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Element mobility and scale of mass transport in the formation of quartz veins during        
regional metamorphism of the Waits River Formation, east-central Vermont
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ABSTRACT

Veins and adjacent alteration selvages in the Waits River Formation were investigated to determine 
whether associated mass transfer was due primarily to large-scale advection or small-scale diffusion. 
Samples of the vein, selvage, and adjacent wall rock were collected from the earliest and most numer-
ous generation of veins in pelite and carbonate hosts from outcrops in the chlorite and the kyanite 
zones. Bulk compositions of selvages and unaltered wall rocks were compared using a reference frame 
defined by a combination of Zr, Ti, REEs, and U. Selvages from both outcrops typically exhibit losses 
of Si, K, Ba, and Rb relative to unaltered wall rock. Kyanite zone selvages show losses in Mg and Cs 
in addition. Differences in K, Ba, Rb, Cs, and Mg between the vein-selvage system as a whole and 
adjacent unaltered wall rock are possibly accounted for by development of micas in veins. The addi-
tion of Si and Ca to veins is not balanced by removal of Si and Ca from the selvages. Vein-selvage 
systems contain more Si than wall rock, with an overall addition of ≈40 mg Si/cm3 to the chlorite zone 
and ≈55 mg Si/cm3 to the kyanite zone. Mass balance of Si at the outcrop scale requires that >90% 
of the Si in quartz veins was derived externally. Quartz veins studied formed primarily by fluid flow 
and large-scale advective mass transfer with a relatively minor component of local mass transport 
by diffusion. The estimated time-integrated fluid flux necessary to produce the observed amount of 
quartz in veins in an entire outcrop is ≈2–6·106 cm3 fluid/cm2 rock. Mineral inclusions in garnet and 
fracturing of garnets adjacent to veins indicate that formation of selvages and veins initiated prior to 
formation of garnet and continued after the end of garnet growth.
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INTRODUCTION

Quartz veins are a common feature in regionally meta-
morphosed rocks. Their abundance in outcrops of regionally 
metamorphosed rocks can be 20–30% by volume (Ague 1994b; 
Ferry 1994). The large volume of silica in veins raises the ques-
tion of whether they represent fossilized paths of large-scale 
fluid flow and mass transfer through the metamorphic terrain 
(Walther and Orville 1982; Yardley 1986; Walther 1990; Ferry 
and Dipple 1991; Ferry 1992; Ague 1994b; Breeding and Ague 
2002; Masters and Ague 2005), segregations produced by local 
Si transport (Yardley 1975; Yardley and Bottrell 1992), or some 
combination of both.

The problem of vein formation has further implications for a 
more general understanding of fluid flow and element transport 
during regional metamorphism. Investigations of fluid inclusions, 
veins, volatile contents of rocks, phase equilibria, reaction prog-
ress, and stable isotopic data all indicate that the volatile species 
H2O and CO2 are mobile during metamorphism, but there is still 
uncertainty about other elements. Several studies have examined 
regional-scale mass transfer using bulk rock compositions of 

samples far removed from veins. Shaw (1954, 1956) found no 
evidence for change in the concentrations of oxides (aside from 
H2O and CO2) in average pelitic rock of the Littleton Formation, 
New Hampshire, during metamorphism. Subsequent analysis 
of Shaw’s data using new statistical methods (Ague 1991) 
concluded that SiO2, FeO, MgO, K2O, CaO, and Na2O could all 
have been mobile during metamorphism. A study of the pelitic 
rocks of the Wepawaug Schist, Connecticut showed that a range 
of elements can be mobile during metamorphism, including Si, 
P, Na, Mn, Zn, K, and Ba (Ague 1994a). Other studies of pelitic 
rocks, however, have concluded that there is no positive evidence 
for significant mass transfer of components other than H2O and 
CO2 during metamorphism (e.g., Ferry 1982; Moss et al. 1995, 
1996; Symmes and Ferry 1995). Ague (1997b) pointed out that 
there may be problems due to lithologic heterogeneity in the stud-
ies of Moss et al. (1995, 1996). The question of mass transfer in 
regionally metamorphosed impure carbonate rocks is clearer but 
still incomplete. Calc-silicate and argillaceous carbonate rocks 
can be depleted in K and Na during metamorphism (Tanner and 
Miller 1980; Ferry 1983). 

A significant, and sometimes insurmountable, problem 
in determining whether mass transfer has occurred during 
metamorphism is the lithologic heterogeneity in rocks prior to 


