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ABSTRACT 

 

 The Sierra Mojada Ag-Pb-Zn-(Cu) district is located in Coahuila, Mexico approximately 

200 kilometers south of the United States border.  The district was originally discovered in 1879 

and has produced approximately 10 million short tons of arsenian silver, zinc, lead, and copper 

ore.  The Sierra Mojada district is situated on the northern edge of the Coahuila block at the 

southern boundary of the Sabinas basin along the trace of the San Marcos fault system.  The 

mineral deposits at Sierra Mojada are primarily hosted in Lower Cretaceous limestone and 

dolomitized limestone strata that were faulted and folded during the Laramide orogeny.  This 

study focused on the Upper Conglomerate, a previously poorly known unit in the district.  

Geological mapping and logging of recent drill core indicates that the Upper Conglomerate can 

be distinguished from rocks of the somewhat lithologically similar San Marcos Formation that 

forms the base of the Cretaceous sedimentary section.  The Upper Conglomerate was deposited 

unconformably on Cretaceous carbonate rocks.  It contains a distinctive suite of Permo-Triassic 

igneous clasts, some up to boulder size, that do not have a known source in the Sierra Mojada 

district.  The sizes of clasts indicate that the Upper Conglomerate was deposited near the source.  

Regional geology suggests the source for the material in the Upper Conglomerate may have been 

a horst buried under alluvial cover in the northern portion of the district.  Alteration and weak 

sulfide mineralization of the Upper Conglomerate above mineralized zones in the underlying 

Cretaceous carbonate rocks suggests that mineralization in the Sierra Mojada district occurred 

after deposition of the Upper Conglomerate.  If the Upper Conglomerate was deposited prior to 

mineralization it suggests an early Tertiary age for the unit.  Though the intrusive source for the 

Sierra Mojada deposit remains unknown, mapping of alteration intensity within the Upper 

Conglomerate suggests a causative intrusion may be present at depth on the western side of the 

deposit area. The location of the intrusion may have been controlled by a series of northeast 

trending faults that form a major structural domain boundary within the district. Sierra Mojada is 

distinguished from other high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) in northern Mexico 

by the extreme development of supergene oxidation.  This study suggests that the supergene 

oxidation was related to significant Quaternary to recent normal faulting and uplift. 
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CHAPTER 1  
INTRODUCTION 

 

 The Sierra Mojada Ag-Zn system was originally discovered in 1879.  The deposit 

contains zinc-lead oxides and sulfides and silver-copper sulfides, sulfosalts, and sulfarsenides 

within three mineralized zones located near the Sierra Mojada fault zone.  The Sierra Mojada 

deposit has traditionally been classified as a high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) 

deposit (Megaw et al., 1988), though there have also been suggestions that it formed from 

moderate temperature basinal brines (Tritlla et al., 2007).  The metal suite, and particularly the 

presence of arsenic, strongly suggests it is a member of the northern Mexican carbonate 

replacement (CRD) deposits.  Sulfides and metal oxides are hosted in Cretaceous limestone and 

dolomitized limestone strata. The silver-rich zone, which is the current focus of exploration in 

the district, is confined to carbonate rocks beneath an apparently unconformable redbed unit 

referred to as the Upper Conglomerate.   

1.1  Purpose and Objectives of Study 

 The purpose of this study is to constrain the position of the Upper Conglomerate within 

the stratigraphic section in the Sierra Mojada district and to utilize the spatial and temporal 

relationships of the Upper Conglomerate to better understand the controls on mineralization at 

Sierra Mojada.  The objectives of this research project are to: (1) define the distribution of the 

Upper Conglomerate in the Sierra Mojada district, (2) describe the stratigraphic and structural 

relationships between the Upper Conglomerate and other units, (3) determine the age of the 

Upper Conglomerate, (4) define the most likely provenance of the Upper Conglomerate, and (5) 

utilize data from the Upper Conglomerate to constrain the paragenetic sequence of alteration and 

mineralization in the Sierra Mojada Ag-Zn mineralization system.    

1.2 Methodology 

 Geological mapping of the Upper Conglomerate was undertaken throughout the Sierra 

Mojada district at 1:10,000 scale, and drill cores of the Upper Conglomerate in the area were 

logged from May to August 2011.  Data from the mapping and logging were utilized to create a 

set of cross and longitudinal sections through the area.  The resulting geological map and 

sections were utilized to determine the geometry of the contacts between the Upper 
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Conglomerate and underlying and overlying units.  This work also defined the extent of 

alteration and mineralization within the Upper Conglomerate.  Maps of lithologies and alteration 

styles beneath the Upper Conglomerate were created primarily from drill hole data to better 

understand the basal contact of the Upper Conglomerate.  Transmitted and reflected light 

petrography was undertaken on samples of the Upper Conglomerate to determine its original 

composition and how it was altered and mineralized.  X-ray diffraction (XRD) analyses where 

performed on both conglomerate matrix and clasts to further define the mineralogy and 

paragenetic sequence of mineral growth within the unit.   

1.3 Location 

 The Sierra Mojada district is located in the west-central part of Coahuila, Mexico about 

200 kilometers (km) south of the United States border (Figure 1.1). The deposit is approximately 

200 km north of Torreón, Coahuila and immediately south of the towns of La Esmeralda and 

Sierra Mojada (Figure 1.2).  The area is approximately 1,500 meters (m) above sea level and 

exhibits a high mountain desert climate.  It is accessible by paved roads and some well-

maintained dirt roads.   

1.3.1 Historic Mining and Exploration Activities at Sierra Mojada 

 Mining at Sierra Mojada started in the late 19
th

 century and continued through much of 

the 20
th

 century. Total production from the district has been estimated at approximately 10 

million short tons of silver, zinc, lead, and copper ore. The Sierra Mojada mineralizing system is 

known to extend 1.5 km north-south and over 6 km east-west and is divided into northern and 

southern zones by the Sierra Mojada fault zone.  The deposit was mined primarily underground 

and there are approximately 150 km of underground workings within the district. Silver Bull 

Resources has undertaken an active exploration program in the district during the past several 

years.  

1.3.2 High-temperature, Carbonate-hosted Ag-Pb-Zn-(Cu) Deposits in Mexico 

 Northern Mexico contains a number of carbonate-hosted Ag-Pb-Zn-(Cu) deposits that 

display similarities in morphology and mineralogy.  Many of these have been classified as “high-

temperature” by Megaw et al. (1988).  The term “high-temperature, carbonate hosted Ag-Pb-Zn-

(Cu) deposits” aims to improve upon the previously used “carbonate replacement” (Prescott, 

1926; Fletcher, 1929) and “distal Pb-Zn skarn” (Einaudi et al., 1981; Einaudi and Burt; 1982) 
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labels for these mineral deposits.  High-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits 

include both skarn and replacive massive sulfide ores. 

 

 

Figure 1.1: Location of Sierra Mojada, Coahuila, Mexico (Google Earth image, 2012). 

 

 

Figure 1.2: Location of deposit area relative to Sierra Mojada and La Esmeralda villages (Google 

Earth image, 2012). 

 

 High-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits are hosted by Jurassic-

Cretaceous aged carbonate-dominated sequences and occur along a northwest-trending belt 
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through central Mexico that defines the Mexican thrust belt and along the eastern extent of the 

Sierra Madre Occidental volcanic fields (Figure 1.3).  The Mexican thrust belt is the product of 

Laramide deformation, whereas the Sierra Madre Occidental is composed of mid-Tertiary aged 

volcanic rocks (Campa, 1985; Megaw et al., 1988).   

 The high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits in northern Mexico are 

fundamentally structurally controlled.  Individual districts display combinations of faults, fold 

axes, fractures, caverns, and intrusive contacts that acted as preferential conduits for ascending 

mineralizing fluids (Megaw et al., 1988).  The degree of structural deformation in these districts 

is variable; the Catorce, Sierra Mojada, and Mapimi deposits (Figure 1.3) display increased 

deformation relative to other deposits within the Mexican thrust belt (Megaw et al., 1988).   

 These deposits formed in a variety of carbonate lithologies, and multiple stratigraphic 

units are commonly mineralized within a single deposit.  Permeability, however, was a 

fundamental control and many mineralized zones occur beneath strata with lower permeability.  

At Sierra Mojada and Los Lamentos ore bodies are concentrated in more permeable dolomite 

horizons intercalated with less permeable limestone units (Megaw et al., 1988).  In the Santa 

Eulalia system mineralized carbonate rocks occur preferentially beneath a disconformity with 

overlying volcanic rocks.  At Sierra Mojada many of the best-mineralized zones occur beneath a 

disconformity overlain by conglomerate (the Upper Conglomerate). 

 Alteration within high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) systems produces 

recrystallization of carbonate rocks as well as the formation of hydrothermal dolomite within 

limestone, and sometimes volcanic rocks, above and surrounding major ore bodies.  Dolomites 

commonly form a preferential host for mineralization.  Dolomitization may have been multi-

staged, occurring both during diagenesis and burial as well as during hydrothermal activity that 

occurred in conjunction with mineralization.  Recrystallized limestone frequently occurs around 

intrusive stocks and surrounding manto and chimney ore bodies (Megaw et al., 1988).                        

       High-temperature, carbonate hosted Ag-Pb-Zn-(Cu) ore bodies display manto-, chimney-, 

and pod-shaped morphologies and may contain either massive sulfide and/or skarn assemblages.  

Typical massive sulfide assemblages include galena, sphalerite, pyrite, pyrrhotite, marcasite, 

chalcopyrite, and arsenopyrite.  Skarn-dominated deposits may contain additional bornite, 

covellite, molybdenite, scheelite, powellite, and cassiterite.  Acanthite, cinnabar, stibnite, realgar, 

and silver sulfosalts may occur distal to deposit centers, whereas tetrahedrite-tennantite, 
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chalcopyrite, and arsenopyrite are found deeper in many systems and adjacent to skarns and 

mineralization-related intrusions.  Weathering of sulfide assemblages has produced supergene 

oxidized zones in many districts, including Sierra Mojada.        

 Most districts in the Mexican Ag-Zn-Pb district province contain intrusive stocks, dikes, 

or sills that are genetically related to mineralization (Hewitt, 1943; Einaudi et al., 1981; Megaw 

et al., 1988).  The Sierra Mojada and Los Lamentos districts in the northern portion of the 

province (Figure 1.3) are the only high-temperature, carbonate hosted Ag-Pb-Zn-(Cu) districts 

where no intrusive rocks associated with mineralization have been discovered.  These districts 

are situated northeast of the main Sierra Madre Occidental volcanic field.  The causative 

intrusive centers in these districts probably occur at depth beneath or lateral to mineralized 

zones.  

1.3.3 Previous Work 

 Geological investigations at Sierra Mojada have been conducted since the late 1800s 

(Chism, 1886; Emmons, 1901; Malcolmson, 1901; Van Horn, 1912; Shaw, 1922).  The 

stratigraphy and structural geology of the Sierra Mojada district have been the focus of numerous 

studies (Riley, 1936; Kitz, 1984; McKee et al., 1984, 1990; Chávez-Cabello et al., 2007).  

Several of these investigated the conglomeratic rocks that are the focus of the present study.  

Kitz (1984) conducted a geological study of a boulder-rich conglomerate that is part of an 

overturned sequence immediately southwest of the town of Sierra Mojada including detailed 

petrographic analysis of clast and matrix material.  McKee et al. (1984, 1990) investigated the 

conglomerates present at the Sierra Mojada deposit as part of a regional stratigraphic study of the 

influence of structure on conglomerate distribution in Coahuila.  They identified three separate 

conglomerates based on clast size and composition and interpreted them to be part of the San 

Marcos Formation.   

 More recent studies related to mineralization at Sierra Mojada have included those of 

Chávez-Cabello et al. (2007) who documented structural reactivation along the San Marcos fault 

and Hodder (2001) who provided a geological review of the Sierra Mojada district and included 

details on mineralization from petrographic and scanning electron microscope (SEM) analyses.  

Renaud and Pietrzak (2010, 2011) conducted petrographic, SEM, and electron microprobe 

analyses on rocks from throughout the deposit area that identified alteration and mineralization 
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assemblages in the carbonate rocks.  Thorson (2010) provided a detailed stratigraphic 

interpretation of drill hole data from the district. 

 The present study utilizes the findings of previous investigations to summarize the 

alteration and mineralization assemblages observed at Sierra Mojada.  These are findings 

supplemented by the geological mapping, core logging, cross sections, petrography, and XRD 

analyses presented in this study to better understand and interpret the evolution of the Sierra 

Mojada deposit system.      
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Figure 1.3: Principal geologic regions of northern and central Mexico with the locations of mineral deposits discussed in text. 1= Santa 

Eulalia, 2= Providencia-Concepcion del Oro, 3= Naica, 4= San Martin, 5= Charcas, 6= Velardeña, 7= Catorce, 8= Zimapan-La Negra, 

9= Sierra Mojada, 10= Mapimi, 11= Cerro San Pedro, 12= La Encantada, 13= Plomosas, 14= Sierra Almolya, 15= San Carlos, 16= 

San Pedro Corralitos, 17= Los Lamentos (modified from Megaw et al., 1988).
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CHAPTER 2  
REGIONAL SETTING 

 

 Sierra Mojada is located on the northeastern edge of the Coahuila block (Figure 2.1) 

along the San Marcos fault system (Figure 2.2; Anderson et al., 1982; Anderson and Schmidt, 

1983).  

2.1 Regional Stratigraphy 

 The Coahuila block is bounded to the north by the San Marcos fault system and to the 

south by the Torreón-Monterrey lineament, parallel to the Sonora-Mojave megashear (Figure 

2.3; Anderson and Schmidt, 1983; McKee et al., 1990; Goldhammer, 1999).   

