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ABSTRACT 

The structure in the study area is dominated by a large, 

mid-Proterozoic shear zone that strikes NE and dips steeply 

SEe The zone had a NW directed tectonic transport direction 

during the shearing. Hydrothermal veining developed at 

several stages in the deformational history. Early fluids 

were relatively low in salinity and CO2 content and flowed 

through the rock in small, pervasive structural sites produced 

by ductile deformation. Fluids migrating through the shear 

zone at progressively later times tended to be more focused 

along larger more brittle structures, and had higher salinity 

and CO2 contents. The earliest veins show little alteration 

of the host rocks while progressively later veins show 

increasing amounts of wall rock alteration. Alteration near 

early veins is broadly characterized by increased Fe, Mg, Ca, 

and Al and decreased si and K; later veins have increased si 

and K, manifested by silicification, sericitization, +/

sulfidization of the host rocks. 



INTRODUCTION 

Location 
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The area studied is located in the Manzano Mountains of 

central New Mexico, approximately 70 km south of Albuquerque, 

NM. The mountain range lies along the eastern margin of the 

Rio Grande rift, where major normal faults expose Proterozoic 

rocks on the west face of the range. The altitude varies from 

1800 to 2600 m above sea level. 

topographic relief characterize 

semi-arid climate and high 

the area and combine to 

produce excellent exposure for geologic investigation. Figure 

1 illustrates the location of the study area. 

Previous Work 

stark and Dapples (1946) described the general geology 

of the Los Pinos Mountains, a range just south of the present 

study area. They established the Precambrian stratigraphy and 

named the lithologic units in the Los Pinos Mountains. Reiche 

(1949) examined the general geology of the Manzanita and North 

Manzano Mountains north of the present study area and proposed 

correlation of some of the Proterozoic section in that region 

with a portion of Stark and Dapples (1946) stratigraphic 

section for the Los Pinos Mountains. Reiche recognized the 

presence of several northeast striking, southeast dipping 

Precambrian reverse shears in the structural makeup of the 

region and documented the presence of tight folds with hinges 

that plunge steeply to the SEe Stark (1956) described the 



12 

Bernardo 
20km 

Figure 1: Location of the study area. 
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geology of the central Manzano Mountains andconfirmed Reiche's 

(1949 ) lithologic correlations. Thompson et ale (1989) 

documented the presence of a maj or ductile shear zone striking 

northeast and dipping southeast in the central Manzano 

Mountains, in the area of Monte Largo Canyon. This shear zone 

separates the study area into two distinct structural blocks. 

Thompson and others, (1989), interpreted peak metamorphic 

conditions of approximately 4 kb and 475-500°C for the 

amphibolite grade rocks in the southern structural block based 

on aluminosilicate phase relations and garnet-biotite 

geothermometry. The rocks in the northern structural block 

are of low to mid greenschist facies. Fulp and Woodward 

(1990) described Au-Ag-Cu sulfide and telluride mineralization 

associated with shear zones in Proterozoic greenstone, 

metasedimentary, and metavolcanic rocks in the Hell's Canyon 

district, approximately 20 km north of the present study area. 

The host rocks and orientations of shear zones controlling 

mineralization in the Hell's Canyon district are similar to 

those of the major shear zone investigated in this study. 

Geochronology 

The age of the development of the shear zone and possible 

episodes of later reactivation are not well constrained at the 

present time. Grambling and others at the University of New 

Mexico suggest an age of aroung 1400 Ma based on 4°Ar_39Ar age 

determinations of minerals they interpret to have formed 



syntectonically (Mawer, pers. corom. ) 

granitic intrusion that may be related 

The 

to 
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shear cuts a 

a regionally 

extensive suite of intrusive bodies dated at about 1650-1700 

Ma. and described by Bickford, et al., (1989) and others. 

Purpose of study 

The purpose of this study is to examine and describe the 

thermal, chemical, and structural characteristics of fluid 

migration and fluid-rock interaction in the Proterozoic 

ductile shear zone exposed in Monte Largo Canyon, central 

Manzano Mountains, New Mexico. An understanding of the 

physical and chemical processes that occurred in this geologic 

environment may provide information about fluid rock 

interaction and ore formation in ductile shear zones in 

general, and about possible sources of fluids and metals for 

mineralization occurring at shallower structural levels. The 

Monte Largo shear zone was chosen for study because of its 

excellent exposure and the abundant evidence for aqueous fluid 

migration through this structural system. The objectives of 

this study are: 1) to constrain the P-T history of fluid 

migration in the shear zone; 2) to examine the chemistry of 

the fluid; 3) to describe the structural development of the 

shear zone and the structural control of fluid migration in 

the shear zone during ductile, brittle-ductile, and brittle 

strain; and 4) to examine the metasomatic alteration of host 

rocks near hydrothermal veins. 
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GENERAL DESCRIPTIONS OF LITHOLOGIC UNITS 

Stark and Dapples (1946) described various Proterozoic 

lithologies in the area, and proposed a stratigraphic column 

based on the assumptions that the sequence is right-side up, 

and that all contacts are depositional. However, more recent 

and detailed examinations of the structure of the area reveal 

that the entire section has been highly tectonized and that 

tight to isoclinal, disharmonic folding is ubiquitous 

(Thompson, et al., 1989; this study). The intensity of 

deformation, coupled with a lack of reliable younging 

indicators, makes recognition of original stratigraphic 

relationships extremely difficult. Therefore, the 

descriptions of the Precambrian lithologies presented here are 

in the order of increasing structural position (i.e., lowest 

al titude to highest), and are not meant to imply original 

stratigraphic order or relative ages. A geologic map of the 

study area, which shows the extent and field relations of the 

various lithologic units, is shown in Plate A. 

Monte Largo Granodiorite - Peg 

The Monte Largo Granodiorite outcrops at the western edge 

of the Precambrian exposure in the study area. The rock 

composes a phaneritic, equigranular, felsic intrusive body 

wi th a maj or mineralogy consisting of quartz, microcl ine, 

plagioclase, and biotite. Virtually all of the original 

biotite has been altered to chlorite, and the feldspars are 
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in large part altered to sericite and minor chlorite. The 

core of the pluton is weakly foliated, but strain intensity 

(manifested by foliation, lineation, and grainsize reduction) 

increases dramatically within 20 m of the margin. The well

foliated and lineated pluton margin produces a gradational 

contact with the Blue Springs Fm. Figure 2 shows cut and 

polished surfaces of the relatively unstrained interior of the 

pluton and several stages of increased strain near its 

margins. 

Blue springs Formation - Pcbs 

The Blue Springs Formation (Blue Springs Schist of Stark 

and Dapples, 1946) is a heterogeneous unit which includes 

impure quartzite_, muscovite-chlorite-quartz phyllonite, and 

chlorite-quartz-muscovite-plagioclase greenstone. The 

protolith of this unit is uncertain. It may have been a 

heterogeneous series of clastic sediments and volcanics or, 

alternatively, much of the Blue springs fm. may be highly 

strained Monte Largo granodiorite. Figure 3 shows cut and 

polished surfaces of three different facies of the Blue 

springs fm. 

Quartzite - Pcq 

Massive quartzite units (the sais and White Ridge 

Quartzites, and various "quartz reefs" of Stark and Dapples, 

1946) occur as several competent, fairly continuous bodies 
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2a) 

Figure 2: Cut and polished surfaces of the Monte Largo 
granodiorite (the scale bar is 1 cm in all cases). a) 
relatively unstrained sample collected 50 m from the 
gradational "contact" with the structurally overlying Blue 
Springs fm (sample G-7-1). b) and c) are samples collected 
approximately 10 and 1 m from the gradational contact, showing 
the progressive increase in finite strain as the contact is 
approached (samples G-7-2 and G-7-3) . 
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2b) 

2c) 
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3a) 

Figure 3: Three different facies of the Blue Springs fm. shown 
in cut and polished surfaces (the scale bar is 1 cm in all 
cases) • a) impure quartzite (sample BS-2); b) muscovite
chlorite-quartz phyllonite (sample BS-1) and c) chlorite
quartz-muscovite greenstone (sample BS-3). 
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3b) 

3C) 
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throughout the low-grade metamorphic rocks exposed in the 

northern part of the study area. Virtually all of the 

quartzite has been dynamically recrystallized to a fine 

grained mylonite. A few scattered locations preserve grain

size variations which may reflect primary grain-size 

heterogeneities. Much of the strain in the area concentrated 

near the margins of the quartzite due to the contrast in 

rheology between the quartzite and neighboring lithologies. 

Figure 4 shows a cut and polished surface of the quartzite. 

Felsic Tectonite - pCf 

This lithology is the lowest unit in the southern 

structural block and is in shear contact with the Blue springs 

Fm. and/or quartzite. The felsic tectonite was described by 

stark and Dapples (1946) as a series of metamorphosed flows 

and tuffs that they named the Servilleta Metarhyolite. 

