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I. ABSTRACT 

The Santa Rosalia basin is a NW-SE elongated and fault limited basin, which 

evolved from Upper Miocene to Pleistocene time. The transtensional Upper Miocene 

Santa Rosalia basin located in central Baja California, consists of almost 500 m of 

nonmarine to manne sedimentary rocks, with tuffaceous beds interbedded in its lower 

part. The sedimentary rocks consist of the Boleo Formation, which is 200 to 300 m thick 

and is dominated in its lower part by marine transgressive sediments and evaponte bodies 

followed by 170 to 300 m of clastic coarsening upward fan-delta marine-nonmarine 

sequence. The clastic sequence presents at least three well organized upward coarsing 

cycles (90-100 m thick each one). Each cycle represents a prograding fan-delta formed 

probably as a consequence of large and repeated vertical movements of the basin floor 

with respect to source areas, during the early stage of the opening of Gulf of Caliform'a. 

Coeval with the deposition of the clastic sequence of the Boleo Formation there was 

extensive ash volcam'sm which originated from a volcamc center north of the basin. 

Copper-cobalt-zinc stratiform ore bodies (mantos) are hosted within the 

tufifaceous fine facies in the bottom of each sedimentary cycle. At least five mantos were 

recognized named as 4,3,3(1), 2 and 1. Ore minerals and their textures, the geometry of 

the mantos and elemental zonation, suggest a diagenetic origin for the different ore 

bodies. The lowest manto, 4, in the district seems to have a geological correspondence 

with the Lucifer manganese deposit north of the district associated with hot spring 

mineralization. Manto 3, 3(1), 2 and others all of which occur at a higher stratigraphic 
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level than manto 4, are associated with mineralized fluids sourced from NW-SE faults. 

Fluids moving through the conduits crossed an oxidation-reduction boundary with the 

consequent precipitation of sulfide under reducing conditions. Sulfur and carbon-oxygen 

isotopes studies support anoxic conditions and a bacteriological origin for the sulfur and 

a mixture of seawater and freshwater during the formation of the mantos. Cu/Co, Cu/Zn 

and Co/Zn ratios and Cu-Co and Zn absolute values in the mantos support a horizontal 

and vertical zoning produced by low temperature up-ward moving solutions. 

The spatial and temporal correlation of the Boleo deposit with the opening of the 

Gulf of Califonua indicate that the rifting setting might be the source of the metals and 

the same time might have induced the migration of the ore fluids. 
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n. INTRODUCTION 

Sediment-hosted stratiform copper deposits are a major source of copper 

containing approximately 20-25% of the copper world's production and reserves, second 

only to porphyry copper deposits. Important cobalt and minor zinc producers are 

considered in this deposit type. The major production came from a few very large 

districts and deposits such as Great Copper Belt in Zambia and Zaire in South Africa, 

Lubin deposits in Poland, White Pine and Spar Lake (Troy) in North America (Kirkham, 

1989). In Mexico, the Boleo deposit has geological features that include it in this class. 

The Boleo deposit contains stratiform ore bodies grouped in a vertical clastic sequence, a 

clastic marine-nomarine host rock sequence deposited in a coarsing upward cyclical 

prograding fan-delta sequence formed during different subsidence stages of the Santa 

Rosalia basin, the mineral association Cu-Co-Zn (Mn, Ag, and less Pb), high ore grades, 

related evaporite beds, and a rift tectonic setting. 

This study examines the geolo^, the tectom'c evolution of the Santa Rosh'a basin, 

the sedimentary environment of the clastic sequence that hosts the ore beds, and the ore 

deposition and their relationship with the opening of the Gulf of Califorma. The Boleo 

deposit is located in the Baja Caliform'a peninsula just west of the pull-apart Guaymas 

basin, and was formed by the oblique transference of the Peninsula of Caliform'a from 

mainland Mexico (Koski et al., 1985; Londsdale 1989). 

The formation of the Boleo deposit and the origin of the copper, cobalt and zinc 

mineralization have been controversial (Touwaide, 1930; Wilson and Rocha, 1955; 
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Nishihara, 1957; Schmidt, 1975; Freiberg, 1983; Escandott, 1995; Perez, 1995a; 1995b 

among others). However, few detailed studies of the sedimentary environment have been 

done. In order to better understand this deposit type, it is important to understand the 

tectonic and sedimentary environment (Kirkham, 1989; Jowett, 1989) of ore deposition. 

For this reason chapter two of this thesis addresses the opem'ng of the Gulf of Califonua 

with major emphasis in the last 10 my ago. Chapter three, describes the stratigraphy of 

the Boleo Formation which hosts the ore bodies. The chapter also discusses the 

sedimentary environment of the Boleo Formation and its relation with the opening of the 

Gulf of Caliform'a. Chapter four describes the lithology of the different mantes in the 

district and includes geochemical, petrographic and mineragraphic data to determinate 

the environment of deposition of the sulfides. On this same chapter there is a discussion 

on the source of the metals, the driving fluid force and its relation with the opening of the 

Gulf The final chapter provides a summary of the major conclusions of this research. 
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in. THE OPENING OF THE GULF OF CALIFORNIA: A SYINTHESIS 

Introductioii 

The genetic relation among the sediment-hosted stratifomi copper deposits with a 

continental rift zones has been widely documented (Gustafson and Williams, 1981; 

fCirkham, 1989; Jowett, 1989). In general, extensional environments develop fault-

controlled basins filled by large clastic sequence of various thicicnessesilifting 

environments also have thermal and topographic anomalies that can drive hydrothermal 

fIuids.(Kirkham, 1989). In the case of the spreading center of the Gulf of Caliform'a, 

oceanographic, tectom'c and stuctural studies suggest a complex geological history 

(Atwater, 1970; Mammerickx and Klitgord, 1982; Hamilton, 1961; Karig and Jensky, 

1972; Lonsdale, 1989; Stock and Hodges, 1989; Gastil et al., 1979; 1975, 1981, 1983) 

The Gulf of California rift, has associated basins (Santa Rosalia, Animas and Los 

Angeles, Laguna Salada and Loreto basins among others) which present clear evidence of 

having been formed during dififerent stages of extension. Of all these basins mentioned 

above, the Santa Rosalia basin seems to be the only one that contains stratiform ore 

bodies interstratified within a clastic sedimentary sequence. 

Here, in this chapter, I delineate the evolution of the Gulf of California since the 

Gligocene-Miocene (-23 Ma) during the change of plate margin to a transform margin in 

the west of North America, through the proto-gulf (~10 Ma), the opening of the Gulf (-

5Ma) to the present day, in order to understand the evolution of the Santa Rosalia basin 

and its ore deposits within this tectonic framework. 



18 

OUgocene-Miocene (~23 Ma) 

Plate tectonic reconstructions of western North America, indicate the existence of 

a trench during the Oh'gocene times when the Farallon plate was being subducted 

eastward beneath the west of North America. Volcam'sm associated this subduction has 

been documented in eastern Baja California and western Sonora from 24 to II Ma 

(Gastil et al., 1979; Sawlan and Smith, 1984), and in the Sierra Madre Occidental of 

mainland of Mexico from 34-23 Ma (McDowell and Clabaugh, 1979). Volcanism was 

extensive around Santa Rosalia and forms large part of the Santa Lucia range western of 

Santa Rosalia, and the basement of the Santa Rosalia basin. The subduction of the 

Farallon plate and mid- ocean ridge at about 28 Ma allowed the contact of the Pacific 

plate with the North America plate (Atwater, 1970; Stock and Hodges, 1989). The 

contact developed a growing transform boundary, with northward migrating Mendocino 

triple junction simultaneous with southward migrating Rivera triple junction. This 

displacement had the effect of terminating the subduction and beginning the transforai 

shear (Dickinson and Snyder, 1979). The position of the new transform boimdary 

between the Pacific and North America plates is generally assumed to be near the San 

Bem'to-Tosco-Abreojos. However, Atwater (1970) by using the offshore magnetic 

anomah'es suggested that a pre-San Andrea fault may have existed behind the middle 

Tertiary trench. The transform boundary had a collinear position with respect to the 

trench and maintained a stable configuration during large part of their migration until 

about 5.5 Ma when the plate boundary moved to into the Gulf of Califbrma (Gans 1997). 
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Middle Miocene-Late Miocene (12 to 6 Ma) 

Before 12 Ma, subduction was still occurring from the Vizcaino peninsula south 

to the tip of Baja California West of Baja Califonua, the spreading center with small 

offset in the spreading, swunging slowly counterclockwise and was nearly parallel to the 

coastline and the subduction zone. The subduction stopped at 12 Ma when this part of 

Pacific-Guadalupe ridge stopped spreading (Mammerickx and Klitgord 1982). The major 

extension began at about 10 Ma, when the right lateral shear component parallel close to 

the San Benito-Tosco-Abreojos fault, together with oblique Pacific-North America 

motion produced a broadly ENE directed extension on NNW striking, en echelon, strike-

slip faults inboard of east of Baja California (Karig and Jensky, 1972; Stock and Hodges, 

1989). This extension has been documented in some parts of Baja Caliform'a including 

the Santa Rosalia and Loreto basins, and was interpreted as corresponding to the Basin 

and Range extension by Angelier et al. (1981) in the Santa Rosalia basin, and Zanchi 

(1994) in the Loreto basin. This extension could have displaced Baja Caliform'a as much 

as 100-150 km WSW relative to North America before about 5.5 Ma and could have 

been displaced NNW relative to North America by minor strike-slip faulting (Stock and 

Hodges 1989). Coeval with the opening of the Gulf there is a change in the geochemistry 

of the volcanic products, from calcalkaline to transitional-calcaUcaline around 12-10 Ma. 

Near the Santa Rosalia basin, this change in volcam'sm has been documented (Sawlan 

and Smith 1984). 
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Late Miocene (~5 Ma) to Present 

Prior to about 5 to 3.5 Ma, Baja California was a rigid microplate (Stock and 

Hodges 1989), and the successive activation and connection of the San Andreas fault 

system with the East Pacific rise, has been dated at about 3.5 Ma (Lonsdale 1991, Stock 

and Hodges 1989). The transference of the Baja California pemnsula from the North 

America plate to the Pacific plate has been considered as a gradual process (Stock and 

Hodges 1989). The connection between the San Andrea system might have increased the 

displacement of Baja California from the mainland more than 260 km. The cominued 

evolution of the San Andrea system with dextral strike-slip motion along transfonn faults 

produced pull-apart basins, where oceanic crust was produced and where the massive 

sulfide deposits could have been deposited. Volcam'sm associated with the opening of 

California is present in Baja California, western Sonora and Sinaioa (Gastil et al., 1979; 

Batiza, 1978). N-S striking normal faults and NNW-SSE to NW-SE dextral-slip and 

oblique faults have been recognized in the younger sediments in the Santa Rosalia basin, 

and have been related to a clockwise rotation of the direction of extension from NE-SW 

to E-W associated to San Andrea strike-slip motion (Angelier et al., 1981). 
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IV. SEDIMENTOLOGY AND STRATIGRAPHY OF THE UPPER MIOCENE 
BOLEO FORMATION, AND ITS RELATION WITH THE OPENING 

OF THE GULF OF CALIFORNIA, SANTA ROSALIA 
BAJA CALIFORNU, MEXICO. 

Abstract 

The transtensional Upper Miocene Santa Rosalia basin located in the Baja 

California Peninsula, consists of almost 500 m of nonmarine to marine sedimentary 

rocks, with tuffaceous beds interbedded throughout the stratigraphic sequence. Coeval 

with the deposition of the clastic sequence of the Boleo Formation was ash rain 

volcanism which was more intense during the deposition of the finest unit of the Boleo 

Formation. 

The basin is elongated in a NW-SE direction, is fault limited, and evolved since 

Upper Miocene to Pleistocene time. The sedimentary rocks in the bottom of the Santa 

Rosalia basin is the Boleo Formation, a 200 to 300 m thick sequence dominated in its 

lower part by marine transgressive sediments and evaporite bodies followed by 170 to 

300 m of clastic coarsening upward fw-delta marine-nonmarine sediments. The clastic 

sequence shows intraformationai unconformities, synsedimentary folds and faults as 

unidirectional sedimentary structures, in at least three well organized upward coarsening 

cycles (90-100 m thick). Each cycle represents a prograding fan-delta formed probably as 

a consequence of large and repeated vertical movements of the basin floor with respect to 

source areas, during the early stage of the opening of Gulf of California. Each cycle starts 

with the deposition of laminar fine sediments in extensive shallow standing fi^esh waters 

with introduction of subaqueous debris flow. Subsequent subsidence of the Santa Rosalia 



basin allowed access of seawater into the basin and consequent mixing of waters. Lateral 

and vertical facies changes are present in each cycle involving proximal coarse sandstone 

and conglomerates through fine sandstone characterized by planar and low angle cross 

bedding alternating with siltstone and mudstone with ripple lamination. Early, during the 

formation of the Santa Rosalia basin, two ancient depocenters located north-northwest 

and south-southeast of the basin were developed. These depocenters were filled by 

sediments of the first cycle, and were separated by a ridge formed by the basement rocks. 

Introduction 

The Gulf of California was formed during Late Miocene times, when Baja 

California rifted from mainland Mexico along of the Baja Califorma transform-rift. 

Structural and tectonic details of the opening of the Gulf of California have been 

described in different models (Hamilton, 1961; Atwater, 1970; Karig and Jensky, 1972; 

Moore, 1973; Gastil et al., 1975; Angelier, 1981; Stock and Hodges, 1989; Lonsdale, 

1989; LTmhoefer et al., 1994; Umhoefer, 1996). A key point in these models is the timing 

of the rift and its relation to the cessation of subduction along the western margin of 

North America (Atwater, 1970; Mammerickx, 1982), the tectonic and structural history 

of the opening of the Gulf of California, and the volcam'sm related to opening of the Gulf 

(Sawlan and Smith, 1984; Hausback, 1984; Demant, 1981). During the early stage of the 

opening of the Gulf of Califbrma, the central eastern side of Baja Califorma was affected 

by Late Miocene to Plio-Quatemary NE-SW to ENE-WSW extension followed by E-W 

to ESE-WNW extension (Angelier et al., 1981; Stock and Hodges, 1989; Zanchf, 1994). 



23 

Both movements reactivated old NNW-SSE faults in large parts of this area. This 

extensional regime was responsible for tilting large blocks, and forming wide and deep 

basins. Some of these basins have been studied individually in detail including the Santa 

Rosalia basin (Wilson, 1948; Wilson and Rocha, 1955), Animas and Los Angeles basins 

(Gastil et al. 1975), Laguna Salada basin (Walker 1989), and Loreto basin (Zanchi, 1994; 

Umhoefer, 1994; Umhoefer and Stone, 1996). All of these basins are located along the 

Gulf coast, and are aligned along NNW-SSE faults. The basins attract attention because 

their sedimentological and tectonic history can constrain models for the early evolution of 

the Gulf of California. Here we report new information on the Boleo Formation in the 

Santa Rosalia basin, which in addition to contaim'ng a well preserved and well exposed 

sedimentary section, also contains volcam'c units and ore deposits that were formed 

during the early rifting of the peninsula and can be used to constrain the timing and 

tectonic evolution of the early stages of the opemng of the Gulf of California. 

Geological Setting 

The Santa Rosaha basin is bounded by the Plio-Quatemary volcanic field of Tres 

Virgenes and La Refoima Caldera to the north-northwest, by the Santa Lucia Range 

formed by Mid-Miocene Comondu volcamcs to the west-southwest, and the Gulf of 

Cali&rma to east (Figure 4.1). 

The age of the regional basement of the Santa Rosalia basin is a ca. 91 Ma 

(Schmidt, 1975) biotite quartz-monzonite which is the southeastern continuation of the 

Cretaceous Peninsular Ranges Batholith (Gastil, 1983; Silver and Chappel, 1988; Silver 



24 

F'igure 4.1. Simplified geological map after Wilson and Rocha (1955), showing the 
main rock types in the Santa Rosalia basin and the major structures in the district. 
S = Saturno, T = Texcoco, A = Amelia, N = Neptuno, Ap = Apolo, So = Soledad, 
P = Purgatorio, Pr = Providencia, B = Boleo, M = Montado, SA = Santa Agueda, 
c = creek. In the inset at up right, show the location of the Santa Rosalia district 
and a regional setting with the trace of the rift of Gulf of California. 
Abbreviations are: TV = Tres Virgenes, RC = Reforma Caldera, L = Loreto, BC = 
Baja California, BCS = Baja California Sur. 
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et al., 1969) and crops out on the Las Paimas Creek and La Reforma Caldera 15 and 35 

km respectively north-northwest from the town of Santa Rosalia. Locally the youngest 

rocks that pre-date the sedimentary sequence of the Santa Rosalia basin are the 24 to 11 

My old Comondu volcanics, which are more than 1000 m thick in the area, and consist of 

terrestrial andesitic and basaltic flows, tuff', breccia, agglomerate, volcanic conglomerate, 

and tufFaceous sandstone. The volcanic rocks are a medium-fC calkaline suite typical of 

active continental margins (Sawlan and Smith, 1984).The Comondu volcam'c rocks lie in 

erosional discordance on the biotite quartz-monzonite basement. In Las Paimas creek, 

there is a 2-3m thick weathering zone at the contact formed by sub-angular, coarse

grained to small pebble-sized biotite quartz monzom'te conglomerate, overlain by a 

reddish colored, medium-grained, moderately sorted sandstone with cross bedding. 

Similar rocks composed of sandstone with fluvial featiu'es, rest directly above the 

crystalline basement in the Loreto area (Gastil et al., 1979). 

In the Santa Rosalia area, one kilometer west of the mouth of the Purgatorio 

Creek (Figure 4.1), and resting directly above the Comondu volcamcs, is an irregular, 0.5 

to 1.0 m thick, white ash and pumice tuff, composed of 1cm angular pumice fragments 

and lesser amounts of angular clasts of Comondu volcanic rocks in an ash matrix. The 

origin of this tufiT is unknown, but its composition and petrographic characteristics are 

different than those of the typical Comondu volcanics (Figure 4.2). 

During Upper Miocene and continuing to recent time, the Santa Rosah'a basin 

began to subside rapidly and fill with the detritus from adjacent uplifts of the Comondu 

volcanic rocks. The Upper Miocene Boleo Formation is the early sedimentary and 
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volcanic deposits that filled the Santa Rosah'a basin and unconfbnnably overly the 

Comondu volcanics. The Boieo Formation is a 250-350 m thick unit, consisting of an 

extensive, thinly bedded, reddish-gray limestone, and thick gypsum beds, underlying a 

sequence of fluvial deltaic deposits, composed of tuffaceous sandstone and siltstone, with 

interbedded conglomerates (Figures 4.1 and 4.2). 

Continued subsidence of the Santa Rosalia basin permitted the incursion of the 

sea into the basin with the consequent deposition of the Gloria, Infiemo and Santa 

Rosalia Formations (Figure 4.2). The Gloria Formation lies unconformably above the 

Boleo Formation, and it is best exposed along the coast and in local areas where it is 

sometimes found unconformably above the Comondu volcanics. The age of the Gloria 

Formation is Early to middle Pliocene (Ortlieb and Colletta, 1984). The Gloria Formation 

is a maximum of 60 m thick near the Gulf, and it thins to a pinch out inland. The unit 

grades inland from shallow marine fossiliferous clastic rocks to nonmarine facies that 

locally rest on a basal conglomerate (Wilson and Rocha 1955), (Figure 4.2). 