 Basement rocks in the portion of the Coahuila terrane containing the Sierra Mojada 

district are thought to be Late Paleozoic in age (Graham et al., 1975; Campa and Coney, 1983; 

Poole et al., 2005).  The Coahuila basement block is composed of moderately metamorphosed 

flysch and unmetamorphosed andesitic volcanic rocks cut by granite and granodiorite intrusive 

units of Permian to Triassic age (Bose, 1921; Flawn and Díaz, 1959; Flawn et al., 1961; Denison 

et al., 1971; Wilson et al., 1984; Wilson, 1990).   

 These intrusive units represent the roots of an island arc system produced south of the 

Ouachita-Marathon orogenic belt (Wilson, 1990; Goldhammer, 1999).  Permian-Triassic 

intrusive rocks of similar composition to those found within the Coahuila block occur within the 

Sabinas basin along the La Mula and Monclava uplifts (Figure 2.1; Jones et al., 1984; Wilson, 

1990; Goldhammer, 1999). 

 The Coahuila block was the source of siliciclastic detritus deposited during the Jurassic 

and Early Cretaceous in the Sabinas basin following regional deformation along the San Marcos 

fault system (Figure 2.4 and 2.5; Lehmann et al, 1999).   

 The Sabinas basin formed during the Jurassic opening of the Gulf of Mexico and contains 

over 6,000 m of Jurassic to Cretaceous continental redbeds, evaporites, and carbonate rocks 

(Campa and Coney, 1983; Winker and Buffler, 1988; Wilson, 1990).  A post-rifting marine 

transgression resulted in deposition of extensive Middle Jurassic to Late Cretaceous carbonate 

rocks throughout the region (Campa and Coney, 1983; Lehmann et al., 1999).  Although the 

orientations of sedimentary basins in northeastern Mexico were structurally controlled, basin-
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bounding structures were likely inactive during the time of carbonate deposition (Wilson, 1990; 

Goldhammer and Wilson, 1991; Lehmann et al., 1999).   

 To the west of the Coahuila block extensive magmatism occurred in the Sierra Madre 

Occidental from the Late Cretaceous to the Middle Eocene (Figure 1.3).  These rocks are mostly 

calc-alkaline in the western portion of the Sierra Madre Occidental and gradually change to a 

more alkaline composition to the east.  The Sierra Madre Occidental and much of eastern 

Chihuahua experienced renewed, dominantly rhyolitic magmatism throughout the Early 

Oligocene (McDowell and Clabaugh, 1981; Ferrari et al., 2007).   

2.2 Regional Structural Geology 

 The Coahuila region contains three major northwest-trending structures: (1) the Mojave-

Sonora megashear, (2) the Torreón-Monterrey lineament, and (3) the San Marcos fault (Figure 

2.2).   

 The Mojave-Sonora megashear was proposed by Silver and Anderson (1974) to explain 

an evident 800 km sinistral offset between basement rocks in northern Mexico and southern 

California (Gray et al., 2008).  This proposed shear zone is interpreted to have formed from a 

series of intracontinental transform faults that were active during the Late Triassic to Middle 

Jurassic (Anderson and Schmidt, 1983; Goldhammer and Wilson, 1991; Lehmann et al., 1999).   

 The Torreón-Monterrey lineament is a west-northwest-trending structure that forms the 

southern boundary of the Coahuila basement block and may be the southeastern extension of the 

Mojave-Sonora megashear.  It displays regional scale left-lateral displacement of up to 400 km 

(de Cserna, 1971, 1976; Campa and Coney, 1983; McKee et al., 1990).  Movement along the 

Torreón-Monterrey lineament appears to have occurred primarily between the Middle Triassic 

and Late Jurassic.  

 The north-northeast dipping San Marcos fault system was active during the Jurassic, 

Early Cretaceous, and Tertiary and can be traced over a length of at least 300 km (Figure 2.1; 

McKee et al., 1990; Chávez-Cabello et al., 2007; Gray et al., 2008).  The San Marcos fault 

system exhibits early left-lateral movement with later normal and reverse movements beginning 

in the Late Jurassic (Chávez-Cabello et al., 2007).  Initial displacement along the San Marcos 

fault has been attributed to deformation along the Torreón-Monterrey lineament and the Mojave-

Sonora megashear together with subsequent isostatic adjustment due to crustal thickening during 

the Jurassic (McKee et al., 1990; Chavez-Cabello et al., 2007).  Movement along the San Marcos 
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fault system resulted in the deposition of continental redbed units north of the fault.  These 

redbeds include the San Marcos Formation in the Sierra Mojada district.  Reactivation of the San 

Marcos fault occurred during the Early Pliocene and resulted in a series of east- and north-

striking secondary faults in western Coahuila and southeastern Chihuahua (Chávez-Cabello et 

al., 2007).  A fault system to the north of the San Marcos fault zone bounds the southern edge of 

the La Mula and Monclava Island horsts to the east of Sierra Mojada (Figure 2.1).  This fault 

strike parallel to the San Marcos fault zone.   

2.3 Laramide Structural Deformation 

 The Laramide orogenic event resulted in the reactivations of Early Mesozoic rift-related 

basement faults (Goldhammer, 1999; Chávez-Cabello et al., 2007).  Cretaceous strata situated on 

the Coahuila block experienced low intensity deformation forming a broad, southeast-plunging 

anticline.  Laramide deformation also formed the Sierra Madre Oriental fold and thrust belt to the 

south of the Coahuila block and the Coahuila folded belt to the north of the Coahuila block in the 

Sabinas basin.  The Sierra Madre Oriental fold belt contains elongate, east-west-trending 

anticlines and synclines of Upper Triassic to Cretaceous sedimentary rocks that display 

subvertical limbs that may be overturned to the north and are locally broken by thrust faults.  The 

Coahuila folded belt contains abundant isolated, northwest-southeast-trending, elongate, tight 

anticlines separated by broad valley-forming synclines.  This structural style is related to the 

presence of Middle Jurassic evaporites which occur in the cores of the tight anticlines (Johnson, 

1989; Goldhammer, 1999).  This structural style suggests active salt diapirism during the 

Laramide orogeny (Lawton et al., 2001).   

2.4 Basin and Range Deformation 

 The Sierra Mojada district is located within the southern Basin and Range area of 

northern Mexico.  This area is the southern extension of the Basin and Range province in the 

southwestern United States (Henry and Aranda-Gómez, 1992).  Parts of northern Mexico 

underwent east-northeast extension beginning as early as 30 Ma with major periods of extension 

occurring from 24-12 Ma (Henry and Aranda-Gómez, 1992).  Quaternary fault scarps located 

north of the Trans-Mexican volcanic belt (Figure 1.3) indicate that extension may be ongoing in 

parts of northern Mexico (Henry and Aranda-Gómez, 1992).  
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Figure 2.1: Generalized geologic map of Coahuila State and adjacent regions showing the 

location of the Sierra Mojada district. Major basement structures include: Texas lineament, La 

Babia fault, San Marcos fault, and the inferred trace for the Mojave-Sonora megashear. Other 

morphological features include: Coahuila-Texas craton, Coahuila folded belt, Coahuila block, 

Sabinas basin (SB), La Mula Island (LMI), Monclava Island (MI), Monterrey Salient, Parras 

range (PR), La Para foreland basin (LPB), Parras foreland basin (PB), and Torreón-Monterrey 

lineament. Grey areas represent basement blocks (dark grey), Ouachita-Marathon orogenic belt 

(light grey), and Mojave-Sonora megashear (medium grey) (modified from Chávez-Cabello et 

al., 2007). 
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Figure 2.2: Location of principal known and postulated faults in northeastern Mexico. Cities: C= 

Chihuahua, M= Monterrey, T= Torreón (modified from McKee et al., 1990). 
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Figure 2.3: Detailed paleotectonic map of northeastern Mexico illustrating major tectonic 

features and location of Sierra Mojada (modified from Goldhammer, 1991). 
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Figure 2.4: Map showing paleotectonic elements of northeastern Mexico and distribution of 

Early Cretaceous platform and shelf margins (modified from Goldhammer, 1991; Lehmann et 

al., 1999). 
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Figure 2.5: Map showing Late Cretaceous sedimentary basins of northeastern Mexico.  Displays 

influence of Coahuila block on marine and marginal-marine sedimentation (modified from 

Goldhammer and Johnson, 2001). 
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CHAPTER 3  
GEOLOGY OF THE SIERRA MOJADA AG-ZN DISTRICT 

 

 An understanding of the stratigraphy of the Sierra Mojada region is crucial for accurate 

structural reconstructions.  Though active exploration and mining have been conducted 

throughout the Sierra Mojada district since the late 19
th

 century, there is a dearth of good 

published descriptions of its geology.  The stratigraphy of the district was only recently 

thoroughly described and this description remains unpublished (Thorson, 2010).   

3.1 Stratigraphy 

 The rocks at Sierra Mojada record an Early Cretaceous transgression beginning with 

subaerial redbeds and near shore beach sandstones followed by carbonate rocks deposited in 

shoal, lagoonal, shelf, and platform environments (Figure 3.1).  These rocks are part of the 

Durango, Nuevo Leon, Trinity, Frederiksb, and Washita groups in northeastern Mexico (SEMIP, 

1993).  At Sierra Mojada, Lower Cretaceous rocks are overlain by younger redbed and breccia 

units (Figure 3.2).   

3.1.1 San Marcos Formation 

 The San Marcos Formation has been described throughout Coahuila and has been the 

focus of several investigations in the Sierra Mojada district (Kitz and Nerenhausen, 1981; Kitz, 

1984; McKee et al., 1984, 1990).  Regionally within the Coahuila terrane the San Marcos 

Formation is up to 1,000 m thick with the thickest sections present north of the San Marcos fault 

suggesting this fault was active during deposition of the unit (McKee et al., 1990).  In the Sierra 

Mojada area, the San Marcos Formation has a thickness of approximately 70 m in drill core.  The 

unit consists of Lower Cretaceous alluvial strata composed of conglomerates containing 

andesitic volcanic pebbles within a siliceous matrix and several meter thick siltstones (Figure 

3.3).   

3.1.2 La Mula Formation 

 The La Mula Formation occurs throughout northeastern Mexico (Goldhammer, 1999).  It 

unconformably overlies the San Marcos Formation and is believed to represent a change from an 

alluvial depositional environment to a near shore beach environment (Bartolini et al., 2001).  In 
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the Sierra Mojada district the La Mula Formation is known as the Sierra Mojada Sandstone 

(Figure 3.4).  It crops out within an overturned sequence south of the town of Sierra Mojada and 

consists of fine- to medium-grained, subrounded to rounded, well sorted quartz sandstone up to 

25 m in thickness.  Exploration in the Sierra Mojada district has targeted the siliciclastic rocks of 

the San Marcos and La Mula formations for sedimentary rock-hosted stratiform copper deposits 

although no economic resources of this type have yet been identified.   

 

 

Figure 3.1: Schematic stratigraphic section of rocks at Sierra Mojada. 
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Figure 3.2: Geologic map of the Sierra Mojada district.   
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Figure 3.3: Outcrop of pebble-rich rocks of the San Marcos Formation south of Sierra Mojada 

village at 627715E 3017980N. 

 

3.1.3 Cupido Formation 

 Stratigraphically, the Cupido Formation is the lowest carbonate unit of Mesozoic age 

throughout much of northeastern Mexico (Lehmann et al., 1999; Goldhammer, 1999).  In the 

Sierra Mojada district the contact between the La Mula Formation and the overlying Cupido 

Formation is gradational (Figure 3.4).  At Sierra Mojada the Cupido Formation is approximately 

90 m thick (Thorson, 2010).  The basal portion of the unit contains medium grey colored skeletal 

grainstone and wackestone with local mudstones that display a moderate degree of bioturbation.  

These strata are thought to have been deposited in restricted lagoonal and peritidal environments 

(Lehmann, 1999).  The upper portion of the Cupido Formation at Sierra Mojada contains brown-

grey packstones and grainstones with some oolitic lenses suggestive of deposition in a high 

energy shoal depositional environment.  
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Figure 3.4: Overturned rocks of the San Marcos and La Mula formations south of Sierra Mojada 

village at 627710E 3018985N.  Beds dip approximately 35° northeast.  

 

3.1.4  La Peña Formation 

 The La Peña Formation conformably overlies the Cupido Formation throughout northern 

Mexico.  In the Sierra Mojada district the formation consists of a series of coarsening-upward 

cyclical limestone units.  The base of each cycle is typically a dark grey to black colored 

carbonaceous mudstone.  Tops of individual cycles generally are brownish grey packstone or 

wackestone with coarser-grained strata and often contain large fossils (Figure 3.5).  The upper 

portion of the La Peña Formation is less fossiliferous and consists of 40-60 cm thick beds of light 

grey packstone and wackestone.  The total thickness of the La Peña Formation at Sierra Mojada 

is approximately 60 m.  The cyclical nature and relative abundance of argillaceous material in 

the La Peña Formation carbonate rocks at Sierra Mojada suggest that they were deposited in a 

lagoonal environment (Thorson, 2010).   

3.1.5 Aurora Formation 

 The conformably overlying Aurora Formation is the principal host rock for the sulfide 

and oxide deposits at Sierra Mojada.  The Aurora Formation crops out along the cliffs at the 

southern boundary of the Sierra Mojada Valley.  Structural deformation of the Aurora Formation 

at Sierra Mojada has made it difficult to determine the total thickness of the unit.  However 
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geological mapping and drill sections suggest it has a thickness of approximately 500 m.  The 

basal portion of the Aurora Formation contains mostly grey to brown micritic mudstone and 

wackestone with some fine-grained fossil debris.  The basal portion of the formation grades 

upwards to distinctly more fossiliferous, medium grey wackestone and grainstone with 

discontinuous intervals containing lobate chert nodules and minor mudstone.  The Aurora 

Formation sequence is typical of open marine platform to shallow slope environments (Bartolini 

et al., 2001). 