Feldspar phenocrysts in this lithology suggest that the 

protolith was a felsic igneous rock, but the high degree of 

strain and dynamic recrystallization prevents distinction 

between rhyolite flows and other felsic rocks as the 

protolith. The term felsic tectonite is used to avoid 

implications about the protolith. This rock dominates the 

southern part of the study area. It ranges in color between 

salmon-pink, and buff brown. Although foliation and lineation 

are well developed, especially near the lower contact, this 

unit outcrops in blocky masses. Figure 5 shows a cut and 
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Figure 4: The quartzite lithology shown on a cut and polished 
surface (scale bar is 1 em). Note the fine grain, and the 
well-developed tectonic foliation/lineation. 
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Figure 5: The felsic tectonite lithology, shown in a cut and 
polished surface (scale bar is 1 em). Note the fine grain, 
orange-brown color, plagioclase phenocrysts, and well
developed foliation. 



24 

polished surface of the felsic tectonite. 

Amphibolite - pCa 

Discontinuous lenses of hornblende-plagioclase 

amphibolite occur within the felsic tectonite. These bodies 

are typically 1 to 10 m in width and extend laterally for up 

to 400 m. Their orientation is parallel to the shear zone. 

The amphibolite lenses within the felsic tectonite may have 

been mafic flows in a succession of felsic volcanics. 

Alternatively, they may be viewed as relatively competent 

remnants of mafic dikes which originally cut the granitic 

protolith of the felsic tectonite and which have been 

transposed into their present orientation during the 

deformation. 

Amphibolite Grade Schist - pCas 

Amphibolite grade schist occurs in a few scattered areas 

of the southern structural block in the study area. The 

mineralogy of the schist includes garnet, biotite, muscovite, 

and quartz. The bodies of schist are discontinuous along 

strike, and are enclosed by the felsic tectonite. East and 

south of the area considered in this study, the amphibolite 

grade schist appears to become more prevalent. 
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Tertiary(?) Mafic intrusive - Ti 

A small dike or plug of mafic lamproite is emplaced in 

the north-central part of the study area. This unit is not 

strained and appears to be much younger than the Precambrian 

rocks. Its geometry and orientation suggest that it was 

emplaced during late Cenozoic regional extension associated 

with the Rio Grande Rift. Large (.25 to 2 cm) amphibole 

phenocrysts lie in a fine-grained phaneritic to aphanitic 

matrix of magnetite, amphibole, olivine(?), and Fe-rich 

biotite. Spherical, 0.2 to 1.0 cm diameter pods of zeolite, 

clay, and calcite make up about 5-10% of the rock. These are 

probably pseudomorphous fillings of original miarolitic 

cavities. Magnetite comprises a significant portion (15-20%) 

of the rock. Magnetite occurs as rounded inclusions within 

the amphibole, and as separate crystals within the matrix. 

The larger crystals in the matrix have a rounded core over

grmvn by later magnetite. This unit is poorly exposed, and 

the nature of the contact (ie, structural relationship, 

presence of a chilled margin, etc.) with the metamorphic rocks 

is not known. Figure 6 shows this intrusive rock. This rock 

is. unusual in its apparent lack of feldspar, and high 

proportions of magnetite, biotite, and amphibole. 
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Figure 6: Cut and polished surface on a sample of the mafic 
intrusive emplaced in the north-central portion of the study 
area (scale bar 1 cm; sample Ti(?)-l). 
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STRUCTURAL ANALYSIS 

The structural development of the shear zone probably 

played an important role in the thermal evolution of the area 

and in the control of fluid migration through these rocks. 

Many of the veins and flow paths examined in this study 

experienced a portion of the shear strain and, therefo·re, were 

produced syntectonically with the shearing. Foliations, 

fractures, and lithologic boundaries appear to have focused 

the fluid flow, and the fluid - rock interaction may have 

influenced the structural development. Therefore, structural 

analysis is important and relevant to a study of the fluids 

and their effects in this shear zone. 

The structure of the area is dominated by the large mid

Proterozoic ductile shear zone that strikes to the northeast, 

and dips steeply to the southeast. The shear zone 

structurally separates two blocks with distinct lithologic and 

metamorphic characteristics. The northern block contains 

pelitic and/or igneous rocks that have been metamorphosed at 

low- to mid-greenschist facies. The southern block is 

dominated by igneous rocks that have experienced amphibolite 

grade metamorphism. 

Abundant kinematic indicators, including asymmetric 

porphyroclasts, shear bands·, and s-c relationships, combined 

with the down-dip extension lineation, suggest a top-to-the

northwest tectonic transport direction. This shear zone 

places amphibolite grade rocks structurally above the 
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with the down-dip extension lineation, suggest a top-to-the

northwest tectonic transport direction. This shear zone 

places amphibolite grade rocks structurally above the 
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greenschist grade lithologies (Thompson et al., 1989). All 

of the rocks exposed in the study area have been tectoni zed 

in association with the shearing. Finite strain increases as 

the shear contact between the greenschist grade northern block 

and the amphibolite grade southern block is approached. Tight 

to isoclinal, disharmonic folds with amplitudes and 

wavelengths varying from less than 1.0 cm to greater than 1.0 

km occur pervasively in the northern structural block and may 

also be present in the southern block. The axial planes of 

these folds are generally sub-parallel to the shear zone. 

Thompson et ale (1989) identified a second shear zone (7) 

located several km south of the current study area. This 

second shear zone apparently places greenschist grade rocks 

above amphibolite rocks. Recent work by Thompson and 

Grambling (Grambling, pers. comm.) suggests that the 

greenschist rocks in the southern area are retrograded 

equivalents of the amphibolite rocks discussed in this study. 

Fabric Elements 

Several generations of foliation development, folding, 

fold transposition, crenulation, and re-foliation are evident 

in the tectonites present in the study area. This type of 

cyclic fabric development is characteristic of the non-coaxial 

progressive deformation found in ductile shear zones that 

deform by progressive simple shear (Bell, 1978). A common 

technique in structural analysis is to assign numbers to 
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different generations of foliations (Sl,S2,S3, .•• etc.) and 

lineations (L1,L2,L3, .•. etc.) based on their cross-cutting 

relationships in order to work out the structural history of 

an area in terms of a series of discrete deformational events 

(01, 02 , 03, ••• etc. ) • However, this technique does not work 

well in areas with large quantities of non-coaxial progressive 

deformation since this type of strain causes the development 

of multiple generations of cross-cutting foliations, all 

related to the same deformation event. In such areas, mapping 

structural data in terms o~ composite fabric elements is more 

useful and may lead to more meaningful interpretations 

(Tobisch and Paterson, 1988). since all of the rocks 

considered in the present study have experienced varying 

degrees of non-coaxial progressive deformation, the structural 

data have been interpreted using the concept of composite 

fabric elements. Table 1 lists the observed fabric elements. 

Foliations 

SCI is defined by compositional layering, which at large 

scale may represent original lithologic variation. At the mm 

to m scale, SCI compositional layering was probably produced 

via local segregation during metamorphism, strain, and 

diffusion mass transfer. Where observable, SCI is usually 

tightly to isoclinally folded, with hinge lines that plunge 

steeply to the NE or SE and fold limbs that are sub-parallel 

to the shear zone. 
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Table 1: 
Fabric elements observed in the study area. 

Designation Type Definition 

Sci foliation compositional layering 

Sw foliation shear-parallel composite fol. 

S~ foliation 

SpS foliation 

S~ foliation 

Le lineation 

4 lineation 

Ls lineation 

shear bands 

pressure solution cleavage 

NW-striking spaced cleavage 

extension/elongation lineation 

fold hinge lines 

sheath fold symmetry line 

SSP is defined as the prominent shear-parallel composite 

foliation. It strikes N 33° E, and dips 60° SE. 

generally subparallel to the axial planes of isoclinal folds 

in SCI. It is defined by the alignment of phylosilicate (001) 

planes in the mica-rich rocks, and by micaceous partings and 

mylonitic layering in the quartz-rich lithologies. 

composite foliation locally includes crenulation cleavage, 

compositional variation, axial-plane cleavage, and mylonitic 

fol iation. Figure 7 is a stereographic proj ection which shows 

the density contour of the poles to measured SSP planes and the 

average orientation of the foliation. The orientation of Ssp 
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Density Contour of Poles to Ssp Foliation 

Equal Angle . N 

N = 185 C.I. = 3%/1% area 

Figure 7: stereographic projection showing the orientation of 
the shear-parallel (Ssp) foliation. The SE dipping great 
circle represents the average orientation of this foliation 
and is interpreted as the orientation of the shear zone. 
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foliation clusters tightly around N 35° E, 65° SE, and this is 

interpreted as the orientation of the shear zone. 

SSb is defined by shear bands which crenulate and cross-

cut Ssp. SSb has an average orientation of N 39° E, 37° SEe 

This foliation is not pervasive. Where SSb is present, the 

orientation and the sense of shear along the shear bands are 

consistent with top-to-the-northwest tectonic transport for 

the major structure. These shear bands are in Rt orientation 

to the shear zone (i.e., approximately 300 to the shear zone, 

and with synthetic relative movement). Figure 8 is a 

stereographic projection of the poles to Ssb foliation. 

Figure 9 shows the relationship between SSb and Ssp foliations 

exposed in outcrop. 

Sps is defined by mica-rich crenulation and pressure 

solution bands that cross cut SCI and Ssp. This foliation is 

not pervasive, but is best developed in relatively quartz-rich 

facies of the Blue Springs Fm., in areas where the dip of the 

mm scale compositional layering is relatively shallow. The 

pressure solution cleavage strikes NE and is nearly vertical. 