Overlying the Gloria Formation, in slight unconformity, is the 20-30 m thick 

Upper Pliocene Infiemo Formation (Wilson, 1948), which consists of fossiliferous 

marine sandstone grading southwestward to continental conglomerate. The distribution of 

this unit is the same as that of the Gloria Formation. Ortlieb and Colletta (1986) 

determined that the deposition of Infiemo Formation could be as young as early 

Pleistocene, based on fossil evidence (Figure 4.2). 

Unconformably above the Infiemo Formation is the Pleistocene Santa Rosalia 

Formation, which was described and named by Wilson (1948). The Santa Rosah'a 
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Figure 4.2 Generalized stratigraphic column of Santa Rosalia area, shown the three 
members of the Boleo Formation and various Facies within the clastic member, 
and the cyclical division. Grain-size scale abbreviated as follows: vf- very fine, 
m-medium, c-coarse, p- pebbles. 
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Formation is 10-15 m thick, and consist of abundantly calcareous fossiliferous thin layers 

and conglomerate. Ortlieb and Colletta (1986) described this formation as Pleistocene 

marine terrace consisting of fossiliferous sandstone and conglomerate of onshore facies, 

grading to continental breccia and conglomerate landward (Figure 4.2). 

The whole continental and marine sequence that fills the Santa Rosalia basin 

recorded a series of seawater incursions from Upper Miocene (Boleo Formation) to 

Recent (marine terraces of Santa Rosalia Formation time). At least early during the 

formation of the Santa Rosalia basin, the coarse clastic material that forms the Boleo 

Formation came from the Comondu volcanic rocks west of the basin. In the same way, 

petrographic studies in the fine clastic sequence of the Boleo Formation show that they 

are formed by grains derived from the same volcanic rocks. 

Stratigraphy of the Boleo Formation 

The Boleo Formation in the Santa Rosalia basin was described in some detail by 

Wilson and Rocha (1955). They separated the different conglomerate beds which 

underlie the ore bodies in the district, and considered the frne and coarse units above and 

below the conglomerates as tuffaceous sandstone. In detail, the Boleo Formation contains 

a variety of units which can be grouped in an informal way in three members, from 

bottom to top they are: The limestone, gypsum, and clastic members (Figure 4.2). The 

latter is thickest and more extensive and is formed by a variety of lithofacies which 

present a vertical organization induced by rapid subsidence, and are arranged in at least 

three coarsing upward grading cycles. 
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Limestone Member ( Basal Limestone) 

Description.- The bottom of the Boieo Formation consists of an extensive, thinly 

bedded, reddish-gray marine limestone resting unconformably on an irregular weathered 

surface on top of the Comondu volcara'cs. However in some places west of Boleo Creek, 

this unit rests above talus slope conglomerate composed of debris derived from the 

Comondu volcanics. This unit was initially described by Wilson and Rocha (1955) as a 

Pliocene manganiferous and femigineous impure limestone grading in places into 

calcareous tuffs. The basal limestone presents variations in appearance, ranges in 

thickness from less than 1 meter to 6 meters, and apparently wedges out with a clear 

decrease of fossils towards the Gulf of Caliform'a. In most of the places where this unit 

crops out, it is a brown calcareous, tuffaceous sandstone with sporadic pieces of 

unclassified fossils (Wilson and Rocha 1955; Ortlieb and Colletta, 1984). However, in 

the Amelia area west of the Santa Rosalia basin the limestone is a dark-brown coquina 

with more than 40% fossils, most of which are well preserved in a dark brown calcareous 

sandstone matrix. There are small areas where the basal limestone has been ubiquitously 

altered and replaced by silica Qasper) iron and manganese oxides. Here, ±e basal 

limestone contain incomplete or completely preserved fossils, and is cross cut by thin 

sporadic calcite veinlets. North of the basin in the Neptuno area (Figure 4.1), there is a I-

6 m thick dark-brown stratified basal limestone with thinly interbedded chert horizons. 

On the other hand, gulfward near the mouth of the Purgatorio Creek, the basal limestone 

is a yellow tufifaceous calcareous sandstone less than I m thick, and without apparent 

fossils. Ortlieb and Colletta (1984) assigned this unit a Late Miocene age based on a 
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litho-stratigraphic correlation with the Loreto Formation located 100 km south of Santa 

Rosalia, which has similar micro-fauna and which is cut by 6 to 7 Ma andesitic dikes. 

Interpretation.- The basal limestone is present in some places with almost vertical dips 

on the Comondu volcam'c rocks in the west side of the Santa Rosalia basin (Figure 4.3). 

Wilson (1948) interpreted this position due to steep initial topography, where organisms 

were adhered to the rock slopes of the volcam'c rocks as they were engulfed by the sea. In 

the same way, Chorowicz and Lyberis (1984) compared the deposition of crusty 

limestone in the Suez Gulf and Gulf of California suggesting that the almost vertical dips 

of the basal limestone, in both cases was a submarine crust on dip slopes following initial 

opening of the Gulf and the ensuing marine transgression. Considering the difference in 

elevation between the lowest and highest places in the district where the limestone crops 

out, constrains a water depth of30-50 meters. On the other hand, the Late Miocene age of 

the basal limestone (Ortlieb and Colleta, 1984) and the age of ca. 7 Ma at the base of the 

clastic sequence above the limestone (Holt et al. 1997) suggest a rapid and extensive 

marine transgression early during the deposition of the Boleo Formation. 

Gypsum Member (gypsum beds) 

Description.- The gypsum beds in the Santa Rosalia basin range from a few 

meters to more tlian 60 m thick, and are both massive and distinctly banded The gypsum 

member is of white color, but can contain a variety of colors varying from reddish to 

greem'sh, and gray. The gypsum beds in general are present as an extensive blanket and 

overly both the basal marine limestone and Comondu volcam'c rocks but in some parts as 



Figure 4.3 . Steeply dipping and crusty of basal limestone overlying the Comondu 
Volcanic rocks in the west side of Santa Rosalia basin on the Boleo Creek. 
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in the Pahnas Creek (north of Santa Rosalia), the gypsum beds are on, or interbedded 

with an early clastic Boieo Formation in the bottom. The gypsum beds can exhibit thin 

horizons of clastic material interbedded, or in some places as the BoIeo Creek, with small 

spots of iron oxides and copper carbonates along bedding planes or cavities. The size and 

shape of these bodies is variable, from large horizontal and extensive beds to a small 

mound, which wedges out rapidly as in the Montado-Santa Agueda area, Boieo Creek 

and Neptuno area. 

Interpretation.- The particular distribution and the extensive stratified blankets 

above the Comondu volcamc rocks and basal limestone of the gypsum beds in the Santa 

Rosalia basin suggest that it was deposited in partially closed basins during a marine 

transgression event. This assumption is supported by sulfur and oxygen isotopes studies 

on a gypsimi mineral sample within the basin (Ortlieb and Colletta, 1984). On the other 

hand, the mounds of gypsum in the northwest of the basin in the Neptuno area, could 

correspond to plastic deformation of the original gypsum beds during faulting. 

Clastic Member (marine and nomnarine clastic sequence of Boleo Formation) 

Detailed stratigraphic studies of the clastic section of the Boleo Formation show a 

wide variety of lateral and vertical facies changes. The clastic section can be subdivided 

in several distinctive lithofacies which correspond to a fan-delta deposit with a series of 

progradational episodes named cycles in an alluvial system in response to periods of 

basin floor subsidence (figure 4.2). The different litho&cies nomenclature that form the 
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clastic progradational sequence in the Boleo might be juxtapose with the Miall's (1978) 

code system (Table 4.1). 

Table 4.1.- Summary of lithofacies in the clastic sequence of the Boleo Formation 
Facies Miall Facies* Description Interpretation 
D Gh, Gm, Gt Disorganized, moderately sorted Waning-stage channels, 

pebble-cobble conglomerate: gravelly bride stream, 
imbrincations, partially clast f . . 
supported, horizontal tedding longltudmal bars. 

C St, Sm Coarsing upward grading, low Waning-flood deposit, 
CToss bedding, fine-coarse shallow braided channels, 
sandstone, scour channels, 

CI - Well sorted, rounded grains. Channelized high energy, 
poor matrix, low cross and intertidal deposits, 
bedding. 

B Sr, Sh Finely stratified, fine Waning-state chaimels and 
sandstone to siltstone with inter-channels deposits, 
lamination, planar and low 

A Fl Fine laminar, tuffaceous clay- Lacustrine or wining flood 
siltstone deposits. 

Facies A 

Description. Facies A occurs at least four times in the Boleo Formation. Every 

time facies A occurs above facies D in the west part of the Santa Rosalia basin and on 

facies B and C gulfward. The economic importance of facies A is that it hosts the 

different Cu-Co ore bodies (mantos) in the district. In the lower part of the stratigraphic 

sequence, facies A is consistently formed by undisturbed and unfossiliferous 025 to 0.50 

m thick laminated calcareous mudstone in its lower part overlain by I to 20 m light red, 

laminated claystone-siltstone. The laminated claystone-siltstone interval typically is 

partially or totally brecciated, with angular clasts I to 5 cm in diameter chaotically 

rotated, in a matrix composed of the same material as the clasts (Figure 4.4a). Sporadic 
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and small dark angular grains of organic material are erratically present in the matrix and 

in the clasts of the breccia in the facies A. Wilson and Rocha (1955), identified 

carbonized plants and petrified wood partially replaced by chalcocite in the facies A 

(manto 3), and they defined a low proportion of orgamc carbon in five samples. In thin 

section it is possible to see volcanic glass shards in the matrix and in the clasts of the 

breccia (Appendix, Petrography). The upper contact of the breccia zone within the 

claystone-siltstone interval is irregular and sharp in the west part of the Santa Rosalia 

basin, and increasingly gradational toward the Gulf of California. 

The facies A present in the upper part of the Boleo Formation is slightly different 

than facies A in the lower part They have thickness grading from 0.6 to 3 m (Figure 

4.2). In the Western Santa Rosalia basin, this facies frequently has a laminar 1 m thick, 

non-calcareous, light colored tufifaceous mudstone horizon in the lower part. Immediately 

above, there is a 2.5 m thick, monomictic breccia, formed by angular sandstone-siltstone 

clasts in a matrix of the same composition of the fiagments (Figure 4.4b). In some places, 

this breccia is deeply altered to clays, and abundant jasper accompam'ed by iron and 

manganese oxides. To the south-southeast of the basin, in Santa Agueda and Montado 

area, this facies was not found. Gulfward, this facies present 7-8 cm thick of gypsum 

horizon at the base, of 0.6 m of yellow calcareous laminar unfossiliferous micritic rock, 

with irregular and elongated oxidized patches of gypsum, and iron mixed. Immediately 

above, there is a 0.8 m thick of a dark tuffaceous-sandy material with large spots of 

penetrative manganese oxides (Figure 4.4c). 
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a) 

Figure 4.4. a) Facies A, shown the monomictic breccia in the upper claystone-siltstone 
interval, ·with angular clasts in a matrix of the same composition. b) Facies A in 
the upper part of the clastic sequence on the west side of the Santa Rosalia basin, 
showing the breccia texture with high penetration of silica and manganese and 

. iron oxides on Purgatorio Creek, in Apolo area. c) Facies A in the Gulf side, with 
the gypsum and laminar sandstone-siltstone in the bottom, and . dark . dusty 
sandstone in the upper part. 
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b) 

c) 
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Diterpretation.- The laminated character of facies A (claystone-siltstone), with a thin 

calcareous mudstone at its bottom, light upward coarsing, and interbedded sandstone and 

siltstone honzons, indicate reduced conditions in standing water, shallow lakes, with 

coeval ash rain tuffaceous deposit into which subaqueous debris flows were deposited. 

The gypsum horizons in the bottom of this umt, indicate arid conditions during the 

deposition of this facies. 

Facies B 

Description. Facies B occurs three times in the clastic member of the Boleo 

Formation, ranging in thickness from 20 to 70 m, (Figure 4.2). This facies consists of 

predominantly light red, subangular to sub-rounded, sandstone and sihstone, containing 

one or more of the following types of primary structures; a crudely inverse grading, 

ripple cross lamination, horizontal to sub-horizontal lamination and, planar low angle 

cross lamination, and massive structureless zones (Figure 4.5a). The low-angle cross 

bedding is less than 5 cm thick, and is discordant and cut by fine planar stratification. 

Regularly, this facies contains lenses Im thick or more and a few meters long of crudely 

stratified coarse sandstone. Gul^ard, this facies contains frequently more than 60% 

thinly bedded shale horizons less than I m thicL In thin section the grains consist of 

feldspar (>40%), hornblende, biotite, dark minerals and minor volcanic grains with less 

than 5% matrix (Appendix, Petrography). 
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The lower contact of this facies is sharp in some places on the erosional surface of 

the Comondu volcanics or above facies A in the western part of the basin and discordant 

on the top of facies A gulfward. 

Interpretation.- The internal sedimentary structures of this facies, and alternation 

of thinly bedded fine sandstone, siltstone, mudstone and its wide distribution, suggest that 

this facies was deposited into a subaqueous lower fan-delta flood basin environment The 

massive structureless fine sandstone bed probably was deposited from flow with high 

sediment concentration, and the cross-stratified set could correspond to dune migration in 

channellized flow. The crudely upward coarsening umts might correspond to initial 

progradation of levee and small channels system in a floodbasin. 

Facies C 

Description. Facies C occur in the Boleo clastic member, and is present three 

times ranging in thickness firom 20 to 30 m (Figure 4.2, and 4.5b). This facies is formed 

by fine-medium, gray-purple sandstone with sub-angular poorly sorted grains of the 

Comondu volcanic rocks. Commonly, exhibits crudely lenticular interbedded 10 to 20 m 

long and 1-2 m thick pebble-cobble conglomerate beds, containing subrounded and 

poorly sorted clasts of the Comondu volcanics. These lenses seem to increase toward the 

top of this unit. Sedimentary structures in this facies include: low-angle cross 

stratification, scoured channels, trough cross strata, coarsing upward grading, dewatering 

structures, hummocky cross stratiScation, and \^te irregular tubes, randomly spread in 

the top of this umt, which likely correspond to root traces. This unit lies unconformably 
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above the basal limestone in the western part of the basin and overUes the facies CI in the 

center of the Santa Rosalia basin. Between the Purgatorio and Providencia Creeks, there 

are thin horizons of this facies interbedded in the bottom of facies D, indicating a gradual 

contact between these two units. The shape of the facies C is slightly lenticular, pinching 

out gulfward. Westward of the basin near the buried Comondu volcanic hills, this facies 

has interbedded minor wedges of fine laminar, brown-reddish sandstone contaim'ng 

sporadic and scattered pebble fiagments of the Comondu volcam'cs. In thin section, this 

unit contains 35-40%, coarse silt to sand, angular, poorly sorted andesite, basalt-andesite 

clasts of Comondu volcam'c rocks. Frequently, individual broken minerals composed 

mainly by plagioclase and feldspar, which were derived firom the destruction of the same 

volcanic grains are present (Appendix, Petrography). Within this unit, there are minor but 

conspicuous pumice grains. In some parts of this unit the tuff clasts are very abundant 

Interpretation.- Facies C commonly is associated with facies D. By their physical 

characteristics such as: structureless, poorly sorted, angular, fine to coarse sandstone with 

planar cross beds, and interbedded pebbly conglomerate in small channels, this Facies 

represents waning-flood deposits, and in the upper parts of the most measured sections, 

this facies was deposited in shallow braided channels. The different dewatering structures 

may be the result of rapid deposition followed by dewatering. 

Facies CI 

Description.- Facies CI is a 2 to 3 m thick dark reddish, well sorted and rounded 

coarse conglomeratic sandstone. This facies lies unconformably above facies B and 



40 

underlies facies C, but laterally this unit grades in to facies C. Facies A contains scoured 

channel fills of pebble-cobble clasts of the Comondu volcanics in its lower part, and 

commonly has interbedded lenses 25 to 35 cm long and 3 cm thick consisting of sub-

angular, poorly sorted, granule-pebble conglomerate. The most significant sedimentary 

structures in this unit are: low-angle cross bedding, planar cross bedding, crudely upward 

fim'ng, and, less firequently, bioturbation (Figure 4.5c). This unit crops out in the west-

central part of the Santa Roslia basin and wedges out gulfward. In thin section this facies 

has a well rounded 0.05 to 0.1 mm diameter Comondu volcanic grains, surrounded by a 

thin layer of iron oxide (hematite), with less 2% diagenetic matrix composed mainly of 

clays (Appendix, Petrography). 

Interpretation.- The reduced distribution located just in an input area, together 

with its internal structures, suggest that facies CI could correspond t a subaqueous, and in 

part subareal, channelized high energy deposit. The low angle cross bedding, good 

sorting and rounded grains seem to correspond to intertidal sands possibly as a result of a 

sudden inclusion of seawater from the nearby sea. 

Facies D 

Description. Facies D occurs three times within the clastic member of the Boleo 

Formation (Figure 4.2). The thickness of this facies ranges from 20 to 40 m, and it is 

composed of disorgam'zed, partially clast-supported, cobble conglomerate (Figure 4.5d). 

The composition of the clasts in this &cies is predominantly volcanic rocks of the 

Comondu volcanics, and no lithological distinction can be made among the three Facies 
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D units. Clast sizes range from a few cm to 0.5 m diameter. The matrix is variable but 

does not exceed more than 10%. The conglomerates have channelled bases and are most 

often apparently massive or show very low angle stratification. Primary sedimentary 

structures and textual trends are almost absent, and it is only possible to see sporadic 

imbricated clasts indicating a provenance of material from the west, and a crude fining 

upward grading. Regularly, there are lenses of gray-purple, gravely-coarse sandstone of 

facies B interbedded, giving to Facies D a pseudo-stratification appearance. Apparently, 

these horizons are more frequent toward the top of the stratigraphic coliunn in the facies 

D in the cycles 2 and 3 (Figure 4.5b). Facies D has a sharp flattened lower contact with 

the Facies C in the center to western of the Santa Rosah'a basin but Gulfward is on the 

Facies B, and present a wedge out to gulfward. 

Interpretation.- The distinctive poor organization, lenses of gravely-coarse sandstone 

with a crude cross stratification like bars, sporadic imbrication, and broad distribution, 

suggest chaimel scours filled by longitudinal gravel bar deposits of high-energy from 

braided streams during floods (Mall, 1978). 

Depositional System 

The lithological and geochemical characteristics of the basal limestone and 

gypsum lithofacies in the base of the Boleo Formation indicate an early incursion of 
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a) 

Figure 4.5. a) Close up of the unit facies B, in the Purgatorio Creek, shown ripple 
cross lamination and horizontal o sub-horizontal lamination. b) Part of the clastic 
sequence of the Boleo Formation, sho\vn the coarsest facies D underlying the 
finest facies and grading to coarse facies to top from facies A to C, on the north 
side of Purgatorio Creek in the Apolo area. c) Facies Cl, shown lenses of 
conglomerate interbedded in a well sorted, rounded conglomeratic sandstone. d) 
Facies D, shown disorganized, partially supported, poorly sorted, cobble-bolder 
conglomerate, "vith sporadic imbrincated structures. 
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b) 

c) 
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d) 
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seawater into the nascent Santa Rosalia basin. The invasion of seawater into the basin, 

must have been quick and extensive as indicated by the extensive presence of basal 

limestone in the basin (Wilson and Rocha 1955), and the different crusts with almost 

vertical dips of basal limestone above the Comondu volcam'cs. The rough relief in the 

Comondu volcanics was probably increased by active faults, which suggest that 

transgression associated with the deposition of the limestone was a catastrophic incursion 

of water in a previously structured depression. The deposition of this unit must be slightly 

before ca. 7 Ma (Ortlieb and Colletta 1984 and date by Holt et al., 1997). The continuity 

and distribution of marine members was discussed by Wilson (1954) and Wilson and 

Rocha (1955).They indicated that the best exposures of the basal limestone are in the 

west side of the Santa Rosalia basin near the Comondu outcrops. Isolated out crops of the 

basal limestone are also widespread in the east side of the basin, which has been uplifted 

by faults like Santa Agueda fault The basal limestone also occurs north-northwest of the 

Santa Rosalia basin in the Neptuno area, and continues north to the Lucifer area, where 

the limestone pardy fomis the footwall of the manganese deposit. The distribution of 

gypsum cropping out in the Santa Rosalia basin suggests different closed or partially 

closed extensive basins, which were filled by progressive incursion of seawater due to 

continue subsidence of Santa Rosalia basin. The gypsum beds were deposited in two 

different places within the Santa Rosalia basin (Wilson and Rocha, 1955). A first locality 

is south-southeast of Santa Rosah'a in the vicini^ of the Montado and Santa Agueda 

Creek, and another one 5-7 km north-northeast of Santa Rosah'a and a series of cluster of 

small folding like crops out in the Soledad and Boleo creeks. These small exposures 
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continuing north-northwest in the Neptuno area occur as gypsum mounds. Some of the 

mounds reach 15 meters high and are ah'gned in a NE-SW direction probably associated 

with faults. A third thick gypsum bed is 5 km southeast from Santa Rosalia on San 

Marcos Island. 