 

 

Figure 3.5: Rocks of the La Peña Formation in drill core. Bases of individual coarsening-

upwards cycles marked by dark grey to black mudstone. Tops of cycles are brownish grey 

colored. Drill hole B11032, 161.35-168.15 m (core approximately 6 cm wide, top of hole on 

upper left). 

  

 The Aurora Formation at Sierra Mojada is conformably overlain by the Upper Aurora 

Formation.  This unit contains fossiliferous grainstone and wackestone similar to much of the 

limestone in the Aurora Formation.  The unit has previously been termed the Georgetown 

Formation in some reports (Hodder, 2001).  However, the Georgetown Formation is the 

stratigraphic equivalent to the Upper Aurora Formation along the Texas Gulf Coast and this 

nomenclature is generally not utilized in northeastern Mexico (Figure 3.6; Goldhammer, 1999; 

Lehmann et al., 1999).   
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Figure 3.6: Chronostratigraphic chart for northeastern Mexico and the Texas Gulf Coast showing 

the location of the Upper Aurora and Georgetown formations (modified from Goldhammer, 

1999). 

 

3.1.6 Upper Conglomerate 

 The Upper Conglomerate is a newly identified unit in the Sierra Mojada district that 

unconformably overlies the Cretaceous carbonate rocks and was previously interpreted as San 

Marcos Formation redbeds.  The term “Upper Conglomerate” is an informal name.  The unit is 

composed of angular to subrounded, coarse to boulder sized granite, granodiorite, andesite, and 

dacite clasts, with rare limestone clasts, within a fine-grained quartz-rich matrix containing lesser 

detrital feldspar, hematite, and calcite.  The Upper Conglomerate typically contains homogenous 

beds that are meters to tens of meters thick (Figure 3.7).  The Upper Conglomerate probably 

formed within an alluvial fan and braided stream depositional environment.  Lithologically 

similar coarse siliciclastic strata overlying Cretaceous carbonate rocks are recognized throughout 

northeastern Mexico (Lehmann, 1999).  The known maximum preserved thickness of the Upper 

Conglomerate unit in the Sierra Mojada area is 170 m.   

3.1.7 Limestone Megabreccia 

 The Limestone Megabreccia is the youngest stratigraphic unit observed at Sierra Mojada.  

The term “Limestone Megabreccia” is an informal name.  The unit is a clast-supported breccia 
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composed of variably weathered, angular to subrounded, pebble to boulder sized clasts of Aurora 

Formation and Upper Aurora Formation limestone in a matrix of calcite with minor quartz 

(Figure 3.8).  The Limestone Megabreccia displays highly variable orientations of the limestone 

clasts.  It is also characterized by abundant joints, but does not appear to be cut by faults.  Unlike 

Quaternary alluvium in the district, the Limestone Megabreccia contains only limestone blocks, 

lacks well-rounded clasts, contains minor to no shaly to silty matrix material, and has a much 

higher resistance to weathering.   

 The Limestone Megabreccia occurs along the higher slopes above the Sierra Mojada 

valley, on top of two mesas in the southwest central portion of the mapped area, and in the 

northwest corner of the mapped area (Figure 3.2).  The Limestone Megabreccia does not 

conform to the general easterly strike of the carbonate units within the district.  It is likely this 

unit was formed by gravity sliding and landslides from uplifted Aurora and Upper Aurora 

formation carbonate rocks to the south of the Sierra Mojada deposit.  

 

 

Figure 3.7: Rocks of the Upper Conglomerate unit in drill core. Drill hole R10005, 132.1-138.6 

m (core approximately 6 cm wide, top of hole on upper left). 
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Figure 3.8: Photographs of carbonate breccias belonging to the Limestone Megabreccia unit in 

the Sierra Mojada district. 

 

3.2 Structural Geology 

 The structural geology of the Sierra Mojada district has remained poorly known despite 

mining since the late 19
th

 century.  Although the Sierra Mojada district has been included in 

several descriptions of the structural geology of northeastern Mexico (McKee et al., 1984, 1990; 

Chávez-Cabello et al., 2007) none of these publications focused on the district-scale structural 

geology.  Information gathered from the recent mapping and drilling associated with this study 

allows for new structural interpretations that significantly improve our understanding of the 

structural geology of the district including sense and amount of displacement on faults and 

relative timing of different faults.  
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3.2.1 Early Deformation along the San Marcos Fault System 

 The northwest-striking San Marcos fault system was active during the Late Jurassic and 

experienced later normal movement at the onset of the Cretaceous (McKee et al, 1990; Chávez-

Cabello et al., 2007).  The San Marcos Formation was deposited to the north of the fault zone at 

Sierra Mojada, Potrero Colorado, and Valle San Marcos (Figure 2.1; McKee et al., 1984, 1990; 

Chávez-Cabello et al., 2007).  The fault appears to have become inactive at the end of the 

Jurassic and it is unconformably overlain by Cretaceous carbonate rocks at several locations 

throughout northern Mexico.   

3.2.2 Laramide Deformation 

 Following the deposition of the rocks of the Upper Aurora Formation the Sierra Mojada 

area was deformed during the Laramide orogenic event.  Major northwest-southeast-trending 

folds nucleated on Early Mesozoic basement faults including portions of the San Marcos fault.  

The Cretaceous section at the Sierra Mojada district was folded into a broad east-west-trending 

open anticline.  The axial surface trace of this anticline runs along the Sierra Mojada Valley 

(Figure 3.2).  The southern limb of the anticline hosts the known ore bodies of the district and 

forms the Sierra Mojada range. 

 Whereas underground exposures of the carbonate strata display low dips of 

approximately 10° to the southeast, the rocks of the Upper Aurora Formation at the top of the 

Sierra Mojada range are intensely folded and faulted (Figure 3.9).  This drastic change in 

deformation style is probably due to detachment above a planar, bedding parallel fault surface.  

Detailed investigation of this possible detachment surface was restricted due to the steep cliffs in 

the Sierra Mojada range that limited accessibility. 

 Whereas Cretaceous strata in the main Sierra Mojada deposit area are right side up, the 

strata belonging to the San Marcos, La Mula, and Cupido formations are overturned within a 

large fold (Figures 3.2, 3.10, and 3.11) south and west of the town of Sierra Mojada (McKee et 

al., 1984, 1990; Chávez-Cabello et al., 2007).  The contact between areas with normal and 

overturned bedding corresponds to the position of a northeast-trending fault, here designated the 

Domain Fault, that is largely obscured by alluvium (Figure 3.2 and 3.12).  The position of this 

fault corresponds with a bend along the San Marcos fault zone.  Detachment folding within this 

restraining bend in the San Marcos fault during post-Laramide sinistral strike-slip faulting likely 

produced the observed structural geometry (McKee et al. 1984, 1990).  However, additional 
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work in the area through both mapping and drilling will be required to definitely determine the 

structural relationships in this area.  

3.2.3 Post Laramide Faulting 

 The trace of the San Marcos fault zone in the eastern portion of the Sierra Mojada district 

has been interpreted previously to lie along, and control, the prominent north-facing cliffs of the 

Sierra Mojada valley (McKee et al. 1990).  The generally north-northeast-trending canyons along 

the southern flank of the Sierra Mojada range were interpreted to have formed along later faults 

(Figure 3.13) that cut and offset the San Marcos fault.  Recently completed drilling and 

utilization of detailed stratigraphic descriptions of the rocks at Sierra Mojada (Thorson, 2010) 

requires a new structural interpretation of the area.  

 

 

Figure 3.9: Folded and detached limestone beds of the Aurora and Upper Aurora formations 

(photos courtesy of Tim Barry). 

 

 Drilling indicates that a major east-striking fault zone is not present at the base of the 

Sierra Mojada range.  East-striking faults that dip 65⁰ north at the foot of the range display less 

than 10 m normal displacement.  Drilling has, however, revealed a substantial east-striking fault 

zone farther to the north below Quaternary cover (Figure 3.14).  This fault zone, designated the 

Sierra Mojada fault, has been observed from the drilling to extend from 630,100E eastward to at 

least 632,000E.  The faults in this zone dip to the north at 65-70⁰ and have approximately 100 m 

of throw.  They clearly displace the Aurora Formation, the dominant ore host at Sierra Mojada, 

to the north (Figure 3.15).  The Sierra Mojada fault occurs within a broader zone of normal faults 

that correspond to the location of the original San Marcos fault zone (Figure 3.2).    
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Figure 3.10: Overturned, conformable rocks of the San Marcos and La Mula formations at 

location 627715E 3017975N. Beds dip approximately 60° northeast (backpack for scale). 

 

 

Figure 3.11: Photograph looking south at the Sierra Mojada range. Cliff-forming rocks of the 

Aurora and Upper Aurora formations (left) located adjacent to the overturned and highly 

deformed rocks of the Cupido Formation (right).  Dashed line represents trace of interpreted fault 

separating the two structural zones. 
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Figure 3.12: Cross section A-A' showing overturned section in the western Sierra Mojada district 

and right-side-up Lower Cretaceous strata in the east separated by the Domain Fault.  This fault 

probably represents a wrench feature and its position corresponds to a bend in the San Marcos 

fault system. See Figure 3.2 for unit explanation. 

 

 Individual faults within the Sierra Mojada fault zone are offset by a series of northeast-

striking faults subparallel in strike to the fault system at 630,000E and to the Domain Fault.  

These northeast-striking faults control the location of the canyons on the southern flank of the 

Sierra Mojada range (Figure 3.2).  These faults have northwest and southeast dips of 

approximately 70⁰ and appear to have normal offsets of approximately 10-35 m.  They resulted 

in both sinistral and dextral separation of the Sierra Mojada fault zone (Figure 3.14).  The 

easternmost northeast-striking normal fault through Calabaza Canyon has a throw of 

approximately 34 m (Figure 3.14).  The western extension of the Sierra Mojada fault zone at 

630,000E is interpreted to have approximately 500 m of sinistral strike separation on a major 

northeast-striking fault system (Figure 3.14).  The area of intersection between this northeast-

striking fault system and the Sierra Mojada fault zone is coincident with the historic high-grade 

Veta Rica mine workings.   

3.2.4 Timing of Structural Events                  

 Detailed field observations and the construction of cross and longitudinal sections 

associated with this study allowed for interpretation of the timing of different faulting events at 

Sierra Mojada.  The west-striking Sierra Mojada fault zone is offset by northeast-striking faults.  

The Domain Fault separating the folded Cretaceous section near the village of Sierra Mojada and 

the unfolded Cretaceous section to the east does not appear to extend through the Cerro San 

Fermin area, but could be present immediately to the west and concealed by Quaternary cover.  It 

is likely that the faults associated with southwest vergent folding in the western Sierra Mojada 

district are crosscut by northeast-striking structures.  
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 The contact between Cretaceous carbonate rocks and the overlying Tertiary redbeds 

(Upper Conglomerate) is an unconformity where directly observed.  Locally, however, the 

unconformity surface has been the locus of structural movement and contains deformed 

argillaceous material.  Movement along the unconformity, together with movement along 

subhorizontal weakly deformed horizons within the rocks of the Upper Conglomerate unit, is 

interpreted to have resulted from deformation related to gravity sliding that emplaced the rocks 

of the Limestone Megabreccia unit.  

   

 

Figure 3.13: Index map of the Sierra Mojada district with locations of major mining areas. 
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Figure 3.14: Map showing interpreted fault architecture of carbonate rocks in the central zone of the Sierra Mojada district. Carbonate 

rock units occur beneath the unconformity overlain by Quaternary alluvium, Upper Conglomerate, and ferruginous breccia. The map 

was constructed from cross and longitudinal section on approximately 100 m spaced drill holes from across the area (Appendix A). 
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Figure 3.15: Cross section along line 631,500E showing down-to-the-north displacement of 

Aurora Formation strata along east-striking faults and down-to-the-southeast displacement along 

northeast-striking fault. Drill holes shown. 

 

3.3 Alteration in the Sierra Mojada District 

 The Sierra Mojada mineralizing system, as currently known, contains a number of 

different alteration assemblages.  

3.3.1 Early Dolomitization 

 Cretaceous carbonate rocks throughout the Sierra Mojada district, and much of northern 

Mexico, contain pervasively dolomitized zones surrounded by zones of partially dolomitized 

limestone.  Dolomite in these zones is typically fine-grained and light grey to tan colored.  The 

size of dolomitized zones varies widely.  Dolomitized zones are both stratigraphically and 

structurally controlled.  Within the Sierra Mojada district dolomitized zones occur both along 
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northeast-striking faults and in the upper portions of the carbonate section near the contact with 

the overlying rocks of the Upper Conglomerate unit.  To the east of the Sierra Mojada district the 

Cretaceous carbonate section has been pervasively dolomitized; the intensity of dolomitization 

appears to increase along northeast-trending faults.  This area is the site of an active dolomite 

quarry operated by Peñoles.  The rocks of the Aurora Formation are also pervasively dolomitized 

in the western portion of the district, in the area of overturned section near the Sierra Mojada 

village.    

 It is likely that much of this dolomitization is related to interaction of warm basinal brines 

derived from the Sabinas basin within the Cretaceous section.  Dolomitization may have been 

initiated in the Cretaceous during deposition of the carbonate section and continued 

intermittently through the Laramide. 