Figure 10 shows Sps foliation in outcrop. This foliation 

appears similar to the shear bands described previously; 

however, it differs in orientation, and mechanism of 

formation. Note that the apparent "drag folding" of the 

composi tional layering into the cleavage planes was not 

produced by shearing since the "sense of shear" indicated for 

individual cleavage planes is variable. This mica-rich 
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Density Contour of Ssb Foliation 

Equal Angle N 

N = 17 C.I. = 3%/1 % area 

Figure 8: stereographic projection of the poles to the shear 
band (S~) foliation. This foliation is defined by shear bands 
which are in R. orientation to the maj or shear zone. The 
great circle represents the average orientation of this 
foliation. 
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_ .... 

Figure 9: A view looking NE at an outcrop of the Blue Springs 
Fm. showing the R, shear relationship between 5 Sb (diagonally, 
from upper left to lower right) and SSP (nearly vertical) 
foliations. Note the approximate 300 angular relationship and 
the top-to-the-left (NW) sense of shear indicated by the "drag 
folding" of S~ into So. The scale bar is 10 cm. 
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Figure 10: Pressure solution cleavage (S~) in outcrop. Note 
that the apparent "drag folding" of the compositional layering 
into the cleavage planes was not produced by shearing since 
the "sense of shear" indicated for individual cleavage planes 
is variable. The cleavage. results from crenulation of the 
compositional layering, and the removal of quartz by 
diffusion. The scale is 10 cm. 
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cleavage results from the crenulation of mm to cm scale 

composi tional layering (SCI)' and the removal of quartz by 

pressure solution and diffusion. 

SCY is defined by a spaced cleavage which over-prints 

earlier generations of foliation. S~ strikes N 40-80° W, and 

is vertical or steeply dipping to the NE. The distance 

between cleavage planes varies from 1.0 cm to several meters. 

Locally significant rotation appears to have been accommodated 

by movement along planes of SCy cleavage. Cleavage planes 

generally are more closely spaced indomains where rotation has 

occurred. Figure 11 is a stereographic projection showing the 

orientation of poles to S~ foliation. 

Lineations 

Le is a well developed extension lineation lying in the 

plane of the shear-parallel SSP foliation. Le has a slightly 

variable orientation in the plane of Su, but tends to runs 

down the dip of Ssp. Le is defined by ribboned quartz grains, 

elongate porphyroclasts, or extended phyllosilicates. Figure 

12 shows the orientations of Le observed in the study area. 

4 is defined by the hinges of tight to isoclinal folds 

in SCI' or by the intersection of Ssp with SCI. Figure 13 is a 

stereographic projection of measured hingeline orientations 

in the study area. 

Ls is defined by the line of symmetry in sheath folds. 
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Density Contour of Poles to Scv Foliation 

Equal Angle N 

N = 17 C.I. = 3%/1 % area 

Figure 11: stereographic projection of poles to the spaced
cleavage (s~) foliation. The age of this cleavage is not well 
constrained; it may be much younger than the shear zone, 
produced as accommodation structures during late Cenozoic 
extension. 
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Density Contour of the Le Extension Lineation 

Equal Angle N 

N = 30 Col. = 3%/1% area 

Figure 12: stereographic projection showing the orientation 
of the extension lineation Leo 
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Density Contour of the Lh Hinge Line Lineation 

Equal Angle N 

N = 22 C.I. = 3%/1% area 

Figure 13: Stereographic projection showing the orientation 
of the hinge lines of tight to isoclinal folds (4). 



40 

This lineation is useful since sheath folds accurately define 

the extension and tectonic transport direction in ductile 

shear zones. Sheath folds may be common in the study area, 

but their orientation could only be measured with confidence 

in a few outcrops. Ls is oriented parallel to the extension 

lineation, Leo Figure 14 is a stereographic projection 

showing the orientation of Ls. Figure 15 shows sheath folds 

found in the study area. 
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Density Contour of Ls Lineation 

Equal Angle N 

N = 11 C.I. = 3%/1% area 

Figure 14: stereographic projection showing the orientation 
of the line of symmetry of sheath folds (Ls). 
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15a) 

Figure 15: Sheath folds found in the study area. a) sheath 
folds in out-crop (scale is 10 cm); b) hand sample with a 
sheath fold showing the circular fold closure pattern on a 
surface cut perpendicular to the symmetry line (approx. 20 cm 
across). 
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I5b) 
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structural Petrography 

Petrographic microstructural analysis provides 

information about the deformation mechanisms and the tectonic 

transport direction of the shear zone. Thin sections cut 

perpendicular to the composite foliation and parallel to the 

extension lineation reveal microstructures and textural 

development typical of strain accommodated by crystal-plastic 

dynamic-recrystallization and diffusional creep. 

Figure 16 shows mylonite from the quartzite lithology 

with well-developed S-C foliation. The thin-section is viewed 

under cross-polarized light (18a). The view is to the 

northeast. Larger quartz grains have undulose extinction, 

well-developed sub-grains and deformation bands, and are 

ribboned. The extension direction (parallel to the long axis 

of the photograph) defines the C or shear foliation. Dynamic 

recrystallization has produced a multitude of smaller grains. 

The long axis of inequant mylonite grains define the S or 

flattening foliation. The long axes verge to the left. The 

S-C relationship gives a top-to-the-left (northwest) sense of 

shear. Shear bands, defined by thin, mica-rich zones of 

crenulation (right side of photo, dipping down to the left at 

about 30 0), are in Rl orientation to the extension direction 

and support the interpretation of top-to-the-left shearing. 

Figures l6b) and c) are views with a first-order red plate in 
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16a) 

Figure 16: Mylonite from the quartzite lithology. The section 
is cut parallel to the extension lineation and perpendicular 
to the foliation; the view is to the NE (NW is to the left). 
a) X-polarized light; b)-c) X-polarized light with a first 
order red plate in the light path. The uniform color of the 
dynamically recrystallized grains suggests that the mylonite 
has a well developed preferred crystallographic orientation. 
The long axis of inequant grains verges to the left, giving 
a sinistral shear sense (top to the NW). The scale bar is 1 
mm. 
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16b) 

160) 
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the light path. The grains tend to be of uniform color as 

the stage is rotated, suggesting that the mylonite grains have 

a well developed preferred crystallographic orientation. 

Figures 17a and b show quartz porphyroclasts with 

asymmetric dynamically recrystallized tails. The views are 

to the NE and the shear-parallel foliation and extension 

lineation are parallel to the long axis of the photographs. 

The recrystallized tails of these quartz "fish" sweep in the 

direction of the shearing, and indicate a top-to-the-left 

(northwest) sense of shear. Figure 17a is viewed under plane 

polarized light and shows a single porphyroclast. Figure 17b 

is viewed under cross-polarized light and shows a series of 

porphyroclasts, all joined by tails of dynamically 

recrystallized material. 

The cross-cutting foliation relationships described 

previously at the out-crop scale are also recognizable in thin 

section. Shear bands (SSb) in the mylonite are often defined 

by mica-rich zones of crenulation with a Rl orientation to the 

shear-parallel foliation (Ssp) • Figure 18 shows this 

relationship in thin section. The view is to the northeast, 

under cross-polarized illumination. Mica-rich shear bands dip 

down to the left at approximately 30 0 to the horizontal, 

shear-parallel foliation. Relative motion on the shear bands 

is sinistral, sympathetic to overall top-to-the-left (NW) 

shearing. 
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17a) 

Figure 17: Asymmetric porphyroclasts of quartz in a matrix of 
quartz-muscovite-chlorite mylonite: a) the view is to the NE, 
and the thin section is illuminated with plane-polarized 
light. The dynamically recrystallized "tails" of the 
porphyroclast sweep off the relatively undeformed center in 
the direction of shearing, giving a top-to-the-left (NW) sense 
of shear; b) viewed under cross-polarized light; a series of 
porphyroclasts joined by dynamically recrystallized "tails", 
also giving a top-to-the-left sense of shear. The scale bar 
is 1 mm. 
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17b) 
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Figure 18: Photomicrograph showing mica-rich shear bands in 
a quartz-rich mylonite. The view is to the NE under x
polarized light. The shear sense indicated is sinistral, or 
top-to-the-left (NW). The scale bar is 1 mm. 
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The extension lineation in the Monte Largo granodiorite 

is, in part, defined by elongate quartz grains. In thin 

section, micro-boudinage and dynamic recrystallization 

parallel to the extension direction are apparent. Figure 19 

shows these textures in a thin section of the granodiorite. 

Original quartz grains are extended, with a pinch-and-swell 

geometry of relatively intact zones joined by thinned areas 

of intense dynamic recrystallization and grain-size reduction. 

Figure 20 shows pressure solution cleavage Sps at the 

thin-section scale. This mica-rich cleavage results from the 

crenulation of rom to cm scale compositional layering (SCI)' and 

the removal of quartz by pressure solution and diffusion. 

Fluid migration along the cleavage planes has also produced 

local bleaching and Fe-staining in this sample. 

