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ABSTRACT 

 

The Cerro Jumil deposit is a recently discovered gold skarn located in the state of 

Morelos, Mexico. The deposit is comprised of 1.47 million ounces Au and 16.01 million ounces 

Ag in the measured and indicated categories at a 0.3 g/t gold equivalent cut-off. Mineralized 

skarn zones have been developed in limestone of the Mesozoic Morelos-Guerrero Platform in 

response to the intrusion of a 34.3 Ma feldspar porphyritic granodiorite. 

The feldspar granodiorite intrusion is associated with an alteration halo that shows a 

pronounced mineralogical zonation from distal marble to proximal pervasive calc-silicate 

alteration. This zoning occurs along the flanks of the granodiorite and above the cupola of the 

intrusion, but is also developed along fault planes and bedding planes away from the intrusive 

contact. Petrographic and mineral chemical investigations permitted a detailed reconstruction of 

the skarn paragenetic sequence and also provided important constraints on the relative timing of 

gold mineralization.  

Textural evidence suggests that wollastonite formation preceded development of 

clinopyroxene, vesuvianite, and garnet during the prograde stage of skarn formation. 

Wollastonite skarn is well developed along former limestone bedding planes. Vesuvianite and 

garnet skarn occurs as massive zones, containing subordinate amounts of clinopyroxene. 

Formation of garnet skarn, dominated by grossular and andradite series garnets, is interpreted to 

record peak metamorphic conditions. Minor pyrite formed in association with the garnet skarn. 

Garnet skarn formation was followed by the onset of retrograde metamorphism. Actinolite and 

tremolite are common and pervasive talc pseudomorphs prograde and retrograde alteration 

minerals. Minor plagioclase, calcite, quartz, epidote, and chlorite are observed to form interstitial 

grains between talc. A second generation of pyrite formed during the retrograde evolution of the 

exoskarn. Due to supergene weathering, this pyrite is now largely replaced by Fe oxides and 

hydroxides. These limonitic intervals commonly show elevated gold grades, suggesting that gold 

mineralization was primarily associated with this sulfidation event. Bismuth shows a moderate to 

strong correlation with Au. The location of faults appears to have controlled the subsequent 

formation of fine-grained, massive, hematite- and silica-rich jasperoid. Although jasperoids are 

commonly barren, high gold grades have been observed for at least some intersections of 
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jasperoid in drill core, suggesting that fluid pathways played a role in the late remobilization and 

concentration of gold. 

The formation of retrograde alteration assemblages was followed by the intrusion of a 

late quartz porphyritic granodiorite. The quartz porphyritic intrusion crosscuts the different skarn 

mineral assemblages and the marble. Skarn development around this intrusion was not observed 

although this granodiorite has also been affected by hydrothermal alteration. This intrusive phase 

does not appear to have contributed to the overall metal content of the Cerro Jumil deposit. The 

intrusion of the quartz porphyritic granodiorite broadly coincided with widespread faulting and a 

second, hematite-rich though weakly mineralized jasperoid at Cerro Jumil. U/Pb age dating of 

zircon grains separated from the two granodiorite intrusions suggests that the magmatic-

hydrothermal activity at Cerro Jumil lasted between 0.4 and 0.6 million years. 

The prograde and retrograde skarn assemblages at Cerro Jumil are overprinted by 

pervasive supergene alteration, causing the observed extensive replacement of sulfides by 

limonite. Supergene alteration seems to have been important by redistributing gold on a local 

scale, making Cerro Jumil an attractive bulk-mineable deposit.  

Fluid inclusion investigations revealed that the prograde and retrograde stages of skarn 

formation occurred from a single-phase, intermediate-density hydrothermal fluid, suggesting that 

intrusion of the granodiorite occurred at an intermediate crustal depth (3.0 to 4.1 km) at 

lithostatic pressure conditions. Due to the comparably deep environment of skarn formation, 

mixing of the magmatic-hydrothermal fluids with meteoric water was probably insignificant. 

Although Cerro Jumil shares a number of deposit characteristics with other gold skarns in 

the Morelos-Guerrero Gold Belt, the results of the present study highlight some important 

differences such as the chemistry and alteration state of the skarn-related intrusion, the chemistry 

of the hydrothermal fluids, and resultant mineralogy, lack of exoskarn, depth of the intrusion and 

corresponding lack of pervasive retrograde alteration overprint, and age of formation. In 

particular, the age of Cerro Jumil has significant implications for regional exploration, as 

Tertiary intrusions into the Mesozoic Morelos-Guerrero Platform are not necessarily barren as 

previously suggested. 
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CHAPTER 1 

INTRODUCTION 

 

The Cerro Jumil deposit, located 80 km south of Mexico City and 12 km southwest from 

Cuernavaca in the state of Morelos in Mexico, represents a new significant gold discovery in 

Mexico. At present, the deposit comprises a measured and indicated resource of 50.34 million 

tonnes of ore at an average gold grade of 0.91 g/t and an average silver grade of 9.89 g/t. An 

additional inferred resource of 7.97 million tonnes of ore with an average grade of 0.66 g/t Au 

and 10.9 g/t Ag has been identified. This equals 1.47 million ounces Au, 16.01 million ounces 

Ag in the measured and indicated category and 0.17 million Au and 2.17 million Ag ounces in 

the inferred category at a 0.3 g/t gold equivalent cut-off (Bond and Turner, 2011). 

 

1.1 Cerro Jumil Gold Skarn Deposit 

The Cerro Jumil deposit shares several important characteristics with other gold skarn 

deposits in region, especially those of the Morelos-Guerrero Gold Belt located to the southwest 

(cf. De la Garza et al., 1996; González-Partida et al., 2003; Levresse et al., 2004; Bond and 

Turner, 2011; Neff et al., 2011). All of these gold skarn deposits are hosted by Mid-Late 

Cretaceous marine sedimentary rocks that were intruded by granodiorite stocks. The mineralogy 

of the skarn deposits is broadly comparable with the prograde stages of skarn formation marked 

by the formation of Fe-rich garnet- and pyroxene-dominant assemblages. Cerro Jumil and the 

skarn deposits of the Morelos-Guerrero Gold Belt are Au and/or Cu rich and only contain 

subordinate amounts of base metals such as Pb and Zn. The enrichment in Au is associated with 

anomalous concentrations of As, Bi, and Te. Silver represents an important component to the 

overall metal endowment in all deposits. 

However, the mineralogy at the skarn at Cerro Jumil shows some remarkable differences 

to the other deposits of the Morelos-Guerrero Gold Belt. The skarn mineralogy of Cerro Jumil 

seems to indicate that fluids exolved form the granodiorite magma were more reduced then the 

intrusions associated with the formation of the other gold skarns in the region. For example, 

higher garnet to clinopyroxene ratios, and the presence of both ilmenite and magnetite in the 

pluton are indictors of a more reduced affinity. At Cerro Jumil, pronounced Fe and Mg 

metasomatism resulted in the formation of abundant Fe-bearing garnet, Mg-bearing pyroxene, 
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and vesuvianite. There is no noticeable K-feldspar or biotite alteration halo associated with the 

intrusive center at Cerro Jumil although moderate to strong sericite alteration is recognized. The 

classical alteration zonation of the porphyry environment is not present at Cerro Jumil, which is 

unlike the deposits of the Morelos-Guerrero Gold Belt. In addition, the vast majority of skarn 

formation and nearly all of the ore at Cerro Jumil are contained in the exoskarn, whereas both 

endo- and exoskarns are developed at the other deposits. Finally, Cerro Jumil has been 

pervasively oxidized by supergene processes to depths greater than 150 m below the present 

surface. Even at depths down to 300 m (present depth of drilling), there are only traces (<<1 

modal percent) of relict sulfide minerals present. This is in marked contrast to other deposits 

within the belt to the southwest. For example, the Ana Paula deposit contains sulfides at surface. 

El Bermejal and Los Filos each contain >1 modal percent sulfide minerals, while the El Limon 

deposit is also oxidized and only contains <<1 modal percent sulfide minerals. The degree of 

oxidation of Cerro Jumil has important economic consequences, as gold recovery from the 

oxidized ore is significantly higher than from sulfide-bearing ores, permitting potential mining of 

lower grades (De la Garza et al., 1996; Meinert, 1998; González-Partida et al., 2003; Neff et al., 

2011). 

 

1.2 Background on Skarn Deposits 

Skarns form during metamorphism (regional or contact) aided by metasomatic processes 

involving mass exchange between fluids of magmatic, metamorphic, and/or meteoric origin and 

a carbonate-dominated host rock (Ettlinger et al., 1992; Meinert, 2007). Dominated by the 

development of ‘calc-silicate’ minerals, the mineral assemblages and textures that form as a 

result of metasomatism are dependent on the depths and temperatures of formation, fluid and 

protolith compositions, permeability of host rocks, and duration of hydrothermal activity. They 

are found in diverse environments – along faults, within shear zones, adjacent to plutons, in 

seafloor geothermal regimes, or in deep crustal metamorphic terrains – but require permeability 

to allow penetration of fluids to drive extensive reaction. Where skarns develop in association 

with igneous activity, skarns are divided into domains where calc-silicate minerals are developed 

in the host sedimentary carbonate rocks (exoskarn) and also in the intrusion itself (endoskarn). 

These domains are characterized by distinctive mineral associations, commonly containing 
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interlocking granoblastic calc-silicate minerals, as well as calcite, quartz, clay, and oxide 

minerals. 

Reaction and skarn production in igneous-associated deposits is usually the result of 

coupled processes where a fluid drives both mass exchange and advection of heat from the 

pluton into the country rocks. Typical zoning patterns in skarns are characterized by a broad 

distal zone of isochemical recrystallization, and an intrusion-proximal zone of intense 

metasomatism to form calc-silicate mineral assemblages. This domain of metasomatic alteration 

may be pervasive immediately adjacent to intrusions, or be localized and confined to fractures or 

bedding planes in the sedimentary host rocks. Temperatures in altered zones may reach peak 

temperatures of up to 850°C, which is followed by a retrograde alteration stage (Wallmach et al., 

1989; Meinert, 1992), fluid mixing (between magmatic and meteoric water), and decreased 

activity of fluid convection cells. Common elements sourced from the pluton and carried in 

metasomatic fluids are Fe, Cu, and Si (Billingsley and Hume, 1941; Clark et al., 1981; Meinert, 

2007). 

The depth of intrusion is considered an important control on the extent and geometry of 

skarn alteration (Einaudi, 1982a,b). For example, a deeper-level intrusion into country rocks with 

high ambient temperatures will cool more slowly and therefore prolong the duration of potential 

metasomatic alteration events, in comparison to rapidly cooled intrusions that are expected at 

shallower crustal levels (Meinert, 2007). Depth can also affect rock mechanics. For example, at 

shallow levels, intrusive contacts are typically discordant with bedding and host rocks 

characterized by brittle deformation. This leads to enhanced permeability and fluid access, 

greater influx of meteoric waters, formation of hydrothermal circulation cells, and allows 

massive replacement of favorable beds (Einaudi, 1982a; Meinert, 1992). In contrast, at deeper 

levels, ductile behavior will limit fracture development and skarns may more commonly form 

sub-parallel to bedding (Guilbert and Park, 1986; Meinert, 2007). 

High-temperature skarn alteration assemblages are characterized by a wide variety of 

calc- and/or magnesian-silicate minerals, with assemblages dependent on protolith composition, 

fluid composition and P-T conditions. Many skarns are dominated by garnet and clinopyroxene 

(Einaudi, 1982a; Meinert, 2007), although other minerals such as calcite and quartz are also 

common (Einaudi et al., 1981). Importantly, mineral assemblages are commonly zoned – either 

with distance from the igneous intrusion or along zones of fluid flow; this is interpreted to reflect 
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decreasing effects of metasomatism along fluid pathways (loss of elements from a fluid during 

fluid-rock transport) as well as decreasing temperature of the fluid. Assemblage patterns 

commonly reflect a “prograde” stage of successive mineral replacement reactions, which may be 

partially to completely replaced by later, commonly hydrated, “retrograde” minerals such as 

amphibole, epidote, talc, calcite, and chlorite, which reflect cooling in the system with continued 

presence of fluid. 

In addition to mineral assemblage zoning, mineral compositions commonly vary across a 

skarn. Variations in the composition of garnet, pyroxene, amphibole, and other minerals (e.g., in 

Fe, Ca, and Al) across different domains are indicators that record the thermal evolution of the 

system. On a smaller scale, compositional zoning within single crystals (e.g., simple 

overgrowths, or more complex oscillatory zoning) may reflect changing fluid compositions at 

individual sites in the metasomatic environment (Meinert, 1992, 2007; Benkerrou and Fonteilles, 

1989; Intayot et al., 2007; D’Errico et al., 2012). 

 

1.2.1 Gold Skarn Deposits 

Skarns can be typified by a wide range of metal enrichment. Deposits are referred to as 

gold skarns if the skarn is a deposit that can be ‘mined solely or predominantly for gold…’ 

(Meinert, 1992). The Hedley-Fortitude model, which refers to the Nickel Plate mine in the 

Hedley district of British Columbia (Ettlinger et al., 1992) and the Fortitude deposit of Nevada 

(Myers and Meinert, 1991) have traditionally been the paradigm for gold skarn exploration 

models, and are characteristic examples of ‘relatively reduced’ skarns types. However, during 

the past few decades the discovery of numerous gold skarn deposits that differ in important ways 

from the Hedley-Fortitude model has prompted workers to divide igneous-related gold skarn 

deposits into a continuum between two endmembers, referred to as reduced and oxidized skarns. 

 

1.2.2 Reduced Gold Skarn Deposits 

Reduced gold skarns represent the highest average grades (from 5-15g/t Au) of gold 

skarns. In such deposits, skarns have formed as the result of the intrusion of reduced, ilmenite-

bearing diorite to granodiorite magma bodies with related dikes and sills that have whole-rock 

Fe2O3/(Fe2O3+FeO) values much less than 0.75. Country rock protoliths include limy clastic and 

volcaniclastic rocks. Calc-silicate mineral assemblages are predominantly composed of Fe-rich 
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clinopyroxene (hedenbergite) and subordinate garnet of grossular to andradite compositions 

proximal to plutons. Vesuvianite, apatite, amphibole, K-feldspar, scapolite, and biotite are 

common accessory minerals. Distal to the pluton, up to 200 m outward from the calc-silicate 

dominant alteration zones, fine- to very fine-grained biotite hornfels is commonly observed in 

siliceous country rocks (Meinert, 2007). These skarns are also characterized by an Au-Te-Bi-As 

geochemical association. 

 

1.2.3 Oxidized Gold Skarn Deposits 

In contrast to classic reduced gold skarns, ‘oxidized’ gold skarns tend to have high garnet 

to pyroxene ratios, and garnet and pyroxene compositions that are relatively Fe poor; this is a 

result of the Fe-poor nature of the skarn forming fluids. In addition, the deposits have low total 

sulfide mineral contents. Of the sulfide minerals that occur, pyrite is much more abundant than 

pyrrhotite and arsenopyrite, while chalcopyrite, sphalerite, and galena form minor but ubiquitous 

components in the assemblage. The most economic gold grades are usually not associated with 

the prograde garnet-pyroxene alteration minerals but rather with a later, retrograde alteration 

overprint that includes adularia, quartz and minor epidote (Meinert, 2007). Meinert (2007) 

postulated that some of these deposits may represent transitional systems to other types of gold 

mineralizing environments such as those that form epithermal deposits. 

 

1.2.4 Characteristics of the Cerro Jumil Gold Skarn Deposit 

Cerro Jumil warrants scientific study because the deposit does not readily conform to 

standard gold skarn models that distinguish between ‘reduced’ and ‘oxidized’ gold skarn 

deposits. 

In comparison to gold skarns classified as ‘reduced gold skarn deposits’ (Ettlinger et al., 

1992; Hickey, 1992; Ray and Dawson, 1994; Gray et al., 1995; Ray et al., 1995; Romer and 

Soler, 1995; Meinert, 1998), Cerro Jumil is typified by a relatively low Au grade (0.91 g/t versus 

5-15 g/t). The protolith of the skarn does not consist of clastic sedimentary or volcaniclastic 

rocks. Endoskarn alteration of the granodiorite is only of minor importance. At Cerro Jumil, 

accessory minerals such as K-feldspar or biotite are not recognized. Gold deposition at Cerro 

Jumil is not clearly related to retrograde alteration. The skarn is generally coarse-grained, which 

is not common for ‘reduced gold skarns’. 
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Several deposit characteristics of Cerro Jumil also deviate from those considered to be 

essential features of ‘oxidized gold skarns’ (Brooks et al., 1991; Meinert, 1998). While the main 

intrusive stock is ilmenite-bearing (it also has magnetite), the deposit is not generally Fe-poor 

(based on garnet and pyroxene compositions). Most importantly, retrograde alteration involving 

the formation of the association quartz + adularia is not noted at Cerro Jumil, though fine-grained 

plagioclase is recognized. However, the high garnet to pyroxene ratio of the prograde mineral 

assemblages at Cerro Jumil is similar to other ‘oxidized gold skarns’. Cerro Jumil currently 

shows a low sulfide mineral content, although this may be primarily related to pervasive 

supergene alteration. 

 

1.3 Previous Work 

No previous scientific studies have been conducted at the Cerro Jumil gold skarn deposit. 

However, extensive exploration on the property has resulted in a general understanding of the 

deposit geology. The earliest work on the deposit was performed by local prospectors as 

evidenced by the existence of a small shaft built around the turn of the 20st century. The shaft 

was likely reopened in the 1950’s. Some old trenches likely date back to the 1970s. Early stage 

exploration involving rock chip sampling and mapping was conducted by RCS, a Mexican 

corporation. The property was optioned to Teck in 1995. Teck continued the exploration work 

with additional surface mapping. An airborne magnetic and radiometric survey and a limited 

induced polarization survey were conducted in 1996. The surveys resulted in geophysical targets 

that were followed-up by drilling of four diamond holes, totaling 822 m. The property was 

returned to RCS in 1998. Following an agreement between RCS and Esperanza Resources in 

2003, an intense exploration program was carried out at Cerro Jumil that included soil 

geochemistry, ground magnetics, surface sampling, and additional drilling. The potential for 

economic mineralization was only recognized during exploration in 2004 to 2006 (Bond and 

Turner, 2011). As a result of the exploration and the preliminary economic assessment of the 

property, a detailed surface geological map has been constructed by Esperanza Resources that is 

used in this thesis. For this study, Esperanza Resources has also made available assay values 

obtained on RC chip and diamond core samples. 
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1.4 Scientific Motivation 

This thesis aims to provide new constraints on the formation of gold skarn deposits 

through an in-depth study on the Cerro Jumil deposit. The thesis investigates the evolution of the 

magmatic-hydrothermal system at Cerro Jumil and the formation of prograde and retrograde 

skarn mineral assemblages around the main granodiorite intrusion. The following specific 

questions will be addressed in this research: 

1) What was the mineralogy of the Cerro Jumil skarn prior to supergene weathering? Is 

there a spatial zonation of skarn mineral assemblages with respect to the intrusive 

contact? Did the primary skarn mineral assemblages contain appreciable amounts of 

sulfides and native gold? 

2) What is the relative timing of gold emplacement at Cerro Jumil? Is the gold enrichment 

associated with prograde or retrograde alteration mineral assemblages? Can gold grade be 

tied to specific skarn mineral assemblages and, if not, what other factors may have 

controlled gold distribution? 

3) What is the absolute age of the intrusive center at Cerro Jumil and the associated gold 

mineralization? Is Cerro Jumil another example of the Laramide-age skarn deposits 

similar to those of the Morelos-Guerrero Gold Belt, or is the mineralization at Cerro 

Jumil linked to another period of magmatism in the region?  

4) What is the depth of formation and what are the pressure and temperature conditions 

reached during peak metamorphic conditions? What was the nature of the mineralizing 

fluids under these pressure and temperature conditions? Is the depth of intrusion critical 

for the development of the gold skarn deposit? Which deposit characteristics are 

controlled by the depth of intrusion? 

5) What mineralogical changes have been introduced during supergene weathering? Has 

supergene oxidation modified the metallurgical characteristics of the gold mineralization?  

6) Can a better conceptual model for the formation of the Cerro Jumil deposit be applied in 

the search for similar gold skarn mineralization on the property and within the region? 

Why does the skarn at Cerro Jumil not readily conform to standard deposit models of 

‘reduced’ and ‘oxidized’ gold skarns? Can these findings be translated into exploration 

guidelines that emphasize diversity in deposit characteristics? 
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1.5 Methods of Study 

To better characterize the geology of Cerro Jumil gold skarn deposit and to address the 

questions listed above, the following techniques and laboratory investigations were utilized: 

1) Drill core logging and integration of existing exploration data to constrain the deposit 

geology and the spatial distribution of skarn mineral assemblages around the intrusive 

centre at Cerro Jumil; 

2) U-Pb zircon dating of the different intrusive phases at Cerro Jumil by ID-TIMS to 

constrain the absolute age of the intrusions and the related gold skarn deposit; and 

3) Optical microscopy and scanning electron microscopy to identify prograde and retrograde 

skarn minerals and to describe textural relationships characteristic of the skarn mineral 

assemblages recognized by core logging;  

4) EMP analysis of key skarn minerals to identify compositional trends; 

5) Analyses of assay data (Au, Ag, and Cu) to correlate metal zoning with deposit geology 

and to link metal distribution to lithology and structure; 

6) Fluid inclusion analysis to constrain the nature of the mineralizing fluids and the 

environment of ore deposition. 

Integration of the results of the field and laboratory techniques in this thesis permits a 

detailed reconstruction of the mineralizing magmatic-hydrothermal system at Cerro Jumil. It is 

shown that prograde mineral reactions resulted in the formation of a well-developed mineral 

zoning pattern around the intrusive center. The petrographic investigations demonstrate that 

retrograde mineral formation was less pronounced. Supergene weathering of the skarn was key 

to Cerro Jumil being an economic deposit. The findings of this thesis, in particular the age for the 

granodiorite, have significant implications to exploration. Cerro Jumil is the first skarn deposit in 

the region that is not of Laramide-age, demonstrating that intrusions formed during the period of 

Eocene to Oligocene magmatism may also be fertile for gold skarn mineralization. A model of 

skarn formation is proposed that explains deposit characteristics of Cerro Jumil and highlights 

differences from other ‘reduced gold skarns’ in the nearby Morelos-Guerrero Gold Belt. 
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CHAPTER 2 

REGIONAL GEOLOGY 

 

The Cerro Jumil deposit is located within the Sierra Madre del Sur physiographic 

province of southern Mexico, which is a mountainous range that extends for approximately 1000 

km from southern Michoacán in the east to the Istmo de Tehuantepec in Oaxaca in the west. The 

Trans-Mexican Volcanic Belt, which is composed of a number of major active or dormant 

volcanoes, is located to the north of the Sierra Madre del Sur (Figure 2.1). 

 

2.1 Basement Terranes 

The Sierra Madre del Sur physiographic province is underlain by five suspected basement 

terranes that are bounded by major crustal-scale faults (Campa and Coney, 1983). These terranes 

display contrasting stratigraphic characteristics, tectonic affinities, deformation patterns, and 

metamorphic grades (Campa and Coney, 1983; Ratschbacher et al., 1991; Morán-Zenteno and 

Urrutia-Fucugauchi, 1994) and are thought to have accreted to the North American continent in 

the late Cretaceous or early Tertiary (Campa and Coney, 1983). The Guerrero and Juarez 

terranes form the basement of the western and eastern portion of the Sierra Madre del Sur 

physiographic province, respectively. They surround a fault-bounded, pre-Mesozoic continental 

nucleus formed by the Mixteca and Oaxacan terranes (Figures 2.1 and 2.2). The four terranes are 

truncated in the south by the metaplutonic Xolapa terrane, marking the Pacific continental 

margin (Morán-Zenteno et al., 2007).  

 

2.1.1 Guerrero Terrane 

The Guerrero terrane is a large composite terrane located south of the Trans-Mexican Volcanic 

Belt (Figure 2.1). It can be subdivided into five separate subterranes that are at least Late Jurassic 

to mid-Cretaceous in age. The subterranes each have a unique stratigraphy and have each 

experienced different degrees of metamorphism and styles of deformation (Campa and Coney, 

1983; Centeno-García et al., 1993). 
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Figure 2.1: Sierra Madre del Sur physiographic province and location of basement terranes. The Cerro 
Jumil deposit is located within the State of Morelos close to the northwestern margin of the Mixteca 
terrane. Boundaries of basement terranes from Campa and Coney (1983). 
 

 

The Teloloapan subterrane is the easternmost subterrane of the Guerrero terrane. It 

consists of two geologically distinct regions. Its eastern portion comprises shallow-marine arc-

type volcanic and sedimentary deposits, while the western portion is dominated by deeper marine 

arc-type volcanic and sedimentary rocks. Both marine arc assemblages vary in composition from 

basalt and andesite to rare dacite and rhyolite. Fossil findings have yielded Hauterivian to Aptian 

ages for the marine arc assemblages. The rocks of the Teloloapan subterrane have been affected  
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Figure 2.2: Generalized map showing the distribution of major overlap lithological groupings in the 
Sierra Madre del Sur with the generalized location of Cerro Jumil deposit. Distinct colors or patterns 
represent different groupings. The Sierra Madre del Sur is represented by the hashed pattern in the upper 
right of the diagram. Distribution of lithological groupings from Nieto-Samaniego et al. (2006). 
 
 
by intense deformation, but are only metamorphosed to greenschist facies conditions. The 

Teloloapan subterrane is thrust eastward over the shelf carbonates of the Morelos-Guerrero 

Platform of the Mixteca terrane. It is presently uncertain whether the Teloloapan subterrane has a 

metamorphic basement (Campa and Coney, 1983; Centeno-García et al., 1993). 