The different h'thofacies in the clastic member of the Boleo Fomiation, together 

with their corresponding sedimentary structures, suggest a fan-deltaic depositional 

system. The distribution and facies association together with intraformational and local 

unconformities, syn-sedimentaiy faults, sedimentary structures, lithology, and local 

eastward directed paleocurrent data in the conglomerates, provide further evidence that 

this clastic sequence was deposited during an active tectom'c epoch. The different 

lithostratigraphic units of the Boleo Formation are present as sedimentation 

cycles. At least three sedimentation cycles have been identified as first, second and third 

cycle from the bottom to the top of the stratigraphic sequence (Figure 4.2). Each cycle is 

between 90 to 100 m thick and coarsens upward. 

Each cycle starts with a fine Facies A, which hosts the ore bodies in the district, 

and ends with the deposition of the conglomerates of Facies D (Figure 4.2). An 

incomplete upper fourth cycle is present in some parts west of Santa Rosalia basin, which 

has been eroded and covered in large part by the Gloria FormatioiL Although this cycle 

is incomplete, it is possible to appreciate a coarsening upward sequence, indicating that 

the sedimentation processes continued during a time before the deposition of the Gloria 

Formation. The lowest part of the first cycle is not well exposed. However, in the west 

side of the basin, nearly to the contact with the basal limestone in the Amelia and 
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Texcoco areas (Figure 4.6), there is a complete early clastic sequence. The finest facies of 

the first cycle here is poorly exposed, and regularly is replaced by manganese oxide and 

silica. The distribution of this fine facies is reduced and exposed mostly surrounding the 

Comondu volcanic rocks (Wilson and Rocha 1955). 

On the basis of lithofacies distribution and detailed drill hole studies, two separate 

ancient depocenters elongated NW-SE and limited by faults can be distinguished (Figure 

4.7). These depocenters were named basin 3 and 3(1), and together form the large 

composite Santa Rosalia basin. The ~12 km" basin 3 is located in the northwest-center of 

the Santa Rosalia basin, between Purgatorio and La Soiedad Creeks. Basin 3 is composed 

of Facies A,B, C and D of the first cycle and facies A of the second cycle. All these facies 

indicate a single large fan-delta which prograded fi:om the area now occupied by 

Purgatorio and Soiedad Creeks, with minor input of material coming fi-om the area of 

Providencia Creek filling in part basin 3 as is seen in the Figure 4.8 section B-B' and 

Figure 4.9a. The -10 km" basin 3(1) is located south-southeast in the El Montado and 

Santa Agueda area of Santa Rosalia basin (section C-C', Figure 4.1, and Figure 4.8). This 

depocenter, in the same way as basin 3, is composed of Facies B and C corresponding to 

the first cycle, and Facies A of the bottom of second cycle. The basin 3(1) is deeper than 

basin 3, and is completely covered by the Gloria Formation. The Facies distribution and 

sedimentary structures in basin 3(1) indicate that the sediments correspond to a large fan-

delta, which prograded fi^om an area south-southwest of Santa Agueda Creek to the 

northeast (Figure 4.9b). Both basins, in their early stages were partially divided by a N-S 

striking ridge formed by Comondu volcanic rocks, which was uplifted and displaced by 
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Figure 4.6. Stratigraphic columns in the west side of the Santa Rosalia basin from 
northwest to southeast. The different sections show the distribution of the distinct 
facies that form the clastic member of the Boleo Formation. Note the lateral 
distribution of all facies, and the position of facies A (ore bodies) on the facies D. 
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Figure 4.7. A simplified paleogeographic map before 7 Ma, with the distinction of the 
Basins 3 and 3(1) limited by major structures, and the area where were the 
conglomerate and richest ore bodies in the district are found. 
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the distribution of the different facies from inland to Gulfward. Note the variation 
from coarse grain in the western parts grading to fine facies in the eastern. parts of 
the basin. 



the same N-S and NW-SE faulting. 

The detailed studies, which are the basis of the geological sections in the Figure 

4.8, and 4.9 and the paleogeographic reconstruction in Figure 4.7, supply evidence for the 

facies distribution suggested in Figure 4.10. In time, the figure 4.10 shows a single cycle 

with a clear north-northeast progradation, with proximal gravely braided-stream deposits 

(Facies C and D), grading to distal interchannel flood plain deposits (Facies B) in an early 

time during the evolution of the Santa Rosalia basin. After deposition of Facies A of the 

second cycle, in both basins 3 and 3(1), the tectonic activity was reactivated and 

lithofacies corresponding the second and third cycles covered the ancient basins. 

Tectonic Development of the Santa Rosalia Basin 

Large N-S and NNW-SSE structures were outlined by Wilson and Rocha (1955) 

in the Santa Rosalia basin, and a kinematic analysis of these structures was carried out by 

Angelier et al. (1981), who determined that most of the faults in the Santa Rosah'a basin 

are normal faults dipping to the west, with some strike-sh'p movement. In the same study, 

they found a consistent NW-SE pattern of faulting affecting rocks as old as Comondu 

volcam'cs and as young as Boleo, Gloria and Infiemo Formations, suggesting an E-W to 

ESE-WNW extension during Late Miocene to at least Pleistocene times. Subsequent 

variation in the direction of extension was illustrated by Angelier at al. (1981), with a 

consistent E-W to ESE-WNW extension affecting Pliocene rocks of the Gloria and 

Infiemo Formations with a clear increase of strike-slip relative to dip-slip movement A 

similar kinematic analysis was carried out by Zanchi (1994) in the Loreto basin south of 



53 

Santa Rosalia, yielding similar results. She defined two important penods of deformation: 

1) a Basin and Range extension, with consistent NW-SE trending system with a NE-SW 

extension related to the opem'ng of the Protogulf of Caliform'a (Late Miocene), and 2) a 

transtensionai period with strike-slip faults and subordinated thrust faults together with 

dip-slip, superposed on the Basin and Range pattern, related to an E-W extension. 

During the evolution of the Gulf of Califonua, since the Upper Miocene, the N-S, 

NW-SE faults were periodically reactivated (Angelier et al. 1981). In the Santa Rosalia 

area large and small blocks, were slightly rotated to the west, acting as traps where clastic 

sediments coming firom the west were deposited. The mean normal slip along most of the 

structures ranges between 40 and 60 m, with a maximum value of more than 110 m along 

the Santa Agueda fault. All these faults that were active during the filling of the basin 

generated a complicated process of sedimentation, like fan-delta systems with abrupt 

lateral and vertical Facies variations, early during the formation of the Santa Rosah'a 

basin. 

The age of formation of the Santa Rosalia basin is poorly constrained. The age of 

initiation of the Santa Rosaha basin has been regarded as Early Pliocene by Wilson and 

Rocha (1955), considering the fauna just above the basal limestone in the clastic 

sequence of the Boleo Formation. A Late Miocene age for the bottom of the Boleo 

Formation, and an Eariy Ph'ocene age for the top were proposed by Ortlieb and Colletta 

(1984). Angeb'er et al. (1981), suggested that the v\^ole area including the Santa Rosah'a 

basin, has acted as a complex NW-SE trending transform-extensional zone since the Late 

Miocene-Early Pliocene. The different geological and sedimentological features of the 
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Figure 4.1 0. Schematic west-east (A) cross section in the Santa Rosalia basin, showing 
the dominant structures and facies Gulfward in a early epoch during the formation 
of the Santa Roslia basin. B) Simplified paleogeographic reconstruction for a time 
period early in the history of a single cycle. 
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Boieo Formation, described above, suggest repeated subsidence of the Santa Rosalia 

basin since the Late Miocene considering the age of the basal limestone. Recently, Holt et 

al. (1997), determined by *^Arl^^Ar an age of ca. 6.5 Ma for the cinta colorada (facies 

D), deposited 150 m above the top of the Comondu volcanics. Subsequently, they 

calculated an age of ca.7 Ma for the bottom of the Boleo Formation and ca. 6 Ma for its 

top, using magnetostratigraphy. These data yield a sedimentation rate of 28 ± 4 cm/lOOO 

y, which is very rapid. 

All these data suggest that Santa Rosalia basin has been active at least since Late 

Miocene time, slightly before 7 M to the Recent, coinciding with the formation of the 

extensional area (protogulf) of Stock and Hodges (1989). 

Volcanism in the Boieo Clastic Sequence and their Tectonic Implication 

Most of the matenal contained in the different facies in the Boleo clastic sequence 

was derived firom the erosion of the Comondu volcanic rocks. Petrographic studies show 

that the rocks above and below the Snest facies in the bottom of each cycle were not 

transported far &om their sources and sufifered only minor diagenetic changes. The fine 

laminated units corresponding to distal facies are formed by fine angular crystals mostly 

formed by unaltered plagioclase, feldspar, biotite, amphiboles, and minor amounts of 

volcam'c lithic grains, accompanied by clays that sometimes make up more than 10% of 

the volume. In some places the crystals have been reworked and partially subrounded. 

Near the coast line, the fine sediments contain more than 5% by volume of very fine 

angular shards, which have been reworked during the same fluvial regime and have been 
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incorporated within the clastic sediments. The coarse material which corresponds to 

proximal-mid distal deposits (Fades C and D), are poorly sorted, indicate proximity to 

the source area, and are constituted by Comondu volcanic fragments, which have a large 

variety of textures. Shards of volcanic glass are conspicuous in Facies C. 

By its physical characteristics, the finest Facies in the bottom of each cycle that 

host the different mantos in the district were deposited during a quiet epoch with minor 

input of clastic material firom inland. Stable isotope studies of sulfide minerals from the 

ore bodies (Facies A), and carbonates and oxygen isotopes from the laminar calcareous 

mudstone in the bottom, indicate introduction of seawater into the basins with the 

consequent mix of fireshwaters. Petrographic studies in the more productive finest Facies 

A show volcanic glass within these fine units. Here, the glass is present as angular grains 

ia the matrix and in the clasts of the breccia, presenting fresh or in advanced state of 

devitrificatioiL All of these observations indicate that volcamsm was continuous during 

deposition of the Boleo clastic sequence, and probably was more active during the 

deposition of Facies A. 

The volcanic activi^ in the La Reforma Caldera according to Demant (1981), 

started some 3 ULy. ago. The first Pliocene volcanic calcalkaline pumiceous flows were 

erupted in a submarme env^onment near the coast line. la the Santa Rosalia basin, there 

are vestiges of felsic volcam'sm. Near the mouth of the Purgatorio Creek, diere is an 

outcrop of ash- pumice tu£F directly above the Comondu volcanics and beneath the basal 

limestone (Figure 4.2). There is no field or petrographic evidence that this unit was 

deposited under water. However, by its stratigraphic position this volcanic unit must have 
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been deposited in a submarine environment, and as was mentioned above, the deposition 

of this tuff marked a radical change in composition of the volcanism in the Santa Rosalia 

area, passing from medium-K caicalkaline andesite of the Comondu volcanics to felsic 

ash-pumice tuff above the Comondu volcanics. A similar pattern was noted by Sawlan 

(1984) in northern Baja California Sur. It is considered that the ash pumice luff in the 

Boleo area, might correspond to the first submarine felsic event of the Reforma Caldera 

suggesting that volcam'sm in the Reforma area could have started of 7 Ma instead 3 Ma. 

The caicalkaline magmatism after 10 Ma in the Santa Rosalia area is atypical of 

extension regimen and it is not apparently related to subduction zone. However, the large 

volume of the volcam'c and sub-volcam'c rocks in the La Reforma and Tres Virgenes 

areas surrounding the Santa Rosalia basin have caicalkaline affinity (Schmidt, 1975; 

Demant, 1981). This could indicate a continued descent of the slab below Baja California 

at least 10 my after the culmination of subduction on the west side of Baja California. On 

the other hand, tholeiitic basalt related to the opening of the Gulf of Caliform'a has been 

well documented and described by Sawlan and Smith (1984) as an extensive ca. 9 Ma 

tholeiitic basalt province in the northern Baja California Sur, with vents located beneath 

of the Gulf of Califorma, and which are not present in the Santa Rosalia basin. 

Discussion 

The cycUcity of the clastic sequence of the Boleo Formation, as was mentioned 

above, is probably due to repeated lowering of the basin floor by NW-SE and N-S faults 

during the early stages of the opening of the Gulf of Califbrm'a. Although the general 



58 

panern of basin filling was progradation of fan deltas from the west-southwest, in detail, 

there is a systematic east-southeast thickening of the sequence in basin 3(1) (Figures 4.8 

and 4.9), which suggests that it was an asymmetric trans-tensional basin. This lateral 

movement corresponds to dextral-normal faults related to opening of the Gulf, which 

were active since Late Miocene, but were more frequent during the Late Pliocene to 

Recent (Angelier et al., 1981; Zhani, 1994). In the simplest way, the sedimentary cycles 

of the Boleo were produced by active prograding phases in a fluvial fan-delta 

environment. The large input of material from inland during the constructional phases of 

the fan-delta, together with the tectorac instability and rapid subsidence of the basin floor, 

originated drastic vertical and lateral changes that might explain the absence of fossils in 

the clastic Boleo Formation, although gulfVvard field evidence indicates that this clastic 

sequence passes to a marine environment with the presence of fossiliferous interbeds. 

The formation of extensive monomictic breccia within the fine facies of the manto 

3 and 3(1) is an em'gma, but field description of these breccias have shed light on their 

origin. The mantos have a large areal distribution, they present variable thickness from 

few centimeters to more than 10 m, the breccia only contains fragments of the fine facies, 

and the matrix is of the same composition as the clasts. Frequently, local syn-sedimentary 

structures such slumping breccia and small folds are present within this lithofacies. In the 

Satumo area the fine facies were affected by local normal faulting during a few 

consolidated stage, where the clasts and matrix of the breccia were dropped into spaces 

produced by the same structure as slumping structures. All these characteristics indicate 

that part of these breccia might have been originated during earthquakes when the fine 
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sediments were poorly consolidated followed by a subsequent fault activation that might 

have carried out coarse material within the basins with the consequent brecda formation. 

The age of The Boleo Formation has been bracketed between Late Miocene age 

and early Pliocene (Ortlieb and Colletta, 1986). Recently, Holt et al. (1997) dated the 

cinta colorada facies CI, at 6.76 ± 0.90 Ma, by ''°Ar/^'Ar for plagioclase from a rock 

descnbed as a tephra deposit. Their fields description of this unit is in disagreement with 

our observations, which show that the cinta colorada is an intertidai sands deposit. 

However, this date is in agreement with the age of the Boleo Formation, and confirms the 

idea of periodic volcanic ash falls during the deposition of the clastic sequence of the 

Boleo Formation. 

With this scenario, the formation of the Santa Rosalia basin is linked to the 

opening of the Gulf of California since 10 to 8 my ago. Tholeiitic volcanism related to 

the opening of the Gulf of California is absent in the Santa Rosalia area and calcalkaline 

volcamsm post 10 Ma, coeval with the Santa RosaUa basin mark a complex magmatic 

history after subduction. 

Conclusion 

A fluvial fan-delta environment is envisioned with the stratigraphy and 

sedimentological characteristics of the Boleo Formation. At least three sedimentaiy 

cycles were involved during the deposition of the Boleo Formation, where each cycle 

corresponded to an upward coarsening transgressive-regressive sequence, produced by 

the tectonic instability during the evolution of the Santa Rosalia basiiL 
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The finest Facies in the bottom of each cycle host the ore bodies in the district that 

are known as mantos. The Facies A, regularly contain a calcareous, laminar, fine 

sediments in the bottom overlain by tuffaceous claystone-siltstone horizons which are 

partially or totally brecciated (monomictic breccia). By its physical characteristics facies 

A has been interpreted as tuffaceous horizon with interbedded subaqueous debris flows 

deposited in shallow standing firesh waters. 

The geochemical and sedimentological characteristics found in the Boleo attest 

different subsidence events during the early evolution of the Santa Rosalia basin and the 

opening of the Gulf of California. 
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V. THE BOLEO: A Cu-Co-Zn DEPOSIT HOSTED IN UPPER MIOCENE 
CLASTIC SEDIMENTS OF THE BOLEO FORMATION, SANTA ROSALLV 

BA JA CALIFORNIA, MEXICO. 

Abstract 

Copper-cobalt-zinc stratiform ore bodies of the Boleo deposit are hosted within a 

cyclical coarsing upward grading sequence deposited in a prograding fan-delta 

environment, formed by a continued subsidence of the floor of the Santa Rosalia basin 

during the opening of the Gulf of California. At least three cycles of sedimentation 

evolved during the tectomc evolution of the Santa Rosalia basin. The ore beds in the 

Boleo district are hosted within the finest facies in the bottom of each cycle where at least 

five mantos were recognized, named as 4 to 0 fi^om to the bottom to top of the 

stratigraphic section. 

The lowest manto 4 in the district seems to have geological correspondence with 

the Lucifer manganese deposit north of the district, which is generally attributed to hot 

spring deposition (Freiberg, 1983). Manto 3,3(1), 2 and other mantos in higher lithologic 

units in the Boleo district are attributed to fluids structurally controlled along the 

preferential NW-SE structures which trespassed an oxidation-reduction boundary 

causing metals to precipitate under reducing conditions. Sulfur, carbon and oiQrgen 

isotopes studies support anoxic conditions with a bacteriological origin for sulfur and a 

mixing of seawater and freshiivater during the formation of the mantos, and large 

contribution of carbon firom organic material. Cu/Co, Cu/Zn and Co/Zn ratios and Cu-Co-

Zn absolute values in the mantos 3 and 3(1) support an upward advancing of low-
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temperature ore fluids, and subsequent discharge of fluids in anoxic shallow basins as the 

origin of the deposits. 

Dewatering structures below the manto 2, together with distribution of 

mineralization and Cu/Co, Cu/Zn and Co/Zn ratios suggest that the hydrothermal event 

that formed the mantos 3 and 3(1), was episodic and the movement of the mineralized 

fluids were controlled by the same reactivated NW-SE structures. 

The spatial and temporal conelation of the Boleo deposit with the Gidf of 

California indicate that the mafic rocks in a rift setting might be sources of copper and 

cobalt minerals in the Boleo deposit. At the same time this tectom'c setting can introduce 

the migration of the ore fluids and subsequent deposition of metals into local reduced 

environments. 

Textural, depositional characteristics, geometrical disposition and mineralogy of 

the different mantos in the district, suggest that the Boleo deposit corresponds to a low 

temperature hydrothermal early diagenetic deposit. 