Brittle-ductile deformation locally overprints the strain 

accommodated by crystal-plastic and diffusional creep 

mechanisms. Quartz-filled extension fractures, tension gash 

arrays, and centipede veins occur in the Blue Springs Fm, 

Quartzite, and felsic tectonite lithologies. Figure 21a shows 

a set of brittle-ductile tension gashes cross-cutting quartz

rich mylonite. Figure 21b shows a portion of a centipede vein 

in Blue springs Fm. locally altered to tourmalinite (see 

figure 24 which also shows this vein.) 
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Figure 19: A photomicrograph showing micro-boudinage of 
quartz grains in the Monte Largo granodiorite. Relatively 
intact zones of the original quartz grain are joined by areas 
of intense dynamic recrystallization. The scale bar is 1 mm. 
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Figure 20: A cut and polished surface of Blue Springs Fm. 
showing pressure solution cleavage. The cleavage results from 
crenulation of the compositional layering, and the removal of 
quartz by diffusion. The scale bar is 1 cm. 
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21a) 

Figure 21: Brittle-ductile deformation features. a) Brittle
ductile tension gash array developed in quartz rich mylonite 
(the long dimension of photo is approximately 15 cm). b) a 
portion of a vein with centipede morphology. Note the curved 
tension gash extending from the margin of the vein (vein width 
approximately 5 cm). 
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21b) 
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Deformation accommodated by faulting and brecciation also 

occurs in the study area. Some of these zones of brittle 

failure are filled with vein quartz and may have resulted from 

hydrothermal fracturing and brecciation. Some faults have a 

breccia of sintered gouge, suggesting relatively high P-T 

conditions during some portion of the movement. The magnitude 

of the displacement on these faults is apparently small. 

Discussion 

Deformation in the study area is accommodated by a wide 

range of mechanisms. Early crystal-plastic dynamic

recrystallization and diffusional creep and cleavage 

production are overprinted by brittle-ductile tension gash 

arrays and centipede veins. Later strain was accommodated by 

localized brittle failure and brecciation. Hydrothermal veins 

occur in structural sites produced during all of these stages 

of deformation. This ductile-to-brittle strain history is 

difficult to reconcile with a single, progressive, thrust

related deformation since thrusting and regional shortening 

generally lead to progressively higher P-T conditions during 

deformation. Such a strain history might be explained in at 

least four different ways. First, the finite deformation 

might be the result of several different deformation events 

separated by relatively large periods of time. If uplift and 

erosion occurred between individual deformational events, then 
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P-T conditions through time might decrease, even in a 

generally compressional tectonic regime. 

Second, decreasing P-T conditions might have resulted 

from gravitational extension and unloading of the 

compressional orogen during the deformation. Gravitational 

extension has been proposed as a model to explain large-scale 

low-angle normal faults in the Alpine and Himalayan 

compressional orogens. During the evolution of a 

compressional orogen, crustal shortening and thrusting leads 

to large scale uplift. At some point, the top of the uplift 

becomes gravitationally unstable. The upper portion of the 

orogen then begins to extend via low-angle normal faulting, 

effectively unloading the deeper compressional portion of the 

orogen. Therefore, rocks in the compressional portion might 

experience decreasing P-T conditions as the upper orogen 

extends. If this model is applicable to the compressional 

event which produced the Monte Largo shear zone, then the 

ductile-to-brittle strain history of these rocks might have 

been the result of decreasing P-T conditions, even in a 

compressional tectonic environment. 

Alternatively, the ductile-to-brittle deformation history 

might have resulted from increased strain rate and/or fluid 

pressure during the deformation. Increasing one or both could 

shift the deformation style from ductile to brittle. Little 

quantitative constraint on strain rate or fluid pressure 
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during the deformation can be made. However, the abundance 

of veining in the rocks suggests that significant volumes of 

fluid passed through the structural system and, therefore, 

variations in fluid pressure might have influenced the 

deformation mechanisms. 

Fourth, the ductile-to-brittle strain history recorded 

in the study area may be the result of extensional rather than 

compressional tectonics. since no reliable younging 

indicators were recognized in these highly tectoni zed rocks, 

the entire section may be overturned. The shear zone might 

have originally developed as a normal fault and then been 

rotated into its present orientation. Decreasing P-T 

histories are typical of extensional tectonic environments 

and, therefore, a ductile-to-brittle strain history would be 

expected. 

I consider a combination of the first two explanations 

(multiple deformations, possibly coupled with gravitational 

unroofing of the orogen) the most probable history. Given the 

age of these rocks, a polyphase deformation history is likely. 

Pulses of fluids associated with each deformation could have 

produced the several generations of veining observed in the 

study area. 

The third explanation (increased strain rate and/or fluid 

pressure) is possible, but less probable since strain rates, 

at large scale, tend to be fairly consistent over time, and 
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since the strain rate required to cause brittle failure at the 

P-T conditions inferred for these rocks would be unusually 

high. Also, increasing P-T conditions during the deformation 

would tend to minimize the effects of any increase in strain 

rate or fluid pressure. 

The fourth explanation (overturned normal fault) is also 

possible but unlikely. The structural relationships described 

in this study appear consistent with those of other studies 

of Proterozoic rocks in the region. A regionally extensive 

pattern of northwest verging reverse shear zones seems to 

exist. Therefore, an interpretation of the Monte Largo shear 

zone as an overturned normal fault seems unlikely. 

structural Summary 

The dominant structural feature of the study area is a 

major shear zone that strikes northeast and dips steeply to 

the southeast. Abundant kinematic indicators at the scale of 

the outcrop (asymmetric porphyroclasts and shear bands) and 

at the scale of a thinsection (S-C mylonite foliation 

relationships, shear bands, and asymmetric porphyroclasts) 

indicate a northwest directed tectonic transport direction. 

Early strain is accommodated by crystal-plastic and 

diffusional creep mechanisms; brittle-ductile deformation 

features (tension gash arrays and centipede veins) overprint 

the early ductile strain; the latest deformation is 
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accommodated by faulting and brecciation. Hydrothermal 

veining is hosted in structural sites produced during each of 

the stages of deformation. 
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FLUID MIGRATION IN THE SHEAR ZONE 

Several different types of veins are recognizable in the 

study area. Many of these appear to have been produced 

syntectonically with various components of the deformation in 

the shear zone. The veins have been differentiated into 

several groups on the basis of structural relationships with 

the host rock and variations in the internal and alteration 

mineralogy associated with each type. The relative time of 

formation of the various groups was determined by cross

cutting relationships and/or the amount and style of strain 

present in each vein type. Early veins have experienced a 

large amount of ductile deformation. In contrast, later veins 

are hosted in brittle structural sites and are only weakly 

strained. The descriptions of the veins are presented in the 

relative order of their formation. 

General Descriptions of Veins and Flow Paths 

The earliest veins recognized (Type 1) are composed 

almost exclusively of quartz and have produced little or no 

visible alteration of the host rock. They occur abundantly 

in the northern structural block within 200 m of the shear 

zone. Individual veins range in width from less than 1 em up 

to 10 cm and are rarely traceable along trend for greater than 

1 m. They exhibit a discontinuous, contorted morphology and 

have been strongly affected by ductile deformation. Even 
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though individual veins are small, near the shear zone the 

aggregate vein material comprises a significant percentage of 

the rock volume. Figure 22 shows this type of vein in outcrop 

and in a cut surface of a hand sample. 

Type 2 veins are composed of quartz, microcline, and Fe

oxides, +/- carbonate, +/- epidote and have deep green 

alteration within 0.5 to 10 cm of the vein contact in the Blue 

springs fm.. These veins occur throughout the study area, but 

are most prominent along several 0.5 to 10 m wide domains of 

concentrated shear strain in the host rock of the northern 

structural block. Indi.vidual veins vary in width from 1.0 

cm to 30 cm and are continuous in outcrop for up to 20 m. 

These veins cross-cut ductile fabric developed early in the 

shear, but are affected by later stages of ductile 

deformation. In general, they parallel Ssp foliation, but 

locally cross-cut SSP and are sometimes tightly folded. Figure 

23 shows this type of vein in outcrop and in the cut and 

polished surface of a hand sample. 

Type 3 veins, composed dominantly of quartz, occur in the 

northern structural block near its sheared southeast boundary, 

within or just beneath the quartzite. These veins are 10 to 

30 cm thick and are accompanied by alteration of the host rock 

to black tourmalinite for a distance of 10 to 50 cm from the 

vein contact. Carbonate occurs locally as late fracture 

fillings. Formation of these veins occurred chiefly along 
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22a) 

Figure 22: Type 1 veins: a) in outcrop; b) in a cut and 
polished surface of a thin section stub (scale bar is 1 em). 
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22b) 
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23a) 

Figure 23: Type 2 veins: a) in outcrop (scale is 10 cm); b) 
in a cut and polished surface of a hand sample. Note the dark 
green alteration zone within a few cm of the veins (the sample 
is approximately 15 cm wide). 
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23b) 
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brittle-ductile shears and tension gash systems developed 

within and just below the quartzite. They often display 

centipede vein morphology. Tourmaline prisms are broken and 

displaced by the shearing deformation. Type 3 veins are less 

common than either type 1 or 2. Figures 24a and b show this 

vein type in outcrop and a cut and pol ished surface with 

sheared and displaced tourmaline from within one of these 

veins. 