3.3.2 Hydrothermal Dolomitization 

In the Sierra Mojada district undolomitized limestone and the fine-grained dolomite 

found throughout the district is cut by ferroan dolomite (ankerite, siderite) along northeast-

trending faults and at the upper contact of the carbonate section.  Locally magnesite rather than 

ferroan dolomite is the dominant hydrothermal carbonate mineral present.  

These carbonate minerals are fine-grained and are relatively similar in grain size to 

earlier replacive dolomite.  They display pink to red colors at surface but have a pale grey color 

where unoxidized.  These carbonate minerals also may be enriched in lead and strontium 

(Renaud and Pietrzak, 2010).  Weathered zones containing these late carbonate minerals 

commonly display abundant very fine-grained dendritic manganese oxide minerals suggesting 

that the hydrothermal carbonates locally contained manganese (Figure 3.16b).        

These hydrothermal carbonate minerals are intergrown with iron and base metal sulfides 

and barite indicating they were precipitated during the initial mineralization event (Figure 3.17; 

Renaud and Pietrzak, 2010).  The pink and red colored weathered hydrothermal carbonate 

minerals are commonly intergrown with iron- and zinc-oxide minerals (Figure 3.16).  

3.3.3 Silicification 

 Limestone, dolomitized limestone, and hydrothermal carbonate altered limestone is 

locally cut by veins of medium- to coarse-grained, subhedral quartz.  These veins occur primarily 

along faults and along the contact between carbonate strata and the Upper Conglomerate.  They 
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are best developed in areas that display hydrothermal dolomitization.  Locally, carbonate rocks 

are pervasively silicified adjacent to the quartz veins; silicification may extend outward several 

meters from the quartz veins (Chism, 1886; Malcolmson, 1901; Van Horn, 1912; Shaw, 1922).  

Quartz veins and silicified zones are commonly spatially associated with lead, zinc, silver, 

copper, and iron sulfides and oxide minerals (Figure 3.18; Renaud and Pietrzak, 2011).  

Quartz veins were noted at nearly all of the historic high-grade silver, copper, and lead 

mines and were referred to as “siliceous silver-lead ore”.  Early miners recognized that carbonate 

rocks that did not contain at least 20% SiO2 were considered unlikely hosts for high-grade 

mineralization.  Texturally similar quartz is locally present in the matrix of the Upper 

Conglomerate but may not be age equivalent. 

 

 

Figure 3.16: Examples of dolomitized host rocks at Sierra Mojada. a) Underground exposure of 

iron oxide-rich dolomite with intergrown zinc-oxide minerals (notebook for scale). b) Iron and 

zinc oxide-rich dolomite with very fine-grained disseminated manganese oxide and late-stage 

calcite veinlets.  Drill hole D5060601, 85.25-85.39 m (core approximately 6 cm wide). 
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Figure 3.17: Magnesite-siderite grain with intergrown pyrite (from Renaud and Pietrzak, 2010). 

 

 

Figure 3.18: Photomicrograph of coarse-grained quartz intergrown with lead oxides enclosing 

previously silicified carbonate clasts (from Renaud and Pietrzak, 2011). 

 

3.3.4 Ferruginous Breccia 

 The ferruginous breccia is a red to orange colored, iron oxide- and clay-rich, 

matrix supported breccia that occurs discontinuously along the top of the Cretaceous carbonate 

section.  The breccia contains fragments of chert derived from cherty layers in the carbonate 

section, silicified carbonate rocks, hydrothermally altered carbonate rocks, and granite clasts as 

well as minor clasts of barite and iron oxides (Figures 3.19 and 3.20).  Larger clasts are typically 
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angular to subangular whereas smaller clasts are generally moderately rounded.  Both limestone 

clasts and clasts consisting of replacive carbonate minerals display irregular boundaries 

suggestive of dissolution (Thorson, 2010).  Clasts of medium- to coarse-grained, subrounded 

limonite after sulfide (Figure 3.20) contain elevated concentrations of silver and zinc.  Clast 

shape suggests that they are detrital rather than representing in-situ sulfide precipitation.  The 

presence of both sulfide-rich and oxide-rich clasts indicates that at least portions of the 

ferruginous breccia formed after both the hydrothermal event responsible for sulfide 

precipitation and supergene weathering of portions of the sulfide replacement bodies. 

 

 

Figure 3.19: Photographs of early fine-grained silicified clasts within brecciated rocks. a) 

Photomicrograph of fine-grained silicified clasts surrounded by coarser-grained quartz matrix 

(from Renaud and Pietrzak, 2011). b) Silicified limestone clasts in breccia with coarser-grained 

quartz and iron oxide matrix (core approximately 6 cm wide). 

 

Rarely, the reddish ferruginous breccia grades into light grey to black breccia that may 

represent a more manganiferous protolith.  Based on XRD and petrographic analyses of the 

matrix of the ferruginous breccia the matrix is composed of fine-grained iron oxides, kaolinite, 

illite, and quartz. 

 The ferruginous breccia is best developed above normal faults that controlled the 

location of mineralized zones in the underlying carbonate rocks (Figure 3.15 and 3.21).  The base 

of the ferruginous breccia is commonly highly irregular (Figure 3.22).  The ferruginous breccia 

also fills fractures extending downward approximately 7 m into the carbonate sequence.  These 

fractures may contain large, angular, cobble-sized limestone and replacive carbonate mineral 

clasts.  Additionally, the ferruginous breccia contains silicified carbonate clasts indicating that 

this fine-grained silicification event took place prior to karstification.  The ferruginous breccia 
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also occurs beneath fine-grained travertine in karst cavities within the limestone section (Figure 

3.23).  Thus, the ferruginous breccia appears to represent both a surficial deposit formed by 

chemical and mechanical weathering of carbonate rocks and karst-infill material (Thorson, 

2010).   

 

 

Figure 3.20: Photographs of hand samples of the ferruginous breccia. a) Abundant limonite clasts 

with limestone, granite, and chert clasts within a fine-grained iron oxide and hydroxide and 

quartz-rich matrix.  Drill hole D8090624, 26.2-26.24 m (core approximately 5 cm wide). b) 

Limestone, chert, granite, and silicified limestone clasts within a fine-grained quartz-, kaolinite-, 

and illite-rich matrix.  Drill hole B10095, 119-119.08 m (core approximately 6 cm wide). 

 

The ferruginous breccia is overlain by the rocks of the Upper Conglomerate.  In some 

areas, lenses of ferruginous breccia appear to be interlayered with lenses of Upper Conglomerate 

redbeds suggesting these units formed synchronously (Figure 3.24).  However, compositional 

differences between the ferruginous breccia and the Upper Conglomerate indicate very different 

sources of parental material.  The ferruginous breccia has not been identified outside of the 

Sierra Mojada district.  Given that the ferruginous breccia commonly has gradational contacts 

with underlying carbonate rocks and generally contains only locally derived clasts it is likely that 

it formed in-situ.  
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Figure 3.21: Plan-view extent of abundant ferruginous breccia zones along top of Cretaceous carbonate strata (orange). Darker halo 

indicates thicker accumulation of ferruginous breccia. 
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Figure 3.22: Photograph of irregular contacts between the redbeds of the Upper Conglomerate 

unit, ferruginous breccia, and underlying dolomitized carbonate rocks of the Aurora Formation 

(rock hammer for scale, photo courtesy of Jon Thorson). 

 

 

Figure 3.23: Photograph of core with fine-grained travertine overlying ferruginous breccia.  Drill 

hole D8090624, 46.2-4.29 m (core approximately 5 cm wide). 

 

The ferruginous breccia occupies the unconformable contact between the Cretaceous 

carbonate sequence and the Upper Conglomerate.  This contact would have formed a major 

permeability barrier if hydrothermal alteration and mineralization occurred after deposition of 

the Upper Conglomerate.  Movement of hydrothermal solutions along this contact could have 

resulted in hydrothermal karsting and formation of a proto-ferruginous breccia.  However, the 
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ferruginous breccia currently observed is clearly involved with supergene weathering. The 

ferruginous breccia at Sierra Mojada is interpreted to represent primarily surficial oxidation of 

sulfide replacement bodies in the carbonate sequence as well as infill of karst cavities formed by 

both weathering and sulfuric acid generated during sulfide oxidation.  Acidic solutions produced 

from the oxidization of sulfide minerals promote karst development (Thornber and Taylor, 1992; 

Hitzman et al., 2003; Megaw, 2009) and such solutions were clearly channeled along the 

unconformity at the top of the carbonate sequence at Sierra Mojada.  Iron oxide-rich residual and 

karst-fill breccias formed in association with the oxidation of sulfide bodies, similar to the 

ferruginous breccia at Sierra Mojada, are present in many other carbonate-hosted lead-zinc 

districts (Fediuk and Kusnír, 1967; Thornber and Taylor, 1992; Hitzman et al., 2003; Reynolds et 

al., 2003   

 

       

Figure 3.24: Photograph of core tray showing interbedded Upper Conglomerate (dark red 

material) and ferruginous breccia (tan-orange material).  Drill hole B11020, 145.1-146.8 m (core 

approximately 6 cm wide). 

 

3.3.5 Sericitic Alteration 

Sericite is commonly present in the ferruginous breccia and within the Upper 

Conglomerate (Figure 3.25).  Areas containing abundant sericite occur above northeast-striking 

faults near the historic Veta Rica workings (Figure 3.26).  Minor sericitization is observed distal 

from the major structures as selvages surrounding fractures within the rocks of the Upper 

Conglomerate unit up to approximately 50 m above the unconformity (Figure 3.27).  The timing 

of sericitic alteration in the ferruginous breccia and the Upper Conglomerate relative to 
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hydrothermal dolomitization, silicification, and sulfide mineralization is problematic and is 

discussed in Chapter 4.    

 

 

Figure 3.25: Photographs of sericitized Upper Conglomerate rocks. a) Pervasively sericitized 

Upper Conglomerate unit overlying carbonate-hosted massive sulfide rocks in Veta Rica 

workings.  Drill hole B10032, 102-102.12 m (core approximately 6 cm wide). b) Moderately 

sericitized Upper Conglomerate unit approximately 55 m from contact with underlying 

mineralized carbonate rocks.  Drill hole B10029, 73.85-73.96 m (core approximately 6 cm wide). 

c) Photomicrograph showing sericitized Upper Conglomerate matrix and clasts, plane polarized 

light (PPL). d) Photomicrograph showing sericitized matrix with iron oxide minerals and sulfides 

(opaque), PPL. 

 

3.3.6 Supergene Alteration 

 The Sierra Mojada district has undergone significant supergene alteration.  Unweathered 

massive sulfide was rare in the district and much of the material mined, and the remaining metal-

rich material, consists of metal oxides and carbonates.  Field relationships indicate that much of 

the ferruginous breccia formed, or was severely modified during supergene alteration.  Sericite in 

alteration zones within the ferruginous breccia and Upper Conglomerate are commonly altered to 

kaolinite in supergene weathered zones.  Supergene weathering in the Sierra Mojada district is 

discussed in more detail below (3.4.5) and in Chapters 4 and 5.   
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Figure 3.26: Plan-view extent of sericitic alteration (blue) within the Upper Conglomerate unit relative to interpreted structures in the 

underlying carbonate rocks.  The sericitic alteration is best developed above well mineralized areas (red) near the historic Veta Rica 

mine in the underlying carbonate rocks. 
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Figure 3.27: Photograph of core tray showing sericitized interval of Upper Conglomerate rocks 

approximately 50 m above contact with carbonate rocks.  Drill hole B10029, 72.4-76.6 m (core 

approximately 6 cm wide, top of hole on upper left). 

 

3.3.7 Late Calcite Veins 

 Late calcite veinlets occur throughout the Sierra Mojada district, but are most prevalent 

along the Sierra Mojada fault zone.  The calcite veinlets are typically 1-20 cm wide and cut 

carbonate rocks, ferruginous breccia, and the Upper Conglomerate.  The calcite in these veinlets 

is fine-grained and anhedral.  It is commonly intergrown with zinc-, lead-, and iron oxide 

minerals and acanthite; it may contain inclusions of barite (Figure 3.28; Renaud and Pietrzak, 

2011).  The calcite displays normal to zincian compositions (Renaud and Pietrzak, 2011).  

Coarse-grained calcite with normal to zincian compositions also locally replaces limestone, 

silicified limestone, dolomite, and iron- and magnesium-rich replacive carbonate rocks, as well 

as the matrix of the ferruginous breccia adjacent to zones containing late calcite veinlets.  Calcite 
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veinlets crosscut sericitized Upper Conglomerate indicating that this alteration event occurred 

after sericitization.   

 

 

Figure 3.28: Interstitial zinc-rich calcite with acanthite inclusions (from Renaud and Pietrzak, 

2011). 

 

3.4 Mineralization 

 Economic concentrations of lead, zinc, silver, and copper in the Sierra Mojada district 

have been the focus of several academic and industry studies (Chism, 1886; Emmons. 1901; 

Malcolmson, 1901; Van Horn, 1912; Shaw and Esmeralda, 1922; Riley, 1936; Megaw et al., 

1988; Hodder, 2001; Renaud and Pietrzak, 2010, 2011).  A significant amount of the high-grade 

mineralized rock at Sierra Mojada described in late 19
th

 and early 20
th

 century studies has been 

entirely mined out, which makes understanding mineralization styles problematic.  The current 

work suggests that mineralized zones at Sierra Mojada can be divided into: 1) lead and zinc 

mantos, 2) a shallow silver zone, and 3) a structurally controlled, sulfide-dominated Pb-Ag-Cu 

zone (Veta Rica area).  Although minor amounts of sulfide-rich material occur at Sierra Mojada, 

primarily in the Veta Rica mine area, the vast majority of metals are now present in oxide and 

carbonate minerals.  The Sierra Mojada district underwent extensive supergene alteration similar 

to the upper potions of many high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits in 

northern Mexico (Megaw et al., 1988).  Better understanding of the styles of mineralization and 

their relationship to one another at Sierra Mojada is crucial to accurately determine the current 
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distribution of remaining metals and to determine how to effectively exploit the remaining lower 

grade resources.    