Introduction 

The Boleo district is located in Baja Califonua (Figure 5.1) bounded by the Plio-

Quatemary Tres Virgenes volcanic field and La Reforma Caldera to north-northwest, the 

Comondu volcam'cs of the Santa Lucia range to west-southwest, and the Gulf of 

California to east (Figure 5.1). The Neogene and Quaternary stratigraphy was initially 

studied by Wilson and Rocha (1955) more than 40 years ago. However, the 

mineralization in the Boleo district had been previously described (Tinoco, 1885; 
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Saladin, 1892; Touwaide, 1930; Pena, 1931; Weed, 1907). Wilson and Rocha (1955), 

defined at least five strati'fbrm mantos named 4 to 0 from the lowest stratigraphic 

horizons at the bottom to top, which are interbedded into a clastic sequence. The mantos 

are hosted in a tu£faceous clay-siltstone with laminar structures deposited in distal flood-

plain, lacustrine basin facies in a fan-deltaic environment (Ochoa et al., 1998a). At least 

three sedimentological cycles were identified in the clastic sequence of the Boleo 

Formation, where the fine facies correspond to the beginm'ng of the each 

sedimentological cycle, which were formed by repeated subsidence stages of the Santa 

Rosah'a basin floor during the opem'ng of the Gulf of California. 

The Boleo Cu-Co-Zn deposit has been known since end of the last century 

(Southworth 1905, Wilson and Rocha 1955), and during the first half of this century the 

Boleo was the second largest producer of copper in Mexico, after Cananea, with more 

than 19 Mt of ore with a grade of 4% Cu. Because of its stratiform ore bodies, its clastic 

marine-nonmarine host rock, its rift tectonic setting relation, mineral association Cu-Co-

Zn (Mn, Ag, and less Pb), high ore grade, and related evaporite beds, the Boleo has been 

labeled as a red bed type deposit, such as the Kupferschiefer in Germany, Corocoro in 

Bolivia, and The Copper Belt in Zambia, among others (Towaide 1930, WOson and 

Rocha 1955), and has been included in the group of Sediment-Hosted Stratiform Copper 

deposits (Gustafson and Williams 1981, and Kirkham 1989). 

The environment of formation of the ore beds in the Boleo district is similar, in 

many aspects to other red bed deposits, however only a detailed study of the sediumentary 

environment where ore deposition occurred will allow for a better constrain on its origin. 
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A number of facts favor a diagenetic origin for this deposit with an important 

contribution of hydrothermal ore fluids following pre-existing faults crossing a redox 

boundary and depositing the sulfide into an anoxic shallow basin environment. 

In this chapter we discuss the geological and mineralogical characteristics of the 

Boleo Cu-Co-Zn deposit, and relate them to the sedimentary environment, which in 

general, is related to opening of the Gulf of Caliform'a. 

Previous Work on the District 

Copper mineralization in the Boleo was known since 1868, but it was not until 

1885 when the French company "Compagnie du Boleo" developed and exploited the 

stratiform ore beds, with an annual ore production of221,504 tons and a total production 

of 13,622,327 metric tons of 4.8 % Cu ore. 

The "Compagme du Boleo" closed all operations in 1954, and little work was 

carried out in the district until recently when, Minera Curator S.A. de C.V. started an 

exploration program in the Boleo district with more than 20,000 meters of drill core, and 

an intense evaluation of the distinct dumps, and existent underground minmg workings. 

Various authors have written on the geology and genesis of the Boleo deposit, and 

different opinions and hypothesis have been advanced on the origin and provenance of 

the metals. Among the more important papers are: Touwaide (1930) who proposed that 

the copper was extracted from the pyroxenes of the tuf[k;oeus host rock and was carried 

out by circulating waters, and transported as sulfates or chloride solutions. Wilson and 

Rocha (1955) proposed a replacement origitt of the copper mineralization, produced by 
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ascending solutions with a magmatic connection along pre-existent faults. Nishihara 

(1957), concluded that leached copper from andesitic and basaltic rocks of the Comondu 

volcanics, was transported in detritus or in solution as sulfate and deposited in a shallow 

Pliocene sea. Schmidt (1975), who studied the volcanic rocks of the La Reforma Caldera 

(Figure 5.1), related the copper mineralizadon with contemporaneous ash tuff events 

emanating from the caldera. Escandon (1995), related the Cu-Co-Zn mineralization with 

hydrothennal solutions discharged from submarine chimneies in mid-ocean ndges. Perez 

(1995a, 1995b) concluded that the deposit originated by a magmatic source of the metals, 

a biologenic source of the sulflo' and a sedimentary environment of deposition. 

Tectonic Setting 

The Boleo deposit occurs in the Santa Rosalia basin, which is one of many 

isolated basins arranged along NNW-SSE faults in the east side of the Peninsula of Baja 

California. These basins evolved since the Upper Miocene when an E-NE extensional 

regimen (Protogulf marine basin) was produced by the transference of Pacific-North 

America plate motions from the San Benito-Tosco-Abreojos fault west of Baja Califorma 

to the Gulf of California region to the opening of the Gulf of California (Angelier et al. 

1981, Stock and Hodges, 1989). 

The Boleo deposit occurs west of the pull-apart Guaymas basin, which is boimded 

by strike-slip faults that compose part of the San Andrea system faults. The Guaymas 

basin is produced by the obh'que displacement of the Peninsula of California from the 

mainland Mexico (Londsdale, 1989), and where submarine massive polymetallic Fe, Zn, 



67 

Cu-Fe, and Pb sulfide deposits aligned along NE-SW faults, related to hydrothermal 

plumes are now being formed now(Koski et al. 1985; Peter and Scott 1991). 

Stratigraphy of the Santa Rosalia Basin 

The basement in the Santa Rosalia basin is the Comondu volcara'c rocks, which is 

grater than 1000 m thick, and corresponds to 24 to 11 My medium-K calcalkaline 

andesite typical of active continental margins (Sawlan and Smith, 1984). These rocks 

were described by Wilson (1948), and Wilson and Rocha (1955), and consist of andesitic 

and basaltic flows, tuff, breccia, agglomerate, volcanic conglomerate, and tuffaceous 

sandstone. One kilometer west of the mouth of the Purgatorio Creek, and resting directly 

above the Comondu volcanic rocks is an irregular, 0.5-1.0 m thick, white ash and pumice 

tufif, composed by angular pumice fragments and lesser amounts of angular clasts of 

Comondu volcanics. Ochoa et al. (1998a), considered that this felsic volcamsm could be 

as old as 7 My old, instead 3 my as was suggested by Demant (1981) (Figure 5.2). 

The Upper Miocene Boleo Formation unconformably overUes the Comondu 

volcanic rocks. The Bole Formation is a 250-350 m thick unit, with an extensive, thinly, 

reddish-gray limestone at its base, and thick gypsum beds north and southeast of the 

Santa Rosaha basin (Figure 5), followed by a clastic sequence. The clastic member of the 

Boleo Formation was deposited in at least three coarsening upward grading cycles of 

sedimentation deposited in a prograding fluvial delta environment (Ochoa et al., 1998a). 

The Gloria Formation which lies unconformably above the El Boleo formation, is 

best exposed along the present Gulf coast. In restricted areas of the basin, the Gloria 
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Formation found unconformably above the Comondu volcanic rocks. The age of the 

Gloria Formation is Early Pliocene to Middle Pliocene (Ortlieb and Colletta, 1984), and 

consists of 60 m thick. Middle Pliocene clastic fossiliferous marine sedimentary rocks 

which wedge out inland. The Gloria Formation grades to a no marine facies inland, and 

rests on a local basal conglomerate (Wilson and Rocha, 1955). 

Overlying the La Gloria Formation and in slight unconformity, is the Late 

Pliocene, 20-30 m thick Infierao Formation (Wilson, 1948), which is formed by 

fossiliferous sandstone grading to the southwest to continental conglomerate. Its 

extension and distribution is the same as the Gloria Formation. Ortlieb and Colletta 

(1986), considered the Infiemo Formation as early Pleistocene in age. 

Unconformably above the Infiemo Fomiation is the Pleistocene Santa Rosalia 

Formation, which was described and named by Wilson (1948). The Santa Rosalia 

Formation is 10-15 m thick, and consists of abundantly calcareous fossiliferous thin 

layers and conglomerate. Ortlieb and Colletta (1986) described this formation as 

Pleistocene marine terrace consisting of fossiliferous sandstone and conglomerate of 

onshore facies, grading to continental breccia and conglomerate landward (Figure 5.2). 

The whole continental and marine sequence that fill the Santa Rosah'a basin, 

recorded a series of seawater incursions since Upper Miocene (Boleo Formation) to 

Recent (marine terraces of Santa Rosalia Formation). At least early during the formation 

of the Santa Rosalia basin, the coarse clastic material that forms the Boleo Formation 

came from the Comondu volcanic rocks west of the basirL In the same way, petrographic 

studies in the fine clastic sequence of the Boleo Formation show that they are formed by 
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Figure 5.2 Generalized stratigraphic column of Santa Rosalia area, showing the three 
members of the Boleo Formation and various facies within the clastic member, 
and the cyclical division. Grain-size scale abbreviated as follows: vf- very fine, 
m-medium, c-coarse, p- pebbles. 
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grains and singles minerals derived of the same volcanic rocks (Appendix II). 

Structural Setting 

The Mid-Miocene to Plio-Quatemary rocks than crop out in the Santa Rosalia 

basin have been cut by normal NW-SE and N-S strike faults, which frequently show a 

dextral oblique-slip component (Wilson and Rocha, 1955), and have been continually 

reactivated and rotated. A kinematics analysis by Angelier et al. (1981), show two 

extensional events that have been recognized in the Santa Rosalia basin and in the Loreto 

basin located 100 Km south of Santa Rosalia (Zanchi, 1994). These events are an Upper 

Miocene NE-SW to ENE-WSE extension, that affected the oldest rocks in the Santa 

Rosalia basin (Comondu volcam'c rocks) and the Boleo, Gloria and Infiemo Formations, 

which might be related to the Basin and Range extension, producing NW-SE normal 

faults with characteristic pure dip-slip motions. The second extensional event was an E-

W to ESE-WNW and is related to strike-slip motion to clockwise rotation during the 

translation of the Peninsula of Califorma away from mainland Mexico. 

The structural framework in the Santa RosaUa basin shows a dense NW-SE 

pattern formed by short and long structures in echelon predominantly dipping W-SW, 

(Wilson and Rocha 1955). In the district, the more important faults are San Antonio, 

Santiago, San Guillermo, La Ley, Juanita, Texcoco, Santa Agueda, andMontado, (Figure 

5.3). These faults have variable lengths from 700 to 3000 m long and displacement 

between 15 and 60 m. The Santa Agueda fault, has a displacement of more than 100 m 

and bounds part of the southeast side of the Santa RosaHa basin. Detailed stratigraphic 
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/ ....... ·· ...... ·-····· 

Figure 5.3- Simplified geological map after Wilson and Rocha (1955), showing the 
distribution of the Boleo Formation and Comondu volcanics rocks in the Santa 
Rosalia basin and the major structures in the district. S = Satumo, T = Texcoco, A 
= Amelia, N = Neptuno, Sol = Soledad, Ap = Apolo, SoC = Soledad, PC = 
Purgatorio, PrC = Providencia, BC = Boleo, MC = Montado, SAC = Santa 
Agueda, C = creek. 
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studies of drill cores and measured stratigraphic sections in the Santa Rosalia basin, 

outline an asymmetric basin that is deeper in the southeast than northwest (Ochoa et al., 

1998). The depth variations might be related to lateral movement corresponding to 

dextral-normal faults related to the opening of the Gulf, which were active since Upper 

Miocene (Angelier et al., 1981;Zanchi, 1994). 

Description of the Ore Beds in the Boleo Deposit 

Mantos3 and 3(1) 

The clastic sequence of the Boleo Formation presents at least 3 cycles of 

sedimentation (Ochoa et al., 1998a). In the simplest way, the sedimentary cycles at 

Boleo, mark cyclical stages of sedimentation produced by a continued evolution of the 

Santa Rosalia basin. Each cycle was formed during active prograding phases within a 

fluvial fan-delta environment producing a coarsening-upward grading regressive 

sequence as the delta build eastward. As was defined by Ochoa et al., (1998a), the ore 

bodies (known as mantos) in the district are hosted in the fine facies A of each cycle. The 

richer and extensive mantos in the district correspond to the mantos 3 and 3(1) in the 

bottom of the second cycle (Figure 5.2). These mantos define two coeval depocenters in 

the Santa Rosah'a basin. One of the centers is located in the northwest and named basin 3 

(Figure 5.4). The second center is in the southeast and named basin 3(1) (Figure 5.4). 

Both basin were separated by a ridge of Comondu volcam'c rocks, and in each basin the 

entire first cycle was deposited followed by facies A of the second cycle, which hosts the 

richest mantos in the district The mantos 3 and 1 are coeval but in distinct basins. This 



1000 m 

La Ley fault 

Explanation 

0 3(1) Basin 

ll.j 3 Basin 

[::j Comondu volcanics 

Input of sediments 

-- Faults 

~ 
N 

Sta Agued 
; 0;f.au It ·) 

i 
.Mh~ 

Figure 5.4- A simplified paleogeographic map~ 7Ma. 

73 



74 

interpretation differs from that the Wilson and Rocha, (1955), who suggested that the 

manto 1 was deposited in a stratigraphic level above the manto 3. 

The manto 3 and 3(1) can be continuously followed for more than 6 km in length 

and 3 km in width and 5 km in length and 2 km in width, respectively (Wilson and Rocha 

1955). Detailed mapping of the manto 3 and 3(1) in the district, shows that they pinch out 

gulfward with a clear decrease of the ore grade. Inland, the mantes end against the 

Comondu volcanic islands as was mentioned by Wilson (1948). The facies A that host 

the ore bodies 3 and 3(1) presents an uniform physical behavior. Regularly it as 0.25 to 

0.50 m thick calcareous mudstone at its bottom and a 1 to 20 m thick, cream reddish, 

laminar fine claystone-siltstone at the top (Figure 5.5). The claystone-siltstone interval 

has been regularly disturbed, while the calcareous mudstone in the bottom presents slight 

deformation. The claystone-siltstone interval contain a chaotic monomictic breccia zone 

formed by 1cm to 5 cm diameter angular clasts, and composed of claystone-siltstone 

rocks with a matrix of the same composition of the clasts (Figure 5.6a). In some places as 

such as the Satumo area (Figure 5.3), the claystone-siltstone unit is entirely brecciated 

reaching nearly 20 m in thickness, however, other places, the interval is less than Im 

thick as in the Montado area (Figure 5.3). The upper contact of the breccia zone within 

the claystone-siltstone interval is irregular and sharp in the west side of the Santa RosaUa 

basin, and gradual towards the Gulf. West of the basin, the brecda zone presents thinly 

interbedded sandstone horizons less than Imeters thick, and. decreasing toward the Gulf. 

In thin section, the ore beds are formed by randomly distributed angular fine Facies clasts 
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Figure 5.5- Detail of the stratigraphy of the ore body 3 and 3(1) in the section A-A' and 
Montado and Santa Agueda area, shown in the Figure 4.1. 
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a few ram to more than 2-4 cm of diameter. Typically the ciasts, together with the matrix, 

have been replaced partially by a diagenetic calcite (Appendix). 

Frequently, the ciasts present a laminar texture formed by 0.2 to 0.4 mm thick 

bands. These bands are composed of randomly oriented angular, unaltered or partially 

altered, crystals of plagioclase and minor feldspar, hornblende, and micas in a matrix 

formed by clays. Organic material is present in same amounts as little angular grains 

erratically distributed (Appendix, Facies A). Towards the Gulf, the breccia contains 

vitric tuffaceous claystone ciasts with a selective alteration of calcite in the feldspar, and 

angular dark shards of variable size included in the matrix and ciasts of the breccia. 

Hydrothermal alteration has not been documented in the clastic sequence of the 

Boleo Formation. However in the Apolo area below the manto 3 near the contact with the 

facies D (conglomerate) (drill 94-79 at 110 m), there are small and isolated patches where 

the ciasts of Comondu volcanic rocks present a circular bleached appearance of the 

mafic minerals, decreasing in alteration to the center. In the same way, the manto 3 in the 

Neptuno area (see Figure 5.3) presents interbedded horizons of less than 0.5 m thick, that 

are of jasper accompanied with iron and manganese sometimes broken. 

Manto 2,1 and 0 

Manto 2 is thin and much less extensive than manto 3 and 3(1), and is hosted 

within facies A corresponding to third cycle in the clastic sequence (Figure 5.2). Toward 

the west of the Santa Rosalia basin, the fecies that hosts the ore body 2 rests 
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a) 

Figure 5.6- a) Facies A, showing the mono1nictic breccia in the upper claystone-siltstone 
interval, with angular clasts in a matrix of the same composition. b) Facies A in 
the upper part of the clastic sequence on the west side of the Santa Rosalia basin, 
showing the breccia texture with high penetration of silica and manganese and 
iron oxides on Purgatorio Creek, in Apolo area. c) Facies A in the Gulf side, with 
the gypsum and laminar sandstone-siltstone in the bottom, and dark dusty 
sandstone in the upper part. 
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b) 

c) 



above Fades D, while toward gulf this manto is above Facies B and C. In the west side of 

the basin, the Facies A typically presents a lanunar, 1 m thick, cream clear mudstone 

horizon at its base, overlying the 2.5 m thick breccia formed by angular sandstone-

siltstone clasts supported by a matnx of the same composition. In parts, this breccia is 

deeply altered to clays and silica jasper accompam'ed by iron and manganese oxides 

(Figure 5.6b). Towards the Gulf, manto 2 has a 7-8 cm thick gypsum horizon at the base, 

with 0.6 m of yellow calcareous laminar unfossiliferous micritic rock, containing 

irregular and elongated oxidized patches of gypsum and iron. Immediately above, there is 

a 0.80 m thick dark tuffaceous-sandy material with large spots of penetrative manganese 

oxide (Figure 5.6c). 

In thin section, the laminar yellow bed above the thin gypsum horizon is of 

micritic calcite, which totally or partially replaces the original texture of the rock 

(Appendix II). Manto 2 on the west side of the basin, is similar to manto 3 but is less 

extensive. In thin section the manto 2 is a breccia with fiagments of silicified siltstone-

sandstone covered with iron and manganese oxides. However, in general there is a 

predominance of laminar siltstone-sandstone clasts. In some places, the silicification 

totally replaces the rock, with granular crystals of quarts surrounded by chert, and 

hematite along crystals boundaries (Appendix, of Petrography). Perez (1995a) described 

fiiagments of oxidized Comondu basaltic rocks with plagioclase altered to chlorite within 

this breccia. 

At 43 m in drill core 94-79 (Appendix, of location of drill holes), manto 2 has thin 

bands of jasper and associated manganese oxides less than 2 cm thick interbedded with 
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yellow zones that altered altered to clays. In the same way, in the Texcoco area (Figure 

5.3) there is a thin reddish bed, 0.30 m thick, laminar siltstone-claystone with interbedded 

jasper. A slightly bleached altered zone of the laminar bed underlies the laminar 

jasperoid manto with thin veinlets of amorphous quartz cross the laminar and jasper 

horizons. The jasperoid and altered zones below manto 2, are more conspicuous in the 

west side of the Santa Rosalia basin, and are aligned in a NW-SE direction, and match 

well with the area where the manto 2 was deeply mined (see underground mining 

workings map in Wilson and Rocha, 1955). 