 

2.1.2 Mixteca Terrane 

The western limit of the Mixteca terrane is marked by a fault zone at which the Guerrero 

terrane is thrust over the Mixteca terrane. The basement of the western part of the Mixteca 

terrane is composed of partly metamorphosed volcanic and volcaniclastic rocks, which includes 

the Taxco Viejo Greenstone and the Taxco Schist. The Taxco Schist is made up of 

metamorphosed andesitic to rhyolitic lavas and volcaniclastic rocks of Early Cretaceous age 
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forming the basement. The basement rocks are unconformably overlain by the marine-

sedimentary rocks of the Morelos-Guerrero Platform. 

The eastern part of the Mixteca terrane is underlain by polydeformed metamorphic rocks 

of the Acatlán Complex. This complex represents a tectonically heterogeneous assemblage of 

mostly oceanic basin affinity that has been metamorphosed at greenschist to eclogite facies as a 

result of its accretion to the continental nucleus represented by the Oaxaca terrane (Ortega-

Gutiérrez, 1978, 1993). Recent U-Pb dates from magmatic detrital zircons place the protolith of 

the Acatlán Complex into the Neo-Proterozoic (Cerca et al., 2007). 

A strike-slip fault separates the Acatlán Complex from the Oaxaca terrane to the east. 

The metamorphic rocks of the Acatlán Complex are unconformably overlain by Carboniferous to 

Permian sedimentary rocks, which are in turn overlain unconformably by Middle Jurassic 

volcanic and sedimentary deposits (García-Díaz et al., 2004). 

 

2.1.3 Oaxaca Terrane 

The crystalline basement of the Oaxaca terrane consists of metamorphic rocks, including 

granulite facies mafic to felsic orthogneiss, paragneiss, meta-anorthosite, and charnockite 

(Campa and Coney, 1983; Ortega-Gutiérrez, 1993). U-Pb zircon age dates of igneous protolith 

material vary from approximately 1300 to 1010 Ma. The crystalline basement rocks are overlain 

by Carboniferous to Permian sedimentary rocks. Red-bed units and Aptian-Albian limestone 

represent the youngest sedimentary deposits of the Oaxaca terrane (Schlaepfer, 1970; Campa and 

Coney, 1983; Morán-Zenteno et al., 1999; Nieto-Samaniego et al., 2006). 

 

2.1.4 Juarez Terrane 

The Juarez terrane is the most easterly located terrane in the Sierra Madre del Sur. It is 

separated from the Oaxaca terrane by a west-dipping, NNW-trending, reactivated polygenic 

mylonitic shear zone (Campa and Coney, 1983; Morán-Zenteno et al., 1999). The eastern margin 

of the Juarez terrane is represented by a thrust fault at which the Juarez terrane overrides the 

Maya terrane to the east. The majority of the Juarez terrane is composed of Upper Jurassic 

calcareous shale and sandstone, Lower Cretaceous cherty limestone, pillowed andesitic volcanic 

rocks, and rare ultramafic rocks. Mylonitic gneisses of unknown age occur at the western margin 
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of the terrane along the boarder with the Oaxaca terrane. The Juarez terrane is strongly deformed 

(Campa and Coney, 1983; Cerca et al., 2007). 

 

2.1.5 Xolapa Terrane 

The Xolapa terrane forms an approximately 600 km long and 50 km wide belt along the 

southern coast of Mexico. Its boundary to the north is well-defined and marked by major crustal 

faults. The Xolapa terrane is composed of a lithologically heterogeneous, mid-crustal 

amphibolite-facies assemblage of metagraywacke, amphibolites, and quartzo-feldspathic gneiss 

with marble lenses (Campa and Coney, 1983; Nieto-Samaniego et al., 2006). The occurrence of 

migmatite is widespread. Isotopic ages of metamorphosed plutonic rocks range from the Late 

Jurassic to the Middle Eocene (Campa and Coney, 1983; Nieto-Samaniego et al., 2006). During 

the Paleocene-Miocene, a major arc-magmatic event resulted in the emplacement of a wide range 

of granitic rocks in the Xolapa terrane. These granites show no penetrative deformation (Ortega-

Gutiérrez, 1993; Schaaf et al., 1995) 

 

2.2 Overlap Lithological Groupings 

The basement terranes in southern Mexico are covered by a number of overlap 

assemblages that cross terrane boundaries (Campa and Coney, 1983). Examples include the 

Morelos-Guerrero Platform, the Tuzantlán-Copalillo Basin, and the Trans-Mexican Volcanic 

Belt (Figure 2.2). The geology of the Morelos-Guerrero Platform, the Tuzantlán-Copalillo Basin, 

and the Trans- Mexican Volcanic Belt are discussed in more detail below as rocks belonging to 

these overlap assemblages crop out in the general area of the Cerro Jumil deposit. 

 

2.2.1 Morelos-Guerrero Platform 

The Morelos-Guerrero Platform encompasses most of the territory of the states of 

Morelos and Guerrero in southern Mexico. It comprises a more than 800 m thick Mesozoic 

marine-sedimentary succession of shallow marine limestones that grade upward into pelagic 

limestones and siliciclastic rocks (Aguilera-Franco and Hernández Romano, 2004). The rocks of 

the Morelos-Guerrero Platform unconformably overlay Precambrian metamorphic basement 

rocks. In the western part of the platform, the basement rocks are represented by the Taxco Viejo 
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Greenstone and the Taxco Schist (Fries, 1960). In the southwest, the marine-sedimentary rocks 

of the Morelos-Guerrero Platform unconformably overly the Acatlán Complex. 

The marine-sedimentary rocks of the Morelos-Guerrero Platform have been divided into 

several lithologically distinct formations (Figure 2.3).The Early Cretaceous Zicapa Formation 

represents the basal formation in the east portion of the Morelos-Guerrero Platform. It is in 

unconformable contact with the metamorphic basement rocks. The Zicapa Formation is in 

unconformable contact with the overlying Morelos Formation while it is in conformable contact 

with the younger Huitzco Formation in the west (Figure 2.3). The Zicapa Formation consists of 

300-1000 m of continental red-bed units, sandstone, conglomerate, and lava flows. Limestone 

banks occur towards the stratigraphic top of the formation (DeCerna et al., 1980; Morán-Zenteno 

and Urrutia-Fucugauchi, 1994). 

The broadly Aptian-aged Huitzco Formation crops out to the west of the Zicapa 

Formation and in places overlies this formation. The Huitzco Formation is composed of coarse-

grained evaporites, mainly anhydrite. Fries (1960) and Hernández-Romano et al. (1997) noted 

that the Zicapa Formation grades laterally to the west into a shallow marine or tidal sequence, 

referred to as the Huitzco Anhydrite. Cerca et al. (2007) proposed that the Huitzco Anhydrite can 

possibly be explained by diapiric uprising during Late Cretaceous shortening and that the 

anhydrite is in fact part of the upper Zicapa Formation. In either case, it is clear that the Huitzco 

Formation is in conformable contact with the Morelos Formation to the east and with the 

Acahuizotla Formation to the west (Aguilera-Franco and Hernández Romano, 2004; Cerca et al., 

2007; Omaña and Alencáster, 2009). 

The Acahuizotla Formation is located in the western part of the Morelos-Guerrero 

Platform. Foraminifera analysis showed that the Acahuizotla Formation is lower Aptian in age 

(Omaña and Alencáster, 2009), suggesting that this formation is broadly time-equivalent to the 

Zicapa and Huitzco Formations. It is envisaged that the Acahuizotla Formation accumulated 

seaward (westerly) of the other two formations (Aguilera-Franco and Hernández Romano, 2004). 

The Acahuizotla Formation is comprised of interbedded oolitic packstone and wackestone and 

thinly bedded fossiliferous limestone. Westwards, the Acahuizotla Formation is unconformably 

overlain by the Morelos and Xochicalco Formations. 
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Towards the west, there is a lateral transition from the Acahuizotla Formation to pelagic-

hemipelagic limestone and breccia of the Xochicalco Formation (Fries, 1960; Aguilera-Franco 

and Hernández Romano, 2004). This formation only crops out locally. The Xochicalco 

Formation, as fist described by Fries (1960), is the calcareous, reactive unit that hosts the gold 

skarn at Cerro Jumil. The limestone of the Xochicalco Formation is thought to be in conformable 

contact with the more widely outcropping Morelos Formation. 

The Albian-middle Cenomanian Morelos Formation is a succession of limestone and 

subordinate dolomites with bioclastic, peloidal and intraclastic, packstone, and wackestone. A 

low proportion of detrital quartz and variable amounts of terrigeneous clay can be found. The 

degree of dolomitization is variable (Fries, 1960; Hernández-Romano et al., 1997; Aguilera-

Franco and Hernández Romano, 2004). The thickness of the formation is reported to range from 

600 to 1000 m (Fries, 1960; González-Pacheco, 1991). The Morelos Formation represents the 

host of several skarn deposits in the area, including the Los Filos and Bermejal deposits in the 

Mezcala district. 

The Morelos Formation is unconformably overlain by the up to 250 m thick Cuautla 

Formation (Fries, 1960; Cerca et al., 2007). The Cuautla Formation consists of a limestone 

succession that is similar to the Morelos Formation, but also contains thin successions of thinly 

bedded limestone and bioclastic and intraclastic limestone (Fries, 1960; Aguilera-Franco and 

Hernández Romano, 2004). The Cuautla Formation is Late Cenomanian to Coniacian in age 

(Fries, 1960; Aguilera-Franco and Hernández Romano, 2004). 

The Mezcala Formation has an approximate stratigraphic thickness of 1200 m. It is in 

conformable contact with the Cuautla Formation. The Mezcala Formation is largely composed of 

dark grey limestone grading upwards into shale, siltstone, sandstone, and conglomerate 

containing calcareous lenses (Fries, 1960; Hernàndez-Romano et al., 1997; Aguilera-Franco and 

Hernández Romano, 2004). Sedimentary rocks of the Mezcala Formation are Late Cenomanian 

to probably Maastrichtian in age (Aguilera-Franco and Hernández Romano, 2004). The Mezcala 

formation thins to the west due to subsidence of the western Morelos-Guerrero Platform at the 

time of deposition. Flysch-like sequences within this unit indicate that deposition coincided with 

the initiation of Laramide deformation (Cerca et al., 2004).
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Figure 2.3: Idealized stratigraphic column through the central-western part of the Morelos-Guerrero 
Platform within the Sierra Madre del Sur (compiled from Fries, 1960; DeCerna et al., 1980; Morán-
Zenteno and Urrutia-Fucugauchi, 1994; Hernández-Romano et al., 1997; Aguilera-Franco and Hernández 
Romano, 2004; Molina-Garza and Ortega-Rivera, 2006; Cerca et al., 2007; Omaña and Alencáster, 2009). 
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2.2.2 Early Cenozoic Rocks of the Tuzantlán-Copalillo Basin 

 In the northeast of Guerrero state, the Mesozoic marine-sedimentary rocks of the 

Morelos-Guerrero Platform are unconformably overlain by Late Eocene to Early Oligocene 

rocks deposited in the Tuzantlán-Copalillo Basin (Figure 2.2). These rocks, assigned to the 

Balsas Group, have not been affected by compressional deformation although local tilting and 

faulting occurred. The Balsas Group is thus considered to represent a post-orogenic molasse 

deposited in an intermontane basins formed after the Laramide orogeny (Molina-Garza and 

Ortega-Rivera, 2006). 

Rocks of the Balsas Group are widely recognized within the Tuzantlán-Copalillo Basin 

that is bordered to the east by the Papalutla fault and uplifted metamorphic rocks of the Acatlán 

Complex. To the west, the basin abuts against a domal structure exposing carbonate rocks of the 

Morelos Formation. The sedimentary rocks of the Tuzantlán-Copalillo Basin comprise an up to 

200 m thick fining upward succession that grades from massive cobble and boulder 

conglomerate in the west to interbedded coarse conglomeratic sandstone and mudstone in the 

east. Facies associations imply that the Balsas Group was deposited in alluvial fans and bajadas, 

grading eastward into braided stream deposits (Molina-Garza and Ortega-Rivera, 2006). 

 

2.2.3 Trans-Mexican Volcanic Belt 

The Balsas Group sedimentary rocks are unconformably overlain by volcanic strata that 

belong to the Trans-Mexican Volcanic Belt, which was formed during recent arc magmatism 

related to the subduction of the Cocos and Rivera Plates. The Trans-Mexican Volcanic Belt 

constitutes nearly 8000 volcanic structures and extends from the Mexican Pacific cost to the Gulf 

of Mexico. The volcanic province is approximately 1000 km long and has width that ranges from 

80 to 230 km. Arc volcanism of the Trans-Mexican Volcanic Belt has been active since the 

middle Miocene (Fries, 1960; Campa and Coney, 1983; Morán-Zenteno and Urrutia-Fucugauchi, 

1994; Hernández-Romano et al., 1997; Gómez-Tuena et al., 2007). 

 

2.3 Tectonic and Deformation History 

Rocks of the Sierra Madre del Sur provide a record of the deformation and structural 

activity that took place from the Late Cretaceous through the Miocene. Three groups of folds and 

thrust faults have been recognized. Due to kinematic incompatibility and wide distribution, these 
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three groups of faults and thrust faults could not have formed under a single deformation event, 

indicating changes in the stress regime over time and space (Cerca et al., 2004; Nieto-Samaniego 

et al., 2006; Morán-Zenteno et al., 2007). 

During the Late Cretaceous the area was affected by a major event of progressive 

shortening with eastward and northeastward tectonic transport. The resultant N-S-trending and 

E-verging folds, low-angle thrusts and associated strike-slip faults affect the Mesozoic marine 

strata and the underlying sequences. The timing of style of deformation suggests that this 

shortening event is related to the Laramide orogeny of the North American Cordillera (Morán-

Zenteno et al., 2007). The onset of the Laramide deformation in southern Mexico has been 

constrained by the deposition of the Mezcala flysch-like sequences of terrigeneous sediments 

recording a marked shift from carbonaceous sedimentation (Cerca et al., 2004). The Late 

Cretaceous Mezcala Formation is the youngest unit affected by Laramide deformation within the 

Morelos-Guerrero Platform (Figure 2.3). 

A group of strike-slip faults has been recognized in the Sierra Madre del Sur that is 

kinematically not compatible with the Laramide shortening and could not have been produced by 

a simple transpressional or transtensional regime. The locations of these strike-slip faults and 

associated NW-SE extension can be seen in Figure 2.4. A major, left lateral structure that is 

roughly 380 km long constitutes the northern edge of the Xolapa terrane. Superimposed brittle 

and ductile structures appear within this fault zone along strike (Ratschbacher et al., 1991; Riller 

et al., 1992; Tolson, 1998). The ductile and ductile-brittle structures indicate a transtensional 

regime, with a well-documented left-lateral component (Nieto-Samaniego et al., 2006). Late 

Eocene dates for strike-slip faulting have been established in southern Guerrero State (Nieto-

Samaniego et al., 2006). In this area at the northern edge of the Xolapa terrane, structural data 

from mylonite occurrences demonstrate a normal, strike-slip, left-handed component. At the far 

southern margin of the Xolapa terrane (Figure 2.4), mylonite belts record an ENE-WSW–

trending strike-slip left-handed movement that occurred at about 29 and 23.7 Ma (Nieto-

Samaniego et al., 2006). Based on the available evidence, NE-SW shortening and associated 

strike-slip movement is interpreted to have occurred during the Eocene to Oligocene. 

The most recent deformation event is related to Oligocene to Miocene NE-SW extension 

and associated normal movement with a strike-slip component (Figure 2.4). Strike-slip faults 

near Taxco, located in the north-central Morelos-Guerrero Platform have been documented to be 
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early Oligocene in age (Alaniz-Álvarez et al., 2002). At the Oaxacan fault in the east of the 

Sierra Madre del Sur, NE-SW extension has been constrained to have occurred at 27.1 ± 0.7 Ma 

(Nieto-Samaniego et al., 2006). In addition, K-Ar dates have been obtained from plagioclase and 

biotite from volcanic units interbedded with basin-fill deposits near the Oaxacan fault. These 

normally-faulted volcanic rocks have been determined by Urrutia-Fucugauchi and Ferrusquía-

Villafranca (2001) to have and age of 19-20 Ma, indicating that extension occurred at the end of 

the middle Miocene in the eastern Sierra Madre del Sur. Figures 2.3 and 2.4 shows that the 

Mixteca-Oaxacan Block is bounded by normal faults to the east and strike-slip faults to the west. 

This observation seems to indicate that extensional deformation was accommodated mostly 

around the Mixteca-Oaxacan block by exploitation of major preexisting structures (Nieto-

Samaniego et al., 2006). Cretaceous to Tertiary plutonic and volcanic units appear to have 

exploited these existing structures as well, which has significant exploration implications. 

 

2.4 Intrusive Rocks 

 Igneous rocks play in important role in the development of ore deposits in the Morelos-

Guerrero Platform. Felsic intrusions in the region formed during the Upper Cretaceous to 

Paleocene and the Eocene to Oligocene. 

 

2.4.1 Upper Cretaceous to Paleocene Magmatism and Related Skarn Deposits 

The Upper Cretaceous to Paleocene was characterized by widespread emplacement of 

felsic intrusions, including granites and adakites. This period of arc magmatism coincided with 

the end of Laramide shortening in southwestern Mexico (Ortega-Gutiérrez, 1980; Schaaf et al., 

1995; Morán-Zenteno et al., 2007). The volume of magma emplaced during this time period is 

poorly constrained, as outcrops are generally limited (Morán-Zenteno et al., 2007). 

The gold and polymetallic deposits of the Morelos-Guerrero Gold Belt formed in 

association with Laramide age intrusions in the Morelos-Guerrero Platform (Figure 2.5). The 

northwest trending Morelos-Guerrero Gold Belt, located near Xochipala in the State of Guerrero, 

comprises several multimillion ounce Fe-Au skarn deposits over a strike length of approximately 

35 km. 
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Figure 2.4: Structural development of the central portion of the Sierra Madre del Sur grouped by age. 
Convergent arrows indicate direction of maximum horizontal shortening, and divergent arrows the 
maximum horizontal extension. A. Maastrichtian to Paleocene shortening structures. Arrows in the 
western part indicate the regional shortening direction. B. Eocene to Oligocene strike-slip faults. C. 
Oligocene-Miocene normal and strike-slip faults. The location of Cerro Jumil is indicated (modified from 
Nieto-Samaniego et al., 2006).
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Figure 2.5: Regional geology map of the central part of the Morelos-Guerrero Platform in south-central 
Mexico. The map shows the location of known skarn deposits including Cerro Jumil (modified from 
Carranza et al., 1998; Uranga et al., 1998; Neff et al., 2011). 
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The Mezcala district, encompassing Nukay, Los Filos, and El Bermejal as well as several 

smaller skarn deposits, is located in the southeastern part of the Morelos-Guerrero Gold Belt 

(Figure 2.5). The deposits of this district are centered on small granodioritic stocks that intruded 

into the Morelos Formation. At the deposit scale, skarn development is controlled by N-S and 

WNW-ESE striking faults, but fluid flow also occurred parallel to bedding within the limestone 

of the Morelos Formation. Exoskarn ore zones occur along the margins of the stocks, locally 

reaching a thickness of over 100 m. High gold grades are associated with lenses and mantos of 

massive hematite, goethite, and magnetite (González-Partida et al. 2003; Levresse et al., 2004). 

Extensive endoskarn is present at El Bermejal (De la Garza et al., 1996).  

Fe-Au skarns of the Mezcala district are currently exploited as two open pit mines at the 

Los Filos and El Bermejal deposits, and one underground mine. Commercial production of the 

open pit mines by Goldcorp commenced on January 1, 2008, and currently represents Mexico’s 

largest gold producer. At the end of 2010, the proven and probable reserves of the three mines, 

collectively referred to as Filos, encompassed 248.60 Mt ore grading 0.68 g/t Au for a total of 

5.47 Moz Au. An additional measured and indicated resource of 138.12 Mt at 0.50 g/t Au for 

2.20 Moz Au has been identified. 

The deposits of the Mezcala district are of Laramide age. 40Ar/39Ar age dating of the East 

and West Nukay granodiorite stocks yielded emplacement ages of 65.0-64.7 and 64.2-63.4 Ma, 

respectively (Jones, 2003). Meza-Figueroa et al. (2003) reported two 40Ar/39Ar biotite ages of 

64.2±0.8 and 64.0±0.8 Ma for the West Nukay granodiorite. Ion microprobe zircon dating 

returned an age of 63±2 Ma for the West Nukay granodiorite stock (Levresse et al., 2004). 

Biotite separates from the El Bermejal granodiorite intrusion gave 40Ar/39Ar ages of 64.3±0.8 

and 64.6±0.9 Ma (Meza-Figueroa et al., 2003).  

A second cluster of significant Fe-Au skarn deposits, comprising the El Limon and 

Guajes deposits, is located 15 km to the northwest of the Mezcala district. The El Limon deposit 

encompasses an indicated resource of 7.45 Mt grading 6.79 g/t Au for a total of 1.63 Moz Au. 

Measured and indicated resources of the Guajes deposit comprise 10.55 Mt grading 3.01 g/t Au 

for a total of 1.21 Moz Au. The current owner of the deposits, Torex Gold Resources, plans to 

develop the El Limon deposit as an underground mine whereas Guajes would be mined as an 

open pit (Neff et al., 2011). 
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The El Limon and Guajes deposits are centered on the El Limon granodiorite stock 

(Figure 2.5). The skarn at El Limon is developed over a strike length of 2 km along the 

northeastern contact of the granodiorite intrusion. The gold ore zones occur preferentially within 

pyroxene-rich exoskarn, but are also present within garnet-rich endoskarn. The exoskarn is 

stratigraphically located between the Morelos and Mezcala Formations. The lack of silty 

limestone suggests that the Cuautla Formation is absent in the deposit area. The Guajes skarn 

deposit is situated at the same stratigraphic position, but follows the granodiorite contact to the 

northwest (Neff et al., 2011). Meza-Figueroa et al. (2003) showed that the El Limon granodiorite 

stock is also of Laramide age. Biotite separates yielded 40Ar/39Ar ages of 65.0±1.0 and 66.0±0.9 

Ma. 

 

2.4.2 Eocene to Oligocene Magmatism and Related Skarn Deposits 

A second period of magmatic arc development along the southwestern margin of Mexico 

occurred during the Eocene to Oligocene. The composition of Cenozoic plutons is mostly silicic 

and subalkaline with granodiorite and tonalite intrusions being more common than granite 

plutons (Schaaf et al., 1995; Morán-Zenteno et al., 1999; 2007). 

Few skarn occurrences of the Morelos-Guerrero Platform have previously been linked to 

the Eocene to Oligocene phase of magmatism in western Mexico. A notable example is the 

Buenavista de Cuéllar skarn, which is located near the state boarder between Guerrero and 

Morelos (Figure 2.5). This skarn is developed along the contact of a granodiorite intrusion in the 

Morelos Formation. It has a strike length of approximately 300 m and ranges from 10 to 12 m in 

thickness. Common skarn minerals include magnetite, epidote, and garnet. Fries (1960) noted the 

occurrence of gold, lead, and silver showings in the contact aureole of the Buenavista 

granodiorite. 40Ar/39Ar age dating of biotite from the intrusion yielded ages of 35.5±0.6 and 

34.7±0.6 Ma (Meza-Figueroa et al., 2003). 
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CHAPTER 3 

DEPOSIT GEOLOGY 

!
 The Cerro Jumil gold skarn deposit is hosted by Cretaceous calcareous marine 

sedimentary rocks of the Xochicalco Formation that have been intruded by two texturally distinct 

granodioritic intrusions as well as late quartz diorite dikes (Fries, 1960; Campa and Coney, 

1983). These rocks are unconformably overlain by Neogene volcanic rocks of the Cuernavaca 

Formation and laterally discontinuous Quaternary alluvium. The present chapter describes the 

geological and petrographic characteristics of the principal lithological units at Cerro Jumil. The 

chapter also details the results of a U-Pb geochronological study on zircon that constrained the 

absolute age of the two granodiorite intrusions at Cerro Jumil. 

!
3.1 Core Logging and Mapping 

To constrain the geology of the Cerro Jumil deposit, logging and sampling focused on 

holes from two orthogonal cross-sections bisecting the proposed open pit design at Cerro Jumil. 

Based on an existing surface geological map (Figure 3.1), it was determined that these two cross-

sections would contain all essential geological relationships. Section 78,345N (A-A’) runs 

northwest to southeast through the deposit area while section 77,545W (B-B’) has a southwest to 

northeast orientation (Figure 3.2A,B). Detailed logging of 1463.92 m of diamond drill core from 

23 holes was performed as part of the present study along with the logging of rock chips from 48 

reverse circulation drill holes totaling 4269.9 m of penetration. Logging illustrated the 

distribution of lithologies, grain size variations, bedding features, contact relationships, structural 

features, as well as alteration styles and mineral distribution (Appendix A). As much of the 

logging focused on the skarn, company data were used to provide a full description of the deposit 

geology. 

!
3.2 Calcareous Sedimentary Rocks 

The Cerro Jumil gold skarn deposit is hosted by calcareous sedimentary rocks of the 

Morelos-Guerrero Platform that were intruded by a feldspar porphyritic granodiorite. The 

outcrops of limestone are aerially restricted and largely confined to the immediate deposit area 

(Figure 3.2). Based on regional observations, Fries (1960) assigned the limestone at Cerro Jumil 
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to belong to the Aptian to Cenomanian Xochicalco Formation. However, a number of subsequent 

workers recognized that limestone of the slightly younger Morelos Formation is dominant within 

the region (Ruiz-Violante and Basàñez-Loyola, 1994; Aguilera-Franco and Hernández Romano, 

2004). Micropaleontological investigations on seven samples performed as part of the present 

study did not yield conodonts that could be used for stratigraphic assignment. Since Fries (1960) 

has conducted the most comprehensive mapping and stratigraphic work in the area and based the 

identification of the Xochicalco Formation at Cerro Jumil on faunal evidence, his stratigraphic 

assignment is adapted in the present study (Figure 3.3). 

