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ABSTRACT 

The Jackson district, the most productive portion of the 

Mother Lode Gold B.elt, California, is underlain by Late Jurassic 

island arc metavolcanic and ·metasedimentary rocks. These rocks have 

undergone th.ree defonuational events: n
1 

produced major isoclinal 

folds and lower greenschist metamorphism, n
2 

produced a major strike

slip fault, the Gold Fault Zone, and n
3 

resulted in minor reverse 

faults.. n
1 

and n2 are correlative with the early and late phases of 

th.e Nevadan Orogeny respectively. 

Th.e '!llajor gold-quartz veins of the district were localized 

in th.e Gold Fault Zone during n2 • They are postulated to have been 

generated by shear-zone metamorphism induced by late Nevadan strike

slip movement along the Melones Fault Zone, a mechanism that is also 

probably responsib.le for the formation of the entire Mother Lode B.elt. 

The Mother Lode ores are not believed to he the product of volcano

genic, primary metamorphic, or batholithic-related mechanisms. 

xi 



CHAPTER 1 

INTRODUCTION 

Location 

Amador County is one of several small east-west elongate 

counties that lie on the western flank of the Sierra Nevada, Cali

fornia (Figure 1). It extends 84 kilometers from the crest of 

the range on the east to the margin of the Sacramento Valley on the 

west, and is bounded by the Consumnes River on the north and the 

Mokelumne River on the south. The distance between the two rivers 

ranges from about 10 kilometers in the east to 34 kilometers in the 

west. The county seat, Jackson, lies about 70 kilometers southeast 

of Sacramento. 

History 

Like its neighbors along the western Sierra Nevada, Amador 

County owes its establishment and much of its development to the 

existence of the numerous rich gold deposits for which this region is 

famed. The discovery in 1848 of the fabulous placer deposits of the 

Sierra Nevada led to the initial excitement and the influx of the 

"forty-niners 11 but these deposits were soon exhausted. It was the 

gold-quartz veins of the Mother Lode Belt, discovered in 1851 (Mason 

1 
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Figure 1. Location map, east-central California. 



1881) and mined until 1964, that generated a lasting prosperity for 

Amador County. 

3 

The Mother Lode Belt is a "long, narrow strip on the western 

foothills of the Sierra Nevada in which is enclosed a more or less 

continuous series of gold deposits. It is a mile wide and 120 miles 

long" (Knopf 1929, Figure 2, p. vii). The Mother Lode Belt was one 

of the most productive gold-mining areas in the United States and the 

Amador County segment of it was the crown jewel of the system, by it

self ranking as the sixth most productive gold-mining district in the 

United States prior to 1960 (Koschman and Bergendahl 1968). 

The Mother Lode Belt passes through the west-central part of 

Amador County, a hilly area of oak trees and grasslands with eleva

tions of 275 to 520 meters. Most of the important towns of Amador 

County are situated along the Mother Lode Belt (Figure 3) and the 

most important north-south highway in the foothills, State Route 49, 

parallels the belt and passes close by most of its important mines. 

Previous Studies 

During their long and fruitful history, the gold mines of 

Amador County generated considerable scientific interest and were the 

subject of numerous public and private reports. Particularly prolific 

was the California Division of Mines and Geology, previously the 

California State Mining Bureau, which turned out numerous status 

reports and brief geologic descriptions of individual mines in its 

s-eries. of Reports of the State Mineralogist. More detailed geologi.c 
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descriptions of the mines and geology were published by the C.D.M.G. 

in special reports by Fairbanks (1890), Storms (1900), Logan (1935), 

Carlson and Clark (1954), and Clark (1970). 

6 

The most commonly cited, most geologically comprehensive, and 

probably best report on the Mother Lode Belt and the Amador County 

mines is that by Adolf Knopf (1929), U.S.G.S. Professional Paper 157. 

Knopf's careful observations and perceptive interpretations, chiefly 

derived from inspections of now inaccessible underground workings, 

provided a strong and indispensable foundation for this study. A 

more modern view of the petrology and structural geology of the area 

was provided by Duffield and Sharp (1975). Other important descrip

tions are found in Master of Science theses by Knaebel (1931) and 

Lambert (l948) and in private reports by Hershey (1927, 1931) and 

Joralemon (1941). 

The geologic maps that accompany some of the previous reports, 

including those of Ransome (1900}., Knopf (1929), and Logan (1935), 

were unfortunately of little use because they are small scale, highly 

generalized, and structurally and stratigraphically simplistic. The 

exception to this is the generally superb map of Duffield and Sharp 

(19 75) which served as an ideal framework for this more detailed study. 

Purpose 

The main emphasis of most of the previous studies was the 

description of the mines, their veins, and their orebodies from exam

inations of underground workings. Little attention was given to the 
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general setting of the deposits and their host rocks and hence a very 

simplistic image of the overall geologic picture has developed. In 

addition, almost all these reports were written prior to 1950. The 

science of geology has made significant advances since that time, many 

of which are applicable to the study of the Mother Lode region. So 

despite the abundance of older studies it was felt that their nature 

left room for progress. This project was initiated with the belief 

that a detailed study of the surface geology of part of the Mother 

Lode Belt could yield important new information about the setting, 

localizati.on, and genesis of these enigmatic deposits. 

Methods 

It was decided that a large-scale detailed map would provide 

th.e data most critically needed, and would be necessary as the basis 

for any future studies:. Accordingly, a strip of the Mother Lode Belt 

7.25 kilometers long and 1.6 kilometers wide was mapped at a scale of 

1:2,400 (1 inch = 200 feet) on blueline copies of airphotos. Tile 

segment of the MOther Lode from the Argonaut Mine at the north edge 

of Jackson to the Keystone Mine at Amador City was selected as the 

project area since this was the most productive part of the entire 

belt. 

This part of the Mother Lode was also selected for another 

reason. Many of th.e metamorphic rocks of the western Sierra Nevada, 

the Foothills Belt, that comprise the host rocks of the gold deposits 

have undergone a long, complicated geologic history. By selecting 



the Jackson-Amador City district, which along with some other less 

productive districts contains the youngest layered gold-quartz vein 

host rocks in the region, the minimum amount of pre-mineralization 

tectonic or metamorphic overprinting is involved. More complex areas 

would make interpretations about the relationship between features in 

the host rocks and in the gold-quartz veins more difficult and less 

believable • 

8 

Most strongly emphasized during the mapping were the recogni

tion and delineation of all significant and mappable rock units and 

the identification and location of all structural features. The final 

copy of the geologic map (Figure 4) was produced at a scale of 

1:4,800 (1 inch= 400 feet). The field studies were augmented with 

standard petrographic techniques .. 

Rock exposure in the study area is far from ideal in both 

amount and quality. While a precise number cannot be placed on the 

percentage of outcrop, it is probably within the range of 1% to 3%; 

outcrops are not delineated on the geologic map (Figure 4) but the 

density and variety of structural and other map symbols in any one 

area roughly reflect the quantity ·and quality of outcrop there. Poor 

exposure hindered the precise definition of many features, especially 

stratigraphy, but it did not preclude the demarkation of many impor

tant features and the establishment of the several key relationships 

that will be developed in the pages that follow. 



CHAPTER 2 

ROCK UNITS 

Rock units i.n the map area can be separated into three basic 

groups: steeply dipping relatively strongly metamorphosed pre

Cretaceous rocks of the Melones Fault Zone, steeply dipping weakly 

metamorphosed Late Jurassic volcanic and epiclastic rocks, and unmeta

morphosed flat-lying Cenozoic deposits. The two older groups are 

separated from each other by the Melones Fault Zone, a regionally 

through-going fault zone. The Cenozoic deposits are in contact with 

the older rocks along a regional high angle unconformity; locally the 

basement rocks below this unconformity have been intensely weathered. 

Rocks of the Melones Fault Zone 

Lithology 

The eastern margin of the map area is underlain by rocks of 

the Melones Fault Zone (Figures 3 and 4). Although this area was 

not studied as intensively as areas west of the fault zone, it was 

found to be underlain by four major lithologic types that occur as 

separate mappable units: greenschist, slate, meta-quartz monzoni.te, 

and quartz-mariposite-ankerite schist. Th.ese rocks show varying 

degrees of metamorphism, but overall they generally display more 

9 
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complete metamorphic recrystallization and more intense deformation 

than the Late Jurassic meta-volcanic and meta-epiclastic rocks to the 

west. 

The greenschist unit contains several distinct lithologies 

including meta-gabbro, epidote schist, and plagioclase-sericite

chlorite-quartz schist. Th.e latter is banded with 2-3 mm thick quartz

plagioclase bands alternating with. 0.5-1 nun thick chlorite-sericite 

bands; these bands are microfolded and cut by a later foliation that 

is parallel to the orientation of the Melones Fault Zone. Th.e meta

gabbro displays a well preserved primary porphyritic texture that is 

locally sheared out to a vaguely porphyritic schistose fabric; its 

primary orthopyroxene, hornblende, and plagioclase have been incom

pletely converted to chlorite, epidote, kaolinite(?), sericite, and 

quartz. The epidote schist is composed of epidote with lesser amounts 

of sericite, feldspar, biotite, quartz, and chlorite with no recog

nizable primary minerals or texture. In their study of the area, 

Duffield and Sharp (1975) classified the g;reenschist· rocks as 

phylliti.c and phyllonitic greenstone and amphibolite with local occur

rences of hornblende mylonite. They noted that ''all samples studied 

show generally pervasive shearing" at the microscopic scale that is 

not readily apparent in outcrop. 

Th.e slate unit consists dominantly of black and white lamina-

tions representing interlayering of carbonaceous and non-carbonaceous 

material, with very pronounced planar slaty cleavage. Included in 



this unit are local outcrops of bedded chert, tectonized quartzite, 

and coarse-grained quartz-muscovite schist. 

11 

Two large bodies of quartz-mariposite-ankerite rock crop out 

in the southeastern corner of the map area. They are composed mainly 

of quartz with highly variable amounts of ankerite, small amounts of 

mariposite, and traces of pyrite and chromite. The quartz takes the 

form of myriad veins of hairline to centimeters thickness. In thin 

section the chromite grains are seen to be broken and infilled and 

surrounded by mariposite. 

Th~e meta-quartz monzonite contains a primary mineralogy of 

perthitic potassium feldspar, plagioclase, quartz, and a small amount 

of amphibole. The amphibole is apparently sodic since it has low bire

fringence and red-brown to dark blue-gray pleochroism. Metamorphic 

minerals are chlorite, epidote, zoisite(?),and clays. Texturally, 

the rock has retained its original hypautomorphic granular igneous 

fabric with no hint of a metamorphic foliation, although in outcrop 

it is strongly fractured and cut by irregular epidote veinlets. 

These descriptions show that the dominant metamorphic minerals 

found in the rocks of the Melones Fault Zone are chlorite, sericite or 

muscovite, epidote-group minerals, and clays of the greenschist meta

morphic facies. The clays can be considered anomalous and may be 

related to early Tertiary or more recent w·eathering. Behrman (1979}. 

places th.e metamorphic grade within Melones Fault Zone at biotite 

zone, upper greenschist facies. Th.e quartz-:-mariposite-ankerite rock 

is peculiar to Mother Lode districts along the Melones Fault Zone and 
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its uncommon mineralogy does not fit easily into the regional meta

morphic facies concept. It probably represents a hydrothermally 

altered ultramafic rock (serpentinite) and the abundance of diversely 

oriented quartz veins may have formed by repeated infilling of frac

tures formed by recurring movement along the fault zone. 

The four major rock groups described above are not intermixed 

but occur as separate mappable bodies. All contacts between these 

units were interpreted to be faults but only one outcrop of a contact 

was found in which this interpretation could be verified. It is 

possible that some of these contacts may be nontectonic, especially 

those between th.e meta-quartz monzonite and other units. 

The thi.ckness of the Melones Fault Zone and thus this group of 

rocks is variable. The eastern limit of the fault zone was not 

reached during this mapping project, but Duffield and Sharp's (1975) 

map shows it to be 250 to 1125 meters wide. The subvertical orienta

tion of the fault zone means that the horizontal widths approximate 

the true thicknesses of the fault zone and the tectonized rocks within 

it. 

Age 

Th.e age of these rocks is unknown. An upper limit is defined 

by the date of cessation of movement on the Melones Fault Zone, which 

is believed by Morgan and Stern (19-77) to have occurred by 140 m.y. 

A lower age limit cannot be set but it appears that at least some of 

thes.e rocks originated in pre---Late Jurassic time. The metamorphic 
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banding noted in some of the greenschist units probably pre-dates the 

fault zone since it is cut at a large angle by foliation that parallels 

the fault zone. This banding may have first formed during a Late 

Triassic-Early Jurassic metamorphic event detected by Saleeby and 

Sharp (1980) and Behrman (1978b). Also, the slate unit bears litho

logic similarity to the "Calaveras Formation", a group of rocks of 

pre-Late Jurassic and pos~ibly Paleozoic age. 

Late Jurassic Rocks 

Weakly metamorphosed mafic volcanic, epiclastic, and shallow 

intrusive rocks make up the second of the two basement rock groups. 

West of the Gold Fault Zone, these rocks are assigned to the Logtown 

Ridge and Mariposa Formations, following the work of Duffield and 

Sharp (1975). East of the west strand of the Gold Fault Zone to the 

Melones Fault Zone is a group of similar and almost certainly coeval 

rocks that are probably part of the Mariposa Formation, although fault 

contacts preclude a definitive correlation. The intrusive rocks are 

lithologically like the volcanic rocks and are also probably correla

tive with the Mariposa Formation. All these rocks are weakly meta

morphosed but retain their primary textures and most of their primary 

minerals. Protolith determinations can so easily be made that the 

prefix "meta" will be left out of the following descriptions and dis

cussions to avoid needless repetition. 
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Logtown Ridge Formation 

Lithology. The Logtown Ridge Formation is a Late Jurassic 

sequence of conformable mafic volcanic rocks that is up to 3 kilometers 

thick and dips homoclinally to the east (Duffield and Sharp 1975). 

Only a hundred meters or so of the uppermost part of the formation 

was mapped during this project. This portion of the Logtown Ridge 

Formation consists of a complex sequence of interbedded agglomerate, 

breccia, tuff, and minor slate, none of which have been differentiated 

in Figure 4. 

In outcrop, the coarser-grained rock types are generally 

massive green agglomerates with abundant poorly sorted clasts ranging 

to over 25 em in diameter. The clasts are dominantly augite porphy

ries with lesser numbers of aphyric rocks, plagioclase-augite 

porphyries, and rare plagioclase-hornblende porphyries. Th.ese coarse

grained rocks grade into lapilli tuffs and tuffs that have a similar 

composition but a much more pronounced metamorphic foliation. 

Conspicuous dark euhedral augite phenocrysts as seen in 

Figure 5 are a characteristic feature in much of the Logtown Ridge 

Formation as well as many of the other Late Jurassic volcanic and sub

volcanic units in th.e area. In hands ample, the augite crystals are 

dark green to black; in thin section,they are colorless and generally 

pristine. They commonly comprise about 5% of the rock, locally up to 

10% or more, and are up to 10 mm in diameter. 

Major element chemical analyses (Turner 1894, Duffield and 

Sharp 1975, Kemp 1982) of 20 volcanic rocks from the Logtown Ri.dge 



Figure 5. Agglomerate showing typical conspicuous augite (A) 
phenocrysts. 
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Formation including some samples of the upper part mapped in this pro

ject, show silica contents ranging from 45.1% to 51.8%, indicating a 

basaltic composition. The mineralogic homogeneity of the formation 

both regionally and locally suggests that all volcanically derived 

rocks of the Logtown Ridge Formation in the map area are of basaltic 

composition. 

The contact between the Logtown Ridge Formation and the over

lying Mariposa Formation is generally gradational. In roadcuts near 

the Sutter Creek cemetery and along Highway 49 at Martell, Sutter 

Creek, and Amador City, coarse volcanics of the Logtown Ridge Forma

tion grade over approximately ten meters into lapilli tuff, tuff and 

slate, and finally into slate of the Mariposa Formation. Minor quartz 

veining ·and a lack of. gradation was noted near the .contact in the 

vicinity of _the high school in Sutter Creek, suggesting a faulted con

tact in that area. 