Usually below manto 2 in the Facies C, there are some water escape structures 

which are present in large part of the district. These dewatering structures have been 

studied by Lowe (1975), who classified them based on their geometry, origin and 

associated structures A, B and C. The dewatering structures corresponds to type A and 

B. The dewatering structures are 2 mm diameter, like pillars. Tabular shapes are formed 

by a core of manganese surrounded by amorphous silica crossing almost perpendicular to 

the bedding (Figure 5 Ja). In other places, behind the Facies D of the second cycle 

(Figure 52), these structures presents pronounced wave shape affecting the host unit 

(Figure 5.7b). Typically, the dewatermg structures do not continue into the overlying 

units, and they were seen only within beds of the second cycle. 

The ore bodies above manto 2, corresponding to mantos 1 and 0, these ore bodies 

occur in sporadic and isolated outcrops. In some parts, particularly in the east side of the 

basin, along the Soledad creek (Figure 5.3), there are some small crops out that could 

correspond to the manto I, which greaty resembles manto 2. N^to I is a yellow, 0.60 m 
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thick strongly laminated bed with thin horizons of gypsum in its base. The manto rests 

directly above an irregular surface formed by a 15 to 20 cm conglomerate and manganese 

oxides. The manto that correspond to number 0, was observed in the east side of the 

Soledad creek (Figure 5.3), where there is a yellow laminar bed, 0.40 m cross cut by thin 

gypsum veinlets, with less iron and manganese oxides. Manto 0 rest directly above a fine 

sandstone-siltstone bed. 

Manto 4 

The lowest part of the first sedimentary cycle in general is not well exposed in the 

Santa Rosalia area. However, in the west side of the basin near the contact with the basal 

limestone in the Amelia and Texcoco areas (Figure 5.3) there is a complete early clastic 

sequence corresponding to first cycle. Here, the finer facies of the first cycle are poorly 

exposed and commonly is replaced by manganese oxides and silica. The distribution of 

the fine fades is exposed mostly surrounding the Comondu volcam'c rocks. 

The mineralized manto 4 is well exposed only in drills core. The 94-86 drill core 

cut, located m the west side of the Santa Rosab'a basin, cuts manto 4 between -64 and 78 

m depth (Appendix). There, the manto consist of a ~1 m thick yellow laminar calcareous 

mudstone directly above the Comondu volcam'c rocks. Overlying the calcareous 

mudstone, there is a 2 m thick monomictic breccia with deep penetration of iron oxides. 

Above the breccia, there is a 8 to 9 m interval of finely stratified siltstone and fine 

sandstone in some places strongly displaced with large slickenside structures along the 

bedding. Manganese and iron oxides are pervasive in this intervaL By 



a) 

b) 

II 

lPN ES IA UNlOAD TICOP~AN CIENCIAS ~ LA TIERRA 

82 

Figure 5.7- a) Type B dewatering structures in facies C underlying the ore body 2, b) 
·Probable type C dewatering structures in the top of facies C underlying manto 2. 
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stratigraphic and mineralogical relations manto 4 might correspond in part to mineralized 

clastic sediments above the replaced basal limestone. 

Mineralogy of the Ore Beds 

The ore in the Boleo district come from sulfide and oxidized zones, but there is 

not a sharp division that separate these two zones. The old underground mining workings 

in the west-northwest side of the Santa Rosalia basin came from a sulfide zone, but much 

of the ore was a mixture of the sulfide and oxidized minerals. While the ore in the 

southeast of the Santa Rosalia basin is deeper and is mainly formed by sulfide minerals 

with few oxidized minerals along fractures (Wilson and Rocha, 1955). 

On the surface, the mantos are deeply oxidized, and some 60 mineral species were 

identified in the oxidized zone (Wilson and Rocha, 1955). The mineralogy in the 

oxidized zone contain oxides (hematite, goethite, manganese, etc.), carbonates 

(malachite, calcite, azurite, aragonite, etc.), sih'cates, and other minerals as 

montmorillonite, fluorapatite, gypsum, chert, atacamite, celestite, and minor barite among 

other described by Wilson and Rocha (1955). Fifteen x-ray difraction analysis were 

carried out in different samples in the oxide and sulfide zone in the west-southwest side 

of the Santa Rosalia basin, confirming some of the minerals previously identified by 

Wilson and Rocha (1955), and which are shown in the Appendix. 

Major optical mineralogical studies in the sulfide zone, mainly from the mantos 3 

and 3(1), indicate that the ore mineralogy is simple consisting of pyrite, chalcocite, 

covelite, chalcopyrite, bomite, native copper, sphalerite, cobalt, and minor cuprite. The 
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mineralization in manto 3, can be extrapolated to other mantos in the district as was 

mentioned by Perez (1995a). Frequently, the sulfide zone is black to dark gray, with 

scattered zones that are slightly oxidized along fractures or bedding. In the San Guillermo 

mine, near Santa Rosalia, on the Providencia Creek, manto 3 presents strong sub-

horizontal slickensides planes with iron oxides stained along the fault planes. Here, high 

chalcocite concentrations are present in zones following the bedding of manto 3 making 

the richer zones dark-greenish. 

The main ore mineral in manto 3 and 2 is framboidal or structureless chalcocite 

(Figure 5.8), less frequently there is chacopyrite, bomite presenting the same type of 

structures. The framboids range between 10-20 n in size or less. In the ore zone these 

structures form a core sunounded by a thin ring of covellite-chalcocite. Regularly, the 

core of the framboids is formed by pyrite although dark isotropic material is also present, 

which could correspond to orgam'c material (Figure 5.8). In general, the sulfide 

im'neraUzation is found mainly in the clasts of the breccia and less frequently in the 

matrix. The minerab'zation in the clasts follow the lammar planes as is showed in 

Appendix; of Petrography, Facies A. 

The presence of cobalt and zinc in the ore increases the economic importance of 

this deposit. Mineralogical studies focused in finding the copper, cobalt and zinc indicate 

a genetic relation amongthem. Wilson and Rocha (1955), described uncommon minerals 

of cobalt as hydrous cobalt carbonate, cobalti&rous smithsonite, and spherocobaltite. 

More recently, de Pablo (1974) associated the cobalt values with Fe and S, and proposed 

than the hypogene cobalt mineral is contained in a cobaltiferous pyrite. la an mtemal 
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Figure 5.8- Photomicrograph showing framboids with covellite- chalcocite rims. On the 
right side of the photo there are some little framboids with a core composed by 
isotropic dark mineral corresponding to organic material. The sample comes from 
drill core 94-59 at 74.93 In (location in Figure 5.10, see Appendix), 20x reflected 
light (Perez, 1995a). 



86 

report of the Curator mining company it was proposed that the cobalt mineral is in 

carrolite ((Cu,Fe)Co2S4). Electronic microprobe studies (Perez, 1995a) of different 

samples contaim'ng high values of cobalt and zinc, determined that there is no cobalt in 

the pyrite, neither in chalcosite or chalcopyrite. However, there is a pink-gray isotropic 

mineral surrounding chalcopyrite, with low reflectivity (Figure 5.9 a, b and c). The 

fineness of the ore mineral precludes separation and makes it difficult to identify. 

However, we know that this pink mineral includes Co, Fe, S and Cu In a complex 

formula that might correspond to a mineral within the linnaeite group (Figure 5.9c). 

Regarding zinc mineralization, Perez (1995) showed that there are zinc values associated 

with copper and cobalt. Only sulfide sphalerite has been reported from the sulfide zone 

(Perez, 1995). 

Distribution and Zoning of Mineralization 

The extent, geology, and mineralization of the ore bodies 3 and 3(1), allow the study of 

the areal and vertical distribution of the ores. Figure 5.10 shows the location of 65 drill 

core that were studied, where each one cut the different mantos in the Santa Rosalia 

basin, which were sampled by Cu, Co, Zn, Fe, Mn, and other elements. Cu, Co, Zn 

distribution maps are shown in the figure 5.11, and 5.12. Figure 5.10, displays the 

location of samples used for petrographic, reflected-light microscopy, x-ray, sulfide, 

carbon and oxygen isotope studies, (see Appendix of Samples and ICP). 

The areal distribution of Cu, Co and Zn in mantos 3 and 3(1) is shown in the 
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a) 

Figure 5.9- a) Electronic 1nicroprobe photo of chalcopyrite from drill core 94-87 at 64.50 
m, b) copper map, c) cobalt map. 



88 

b) 

c) 



1000 m 

EXPLANATION 

o Drill core 
* • Drill core logged 

Q C & 0 isotopes 

6. S isotopes 

--Faults 
E] Comondu volcanics 

• 

0 

60 

1\.) 
0 
0 
0 

m 

4000 N 

ault 

479 480 519 478 476 
@ 0 • 0 0 

4000S 

~ 
0 
0 
0 
m 

* Pettrographic, EM, x-ray, isotopes samples 

89 

Figure 5.10- Location of the studied drill core, and the major structures in the district, the 
Comondu volcanics outcrop and the distribution of samples in the Santa Rosalia 
basin. 
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Figure 5.11. The highest Co values, between 0.1 to 0.2 %, are found in the northwest and 

southeast of the Santa Rosalia basin. Some enrichment occurs along the NW-SE 

structures specifically following the Santa Agueda and Amelia-Texcoco faults. Isolated 

and elongated NW-SE values of less than 0.05 ppm values are in the center of basin 3 

(Figure 5.lib).This distribution is the same for Cu (Figure 5.11a). On the other hand, 

there are 0.5 % Zn values arranged in the inlet zones in the basin 3 and 3(1), and 

apparently, these anomah'es do not coincide with the arrangement of the Amelia-Texcoco 

faults in the northwest of Santa Rosalia basin, and Santa Agueda faults in the southeast of 

the basin (Figure 5.11c). The areas with high Zn values coincide with the old 

underground mining workings in the west side of Santa Rosalia basin, reported by Wilson 

and Rocha, (1955). 

The Cu/Co, Ca'Zn, and Co/Zn ratios are shown in Figure 5.12. The highest Cu/Co 

ratios are near the San Antom'o fault in the northwest of the Santa Rosaha basin. These 

highest values extend to the southeast into the Providencia area (Figure 5.3), where the 

manto 3 was intensive exploited (see Wilson and Rocha, 1955). While in the basin 3(1), 

the highest values are near of the Santa Agueda fault In both basins the copper decreases 

with respect to cobalt away &om the San Antonio and Santa Agueda faults. Figure 5.12b 

shows that the lowest Cu/Zn values are less than 4 in the inlet areas of basin 3 and 3(1), 

with highest copper values with respect to 2inc close to Santa Agueda fault. The Co/Zn 

ratio show anomalies above 0.4 in di£ferent parts of the Santa RosaHa basin (Figure 

5.12c), not strictly associated to some specific faults in the basin 3, but the anomalies are 

elongated according the preferential NW-SE pattern. However, in the basin 3( 1), there is 
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Figure 5.11- Distribution of Co, Cu, and Zn values in the Santa Roslia basin. a) The 
highest copper values are distributed along the northwest an southeast faults with 
decreasing values away of them. b) The cobalt values present a similar 
distribution decreasing away for the structures. c) The zinc values do not seem 
associated to structures, however, they present a large concentration in the inlet 
zone of the basin 3 and 3( 1 ). 
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an anomaly following the Santa Agueda fault. 

The vertical distribution of Cu, Co Zn values in manto 3 and 3(1) is depicted in 

Figure 5.13, where drill hole data following WNE-ESE lines transversal to Santa Rosalia 

basin are used. There is a tendency for the higher copper values in the bottom, followed 

by cobalt in the manto. However, the zinc values vary more widely than copper and 

cobalt in the manto 3 and 3(1), and in some parts seem to be spread out above and within 

the mantos (Figure 5.13a and 5.13b). 

In general, the distribution of Cu, Co, Zn and Cu/Co, Cu/Zn and Co/Zn ratios can 

be extrapolated to the whole district, and shows a genetic relation between Cu and Co 

with a distribution of copper close to the faults, while the Zn present a wide distribution 

either horizontal and vertical, suggesting a redistribution by supergene processes. A 

comparison among Cu/Co, Cu/Zn and Co/Zn ratios in mantos 2 and 3 (Table 5.1, 

Appendix HI), show higher grades of copper-cobalt values in the manto 3 decreasing 

Table 5.1 - Cu/Co, Cu/Zn, Co/Zn ratios in the mantos 3 and 2. The location of drill holes 
are in the Appendix HI, and Figure 5.9. 

Manto 2 Cu(ppm) Co (ppm) Zn (ppm) Cu/Co Cu/Zn Co/Zn 
95-275 4157.1 215.2 7000.0 19.31 0.59 0.03 
94-70 257.9 60.5 7736.8 4.26 0.03 0.01 
94-79 5607.7 287.1 54775.7 19.53 0.10 0.01 
94-83 4515.8 126.4 7243.9 35.74 0.62 0-02 
94-25 435.0 285.0 7595 1.53 0-06 0-04 

Manto 3 
95-275 424.57 10247.37 2018-95 24.14 5.08 0.21 
94-70 698.56 100.00 45133.97 6.99 0-02 0-00 
94-79 9299.29 506.19 7663.35 18.37 1.21 0.07 
94-83 16663.13 443.78 5990.14 37.55 2.78 0.07 
94-25 6844.72 234.89 2930.91 29-14 2-34 0-08 
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Figure 5.12- Distribution of Cu/Co, Cu/Zn and Co/Zn ratios in the Santa Rosalia basin. a) 
Cu/Co, b) Cu/Zn, c) Co/Zn. 
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Figure 5.13- The vertical distribution of Co, Cu and Zn values in the basin 3 and 3(1) in 
Santa Rosalm basin, a) The vertical Co, Cu and Zn values in different drill holes 
in the basin 3, showing a concentration of Cu and Co values in the bottom of the 
manto, and wide Zn distribution in and above the manto. b) The Co, Cu and Zn 
distribution in the basin 3(1), showing the same characteristics than in manto 3. 
The location of the drill holes is in the Figure 5.10, Appendix IH 
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upward into the mantos above manto 3. Zn, however, is more abundant in the higher parts 

of the section,. Manto 2, has higher values of copper and cobalt at the bottom, in the same 

way than manto 3 and 3( 1), but the copper and cobalt grade is not as high as manto 

3. However, the zinc values seem to increase upward in the manto 2, with a lesser Cu/Zn 

ratio than manto 3, Figure 5.14. 

Sulfur, Carbon aod Oxygen Isotopes 

The stable isotopic analysis of sulfide and calcite from the mantos in the Boleo 

district have not been subject of prior investigations. Only a sulfur and oxygen isotope 

studies was carried out by Ortlieb and CoUetta, (1984) ftom a sample of gypsum in the 

bottom of the Boleo Formation. They reported 5^'^S and values of +22 to +13 %o 

respectively. 

The sulfur isotope data presented below were carried out on sulfide from manto 3. 

Carbon and oxygen isotopes were obtained for the calcareous mudstone in the bottom of 

the mantos 3, 3(1), 2, and 4 and a surface vein. The aim of this study was to determine 

the source of the sulfur, and the type of water that was involved in the formation of the 

ore bodies. 

Six sulfide and one sul&te samples from manto 3 were collected to determine the 

34 
o S values. The ore in the manto 3 is very fine grain less than 20 fx in diameter, and 

surrounded by clays. These characteristics preclude ore mineral separation by 

conventional means. Table 5.2 Usts 0 S values, location and the mineralogy of each 
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Figure 5.14- Triangular diagram shown the distribution of Cu, Co and Zn values in the 
mantos 2 and 3. Note an increase ofZn contained in the manto 2. 
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sample. The map distribution of values is shown in Figure 5.15. The analyses reported 

here have an analytical precision, based on repeated analysis of a lab standard of 0.24 %o, 

(2cy, n=l3). The sulfide 5 '̂̂ S of the sulfides are negative varying from -34 to -II %o, 

supporting a bacterial origin for the sulfiir. Gypsum (sample 94-26) from manto 3 has a 

3*^ 34 5^ S value that does not correspond to the average 8 S values of sulfide. Although we 

Table 5.2.- Sulfide isotopes values from mantos 3 and 2. The location of drill holes are in 
the Appendix m, and Figure 5.10. 

Hole Depth 5^S Mineralogy* 
95-50 139.14 -10.9 cel., py, cc 
94-26 15.0 -29.6, -33.4 sulfides. 
94-32 98.24 -22.1 cal., sulfides. 
95-5,94-44 60.1 -20.5 py, cc, cov, bn 
95-10, 94-87 65.50 -27.7 PV, cc, cpy, bn 
95-50 139.14 -33.6 cel., py, cc 

1 94-26 (sjr) 15.0 -17.6 gy-

*cel - celestine, py - pyrite, csl - calcitc. cc - chaicocitcr cpy - cfaalcopyrite. bn - bomitc. 
gy-gypsum. 

do not known the 8^'^S value of the original sulfide in this sample, the value is consistent 

with derivation of the sul&te by oxidation of sulfide, but do no preclude introduction of 

higher from a exterior source. 

Eighteen samples for carbon and oxygen isotopes were collected from the bottom 

of mantos 2, 3, 3(1), 4 and surface vein. Most of the samples conespond to calcite 

(micrite), although some of them contain organic material, while the surface vein is 

composed essentklly by travertine. The number of the samples and the locations is 

shown in the Table 5.3, and Appendix IV. The carbonate minerals are reacted with 
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Figure 5.15- Sulfur isotopes variation from the sulfide minemlization of manto 3 from the 

ore sulfide. The large negative 834S values indicate a bacteriologic origin to the 
sulfide, including the gypsum sample. 
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H3PO4 in individual reaction vessels to yield CO2. The CO2 is separated from H2O and 

then measured on the mass spectrometer. Esotopic ratios are reported in permil (%o) 

relative to the SMOW standard for O and the PDB standard from C. Figure 5.16 show the 

T1 1 ® 
5 CpDB and 5 O smow of the analyzed samples from the different mantos in the 

district, and show how the mantos and surface vein are grouped. Most of the samples of 

18 
mantos including the surface vein, yield high 5 O smow between +20 and +32 permil. 

The high positive oxygen values are in agreement with large interaction of interstitial 

water in an isotopic equilibrium with the silicates of sedimentary or volcanic rocks 

around of mantos. 

13 The data from the different mantos has 5 Cpdb values that range +6.7 to -10 

permil (Figure 5.16). This range in isotopic composition presimiably reflects large 

incorporation of variable amounts of organic carbon into the calcite in the bottom of the 

mantos. 

13 18 The sample 96-463 (Table 5.3) is uncommon and depleted in C and O and lies 

in the lower left region of Figure 5.16. The isotopic characteristic of this sample are 

difficult to explain and may be related to kinetics (Ohmoto and Rye, 1979). 

Origin of the Boieo Deposit 

Mineralization below Mantos 3 and 3(1) 

Isolated and widespread outcrops of ferroginous-manganiferous jasper, replacing 

preferentially the basal limestone occur ia the west side of the Santa Rosalia, basin. In 
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Table 5.3- Carbon and Oxygen Isotopes in the mantos 2, 3, 3(1), and 4 in the Boleo 
district. The location of drill holes and surface samples are listed in Appendix of 
samples list, and Figure 5.10. 

