome and 

another lies on northern edge of the Chester–Athens dome (Figs. 7b and 9). The 

lineament on the southern boundary of the Pomfret dome appears to pass between 

samples V387B and V396. These samples were used to assess the P–T of nucleation of 

garnets cores during the development of FIA 3 at the Pomfret dome because no samples 

from the dome contain this FIA in garnet cores (Fig. 3b) although it is present in garnet 

medians and rims (Fig. 3a). Figure 4 shows that sample V396 is overstepped in P but 

sample V387B is not. If the lineaments bounding the Pomfret region reflect transfer 

faults associated with basin development and controlled sediment thickening (Fig. 9), 

the lack of overstepping to the southwest may result from preferential partitioning of 

deformation during the development of FIA 0 into the thicker pile of sediments in the 

Pomfret region (see below). 

 

Low CaO and overstepping 

The CaO content in all of the samples from the Pomfret region is low (Table 3). This 

means that the overstepping is unlikely to have resulted from a change in bulk 

composition due to carbonate or plagioclase loss through dissolution, solution transfer 

and volume loss accompanying foliation development (e.g. Bell & Bruce, 2007). If 

these rocks had been calc pelites, volume loss during foliation development could have 

shifted the bulk composition from that operating at the time of garnet growth and 

produced apparent rather than real overstepping of the incoming reaction for this 

mineral. 
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FIA successions and the partitioning of deformation 

A FIA is a foliation inflection/intersection axis preserved by inclusion trails within a 

porphyroblast. Therefore, each sample containing one FIA directly reflects the effects 

of the partitioning of at least two deformation events at the scale of a porphyroblast in 

the location from where the sample was collected; it is noteworthy that up to eight 

foliations have been observed around one FIA in this region (Bell & Newman, 2006). 

Furthermore, these foliation-producing deformations must lie initially at a significant 

angle to one another or crenulations would tend not to develop because the pre-existing 

foliation would be reused (Davis & Forde, 1994) or reactivated (Ham & Bell, 2004). 

Measurement of inclusion trails in porphyroblasts reveals a striking dominance of sub-

vertical and sub-horizontal orientations (Hayward, 1992; Bell & Bruce, 2006). 

Therefore, the trend of a FIA tends to be controlled by the strike of sub-vertical 

foliations forming against or preserved within the cores of porphyroblasts.  

 FIA trend distributions on rose diagrams provide data on the variable partitioning 

of successive deformations into a region (e.g. Fig. 1). FIA trend distributions on maps 

provide data on the variable partitioning of successive deformations across a region 

(e.g. Fig. 2). Although the same succession of FIA trends is present around both the 

Chester–Athens and Pomfret domes, the number of samples containing each FIA set 

varies dramatically from dome to dome (compare Figs. 1b,c and 6a) and within each 

dome (compare Figs. 2a,b,c,d). This resulted from the pattern of localized versus 

distributed deformation changing with time between and within the domes. The 

proportion of samples containing successive FIA sets decreases from set to set around 

the Pomfret dome and overall increases around the Chester–Athens dome (Fig. 6a). This 

reveals that deformation occurring over a >70 million year period changed from 

distributed to localized in the Pomfret region and vice versa in the Chester region, in 
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spite of their proximity. The bulk of porphyroblast growth took place early during the 

metamorphic path at the Pomfret dome and progressively diminished with time. It 

commenced sporadically at the Chester–Athens dome and increased with time. Only a 

third of the samples contain more than one FIA set, and no sample contains all of them, 

revealing the extreme heterogeneity of the partitioning of deformation throughout each 

region with some portions of rock remaining unaffected at a scale of greater than a 

small outcrop for many millions of years.  

 Figure 6b reveals for the Pomfret region that garnet nucleated for the first time in 

16% of the samples during the development of FIA 4, >70 million years after it first 

grew in 46% of the samples during the development of FIA 0. Thus this figure provides 

a guide to the proportion of rock where deformation first partitioned the sub-vertical 

foliation that controls each successive FIA trend. The 16% of samples where garnet 

grew for the first time during the development of FIA 4 were undeformed or contained 

one earlier-formed sub-horizontal foliation. They were unaffected by any other 

deformations prior to garnet growth because deformation had partitioned around that 

vicinity rather than through it at the scale of a porphyroblast for >70 million years. In 

contrast at the Chester–Athens dome, garnet porphyroblasts grew for the first time in 

32% of samples during the development of FIA 4, >70 million years after they first 

grew in 3.5% of the samples during the development of FIA 0 (Fig. 6b). In other words, 

garnet nucleation continued for >70 million years in the garnet stability field. Indeed, 

most garnet growth models indicate repeated nucleation (e.g. Carlson, 1999), and so it 

would be no surprise that different garnet grains initiated during progressive 

development of crenulation patterns over the entire FIA succession (R. H. Vernon, pers. 

comm. 2010). The preferential partitioning of deformation during the development of 

FIA 0 into the Pomfret dome region resulted from the combined effects of: 
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1) competent coarse feldspar gneiss below the Chester–Athens dome to the south (Fig. 

1a) bound by a transfer fault that formed during basin development; 

2) a thick pile of incompetent sediments in the Pomfret region bound by syn-

sedimentation transfer faults, and; 

3) the direction of bulk shortening being near orthogonal to these transfer faults. 

The development of a sub-vertical foliation caused significant crustal thickening in this 

region compared to that at the Chester–Athens dome. The rocks moved to ~24 km deep 

(6.7 kbar in Fig. 5b) whereas at the Chester–Athens dome they only moved to ~16 km 

(4.5 kbar in Fig. 5a). They could not have moved to a depth of 24 km without having 

previously been overthrust by a sheet 7 km or more thick. The overthrusting of 

Torridonian Sandstones by an 8–12 km thick pile of Moine and Fucoid duplex rocks left 

the sandstones unfoliated away from the thrust contact (Laubach & Diaz-Tushman, 

2009; R. W. H. Butler, pers. comm. 2007, 2009). This is an important aspect. If the 

Chester–Athens and Pomfret regions had developed a sub-horizontal foliation during 

overthrusting, they would have grown porphyroblasts as horizontal bulk shortening 

crenulated that foliation and thickened the crust and none of them would have been 

overstepped in P. 

 The first period of bulk horizontal shortening that affected this sedimentary pile 

caused crustal and upper mantle thickening and the formation of an anticline in both the 

Pomfret and Chester regions but was not accompanied by porphyroblast growth (Ham 

& Bell, 2004; Bell et al., 2005). Analogue, numerical and computer modelling (e.g. 

Sherwin & Chapple, 1968; Dieterich, 1970) suggests that there is considerable potential 

for very significant crustal thickening due to layer parallel shortening during the first 

period of horizontal bulk shortening to affect a thick mass of unfolded sediments. 

Around 63% bulk shortening is theoretically possible without significant fold 
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nucleation, which would result in greater than a two-fold increase in crustal thickness 

(Dieterich, 1970). The crustal thickness can increase significantly in a single period of 

horizontal shortening if the upper mantle is similarly affected as thickening of the latter 

drags the whole rock mass downwards. This prevents the early achievement of 

sufficient topographic head relative to the surrounding plate scale environment for 

gravitational collapse, development of crenulations with sub-horizontal axial planes and 

consequent porphyroblast growth (Bell & Hayward, 1991, Bell & Bruce, 2007). 

Therefore, when collapse did occur, the porphyroblasts were overstepped in P when 

they nucleated during the development of FIA 0. Furthermore, because the depth did 

not change significantly for the next >70 million years, garnet always grew for the first 

time overstepped during each of the successive FIAs that developed as the rocks 

became more and more pervasively deformed. 

 Deformation did not partition relatively pervasively through the Chester–Athens 

dome region until during the development of FIA 2 when 37% of the samples nucleated 

garnet porphyroblasts for the first time compared with 11.5% in the Pomfret region 

(Fig. 6b). The likely reason for this change was that by the start of the development of 

FIA 2, 65.4% of the samples in the Pomfret region had grown garnet porphyroblasts 

compared with only 22.8% in the Chester region (Fig. 6b). This would have greatly 

increased the competency of the rocks in the former region relative to the latter, forcing 

deformation to partition more into the Chester region. Consequently, during the 

development of FIA 2 in the Chester region, P increased to 6.7 kbar becoming 

potentially overstepped at 7.1 and then 8.1 kbar (Figs. 3 and 5). It dropped during the 

development of FIA 3, back to Ps similar to those recorded at the Pomfret dome, but not 

overstepped.  
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DISCUSSION 

Movement of rock downward 

The manner in which rock moves downwards into the metamorphic pile is a recurring 

geological problem because horizontal bulk shortening causing crustal thickening leads 

to isostatic uplift and erosion of rocks lying within a few kilometres of the surface (Fig. 

8). Geologists commonly resort to the suggestion that downwards motion occurs as a 

product of underthrusting driven by subduction adjacent to a trench, but data 

documenting these processes is rarely produced for rocks from within the high 

metamorphic grade portion of an orogen. Such rocks should show the overprinting 

effects of successive periods of foliation development associated with multiple 

imbrication and shearing as they move into the ductile deformation regime and 

porphyroblasts begin to grow. A process that takes sediments from the surface to 7 or 

more km without foliating or even deforming them at all is overthrusting on the margin 

of an orogen above a decolement (Laubach & Diaz-Tushman, 2009; R. W. H. Butler, 

pers. comm. 2007, 2009). Such an early timing for overthrusting of the Chester/Pomfret 

region is indicated by the fact that the foliations trapped within porphyroblasts preserve 

no record of the consistent asymmetry of inclusion trails that accompanies thrust or 

nappe development (e.g. Yeh, 2001; Bruce, 2007; Raphael Quentin, unpublished data). 

The porphyroblasts formed during bulk coaxial deformation (Bell & Newman, 2006) 

after the regional scale folds that ultimately became the Chester–Athens and Pomfret 

domes had developed (Ham & Bell, 2004; Bell et al., 2005). 

 The evidence for overthrusting of the original sediments by a sheet that was 7 or 

more kilometres thick is preserved in the P overstepping of the incoming reaction for 

the first phase of garnet growth in the Pomfret region over a period of episodic to 

continuous tectonism that lasted >70 million years. Other evidence is the near 
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synchronous timing of the first phases of garnet porphyroblast growth with the age of 

the youngest rocks affected (Bell & Welch, 2002). The first effects of horizontal bulk 

shortening and isostasy, on a thick autochthonous sedimentary wedge underlain by 

thinned crust and a thickened mantle, would be to pull these rocks down much further. 

If the crust was initially 21 km thick, a point at ~7 km depth (e.g. 1/3 in Fig. 8a) could 

move downwards to a depth around 20 km (Fig. 8d) before gravitational collapse of the 

thickened rocks above began. However, such a degree of crustal thickening in one event 

prior to gravitational collapse is only possible if the topographic expression of the 

orogen remains low. The isostatic influence of shortening a large thickness of 

previously undeformed sediments, thin continental crust and a thick upper mantle, 

would promote this. 

 

The role of deformation partitioning in porphyroblast nucleation and growth 

Until the 1990s, metamorphic petrologists considered that the only controls on whether 

or not a reaction occurred during prograde metamorphism were T, P and bulk 

composition. Most still consider this to be true. The development of porphyroblasts in 

relation to foliation development (or vice versa) does not alter the basic metamorphic 

petrology approach, but adds the role of deformation to the story (R. H. Vernon, pers. 

comm. 2010). The product minerals in a reaction will only continue to nucleate and 

grow while the P–T conditions permit the situation. The P–T conditions are still the 

thermodynamic factors controlling a mineral assemblage, not the deformation (R. H. 

Vernon, pers. comm. 2010). However, factors controlling nucleation and growth are 

different. Microstructural advances in understanding how porphyroblasts nucleate and 

grow revealed that there is a strong structural control on the timing and location of 

porphyroblast growth relative to crenulation development (e.g. Bell et al., 1986; Bell & 
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Hayward, 1991; Spiess & Bell, 1996). The extraordinary role of deformation in 

porphyroblast development with numerous periods of garnet growth over a >70 million 

year FIA succession has been documented in the Vermont Appalachians (e.g. Bell & 

Welch, 2002; Bell et al., 2003, 2004, 2005; Ham & Bell, 2004). In other regions 

numerous phases of both garnet and staurolite growth have been documented over 

similar time periods (Sanislav & Shah, 2010; Sanislav, 2011). These porphyroblasts and 

their FIAs have provided access to a lengthy history of development and changes in the 

pattern of deformation partitioning, both locally and regionally. The resultant 

quantitative approach to P variation with time has revealed previously unresolvable 

differences between regions only 45 km apart and provided a downwards path into the 

crust through which consistent P overstepping for all samples can develop. 

 Microstructurally, porphyroblast growth only occurs in rocks containing a foliation 

that is crenulated locally by another deformation at the scale of a porphyroblast. This is 

because it provides sites of microfracture in zones of coaxial shortening for the rapid 

access and removal of materials to a reaction site (Bell & Hayward, 1991; Bell & 

Bruce, 2006) and by reducing the nucleation energy barrier to a reaction (Carlson et al., 

1995; Hirsch, 2007). Cessation of growth occurs because non-coaxial strain associated 

with differentiated crenulation cleavage development results in geometric and strain 

softening that causes microfracture to cease (Bell & Bruce, 2006, 2007) – preventing 

access by the porphyroblast to the nutrients needed for growth. Therefore, once T, P and 

bulk composition are appropriate, porphyroblast growth depends on whether 

deformation is partitioned at least twice through an outcrop at the finer scale of a 

foliation and then the coarser scale of a porphyroblast. This is not as restrictive as it 

may appear because the pattern of deformation partitioning always migrates with time. 

Therefore, portions of rock that were not being crenulated at the scale of a 
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porphyroblast may crenulate at that scale as the deformation progressively intensifies. 

That is, although porphyroblasts always grow microstructurally at the start of 

crenulation development at their scale, and then cease to grow as a differentiated 

crenulation cleavage develops in their vicinity (Bell & Hayward, 1991; Bell & Bruce, 

2006, 2007), elsewhere during the same deformation they will have ceased to grow or 

not started to grow. This occurs because the pattern of deformation partitioning 

commences with a very coarse spacing (kilometres) that decreases with time as the 

deformation intensifies and a foliation progressively becomes more pervasively 

developed (e.g. Bell et al., 2004). As a result, this implies that one FIA set is 

synchronous with the same FIA set elsewhere within the resolution of one FIA (i.e. 10–

30 million years; Cao, 2009; Ali, 2010; Sanislav & Shah, 2010). In some locations, 

foliation will never form for a particular event because of this migration of the pattern 

of deformation partitioning with time.  

 For crenulations to develop bulk shortening must occur sub-parallel to the foliation 

being crenulated. Porphyroblast growth results from microfracture within or along the 

boundaries of platy phyllosilicate with other grains that comprise the pre-existing 

cleavage during the early coaxial stages of crenulation development. Such microfracture 

enables the rapid access of the components needed for the reaction to the growth site 

(e.g. Bell et al., 1986; Bell & Hayward, 1991). Bell et al. (1986) suggested that 

phyllosilicates in zones of progressive shortening readily fracture along their dominant 

planar crystallographic anisotropy, or their boundaries with other minerals, providing 

rapid fluid and ion access needed to nucleate and grow porphyroblasts. Questions about 

whether movement of fluid or diffusion of fluid is required and the fact that the 

porphyroblast-forming reactions are devolatilization reactions, and consequently fluid 

must be removed from the reactions sites for the products to grow, remain still as 



PhD Thesis  M. T. Rieuwers 

 

2  71 

matters for debate (R. H. Vernon, pers. comm. 2010). Porphyroblast growth ceases as 

soon as coaxial shortening-generated microfracture in the crenulating fold hinge ceases. 

This occurs once a pattern of non-coaxial deformation is locally established against the 

porphyroblast and strain softening associated with differentiated crenulation cleavage 

begins (Bell & Hayward, 1991; Spiess & Bell, 1996). The transition microstructurally is 

very abrupt, possibly because ‘runaway’ geometric softening of differentiating 

crenulation cleavage occurs due to antithetic shear along the phyllosilicates in the 

differentiating crenulation limb (Bell & Bruce, 2007). With migration of partitioning 

across an outcrop as the deformation intensifies, undeformed portions will deform and 

grow porphyroblasts later in the same deformation event but with the same timing 

relative to development of the local microstructure (e.g. Bell & Rubenach, 1983). 

Porphyroblast growth does not reoccur once differentiation has begun until the newly 

developed matrix foliation can be shortened so that crenulations can form again (Bell & 

Hayward, 1991). 
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SECTION 3 

 

Correlating structural and metamorphic histories across terrane boundaries: an 

example from the New England Appalachians 
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ABSTRACT 

Correlation of the structural and metamorphic history across the Connecticut Valley 

border fault from Vermont to New Hampshire has proved intractable using classic 

geometric analysis and P–T path approaches. However, the same succession of five 

separate foliation intersection/inflexion axes sets preserved within porphyroblasts 

(FIAs) in the Orford–Piermont region of New Hampshire as in Vermont indicates 

quantitatively that fundamentally, the same history of orogenesis occurs on both sides 

of this terrane boundary. Comparing and contrasting the metamorphic history that 

accompanied the development of FIA sets 3 and 4 indicates a greater range in T and P 

in the Orford–Piermont region than in the Pomfret dome region of Vermont. The 

emplacement of granitic plutons in the Orford–Piermont region causing lateral T 

variations aided this. P variations also developed due to heterogeneous uplift as the 

plutons were emplaced. Garnet porphyroblasts nucleating for the first time in the 

Orford–Piermont region during the development of FIA set 3 grew initially at 4.7 kbar 

and 550 °C and track a P–T–t path history up to 7.9 kbar at 530 °C. The onset of garnet 

growth in some locations for the first time during FIA set 4 began at 7.7 kbar and 515 

°C but progressively decreased to 2.6 kbar and 495 °C. Reaction overstepping in this 

region is variable with magnitudes dependent on what P–T conditions operated when 

partitioning of deformation at the scale of a porphyroblast triggered garnet nucleation. 

