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ABSTRACT
This study contributes eleven new U-Pb ages on zircon to better understand
Laramide magmatism and associated mineralization in the Central Mining District, New
Mexico. The Central Mining District contains multiple igneous rock types in two major
and many minor intrusive centers, many with distinctive mineralization (Santa Rita:
porphyry and skarn Cu; Hanover: skarn Fe ± Zn, skarn and porphyry Cu; Copper Flat:
breccia and skarn Cu ± Fe; diorite and quartz diorite porphyry dikes: skarn Zn ± Cu ± Pb;
North Star: unmineralized). Key samples were collected for U-Pb dating; 11 yielded
zircons which were dated at the Arizona LaserChron Center. The new dates are
compatible (within error) with observed crosscutting relations. All but one of the new
dates fall within a range from 57.5 to 60.5 Ma. Granodiorite and quartz monzodiorite sills
formed first at 60.5 ± 1.3 Ma (3 samples). The Santa Rita (59.5 ± 1.5 Ma) and HanoverFierro (58.5 ± 0.9 Ma) stocks are associated with the principal Cu deposits and Fe
(magnetite) skarn and replacement deposits. Felsic dikes, including quartz diorite
porphyry (58.5 ± 0.7 Ma), granite porphyry (58.3 ± 0.8 Ma), and late granodiorite
porphyry (59.0 ± 0.7 Ma) overlap in age but cut the earlier intrusions; they are associated
with Zn ±Cu skarn and replacement mineralization. The granodiorite porphyry stock at
Copper Flat formed at 57.5 ± 0.7 Ma and is associated with breccia and skarn Cu ±Fe.
An age of 46.6 ± 0.9 Ma on the North Star monzonite plug suggests an independent, later
phase of magmatism.
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These results, combined with field relationships, show that multiple hydrothermal
systems and several types of mineralization occurred over an interval of <3 m.y., perhaps
much less. The absolute ages and their narrow range for magmatism is unusual compared
to other Laramide porphyry copper districts in the Southwest, where mafic to
intermediate magmatism may predate mineralized plutons by 5-10 m.y. and mineralized
centers associated with the same complex may span 4-8 m.y.
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“The contributions of these men who were humble, capable, and dedicated will be the
basis for the advancement of geologic knowledge in this area from now on.”
- Will Baltosser and Fred Trauger: A dedication to geologists
Bill Jones and Bob Hernon, who died in a car crash in 1965
while doing field work in the Central Mining District.
(Baltosser and Trauger, 1965)
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INTRODUCTION
Porphyry copper deposits of southwestern North America compose one of the richest
and most densely clustered groups of such deposits on Earth (Titley, 1982). Most of the
porphyry copper deposits in southwestern North America, especially in Arizona, New
Mexico, and northern Mexico, are Laramide in age, i.e., Late Cretaceous to early
Tertiary, with a few exceptions, such as the Jurassic Bisbee deposit (Lang et al., 2001).
Livingston et al. (1968) emphasize the significance of understanding the ages of porphyry
copper deposits associated with the Late Cretaceous to early Tertiary igneous epoch and
how these ages can have an impact on exploration for such deposits.
One of the largest and more mineralogically complex districts in the region is the
Central Mining District (CMD) in southwestern New Mexico. Native Americans and
later the Spanish mined a significant amount of native copper (and chalcocite) at the
Santa Rita deposit long before open pit started mining in 1910 (Thoman et al.,
2006). Other early operations exploited iron and zinc in skarn deposits at mines such as
the Jim Fair, Groundhog, Empire, and Pewabic (Jones et al., 1967). Production records
are incomplete, especially for years prior to 1914, but Long (1995) estimates production
from the CMD through the end of 1991 to be nearly 520 M tonnes of ore with average
grades of 0.9 – 1.17% Cu, with varying Ag (0.38 - 4.3 grams per tonne), Au (0.034 - 0.24
grams per tonne), Zn (0.4%), and Mo (0.008 – 0.01%). Alternatively, Thoman et al.
(2006) estimate production from the largest porphyry copper deposit in the district, the
Santa Rita deposit or Chino mine, through the end of 2005 to be 11.2 M tonnes (12.3 M
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tons) of produced copper. After a century of mining, the district still contains reserves of
more than 400 Mt of ore, variably distributed between mill and run-of-mine leach ore at
the Santa Rita deposit and in run-of-mine leach ore at the Continental pit or Cobre mine
(Freeport-McMoRan, 2012). By-product metals, mostly Mo and Ag, also are produced
from mill ores.