Age. Several ammonite fossils have been recovered from rocks 

of the middle portion and possibly the lower portion of the Logtown 

Ridge Formation, all of Callovian age (Duffield and Sharp 1975). The 

conformability and homogeneity of this volcanic pile and the presence 

of fossils as old as late Oxfordian in the overlying Mariposa Forma

tion indicate that the upper portion of the Logtown Ridge Formation 

in the map area is Callovian or pre-Late Oxfordian in age. The time 

scale of Armstrong (1978} places these s.tages at 166-160 m.y. Behrman 

(l978a) reported a K-Ar date of 153 .± 8 m.y. on igneous hornblende 

from the Lo gtown Ridge Formation, roughly in agreement with the 
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absolute paleontologic age, especially considering the large analytical 

error and probably metamorphic resetting. A ·uranium-lead analysis of 

zircon from a similar and probably broadly coeval sequence of volcanic 

rocks in the southern Sierra Nevada by Saleeby and Sharp (1980) 

yielded an age of 168 m.y. 

Mari.posa Formation 

Lithology. Conformably overlying the Log town Ridge Formation 

are metamorphosed epiclastic and volcanic rocks assigned to the Mari

posa Formation by Duffield and Sharp (1975). At the southern erid of 

the map area, two epiclastic units with a volcanic unit sandwiched be

·tween them occur between the Logtown ~dge Formation on the west and 

the Gold Fault Zone on the east. The volcanic rocks in the Mariposa 

Formation were given subunit status and called the Brower Creek vol

canic member by Clark (1964}, a convention followed in the study area 

by Duffield and Sharp (1975) and this author. 

Th.e westernmost and lowest epiclastic unit consists of black 

clay slates with subordinate interbedded fine grained wacke beds up 

to 25 mm thick. The wackes consist of approximately 30% sub angular to 

sub.rounded quartz, chert, and minor plagioclase grains in a clay 

matrix that has been partially converted to sericite, minor chlorite, 

and traces of biotite. The majority of th.e wacke beds are massive 

and do not display grading. The contact with the overlying Brower 

Creek volcanics is abrupt and on Highway 49 at Martell is marked by a 

thin quartz-albite-sericite vein and further north. by a slight angular 
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discordance between foliation attitudes, suggesting that the contact 

is faulted. On a megascopic scale, though, the contact parallels 

other lithologic boundaries and bedding attitudes in the area so that 

any movement along it has probably been insignificant. 

The Brower Creek volcanic member is lithologically similar to 

the Logtown Ridge Formation, differing only by having a larger per

centage of tuffaceous rocks. The lower third of this unit is well 

exposed i.n roadcuts of Highway 49 at Martell, and shows a gradation 

from massive phenocryst-rich augite porphyry, probably a flow or sill, 

to agglomerate and breccia (Figure 6) .that in turn grades into 

tuff (Figure 7) with minor slate. The remainder of the unit is 

not as well exposed but also consists of mafic augite-bearing tuffs, 

breccias, and agglomerates.. One belt of distinctive tuff outcropped 

consistently enough to be mapped as a marker bed. 

Only one whole-rock analysis is available for the Brower Creek 

volcanic member and it shows a silica content of 47.3% indicating a 

basaltic composition (Kemp 1982). The basaltic composition is also 

suggested by the strong lithologic similarity of the Brower Creek 

volcanic member to the Logtown Ridge Formation. 

The Brower Creek volcanics are in contact with another epi

clastic unit to the east. This contact is not exposed at the surface 

but numerous cross-sections through this vicinity by earlier workers 

show it to be nontectonic or at least unmineralized. During this 

mapping project, however, . thin quartz veins and altered rocks were 



Figure 6. Agglomerate in the Brower Creek volcanic 
member of the Mariposa Formation. This 
rock is lithologically similar to coarse 
volcanic rocks within other map units in 
the study area. Photograph taken on 
Highway 49 in Martel. 
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Figure 7. Tuff in the Brower Creek volcanic member 
of the Mariposa Formation. Photograph 
taken on Highway 49 in Martel. 
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seen near the contact immediately north of Highway 49, signifying the 

possibility of some dislocation along the contact surface. 

The epiclastic unit east of the Brower Creek volcanic member 

is very poorly exposed. It appears to be very similar to the epiclas

tic rocks to the west except that the rarely exposed wacke interbeds 

are somewhat thicker, coarser-grained, and display better sorting with 

up to 50% quartz and chert grains. No graded bedding was noted in the 

wacke beds. This epiclastic unit and the other rocks definitely 

assignahle to the Mariposa Formation are bounded to the east by the 

Gold Fault Zone. Th.e maximum stratigraphic thickness of the Mariposa 

Formation represented up to the Gold Fault Zone is 700 meters. The 

true thickness in this interval is probably somewhat different due to 

minor folding and possible faulting along contacts. 

Age. MOllusc and ammonite fossils have been collected from 

the Mariposa Formation at many localities including one in Amador 

County (Clark 1964, Duffield and Sharp 1975}, all of which point to 

the upper Oxfordian to early Kimmerdgian stages of the Late Jurassic 

as the time of deposition of the Mariposa Formation. Armstrong's 

(1978) time scale gives an absolute age of 160 to 155 m.y. for this 

time period; most other time scales suggest a somewhat younger age. 

Rocks of Uncertain Stratigraphic Position 

Between the Gold Fault Zone and the Melones Fault Zone is a 

group of rocks lithologically similar to those of the Logtown Ridge 

and Ma~iposa Formations. Duffield and Sharp (1975) considered them 
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to form a continuously conformable sequence with the Mariposa Forma

tion and assigned them to the Brower Creek volcanic member. This 

study has shown that within the map area, this belt of rocks is every

where in fault contact with the Mariposa Formation (Figure 4) and 

thus cannot be included in that formation with certainty. Therefore, 

I have chosen to follow the procedure of Clark (1964) and have left 

them in an unassigned status. For ease of discussion, the five sepa

rate fault-bounded blo-cks between the Gold and Melones Fault Zones 

have b.een numhered (see Figure 8). 

Lithology. Blocks 1, 2, and 3 contain coarse volcanic agglom

erates very similar to some of those fotmd in the Brower Creek 

volcanics and th.e Logtown Ridge Formation. They contain subrounded to 

rounded heteroli thic volcanic clasts. up to 25 em in diameter. As in 

the previously described formations, the clasts. are mostly augite por

phyries with lesser plagioclase-augite porphyries and aphyric clasts. 

The conspicuous augite phenocrysts are euhedral, dark green to black, 

and generally abundant, making up 5% to 30% of the rock. Th.e coarse 

volcanics are interbedded with compositionally similar tuffaceous 

rocks i.n all three blocks. No major element chemical analyses are 

available for these volcanic rocks, but their strong lithologic simi

larity to the Logtown Ridge Formation indicates that they are probably 

also of basal tic compos:i tion. 

Block 1 also contains a large amount of epiclastic slate with 

minor wacke. It is indistinguishable from that of the Mariposa 



Melones 
fault 

Logtown Ridge 
and 

Mariposa Formations 

Figure 8. 

· 1 mi. 

1 lal 

Structural-stratigraphic blocks in the central' 
part of the study area. AC ·~ Amador City, SC = 
Sutter Creek, SH. = Sutter Hill, M = Martell. 
Cenozoic deposits not shown. 
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Formation, consisting of black slate with thin interbeds of quartzose 

wacke (Figure 9.). 

Block 4 contains another coarse volcanic unit with minor tuff 

that is unlike the other volcanic units. The western and pre

sumably stratigraphically lower part consists of heterolithic augite

porphyry-domina ted agglomerates and tuffs similar to previous-ly 

described volcanic units. The middle portion, however, contains 

massive to amygdaloidal augite porphyries, probably flows, that have 

bright epidote-green augite phenocrysts. The upper portion consists 

of generally homolithic plagioclase-augite porphyry breccia and agglomr 

erate. While some of these rocks differ from the previously described 

volcanic units in texture and phenocryst color or relative abundance, 

they do not evidently differ much in overall composition and are 

probably also basaltic. 

Block 4 also contains slate-wacke units and tuff units sepa

rate from the volcanic rocks. The slate-wacke unit west of the coarse 

volcanics is very poorly exposed and little can be said about it. The 

other slate wacke unit is slightly dissimilar to those in Block 1 and 

west of the Gold Fault Zone; the thin wacke interbeds contain rela

tively less quartz and chert (5% to 25%) and more matrix than the 

previously described rocks and also tend to be finer grained. The 

tuff units of Block 4 are like the tuff that makes up th.e majority of 

Block 5 to be described in more detail below. 

The rocks of Block 5 underlie the majority of the area 

between the Gold and the Melones Fault Zones and form a distinctive 



Figure 9. Interbedded slate and wacke of Block 1. There 
is a 20 em thick wacke bed at the right edge of 
the hammer head. Photograph taken approximately 
100 meters west of the Lincoln Mine. 
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and apparently cohesive lithologic unit. This unit contains chiefly 

mafic tuff, tuffaceous sandstone, and slate, with interspersed marker 

beds of chert and volcanic-clast conglomerate. The tuff and tuffa

ceous sandstone outcrop as gray-green well-foliated rocks peppered 

with small augite crystals in a mottled green and greenish-gray 

groundmass. The groundmass is composed mainly of heterolithic volcanic 

fragments that range from silt size up to 5 mm and rarely up to 10 mm 

or more; the coarser varieties are most characteristic of the strati

graphically lowest part of Block 5 exposed in the center of the block. 

Several varieties of volcanic fragments are present, including aphyric 

grains, augite porphyries, plagioclase-augite porphyries, and plagio

clase porphyries; in hand specimen, the fragments are various shades 

of green, gray, tan, and white. Augite and locally plagioclase 

crystals constitute a small but distinctive portion of the grain popu

lation. One whole-rock analysis has been reported by Kemp (1982) for 

the mafic tuff in Block 5. It was collected from the northwest 1/4 

of the northwest 1/4 of Sec. 8, T.6N., R.llE., and contained 54.8% 

Si02, a slightly more siliceous composition than seen in other 

volcanic rocks in the study area. · 

The tuffaceous sandstone is differentiated from tuff by the 

presence of one to five percent quartz and chert grains; in all other 

ways it is identical to tuff such that the distinction of the two 

rock types. may have merit only as a field term and not as an indica

tion of different modes of formation. Similar tuffs and tuffaceous 



sandstones occur in Block 4. Black and green slate is ubiquitously 

interbedded wtth these coarser-grained rock types in both blocks. 
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The chert and volcanic clast conglomerate forms two and prob

ably three marker beds up to 80 meters thick in Block 5. These beds 

also contain slate and wacke but are characterized by the presence of 

fine-grained volcanic lithic conglomerates with 5% to 20%, locally up 

to 40%, chert pebbles (Figure 10). The volcanic pebbles are litho

logicaily similar to those in the rocks surrounding the marker beds 

but are generally larger and more strongly flattened, with lengths 

many times gr'ea ter than their thicknesses • In most outcrops, the 

chert pebbles stand out in reli.ef as gray knobs and ellipses, giving 

most natural outcrops of these marker beds a distinctive knotted 

surface. 

Included withi.n this sequence of Block 5 on its eastern side 

and in apparent coRformable relationship is a sequence of slate with 

interbedded quartzose wacke that lacks interbeds of tuff, tuffaceous 

sandstone, and for most of its strike length, chert and volcanic clast 

conglomerate. It is very similar in appearance to the slate and wacke 

of Block 4. 

Age. The age of the rocks between the Gold Fault Zone and 

the Melones Fault Zone has not been directly established by paleonto

logic or isotopic methods but can be confidently inferred. Litholo

gies, metamorphic grade, and structural fabric that are quite similar 

to those rocks of established Late Jurassic age, the Logtown Ridge 

and Maripos.a Formations, and dis.similarities to the same features of 



Figure 10. Chert and volcanic clast conglomerate. 
Chert pebbles (C) are gray and fairly 
equant while the remainder of the 
clasts, mostly volcanic in origin, are 
highly stretched. Photograph taken in 
roadcut approximately 50 meters southeast 
of the Talisman shaft. 
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other rock groups in the region leaves little doubt that this group of 

rocks is of Late Jurassic age. 

Intrusive Rocks 

Lithologies. Three types of mafic si.lls and plugs have in

truded the Late Jurassic section. Coarse-grained plagioclase-augite 

porphyry sills crop out in Block 4 and near the Eureka Mines 

(Figure 4). They are densely crowded with flow-aligned altered plagio

clase laths., chlorite-epidote patches, and euhedral pristine augite 

phenocrysts with a small amount of devitrified groundmass (Figure 

11}. Many of the chlorite-epidote patches have equant shapes with 

polygonal borders that may be pseudomorphic after olivine. Th.ese 

s.ills are concordant to moderately discordant and up to 120 meters 

thick. 

Much thinner augite porphyry bodies occur in Block 5 north of 

th.e vertical Kennedy shaft and in an isolated outcrop northeast of 

the Talisman shaft and in Block 2 south of the Niagara mine adit. 

They are characterized by abundant bright green augite phenocrysts up 

to 5 mm in diameter, similar to those in the middle part of the main 

volcanic unit of Block 4. Where exposed north of the Kennedy mine 

these rocks apparently form sill-like bodies 3 to 10 meters thick that 

are moderately discordant to their hos.t rocks. 

Th.e final intrusive type is expos.ed as a poorly defined plug 

north of the vertical shaft of the Oneida mine. It is basically a 

mass.ive greenstone with a few percent of small chlorite blebs in a 



A 

B 

Figure 11. Photomicrographs of plagioclase-augite porphyry 
sill. Note the augite (A) and plagioclase (P) 
phenocrysts and the chlorite--epidote patch (C) 
with polygonal borders that may be pseudomorphic 
after olivine. A. crossed polars. B. uncrossed 
polars. 25X. 
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mottled gray-green groundmass. Its fine grain size associated with 

the lack of foliation or layering suggests that it is an intrusive 

rock rather than a fine grained tuff. 

Age. Mineralogically and texturally, the intrusive rocks are 

like the Late Jurassic volcanic rocks of the Logtown Ridge and Mari

posa Formations and are almost certainly comagmatic with them. It 

follows that they are most likely of Late Jurassic age and basaltic 

composition. 

Metamorphic Effects 

The Late Jurassic rocks display generally minor metamorphic 

effects. In the volcanic rocks, augite and hornblende phenocrysts 
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are completely unaffected while the plagioclase phenocrysts are 

slightly to completely converted to clays (illite?), sericite, and 

zoisite(?). Even devitrified glass, now a cryptocrystalline semi

opaque brown material, is relatively unaffected; with only a minor 

amount having been converted to chlorite, chloritoid(?), and carbonate. 

Chlorite, chloritoid(?), carbonate, and albite more commonly fill vugs 

and voids and pseudomorphi.cally replace olivine ( ?) • A photograph of 

a thin section showing typical primary and secondary mine:ralogies in 

metavolcanic rocks. is. shown as Figure 12. In the epiclastic rocks, 

the original clay matrix has been recrystallized to very fine grained 

sericite, chlorite, and minor biotite seen in Figure . l3. These 

mineral assemblages indicate lower greenschist facies metamorphism. 



A 

B 

Figure 12. Photomicrographs showing metamorphic effects in 
Late Jurassic volcanic rocks. Seen here are 
pristine augite phenocrysts (A), plagioclase 
phenocrysts altered to sericite and clays (P), 
devitrified groundmass (G), and chlorite wisps 
(C). A. crossed nicols. B. uncrossed nicols. 
25X. 
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Figure 13. Photomicrographs showing metamorphic effects in 
Late Jurassic epiclastic rocks. This wacke 
shows primary quartz grains (Q) and .metamorphic 
sericite (S), chlorite (C), sericite-chlorite(?)
biotite(?)-carbonaceous(?) seams (B). A. crossed 
nicols. B. uncrossed nicols. SOX. 
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Elsewhere in the Foothills Belt, coeval rocks have a metamorphic 

grade as low as prehnite facies (B.ehrman 1979). 