In contrast, samples from the Pomfret dome region show a tighter P–T cluster around 7 

kbar and 535°C and are consistently overstepped during equivalent FIA-forming events 

to those determined in the Orford–Piermont region. 

 

Key words: Orford–Piermont, Pomfret dome; Connecticut Valley border fault; terrane 

boundary; overstepping; FIA. 

 

INTRODUCTION 

Resolution of the tectonothermal evolution of the New England Appalachians has long 

been of interest to metamorphic petrologists because this is where most of the modern 

concepts and approaches to metamorphism were born (e.g. Thompson, 1957; Thompson 

& Thompson, 1976; Tracy, 1982; Ferry, 1988; Ferry, 1992; Ferry, 1994). Initially, a 

two-stage ‘nappe and dome’ model (Thompson, 1957; Rosenfeld, 1968; Robinson et 
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al., 1991) was widely accepted and models for the tectonic evolution of New England 

were first generated around this concept. However, the problem of correlation across the 

terrane boundary that is the Connecticut Valley border fault (CVBF; also termed the 

Western New Hampshire Boundary Thrust (Spear et al., 2002; Fig. 1) or locally, the 

Monroe fault (Moench, 1990, 1992, 2007; Figs. 6 & 7)) appeared intractable. This 

region includes two sedimentary basins – the Connecticut Valley trough of eastern 

Vermont and the Merrimack trough of central New Hampshire. Both basins were 

deformed and metamorphosed during the middle Devonian Acadian orogeny onset by 

the collision of the Avalon terrane from the east with the Bronson Hill belt situated 

between the two basins, thought to be the remnant of the Taconic arc responsible for the 

Ordovician Taconic orogeny (e.g. Tucker & Robinson, 1990; Spear et al., 2002). 

 The correlation problem results from a metamorphic discontinuity at the boundary 

of the eastern Vermont and Bronson Hill belts where maximum pressures of 8–11 kbar 

near the Athens, Chester and Strafford domes decrease to 3–5 kbar over a geographical 

separation of just 7–10 km on the boundary with the Bronson Hill belt (Spear et al., 

2002; Fig. 1). This requires enormous differential exhumation of the Vermont domes 

relative to the rocks lying further east. The preservation of this low metamorphic grade 

belt along the Vermont–New Hampshire border has been explained by crustal 

thickening in Vermont. It is argued here that this could not have been caused by 

emplacement of New Hampshire nappes onto eastern Vermont and Spear et al. (2002) 

argued that the nappes of western New Hampshire had time to cool before the higher-

grade rocks were finally juxtaposed against this low-grade belt during the 

Carboniferous rather than occurring during peak metamorphism, suggesting that the 

Acadian was a prolonged event spanning as much as 100 million years. 
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 Ratcliffe & Armstrong (2001) remapped southeast Vermont and demonstrated that 

no nappes were developed. This was confirmed by Bell & Hickey (1997) and Hickey & 

Bell (2001) who worked in the supposed nose of the nappe and showed that it formed as 

an upright syncline. As a result of these and other studies (e.g. Hayward, 1992; Bell et 

al., 1998, 2004, 2005; Bell & Welch, 2002) it is now known that these rocks contain 

tectonothermal histories that are much more complex than realised when the original 

classic studies were conducted. Using foliation intersection/inflexion axes preserved 

within porphyroblasts (FIAs; Hayward, 1990; Bell et al., 1995), it has been revealed 

that the tectonothermal history of the New England Appalachians involved many more 

stages of deformation and metamorphism (e.g. Bell & Newman, 2006) that continued 

episodically for at least 100 million years. 

 Each FIA set typically represents a time span of 10–30 million years (Cao, 2009; 

Ali, 2010; Sanislav & Shah, 2010); the same FIA set does not necessarily equate to the 

exact same moment in time. The resolution of the ages that in situ monazite dating of 

inclusions preserved within porphyroblasts is therefore suitable for constraining or 

correlating same periods of Acadian deformation/metamorphism that represent separate 

regional bulk shortening events. Consequently, the variations in apparent P are an 

excellent estimation of the pressure (P) – temperature (T) variation over the duration of 

a particular FIA set. In the case of this study, the variation across a short distance and/or 

within the same FIA set is interpreted as being the result of crustal depth fluctuations. 

Detailed discussion on the alternate possibility of the variation being a reflection of 

error is outside the scope of this section. Consequently, although the latter possibility 

cannot be dismissed, this study attempts to reconcile the data on their merits and put 

forward a constructive hypothesis. 
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 The key to the interpretation of the tectonic assembly of the region is the 

relationship between the P–T evolution and the fabric development. The microstructural 

and porphyroblast growth history of the Pomfret dome region in east-central Vermont 

and the Orford-to-Piermont region of west-central New Hampshire has recently been 

described by Ham (2001) and Timms (2002) & Evans (2004b) respectively. 

Additionally, Sections 1 and 4 of this study discuss in detail new insights into the 

tectonothermal evolution of the Pomfret region. The focus of this section is the Orford–

Piermont region and how it fits in with the broader cross-terrane tectonic history of the 

New England Appalachians. Ham (2001) concentrated on the effects of dome formation 

on porphyroblast growth while Timms (2002) investigated and redefined aspects of the 

tectonic evolution of west-central New Hampshire (some of these aspects have been 

challenged by Moench (2007) as discussed later on). This study uses their samples, 

another two from Bell et al. (1998) and the concordant FIA succession to produce a 

comprehensive P–T data set on the nucleation of garnet cores during the development 

of the last two FIAs – sets 3 and 4. The results of this approach have lead to new 

insights into the tectonometamorphic evolution across the CVBF terrane boundary. 

 

Geology of the Orford–Piermont region, western New Hampshire 

The geology of the Orford–Piermont region has been mapped and re-mapped by several 

workers over past 70 years (e.g. Billings, 1937; Moench, 1990, 2007; Timms, 2004). 

Ongoing debate has been centred on the geological interpretation and existence of the 

Piermont allochthon (e.g. Billings 1992; Moench et al., 1987; Moench, 1990, 2007; 

Timms, 2004). The so-called Piermont allochthon refers to an interpreted lithotectonic 

belt extending from northwestern New Hampshire and adjacent portions of Vermont, 

Maine and Quebec (e.g. Moench & Aleinikoff, 1987; Moench et al., 1992; Moench, 
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1996; Timms, 2004; Fig. 2). Timms (2004) interpreted the Piermont allochthon as being 

a thrust-slice of Silurian metapelite and metaconglomerate emplaced across the Bean 

Brook Fault early in the deformational history, structurally above the parautochthonous 

Ordovician basement (Fig. 2). Moench (2007) comes to a different geological 

conclusion whereby he terms it the Piermont–Frontenac parautochthon. References to 

the differences in interpretation made by Moench relative to Timms are included where 

appropriate; however herein, the feature is from now on referred to as the Piermont 

allochthon. The possible impact that the P–T results presented in this study may have on 

the debate is visited toward the end of this section. 

 The Orford–Piermont region sits on the western flank of the Bronson Hill 

anticlinorium. It is dominated by Ordovician to early Devonian metasedimentary 

porphyroblastic schists that have been regionally metamorphosed to amphibolite facies 

during the Devonian Acadian orogeny (e.g. Billings, 1937, Timms 2002, Evans, 2004b). 

Rocks from the northern part of the area attributed to the Piermont allochthon record 

peak P–T estimates derived from conventional geothermobarometry between 500–580 

°C and 4.7–6.6 kbar (Florence et al., 1993). This study’s modelling of garnet core 

compositions shows local variations in P–T results between samples in the area between 

these same Ts but with a greater range for Ps – between 2.6 kbar and 7.9 kbar. 

 

METHODS 

FIAs and microstructural analysis 

Microstructural and metamorphic analysis are closely inter-related and can be fully 

integrated using FIAs (e.g. Kim & Bell, 2005; Sayab, 2006; Shah, 2009; this study). 

Detailed procedures for making FIA measurements are set out in Hayward (1990) and 

Bell et al. (1995) although a brief description for the reader’s convenience follows. 
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 For each sample, the rock is reorientated in the lab to its field orientation. The 

direction of north and horizontal traces are then marked on the reorientated sample with 

the horizontal trace intervals being the width of a thin-section. The sample is then cut 

along the marked traces creating horizontal slabs. A minimum of eight thin-sections cut 

in the vertical plane from the resultant horizontal slabs are needed to measure a FIA 

trend within a 10° range – one cut every 30° interval around the compass (i.e. 0°, 30°, 

60°, 90°, 120°, 150°) and two cut 10° apart between the sections where the asymmetry 

of the inclusion trails switches (Fig. 3). Core FIAs – those FIAs that simply correspond 

to the earliest growth of a garnet porphyroblast – were used to correlate different 

samples that have been microstructurally constrained using FIAs. Five FIA sets have 

been found in garnet porphyroblast cores of the samples used in this paper (Bell et al., 

2004, Ham & Bell, 2004; Evans, 2004b; T. H. Bell, pers. comm. 2004); these are named 

FIA sets 0 through 4. FIA sets 3 and 4 are the focus of this section. 

 

Texture and morphology 

Textural criteria used to define cores of garnet porphyroblasts (as opposed to a remnant 

porphyroclast for example) included many samples having highly quartz-rich cores in 

contrast to graphite and ilmenite dominant rims. The matrix tends to be dominated by 

mica-rich layers comprised of fine muscovite, quartz and very fine opaques – likely 

graphite. It also contains abundant ilmenite grains and minor amounts of chlorite, 

plagioclase and tourmaline. Garnet forms thin tabular porphyroblasts where it occurs in 

thin pelitic zones between quartz-rich layers, particularly in the Orford–Piermont region 

(Timms, 2003). 

 Inclusion trail morphology and distinct crystal habit were also used to identify true 

cores of porphyroblasts. A common feature for all porphyroblasts is that they preserve 



PhD Thesis  M. T. Rieuwers 

 

3  84 

texturally distinct core and rims defined by sharp inflections and changes in density of 

inclusion trails. However, inclusion trail properties alone were not reliable criteria for 

determining different growth episodes of porphyroblasts. Combining textural changes 

within garnet porphyroblasts with the asymmetry switches used in determining the FIA 

enables a reliable correlation of distinct growth periods (Ham, 2001). These, and other 

growth periods from which respective FIA sets in this study are derived have been 

confirmed with compositional colour maps using an Electron Probe Microanalyzer 

(EPMA) – by Ham (2001) for the samples used from the Pomfret region and Timms 

(2002) for those from the Orford–Piermont region. Appendix F shows the EPMA spot 

analyses line profiles of garnet porphyroblasts analysed in this study. 

 

Isopleth geothermobarometry 

P–T pseudosections plot the stability of mineral assemblages through P–T space for a 

specific bulk rock composition. The bulk composition of each sample was determined 

via x-ray fluorescence spectrometry (XRF) analysis from the blocks of rock used to 

make the thin-sections to ensure that the analyses could be compared to compositions 

measured in garnet porphyroblast cores. The samples used were homogeneous at the 

hand sample scale and free from any visible alteration such as quartz veins or iron oxide 

staining. Bulk compositions for all twenty-three samples are shown on the respective 

pseudosections in Figures 8–31. Mineral compositions were determined using a JEOL 

840A and JEOL JXA-8200 SuperProbe EPMA at James Cook University. The cores of 

the largest garnet porphyroblasts were analysed because Carlson (1989) showed that 

there is a strong positive correlation between garnet size and Mn content. Appendix A 

shows the garnet point analyses locations overlain on to backscatter electron images. 
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Appendix H contains the individual point compositions of chosen garnet porphyroblasts 

and normalisations from which the lowest Mn content for a given sample was derived. 

 Pseudosection calculations were performed in the MnNCKFMASH (MnO–Na2O–

CaO–K2O–Fe2O3–MgO–Al2O3–SiO2–H2O) system via the computer program 

THERMOCALC (v. 3.21; Powell & Holland, 1988; Powell et al., 1998) with quartz and 

muscovite set as being in excess except where otherwise stated. The P–T calculations 

are based on the intersection relationships between Mn, Fe and Ca isopleths for garnet 

core compositions (e.g. Vance & Mahar, 1998; Marmo et al., 2002; Evans, 2004a) via 

THERMOCALC. This determines the P–T conditions of equilibration between garnet of a 

particular composition and the bulk composition of the rock in which it grew. These 

isopleths were plotted for the garnet core in each sample in Figures 8–31. Intersections 

between isopleths plot as points in P–T space within a field consisting of the mineral 

assemblage that was stable at the time of garnet core nucleation for the specific bulk 

rock composition. THERMOCALC calculates the standard deviation for each based on 

errors propagated from the thermodynamic data. If the three isopleths intersect within 

the overlap of ± their respective standard deviations then modelling of the equilibrium 

between garnet and the bulk rock can be considered adequate within the constraints of 

errors in the thermodynamic data (Evans, 2004a). Due to the number of samples 

analysed, the standard deviation determined by isopleth intersections of the garnet 

compositions as calculated by THERMOCALC have been plotted with the overlapping 

rhomboidal area traced to an ellipse. 

 Reaction overstepping is a key focus of Section 4 of this study so is not discussed 

in detail here. However, where referred to, magnitudes of overstepping are measured 

with respect to the stability field for which garnet core nucleation occurs with the 
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difference between the centre of the P–T ellipse and maximum T and P of the garnet-in 

line position for that field taken as the estimate of the amount of overstepping. 

 P–T paths are normally determined through petrography and analysis of phase 

equilibria. Fundamentally, the approaches used in this study are no different. Garnet 

cores in conjunction with relative timing observations based on the microstructural 

evidence preserved in porphyroblasts was integrated with phase diagrams resulting in 

P–T estimates for garnet core nucleation. 

 

RESULTS 

For the Orford–Piermont region, only FIA sets 3 and 4 were examined and compared to 

the Pomfret region so as to remove the complications of an extended history due to a 

syn-metamorphic thrust in this region juxtaposing rocks that had experienced less of the 

total deformation and metamorphic history above this structure (i.e. the Piermont 

allochthon). Additionally, because the youngest two FIA sets are shared between the 

areas of the Orford–Piermont and Pomfret regions, there is a degree of continuum 

between core–median–rim FIA analysis (e.g. Bell et al., 1998; Bell & Chen, 2002). 

Future research would benefit from analysing the correlation between the entire core-

derived FIA successions. 

 

Orford–Piermont region, western New Hampshire 

FIA data 

The determined FIA successions of Timms (2002), as modified by the recent work by 

Evans (2004b) and Bell (pers. comm. 2004), were used as a basis for correlating P–T 

data across the Orford–Piermont region, New Hampshire. Bell & Welch (2002) 

documented ages for FIA sets 1 to 4 forming prior to 424 ± 3 Ma, 405 ± 6 Ma, 386 ± 6 



PhD Thesis  M. T. Rieuwers 

 

3  87 

Ma and 366 ± 4 Ma respectively from the nearby Chester–Athens dome region of 

Vermont. These make up part of the same five FIA succession – sets 0 through to 4 

(Fig. 4) – discussed throughout the other sections of this thesis. As mentioned, the 

youngest two FIAs (sets 3 and 4) are addressed in this section. The following data is 

summarized in Tables 1 and 2. The location of these samples relative to being 

allochthonous versus autochthonous is in the context of the mapping of Timms (2004). 

Moench’s (2007) subsequent differences in interpretation are discussed later on rather 

than here. 

 

FIA set 3 geothermobarometric and compositional data 

NT49 

This sample comes from the autochthon of Timms (2004) ~2–3 km south of the Bean 

Brook fault (Fig. 2) and contains garnet core growth that occurred during FIA set 3. The 

isopleths intersect very tightly centred at c. 5.9 kbar and 548 °C (Fig. 8). This indicates 

overstepping of around 43 °C and 1.1 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT49-g2), the point analysis ‘NT49g2-2’ (Appendix A) is that taken as the core 

(highest XMn for both NT49-g1 and g2). The profile shows a smooth decrease in XMn 

and XCa mirrored by an increase in XFe and XMg (Appendix F) for those analyses moving 

outward from the core (points 11–15). This suggests typical growth zoning for pelitic 

garnet that grew during prograde metamorphism, with cores high in Mn and Ca and low 

in Fe and Mg. 

NT55 

This sample comes from the allochthon of Timms (2004) ~5 km north of and above the 

Bean Brook fault within the Piermont allochthon (Fig. 2) and contains garnet core 
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growth that occurred during FIA set 3. The isopleths intersect centred at 5.5 kbar and 

572 °C (Fig. 9). This indicates overstepping of around 42 °C. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT55-gA), the point analysis ‘NT55gA-2.1’ (Appendix A) is that taken as the core 

(highest XMn for both NT55-gA and gC). The profile shows a slight decrease in XMn and 

XCa mirrored by a similarly slight increase in XFe and XMg (Appendix F) for those 

analyses moving outward from the core (points 8–14). Points 15–19 return to near the 

core; hence the abrupt change in compositional profile. 

NT57 

This sample comes from ~5 km north of the Bean Brook fault (Fig. 2) within the 

Piermont allochthon and contains garnet core growth that occurred during FIA set 3. 