The CMD has been the subject of only limited study since the seminal work of Jones
et al. (1967). Pursuit of answers to many of the outstanding geologic questions in the
district will benefit from additional geologic mapping and a more robust understanding of
the geochronology of the intrusive units, as many of the deposits are spatially, and in
many cases genetically related to igneous intrusions. Moreover, crosscutting relationships
generated by intrusive contacts provide important time lines that constrain the space-time
development of alteration-mineralization across the district. This study was conducted to
better determine the ages of early Tertiary magmatic events by U-Pb zircon using the
Laser-Ablation Multicollector Inductively Coupled Plasma Mass Spectrometry (LA-MCICP-MS) method, with a focus on those related to the span of porphyry and skarn copper
mineralization in the CMD. The results of this study are incorporated into a growing
geochronology database of U-Pb ages from porphyry copper deposits in the southwestern
North America, thereby contributing to a more complete understanding of Laramide
magmatism and associated hydrothermal systems. This study builds on earlier work to
provide a comprehensive summary of the absolute timing of individual intrusions and the
overall time span of magmatic events and mineralization in the district, a comparison to
12

other porphyry copper systems of Laramide age, and a discussion of problematic aspects
of geochronology that commonly accompany hydrothermal systems associated with such
deposits.
LOCATION AND GEOLOGIC SETTTING
The sequence of magmatic events in the CMD was worked out by Lasky (1936),
Schmitt (1939), Jones et al. (1967), and Nielsen (1968) from crosscutting relationships.
Published geochronology on CMD rocks consists mostly of potassium-argon (K-Ar)
dates (Moorbath et al., 1967, McDowell, 1971, McIntosh, 1991) and a few 40Ar/39Ar
dates (McLemore et al., 1995), which are used in this study to provide a foundation for
timing of events in the district. Audetat and Pettke (2006) analyzed melt inclusions in
igneous units in an attempt to explain the evolution of the magmatic system in the CMD
and the role of sulfur in copper deposition.
The CMD is located in Grant County, New Mexico, about 25 km east of the town of
Silver City in the highland of the Basin and Range region of southwestern North America
in the eastern part of the Laramide (~80-40 Ma) magmatic province (Figure 1). The
district contains historic zinc, iron, and copper mines hosted in Paleozoic carbonate rocks
and Cretaceous sandstone, mainly along intrusive contacts and within the Santa Rita
stock (Schmitt, 1939; Hernon and Jones, 1968), as well as currently active porphyry
copper and copper skarn deposits.
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GEOLOGY OF THE CENTRAL MINING DISTRICT
The CMD contains Precambrian metamorphic rocks, overlain by Paleozoic and
Mesozoic sedimentary rocks. The sedimentary rocks are intruded and locally deformed
by Laramide intrusions. These rocks are subsequently overlain by mid-Tertiary volcanic
rocks (Jones et al., 1967). The sedimentary section totals about 1,500 m of Paleozoic
limestone, shale, and dolomite plus Cretaceous sandstone and shale.
A series of normal faults dismembered the earliest sills and laccoliths and
accommodate minor regional extension. These faults trend generally north-south and
northeast-southwest, are consistent with regional Laramide stress fields, and also consist
of a near-vertical system of orthogonal fractures striking N45ºE ± 20º and N45ºW ± 20º
(Rehrig and Heidrick, 1972). Dikes intrude along these near-vertical fault zones across
the district. Rose and Baltosser (1966) describe these fault zones as occurring in two
primary groupings in the district; in the southwestern area of the district these faults strike
approximately N40ºE, whereas in the northeastern area of the district faults strike N75ºE.
The geologic map of Jones et al. (1967) shows that diorite dikes commonly intrude the
faults that strike N40ºE, whereas later granodiorite porphyry dikes occupy faults that
strike N75ºE (Figure 2).
Igneous rocks in the Central Mining District
Laramide igneous rocks in the CMD resemble those found elsewhere in the region
and which are associated with porphyry copper districts (Lang and Titley, 1998).
Generally speaking, early regional sills and laccoliths intrude sedimentary host rocks and
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are subsequently cut by composite plutons. These plutons are in turn cut by dikes; the
latter commonly postdate copper mineralization but are responsible for zinc skarn
deposits in sedimentary host rocks.
Although igneous compositions vary slightly throughout the district, this study
utilizes geochemical data from samples of Jones et al. (1967) and adheres to current
IUGS QAPF classification for plutonic rocks (Figure 3). Some post-mineral dikes in the
district display chilled margins and flow layering more typical of volcanic rocks. Figure 4
and Table 2 give more information on each sample collected for U-Pb geochronology in
this study. Rock types also are keyed to the rock names and map symbols of Jones et al.
(1967) in brackets and parentheses.