Exploration drilling at Cerro Jumil has shown the limestone of the Xochicalco Formation 

forms a laterally continuous succession with a minimum stratigraphic thickness of at least 75 to 

250 m. The limestone is grey to dark grey, micritic, and fine-grained (Figure 3.4A). The beds are 

planar and range from 0.5-5.0 cm in width. Breccias occur locally (Bond and Turner, 2008). The 

limestone contains rare interbedded dolomitic layers that are up to 1.5 cm in thickness. The 

dolomitic layers make up 3 volume percent of the limestone on average, but locally occur at up 

to 10 volume percent. Cherty layers occur locally within the limestone. 

The limestone is well-sorted and very fine-grained (4-15 !m). It is composed of tightly 

interlocked, equigranular calcite grains that are typically anhedral, showing distinctive 

curviplanar grain margins. Sharp rhombohedral steps are occasionally seen on broken edges of 

larger calcite grains. Calcite forms about 95 modal percent of the limestone. The limestone also 

contains about 3 modal percent dolomite, 2 modal percent clay minerals, and 1 modal percent 

oxide minerals including dendritic manganese oxides and blebby iron oxides. Clay minerals and 

fine-grained oxide material can be found within grain boundary interstices (Figure 3.5A). 

Diagenetic pyrite grains forming very fine-grained cubes (1 to 3 !m side length) also occur. The 

distinctive lack of fossiliferous material indicates that the rate of sedimentation was probably 

high. A rapid sedimentation rate is also suggested by the low abundance of pyrite (cf. Krape" et 

al., 2003). 

The limestone contains monomineralic quartz veinlets that are cross-cut by coarse-

grained, recrystallized calcite veinlets (Figure 3.4C). Both types of veinlets can be up to 0.5 cm 

in width. The apparent density and thickness of calcite veinlets does not vary based on proximity 

to the intrusion and similar stockwork veins have been observed regionally along road cuts away 
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from the Cerro Jumil property. The formation of the stockwork veins is interpreted to have been 

related to Laramide deformation, which predated skarn formation at Cerro Jumil (see below). 

 

3.3 Feldspar Porphyritic Granodiorite 

Gold skarn formation at Cerro Jumil occurred in association with the intrusion of a 

feldspar porphyritic granodiorite (IUGS classification after Streckeisen, 1973; informally 

referred to as a ‘feldspar porphyry’ by company geologists). The pluton displays the 

characteristics of a moderately reduced magma, with ilmenite being slightly more abundant than 

magnetite. 

The feldspar porphyritic granodiorite forms a prominent cupola and is the dominant unit 

in the northeast quadrant of the map area (Figure 3.1). The intrusion is exposed in a 500 by 900 

m area, forming an SW to NE elongate outcrop (aspect ratio of 4:1) area that is surrounded by 

variably altered limestone to the south, calc-silicate rocks to the south and west, as well as 

marble and limestone to the north. A topographically prominent outcrop of limestone and marble 

forms a small island in the center of the main outcrop area of the feldspar porphyritic 

granodiorite (Figure 3.1). To the north, the feldspar porphyritic granodiorite is unconformably 

overlain by volcanic rocks of the Neogene Cuernavaca Formation (see below). The lateral 

margins of the feldspar porphyritic granodiorite are coincident with surface faults that extend to 

depth in cross section. These same faults were noted in drill core. They occur at the margins, at 

the contact, and within the intrusive body itself. 

The constructed cross-section 78,345N shows that the cupola of the intrusion is bell-

shaped. The intrusion is surrounded by skarn that grades outward into marble and limestone 

(Figure 3.2A). Evidence from drilling shows that on the northwest and southeast margins, the 

intrusion maintains a steep (55 to 80 degrees) contact with the limestone to depth. The intrusion 

is roughly 175 m high (from base level of the cross section) and 325 m wide. The true depth of 

the granodiorite body is unknown, although it is thought to represent the top part of a larger 

granodiorite intrusion or batholith. 

On cross-section 77,545W, which is perpendicular to cross-section 78,345N, the cupola 

appears elongate (Figure 3.2B). The granodiorite is laterally extensive and has an irregular 

contact morphology. Up to 15 m wide apophyses of intrusive material invade portions of the 

calc-silicate rocks. Commonly these expressions are coincident with faulting visible in drill core. 
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To the southwest, the granodiorite is covered by skarn, marble, and limestone of the Xochicalco 

Formation. The intrusion extends to an unknown depth below the limestone (Figures 3.1 and 

3.2A,B). 

The feldspar porphyritic granodiorite at Cerro Jumil is holocrystalline. It contains 

subhedral to euhedral, idiomorphic, medium- (1-5 mm) to coarse-grained (>5 mm) 

inequigranular phenocrysts of quartz, plagioclase, orthoclase, and biotite set in a fine-grained, 

aphanitic (<0.5 mm) groundmass. Phenocrysts make up about 64 modal percent of the rock: 51 

modal percent quartz phenocrysts, 35 modal percent plagioclase phenocrysts, 12 modal percent 

orthoclase phenocrysts, and 10 modal percent biotite phenocrysts. 

Quartz phenocrysts contained in the granodiorite commonly displays undulose extinction 

patterns. The plagioclase phenocrysts (0.25-1.0 cm) display albite twinning with apparent post-

crystallization reaction rims. Light tan orthoclase crystals range from 0.25 to 0.5 cm in size and 

display rare Carlsbad twinning. Platy biotite crystals are 0.1-0.5 cm long. The microcrystalline 

groundmass makes up about 35 modal percent of the rock. By percent it consists of about 45 

modal percent quartz, 40 modal percent plagioclase, 10 modal percent orthoclase, and 5 modal 

percent biotite. Roughly 1 modal percent of the rock is composed of accessory minerals 

including zircon, apatite, fluorite, magnetite, ilmenite, and magnetite, as well as rounded and 

blocky sulfide grains of pyrite, pyrrhotite, and chalcopyrite, with traces of sphalerite and galena. 

Altered feldspar porphyritic granodiorite is characterized by locally pervasive 

development of clay minerals, pyrite, and quartz (Figure 3.5C). Intense alteration is largely 

restricted to the topmost 15 m of the granodiorite cupola. Alteration primarily affected feldspar 

and biotite, although biotite is typically less intensely altered than feldspar. In hand specimen of 

altered granodiorite, plagioclase and orthoclase are both very soft and white, whereas biotite 

appears light tan with shredded crystal margins. The spatial arrangement of this alteration style is 

uncertain on the deposit scale as it was only recognized in a limited subset of drill holes 

penetrating up to tens of meters into the granodiorite, continued past the mineralized skarn zone. 

An almost entirely fracture controlled, weak potassic alteration was locally observed in 

core samples within 15 m of the contact. This style of alteration occurs as centimeter-wide halos 

around fractures. This alteration style is characterized by the occurrence of white orthoclase and 

biotite appearing ratty in hand specimen. 
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Figure 3.1: Surface geology of the Cerro Jumil deposit. The proposed open pit is outlined by the white 
dashed line (map coordinates: NAD 27 Mexico, Zone 14). The map also shows the location of the two 
cross-sections that bisect the proposed open pit (modified from Bond and Tuner, 2011). 
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Figure 3.2: Cross-sections through the Cerro Jumil deposit. The sections were constructed from drill hole 
data. A. Cross-section A-A’ running northwest to southeast across the proposed pit outline. B. Cross-
section B-B’ running southwest to northeast across the proposed pit outline. Heavy blue lines represent 
fault traces.  
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Figure 3.3: Schematic stratigraphic column of the Cerro Jumil deposit (Campa and Coney, 1983; 
Hernández-Romano et al., 1997; Morán-Zenteno et al., 1999; Aguilera-Franco and Hernández Romano, 
2004; Bond and Turner, 2008). 
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Nearer the contact (Figure 3.1), the rocks are pervasively oxidized and display evidence 

of moderate to strong sericite-clay mineral alteration. Biotite is chloritized. Patchy or vein-

controlled calc-silicate alteration mostly affects the plagioclase phenocrysts and the fine-grained 

feldspathic groundmass. Only 3 percent of the feldspar porphyritic granodiorite samples 

investigated were affected by calc-silicate alteration. 

!
3.4 Skarn Zones 

The feldspar porphyritic granodiorite intrusion is surrounded by well-developed skarn 

that shows an outward zonation from calc-silicate rocks adjacent to the intrusion to marble to 

limestone. Calc-silicate assemblages are most abundant near structural contacts, including the 

margins of, and within the feldspar porphyritic intrusion. These rocks seem to be draped over the 

uppermost portion of the intrusive body, for example in section 78,345N (Figure 3.2A) where an 

extensive zone of pervasive calc-silicate alteration forms a ~250 m thick cap at the apex of the 

granitic cupola. Calc-silicate rocks are less well developed within country rocks along the 

northwest margin of the intrusion, where alteration is most intense along domains that parallel 

bedding. In the domains distal to the granite cupola in the southeast, calc-silicate alteration is 

similarly focused along planar zones parallel to bedding. In both these domains, assemblages 

may be characterized by an outward transition from skarn to marble to limestone over intervals 

as narrow as ~1 m (Figure 3.2). In addition to development parallel to bedding, calc-silicate 

assemblages also occur around fracture planes near the feldspar porphyritic granodiorite contact. 

The intensity of skarn assemblage development (e.g., calc-silicate rocks vs. marble), the 

grain-size of calc-silicate minerals and also the intensity of an inferred retrograde overprint of the 

peak mineralogy, all show a spatial relationship with planar features such as bedding and 

fractures. This intimate relationship to planar features suggests a strong permeability control on 

calc-silicate alteration. Therefore, the presence of a thick zone of intense skarn developed above 

the granitic cupola likely formed due to a high abundance of fractures induced in the country 

rocks during intrusion of the feldspar porphyritic granodiorite. 

With increasing distance from the feldspar porphyritic intrusion, marble becomes the 

dominant rock type. Marble is composed of medium- to coarse-grained, interlocking calcite 

grains with increased grain size respective to limestone. Sulfide grains are fine-grained and occur 

at the margins of individual calcite grains or are concentrated along microfractures. With 
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increasing distance to the intrusion, marble becomes progressively more abundant and is variably 

interlayered with the calc-silicate rocks. The first appearance of limestone is in narrow zones 

interlayered with marble, suggesting that localized areas between bedding planes may be 

unreplaced. Then limestone becomes dominant. 

This zoning pattern, from skarn to marble and unaltered limestone is a general 

characteristic of the Cerro Jumil gold skarn deposit (Bond and Turner, 2011), although the width 

and degree of alteration and subsequent alteration overprints of each altered zone may be quite 

variable. For example, the intensity of skarn formation along a 1 cm micro-veinlet may display 

similar zoning patterns to that observed around tens of meters large fault zones, a permeable 

bedding plane, or the intrusive contact. 

In addition to the development of skarn zones, mineralization at Cerro Jumil resulted in 

the formation of fine-grained, massive, hematite- and silica-rich jasperoid. Although these 

jasperoids are commonly barren, high gold grades have been observed for at least some 

intersections of jasperoids in drill core.  

Sulfide-bearing (~ 2 percent pyrite), 20 cm-1 m wide quartz veins crop out on the 

property and locally cross-cut the feldspar porphyritic granodiorite, and also skarn zones that 

contain abundant garnet. Within the feldspar porphyritic granodiorite, the quartz veins are 

typically surrounded by weak to semi-pervasive sericite (± pyrite ± quartz) alteration halos that 

are 0.1-2 cm in width. The veins contain coarse, prismatic crystals pointing towards the center of 

the veins. Historic silver exploitation at Cerro Jumil focused on these quartz veins near the 

contact between the skarn and the host limestone. Today, these zones of quartz veins have no 

overall economic significance. Their distribution appears to be controlled by the north to 

northeast-trending fault zones. High-grade samples exceeding 500 g/t Ag have been mined at 

surface. However, drill holes from immediately beneath several of these high-grade silver 

occurrences indicate significantly lower values, generally ranging from 10 to 60 g/t Ag. This 

observation implies that the higher-grade values at or near the surface may result from supergene 

enrichment of Ag (Bond and Turner, 2011). 

!
3.5 Quartz Porphyritic Granodiorite 

A quartz porphyritic granodiorite (IUGS classification after Streckeisen, 1973; informally 

referred to as a ‘quartz porphyry’ by company geologists) represents a younger, moderately to 
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intensely altered, but weakly mineralized intrusion at Cerro Jumil. This granodiorite is texturally 

similar to the feldspar porphyritic granodiorite, but is distinct in primary mineralogical 

abundances (quartz and K-feldspar) and alteration intensity. The quartz porphyritic granodiorite 

is holocrystalline and contains subhedral to euhedral, idiomorphic, medium-grained (1-5 mm) 

phenocrysts set in a gray to light gray, fine-grained (< 0.5 mm), aphanitic groundmass (Figure 

3.5D). Approximately 77 modal percent of the rock are phenocrysts. The phenocryst population 

is composed of quartz (55 modal percent), plagioclase (31 modal percent), orthoclase (9 modal 

percent), and biotite (5 modal percent). 

Quartz crystals in the quartz porphyritic granodiorite are medium-grained (1-5 mm), 

euhedral, and are clear to smoky. Plagioclase occurs as subhedral, tabular phenocrysts that range 

from 1 to 8 mm in size. Quartz commonly appears moderately strained with less than 50 percent 

of the grains displaying weak undulose extinction. Albite twinned plagioclase crystals are 

commonly intensely altered (Figure 3.5D). Orthoclase crystals (0.25-0.4 cm in size) are anhedral 

and appear light pink in hand sample. Light brown, tabular, platy biotite crystals are 0.1-0.3 cm 

long and usually partially replaced by chlorite. 

The microcrystalline groundmass of the quartz porphyritic granodiorite comprises about 

23 percent of the rock. Minerals recognized in the groundmass include 50 modal percent quartz, 

33 modal percent plagioclase, 8 modal percent orthoclase, 5 modal percent biotite, and 2 modal 

percent clay minerals. Approximately 2 percent of the rock is composed of accessory minerals, 

including sulfide minerals such as pyrite and trace chalcopyrite, zircon, apatite, and iron oxide 

phases such as ilmenite and magnetite, as well as very rare Bi and Au tellurides and native Au, 

Bi, and Ag. Ilmenite is more abundant than magnetite, which may indicate that the quartz 

porphyritic granodiorite was originally slightly more reduced than the feldspar porphyritic 

granodiorite (cf. Takagi, 2004). 

The steep, roughly north trending faults at Cerro Jumil that are interpreted to have 

facilitated emplacement of the feldspar porphyritic granodiorite are also interpreted to have 

controlled emplacement of the younger, less extensive, quartz porphyritic granodiorite (Figure 

3.1). The surface expression of the quartz porphyritic granodiorite is limited, and is spatially 

related to faults or occurs along the margins or faulted portions of the feldspar porphyritic 

granodiorite. On the basis of sections constructed from drill hole data, the quartz porphyritic 

granodiorite is interpreted to crosscut the feldspar porphyritic granodiorite (Figure 3.2A,B), 
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indicating that the intrusion postdated skarn formation. Skarn development around the quartz 

porphyritic granodiorite was not observed and no significant metamorphic aureole was noted. 

Hematite-rich jasperoid is spatially associated with the quartz porphyritic granodiorite. Contacts 

between the quartz porphyritic granodiorite and the enclosing host rocks are typically fractured, 

hampering identification of contact relationships in drill core (Bond and Turner 2011). 

Near the surface, the quartz porphyritic granodiorite display pervasive alteration, with 

clay minerals, sericite, and chlorite being the most abundant secondary minerals. Similar 

alteration affects the granodiorite within and close to major fault zones. Alteration typically 

resulted in the replacement of plagioclase by sericite and clay minerals. In many cases, only the 

lath-shaped outlines and faint exolution textures remain from the original plagioclase grains. 

Biotite is replaced by sericite and chlorite. The groundmass is strongly altered to clay minerals, 

mostly due to replacement of groundmass feldspar. No significant calc-silicate alteration is noted 

in the endocontact of the quartz porphyritic granodiorite. 

!
3.6 Quartz Diorite 

Quartz diorite dikes (IUGS classification after Streckeisen, 1973; informally referred to 

as an ‘andesite’ by company geologists) have been locally encountered in core. The dikes are 

phaneritic and holocrystalline. They are fine-grained (0.5-1 mm) and have generally been 

affected by moderate to intense propylitic alteration (Figure 3.5E). 

Least-altered quartz diorite consists of approximately 50 modal percent plagioclase. 

This mineral typically forms euhedral laths that display distinct albite twinning. The plagioclase 

crystals are largely unaltered although they can be locally replaced by mica or clay minerals. 

Clinopyroxene is present in concentrations of up to 15 modal percent in least-altered samples. It 

occurs in clusters and forms blocky to anhedral grains. In most cases, the clinopyroxene is 

partially or entirely replaced by chlorite. However, BSE imaging on an SEM, coupled with 

semiquantitative EDS analysis, confirmed that the pseudomorphs commonly contain cores of 

remnant clinopyroxene. The samples investigated by thin section petrography contain up to 20 

modal percent chlorite. This mineral forms platy or tabular crystals. Quartz occurs in 

concentrations of up to 15 modal percent. This mineral is anhedral and typically forms grains 

that are smaller than plagioclase crystals (Figure 3.5E). Limonite is present locally and typically 

occurs in strongly chlorite-altered quartz diorite. No accessory phases were noted. 
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The quartz diorite dikes are not generally mineralized although trace amounts of gold, up 

to the cut-off grade (0.3 g/t), have been noted in roughly 30 percent of the intervals encountered 

in core and reverse circulation drilling. Emplacement of the 1-3 m wide quartz diorite dikes 

postdated the quartz porphyritic granodiorite although both igneous rocks may have formed 

along related brittle structures. Dike emplacement is interpreted to be related to Neogene 

volcanism in the area (Bond and Turner, 2011). 

 

3.7 Volcanic Rocks 

Volcanic rocks of the Neogene Cuernavaca Formation occur in the northern portion of 

the deposit area. The volcanic rocks form a 25 to 60 m thick cover, consisting of gray to dark 

brown mafic to intermediate coherent volcanic rocks and volcaniclastic deposits (Figures 3.1 and 

3.3). An outcrop located at the northern margin of the deposit is composed of well-consolidated 

volcaniclastic material of intermediate compositions, including pyroclastic breccia, lapillar and 

bedded ash flow tuffaceous deposits, polymictic pyroclastic breccias, and very coarse-grained 

polymictic agglomerates (Figure 3.1). Intercalated dark brown to dark gray basaltic flows are 

laterally discontinuous (Bond and Turner, 2011). 

!
3.8 Alluvium 

Quaternary erosional deposits occur in topographic lows throughout the deposit area. 

These deposits can be up to 20 m thick and consist mostly of light brown to reddish brown, 

variably oxidized clastic material that can be slightly to moderately calcareous. The alluvium can 

range from fine-grained, silt-sized particles to meter-scale boulders. In the northern part of the 

deposit area, the alluvium conformably overlies the volcanic rocks of the Neogene Cuernavaca 

Formation (Bond and Turner, 2011) while it is in unconformable contact with the Cretaceous 

marine sedimentary package in the south (Figure 3.1). 

 

3.9 Structural Setting 

Geological mapping at Cerro Jumil has identified the dominant, regional deformation 

patterns. These are meter- to kilometer-scale north trending anticline-syncline pairs, roughly 

north-northeast trending normal faults, and associated east trending strike-slip faults (Bond and 

Turner, 2011).  
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Within the limestone of the Xochicalco Formation, small (5.0-25 cm) isoclinal folds are 

locally abundant. No large-scale folding is recognized in the immediate deposit area. However, 

the dip of the planar beds in the limestone varies across the property, broadly mimicking the 

geometry of the granodiorite intrusions. Away from the intrusions, the limestone of the 

Xochicalo Formation is relatively flat-lying. 

Intrusion of the feldspar porphyritic granodiorite at Cerro Jumil was apparently 

controlled by the occurrence of a north-northeast trending normal fault (cf. Fries, 1960; Schaaf et 

al., 1995). Regionally, a north-northeast trending structural lineament can be identified on 

satellite images (Bond and Turner, 2011). Two of the ore zones, referred to as the West and 

Southeast Skarn Zones (Figure 3.1), are clearly aligned along this northeasterly trend, which is 

coincident with the trend of the intrusive contact.  

The east trending strike-slip faults appear to be post-mineralization and are often 

associated with unmineralized zones of brecciation (Bond and Turner, 2011). 

 

3.10 Age of Granodiorite Intrusions 

Previous age determinations have shown that skarn formation in the Morelos-Guerrero 

Platform formed during an Upper Cretaceous to Paleocene period of magmatism (Jones, 2003; 

Meza-Figueroa et al., 2003; Levresse et al., 2004). A second period of magmatism occurred in 

western Mexico during the Eocene to Oligocene (Schaaf et al., 1995). 

Field relationships suggest that the skarn at Cerro Jumil is related to the intrusion of the 

feldspar porphyritic granodiorite and formed prior to the emplacement of the quartz porphyritic 

granodiorite. As part of the present study, samples taken from both intrusions were dated at high 

precision using U-Pb zircon ID-TIMS. The obtained age data provide the first direct constraints 

on the absolute age of the granodiorite intrusions at Cerro Jumil and the age difference between 

both texturally distinct intrusions. In addition, the new data bracket the age of mineralization at 

Cerro Jumil, allowing the deposit to be placed in context with other gold skarn deposits in the 

region. 

The granodiorite samples used for U-Pb dating were collected from surface outcrops. 

Granodiorite showing the least degree of weathering and hydrothermal alteration in hand 

specimen was sampled. A sample of the feldspar porphyritic granodiorite (total of 2.4 kg) was 

collected at an elevation of 1225 m at 471846 E and 2078526 N (UTM NAD 27 Mexico  
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Figure 3.4: Representative hand specimens from Cerro Jumil. A. Grey limestone of the Xochicalco 
Formation showing a stockwork of monomineralic calcite veinlets. B. Bedding-parallel replacement of 
limestone by marble. C. Early calcite veinlets crosscutting quartz veinlet in limestone of the Xochicalco 
Formation. The veinlet persists across the replacement front into marble, but has been recrystallized in the 
marble and becomes faint away from the contact between marble and limestone. D. Bedding-parallel 
wollastonite vein surrounded by a marble alteration halo. E. Replacement of marble by wollastonite 
skarn. Wollastonite is in turn replaced by green garnets. F. Massive garnet skarn with large oscillatory-
zoned garnet crystals. G. Replacement front between wollastonite skarn and pyrite- and epidote-rich 
retrogressed skarn. Note the occurrence of a silicification front along the contact. H. Late calcite veins 
cross-cutting wollastonite skarn.!
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Figure 3.5: Photomicrographs of representative lithologies from Cerro Jumil. A. Limestone with small 
cross-cutting calcite veinlets. B. Feldspar porphyritic granodiorite. C. Strongly altered feldspar 
porphyritic granodiorite. D. Quartz porphyritic granodiorite. E. Quartz diorite. F. Marble. All 
photomicrographs are CPL images. 
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Zone 14). A sample of the quartz porphyritic granodiorite (total of 2.2 kg) was taken at an 

elevation of 1354 m at 471496 E and 2077880 N (UTM NAD 27 Mexico Zone 14).  

 

3.10.1 Analytical Methods 

Zircon separation was performed using standard techniques at the Pacific Centre for 

Isotopic and Geochemical Research at the University of British Columbia, Vancouver (Scoates 

and Friedman, 2008). Following mineral separation, zircon grains were handpicked under 

alcohol, with the clearest, crack- and inclusion-free grains selected, photographed, and annealed 

in quartz glass crucibles at 900˚C for 60 hours. 

Selected single zircon grains were dated by single-collector TIMS following chemical 

abrasion at the Pacific Centre for Isotopic and Geochemical Research at the University of British 

Columbia, Vancouver (procedure modified from Mundil et al., 2004, Mattinson, 2005, Scoates 

and Friedman, 2008). Analytical blanks were 0.2 pg for U and up to 2.0 pg for Pb. Data 

reduction employed an Excel-based program of Schmitz and Schoene (2007). All diagrams were 

constructed, regression intercepts and weighted averages calculated, with Isoplot 3.0 (Ludwig, 

2003). All errors are quoted at the 2 sigma (95 percent) level of confidence. Full sample 

preparation and analysis details are provided in Appendix A. 

Selected zircon grains not used for ID-TIMS U-Pb dating were hand picked under a 

binocular microscope and mounted in epoxy discs. The discs were subsequently polished to 

expose the centre of the zircon grains. BSE imaging of the grains was performed on a SEM at 

Colorado School of Mines to study internal zoning patterns. 

!
3.10.2 Results 

The analyzed zircon grains of both granodiorite samples are between ca. 100-210 µm in 

size. The zircon crystals recovered from the quartz porphyritic granodiorite are generally about 

20 percent smaller than those from the feldspar porphyritic granodiorite. The zircon grains are all 

prismatic, showing similarly high aspect ratios. Zircon grains appear to be preferentially located 

as inclusions in biotite and only occur rarely in the groundmass (Figure 3.6). BSE imaging 

revealed a variety of fine-scale oscillatory zoning textures, interpreted to suggest a magmatic 

growth origin for the zircon grains. No secondary features that could be attributed to a 

hydrothermal overprint were observed (Figure 3.7). Some zircon grains from both intrusions 
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preserve cores with zoning truncated by outer oscillatory growth zones, and are interpreted as 

inherited. Zircon grains recovered from the quartz porphyritic granodiorite were generally more 

abraded around the crystal margins. Minor mechanical fractures and embayments can be 

recognized in the BSE images (Figure 3.7). 

The results of U-Pb analysis are given in Table 3.1. Figure 3.8 shows the corresponding 

Wetherill Concordia diagrams. U-Pb data from three of the four zircon grains analyzed from the 

feldspar porphyritic granodiorite are concordant and are equivalent within the analytical 

uncertainty. The weighted average of the 206Pb/238U ages for the three concordant analyses is 

34.273 ± 0.046 Ma (MSWD = 0.09; probability of fit =0.91; Figure 3.8). This age is interpreted 

to be the age of crystallization of the feldspar porphyritic granodiorite intrusion. One discordant 

analysis occurs as an ‘old’ outlier, and is likely a mixed age. U-Pb data from all three analyses of 

zircons from the quartz porphyritic granodiorite were concordant and are equivalent within 

analytical uncertainty. The weighted average of the 206Pb/238U data for the three concordant 

analyses is 33.760 ± 0.064 Ma (MSWD = 1.2, probability of fit = 0.30; Figure 3.8). This age is 

interpreted as the age of crystallization of the quartz porphyritic granodiorite. 