The isopleths intersect centred at c. 6.9 kbar and 540 °C (Fig. 10). This indicates 

overstepping of around 35 °C. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT57-gA), the point analysis ‘NT57gA-3’ (Appendix A) is that taken as the core 

(highest XMn for both NT57-gA and gB). Points 1–10 are all in the area of the core, 

while points 11–17 move towards the rim sequentially. From point 12 onward, the 

profile shows a decrease in XMn and XCa mirrored by an increase in XFe and XMg 

(Appendix F). 

NT65 

This sample comes from the autochthon ~1 km below the Bean Brook fault to the south 

of it (Fig. 2) and contains garnet core growth that occurred during FIA set 3. The 

isopleths intersect centred at c. 4.7 kbar and 552 °C (Fig. 11). This indicates 

overstepping of around 34 °C. 
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 For the garnet used for the compositional isopleth calculations in this sample 

(NT65-gA), the point analysis ‘NT65gA-6’ (Appendix A) is that taken as the core 

(highest XMn for both NT65-gA and gB). Points 1–7 show a relatively flat profile, being 

all in the area of the core, while points 8–13 move towards the rim sequentially and 

have a zoning trend where the profile shows a decrease in XMn, mirrored by an increase 

in XFe and XMg (Appendix F). Points 14–15 are on the outer margin of the porphyroblast 

rim and show an increase in XMn, possibly the result of volume diffusion with the 

matrix. 

NT70 

This sample comes from the autochthon ~1.5 km SW below the Bean Brook fault (Fig. 

2) and contains garnet core growth that occurred during FIA set 3. The isopleths 

intersect centred at c. 7.9 kbar and 530 °C (Fig. 12). This indicates overstepping of 

around 10 °C and 0.7 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT70-gB), the point analysis ‘NT70gB-2’ (Appendix A) is that taken as the core 

(highest XMn for both NT70-gA and gB). Points 1–13 show a relatively flat profile, 

being all in the area of the core, while points 14–17 move towards the rim sequentially 

and have a zoning trend where the profile shows a steep decrease in XMn and XCa, 

mirrored by a steep increase in XFe and XMg (Appendix F). Points 14–15 are on the outer 

margin of the porphyroblast rim and show an increase in XMn, possibly the result of 

volume diffusion with the matrix. This suggests typical growth zoning for pelitic garnet 

that grew during prograde metamorphism, with cores high in Mn and Ca and low in Fe 

and Mg. 
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NT136 

This sample comes from the autochthon ~1.5 km SW of the Bean Brook fault (Fig. 2) 

and contains garnet core growth that occurred during FIA set 3. The isopleths intersect 

very tightly centred at c. 5.9 kbar and 535 °C (Fig. 13). This indicates overstepping of 

around 14 °C. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT136-gA), the point analysis ‘NT136gA-4’ (Appendix A) is that taken as the core 

(highest XMn for both NT136-gA and gB). Points 1–12 show a relatively flat profile, 

being all in the vicinity of the core, while points 13–16 move towards the rim 

sequentially and have a zoning trend where the profile shows a steep decrease in XMn 

and XCa, mirrored by a steep increase in XFe and more gentle increase in XMg (Appendix 

F). This suggests typical growth zoning for pelitic garnet that grew during prograde 

metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

NT138 

This sample comes from the autochthon ~1 km SW of the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 3. The isopleths intersect 

centred at c. 7 kbar and 538 °C  (Fig. 14). This indicates overstepping of around 66 °C 

and 1.7 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT136-gB), the point analysis ‘NT138gB-6’ (Appendix A) is that taken as the core 

(highest XMn for both NT138-gA and gB). Points 1–7 show a relatively flat profile, 

being all near the core, while points 8–16 move towards the rim sequentially and have a 

zoning trend where the profile shows a gentle decrease in XMn, mirrored by an increase 

in XFe and a gentle increase in XMg (Appendix F). XCa is isolated in that it shows an 

increase at point 10 before decreasing again towards the outer rim. 
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FIA set 4 geothermobarometric and compositional data 

NT 5 

This sample comes from the autochthon ~3.5 km SW of the Bean Brook fault (Fig. 2) 

and contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 6.0 kbar and 537 °C (Fig. 15). This indicates overstepping of around 64 °C 

and 2.8 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample (NT5-

gB), the point analysis ‘NT5gB-7’ (Appendix A) is that taken as the core (highest XMn 

for both NT5-gA and gB). From this location, the analyses move sequentially towards 

the rim and have a zoning trend where the profile shows a smooth decrease in XMn and 

XCa mirrored by an increase in XFe and XMg (Appendix F). XCa is isolated in that it shows 

an increase at point 10 before decreasing again towards the outer rim. This suggests 

typical growth zoning for pelitic garnet that grew during prograde metamorphism, with 

cores high in Mn and Ca and low in Fe and Mg. 

NT54 

This sample comes from ~3 km north of the Bean Brook fault (Fig. 2) within the 

Piermont allochthon and contains garnet core growth that occurred during FIA set 4. 

The isopleths intersect centred at c. 4.8 kbar and 560 °C (Fig. 16). This indicates 

overstepping of around 15 °C and 0.4 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT54-gA), the point analysis ‘NT54gA-5’ (Appendix A) is that taken as the core 

(highest XMn for both NT54-gA and gB). Points 1–6 are all from near the core. Points 7–

11 move outwards to the rim. With a relatively flat profile with very gentle decreases in 

XMn and increases in XFe and XMg (Appendix F). 
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NT71 

This sample comes from autochthon ~1.5 km SW of the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 6.2 kbar and 510 °C (Fig. 17). This indicates overstepping of around 40 °C 

and 1.3 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT71-gA), the point analysis ‘NT71gA-1’ (Appendix A) is that taken as the core 

(highest XMn for both NT71-gA and gB). Points 1–8 and 15 are from near the core. 

From points 9–14, the analyses move sequentially towards the rim. From points 10 to 

14, the compositional profile shows a zoning trend towards the outer rim; decreasing in 

XMn and XCa mirrored by an increase in XFe and XMg (Appendix F). This suggests typical 

growth zoning for pelitic garnet that grew during prograde metamorphism, with cores 

high in Mn and Ca and low in Fe and Mg. 

NT81 

This sample comes from the autochthon just east of the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 6.0 kbar and 515 °C (Fig. 18). This indicates overstepping of around 50 °C 

and 0.6 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT81-g1), the point analysis ‘NT81g1-1’ (Appendix A) is that taken as the core 

(highest XMn for both NT81-g1 and g2). The compositional profile is relatively flat for 

points 1–14 – all taken near the core. From points 15 to 18, the analyses move 

sequentially towards the rim with the compositional profile showing a zoning trend 

towards the outer rim; decreasing in XMn and XCa mirrored by an increase in XFe and XMg 
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(Appendix F). This suggests typical growth zoning for pelitic garnet that grew during 

prograde metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

NT87 

This sample comes from the autochthon just east of the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 5.5 kbar and 540 °C (Fig. 19). This indicates overstepping of around 20 °C. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT87-gA), the point analysis ‘NT87gA-1’ (Appendix A) is that taken as the core 

(highest XMn for both NT87-gA and gB). The compositional profile is relatively flat for 

points 1–13 – all taken near the core. From points 14 to 18, the analyses move 

sequentially towards the rim with the compositional profile showing a zoning trend 

towards the outer rim; decreasing in XMn and XCa mirrored by an increase in XFe 

(Appendix F). This suggests typical growth zoning for pelitic garnet that grew during 

prograde metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

NT102 

This sample comes from the autochthon just south the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 5.4 kbar and 533 °C (Fig. 20). This indicates overstepping of around 64 °C 

and 1.3 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT102-gB), the point analysis ‘NT102gB-2’ (Appendix A) is that taken as the core 

(highest XMn for both NT102-gA and gB). There were only three analyses performed on 

this garnet (in the core) so no compositional profile was constructed (see Appendix F 

for NT102-gA profile). 
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NT126 

This sample comes from the autochthon just east the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 2.8 kbar and 517 °C (Fig. 21). 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT126-gA), the point analysis ‘NT126gA-10’ (Appendix A) is that taken as the core 

(highest XMn for both NT126-gA and gB). The compositional profile is relatively flat for 

points 1–10 – all taken near the core. From points 11 to 14, the analyses move 

sequentially towards the rim with the compositional profile showing a zoning trend 

towards the outer rim; decreasing in XMn mirrored by an increase in XFe (Appendix F). 

The profile suggests some volume diffusion may have occurred near the rim with the 

matrix. 

NT130B 

This sample comes from the autochthon just east of the Bean Brook fault (Fig. 2) and 

contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 2.6 kbar and 495 °C (Fig. 22). This indicates overstepping of around 50 °C 

and 1.6 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT130B-g2), the point analysis ‘NT130Bg2-4’ (Appendix A) is that taken as the core 

(highest XMn for both NT130B-g1 and g2). Points 1–13 are all taken near the core. From 

points 14 to 17, the analyses move sequentially towards the rim with the compositional 

profile showing a zoning trend towards the outer rim; decreasing in XMn mirrored by an 

increase in XFe and XMg (Appendix F). This suggests typical growth zoning for pelitic 

garnet that grew during prograde metamorphism, with cores high in Mn and Ca and low 

in Fe and Mg. 
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NT191 

This sample comes from the autochthon ~2 km to the south of the Bean Brook fault 

(Fig. 2) and contains garnet core growth that occurred during FIA set 4. The isopleths 

intersect very tightly centred at c. 7.7 kbar and 515 °C (Fig. 23). This indicates 

overstepping of around 35 °C and 1.4 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT191-g2), the point analysis ‘NT191g2-7’ (Appendix A) is that taken as the core 

(highest XMn for both NT191-g1 and g2). Points 1–11 were all taken near the core. Point 

analyses 12 to 17 move sequentially towards the rim with the compositional profile 

showing a very gentle zoning trend towards the outer rim; decreasing in XMn and XCa 

mirrored by an increase in XFe and XMg (Appendix F). 

NT200 

This sample comes from ~3.5 km to the south of and below the Bean Brook fault (Fig. 

2) and contains garnet core growth that occurred during FIA set 4. The isopleths 

intersect very tightly centred at c. 5.4 kbar and 533 °C (Fig. 24). This indicates 

overstepping of around 75 °C and 2.4 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT200-gA), the point analysis ‘NT200gA-11’ (Appendix A) is that taken as the core 

(highest XMn for both NT200-gA and gB). Points 1–12 were all taken near the core and 

show a relatively flat profile as expected. From points 13 to 16 the analyses move 

sequentially towards the rim with the compositional profile showing a strong zoning 

trend towards the rim; decreasing in XMn and XCa mirrored by an increase in XFe and XMg 

(Appendix F). This suggests typical growth zoning for pelitic garnet that grew during 

prograde metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 
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NT202 

This sample comes from below the Bean Brook fault and ~3.5 km to its south (Fig. 2) 

and contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

very tightly centred at c. 3.8 kbar and 515 °C (Fig. 25). This indicates overstepping of 

around 70 °C and 0.7 kbar. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT202-gA), the point analysis ‘NT202gA-12’ (Appendix A) is that taken as the core 

(highest XMn for both NT202-gA and gB). Points 1–11 were all taken near the core and 

show a relatively flat profile. From points 12 to 15 the analyses move sequentially 

towards the rim with the compositional profile showing a strong zoning trend towards 

the rim from points 13 to 15; decreasing in XMn and XCa mirrored by an increase in XFe 

and XMg (Appendix F). This suggests typical growth zoning for pelitic garnet that grew 

during prograde metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

NT204 

This sample comes from below the Bean Brook fault and ~3.5 km to its south (Fig. 2) 

and contains garnet core growth that occurred during FIA set 4. The isopleths intersect 

centred at c. 4.9 kbar and 515 °C (Fig. 26). This indicates no overstepping of the garnet-

in line. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT204-gB), the point analysis ‘NT204gB-1’ (Appendix A) is that taken as the core 

(highest XMn for both NT204-gA and gB). Points 1–3 are taken near the core. The 

remaining points were sequentially taken away from the core towards the rim and show 

a steady zoning trend towards the rim; the decrease in XMn and XCa is mirrored by an 

increase in XFe and XMg (Appendix F). This suggests typical growth zoning for pelitic 
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garnet that grew during prograde metamorphism, with cores high in Mn and Ca and low 

in Fe and Mg. 

NT212 

This sample comes from ~1.5 km north of the Bean Brook fault (Fig. 2) within the 

Piermont allochthon and contains garnet core growth that occurred during FIA set 4. 

The isopleths intersect centred at c. 6 kbar and 580 °C (Fig. 27). This indicates 

overstepping of around 25 °C. 

 For the garnet used for the compositional isopleth calculations in this sample 

(NT212-gA), the point analysis ‘NT212gA-15’ (Appendix A) is that taken as the core 

(highest XMn for both NT212-gA and gB). The compositional profile is flat across the 

garnet used for compositional isopleths, which could be due to it having undergone 

volume diffusion. However, the temperatures experienced by this sample (according to 

the data presented herein) should not be high enough for diffusion-controlled 

homogenization as described by Yardley (1977). 

 

Pomfret dome region, eastern Vermont 

FIA data 

The FIA sets analysed in this study for the Pomfret dome region have been derived 

primarily from the original microstructural analysis of Ham (2001). Bell & Welch 

(2002) documented ages for FIA sets 1 to 4 forming prior to 424 ± 3 Ma, 405 ± 6 Ma, 

386 ± 6 Ma and 366 ± 4 Ma respectively from the Chester–Athens dome region of 

neighbouring Vermont. These also make up part of the same five FIA succession – set 0 

through to 4 – discussed throughout the other sections of this thesis. Once the region is 

understood with respect to its FIA sequence then correlation between areas can be 
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made, constrained on the basis of the FIA data. The youngest two FIAs (sets 3 and 4) 

are examined here. The following data is summarized in Tables 3 and 4. 

 

FIA set 3 geothermobarometric and compositional data 

V387B 

This sample from ~20 km to the west of the Pomfret dome (Fig. 5) contains garnet core 

growth that occurred during FIA set 3. The isopleths intersect very tightly centred at c. 

7.4 kbar and 522 °C (Fig. 28). This indicates no overstepping of the garnet-in line. 

 The garnet compositional profile (Appendix F) shows the garnet used for the 

compositional isopleth calculations in this sample (V387B-g1); the point ‘V387Bg1-2’ 

(Appendix A) is that taken as the core (highest XMn). Most analyses were taken near the 

core until points 13–14, which correspond with the rim boundary and a decrease in XMn 

and XCa that is mirrored by an XFe and XMg increase. Point 15 is from near the core; 

hence the sharp change in composition (e.g. XFe rise). 

V396 

This sample comes from ~10 km west of the Pomfret dome (Fig. 5) and contains garnet 

core growth that occurred during FIA set 3. The isopleths intersect very tightly centred 

at c. 6.2 kbar and 525 °C (Fig. 29). This indicates overstepping of around 35 °C and 0.8 

kbar. 

 The garnet compositional profile (Appendix F) shows the garnet used for the 

compositional isopleth calculations in this sample (V396-g2); the point ‘V396g2-3’ 

(Appendix A) is that taken as the core (highest XMn for both V396-g1 and g2). Most 

analyses were taken near the core until point 13. Points 14–16 show a decrease in XMn 

mirrored by an increase in XFe and XMg. This suggests typical growth zoning for pelitic 
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garnet that grew during prograde metamorphism, with cores high in Mn and Ca and low 

in Fe and Mg. 

 

FIA set 4 geothermobarometric and compositional data 

AV27 

This sample comes from the west limb of the Pomfret dome with garnet core growth 

occurring during FIA set 4 (Fig. 5). The P–T data shows intersection of isopleths 

centred at c. 7.1 kbar and 540 °C (Fig. 30). This indicates overstepping of around 15 °C 

and 1.1 kbar. 

 The garnet compositional profile (Appendix F) shows the garnet used for the 

compositional isopleth calculations in this sample (AV27-gA); the point ‘AV27gA-5’ 

(Appendix A) is that taken as the core (highest XMn for both AV27-g1 and g2). Most 

analyses were taken near the core until points 15–18. These show a gentle decrease in 

XMn and XCa mirrored by a slight increase in XFe and XMg. 

AV138 

This sample, from the eastern limb of the Pomfret dome (Fig. 5), contains garnet that 

first grew during the development of FIA set 4. The very tight intersection of isopleths 

is centred at c. 7.7 kbar and 555 °C (Fig. 31). This indicates overstepping of around 15 

°C and 0.8 kbar. 

 The garnet compositional profile (Appendix F) shows the garnet used for the 

compositional isopleth calculations in this sample (AV138-gA); point ‘AV138gA-8’ 

(Appendix A) is that taken as the core (highest XMn for both AV138-gA and gB). Most 

analyses were taken near the core until point 13, before reaching the rim edge at point 

18. These show a gentle decrease in XMn from point 14 onwards mirrored by a slight 
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increase in XFe. This suggests typical growth zoning for pelitic garnet that grew during 

prograde metamorphism, with cores high in Mn and Ca and low in Fe and Mg. 

 

Comparison summary 

There are discernable differences between the geothermobarometric results obtained for 

the Pomfret and Orford–Piermont regions. As discussed in more depth in Section 1, the 

P values are similar between samples from the Pomfret region data, including for FIA 

sets 3 and 4. P values for FIA set 3 are centred at c. 6.2–7.4 kbar and for FIA set 4 

centred at c. 7.1–7.7 kbar, while T values are centred around c. 525 °C for FIA set 3 and 

c. 540–555 °C for FIA set 4. Significantly, (being a focus of Section 4) equilibrium is 

notably overstepped for garnet core nucleation for every FIA set in samples from within 

the Pomfret dome. 