Cenozoic Deposits 
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Several different kinds of Cenozoic deposits occur in . the map 

area (see Figure 4) including the Tertiary Mehrten formation, Quater

nary stream alluvium, and the products of man's recent activity, as 

mine dumps, mill tailings, and road fill. All the Cenozoic deposits 

are unmetamorphosed and undeformed. The alluvium and road fill were 

insignificant to this project and s.o were not mapped and will not be 

discussed further in the text. 

Mehrten Formation 

Bouldery andesitic mudflows and conglomerates with. interbedded 

andesite-lithic sandstones cap many of the hills in the map area. 

These rocks are part of the Mehrten formation which was dated by 

Dalrymple (1964) at 19 to 5 m.y. They rest atop a major regional 

angular unconformity. 

Basement rocks crop out very poorly for up to 100 feet ver

tically below the base of the Mehrten Formation. Where they are 

exposed in this interval they are kaolinized, bleached, and locally _ 

opalized representing the product of an early Tertiary period of 

sub-tropical or tropical weathering (Oakeshott 1971). 
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Mine Dumps and Mill Tailings 

Mine workings are numerous in the area and run the gamut from 

prospect pits a meter or -so deep to the extensive ·workings of pro~ 

ductive mines like the Keystone or Kennedy. Rock removed from these 

excavations and deposited as mine waste dumps has been included on 

the geologic map (Figure 4) to give an indication of the relative 

amount of excavation performed at each prospect or mine. In addition, 

deposits of sandy s.ulfide-rich mill tailings were mapped near some of 

the mines. 



CHAPTER 3 

STRUCTURE 

Structural features of the pre-Cenozoic rocks in the map area 

can be separated into five groups based on interpretations of their 

relative ages of formation. All but two have been assigned to three 

main deformational periods (D
1

, n2, and n
3

) based on their relation

ship to the gold-quartz veins and to each other: n
1 

features predate 

the veins, n2 features postdate n
1 

features and are probably synchro

nous with vein formation, and n
3 

features postdate . most or all veins. 

It is uncertain whether these three deformational periods represent 

wholly unrelated episodes or simply different phases of one or two 

deformational events. Kink bands definitely postdate n
1 

but could not 

be definitely assigned to n
2 

or n
3

; they may postdate all main defor

mation episodes. 

One structural feature on the geologic map (Figure 4) and on 

Figure 8 ~ the Whisky Fault, has not been placed into any of the main 

deformational periods but may predate all three. It does not seem to 

deserve the same treatment as other structural features due to its 

solitary nature and imprecis.e location and orientation. Some specula

tions on its origin, kinematics, and dynamics will be given on page 

97 • . 

36 



37 

Deformation Episode n
1 

Mesoscopic Elements 

The earliest formed structural features visible at outcrop 

scale include slaty cleavage, foliation, stretched pebbles, and small

scale folds. The cleavage and foliation, s
1

, are penetrative and per

vasive structural features in the pre-Cenozoic rocks at the map scale. 

Slaty cleavage, present in all the finer grained rocks, is also pene

trative on outcrop s.cale but grades into a crudely defined nonpenetra

tive foliation in the coarse volcanic rocks that is often defined only 

by the tabular shape of an entire outcrop. Slaty cleavage is defined 

b.y a preferred orientation of metamorphi.c muscovite, chlorite, and 

b-iotite and also by a preferred orientation of flattened clasts in 

fine-to-coarse-grained tuffaceous. rocks. Generally very little if 

any flattening of clasts can be recognized in the coarser-grained 

volcanic agglomerates. In slate-wacke units, the cleavage is also 

locally defined by red-brown carbon-iron-oxide seams, suggesting that 

pressure solution has also been active in producing the s
1 

cleavage 

wi.thin these units. 

s1 surfaces show a strongly preferred original orientation 

striking about N 10 W to N 40 W and dipping vertically or steeply to 

the northeast (Figure 14) • . Cle~vage and foliation are commonly 

parallel or suhparallel to bedding (Figure 15), · a relationship 

recognized in thin section, outcrop, and at. map scale. s1 is probably 



Figure 14. Stereonet flot of poles to s
1

, entire study· area. 
Contoured at 25%, 15%, 5%, and 2% density per 1% 
total area. 
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N 

t•l46 

Figure 15. Stereonet Plot of poles to bedding (S
0
), entire study 

area. Contoured at 15%, 10%, 5%, and 2% density 
per 1% total area. 
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axial planar to major n
1 

folds as it was observed to be axial planar 

to small-scale n
1 

folds in the study area and has an orientation simi

lar to that observed regionally to be axial planar to major folds in 

Late Jurassic rocks. 

Pebbles in the chert and volcanic clast conglomerates and in 

coarse-grained tuff and tuffaceous sandstone are moderately to strongly 

stretched, defining a lineation L1 • The amount of clast elongation is 

dependent on pebble lithologies, with chert pebbles showing little 

deformation while volcanic or slaty pebbles are extremely stretched; 

unfortunately, it was impossible to define the boundaries of individ-

ual clasts well enough that ratios of elongation could be determined. 

Pebble elongation axes are contained in the s
1 

plane and rake steeply 

at 60° to 90°. 

A few small-scale folds were observed in outcrop that are of 

equivocal age but probably formed during n
1

• They include a small 

0 
broad symmetric syncline in slate near Martell that plunges 44 to the 

north; a group of poorly defined folds in tuff and slate east of 

Sutter Creek that show some transposition of bedding (Figure 16); 

small-scale assymetric folds in the center of Sutter Creek with axes 

that plunge approximately 75° to the northeast; and a small symmetrical 

antiformal syncline in slate and wacke northwest of the Talisman shaft 

0 that plunges 13 to the southeast. The last fold mentioned is axial 

planar to s
1 

indicating its fonnation during n1 , but its present 

anomalous orientation as an inverted fold is probably the result of 

rotation during n
2 

since it lies in an area of complex structure and 



Figure 16. Partially transposed bedding in fold hinge 
zone.. Contact of slate (black) with coarse 
tuff (mottled gray and white). Note that 
foliation and small-scale contacts are 
subparallel to the long edges of the photo
graph while the large-scale contact cuts 
diagonally across the photograph. P~otograph 

taken on the Sutter Creek-Volcano Road 
approximately 600 meters east of its junction 
with Highway 49. 
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prominent n
2 

elements. Axial planes for all these folds are subverti

cal, dipping to the east and the west. 

Megascopic Elements 

Three folds of two scales, both too large to be directly ob

served in outcrop, were apparently formed during n
1

. The smaller of 

these folds, northeast of Sutter Creek, is defined by the outcrop pat

tern of a tuff marker bed that delineates an asymmetric fold with a 

wavelength of approximately 60 meters. The axis, determined by the f3 

intersection of two bedding attitudes, plunges 45° to the northwest; 

the axial plane is probably represented by s
1 

which strikes about 

N 20 W and dips subvertically. The other two megascopic folds are a 

large-scale anticline that runs the length of Block 5 and a large

scale syncline that is continuous through about half the length of 

Block 1. Both folds are truncated by the Gold Fault Zone at one end 

and continue off the map at the other end. 

The anticline is isoclinal and overturned slightly to the 

west. Its limbs are truncated but it has a wavelength of at least 

1000 meters. This fold is defined only by the closure of a marker 

bed of chert-volcanic conglomerate. No bedding attitudes were ob

served that would directly substantiane the existence of the fold, 

although two questionably overturned facing indicators were found on 

the west limb. The stratigraphy is not well defined enough or ex

posed sufficiently conclusively to prove repetition of the section, 

but repetition is suggested. The marker bed conglomerate shows 
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closure on both the north and south indicating that the fold is dome

shaped with a noncylindrical curving hinge line. The double closure 

suggests that the fold axis does not plunge steeply as is also sug

gested by steep plunges of 1
1 

which. would presumably be subperpendic

ular to the fold axis as depicted in Figure 17. The axial plane is 

almos.t certainly parallel to sl. 

The syncline is also isoclinal and overturned slightly to the 

west. Its eastern limb is truncated by the Gold Fault Zone but the 

homoclinal thickness of the west limb implies a possible wavelength 

of a kilometer or more. The syncline is defined by the map distribu

tion of facing indicators; its hinge suface was not found in outcrop. 

Judging by 8 intersections of bedding attitudes near the inferred 

hinge line, the axis plunges shallowly to moderately to the north 

while the axial plane is probably parallel to sl. 

Kinematic Interpretation 

The northwest-trending, slightly overturned large-scale folds 

of n
1 

imply horizontal crustal shortening in an east-north-east, west

south-west direction. The overall structural geometry is too poorly 

defined to permit accurate estimates of the amount of shortening, but 

a value of approximately 80% shortening can be derived from Figure 18. 

This number for the amount of shortening does not take into account 

the internal strain that is demonstrated by stretched pebbles and the 

pervasive cleavage and foliation nor the rotation indicated by the 

noncylindrical axis of the large-scale anticline. 
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stretched pebble = 
strain ellipsoid 

D· 1 FOLD HINGE 

Figure 17. General diagram _depicting the orientation of stretched 
pebbles relative to D1 fold axes • . ¥.10dified from Hopwood 
(19 78) • 
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Dynamic Analysis 

The orientation of the principal stress axes for n1 cannot be 

well specified on the basis of the field data. The maximum compres

sive stress, cr
1

, may have been parallel .to the direction of maximum 

shortening,trending west-southwest, or it may have been oblique to it, 

trending north-south. 

Deformation Episode D2 

Mesoscopic Elements 

Mesoscopic structural features attributable to n2 are crenu

lation folds and a crenulation cleavage (S 2). The crenulation 

cleavage s2 (Figure 19) is similar in appearance and spacing to s1 but 

is not pervasive throughout the map area; it was recognized only in 

slate outcrops near the Gold Fault Zone. Suggestions of an s
2 

fabric 

were also noted in some thin sections of rocks from in and near the 

Melones Fault Zone. The orientation of s2 differs from that of s1 

with the strike of s2 ranging from N 10 W to N 72 E with vertical to 

subvertical dips to the northwest or southwest (Figure 20). Northwest 

of the Talisman shaft, where s
2 

is most abundantly displayed and least 

likely to have been affected by slump or creep, it shows a more con

sistent orientation, with the eight attitudes measured there striking 

between N 12 E and N 40 E and dipping from 84° to 90° northwest. The 

existence of s
2 

in an outcrop is generally marked by the presence of 

steeply plunging slate pencils which reflect the intersection of s2 

with s
1

• The crenulation folds have amplitudes commonly much less 



Figure 19. Slate-wacke outcrop displaying bedding, s 1 and 
s2. The pen lies in a bedding plane which dips 
steeply to the right (south). sl is parallel to 
the plane of the photograph and is represented in 
the planar face of the outcrop. s2 is represented 
by the vertical fractures perpendicular to the 
face of the outcrop. Note the vertical cleavage 
"pencils" formed by the intersection of sl with 
S2. Photograph taken approximately 50 meters 
northwest of the Talisman shaft. 
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N 

Figure 20. Stereonet Plot of poles to s
2

, entire study area. 
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than a millimeter, up to a millimeter and at first glance often look 

like striations. They can be seen both in outcrop (Figure 21) and in 

thin section (Figure 22) to be buckle folds in s
1

. The crenulation 

fold axes define a lineation, 1
2

, in s
1 

that rakes from 60° to 90° in 

the plane of sl. The crenulation cleavage, s2, is axial planar to the 

crenula tion folds (Figure 22) • 

Eric, St·romquist, and Swinney (1955) also observed crenulations 

with axial planar s 2 cleavage farther south on the MOther Lode Belt. 

They described the s
2 

cleavage as shear cleavage with movement on the 

s2 planes of generally less than 1 mm; they found that the shear 

cleavage "strikes more northerly and dips more steeply than bedding 

and slaty [S1 ] cleavage" (p. 29),an orientation that conforms with that 

found for s
2 

in the study area. They stated that the crenulations 

plunge an average of 55°, somewhat less than those in the study area. 

In the slate-wacke unit northwest of the Talisman shaft is a 

well-exposed area that displays very complex structure. The overall 

geometry and the significance of this area are poorly understood but 

the types of structures and their orientations are regionally anoma

lous. Found .there are well-developed s
2 

cleavage, anomalous s
1 

atti

tudes, anomalous bedding attitudes, and inverted folds. s
1 

strikes 

up to 30° west (N 70 W) of what would be considered a maximum normal 

D
1 

orientation (N 40 W), while bedding strikes are diversely arrayed. 

Locally, bedding attitudes define small-scale antiformal synclines 

plunging shallowly to moderately to the southeast. One of these 

folds displays an axial planar relationship to s1 , indicating that it 



Figure 21. Crenulation folds in outcrop. The crenula
tions are the linear features plunging 
steeply to the right. The crenulations 
lie in an S1 surface. Photograph taken 
approximately 10 meters south of Amador 
Creek between the Keystone and Original 
Amador mines. 
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Figure 22. Photomicrograph of crenulations with axial 
planar S2 cleavage. Note the S1 mica band 
in the upper middle part of the photograph 
that is crenulated and cut by S2. Sample 
taken from same site as Figure 21. Crossed 
nicols. SOX. 
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was probably formed during n1 and rotated during n2 • Because of dis

continuous outcrop, it is unknown whether the other inverted folds s.how 

the same relationship to s
1

• 

Megascopic Elements 

A complex system of faults, the Gold Fault Zone, is the only 

large scale feature developed during n
2

• Movement on the Melones 

Fault Zone probably also occurred during n
2

, although the Melones 

Fault Zone probably has a long history that precedes n2 • The fault 

traces are very poorly exposed and were defined and delineated on the 

basis of the presence of one or more of the following features: 

1. demonstrable stratigraphic truncation; 

2. the presence of gouge; 

3. faults recognized in underground workings by previous 

workers; 

4. quartz veins, especially those greater than a few centimeters 

thick; 

5. juxtaposition of structural domains of differing fabric 

orientations; and 

6. anomalous orientations of n
1 

elements. 

Following these criteria, two strands of the Gold Fault Zone were 

traced (Figure 4). The number of faults is certainly greater than 

two as is indicated by the greater numbers of faults shown on the 

cross-section (Figures 18., 23, 24), but surface exposures are 

too poor to a11ow a more accurate representation. This paucity of 



52 

useful exposure is especially a problem with n
2 

faults since they com-

monly localize gold-quartz veins but are surrounded by less-resistant 

altered rock that seldom crops out. Also, in many cases the veins 

have been removed and the immediate area buried under mine dumps. 

At the surface, the faults appear to be vertical to very 

steeply eastward dipping. Reports on the mines by earlier workers 

sh.ow that the fault-localized veins dip from 80° to 50° to the east, 

1 1 90° h 11 1 20°,· . . 1 . rare y as steep y as or ass a ow y as 1n .vert1ca sect1on, 

they cut across bedding and s
1

. The strike of the veins is north

south to N 40 W, parallel to that of the regional fabric and generally 

subparallel to parallel to the strike of local depositional contacts 

and s
1

. In the Kennedy mine, one of the mineralized fault strands 

bifurcates at depth (l<nopf 1929}, and the juncture of the two segments 

apparently plunges steeply since this split was not observed in the 

adjoining Argonaut mine. 

Kinematic Interpretation 

Three factors are of utmost importance to interpreting the 

structural geology of deformation episode D
2

• They are: 

1. th.e map pattern of the Gold Fault Zone and its truncation of 

lithologic units; 

2. the close spatial association of other n2 structural elements 

to the Gold Fault Zone; and 

3. the orientation of n
2 

structural elements. 
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The map pattern of Figure 25 compiled from my map and that of 

Duffield and Sharp (1975) conclusively demonstrates offset along the 

Gold Fault Zone of much more than 115 meters, the maximum offset re

ported by previous geologists in the area (Knopf 1929). The Gold 

Fault Zone is roughly parallel to lithologic contacts in the middle 

portion of its trace, and therefore it is impossible to get an idea 

of the amount of offset. However, it cuts obliquely across stratig

raphy at its northern and southern ends without demonstrable repeti

tion of lithologic units across the fault. At its northern end, as 

mapped by Duffield and Sharp (1975), the Gold Fault Zone juxtaposes 

Mariposa Formation slate footwall, with several different units in the 

Brower Creek volcanic member in the hangingwall along approximately 

5,500 meters of strike length. The southern portion of the west 

strand of the Gold Fault Zone separates two distinct s1 structural 

domains along at least 1,450 meters and possibly up to 3,000 meters 

of strike length; Figures 26 and 27 demonstrate a difference of 

approximately 18° between the strike of s1 across the fault zone. 