 

3.10.3 Implications of New Age Dates 

The results of the U-Pb zircon dating study confirm field relationships that the quartz 

porphyritic granodiorite unit is slightly younger than the feldspar porphyritic granodiorite. Thus, 

at least two distinct intrusive events occurred at Cerro Jumil. The high-precision dating suggests 

a minimum age difference of 0.4 million years and a maximum difference of 0.6 million years 

between the two intrusive events. Field relationships suggest that mineralization at Cerro Jumil is 

associated with the earlier feldspar porphyritic granodiorite. Although the duration of 

mineralization at Cerro Jumil is not well constrained, the U-Pb zircon dates indicate that 

hydrothermal activity did not last much longer than approximately 0.6 million years. The 

younger quartz porphyritic granodiorite has only been affected by weak hydrothermal alteration, 

but is not associated with skarn formation. 

The new age dates for the feldspar porphyritic granodiorite and the quartz porphyritic 

granodiorite suggest that skarn formation at Cerro Jumil is approximately 30 million years 

younger than the gold skarn deposits of the Morelos-Guerrero Platform that are associated with 

Laramide granodiorite intrusions (Ortega-Gutiérrez, 1980; Schaaf et al., 1995; Jones, 2003; 
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Meza-Figueroa et al., 2003; Levresse et al., 2004; Morán-Zenteno et al., 2007). The data 

demonstrates conclusively that the formation of the Cerro Jumil gold skarn deposit is associated 

with Eocene to Oligocene magmatism. The intrusions at Cerro Jumil are similar in age to the 

Buena Vista granodiorite (35.5±0.6 and 34.7±0.6 Ma, 40Ar/39Ar biotite age, Meza-Figueroa et al., 

2003). 

The findings of the present study have significant exploration implications as skarn 

deposits associated with Eocene to Oligocene granodiorite intrusions have so far been regarded 

to be largely devoid of Au deposits (Meza-Figueroa et al., 2003). The new data show that 

exploration for skarn deposits in the Morelos-Guerrero Platform should not exclude intrusions of 

Eocene to Oligocene ages. 

 



42 

 

 
 
Figure 3.6: Textural setting of zircons contained in the feldspar porphyritic granodiorite (A-C) and the quartz porphyritic granodiorite 
(D-F) at Cerro Jumil. A. Feldspar porphyritic granodiorite containing clay-altered plagioclase, quartz showing undulose extinction, 
and minor orthoclase in a quartz-plagioclase-orthoclase groundmass. Sample 602220 (from hole DHE05-1, 30 m depth).  CPL. B. 
Zircon grains hosted by biotite. CPL. C. Prismatic zircon grain that is approximately 50 !m in size. CPL. D. Quartz porphyritic 
granodiorite containing twinned plagioclase laths, ratty quartz with undulose extinction, and Carlsbad-twinned orthoclase crystals in a 
groundmass that contains quartz, plagioclase, and rare orthoclase. Sample 406462 from hole DHE07-55 at 216 m depth.  CPL. E. 
Zircon grains hosted by a biotite grain that is affected by weak chlorite alteration. CPL. F. Prismatic zircon grain that is ca. 65 !m in 
size. CPL. 
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Figure 3.7: BSE images of representative zircon grains from the feldspar porphyritic granodiorite (A-D) and the quartz porphyritic granodiorite 
(E-H) at Cerro Jumil. A. Elongate zircon crystal showing a fairly homogeneous core and an outer zone that is characterized by pronounced 
oscillatory growth zoning. B. Elongate zircon crystal displaying curved, inwardly lobate zoning that embays a homogenous core. C. Stubby zircon 
crystal showing a homogenous core that is surrounded by a zone showing oscillatory growth zoning. A second small homogenous core occurs in 
the bottom right of the crystal. D. Elongate zircon crystal showing a small, zoned core surrounded by an outer zone showing oscillatory growth 
zoning. E. Elongate zircon that contains evidence for three distinct domains. The first domain consists of an inner core composed of a 
homogeneous center mantled by oscillatory zoned material. The second domain truncates zoning in the inner core. This domain is composed of 
broad, circular zoning patterns that grade outward into the third domain. This third domain is characterized by fine oscillatory zoning that is 
parallel to crystal faces. F. Stubby zircon crystal displaying wavy zoning in an inner zone that is overgrown by a margin showing oscillatory 
zoning. G. Elongate zircon grain containing an inner, relatively homogenous zone that is overgrown by a zone showing oscillatory zoning. H. 
Elongate zircon grain showing complex zoning. Scale bars are 20 micrometers. 
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Figure 3.8: Wetherill U-Pb concordia diagrams of ID-TIMS data obtained for zircons from the Cerro 
Jumil. A. Zircons from the feldspar porphyritic granodiorite. B. Zircons from the quartz porphyritic 
granodiorite. 
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Table 3.1: ID-TIMS analyses of zircon grains from the feldspar porphyritic granodiorite and the quartz porphyritic granodiorite at Cerro Jumil. 

    Compositional Parameters Radiogenic Isotope Ratios Isotopic Ages 

Sample Wt. 
mg 

U 
ppm 

Th 
U 

Pb 
ppm 

206Pb* 
x10-13 
mol 

mol % 
206Pb* 

Pb* 
Pbc 

Pbc 

(pg) 
206Pb 
204Pb 

208Pb 
206Pb 

207Pb 
206Pb 

% err 207Pb 
235U 

% err 206Pb 
238U 

% err corr. 
coef. 

207Pb 
206Pb 

± 207Pb 
235U 

± 206Pb 
238U 

± 

(a) (b) (c) (d) (c) (e) (e) (e) (e) (f) (g) (g) (h) (g) (h) (g) (h)   (i) (h) (i) (h) (i) (h) 

Feldspar porphyritic granodiorite                  

A 0.012 111 0.328 0.9 0.300 85.51% 2 4.18 128 0.112 0.050 7.591 0.037 8.079 0.005 0.565 0.873 171.78 176.98 37.00 2.94 34.96 0.20 
B 0.010 129 0.369 1.4 0.386 89.02% 3 3.91 169 0.172 0.069 3.005 0.068 3.293 0.007 0.371 0.798 893.48 62.00 67.13 2.14 46.26 0.17 
F 0.004 292 0.395 2.4 0.258 86.64% 2 3.28 138 0.129 0.047 5.885 0.035 6.249 0.005 0.413 0.886 70.08 139.83 34.75 2.14 34.25 0.14 
G 0.006 442 0.188 2.4 0.588 97.94% 13 1.02 896 0.061 0.047 1.500 0.035 1.599 0.005 0.245 0.468 50.66 35.76 34.51 0.54 34.28 0.08 
H 0.006 512 0.199 2.8 0.680 97.79% 12 1.26 838 0.064 0.047 1.014 0.034 1.097 0.005 0.174 0.538 33.67 24.25 34.27 0.37 34.28 0.06 

Quartz porphyritic granodiorite                     

B 0.011 172 0.370 1.8 0.568 88.97% 3 5.79 169 0.171 0.068 1.445 0.068 1.603 0.007 0.313 0.577 878.25 29.88 66.61 1.03 46.23 0.14 
C 0.006 560 0.209 3.1 0.674 97.49% 11 1.43 737 0.066 0.046 1.744 0.033 1.878 0.005 0.347 0.464 -2.57 42.00 33.31 0.62 33.81 0.12 
D 0.005 1190 0.190 6.4 1.170 97.72% 12 2.24 813 0.062 0.047 0.953 0.034 1.062 0.005 0.304 0.483 46.61 22.73 33.96 0.35 33.78 0.10 
E 0.004 1020 0.195 6.1 0.778 94.55% 5 3.68 341 0.062 0.046 1.387 0.033 1.511 0.005 0.349 0.455 10.48 33.33 33.37 0.50 33.69 0.12 

 

(a) Fractions composed of single zircon grains or fragments; all fractions annealed and chemically abraded after Mattinson (2005), Scoates and 
Friedman (2008). 

(b) Nominal fraction weights estimated from grain dimensions, adjusted for partial dissolution during chemical abrasion. 
(c) Nominal U and total Pb concentrations, subject to uncertainty in estimation of weight and partial dissolution during chemical abrasion. 
(d) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U age. 
(e) Pb*: radiogenic Pb and Pbc: common Pb; mol percent 206Pb* with respect to radiogenic, blank and initial common-Pb. 
(f) Measured ratio corrected for spike and fractionation only. Mass discrimination of 0.23 percent/amu based on analysis of NBS-982; all Daly 

analyses. 
(g) Corrected for fractionation, spike, and common-Pb; up to 2 pg of common-Pb was assumed to be procedural blank: 206Pb/204Pb = 18.50 ± 1.0%; 

207Pb/204Pb = 15.50 ± 1.0%; 208Pb/204Pb = 38.40 ± 1.0% (all uncertainties 1-sigma). Excess over blank was assigned to initial common-Pb with 
Stacey and Kramers (1975) model Pb composition at 34 Ma. 

(h) Errors are 2-sigma, propagated using the algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007). 
(i) Calculations are based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb ages corrected for initial disequilibrium in 

230Th/238U using Th/U [magma] = 3. 
(j) Corrected for fractionation, spike, and blank Pb only. EARTH TIME U-Pb synthetic solutions analyzed on an on-going basis to monitor the 

accuracy of results. 
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CHAPTER 4 

ORE ZONES AND METAL ZONING 

 

As part of the economic evaluation of the Cerro Jumil deposit, a large set of assay data 

obtained from reverse circulation and diamond core holes has been accumulated. The present 

chapter uses this data base to study the metal zoning at Cerro Jumil. This was achieved through 

the construction of cross-sections showing geology and contours of assay values. In addition, 

statistical analysis was performed to constrain metal association at the deposit scale. 

!
4.1 Ore Zones 

Three zones of low-grade, disseminated gold enrichment have been delineated at Cerro 

Jumil that can be developed by open pit mining. The Southeast Zone occurs along the 

southeastern contact of the feldspar porphyritic granodiorite with the limestone of the Xochicalco 

Formation while the Las Calabazas and West Zones are located along the northwestern contact 

(Figure 3.1). The Cerro Jumil resource in the measured, indicated, and inferred categories at a 

0.3 /t gold equivalent cut-off is reported in Table 4.1. 

All three ore zones at Cerro Jumil have been affected by intense supergene weathering. 

Sulfide minerals are rare, but have been observed in some core intervals. In these intervals, pyrite 

occurs in concentrations between 1 and 15 percent. Pyrrhotite and arsenopyrite are of minor 

importance while galena and chalcopyrite have only been observed in trace amounts. It is 

estimated that over 99 percent of the original sulfide minerals are oxidized, creating locally 

abundant hematite, goethite, and other iron oxides (Franchini et al., 2000). 

It appears likely that supergene processes may have contributed to the present distribution 

of metals at the deposit scale. The present day water table is located at least 300 m below surface 

and has not yet been encountered by drilling. Although there is no direct indication for the 

redistribution of Au on the deposit scale, it could be expected that the distribution of Au in the 

skarn would be more heterogeneous without the effects of supergene weathering. The same holds 

true for the distribution of Ag and Cu. However, so far deep drilling has not tested whether there 

is a zone of Cu enrichment below the water table. It is also not known if the unoxidized feldspar 

porphyritic granodiorite possesses economic base metal grades. 
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4.2 Spatial Distribution of Metals 

Company assay data (Au, Ag, and Cu) were contoured on two orthogonal cross sections 

through the proposed pit to study the spatial distribution of metal enrichment at Cerro Jumil 

(Figures 4.1 and 4.2). The assay data originate from the analysis of 1463.92 m of diamond drill 

core (23 drill holes) and 4269.9 m of reverse circulation drilling (48 drill holes) sampled in either 

1 or 1.5 meter intervals. 

The contoured sections show that low-grade metal enrichment is confined to the 

occurrence of skarn, marble skarn, and marble. However, not all of the skarn, marble skarn, and 

marble at Cerro Jumil is mineralized (Table 4.2). Although zones of Au enrichment commonly 

overlap with areas of elevated Ag and Cu, Au mineralization appears to be less widespread and 

typically confined to garnet-bearing skarn affected by retrograde alteration (Figures 4.1 and 4.2). 

 

 
Table 4.1: Cerro Jumil resources reported at 0.3 g/t Au equivalent cut-off (Bond and Turner, 2011). 
 

Category Tonnes 
(millions) 

Gold Grade 
(g/t) 

Silver Grade 
(g/t) 

Gold Ounces 
(millions) 

Silver Ounces 
(millions) 

Measured 30.36 0.97 9.63 0.94 9.40 
Indicated 19.98 0.82 10.30 0.53 6.61 
Measured and 
Indicated 50.34 0.91 9.89 1.47 16.01 

Inferred 7.97 0.66 10.90 0.17 2.79 

Total 58.31 1.57 20.79 1.64 18.80 

 
 

Some of the best intersections in intensely altered skarn affected by variable retrograde 

alteration include 36.3 m of 2.2 g/t Au (DHE-05-01), 29.6 m at 2.08 g/t Au (DHE-06-18), and 32 

m at 1.57 g/t Au (DHE-06-22). These samples yielded numerous high-grade samples (> 3 g/t 

Au). For example, two separate one-meter-long section of diamond drill hole DHE-06-28 

returned values of 127 g/t Au and 53.1 g/t Au (Bond and Turner, 2011). 
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Figure 4.1: Contoured metal distributions along section A-A’ at Cerro Jumil (see Figure 3.1 for location 
of section). The plots show contours for Au, Ag, and Cu that were constructed using company assay data 
obtained on samples from diamond exploration and reverse circulation drill holes. Heavy blue lines 
represent faults. Dashed white line represents the proposed pit outline. 
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Figure 4.2: Contoured metal distribution along section B-B’ at Cerro Jumil (see Figure 3.1 for location of 
section). The plots show contours for Au, Ag, and Cu that were constructed using company assay data 
obtained on samples from diamond exploration and reverse circulation drill holes. Heavy blue lines 
represent faults. Dashed white line represents the proposed pit outline. 
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Table 4.2: Metal concentration statistics for different lithologies occurring at Cerro Jumil. All element 
concentrations are derived from ICP-AES analysis. Trace element concentrations are given in ppm. Fe 
values indicate total Fe in wt. percent. 
 

 N Mean 
concentration 

1sigma p=0.05 

Limestone, quartz diorite, and quartz porphyritic granodiorite 

Au 40 0.09 0.17 92.5% 
Ag 40 1.81 1.61 97.5% 
Cu 40 62.30 88.90 97.5% 
Fe 40 1.77 1.65 95.0% 
Bi 40 27.75 50.53 97.5% 

Feldspar porphyritic granodiorite 
Au 35 0.08 0.11 94.3% 
Ag 35 4.95 5.68 91.4% 
Cu 35 70.8 73.44 91.4% 
Fe 35 1.84 0.84 94.3% 
Bi 35 30.2 72.25 94.3% 

Marble     

Au 91 0.25 0.53 93.4% 
Ag 91 4.07 5.49 93.4% 
Cu 91 191.25 256.12 92.3% 
Fe 91 1.81 1.88 92.3% 
Bi 91 19 67.24 94.5% 

Marble/skarn and skarn 
Au 295 0.79 1.17 96.9% 
Ag 295 4.72 7.91 96.9% 
Cu 295 393.34 442.99 96.9% 
Fe 295 4.16 3.25 95.6% 
Bi 295 168.86 273.88 96.3% 

 
Notes: N = number of samples, p=0.05 designates the number of samples that fall within 2sigma of the 
mean concentration. 
 
 

4.3 Metal Association 

The metal association at Cerro Jumil was studied using assay data from two 

representative diamond exploration drill holes and three reverse circulation drill holes located on 

the two cross sections that bisect the proposed pit at Cerro Jumil within the Southeast Zone. The 

five holes (DHE-06-27, DHE-07-55, RCHE-07-22, RCHE-07-51, and RCHE-07-21A) were 

logged as part of the present study to provide controls on lithology and alteration. A total of 461 

samples were collected and analyzed commercially following the procedure described by Bond 

and Turner (2011). 



51 

The precious and base metal grades are highly variable within the samples collected 

(Figures 4.3, 4.4). The majority of samples have low concentrations of Au, Ag, and Cu, although 

higher concentrations occur within marble, marble skarn, and skarn. The frequency distributions 

of these elements are skewed towards lower concentrations and can probably be best described 

by power-law distributions (cf. Monecke et al., 2005). The grades of Au vary from the detection 

limit to over 11.75 g/t. Au grades that are between 0.1 and 1.0 g/t are considered to be low, while 

concentrations above 3 g/t occur in high-grade samples. Enrichment of Au is most pronounced in 

skarn (Table 4.2). The Ag content of mineralized zones is significant, which is also reflected in 

the resource estimate of Cerro Jumil. Low Ag grades range from 1.5 to 10 g/t, with values 

exceeding 30 g/t being considered high-grade. The Cu grades are low and uneconomic. Low Cu 

concentrations range from approximately 100 to 700 ppm, with the highest grades exceeding 

1900 ppm. 

A series of log-log scattergrams were constructed that show the relationships between the 

precious metals and other elements at Cerro Jumil (Figures 4.3 and 4.4). Spearman’s rank 

correlation coefficients were calculated to identify statistically significant element correlations 

(Table 4.3). The precious metals Au and Ag show variable though weak correlations across the 

different lithological units. Similar observations can be made for Au and Cu. The strongest 

correlation in both Au versus Ag and Au versus Cu plots is noted for rocks that have been 

strongly affected by supergene processes, suggesting that element mobility in the supergene 

environment may have been important, especially at low concentration levels. A moderate to 

strong correlation is noted for Au, Ag, and Cu with Fe, implying that mineralized zones 

originally contained elevated sulfide contents. Bismuth, an element commonly occurring in 

elevated concentrations in gold skarn deposits, shows a moderate to strong correlation with Au 

across all lithologies encountered at Cerro Jumil. Correlation between Bi and Ag and Cu is only 

moderate. The correlation coefficients between Bi as well as Ag and Cu are typically higher in 

lithologies not affected by hydrothermal alteration. This again suggests that the distribution of 

these elements has been modified by supergene processes, at least at low concentrations. 

Although statistical analysis of assay values suggests that redistribution of elements by 

supergene processes may have occurred, it is important to note that correlation between Au and 

other metals such as Ag and Cu is limited. This suggests that Au, Ag, and Cu may have 

precipitated at different stages of skarn development. 
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Figure 4.3: Scatter plots illustrating metal associations for different lithologies at Cerro Jumil. The plots 
are based on 461 samples collected from five representative drill holes across the proposed open pit. 
Samples of limestone, quartz diorite, and quartz porphyritic granodiorite are enclosed by the dark blue 
line. The orange line encloses samples of feldspar porphyritic granodiorite. The blue line limits the field 
of marble. Samples of marble skarn and skarn are enclosed by the green line. All values are from ICP-
AES analysis. Fe is in wt.%, all other concentrations are in ppm. See Figure 4.4 for legend. 
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Figure 4.4: Scatter plots illustrating metal associations for different lithologies at Cerro Jumil. The plots 
are based on 461 samples collected from five representative drill holes across the proposed open pit. 
Samples of limestone, quartz diorite, and quartz porphyritic granodiorite are enclosed by the dark blue 
line. The orange line encloses samples of feldspar porphyritic granodiorite. The blue line limits the field 
of marble. Samples of marble skarn and skarn are enclosed by the green line. All values are from ICP-
AES analysis. Fe is in wt.%, all other concentrations are in ppm.  
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Table 4.3: Spearman’s rank correlation coefficients for element combinations categorized by lithology. 
The statistical analysis is based on ICP-AES data from 461 samples collected from five representative 
drill holes across the proposed open pit. 
 

 Correlation coefficient Level of significance 

Limestone, quartz diorite, and quartz porphyritic granodiorite 

Au/Ag 0.38 Weakly positive 
Au/Cu 0.67 Moderately positive 
Ag/Cu 0.55 Moderately positive 
Au/Fe 0.23 Weakly positive 
Ag/Fe 0.11 Weakly positive 
Cu/Fe 0.60 Moderately positive 
Au/Bi 0.79 Strongly positive 
Ag/Bi 0.56 Moderately positive 
Cu/Bi 0.73 Strongly positive 

Feldspar porphyritic granodiorite 

Au/Ag 0.19 Weakly positive 
Au/Cu 0.42 Weakly positive 
Ag/C 0.62 Moderately positive 
Au/Fe 0.58 Moderately positive 
Ag/Fe 0.22 Weakly positive 
Cu/Fe 0.55 Moderately positive 
Au/Bi 0.64 Moderately positive 
Ag/Bi 0.45 Weakly positive 
Cu/Bi 0.62 Moderately positive 
Marble 
Au/Ag 0.33 Weakly positive 
Au/Cu 0.37 Weakly positive 
Ag/Cu 0.76 Strongly positive 
Au/Fe 0.53 Moderately positive 
Ag/Fe 0.65 Moderately positive 
Cu/Fe 0.82 Strongly positive 
Au/Bi 0.64 Moderately positive 
Ag/Bi 0.52 Moderately positive 
Cu/Bi 0.55 Moderately positive 

Marble/skarn and skarn 

Au/Ag 0.28 Weakly positive 
Au/Cu 0.56 Moderately positive 
Ag/Cu 0.39 Weakly positive 
Au/Fe 0.60 Moderately positive 
Ag/Fe 0.33 Weakly positive 
Cu/Fe 0.72 Strongly positive 
Au/Bi 0.75 Strongly positive 
Ag/Bi 0.30 Weakly positive 
Cu/Bi 0.50 Moderately positive 
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CHAPTER 5 

SKARN PETROGRAPHY 

 

The objective of this chapter is to establish an understanding of the process of skarn 

formation at Cerro Jumil, and its relationship to the gold mineralizing event. This understanding 

is achieved through a detailed characterization of the distinctive assemblages and microtextures 

that occur in the contact areole formed as a result of the intrusion of the feldspar porphyritic 

granodiorite into limestone of the Xochicalco Formation. The present chapter describes the 

spatial and temporal variations in the mineral assemblages and textures within the skarn and 

adjacent rocks that are linked to prograde, retrograde, and supergene processes. The relationships 

of gold and other ore minerals to specific mineral assemblages and textures are discussed. The 

results of thorough EMP investigations showing mineral composition variations within grains 

and between assemblage zones are detailed to derive thermobarometric estimates for skarn 

formation. A paragenetic sequence is derived, which is interpreted to be representative of the 

temperature-time evolution of the contact aureole and skarn system as a whole. 

 

5.1 Mineralogical and Textural Evolution of the Skarn 

The mineral assemblage/rock type zoning in the aureole around the feldspar porphyritic 

granodiorite from limestone to marble to calc-silicate (or skarn) is interpreted to represent re-

equilibration of the country rocks in the response to the circulation of a hydrothermal fluid that 

drove both a thermal and a chemical perturbation. The following sections give a detailed 

description of mineral assemblages and textures that allow an interpretation of the prograde (up-

temperature) reaction sequence and retrograde (down-temperature) local replacement of 

prograde minerals. As the majority of skarn formation has occurred in the exoskarn (~95%), 

emphasis is placed on the description of textural relationships observed outside of the feldspar 

porphyritic granodiorite intrusion. 

 

5.1.1 Marble 

In areas distal to the feldspar porphyritic granodiorite intrusion, limestone has been 

recrystallized to marble. The recrystallization only occurs locally along bedding planes far away 

from the intrusion, but becomes more pervasive closer to the intrusive contact. In the marble, 
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calcite crystals are coarse-grained (5-10 mm) and granoblastic. Pyrite is rare (<0.1percent) but 

locally occurs within the interstices between calcite grains. The pyrite probably represents a relic 

form the limestone protolith. Local dissolution features such as vugs are common, and are 

typically about 0.5 to 1 cm in width. Roughly half of the vugs observed are filled with graphic 

calcite, while the other half is partially filled with euhedral (rhombohedral) calcite. Commonly, 

the calcite fill of vug space is accompanied by Mn and Fe oxide and hydroxides. Locally, sericite 

and clay minerals appear along calcite grain boundaries, within microfractures, or along veinlets 

that cross-cut the calcite. Quartz locally occurs as microcrystalline aggregates, single anhedral 

xenoblastic crystals, or in 1 cm wide rounded patches composed of inequigranular crystals. A 

stockwork of monomineralic quartz and recrystallized calcite veinlets cut the marble. Based on 

the cross-cutting relationships, these veinlets are interpreted to post-date recrystallization of the 

limestone to marble (Figure 3.5 A). 

 

5.1.2 Prograde Exoskarn 

Exoskarn is characterized by the localized development of calc-silicate mineral 

assemblages that partially to completely replace limestone and/or marble. Calc-silicate minerals 

occur in two main textural contexts. Veins of calc-silicate minerals dominate distal to the 

intrusion while thick, massive replacement zones predominate proximal to the granodiorite 

cupola (Figures 3.2 and 5.1). In each case, the presence of skarn rocks is marked by the 

formation of one or more calc-silicate minerals in an assemblage or association. In the following 

description, “most distal” refers to domains immediately adjacent to marble, either in localized 

bedding or fracture zones, or in more pervasively developed skarn domains. “Proximal” refers to 

the centers of localized skarn zones, areas immediately adjacent to the intrusion and in the apex 

to the skarn zones. “Distal” refers to an intermediate, or transition domain between the two. 