 The Orford–Piermont region shows distinct T bands of compositional isopleth 

intersections for FIA sets 3 and 4. A band of data for FIA set 3 is grouped from around 

c. 530–572 °C and 4.8–7.9 kbar while for FIA set 4 data is centred from around c. 495–

560 °C and 2.6–7.7 kbar. Significant T plus P overstepping for the Orford–Piermont 

region occurs in two of the seven samples for FIA set 3 and in six (with one unknown) 

of the thirteen samples for FIA set 4. 

 Despite the partial overlap of the geothermobarometric expression recorded, at a 

minimum, a case can be made for higher-T samples for FIA set 4 from the Pomfret 

region and higher-T samples for FIA set 3 from the Orford–Piermont region. 

 

 

 

 



PhD Thesis  M. T. Rieuwers 

 

3  101 

INTERPRETATION 

Role of deformation partitioning 

Ham (2001) showed that the rocks of the Pomfret region of eastern Vermont contain a 

succession of five FIA sets representing the minimum number of stages of garnet 

growth to have occurred in the region (Ham & Bell, 2004). No garnet core growth 

during FIA set 3 has so far been recorded within the Pomfret dome, but rims grew 

during this time. The likely reason for this was the dominance of garnet porphyroblast 

growth during FIA sets 0, 1 and 2 (see Section 2). This left little rock unaffected by 

porphyroblast growth. Consequently, by the time the FIA set 3 forming events occurred, 

most rock with suitable bulk compositions had experienced garnet growth making them 

more competent and less easily deformable. Furthermore, a large N–S trending pluton 

lies within New Hampshire to the east of the Pomfret dome (i.e. the Fairlee Pluton, Fig. 

2). The Pomfret dome would have lain within a strain shadow for this pluton during the 

N–S bulk shortening that caused FIA set 3 to develop. This could have reduced the 

pervasiveness of the partitioning of deformation into the Pomfret region at this time and 

thus the number of sites for porphyroblast growth (e.g. Bell et al., 2004). The combined 

effects of the dominance of garnet growth during FIAs 0, 1 and 2 (Section 2) and this 

strain shadow resulted in no sites being sampled where garnet grew for the first time 

during FIA 3. Significantly, the presence of FIA set 3 in the rims of garnet 

porphyroblasts in the Pomfret region demonstrates P–T conditions were suitable for 

garnet growth during this time. Samples were found where garnet did grow for the first 

time during the development of FIA set 4. The SSW–NNE trend of this FIA set meant 

that in spite of the increased competency due to previous garnet growth, deformation 

could still partition through portions of outcrops where no such growth had occurred as 

there were no plutons along strike to prevent it, plus the deformation intensity was high 
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within the Chester dome (see Section 2). Approximately 10 km west of the Pomfret 

dome as well as 30 km to its east in the west-central New Hampshire Orford–Piermont 

region – east of the CVBF terrane boundary – garnet core growth did occur during both 

the development of FIA sets 3 and 4. All the samples selected for P–T calculations were 

chosen on the basis that they had no previously formed FIAs within their cores as this 

enables the P–T to be calculated without having to compensate for fractionation of 

material into the garnet core (e.g. Evans, 2004a; Sayab, 2006). Consequently, rocks 

where the P–T conditions for FIA set 3 have been determined were affected by only one 

foliation-forming event prior to garnet growth (Bell & Bruce, 2006; Section 4). The 

common growth of garnet during the development of FIA sets 3 and 4 in the Orford–

Piermont region (Timms, 2002) versus the decline in the relative amount of garnet 

growth during these FIA sets (relative to the earlier formed ones) in the Pomfret region 

(Bell et al., 2004) suggests that garnet preferentially nucleated and grew later in the 

history of deformation and metamorphism in the Orford–Piermont region similar to that 

described in Section 2. This implies that the reactants from which garnet grew had been 

more completely consumed during earlier deformations in rocks in the Pomfret region 

during the development of FIA set 3 than those in the Orford–Piermont region. 

 

Reaction overstepping 

The Pomfret region records a significant difference between compositional isopleth 

intersections and the forward-modelled garnet-in reaction line for garnet cores for every 

FIA set, including FIAs 3 and 4. This is argued in detail in Section 4 to reflect a 

systematic overstep of reaction equilibrium for garnet nucleation. The P–T data from 

the Orford–Piermont region shows overstepping in a majority of samples for garnet 

cores during FIA sets 3 and 4, but not all. The range of compositional isopleth 
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intersections in P–T space for FIA sets 3 and 4 is larger in the Orford–Piermont region 

than in the Pomfret region. The overall uniformity of FIA data from set to set for all five 

FIAs 0 through 4 and across the region (Sections 1 & 4; Bell & Welch, 2002; Ham & 

Bell, 2004) gives considerable weight to the integrity of the P–T expression resulting 

from the fewer samples used from the Pomfret region. That is, the fact that within the 

Pomfret region sample set all five FIA sets exist yet still give relative uniformity of P–T 

data instils confidence in the results. 

 Confidence in the entire FIA set 0 to 4 succession sample set of the Pomfret region 

strengthens the Orford–Piermont region sample set data acquired for the corresponding 

FIA sets 3 and 4. On their own, the uniformity of data in one set and not another is not 

necessarily an unequivocal argument that the sets are different. However, the numerous 

FIA-based studies published over the past two decades, many of which are cited in this 

thesis, and the succession of ages obtained from them that match the FIA succession in 

every case, provide ample scientific evidence in the literature for the robustness of FIA 

measurements grouped into sets as representing separate time successions. FIAs are 

directly correlative. Thus, it is argued that the variation seen in the Orford–Piermont 

region is of significance. 

 Interpretation of the magnitude of overstepping in P–T space with respect to the 

garnet-in line is complicated for the Orford–Piermont region because there is a range in 

the amount of reaction overstep observed in the P–T data. Furthermore, the Piermont 

allochthon in this region (Fig. 2) may have developed during porphyroblast growth – 

with some samples coming from the allochthon and others from the autochthon (e.g. 

Timms, 2004). Therefore, any direct comparison pertaining to the amount of 

overstepping for garnet core nucleation between the Orford–Piermont and Pomfret 

regions needs to be approached carefully. Additionally, since garnet porphyroblasts 
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have come from either the proposed allochthon or the autochthon, it may be asked what 

confidence could one have that body rotation of the hanging wall has not rotated the 

garnets as well. However, only a vertical axis of rotation of blocks of rock on a fault 

would rotate the garnets. Block rotations during thrusting of 30° or 40° such as could 

occur across frontal ramps (e.g. Boyer & Elliott, 1982) would occur about a horizontal 

axis affecting the plunge of FIAs measured from garnet inclusion trails but having little 

effect on their trends. 

 The data presented here suggests that samples from the Piermont allochthon show 

little P overstepping compared to those from the autochthon. Allochthon samples NT54 

and NT212 first grew garnet during the development of FIA set 4 – NT54 with very 

minor P and T overstep and NT212 with no P overstepping. The other allochthon 

samples, NT55 and NT57 of FIA set 3, show no P overstepping but a significant 

amount of T overstep for nucleation. One interpretation is that partitioning of 

deformation at the scale of a porphyroblast triggered initial garnet growth during a 

barometrically steady period in the development of FIA sets 3 and 4 where rocks 

essentially stayed at the same level in the crust (and P), limiting any opportunity for P 

oversteps of equilibrium for samples situated in the allochthon that were higher in the 

crust than autochthonous samples. 

 To understand the argument made below it is important to emphasize that an 

individual FIA trend results from a succession of foliations (7 is common in the 

Chester–Athens dome; Bell & Newman, 2006) that form over an extended period of 

time ranging from 10 to 30 million years (Cao, 2009; Ali, 2010; Sanislav & Shah, 

2010). Within any one sample containing a single FIA trend, porphyroblast growth can 

have occurred anywhere within the period of time over which that FIA trend developed 

and contain only 2 of the 7 or so foliations that may have formed. When FIAs are dated, 
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monazite grains preserved within the foliations defining a particular FIA within a 

succession are microprobed from different samples and grouped together to obtain an 

age (e.g. Cihan et al., 2006; Cao, 2009; Ali, 2010; Sanislav & Shah, 2010; Sanislav, 

2011). A FIA age is thus the average age of monazite grains preserved within up to 

seven foliations that form about the one FIA trend (Bell & Newman, 2006). 

 Samples from the Orford–Piermont region that first grew garnet cores during the 

development of FIA set 3 show a range in P using isopleth intersections from 4.7 kbar 

to 7.9 kbar (Fig. 32). This range can be interpreted to have resulted from a change in P 

from 4.7 to 7.9 kbar that occurred during the development of this FIA set. Such an 

interpretation suggests that sample NT65 grew early during the development of FIA set 

3 and is not overstepped in P. Samples NT55, NT49, NT136 and NT57 followed as the 

P progressively increased remaining mostly not overstepped in P. Samples NT138 and 

NT70 would be interpreted as nucleating garnet for the first time late in this progression 

when the partitioning of deformation through the portion of rock in which they lay 

eventually occurred at the scale of a porphyroblast and P was overstepped.  

 Samples that first recorded garnet growth during the development of FIA set 4 

show a significant range in P from 2.6 kbar to 7.7 kbar. This was the last period of FIA 

development and, therefore, this range can be interpreted in terms of a P drop from 7.7. 

to 2.6 kbar that accompanied the movement of the rocks in this region back towards 

shallower crustal levels. NT191 is thus interpreted to have grown early during the 

formation of FIA set 4 and be overstepped because of the significant crustal thickening 

that took place during the development of FIA set 3. This was the first time this portion 

of rock experienced deformation at the scale of a porphyroblast when conditions were 

suitable for garnet growth. That is, the bulk composition, T and P were suitable for 

garnet nucleation but until deformation partitioned through this location at the scale of a 
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porphyroblast, no growth occurred (e.g. Bell et al., 2004). Consequently, the earliest 

grown garnet cores in FIA set 4 were considerably overstepped. As the development of 

FIA set 4 continued there was a decrease in crustal load reflected by the reduction in P 

for the nucleation of garnet in NT71, NT81 and NT5, which suggests initial growth for 

these samples at a similar time in the development of FIA set 4. A further decrease in P 

occurred in the Orford–Piermont region as the development of FIA set 4 continued to 

5.4 kbar (samples NT102 and NT200; Fig. 32). An increase in T also occurred to c. 533 

°C with T and P conditions remaining overstepped. Later during the development of 

FIA set 4, P continued to drop. Samples NT126, NT130B and NT202 are outliers from 

all other samples being of a lower P. It is interpreted that they grew last during the 

development of FIA set 4 when there was a significant drop in P. Significantly, core 

inclusion trails within porphyroblasts of samples NT126, NT130B and NT202 are 

continuous with the matrix confirming late growth (e.g. Appendix A). The overall P 

drop suggests that there was considerable uplift, collapse and thinning of the crustal pile 

as FIA set 4 developed from c. 386 to 360 Ma (Bell & Welch, 2002). Samples from the 

Orford–Piermont region have similar bulk compositions. Somewhat similar T and P 

conditions for garnet growth would be expected if they all grew at the same time unless 

the partitioning of deformation to form crenulation hinges at the scale of a 

porphyroblast, as demonstrated by Bell & Hayward (1991), Spiess & Bell (1996) and 

Bell & Bruce (2007), provides the final factor essential for triggering nucleation and 

growth. 

 

The role of igneous plutons 

An obvious potential explanation for the difference in the range of P–T data between 

the two regions studied was the role of igneous pluton emplacement. Plutons are absent 



PhD Thesis  M. T. Rieuwers 

 

3  107 

in the Pomfret region but present in the Orford–Piermont region. Those present include 

the Baker Pond Granite (Late Ordovician, e.g. Lyons et al., 1997), Peaked Mountain 

Mafic Complex (419 ± 4 Ma, Tucker, unpublished data), Fairlee Pluton (411 ± 4 Ma, 

Aleinikoff & Moench, 1987), Indian Pond Pluton (407 ± 5 Ma, Aleinikoff & Moench, 

1987) and Blackberry Hill Granite (365 ± 4 Ma, Aleinikoff & Moench, 1987). 

 Igneous plutons provide a heat source ensuring rocks higher in the crust experience 

greater Ts than would normally be expected. They also can soften rocks and localize 

deformation during both overall crustal thickening and overall crustal thinning. This 

could lead to the P–T history interpreted as taking place during the development of FIA 

sets 3 and 4. It could also lead to the significant T variation that was observed being less 

tectonically driven, rather, simply due to proximity to sources of advected heat 

associated with pluton emplacement. Of the intrusive units in the region, geochronology 

suggests that only the Blackberry Hill Granite (c. 365 Ma) could likely influence either 

of the two FIA-forming events studied in this section – that being FIA set 4. This is 

discussed in more detail later. 

 

Differences in P during FIA sets 3 and 4 

The P values derived from garnet core compositional isopleth intersections in P–T 

space from the Pomfret region show no variation of particular significance between 

those that formed during FIA set 3 to those forming during FIA set 4 (Fig. 33). The P 

values east of the CVBF in the Orford–Piermont region range up and then down 

suggesting a slightly anticlockwise P–T–t path history with most variation expressed as 

differences in P, with Ts remaining more consistent relatively. T values for FIA set 4 in 

the Orford–Piermont region are more spread than those for FIA set 3 (Fig. 32). 

Significantly, no plutons were emplaced during the development of FIA set 3. 
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Alternatively, the Blackberry Hill Granite was emplaced during the development of FIA 

set 4 based on the dating of Bell & Welch (2002). This may explain the less consistent 

Ts that are associated with this period of FIA development in comparison to those for 

FIA set 3 (Fig. 32). 

 Metamorphism in the Pomfret region was approaching near-isobaric where, as 

discussed in detail in Section 1, the crust remained essentially in equilibrium, moving 

relatively insignificantly up and down during and between the steep-to-flat cycles of 

foliation-forming events during FIA sets 3 and 4 (Ham & Bell, 2004; Bell & Newman, 

2006). The Orford–Piermont region underwent a rise in P during the development of 

FIA set 3 from 4.7 kbar to 7.9 kbar and a decrease during the development of FIA set 4 

from 7.7 kbar to 2.6 kbar. This assumes that these P–T–t paths as interpreted came 

about due to a sequential increase or decrease in P and/or T. Only monazite dating of 

porphyroblast inclusion trails for each sample could test this interpretation. The best 

ones to date would be low P samples for both FIAs as these should be the furtherest 

apart in age. If the interpretation held, then dating the highest P samples for FIA 3 and 

FIA 4 could be attempted. Since according to this interpretation they would have 

formed close to one another in time to either side of the change in FIA trend, any 

monazite ages obtained from them could potentially be grouped to improve the age 

statistics if very few monazite grains were present in each sample. 

 

DISCUSSION 

Using FIAs to constrain and correlate periods of orogenesis plus define garnet cores for 

which P–T–t estimates can be derived allows a comparison of the intimate 

geothermobarometric development of two regions separated by a terrane boundary. This 

approach provides an interpretation that resolves the varying peak P–T values attained 
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by previous workers plus herein as well as the long-standing issue of how to correlate 

across the CVBF. Using this interpretation, the wide distribution of samples in P–T 

space as shown in Fig. 32, which is difficult to interpret with a classic approach, can be 

explained by P–T changes with time up and then down as FIA sets 3 and 4 developed. 

This interpretation can be tested if monazite grains are present amongst the inclusion 

trails. 

 

The significance of the Connecticut Valley border fault (CVBF) 

The CVBF is defined by the sharp metamorphic discontinuity interpreted by Spear et al. 

(2002) to be an overturned west-dipping thrust that previous to their work was not 

recognised as a major terrane boundary (Fig. 1b). The rocks to its west are below 

garnet-grade while to the east they contain staurolite and kyanite. Differences in peak 

metamorphic conditions during the Acadian orogeny between the domes and the garnet 

isograd to the east suggest significant differential uplift across the strike of the orogen 

(Spear et al., 2002). For example, Menard & Spear (1994) cited a peak P from the 

Strafford dome of 10 ± 1 kbar and a peak P from the garnet isograd of 5 ± 1 kbar. They 

suggested the ~5 kbar difference in peak P implies ~18 km of structural relief between 

the samples from which these values were derived. The present day geographical 

separation of these samples is just 7 km, requiring ~10 km of differential uplift. 

Resolving the geothermobarometric data into the two youngest FIA sets, 3 and 4, 

removes the large contrast of Menard & Spear (1994) by allowing a directly comparable 

way of linking events of the same age between separate regions. More importantly it 

allows the comparison of the same phase of garnet growth for a given event – i.e. 

nucleation. Traditional geothermobarometry methods typically reflect the peak 

metamorphism conditions attained over the life of the garnet as a whole, rather than a 
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FIA-based approach that recognises the episodic nature of garnet porphyroblast growth 

(e.g. Bell & Johnson, 1989; Bell & Hayward, 1991; Spiess & Bell, 1996). Bell & Welch 

(2002) documented FIA set 3 and 4 events as forming from c. 405–386 Ma and c. 385–

366 Ma respectively in the nearby Chester–Athens dome region of Vermont. The 

differing P–T expressions across the CVBF suggest the Pomfret and Orford–Piermont 

regions occupied different structural levels during this phase of the Acadian orogeny. 

 Traditional geothermometry suggests that mineral compositions commonly 

preserve the maximum T. The method for calculating P–T data used in this study offers 

advantages over calculations such as those used by others in the region such as Spear et 

al. (2002) and Florence et al. (1993). For example, crystal fractionation influences the 

composition of all but the very earliest grown garnet cores (e.g. Hollister, 1966; Vance 

& Mahar, 1998; Evans, 2004a). It could have significantly affected (e.g. Evans, 2004b) 

the P–T calculations used by Spear et al. (2002) and Florence et al. (1993). Assessing 

P–T conditions from a combination of mineral assemblages and mineral compositions 

near the edge of minerals only gives P–T conditions for the last stage of growth for that 

particular porphyroblast if its refractory rim actually formed at the same time as the 

matrix. This is unlikely to be the case for any garnet rim that formed before the 

development of FIA 4. Inclusion trails commonly appear continuous with matrix 

foliations in the thin-sections cut orthogonal to matrix foliations that metamorphic 

petrologists routinely use, when in fact in 3D they are truncated (e.g. Cihan, 2004). 