Thus, while the exact amount of offset along the Gold Fault Zone re

mains uncertain, these relationships indicate that it is probably on 

the order of hundreds to thousands of meters. 

The type of movement along the Gold Fault Zone during D2 can

not be directly determined, but it is suggested by general strati

graphic considerations and by associated mesoscopic structural features 

to be dominantly strike-slip. The fault zone juxtaposes rocks only 

of Late Jurassic age; if dip-slip movement of thousands of feet . had 
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Figure 25. Generalized geologic niap · of part of the Mother 
Lode B.elt, Amador County. 
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Figure 26. 

N 

Stereonet Plot of poles to S , west of Gold Fault 
Zone and south of Sutter Hilt. Contoured at 30%, 
15%, 5% and 2% density .. pe-r 1% total area. · Center of 
highest density area, is pole to plane with an 
orientation of l~ 15 W, 87 NE. 
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N 

Figure 27. Stereonet Plot of poles to Sl, east of the west strand 
of the Gold Fault · Zone and south of Sutter Hill. 
Contoured at 30%, 15%, 5% and 2% density per: l% total 
area~ Center of highest density area is pole to plane 
with an orientation of N 33 \-1, 87 NE. 
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occurred it would be expected to juxtapose rocks of different ages. 

Probably more important to the kinematic interpretation are the meso

scopic n
2 

structural features s 2 cleavage and crenulations. These 

elements are not pervasive throughout the area but occur only near 

the Gold and Melones Fault Zones, suggesting a genetic link between 

them and the fault zones. Their orientations then provide a clue to 

the strain orientation and probable fault movement that formed them. 

The crenulations rake steeply in the plane of s
1 

at 60° to 90°. To 

form steeply plunging folds in a steeply-dipping planar fabric re

quires horizontal, layer-parallel compression. Since the crenula

tions post-date sl' sl mus.t already have been subvertically dipping, 

and therefore the crenulations were most likely created by horizontal 

compression of s
1

• To form the crenulations, the main compressive 

stress could not have been perpendicular to s
1 

but must have made an 

acute angle with s
1 

and therefore was oriented NW-SE or N-S. Either 

of these orientations would lead to strike-slip movement on the Gold 

Fault Zone. 

An .analogous argument can be mounted with respect to s
2 

and 

the sense of movement on the Gold Fault Zone. Gray and Durney (1978) 

have found that crenulation cleavages are sub-perpendicular to the 

direction of maximum shortening. Since s
2 

has an average strike of 

approximately N 26 E and subvertical dips, the maximum compression 

must have occurred in a subhorizontal direction striking approxi

mately N 64 W, assuming that Gray and Du~ney's (1978) findings are 

applicable to the study area. This suggests that the Gold Fault Zone, 



striking N 20-30 W, formed a shear conjugate to the direction of 

maximum compression and experienced left-lateral strike-slip motion 

(~igure 28). The. complex structure with inverted folds northwest 
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of the Talisman shaft may represent a zone of drag folding associated 

with the fault movement. 

Thus it appears that the Gold Fault Zone has seen hundreds to 

thousands of meters of movement with. a dominant sinistral strike-slip 

component. The combination of brittle rupture and translation along 

the Gold Fault Zone with the ductile formation of crenulations, folds, 

and slaty cleavage indicates that the Gold Fault Zone is a brittle

ductile shear zone (Ramsey 1980}. 

Dynamic Analysis 

Assuming that Gray and Durney's (l978) conclusion that crenu

lation cleavages are subperpendicular to the bulk finite shortening 

direction is applicable to the study area,. and that the shortening 

direction is parallel to the maximum compressive stress, the orienta

tion of the latter for D2 can be calculated. The average orientation 

of s2 is about N 26 E and therefore the maximum compressive stress di

rection for D2 would be predicted to have had a trend. of about N 64' W. 

Deformation Episode D
3 

Mesoscopic Elements 

Small-scale s.tructural features of D3 include moderate size 

kink folds, quartz-vein b.oudins., striations, and mullions. The 
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Figure 28. Diagram depicting deduced relationship of crenulations, 
s2, and the primary stress Ccr11 to the Gold Fault Zone. 



separation of thes.e elements from n
1 

is based on direct observation 

of cross-cutting relationships while their separation from n2 is 

based on the deformation of quartz veins believed to have formed 

during n2 • 

Two kink folds are ·exposed in open pit walls in the central 

part of the map area. They are similar to kink bands in that they 
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are angular open folds, but they differ in that they are · larger with 

wavelengths of a meter or more and they are not monoclinal (Figure 

29}. In the exposure just northwest of the Lincoln mine dump, 

thicker quartz veins within the kink fold are boudinaged (Figure. 

30) , whiie a thinner quartz vein has been deformed into a parasitic 

fold on the limb of the kink fold (Figure 31). The kink fold 

0 0 axes trend N20 - 23W and plunge 0 - 12 to the northwest; the axial 

0 planes dip 55 69° to the northeast. The axes of the quartz vein 

boudins are also subhorizontal. 

Striated surfaces, especially on quartz veins; are locally 

present near the Gold Fault Zone; in addition, one of these surfaces 

displays mullions. The striations and mullions plunge moderately to 

steeply at 55 ° to 90° to the east. lfui tehead (1942) noted steeply 

plunging slickensides and mullions on the footwall of the Argonaut-

Kennedy vein ass.ocia ted with. high-grade ore. 

Megascopic Elements 

Reverse faults are the only large-scale structural features 

formed during n
3

• These faults cut gold-quartz veins but have not 
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Figure 29. A kink fold at the Lincoln Mine. 



Figure 30. A boudinaged quartz vein at the Lincoln Mine. 
The pen is parallel to the axis of the D3 
boudin which plunges shallowly to the north. 
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Figure 31. A folded quartz veinlet at the Lincoln Mine. 
The veinlet cuts obliquely across the folia
tion of ankerite-sericite-sulfide schist. 
It is parasitic to the kink fold of Figure 29. 
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been given much attention in the more famous literature on the Mother 

Lode. Nonetheless, they have been well documented by Storms (1900), 

Hershey (1927, 1931), Logan (1935), Norman (1939), and Lambert (1948). 

The majority of these faults trends northwest and dips to the 

northeast, differing in strike and dip only slightly from the earlier-

formed mineralized n2 faults; one reverse fault in .the Argonaut mine 

was so similar in orientation to the vein that it took approximately 

iBO meters along dip to traverse from the footwall of the 6- to 10-

meter-thick-vein to the hangingwall (Hershey 1931). Dips of the n
3 

reverse faults are generally less. than those of the n2 faults. 

In addition to having attitudes semi-parallel to the n2 

faults, the reverse faults are spatially associated with them. 

Their ·surface traces must therefore. be closely adjacent to 

one another and of similar orientation. These facts, alongwith poor 

exposures, made it impossible to differentiate between the traces of 

northwest trending n
3 

and n
2 

faults, exceptwhere veins could be 

accurately located. Therefore, portions of the mapped surface trace 

of the Gold Fault Zone certainly represent n
3 

faults,and probably 

also faults that have experienced both n
2 

and n
3 

movement. 

One fault in the southeast corner of the map area trends 

nearly eastwest and offsets the Melones Fault Zone, which. was prob-

ably active during n
2

• It may be one of the post-mineral faults dis

covered at the south end of the Argonaut workings that dip 70° - 75° 

to the north (Logan 1935). Since this fault is post-vein, it has been 

included in p
3

; but the fact that its orientation is nearly 
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perpendicular to other D3 faults suggests that it may have formed dur-

ing a separate event. The two other steep faults with similar orienta

tions and amounts of offset probably represent the same event. 

Kinematic Interpretation 

The major component of movement on the northwest-trending set 

of n
3 

faults is apparently reverse slip as suggested by relationships 

in the Argonaut mine. The ore shoot of the Argonaut and Kennedy 

mines is a linear feature cut at depth by a n
3 

fault. Although the 

linearity of the ore shoot is only crudely defined, it provides rea

sonable control in determining th_e general slip line and the gross 

amount of net slip. Since there was apparently no difficulty in 

relocating the ore shoot in the footwall of the n3 fault directly 

down dip, there was evidently no significant horizontal component to 

the slip line. The direction of net slip, then, is reverse dip slip 

and th_e amount of throw can be no more than a hundred meters or so. 

The same relationships probably hold true for the other northwest

trending n
3 

faults. 

Most of the mesoscopic structural features of n
3 

can be 

related to the same movement and extension direction indicated by the 

northwest-trending reverse faults. The steeply plunging striations 

and mullions were probably formed by abrasion along reverse-fault 

slip surfaces. The kink folds may be drag folds near reverse faults, 

because the antiformal kink fold just northwest of the Lincoln mine 

lies in the hangingwall of a nearby reverse fault shown by Storms 
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(1900). The subhorizontal axes of quartz-vein boudins indicate exten

sion in a vertical direction, the same .as for the reverse faults. 

Dynamic Analysis 

The reverse faults and associated n
3 

elements indicate com

pression along a subhorizontal axis (Figure 32). While primary 

s.tress orientations cannot be calculated from the data available, o1 

probably trends subperpendicular to the northwest-trending reverse 

faults, thus at about N 70 E. The minimum stress axis, o3, is prob

ably subvertical and o
2

, subhorizontal and parallel to the strike of 

the faults, is at about N 20 W. 

Kink Bands 

Kink bands are small-scale structural elements of the study 

area that do not display well-defined relationships to the main 

deformation episodes and hence are not included as part of any of the 

other episodes. The kink bands deform s
1 

cleavage and foliation and 

therefore post-date n
1

• A few kink bands localize quartz veinlets, 

suggesting a link to n
2

, but these quartz veinlets are insignificant 

and may he unrelated to the gold mineralization; it is possible that 

the quartz veinlets helped to localize the kink bands. Also, rela

tionsh.ips in two poor outcrops. suggested that kink bands deformed n2 

crenulations and therefore post-date n2 • Finally, the stress orien

tations indicated by the kink bands do not conform to those postu

lated for the main deformation episodes. 



Figure 32. Theoretical primary stress orientations 
for reverse faults. 
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The kink hands are erratically distributed throughout the map 

area as small-wavelength open angular monoclines in s1 • Commonly the 

short limb of the monocline is 1 to 2 centimeters long and is bounded 

by two planar parallel surfaces. In most outcrops, the kink bands 

show only one sense of offset but in three places conjugate kink bands 

are visible (Figure 33). The axes of ·the kink bands are subhori

zontal to moderately plunging and the axial planes are shallowly to 

moderately dipping. Where several kink bands occur in one outcrop, 

they are generally s.eparated from each other by several centimeters 

of rock with an undeformed s
1 

fabric. 

Kinematic Interpretation 

The orientation and nature of the kink bands indicate verti

cal shortening. The kink bands in the study area and their orienta

tions are similar to those produced experimentally by Patterson and 

Weiss (1966) by 10% shortening of phyllite parallel to foliation. 

The small number of kink bands observed in the study area suggests 

that the amount of shortening that they represent is much less than 

10%. 

Dynamic Analysis 

The orientation of the maximum compressive stress, o
1

, is 

easily determined for kink bands: o
1 

normally bisects the obtuse 

angle between the axial planes of conjugate kink bands (Gay and Weiss 

1974)_. Using this method, a1 was calculated for the three sets of 

conjugate kink bands observed in the study area and found to have a 



Figure 33. Conjugate kink bands (K), Talisman shaft. The 
view is to the north. The upper kink band 
offsets its upper block to the left (west) 
while the lower kink band offsets its upper 
block to the right (east). 

69 



70 

variable trend and a moderately steep plunge (64° S 62 W, 69° N 8 W, 

56° S 47 E). These stress orientations are incompatible with those 

inferred for the other deformation episodes, indicating that the kink 

bands formed under different stress conditions. Presumably then the 

kink bands represent a separate deformation event possibly associ

ated with normal faulting related to post-reverse fault (D
3

) relaxa

tion. 



ECONOMIC GEOLOGY 

Ore deposits in the map area are of two types: pre-Cenozoic 

gold-quartz veins and Eocene through Holocene placer gold deposits. 

The reader is referred to the works of Mason (1881), Lindgren (1911), 

and Carlson and Clark (1954) for a review of the placer deposits and 

their geology. The placer deposits in this area were small, were not 

studied as part of this project, and will not be further discussed. 

Mining the gold-quartz veins was carried out mainly through 

inclined or vertical shafts, the last of which operated in 1964 

(Wood and Covelo 1979). Since mining ended, the shafts have caved 

and flooded; as a result, underground exposures are limited to two 

inconsequential adits. Therefore, the majority of the following dis

cussion has been derived from the published literature and a few 

private reports. However, the discussion of some surface features 

related to mineralization, including small veins, alteration, and 

rare exposures of productive veins, is based on my own direct observa

tion. 
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Gold-Quartz Veins 

Distribution, Production, and Grade 

Quartz veins known to have contained significant amounts of 

gold outcropped in a linear belt outlined by the Gold Fault Zone 

(Figure 4). Small amo.unts of gold were apparently produced from some 

quartz veins in the Melones Fault Zone a short distance outside the 

study area east of Sutter Creek; a few others in the Melones Fault 

Zone within the map area were prospected, but it appears that all the 

important gold mineralization was restricted to the Gold Fault Zone, 

also known as the Mother Lode. 

The Mother Lode Belt in Amador ·county· has been credited with 

a total production of 7.68 million ounces of gold by Koschman and 

Bergendahl (1968). Clark (1970) pla~es a figure of 180 million 

dollars for the total value of gold produced from lode mines in the 

Jackson-Plymouth district, which if divided by $25/ounce gold -- $25 

is used to take into account the fact that most of the gold was pro

duced at a price of $20.70/ounce and the remainder at $35/ounce 

yields a figure of 7.2 million ounces of lode gold produced from that 

portion of Amador County. At today's value of $450 per ounce, this 

would represent $3.2 billion worth of gold. 

The majority of this production, approximately 80% (5.8 mil

lion ounces), came from the 7. 25 kilometers of strikelength of the . 

Mather Lode Belt mapped in this study. The four mines ·in this stretch 

that produced over a million ounces of gold are the Keystone, the 
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Central Eureka group, the Kennedy, and the Argonaut. Other signifi

cant mines with more thnn $1 million worth of production at the old 

price include the South Spring Hill, the Lincoln, the Wildman-Mahaney, 

the South Eureka, and the Oneida. Smaller yet still fruitful mines of 

less than $1 million production are believed to be the El Dorado, the 

Medean, the Talisman shaft, the Sutter Creek, the Wabash, and the 

Wolverine. The rest of the mines and prospects on the map (Figure 4) 

apparently produced little gold, if any. 

Clark (1970) reported an average gold tenor of 1/7 to 1/3 ounce 

gold per ton (5 to 10 ppm),while production figures reported by Logan 

(1935) for eight years in the period 1915-1932 show an average content 

of 0.34 oz. Au/ton (11.7 ppm). Production figures reported by 

Joralemon (1941) for the Argonaut mine show a grade of 0.5 oz. Au/ton 

(17.1 ppm) from 1897 to 1925 and 0.301 oz. Au/ton (10.3 ppm) from 1926 

to 1940, with an overall average grade of 0.406 oz. Au/ton (13.9 ppm). 

Vein Geometry 

The gold-quartz veins are tabular masses of quartz striking 

north or northwest and dipping vertically to moderately to the east. 

They are discontinuous along .both strike and dip with maximum ob

served unbroken dimensions of 2,000 meters in either direction. At 

their terminations, the veins pass into stringer zones comprised of 

numerous thin quartz veinlets or into gouge-filled fissures (Knopf 

1929) • 
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The veins show abrupt local changes in orientation, especially 

when they pass between different rock types. Knopf (1929) found the 

refraction of the veins when they pass from slate into massive vol

canics or vice versa to be so consistent that he calculated a refrac

tive index of 1.4 to 1.6 for the change of dip. Variations in the 

strike of veins of up to 40° are evident from the plan maps of Knopf 

(1929). and Knaehel (1931}. Norman's (1939) plan map of the Old 

Eureka mine displays a slightly sinuous vein structure, with the 

barren northern and southern ends of the structure striking 10° more 

to th.e west than the intervening productive vein segment. 