Type 4 veins, are composed of quartz, with epidote and 

Fe-oxide fracture fillings. These veins are found principally 

in the southern structural block and are often hosted in a 

breccia or gouge of felsic tectonite which is darkly stained 

with hematite, pyrolusite(?), and tourmaline. Type 4 veins 

also occur occasionally in the northern structural block, 

hosted by either the Monte Largo granodiorite or Blue Springs 

formation. These veins are 20 to 40 ern thick and are 

continuous at the surface for greater than 50 m. They 

parallel SSP foliation, and seem to be structurally localized 

along zones of late brittle-ductile to brittle movement in the 

shear system. 

Type 5 veins are composed dominantly of quartz with local 

pyrite, chalcopyrite, and galena. They show silicification, 

sericitization, and sulfidization of the host rock adjacent 

to the veins. A green and yellow mixture of malachite and 

antimony minerals occurs as late fracture fillings. These 
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24a) 

Figure 24: Type 3 veins: a) in outcrop; note the black, 
tourmalinite alteration within 50 cm of the vein. b) a cut and 
polished thin section stub, showing the sheared and displaced 
tourmaline within the vein. 
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24b) 
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veins occur either as small saddle reefs beneath quartzite in 

the crests of folds, or are hosted in 0.5 to 10 m wide breccia 

zones which cut through the quartzite. The veins are axial 

planar to the folds, and parallel to the shear zone. Quartz 

from these veins sometimes has a pale green color. Original 

sulfides have been oxidized in surface outcrop, but the cubic 

form of pyrite is pseudomorphously preserved. Tailings near 

drifts into the veins allowed sampling of relatively fresh, 

unoxidized material. Vein type 5 was only found in the 

northern structural block, in the crest of a major anticlinal 

fold in the quartzite. Figure 25 shows a hand sampleoof this 

material from within one of these veins and a sample of the 

alteration zone near the margins of the veins. 

Type 6 veins are composed of quartz and calcite, and have 

silicified host rock near the vein margins. These veins occur 

near the range front, and are controlled by brittle faulting. 

Veins are up to 1 m wide, and are continuous at the surface 

for greater than 50 m. Figure 26 shows this type of vein in 

outcrop. 

In addition to veins dominated by quartz, another type 

of fluid flow path was recognized. Portions of the Blue 

Springs Fm contain small, sinuous, interconnecting channels 

that usually lie in the plane of S~ foliation. These flow 

paths are encrusted with dark brown, earthy Fe oxides and 

occasional carbonate. Several locations contain well 
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25a) 

Figure 25: Vein type 5: a) a cut and polished surface of a 
hand sample of material from within the vein (approx. 7 em 
across); b) a cut and polished surface of a thin section stub 
of altered granodiorite from within 15 em of the vein margin 
(scale bar is 1 em). Compare the altered granodiorite with 
the unaltered rock shown in fig. 2. 
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25b) 
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Figure 26: Type 6 vein in outcrop. the veins are composed of 
quartz and calcite (scale is 10 em). 



preserved Fe-oxide pseudomorphs after pyrite. 
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Little or no 

silica appears to have been precipitated. Figure 27 shows 

this type of flow path. These are designated vein type 7. 
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Figure 27: Vein type 7 looking down on foliation plane; these 
veins are usually small, sinuous flow paths lying in the plane 
of SSP foliation. Note the Fe-oxide pseudomorphs after pyrite 
(the view is approximately 10 cm across). 
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Fluid Inclusion Analysis 

Method 

Doubly polished fluid inclusion plates were prepared from 

samples of vein types 1 - 6. Type 7 veins contain no mineral 

which would potentially contain usable fluid inclusions. 

Analyses were performed using the gas-flow heating and 

freezing stage in the Fluid-Inclusion laboratory at the 

University of Arizona. Three synthetic fluid inclusion 

standards were used to calibrate the stage. Table II gives 

the standardization data. 

In general, measured temperatures near 0 °c were in good 

agreement with the theoretical temperatures of phase changes 

in the standards. Measured temperatures deviated 

significantly from the theoretical temperatures only at very 

high and very low temperatures. 

Linear variation between calibration points was assumed, 

and observed temperatures were corrected using the following 

formulas: 

Teor = 1.01547 (Tobs ), for heating measurements 

Teor = 1.04236 (TabS>' for freezing measurements 
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Table :[]: 

Fluid Inclusion Standardization data 

std. / compo Phase Change Theor. T Obser. T 

Syn Flinc #1 critical end 374.1°C 368.4 (10) 
pure H2O point of H2O 

Syn Flinc #2 Triple point 0.01 °c 0.05 (2) 
pure H2O of H2O 

Syn Flinc #5 Triple point -56.6 °c -54.3 (2) 
25 mole ,!l, 

0 CO2 of CO2 

The observed temperature listed represents the average of 
several individual observations; the number of individual 
observations is given in parentheses. 

Results 

A complete list of all fluid inclusion data is presented 

in Appendix II. The following discussion presents general 

descriptions of the characteristics of the fluid inclusions 

for the various vein types. 

No usable primary fluid inclusions were found in samples 

from Type 1 ve ins. If primary inclusions were originally 

present, they were probably removed by the strained 

superimposed on the veins. Type 1 veins (samples B-16-3 & B-

9-2) contain two-phase (liquid-vapor) secondary inclusions. 

The vapor bubble occupies approximately 10 percent of-the 
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inclusion volume. These inclusions homogenized to liquid in 

the general temperature range of 135 to 155 oC (mean Th of 147 

DC). Freezing was observed on cooling to around -90°C, but 

melting temperatures could not be reliably observed. Figure 

28 shows secondary inclusions in quartz from vein type 1. 

Primary fluid inclusions were absent from most samples 

of vein type 2, probably due to deformation of the veins; 

However, several samples (B-2-2 & B-8-1) did contain usable 

primary (7) two-phase (H20 liquid-vapor) inclusions. The 

vapor bubble occupies approximately 20% of the inclusion 

volume. Homogenization temperatures varied over a wide range, 

from 207 to 280°C. Freezing was observed on cooling to 

around -35 DC. Eutectic melting temperatures (Te) ranged from 

-8.0 to -6.5 DC. Ice melting temperatures (Tm) varied from -

4.9 to -2.9 DC, suggesting relatively low salinities in the 

range of 4.9 to 7.1 equivalent wt. % NaCI. Figure 29 shows 

an inclusion in quartz from this vein type. 

Type 3 veins (samples Q-I0-3 & ML-13) contain primary (7) 

inclusions, but all were too small to analyze. Abundant two

phase (liquid-vapor) secondary inclusions occur in planar 

arrays. The vapor bubble occupies about 10 percent of the 

volume in these inclusions. All secondary inclusions 

homogenized to liquid in the temperature range of 130 to 150 
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Figure 28: A plane of secondary inclusions in quartz from vein 
type 1 (individual fluid inclusions are 1 to 7 microns in 
size). 
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Figure 29: a primary fluid inclusion in quartz from vein type 
2 (scale bar is approximately 10 microns). 
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DC (mean Th of about 140 DC). Melting temperatures could not 

be observed reliably. 

Usable primary fluid inclusions were absent from vein 

type 4. In these veins, a multitude of extremely small 

inclusions were present but their character and phase 

relations could not be determined. Planar arrays of larger 

secondary inclusions occur in these veins; these inclusions 

have similar characteristics to the secondary inclusion 

described in vein types 1 and 3. 

Type 5 veins (samples B-5-2 & Q-20-1) contain primary 

fluid inclusions which show a bimodal distribution in Th. The 

mode with lower Th occurs at approximately 225 DC. Fluid 

inclusions in this population are two-phase (H20 fluid -

vapor) at 25 DC, with the vapor phase occupying 20-30 percent 

of the inclusion volume. The mode with higher Th occurs at 

275 to 280 DC. These inclusions are generally larger than 

those in the lower Th population. The high Th inclusions are 

two or three phase (H20 fluid, CO2 liquid, +/- CO2 gas). 

Figure 30 shows one of the three-phase inclusions. The liquid 

CO2 bubble occupies 40-60 percent of the inclusion volume. 

The CO2 vapor bubble' homogenized with the CO2 liquid on heating 

to 29.3 DC. Freezing was not observed on cooling to -115 DC, 

suggesting that the fluid chemistry may be complex. No 

consistent spacial relationship between inclusions in the low 

and high Th populations was observed. 
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Figure 30: A three-phase (H20 IIQ-C02 IIQ-C02 vap) inclusion in quartz 
from vein type 5 (scale bar is approximately 10 microns). 
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Type 6 veins (sample B-6-2) contain primary inclusion in 

both quartz and calcite. The vapor phase occupies 15 -20% of 

the inclusion volume. 

liquid at around 160 

The inclusion in quartz homogenized to 

°C. Freezing occurred on cooling to 

approximately -70°C, producing a solid which occupied around 

45% of the inclusion volume. The remaining inclusion volume 

was occupied by a liquid that did not freeze on cooling to -

115°C. Eutectic melting (Te Ice) occurred in the temperature 

range of -39 to -25°C and Tm of ice was in the range of -29.7 

to -17.1 °C. This range in freezing point depression is 

anomalously low since no daughter salts were observed. The 

anomalous Tm data in conjunction with the presence of a liquid 

fraction with extremely low freez ing temperature is suggestive 

of a complicated fluid chemistry, possibly high salinity 

coupled with the presence of H2 , N2f methane, or other light 

hydrocarbons. Inclusions in calcite appear to have similar 

chemistry and phase relationships as those in the quartz. 