Without FIA constraints there is no way to relatively time P–T measurements to the 

resolution demonstrated in this study. 

 Spear et al. (2002) deduced their P–T histories using a variety of methods including 

thermobarometry, garnet zoning analysis and pseudomorph textures. Florence & Spear 

(1993) presented thermobarometric results in numerical models of simultaneous growth 



PhD Thesis  M. T. Rieuwers 

 

3  111 

and diffusion based on net-transfer reactions and Fe–Mg exchange thermobarometry, 

while Florence et al. (1993) estimated peak metamorphic conditions based on the 

algorithm detailed in Spear (1989) using differential thermodynamics (the Gibbs 

method). Florence et al. (1993) thought peak metamorphism to be at least 50 °C lower 

than actual peak Ts. The growth of staurolite was thought to have likely resulted in the 

loss of compositional information from garnet, so that the T estimate is presumed to be 

lower than the actual thermal peak. They supported this with the fact that other 

staurolite-bearing rocks within a few hundred metres of that sample yielded Ts 40–65 

°C lower. Although valuably contributing to the overall understanding of the central 

New England tectonothermal evolution, these studies have not accurately accounted for 

specific factors such as crystal fractionation resulting from garnet growth on the P–T 

calculations. It is also argued here that they had flawed timing constraints. Indeed, 

assumptions were required regarding the growth of a graphite-rich outer rim of garnet. 

The garnet zoning and inclusion pattern change in the rim were attributed to changes in 

anorthite content from inclusions in the garnet core to the matrix. The resultant tectonic 

interpretations were likely compromised since the fabric analyses upon which their 

timing constraints were based did not take into account the different periods of garnet 

porphyroblast growth. Florence et al. (1993) calculated rocks in the Piermont 

allochthon that experienced syn-tectonic metamorphism at Ps between 5 and 7 kbar, 

where garnet-grade metamorphism in the southern Piermont allochthon began when 

rocks were at Ps corresponding to depth of ~20 km at the time of garnet nucleation. 

This culminated in a trend of heating with decreasing P of ~0.5 kbar attributed to coeval 

unloading. This heating with unloading in the Piermont allochthon was explained by the 

evolution of a parauthochthonous lower plate in a convergent setting where tectonically 

perturbed geotherms relaxed during exhumation. Florence et al. (1993) interpreted that 
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westward transport of a thrust/nappe complex during the Acadian orogeny was 

responsible for the juxtaposing of two now-adjacent structural domains of contrasting 

P–T expressions that represent distinct crustal levels and thermal regimes, despite their 

mineralogical similarities. The high P of garnet nucleation is attributed by Florence et 

al. (1993) to be either the result of Piermont allochthon rocks being already buried to 4–

5 kbar at the time of thrusting or being overthrust by a thicker package relative to 

surrounding areas. 

 The most recent interpretation of the area was outlaid in Moench (2007). Here, 

Moench retracts his initial thrust model (Moench et al., 1987; Moench, 1990) for what 

he now terms the Piermont–Frontenac parautochthon to a relatively short-lived, gravity-

driven slide that moved westward into deeper portions of the Connecticut Valley 

trough. Moench suggests that the slide is barely pre-Acadian and may have in fact been 

‘nudged’ westward by earliest Acadian uplift to the east. The Moench (2007) 

interpretation differs from Timms (2004) primarily in location of the sole thrust (as do 

Rankin & Tucker (2000)). Timms interprets this as belonging to the Bean Brook surface 

(to the north of Moench’s Indian Brook Fault; Fig. 6) and that the Foster Hill 

‘fault/detachment’ is merely a stratigraphic depositional boundary (as claimed by 

Rankin (1996) at its type locality 45 km north of Piermont). Moench (2007) suggests 

that the Foster Hill detachment is the sole thrust separating ‘allochthonous’ and 

autochthonous units. How the results of this study may impact either interpretation is 

outlined at the end of this section. 

 Metamorphism increases in grade eastward from the CVBF – from chlorite- and 

biotite-grade within a few km of the fault, to garnet-bearing assemblages trending 

northeasterly within pelitic units within the Piermont allochthon. Further east again, 

sillimanite replacement of andalusite marks the sillimanite isograd. Florence et al. 



PhD Thesis  M. T. Rieuwers 

 

3  113 

(1993) note the presence of S-shaped inclusion trails and suggest that these textures are 

at least in part syn-tectonic before concluding that the correlation between 

porphyroblast growth and deformation episode is ambiguous. They calculated P–T 

estimates for rocks of the Piermont allochthon of between 500 °C and 580 °C and 4.7 to 

6.6 kbar. However, it was noted that garnet rims in virtually all samples with staurolite 

showed evidence for resorption and diffusional modification and as a result, P–T 

estimates from the peak of metamorphism were probably lost. Consequently, the 

thermobarometry estimates were considered by Florence et al. (1993) to be minimum 

estimates of the highest-grade conditions during metamorphism. The P–T paths derived 

show differences between separate structural provinces from which their interpretations 

of the regional deformation history during the Acadian were based. Florence & Spear 

(1993) discuss the influences of reaction history and chemical diffusion on P–T 

calculations from the same region. They conclude that staurolite-grade assemblages 

may fail to reflect peak Ts of metamorphism because of (1) prograde garnet-consuming 

reactions, and (2) diffusional re-equilibration during cooling in response to retrograde 

reactions leading to anomalous T estimates calculated from garnet. Their models 

demonstrated that T estimates from staurolite schists may underestimate actual peak Ts 

by more than 50 °C. 

 Spear et al. (2002) concluded that considerable additional work was required, 

especially in constraining the timing of different events, re the evolution of the 

interpreted tectonic framework of the central New England. This study provides an 

insight into part of these required constraints on timing of events. FIAs have been used 

to enable the correlation of separate tectonometamorphic episodes between samples and 

across terranes. Timing constrained by FIAs has far better resolution than by traditional 

timing methods by allowing the interrogation of each phase of episodic growth of a 
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single porphyroblast and subsequently correlating regionally with FIAs derived from 

other porphyroblasts. Events whose evidence have been obliterated in the matrix, would 

likely go unnoticed otherwise – missing this resolution that FIAs preserved in 

porphyroblasts can preserve. Using the cores of garnet porphyroblasts that first grew 

during the development of FIA sets 3 or 4 has enabled quantitative timing constraints by 

detailed microstructural analysis via FIA succession correlations and geochronology. 

The growth of garnet in the Orford–Piermont region can typically be described by the 

dehydration reaction: 

chlorite + plagioclase + muscovite + quartz = garnet ± biotite + H2O 

 

The role of igneous plutons 

The FIA-constrained geothermobarometric data for the Pomfret region is tighter than 

that of the Orford–Piermont region. No granites are present in the Pomfret region, 

whereas the Orford–Piermont region contains several of various ages. The fact that 

there are fewer samples from the Pomfret region than from the Orford–Piermont region 

overlooks the presence of samples V387B and V396 located 10–20 km west of the 

Pomfret dome, which are not overstepped and both belonging to FIA set 3 – the only 

FIA set 3 samples analysed from the region. Ideally, future research would target more 

FIA set 3 samples from within the Pomfret dome in particular. 

 The distribution of heat high in the crust will vary due to the presence of igneous 

plutons and ensure that there is a heat source before and during any subsequent 

tectonothermal affects. The presence of the igneous plutons would lead to amphibolite 

facies Ts in their vicinity, even before burial. This could affect the T range of the 

geothermobarometric data for the Orford–Piermont region and create a spread in garnet 

nucleation Ts. The isopleth intersection P–T ellipses derived during the development of 
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FIA set 3 formed a relatively linear mid-P to high-P arrangement (Fig. 32). This could 

potentially be representing a path within the timeframe of the development of FIA set 3, 

rather than simply a P–T range, which would be expected to be more randomly 

distributed in P–T space. It suggests that the emplacement of igneous plutons had little 

affect. This accords with the ages which suggest no plutons were emplaced from c. 

405–386 Ma. Yet, many of the samples examined are overstepped in T, suggesting that 

the rocks had been heated prior to porphyroblast growth – i.e. although T conditions 

were already suitable for garnet growth prior to it initiating, nucleation was only 

triggered once deformation was partitioned through that location at the appropriate 

scale. This would accord with the emplacement of several plutons immediately prior to 

the period of time of FIA set 3 development – for instance, the Indian Pond and Fairlee 

Plutons (Fig. 2). It can also explain the occurrence of T overstepped garnet cores that 

are not necessarily overstepped in P. During the development of FIA set 4 (c. 386–366 

Ma), the deviation in T seen for samples NT5, NT102, NT200, NT54 and NT212 from 

an otherwise relatively isothermal dataset could possibly be associated with late 

emplacement of the Blackberry Hill Granite (365 ± 4 Ma) within the region. That is, 

these particular samples likely nucleated garnet in the later stage of FIA set 4 

development. 

 

Deformation partitioning and metamorphic reactions 

The Pomfret dome is a structure with a simple geometry but a long and complex history 

that was obscured within the matrix by the effects of reactivation and re-use of 

foliations. Ham & Bell (2004) showed that the Pomfret dome fold developed early – 

prior to the development of FIA set 0. Therefore, any subsequent foliation-forming 

events had their structural/metamorphic expression influenced at all scales by the 
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presence of the dome in some way. The evolution of the Orford–Piermont region has 

been thought to be influenced by emplacement of the Piermont allochthon from the 

northeast on to the autochthonous rocks between the development of FIA sets 1 and 2 

(Timms, 2002, 2004). If this is the case, it has pre-dated and has impacted relatively 

little on the P–T expressions recorded during the development of FIA sets 3 and 4. 

 Deformation partitioning and its affect on the timing and site of mineral reactions is 

evident in variation in the relative amounts of garnet growth from FIA set to FIA set in 

and between regions (Bell et al., 2004). Garnet growth is common during the 

development of FIA set 3 and 4 for the Orford–Piermont region compared to the 

development of earlier FIA sets, whereas the reverse trend is observed in the Pomfret 

region (e.g. Fig. 34). This suggests that to the west of the CVBF, the distributed nature 

of the deformation into this region decreased with time. This could be related to an 

increase in competency associated with voluminous porphyroblast growth early in the 

FIA development (Bell et al., 2004). To the east of this terrane boundary, the 

deformation became more distributed with time, providing more sites for porphyroblast 

nucleation and growth (e.g. Section 2, Bell et al., 2003, 2004). 

 The inferred P–T differences between FIA sets 3 and 4 in the Pomfret region 

compared to the Orford–Piermont region appear to result from the partitioning of 

deformation at the porphyroblast scale. Rocks that have similar FIA sets have 

undergone a similar garnet growth event history. A single FIA set does not necessarily 

represent a moment in time. Rather, in this region, it indicates the growth of garnet 

somewhere within a 20 million year time frame (Bell & Welch, 2002). During the 

development of a single FIA trend throughout a region, porphyroblasts are growing at 

different times across it as a function of partitioning of deformation at their scale as well 

as the development of a succession of crenulation events (Bell & Bruce, 2007). 
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Consequently, they potentially can track T and/or P changes during the development of 

a single FIA as well as between FIAs. Hence, it is possible for P–T path information to 

be derived from different rocks in the same region (e.g. the Orford–Piermont region) 

that have similar FIAs. 

 

Piermont allochthon versus Piermont–Frontenac parautochthon 

The detailed mapping of Moench (2007) and his subsequent interpretation appear 

excellent based on the evidence that he put forward for the Piermont–Frontenac 

parautochthon. Interestingly, the integrated P–T and FIA data presented in this study 

shows that all of the sampled garnet cores that nucleated during FIA set 3 lie within the 

mapped Piermont–Frontenac parautochthon of Moench (2007). In contrast, these FIA 3 

samples lie on both Timms’ (2004) interpreted Piermont allochthon and autochthon. If 

one was to accept Moench’s interpretation over Timms’ then it could be argued that this 

is a supporting factor suggesting that during the development of FIA set 3, deformation 

was partitioned into the Piermont–Frontenac parautochthon but not into units outside of 

this. Interestingly, this could be argued to suggest that movement of the Piermont–

Frontenac parautochthon occurred during FIA set 3 (between approximately 400–375 

Ma; Bell & Welch, 2002). This is later than both the immediately pre-Acadian or 

earliest Acadian ‘slide’ suggested by Moench (2007) and the between development of 

FIA sets 1 and 2 timeframe suggested by Timms (2002, 2004). Further research using 

earlier FIA comparisons would be needed to resolve this beyond doubt. 

 On average, garnet cores that first grew during FIA set 3 are of higher metamorphic 

grade than FIA set 4. FIA 4 shows more P–T variation across the Orford–Piermont 

region where deformation may have been partitioned more regionally and less locally in 
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comparison to FIA set 3. This behaviour accords with the localised FIA set 3 garnet 

nucleation seen across the CVBF to the west in the Pomfret region, Vermont. 
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ABSTRACT 

A succession of five foliation intersection/inflection axes in porphyroblasts (FIAs) 

reveal that the New England Appalachians in central Vermont contain rocks that were 

progressively deformed and metamorphosed from c. 430 Ma through to c. 360 Ma. 

They also reveal that garnet porphyroblasts nucleated in pelitic rocks for the first time 

from location to location throughout this history suggesting that T, P and bulk 

composition were not the sole controls on the reactions that proceeded. The T and P of 

nucleation of garnet cores were calculated using P–T pseudosections in conjunction 

with Mn, Ca and Fe compositional isopleths via THERMOCALC with samples selected on 

the basis of obtaining two examples containing one of the five FIA sets from the overall 

succession. P–T estimates of garnet nucleation for all samples from around the Pomfret 

dome are significantly overstepped relative to the incoming of the garnet-in reaction 

boundary. The consistently overstepped nature of this data cannot be dismissed as 

simply a product of disequilibrium and accords with the lengthy history of garnet 

growth revealed by the succession of five FIA sets. Overstepping around the Pomfret 

dome, but not 20 km to the west of the dome, suggests that partitioning of deformation 

at the scale of porphyroblasts and not just bulk composition, T and P, plays a key role in 

triggering the nucleation and growth of porphyroblasts. 

 

Key words: overstepping; garnet core; deformation partitioning; pseudosection; 

Pomfret dome, FIA. 

 

INTRODUCTION 

Since the mid-1950s, the only controls on metamorphic mineral reactions given primary 

consideration by metamorphic petrologists have been the roles of bulk composition, 

temperature (T) and pressure (P; e.g. Thompson, 1957). The Gibbs energy difference 

between reactants and products (!G) is regarded as the fundamental driving force for 

reactions with reactions proceeding towards the lowest energy configuration which can 

be defined by !G = !H – T!S, where !H is the change in enthalpy and !S is the change 

in entropy. Thermodynamics must control the mineral assemblage produced while 



PhD Thesis  M. T. Rieuwers 

 

4  127 

kinetics control the rates of reaction processes (R. H. Vernon, pers. comm. 2010). 

 Detailed studies into nucleation and growth kinetics make up a small but growing 

part of the literature dating back to the 1980s (e.g. Spear et al., 1991). However, 

discussions on metamorphic reactions being kinetically affected, such as those 

involving porphyroblast growth, have been relatively rare in the context raised herein. 

Such reactions can occur under marked disequilibrium conditions with large T and/or P 

oversteps of equilibrium conditions due to a delay in nucleation and growth because 

diffusion rates along grains boundaries are so slow (Rubie, 1998). Subsequent reaction 

rates (e.g. the rate of increase of garnet volume) can be very rapid once there is a 

triggering event for reaction progression (e.g. Rubie, 1998). Such triggering events 

lower the energy of activation barrier allowing a reaction to proceed. Indeed, it is this 

barrier that causes mineral assemblages to persist beyond their stability fields in P–T 

space (i.e. become metastable). Of the various conditions that can be imposed on a 

natural system, the flux of heat causing a change in T has been considered of primary 

importance in determining reaction mechanisms and rates (e.g. Kretz, 1994). 

 Generally, a role for deformation being one of the critical controls on porphyroblast 

nucleation and growth has not been given significant parlance. Bell and co-workers 

have been an exception to this (e.g. Bell et al., 1986, 2003; Bell & Hayward, 1991; 

Spiess & Bell, 1996). Others have also discussed the possible effects of deformation on 

porphyroblastic mineral growth even if no firm relationship was put forward (e.g. 

Williams, 1991; Aerden, 2004). Microstructural work has identified deformation 

partitioning as a critical variable affecting the location of porphyroblast growth once the 

bulk composition, T and P conditions are suitable for reactions to take place. Bell et al. 

(2003) showed that deformation controls the sites of porphyroblast nucleation and 

growth and that such growth occurs early during a deformation. For example, in a single 



PhD Thesis  M. T. Rieuwers 

 

4  128 

outcrop of one rock type with no faults or younger shear zones nearby, which must have 

undergone a singular P–T history – one, two or three foliation intersection/inflection 

axes preserved within porphyroblasts (FIAs; Hayward, 1990; Bell et al., 1995) may be 

present in three different samples. Significantly, in a sample where one of three FIAs is 

present, there are no foliations from deformations that developed the extra FIAs in the 

other samples from the same outcrop (Bell et al., 1998). Because deformation 

partitioning occurs at all scales, portions of a single large outcrop or a region of one 

rock type that have undergone a similar P–T history may not be affected by some of the 

deformation history – preventing synchronous growth of a particular porphyroblastic 

mineral phase. Thus, variation in the growth history of porphyroblasts results in part 

from the effects of deformation partitioning. That is, large portions of country rock may 

not record several periods of deformation and associated porphyroblast growth, while 

other adjacent rocks do. Therefore, where a reaction boundary in P–T space for a 

particular phase has been overstepped, some rocks with suitable bulk compositions do 

not record growth of that mineral unless deformation is partitioned through those rocks 

at the scale of the porphyroblast (Bell et al., 2004). 