3.4.1 The Pb-Ag-Cu Zone 

 The Pb-Ag-Cu zone was exploited by the historic Veta Rica mine, one of the most 

productive silver, lead, and copper mines in the early history of the Sierra Mojada district.  This 

mine contained mineralized rock containing up to 30 ounce per metric ton (oz/t) silver and 3.0% 

copper (Chism, 1886; Malcolmson, 1901; Van Horn, 1912).   

 The Veta Rica mine is located in an area where the carbonate rocks are extensively 

broken and fractured by high angle normal faults.  The carbonate rocks in the Veta Rica area 

have been pervasively replaced by hydrothermal carbonate minerals.  The upper levels of the 

Veta Rica mine contained zinc and lead manto-style ore bodies with argentiferous cerussite in 

addition to native sulfur formed by the oxidation of argentiferrous galena.  These mantos grade 

downward to massive sulfide zones containing argentiferrous chalcocite, argentiferrous 

chalcopyrite, argentiferrous galena, and sphalerite.  Locally the deeper, copper-rich bodies were 

oxidized to an assemblage of native copper, cuprite, azurite, and malachite with lesser gypsum 

(Figure 3.29; Van Horn, 1912).  Ore bodies within the Pb-Ag-Cu zone are distributed along 

steeply dipping faults associated with the Sierra Mojada fault zone that terminate at the 

unconformity between the Cretaceous carbonate rocks and the redbeds of the Tertiary Upper 

Conglomerate (Figures 3.29 and 3.30).  Pb-Ag-Cu ore bodies occur in both the hanging wall and 

footwall of the fault zone.  Particularly rich ore zones occurred where faults cutting the 

underlying carbonate rocks intersect and terminate against the unconformity (Figure 3.31; Van 

Horn, 1912).  Such areas contained native silver, acanthite, sulfosalts, and sulfarsenides with 

grades up to 150 oz/t silver with minor copper.  The rocks of the Upper Conglomerate unit are 

pervasively sericitized above these zones (Figure 3.26).  Silver was also present within fractures 

in the underlying carbonate section with moderate amounts of barite (Van Horn, 1912). 

        The area containing Pb-Ag-Cu sulfide bodies extends beyond the Veta Rica mine into the 

adjacent carbonate rocks.  The contact between the underlying carbonate rocks of the Cretaceous 

Aurora and La Peña formations with the Upper Conglomerate progressively shallows to the 

north of the Veta Rica area and the deeper copper-rich ore bodies occurred closer to the surface.  

This area also contained silver-bearing massive sulfides including chalcocite, chalcopyrite, and 

galena with lesser sphalerite (Figure 3.32; Van Horn, 1912).   
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Figure 3.29: Plan-view of the Veta Rica mine with distribution of ore bodies (modified from Van 

Horn, 1912). 

 

3.4.2 The Lead and Zinc Mantos 

 Lead and zinc manto style mineralization occurred primarily within the dolomitized 

carbonate rocks of the Aurora Formation in the footwall of the Sierra Mojada fault zone.  Most 

of the lead-rich mantos were mined out in the 19
th

 and 20
th

 centuries for their silver content.        

 More recent work has focused on the remaining zinc mantos.  The zinc mantos consist 

primarily of smithsonite and hemimorphite, but may also contain moderate amounts of silver- 
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and lead-oxide minerals and adamite (Figure 3.28; Megaw, pers. comm., 2012).  The zinc 

mantos have been subdivided into the Red Zinc Manto and White Zinc Manto styles.     

 

 

Figure 3.30: Schematic cross section looking west showing the influence of the unconformity 

between redbeds and carbonate rocks on ore bodies in the Veta Rica mine (from Malcolmson, 

1901). 

 

 

 

Figure 3.31: Schematic cross section looking west depicting irregular "rolls" in the unconformity 

surface identified by early miners at the Dionea mine (from Malcolmson, 1901). 
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Figure 3.32: Photographs of core showing sulfide-rich samples from the Veta Rica mine area. a) 

Massive chalcopyrite with argentiferrous galena and secondary calcite veinlets. b) Massive 

argentiferrous galena with minor chalcopyrite and secondary calcite veinlets. 

 

 Red Zinc Mantos contain hemimorphite and smithsonite with abundant fine-grained iron 

oxide and hydroxide minerals, which give it a red color (Figures 3.16 and 3.33).  The Red Zinc 

Manto zone is relatively continuous for approximately 2,500 m and trends east-west along the 

northern slope of the Sierra Mojada range; it is primarily hosted in the footwall of the Sierra 

Mojada fault zone (Figure 3.34).  The zone has a maximum thickness of approximately 100 m 

and plunges roughly 10° to the east.  High-grade zinc concentrations within the Red Zinc Manto 

zone are located predominantly along bedding planes and in zones of highly fractured carbonate 

host rocks. 

 White Zinc Mantos underlie the Red Zinc Manto zone in the footwall of the Sierra 

Mojada fault zone.  Although the White Zinc Manto zone has a similar trend and plunge as the 

overlying Red Zinc Manto zone (Figure 3.34), the spatial extent of this mineralization style is 

relatively unconstrained by current drilling.  White Zinc Manto zones occur locally lateral to and 

beneath the Red Zinc Mantos.  The White Zinc Manto zone is predominantly composed of 

smithsonite with minor hemimorphite and interlaminated carbonate minerals; it lacks appreciable 

iron oxide and hydroxide minerals.  The White Zinc Manto zone contains slightly higher zinc 

and lower lead than the hemimorphite-rich Red Zinc Manto zone.  White zinc mantos typically 

cross-cut limestone bedding planes and form along high angle fractures.    

 Pods of lead oxide and lead carbonate minerals, previously referred to as the Lead Manto, 

are concentrated within, above, and laterally adjacent to the Red Zinc Manto zone.  The Lead 

Manto zone was the primary source of lead and silver ore early in the mining history at Sierra 

Mojada.  Approximately 120,000 metric tons of lead-silver ore was mined from the Lead Manto 

zone per year with average grades of 15% lead and 12 oz/t silver.  Such material accounted for 
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approximately two-thirds of total mining production from the district.  Lead manto zones also 

contained vertical chimneys of lead oxide and lead carbonate minerals that extended 

approximately 60 m up into carbonate host rocks above the Red Zinc Manto zone (Figure 3.35; 

Malcolmson, 1901; Shaw and Esmeralda, 1922).   

 

 

Figure 3.33: Photographs of hand samples showing zinc-bearing minerals at Sierra Mojada. a) 

Coarsely crystalline white-tan smithsonite filling vug in hematitic limestone that contains 

disseminated smithsonite. b) Massive hemimorphite (from Hitzman et al., 2003). 

 

 

Figure 3.34: Aerial photograph showing extent of the Red and White Manto, Shallow Silver, and 

Lead Manto zones in the Sierra Mojada district projected to surface (modified from Van Horn, 

1912; Shaw and Esmeralda, 1922; Google Earth image, 2012). 



 

49 

 

 

Figure 3.35: Cross section looking west showing extent of Lead Manto zone at the San Salvador 

mine.  Lead oxide and lead carbonate chimneys extend tens of meters from mantos (Malcolmson, 

1901). 

 

 The nonsulfide zinc mantos at Sierra Mojada frequently contain preserved relict textures 

from original massive sulfide lenses similar to the textures described from the Veta Rica mine 

sulfide bodies.  Carbonate textures also are preserved locally within the oxidized sulfide lenses 

suggesting that sulfide replacement of carbonate rocks was the dominant process of hypogene 

mineralization.  Although carbonate replacement textures have been used to support a low-

temperature, epigenetic style of mineralization at Sierra Mojada (Hodder, 2001; Tritlla et al., 

2007), these textures are also typical of intrusion-related, high-temperature, carbonate-hosted 

Ah-Pb-Zn-(Cu) deposits throughout northern Mexico (Figure 3.36; Hayward and Tripplett, 1931; 

Megaw et al., 1988).     

3.4.3 The Shallow Silver Zone 

 The Shallow Silver zone, also referred to as the zinc-silver zone, has previously been 

termed “contact ore” in historical descriptions (Malcolmson, 1901; Van Horn, 1912; Shaw and 

Esmeralda, 1922).  The Shallow Silver zone overlies the Red Zinc Manto zone in the eastern 

deposit area and crops out near section 630,600E. The Shallow Silver zone occurs along or 

immediately below the north-dipping unconformable contact between Cretaceous carbonate 

rocks and the rocks of the Tertiary Upper Conglomerate unit (Figure 3.34) but locally cuts down 
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into the underlying carbonate strata.  This zone is known to extend approximately 3.5 km along 

strike and plunges approximately 10° to the east, subparallel to the Red Zinc Manto zone.  The 

zone varies in vertical thickness from 30-140 m and may be up to 200 m wide.   

 

 

Figure 3.36: Photograph of hemimorphite and iron oxide minerals replacing carbonate host rock 

in underground exposure.  Replacement occurred along bedding planes and fractures (Peñoles, 

2004).      

 

 The Shallow Silver zone is largely a ferruginous breccia composed of calcite, dolomite, 

hematite, and goethite with minor barite.  The ferruginous breccia contains subrounded, largely 

oxidized sulfide clasts suggesting it formed through the oxidation and collapse of an original 

massive sulfide body (Figure 3.20; Thorson, 2010).  The breccia contains silver in fine-grained 

sulfides, halides, and sulfosalts and zinc in hemimorphite and minor smithsonite.  Inclusions of 

acanthite have been observed within interstitial zinc-rich carbonate minerals (Figure 3.28; 

Renaud and Pietrzak, 2011).  The Shallow Silver zone commonly overlies less altered carbonate 

rocks that locally host potentially economic silver concentrations.  These less altered host rocks 
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likely contain metals that were transported during supergene processes from the more altered 

carbonate rocks.               

3.4.4 Sulfur Deposits 

 In addition to the zinc, lead, and silver carbonate and silver oxide ore bodies, the district 

contains native sulfur deposits that were mined during the late 19
th

 and early 20
th

 centuries.  

Chism (1886) noted that the native sulfur deposits were most abundant in the eastern portion of 

the Sierra Mojada district near section 631,200E adjacent to high-grade lead-silver carbonate and 

oxide ore bodies (Figure 3.29).  The closely spaced native sulfur and lead-silver carbonate and 

oxide ore bodies likely formed after the oxidation of hypogene massive sulfide mantos with 

subsequent supergene migration of metals and sulfur to form the distinct sulfur-rich and lead-

silver-rich zones.  

3.4.5 Supergene Processes  

 The Sierra Mojada system displays supergene redistribution of elements on a broad scale.  

Distribution of the various ore styles is the result of hypogene processes as well as both chemical 

and physical weathering.  Hypogene sulfide bodies formed along faults and fractures and appear 

to have been concentrated at the intersection of a structural plumbing system with the 

unconformity between the Cretaceous carbonate rocks and the redbeds of the Tertiary Upper 

Conglomerate unit.  The unconformity also appears to have represented a permeable surface that 

focused flow of meteoric water during supergene alteration.  As in many supergene zinc-lead 

deposits (Boni et al., 2003; Borg et al., 2003; Hitzman et al., 2003; Boni et al., 2009), lead and 

copper remained relatively immobile while zinc and iron were transported farther from the 

original hypogene sulfide bodies with zinc moving farther than iron. 

 The lead and zinc mantos display a vertical zonation pattern characteristic of supergene 

nonsulfide zinc deposits (Hitzman et al., 2003; Megaw, 2009).  The lead mantos occur near the 

top of the vertical section at, or near, the elevation of the original hypogene massive sulfide ore 

bodies, while the zinc mantos are located lower in the section.  Zinc and iron were transported by 

descending supergene fluids along favorable stratigraphic layers and structural conduits to form 

the Red Zinc Manto and White Zinc Manto zones.  At Sierra Mojada the vertical separation of 

lead- and zinc-rich zones is typically less than 10 m, though in some instances the White Zinc 

Manto may be several tens of meters from the presumed location of the original sulfide bodies.  
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In other Mexican systems zinc was transported up to several hundreds of meters from the 

original sulfide body during supergene oxidation (Megaw, 2009).    

 The supergene leaching process usually produces significant volume reduction of the host 

rocks near the primary ore zone (Thornber and Taylor, 1992; Hitzman et al., 2003; Megaw, 

2009).  Karstification of the carbonate host rocks during supergene alteration likely produced the 

ferruginous breccia (Thorson, 2010) found along the unconformity and particularly well 

developed at the Veta Rica mine.  The ferruginous breccia contains subrounded limonite after 

sulfide clasts that represent the remnants of the primary massive sulfide bodies following 

physical and chemical weathering.  

 The Shallow Silver zone is situated at, or immediately beneath, the unconformity and 

includes most of the ferruginous breccia material.  This mineralized zone is likely the product of 

supergene redistribution of metal sourced from weathered massive sulfide bodies at, or near, the 

unconformity by infiltrating meteoric fluids.  The spatial association between the Shallow Silver 

zone and the unconformity indicates that the unconformity acted as a preferential fluid conduit 

during supergene alteration.  An unknown amount of the metal endowment at Sierra Mojada may 

have been subjected to further mechanical erosion and removed during the Tertiary.   
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CHAPTER 4  
THE UPPER CONGLOMERATE IN THE SIERRA MOJADA DISTRICT 

 

 There has been longstanding confusion regarding the different conglomerate units in the 

Sierra Mojada district.  The focus of this study was to determine the stratigraphic position of the 

different conglomerates in the district through geological mapping and logging of drill core to 

construct geological sections.  The resulting geological data were then utilized to better 

understand the structural geology of the district, help bracket the age of mineralization in the 

district, and develop genetic models for the formation of the deposit. 