 

Most-Distal (Wollastonite Zone) 

Mineral assemblages in most-distal zones are characterized by the presence of 

wollastonite. Wollastonite commonly forms fine-grained intergrowths and aggregates of 

radiating crystals that appear to have nucleated at irregular calcite-calcite crystal boundaries 

within a matrix dominated by coarse-grained calcite. Where wollastonite is more abundant 

(forming >25 modal percent of the rock), it is medium- to coarse-grained. Elongate, acicular 
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(0.25-1.5 cm long) and granoblastic crystals are commonly intergrown, although 0.1-0.25 cm 

wide intergrowths of radiating crystals are also common. Toward distal domains, fine- to 

medium-grained subhedral to euhedral clinopyroxene occurs at the margins of euhedral 

porphyroblastic wollastonite or within the centers or wollastonite crystal clusters.  

 

 

 
 
Figure 5.1: Generalized cross-section through the Cerro Jumil gold skarn deposit showing the 
characteristic distribution of alteration minerals. A. Alteration mineral distribution around fracture 
surface. B. Alteration mineral distribution around the granitic cupola. C. Alteration mineral distribution 
around a bedding plane. 
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Figure 5.2: Photomicrographs of characteristic skarn textures. A. and B. Prograde wollastonite-
clinopyroxene skarn. Sample 674399. CPL and PPL images. C. and D. Clinopyroxene dominant skarn 
retrogressed by clay minerals and sericite. Sample 674404. CPL and PPL images. E. and F. Vesuvianite 
replacement of wollastonite prograde skarn replaced by actinolite and calcite. Sample 406390. CPL and 
PPL images.
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Coarse-grained wollastonite, with or without clinopyroxene, can be found up to 350 m from the 

contact with the feldspar porphyritic granodiorite, or within localized skarn zones, as near as 1 

cm away from the center of a veinlet or altered bedding plane (Figure 5.2 A,B). 

!
Distal (Clinopyroxene-Vesuvianite Zone) 

With increasing proximity to the centers of bedding-parallel skarn zones or the contact 

with the feldspar porphyritic granodiorite, the modal abundance of clinopyroxene continues to 

increase, and may locally form up to 90 modal percent of the skarn. These domains are 

composed of massive, medium- to coarse-grained (up to 0.8 cm wide) granular, subhedral to 

euhedral clinopyroxene (Figure 5.2C,D). Aggregates of hypidiomorphic clinopyroxene crystals 

commonly display sharp or slightly deformed crystal boundaries. These distal zones may contain 

up to 30 modal percent vesuvianite (wollastonite-absent), which forms coarse-grained, granular 

intergrowths with clear grain boundaries adjacent to clinopyroxene. Where vesuvianite is most 

abundant, it is commonly euhedral, forming elongate or blocky tetragonal crystals although 

locally vesuvianite may pseudomorph bladed wollastonite (Figure 5.2E,F). Vesuvianite may also 

pseudomorph clinopyroxene. Oxide minerals (up to 5 modal percent), most commonly hematite, 

may occur along crystal margins and as overgrowths, or aggregates of rounded grains. Sulfide 

minerals do not commonly occur within the clinopyroxene (± vesuvianite) zones. 

 

Proximal (Vesuvianite-Garnet ± Clinopyroxene Zone) 

Mineral assemblages within the centers of bedding-parallel skarn zones, developed along 

the flanks of the feldspar porphyritic granodiorite, or above the cupola are characterized by a 

decrease in clinopyroxene abundance, increased vesuvianite abundances, and the appearance of 

abundant subhedral to euhedral, medium- to coarse-grained (average 0.70 cm) garnet. Grain 

boundaries between garnet, clinopyroxene and vesuvianite are commonly sharp and intergrown 

with no sign of additional mineral reaction. Some clinopyroxene grain boundaries appear 

embayed, and in some instances, especially where more fine-grained, crystal forms characteristic 

for more distal domains have been lost. Vesuvianite is coarse-grained (Figure 5.3A,B), 

commonly displaying oscillatory optical zoning. It forms coarse-grained, elongate, graphic 

aggregates. Where vesuvianite pseudomorphs radial wollastonite or granular clinopyroxene, it 

commonly displays optical zoning (Figure 5.2E,F). Where vesuvianite replaces wollastonite, it 
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may also extend beyond the original wollastonite grain boundary, continuing outward up to 2 cm 

in length and terminating as a euhedral tetragonal crystal form while retaining the radial or 

acicular aspect of the original wollastonite. Blocky, tabular and prismatic vesuvianite commonly 

forms from 30 to 60 modal percent of the skarn in this zone. 

Two different garnet types are recognized at Cerro Jumil. One occurs as very coarse-

grained (up to > 3 cm wide) and granoblastic garnet, that locally exhibits near-euhedral crystal 

shapes with grain-boundary parallel, fine-scale (!m) oscillatory zoning that is defined by 

alternating isotropic and anisotropic optical character (Figure 5.3C,D). This variety of garnet is 

slightly more abundant at or near the intrusive boundary. The second type of garnet commonly 

occurs as fine- to coarse-grained, crystalline aggregates that form a matrix composed of 

xenoblastic garnet intergrowths (Figure 5.3C-F). This variety of garnet is isotropic, and forms 

overgrowths on and intergrowths within the first garnet type (Figure 5.3C,D). The latter garnet 

type is more abundant than oscillatory zoned anisotropic garnet in domains more distal to the 

intrusive contact, or within bedding-parallel skarn zones. This textural relationship is not easily 

seen at the hand specimen scale. 

In domains proximal to the feldspar porphyritic granodiorite, granoblastic garnet and 

vesuvianite occur together as massive, graphic, coarse-grained intergrowths that share sharp 

crystal boundaries, although less commonly they may mutually embay each other (Figure 

5.3A,B). Relative proportions of garnet and vesuvianite vary, with garnet becoming more 

modally dominant than vesuvianite near the intrusive contacts. This assemblage, while most 

abundant proximal to the intrusion, can also occur in veinlets or along bedding planes within 

previously discussed altered zones more distal to the intrusion. In the latter cases, garnet, 

vesuvianite, and clinopyroxene are spatially limited to the centers of veins or along bedding 

surfaces.  Abundant primary and secondary fluid inclusions occur in both garnet and vesuvianite. 

Very fine-grained fluorite is commonly included in both garnet and vesuvianite and to a lesser 

extent, clinopyroxene. 

Sulfide minerals (pyrite >> pyrrhotite, arsenopyrite) are noted at the margins and 

interstices between granoblastic garnet crystals and crystal aggregates. They occur at grain 

boundaries between garnet and vesuvianite, but never in association with vesuvianite without 

garnet (Figure 5.4A-C). 
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Figure 5.3: Photomicrographs of characteristic skarn textures. A. and B. Vesuvianite-garnet prograde 
skarn retrogressed by calcite and clay minerals. Sample DHE07-55-113.75. CPL and PPL images. C. and 
D. Garnet-dominant skarn cross-cut and replaced by retrograde calcite. Sample DHE06-27-58. CPL and 
PPL images. E. and F. Pervasive retrograde epidote, quartz, and calcite with associated sulfide minerals 
overprinting garnet-clinopyroxene prograde skarn. Sample 674357. CPL and PPL images.
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Figure 5.4: Photomicrographs of characteristic skarn textures. A. and B. Calcite vein crosscutting retrogressed clinopyroxene-garnet-vesuvianite 
skarn. Sample 674375. CPL and PPL images. C. Schematic drawing showing sulfide (pyrite and pyrrhotite) grains occurring at the margins of a 
garnet-dominated area, largely within the retrograde alteration. Drawing based on sample 674375-019x. D. and E. Oxidized sulfide grains within 
calcite and quartz-dominant retrograde skarn. Sample 683558. CPL and PPL images. F. Reflected light image of hematite oxidation product of 
original pyrite within retrogressed skarn. Sample 683558. Location is shown in Figure 5.4 D. 
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However, the highest proportion of sulfide minerals occurs in textural association with mineral 

assemblages that partially replace garnet, vesuvianite, and clinopyroxene. Sulfide grains that 

occur as inclusions in garnet are mostly preserved. In contrast, sulfide minerals that occur in 

matrix areas are commonly partially oxidized to hematite and limonite (Figure 5.4D-F). 

Formation of thin coronae of iron oxides and hydroxides around crystal margins or along fracture 

surfaces of clinopyroxene, vesuvianite, and garnet is common, especially within zones of greater 

fracture density.  

 

5.1.3 Retrograde Exoskarn 

Within the massive, pervasive skarn domains proximal to the intrusion, actinolite and 

tremolite locally overgrow clinopyroxene, vesuvianite, and garnet. Replacement of 

clinopyroxene and vesuvianite by hydrous phases is more common than replacement of garnet 

(Figure 5.5). The intensity of retrograde replacement is commonly texturally destructive of 

prograde mineral textures. Retrograde minerals may be difficult to identify in the field as they 

pseudomorph prograde phases. As a consequence, it is difficult to estimate degree of retrograde 

alteration in hand specimen. Actinolite and tremolite are rarely observed to replace wollastonite 

crystals. Where observed, amphibole minerals affect the margins or entire crystals but are not 

texturally destructive. Tremolite occurs as light tan to brown, fine- to medium-grained (< 0.1 to ~ 

3.0 mm long) tabular or acicular crystals that commonly form radial bunches appearing to 

nucleate within radial vesuvianite textures or clinopyroxene crystal aggregates. Actinolite forms 

similar morphologies as tremolite, but occurs more pervasively along clinopyroxene grain 

boundaries, and less pervasively with vesuvianite; they can be distinguished by EDS analysis. 

Where the actinolite-tremolite overprint is pervasive, finer-grained prograde phases are 

overprinted completely while the larger, more euhedral, graphic crystals are usually partially 

altered at grain margins (Figures 5.5C,D and 5.6A,B). Minor fine-grained calcite and quartz are 

noted as mineral inclusions within amphibole. Fine-grained euhedral sulfide grains, and local 

oxide grains with sulfide crystal habits, are noted as inclusions in amphibole (Figure 5.5C,D). 

With decreasing proximity from the intrusive contact, calcite and quartz locally overprint the 

calc-silicate minerals.  
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Figure 5.5: Photomicrographs of characteristic skarn textures. A. and B. Images of wollastonite-dominant 
prograde skarn developed along a bedding plane retrogressed by pervasive actinolite-tremolite. Sample 
674335. CPL and PPL images. C. and D. Pervasive clinopyroxene-wollastonite prograde skarn 
retrogressed by amphibole-talc-epidote with associated oxidized sulfides. Sample 674375. CPL and PPL. 
E. and F. Vesuvianite-dominant prograde skarn retrogressed by calcite and tremolite. Sample 683607. 
CPL and PPL images. 
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Figure 5.6: Photomicrographs of characteristic skarn textures. A. and B. Retrograde overprint of garnet 
skarn by epidote and calcite. Sample 674463. CPL and PPL images. C. and D. Pervasive retrograde 
overprint and replacement of garnet by calcite. Sample 406338. CPL and PPL images. D. and E. Partially 
replaced garnet-dominant prograde assemblage by calcite. Sample DHE07-39-51.3. CPL and PPL 
images. 
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Calcite commonly occurs as a granoblastic, subhedral to euhedral (rhombohedral) 

replacements of garnet, vesuvianite, clinopyroxene, and wollastonite (Figure 5.6C-F), while 

quartz tends to form patchy microcrystalline aggregates that infill pore space between dissolving 

mineral grains and flood the groundmass of retrogressed skarn (Figure 5.4D,E). Both are 

common and abundant in space where sulfide minerals occur (Figure 5.4D-F), especially within 

zones of massive alteration mineral replacement or within zones of enhanced permeability such 

as bedding planes or fracture zones. Calcite and quartz locally occur as inclusions within 

retrograde actinolite and tremolite, as interstitial grains to both prograde and retrograde calc-

silicate minerals in the matrix, or as grains infilling interstices between coarse-grained prograde 

garnet, clinopyroxene, and vesuvianite (Figure 5.7A,D). Pervasive quartz flooding contrasts with 

later crosscutting jasperoid bodies associated with quartz porphyritic granodiorite discussed 

below. Locally silica and calcite flooding may replace earlier retrograde skarn minerals, but in 

these cases preserve the shape of the preexisting mineral. For example, coarse-grained calcite 

may pseudomorph medium-grained, euhedral, oscillatory-zoned garnet crystals (Figure 5.6C,D), 

replace the outer few zones of coarse-grained, euhedral garnet, and locally fine-grained 

idioblastic porphyroblasts (Figure 5.6E,F). Both quartz and calcite contain abundant primary and 

secondary fluid inclusions. 

The often-pervasive silica flooding and associated calcite coincides with faults within the 

deposit. This alteration commonly contains sulfide minerals and gold (Figure 5.7D-F). These 

sulfide minerals, mostly pyrite, are typically altered to hematite. 

Epidote and chlorite also occur in these domains, but occur in lower abundances 

compared with quartz and calcite, and decrease in abundance with decreasing proximity to the 

intrusive contact. Very fine-grained epidote is most common close to the intrusive contact and 

typically occurs along quartz and calcite grain boundaries. Very fine-grained chlorite also occurs 

with quartz and calcite but is most common distal to the intrusive contact, at the margins of skarn 

domains with pervasive retrograde replacement. Both chlorite and epidote are much less 

common than all other retrograde alteration minerals including amphibole, calcite, and quartz, 

but traces can be found throughout the deposit (Figure 5.6A,B). 

Ubiquitous across all domains is the texturally late appearance of clay minerals, talc, 

sericite, and iron oxide. These minerals are very fine-grained, commonly occur with one another 
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Figure 5.7: Photomicrographs of characteristic skarn textures. A. and B. Oxidized sulfide grains and gold within calcite and quartz-dominant 
retrograde skarn. Sample DHE06-22-28.1. CPL and PPL images. C. Reflected light image of oxidation products with native gold in the center. 
Sample DHE06-22-28.1. D. and E. Oxidized pyrite grains containing gold within strongly retrogressed skarn. Sample DHE06-22-28.1. CPL and 
reflected light images. F. Gold grains occupying fracture surfaces within oxidized pyrite. Sample DHE06-22-28.1. Close-up of image shown in 
Figure 5.7 E. 



68 

and/or calcite, and replace the anhydrous (prograde) and hydrous (retrograde) mineral 

assemblages. 

These late minerals may obscure the textures defined by earlier mineral associations 

(Figure 5.5C,D). Variable amounts of iron oxide/hydroxide occur within this clay-dominant 

alteration and are likely representative of the quantity and location of sulfide minerals (Figure 

5.5C,D). With the exception of oxidation products after sulfide minerals, likely a result of 

supergene processes continuing to the present, further development of alteration products related 

to the hydrothermal-magmatic system are not recognized. 

Moderate to intense sulfide mineral formation accompanied the development of alteration 

facies that seem more ubiquitous such as amphibole, calcite, quartz, talc, mica, and clay (Figure 

5.7D). Sulfides include pyrite and to a lesser extent, pyrrhotite, chalcopyrite, galena, and 

arsenopyrite. While mostly oxidized, the central cores of most coarse-grained sulfide crystals 

remain partially intact, armored by oxide minerals such as hematite (Figure 5.7E,F). Exolution 

textures and microfractures in sulfide grains tend to be favorable sites for gold and other metals 

such as lead and silver. These metals (mostly gold) commonly occur within the free space 

created by fractures or similar irregularities within sulfide grains (Figure 5.7C,F). 

!
5.1.4 Endoskarn 

Endoskarn formation within the feldspar porphyritic granodiorite is characterized by the 

local development of calc-silicate mineral assemblages that partially to completely replace the 

primary igneous mineralogy. Calc-silicate minerals occur as veins and in the groundmass. 

Veinlets (0.1-1.0 cm) of calc-silicate minerals are predominantly composed of granular, 

microcrystalline aggregates of clinopyroxene and isotropic garnet grains that are between 1-3 

mm in size. Along the boundaries of veinlets, clinopyroxene and garnet are rimmed by fine-

grained chlorite and epidote (with or without clay minerals). These minerals are absent in the 

vein centers. 

Within the groundmass, clinopyroxene and garnet are finer grained (~0.5-1 mm) 

compared with occurrences within veins. In addition, relic plagioclase phenocrysts occur, which 

are partially to completely replaced, depending on the overall intensity of skarn development. 

Clinopyroxene occurs as fine-grained allotriomorphic, granular microcrystalline aggregates. 

Garnet only locally occurs, and where present is intergrown with clinopyroxene. In contrast to 
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veinlets, tremolite-actinolite also occurs, and forms fine- to medium-grained (1-2 mm), 

individual or radially arranged aggregates of acicular grains that embay clinopyroxene and 

garnet. The composition of actinolite was determined using SEM-EDS: no systematic textural 

relationship between Mg-rich (tremolite) or more Fe-rich (actinolite) amphibole was found. 

Actinolite-tremolite is commonly partially or completely pseudomorphed by very fine-grained 

(<0.1 mm), platy talc, while retaining the original outline of tremolite-actinolite. Talc also occurs 

in association with weakly or moderately embayed clinopyroxene and garnet, and locally forms 

complete pseudomorphs of these minerals. In some cases where clinopyroxene is completely 

replaced by talc, garnet is only weakly affected, including local preservation of euhedral crystal 

faces adjacent to talc. With increasing abundance of calc-silicate minerals (interpreted to reflect 

increased intensity of skarn development with proximity to the feldspar porphyritic granodiorite), 

plagioclase is progressively altered to epidote, with or without chlorite. In weakly altered 

domains, epidote occurs along grain margins and along cleavages of plagioclase phenocrysts and 

matrix crystals, whereas chlorite forms rims on biotite. The abundance of epidote in plagioclase 

increases within increasing alteration intensity, but plagioclase is still preserved to some degree 

in the calc-silicate-rich zones. However, in the transition zone to more intensely developed skarn, 

matrix plagioclase is replaced by epidote and chlorite, while chlorite has completely replaced 

biotite. Locally, complex, fine-grained intergrowths of epidote, chlorite, calcite, and quartz also 

occur in matrix domains. Very fine-grained clay minerals occur semi-pervasively through the 

groundmass, in particular along grain boundaries. 

Preservation of sulfide minerals (pyrite and chalcopyrite) is rare. More commonly, 

endoskarn contains iron oxides (hematite) and hydroxides (goethite), interpreted to be the result 

of supergene processes. Oxidation of endoskarn, including growth of patchy hematite and 

limonite, is common, locally pervasive and texturally destructive, most notably in the upper 10 m 

of the pluton. 

 

5.1.5 Late Cross Cutting Features 

 

Jasperoid 

Pervasive quartz flooding from the retrograde stage contrasts with crosscutting silica-

hematite jasperoid bodies that also occur in the skarn zones. These jasperoid bodies are spatially 
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(and likely temporally) associated with the quartz porphyritic granodiorite. The quartz is fine-

grained, cryptocrystalline, cherty, or massive, and hematite-rich. This unit may contain sulfide 

minerals and is variably mineralized. Although it contains elevated metal grades, it is not part of 

the economic portion of the deposit. Jasperoid contains moderate to abundant iron oxides and 

hydroxides. The hydrothermal-style silicification associated with this type of jasperoid postdated 

skarn formation as the jasperoid crosscuts all skarn and sedimentary units.  

 

Calcite Veins 

Late, monomineralic calcite veins and veinlets crosscut the late jasperoid. The calcite is 

commonly relatively fine-grained when compared with recrystallized marble (Figure 3.5F) or 

skarn-related retrograde calcite (Figure 3.4D). Coarse-grained calcite is noted as well, typically 

within dissolution textures such as vugs formed within the vein or veinlets. This type of calcite 

forms bladed and commonly rhombohedral crystals that are up to 0.2 cm in length (Figure 3.4H). 

 

5.2 Mineral Chemistry 

EMP analysis was employed to constrain the composition of minerals within specific 

alteration mineral assemblages, to characterize internal variation within alteration phases, and to 

constrain elemental exchange between mineral species within a constrained space over time 

(Figure 5.8). Representative EMP analyses are provided in Table 5.1. This analysis method was 

also used to determine the compositions of garnet and clinopyroxene in textural equilibrium (cf. 

Saxena, 1979; Krogh Ravna, 2000) in an attempt to provide a peak temperature estimate to be 

used in combination with fluid inclusion data to predict the pressure of formation (and by 

extension, depth of formation) at Cerro Jumil (see Chapter 6). 

 

5.2.1 Wollastonite!
Wollastonite, which is commonly replaced by vesuvianite in much of the skarn, is 

preserved in sample 674335, where it occurs in bedding-controlled domains in a wollastonite 

dominant zone. Wollastonite compositions are given in Table 5.2. Figure 5.9 shows the data 

plotted in the Ca-Fe-Mg pyroxene ternary diagram. 

 

 



71 

 
 

Figure 5.8: Simplified geology of hole DHE06-27. The diagram shows the location of thin sections used 
for EMP analysis. Blue lines indicate faults or fracture zones. Lithological units are abbreviated to the left 
of the column. 
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Figure 5.9: Ternary diagram displaying clinopyroxene compositional analyses (mole percent) from all 
samples (n=84). Calculations based on a 6 anions and 4 cations basis (formula after Deer et al., 1992). 
 

 

5.2.2 Clinopyroxene 

Clinopyroxene was analyzed in samples 674399, 674335, 674375, and 674445, which 

provided representative compositions for samples ranging from weakly to intensely developed 

skarn (Table 5.1). EMP analysis showed that the clinopyroxene falls compositionally into the 

diopside-hedenbergite solid solution with XMg values varying from 0.28 to 0.98, although ~95 

percent of XMg values fall between 0.70 and 0.98. Clinopyroxene compositions have less than 

0.03 cpfu of Al, and typically no more than 0.01 Na cpfu (Table 5.2). Across all samples, 

clinopyroxene is commonly zoned, with more Fe-rich cores grading to more Mg-rich rims. For 

example, in sample 674399, zoning is characterized by a shift in composition from XMg = 0.51 in 

the core to XMg = 0.43 at the rim (Figure 5.10). 
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Figure 5.10: Compositional variation (mole percent) of clinopyroxene in sample 674399 from rim (left) 
to core (right). 
 

 

In general, there is an increase in Mg content of clinopyroxene from weakly-developed 

skarn samples to more intensely-developed skarn samples. Sample 674375 represents an 

exception as clinopyroxene in this sample has a slightly higher proportion of hedenbergite than 

clinopyroxene in the other samples (Figure 5.9). Variations in clinopyroxene composition 

between samples are likely related to changes in fluid chemistry as well as differences in bulk 

rock composition. It is possible that clinopyroxene in sample 674375 has an uncharacteristically 

high hedenbergite content due to greater access to hydrothermal fluids during prograde 

development. 

 

5.2.3 Vesuvianite 

Vesuvianite was analyzed in samples 674370, 674445, and 674456 to also provide 

representative mineral compositions for samples ranging from weakly to intensely developed 

skarn (Table 5.2) Results from vesuvianite analyses are reduced to formulae units based on a 50 

cations, B-free basis. This is justified as boron-free vesuvianite is optically negative whereas 

boron-bearing vesuvianite is optically positive. The former is the case for vesuvianite from Cerro 

Jumil. When reducing data using 50 oxygens, data are stoichiometric relative to a B-free 

vesuvianite composition. The B-free chemical formula can be written as X19Y13Z18O68W10 with 

an 8-coordinate X site, a 6 or 5-coordinate Y site, and a 4-coordinate Z site (Groat et al., 1992). 
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Corresponding analyses from similar zones within vesuvianite are generally of consistent 

composition (Table 5.2). Principle substitutions occur at the X site (Ca ~0.99, Na ~0.01 cpfu) 

and Y site (Al ~0.72, Ti ~0.02, Fe* ~0.12, Mg ~0.14 cpfu) whereas the Z site is filled with only 

Si. The W site contains OH >> F. Chemical substitutions at the Y site are dominated by 

Al3+!Fe3+ and Mg2+!Fe2+. The dominantly abundant trivalent cation is Al3+, which is 

accompanied by significantly smaller amounts of Fe and Mg (Table 5.3). Further substitutions 

include Ti in the Y site, F at the W site, or other trace elements. 

The main compositional variations in vesuvianite from Cerro Jumil are related to variable 

substitution of Fe and Mg (Table 5.3; Figure 5.11). XMg [Mg/(Mg+Fe)] varies from 0.16 to 0.65, 

with XMg being 0.52 on average. Figure 5.12 shows the core to rim variations within vesuvianite 

crystals graphically (Figure 5.12). Although not statistically significant, there appears to be a 

consistent trend of increasing Mg content towards the rim of vesuvianite crystals. The observed 

patterns of Mg enrichment towards the crystal rim may be a function of chemical perturbations 

on the local scale at the time of crystal diffusion or a chemical change due to mixing of connate 

or meteoric water (cf. Jamtveit, 1991). 

 

 

 
 
Figure 5.11: Ternary diagram displaying vesuvianite compositional analyses (mol percent) from all 
samples (n=88). Calculations based on a 78 anions, 50 cations, B-free basis (formula after Groat et al., 
1992).
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5.2.4 Garnet 

 Garnet was analyzed in samples 674370, DHE06-27-58, 674445, 674456, and 674463 to 

obtain representative compositions for samples ranging from weakly to intensely developed skarn 

(Table 5.2). Garnet compositions occur with the general formula: X3Y2Z3O12 with an 8-

coordinate X site (divalent cation), a 6-coordinate Y site (trivalent cation), and 4-coordinate Z 

site (Si4+). From analytical results form EMP analysis it is assumed that Fe is the only element 

present with variable oxidation state. The number of Fe3+ ions per formula unit was determined 

by assuming a total number of cations based on a generalized formula for garnet representing the 

atomic content of a whole unit cell and then by linking the amount of Fe3+to the concentration of 

other elements present in the Y site which contains exactly 2 cations; therefore, Fe3+=2-(Al3+ + 

Cr3+). Excess Fe can be considered to be divalent (Droop, 1987). Two endmembers of garnet are 

common, referred to as the ugrandite where Ca2+ dominates in the X site, and the pyralspite 

where Al3+ dominates in the Y site. Ugrandite series garnets contain a mixture of grossular 

(Ca3Al2Si3O12), andradite (Ca3Fe2Si3O12), and rare uvarovite (Ca3Cr2Si3O12). Pyralspite series 

garnets contain a mixture of pyrope (Mg3Al2Si3O12), almandine (Fe3Al2Si3O12), and spessartine 

(Mn3Al2Si3O12). Solid solution series for ugrandite garnet commonly substitute Fe3+/Al3+ in the 

Y site, while X site substitutions of Mg, Mn and Fe2+ are common in the X site for pyralspite 

series garnet (Table 5.3). Methods of garnet endmember calculation are provided in Appendix 4. 