1 Location Depth C%.PDB OX* SMOW 
Manto 3 
94-79 108.86 -3.9 22 
95-141 24.05 -7.1 21.7 
95-308 70.70 -1.1 31.6 
95-344 44.90 -4 20.9 
96-644 33.46 -7.07 21.4 
96-588 50.90 -8.3 19.9 
96-149C 26.85 -2.1 25.6 
Manto2 
SM3-1 surface -0.38 28.5 
94-70 48.20 -9.66 22.4 
94-70 48.20 -11.1 21.1 
SR-PRC4-2 surface -10.9 21.4 
Manto3(l) 
96-542 169.45 6.7 31.1 
96-479 131.42 -6.7 22.4 
96-642 117.76 -1.8 24.9 
96-463 135.50 -25.3 -0.8 
96-479 142.64 -4.9 22.5 
Manto 4 
95-100 124.10 -7.28 31.7 
Vein 
R4 Surface -9.89 22.9 
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Figure 5.16- Carbon vs. Oxygen isotopes from the bottom of the mantos 2, 3, 3(1), 4 and 
a surface vein. The () 13C and 8180 values indicate interstitial water mixed 
seawater. The Figure shows the oxygen-carbon isotopic fields of Junior carbonate 
from White Pine (Mauk et al. , 1992a), 
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most places, this replacement is more pervasive near the Comondu volcamc rocks in the 

west side of the Santa Rosalia basin, decreasing in intensity away from these outcrops. 

Near the Comondu volcamc rocks in the Apolo area, in the south side of Purgatorio 

Creek (Figure 5.3), there is a small isolated, deeply silicified structure, like chimney, with 

iron and manganese oxides 3 meters high and 20 meters long resting on the Comondu 

volcanic rocks. Locally this structure is covered by thin laminar grayish-greemsh 

sedimentary rocks, with breccia zone interbedded and cutting the bedding. In restricted 

areas, within the laminar sediments, there are small zones with high concentration of 

copper silicates. Widespread alteration of the mafic minerals of the Comondu volcanic 

rocks surround and underlies the silicified structure. These outcrops is the only clear 

manifestation of hydrothermal alteration in the district. The relationship of these silicified 

zones to the Cu-Co-Zn mineralization above is unknown. Wilson and Rocha (1955) in 

their geologic map included this structure as part of manto 3. However, its physical 

appearance and mineralogy seem different than manto 3 and it could be stratigraphically 

below it. 

The manto 4, the deepest ore bed in the Boleo Formation, was observed 

exclusively in drill core close to Comondu volcanic rocks in the west side of the Santa 

Rosalia basin. This manto contains high manganese values and less copper with respect 

to the mantos above it (Wilson and Rocha, 1955). As described above, the spatial 

position of manto 4 with respect to mineralized basal limestone suggest that early during 

the deposition of the clastic sequence of the first cycle there was an early mineralization 

even, which is evident in surface exposures as scattered and isolated crops out of 
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limestone replaced by ferrouginous-manganese togetiier with siiica jasper. Low copper 

values and important concentration of manganese have been reported from these 

outcrops. 

There are some geological and mineralogical similarities between the 

mineralization in the bottom of the Boleo Formation and the Lucifer manganese deposit 

located 12 km northwest of Santa Rosalia. In the Lucifer area, there is strong evidence of 

hydrothennal activity with mafic silicate alteration, conspicuous bleached zones, and 

substantial argillization of glassy groundmass in the Comondu volcanic rocks below the 

manganese stratiform body. There are thinly reddish-brown jasper capping horizons 

interbedded with the stratiform manganese manto, indicating a genetic relation of jasper 

with the manganese mineralization (Freiberg 1983). Field relationships between the 

manganese mineralization and the manto 4 was not observed. However, the stratigraphic 

position and mineralogical similarity suggest an early iron-manganese-silica 

hydrothermal event in the area below the stratiform Cu-Co-Zn mineralizatiotL 

Formation and Mineralization of Mantos 3 and 3(1) 

Detailed studies above the sedimentary envirormient of the Upper Miocene Boleo 

Formation indicate that the clastic sequence that hosts the ore bodies was formed during 

an epoch of tectonic instability related to the opening of California (Ochoa et al., 1998a). 

Early during the tectom'c evolution of the Santa Rosah'a basin, two extensive and shallow 

depocenters separated by a ridge of Comondu volcanic rocks were formed. These basins 

were filled with clastic material coming from the west-southwest forming a coarsening 
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upward grading sequences in a fan-deltaic environment (Figure 5.2). Ochoa et al., 

(1998a) determined that the depocenters were filled by the first cycle and the facies A of 

the second cycle, and were deposited in extensive shallow basins. Pyroclastic dacitic-

rhyolitic volcam'sm was present dun'ng the deposition of the Boleo Formation, increasing 

dunng the deposition of Facies A (Ochoa et al., 1998a). The large presence of clay 

associated with sulfides in the mantos 3 and 3(1), have been interpreted by various 

authors as a product of the devitrification of the volcanic glass, which is coeval with the 

formation of sulfide. 

During a late diagenetic stage, Facies A was extensively broken, probably by 

tectom'sm (Ochoa et al., 1998a). This unstable stage seems to have been repeated during 

the beginning of each cycle, but with less intensity during the mantos 4, and 2. Field 

evidence and microscopic studies of the mantos 3 and 3(1), indicate than the brecciaton 

affected the fine beds, just before they were totally lithified. The sulfide mineralization is 

found in the clasts following the laminar planes, and less frequently in the matrix of the 

breccia, indicating that the mineralization started at an early diagenetic time. Appendix of 

petrography, Facies A. 

Although the presence of framboidal textures in the ore beds is not conclusive 

evidence of direct action of micro-orgam'sms (Bemer 1969, and Willdng and Barnes 

1996), these structures constrain the solutions to almost neutral pH conditions and 

temperatures less than 100 ° C. Other evidence for low temperatures include organic 

material replaced by sulfides and silica in the mantos 3 and 4, and the presence of 
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orthorhombic chalcocite (Towaide 1930). The low temperatures can explain the lack of 

hydrothermal alteration close the mantos. 

Distribution of Cu, Co, and Zn together with Cu/Co, Cu/Zn and Co/Zn ratios, 

show that the highest copper values are strongly associated to NW-SE structures specially 

San Antonio, La Ley, and Santa Agueda faults (Figure 5.3), suggesting that these 

structures likely acted as like feeder conducts. 

o34 
The highly negative o S values support a bacteriogenic origin for sulfur, and 

carbon and oxygen isotopes (Figure 5.16), show that the calcareous mudstone obtained 

carbon from organic material, possibly during an early diagenetic stage. 

All these data suggest that the mineralization in the mantos 3 and 3(1), was 

produced by an influx of oxidized fluids containing dissolved metals. These fluids 

probably flowed upward along the pre-existent NW-SE faults. The ore fluids precipitated 

metals by reacting with biogenic disseminated pyrite. The influx of metals probably 

predated advanced compaction and lithification of the fine facies A in the mantos 3 and 

3(1), as is suggested by mineralization following the bed planes in Facies A. Together 

with the deposition of the sulfides an important contribution of volcam'c ash seems to 

have accompanied deposition of Facies A, which may have further reduced the anoxic 

basins. 

The horizontal and vertical distribution of Cu, Co, and Zn in the basins 3 and 3(1), 

reinforce the model of low temperature upward-moving solutions along preferential 

structures. Greater amounts of copper was deposited close the conducts. 
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According the ore sulfide minerals present in the Boleo deposit a path of the ore 

fluids can be drawing in a pH-Eh diagram (Figure 5.17). This figure show clearly why 

the chalcocite precipitates from acid, lightly oxidized fluids when they encounter sulfides 

under reducing conditions (Garrels and Christ, 1965). 

Mineralization above the manto 3 and 3(1) 

Manto 2 was deposited in a shallow but less extensive basin than those of mantos 

3 and 3(1), but with similar geological and geochemical charactenstics. The manto 2 and 

ore bodies above it, have been cut and displaced by the same NW-SE faults in the district, 

which indicate a reactivation of these structures (Wilson and Rocha, 1955). 

Carbon and oxygen isotopes values (Figure 5.16) suggest mixture of seawater and 

freshwater in the basins and large contribution of carbon from organic material during the 

formation of the calcareous mudstone in the bottom of the manto 2. The undisturbed 

laminar structures and the presence of framboid structures in the mamo 2, suggest that 

anoxic conditions existed similar to the mantos 3, and 3(1) during the deposition of 

manto 2. 

The copper and cobalt values decrease away from each manto, and although the 

assays by Cu, Co, Zn and other elements are concentrated in the mantos, there are 

anomalous values above and below mantos 2 and 3. Cu/Co, Cu/Zn, Co/Zn ratios between 

mantos 2 and 3 (Table 5.1) indicate higher grade copper-cobalt values in the manto 3 

with a clear decreasing upward into the mantos above manto 3, but enriching in zinc 

(Table 5.1, Appendix of sample and ICP list). 



Malachite 

Figure 5.17- CU-H2O-O2-S-CO2 pH-Eh diagram at 25 °C, total pressure = latm, 
PCO2 = lO*^"^, total dissolved sulfur species = 10'^, in Ganels and 
Christ, 1965. 
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All the geological characteristics discusses above indicate that manto 2 may have 

formed during a tectom'c reactivation of NW-SE structures. The hydrothermal activity 

was less intensity than that wich formed in manto 3. The mineralization in the manto 2 

was deposited in an environments less extensive than the basins 3 and 3(1), and in the 

same way than mantos 3 and 3(1), the ore fluids precipitated metals by reaction with 

biogenic disseminated pyrite. 

Together with the hydrothermal ore fluids, there seem to have been an important 

contribution of interstitial pore-water, as indicate by the dewatering structures found 

below the manto 2 (Figure 5.7). It is possible that, during the formation of manto 2, there 

was contribution of Cu and Co from mantos 3 and 4 which had been previously 

deposited. 

The manto 2 with jasper, iron and manganese oxides in the west side of the Santa 

Rosalia basin has the highest Cu, Co and Zn concentrations, and coincides with the old 

underground mining workings in the district These siUcified zones are related to NW-SE 

structure, and probably correspond to feeder zones. 

Source of metals 

Several hypotheses have been advanced to explain the source of metals in the 

Boleo district (Touwaide 1930, Wilson andRocha 1955, Nishihaia 1957, Schmidt 1975, 

and Perez 1995). There is no conclusive answer to this questioiL The geological and age 

data from the clastic sequence of the Boleo Formation constrain the bulk copper-cobalt 
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mineralization age of mantos 3 and 3(1), to the beginm'ng of continental rifting (protogulf 

marine basin) in the Gulf of Califorma (Ochoa et al., 1998a). 

Magmatic and hydrothemial activity has been documented near Santa Rosalia, 

related to opening of the Gulf of California since Late Miocene. Alkalic and tholeiitic 

magmatism of Upper Miocene age is found north of Santa Rosalia (Sawlan and Smith, 

1984). Carranzas et al., (1990), and Peter, and Scott, (1991), describe submarine 

hydrothermal polymetallic mineralization in the Guaymas basin, east of the Boleo 

deposit. Batiza (1978) described Plio-Quatemary tholeiitic basalt in the Tortuga Island, 

southeast of Santa Rosalia. 

This spatial and time association suggest a genetic relation between the 

mineralization in the Boleo deposit with the tectom'c evolution of the Gulf of Califorma 

rift. Rift setting can to induce the migration of fluids in different ways (Kirkham 1989), 

and can produce the necessary ingredients (metal source, brines, channelways etc) to 

form potential orebodies. The afGnity of cooper, cobalt and zinc to basaltic magma 

(Krauskopf 1967), make the rifting setting a ideal source of the metals. 

All that data suggest than the Cu, Co, and Zn metals in the Boleo deposit could 

have been originated in an early rifting stage, where the fluids were expelled by 

compaction upward and out ward ft'om rifts. These fluids could have leached the metals 

ft^om the surrounding rocks and transported in solution. 
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Model of Deposition 

According the physical and chemical features of the Boleo deposit, it can be 

considered as a diagenetic deposit. The ore fluids were of comparatively low temperature 

(<100° C) as indicate by ore textures. 

A model to explain the formation and the vertical spatial disposition of the 

different ore bodies in the district is depicted in the Figure 5.18, which shows an early 

stage ca. 7 Ma, during the mineralization of the manto 4. When low temperature ore 

fluids ascended along preferential NW-SE faults in the Comondu volcanic rocks, the 

fluids replaced the basal limestone and in part they mineralized the early clastic sequence 

of the Boleo Formation. Probably, some of the fluids were spread out directly above the 

Comondu volcanic rocks in an aqueous environment like hot springs, forming the iron-

manganese-jasper structures (chimney). The Figure 5.18b, outlines the manto 4 and the 

continued deposition of the clastic Boleo sequence above it The continued subsidence of 

the Santa Rosalia basin produced large input of clastic material derived from the inland 

into the basin covering the early manto and forming the basins 3 and 3(1) before 6.76 ± 

0.90 Ma (see text above). The facies A corresponding to second cycle (Figure 5.2) were 

deposited in shallow and extensive basins. These basins were first filled with seawater 

and consequently mixed with interstitial water, as is indicate by carbon and oxygen 

isotopes. Anoxic conditions prevailed during the deposition of these fine facies. The NW-

SE faults and the hydrothermal system were reactivated, and the ore fluids ascended 

along the reactivated faults. When the fluids reached the contact between the underlying 

coarse sediments and the fine facies A, the solutions spread out trough porous and inter-
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laminar planes during an early diagenetic stage. The reduction conditions are indicated by 

the framboidal textures and the negative sulfur isotopes values of the ore minerals in the 

manto 3. The vertical upward movement of the fluids into the manto is suggested by the 

vertical distribution of copper and cobalt (Figures 5. 13). Subsequent subsidence of the 

Santa Rosalia basin covered the basins 3 and 3(1) to complete the second cycle of 

sedimentation (Figure 5.2) and deposition of the facies A corresponding to the third 

cycle. Flood plain basins were formed during the beginning of the third cycle, and again 

the premineral faults were reactivated and the solutions ascended along it. The ore fluids 

reached the boundary between underlying coarse sediments of the fine facies depositing 

its charge into an anoxic environment During this stage, there was large contribution of 

interstitial fluids (dewatering structures. Figure 5. 18a and b). The interstitial fluids might 

have been expelled for the clastic sequence interstices during compaction. 

Table 5.4 shows four of the more important regions that are similar to the Boleo. 

All the deposits have the following similarities: 

-They were formed in a rift or intracratom'c rift 

-The ore deposits are hosted within a clastic sequence produced by tectonic 
subsidence. 

- Usually these deposits contain conglomerate below the ore bodies. 

- Most of the deposits contain redbeds and evaporites associated to the ore 
deposits-

- They contain a oxidation-reduction boundary related to deposition of 
mineralization. 
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Name Reserves 
Location Deposit tx10(6) Cu 

Grade % Age 
Co Zn Others m.y. 

Zambia S.A. Mufulira 282 3.47 840-1,320 

Zambia S.A. Chambisi >50 2.5 Ag, Au 880 

Poland Lubin >1000 >2 Pb,Zn Pemiian 

USA White Pine 550 1.2 Ag L. Prot 

Mexico El Boleo >50 2.5 0.01 >1.0 Ag, Mn U Mioc. 

Meta- Tectonic Host Ore 
mofphtsm Setting Lithology Volcanics Evaporitei Structures 
Greenschist Intracratonic continental none 

basin marine rocks 

none disseminated 

Greenschist rift carbonaceous amphiboiite none banded and 

argillites aggregates 

none Intracratonic limestone none 

basin 

present disseminated 

none Mid-contintal shale basalt none 

rift mafic rocks 

disseminated 

none rift claystone add tuff present disseminated 

Time Major 
Mineralization References 

pre Gustafson and Williams (1981) 

metamorphism 

Annels, (1989) 

latersulfada Gustafson and Williams (1981) 

tion. Oszczapaiski (1989) 

diagenetic Mauk(1993), 

Mineraiî tfon Gustafson and Williams (1981) 

diagenetic Wilson and Rocha (1955) 
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- The mineralization consists mainly of: hematite, native copper, chalcocite, 
bomite, chaicopyrite, galena, sphalerite, and pyrite. 

- The Kupferschiefer and White Pine deposits contain only one mineralized 
horizons which is different to those deposits in South Africa, which have more 
than two horizons and the Boleo which has five mineralized horizons. 

- Sulfur isotopes usually indicate a bactereogem'c origin to the sulfide 

Conclusions 

The ore bodies in die Boleo district are hosted in tuffaceous clay-siltstone laminar 

beds deposited in distal flood-plain, lacustrine basin facies in a fan-deltaic environment. 

The mantos 3 and 3(1), the richest ore bodies in the district, were contemporary but 

deposited in distinct basins. Petrographic and ore microscopy studies indicate that the 

sulfide mineralization in the mantos is formed by pyrite, chalcocite, covelite, 

chaicopyrite, bomite, native copper, sphalerite, cobalt, and minor cuprite. The 

main ore mineral in the mantos 3 and 2 is fiamboidal pyrite, less than 20|j. of diameter, 

replaced by diagenetic chalcocite. SME studies carried out of samples rich in cobalt 

mineralization indicate that there is no cobalt in the pyrite, chalcocite or chaicopyrite. 

The cobalt seems to be in a mineral that includes Fe, S, and Cu. This mineral might 

correspond to the linnaeite group. 

Sulfur, carbon and oxygen isotopes support a bacterial origin for the sulfur in the 

manto 3. Carbon and oxygen isotopes data reflect large incorporation of variable amounts 

of orgam'c carbon into the calcite in the bottom of the mantos. 

Cu, Co, Zn values and Cu/Co, Cu/Zn and Co/Zn rate in the mantos 3 and 3(1), 

shows high copper values close to NW-SE faults. The vertical distribution of Cu, Co, Zn 
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values in the mantos 3 and 3(1), shows a major concentration of copper and cobalt values 

in the bottom of the mantos. The Zn values show a wide distribution, suggesting a 

redistribution by supergene processes. 

The mineralization in the Boleo deposit resulted when lightly oxidized ore fluids 

following along pre-existent faults reached a oxidized-reduced boundary during an early 

diagenetic state. Anoxic, low temperature and almost neutral pH conditions were present 

during the deposition of the different ore bodies in the district. 
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VI. GENERAL CONCLUSIONS 

This chapter sumtnarizes the most important conclusions of the study and has 

been divided in four sections which include stratigraphic and structural setting, 

mineralization, time of mineralization, and stable isotopes. 

Geological setting 

The Upper Miocene Boleo Formation that hosts the stratiform ore beds in the 

district, is a 200 to 300 m thick clastic sequence dominated in its lower part by marine 

transgressive sediments and evaporite bodies, overlain by 170 to 300 m of clastic 

coarsening upward fan-delta marine-nonmarine sediments. The clastic coarsemng 

upward sequence of the Boleo Formation is divided into at least three well organized 

upward coarsing cycles (90-100 m thick). Each cycle represents a prograding fan-delta 

formed as a consequence of large and repeated vertical movements of the basin floor 

with respect to source areas, during the early stage of the opening of Gulf of Califonua 

(Figure 4.2). 

The clastic section can be subdivided into several distinctive lithofacies A, B, C, 

CI and D. Facies A is a finely laminar tuffaceous claystone-siltstone facies in the 

bottom of each cycle. 

The facies A hosts the ore bodies in the district. It contains a calcareous, laminar 

fine sediment at the bottom, and is overlain by brecciated tuffaceous claystone-siltstone 

horizons with diagenetic sulfides. 
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Structure 

Based on kinematic analisis, Angelier et al. (1981) described two extensional 

events in the Santa Rosah'a area: An Upper Miocene NE-SW to ENE-WSE event 

related to the Basin and Range extension, and an event with an E-W to ESE-WNW 

extension along N-S normal faults related the translation of the Peninsula of Caliform'a 

away from mainland Mexico. 

N-S and NW-SE faults in the Santa Rosalia basin, with variable lengths and 

displacement, between 15 to 100 m, played an important part during the evolution of 

the Santa Rosalia basin. The Santa Rosalia structurally controlled basin, is formed by 

large and small blocks, slightly rotated to the west, acting as sediment traps. The N-S 

and NW-SE faults were active during the filling of the basin. The sedimentation 

processes include fan-delta systems with abrupt lateral and vertical facias variations, 

early during the formation of the Santa Rosalia basin. 