Previous workers have all agreed that the San Marcos Formation forms the base of the 

local stratigraphic section in the Sierra Mojada district. Other conglomerates in the district, 

commonly termed the Upper Conglomerate, have been contentious. The earliest descriptions 

simply referred to the Upper Conglomerate as the “breccia” or “agglomerate”.  A number of 

theories have been advanced for the Upper Conglomerate. Early workers (Chism, 1886; 

Emmons, 1901; Van Horn, 1912) believed these conglomerates formed by normal faulting 

during the formation of the Sierra Mojada valley.  Other early workers suggested the unit formed 

from volcanic mudflows originating from the valley center (Malcolmson, 1901; Van Horn, 1912) 

or as an agglomerate sourced from somewhere outside of the Sierra Mojada area (Shaw and 

Esmeralda, 1922).  More recently this unit has been interpreted as an allochthonous wedge of 

Early Cretaceous San Marcos Formation (Kitz, 1984; McKee et al., 1984, 1990).  There are 

severe problems with the proposals advanced to date.  As will be seen, the Upper Conglomerate 

is a distinct unit from the San Marcos Formation. The Upper Conglomerate contains abundant 

igneous clasts that have no obvious source in the district and lacks abundant carbonate clasts 

indicating it was not derived from erosion along the Sierra Mojada fault scarp that exposes 

exclusively Cretaceous carbonate rocks.  

4.1 Comparison of the San Marcos Formation and the Upper Conglomerate 

 A comparison was made of the San Marcos Formation and the Upper Conglomerate 

based on surface exposures in the district, drill core cutting both units, and limited petrographic 

analysis (Table 4.1).  The San Marcos Formation is composed of sandstones and clast supported 

conglomerates with minor siltstones. It generally displays a dark red to purple color. Fine- to 
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medium-grained sandstone beds are up to ten meters thick (Figures 4.1a). Conglomerate beds 

contains rounded to subrounded clasts of intermediate composition volcanic rocks, generally 

andesites, in a matrix composed almost entirely of detrital quartz with minor hematite and 

detrital feldspar; clay minerals are rare.  Clasts rarely exceed pebble size (Figure 3.3). Limited 

geochronological work suggests the andesite clasts are predominantly of Precambrian age (King, 

pers. comm., 2011).  

 

Table 4.1: Comparison on the San Marcos Formation and the Upper Conglomerate 

Characteristics San Marcos Formation Upper Conglomerate 

Color dark red to purple dark brown to medium red 

Clast Types andesitic volcanic 

granodiorite, granite, 

andesite, dacite, iron oxide 

(after massive sulfide), 

limestone 

Clast Size coarse-grained to pebble coarse-grained to boulder 

Clast Roundness subrounded to rounded subangular to rounded 

Clast Variability low high 

Sorting 
very well to moderately 

sorted 

moderately to very poorly 

sorted 

Matrix Composition quartz, minor hematite hematite, calcite, quartz 

Matrix % clast supported clast and matrix variable 

Contact relationships 
conformable with overlying 

Cretaceous carbonate rocks 

unconformable with 

underlying Cretaceous 

rocks, unconformably 

overlain by Limestone 

Megabreccia 

 

The Upper Conglomerate unit in the Sierra Mojada district is defined in drill holes where 

the unit is observed to unconformably overlie a sequence of Cretaceous carbonate rocks that 

grade down into the San Marcos Formation conglomerates and sandstones. In this location the 

Upper Conglomerate is composed of dark brown to reddish conglomerate (Figures 4.1b and 

4.1c).  It contains layers that are both clast and matrix supported.  The unit does not contain 

sandstone and contains minor siltstone beds. The unit displays moderate- to well-developed 

bedding with individual beds up to 4 m thick.  Beds are commonly poorly sorted and contain 

clasts of highly variable size. Systematic clast imbrication, and fining-upward or coarsening-

upward trends were not observed.  Individual beds often display erosional channel bases (Figure 

4.2).  Cross stratification of beds is uncommon, but was observed locally in outcrop.   
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Figure 4.1: Redbeds in the Sierra Mojada district. a) San Marcos Formation redbeds in outcrop 

south of the Mesa El Vallecito road cut which are in normal stratigraphic contact with overlying 

units at 627270E 3021480N (north arrow for scale). b) Photograph of Upper Conglomerate 

outcrop on southern slope of Mesa La Blanca with granodiorite boulders and cobbles in 

hematite-rich matrix at location 629380E 3017860N (notebook for scale). c) Photograph of 

limestone clasts within redbed unit of Upper Conglomerate at Cerro San Fermin at 628870E 

3017870N (notebook for scale). d) Photomicrograph showing example of very fine-grained 

calcite and iron oxide minerals in the Upper Conglomerate matrix. PPL 5x. Sampled from Tiro J 

workings.    
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Figure 4.2: Photograph of Upper Conglomerate outcrop showing erosional channel bases north 

of the Sierra Mojada village at 628170E 3019605N (field of view approximately 2 m). 

 

Clast size ranges from millimeters to boulder-sized (>3m). The unit contains a highly 

variable population of clasts; clast types may change rapidly along strike and vertically through 

the unit.  Intrusive rocks are the most abundant clast type and include granodiorite and 

equigranular granite in addition to porphyritic andesite and dacite; granodiorite clasts are more 

common than granitic clasts. Granodiorite clasts are light grey to crème colored (Figure 4.1b and 

4.3); granodiorite generally displays a coarse texture.  Granitic rocks are typically light red to 

medium grey in color and are medium to coarse grained (Figure 4.3). Both granitic and 

granodioritic clasts are rounded to subangular and range up to boulder size. Zircon U/Pb 

geochronology of intrusive clasts from the Upper Conglomerate indicates they are Triassic in age 

(King, pers. comm., 2011).  Andesitic to dacitic clasts are subrounded and generally not as large 

as intrusive clasts. The Upper Conglomerate also contains a small number (<3% total) of 

limestone clasts (Figure 4.1c).  Limestone clasts observed in outcrop and drill core are typically 

subrounded to angular and range from several centimeters to over a meter in diameter.  

Limestone clasts occur throughout the entire Upper Conglomerate unit from the basal contact 

with the carbonate rocks up to the Limestone Megabreccia unit.  The Upper Conglomerate also 
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contains very minor, generally small (<0.5m) clasts of massive iron oxide sometimes with oxide 

copper or zinc. These clasts are thought to represent oxidized massive sulfide.  

 

 

Figure 4.3: Photograph of Upper Conglomerate outcrop south of Sierra Mojada village with 

granite (light red color), granodiorite (light grey to white color), and andesite (dark grey color) 

cobbles at 627890E 3018050N. 

 

The matrix of the Upper Conglomerate is composed of subrounded to rounded, very fine- 

to medium-grained detrital quartz with subordinate detrital feldspar, clay, and hematite. The 

amount of clay in the matrix is highly variable from <10% to over 60%.  Clay-rich portions of 

the Upper Conglomerate are generally less reddened than clay-poor conglomerate. The matrix of 

the conglomerate also contains fine-grained, subhedral to euhedral calcite that appears to have 

filled original porosity and is thus primarily diagenetic in origin (Figure 4.1d).   

4.2 Stratigraphic Position of the San Marcos Formation and Upper Conglomerate 

Geological mapping and drill logging to construct a series of sections in the district were 

undertaken to constrain the stratigraphic relationships of the San Marcos Formation and the 

Upper Conglomerate (Figure 4.4). Outcrops of conglomerates were examined in detail at three 

locations: near the village of Sierra Mojada, in a road cut towards Mesa El Vallecito, and in the 

central portion of the district around Cerro San Fermin and Mesa La Blanca. In addition, drill 
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data were utilized to create cross and longitudinal sections to better understand the stratigraphic 

position of the Upper Conglomerate in the area of the Sierra Mojada deposit. 

 

 

Figure 4.4: Geologic map of the Sierra Mojada district with location of cross sections B-B’, C-

C’, D-D’, and E-E’. See Figure 3.2 for explanation.   

 

South of Sierra Mojada village, Kitz (1984) provided a detailed description of what he 

termed “Conglomerate A” and divided the unit into an upper and lower facies. Current mapping 
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demonstrates that the upper facies is a pebble-rich conglomerate composed primarily of volcanic 

clasts with increasing amounts of interbedded sandstone and mudstone layers towards a 

conformable contact with overlying Cretaceous carbonate rocks. Mapping demonstrates that 

these upper facies conglomerates are overturned (Figure 3.2). McKee et al. (1990) interpreted the 

upper facies conglomerates to be the San Marcos Formation. 

The lower facies conglomerates south of Sierra Mojada village, which Kitz (1984) 

termed “Conglomerate B”, contain cobble to boulder-sized sized granite and quartz monzodiorite 

clasts and coarse to cobble-sized intermediate volcanic clasts within a quartz- and hematite-rich 

matrix; limestone clasts are present but rare.  The unit does not contain sandstone or mudstone 

beds like the upper facies. These lower facies rocks are similar to demonstrable Upper 

Conglomerate redbeds in the Sierra Mojada deposit area. The contact between these upper and 

lower conglomerate units is covered by alluvium.  Current mapping indicates this area contains 

overturned San Marcos Formation (“Conglomerate A”) that is separated from overlying Upper 

Conglomerate (“Conglomerate B”) by an angular unconformity (Figure 4.5a). 

The Mesa El Vallecito road cut (Figure 4.6) to the northwest of Sierra Mojada village 

contains several distinct conglomerate units.  The contact between these units is located in the 

valley along the road north from Sierra Mojada to Mesa El Vallecito.  The conglomerates and 

reddened sandstones on the southern slope of this valley are well indurated and contain abundant 

dark red to purple colored, rounded, aphanitic volcanic clasts within a medium- to coarse-

grained, quartz-rich matrix (Figure 4.1a).  This sequence of conglomerates and sandstones has a 

conformable contact with the overlying Cretaceous siliciclastic and carbonate units indicating 

that they correspond stratigraphically to the San Marcos and La Mula formations. 

 The northern slope of the valley is composed of a poorly indurated, coarse-grained 

conglomerate with pebble- and cobble-sized granite and aphanitic volcanic clasts and sparse 

limestone clasts in matrix of quartz, hematite, and minor calcite. The conglomerate beds dip to 

the southeast at approximately 20°. These conglomerates are not observed in conformable 

contact with the conglomerates and sandstones to the south or with Cretaceous carbonate rocks. 

They are, however, unconformably overlain by the Limestone Megabreccia, which drapes the 

hillside. The change in composition and bedding orientation of the conglomerates on either side 

of the valley indicates that they are different stratigraphic units. The conglomerates on the south 

side of the valley are lithologically similar to the San Marcos Formation and are in stratigraphic 
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contact with Cretaceous carbonate rocks. The less indurated conglomerates on the north side of 

the valley are lithologically similar to Upper Conglomerate observed in drill core at the Sierra 

Mojada deposit and display an unconformable contact with the Tertiary Limestone Megabreccia. 

The valley separating the two conglomerate units is likely the surface expression of a fault, now 

covered by alluvium (Figure 4.5b).  

 

 

Figure 4.5: Schematic cross sections in the Sierra Mojada district based on outcrop and drill core. 

a) Area south of Sierra Mojada village b) Road cut along road between Sierra Mojada and Mesa 

El Vallecito c) Central Sierra Mojada district with Cerro San Fermin or Mesa La Blanca. See 

Figure 3.2 for explanation.  

 

Cerro San Fermin and Mesa La Blanca in the central Sierra Mojada district (Figure 4.7) 

contain outcrops of conglomerate units that were described by Kitz (1984) who interpreted them 
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to be Early Cretaceous San Marcos Formation. Kitz’s “Conglomerate B” at Cerro San Fermin is 

contains primarily andesite and dacite clasts, whereas his “Conglomerate C” at Mesa La Blanca 

contains mostly granitic clasts. Both conglomerates contain limestone and dolostone clasts and 

have a quartz and hematite matrix with minor clay and calcite. The conglomerates at Mesa La 

Blanca and Cerro San Fermin are capped by the Limestone Megabreccia (Figure 4.8). Recent 

drilling near Cerro San Fermin and Mesa La Blanca has intercepted over 150 m of 

conglomerates similar to those observed at the surface that unconformably overlie Cretaceous 

carbonate rocks (Figure 4.5c).   The composition of the conglomerates, combined with the 

drilling data, indicates that both conglomerates in this area are part of the Upper Conglomerate 

unit (Figure 4.9).  

 

 

Figure 4.6: View looking west at road cut north of Sierra Mojada village showing: extent of 

Limestone Megabreccia (blue dashed), underlying structure (red dashed), and conformable Early 

Cretaceous sequence succession (Google Earth image, 2012). 

 

Drill cores from the Sierra Mojada deposit area were examined to study the lower contact 

of the Upper Conglomerate unit with the underlying carbonate strata. Drill data indicates that the 

contact is a locally irregular unconformity. The ferruginous breccia is locally present along the 
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contact. The contact does not appear to be significantly offset along either west-striking or 

northeast-striking faults that cut the underlying carbonate section (Figure 4.10 and Appendix A).  

Changes in the dip of the contact surface in the area of the historic Veta Rica mine, historically 

referred to as “rolls”, led previous workers to interpret the contact as a fault (Van Horn, 1912). 

Although the contact in this portion of the district locally contains deformed argillaceous 

material with slickenlines, there is no evidence for significant movement (Figure 4.11).   