Garnet at Cerro Jumil is a uvarovite absent, grossular-andradite [Ca3(Al,Fe)2Si3O12] solid 

solution with a negligible component of pyralspite (XGrs 0.72, XAnd 0.27, XPyral 0.01) (Table 5.3; 

Figure 5.13). Garnet is commonly grossular-rich with the exception of samples 674445 and 

674370, which have a strong andraditic component (Figures 5.13 and 5.14). Individual analyses 

contain grossular values ranging from 0.25 to 0.93, and andradite contents that range from 0.02 

to 0.72. This type of grossular-andradite garnet (grandite garnet) is common in gold skarns. 

Within individual garnet porphyroblasts there are no significant mineral chemical trends from 

core to rim, although rim analyses are typically more Al-rich (Figures 5.15 and 5.16). The 

average content of the core is XGrs 0.81, XAnd 0.16, and XPyral 0.03. The average content of the 

rim is XGrs 0.71, XAnd 0.26, and XPyral 0.03. Another common variation in the concentrations of 

Fe3+ and Al exists between zones of isotropic and anisotropic garnet visible under crossed-

polarized light, indicating a slight increase in Al and a decrease in Fe3+ (Figure 5.14). 
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Table 5.1: Representative mineral analysis from electron microprobe analysis of skarn minerals at Cerro 
Jumil.  
 

 Wollastonite Clinopyroxene Vesuvianite Garnet Talc 

Sample 674335-207 674445-308 674456-372 674370-162 674375-211 

Oxide abundance (wt. percent) including Cl and F 

SiO2 52.09 54.77 36.03 37.86 59.78 
TiO2 0.02 0.02 0.20 0.34 0.00 
Al2O3 0.00 0.23 17.24 10.85 0.00 
Cr2O3 0.00 0.00 0.00 0.02 0.00 
FeO 0.30 2.49 5.79 16.51 1.29 
MnO 0.03 0.22 0.19 0.25 1.55 
MgO 0.04 17.07 0.61 0.08 27.46 
CaO 47.45 25.28 35.11 34.02 0.66 
Na2O 0.01 0.00 0.01 0.00 0.13 
K2O 0.00 0.01 0.05 0.01 0.05 
Cl 0.04 0.01 2.10 0.05 0.16 
F 0.00 0.03 0.55 0.06 0.06 
Total 99.99 100.12 97.87 100.00 91.15 

Normalized cations per formula unit 

Si 1.01 1.99 18.00 1.01 4.0 
Ti 0.00 0.00 0.08 0.00 0.0 
Al 0.00 0.01 10.15 0.99 0.0 
Cr 0.00 0.00 0.00 0.10 0.0 
Fe2+ 0.00 0.08 2.42 0.02 0.1 
Fe3+ - 0.01 0.08 0.01 0.1 
Mn 0.00 0.93 0.45 2.87 2.8 
Mg 0.00 0.99 18.79 0.00 0.0 
Ca 0.98 0.00 0.01 0.00 0.0 
Na 0.00 0.00 0.03 1.01 0.0 
K 0.00 1.99 18.00 0.00 4.0 
Total 2 4 50 5 7 
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Table 5.2: Variations in mineral chemistry of key skarn minerals in samples of different alteration intensity. Endmember components are 
normalized and based on mole percent data.  
 

Sample Hole From To 
Au 

(g/t) Wollastonite Clinopyroxene  Vesuvianite Garnet    Talc  
     XCa  XDi XHe  XMg  XGrs XAnd Xpyral  XMg  

Weak                  

674335 DHE06-
27 38.5 40.0 0.075 0.98-1.0 P 0.75-0.98 0.02-0.25 P ! ! ! ! ! ! ! ! 

674399 DHE06-
27 103.0 104.0 0.083 ! ! 0.83-0.97 0.3-0.17 P ! ! ! ! ! ! 

0.98-
0.99 R 

Moderate                 
674370 DHE06-

27 77.0 78.0 2.910 ! ! ! ! ! 0.36-0.65 P 
0.36-
0.79 

0.19-
0.58 

0.01-
0.07 P ! ! 

DHE06-
27-58 

DHE06-
27 58.1 58.2 0.015 ! ! ! ! ! ! ! 

0.61-
0.85 

0.09-
0.54 

0.0-
0.05 P ! ! 

674375 DHE06-
27 82.0 83.0 1.060 ! ! 0.28-0.98 0.02-0.72 P ! ! ! ! ! ! 

0.94-
0.99 R 

Intense                  
674445 DHE06-

27 146.0 147.0 0.181 ! ! 0.70-0.93 0.07-0.30 P 0.22-0.55 P 
0.25-
0.41 

0.58-
0.72 

0.0-
0.02 P ! ! 

674456 DHE06-
27 156.0 157.0 0.019 ! ! ! ! ! 0.16-0.63 P 

0.64-
0.85 

0.14-
0.32 

0.0-
0.04 P ! ! 

674463 DHE06-
27 161.0 162.0 0.038 ! ! ! ! ! ! ! 

0.73-
0.93 

0.02-
0.18 

0.02-
0.05 P ! ! 

 
Notes: Vesuvianite analyses are calculated on a B-free basis. P = prograde, R = retrograde.
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Table 5.3: Variations in mineral chemistry of key skarn minerals at Cerro Jumil. The variance data for endmember compositions, significant 
cationic substitutions for core and rim regions, as well as garnet isotropy-anisotropy are listed. Endmember components are normalized and based 
on mole percent data. 
 

 Pyroxenoid Clinopyroxene  Vesuvianite  Garnet    Talc  

Analyses XWo n Di He n. XMg n Grs And Pyralspite n XMg n 

Avg. 
Composition 0.99-1.0 7 0.68 0.29 84 0.52 88 0.72 0.27 0.01 

19
1 0.98 27 

Variance Core ! ! 0.39-0.98 0.0-0.59 34 
See 
Fig.5.12 ! 0.51-0.86 

0.089-
0.46 0.0-0.04 40 0.96-0.99 12 

Average Core ! ! 0.81 0.16  ! ! 0.81 0.16 0.03  0.98  

Variance Rim  ! ! 0.75-0.93 0-0.22 15 
See 
Fig.5.12 ! 0.44-0.81 0.14-0.54 0.01-0.06 11 0.94-0.99 11 

Average Rim ! ! 0.85 0.1  ! ! 0.71 0.26 0.03  0.98  
Average 
Isotropic ! ! ! ! ! ! ! 0.77 0.2 0.03 52 ! ! 
Average 
Anisotropic ! ! ! ! ! ! ! 0.83 0.14 0.03 44 ! ! 

 
Notes: Vesuvianite analyses are calculated on a B-free basis. 
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Figure 5.12: Compositional variations (mole percent) of vesuvianite along traverses from rim (left) to 
core (right). Fe is provided as Fe3+. A. Analyses of sample 674370 showing little compositional 
variations. B. Analyses of sample 674456 showing Mg enrichment towards the rim. C. Analyses of 
sample 674456 showing Mg enrichment towards the core (plots after Intayot et al., 2007). 
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Figure 5.13: Ternary diagrams for garnet compositions (mole percent). The top plot displays variation in 
isotropy (anisotropic n=44, isotropic n=52). The bottom plot displays garnet compositional analyses from 
all samples (n=191). Calculations based on a 12 anions and 8 cations basis (formula after Deer et al., 
1992). Variations occur mostly along the joint between the grossular and andradite endmembers with 
little variation in the pyralspite content. 
 
 

 
 
Figure 5.14: Plot displaying the composition of garnet species (n=191) as a function of grossular content. 
The region of immiscibility shown in gray ranges from XGrs 0.52 to 0.62. 
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Figure 5.15: Compositional variations (mole percent) of garnet along traverses from rim (left) to core 
(right). Fe is provided as Fe3+. A. Analyses of sample 674456 showing a slight increase in Al towards the 
rim. B. Analyses of sample DHE-06-27-58 show a paired variation along oscillatory growth zones from 
rim to core with generally lower total Fe contents with respect to Al. C. Analyses of sample 674445 show 
the same compositional trend. Core regions contain the greatest compositional variability (plots after 
Intayot et al., 2007). 
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Figure 5.16: Compositional variations (mole percent) of garnet along traverses from rim (left) to core 
(right). Fe is provided as Fe3+. A. Analyses of sample 674463 show a generally higher Al content and 
lower total Fe content in the core of the crystals. B. Analyses of sample 674463 show a generally higher 
aluminum content and lower total iron. C. Analyses of sample 674456 C display a generally higher Al 
content with some variation near the core (plots after Intayot et al., 2007).
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Uncommon ordering at the octahedral site may be responsible for variation in isotropy (Allen 

and Buseck, 1988). 

Oscillatory compositional zoning correlates with isotropic and birefringent (anisotropic) 

regions in grandite garnets discussed above. This can occur as a result of variation in fluid 

composition, immiscibility in the grossular-andradite binary system, or energy dissipation during 

epitaxial growth of one garnet on another of different composition (called dampening) or a 

combination of factors (Jamtveit, 1991; Spear, 1993; Intayot et al., 2007). There is a notable 

immiscibility gap from XGrs 0.52 to 0.62 (Figure 5.14). 

X-ray maps of a euhedral garnet porphyroblast exhibiting oscillatory growth zoning show 

an antithetical relationship of Al and Fe3+ enrichment in grandite garnet. The garnet is 

intergrown with vesuvianite (Figures 5.17 and 5.18). 

 

5.2.5 Talc 

Talc, was analyzed from samples 674339 and 674375 (Table 5.2). Talc is a common 

replacement mineral formed during the late retrograde stage commonly replacing portions of all 

previous crystals phases. Talc compositions are given in Table 5.3 and plotted in the Si-Ca-Mg 

pyroxene ternary diagram (Figure 5.19). 

 

5.3 Geothermometry 

The composition oft garnet and clinopyroxene in apparent textural equilibrium were 

selected to calculate estimates of equilibration using Fe2+-Mg exchange geothermometers (Table 

5.3). These estimates should provide temperatures close to the peak prograde conditions.  

A zone of intergrown and apparently coexisting garnet and clinopyroxene was selected 

from sample 674445 for analysis (Figures 5.17 and 5.18). A total of 17 garnet and clinopyroxene 

mineral pair analyses were performed and applied to the geothermometers of Råheim and Green 

(1974), Ellis and Green (1979), Ganguly (1979), Saxena (1979), Powell (1985), Ai (1994), 

Ganguly et al. (1996), Krogh Ravna (2000), and Berman et al. (1995). The maximum 

temperature estimated was 414.1°C, the minimum was 111.9°C, with an average of 252.9°C. 
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Figure 5.17: Photomicrographs and X-ray intensity maps of oscillatory zoned garnet and clinopyroxene 
formed at peak prograde conditions. A. and B. Photomicrographs of samples 674445 and 674445. CPL. 
C. X-ray intensity maps covering part of an oscillatory zoned garnet porphyroblast (center) and a 
vesuvianite porphyroblast (upper right) in sample 674445.Upper left map = Fe, upper right map = Al, 
lower left map = Ca, lower right map= Si. Scale bar is 1mm.  
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Figure 5.18: X-ray intensity maps covering parts of an oscillatory zoned garnet porphyroblast (center) 
and a vesuvianite porphyroblast (upper right) in sample 674445. A. Variations in Al content. B. 
Variations in Fe content. Scale bar is 1 mm. 
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Figure 5.19: Ternary diagram displaying talc compositional analyses (mole percent) from all samples 
(n=27). Calculations based on a 2 anions and 7 cations basis (formula after Deer et al., 1992). 
 
 

These values are clearly not realistic (see Chapter 6). This result is likely a product of the 

specific calibration for avaliable geothermomoters and distinct Fe2+-bearing garnet species not 

found at Cerro Jumil. Iron within garnet at Cerro Jumil is largely Fe3+, therefore, echange of the 

ferrous species is not noted and cannot be quantified. The garnet analyzed from sample 674445 

is the most andraditic of any other analyzed, but contains little or no Fe2+ that could exchange 

with clinopyroxene. Although the clinopyroxene in contact with that garent appears to be in an 

equilibrated textural setting, it is possible that the Fe-rich garnet compositional pair was not 

ideal. 

Additional issues may be related to the fact that prograde skarn minerals such as garnet 

may have been affected by alteration postdating crystallization (cf. Ganguly, 1979; Ettlinger et 

al., 1992). Possible retrograde overprinting makes the accurate application of a geothermometer 

difficult, even in a system which does have significant exchange of similar iron species. 
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Table 5.4: Geothermometric calculations based on nine garnet-clinopyroxene geothermometers. Samples 
were taken from coexisting garnet and clinopyroxene pairs from sample 674445. Pressure estimates are 
based on fluid inclusion data (see Chapter 6). 
 
Pair 1 2 3 4 5 6 7 8 

Garnet         
SiO2 39.39 39.01 39.12 39.23 38.63 39.00 39.12 39.31 
TiO2 0.52 0.02 0.12 0.10 0.30 0.10 0.24 0.29 
Al2O3 19.72 20.66 19.11 19.16 20.14 20.11 19.92 19.42 
Cr2O3 0.05 0.02 0.01 0.00 0.00 0.00 0.01 0.00 
FeO 4.43 3.76 6.29 5.81 4.17 4.41 4.80 5.66 
MnO 0.64 0.51 0.82 0.82 0.59 0.62 0.66 0.76 
MgO 0.14 0.11 0.07 0.06 0.23 0.14 0.10 0.08 
CaO 35.57 36.01 34.80 35.12 35.71 35.64 35.36 34.93 
Na2O 0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.01 
K2O 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.00 
Total 100.4 100.1 100.4 100.3 99.8 100.0 100.2 100.5 

Clinopyroxene 1 2 3 4 5 6 7 8 
SiO2 55.79 54.18 49.65 49.97 50.37 50.48 49.98 50.31 
TiO2 0.00 0.00 0.04 0.02 0.04 0.00 0.00 0.01 
Al2O3 0.44 0.47 0.25 0.40 0.26 0.45 0.41 0.45 
Cr2O3 0.03 0.07 0.00 0.00 0.00 0.01 0.00 0.02 
FeO 0.30 5.96 21.35 19.52 19.74 18.28 19.08 18.21 
MnO 0.03 0.03 0.55 0.51 0.64 0.92 0.82 0.94 
MgO 18.07 14.19 4.33 5.92 5.36 6.13 5.55 6.16 
CaO 25.67 24.81 23.21 23.40 23.19 23.38 23.23 23.31 
Na2O 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.01 0.03 0.02 0.02 0.01 0.00 0.04 
Total 100.5 99.8 99.4 99.8 99.6 99.7 99.1 99.4 

P (kbar) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

Kd 1859.3 82.8 18.2 27.5 5.0 10.7 14.5 24.2 

Temperatures (°C) 
Råheim and Green (1974) 109.5 286.0 447.7 395.1 684.4 529.0 480.2 410.5 
Ganguly (1979) 286.3 545.5 763.8 691.6 1113.4 891.0 818.9 714.2 
Saxena (1979) 189.6 371.1 375.3 354.0 708.9 508.5 434.9 364.9 
Krogh (1988) 61.9 228.8 456.0 384.4 717.7 519.3 467.3 400.6 
Ai (1994) 187.9 451.8 722.7 631.0 1196.6 877.7 786.1 657.7 
Berman et al. (1995) 231.6 513.9 793.0 702.7 1236.1 943.9 856.3 727.7 
Ganguly et al. (1996) 280.9 510.9 695.7 635.6 969.1 796.8 739.2 654.4 
Krogh Ravna (2000) 171.7 417.0 658.5 575.8 1108.3 808.8 719.8 601.0 
Nakamura (2009) 157.7 388.4 670.2 586.6 987.8 766.3 705.6 603.2 

Max 286.3 545.5 793.0 702.7 1236.1 943.9 856.3 727.7 
Min 61.9 228.8 375.3 354.0 684.4 508.5 434.9 364.9 
Average 186.4 412.6 620.3 550.8 969.1 737.9 667.6 570.5 
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Table 5.4 (continued). 
 
Pair 9 10 11 12 13 14 15 16 17 

Garnet          
SiO2 39.34 39.54 39.39 39.43 39.75 38.93 38.90 38.72 39.15 
TiO2 0.00 0.29 0.33 0.06 0.04 0.03 0.38 0.70 0.10 
Al2O3 19.60 20.22 19.69 19.59 20.06 18.83 19.80 20.40 20.29 
Cr2O3 0.00 0.02 0.00 0.00 0.02 0.02 0.00 0.00 0.01 
FeO 5.12 4.62 5.22 4.86 4.51 6.61 5.50 4.06 4.34 
MnO 0.63 0.77 0.72 0.62 0.63 0.79 0.84 0.79 0.64 
MgO 0.09 0.08 0.07 0.08 0.06 0.05 0.06 0.10 0.10 
CaO 35.42 35.04 34.58 35.59 35.37 34.89 34.52 35.23 35.45 
Na2O 0.02 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 
Total 100.2 100.6 100.0 100.3 100.4 100.1 100.0 100.0 100.1 

Clinopyroxene          
SiO2 50.14 50.08 50.02 50.40 51.16 50.56 50.29 50.07 51.49 
TiO2 0.02 0.04 0.01 0.00 0.02 0.01 0.00 0.00 0.02 
Al2O3 0.45 0.42 0.50 0.27 0.36 0.46 0.32 0.34 0.30 
Cr2O3 0.01 0.00 0.04 0.00 0.00 0.02 0.00 0.00 0.02 
FeO 18.12 18.00 18.11 18.98 15.43 18.05 19.86 19.87 14.17 
MnO 0.89 0.89 0.94 0.64 0.56 0.67 0.66 0.72 0.37 
MgO 6.08 6.15 6.12 5.83 8.37 6.45 5.48 4.99 9.13 
CaO 23.19 23.38 23.42 23.33 23.77 23.45 23.14 23.04 23.90 
Na2O 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.01 
K2O 0.01 0.03 0.01 0.02 0.01 0.02 0.03 0.03 0.01 
Total 98.9 99.0 99.1 99.5 99.7 99.7 99.8 99.1 99.4 

P (kbar) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
Kd 19.2 18.6 24.5 19.5 43.4 43.0 25.0 10.3 27.6 

Temperatures (°C)          
Råheim and Green (1974) 440.7 444.5 408.8 438.2 345.3 346.1 406.4 536.1 394.9 
Saxena (1979) 398.8 401.8 357.1 397.0 336.0 297.5 360.5 493.8 411.9 
Ganguly (1979) 761.1 768.1 714.0 759.2 627.4 618.3 708.6 902.2 699.1 
Krogh (1988) 424.8 423.9 391.9 416.4 304.9 337.5 395.1 524.2 359.0 
Ai (1994) 713.2 720.8 656.2 710.2 550.1 545.9 651.4 894.4 632.4 
Berman et al. (1995) 783.8 793.6 727.5 784.0 622.6 613.7 724.4 963.4 704.7 
Ganguly et al. (1996) 692.3 698.2 653.8 690.4 580.6 573.8 649.8 805.6 641.0 
Krogh Ravna (2000) 651.7 661.5 599.2 647.9 500.9 495.9 594.7 823.0 582.2 
Nakamura (2009) 646.0 651.9 602.5 647.6 504.5 512.8 606.1 789.8 562.0 

Max 783.8 793.6 727.5 784.0 627.4 618.3 724.4 963.4 704.7 
Min 398.8 401.8 357.1 397.0 304.9 297.5 360.5 493.8 359.0 
Average 612.5 618.3 567.9 610.1 485.8 482.4 566.3 748.1 554.1 
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CHAPTER 6 

CONSTRAINTS ON THE DEPTH OF INTRUSION 

 

 To better constrain the temperature and pressure conditions of skarn formation at Cerro 

Jumil, reconnaissance fluid inclusion investigations were carried out on samples representing the 

peak prograde mineral assemblage and the retrograde assemblage. Based on phase relationships 

of the H2O-NaCl model system, fluid inclusion petrography showed that the hydrothermal fluids 

were entrapped as single-phase fluids throughout the paragenetic sequence. Coupled with 

microthermometric measurements, this observation requires the Cerro Jumil deposit to have 

formed in a mid-level crustal environment from hydrothermal fluids of moderately low salinity. 

This finding has important implications as it explains many of the deposit characteristics. 

 

6.1 Fluid Inclusion Petrography 

Fluid inclusion petrography on selected samples from Cerro Jumil was performed on an 

Olympus BX53 polarizing light microscope. To be able to constrain the origin of the fluid 

inclusions unequivocally, the petrographic investigations focused on fluid inclusion assemblages 

rather than individual inclusions. Fluid inclusion assemblages are hereby defined as groups of 

petrographically associated fluid inclusions in which all inclusions were entrapped at 

approximately the same time (Goldstein and Reynolds, 1994). 

Several thin sections representing the peak prograde mineral assemblage garnet + 

vesuvianite ± clinopyroxene in drill holes DHE07-39 and DHE07-55 were investigated. During 

core logging, these holes were found to be representative of the most pervasive and intense skarn 

formation. 

Fluid inclusion petrography showed that primary fluid inclusions hosted by garnet 

crystals could be used for microthermometric investigations as they are most consistent in terms 

of liquid to vapor ratio (Figure 6.1A-C). Other populations of fluid inclusions from growth zones 

within vesuvianite, also thought to be primary, were found to be often too small or poorly 

preserved to allow microthermometry (Figure 6.1D,E). Many inclusions interpreted to be 

primary are located along oscillatory growth boundaries or within discrete growth zones within 

the garnet. Other populations of fluid inclusions thought to be secondary did not clearly define, 

or cross-cut, growth zones. Most primary inclusions observed are two-phase liquid and vapor 
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inclusions that generally are 2 to 25 !m in length. The two-dimensional length to width ratio 

ranges from 2:1 to 5:1. Primary inclusions were generally found to be elongate and rounded on 

the margins with minimal necking. There is no evidence for re-annealing after initial entrapment 

although some stretching was noted. Primary inclusions displayed largely consistent liquid to 

vapor ratios with a clearly defined vapor bubble within a liquid phase. Liquid to vapor ratios are 

on average 5:1 (Figure 6.1). 

Coarse-grained garnet and vesuvianite in the peak prograde mineral assemblage contain 

abundant secondary inclusions (Figure 6.1). Secondary inclusions are typified by their 

hyperangularity, necking, or alignment within a plane oriented at some angle other than parallel 

to the oscillatory growth planes (Roedder, 1984; Goldstein and Reynolds, 1994). Many observed 

samples display a series of cracks and fractures oriented in a fan shape that crosscut oscillatory 

growth zones filled with re-annealed two-phase secondary inclusions within garnet. Very few if 

any inclusions were vapor-rich or contained a daughter crystal. A vapor to liquid ratio of 

between 3:1 and 5:1 was noted. Many of the secondary inclusions are rounded on one end and 

display curviplanar margins on the other end. Secondary inclusions appear necked and stretched 

within the space of the re-annealed fracture surface. 

In addition to thin sections displaying the peak prograde assemblage of garnet-

vesuvianite ± clinopyroxene, an attempt was made to gather fluid inclusion information from 

retrograde minerals. In general, few inclusions are preserved in retrograde minerals. Amphibole 

is largely altered to talc while chlorite-epidote-calcite are altered to clay minerals by later stage 

retrograde processes. Unequivocal evidence for the occurrence of primary inclusions in 

retrograde minerals was found only in calcite from drill hole DHE06-27. 

Primary inclusions contained within calcite were found to be two-phase inclusions having 

a consistent liquid to vapor ratio of around 2:1 within a given fluid inclusion assemblage. Vapor 

inclusions are rare. The fluid inclusions in calcite were too small to yield microthermometric 

data. They are commonly ~2 !m in length with a consistent length to width ratio of 1:1 (Figure 

6.1). Fluid inclusion assemblages occur at the center of the crystals or along striations within the 

crystals. Secondary inclusions are not common. 

Thin sections obtained from quartz veins collected at surface were also inspected. 

Possible primary fluid inclusions in the quartz were found to be scarce. Those that were 

encountered were two-phase liquid and vapor inclusions. Strong necking and stretching is 
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common. The inclusions ranged from 4-8 !m in length with a length to width ratio of 2:1. 

Petrographic evidence suggests that the quartz veins also contain multiple generations of quartz, 

hampering interpretation of the fluid inclusion assemblages. 

 

6.2 Microthermometry 

Microthermometric investigations have been performed on two samples representing the 

peak prograde mineral assemblage to study the phase changes occurring within the fluid 

inclusions during controlled heating and cooling experiments (Table 6.1). The 

microthermometric experiments were performed using a Fluid Inc.-adapted U.S. Geological 

Survey gas-flow heating and freezing stage. Calibration was achieved using an ice bath in 

addition to synthetic fluid inclusions. A synthetic, pure H2O-critical density standard with a 

known homogenization temperature of 374.1°C was used to calibrate the upper end of the 

temperature range. A second synthetic inclusion containing H2O and 25 percent mol CO2 was 

used to calibrate the low end of the temperature scale. Both synthetic fluid inclusions have a Tfm 

of -56.6°C (Reynolds, 1991). Systematic experiments showed that freezing temperatures are 

accurate to ±0.1°C. The accuracy of heating measurements ranged from approximately ±2°C at 

200°C to approximately ±10°C at temperatures above 600°C. 

Two primary fluid inclusion assemblages were investigated in garnet from sample 

DHE07-55-113.4 (Table 6.1). These assemblages were composed of several small (7-18 !m), 

two-phase liquid and vapor inclusions that were aligned along an oscillatory growth zone within 

a comparably large (5-8 mm), euhedral garnet. The thin section contains approximately 15 

percent vesuvianite, which displays sharp crystal reaction boundaries with the garnet. The garnet 

crystals in the thin section are crosscut by calcite ± quartz veinlets that are often parallel to the 

oscillatory growth zones. 