The number of veins is not limited to two as might be con

strued from the two fault traces of the Gold Fault Zone shown on 

Figure 4; the simplicity of the pres:ent-day surface exposures belies 

the complexity of the subsurface situation depicted in cross-sections 

and plan maps by Knopf (1929), Knaebel (1931), and Logan (1935) and 

included in Figures 18, 23,and 24. At least eight separate veins 

were encountered in the Central Eureka mine and a ninth exists to the 

west of the claim block. Even at the Argonaut mine, which basically 

consists of a single vein, there were numerous splits from the main 

vein into the hangingwalL and footwall; some of which containe-d ore 

(Logan 1935, Hershey 1927 : and 1931, Joralemon 1941). However, with. 

the exception of the Railroad vein in the hangingwall of the Central 

Eureka group, all th_e productive veins that cropped out did so within 

the Gold Fault Zone. 
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Vein Mineralogy and Textures 

The gold-bearing veins consist of both hydrothermally 

deposited minerals and wall-rock inclusions. The most common 

hydrothermally deposited minerals are quartz, ankerite, arsenopyrite, 

pyrite, albite, sericite, apatite, chlorite, sphalerite, galena, 

chalcopyrite, and gold (Knaebel 1931, Hulin 1930, Knopf 1929). The 

paragenetic relationships among these minerals as deciphered by Hulin 

(1930) are portrayed in Figure 34. Hulin (1930), Knaebel (1931) and 

White (1943) determined that gold was the last mineral to be depos

ited, but this paragenetic relationship may be misleading; 

Boyle (1979) suggests that gold can be exsolved from earlier-deposited 

sulfides and remobilized on a local scale. Knopf (1929) felt that 

gold was mainly contemporaneous with the quartz and .sulfides and 

observed that the gold had been sheared locally. Leucoxene (Knaebel 

1931} and the iron phosphate strengite (Hulin 1930) have also been 

reported from quartz veins within the study area. 

Quartz is the dominant mineral component in the veins, gener

ally comprising 80%-90% or more of the hydrothermally-deposited con

stituents. The other minerals occur in varying amounts, on the order 

of a few percent or less. The sulfide content of ore grade material 

is "somewhat greater" than that of the sub-ore grade pGJrtions of the 

vein, but still ranges only from 1% to 2% of the rock (Knopf 1929). 

Texturally, the most outstanding aspects of the veins are 

features that bear evidence of repeated tectonism of the veins. For 

example, thin planar bands. of slaty wall rock locally included in 



QUARTZ ~----------------

STRENGITE 

~-----
SPIULEIUTB 

SERICITE 

GALEIU. 

CJULCOPIRITB 

GOLD 

Figure 34. Vein paragenesis at the Kennedy Mine. The 
bars rep resent only temporal rela·tionships 

.and not relative volumetric amounts. The 
·thickness of the blobs apparently indicate 
the relative percenta-ge of a mineral de
posited at a particular point in the 
paragenetic sequence relative to the total 
amount of that particular-mineral deposited 
during the entire period of mineralization. 
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the veins forming a type of vein material called "ribbon rock'~ 

(plate 4A, Knopf 1929 or B.oyle 1979, plate 3) are excellent represen

tations. The bands of slate "range in thickness from a few inches 

down to the thinness of paper. The paper-thin laminae may be most 

delicately and marvelously crenulated. The layers of quartz may be 

several feet thick or very thin" (Knopf : 1929, p. 25). The bands in 

the ribbon rock are parallel to the walls of the vein (Knopf 1929, 

Logan 1935). 

A more subtle and significant feature of vein texture was 

described in .detail by White (1943) in a study of ore from 27 gold 

mines of the world including the Old Eureka mine. He observed a char

acteristic cataclasis that is marked ·in incipient stages by conjugate 

enechelon planes (one set parallel to the vein walls) of fluid inclu

sions; where more fully developed, the quartz shows recrystallization 

and mottled extinction which when carried to completion leads to a 

vein "composed of small, equidimensional grains of clear quartz" (p. 

520). He differentiated this cataclastic texture from similar

appearing rock that is simply brecciated without recrystallization. 

The s.ignificance of this texture lies in the "remarkable fact that 

where gold occurs in well-defined ore shoots, the quartz of such 

shoots. is. invariably cataclastic; and the limits of ore mark the 

limits of cataclastic modification" (White 1943, p. 520). 
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Ore Shoots 

Ore-grade material was not evenly distributed throughout the 

veins but was localized into ore shoots. These shoots are generally 

pipelike bodies raking steeply in the veins at 60° to 90°. Horizontal 

dimensions of the ore shoots are commonly 60 to 150 meters (Clark 

1970) with vertical dimensions of 300 to 450 meters. The main ore 

shoot of the Kennedy-Argonaut mines was locally over 300 meters long 

horizontally and over 1,500 meters long vertically including a few 

barren or low grade zones (Logan 1935). Widths of ore shoots ranged 

from 1/3 to 18 meters with an average of probably 2 to 4 meters; the 

ore shoots tend to be wider than adjacent portions of the vein (Knopf 

1929, Logan 1935). Plan maps of apparently typical ore shoots are 

shown in Figure 35. 

Norman (1939) and Lambert (1948) distinguished two types of 

quartz vein ore bodies in the Old Eureka mine: first, "fault ore 

bodies along the Wolverine Fault" (Norman 1939, p. 4-5), a fault show

ing reverse post-mineral movement possibly represented by the east 

strand of the Gold Fault Zone near the Old Eureka mine "consisting of 

irregular lenses of shattered quartz surrounded .by gouge" and second, 

"quartz veins in shear zones" (Norman 1939, p. 4-5). It is apparent 

that the first type of ore body is formed by the tectonic disruption 

of the second type (Lambert 1948), probably by renewed movement on 

previously mineralized faults. 
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Figure 35. Plan maps of ore shootp. · 

A. Fourth floor, 4,100 foot level of its Central 
Eureka mine, showing widths in meters 
(Jn) and gold content (ppm), presumably 
from channel samples cut across the mine 
face at the indicated positions. 

B. 3,900-foot level _of the Kennedy mine. Modi
fied from Knopf (1929). 
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Surface Veins 

Thin veins with a variety of mineral contents have been mapped 

throughout the study area (Figure 4). They are usually less than 

2.5 to 7.5 em thick, rarely more than 30 em thick. They display two 

types of habits: those that are relatively irregularly shaped and are 

parallel or subparallel to foliation or cleavage and those that are 

very planar and moderately to shallowly dipping, cutting foliation or 

cleavage at a large angle. The latter types appear to represent min

eralized joints and are particularly abundant in the open pit walls 

of the Lincoln and Wildman-Mahaney mines. Quartz is the only comr 

ponent of many of the veins and in the remainder is generally the 

dominant phase with lesser amounts of sericite, albite, ankerite, py

rite, and calcite, with or without arsenopyrite. 

Alteration 

Wall rocks to the veins have been invariably hydrothermally 

altered, having been partially to completely converted to ankerite, 

sericite, quartz, pyrite, arsenopyrite, chlorite, and albite with 

traces of rutile and leucoxene (Knopf 1929, Knaebel 1931). Locally, 

altered volcanic rocks contain enough gold in large enough bodies to 

constitute ore termed "gray ore" by the miners due to its characteris

tic color. Altered slates commonly contain dark ankerite rhombs which 

have been rotated and are fringed with clear carbonate pressure shadows; 

euhedral pyrite grains also occasionally display pressure shadows 

filled with quartz, chlorite, and sericite with or without ankerite 
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(Knaebel 1931). Ma.riposite, the chrome-mica that is such a charac

teristic component of the alteration assemblage in many Mother Lode 

districts, is rare in the study area, its only known occurrence being 

in the quartz-ankerite-mariposite schist in the Melones Fault Zone 

east of th.e Kennedy mine headframe; it has not been reported in any 

of the mines. 

Altered volcani.c rocks crop out very sporadically at the 

surface. In most natural outcrops they characteristically consist of 

a brick-red punky material which in thin section is seen to comprise 

clays with. myriad tiny iron oxide blebs. Where better exposures 

exist, this type of material was seen to grade into rocks with abun

dant ankerite showing that the punky red rocks represent completely 

weath.ered ankeritized volcanic rocks. 

One of the only unweathered exposures of altered wall rocks is 

just northwest of the main Lincoln shaft. It consists of a _strongly 

schistose gray rock composed mainly of ankerite with lesser sericite, 

a brown semi-opaque material that is probably carbonaceous, and 

euhedral arsenopyrite crystals. The foliation is defined by the 

orientations of sericite and films of the brown material. The 

altered volcanic rocks generally occur in isolated outcrops erratic

ally distributed throughout the study area and show no well-developed 

spatial ass.ocia tion with known ore deposits. The largest exposures 

of altered rocks do, however, occur .around the prospect pits of the 

Kennedy and Argonaut properti.es south and west of Highway 49. 
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Zoning 

Significant changes in mineral types or systematic variations 

in mineral abundances have not been noted in the study area along 

strike or down dip. In fact, Logan (1935, p. 55) states: "There has 

been little variation in the character of these ores in the range of 

about 6,000 ft. on the dip so far explored." This lack of zoning 

is characteristic of the entire strike length of the Mother Lode Belt 

as Knopf (1929, p. 27) observed that "the quartz veins, especially 

those that are enclosed in slate, are similar from one end of the belt 

to the other • rr Possible exceptions to this similarity include 

Knopf's (1929, p. 27) impression "that the sulfide content decreases 

at depth, although there is no statistical evidence to support that 

supposition" and Hershey's (1931) belief that ore-shoots become 

smaller but higher-grade at depth. Overall, however, the lack of 

zoning is a s·triking feature of thi-s vein system. 

Age 

The age of gold mineralization has not as yet been well

defined. Obvious geologic relations bracket mineralization between 

the early Kimmeridgian rocks that are cut by the veins and the flat

lying Eocene conglomerates that contain placer gold and vein-quartz 

·clasts and uncomformably overlie the veins, placing the time of 

mineralization somewhere between 155-145 m.y. and 55 m.y. ago. 

Five isotopic K/Ar age determinations have been reported 

on mariposites . that accompany gold mineralization in the southern 
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Mother Lode Belt which is presumably coeval with that in the study 

area. These chrome-micas have yielded ages of 123 + 4 m. y. (Evans and 

Bowen 1977}, 108 ± 3 m.y., 116 ± 3 m.y., 116 ± 3 m.y., and 127 ± 
4 m.y. (Dodge, Silberman and Christie, written comm. : 1981}. These 

dates indicate a mid-Cretaceous mineralization event. Silberman 

(pers. comm., 1981) has interpreted these ages to represent the mini-

mum possible age of minerali.zation because of argon loss during a 

s;ub.sequent thermal event. Employing methods discussed by Shafi.qullah 

and Damon (1974), he calculated a primary age of mineralization of 

142 ± 9 m. y., which is latest Jurassic or earliest Cretaceous 

(Appendix A). This hypothesis of argon loss is backed up by the data 

of Saleeby and Sharp (l980} and Evernden and Kistler (1970) that indi-

cate that resetting of early to middle Cretaceous K/Ar systems in the 

western Sierra Nevada is the rule rather than the exception. 

Further age constraints based on structural-tectonic relation-

ships will be developed in later sections. 

Source and Temperature of Fluids 

Taylor (1981·) presentedr and discussed isotopic data .for the 

Mother Lode Belt gold deposits from samples collected from unspeci-

fied locations along the belt. Based on oxygen and hydrogen isotopic 

measurements, he concluded that "ore-forming solutions were essen-

tially metamorphic in nature" (p. 1059)_. He also found that isotopic 

fractionation and equilibrium between several different minerals 

0 0 indicate formation temperatures of 300 to 350 C. Sulfur isotopes 



in sulfides associated with gold are "compatible with derivation of 

sulfur from the metavolcanic rocks" and a "possible magmatic and 

metamorphic origin is indicated for co
2 

in the system" (Taylor 1981, 

p. 1059). 
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These conclusions are essentially identical to those reached 

on isotopic grounds by Marshall and Taylor (1980) for mineralization 

in the Alleghany district, a gold district near the Melones Fault 

Zone in the northern Sierra Nevada that has characteristics similar 

to but not exactly like those of the Mother Lode Belt. However, 

Coveney (1982) and Radtke, Wittkopp, and Heropoulos (1980) report 

lower temperatures of vein formation and gold deposition in the Alle

ghany district in the range of 180° to over 300° C. 



CHAPTER 5 

RELATIONSHIP OF THE STRUCTURAL EVOLUTION 

TO THE GOLD-QUARTZ VEINS 

As related in Chapter 3, the structural episodes in the study 

area can be related in a sequential timeframe, partially based on 

their relationships to the deposition of the gold-quartz veins. Since 

these relationships have extremely important implications for the 

timing, localization, tectonic setting, and genesis of these ore de

posits, they will be more fully developed here. 

Before developing the associations with specific structural 

episodes, it is important to point out that textural features of the 

veins prove that they were not formed as passive features during a 

period of tectonic quiescence. The ribbon rock common to many MOther 

Lode veins is formed of white quartz and bands of slate inclusions 

and has been interpreted as having formed by repeated opening and re

filling of the veins (Lindgren 1895, Knopf 1929, Logan 1935, Lambert 

1948). In addition, White (1943) has emphasized the importance of 

cataclastic deformation of the veins prior to gold deposition, and 

Whitehead (1942) noted numerous fracturing and re-sealing events 

within the veins. Thus it is apparent that vein-filling occurred 

while the vein-:local:iJ.zing faults were active. It now remains to tie 

this fault activity to the structural episodes of the study area. 
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The earliest formed structural features, those of period n1 , 

are cut by the gold-quartz veins. This age relationship was appar

ently quite obvious on the mesoscopic scale underground· as it has been 

noted by previous workers (Fairbanks 1890, Lindgren 1895, Storms 1900, 

Knopf 1929, Whitehead 1942). on the megascopic scale it is also quite 

obvious as the Gold Fault Zone truncates major n
1 

folds and forms the 

boundary between two differing s
1 

domains. It is certain then that 

the gold mineralization post-dates o
1

• Since primary greenschist 

metamorphism was contemporaneous wi.th n
1

, the gold mineralization must 

also post-date primary metamorphism. 

Several observations and inferences suggest that n2 structures 

are synchronous with. vein deposition and localized the veins. Both 

th.e o2 elements and the veins undeniably deform n
1 

features and there

fore post-date o
1

• As developed previously and further amplified 

below, n3 elements appear to post-date the veins, leaving o2 as the 

only recognized deformational event to which the dynamic vein filling 

process can be temporally linked. There is also a strong spatial 

association between th.e veins and o2 features. In outcrop, mesoscopic 

n2 elements are found only in and near the vein-localizing Gold Fault 

Zone and the Melones Fault Zone of which Gold Fault Zone is believed 

to he a minor branch. In a roadcut north of Sutter Creek where this 

spatial association could be more directly observed, s2 cleavage and 

crenulations were found in slate only within a few meters of some 

quartz veins; no structural elements of n
3 

were found near these 

veins. In addition, crenulations, almost unquestionably o2 elements, 



were found in slate on several mine dumps and are reported in slate 

inclusions within the veins (Fairbanks 1890, Knopf 1929). 
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Structural features of n
3 

show either a clear-cut post

mineralization age or equivocal time relationships with the gold-quartz 

veins. Two n
3 

structural elements, kink folds and reverse faults, 

have been directly observed by the author or reported by other workers 

definitely to post-date the quartz-veins. Striations and mullions, 

which plnnge steeply, are believed to h-ave resulted from the reverse 

faulting, although one mullioned surface is plated with a quartz

ankerite veinlet. Overall, it appears that structural episode n
3 

post-dates the main vein-formation period, although some quartz vein

lets of uncertain importance but presumably trivial to ore deposition 

could have been formed during this episode. 