 

 

Figure 4.7: View looking northeast showing Cerro San Fermin and Mesa La Blanca. 

 

 

Figure 4.8: Photograph of limestone boulders located on top of Cerro San Fermin and Mesa La 

Blanca overlying redbeds at 628885E 3018130N.   
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Figure 4.9: Cross section E-E’ showing extent of Upper Conglomerate redbeds underlain by the 

Cretaceous section. See Figure 3.2 for explanation.      

 

Geological mapping and the drill sections together with petrographic work provides 

conclusive evidence that the San Marcos Formation and the Upper Conglomerate are discrete 

units. The San Marcos formation is a well sorted, quartz-rich sequence probably derived from 

fluvial deposition. Conglomerates in the unit contain almost exclusively andesite clasts. There 

are no known outcrops of Precambrian andesites rocks in the Sierra Mojada region similar to 

those present in the San Marcos Formation.  

The composition and bedding characteristics of the Upper Conglomerate suggests it was 

deposited subaerially as debris flows (Nichols, 2007). The position of the Upper Conglomerate 

unconformably above the Cretaceous carbonate rocks and unconformably below the Limestone 

Megabreccia suggests it was deposited in the Tertiary.  Outcrops of Triassic intrusive and 

volcanic rocks similar to those present as clasts in the Upper Conglomerate have not been 

identified within the Sierra Mojada district but are present approximately 100 km to the east 

within the La Mula uplift within the Sabinas basin (Goldhammer, 1999; Chávez-Cabello et al., 

2007).  The La Mula inlier is fault controlled and occurs in the footwall of a major normal fault 

that strikes west-northwest toward the Sierra Mojada district.  An extension of this intrabasin 

horst westward into the Sierra Mojada district is probably the most likely source for the Triassic 

rocks in the Upper Conglomerate (Figure 4.12). 
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Figure 4.10: Structural interpretation with structure contours of the unconformity surface. Contours made from drill holes and kriging 

gridding method. 
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Figure 4.11: Depositional contact (arrow) between the Upper Conglomerate (red material) and 

underlying carbonate rocks in drill core (light grey material). Drill hole B11022, 125.6-127.75 m 

(core approximately 6 cm wide). 

 

4.3 Alteration and Mineralization in the Upper Conglomerate 

The original discovery in the Sierra Mojada district was made in 1878 when a member of 

a scouting party collected an iron oxide-rich sample with appreciable amounts of lead and silver 

from the contact zone between the Upper Conglomerate and Limestone Megabreccia at the top 

of Mesa La Blanca (Chism, 1886).  Although subsequent exploration has demonstrated that the 

upper portion of the Upper Conglomerate does not host major deposits, the fact that it is locally 

mineralized has important implications for the economic geology of the district.   

Examination of the mineralized occurrence at Mesa La Blanca reveals that the lead- and 

silver-rich material sampled by the initial explorers was from near the contact between the Upper 

Conglomerate and the Limestone Megabreccia.  Rocks along this contact are brecciated and 

contain subrounded to rounded clasts of coarse-grained, iron oxide (gossan), subangular to 

subrounded clasts of medium- to coarse-grained barite intergrown with calcite, and coarse-

grained to pebble-sized clasts of malachite in a dark red to brown hematite-rich matrix (Figure 

4.13). This breccia likely formed by oxidation of sulfide-rich clasts that were depositionally 

concentrated at the top of the Upper Conglomerate sequence.  

Examination of a number of intervals of Upper Conglomerate during this study indicates 

that iron oxide-rich cobbles though rare, are widespread throughout the Upper Conglomerate.  

Many of these clasts contain minor copper or zinc oxides suggesting they were derived from 
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oxidation of base metal sulfide-rich material.  Importantly, the matrix of the Upper 

Conglomerate is mineralized and rarely intensely hematitic near such clasts.  These relationships 

suggest that mineralized bodies were being eroded during the period of Upper Conglomerate 

deposition.   

 

 

Figure 4.12: Regional geologic map showing possible extension of the La Mula Island horst to 

the north of the Sierra Mojada district (modified from Chávez-Cabello et al., 2007).     

 

The Upper Conglomerate throughout the Sierra Mojada district displays discrete zones 

that have been subjected to hydrothermal alteration.  The alteration resulted in the destruction of 

hematite and bleaching of the rock to a buff color.  Petrographic and XRD analysis (Appendix B) 
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of these altered rocks indicate that they contain significant illite.  Thus the alteration may be 

termed sericitic. Sericitization affects the matrix of the Upper Conglomerate causing 

recrystallization of clay and alteration of detrital feldspar.  Sericitization is most apparent within 

feldspar-rich granite and granodiorite clasts. Sericitized zones may contain minor amounts of 

pyrite. The pyrite occurs as subrounded to rounded, fine grains most commonly found 

disseminated within the matrix of sericitized Upper Conglomerate (Figures 4.14 and 4.15). 

 

 

Figure 4.13: Photograph of hand sample from workings at the top of Mesa La Blanca.  Fine-

grained hematite-rich matrix with oxidized sulfide and malachite clasts. 

 

Such zones of sericitization are observed to increase in size towards the base of the Upper 

Conglomerate.  Intensely sericitized Upper Conglomerate is most common above fault zones in 

the underlying carbonate rocks that control the location of mineralized zones (Figures 3.25 and 

4.16).  Sericite-rich intervals near the base of the Upper Conglomerate are typically no more than 

10 m thick.  However, fractures in Upper Conglomerate rocks up to 50 m above the 

unconformity have been observed to display weak sericite selvages.  

 Rarely the Upper Conglomerate contains trace amounts of chalcocite. Fine-grained 

chalcocite occurs both within sericitized aphanitic volcanic clasts and, more commonly, in the 

matrix of sericitized Upper Conglomerate. The chalcocite is typically texturally similar to pyrite 

found in sericitized zones (Figure 4.17b).  It is likely that the chalcocite formed during 

weathering through replacement of pyrite by copper-rich supergene solutions derived from 

oxidation of massive sulfide in laterally adjacent carbonate rocks. 
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4.4 Relationship of the Upper Conglomerate with the Ferruginous Breccia and Underlying 

Mineralized Cretaceous Carbonate Rocks 

 Orebodies in the Sierra Mojada district occur within both the Cretaceous carbonate rocks 

beneath the unconformity separating them from the Upper Conglomerate and within the 

ferruginous breccia that occupies a portion of this contact zone. Although high grade mineralized 

zones just below the contact between the Upper Conglomerate and the Cretaceous carbonate 

rocks have largely been mined out, mining reports indicate that massive sulfide and massive 

metal oxide bodies were concentrated within 4 m of the unconformity but always terminated at 

the unconformity and did not extend into the Upper Conglomerate (Malcolmson, 1901). Upper 

Conglomerate immediately above these ore bodies was described as clay-rich (Malcolmson, 

1901; Shaw and Esmeralda, 1922).  Based on the current work it is suspected that these clay-rich 

zones were probably originally highly sericitized.  The reported clay probably represents 

supergene alteration of illite to kaolinite; minor amounts of probable supergene kaolinite were 

observed in present day exposures of sericitized Upper Conglomerate.  

4.5 Implications of the Upper Conglomerate for the Economic Geology of the Sierra 

Mojada District 

 While the age relationship of the Upper Conglomerate with respect to mineralization in 

the Sierra Mojada district is still unclear, this study provides several important constraints.   

The Upper Conglomerate unconformably overlies well-mineralized Cretaceous carbonate 

rocks and the ferruginous breccia.  It also contains sparse clasts that appear to have consisted of 

massive base metal sulfides.  Carbonate-hosted replacement deposits are formed from the 

interaction of igneous-derived hydrothermal fluids with reactive carbonate rocks along faults or 

along permeable horizons (Megaw et al., 1988). Deposits form within hundreds of meters to 

generally less than a kilometer from a causative intrusion and at depths of approximately 1.5 to 2 

km (Megaw et al., 1988).  If solutions from such a hydrothermal system reached the earth’s 

surface they would form a low or intermediate sulfidation epithermal system (Simmons et al., 

2005). There is no evidence of an epithermal system at Sierra Mojada.  The mineralized bodies at 

Sierra Mojada are similar to other Mexican carbonate replacement deposits that are known to 

have formed at depths of several kilometers (Megaw, pers. comm., 2012).  Thus, if the clasts of 

mineralized rock in the Upper Conglomerate are from the Sierra Mojada deposit there must have 
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been a significant time break between mineralization and deposition of the Upper Conglomerate 

to allow for uplift and erosion of the section above that which was mineralized.  

This study indicates, however, that the Upper Conglomerate has undergone sericitic 

alteration that is concentrated above well-mineralized zones in the underlying rocks, most of 

which are controlled by faults.  These faults commonly display significant offset in the 

mineralized carbonate section but minimal to no displacement in the Upper Conglomerate.  

While it is possible that the sericitic alteration in the Upper Conglomerate is temporally unrelated 

to mineralization in the Cretaceous carbonate rocks, the close spatial coincidence of altered 

zones in the Upper Conglomerate with underlying mineralized zones would seem to make this 

unlikely.   

Mineralization post deposition of the Upper Conglomerate also faces problems with 

regards to the depth of mineralization.  The Upper Conglomerate is currently known to have a 

maximum thickness of approximately 350 m.  This depth would not be sufficient to completely 

constrain phase separation of hot hydrothermal fluids such as those known to generate carbonate 

replacement deposits (Megaw et al., 1988). However, there is no evidence of boiling or explosive 

hydrothermal activity in the district.  It is possible that that Upper Conglomerate at Sierra 

Mojada was much thicker than currently recognized and that the unconformity separating it from 

the overlying Limestone Megabreccia represents a major loss (hundreds of meters) of section. 

Clearly, geochronological constraints are required to solve this conundrum. Work should 

be undertaken to date the illite within the Upper Conglomerate and to find suitable minerals for 

geochronology within mineralized zones within the carbonate sequence. 

The spatial relationship between mineralized zones in the carbonate rocks and the 

alteration in the Upper Conglomerate is permissive of mineralization following deposition of the 

Upper Conglomerate.  The Upper Conglomerate would have provided an excellent cap rock that 

could have constrained upward movement of hydrothermal solutions and allowed lateral 

movement along its lower contact.  Such lateral movement could have been responsible, in part, 

for the formation of the ferruginous breccia.  Hydrothermal dissolution and karsting of the upper 

surface of the carbonate sequence during the mineralization event could have initiated the 

development of the ferruginous breccia which was then extensively modified during later 

karsting and internal sedimentation related to Late Tertiary to Holocene supergene weathering. 
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If mineralization did take place following deposition of the Upper Conglomerate, the 

probable massive sulfide clasts could have two origins.  The clasts could represent carbonate 

clasts that were replaced by ascending hydrothermal solutions. Replacement of carbonate clasts 

within conglomerates similar to the Upper Conglomerate has been noted in the Santa Eulalia 

district (Megaw, pers. comm., 2012). Though not studied in detail, it does appear that sulfide 

clasts are more common near the base of the Upper Conglomerate though they clearly were 

present at the top of the Upper Conglomerate at Mesa La Blanca.  This distribution might be 

expected if the clasts represent replacement by ascending hydrothermal solutions. 

However, the virtual absence of significant disseminated base metal sulfides in the matrix 

of sericitized Upper Conglomerate, particularly in areas containing massive oxide clasts, argues 

against in-situ replacement.  Another possibility is that the massive sulfide clasts were not 

sourced from the Sierra Mojada deposit but came from another mineralizing system.  Given the 

geological evidence that points to a source for the Upper Conglomerate in a horst block along the 

northern edge of the Sierra Mojada valley, it is possible that the fault zone along the edge of the 

horst controlled the location of an older carbonate-hosted replacement deposit that was eroded 

during deposition of the Upper Conglomerate.  

 

 

 

Figure 4.14: Photomicrographs of fine-grained pyrite clasts concentrated in hematite-rich matrix 

zones next to clay- and quartz-rich matrix material. XPL (a) and RL (b) 10x. Drill hole B10083, 

54.5 m. 
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Figure 4.15: Photomicrographs of fine-grained pyrite clast in clay-, hematite-, and quartz-rich 

matrix. RL 10x. PPL and XPL shown in Figure 5.8. Drill hole B10083, 54.5 m. 

 

 

Figure 4.16: Photograph of core showing pervasively sericitized Upper Conglomerate 

approximately 1 m above contact with ferruginous breccia and dolomitized carbonate strata. 

Drill hole B10048, 10.5-10.58 m (core approximately 6 cm wide). 

 

 

Figure 4.17: Photomicrograph showing example of sulfide-bearing iron oxide-rich Upper 

Conglomerate. a) Very fine-grained hematite-rich matrix. PPL 10x. (b) Fine-grained chalcocite 

after pyrite clasts in hematite-rich matrix. Reflected light (RL) 10x. Drill hole B10095, 119.0 m. 
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CHAPTER 5  
COMPARISON OF SIERRA MOJADA TO OTHER NORTHERN MEXICAN CARBONATE 

REPLACEMENT DEPOSITS 

 

 The Sierra Mojada deposit system shares many similarities with other high-temperature, 

carbonate-hosted Ag-Pb-Zn-(Cu) districts in northern Mexico.  

 The Sierra Mojada sulfide bodies occur exclusively within dolomitized horizons; sulfide 

minerals cut and replace dolomite.  There appears to have been two periods of dolomitization.  

