
Abstract
 

A mass balance consideration of quartz-amphibole veins 
interpreted to have formed during peak metamorphic 

conditions (~2 kbar and 500 °C) in an andesitic meta-volcanic layer in 
the Ritter Range Roof Pendant suggests that vein material was derived 
both from cm-scale diffusion from the surrounding wall rock and from 

deposition of material from a far-field source.  Changes in the 
mineralogy and mineral chemistry of phases in the altered region 

surrounding the veins, referred to as selvages, relative to unaltered wall 
rock suggest that selvages experienced mainly mass loss.  The vein and 
selvage assemblage experienced a net gain of material relative to the 

unaltered wall rock.  Application of the mass balance equation to 
individual elements provides a minimum constraint to the amount of 

that element that is derived from far-field sources.

wr
i

i
wr

sel

ref
sel

wr

i C
C
C

C
CC

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Δ 1

Vein Related Mass Transport in the Ritter Range Roof Pendant 
During Late Cretaceous Contact Metamorphism
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Map of Field Locality

Image of field locality taken from across Garnet Lake looking Northwest 
nearly parallel to the strike of layering

Image of an in place vein with selvage.  
Pocket knife for scale.

Image of hand sample RQ0853.  This 
is the primary sample for vein 

and selvage material in this study.

x is thickness
ρ is density

C is concentration in mass element/mass rock
*           is mass element/area rock 
wr denotes the wall rock region
sel demotes the selvage region

vein denotes the vein region
i is an element of interest

ref is an immobile reference element
(Gresens, 1966; Grant 1986; Ague, 1994; Penniston-Dorland and Ferry, 2008)
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 S elv ag e (n = 587)  W all R o ck   V ein (n = 748) 
S e lva ge V olum e  % 2σ e rror  V olum e  % 2σ e rror  V olum e  % 2σ e rror 

Am p hibole 1 7  4   1 7  3   5 2  5  
Pla gio cla se 7 5  4   6 8  5   1 0  3  

Biotite 0  -  1 1  3   0  - 
Q ua rtz 0 .5  0 .7   4  2   2 8  4  

Ilm e nite 0 .6  0 .8   0 .8  0 .9   0 .6  0 .8  
Ap a tite 0 .5  0 .7   0 .2  0 .5   0  - 
C a lcite 0 .7  0 .8   0  -  2  2  
T ita nite 2  1   0  -  0 .6  0 .8  
E p idote 4  2   0  -  3  2  

Py rox e ne 0  -  0  -  2  1  
C ha lc opy rite 0  -  0 .1  0 .4   0  - 

C hlorite 0  -  0  -  1  1  
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Concentration Ratios for Elements Studied
In  S itu 2σ B u lk R ock 2σ In  S itu 2σ B u lk R ock 2σ In  S itu 2σ