Figure 31 shows one of the inclusions in calcite. 
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Figure 31: A two-phase inclusion in calcite from vein type 6 
(scale bar is approximately 10 microns). 
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Discussion 

The high CO2 content and generally low salinities of some 

fluid inclusions is consistent with prograde metamorphic 

devolatilization reactions as a source for the fluid (Cox, et 

ale , 1.986; Crawford and Hollister, 1.986) • Further 

concentration of CO2 in the fluid may have resulted from the 

removal of H20 by water consuming, retrograde metamorphic 

reactions as seen in the rocks south of the study area, where 

originally amphibolite grade rocks are retrograded to mid

greenschist facies (Beach, 1.980; Grambling pers. comm.). 

The lithostatic pressure during the early shearing 

deformation probably ranged from 3-4 kb, corresponding to 6-

1.2 km depth, based on metamorphic phase relations in the host 

rocks (Thompson, et aI, 1.989). Since the earliest veins show 

a high degree of ductile deformation and are localized near 

the shear contact, they may have formed during the early 

deformation at 3-4 kb. Data from the mixed H20 CO2 

inclusions present in the samples from late veins (type 5) can 

be used to estimate the pressure at the time of fluid 

inclusion trapping (Roedder, 1.984). using the H20-C02 phase 

relations described in Takenouchi and Kennedy (1.964), the 

fluid pressure was around 1. kb at the time of formation of 

these inclusions, assuming that the fluids have low salinity. 

If the fluids have moderate salinity (around 6 equiv. wt. % 

NaCl), then the minimum fluid pressure increases to >2.5 kb 



(Takenouchi and Kennedy, 1965). 
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Assuming that the fluid 

pressure was nearly equal to the lithostatic pressure, these 

veins formed at a depth of at least 3 km. 

The relatively high fluid pressures interpreted for the 

veins requires that a significant correction factor be added 

to measured homogenization temperatures in order to estimate 

the minimum fluid temperature during the trapping of the fluid 

inclusions (Roedder, 1984). Early inclusion require a 

correction of about 250°C, bringing the fluid temperature at 

the time of vein formation (type 2) to approximately 450-500 

°C. This temperature range is generally consistent with 

estimates of temperatures in the shear zone during the early, 

ductile deformation, based on metamorphic phase relationships 

(Thompson, et al., 1989). Later veins (type 5) require a 

temperature correction of about 100°C, giving an inclusion 

trapping temperature of approximately 375 °C. 

Freezing data could not be obtained for several vein 

types and, therefore, speculation about variations in fluid 

salinity is difficult. However, the limited amount of Tm 

information acquired suggests that the fluids migrating in the 

shear zone generally increased in salinity, CO2 content, and 

chemical complexity (presence of H2 , N2 , and/or light 

hydrocarbons?) through time. These trends would be consistent 

with progressive removal of H20 from the fluid by late, 

retrograde metamorphic reactions and/or mixing with fluids 
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produced by the dewatering of organic rich sediments at 

relatively low P-T conditions (Crawford and Hollister, 1986). 
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Major and Trace Element Analysis 

Samples representing relatively unaltered host rock and 

al tered material from near vein margins were selected for 

maj or and trace element analysis in order to explore the 

metasomatic effects of the fluids on the host rocks. 

"Unaltered" host rock was collected at least 10 m from any 

visible evidence of veining or fluid migration and alteration. 

"Vein margin ll samples were collected less than 10 cm from the 

various veins. 

Virtually all of the samples analyzed came from surface 

outcrop; therefore, some alteration of their chemistry by 

oxidation and reaction with meteoric water is likely. The 

magnitude of this effect is difficult to assess, and will be 

different for each combination of element and rock type. 

However, the chemical data are assumed to be sufficiently 

representative of the original chemistry of the rocks to allow 

general metasomatic effects of the hydrothermal fluids on the 

host rocks to be described. 

Method 

All samples were crushed to <5 mm and washed in dilute 

Hel to remove secondary carbonates. After drying, samples 

were pulverized. Major and trace element analyses were 

performed by Bondar-Clegg Inc" Sparks NV. Major elements 

were determined by standard wet chemical analysis. Most trace 
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elements were determined by INNA; Pb, Mn, and cu were found 

by hot HF-HNOJ-HCI digestion followed by Atomic Absorption 

analysis. 

Results 

A summary of the findings is presented here; complete 

results of all chemical analyses can be found in Appendix III. 

Each vein type is accompanied by a characteristic set of 

metasomatic changes in the host rock. These changes are 

reflected in the chemistry and mineralogy of the host rock 

near the veins compared to those of rock far from the veins. 

Type 1 veins have little discernable metasomatic effect 

on the host rock; none of the elements observed varied 

significantly between samples collected at the margins of 

these veins and those of the host rock far from the veins. 

Type 2 veins are accompanied by increasing Fe, Mg, Ti, 

and Ca concentrations and decreasing si and K relative to 

unaltered host rock in both the Blue Springs and. felsic 

tectonite units. An increase in Al is also present near type 

2 veins in the felsic tectonite. The dominant mineralogical 

changes in the dark green alteration aureole include 

decreasing quartz, muscovite, and/or feldspar and increasing 

chlorite. Trace elements with anomalously enriched levels in 

the alteration zone include AU, Cu, Pb, Mn, As, Sb, Cr, and 

Sc. Figure 32 illustrates the compositional changes between 
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altered and unaltered host rock for both the Blue Springs Fm. 

and the Felsic tectonite. 

Vein type 3 is characterized by alteration of the host 

rock to black tourmalinite with minor sulfides for a distance 

of 10 to 50 cm from the vein. Chemically, this change is 

reflected in increasing concentrations of AI, Fe, Mg, and S 

coupled with decreasing K and si levels. Large increases in 

B content are also implied by the tourmaline in the alteration 

mineralogy, although B content was not specifically analyzed. 

Anomalously high levels of Mo, Ni, Cr, Cu, and Pb and low 

levels of Cs and Rb occur in the altered rock near the veins. 

ure 33 illustrates the chemical differences between unaltered 

and altered rock near vein type 3. 

Alteration near vein type 4 is characterized by increased 

concentrations of AI, Ca, Fe, Mg, Mn, and Ti combined with 

decreased levels of K and si. Anomalously high 

concentrations of Cu, Pb, Mn, Ni, Co, Cr, and Sc with low 

levels of Th, U, Cs and Rb occur in the alteration zone 

relative to unaltered felsic tectonite. These changes are 

reflected in a decrease in quartz and feldspar, and an 

increase in chlorite, hematite, calcite, pyrolusite, 

tourmaline, and various clay minerals. Figure 34 illustrates 

the metasomatic changes associated with alteration near vein 

type 4. 
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Figure 32: chemical variations in the dark green alteration 
zone around type 2 veins relative to unaltered host rock. The 
host rock is a} Blue springs Fm., and b) felsic tectonite. 



92 

8102 

-10.00 -5.00 0.00 5.00 10.00 

wt:. 'k cb&JIq_ 

Figure 33: chemical variations in the black, tourmalinite 
alteration zone around type 3 veins relative to unaltered host 
rock. 
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Figure 34: chemical variations in the dark, earthy, 
brecciated alteration zone around type 4 veins relative to the 
unaltered felsic tectonite hosting the veins. 
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The alteration near vein type 5 is characterized by 

increased concentrations of AI, Si, and K, coupled with 

decreased levels of Ca, Na, and Mg. Trace elements with 

enriched concentration near vein type 5 include Au, Sb, Ba, 

Cr, Cs, Tb, Lu, Rb, and Zr. Mineralogically, these chemical 

changes are reflected in sericitization, silicification and 

local tourmalinizatio'n and sulfidi:?:ation of the granodiorite 

host lithology. Feldspars are almost completely altered to 

clays. Samples of material from within the vein are extremely 

enriched in Au (>9000 ppb) , Ag (2620 ppm), Sb (>9000), CU (6.2 

%), and Pb (12.6 %). 

changes between the 

granodiorite. 

Figure 35 illustrates the metasomatic 

alteration zone and the unaltered 

Alteration near vein type 6 is characterized by a large 

increases in Ca and H20 (LOI). The Ca increase is due to 

massive calcite flooding of the host roc]{ within 10 cm of the 

vein. The water may have been adsorbed on clays in the 

alteration zone. Most other elements appear depleted in the 

alteration zone; this probably results more from dilution by 

calcite than actual chemical mobilization and removal. Figure 

36 illustrates the metasomatic changes in the alteration near 

vein type 6 relative to unaltered host rock. 

Al teration near vein type 7 is characterized by increased 

concentrations of Ca, Fe, Mg, and Mn and decreased 

concentrations of K and si. Trace elements showed little 
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Figure 35: chemical variations in the sericitized and 
silicified alteration zone around type 5 veins relative to the 
unaltered granodiorite hosting the veins. 
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Figure 36: chemical variations in the alteration zone around 
type 6 veins relative to the unaltered Blue Springs Fm. 
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anomalous enrichment or depletion near vein type 7. Figure 37 

illustrates the metasomatic changes in the alteration zone 

near this vein type compared to unaltered host rock. 
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Figure 37: chemical variations in the alteration zone around 
type 7 veins relative to the unaltered Blue Springs Fm. 
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Discussion 

The fluid that produced type 1 veins appears to have been 

in equilibrium with the host rocks, and may have been derived 

locally through prograde dehydration reactions as the 

greenschist grade rocks near the shear zone were heated by 

tectonic juxtaposition next to the relatively hot amphibolite 

grade rocks. Such a model accounts for the lack of chemical 

or mineralogical alteration, the highly contorted and 

discontinuous vein morphology, and the localization of this 

vein type in a 200 m wide belt within the northern structural 

block directly adjacent to the shear zone. 