The initial period produced widespread dolomite within the carbonate section. This style of 

dolomitization probably represents introduction of brines from adjacent evaporite-rich basins 

(Megaw, pers. comm., 2012). A later stage of dolomitization resulted in formation of dolomite as 

well as ferroan dolomite and locally magnesite.  These replacive carbonates are spatially 

associated with mineralized zones.  These replacive dolomites were probably formed by 

hydrothermal fluids.  The Sierra Mojada district displays zones of silicification of host rock 

carbonate rocks adjacent to mineralized zones.  

Although silicification has generally not been considered a common alteration type 

within the high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits of northern Mexico 

though it has been observed at the Charcas, Santa Eulalia, La Encantada, and Sierra Mojada 

deposits (Megaw et al., 1988) and silicified rocks proximal to mineralized zones have recently 

been identified in a number of deposits including Shafter, Cinco de Mayo, San Martin-Sabinas, 

La Negra, and Concepcion del Oro (Megaw, pers. comm., 2012).  These silicified zones provide 

a good vector towards ore in areas of outcrop and might be discernible through resistivity 

surveys in the subsurface. 

Sericitization, as observed in the Upper Conglomerate at Sierra Mojada, is relatively 

uncommon in the Mexican high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits 

(Megaw, pers. comm., 2011).  One of the few deposits with significant sericitization is Santa 

Eulalia where igneous rocks along mineralized faults are altered to massive sericite with 

arsenopyrite (Megaw, pers. comm., 2011).  Additionally, the Cinco de Mayo and Platosa 

deposits contain abundant sericite altered igneous rocks proximal to mineralized zones (Megaw, 

pers. comm., 2012).  The absence of significant sericitized zones in most Mexican carbonate-
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hosted deposits is probably due to the absence of feldspar-rich rocks that can generate sericite 

during hydrothermal alteration. 

 Lithologies similar to the ferruginous breccia in the Sierra Mojada district have been 

noted at other high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) districts (Megaw, pers. 

comm., 2011) and several other nonsulfide zinc deposits (Fediuk and Kusnír, 1967; Thornber 

and Taylor, 1992; Hitzman et al., 2003; Reynolds et al., 2003). The ferruginous breccia in the 

Sierra Mojada district is concentrated along the unconformity between the Cretaceous carbonate 

rocks and the redbeds of the Upper Conglomerate and is most abundant near faults in the 

underlying carbonate section (Figure 5.1). The Ferruginous Breccia could have formed in a two-

step process. Initial development of the unit could have occurred during the hypogene 

mineralization event as hydrothermal fluids utilized the relatively permeable contact between the 

carbonate sequence and the Upper Conglomerate.  This would have occurred only if 

mineralization post-dated deposition of the Upper Conglomerate.  Much of the ferruginous 

breccia was formed by interaction of acidic solutions produced during supergene weathering and 

the upper portion of the carbonate sequence.  These acidic solutions clearly promoted karst 

development along the top of the carbonate rocks. Distinguishing ferruginous breccia associated 

with hypogene hydrothermal fluids from that formed solely through supergene processes could 

help with identifying structural conduits that guided hypogene mineralizing fluids, thus 

providing direct vectors towards higher grade portions of the deposit.  

 Sierra Mojada is known for its well-developed supergene zinc oxide resource (Megaw, 

2009).  The extensive supergene metal zonation pattern at Sierra Mojada is one of the most 

distinguishing characteristics of this deposit.  The extent of similar supergene alteration in other 

high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) districts in northern Mexico is not well 

described in literature.  Secondary supergene ore bodies have been described at Mapimi and in 

parts of the Santa Eulalia district (Megaw et al., 1988; Hitzman et al., 2003).  Significant 

supergene zinc oxide deposit formation has been described in the Tintic district in Utah 

(Lindgren and Loughlin, 1919; Morris and Lovering, 1979) and the Leadville district in 

Colorado (Heyl, 1964).  These districts are all located in regions with favorable climatic and 

geologic histories to promote supergene processes (Hitzman et al., 2003).  The well-developed 

supergene assemblages at Sierra Mojada suggest that it underwent significant uplift and lowering 

of the local water table relative to other northern Mexican carbonate replacement districts. 
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 The high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits of northern Mexico 

formed between 48-26 Ma and are temporally, and genetically, related to intrusive stocks, dikes, 

and sills (Megaw et al., 1988).  Typically, skarn assemblages form immediately adjacent to such 

intrusions.  The mineralizing systems commonly grades outwards from skarn to massive sulfide 

chimneys and mantos.  The Sierra Mojada and Los Lamentos districts contain no known 

intrusive rocks and lack skarn.  However, the Pb-Zn-Ag mantos in these districts are similar in 

geometry, sulfide mineralogy, alteration style, and grade to those in the San Carlos, Sierra 

Almoloya, Santa Eulalia, and Mapimi districts that are known to be associated with intrusive 

rocks (Figure 1.3; Megaw et al., 1988).  

Both magnetic and gravity geophysical surveys should be pursued in the Sierra Mojada 

district to locate the causative intrusive rocks.  However, the drill logging conducted as part of 

this study identified a zone of sericitic alteration in the Upper Conglomerate overlying the Veta 

Rica area that probably represents a thermal center and may indicate an intrusive at depth.    

 The majority of high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits in northern 

Mexico occur along northwest-striking basement faults (Megaw et al., 1996).  Data from Sierra 

Mojada indicates that it too was formed by passage of hydrothermal fluids along reactivated 

basement structures that were reactivated during the Laramide and the Tertiary.  The sulfide 

clasts in the Upper Conglomerate suggest that another structurally-controlled deposit may lurk in 

the district along to the north.   

Unlike most other Mexican districts, Sierra Mojada must have experienced significant 

uplift during the late Tertiary to Holocene to have produced the intense supergene weathering 

that is observed. 
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Figure 5.1: Cross sections showing basin and range-style deformation in the Sierra Mojada 

district: a) Cross section in the eastern Sierra Mojada district. b) Cross section 630,000E in the 

central Sierra Mojada district. See Figure 3.2 for explanation.   
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CHAPTER 6  
CONCLUSIONS 

 

 A better understanding of the stratigraphy of the Sierra Mojada district, in particular the 

geology of the Upper Conglomerate unit, provides significant constraints on the district’s 

geology and the genesis of the Sierra Mojada deposit.  Based on currently available evidence a 

plausible geological history of the district can be constructed. 

 The Sierra Mojada district is located along the San Marcos fault zone.  This is a long-

lived structure that controlled deposition of Cretaceous sedimentary units throughout the Sierra 

Mojada area.  Small normal offsets along east-west-trending faults of the San Marcos system 

indicate that the zone was active after deposition of the Cretaceous carbonate rocks. The San 

Marcos fault zone undergoes a significant northward bend on the western side of the district.  

This fault bend appears to have been important in controlling the distribution of folding and low-

angle reverse structures during Laramide deformation.  A northeast-trending fault (Domain 

Fault) within this bend separates the Sierra Mojada district into two fundamental structural 

domains.  To the east of the Domain Fault the Cretaceous section displays a normal stratigraphic 

succession.  To the west to the fault the section is overturned in the Sierra Mojada district. 

Subparallel northeast-trending faults occur to the east of the Domain Fault but appear to 

be absent or less common to the west of the fault (Figure 6.1). These northeast-trending faults 

offset normal faults that cut the Cretaceous sequence at the Sierra Mojada deposit. Fault 

relationships indicate the northeast-trending faults were active during and possibly following the 

Laramide event. Intersection of these northeast- and east-west-trending faults controlled the 

location of mineralization and hydrothermal alteration in the Sierra Mojada district.   

Uplift associated with Laramide deformation must have resulted in deposition of 

sediments.  Such sedimentary rocks should be dominated by carbonate debris.  Such sediments 

have not been observed in the Sierra Mojada district. Instead, Cretaceous carbonate rocks are 

unconformably overlain by the Upper Conglomerate that contains significant amounts of Permo-

Triassic basement igneous rocks and very minor Cretaceous material. The extremely large size of 

igneous clasts and the unsorted nature of the Upper Conglomerate indicate it was sourced 

locally, probably within several kilometers. No Permo-Triassic igneous rocks are known to crop 

out in the Sierra Mojada district.  Similar rocks are exposed, however, within the La Mula horst 
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approximately 100 km east of Sierra Mojada.  Extension of this faulted horst block west to just 

north of the Sierra Mojada deposit (Figures 4.12 and 6.2) provides the simplest explanation for 

the source of the Upper Conglomerate clasts. The size of clasts in the Upper Conglomerate 

suggests that the source area had substantial relief at the time of Upper Conglomerate deposition.  

 

 

Figure 6.1: Geologic map of the Sierra Mojada district with location of cross section F-F’.  See 

Figure 3.2 for explanation.   

 

The absence of conglomerates dominated by carbonate clasts at Sierra Mojada suggests 

that the San Marcos fault zone did not undergo significant normal faulting at the time of Upper 
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Conglomerate deposition. Timing of movement along the hypothesized La Mula fault and 

deposition of the Upper Conglomerate is not known with certainty. Faulting on the hypothesized 

La Mula fault could be related to late Laramide relaxation (~60 Ma) or to basin and range 

faulting (~24-12 Ma). 

 

 

Figure 6.2: Cross section F-F’.  See Figure 3.2 for explanation (Permo-Triassic basement shown 

in dark grey as in Figure 4.12).    

 

 The Upper Conglomerate is unconformably overlain by the Limestone Megabreccia.  

This unit was probably derived from mass wasting of Cretaceous carbonate rocks in the present 

day Sierra Mojada mountain range.  The mountain front at Sierra Mojada displays approximately 

800 m of relief.  The range front fault at Sierra Mojada is parallel to the ancestral San Marcos 

fault zone.  The fault responsible for uplift of the Sierra Mojada range is poorly known. The fault 

system investigated in the Sierra Mojada deposit consists of relatively small offset east-west-

trending normal faults that are offset by northeast trending normal faults.  None of these faults 

have the offset required to produce the currently observed topography.  Thus the Sierra Mojada 

fault must lie to the south of the area of current drilling.  Movement on the Sierra Mojada fault 

could date from late basin and range time (~12 Ma), but given the current topography the fault 

could still be active. 

 This work indicates that Upper Conglomerate has undergone hydrothermal alteration and 

that this alteration is spatially associated with mineralization in the underlying carbonate rocks.  

This strongly suggests that the Upper Conglomerate was present prior to the main periods of 

mineralization that formed the Sierra Mojada deposit.  The high-temperature, carbonate-hosted 

Ag-Pb-Zn-(Cu) deposits of northern Mexico formed between 48 and 26 Ma (Megaw et al., 

1988).  Assuming that Sierra Mojada also formed during this interval and that the Upper 
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Conglomerate was in place prior to mineralization then the age of the Upper Conglomerate 

deposition must be prior to 26 Ma.  Basin and range deformation in this portion of Mexico is 

believed to have occurred between 24 and 12 Ma (Henry and Aranda-Gómez, 1992).  Thus, it is 

likely that the Upper Conglomerate was related to a period of late Laramide uplift.  

 Sierra Mojada, like other high-temperature, carbonate-hosted Ag-Pb-Zn-(Cu) deposits of 

northern Mexico, was undoubtedly related to igneous activity.  While no intrusive rocks are 

known in the district, this study suggests that an intrusive source probably exists below the Veta 

Rica area based on alteration intensity.  More broadly, the northward bend in the San Marcos 

fault system immediately west of the Veta Rica area could have provided an excellent structural 

zone of extension that could have channeled both igneous intrusions and hydrothermal fluids.  

Future exploration for intrusive systems should be focused in this area. 

 Sierra Mojada has undergone extreme supergene weathering compared to other northern 

Mexican high-temperature, carbonate-hosted Ag-Zn-Pb deposits.  This supergene alteration is 

probably due to late basin and range to Quaternary uplift along the Sierra Mojada fault.  

Supergene alteration is ongoing at present. 
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APPENDIX A  

CROSS SECTIONS 
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Figure A-1: Cross section locations in the Sierra Mojada district. 



 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-2: Explanation for cross sections. 
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Figure A-3: Cross section G-G' along line 629,600E. 
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Figure A-4: Cross section G-G' along line 629,600E with alteration. 
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Figure A-5: Cross section H-H' along line 630,000E. 
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Figure A-6: Cross section H-H' along line 630,000E with alteration. 
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Figure A-7: Cross section I-I' along line 631,100E. 
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Figure A-8: Cross section I-I' along line 631,100E with alteration. 
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Figure A-9: Cross section J-J' along line 631,500E. 
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Figure A-10: Cross section J-J' along line 631,500 with alteration. 
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Figure A-11: Cross section K-K' along line 631,800E. 
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Figure A-12: Cross section K-K' along line 631,800E with alteration. 
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Figure A-13: Cross section L-L' in the western Sierra Mojada district. 

 

 

 

 

Figure A-14: Cross section L-L' in the western Sierra Mojada district with alteration. 
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Figure A-15: Cross section M-M' in the eastern Sierra Mojada district. 

 

 

 

 

Figure A-16: Cross section M-M' in the eastern Sierra Mojada district with alteration. 
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APPENDIX B  

X-RAY DIFFRACTION ANALYSES 
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Figure B-1: XRD scan for Upper Conglomerate sample 11A. 
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Figure B-2: XRD scan for Upper Conglomerate sample 13A. 
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Figure B-3: XRD scan for Upper Conglomerate sample 18A. 
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Figure B-4: XRD scan for Upper Conglomerate sample 20A. 
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Figure B-5: XRD scan for Upper Conglomerate sample 21A. 
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Figure B-6: XRD scan for Upper Conglomerate sample 25A. 
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Figure B-7: XRD scan for Upper Conglomerate sample 26A. 
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Figure B-8: XRD scan for Upper Conglomerate sample 34A. 
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Figure B-9: XRD scan for Upper Conglomerate sample 49A. 

 