C a 0 .0 4 5 0 .0 0 2 0 .0 4 6 7 0 .0 0 0 6 0 .1 0 0 .0 1 0 .0 7 0 0 .0 0 6 0 .0 8 0 .0 1 g  / g
N a 0 .0 2 0 0 .0 0 1 0 .0 1 8 1 0 .0 0 0 2 0 .0 2 1 0 .0 0 1 0 .0 1 8 0 .0 0 2 0 .0 0 4 0 .0 0 1 g  / g
Al 0 .0 5 2 0 .0 0 3 0 .0 5 0 0 .0 0 1 0 .0 7 1 0 .0 0 4 0 .0 5 5 0 .0 0 5 0 .0 2 5 0 .0 0 3 g  / g
S i 0 .2 6 0 .0 1 0 .2 5 8 0 .0 0 3 0 .2 9 0 .0 2 0 .2 6 0 .0 2 0 .2 8 0 .0 2 g  / g
K 0 .0 0 4 7 0 .0 0 0 2 0 .0 0 5 8 0 .0 0 0 1 0 .0 0 0 6 0 .0 0 0 1 0 .0 0 0 8 0 .0 0 0 1 0 .0 0 0 9 0 .0 0 0 1 g  / g
T i 0 .0 0 5 5 0 .0 0 0 2 0 .0 0 6 1 0 .0 0 0 1 0 .0 1 0 .0 1 0 .0 0 5 4 0 .0 0 0 5 0 .0 0 5 0 .0 0 4 g  / g
Fe 0 .0 5 8 0 .0 0 2 0 .0 5 9 0 .0 0 1 0 .0 5 0 .0 1 0 .0 3 1 0 .0 0 3 0 .1 0 0 .0 1 g  / g
M g 0 .0 1 4 0 .0 0 1 0 .0 1 5 6 0 .0 0 0 2 0 .0 1 1 0 .0 0 2 0 .0 2 7 0 .0 0 2 0 .0 3 0 0 .0 0 3 g  / g
M n 0 .0 0 0 8 0 0 .0 0 0 0 3 0 .0 0 1 0 6 0 .0 0 0 0 1 0 .0 0 1 0 .0 0 1 0 .0 1 0 0 .0 0 1 0 .0 0 3 0 .0 0 1 g  / g
S c 1 0 1 2 3 .3 0 .2 1 1 3 1 8 .0 0 .2 3 2 3 2 1 0 μg  / g
V 1 4 4 1 4 2 5 4 3 1 4 4 2 9 1 5 5 2 6 4 0 4 0 4 2 8 7 4 μg  / g

S r 6 2 5 7 4 6 5 0 7 8 4 8 9 3 8 5 1 9 7 6 7 4 2 3 μg  / g
Y 4 .4 0 .5 2 3 .1 0 .2 2 5 7 1 8 .5 0 .2 1 3 4 μg  / g
Zr 2 .1 0 .2 1 0 3 1 6 0 1 1 1 1 1 1 2 1 μg  / g
N b 0 .4 5 0 .0 4 4 .0 0 0 .0 4 8 5 4 .0 0 0 .0 4 2 3 μg  / g
C s 0 .0 0 0 .0 0 4 .0 0 0 .0 4 1 .2 0 .1 0 .4 0 0 0 .0 0 4 1 2 1 8 1 μg  / g
Ba 2 4 2 2 6 5 7 6 6 1 4 9 1 6 1 5 9 2 1 5 9 1 2 1 0 6 5 3 μg  / g
La 0 .4 3 0 .0 5 1 5 .3 0 .2 3 7 1 7 1 6 .2 0 .2 1 1 μg  / g
C e 0 .7 9 0 .0 8 3 0 .9 0 .3 7 4 3 5 3 3 .1 0 .3 0 .5 0 .2 μg  / g
Pr 0 .1 0 0 .0 1 4 .0 8 0 .0 4 9 4 4 .2 9 0 .0 4 0 .1 0 0 .0 4 μg  / g
N d 0 .6 4 0 .0 5 1 7 .5 0 .2 4 1 1 9 1 8 .1 0 .2 0 .6 0 .2 μg  / g
S m 0 .2 4 0 .0 2 4 .1 0 0 .0 4 9 4 4 .1 5 0 .0 4 2 6 1 7 μg  / g
E u 0 .2 6 0 .0 2 1 .2 7 0 .0 1 3 1 1 .2 9 0 .0 1 2 1 μg  / g
G d 0 .3 3 0 .0 3 4 .8 5 0 .0 5 7 3 4 .3 0 0 .0 4 3 2 μg  / g
T b 0 .0 8 0 .0 1 0 .7 5 0 .0 1 0 .9 0 .4 0 .6 5 0 0 .0 0 7 1 1 μg  / g
D y 0 .6 5 0 .0 7 4 .3 9 0 .0 4 5 2 3 .5 9 0 .0 4 3 2 μg  / g
H o 0 .1 5 0 .0 2 0 .8 8 0 .0 1 0 .9 0 .3 0 .7 3 5 0 .0 0 7 0 .6 0 .2 μg  / g
E r 0 .4 4 0 .0 5 2 .5 6 0 .0 3 2 1 2 .0 5 0 .0 2 1 .0 0 .2 μg  / g