In general, elements mobilized and depleted in the host 

rocks by early, presumably deeper and hotter hydrothermal 

fluids (vein types 2 through 4) were precipitated and enriched 

in the alteration zones of younger, shallower, lower 

temperature hydrothermal circulation (vein type 5). K and si 

behave in this manner. These elements are depleted in the 

al teration zones around vein types 2, 3, and 4, while K 

enrichment and silicification occurred near type 5 veins. 

Alteration near type 6 veins is anomalous in its large 

amount of calcite. These veins, hosted by faults of likely 

recent (?) age, may have been produced from relatively shallow 

circulation of meteoric or basinal water. Their mineralogy 

and alteration are typical of the travertine springs along the 

normal faults associated with the Rio Grande Rift. 
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stable Isotope Analysis 

Method 

Fresh sulfides were only found on mine dumps in Bartolo 

canyon. Three pyrite and two galena sample from vein type 5 

were analyzed for sulfur isotopes. The sulfide minerals were 

separated and crushed in a mortar & pestle. Approximately 15 

mg of galena and 3.5 mg of the pyrite samples were combined 

with 50 mg of Cu20, placed in a sample chamber, and heated to 

950°C. Gasses evolved during the heating were condensed and 

separated under high vacuum using an -80 °c trap (H20) and -

180 oC trap (C02 and S02). Raising the temperature of the 

second trap to the melting point of pentane (-150 (?) °C) 

volatilized the CO2, leaving the S02 for analysis. 

Results 

The results of the sulfur isotope analyses are presented 

in Table III. Pyrite has an average del 34S value of 1.4, and 

galena of -1.0. 

Discussion 

The sulfur isotope values are typical of those found in 

the Proterozoic volcanogenic massive sulfide and mesothermal 

vein deposits in the southwestern U.S. (Eastoe, pers. corom.). 

This sulfur isotopic signature is difficult to interpret 



Table III 

Sulfur isotope data from 
sulfides in vein type 6. 

Mineral del ~S 

Galena -1.0 

Galena -1.1 

pyrite 1.3 
pyrite 1.4 

pyrite 1.5 
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conclusively; del ~S values near 0 per mil can result from 

magmatic sulfur, remobilization of older Precambrian sulfur, 

or by mixing of sulfur from a more negative reservoir with 

that of a more positive source. Sulfur isotope data were not 

obtained from the various lithologies in the area; therefore, 

speculation about local remobilization is difficult. Sulfide 

minerals in vein type 5 may contain S derived from syntectonic 

plutonic bodies at depth (?) in the shear zone, and/or sulfur 

remobilized from the metamorphic rocks. Small, stratiform 

massive sulfide bodies have been reported in the greenstone 

succession several kID north of the present study (Fulp and 

Woodward, 1990; Rieche, 1949); similar bodies may have existed 

in the stratigraphic succession locally, and might have been 

remobilized in the fluids migrating along the shear zone. 

This hypothesis would not only explain the sulfur isotopic 

values, but also the high base metal content of the veins. 
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General Discussion 

The formation of the veins seems to have occurred at 

progressively lower P-T conditions, as the rocks now at the 

surface were slowly uplifted and exposed. Thus, each vein set 

might be interpreted as a "snap shot" of the chemical and 

physical characteristics of hydrothermal activity at 

progressively shallower depths in this shear zone. Several 

aspects of the veins systems are consistent with such a model. 

First, the general structural control of th@.. y~ins changes 

from relatively disseminated and discontinuous bodies hosted 

in the axis of folds and planes of foliation formed by ductile 

deformation, to brittle-ductile tension gash arrays and 

centipede veins, to relatively large, continuous veins hosted 

in bri ttle faulting and brecciation. These changes in 

structural control reflect the variations in deformation style 

expected at progressively shallower depths in a shear zone. 

Second, elements like K and Si, which were apparently 

mobilized and depleted from host rocks by early, presumably 

deeper hydrothermal circulation are enriched and precipitated 

in the alteration near later, shallower veins. The variations 

in structural control of fluid migration, and in the chemistry 

of fluid - rock interaction as a function of increasing depth 

and temperature as suggested by this model are illustrated in 

Figure 38. 
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Figure 38: The generalized anatomy of a shear zone hosted 
hydrothermal system as suggested by the various vein types in 
the Monte Largo shear zone. 
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Potentially economic grade precious and base metal 

mineralization was found in vein type 5, hosted by relatively 

late faulting and brecciation. While the grade of the samples 

is impressive, an economically viable tonnage of minable rock 

is not demonstrated by this study. The "glory hole" or pod

like nature of shear zone hosted mineralization is such that 

prediction of grade and tonnage beyond the immediate exposure 

is extremely difficult. Nevertheless, interesting 

mineralization is certainly present and might warrant further 

exploration and study. The area with relatively high grade 

mineralization is cut off on the west by one of the large 

normal faults that bound the Rio Grande rift. If the down

faul ted block is not buried too deeply beneath the rift

filling sediments, then the continuation of this mineralized 

zone may be explorable in the fault block beneath the 

sedimentary cover. 

other Proterozoic shear zones in the Southwestern u.s. 

may well contain similar occurrences of mineralization. Two 

different types of exploration targets might occur in this 

structural environment. First, High grade, low tonnage 

deposits might be found in late brittle-ductile or brittle 

structural sites where fluid flow has been highly focused 

along relatively few, large channels. These sites would be 

analogous to the type 5 veins found in this study area, and 
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are typical of the type of deposits currently sought in shear' 

zones. 

Second, low grade, high tonnage, bulk minable deposits 

might exist in this structural environment. In rocks 

undergoing ductile deformation, fluid migration in shear zones 

seems to occur through many, small, anastomosing flow paths. 

If mineralization occurred while the host rocks were deforming 

by ductile strain, rather than brittle failure, then the 

pervasive fluid flow might produce relatively large tonnages 

of low-grade mineralization rather than large, discrete veins. 

The potential for this type of deposit has received little 

attention from exploration companies, and this mineralization 

model might prove useful for future exploration. 
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summary 

Several trends in the characteristics of the fluids 

migrating through this shear zone and of the fluid - rock 

interaction in this system exist. 1) Early vein types tend 

to have a large number of smaller, discontinuous veins 

distributed pervasively. Fluids migrating through the shear 

zone at progressively later times tended to be more 

structurally focused along fewer, larger structures and 

produced larger, more continuous veins. 2) Fluids in the 

system seem to have become more reactive with the local rocks 

as time progressed. The earliest veins show little alteration 

of the host rocks while progressively later veins show 

increasing amounts of wall rock alteration. 3) In general, 

fluid salinity, C02 content, and chemical complexity increased 

in later veins compared to earlier ones. 

Alteration near early veins is broadly characterized by 

increased Fe, Mg, Ca, and Al and decreased si and K. 

Mineralogical changes include increased chlorite, +/

tourmaline, +/-pyrolusite, +/-, hematite. Alteration near 

later veins is characterized by increased Si and K, manifested 

by silicification, sericitization, +/- sulfidization of the 

host rocks. 
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APPENDIX I: SAMPLE DESCRIPTIONS 

BS-l: Blue Springs fm., phyllonite facies, taken from near 
station 2; rock has a silver, fine-grained, micaceous 
sheen; SSP oriented N55E, 72SE; Le raking steeply NE in 
the SSP plane. 

BS-2: Blue Springs fm., dirty quartzite facies, from near 
station 2: SSP oriented N45E, 90SE: Le runs down dip or 
rakes steeply to NE. 

BS-3: Blue springs fm., greenstone facies, located near 
station 2; SSP oriented N50E, 88SE; Le not clearly 
evident; thin sections were cut dow the dip of sSP' 

BS-4: Blue Springs fm., dirty quartzite facies, from the ridge 
above station 1; this sample displays striking color 
banding defined by alternating quartz-rich and chlorite
rich layers at the rom to cm scale; ScI N30E, 75SE; SSP 
N30E, 90SE; Le down dip or steeply raking NE. 

BS-5: Blue Springs fm. 

BS-6: Blue Springs fm., dirty quartzite facies. 

BS-7: Blue Springs fm., phyllonite facies. 

BS-8: Blue Springs fm., phyllonite facies; sSP N45E, 90; Le 
down dip on Ssp' 

BS-9: Blue Springs fm., dirty quartzite facies. 

BS-I0 Blue Springs fm., greenstone facies; has Fe-oxide 
stained flow-channels(?). 

BS-ll: Blue springs fm., greenstone facies; flow paths with 
epidote(?). 

Q-l: quartzite with well developed shear bands. 

AS-I: amphibolite grade schist from south end of map area, on 
the ridge above station 12, contains garnet(?). 