The age of im'tiation of the Santa Rosalia basin has been regarded as Early 

Pliocene by Wilson and Rocha (1955), as Late Miocene for the bottom of the Boleo 

Formation, and an Early Pliocene age for the top by Ortlieb and Colletta (1984). Holt et 

al (1997), determined by "^^Ar/^'Ar an age of ca. 6.5 Ma for the cinta colorada (facies 

CI), deposited 150 m above the top of the Comondu volcanics, which constrain the 

begining of the formation of the Santa Rosalia basin to before 7 Ma. 
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Mineralization 

The genesis of the Boleo deposit has been controversial (Touwaide, 1930; 

Wilson and Rocha, 1955; Nishihara, 1957; Schmidt, 1975; Escandon, 1995; and Perez, 

1995a; 1995b). However, detailed sedimentological and geochemical studies of the host 

rocks and ore bodies in the Boleo district provide constraints for the origin of the Boleo 

deposit (Ochoa et al., 1998a, 1998b). 

The mineralization in the Boleo deposit is found in stratiform ore bodies (known 

as mantos), which are found at the bottom of each sedimentary cycle. Regularly, the 

mantos have 0.25 to 0.50 m thick calcareous mudstone at its bottom and a 1 to 20 m 

thick, laminar fine claystone-siltstone at the top. The claystone-siltstone interval have 

been regularly brecciated, while the calcareous mudstone in the bottom present slight 

deformation. 

The mineralization seems to have introduced in an early diagenetic stage into 

the tuffaceous units as is indicate by petrographic, mineragraphic and geochemical 

studies. The ore mineralogy in the mantos 3 and 3(1) in the sulfide zone is mainly 

pyrite, chalcocite, chalcopyrite, bomite, minor cuprite, sphalerite, native copper and 

cobalt mineral (Unnaeite group). The main ore mineral in the mantos 3, 3(1) is present 

as firamboidal (<20 ji) chalcocite surrounding a core of pyrite and orgam'c material. 

Less frequently, bomite or chalcopyrite surrounds the pyrite core. 

The ore mineralizatioa in the mantos is largely disseminated following laminar 

planes in the Facies A, and in the breccia zone the mineralization is more concentrated 

in the fragments than in the matrix of the breccia. 
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Sulfur isotopes studies from the manto 3 support a bacterial origin for the sulfur, 

and the carbon and oxygen isotopes suggest large incorporation of carbon from organic 

material and isotopical eqmlibrium of interstitial waters with the silicate minerals in the 

sediments and volcanic rocks surrounding the mantos. 

The Cu, Co and Zn values and Cu/Co, Cu/Zn and Co/Zn ratios show horizontal 

and vertical distribution, with high Cu-Co values close the NW-SE faults, and high Cu-

Co values concentrated in the bottom of each manto. The Zn values present a wide 

distribution either horizontal and vertical way, suggesting a redistribution by supergene 

processes. 

Time of mineraiization 

Several observations constrain the relative timing of the mineralization in the 

Boleo deposit 1) The mineralization is hosted exclusively in the clastic sequence of the 

Boleo Formation. 2) BCinematics analysis by Angelier et al. (1981), describes two 

extensional events 3) Replacement textures exist in the basal limestone in the lower 

part of the Boleo Formation, and incipient mineralization in the lowest part of the 

clastic sequence. 4) The clasts of the monomictic breccia are mineralized. 

Mineralization also occurs in the laminated planes of the tuff, and to the lesser extent in 

the matrix of the breccia. 5) The existence of firamboids with cores of pyrite and organic 

material. 

The first three observations listed above indicate that the mineralization began 

in the Boleo deposit slightly after ca. 7 my, after of the deposition of basal limestone. 
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ending slightly before 6 my. The last three observations indicate that the mineralization 

preceded the lithification of the fine sediments, probably in an early diagenetic stage. 

Stable Isotopes 

The negative values of 5^'*S values support a bacteriogenic origin of the sulfide 

developed, and the ore textures indicate a sulfide-rich environment before the 

introduction of metals. 

Carbon isotopes indicate large contribution of carbon from organic material, and 

the oxygen values indicate large contribution of '®0 from interstitial water and probably 

equilibrated with silicate in sedimentary and volcanic rocks. 
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Vn. APPENDIX 

PETROGRAPHY OF SOME SPECIHC SAMPLES FROM THE BOLEO DEPOSIT, 
SANTA ROSALIA BAJA CALIFORNIA, MEXICO. 

FaciesA. lVfanto3 
Sample: 344-44.90 
Location: Purgatorio 

Megascopic Description: 

Monomictic breccia with angular, yellow, laminar tuffaceous siltstone fragments, 

in a matrix formed by the same rock type. The fragments are variable in size from few 

mm to less 1 cm diameter. The laminar fragments present gray and clear horizons 

alternated, with local disturbed zones. Irregular concentration of dark patches along the 

lamination probably corresponding to orgam'c material. 

Microscopic Description (General Descriptions): 

This sample present angular fragments of variable size from 0.8 cm to 1.5 cm 

diameter, in a matrix formed by the same rock type. The laminar texture in the fragments 

is formed by intercalated thin horizons of clays (60%) and less crystals of plagioclase, 

feldspar, and micas (less 15%), and horizons with major contained of crystals and 

volcam'c grains as small as than 0.005 mm diameter. The horizons with major contained 

of clays contain oxidized framboidal pyrite, and are surrounded by secondary calcite, 

which in some part is pervasive. 

The clear bands contain disseminated fiamboid of pyrite (-30%) no larger than 
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10 fi, following the bed planes. Usually, these framboids are surrounded by a hematite 

halo, reaching diameters as large as 25 (i. Some time, these framboid, form clusters 

surrounded by clays. 

Dark material seem correspond to organic material, which is along bed planes. 

MnOx are as irregular patches replacing partially the rock. The laminated character clasts 

indicate conditions of deposition in anoxic standing water which were subsequent 

disturbed. 
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Facies A. Manto 3(1) 
Sample: 479-143.30 
Location: San Luciano 

Megascopic Description: 

Greenish tuffaceous siltstone with angular less 3 mm diameter grains, formed by 

crystals and volcanic clasts. The matrix of this rock is formed by very fine calcareous 

material. Dark irregular patches (MnOx) follow the bed plans. 

Microscopic Description (General Descriptions): 

Calcareous tuffaceous fine siltstone, which is formed mostly by sub-angular 

fragments less 0.025 mm to 2 mm diameter and minor individual crystals (plagioclase 

and micas) cemented by calcite (15%). The fragments present a variety of volcanic 

textures. Some of them has a laminar texmre, with dark minerals (MnOx) follow the bed 

planes. Another fragments contain an aphanitic vitric, and spherlutic textures. The 

firagments are cemented by calcite, and some time the calcite replace partially the 

fragments. 

Dark minerals less 0.5%, are formed mostly by oxidized pyrite some time 

surrounded the clasts. 
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Fades A. Manto 2 
Sample: SM3-1 
Location: Santa Martha 

Megascopic Description: 

Manto 2, a yellow laminar calcareous tuffaceous mudstone with 7-8 cm thick 

gypsum horizon at the base, overlie by 0.6 m of yellow calcareous laminar 

unfossiliferous micritic rock, containing irregular and elongated oxidized patches of 

gypsum and iron mixed. 

Microscopic Description (General Description): 

This sample has large contained of calcite (micrite) with more than 80%, widi 

irregular patches of secondary coarse calcite filling little holds. Hematite framboidal 

(<20|i) is disseminated following laminar planes. There are irregular and 

elongated zones with very fine clastic textures, where sub-angular grains have been 

partially replaced by calcite. The grains are formed by fresh plagioclase, hornblende, and 

volcanic fragments less 0.5 mm diameter. This sample correspond to manto 2 in die Gulf 

side. 
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Fades A. Manto 2 
Sample: SR-PrBlO-1 
Location: Providencia 

Megascopic Description: 

This sample was picked up at the bottom of and interval 1.5 m thick of manto 2, 

with large MnOx penetration and silicification, replacing a laminar tuffaceous fine 

siltstone. This sample correspond the manto 2 in the west side of the Santa Rosalia basin. 

Microscopic Description (General Descriptions): 

The sample show irregular granular quartz less 0.07 mm to 0.1 mm diameter, 

surrounded by chert aggregates. Framboidai pyrite oxidized 12 |i diameter, is present 

between granular quartz and chert aggregates as a late event. 
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Fades B 
Sample: 293-182.59 
Location: Soledad-Purgatorio Creeks 

Megascopic Description : 

This sample is included into an interval of 20 m thick, formed mostly by fine to 

coarse sandstone, with gray thin horizons of siltstone interbedded. Thin low small angle 

cross bedding less than 1 centimeter high, flows and local coarsening upgrading in this 

interval. 

Microscopic Description (General Description): 

A poor sorted, angular to subrounded coarse siltstone grains of variable grain size 

from Q.Q3mm to 0.1 mm diameter. The grains are composed mainly by fresh plagioclase, 

hornblende, biotite and less feldspar (-35%), volcanic grains (-5%), dark minerals 

(15%), calcite (5%), shards (<1%), and matrix (-20%). The volcanic grains seem an 

important source of the individual crystals and most of the time is difficult to see a real 

separation among the fragments and crystals. 

The sample present poor lamination, and. is formed by fine and coarse siltstone 

and claystone alternated horizons less 0.1 mm thick. Small low angle cross bedding are 

best developed in the coarse siltstone. Volcanic shards are more frequent just on the top 

of coarse siltstone unit. 



Fades C. 
Sample: 588-14.88 
Location: Jalisco 

Megascopic Description: 

Gray purple, poor sorted, sub-angular coarse sandstone. This sample is included 

into a coarsening upgrading sequence with local discordance. This sequence present 

variable dips from horizontal to 20° respect to the hole. Minor claystone thin horizons 

less 1.0 cm thick are interbedded. The sample was picked up above the facies B, which 

present irregular horizons less 0.5 m thick interbedded in a sequence of more than 25 m. 

Microscopic Description (General Description): 

A poor stratified, poor sorted coarse sandstone widi high volcanic fragments 

reworked. This rock is constituted for more than 70% of sub-angular 0.15 to 0.3 mm 

diameter, volcanic fragments wi± variable textures. Less individual crystals of 

plagioclase (20%), feldspar (5%), micas (.2%), and dark minerals (,1%) are presents. The 

individual crystals are formed mostly by angular fresh plagioclase (labradorite), micas 

(biotite) partially altered to chlorite, and dark minerals 0.25 mm long of oxidized 

homblend. Caicite is a minor constituent (0.5%), and frequently replace some crystals an 

volcanic fragments. 

The characteristic of this rock is its high volcanic fragments contained, and seem 

an important source of the individual. So, some time is difficult to see a real separation 

between an individual mineral from the fragments. 
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Fades CI. Cinta Colorada 
Sample: SR-27 
Location: Providencia 

Megascopic Description: 

Reddish, coarse, well sorted and rounded conglomeratic sandstone. This sample 

was picked up in a sequence of no more than 3 m thick, which is more extensive in the 

west side of the Santa Rosalia basin. The facies CI, present local discordance planes, 

planar, and cross bedding structures and thin poor sorted pebble conglomerate 

interbedded. 

Microscopic Description (General Description): 

The Facies CI are formed by well rounded less 0.2 mm diameter fragments of 

volcanic rocks with variable volcanic textures. In general the clasts are surrounded by a 

thin rim formed by hematite, which some replaced partially or totally the clasts. The 

volcanic fragments are formed by mostly plagioclase, less feldspar, micas and dark 

minerals in a very fine matrix. The rounded clasts are in contact with little interstitial 

diagenetic clays among fragments. Frequently, there are local thin horizons with coarse 

grains major than 0.35 mm, in the same way, these horizons with coarser present the 

same characteristics mentioned above to the fines grains. 

By its geological characteristics this facies seem correspond to intertidal sands 

environment possibly as a result of a suddenly incursion of seawater from the nearby sea. 



SAMPLES LIST FROM THE BOLEO DEPOSIT, SANTA ROSALIA BAJA CALIFORNIA, MEXICO 

SAMPI.ES DEPTH E N STATUS MINERALS MANTO OBSERVATIONS 
96-SBB 14.88 •2493.6 4281,65 Is Gray purple, poor matrix, moderate sorted coarse sandstone 

96-588 21.4 -2493,6 4281.65 Is Laminar sills,-ctaystone, sntall cross beding with white days In cavities. 

96-588 50.9 •2493.6 4281.65 c,o calclte 3 Monomlcllc bee zone, with slllcaiMnOx 

SR-8 surface Boelo Creek ts Purple, laminar middle-line ss 

SR-47 surlace Boelo CreeK X-ray, ts fluorap. b3 Cgl., white mineral vein 1-1.5 cm thick, cross cuting the cgi. 

SR-48 surlace Boelo Creek Is 3 Brown and yellow bcc zone. 

SR-49 surtace Boek) Creek ts,ps 3 Materia) deeply broken In bcc zone, with jaspe & MnOx velnlets. 

SR-61 surface Boek> Creek Is b2 Clear cotor, moderate sorted, mMdie size ss, with gy velnlets. 

94-86 59,57 Anahuac tDine x-r^ goe. 33 Bcc zone, slits, strongly oxkilzed, with he In slk:kenslde. 

94-86 76,15 Anatiuac mine x-ray az. He, smec. 4 Ocre cok>r rock with Mn, he, gy. 

El CopaNto surface El CopaNto x-ray atacamlle 3 Green massive mineral, associate with maiaqulte, he and goe. 

95-100 120.34 •2439.24 3184.99 x-ray dot. Dusty white color mineral In a IhlnlyM.S cm Ihtek vein,. 

95-100 122.25 -2439.24 3184.99 x-ray goe. Deeply oxidized monomlcllc bcc. 

95-100 124.1 -2439.24 3184,99 C.O calclte 4 Gray laminar cateareous sills., with py and less cpy. 

94-32 98.24 -1522 2738 S sultlde 3 Claystone, siltslone 

95-153 8.6 •1415 3369 x-ray MnOx? 3 Bcc zone, high he contained as halos, trag. ot line ss. 

95-153 21.5 -1415 3369 x-ray sm 3 Bottom ot manio 3, strongly replacing of MnOx. 

94-26 15 1085 3035 S sullkle, gyp 3 Claystone, slllstone 

94-27 25 •935,79 3337.69 X-ray goe,, he 3 Strongly oxMizedbcc, gy & MnOx In Ire. and matrix. 

95-141 24.05 3220 559.78 x-ray,c,0 calclte b3 Laminar,brDwn cak;areous siltslone with Itttie gy crystal In the matrix. 

SR-33 surface Santa Martha ts 2 Poor sorted, brown cotor, maslve rnlddle-llne ss. 

SR.34 surface Santa Martlia ts 2 Yelk>w strongly laminar lull? with FeOx Interlayered mixed with gy. 

SR-35 surface Santa Marltra ts 2 Brown-black color, dusty material. 

SR-36 surface Santa Martlia ts b2 Poor sotted, cream line ss. 

SR-37 surlace Santa Mariha ts 2 Yeliow-ochre laminar lull.? 

SR-38 surface Santa Martha ts Laminar middle ss, with llne-sllsl. Inlerbedded. 

SRSM 1-1, »14 surface MS Santa Martha ts Moderate sorting cream, line ss-silts. 

SRSM 3-1, «14 surlace MS Santa Martha ts, C,0 same SR-34 2 Yellow laminar lull? with FeOx patches on the bottom. 

SRSM 6-1, #14 surtace MS Santa Mariha Is 17 Yellow, laminar claystone with gy and he mixed. 

95-308 70.7 1118,25 3375.06 Is, c,o 3 Gray-dark bcc zone with certair) How and organic material,? 

SR-5 curuglu mine ts b3 tnteratyerlng ot clear-gray line ss and ctaystone. 

SR.6 Curuglu mine ts b3 TullV, very tight with MnOx. 



SAMPLES LIST FROM THE BOLEO DEPOSIT, SANTA ROSALIA BAJA CALIFORNIA, MEXICO- continued 

SAMPLES PEPTH E N STATUS MINERALS MANTO OBSERVATIONS 

SR.? Curugtu mitre Is 3 Monotnlclk: bee?. 

SR-26 surface So|e<lad arroyo Is Qray-puiple coarse ss, below clnla cotorada. 

SR.27 surface Soledad-arroyo Is Rourided reddish grains conglomeratic ss, cemented by diagenetic clays. 

SR-28 surface Soledad-arroyo Is Redlsh fine to middle ss, with borrow simctures. 

SR-29 surface San Agusilt) Is 2? Sllldlled rock, qz veins and MnOx. 

SR.30 surface Sart Agusiln Is b2 Cream, laminar, line ss-sllts, wHh MnOx stained on the bsding. 

SR.31 surface San Agusiln Is? a2 Octrre cok>r sample with MnOx veins, rusly appearance. 

SR-59 surface Curuglu arroyo Is Comondu volcank:. cut by Jasperokf veins. 

SR-62 surface Curuglu arroyo Is 

Sn-83 surface Curuglu anoyo ps,EM Jasper 

94-252 11.9 -2813,03 1330,93 Is Monrriictic bcc, with sHls. angular dasis and MnOx. 

94-252 78 -2813.03 1330.93 Is Bcc zonewlth angular cicistsin slits matrix. 

SRSim, »5 surface Soledad Is Cream, laminar line ss with cavities. 

95-50 139.14 -759 2075 S sulllda 3 Claystone-siiistone 

95-293 182.57 -144,87 1633,31 Is Green moderate sorted, k>w angule cross bsding line ss. 

SR.Pp1.1,»12 surface Purgalorlo Is Gray middle-coarse ss, with pumice grains. 

SR.Pp1-2,#12 surface Purgalorlo Is Maslve cream middle-tlna lulfaceous ss7. 

SR-PC3, #9 surface Purgalorfo Is ash fk>w lutf, above Comondu vok;., pumice ciast. 

SR-53 surface Sn Guiilenno Is 3 High sunkle contained. 

SR-68 surface MS purgatorfo arr Is 2 Bcc, jasper t MnOx, cherl veins. 

93-07 12.75 Purgaiork) arroyo Is Gray-purple, moderate sorted coarse ss no matrix. 

93-07 27.9 Purgaiorto arroyo Is Gy vein hosted In line ss. 

9307 48,1 Purgatorlo arroyo Is Fault zone? 

93-07 53.2 Purgatorlo arroyo Is, ps 3 High suilide contained sample. 

93-07 60.9 Purgatorlo arroyo Is, ps 3 High sullMa contained sample. 

93-07 61,5 Purgaiork) arroyo Is, ps 3 High suilkle contained sample. 

94-04 16.35 •892,34 137,08 Is Pumice middle ss, with 6-7mm pumice grains long. 

SR-P2, #6 surface Purgaiork) arroyo Is a3 Cream-redlsh coarse upward grading stit-llne ss with cross beding. 

SR-P3, #6 surface Purgaiork) arroyo Is Coarse gray-purple Utile matrix ss with planar cross bedding. 

SR-PA9, 07 surface Purgalorlo arroyo Is a2 laminar cream-redlsh line ss-sllts, with low angle cross beding. 

94-79 108,86 -1998.25 26.73 c,o cal. 3 Laminar ciaystone. 

95.344 44.9 399.63 165.54 Is, c,o 3 Cak;areous laminar slits. • 



SAMPLES LIST FROM THE BOLEO DEPOSIT, SANTA ROSALIA BAJA CALIFORNIA, MEXICO- continued 

SAMPLES DEPTH E N STATUS MINERALS MANTO OBSEVATIONS 

94-70 48.2 •3137,54 63.63 Is, C,0 2 Laminar yellow-while rocK strong^ altered to clays, with high MnOx. 