Heating of four inclusions in the first fluid inclusion assemblage yielded homogenization 

temperatures ranging from 460 to 480°C. Homogenization of the two-phase inclusions occurred 

into the liquid phase. Two inclusions in the second fluid inclusion assemblage homogenized at 

slightly higher temperatures of up to 545°C (Table 6.1). An attempt to freeze the inclusions of 

this assemblage failed. During freezing, the inclusions underwent sudden bubble movement and 

slight deformation of the bubble. They continued to move well below reasonable freezing 

temperatures (-120°C). The jerking of the bubble is likely the result of a clathrate compound 



92 

forming during cooling (Goldstein and Reynolds, 1994), indicating the presence of gas species 

such as CO2 in the fluid inclusions. In the case of the samples investigated, it appears that the 

clathrate compound lowers the freezing temperature, hampering reliable determination of Tfm. 

Another attempt to measure homogenization temperatures of two-phase inclusions in 

garnet was made in sample DHE07-39-55.8. This sample contained several primary fluid 

inclusions forming a fluid inclusion assemblage along an oscillatory growth zone of a euhedral 

garnet crystal. This crystal is in contact with tabular vesuvianite and microcrystalline 

clinopyroxene. The clinopyroxene was partially affected by retrograde chlorite-epidote alteration 

whereas the garnet and vesuvianite did not show evidence for retrograde alteration. Upon 

heating, two of the three primary fluid inclusions within the fluid inclusion assemblage 

decrepitated at around 425°C. One inclusion homogenized at 475°C into the liquid phase (Table 

6.1). Freezing experiments were not conducted on this fluid inclusion assemblage as two of the 

inclusions had decrepitated during the heating experiment and because a clathrate compound had 

been discovered in the previously investigated sample. 

 

6.3 Environment of Skarn Formation 

The preliminary fluid inclusion investigations of the present study allow some important 

constraints on the environment of skarn formation at Cerro Jumil. Fluid inclusion petrography 

showed that all fluid inclusions present in primary fluid inclusion assemblages hosted by garnet, 

which formed during the peak conditions of skarn formation, as well as calcite, which is a 

retrograde alteration phase, were entrapped as single-phase, intermediate-density fluid 

inclusions. Although the position of the quartz veins within the paragenetic sequence of Cerro 

Jumil is not well constrained, the quartz also formed from a single-phase, intermediate-density 

fluid. It is remarkable that even secondary inclusions encountered in garnet and vesuvianite are 

of the same type. 

The findings of the petrographic investigations differ from many previously studied gold 

skarn deposits that have formed in shallower crustal environments, especially those of Laramide 

age (Table 6.2). Under the temperature and pressure conditions of the two-phase liquid and vapor 

field of the H2O-NaCl model system, a single-phase hydrothermal fluid would immediately split 

into a low salinity vapor and a corresponding hypersaline liquid through either boiling or 

condensation, depending on the initial salinity of the single-phase fluid. 
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Table 6.1: Results of fluid inclusion analyses performed on selected primary liquid and vapor inclusions 
hosted by garnet from the Cerro Jumil gold skarn deposit.  
 

Fluid inclusion 
assemblage 

Inclusion 
No. 

Inclusion size  
(µm) 

Th (°C) 

Sample DHE07-55-113.4 (peak prograde mineral assemblage of garnet + vesuvianite; oscillatory growth 
zones within garnet; weakly retrogressed and weakly oxidized) 

#1 1 ~11 460 
#1 2 ~15 470 
#1 3 ~18 480 
#1 4 ~15 473 
#2 1 ~19 520 
#2 2 ~20 545 

Sample DH DHE07-39-55.8 (peak prograde mineral assemblage of garnet + vesuvianite + 
clinopyroxene; weak chlorite + epidote retrogression) 

#3 1 ~18 Decrepitated 
#3 2 ~15 Decrepitated 
#3 3 ~16 475 

Average   489±29 (1!) 

 
 
Although the low-salinity vapor phase would be easily lost due to its buoyancy, it could be 

expected that the hypersaline liquid would be trapped in the host minerals, forming a brine 

inclusion containing a halite daughter crystal at standard conditions (Roedder, 1984). Primary 

brine inclusions are found in many gold skarn deposits (Table 6.2). 

In the case of the primary fluid inclusions observed in garnet from Cerro Jumil, progressive 

heating resulted in a successive shrinking of the vapor bubble until the inclusion homogenized 

into a liquid at the homogenization temperature Th. The homogenization temperatures measured 

for several inclusions within the fluid inclusion assemblages were consistent, suggesting that the 

high homogenization temperatures measured are meaningful (cf. Roedder, 1984; Goldstein and 

Reynolds, 1994). The measured homogenization temperatures from primary inclusions hosted by 

garnet at Cerro Jumil average 489°C [± 29 (1")], with a range from 460 to 545°C. As the 

inclusions were entrapped in the single-phase field, these homogenization temperatures represent 

the minimum temperature of garnet formation. 

Although clathrate formation prevented determination of the salinity of the primary 

inclusions hosted in garnet from Cerro Jumil, some constraints on salinity of the entrapped 

single-phase fluid can be derived from the phase relationships of the H2O-NaCl model system 
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(Figure 6.2). The phase diagram reveals that the salinity of the entrapped inclusions must have 

been greater than approximately 10 wt. percent. The critical point of a 10 wt. percent NaCl fluid 

is located at 466°C. As the measured inclusions homogenized into the liquid at temperatures 

above 466°C, the fluid inclusions must have formed from a fluid having a higher salinity. The 

absence of a halite daughter crystal at room temperature on the other hand suggests that the 

inclusions hosted by the garnet have a salinity below 26.47 wt. percent (cf. Roedder, 1984). 

These constraints bracket the composition of the garnet-forming hydrothermal fluid at Cerro 

Jumil to the range of >10 to <26.47 wt. percent NaCl. 

The above constraints can be used to estimate the pressure that prevailed during garnet 

growth at Cerro Jumil. Figure 6.2 shows the phase diagram of the H2O-NaCl model system for 

fluids having a salinity of 10, 15, 20, and 25 wt. percent NaCl along with the location of the 

460°C and 545°C isochors that bracket the range of observed homogenization temperatures at 

Cerro Jumil. As the measured homogenization temperatures only represent the minimum 

temperature of garnet formation, a literature survey was conducted to derive an independent 

estimate for the temperature of garnet growth at peak prograde conditions. Compilation of 

literature data (Table 6.2) suggests that well-characterized, gold skarn deposits worldwide 

formed at maximum temperatures of 550±27.5°C (the range represents the 2" value derived from 

the literature data). This temperature value can be used to graphically derive a pressure 

correction (Figure 6.2). The average published temperature of garnet formation from other skarn 

deposits is placed on the salinity phase diagrams in Figure 6.2. The intersections of that 

temperature value (vertical dashed line in Figure 6.2) and the 460°C and 545°C isochors bracket 

the pressure that prevailed during skarn formation at Cerro Jumil. The pressure determined this 

way ranges from 0.8 to 1.1 kbar for hydrothermal fluids having salinities between 10 and 25 wt. 

percent NaCl, which corresponds to a crustal depth of 3.0 to 4.1 km at lithostatic pressure 

conditions. 

As the same fluid inclusion properties have been observed throughout the paragenetic 

sequence, it can be concluded that skarn formation at Cerro Jumil occurred at constant pressure. 

There is no evidence for a change from lithostatic to hydrostatic conditions at any stage of the 

paragenesis. 
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Table 6.2: Comparison of fluid inclusion characteristics of well-characterized gold skarn deposits. 
 
Deposit Affinity Tonnage and grade 

(total Au) 
Mineral  Fluid 

inclusion 
type 

Salinity  
(wt percent 
NaClequiv) 

Formation 
temperature 
(°C) 

Pressure of formation References 

McCoy,  
Nevada 

Oxidized 15.6 Mt @ 1.44 g/t 
(pit); 30.4 Mt @ 14.6 
g/t (underground); 
(16.42 Moz) 

Garnet / 
pyroxene 

B 22-39.8 493 ± 46 (590 
PC) 

0.35 kbar (1.35 km) Brooks (1994) 

Fortitude 
Deposit, 
Nevada 

Reduced 10.9 Mt @ 7.10 g/t 
(2.49 Moz) 

Garnet / 
pyroxene 

B and L 25-44 360-590 0.375-0.4 kbar (1.5 km) Theodore and Blake 
(1975), Myers (1994) 

El Bèrmejal, 
Mexico 

Oxidized 2.4 Mt @ 4.57 g/t 
(0.35 Moz) 

Late magmatic 
quartz 

B and 
 rare L 

29-57 480-675 0.6 kbar (2.2 km 
lithostatic, but change is 
pressure to hydrostatic 
conditions during skarn 
formation) 

Levresse and González-
Partida (2003) 

Crown Jewel, 
Washington 

Reduced 8.7 Mt @ 6.00 g/t 
(1.68 Moz) 

Garnet-
pyroxene 

I 19 and 22 300-370 (464 
PC) 

1.1 kbar (4.0 km) Hickey (1990), Meinert 
(1992) 

Hedley, 
British 
Columbia 

Reduced 13.4 Mt @ 5.30 g/t 
(2.80 Moz) 

Garnet / 
pyroxene 

I and 
rare B 

avg. 9.7-
18.3, max. 
37.9  

460-480 PC avg. 
(max 700-800) 

1.25 kbar (5.0 km) Ettlinger (1990), Ettlinger 
et al. (1992), Ray and 
Dawson (1994) 

Beal, 
Montana 

Reduced 14.8 Mt @ 1.49 g/t 
(0.71 Moz) 

Quartz+ 
biotite+ 
chlorite 

B and 
L or I 

N/A 314-550 N/A Hastings and Harrold 
(1988), Wilkie (1996) 

Nambija, 
Ecuador 

Oxidized 23.0 Mt @ 15-30 g/t 
(~11.25 Moz) 

Quartz and 
garnet 

I < 26.24 <513 (381 Avg.) <1.4 kbar (~5.5km) McKelvey and 
Hammarstrom (1991), 
Meinert (1992), 
Hammarstrom (1993) 

Cerro Jumil, 
Mexico 

Oxidized 
>Reduced 

50.3 Mt @ 0.91 g/t 
(1.47 Moz) 

Garnet and 
vesuvianite 

I 10-26.47 460 (489±29 
Avg.) 

0.8-1.1 kbar (~3.2-4.1km) This study 

 
Notes: B = brine inclusion (salt crystal present at room temperature), L = inclusion that was trapped as a liquid (liquid and vapor at standard 
conditions), V= inclusion that was trapped as a vapor (vapor with minor liquid at standard conditions), I = intermediate-density inclusion that was 
trapped as a single-phase (liquid with large vapor bubble at standard conditions). PC indicaes pressure corrected value. 
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Figure 6.1: Fluid inclusions in prograde and retrograde skarn minerals. A. and B. Representative fluid 
inclusions hosted by garnet from hole DHE07-55-113.7. C. Representative fluid inclusions hosted by 
garnet from hole DHE06-27-58. D. and E. Representative fluid inclusions from within vesuvianite and 
calcite, respectively, from hole DHE07-39-52.3. F. Representative fluid inclusions hosted by vein quartz 
sample 002S collected at surface. Scale bar is 10 !m. 
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Figure 6.2: Pressure-temperature sections through the phase diagram of the H2O-NaCl model system for 
different salinities. The curved solid line in the lower part of the phase diagram represents the coexistence 
boundary of the liquid+vapor field. The area above is the single-phase field and the area below the 
liquid+vapor field. The vapor+halite field has been omitted for clarity. The location of the critical point 
(black circle) depends on the salinity. A. Phase diagram of the model system containing 10 wt. percent 
NaCl. B. Phase diagram of the model system containing 15 wt. percent NaCl. C. Phase diagram of the 
model system containing 20 wt. percent NaCl. D. Phase diagram of the model system containing 25 wt. 
percent NaCl. The red lines represent the 460 and 545°C isochores (measured range of Th values of 
primary fluid inclusions contained in garnet from Cerro Jumil) for the respective model systems of 
different salinity. Based on available data (see Table 6.1), the peak temperature of garnet formation in 
skarns is estimated to be approximately 550°C (vertical dashed line). Using this temperature estimate, the 
corresponding pressure can be determined from the intersection of the 460 and 545°C isochors with the 
estimated peak temperature of garnet formation. The pressure determined this way ranges from 0.8 to 1.1 
kbar, depending on the salinity of the hydrothermal fluids (phase diagrams from Bodnar and Vityk, 
1994).
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CHAPTER 7 

DISCUSSION 

!
The aim of this study is to characterize the genesis of the gold skarn at Cerro Jumil and to 

place it in context with similar gold-bearing skarn deposits, especially those found within the 

Morelos-Guerrero Platform in southern Mexico. This was achieved by investigation of the 

deposit geology, U/Pb dating of zircon grains from intrusive rocks, the study of the precious and 

base metal distribution at the deposit scale, as well as microtextural, mineral chemical, and fluid 

inclusion analysis. The present chapter provides an interpretation of the various observations and 

derives implications for exploration. 

 

7.1 Regional Setting 

The Cerro Jumil deposit is located in the Morelos-Guerrero Platform within the Mixteca 

terrane of the Sierra Madre del Sur metallogenic province. The deposit is located close to a major 

district of skarn deposits, the Morelos-Guerrero Gold Belt. This district host skarn deposits such 

as Ana Paula, Los Filo, El Bermejal, and El Limon (Figure 2.5). Cerro Jumil is the only gold 

skarn deposit in the region that is hosted by the Xochicalco Limestone whereas all other known 

gold skarn deposits of the Morelos-Guerrero Platform occur within the Morelos or Cuautla 

Formations (Fries, 1960; Meza-Figueroa et al., 2003). 

Several other geological characteristics distinguish Cerro Jumil from the other gold 

skarns in the region. Most notably, the Los Filos and El Bermejal deposits occur along 

dominantly N-NE trending structural trends, while Cerro Jumil and El Limon tend to have a 

westerly component with structures aligning generally along NE to NW trends. Faulting 

typically has a component of strike-slip movement in addition to prominent normal movement. 

The intrusions at Los Filos and El Bermejal have an adikitic chemical signature. The El Limon 

pluton is multiphase with compositions varying from granodiorite to monzonite. The intrusions 

at Buena Vista de Cuéllar and Cerro Jumil can be classified as granodiorite (cf. Meza-Figueroa et 

al., 2003; this study). 

Many of the deposit characteristics of the deposits of the Morelos-Guerrero Gold Belt 

identify them as within the continuum from oxidized to reduced skarn systems. Oxidized end-

member skarn deposits represent the majority of skarns of the Morelos-Guerrero Gold Belt. They 
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display high garnet to clinopyroxene ratios, where both minerals are relatively Fe-poor. The 

deposits are characterized by low total sulfide contents with pyrite being more abundant than 

pyrrhotite, with widespread but minor occurrences of Cu, Zn, and Pb sulfides. The highest Au 

values associated with skarn occur most often with late stage prograde and retrograde alteration 

stages. Skarn deposits of the Morelos-Guerrero Gold Belt are largely more Fe-rich with hematite, 

magnetite, and K-feldspar (and/ or orthoclase) appearing as ubiquitous prograde minerals 

(Levresse and González-Partida, 2003). 

Cerro Jumil does not display enrichment of potassic feldspars in the skarn zone and 

hematite is far less pervasive. Unlike the deposits of the Morelos-Guerrero Gold Belt, Cerro 

Jumil displays some aspects of reduced skarn systems as well, indicating that there is a 

continuum between the two endmembers (Meinert, 1992). For instance, there is a distinctive Au-

Bi-Te-As signature related to the auriferous zones at Cerro Jumil. The pluton associated with 

skarn formation at Cerro Jumil is ilmenite (and magnetite)-bearing. The body of evidence 

suggests that Cerro Jumil does not fit the endmember description of either the oxidized or 

reduced gold-bearing skarn model but rather has characteristics of both.  

The U/Pb age dating conducted as part of the present study shows that the gold skarn 

deposits of the Morelos-Guerrero Platform span a wide range of ages. The granodiorite at Cerro 

Jumil has a U/Pb age date of 34.27 ± 0.046 Ma. Ar/Ar dating of the granodiorite at Buena Vista 

de Cuéllar yielded ages of 35.5±0.6 and 34.7±0.6 Ma. U/Pb geochronology suggests that the 

plutons at Los Filos and El Bermejal are 63 ± 2 Ma while Ar/Ar dating indicates that the El 

Limon pluton was emplaced at about 66 Ma (Levresse et al., 2004; Bond and Turner, 2011; Neff 

et al., 2011). The age dating shows that the Los Filos, El Bermejal, and El Limon plutons of the 

Morelos-Guerrero Gold Belt were emplaced during the Cretaceous, approximately 32 Myrs 

before the Early Tertiary (Eocene-Oligocene) intrusions at Cerro Jumil and Buena Vista de 

Cuéllar (Meza-Figueroa et al. 2003; Levresse et al., 2004; Bond and Turner, 2011; Neff et al., 

2011). 

 

7.2 Skarn Formation 

To reconstruct the genesis of the skarn at Cerro Jumil (Figure 7.1), the spatial distribution 

of alteration mineral assemblages was studied along with textural relationships constraining the 

temporal relationships of alteration mineral associations. The initial stage of development at 
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Cerro Jumil is characterized by alteration/recrystallization of limestone to marble within the 

space of the thermal aureole of the feldspar porphyritic granodiorite. Isochemical 

recrystallization of limestone to marble involved fluid-aided mass transport along gain 

boundaries at elevated temperatures, facilitating dissolution and reprecipitation. This way larger, 

idiomorphic calcite grains were formed (Jamtveit and Austrheim, 2010). Marble at Cerro Jumil 

displays a recrystallization texture that is characterized by equigranular calcite grains (cf. 

Franchini et al., 2000).  

Age dating at Cerro Jumil has shown that the magmatic-hydrothermal system has been 

active for a period of approximately 0.4 to 0.6 million years. Although the skarn deposit formed 

in association with the feldspar porphyritic granodiorite intrusion, the younger quartz porphyritic 

granodiorite has been affected by hydrothermal alteration. Both intrusions probably form part of 

a much larger intrusive complex. The duration of the magmatic-hydrothermal activity at Cerro 

Jumil is in line with previous studies establishing that mineralization in the porphyry 

environment  occurs over time spans of approximately 100 ky to 5300 ky (Tilling et al., 1968; 

Arribas et al., 1995; Henry et al., 1997). Table 7. 1 summarizes previous studies constraining the 

duration of porphyry-related hydrothermal activity a various well-studied ore deposits. 

 

7.2.1 Prograde Skarn Formation 

Reaction of the limestone with hydrothermal fluids resulted in the formation of prograde 

and retrograde alteration mineral assemblages in proximity to the feldspar porphyritic 

granodiorite and within the intrusion (Figure 7.2). Based on the cross-sections constructed, it can 

be estimated that 95 percent of the skarn occurs in the exocontact or the intrusion, while only 5 

percent of the skarn is present as endoskarn. The igneous-driven thermal and chemical 

perturbations resulted in the formation of a mineralogically zoned exoskarn (Einaudi et al., 

1981). 

The most intense type of skarn formation occurred along faults that acted as fluid 

pathways and in zones of massive replacement in immediate contact with the feldspar 

porphyritic granodiorite intrusion. This type of skarn is characterized by pervasive, euhedral and 

granoblastic grandite (grossular-andradite) garnet (Jamtveit, 1991) and coarse-grained tabular or 

elongate vesuvianite (both containing reduced Fe and Al) ± clinopyroxene. The presence of 

garnet records attainment of peak temperature conditions, which could only be realized close to  
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Table 7.1. Duration of the hydrothermal activity associated with porphyry intrusions at various ore 
deposits.  
 

Deposit 
Duration of 

Hydrothermal Activity 
(ky) 

Dating Method Reference 

Round Mountain, NV, 
USA 

100 K/Ar, biotite, sericite Henry et al. (1997) 

Far Southeast Lepanto, 
Philippines 

300 K/Ar, biotite,illite, alunite Arribas et al. (1995) 

El Teniente, Chile 300-700 K/Ar, sericite, biotite Cuadra (1986) 
Goldfield, NV, USA 700-900 K/Ar, alunite Ashley and Silberman 

(1976) 
Yerington, NV, USA ~1000 U/Pb, zircon Dilles and Wright (1988) 
Bingham, UT, USA ~2100 K/Ar, biotite, plagioclase Warnaars et al. (1978) 
La Escondida, Chile ~2700 K/Ar, biotite, sericite Alpers and Brimhall 

(1988) 
Chuquicamata, Chile 600-4500 40Ar/39Ar, biotite; K/Ar, 

sericite 
Quirt et al. (1971), 
Ambrus (1977)  

Cerro Jumil, Mexico 400-500 U/Pb, zircon This study 

 

 

the intrusion. Formation of this mineral assemblage required the significant addition of Fe and Al 

to the limestone host. 

Locally, and most commonly close to the contact between the feldspar porphyritic 

intrusion and the host rocks, garnet and vesuvianite share embayed crystal margins where both 

minerals appear to have grown an the expense of each other, with subordinate amounts of 

clinopyroxene also present. Occurring in about 20 percent of the samples, this textural 

relationship indicates that these minerals are grown under the most extreme prograde chemical 

and thermal conditions, at times at the expense of one another in the presence of clinopyroxene. 

Vesuvianite often pseudomorphs earlier prograde minerals through coupled dissolution-

reprecipitation processes (Meinert, 1992; Putnis and Austrheim, 2010). Evidence of pervasive 

(and early) wollastonite and clinopyroxene is preserved in higher-grade skarn through its 

pseudomorphic replacement by vesuvianite as the thermal evolution of the system progresses 

towards higher-grade conditions (cf. Brown et al., 1985).  
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Figure 7.1: Paragenetic diagram for Cerro Jumil. Space is fixed. 
 

 

Using wollastonite and clinopyroxene crystals as a nucleation sites, vesuvianite continued to 

grow past the original wollastonite crystal boundaries; an indication that diffusion is commonly 

quicker than nucleation resulting in elongate, coarse-grained (up to 2 cm) tetragonal crystals (cf. 

Brown et al., 1985; Jamtveit and Austrheim, 2010; Putnis and Austrheim, 2010). 

Garnet commonly replaces the earlier minerals, though less commonly vesuvianite, 

especially when alteration is pervasive. Subsequent retrograde minerals replace garnet as well as 

all earlier prograde phases. Coarse-grained minerals such as garnet and vesuvianite are most 

pervasive where observed proximal the intrusive contact, forming up to 90 percent of the altered 

rock. This holds for other structural conduits that focus fluid flow away from the contact itself. 

Therefore, it is interpreted that at the location of the highest input of heat and metasomatism (at 

the intrusive contact with host rock), garnet and vesuvianite represent the peak of the prograde 

alteration mineral path (Figure 7.2). 

Deposit Elements Thermal Metamorphism Calc-silicate Alteration
Prograde Retrograde

Pre-
Intrusive

Post Hypogene
(Pre Hypogene) 

Quartz Porphyry
Feldspar Porphyry
Marble >> Dolomite
Limestone

Quartz Diorite

Biotite

Sericite
Clay

Wollastonite
Clinopyroxene
Vesuvianite
Grandite Garnet

Actinolite/Tremolite

Epidote

Calcite

Quartz  
Jasperoid

Gold
Silver

Hematite
Limonite

MnOx

Arsenopyrite

Pyrite

Galena / Sphalerite

Faults / Fractures
Quartz veins
Calcite veins

Talc

Pyrrhotite

Magnetite
Ilmenite

Chlorite

Chaclopyrite

Copper ?

Plagioclase
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Figure 7.2: Temperature versus time diagram of prograde and retrograde processes at Cerro Jumil. Space 
is fixed. Gold is associated with the retrograde alteration overprint and the second event of sulfide 
deposition. 

 

 

Outward from the vesuvianite-garnet ± clinopyroxene zone, the occurrence of abundant 

medium-grained, prismatic or blocky clinopyroxene indicates the addition of Fe and Mg to the 

limestone. The pervasive occurrence of clinopyroxene both near the intrusion and within areas of 

enhanced permeability such as faults and bedding planes indicates that it is the result of not only 

elevated temperatures but also increased fluid flow. Clinopyroxene in this clinopyroxene-

vesuvianite zone formed at the expense of preexisting wollastonite, nucleating at radial crystals 

centers. Clinopyroxene often overgrows wollastonite, replacing the earlier mineral. Where 

abundant, clinopyroxene can be completely texturally destructive of earlier wollastonite. In 

localities where clinopyroxene abundance decreases, embayed crystal margins are often notable. 

This indicates that it is consumed under more intense alteration conditions. The consumption of 

clinopyroxene is commonly accompanied in space by the precipitation of both vesuvianite (Mg- 

and Fe-bearing) and Fe-bearing andraditic garnet. It can be inferred that these minerals grow at 

the expense of clinopyroxene and wollastonite in zones close to fluid flow conduits, indicating 

an increase in the thermal evolution of the skarn. 
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Further outward, away from the intrusion, fine- to coarse-grained radial or acicular 

wollastonite is the dominant calc-silicate alteration mineral. Wollastonite is the first calc-silicate 

mineral to form during prograde skarn formation in a reaction involving the addition of Si to 

limestone in the presence of hydrothermal fluid (Clechenko and Valley, 2003). Wollastonite is 

abundant in weakly altered prograde skarn (Figure 7.1). Wollastonite does not replace other calc-

silicate alteration minerals. Although it often occurs with marble (calcite), it also occurs with, 

and is replaced by, other skarn minerals. 

At the largest distance to the intrusion, massive zones of medium-grained marble can be 

found that formed by isochemical recrystallization of the limestone. Marble of the largest grain 

size occurs towards the skarn zone. This is interpreted to be the result of increased permeability 

through dissolution, higher temperatures, and generation of larger volumes of carbonic fluid at 

the locus of calcite recrystallization (Jamtveit and Austrheim, 2010). Furthest out, the marble 

often contains interbeds of the dark grey limestone host rock. 