 

Theoretical kinetics of nucleation and growth 

Rates of metamorphic reactions and departures from local chemical equilibrium are 

important and controversial geoscience issues (Ague, 2003). Classical theory focuses on 

what controls the rate of a reaction and suggests that which occurs most rapidly will 

have the lowest activation energy for nucleation (Tracy & McLellan, 1985; Ostwald’s 

Step Rule). Departures from local equilibrium are termed reaction overstepping. Ague 

(2003) argued that the degree of overstepping is controlled by the rate at which the 

transformation of reactants into products occurs, with equilibrium also being 
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overstepped if the product fails to nucleate. Ridley & Thompson (1986) considered that 

although the magnitude of overstepping needed for nucleation is unknown in regional 

metamorphic terranes, it is never so great that one mineral fails to nucleate in sequence 

and significantly affect the equilibrium treatment of an assemblage (Fyfe et al., 1958; 

Guidotti, 1974). 

 Some previous workers have attempted to reconcile occurrences of overstepping in 

their data. Vance & Mahar (1998) noted that in examples from the northwest India 

Himalaya, in all cases, compositional contours for initial garnet grown did not lie on the 

garnet isograd but rather at a point where 1 modal percent garnet was predicted to 

already exist. They essentially put this down to the early garnet being subsequently 

resorbed before beginning to grow again. That is, as soon as garnet begins to grow on 

the isograd, the effective bulk composition is changed and garnet is no longer stable and 

is resorbed. This re-enriches the bulk composition in Mn and the garnet begins to grow 

again – i.e. the rock is stepping in and out of the garnet stability field in the initial 

stuttering attempts at garnet growth. They argued that this could lead to the eventual 

garnet core indicating conditions within the garnet stability field rather than at the 

isograd (overstepping). Other workers have documented contact aureole induced 

overstepping where the static environment of thermal metamorphism removes the 

complications of deformation brought about by regional tectonometamorphism. Waters 

& Lovegrove (2002) highlighted metapelites from the Bushveld Complex, South Africa 

that showed considerable overlap of the period of growth of different phases of 

porphyroblasts that were inconsistent with calculated equilibrium phase relations. This 

was attributed to delayed nucleation of porphyroblastic phases, rather than simply 

sluggish reaction (equivalent to up to 40 °C). Kinetic studies based on aureole rocks 

have looked at the interplay of nucleation and growth at different heating rates. During 
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slow heating there is time for appreciable growth on the first-formed nuclei, whereas 

during fast heating, the rapid increase in overstepping allows plentiful nucleation 

throughout the rock, at progressively less favourable sites, before much growth can 

occur on the early nuclei (Waters & Lovegrove, 2002). 

 Stowell et al. (2001) also encountered reaction overstepping in contact 

metamorphic rocks attributed to rapid heating. Their results indicated that garnet from a 

southeastern Alaska aureole grew at Ts of c. 50 °C above the lower limit of modelled 

garnet stability where rapid heating is inferred as an explanation for the discrepancy. 

They note that additional studies are needed to determine if discrepancies in predicted 

Ts are common to other contact and/or regional metamorphic rocks. However, they 

acknowledge it seems likely that reaction overstepping is common given the activation 

energy needed for nucleation (Putnis & McConnell, 1980). 

 

Overstepping in regional metamorphic environments 

The amount of overstepping observed in rocks from Vermont in this study and the 

relatively high T and P for garnet nucleation described herein suggests that there are 

other factors at work than simply T, P and bulk composition when it comes to regional 

tectonometamorphism and porphyroblast growth. It is the aim of this study to explore a 

deformation partitioning mechanism for explaining the overstepping. Consequently, this 

section concentrates on why a porphyroblast producing reaction may proceed in one 

portion of rock and not another – even though they may be very similar in terms of their 

bulk composition (or dissimilar and yet record the same growth history) and P–T 

experience during a regional tectonometamorphic event. If a mineral is not growing in 

one particular site it does not mean that it is not growing at another site. The reaction 

could still be proceeding on a broader scale. 
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 In metamorphic reactions, nucleation must occur before growth of a mineral can 

take place (Vernon, 1976). There is always a kinetic barrier to the nucleation of a new 

phase in a rock where conditions are suitable given the bulk composition. Consequently, 

reactions will proceed towards completion after a finite T and/or P overstepping of the 

theoretical equilibrium boundary in P–T space (e.g. Ridley, 1985). Vernon (1976) 

argued that kinetic factors decide whether or not a reaction will take place; 

thermodynamics can only tell us whether or not it can take place. Such kinetics are 

classically thought to be ultimately controlled by thermal activation where the primary 

driving force for metamorphism is a T increase (Ridley & Thompson, 1986). For 

instance, Kretz (1993, 2006) presented a model in which a garnet producing reaction is 

initiated by a rise in T resulting from an inflow of heat. Deformation induced lattice 

strains (i.e. density of dislocations) produced in minerals at the growth site could greatly 

assist nucleation via stored strain energy raising the free energy (e.g. Vernon, 1976). 

However, some experiments have suggested for many metamorphic reactions that 

differences between the rock assemblage T and equilibrium T appear to be so small that 

no significant overstepping should occur (e.g. Fyfe et al., 1958). 

 It has been recognized that two or more assemblages could be forming in the same 

general area because of catalytic factors operating in some places and not others due to 

conditions of overstepping (no reaction) in some places but not others (reaction-induced 

growth; e.g. Wilbur & Ague, 2006; Sanislav & Bell, 2011). This has been considered to 

be limited to retrograde metamorphism and reaction completion rather than the reaction 

proceeding at all (e.g. Vernon, 1976). For example, retrograde hydration reactions at 

Broken Hill, Australia are much more complete in local deformation zones, whereas 

outside these zones, the same reactions are not complete. Although in this example, this 

same assemblage is involved. An enhanced role for fluids fluxing through the 
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deformation zones would be a factor in this case (D. R. M. Pattison, pers. comm. 2007), 

presumably due to these zones acting as fluid-focussing conduits. It has been proposed 

that prograde reactions in most rock types are more likely to keep pace with a slowly 

increasing P–T gradient (Fyfe et al., 1958; Turner, 1968; Vernon, 1976). Yet, Moecher 

& Wintsch (1994) have demonstrated that this can also occur in a retrograde 

environment. The presence or absence of strain was shown to be an important factor in 

controlling the extent to which minerals will react during multiple prograde as well as 

retrograde events. Mineral assemblages in the cores of migmatitic blocks experienced 

the same temperatures (600 ± 50 °C) as the block margins and enclosing low-angle 

shear zones. The block cores were not subjected to the degree of strain experienced by 

the block margins; consequently, minimal resetting of mineral assemblages and 

compositions occurred in the block cores while in contrast, the margins and enclosing 

low-angle shear zones underwent partial to total reconstitution. This provides direct 

evidence for deformation-induced effects on mineral equilibria. The results of Bell & 

Kim (2004; amongst several other Bell and co-workers’ studies) support such 

conclusions. 

 

The impact of deformation on kinetics 

Deformation has been recognized as influencing the kinetics of reaction in several ways 

(e.g. Brodie & Rutter, 1985): 

1. Straining produces local stress gradients that may locally increase chemical potential 

gradients and enhance intra-crystalline diffusion. Additionally, nucleation of new 

mineral phases is more favourable energetically on defects than in an unstrained 

structure. 



PhD Thesis  M. T. Rieuwers 

 

4  133 

2. Increasing the surface area available for reaction via a tectonic reduction in grain size 

will enhance reaction kinetics. 

3. Rock permeability, increased either by grain size reduction or by dilation related to 

crack propagation, will allow access of fluids to reaction sites previously 

unattainable. 

4. Localized deformation that results in rapid strain rates may produce shear heating 

(e.g. Bell & Kim, 2004). 

 Knipe & Wintsch (1985), Wintsch (1985) and Wintsch & Dunning (1985) 

suggested deformation influences the operation and direction of reactions – firstly by 

affecting the processes operating at the reaction site where increased solubility is 

associated with high internal strain energy. Waters & Lovegrove (2002) note that in 

contrast to contact metamorphism in the Bushveld Complex aureole, deformation is an 

important factor operating in a regional metamorphic environment, which can assist 

nucleation in a number of ways. Indeed, it can be in a contact environment also. 

Sanislav (2011) showed that regional deformation was intimately linked to contact 

metamorphism in western Maine, actuating the process. An overall effect is that the 

build-up of strain energy in the mineral crystal lattices contributes to the total free 

energy of the reactant assemblage, making formation of nuclei product more favourable 

than in a static environment. The resulting high dislocation densities increase the 

solubility of quartz and feldspar grains, and hence the reaction process. Deformation 

can potentially play a role in modifying chemical potential via sinks of mechanical 

energy (elastic strain energy, plastic strain energy associated with lattice defects, surface 

energy and heat) that become sources of energy for chemical work (Wintsch, 1985). 

This enables locally energetically favourable sites for nucleation; however, 

quantification of the processes contributing to reducing the nucleation barrier is difficult 
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(Waters & Lovegrove, 2002). The common occurrence of porphyroblastic textures itself 

suggests that barriers to nucleation are significant (Waters & Lovegrove, 2002) The 

quantitative microstructure preserved in porphyroblasts allows one to seek evidence for 

overstepped reactions in a temporal and spatially correlative framework (e.g. via FIAs) 

with less likelihood of being obliterated by concurrent and subsequent deformation. 

 Although deformation has never been proposed as the primary control on a 

particular mineral reaction such as garnet porphyroblast growth, except primarily by 

Bell and co-workers, deformation processes are recognized as being able to facilitate 

reaction kinetics and accelerate the energy path to chemical equilibrium. Deformation 

can only affect kinetics. If deformation is interpreted as the primary control for mineral 

growth, then it is the kinetics that is being controlled and not the thermodynamics. 

Additionally, the perturbation of equilibrium (equilibrium conditions overstepped) 

through the effects of stress gradients is a concept used for explaining mineral reaction 

mechanisms linked with deformation. It also has long been recognized that the defects 

produced by shear or tensile deformation may accelerate the kinetics of metamorphism 

(e.g. Fyfe et al., 1958; Murrel, 1985). Furthermore, when shear stresses operate, the 

thermodynamics may be different where pore fluid is present and pressure solution may 

occur with a tendency to restore a condition of hydrostatic equilibrium (Paterson, 1973). 

However, such authors have noted that it is the metamorphism itself that generated the 

high pore pressures responsible for consequent mechanical phenomena. Perhaps this 

relates back to the points discussed above and iteratively affects the role of deformation. 

 In summary, the link between kinetics, thermodynamics, deformation and 

metamorphic reactions is one that has been explored before, albeit disjointed throughout 

the literature. Restricting focus on one particular mineral can have its pitfalls; thinking 

in terms of assemblages is essential in metamorphic petrology since thermodynamics is 
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the overall control on the mineral assemblage (R. H. Vernon, pers. comm. 2010). 

However, the approach used in this study attempts to bring all the concepts raised 

previously (as mentioned above) and be integrated into one elegant corollary based on 

an intimate integrated relationship between deformation and porphyroblast nucleation 

and growth during regional tectonometamorphism. 

 

METHODS 

FIAs and microstructural analysis 

Microstructural and metamorphic analysis are closely inter-related and can be fully 

integrated using FIAs (e.g. Kim & Bell, 2005; Sayab, 2006). Detailed procedures for 

making FIA measurements are set out in Hayward (1990) and Bell et al. (1995), 

although a brief description for the readers convenience follows. 

 For each sample, the rock is reorientated in the lab to its field orientation. The 

direction of north and horizontal traces are then marked on the reorientated sample with 

the horizontal trace intervals being the width of a thin-section. The sample is then cut 

along the marked traces creating horizontal slabs and a north trending line accurately 

marked on each one. A minimum of eight thin-sections cut in the vertical plane from the 

resultant horizontal slabs are needed to measure a FIA trend within a 10° range – one 

cut every 30° interval around the compass (i.e. 0°, 30°, 60°, 90°, 120°, 150°) and two 

cut 10° apart between the sections where the asymmetry of the inclusion trails switches 

(Fig. 1). Core FIAs – those FIAs that simply correspond to the earliest growth of a 

garnet porphyroblast – were used to correlate different samples that have been 

microstructurally constrained via FIAs. The samples used in this section (Bell et al., 

2004; Ham & Bell, 2004) were chosen on the basis that two examples containing one of 

the five FIA sets 0 through 4 were analysed. 
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Isopleth geothermobarometry 

P–T pseudosections plot the stability of mineral assemblages through P–T space for a 

specific bulk rock composition. The bulk composition of each sample was determined 

via x-ray fluorescence spectrometry (XRF) analysis from the same blocks of rock used 

to make the thin-sections studied to ensure that the analyses could be compared to 

compositions measured in the garnet porphyroblast cores. The samples used were 

homogeneous at the hand sample scale and free from any visible alteration such as 

quartz veins or iron oxide staining. Bulk compositions for all ten samples are shown on 

the respective pseudosections in Figures 3–12 and in Appendix B. Mineral 

compositions were determined using a JEOL JXA-8200 SuperProbe Electron Probe 

Microanalyzer (EPMA) at James Cook University. The cores of the largest garnet 

porphyroblasts were analysed since Carlson (1989) showed that there is a strong 

positive correlation between garnet size and Mn content. 

 Pseudosection calculations were performed in the MnNCKFMASH (MnO–Na2O–

CaO–K2O–Fe2O3–MgO–Al2O3–SiO2–H2O) system via the computer program 

THERMOCALC (v. 3.21; Powell & Holland, 1988; Powell et al., 1998) with quartz and 

muscovite set as being in excess unless otherwise stated. Tinkham et al. (2001) 

concluded that this nine-component system is the minimum that should be considered 

for modelling normal garnet-bearing pelitic rock compositions. P–T calculations are 

based on the intersection relationships between Mn, Fe and Ca isopleths for garnet core 

compositions (e.g. Vance & Mahar, 1998; Marmo et al., 2002; Evans, 2004) via 

THERMOCALC. This determines the P–T conditions of equilibration between garnet of a 

particular composition and the bulk composition of the rock in which it grew. These 

isopleths were plotted for the garnet core in each sample in Figure 3–12. Intersections 

between isopleths plot as points in P–T space within a field consisting of a mineral 
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assemblage that was stable at the time of garnet core nucleation for the specific bulk 

rock composition. THERMOCALC calculates the standard deviation for each based on 

errors propagated from the thermodynamic data. If the three isopleths intersect within 

the overlap of ± the respective standard deviations then modelling of the equilibrium 

between garnet and the bulk rock can be considered adequate within the constraints of 

errors in the thermodynamic data (Evans, 2004). The garnet model used here is in 

keeping with that used in the studies of Evans (2004) and Cihan (2004) who used the 

isopleth intersection method. Non-ideal mixing interaction parameters are taken as a 

garnet activity (in kJ mol
–1

), Wgr alm = 0, Wgr py = 33, Wgr spss = 0, Walm py = 2.5, Walm spss = 

0.24 and Wpy spss = 4.5. Evans (2004) and Cihan et al. (2006) used these same interaction 

parameters and used similar rocks; thus the same garnet activity relationships were 

chosen. Due to the number of samples analysed, the standard deviation determined by 

isopleth intersections of the garnet compositions as calculated by THERMOCALC have 

been plotted with the overlapping rhomboidal area traced to an ellipse for easier 

viewing. Magnitudes of overstepping are measured with respect to the stability field 

where garnet core nucleation occurs, with the difference between the centre of the error 

ellipse and the T and P of the garnet-in line position for that field along a slope down-T 

and P approximately along the Ca isopleth line taken as the estimate of the amount of 

overstepping. The rhomboidal area constrained by the standard deviation isopleth lines 

gives the quoted overstepping uncertainty ranges. 

 

RESULTS 

Table 1 summarizes the P–T conditions of nucleation for each respective sample 

analysed as detailed below. The ± standard deviation uncertainty ranges are included. 
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Pomfret dome region 

The Pomfret dome in southeast Vermont lies along the Chester to Strafford line of 

domes (Fig. 2a). The rocks that make up the dome belong to the Giles Mountain 

Formation, a mixed pelitic and quartzose unit and the underlying calcareous Waits 

River Formation (Ham & Bell, 2004). They were deposited during the Silurian–early 

Devonian (Heuber et al., 1990; Armstrong, 1997) in the Connecticut Valley trough – an 

elongate, post-Taconic basin. Closure of this trough happened with the onset of the 

Acadian orogeny. 

 

Sample AV17B 

This sample comes from the east limb of the Pomfret dome (Fig. 2b). The garnet core 

formed during the development of FIA set 0. The compositional isopleths intersect 

centred at c. 7.1 kbar and 540 °C. This indicates that nucleation was reaction 

overstepped by around 0.7 kbar (Fig. 3). 

Sample AV36C 

This sample was calculated without muscovite in excess. This had a negligible effect on 

the outcome of the P–T pseudosection. The sample comes from the west limb of the 

Pomfret dome (Fig. 2b). Garnet cores formed during the development of FIA set 0. 

There is a very tight intersection of isopleths centred at c. 6.3 kbar and 543 °C. This 

indicates significant overstepping of around 48 °C and 1.8 kbar (Fig. 4). 