94-70 100.5 -3137.54 63.63 Is 3 Bcc zone, high clays contained (see sample 94-25) 

86-542 146.3 2997,12 4.95 Is Sirucurless brown-greenish maslve, calcareous line ss-sUts. 

96-&42 169.45 2997,12 4.95 Is.C.O cal. 3(1) Laminar, highly calcareous bcc zone. 

SR-41 sufface C, Juanlla Is, C,0 cal. vein Travertlno, Hllng NW-SE laull. 

SR-PrJZ, 8ec#4 swlace C, Juanlla Is Volcanic bcc, Conwndu volcanlcs. 

SR-Prcvz, #i08uriac8 ProvWencIa (carre) is Mlddto-coarse ss, wllh MnOx In riKklrtx. 

SR-PrC4-2, #10 surface ProvMencIa (carre) Is, C,0 cal. 2 Laminar moderate-well sorted, cream line ss-sUts with ripples. 

SR-PrC8-1, #10suitace ProvMencIa (cane) Is Laminar, cream, well sorted line ss with ripples. 

SR-PrB1-1, #11 surtace ProvMenda (Barbara) Is Poor sotted, gray middle-coarse ss, with caldle as cement. 

SR-PrBIO-l, #1 suilace Pfovldenda (Barbara) Is 27 Massive MnOx In the bottom ol manto 2, replaced?, sUlcllled?. 

96-463 115.5 2187,68 •1685.41 Is 2 Monomictic bcc wHh high MnOx penetration,. 

96-463 135.5 2187.68 •1685.41 Is, C,0 cal. 1 Bcc zone, with hi^ MnOx penetration, and line lamination In the twtlom. 

96-462 58 3749.9 •1642.32 Is Greenish maslve sllts.ostracodos?. 

96-462 143.4 3749.9 •1642.32 Is Moderate sorted, brownish line-middle ss with liow stmctures. 

96-462 117.76 3749.9 •1642.32 c,o cal., org. mal. 3(1) Disturbed brecdaied zone wllh organic material. 

96-468 54.4 5023.01 •1054.63 Is AphanHic volcanic rock with little piroxene and homblende phenocryslats. 

96-468 63 5023.01 •1054.63 Is PerVtlc volcanic rocK, boc. 

96-479 131,42 3194.04 -3203.59 c,o cal. 3(1) Gray line ss-silts, with Hasher structures?. 

96-479 142.64 3194.04 •3203.59 ls,c,0 cal. 3(1) lull?, white-green pyroclastic textures with caldle In matrix. 

96-479 143.3 3194.04 •3203.59 Is 1 Laminar black shale, with high cedclte in the matrix. 

96-479 146.3 3194.04 •3203.59 Is Comondu volcanic rock. 

96-519 15.7 3761.8 •3226,97 Is While-cream line-middle ss. wllh random shells (Gloria Fm). 

SR-23 surtace Lucller Is Manganese & jaspe sample 

SR-25 surlace San Lucas Is Basall-andesHe liow volcanic rock. 

SR-39 sutlace La Soledad Is 1)27 Cgl matrix 

SR-42 surlace El YaquI arroyo IS, REE Cretaceous blotite-qz-monzonite. 

SR-54 Sn Guilleniro Is Monomictic bcc. 

SR-65 Boleo CreeKgy Is Gy-fmalaqulte andchalcocKe?. 

SR-71 Las Palinas CreeK Is Redish ss with large cross bedding, above K basenwnl. 

96-644 33.46 -5145.85 4424.66 Is, C,0 cal. 3? Yellow laminar sliis-ciaystone. 

96-644 62.5 •5145.65 4424.66 Is 4 Laminar sills-claystone, highly MnOx contained replacing line ss. 



SAMPLES LIST FROM THE BOLEO DEPOSIT, SANTA ROSALIA BAJA CALIFORNIA, MEXICO- continued 

SAMPLES DEPTH E N STATUS MINERALS MANTO OBSERVATIONS 

96-1490 26,85 -2248 5232 C.O cat. 3 SHts-daystone bcc vyNh high Cu values. 

96-649 155,1 ts Same above 

95-5 S sutllde 3 Calyslone, sHtstone 

95-10 S sulfide 3 Catyslone, sitstone 

94-50 39 S,EM sulfide 3 Calyslone, sWstone 

94-50 139.14 Is, EM eel,. 3 

94-54 114,3 Is 

04-54 114.8 Is gy 

94-59 74,93 ts,ps, EM sulfide 3 

94-44 60.1 Is, ps, EM sulUdde 3 

94-44 148,6 ts 3 

94-87 64.5 ps,EM sulfide 3 

SYMBOLS 

Ts- thin section, ps- polish section, Em- electronic microprobe, C- caibon Isotopes, O- oxygen Isotopes, 

silts- sIRstone, gy- gypsum, ss- sandstone, trac.- fractures, cgt.- conglomerate 

he- hematite, Mn- manganese, goe,- goethHe, Irag.- fragments, qz- quartz 

lluorap,- lluorapatlto, Im- limestone, az- azuitte, sm- sntedNe, dot- dolomite, bcc- breccia 



ICP ASSAY TABLE 
THE BOLEO DEPOSIT 
SANTA ROSALIA, BAJA CALIFORNIA, MEXICO 

Hole E N Thick Manio Co Cu Zn Grade Co Grade Cu Grade Zn Cu/Co Cu/Zn Co/Zn 
m ppm ppm ppm ppm ppm ppm 

96-644 -5145.85 4424.66 4.5 3? 380 300 3700 531.87 3914.00 3051.42 7.36 1.28 0.17 
96-644 3? 520 3400 3600 
96-644 3? 1140 6300 4400 
96-644 3? 280 1100 1600 
96-644 3? 620 15800 2920 
96-632 -3797.92 4274.87 3.2 3? 460 6600 3000 2290.85 14612,93 3041.96 6.38 4.80 0.75 
96-632 3? 1500 15900 3000 
96-632 3? 7310 30000 3190 
96-630 -3530.57 4296.09 2.9 3 1880 48S0 4400 2160.56 11483.57 5122.80 5.32 2.24 0.42 
96-630 3 2470 18800 5920 
96-605 -3009.42 4187.26 1.7 3? 2250 6600 4700 2240.46 11877.46 3727.17 5.30 3.19 0.60 
96-605 3? 2220 23200 1640 
96-588 •2493.6 4281.65 3.9 3? 40 100 100 261.64 560.26 1509.74 2.14 0.37 0.17 
96-588 3? 180 200 2400 
96-588 3? 360 300 2200 
96-588 3? 340 1500 1500 
96-588 3? 320 900 1200 
95-184 -1806.52 4258.75 0.8 3? 1600 17500 2750 2161.87 23921.33 2107.87 11.07 11.35 1.03 
95-184 3? 2580 28700 1630 
95-145 -1200 4232 2.0 3 70 500 1000 1633.59 5027.27 5191.92 3.08 0.97 0.31 
95-145 3 3800 11300 11000 
96-660 -778.5 4218.05 6.9 3 240 1200 1500 354.78 1156.96 1444.93 3.26 0.80 0.25 
96-660 3 150 300 900 
96-660 3 400 1300 2100 
96-660 3 760 3400 1400 
96-660 3 500 1400 1600 
96-660 3 440 1100 1900 
96-660 3 1420 2300 1800 
96-660 3b 90 800 300 



ICP ASSAY TABLE- continued 

Hole E N Thick Manto Co Cu Zn 
96-658 -312.48 4318.67 8,2 3? 180 200 1500 
96-658 3? 200 200 1900 
96-658 3? 220 200 1800 
96-658 3? 700 2300 1900 
95-100 -2439,24 3184,99 0.9 3 301 13300 3880 
95-445 -2220.41 3118.81 1.5 3 340 12200 3000 
95-153 -1415 3369 2.9 3 2400 10400 3200 
95-153 3 700 31500 1900 
95-153 3 585 27800 1640 
95-136 -1410 3050 2,3 3 450 3100 1500 
95-136 3 220 78200 1200 
95-136 3 150 200 700 
95-158 -1338 3239 3.0 3 1400 14800 6300 
95-158 3 2890 9710 5160 
95-158 3 1560 11200 4270 
94-28 -1260,9 3242.5 0,9 3 1080 6100 1079 
94-28 3 1560 31000 1390 
94-27 -935.79 3337.69 5.2 3 900 3680 1060 
94-27 3 1340 4680 1230 
94-27 3 1430 6900 1150 
94-27 3 1660 11400 1400 
95-141 -667 3220 2.6 3 1600 1700 800 
95-141 3 1400 11600 5490 
95-141 3 0 6700 1300 
95-137 -508 3230 3.9 3 1310 1600 3710 
95-137 3 983 7350 2110 
95-137 3 440 1400 2300 
95-137 3 500 8200 2000 
96-681 205,39 3210.94 3.5 3 800 3600 3300 
96-681 3 172 11700 9700 
96-681 3 680 3300 2900 
96-681 3 560 3700 3100 

Grade Co Grade Cu Grade Zn Cu/Co Cu/Zn Co/Zn 
311.38 640.90 1843.08 2.058 0.3477 0.1689 

301.00 13300.00 3880.00 44.19 3.43 0.08 
340.00 12200.00 3000.00 35.88 4.07 0.11 
1196.23 23584.93 2220.55 19.72 10.62 0.54 

266,00 32250.67 1134.67 121.24 28.42 0.23 

1818.00 12598.53 5496,93 6,93 2.29 0.33 

1309.57 18008.70 1227.74 13.75 14.67 1.07 

1322.74 6740.00 1205.40 5.10 5.59 1.10 

1100.76 4888.55 1768.47 4.44 2.76 0.62 

859.08 4592.35 2611.99 5.35 1.76 0.33 

532.55 6008.76 4550.85 11.28 1.32 0,12 



ICP ASSAY TABLE- continued 

Hole E N ThicHManto Co Cu Zn Grade Co Grade Cu Grade Zn Cu/Co Cu/Zn Co/Zn 
96-681 3 860 5600 1700 
95-308 1118.25 3375.06 1.1 3 40 100 4400 40.09 100.00 4815.93 2.494 0.02 0.01 
95-308 3 20 100 700 
95-308 3 50 100 7300 
96-687 -4046.25 1288,86 3.9 3 200 800 8700 264.35 502.07 7200.00 1.899 0.07 0.04 
96-687 3 280 140 9800 
96-687 3 420 310 7400 
96-687 3 140 800 2200 
95-109 -3342.92 1480.52 1.5 3 290 1000 3610 331.13 1447.81 3943.58 4.372 0.37 0.08 
95-109 3 380 1980 4340 
95-252 -2813.03 1330,93 1.8 3 240 1500 2700 211.69 1500.00 2558.43 7.086 0.59 0.08 
95-252 3 100 1500 2000 
95-210 -2333.66 1432.11 2.8 3 1350 4400 10700 1017.51 15846.59 7693.73 15.57 2.06 0.13 
95-210 3 340 3200 7400 
95-210 3 876 31600 4650 
95-195 -1826.43 1469.69 4.3 3 130 100 2900 289.79 268.21 7442.69 0.926 0.04 0.04 
95-195 3 190 200 3900 
95-195 3 210 400 5400 
95-195 3 680 500 18100 
95-195 3 270 210 8000 
95-275 -1162.15 1469,05 1.5 2 320 5100 12500 215.24 4157.14 7000.00 19.31 0.59 0.03 
95-275 2 120 3300 2000 
95-275 0,9 3 210 1700 1400 424.57 10247.37 2018.95 24.14 5.08 0.21 
95-275 3 938 30700 3500 
95-54 -467.69 1645.87 1.7 3 790 46900 2400 663.33 36548.28 2662.07 ##### 13.73 0.25 
95-54 3 500 23200 3000 
95-293 -144,87 1633,31 3,0 3 140 0 2100 145.08 32.44 2125.42 0.224 0.02 0.07 
95-293 3 160 0 2200 
95-293 3 140 100 2100 
95-321 774.28 1915.66 1.7 3 890 3900 1900 1046.67 9272.38 3211.43 8.859 2.89 0.33 
95-321 3 1270 6410 1480 
95-321 3 1120 13700 4480 



ICP ASSAY TABLE- continued 

Hole E N Thick Manto Co Cu Zn Grade Co Grade Cu Grade Zn Cu/Co Cu/Zn Co/Zn 
94-70 -3137,54 63,63 1,9 2 50 100 8000 60.53 257.89 7736.84 4.261 0.03 0.01 
94-70 2 70 400 7500 
94-70 2,1 3 100 400 10600 100.00 698.56 45134.0 6.986 0.02 0.00 
94-70 3 100 1000 80000 
94-69 -3137.54 63,63 2,2 3 100 900 9900 110.27 1017.41 48645.1 9.227 0.02 0.00 
94-69 3 140 1400 106000 
94-69 3 80 600 26200 
94-71 -2302.37 32.07 2,1 3 340 15300 36300 225.07 13940.49 22604.9 61.94 0.62 0.01 
94-71 3 120 36800 13200 
94-71 3 190 2500 17000 
94-79 -1998.25 26.73 4,2 2 100 1340 25900 287.06 5607.71 54775.7 19.53 0.10 0.01 
94-79 2 210 3000 76000 
94-79 2 620 10400 101000 
94-79 2 900 22900 70000 
94-79 2 60 1700 14400 
94-79 2,8 3 160 1000 4400 506.19 9299.29 7663.35 18.37 1.21 0.07 
94-79 3 560 10500 10000 
94-79 3 990 18900 10300 
94-79 3 150 4300 3200 
94-83 -1881.95 451.72 1,4 2 130 2680 5660 126.35 4515.77 7243.94 35.74 0.62 0.02 
94-83 2 120 7710 10000 
94-83 2.2 3 840 41500 8800 443.78 16663,13 5990.14 37.55 2.78 0.07 
94-83 3 280 3710 4970 
94-83 3 130 700 3570 
93-04 -892,34 137.08 1.5 3 320 23400 1510 258.29 18571.92 1274.04 71.9 14.58 0.20 
93-04 3 150 10100 860 
95-346 76 195,88 3.0 3 150 5900 3100 114.36 13225.50 1630.20 115.6 8.11 0.07 
95-346 3 170 7900 1900 
95-346 3 150 24000 1500 
95-346 3 60 14300 500 
95-344 399,63 165.54 2.4 3 2050 12600 2080 1167,43 16009.02 2073.93 13.71 7.72 0,56 
95-344 3 1100 18400 2060 



ICP ASSAY TABLE- continued 

Hole E N Thick Manto Co Cu Zn 
95-344 3 167 12100 2120 
95-344 3 190 14000 2100 
95-337 743.1 299.36 2.2 3 220 3200 2900 
95-337 3 20 2700 3800 
95-337 3 220 14600 1980 
94-25 1083.04 175.74 3.1 2 190 140 7570 
94-25 2 380 730 7620 
94-25 3.1 3 230 1440 2970 
94-25 3 240 12500 2890 
95-366 1796.93 -0.62 2.6 3 300 100 3500 
95-366 3 370 2400 3600 
96-459 2581,85 -114.06 2.8 3(1) 390 4200 4900 
96-459 3(1) 1270 14000 8000 
96-459 3(1) 580 40000 2800 
96-542 2997,12 4.95 0.2 3(1) 2070 36700 5140 
95-376 -1176.48 -1138.7 2.5 3? 30 100 1800 
95-376 3? 30 100 3100 
95-376 3? 60 100 5000 
95-394 786,72 -1728.1 2,1 3 330 2500 3000 
95-394 3 270 7600 3300 
95-422 1139,51 -1768,6 4.5 3 599 59900 7780 
95-422 3 612 28400 6320 
95-422 3 776 14300 4160 
95-422 3 705 19800 5030 
95-421 1695,87 -1704.5 3,4 3 210 1500 1700 
95-421 3 240 1800 500 
95-421 3 640 9400 7300 
96-463 2187.68 -1685.4 2.1 3(1) 400 6300 6600 
96-463 3(1) 910 1900 7500 
96-463 3(1) 580 19000 6500 
96-465 2637.01 -1697.1 3.8 3(1) 340 2500 5100 
96-465 3(1) 340 1100 3600 

Grade Co Grade Cu Grade Zn Cu/Co Cu/Zn Co/Zn 

206.98 8681.86 2513.58 41.95 3.45 0.08 

285.00 435.00 7595.00 1.526 0.06 0.04 

234.89 6844.72 2930.91 29.14 2.34 0.08 

334.19 1223.46 3548.85 3.661 0.34 0.09 

771.16 17231.88 5520.29 22.35 3.12 0.14 

2070.00 36700.00 5140,00 17.73 7.14 0.40 
37.14 100.00 3031.35 2.692 0.03 0.01 

306.06 4535.10 3119.71 14.82 1.45 0.10 

675.18 29512.20 5752.90 43.71 5.13 0.12 

382.51 4556.51 3231.36 11.91 1.41 0.12 

578.99 14075.00 6642.79 24.31 2.12 0.09 

1078.12 28437.40 5224.40 26.38 5.44 0.21 



ICP ASSAY TABLE- continued 

Hole E N Thick Manto Co Cu Zn 
96-465 3(1) 360 1400 3800 
96-465 3(1) 960 7400 7900 
96-465 3(1) 2070 73000 5700 
96-462 3749.9 -1642.3 1.3 3(1) 1900 22700 31300 
96-462 3(1) 2240 26000 12700 
96-455 4278.15 -1633,3 1.6 3(1) 290 4900 3000 
96-455 3(1) 320 2700 3800 
96-454 4674.04 -1306 3.9 3(1) 500 13000 4800 
96-454 3(1) 620 9500 7600 
96-454 3(1) 660 11000 4800 
96-454 3(1) 500 8100 3800 
96-468 5023.01 -1054.6 1.9 3(1) 260 3300 2600 
96-468 3(1) 280 5000 2600 
96-468 3(1) 480 15700 2830 
96-479 3194.04 -3203.6 0.8 3(1) 900 7400 6200 
96-479 3(1) 200 2000 3200 
96-480 2715.98 -3171 1.1 3(1)? 30 100 800 
96-519 3761.8 -3227 3.2 3(1) 170 100 2200 
96-519 3(1) 400 2500 4800 
96-519 3(1) 780 16400 2180 
96-519 3(1) 620 3700 4900 
96-478 4179.16 -3202.1 2.2 3(1) 460 3400 5000 
96-478 3(1) 150 1200 900 
96-478 3(1) 580 11300 1800 
96-476 4736.8 -3182.9 4.4 3(1) 60 100 400 
96-476 3(1) 2070 45300 14100 
96-476 3(1) 640 9300 3100 
96-476 3(1) 1180 21800 10700 
96-476 3(1) 300 4000 4000 
96-476 3(1) 130 200 2100 

Grade Co Grade Cu Grade Zn Cu/Co Cu/Zn Co/Zn 

2202.81 

307.93 

574.21 

297.51 

384.21 

30.00 
465.83 

368.13 

872.39 

25639.06 14734.4 

3585,37 3478.05 

10403.62 5470.80 

5671.35 2629.84 

3421.05 3989.47 

100.00 80.00 
5762.70 3277.24 

5000.91 2254.79 

17054.09 6544.32 

11.64 1.74 0.15 

11.64 1.03 0.09 

18.12 1.90 0.10 

19.06 2.16 0.11 

8.904 0.86 0.10 

3.333 1.25 0.38 
12.37 1.76 0.14 

13.58 2.22 0.16 

19.55 2.61 0.13 

4^ 
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