Limited prograde skarn formation also occurred within the endocontact. It is estimated 

that the endoskarn comprises <5 percent of the total amount of skarn at Cerro Jumil. Intense 

calc-silicate ± clay mineral alteration of silicate minerals, with the exception of quartz, occurs 

close to the contact. However, it rapidly diminishes in intensity away from the contact and with 

depth. The endoskarn is not mineralized. 

 

7.2.2 Retrograde Skarn Formation 

The prograde assemblage was overprinted by magmatic-hydrothermal fluids evolving 

along a cooling path (Figure 7.2). This retrogression of the prograde mineral assemblages 

resulted in the formation of actinolite/tremolite, chlorite, epidote, quartz, plagioclase, and calcite. 

Further alteration subsequent to high-temperature retrograde processes results in the 

development of talc, sericite, and clay minerals that overprint previous retrograde mineral 

assemblages. The final stage of retrograde alteration is characterized by continued calcite 

deposition coupled with overprinting clay minerals and/ or sericite (Figure 7.1). 

Retrograde processes are more effective in zones of enhanced permeability, permitting 

higher fluid flow rates. The retrograde overprint typically occurred at contacts, bedding planes, 

and fault locations. For example, proximal to or at the intrusion, a retrograde alteration overprint 

of prograde garnet-vesuvianite ± clinopyroxene includes fine-grained talc after very fine-grained, 
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pistachio green epidote, and minor chlorite, as well as the oxidation products hematite and 

goethite. This alteration within the contact zone can be locally well-developed. 

The often-pervasive silica flooding, formed during cooling of the system during 

retrograde processes (cooling of silica-rich hydrothermal fluid), resulted in the development of 

quartz-rich zones that contrast with later, crosscutting jasperoid associated with the quartz 

porphyritic granodiorite. These quartz-flooded zones commonly occur within and surrounding 

fault traces at the deposit. Sulfide deposition and associated gold mineralization occurred just 

prior to and during this stage of the evolution of the system. These retrogressed areas are often 

mineralized, as sulfide deposition and gold mineralization are coupled process at Cerro Jumil. In 

hand specimen, both the quartz-rich retrograde alteration zones and the later, less pervasively 

mineralized jasperoid bodies can be similar as they are often red due to the the presence of 

pervasive hematite.  

!
7.2.3 Mineral Chemistry 

The microtextural investigations of the present study revealed specific mineral 

compositions and general enrichment patterns from rim to core for many of the prograde 

alteration minerals. The only exception is wollastonite, which was found to be close to the ideal 

composition. Clinopyroxene at Cerro Jumil can be generally classified as diopside, with a core to 

rim zonation caused by enrichment of Mg towards the rim. The rims of vesuvianite crystal show 

a similar enrichment of Mg (when compared with Al). The observed increase in Mg content may 

be a function of changes in fluid composition over time. 

Garnet at Cerro Jumil was found to be mostly grossular (average composition: Gr70Ad30), 

though more rarely, garnet is found to be mostly andraditic (average composition: Gr30Ad70). 

Rare variations in in garnet composed of up to 95% andradite were noted. Oscillatory zoned 

garnet at Cerro Jumil is common, with the zoning being caused by local fluctuations in the 

availability of Fe and Al during crystal growth. Discrete zones of birefringent or isotropic garnet 

are generally grossularitic rather than varying between grossular-rich and andradite-rich species. 

An immiscibility gap from XGrs 0.52-0.62 was noted. This is likely a result of a chemical changes 

in the environment or slight thermal perturbations during crystallization (Jamtveit, 1991; Spear, 

1993; Intayot et al., 2007). 
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Talc was the principal retrograde mineral found. Talc forms platy crystal habits typical of 

phyllosilicates, but also forms grains that have the habits of actinolite and tremolite. Talc also 

forms pseudomorphs after clinopyroxene, and more rarely replaces the margins of euhedral 

garnet crystals. Talc is found to be an abundant and prevalent replacement mineral at Cerro 

Jumil, and was found in spatial association with every other alteration mineral. Calcite, quartz, 

and talc compose up to 85 modal percent of the preserved retrograde minerals. Epidote, 

plagioclase, and chlorite are rarer and noted mostly close to the intrusive contact. Pseudomorphic 

replacement of prograde minerals by talc, calcite, and quartz coupled with the preservation of 

original textures indicates that retrograde alteration occurred without a significant change in 

volume (cf. Jamtveit, 1991). This is important as alteration apparently did not significantly 

increase permeability of the calc-silicate rocks, which would have resulted in the creation of new 

pathways for fluid flow. 

It is also important to note that it was initially difficult to correctly estimate the intensity 

of retrograde alteration during core logging and rock chip inspection as the degree of 

preservation of prograde textures was unexpected. As gold deposition is related to the retrograde 

evolution of the magmatic-hydrothermal system, correct identification of retrograde alteration in 

the field is of paramount importance. 

 

7.2.4 Spatial Distribution and Metal Association 

In comparison to other deposits in the Morelos-Guerrero Platform, Au grades at Cerro 

Jumil are relatively low. The gold grades vary from below the detection limit to over 11.75 g/t. 

High grades are commonly found within thick zones or faulted zones of skarn, marble/skarn, or 

marble. Zones of gold enrichment commonly overlap with areas of elevated Ag and Cu contents 

although Au enrichment appears to be less widespread and typically confined to garnet-bearing 

skarn affected by retrograde alteration. Intersections of retrogressed skarn yielded numerous 

high-grade intersections (> 3 g/t Au), which is consistent with the petrographic evidence that Au 

mineralization was associated with retrograde skarn formation. 

At Cerro Jumil, Ag grades range from 1.1-10 g/t (highest grade of about 30 g/t) and Cu 

grades range from 100 to 700 ppm (highest grade of 1900 ppm). The Ag endowment clearly 

contributes to the economic potential of the Cerro Jumil deposit. The Cu grades are low and 

uneconomic. Bismuth, an element commonly occurring in elevated concentrations in gold skarn 
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deposits, shows a moderate to strong correlation with Au across all lithologies encountered at 

Cerro Jumil. All metals show a strong correlation with Fe, indicating that Cerro Jumil was 

initially sulfide-bearing. In samples that are least oxidized, pyrite is more abundant than 

pyrrhotite, arsenopyrite, galena, and chalcopyrite. The correlation of Au between Ag and Cu is 

limited, suggesting that all three metals may have precipitated at different stages of skarn 

development. 

It is estimated that approximately 99 percent of the original sulfide minerals have been 

oxidized by surface weathering. Rocks affected by supergene processes show the strongest 

correlations of precious and base metals, implying that supergene processes have contributed to 

the present distribution of metals at the deposit scale. Supergene alteration extends to the deepest 

extent of current drilling (ca. 300 m below surface). Similar supergene overprints occur at other 

gold skarns of the Morelos-Guerrero Platform.  

 

7.3 Depth of Intrusion 

The reconnaissance fluid inclusion study performed as part of the present study focused 

on the petrography of fluid inclusions contained in the prograde assemblage garnet-vesuvianite ± 

clinopyroxene at peak metamorphic conditions. Primary fluid inclusions hosted by garnet and 

vesuvianite were found to be two-phase, liquid and vapor, inclusions at room temperature. No 

daughter phases such as halite crystal were identified. Heating of the primary inclusions in garnet 

resulted in homogenization of the inclusions into a liquid at an average temperature of 489°C, 

with a range from 460 to 545°C. As there is no evidence for phase separation (boiling or 

condensation), these homogenization temperatures represent the minimum temperature of garnet 

formation. The fluid inclusion petrography demonstrates further that the inclusions were 

entrapped in the single-phase field of the H2O-NaCl model system as an intermediate density 

fluid. The absence of a halite daughter crystal at standard conditions indicates that the fluids 

were of moderate salinity (<26.47 wt. percent NaCl equivalent; cf. Bodnar et al., 1985).  

The salinity constraint in combination with an estimate of maximum temperatures of 

formation from well-characterized gold skarn systems can be used to estimate the depth at which 

Cerro Jumil was formed. A pressure of 0.8 to 1.1 kbars was determined this way, which equals to 

a depth of 3.0 to 4.1 km under lithostatic conditions. Fluid inclusions contained in retrograde 
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alteration minerals have the same petrographic characteristics, implying that lithostatic 

conditions were preserved throughout deposit formation. 

The conclusion that Cerro Jumil formed at an intermediate crustal level has far reaching 

consequences and explains many of the geological features of the deposit. The observation that 

retrograde alteration at Cerro Jumil is limited in intensity could be related to the fact that the 

intrusion was comparably deep. Flushing of the hydrothermal system by meteoric water during 

the retrograde alteration is not likely to have occurred at this crustal depth. In contrast, more 

shallowly emplaced intrusions appear to commonly result in skarns that have been extensively 

overprinted by heated meteoric water (Bowman et al., 1985). This may, for instance, be the case 

for the more-well developed retrograde alteration overprints at the El Limon, Los Filos, and El 

Bermejal deposits of the Morelos-Guerrero Gold Belt. These deposits are thought to have formed 

at pressures of about 0.6 kbar, which corresponds to a depth of about 2.2 km under lithostatic 

conditions. Cerro Jumil formed at least ~1.0 km deeper, which must have influenced the 

hydrological behavior of the host rocks. Table 7.2 and Figure 7.3 provide a comparison between 

Cerro Jumil and the estimated depth of formation of other gold skarn deposits worldwide. 

It is important to note that skarn formation at Cerro Jumil was, at least in part, controlled 

by fluid flow along bedding planes. Although faults clearly played a role in focusing fluid flow, 

the magmatic-hydrothermal fluids exploited permeability differences between individual beds 

and contacts between beds. The absence of open fracture networks at crustal depth between 3.0 

to 4.1 km clearly impacted how the magmatic-hydrothermal fluids could penetrate the host rocks 

of the feldspar porphyritic granodiorite. The shape of the alteration halo, and consequently the 

ore bodies, was largely controlled by this interplay between steeply dipping faults and lateral 

fluid flow along bedding planes. At shallower crustal levels, the shape of the ore body would 

likely be quite different due to enhanced open fracture development. 

The magmatic-hydrothermal fluids at Cerro Jumil did not undergo phase changes (boiling 

or condensation) during deposit formation. Because phase separation did not occur, high-salinity 

fluids like those recorded from deposits in the Morelos-Guerrero Gold Belt could not form 

(Levresse and González-Partida, 2003; Meza-Figueroa et al., 2003). It is possible that these 

differences in fluid evolution translate into differences in gold grade. Cerro Jumil is 

characterized by generally low precious and base metal grades, possibly because 

preconcentration of metals in the hydrothermal fluids is a consequence of early phase separation. 
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Table 7.2: Pressure, temperature, and composition of mineralizing hydrothermal fluids in different Au 
skarn deposits. 
 

Deposit Salinity (wt 
percent 
NaClequiv) 

Formation        
temperature 
(°C) 

Pressure of 
formation 

References Position 
in Figure 
7.3 

McCoy, 
Nevada 

22-39.8 493 ± 46, (590 
PC) 

0.35 kbar (1.35 
km) 

Brooks (1994) F 

Fortitude 
Deposit, 
Nevada 

25-44 360-590 0.375-0.4 kbar 
(1.5 km) 

Theodore and Blake 
(1975), Myers (1994) 

C 

El Bèrmejal, 
Mexico 

29-57 480-675 0.6 kbar (2.2 
km lithostatic, 
but change is 
pressure to 
hydrostatic 
conditions 
during 
evolution of 
skarn) 

Levresse and 
González-Partida 
(2003) 

E 

Crown Jewel, 
Washington 

19 and 22 300-370, (464 
PC) 

1.1 kbar (4.0 
km) 

Hickey (1990), 
Meinert (1992) 

D 

Hedley, British 
Columbia 

9.7-18.3 avg. 
37.9 max      

460-480 Avg., 
PC (700-800 
max) 

1.25 kbar (5.0 
km) 

Ettlinger (1990), 
Ettlinger et al. 
(1992), Ray and 
Dawson (1994) 

B 

Beal, Montana N/A 314-550 N/A Hastings and Harrold 
(1988), Wilkie 
(1996) 

 

Nambija, 
Ecuador 

< 26.24 <513 (381 
Avg.) 

<1.4 kbar 
(~5.5km) 

McKelvey and 
Hammarstrom 
(1991), Meinert 
(1992), 
Hammarstrom 
(1993) 

G 

Los Filos/ 
Nukay 

29-57 480-675 0.6 kbar 
(2.2km) 

Levresse and 
González-Partida 
(2003) 

H 

El Limon N/A N/A 3-6km (0.8-
1.6kb) 

 I 

Cerro Jumil, 
Mexico 

10-26.47 >460 (489±29 
Avg.) 

0.8-1.1 kbar 
(~3.2-4.1km) 

This study  A 
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Figure 7.3: Temperature versus pressure phase diagram of the H2O-NaCl model system showing 
estimated formation fields (gray rectangles) for gold skarn deposits listed in Table 7.2. Diagram modified 
from Redmond et al. (2004). The figure shows that Cerro Jumil formed at an intermediate crustal depth. 
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7.4 Exploration Implications 

The findings of the present study have some important exploration implications, 

especially for gold skarn deposits within the Morelos-Guerrero Platform. The U/Pb age revealed 

that the granodiorite intrusions at Cerro Jumil are of Tertiary age. Although most deposits in the 

Morelos-Guerrero Platform are of Laramide age, exploration models for gold skarn deposits in 

this part of Mexico should not assume that Tertiary intrusions are barren as previously proposed. 

Based on the established genetic link between porphyry-related Cu (±Au) deposits and 

gold skarn deposits, it is suggested that some of the Laramide and Tertiary intrusions in the 

Morelos-Guerrero Platform may represent exploration targets for porphyry-related Cu (±Au) 

deposits. To test the potential of some of these intrusions, deep drilling would need to be 

performed. Although supergene weathering is extensive and reaches to considerable depth at 

Cerro Jumil, the depth of the water table may be different for other intrusions. There may be 

potential for significant supergene Cu enrichment at and below the water table.  

The fluid inclusion study at Cerro Jumil suggests that the gold skarn deposit formed at an 

intermediate crustal depth of 3.0 to 4.1 km. As noted above, deposit formation occurred under 

lithostatic pressure conditions. If intrusions formed at that depth are now outcropping, there is 

only a very low probability for the occurrence of associated epithermal-style ore deposits as 

those would have likely been eroded. Further research should focus on the depth of intrusion of 

other granodiorite complexes in the area to determine whether Tertiary intrusions always formed 

at such a depth. In this case, the preservation potential for epithermal-style mineralization being 

associated with Tertiary intrusions would be very low. On the other hand, the Laramide skarn 

deposits appear to have been emplaced at shallower crustal levels. As a consequence, it is more 

likely that epithermal-style mineralization formed in association with Laramide age intrusions 

could still be preserved. Fluid inclusion petrography can be readily performed early in an 

exploration program, providing critical information on the depth of intrusion and preservation 

potential for associated epithermal deposits. 

The results of the present study highlight the importance of structural controls on the 

location of intrusions and in focusing fluid flow of magmatic-hydrothermal fluids. Faults striking 

NW to NE appear to be particularly favorable at Cerro Jumil. The study of the alteration zoning 

pattern at Cerro Jumil shows that the progression from limestone to marble to marble/skarn to 

skarn can be used to vector towards zones of enhanced fluid flow. Therefore, exploration 
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programs for gold skarn deposits in the Morelos-Guerrero Platform should combine regional 

information on structural geology with detailed mapping of alteration mineral assemblages and 

alteration intensities. 

Finally, the results of the present study highlight the fact that exploration should not be 

guided by paradigms. Although Cerro Jumil is not located far from the deposits of the Morelos-

Guerrero Gold Belt, many of the key deposit characteristics differ as Cerro Jumil formed at a 

different geological time and at a different crustal level. Using deposit characteristics typical for 

skarns formed at shallow crustal levels as exploration guidelines would clearly lower the chance 

of success in finding deposits such as Cerro Jumil.  
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CHAPTER 8 

CONCLUSIONS 

 

The present study provides the first detailed description of the geology of the Cerro Jumil 

gold skarn deposit. In addition to the study of the deposit characteristics, the research aimed to 

reconstruct the processes and timing of mineralization associated with the intrusion of a feldspar 

porphyritic granodiorite into limestone of the Morelos-Guerrero Platform. This was 

accomplished by combining observations at the macro-scale obtained by core and rock chip 

logging, with investigations performed at the micro-scale, including detailed petrographic and 

microanalytical research. The spatial distribution of alteration zones around the intrusive centre 

was determined. Mineral textures and mineral chemical constraints helped to determine the 

relative timing of gold mineralization within the paragenetic sequence at Cerro Jumil. 

Reconnaissance fluid inclusion investigations were performed to identify the nature of the 

mineralizing magmatic-hydrothermal fluids and to constrain pressure and temperature conditions 

of skarn formation. Comparison of the research findings with literature data on similar skarn 

deposits in the Morelos-Guerrero Gold Belt and elsewhere allowed some important conclusions 

on the genesis of gold skarn deposits to be drawn.  

 

The main findings of the present research include: 

(1) The feldspar porphyritic granodiorite intrusion at Cerro Jumil is surrounded by a distinct 

alteration halo that is zoned outward from coarse-grained garnet and vesuvianite-

bearing skarn to marble/skarn, marble, and unaltered limestone. The same zoning 

pattern can be observed at smaller scale around fluid pathways such as faults and 

bedding planes. This pattern developed in response to progressive changes in the 

intensity of fluid-rock interaction outwards from the fluid pathways and corresponding 

changes in the temperature of alteration. 

(2) The magmatic-hydrothermal fluids exploited existing pathways and were focused along 

zones of enhanced permeability such as faults and bedding planes. Although most of the 

skarn formation at Cerro Jumil occurred on top of the granodioritic cupola, the 

geometry of the skarn bodies implies that significant lateral fluid flow must have taken 

place along bedding planes. This behavior of the fluids may, at least in part, be related 
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to the depth of intrusion and skarn formation. The geological evidence suggests that 

extensive open fracture networks did not develop above the granodiorite cupola and that 

lithostatic conditions were maintained throughout the deposit formation. 

(3) The prograde evolution of the alteration system resulted in the formation of 

wollastonite-clinopyroxene-garnet-vesuvianite. Prograde skarn assemblages are most 

extensively developed along normal faults having an indeterminate strike-slip 

component. Geometrical relationships imply that these faults likely also controlled the 

location of magma emplacement, highlighting the role of structural controls on 

magmatic and magmatic-hydrothermal processes. During peak conditions, the prograde 

skarn assemblages were overprinted by a texturally destructive garnet - vesuvianite ± 

clinopyroxene assemblage. Garnet is the mineral formed under the highest temperature 

conditions. 

(4) Retrograde skarn formation at Cerro Jumil is not as pervasively developed as in other 

gold skarn deposits. This is potentially related to the fact that lithostatic conditions were 

maintained throughout the paragenetic sequence, limiting the development of new 

fracture networks during retrograde alteration. Retrograde alteration resulted in the 

formation of actinolite-tremolite-plagioclase-talc-calcite-quartz±epidote±chlorite. The 

alteration can be texturally destructive, although relict textures of preexisting skarn 

assemblages can be frequently observed, including pseudomorphic replacement 

textures. Talc is the most common retrograde alteration product.  

(5) The observed textural evidence suggests that most of the Au-(Ag-Cu) enrichment 

occurred during the retrograde stages of skarn formation, although some early pyrite 

may have formed shortly after attainment of peak conditions marked by garnet 

formation. The fact that deposit formation occurred under lithostatic conditions and the 

lack of evidence for flashing of the magmatic-hydrothermal system by meteoric water 

during retrograde alteration implies that both prograde and retrograde skarn formation 

was caused by magmatic-hydrothermal fluids. A late-stage epithermal-style overprint 

observed in other skarn deposits is not present at Cerro Jumil. This likely also relates to 

the fact that the deposit formed at an intermediate crustal level. 

(6) The formation of the skarn at Cerro Jumil occurred at an intermediate crustal depth of 

approximately 3.0-4.1 km (~0.8-1.1 Kb) at peak temperatures exceeding 500°C. Fluid 
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inclusion petrography revealed that the mineralizing hydrothermal fluids were single-

phase intermediate-density fluids. Preliminary microthermometric constraints suggest 

that the fluid were of moderate salinity (between 10 and 26.47 wt. percent NaCl 

equivalent). No change in phase behavior was noted throughout the paragenetic 

sequence at Cerro Jumil. This indicates that gold precipitation is not related to phase 

separation (boiling or condensation) as suggested for other gold skarns. It is possible 

that gold precipitation simply occurred in response to cooling of the magmatic-

hydrothermal fluids during the retrograde stage of skarn formation. 

(7) The deposit characteristics of Cerro Jumil are transitional between the oxidized and 

reduced endmember types. This highlights the diversity of gold skarn deposits. It is also 

important to note that the deposit would likely not be economic without the pervasive 

supergene overprint that resulted in the oxidation of sulfides and local redistribution of 

gold. Supergene weathering occurred to a depth well below the resource that can be 

exploited by open pit mining. 

(8) The feldspar porphyritic granodiorite intrusion associated with the mineralizing event 

was emplaced at 34.27 ± 0.046 Ma. A younger quartz porphyritic granodiorite emplaced 

after skarn formation dated at 33.760 ± 0.064 Ma. This implies that deposit formation 

took place within less than 0.6 million years. 

"#$ The Tertiary age of emplacement of the feldspar porphyritic granodiorite explains that 

the deposit characteristics of the Cerro Jumil gold skarn deviate from those of the 

Laramide age skarn deposits in the Morelos-Guerrero Gold Belt. The existence of 

significant gold mineralization at Cerro Jumil proofs that Tertiary intrusions into the 

Morelos-Guerrero Platform are not necessarily barren as previously suggested. This 

finding has significant exploration implications as the Buena Vista de Cuéllar skarn is 

the only other Tertiary skarn in the region that is known so far.!
!
Based on the results of the present study, the following recommendations for future work 

are drawn: 

(1) Although it was attempted to date the host limestone of the Cerro Jumil deposit as part 

of the present study, it would be useful to conduct more comprehensive paleontological 

investigations. Perhaps more sample material or material from other locations around 
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the property and outside the immediate deposit area should be tried. In addition to 

dating, a regional comparison of the limestones should be performed to draw firmer 

conclusions on the stratigraphic setting of Cerro Jumil. Additional investigations on the 

limestone would, without doubt, contribute to a better understanding of the stratigraphy 

of the Morelos-Guerrero Platform. 

(2) A study of the chemical and isotopic composition of the two granodiorite intrusion 

would be useful to constrain the source and evolution of the magmas. Such a study 

could be best performed on samples of the feldspar porphyritic granodiorite, both fresh 

and altered. An in-depth characterization of the intrusive history at the deposit scale 

may have important exploration implications. 

(3) The relative timing of quartz vein formation at Cerro Jumil could not be determined 

with confidence during the present study. Limited field observations made as part of the 

present study suggest that the quartz veins formed during the retrograde stage of the 

skarn formation. It is recommended to combine new field work with detailed vein 

petrography, cathodoluminescence microscopy, and fluid inclusion investigations to 

determine the timing and nature of vein formation. A more detailed study of the veins 

could provide critical constraints on the retrograde fluid evolution. 

(4) The fluid inclusion study conducted focused primarily on petrographic investigations. 

Only few microthermometric measurements were performed. As there is no evidence 

for a change in pressure during fluid evolution (i.e., a change of pressure conditions 

from lithostatic to hydrostatic conditions), important constraints on fluid evolution 

could be drawn from a microthermometric study on a variety of prograde and retrograde 

minerals from a broader cross-section of sampling locations.  

(5) It is recommended to study the sulfide minerals occurring at Cerro Jumil in more 

detailed. Texturally well-constrained sulfide grains formed in association with the 

garnet skarn, the retrograde alteration assemblages, and the quartz veins should be 

studied by a combination of BSE imaging, EMP analysis, and potentially laser ablation-

inductively coupled plasma mass spectrometry to test whether elevated gold 

concentrations can be detected, which would have significant genetic implications. 

(6) More detailed mineral chemical investigations should be performed to better understand 

how the mineral chemistry of prograde alteration minerals may have been modified 
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during the retrograde overprint. This may provide critical information on changes in 

fluid chemistry through the paragenetic sequence and may explain why the 

geothermometry conducted as part of the present study did not yield geologically 

meaningful results. 

(7) If core from a deeper portion of the deposit becomes available, direct comparison 

between hypogene and supergene ores should be conducted. Detailed petrographic 

investigations should yield better insights into the processes of supergene oxidation and 

metal remobilization. With the help of better preserved hypogene ores it should be 

possible to better constrain the paragenetic relationships between base metal sulfides 

and precious metals mineralization. The element association study performed as part of 

the present research suggested that the correlation between base metals and gold is not 

very high. This could imply that base metal sulfides and gold precipitated at different 

times or that these elements were affected by supergene remobilization to different 

degrees. 

(8) The finding that Cerro Jumil is associated with a granodiorite intrusion that was 

emplaced at an intermediate crustal level has significant implications to the tectonic 

evolution of the Sierra Madre del Sur. It is recommended to conduct similar 

investigations on the Buena Vista de Cuéllar skarn to determine whether this Tertiary 

skarn formed at a similar intermediate crustal depth. 
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APPENDIX 

SUPPLIMENTAL ELECTRONIC FILES 

!
Supplemental electronic files submitted with this thesis include data large sets of data 

used in, or information pertinent to, laboratory investigations included in this thesis. 

 

 

Data Files Files containing fundamental data used in drill 

logging, analyses, geochemical analysis, 

petrography, or electron microprobe analysis.  

Appendix A Drill_Logs.zip Graphical drill data from Cerro Jumil 

Appendix B Analytical Methods.docx Text file of analytical methods used in Zircon 

dating and EMPA 

Appendix C Geochemical Data.xls Spreadsheet of ICPMS data used for chemical 

analysis throughout the thesis 

Appendix D Petrographic Descriptions.xls Spreadsheet of all petrographic thin sections 

used for paragenesis and other analysis 

Appendix E Electron Microprobe Analysis Spreadsheet of all samples used for EMPA 

 