Sample AV19 

The garnet core in this sample, which comes from the eastern limb of the Pomfret dome 

(Fig. 2b), formed during the development of FIA set 1. Isopleths in P–T space intersect 

centred at c. 7.1 kbar and 515 °C. This indicates overstepping of around 35 °C and 1.5 

kbar (Fig. 5). 
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Sample AV29 

This sample comes from the west limb of the Pomfret dome. Garnet cores first grew 

during the development of FIA set 1 (Fig. 2b). The intersection of isopleths is centred at 

c. 7.1 kbar and 518 °C. This indicates overstep of around 0.8 kbar (Fig. 6). 

Sample AV26A 

This sample lies on the west limb of the Pomfret dome (Fig. 2b). The garnet core 

formed during the development of FIA set 2. The isopleths intersect centred at c. 7.9 

kbar and 542 °C. This indicates overstepping of around 12 °C and 1.3 kbar (Fig. 7). 

Sample AV33 

This sample comes from the northern part of the west limb of the Pomfret dome (Fig. 

2b). Garnet cores first grew during the development of FIA set 2. The P–T data shows 

an isopleth intersection centred at c. 7.5 kbar and 528 °C. This indicates overstepping of 

around 8 °C and 0.5 kbar (Fig. 8). 

Sample V387B 

This sample from 20 km to the west of the Pomfret dome (Fig. 2b) contains garnet core 

growth that occurred during the development of FIA set 3. The isopleths intersect very 

tightly centred at c. 7.4 kbar and 522 °C. This indicates no reaction overstep (Fig. 9). 

Sample V396 

This sample comes from 10 km west of the Pomfret dome (Fig. 2b) and contains garnet 

core growth that occurred during the development of FIA set 3. The isopleths intersect 

very tightly centred at c. 6.2 kbar and 525 °C. This indicates overstepping of around 35 

°C and 0.8 kbar (Fig. 10). 

Sample AV27 

This sample comes from the west limb of the Pomfret dome with garnet core growth 

occurring during the development of FIA set 4 (Fig. 2b). The P–T data shows 
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intersection of isopleths centred at c. 7.1 kbar and 540 °C. This indicates overstepping 

of around 15 °C and 1.1 kbar (Fig. 11). 

Sample AV138 

This sample, from the eastern limb of the Pomfret dome (Fig. 2b), contains garnet that 

first grew during the development of the development of FIA set 4. The very tight 

intersection of isopleths is centred at c. 7.7 kbar and 555 °C. This indicates overstepping 

of around 15 °C and 0.8 kbar (Fig. 12) 

 

INTERPRETATION 

Overstepping 

The discrepancy in the P–T of garnet nucleation relative to the garnet-in reaction line 

could be related to either (1) model inadequacies, and/or (2) the inferred reaction 

boundary is incorrect, and/or (3) reaction overstepping. However, it is argued here that 

this P–T data reveals that there was reaction overstepping of significance in every 

sample analysed from the Pomfret dome itself. Any model inadequacies would likely be 

related to nucleation and kinetics (Zuluaga, 2005). Sample V387B from ~20 km west of 

the Pomfret dome is not overstepped in T or P relative to the garnet-in line. The 

consistent T and P overstepping in one region and not necessarily another 20 km away 

suggests that the T, P and bulk composition may not be the sole controlling variables for 

metamorphic reactions of porphyroblastic minerals to proceed (e.g. Spiess & Bell, 

1996) – not necessarily in concert with what has often been thought traditionally (e.g. 

Spear, 1993). Reaction overstepping is not an uncommon phenomenon during prograde 

metamorphism and has been previously suggested as a key for initial garnet growth 

(e.g. Tinkham et al., 2001; Stowell et al., 2001; Zeh & Holness, 2003), as well as for 

other mineral reactions (e.g. Rubie, 1998, Waters & Lovegrove, 2002; Zuluaga, 2005). 
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Zeh & Holness (2003) noted that a reaction overstep of ~80 °C was plausible and that 

another effect of overstepping is that intra-grain compositional zonations (e.g. of garnet) 

can be different within rocks of the same composition that undergo the same 

metamorphic conditions. Differing degrees of reaction overstep and the effect this has 

on garnet growth rate (i.e. increases with increasing overstep) was also used to explain 

local occurrences of more abundant garnet. A role for deformation in explaining 

differences in garnet abundance and or growth and porphyroblast scales is not 

concluded – however, in this study, such a role is detailed (further on). 

 The Gibbs approach alone, using differential thermodynamics, cannot explain the 

P–T data observed. These data require that there was a significant role for another factor 

at work as evidenced by the difference between P–T of nucleation estimations from 

garnet cores and initial garnet growth prediction calculated in the P–T pseudosections 

(i.e. garnet can nucleate over a P–T range as conditions change). It is proposed here that 

this role has been played by deformation through its affect on the timing and sites for 

nucleation and growth of porphyroblasts (e.g. Bell & Hayward, 1991; Spiess & Bell, 

1996; Bell et al., 2003). In this study, since only garnet cores that first grew in one of 

either FIA sets 0, 1, 2, 3 or 4 are investigated, the requirement to calculate an effective 

bulk composition providing for crystal fractionation is removed. The presence of 

strongly zoned mineral phases is indicative of minerals formed at one set of P–T 

conditions growing from different effective bulk composition at another set of P–T 

conditions later on. Some garnet zoning however is controlled by and can be correlated 

directly with the various stages of near-orthogonal foliation development from which 

inclusion trail geometries are derived (Bell & Johnson, 1989). Consequently, the bulk 

composition from which garnet first grew in a given portion of rock occurred prior to 

any sequestering of key ingredients into the core that would affect the effective bulk 
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composition due to crystal fractionation from which later non-core garnet growth would 

be sourced (e.g. median or rim). The cores of the largest garnet porphyroblasts were 

analysed since Carlson (1989) showed that there is a strong positive correlation between 

garnet size and Mn content. MnO can significantly influence garnet stability at grades 

lower than granulite facies (Diener et al., 2008). The two largest garnets out of the 

several available thin-sections for each sample were probed repeatedly from the centre 

region towards the rim (Appendices A, F & H) with the core analysis with the highest 

MnO content being considered as being most representative of the earliest grown garnet 

core for that sample (Carlson, 1989) and thus will be less likely to be influenced by 

effective bulk composition change due to crystal fractionation (Evans, 2004). Appendix 

F shows garnet composition analyses profiles. As noted earlier, the samples used in this 

section were chosen on the basis that two examples containing one of the five FIA sets 

0 through 4 in garnet cores were analysed. 

 

Crustal burial 

The P–T data for the Pomfret dome region necessitates significant initial crustal burial 

that was not accompanied by foliation-forming deformation. Considerable subsequent 

thickening of this crust occurred that would have been accompanied by foliation 

development. This resulted in a P increase to around 7 kbar and an eventual rise in T, 

however, no porphyroblast growth was recorded until crenulation deformation initiated 

with partitioning at the scale of such mineral phases in these rocks (e.g. Bell & Bruce, 

2006). Thus, the P–T of garnet core nucleation for all FIA sets from the Pomfret dome 

shows reaction overstepping of significance (Figs. 3–12). According to the P–T 

pseudosection models, one possible reaction that can typify that which nucleated garnet 

is: 
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chlorite + plagioclase + muscovite + quartz = garnet ± biotite + H2O 

This is supported by the metamorphic textures examined in thin-sections despite some 

of the rocks having bulk compositions that differ distinctly from an average pelite. 

These textures include garnet replacing chlorite and an absence of chlorite preserved as 

an included phase. This is as would be expected if garnet growth resulted from the 

breakdown of chlorite (in the presence of muscovite, plagioclase, quartz ± biotite until 

chlorite was consumed), rather than another phase. Quartz and graphite are the most 

common inclusion minerals in the garnets examined for P–T analysis, with inclusions in 

the core being particularly quartz-rich. Welch (2003) attempted to include graphite and 

quartz in his P–T predictions for rocks from southeastern Vermont. However, due to the 

high Ca levels present, the approach – similar to that used in this study but not 

constrained to garnet cores – produced anomalously high P estimates in the order of 13 

kbar. This compares to estimated Ps of ~7 kbar for this study. 

 

The mechanism of loading 

There is no evidence for nappe development within the sequence examined (Ham & 

Bell, 2004). An explanation for the degree of overstepping in T and/or P of the garnet 

reaction observed requires that this portion of the crust was buried and thickened with 

only one cleavage being formed. Porphyroblast growth would take place once 

crenulation of a pre-existing schistosity was possible (Bell & Hayward, 1991; Bell & 

Bruce, 2006). This is because syntectonic porphyroblasts nucleate and grow in sites of 

progressive shortening (e.g. crenulation hinges, Fig. 13a,b,c) and tend to be excluded 

from sites of active progressive shearing (e.g. crenulation limbs, Fig. 13d,e,f) since 

these tend to be zones of mineral dissolution (Bell et al., 1986; Bell & Hayward, 1991). 
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 The garnet porphyroblasts used in this study come from the Gile Mountain 

Formation, which contains the youngest known rocks affected by the Acadian orogeny 

west of the Connecticut Valley border fault. It is impossible to thicken rocks that lie at 

the surface by bulk horizontal shortening without initial over thrusting (e.g. Fig. 14). 

Furthermore, a thrust sheet or several stacked sheets of some 25 km thickness to explain 

the garnet P overstepping to ~7 kbar is highly improbable. This suggests that a two-

stage process was at work. For over-thrusting to occur without initiation of garnet 

growth during subsequent horizontally directed bulk shortening, the initial loading had 

to take place without deforming the rocks below. This might occur if rocks were 

displaced from a collapsing hinterland along a major crustal-scale detachment over the 

Gile Mountain Formation located on an orogen margin. This would require that an 

earlier orogen core lay to the west of the Gile Mountain Formation – as also discussed 

in Section 2. Rocks lying below a depth of "~5 km will tend to move downwards in the 

crust during horizontally directed bulk shortening (Fig. 14) and therefore, a thrust sheet 

of at least this thickness is required (see Section 2). Thickening of the overlying thrust 

sheet and the succession below during this shortening would be enhanced by the 

presence of thinner crust and thicker mantle as this would result in crustal sag rather 

than the development of a topographic high (see below). This portion of the Siluro-

Devonian succession is much thicker than that above the Chester–Athens dome to the 

south (Section 2; underlain by an outlier of Proterozoic gneissic continental crust) and 

presumably resulted from the crustal extension that formed this sedimentary basin (e.g. 

Bell et al., 2004). Furthermore, the Standing Pond Amphibolite (part of the Silurian–

early Devonian Waits River Formation; Heuber et al., 1990; Armstrong et al., 1997) 

was formed as a pillowed basalt (Doll et al., 1961) suggesting an oceanic crust setting. 

The following succession of events is proposed: 



PhD Thesis  M. T. Rieuwers 

 

4  145 

1. Emplacement of a thick thrust sheet by gravitational collapse of a tectonic hinterland 

to the west over an undeformed foreland to the east where the sedimentary sequence 

in that region had undergone no previous foliation producing deformation. 

Contemporaneously, the centre of shortening may be moving eastwards with time 

from the Green Mountain belt, possibly associated with the roll back that created the 

Acadian sedimentary basin (Section 2). 

2. Horizontally directed bulk shortening of this sheet and the rocks below and the 

development of a sub-vertical foliation until the rocks overlying the sequence from 

which the porphyroblasts were obtained had reached a thickness of ~25 km. 

3. Gravitational collapse of this thickened portion of the orogen so that crenulations 

with sub-horizontal axial planes began to develop allowing porphyroblasts to 

nucleate and grow for the first time along the crenulating sub-vertical foliation since 

syntectonic porphyroblasts nucleate and grow in sites of progressive shortening (Bell 

et al., 1986; Bell & Hayward, 1991; Bell et al., 2003). 

 This sequence of events could result in porphyroblasts preserving 1.8 kbar and 48 

°C of reaction overstepping when they nucleate and grow for the first time in any 

location. 

 

DISCUSSION AND SIGNIFICANCE 

Structural setting 

The degree of overstepping and the fact that it is present in porphyroblasts that nucleate 

for the first time in each of the five separate FIA sets from the Pomfret dome region is 

significant. Less than 45 km to the south in the Chester–Athens dome region where the 

same FIA succession is preserved and the rocks have been through the same overall 

structural history, there is no overstepping in several samples using the same isopleth 
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geothermobarometry techniques (Section 2). These two regions recorded paths through 

the crust during the same sequence of multiple deformations that resulted in a 

dramatically different geothermobarometric expression – the potential mechanisms of 

which form the subject of Section 2 so is not dealt with further here. 

 

Insights from inclusion trail geometries 

Inclusion trail geometries in garnet porphyroblasts, in combination with meso- and 

macro-scale fold and foliation geometries, can be used to track the location of a rock 

during orogenesis in an orogenic belt (Bell & Johnson, 1989). The model of orogenesis 

originally proposed by Bell & Johnson (1989) provides a way to understand movement 

zones in the broader orogen-scale context. It suggests that the sense of displacement 

along crenulation cleavages is generally the same as the bulk sense of displacement 

along a fold forming at the same time and thus can be used as a shear-sense indicator 

(Bell & Johnson, 1992). At less than 4.5–5.5 kbar depths, a flip from spiral to staircase 

inclusion trail trajectories takes place in garnet porphyroblasts (e.g. Johnson, 1990; Bell 

& Hayward, 1991; Hayward, 1991; Bell & Johnson, 1992; Cihan, 2004). The inclusion 

trails from the Pomfret dome region have a spiral geometry (>90° curvature; e.g. Ham 

& Bell, 2004); this suggests that the rocks were always deep while garnet grew. 

 Inspection of garnet core inclusion trail geometries from which the earliest FIA set 

0 were measured revealed a dominance of sub-vertical to sub-horizontal inclusion trail 

geometries. This suggests that the first core growth of FIA set 0 occurred during the 

first crenulation deformation with sub-horizontal axial planes in which the sub-vertical 

foliation that formed during the first horizontally directed compressional deformation, 

where crustal shortening and thickening occurred, were overgrown by this first phase of 
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garnet growth. This first phase of growth resulted from coaxial deformation due to 

gravitational instability and collapse of the uplifted pile. 

  

Orogenic core to the west versus the east 

Armstrong & Tracy (2000) suggested that at c. 400 Ma, New Hampshire Sequence 

rocks up to 30 km thick were thrust westwards over those in SE Vermont due to west-

directed fold- and thrust-nappe development. However, this does not accord with the 

dating of deformation initiation by Bell & Welch (2002) indicating that FIA sets 0 and 1 

developed prior to 425 Ma, or the P–T path derived for the Chester–Athens dome 

region to the south (Section 2). Armstrong & Tracy (2000) identified two adjacent 

domains: a garnet-grade western (older) domain and a staurolite- or kyanite eastern 

(younger) domain incorporating the Chester–Athens dome, with both experiencing 

rapid loading interpreted to be related to the onset of crustal thickening at c. 400 Ma 

resulting from west-directed fold- and thrust-nappe development – effectively 

instantaneous relative to any conductive or advective heating. They suggest that 

regional variation in thermal evolution is ultimately controlled by diachronous 

development of tectonothermal events, coupled with variation in crustal levels to which 

rocks were initially loaded during the thrust- and fold-nappe event; an example of the 

controls on thermal evolution in complex orogens. The geothermobarometric data can 

be better explained if crustal loading resulted from uplift of the Taconic core of the 

orogen ~25 km to the west driving a thrust sheet from the west to the east over the 

Pomfret dome region. This is necessary because no evidence for pre-425 Ma orogenesis 

has so far been found within the Bronson Hill Anticlinorium, which lies to the east of 

the Pomfret dome. The Ordovician Taconic period of orogenesis overlaps with the 
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earliest FIAs dated by Bell & Welch (2002) in this region and higher metamorphic 

grade (kyanite) rocks of definite Taconic age are present in rocks ~25 km to the west. 

 Welch (2003), using garnet core-rim thermobarometric estimates from the Chester 

dome rocks ~45km to the south, calculated anomalously high peak Ps up to 14 kbar. 

Ham (2001) showed that rim interaction with the matrix after the growth of garnet 

resulted in large variations in calculated P–T conditions relative to microstructural 

location around the porphyroblast for the Pomfret dome rocks. Consequently, this study 

uses only the cores of garnet where preservation of the original composition of 

nucleation is able to be microstructurally constrained temporally using FIAs and 

isopleth geothermobarometry. All geothermobarometric data calculated is presented 

without the need to discard due to inferred disequilibrium bias. 

 

The affects of the first phase of horizontally directed compressional deformation 

Very significant crustal thickening could have occurred during the first phase of 

horizontal crustal shortening to affect the succession containing the Gile Mountain 

Formation. This ~7 km thick succession of undeformed sediments probably overlay 

extended and thinned continental crust (see Section 2) created during the extension 

associated with basin development. Considerable layer-parallel shortening can be 

expected of such horizontally laminated rock prior to fold nucleation (e.g. Hobbs et al., 

1976). The rocks could have shortened by up to 100% (e.g. Biot, 1961; Hobbs et al., 

1976). Furthermore, the effects of thickening of a thicker dense mantle that underlay the 

basin and its isostatic pull downwards (e.g. Sandiford & Powell, 1990) would prevent a 

topographic high from forming initially. Therefore, even when folds began to develop 

there may have been no topographic expression of the effects of orogenesis until 

considerably more bulk shortening had occurred. Gravitational collapse and the 
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initiation of crenulations with sub-horizontal axial planes cannot commence until a 

sufficient topographic relief has developed for the orogen to collapse under its own 

weight. Consequently, this first phase of shortening will continue longer than any 

subsequent phase and the degree of crustal thickening could be very large – in this case, 

to at least 25 km. 