The kink bands display no spatial relationship to the gold 

mineralization and conflicting age relationships _to quartz veins. In 

one outcrop, the kink bands .appeared definitely to post-date quartz 

veins, but in two other outcrops the fact that thin quartz veins 

occupy the bounding surfaces of kink bands suggests that those 

surfaces localized the veins. The opposite may be true, however, be

cause properly oriented veinlets would have provided ideal mechanical 

inhomogeneities and slip surfaces on which to form the kink bands. 

Also, kink bands, though not numerous, were found scattered throughout 

the map area, not just near the major fault zones. The kink bands are 

therefore tentatively believed to post-date the gold mineralization. 
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In conclusion, then, the gold-quartz veins are believed to 

have been deposited in active faults during deformation episode n2• 

Episode n
2 

was earlier interpreted to be a period of strike-slip fault

ing, so the veins were localized in strike-slip faults. The veinlets 

associated with n
3 

features could represent a separate and possibly 

insignificant vein generation. 

The present conclusion that the gold-quartz veins occupy 

strike-slip faults conflicts with the interpretation made by all other 

workers in the area who concluded that the veins occupy reverse faults. 

The reverse fault hypothesis of the early workers was based on some 

simp.listic and dubious assumptions. First, the earlier workers 

founded their conclusions on the apparent throw measured in the ver

tical plane using displaced greenstone-slate contacts; they assumed 

that the vertical throw equalled the net displacement, a relationship 

which is not necessarily true. In this manner, Knopf (1929) measured 

apparent vertical displacements in some of the mines in and near the 

study area of 55 to 115 meters, and in the Central Eureka mine he 

found evidence for 37 meters of horizontal displacement. A cross

section based on this interpretation is shown as Figure 36. Secondly, 

the stratigraphic support for the interpretation of reverse faulting 

now also seems questionable. The correlations of rock units made 

underground by which the displacements were measured were based only 

on gross lithologies and not a defined stratigraphy. This simplistic 

stratigraphy is evident in Figures 37 and 38; note that the rock units 

are separated into a pseudo-stratigraphy based on the grossest 
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Figure 37. A cross-section thrpugh the Argonaut shaft. 
1 = Tertiary gravel; 2 = greenstone; 3 = 
black slate; 4 = augite melaphyre (flow or 
sill); 5 =Argonaut vein; 6 =gouge veins. 
From Knopf (1929). 
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lithologic distinctions, greenstone versus Mariposa slate. Thus, dis

placements were measured from slate-greenstone contacts without 

apparent careful attention as to whether the rock units involved were 

truly the same. That these simplistic stratigraphic notions are in

correct in at least one place is demonstrated by a comparison of rela

tionships developed for the Argonaut mine by Knopf (1929) and the 

author. Figure 18 shows my interpretation of the geology through the 

Argonaut shaft. The subsurface geology was adapted mainly from 

Knopf's (1929) cross-section (Figure 37) along the same plane and 

is similar in most respects. My cross-section differs from Knopf's 

(1929) mainly in the hangingwall, which I have portrayed as tuff, 

tuffaceous sandstone, and chert-volcanic clast conglomerate of Block 

5 from about the 2,400 ft. level downward based on surface mapping of 

this unit by the author and statements by Joralemon (1941, p. 4) and 

Hershey (1927, 1937, pp. 3-4) that "graywacke", "mashed sandstone" 

and "mashed conglomerate" form the majority of the hangingwall begin

ning at about the 2,400 ft. level, lithologic descriptions that sound 

more characteristic of Block 5 than any other unit in the field area. 

The same authors noted that these rock types begin in the footwall at 

about the 4,800 ft. level, as shown on Figure 23, and they also des

cribed some of the reverse faults depicted in the cross-section. 

These correlations indicate that Knopf did not take note of all the 

varied lithologies in the mine and therefore may have made invalid 

correlations. It also indicates an apparent vertical offset of over 

600 meters which is five times the maximum offset that Knopf (1929) 



93 

noted in the area. Although these correlations may be debatable, they 

provide a means for explaining the discrepancy between Knopf's simple 

stratigraphy-minor reverse fault hypothesis and the differences be

tween Figure 36 and Figure 37, which are separated by only about 180 

meters along strike, about 1/7 the vertical dimension of the cross

sections. 

Therefore, it appears that the time-honored minor-reverse fault 

hypothesis may not be valid, having been based on invalid stratigraphic 

correlations and simplistic structural interpretations. It would also 

have difficulty accounting for the geologic relationships developed 

earlier in this section and the amount of offset along the vein

localizing faults indicated by recent mapping. Note that Knopf's 

(1929) map, Figure 38, which is typical of all those published prior to 

1975, does not even show a surface trace for the vein-localizing fault. 

The strike-slip fault-vein association does not readily ex

plain the geometry of the upper low-angle portion of the Kennedy

Argonaut vein (Figures 18, 36,and 37). It is proposed here that it 

represents a minor thrust-fault splay off the main Gold Fault Zone 

along which the western southward traveling block partially under

thrust itself. It is interesting to note that this upper part of the 

Kennedy-Argonaut vein was not very productive, and that in fact the 

upper portion on the Argonaut property was never even mined (Knopf 

1929). The great main ore shoot of the Kennedy-Argonaut mine did not 

appear until about 420 meters downdip from the surface (Logan 1935) 

when this upper portion of the vein fissure system intersected a 



slate-greenstone contact which here is interpreted to represent the 

main western strand of the Gold Fault Zone. 
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The strike-slip mechanism readily provides an explanation for 

the orientation of the ore-shoots while the reverse fault hypothesis 

does not. The ore shoots generally rake steeply at 60 o to 90 o in the 

veins, only rarely as shallowly as 45° to 30°. They are most common 

at vein intersections, vein splits, and at bends in veins (Whitehead 

1942, Knopf 1929) but "many ore shoots ••• are merely short lentic

ular expans.ions of th.e quartz veins in which they occur" (Knopf 1929, 

p. 29} such. as. those shown in Figure 35. The steep orientations of 

th.e ore-s.hoo ts fit the strike-slip strain regime nicely, as fault 

intersections and dilatant zones formed at fault bends would be pre

dicted to be steeply plunging in such a structural environment as 

depicted diagrammatically in Figure 39. Ore shoots that are 

simply "short lenticular expansions of the quartz veins" (Knopf 1929, 

p. 29). depicted in Figure 35 appear to b.e neither mullions nor 

b.oudins. Mullions would be expected to show a similar concavity on 

either side of th.e vein structure rather than the bulging that has 

been mapped. If these ore-shoots were boudins, there would be no 

immediate reason to expect gold content to drop off away from them 

since th.e thicker portions would have formed by structural deformation 

of th.e s.ame primary material as the thinner portions of the veins. 

This kind of ore shoot probably also represents a primary dilatant 

zone in the fault zone, and th.e steep plunge likewise reflects the 

s.tress orientation of the fault system. The rare, shallower-plunging 



Figure 39_. Ore-shoot orientations relative to fault orientation 
and sense of movement. 
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ore-shoots or portions of ore-shoots may reflect the influence of 

other factors, especially post-mineral reverse faults. 
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CHAPTER 6 

TECTONIC EVOLUTION 

The Sierra Nevada has experienced a long and complicated 

geologic history which is still incompletely understood. Many geo

logic events occurred prior to the Middle Jurassic, one or more of 

whichmay have affected rocks in the Melones Fault Zone, possibly 

involving its inception. However, the geologic record retained by 

these rocks is murky, complex, and controversial; h_ence efforts were 

chiefly directed toward deciphering the structural and tectonic evo

lution of the Late Jurassic rocks in the field area, especially since 

they are more directly associated with the gold deposits. The re

mainder of this section will deal only with events that involved the 

Late Jurassic rocks. 

Pre-Nevadan Orogeny 

Th_e first question of tectonic significance is the setting in 

which_ the Late Jurassic rocks were generated. There is a general con

sensus among modern workers that these rocks represent a mag-

matic island arc sequence erected above an active subduction zone 

($ehrman and Parkison 1978, Saleeby 1981, Schweickert 1981, Kemp 

1982)_. Direct conflict has arisen in interpretations of the position 

relative to North America in which the island arc was generated: one 
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group, led by Richard Schweickert, believes that these rocks are 

exot~c to the continent and formed over a west-dipping Benioff zone 

as shown in Figures 40B and 40C. Another group, led by Jason Saleeby, 

B.. C. Burchfiel, and G. A. Davis, argue that the arc was constructed 

essentially as close to the North American craton as it now occurs 

and formed over an east-dipping Benioff zone as seen in Figure 41A. 

Early Nevadan Orogeny 

Immediately following its formati.on, the Late Jurassic island 

arc was s.trongly deformed. This event, the Nevadan Orogeny, has been 

by definition limited to those events that affect the Late Jurassic arc 

rocks hut that precede the initial pulses of the main Sierra Nevada 

batholi_th of Early Cretaceous age. With the recognition in recent 

years of numerous pre- and post-latest Jurassic deformational episodes 

in the Sierra, the singularity of the Nevadan Orogeny has become dif

fus.ed, as some workers have used it to cover temporally and regionally 

diverse events outside the bounds of the original definition, andmany 

have chos.en not to use the term at all. I. shall use th.e term in its 

classical, time-restricted sense b.oth b.ecause of its applicability to 

the study area and because of its. inherent validity in delineating an 

event that is both. geologically well-defined and of fundamental sig

ni£icance to Foothills geology. 

As suggeste.d by Clark (l960b} and D. K. Chandra (1961), two 

phases. of the Nevadan Orogeny can lie recognized in the Foothills area. 

The first phase compress:ed the Late Jurassic and older rocks into 
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tight to isoclinal north to northwest trending major folds (Eric et al. 

1955, Chandra 1961, Clark 1960b and 1964, Schmidt 1982). These folds 

have axial planes that are upright to slightly overturned, steeply 

dipping axial planar cleavage and axes that are generally gently 

plunging, rarely as steep as 40°. The age of initiation the Nevadan 

Orogeny must post-date the youngest rocks it affects, the Oxfordian to 

early Kimmerdgian Mariposa Formation. Depending upon the time scale 

used, the hegimiing of the Nevadan Orogeny must be restri.cted to some

time immediately after ab.out 155-145 m.y. 

Later Phas.e of the Nevadan Orogeny 

The second phase of the Nevadan Orogeny consists of major 

movement along the Foothills Fault System of Clark (1960a) the two 

major components of which are the Melones and Bear Mountains Fault 

Zones. Th.ese faults cut the Late Jurassic rocks and the major folds 

formed during th.e earlier phase of the orogeny. 

No evidence has been recognized that would directly prove the 

sense of motion or amount of movement on the Foothills Fault System 

during this interval, but predicated on more indirect evidence, 

several attempts have been made to infer the slip direction. Many 

authors have concluded that there was a major component of strike-slip 

movement along the fault system during this period based both on meso

scopic and megas.copic structural features including steeply plunging 

small-scale and large-scale fold axes and steeply plunging synoptic 

fault-plane intersections (Eric et al. 1955, Chandra 1961, Baird 1962, 
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Clark 1960a and 1964, Cebull 1972). The same interpretation has also 

been made based on regional considerations by Locke, Billingsley, and 

Mayo (1940) and Saleeby (1981); these last authors as well as Cloos 

(1935) inferred right lateral motion while Eric et al. (1955) inferred 

left-lateral motion. Schmidt (1982) noted a post-early Nevadan defor

mation indicating dextral rotation, buthe thought it to be of probable 

Cretaceous age. 

To explain the occurrence of generally older and commonly more 

strongly metamorphosed rocks on the eastern hangingwall sides of the 

faults, most authors have also postulated reverse movement along the 

Foothills Fault System, especially for the Melones Fault Zone along 

which the metamorphic and age differences are best defined (see espec

ially Clark 1960a, and Eric et al. 1955). Some authors, including 

Knopf (1929) and Schweickert, Bogen, and Engelder (1982), propose only 

reverse movement on the Melones Fault Zone. For those workers who 

postulate both strike-slip and reverse movement, it is not clear whe

ther they feel that these displacements were accomplished during two 

separate periods of translation or one period of oblique slip. If the 

latter is true, the predominanace of structures indicative of strike

slip movement suggests that this was the major component of motion. 

This deduction implies tens or possibly hundreds of kilometers of 

strike-slip offset, since at least a kilometer or two of reverse move

ment would be necessary to account for the relationships along the 

Melones Fault Zone alone. 
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Cessation of major movement on the Foothills Fault System 

marks the end of the later phase of the Nevadan Orogeny. This cessa

tion is constrained by isotopic ages of the rare plutons that are cut 

by the faults and other plutons that cut the fault system without de

formation. Morgan and Stern (1977) report an age of 140 m.y. for an 

igneous complex that "apparently post-dates major deformation along 

the Melones Fault Zone" (p. 4 72). The Melones Fault Zone is truncated 

at its southern end by a grandodiorite pluton that displays syne~ 

placement plastic deformation, presumably by a strand of the Melones 

Fault Zone, but no brittle deformation (Cloos 1935); Evernden and 

Kistler (1970) include this pluton in their Yosemite intrusive epoch, 

which ranges in age from 148 to 132 m.y. Branches of the Bear Moun

tains fault zone cut a pluton with K/Ar ages of 143-146 m.y., a fault 

zone which is in turn cut by a pluton with a K/Ar age of 136 m.y. 

(Evernden and Kistler 1970). Behrman (1979) states that K/Ar geo

chronometry indicates that movement on the Melones Fault Zone ended 

prior to 138 m.y. Thus, termination of major movement along the 

Foothills Fault System and the close of the Nevadan Orogeny occurred 

at around 140 m.y. The permissible temporal extent of the entire 

Nevadan Orogeny then is 155 .to 140 m. y.. ; it could have been shorter, 

but it was not longer. 

Interpretations of the tectonic mechanisms responsible for the 

Nevadan Orogeny are a source of great controversy and are related to 

the conflicting opinions about the locus of generation of the Late 

Jurassic island arc discussed earlier. Those who favor an exotic 
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island arc hypothesis explain the Nevadan Orogeny as the result of 

the collision of the island arc with North America (Figure 40D). 

Those who favor a "native" origin for the Late Jurassic island arc 

suggest orogenic mechanisms related to intra-arc tectonics; especially 

Saleeby (1981) has developed a detailed story involving transpressive 

tectonics related to oblique subduction (Figure 41B). 

Sierra Nevada Batholith Emplacement 

Following the Nevadan Orogeny, the main portion of the great 

Sierra Nevada batholith was emplaced. As outlined by Evernden and 

Kistler (1970), this activity probably began at about 148 m.y. along 

the present-day western margin of the Sierra Nevada and swept east

ward, ending at about 79 m.y. in the eastern Sierra Nevada and in 

Nevada. Bateman (1981) states that more recent data shows few iso

topic ages between 155 and 125 m.y., although Wright and Sharp (1982) 

report that some small mafic-ultramafic intrusive complexes in the 

region show U-Pb zircon ages of 153-144 m.y. 

The tectonic setting of the Cretaceous Sierra Nevada batholith 

is well-defined and generally agreed upon. It represents the roots of 

an Andean-type magmatic arc formed after the subduction zone jumped 

westward to the Coast Ranges at the end of the Jurassic. The Great 

Valley sequence represents the forearc basin deposits and the Francis

can assemblage the subduction complex in this classic subduction sys

tem (Dickinson 1981; Figures 40F and 41C). 



CHAPTER 7 

RELATIONSHIP BETWEEN THE REGIONAL TECTONIC 

DEVELOPMENT AND THE STRUCTURAL 

EVOLUTION OF THE STUDY AREA 

Pre-Nevadan Orogeny 

Duffield and Sharp (1975) recognized two WNW-trending faults 

a few kilometers north of the study area that cut the Logtown Ridge 

Formation but not the overlying Mariposa Formation and ·therefore are 

of pre-Nevadan age. They appear to represent minor intra-arc exten

sion, as one fault displays what would be normal offset if the Late 

Jurassic section were rotated back to horizontal. The inferred 

Whisky Fault in the study area may be of the same generation because 

it displays a similar trend and possible offset; it is also the oldest 

fault in the area as it is apparently cut by the Melones and Gold 

Fault Zones (Figures 4 and 25). It is probably at least somewhat 

younger than those faults mapped by Duffield and Sharp (1975) because 

it cuts rocks that are likely part of the Mariposa Formation. 