T(?)i-l: Mafic, porphyritic intrusive dike much younger(?) 
than the proterozoic host rocks, probably related to the 
development of the Rio Grande rift. 
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ML-13: quartz vein material and tourmalinite from centipede 
vein just bellow the quartzite lithology, 100 m north of 
Monte Largo creek. 

B-2-1: Blue Springs fm., phyllonite facies located at station 
2; SSP N45E, 83NW; lineation not apparent, sections cut 
down-dip. 

B-2-2: Blue Springs fm.; altered host from near vein at 
station 2: SSP N45E, 83NW: lineation rakes steeply SW. 

B-2-3: Blue springs fm. from station 2; quartz-epidote vein 
and altered host rock. 

B-5-'1: Blue springs fm. near station 5; tightly folded and 
crenulated. 

B-5-2: quartz +/- calcite in large veins in axial planes 
foliation of large isoclinal fold at station 5. 

B-5-3: Host rock adjacent to veins (B-5-2). 

B-6-2: Blue Springs fm., near station 6; SSP N25E, 90; SCI N25E, 
70NE. 

B-6-1: Vein-margin material from station 6; fine-grained, 
dynamically recrystallized(?) equivalent of the internal 
vein material; SSP N35E, 57SE; Le unclear; possibly raking 
steeply NE. 

B-6-2: Vein material from station 6, composed of quartz + 
calcite. 

B-6-3: Vein material from station 6, composed of quartz + 
calcite. 

G-7-1: Relatively undeformed Monte Largo granodiorite from 
approximately 50 m from the contact at station 7; SSP 
N28E, 75SE. 

G-7-2: Strongly foliated material 10 m from contact; SSP N5E, 
78SE. 

G-7-3: Mylonitized material at the Monte Largo-Blue Springs 
gradational contact; S~ N30W, 75 SW. 

B-8-1: Blue Springs fm., with quartz-microcline vein material 
from near station 8. 
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B-8-2: Blue Springs fm., dirty quartzite facies from station 
8; SSP N38E, 78 SE; lineation difficult to resolve, 
perhaps raking 45 SW. 

B-9-1: Blue springs fm., near station 9; well developed shear 
bands in mylonite. 

B-9-2: quartz-microcline-epidote vein material 

Q-l0-l: Quartzite from station 10; SSP N55E, 39SE; Le down dip. 

R-10-1: Felsic tectonite from just east of station 10; SsP 
N40E, 44SE: Le down dip; thin section R-10-1a &b cut down 
dip; thin section R-l0-2 cut on an apparent extension(?) 
lineation raking 600 NE on Ssp. 

Q-l0-2: Quartzite from station 10; unoriented sample, but 
selected for interesting textures. 

Q-10-3: Tourmalinite from near vein at station 10; tourmaline 
(.1 to 1 rom dia., .5 to 10 rom length) is black, and is 
locally broken along basal cleavage and sheared in a 
matrix of vein quartz. 

R-11-1: quartz-microcline vein in Felsic tectonite; located 
on the slope of the hill 100 m west of station 11; vein 
morphology shows brittle-ductile tension gashes; 
microcline at vein margin is distinctly red-orange 
compared to the host rock. 

A-11-1: amphibolite from station 11; SSP N39E, 90; Le raking 
40SW on Ssp. 

AS-11-1 Silicified(?) amphibolite schist from the margin of 
vein (AS-11-2); section a cut parallel to lineation 
raking 40SW on Ssp; section b cut parallel to extension or 
crenulation lineation down dip; section c cut 
perpendicular to the crenulation hinges. 

AS-11-2: quartz from vein at station 11; vein composed only 
of quartz. 

AS-12-2: massive unit in amphibolite schist or metavolcanics 
in southern structural block; unoriented; section cut 
perpendicular to foliation, parallel to lineation. 

AS-12-l: Amphibolite grade pelitic(?) schist with garnet from 
station 12. 

R-13-1: quartz +/- microcline vein material from station 13. 
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R-13-2: Felsic tectonite from station 13: SSP N15E, 77NW; Le 
raking 65SW on sSP' 

R-14-1: Felsic tectonite and quartz-microcline vein material 
from station 14. 

Q-15-1: quartzite from station 15; SSP N47E, 75SE; Le down dip. 

Q-15-2: Schistose layer in quartzite at station 15: SSP N50E, 
75 SE; Le down dip. 

Q-15-3: hydrothermal quartz from within the quartzite at 
station 15. 

B-15-1: Blue Springs fm. from just below quartzite at station 
15; SSP N32E, 62 NW (fold limb?); Le down dip. 

B-16-1: Vein material from station 16; mineralogy includes 
qtz, microcline, Fe-oxides, chlorite. 

B-16-2: Vein material from station 16; massive quartz type 
vein. 

B-16-3: Blue Springs fm., near shear zone contact between Blue 
Springs and Felsic tectonite; located approx. 50 m NE of 
station 16: massive quartz vein material and altered(?) 
host rock. 

R-17-1: Felsic tectonite in alteration zone of vein at station 
17. 

R-17-2: silicified material from margin of vein; (local 
metasedimentary unit?). 

R-17-3: Quartz vein material from station 17. 

R-18-1: qtz-epidote +/- microcline vein material in Felsic 
tectonite from near station 18. 

R-18-2: Alteration material from near vein at station 18; 
visible sulfides, tourmaline, and chlorite in milky 
quartz or breccia(?); unoriented; outcrops poorly. 

G-20-1: Sheared Monte Largo granodiorite that has been 
altered(?) by fluids "associated with breccia veins in 
quartzite in Bartolo canyon; located near station 20. 
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Q-20-l: Vein material from the eastern addit in Bartolo 
canyon; sulfides visible; green-yellow eu (?) 
mineralization associated with fracture fillings. 

Q-20-2: vein material from the western addit in Bartolo 
canyon; sulfides visible; much quartz with goethite 
filling cubic holes (pseudomorphous after pyrite?). 

G-20-2: sheared Monte Largo granodiorite from just beneath the 
quartzite near the east addit in Bartolo canyon; lots of 
alteration. 
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APPENDIX II: FLUID INCLUSION DATA 

Sample B-16-3 contains two-phase (liquid-vapor) secondary 

inclusions. The vapor bubble occupies approximately 10 

percent of the inclusion volume. These inclusions homogenized 

to liquid in the general temperat.ure range of 135 to 155 oC 

(mean Th of 147°C). 

around -90°C. 

Freezing was observed on cooling to 

Sample B-5-2 contains primary fluid inclusions which show 

a bimodal distribution in Th. The mode with lower Th occurs 

at approximately 225°C. Fluid inclusions in this population 

are two-phase (H20 fluid - vapor) at 25°C, with the vapor 

phase occupying 20-30 percent of the inclusion volume. The 

mode with higher Th is centered around 275°C. These 

inclusions are generally larger than those in the lower Th 

population. The high Th inclusions are two or three phase 

(H20 fluid, CO2 liquid, +/- CO2 gas). The liquid CO2 bubble 

occupies 35-45 percent of the inclusion volume. Freezing of 

ei ther the H20 or CO2 phase was not observed, but the CO2 vapor 

bubble homogenized with the CO2 liquid on cooling to -34.1 °c, 

and on heating to 29.3 °c. No consistent spacial relationship 

between inclusions in the low and high Th populations was 

observed. 
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Sample Q-20-1 contains two-phase (H20 liquid, CO2 liquid) 

primary inclusions with Th around 280°C. The CO2 liquid 

bubble occupies 40-60 percent of the inclusion volume. A few 

inclusions exsolved a small CO2 vapor bubble within the liquid 

CO2 bubble on cooling to 25°C. The CO2 phases homogenized to 

liquid on heating to 29.3 °C. These inclusions are similar to 

those in the higher Th mode from sample B-5-2. Freezing was 

not observed during cooling to -115.0 °C. 

Sample B-2-2 contains primary two-phase (H20 liquid

vapor) inclusions. The vapor bubbles occupy approximately 20% 

of the inclusion volume. Homogenization temperatures varied 

over a wide range, from 207 to 280°C. Freezing was observed 

on cooling to around -35 °C. Eutectic melting temperatures 

ranged from -8. 0 to -6. 5 °c. 

varied from -4.9 to -2.9 °C, 

Ice melting temperatures 

suggesting relatively low 

salinities in the range of 4.9 to 7.1 equivalent wt. % NaCl. 

Sample B-6-2 contains primary inclusion in both quartz 

and calcite. The vapor phase occupies 15 -20% of the 

inclusion volume. The inclusion in quartz homogenized to 

liquid at around 160 DC. Freezing occurred on cooling to 

approximately -70°C, producing a solid which occupied around 

45% of the inclusion volume. The remaining inclusion volume 

was occupied by a liquid which did not freeze on cooling to -



114 

115 DC. Eutectic melting (Te Ice) occurred in the temperature 

range of -39 to -25 DC and Tm of ice was in the range of -29.7 

to -17.1 DC. This range in freezing point depression is 

anomalously low. The Tm data in conjunction with the presence 

of a liquid fraction with extremely low freezing temperature 

is suggestive of a complicated fluid chemistry, possibly high 

salinity coupled with the presence of Hu Nu methane, or other 

light hydrocarbons. 
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APPENDIX III: MAJOR AND TRACE ELEMENT DATA 
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