 

Significance of deformation as a primary control on garnet porphyroblast growth 

The compositional isopleth intersections in P–T space indicate that garnet core 

nucleation occurred at Ps in excess of the garnet-in reaction line (P overstepped) for all 

FIA sets (Figs. 3–12). This requires that garnet growth was not possible in these 

samples even though T, P and bulk composition conditions were suitable. It suggests 

that other factors were involved as follows: 

1. Microfracture is essential for porphyroblast nucleation (Bell, 1981; Bell et al., 1986) 

as it allows the rapid access of materials to and from the growth site needed for the 

reactions to take place (Bell et al., 2004). It occurs early in crenulation development 

at the start of a foliation-forming deformation event when strain is essentially coaxial 

and deformation partitioning on the scale of porphyroblasts is irregular, prior to the 

establishment of a pervasive pattern of partitioning (e.g. Bell et al., 1986; Bell & 

Hayward, 1991; Bell et al., 2004). Even porphyroblasts that grow in contact aureoles 

essentially grow syntectonically. The emplacement of a responsible pluton provides 

the fluids and fractures for their access in a similar fashion to deformation during 

regional metamorphism (Bell et al., 1986), or the effect of volume change due to 

thermal expansion and later unequal contraction produces internal deformation, or 

thermal weakening could make the hot aureole rocks more susceptible to the effects 

of regional deformation (Vernon, 1987). Vernon (1987) showed microstructural 
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evidence for syn-deformational growth associated with the intrusion itself from 

contact metamorphic aureoles in southeastern Australia, although no necessary 

control by crenulations was proposed; 

2. Spiess & Bell (1996) demonstrated that each phase of porphyroblast growth occurred 

early during each corresponding deformation event. Each new phase overgrew pre-

existing foliation at an early stage of subsequent crenulation development and before 

the differentiation associated with crenulation cleavage formation began (Bell & 

Hayward, 1991). Strain energy accumulates at the start of deformation – in 

crenulation hinges in the form of dislocation density (Fig. 13; e.g. Bell et al., 2004), 

but dissipates as soon as the deformation process becomes non-coaxial and a 

differentiated cleavage begins to develop. This assists the porphyroblast in exceeding 

the activation energy barrier needed to trigger nucleation (Wintsch, 1985; Wintsch & 

Dunning, 1985; Bell et al., 1986). As a result, porphyroblasts preferentially grow in 

zones of progressive shortening such as crenulation hinges (Bell, et al., 1986; Davis, 

1993, 1995; Williams, 1994; Stallard, 1998; Spear & Daniel, 2001). Where 

reactivation on a fold limb prevents the development of crenulation hinges and thus 

sites for the growth of a porphyroblast, a reaction such as the nucleation of garnet 

may become significantly overstepped (Bell et al., 2003). Growth may be impeded at 

one site, but not necessarily at sites nearby, and so the reaction occurring in the 

overall rock and mineral assemblage need not be overstepped by this process (R. H. 

Vernon, pers. comm. 2010) – but it generally is in the Pomfret dome itself. Only 

when a favourable pattern of deformation is present will growth initiate or 

recommence. The data presented in this study supports the interpretation that 

regardless of bulk composition, if P–T conditions have exceeded the theoretical 
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isograd before deformation is partitioned at the scale of a porphyroblast, T and/or P 

may be overstepped for garnet core nucleation; 

3. Strain softening also occurs once a differentiated crenulation cleavage initiates (Bell 

et al., 1986). This prevents further microfracture and accompanying fluid and 

material movement around the growth site, shutting down porphyroblast growth until 

the start of the next cycle of deformation (Bell & Hayward, 1991; Bell et al., 2004). 

Porphyroblasts cannot grow into zones of progressive shearing strain, as these are 

zones of dissolution (Bell et al., 1986; Spiess & Bell, 1996). As a crenulation 

cleavage develops, zones of progressive shearing develop where deformation is 

localized and impinge on porphyroblast rims causing growth to cease. Fluid transfer 

is largely restricted to through-going cleavage seams circumventing the 

porphyroblast growth site resulting in the cessation of growth once a crenulation 

cleavage has formed. Further growth can occur when the crenulation limb becomes 

inoperative, and is then affected by a subsequent deformation event; there are many 

examples of such limbs preserved as inclusion trails in porphyroblasts (e.g. Spiess & 

Bell, 1996); 

4. Geometric softening causing reactivation driven collapse of the crenulated foliation 

has been recently identified as another significant factor in causing porphyroblast 

growth to cease once differentiated crenulation cleavage begins to develop (Bell & 

Bruce, 2007). Interactions of particular shears between newly developing axial plane 

structures and a well-developed foliation that is being folded can have runaway 

collapsing effects if circumstances are right after some critical amount of foliation 

rotation. Differentiated cleavage development may occur through such reactivational 

geometric weakening processes and help explain the link between the cessation of 
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porphyroblast growth and commencement of this stage of crenulation cleavage 

development (Bell & Bruce, 2007). 

 Arguments that metamorphic reactions are commonly overstepped, proceeding only 

where deformation is partitioned through rocks at the scale of porphyroblasts have been 

made before but without P–T data to empirically support the microstructural evidence 

(e.g. Whittington & Treloar, 2002; Baronnet & Belluso, 2002; Waters & Lovegrove, 

2002; Bell et al., 2003; Bell et al., 2004, Zeh & Holness, 2004; Pyle et al., 2005; Wilbur 

& Ague, 2006). Microstructural work suggests there is a role for deformation 

partitioning in the syntectonic nucleation and growth of porphyroblasts. For example, 

Spiess & Bell (1996) show that in identical samples taken 50 cm apart from the same 

horizon, garnet porphyroblasts grew in the early stages of deformation events labelled 1, 

2 and 4, while for event 3 in this succession, garnet growth occurred in one sample 

only. The adjacent sample would have experienced the same P–T–t paths and coming 

from the same horizon, the samples would normally have near identical bulk 

compositions. Therefore, the absence of garnet growth for the third deformation in the 

succession in one of the two samples was attributed to the lack of partitioning of this 

phase of deformation through that location at that scale (e.g. fig. 14 Bell & Hayward, 

1991); FIA data being the textural evidence for this – with both spatial and temporal 

relevance from which P–T data can be integrated. In the case of this study, Appendix B 

suggests that there is no apparent relationship or trend in bulk composition relative to 

when each FIA-constrained garnet core first nucleated within the FIA succession. 

Significantly, this also appears to be the case for those samples where garnet first 

nucleated overstepped versus not overstepped relative to the garnet-in reaction line. For 

instance, samples V387B and V396 (FIA 3 and not overstepped) have the lowest and 

highest MnO values respectively from the Pomfret region – an analyte that can generate 
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significant differences, yet garnet for these samples both nucleated for the first time 

during the same deformation event. 

 The P–T data in this study suggests that reaction overstepping has occurred during 

every first phase of garnet core growth – FIA-forming events, set 0 through 4. The 

rocks of the Pomfret dome region were taken up to ~540 °C and ~7 kbar without garnet 

core growth occurring prior to FIA set 0. Portions of rock were preserved from 

subsequent crenulation at the scale of a porphyroblast right through to FIA set 4 time, 

although the number of such sites decreased from FIA to FIA through the succession – 

an observation explained in Section 2. 

 

Implications of overstepping for metamorphism 

Confirmation of significance of deformation-controlled porphyroblast nucleation and 

growth 

The results presented in this study exhibit the significance of a deformation control on 

porphyroblast nucleation and growth. Although previous research has also argued that 

such a control is important, most (such as many cited herein) do not conclude an 

intimate link with deformation as argued here. This study provides the first 

geothermobarometric evidence of systematic overstepping accompanied by, and 

integrated with, structurally derived quantitative evidence measured from 

microstructures preserved in porphyroblasts. The significant levels of overstepping for 

all FIA sets from 0 through 4 demonstrate that porphyroblast nucleation and growth will 

not necessarily occur until deformation is partitioned at the scale of a porphyroblast 

through any particular rock mass. They demonstrate that in the event of T, P and bulk 

composition conditions being suitable for growth to take place, a porphyroblast growth 

reaction will not proceed until a crenulation deformation occurs at the appropriate scale 
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in the immediate vicinity. Notable reaction overstepping can arise in such circumstances 

and equilibrium significantly exceeded without porphyroblast growth before it is 

triggered by the advent of locally partitioned deformation. In cases where there is no 

evidence for overgrowth of an earlier fabric (e.g. Zeh & Holness, 2003), mineral 

zonation can be attributed to progressive growth of a garnet porphyroblast during a 

single FIA related event; a FIA-forming event spanning a time period rather than 

representing a moment in time. In these cases, where no inclusions are preserved within 

porphyroblasts, FIAs cannot be determined. 

 

Solution to anomalous data 

Isopleth geothermobarometry is a relatively new technique in determining P–T 

conditions for porphyroblast growth. There has been relatively little documentation in 

the literature of similar systematic oversteps of equilibrium discussed in the context of 

deformation and its control on nucleation and growth. In the light of the results 

described in this study, it is quite likely similar results may have been encountered 

previously but attributed as being essentially anomalous. Discussion of what may often 

have been overlooked as anomalous data appears to be an important step in making 

further progress in this field. It is argued herein that systematic and significant reaction 

overstepping determined via isopleth geothermobarometry is a genuine indicator for 

deformation being a fundamental control on the timing and sites of porphyroblast 

nucleation and growth. 

 

Implications for thermodynamic approach alone 

A Gibbs-based thermodynamic approach alone is not designed to account for critical 

factors in determining how particular T and P conditions of crystallization may come 
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about; T-driven kinetics being considered the main driver for reaction barriers to be 

overcome. Gibbs-based thermodynamics is not designed to give weight to crenulation 

deformation events and their affects on controlling the timing and sites for 

porphyroblast nucleation and growth. This study shows just how important the role of 

deformation can be in determining when a metamorphic reaction will proceed where T, 

P and bulk composition are suitable. Equilibrium can be significantly overstepped, in T 

as well as P, with nucleation and/or growth only occurring at sites where deformation 

has been locally partitioned at a suitable scale. Not taking in to account the effects of 

deformation partitioning risks omitting a critical variable in the interpretation of 

interlinked structural/metamorphic phenomena. Consequently, any tectonic 

interpretations that appeal to a thermodynamically-controlled only approach to 

porphyroblast nucleation and growth should be viewed with certain caveats in mind. Of 

course, a kinetic-controlled only approach would also not be without caveats. 

 

Other implications 

The chemical compositions of minerals crystallizing in metamorphic rocks are a 

function of T, P, the bulk composition of the rock and interstitial fluids (X), and time 

(Wilbur & Ague, 2006). Conventional interpretations of metamorphic rocks have often 

considered reaction overstepping to be insignificant, at least in the context of the 

potential implications for its occurrence as raised herein. Geological phenomena based 

on P–T–X histories of rocks are typically quantified with the assumption that reactions 

achieve chemical equilibrium at a thin-section scale (Wilbur & Ague, 2006). However, 

as indicated by this study, considerable departures from equilibrium – at least in the 

form of the equilibrium P–T conditions being overstepped – may be much more 

common than previously thought (e.g. Ridley & Thompson, 1986; Rubie, 1998; Spear 
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& Daniel, 2001; Stowell et al., 2001; Baxter & DePaolo, 2002; Carlson, 2002; Lüttge et 

al., 2004; Müller et al., 2004; Wilbur & Ague, 2006). 

 The positions of regional isograds may be strongly dependent on the kinetics of 

garnet nucleation and growth, rather than simply the equilibrium P–T–X conditions for 

garnet-forming reactions (Wilbur & Ague, 2006). If these kinetics are strongly 

dependent on the partitioning of deformation, as proposed and discussed in this study, a 

garnet isograd will not appear if a triggering mechanism (i.e. deformation partitioned at 

the scale of a porphyroblast) is not present even if thermobarometric conditions are 

favourable. Wilbur & Ague (2006) acknowledge that deformation could increase 

reactive surface areas and reactivity to promote nucleation but stopped short of 

discussing the physical triggering mechanism(s) for nucleation and secondly, the 

mechanism(s) for termination of growth during a deformation event. This study 

provides some of the first quantitative evidence for the integrated relationship between 

deformation and metamorphic mineral growth – via the combining of quantitative 

microstructure with geothermobarometry. 
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CONCLUSIONS 

 

This study has addressed some of key issues in the metamorphic petrology; specifically, 

the role of the partitioning deformation and in the timing and sites of mineral reactions. 

Since the mid-1950s, the only controls on mineral reactions given significant 

consideration have been the roles of bulk rock composition, T and P with the 

fundamental driving force for reactions provided by the Gibbs energy difference 

between reactants and products; reactions proceed towards the lowest energy 

configuration. The results of this study provide quantitative evidence for an intimate 

relationship between deformation and metamorphic mineral growth. The P–T dataset 

and quantitative integration of geothermobarometry with microstructural analysis for 

three separate regions (Pomfret dome, Orford–Piermont and Chester–Athens dome 

regions) lying tens of kilometres apart is of sufficient scale that the results have to be 

treated as significant. Although they contain the same NW–SE, SW–NE, W–E, NNW–

SSE, SSW–NNE succession of FIA sets this study has shown that they experienced 

unique tectonothermal histories. The FIA sets record five shifts in the relative direction 

of plate motion from before c. 425 Ma to c. 360 Ma. They also reveal that garnet 

porphyroblasts nucleated in pelitic rocks for the first time from location to location 

throughout this history suggesting that T, P and bulk composition were not the only 

controls on the reactions that took place. The P–T of nucleation for all samples analysed 

from the Pomfret dome ranges from 0.5 to 1.8 kbar overstepped relative to the incoming 

of the garnet reaction boundary (Section 4). The consistently overstepped nature of the 

data cannot be dismissed as a product of disequilibrium and accords with the lengthy 

history of garnet growth revealed by the succession of FIA sets. The notable, consistent 
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overstepping observed in the Pomfret dome suggests that partitioning of deformation at 

the scale of porphyroblasts and not just bulk composition, T and P, is the key trigger for 

the nucleation and growth of porphyroblasts. This is also supported by the differences in 

the geothermobarometric expressions of the three regions examined in this study. 

Comparing and contrasting the metamorphic history that accompanied the development 

of FIA sets 3 and 4 across the Connecticut Valley border fault terrane boundary that 

separates the Pomfret and Orford–Piermont regions (Section 3) indicates a greater range 

in T and P in the Orford–Piermont region than in the Pomfret dome region. This 

resulted from the emplacement of several granitic plutons in the Orford–Piermont 

region causing lateral temperature variations. P variations also developed due to 

heterogeneous uplift as the plutons were emplaced. Overstepping in this region is 

variable with magnitudes dependent on what P–T conditions operated when partitioning 

of deformation at the scale of porphyroblast triggered garnet nucleation. In contrast, 

samples from the Pomfret region show a relatively tight P–T cluster around 7.2 kbar 

and 535°C and are consistently overstepped during equivalent FIA-forming events to 

those determined in the Orford–Piermont region. Comparing and contrasting the 

geothermobarometric data for the Pomfret dome and Chester–Athens dome regions that 

first grew garnet during the development of each of the succession of five FIA sets 

(Section 2) shows that they produced dramatically different metamorphic paths during 

porphyroblast growth. That for the Chester–Athens dome was a relatively narrow T 

range (3.2 to 8.4 kbar and back to 6.6 kbar at 510 °C) and that at the Pomfret dome was 

near-isobaric (515–555 °C at ~7.2 kbar) and always overstepped. The dramatically 

different geothermobarometric expressions suggests that the pattern of localised versus 

distributed strain, revealed by the spatial distribution of FIAs, changed with time with 
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the bulk of distributed strain initially occurring at the Pomfret dome and switching 

progressively to the Chester–Athens dome. 

 In the process of deciphering the complex tectonometamorphic history of the 

Pomfret dome region, an estimation of the real errors on P estimates produced with 

THERMOCALC was proposed (Section 1). THERMOCALC provides no directly assessable 

estimation of errors on the P–T conditions for actual rocks because they are estimated 

from experimental constraints on thermodynamic data. Because the real errors are 

unknown, anomalous data can be disregarded by surmising that equilibrium had not 

been achieved. The tightly constrained, FIA-controlled P–T–t–d path obtained from the 

cores of garnet porphyroblasts in rocks from the Pomfret dome region enables real 

limits to be placed on the errors obtained using THERMOCALC in a way that had not 

been previously proposed. The near-isobaric history obtained for rocks from the 

Pomfret dome region ranges over a maximum of 2.3 kbar (including thermodynamic 

error) for all garnet porphyroblasts that progressively nucleated over a >70 million year 

time span. The narrow P range for the ten samples used suggests that THERMOCALC P 

estimates in these rocks have a limited real error of less than ± 1.2 kbar allowing for 

variation in the P–T path. 

 Future work on the tectonothermal evolution of orogenic belts would benefit from 

further investigation in to the roles of deformation and its partitioning on the timing and 

sites of mineral reactions via the integration of FIAs with isopleth geothermobarometry. 

Such work conducted in conjunction with electron microprobe monazite dating would 

provide powerful three tiered insights into the complex links between metamorphic and 

microstructural processes, which this study has shown to exist, in the deciphering of 

complex tectonic histories. 
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 Only FIA sets 3 and 4 were analysed for the Orford–Piermont region and compared 

with those from the same FIA sets in the Pomfret region. It would be interesting to 

apply the techniques used in this study to the entire five FIA set succession. Monazite 

dating of the entire succession from the Pomfret dome and Orford–Piermont regions 

would also provide further support to the concepts discussed and geological models 

proposed in this study. 
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