Early Nevadan Orogeny: D
1 

The structural elements in the study area assigned to deforma

tional event D
1

, including large scale isoclinal folds and s1 cleav

age and foliation, are identical to those features described by 
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other authors as the first pervasive structural elements developed in 

the Late Jurassic rocks (Chandra 1961, Eric et al. ·1955, Clark 1964). 

Episode n
1 

therefore definitely represents the early phase of 

the Nevadan Orogeny. Although_ the study area is much too small to 

yield any definitive tectonic relationships, the lack of older pene

trative structures, especially those that would indicate transpression 

during th_e deposition of the island arc rocks, conflicts with 

Saleeby's model which calls for continuous deformation throughout the 

Jurassic. 

Late Nevadan Orogeny: n
2 

S.tructural elements of the study area assigned to deforma

tional episode n2, including s2 cleavage, crenulations, and folds, are 

interpreted to have b.een formed during a strike-slip event on the Gold 

Fault Zone. These structures are obviously correlative with those 

noted by other authors in the same timeframe and for which. similar 

interpretations have been made (Chandra 1961, Clark 1964, Baird : 1962, 

Eric et al. 1955, Cebull 1972}. It should be noted here that s.everal 

authors have postulated dominant dip-slip movement on ·the Melones 

Fault Zone (l<nopf 1929, Schweickert and Cowan 19 75, Behrman 19 78a, 

Schweickert 1981, Schweickert et al. 1982). Deformational episode n
2 

is therefore considered to repres:ent the later phase of the Nevadan 

Orogeny when strike-slip movement occurred on the Foothills Fault 

System, including the Melones Fault Zone. Of crucial importance and 

as noted before, th_e gold-quartz veins are believed to have formed at 
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the same time as the n
2 

structures, and thus are also products of the 

later phase of the Nevadan Orogeny. 

Batholith Emplacement: n
3 

The structural elements of deformational episode n3, including 

reverse faults, kink folds, striations, and mullions, are more diffi

cult to fit into the tectonic fabric. The faults, kink folds, 

striations, and mullions represent a brittle structural style, imply

ing a different rheological and stress regime than the brittle-ductile 

n2 regime and therefore probably a younger, post-Nevadan age. In addi

tion, Cloos (19351 argued that th.e reverse faults in the Mother Lode 

Belt resulted from lateral pressures exerted by th.e upward movement 

of th_e batholithic plutons, and are thus analogous to marginal thrusts. 

Following this reasoning and the probahle post-Nevadan age, episode n3 

is. ten ta ti vely linked to emplacement of the Cretaceous Sierra Nevada 

b.atholi.th.. The kink hands define a different stress orientation than 

that inferred for th.e n3 features and may represent post-revers.e fault

ing relaxation and normal faulting related to post-batholi.th. contrac

tion. Although normal faults were not recognized in th.e study area, 

minor post-mineral normal faults were reported in the central Mother 

Lode Belt b.y Eric et al. (1955). 



CHAPTER 8 

IMPLICATIONS OF THE STRUCTURAL AND TECTONIC 

EVOLUTION FOR THE ORIGIN AND 

LOCALIZATION OF THE GOLD-QUARTZ VEINS 

On the preceding pages, the structural development of the 

study area has been temporally and spatially linked to the gold-quartz 

veins and temporally, spatially, and genetically tied to the tectonic 

development of the western Sierra Nevada terrane. The relationships 

developed there provide important cons.traints and implications for the 

origin of the gold-quartz veins in the study area. Since these de-

posits are almost certainly coeval and cogenetic with those of the 

Moth.er Lode B.elt as a whole, the same constraints and implications are 

presumably applicable to the entire belt. These relationships neces-

sitate important modifications of previous ideas about the origin of 

these deposits, so it will first be necessary to outline these other 

ideas and to point out their inadequacy in explaining the data that is 

available, both old and new. 

Previous. Hypothes·es for the Origin of 
the Mother Lode Gold -Deposits 

s·everal mechanisms have been postulated or implied to explain 

th.e Mother Lode gold deposits. The most commonly promoted idea is 

that a pluton or series of plutons either provided 
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magmatically-differentiated vein constituents (Richthofen 1869, Lind

gren 1933) or supplied the heat to circulate meteoric fluids (Smith 

1981) or to metamorphose the country rocks to liberate the vein con

stituents (reported in Lewis 1982). Knopf (1929) proposed that carbon 

dioxide, sulfur, arsenic, gold, and "certain other constituents" (p. 

48} were emitted from a crystallizing magma but that these components 

were carried by meteoric water in a circulation system driven by the 

heat of a pluton. The causative pluton or plutons in these theories 

are implied to lie part of the Cretaceous Sierra Nevada Batholith. 

A syngenetic mechanism has been proposed for the Alab-ama

Crystalline mine in th.e Jamestown dis.trict by Lamarre (1977} and has 

been suggested veroally to the author by several individuals for other 

portions of the Mother Lode Belt. The syngenetic model holds that the 

gold deposits formed as a result of volcanic-related hot spring 

activity and that they generally represent stratiform chemical sedi

mentary exhalites. 

Finally, the work. of Taylor (1981) could be used to support a 

model invoking metamorphic -secretion due to primary greenschist meta

morphism. Taylor (1981) does not propose such a model but it is in

cluded here for discussion as a model that has been proposed for other 

gold deposits and might b.e applied to the Mother Lode Belt. For 

example, a genetic scheme calling on primary metamorphism has b.een 

proposed b.y Kerrich. and Fryer (19791 for the gold deposits of the 

Dome Mine in Ontario, Canada; thes.e deposits occur in a terrane that 

is. lithologically similar to the Mother Lode B.el t. 
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Each of these three mechanisms, while having certain appealing 

features, strongly conflicts with some important characteristics or re

lationships which have been developed here or that are generally 

acknowledged for the Mother Lode Belt. Table 1 lists these important 

geologic relationships and characteristics of the Mother Lode and the 

possible manner in which the three general models outlined above as 

well as a model to be developed later in this chapter can explain 

these features. 

The syngenetic and primary metamorphic models meet their most 

serious difficulty in dealing with the fact that the gold deposits 

cross-cut stratigraphy and primary metamorphic and structural features 

as developed in Chapter 5. This simple observational · fact demon

strates that gold mineralization post-dates primary metamorphism and 

deformation and therefore cannot be syngenetic or the result of pri

mary metamorphism unless it .was the last end-stage retrograde effect. 

Also, neither of these models accounts for the strong spatial associa

tion of the gold deposits with the Melones Fault Zone nor the rela

tionship developed in Chapter 5 between deformation episode n
2 

and 

gold mineralization. Finally, the syngenetic model conflicts with the 

conclusion of Taylor (1981) that the ore fluids are metamorphic in 

origin and with the isotopic dates, all of which are, if accurate, too 

young to be consistent with the syngenetic model. 

The plutonic theory also has difficulty in explaining some of 

the features listed in Table 1. Chief among these are the linearity 

and ·lack of mineral zoning of the Mother Lode Belt. It is an ' 
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Geologic Explanation Provided 
Features Models 

Requiring 
Explanation Syngenetic Plutonic Primary Shear-zone 

Metamorphic Metamorphic 

Linearity single strat. none none linear fluid + 
horizon heat + metal 

source 

Continuity continuous regionally regionally regionally 
stratigraphy continuous pervasive through-going 

batholith metamorphism shear-zone 
Spatial none main fluid none source of heat 

Relationship conduit + fluids + 
to MFZ metals 

Ore-zones none mineral- none mineral-
cross-cut ization ization 

strat + o1 post o1 post o1 
Lack of no zoning in none homogenous ore zones 
Mineral volcanogenic metamorphic parallel to 
Zoning system? conditions heat + fluids + 

netals source 
Existence remobilization none? control by o1 control by 02 
and Orienta-

[tion of Ore stress regime? ptress regime 
Shoots 

Relationship none none none both produced 
of Gold remobil.? remobil.? by later phase 
to o2 Nevadan Orogeny 

K-Ar Isochro. none date consistent consistent 
of 142±9 my generally 

too old 
Metamorphic none consistent required required 
Source of with some 

Fluids hypotheses 
Active none none none mineraliz. 

Faulting result of 
During active 

Mineralizatior faulting 
Gold Near none none none gold mobilized 
But Not in out 10f MFZ into 

MFZ subsid. fract. 
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such as porphyry copper deposits, usually display horizontal and ver

tical mineral zones, generally arranged in crudely concentric shells 

that mimic the shape of the causative intrusive. Theoretically this 

would be the expected result, with mineral zoning reflecting the shape 

of the fluid or heat source. As presented in Chapter 4, a lack of any 

significant recognized mineral zoning both along strike for 200 km and 

down-dip for almost 2 kilometers is one of the most striking charac

teristics of the MOther Lode Belt; an explanation for this puzzling 

characteristic is not readily apparent in any of the plutonic theories. 

In addition, the Mother Lode Belt does not display the concentric pat

tern of deposits that would be expected in an intrusive-generated 

system. 

The physical dimensions of the Mother Lode Belt also present 

problems for 'the plutonic theories. The strike-length of the belt, 

200 km, is much greater than the maximum dimension of any single plu

ton in the Sierra Nevada. Thus the plutonic theories are required to 

call on a single huge pluton at depth or a series of contemporaneous, 

virtually identical plutons spaced equally along the axis of the belt. 

These intrusives are neither evident in surface outcrop nor in deep 

subsurface exposures, nor can they plausibly be expected to exist at 

greater depth. 

The plutonic theories also fail to account for the structural 

and tectonic relationships outlined in Chapters 5, 6, and 7. As des

cribed there, gold mineralization is apparently contemporaneous with 

faulting that occurred during the later phase of the Nevadan Orogeny. 
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Since the earliest pulses of the Cretaceous Sierra Nevada Batholith 

post-date and in fact mark the end of the Nevadan Orogeny, the batho

lithic plutons do not make acceptable candidates as the causative 

plutons; they are too young. Also, Bateman (1981) has noted that 

plutons in the age range of Silberman's age interpretation, 142 + 9 

m.y., are scarce. 

Since the batholith post-dates active movement on the Melones 

Fault Zone, the spatial association of the gold deposits to the fault 

zone in the plutonic models must be the result of passive control by 

the fault zone. In other words, the inactive fault zone simply formed 

the best conduit for the pluton-generated hydrothermal fluids. This 

does not explain the fact that no significant gold deposits in the 

Jackson district actually occur in the Melones Fault Zone but instead 

are generally 1 to 2 km from it (Figures 3, 4, 18, 23, 24, 38). This 

relationship is apparently true for the entire Mother Lode Belt as 

Knopf (1929, p. 46) stated that "there is evidence that the veins 

occupy auxiliary features in a zone parallel to a great • fault. 

Some mineralization has taken place along the master fault but 

it is apparently nowhere of major importance." In the plutonic models, 

the inactive Melones Fault Zone would seemingly form the best avenue 

for ore fluids and therefore the most favorable site for mineraliza

tion; the fact that it is not well-mineralized is an enigma for these 

models. 



A New Hypothesis for the Origin of the 
MOther Lode Belt Gold Deposits 

The hypothesis to he developed here is that the Mother Lode 

Belt gold quartz veins were generated by and localized near a major 
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late Nevadan shear zone, a theory largely adapted from R. W. Boyle's 

(19.59 and 1979, p. 424-427} metamorphic secretion-dilation theory of 

the formation of epigenetic gold deposits. This hypothesis was also 

proposed in a very general way by Locke et al. (1940) for the gold 

deposits. of the Sierra Nevada. The mechanism of ore genes.is envi-

sioned is fundamentally one ·of shearing and redistribution of mass 

within a major fault zone. Fault movement and shearing would cause 

recrystallization of the rocks within the fault zone, releasing the 

more mooile elements. including gold and most of the other vein con-

stituents.. In addition, the heat generated oy the conversion of 

mechanical energy during shearing would contribute to the metamorphism 

of rocks in the fault zone as. well as nearby rocks and cause fluid 

circulation in the vicinity of the fault zone. Mineral-laden aurifer-

ous fluids genera ted by this sh.earing are envisioned as having b.een 

channeled b.y the fault-fracture system into dilatant zones which 

represented avenues of increased flow and sites of lower strain. The 

orientation of thes.e dilatant zones reflected the orientation of the 

primary s.tresses which_ also controlled th.e orientation and sense of 

movement of the fault zone. Incremental opening of the fault frac~ 

tures- and deposition of minerals from the hydrothermal fluids due to 

an unknown mechanism, possibly a decrease of temperature or of strain, 
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resulted in the formation of vein fillings with ore shoots preferen

tially localized in dilatant zones. 

This shear metamorphic secretion-dilation theory explains and 

in fact requires many of the relationships and features outlined in 

Table 1 which are characteris.tic of the Mother Lode Belt but conflict 

with the previously described models. Any difficulty associated with 

explaining the linearity, continuity, or spatial association with the 

Melones Fault Zone of . the Mother Lode Belt gold deposits is eliminated 

w'ith this theory. These characteris.tics: are simply an expression of 

the linearity and continuity of th.e shear zone, the Melones Fault Zone, 

respons.ible for producing the gold depos:its. 

The otherwise enigmatic lack of mineral zoning cannot only he 

res.olved with this theory but is als.o a predictable attribute of it. 

As suggested b.efore, mineral zone boundaries in epigenetic systems in 

general mimic the shape of the source of fluids, heat or b.oth. In 

this case, the source ~s postulated to have been an extensive tabular 

shear zone in which zoning boundaries· would be expected to be planes 

with. a s:trike and dip similar to that of the shear zone. Thus to 

cross zone limits into different mineral ass.emhlages, one would have 

to .move horizontally away from the shear zone. Moving along strike 

or down dip parallel to the shear zone, one would expect to encounter 

the lack of significant variations in mineralogy that has in fact been 

observed. 

Obviously, the metamorphic nature of th.e ore fluids as defined 

by Taylor (l9811 is crucial to this new hypothesis. It is important 
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to point out that the ore flui.ds could not have been waters circulating 

during the primary greenschist metamorphic event of the early Nevadan 

Orogeny (D
1

)., since the vein-localizing structures (D
2

) post-date pri

mary metamorphic features. These primary metamorphic waters may have 

b.een recirculated during the mineralizing event, however. 

Th.e detailed metamorphic mechanism responsible for generating 

the ore fluids cannot b.e outlined in detail because it is poorly 

understood. How·ever, the fact that such metamorphism has occurred has 

been documented by Behrman (1978a, 19'791 who noted an increas.e in meta-

1Ilorphic grade in Late Jurassic volcanic rocks from the prehnite to low 

greens.chist facies outs.ide the Melones Fault Zone to biotite zone 

greenschist facies. metamorphism within the fault zone. This metamor

phism is possib.ly due to the frictional heating . generated by shearing 

as. "temperature rises of a few hundred degrees can be expected in 

major s.hear zones" (:Brun and Cobbold 1980, p. 149). This temperature 

ris.e associated with. tremendous shearing and grain comminution s.ug

ges.ts that major shear zones can be considered to be very effective 

engines for generating hydrothermal systems and mobilizing elements. 