T m 0 .0 8 0 .0 1 0 .3 7 3 0 .0 0 4 0 .3 0 .1 0 .3 1 0 0 .0 0 3 1 1 μg  / g
Yb 0 .5 6 0 .0 6 2 .5 0 0 .0 3 2 .3 0 .5 2 .0 0 0 .0 2 2 .4 0 .5 μg  / g
L u 0 .0 8 0 .0 1 0 .3 5 7 0 .0 0 4 0 .3 0 .1 0 .3 0 5 0 .0 0 3 1 .0 0 .4 μg  / g
H f 0 .0 8 0 .0 1 3 .0 0 0 .0 3 1 .9 0 .4 3 .0 0 0 .0 3 2 2 μg  / g
T a 0 .0 1 4 0 .0 0 2 - - 0 .3 0 .2 - - 1 1 μg  / g
Pb 1 8 2 1 4 .0 0 .1 1 9 2 1 6 .0 0 .2 1 5 0 6 1 0 0 9 μg  / g
T h 0 .0 3 0 0 .0 0 3 2 .3 0 0 .0 2 6 3 2 .7 0 0 .0 3 0 .0 0 1 4 0 .0 0 0 4 μg  / g
U 0 .0 2 8 0 .0 0 3 0 .9 2 0 0 .0 0 9 1 .1 0 .4 0 .8 7 5 0 .0 0 9 3 2 μg  / g

V e inW a ll R oc k S e lva ge

Element Concentrations

1)  Ca, Si, Fe, Mg, Na, Al, Ti, Mn, V, Ba, Sc, Sr, Cs, Pb, Y, Hf, and U are ENRICHED in the vein/selvage relative to the wall rock.
 

2)  K is DEPLETED in the vein/selvage relative to the wall rock.
 

3) Nb and La adhere to mass balance within error.
 

4) Ce,Pr, Sm, Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Zr are suggested to have been mobilized, however, this is inconsistent with Ague (2003) and the concentration ratios of some of these 
elements suggest that they were not mobilized.  Better characterization of the vein may negate this discrepency.
 

5) Silicon and calcium enrichment is consistent with studies of veins in metapelitic rocks (Ague, 1994, Masters and Ague, 2005; Penniston-Dorland and Ferry, 2008).  Potassium depletion is 
consistent with Ague (1994) and Penniston-Dorland and Ferry (2008). 
 

6)  Na and K suggest that sodium metasomatism may be occuring suggesting that an infiltrating metamorphic fluid may have been traveling up temperature gradients.

This study would not have been possible without the constant support of Dr. Penniston-Dorland or the guidance, advice, and instruction of Dr. Ash, 
Dr. McDonough and Dr. Piccoli.  Additionally, funding and advice for field localities were provided by Dr. Sorensen of the Smithsonian Institution.
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Indicates 
Field Locality

*Boxed elements have concentration ratios characteristic  of low mobility elements.   Thorium is used as the immobile reference in this study.

*Element is enriched in the vein/selvage 
if value is positive and depleted if value 

is negative.

(n = 826)
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Methods
Instrumentation
 - Point counting - EDS and BSE on an EPMA
 - Phase chemistry - WDS-EPMA and LA-ICP-MS
 - Bulk rock chemistry - pressed pellet XRF* and ICP-MS*
Density Determination
 - Vein - average phase densities weighted by phase abundance
 - Selvage and wall rock - mass and volume measured
Thickness Measurements
 - Average thickness calculated by repeated measurement across sample

Immobile Reference Frame Determination
 - Suggested to be immobile in metamorphic environments (Zr, Th, REEs)
 - Look for Cwr/Csel < 1, high Cwr/Cvein, and high Csel/Cvein
 - Thorium used as IRF in this study.
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