The metamorphic secretion mechanism calls upon country rocks, 

in this case especially those within the shear zone, to supply the 

gold and other vein constituents.. It is implied that a sufficient 

volume of rock had to be enclosed and strained within the Melones 

Fault Zone to suppiy the amount of material in the veins. For gold, 

136 Ian? of rock would be required to supply the 3. 8 x 10
8 

g of gold 

produced from the 13 significant Mother Lode districts, ass.uming 50% 
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efficient leaching of rock with an average gold content of 2 ppb. The 

horizontal dimensions of the shear zone are fixed by the 200 km strike 

length of the Mother Lode Belt and the 0.9 km estimated average width 

of the shear zone. The latter figure was arrived at by taking an 

average width between the range of 600 to 1200 m reported by Behrman 

(1979). Thus, to complete the equation, a vertical depth of only 0.8 

km is required to supply the gold of the Mother Lode Belt. This 

amount is very reasonable even as a minimum figure since the conti

nuity of the Melones Fault Zone along hundreds of kilometers of strike 

length assures that it extends to considerable depth beyond the 2 

kilometers cited. In addition, the average gold content of 2 ppb that 

was used may be too low; some of the possible fault zone protoliths 

are known to be anomalously enriched in gold (Mason 1881, Lindgren 

1894, Tilling, Gottfried and Rowe 1973), and fluids drawn into the hot 

shear zone from outside may have dissolved and carried some vein con

stituents with them. The possibility that pre-existing volcanogenic 

gold deposits were remobilized into the Mother Lode system cannot be 

ruled out, but based on the calculations above it is not necessary to 

add this complexity. The hypothesis of Smith (1981) that invokes pre

existing volcanogenic base-metal massive sulfides as the source of 

metals for the Mother Lode is untenable because amoung other things, 

it requires an unlikely 60-million-ton amount of massive sulvides and 

assumes an unreasonable grade of 0.2 ounces gold per ton (6.9 ppm) 

in them. This tonnage is orders of magnitude greater than the amount 

of massive sulfides ever found in the rocks closely associated with 
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the Mother Lode Belt and over 24 times the amount of massive sulfide 

mined from the famous Foothills Copper Belt several kilometers to the 

west. 

Quartz may have heen at least partially derived from a source 

local to th.e veins. Gray (1977) has observed the solution and removal 

of quartz from crenulation cleavages, suggesting the possibility that 

this mechanism may have operated along the Mother Lode Belt during 

the formation of s2 and supplied some of the quartz to the veins. 

The s.tyle of faulting linked to mineralization, the contempor

aneity of fault movement and mineralization, the absolute time of 

mineralization, and th.e short time span of mineralization are all ex

plained by postulating that gold-quartz vein mineralization along the 

Mother Lode Belt has b.een caused by movement on the Melones Fault Zone. 

This zone represents the last major shearing event to occur in the 

Foothills Belt, and hence is the only one to which this mechanism can 

he applied for mineralization in the Late Jurassic rocks. Further, it 

occurred at the proper time to fit the interpreted isotopic age of the 

ores. The scarcity of intrusives during this interval is no longer a 

prohlem. Plutons were essential to some of the previous theories for 

heat, metamorphism, and vein constituents; by providing an alternative 

source for each_ of these, the shear zone theory removes the need to 

invoke intrusive involvement in the ore genesis. 

Movement direction on the Melones Fault Zone during this 

period was poss.ibly dominantly strike-slip, in agreement with the 

movement hypothesized for the vein-localizing faults in the study 
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area. This style of faulting would account for the steeply raking ore 

shoots, since dilatant zones at fault intersections, buckles,or bends 

in fault walls tend to be steeply plunging in a strike-slip system. 

By temporally linking the active hydrothermal system with the 

active fault system, the shear zone theory also suggests a possible 

explanation for the observation that most of the ore deposits do not 

occur exactly within the main fault zone but in branches from it. 

Mobile elements and fluids are liberated within the main shear zone 

fundamentally due to shear strain. These components will move to open 

low pressure-low strain areas, that is, dilatant zones, guided domi

nantly by the fault zone fracture system. At any one time, a large 

number of such dilatant zones could not have existed within the main 

shear zone due to the tremendous amount of stress focused ·there and 

the mechanical homogeneity and incompetence of the then-schistose 

shear zone rocks. Those dilatant zones that were present in the main 

shear zone at any one time would have been destroyed during subsequent 

movements along the fault zone, perhaps re-releasing the mobile ele

ments gathered there. However, branches from the main fault zone 

might have provided more or "better" dilatant zones because of their 

somewhat different orientation relative to the primary stress axes 

than the main shear zone and due to the presence of greater mechanical 

variability in their less-sheared wall rocks. In addition, the minor 

branch faults presumably accommodated considerably less strain than 

the main fault zone. Thus, once the vein constituents were channeled 
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into the branch faults, there may have been insufficient shear energy 

or heat available to remobilize them as could happen in the main fault; 

deposition in the branch faults would have been essentially final. 

This theory helps significantly to explain many previously

enigmatic features of the Mother Lode Belt gold deposits. It is in

tended, however, to account only for the deposits of the Mother Lode 

Belt and not necessarily for any of the other numerous lode-gold dis

tricts in th.e S.ierra Nevada which. may have originated by different 

mechanisms. In particular, th.e s.patial association of veins with 

plutons in some districts such as Grass· Valley, Nevada City, West 

Point, and others suggests that the batholith-related origins pre

viously propounded for the Mother Lode Belt may be valid for those 

areas. The shear zone mechanism proposed here may he applicable to 

part of th.e West Gold . Belt (Figure 2), however, since it is ass.ocia ted 

with. th.e Bear Mountains Fault Zone, the other main s.trand of the Foot

hills Fault S.ystem. Knopf (1929, p. 72) states that in one mine on 

the West Belt, the Royal. in the Hodson district, "the ore and its 

mode of occurrence are exactly like those in Amador County" on the 

MOther Lode Belt. 

As should be expected, this theory raises some new problems 

for which solutions must be sought. Two that could raise immediate 

douhts ahout the validity- of this theory are: first, why does the 

Mother Lode Belt end approximately midway toward the northern end of 

the Foothills Belt while the Melones Fault Zone is continuous through

out the Foothills?; and second, why have not other Mother Lode Belts 



been recognized in geologically similar terranes along the western 

margin of North America? 
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The first conflict may b.e more apparent than real. From their 

southern termination to the vicinity of Placerville, both the traces 

of the Melones Fault Zone and the veins of the Mother Lode system 

occur within a narrow b.elt. North of Placerville the Melones Fault 

Zone hegins to split into several strands that extend to the northern 

end of th.e Sierra Nevada. According to Figure 2 the Mother Lode Belt 

also bifurcates north of Placerville and continues as two separate 

b.el ts- for approximately 16 k.m further to Georgetown and Greenwood. 

The Mother Lode Belt has been considered to terminate there, appar

ently because the continuity of gold deposits ceases and prob.ably also 

because th.ey fail to delineate a single belt. Figure 42 shows several 

scattered vein systems in th.e northern Sierra Nevada that could 

represent Mother Lode Belt type mineralization along or near the num-· 

erous strands of th.e Foothills Fault System. Thus, these veins may 

represent the same shear-zone metallogenic process associated with 

shear zones that are too scattered to have formed a single important 

gold b.elt that would achieve the economic importance, the scientific 

puzzlement, and the generally celeb-rated status of the Mother Lode 

Belt. Their scattered occurrences may reflect the dispersal of shear 

strain among several major fault strands presumably with fewer and 

smaller hydrothermal systems b.eing generated on each. In addition, 

the vein distribution pattern may reflect a shallow level of struc

tural expos.ure in the north., s·ince general rock distributions in the 
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Figure 42. Map of major rock units and lode-gold districts, 
northern half of the western Sierra Nevada · metamorphic 
belt, California. Grass Valley is in lower center. 
Index map added. From Clark (1970). 



Sierra indicate that the range, as well as dipping to the west, 

plunges to the north (Cloos 1935). Therefore, it is plausible to 

postulate that Mother Lode B,elt-type mineralization occurs to the 

north but fails to define a single belt due to the splitting of the 

Melones Fault Zone and the shallower structural levels. 
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To deal fully with the second conflict -- why other Mother 

Lode type belts are not recognized in similar geologic terranes along 

western North America -- would require a degree of knowledge about the 

geology and ore deposits of that region that the author does not 

posses.s. The key new factor proposed here, important strike-slip 

faulting, has b..een common in the region possibly since the beginning 

of the Mesozoic but may not have occurred in some terranes. Another 

factor mentioned above, the depth of structural exposure, may be crit

ical. The Sierra Nevada has undergone major uplift since the forma

tion of the gold-quartz veins accompanied by extensive erosion; 

Bateman and Wahrhaftig (1966) have estimated that from 15 to 27 km of 

rock have been stripped off the Sierra Nevada since the Late Jurass.ic. 

The relatively deep structural level exposed is also suggested by the 

large outcrop area of plutonic rocks in the Sierra Nevada as a whole. 

Structural levels deep enough to contain a Mother Lode Belt may not 

be exposed in many of the other terranes. This depth factor may also 

explain why recognized modern major s.hear zones, such as the San 

Andreas system of California, are not the locus of major gold belts. 

Another factor that may be crucial are the gross lithologic 

types present in the Sierra Nevada. During the latest Jurassic when 
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the gold-quartz veins were deposited, Sierran bedrock consisted mainly 

of epiclastic rocks, mafic to intermediate volcanic rocks, and ultra

mafic rocks all metamorphosed to some degree. That these rock types 

are characteristic of many of the important gold-quartz vein districts 

of the world cannot be established here but is probably not coinci

dental. 

Thus the Mother Lode Belt may be the end product of a fortui

tous combination of rather ordinary geologic events: a favorable 

sequence of epiclastic and intermediate to ultramafic igneous country 

rocks having been subjected to major late Nevadan strike-slip fault

ing and shearing, the whole then having been uplifted and eroded to 

the proper level by post-Nevadan uplifts, followed by erosion to rela

tively deep structural levels. The apparent singularity of the 

Mo·ther Lode Belt may reflect the degree to which this combination of 

factors is unique to the southern portion of the Foothills Belt of the 

Sierra Nevada. Certainly other factors may be involved, such as the 

timing of faulting relative to greenschist metamorphism or the exif)

tence of an underlying auriferous mantle, but evaluating these would 

involve great speculation. 



:CHAPTER 9 

SUMMARY 

The following brief synopsis of the geologic history of the 

study area and Foothills Belt in general from the Late Jurassic 

through the Cretaceous is based on the writer's interpretations and 

those of numerous other authors. 

During the first half of the Late Jurassic, and possibly be

ginning earlier, a volcanic island arc was erected above a subduction 

zone in what is now the Foothills Belt of the Sierra Nevada. Its 

first products were a thick sequence of basaltic rocks, the Logtown 

Ridge Formation, which were followed by the mixed epiclastic and 

basaltic rocks of the Mariposa Formation. The island arc may have 

been formed essentially where it is or at some distance west of the 

edge of North America; if the latter is true, the arc was close to 

North America by the time the Mariposa Formation was deposited. The 

arc appears to have undergone minor extensional normal faulting during 

its growth. 

Toward the close of the Jurassic, during the interval from 

approximately 155 to 140 m.y., the island arc rocks of the Sierra 

Nevada underwent penetrative deformation by the Nevadan Orogeny. This 

orogenesis may have been an intra-arc tectonic event or it may repre

sent the collision of the island arc with the continent. The earlier 
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phase of the orogeny compressed the Foothills Belt rocks into large

scale upright to slightly overturned non-cylindrical isoclinal folds 

with shallowly plunging axes. The second phase of the Nevadan Orogeny 

consisted of important movement on the Foothills Fault System, pos

sibly with a dominant left-lateral strike-slip component. Shearing 

along the Melones Fault Zone during this interval induced metamorphism 

and hydrothermal circulation within and near the shear zone, mobiliz

ing gold and other elements and concentrating them in dilatant zones, 

chiefly in branch faults of the Melones Fault Zone,including the Gold 

Fault Zone of the study area. This shearing resulted in the deposi

tion· of the gold~quartz veins of the Mether Lode Belt. 

Partially overlapping the end of the Nevadan Orogeny and con

tinuing through the Cretaceous, the great Sierra Nevada batholith was 

emplaced. This magmatic epoch resulted from the subduction under the 

continent that also resulted in the formation of the Franciscan 

melange in the California Coast Ranges. The batholith was manifested 

as a series of plutonic masses, with scarce plutons on the western 

edge of the Foothills Belt yielding gradually to increased volume and 

and numbers as plutonism swept eastward. Intrusion of the batholith 

caused the partial resetting of older K/Ar systems, including those 

of the MOther Lode Belt, and possibly minor reverse faulting. 



CHAPTER 10 

CONCLUSIONS 

Two major conclusions result from this study, not as estab

lished facts but as the most plausible interpretations of available 

data generated both b.y the author and by other geologists. The first 

conclusion is that the gold-quartz veins of the study area were local

ized in the Gold Fault Zone during active Nevadan-age left-lateral 

strike-slip motion along the Gold Fault Zone. The second major con

clusion is that th_e hydrothermal s.ys.tem and elements necessary for the 

formation of the gold quartz veins in the study area and the entire 

Mother Lode Belt were generated and liberated by shear-induced meta

morphism and heat produced by late Nevadan strike-slip movement along 

the Melones Fault Zone. As· a corollary to the second conclusion, the 

Mother Lode B:elt gold deposits are not b.elieved to have been produced 

by volcanogenic, primary metamorphic, or batholith-related mechanisms. 
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APPENDIX A 

K-AR DATES AND ISOCHRON 

An unpublished manuscript by Dodge, Silberman, and Christie 

(1981) of the U.S.G.S. containing K-Ar age determination data from the 

Mother Lode Belt was provided to the author by M. L. Silberman. These 

authors obtained four K-Ar dates from mariposite separates taken from 

altered serpentinites associated with four separate gold deposits in 

the south-central Mother Lode between Sonora and Coulterville. The 

dates, shown in Table A-1 along with the raw analytical data, are 

10~3 my, 116±3 my, 116+3 my, and 127±4 my. Significantly, the 

authors found that the data points define a straight line or isochron 

with a negative Y-intercept in a plot of 40Ar versus 4°K (Figure A-1); 

the correlation coefficient for this regression line is greater than 

0.99. 

The fact that the data points form an isochron with _a negative 

Y-intercept indicates that all the samples have lost some 40Ar, with 

-9 the amount lost (0.320.1 x 10 moles/gm) shown by the value of the 

Y-intercept (Shafiqullah and Damon 1974). Therefore, the individual 

conventionally calculated ages represent reset ages and do not accu-

rately reflect the date of formation of the mariposites and associated 

gold mineralization. The actual time of formation of the mariposites 

is more accurately represented by the isochron age, 142+9 my. It is 
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Table A-1. Data for K:-Ar age determi-nations on mariposites from the southern Mother 
Lode Belt.a 

Concentrate Field K20 40K 40Ar(rad~ 40Ar(rad) Age Location 
number number (wt. %) (moles/gm} (moles/gm 40Ar(total) (m.y.) 

xlo-7 xlo-9 

1 FD-64 5.31 1.312 0.8484 0.88 108 ± 3 Surface cut at Mary Harrison mine, 
5.33 Coulterville district. 37°41.9'N, 

120°11.1'W. 

2 FD-55 7.71 1.908 1.328 0.92 116 ± 3 Road cut 400m south of coulterville, 
7.70 Coulterville district. 37°42.5'N, 

120°11 ,8'W. 

3 FD-65 8.80 2.184 1.520 0.93 116 ± 3 Haigh quarry (Gharabaldi mine}, 
8.78 Penon Blanco district. 37°45.9'N, 

120°15.4'W. 

4 FD-66 9.83 2.446 1.870 0.77 127 ± 4 Dump at Harvard mine, Jamestown 
9.90 district. 37°56.6'N, 120°25.9'W. 

- - --------~ 

a. K
2

0 analyses by J. H.· .~hristie, Ar analyses by M. L. Silberman. Constants used: 

I 

. -10 -1 40 -4 AB = 4.963 x 10 yr ; K/K = 1.167 x 10 atom percent. ±represents estimated 

analytical uncertainty at one standard deviation and is based on analyses of errors 

in both K and Ar determinations. From Dodge, Silberman, and Christie (1981, Unpub. 

U.S. Geol. Surv. manuscript). 

..... 
N 
\0 
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Figure A-1. Isochron plot for K-Ar determinations for the southern Mother Lode B.elt. 
Data points are represented by the four dots. Data from Dodge, Silberman, 
and Christie (1981). 
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coincident with th.e age of the ores: deduced from the structural argu

ments and isotopic age bracketing described in the body of this 

thesis .• 

Assumptions implicit in this model calculation are that all 

non-radiogenic argon in the samples is of atmospheric origin, and 

that the amount of argon lost from each sample is the same and inde

pendent of K content. It is not poss:ible to check whether these 

assumptions are valid,but the fit of the data points to the regression 

line is so good that the basic as.sumptions appear to be satisfied 

(Podge, Silberman, and Christie 1981). 
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