Hornblende (-pyroxene) Quartz Monzodiorite [Syenodiorite Porphyry (Ksy)]
The quartz monzodiorite lies in sills and laccoliths in the northwestern part of the
CMD. This unit had previously been arbitrarily assigned the designation of ‘syenodiorite
porphyry’ to distinguish it from other granodiorites in the district (Jones et al., 1967).
This rock contains phenocrysts of plagioclase, hornblende, and augite and is highly to
severely altered, with hydrothermal epidote present as spherical masses and veins on joint
surfaces. Hydrothermal biotite replaces hornblende, and chlorite is common in mafic
sites. Sericite, clay, and epidote replace feldspar phenocrysts.
Augite-hornblende Andesite Porphyry (Ka)
Sills in the Georgetown area, in the northeastern part of the district, display no
crosscutting or other relationships with igneous units of this study. Plagioclase,
hornblende, and minor pyroxene occur up to 3mm in size as phenocrysts in an aphanitic
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groundmass. This unit is highly altered and displays sodic-calcic mineral assemblages,
sodic rims on feldspars, and sericite/clay and epidote replacing feldspars. Calcite and
chlorite are abundant, replacing mafic minerals along with the presence of secondary
titanite (Jones et al., 1967).
Trachyte Porphyry (Kt)
This unit is located in the northeast of the district near Georgetown and was possibly
intruded along the Mimbres fault (Jones et al., 1967). This unit also crops out to the
northwest of the CMD in the Allie Canyon quadrangle, and the distribution of trachyte
porphyry is restricted to this narrow, northwest-trending zone on the southwestern side of
the Mimbres fault (Jones et al., 1967). This rock is fine-grained, with phenocrysts of
feldspar, quartz, and hornblende up to 2-3mm in size. The rock is highly altered, with
calcite, chlorite, and epidote replacing mafic minerals. Jones et al. (1967) report
accessory magnetite and apatite.
Granodiorite and Quartz Monzodiorite Porphyry Sills [quartz diorite and
hornblende quartz diorite (Kep and Klp)]
Lasky (1936, 1942) provides detailed descriptions of early regional sills in the
district, which were used to constrain magmatic events associated with mineralization.
The sills are nearly identical in composition, and their relative ages can only be
distinguished by one crosscutting relationship documented by Lasky (1936, 1942) east of
the Chino mine, where a dike of quartz monzodiorite cuts the sill of granodiorite. The
original exposure is now covered by dumps from mining at Chino. The earlier sill
contains doubly terminated quartz phenocrysts, which the later sill lacks.
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Early Granodiorite Porphyry Sill [quartz diorite (Kep)]
This sill can be found throughout the CMD, as well as to the west of the district and
north of the old Fort Bayard. These sills are prominent in the CMD and vary slightly
geographically, with distinctive northern and southern facies (Jones et al. 1967). The
southern facies is highly altered and contains alteration minerals, including albite,
chlorite, biotite, secondary quartz, epidote, calcite, and sericite. The northern facies
contains more mafic minerals and slightly more orthoclase. The northern facies is less
altered than the southern facies; the variance in alteration between these two facies may
be attributed to the intrusion of the Santa Rita stock in the southern part of the district.
Late Quartz Monzodiorite Sill [hornblende quartz diorite (Klp)]
Also known as the ‘middle sill’, ‘marker sill’, or ‘Hanover sill’, this sill is also
described in detail by Lasky (1936) near the Groundhog mine in the area of the town site
of Vanadium and at the Pewabic mine by Schmitt (1939). The quartz monzodiorite
intrudes into the middle of the two earlier granodiorite sills along beds of shale in the
Oswaldo and the Colorado Formations and commonly occurs in many of the Paleozoic
rocks in the northeast of the district. Porphyritic minerals in this unit consist of
plagioclase, hornblende, and quartz, the quartz being fine-grained and anhedral.
Alteration minerals consist of quartz, epidote, chlorite, biotite, sericite, pyrite, and calcite.
Locally epidote occurs in spherical masses up to 30 cm in diameter (Jones et al., 1967).
Santa Rita Stock: Granite/Granodiorite Porphyry [quartz monzonite (Tsq)]
Rose and Boltosser (1966) and Nielsen (1968) describe varying compositions,
textures, and alteration throughout the stock, implying multiple phases of intrusion in the
17

stock. Phenocrysts consist of quartz and slightly more plagioclase than potassium
feldspar. Mafic minerals are generally biotite and hornblende, where fresh. In portions of
the stock where alteration is prevalent, sericite replaces feldspar whereas hydrothermal
biotite and, to a lesser degree, chlorite replace mafic minerals.
Hanover-Fierro Stock: Biotite-hornblende Granodiorite (Thg)
The Hanover-Fierro stock is elongate from north to south, the southern end being
referred to as the ‘southern lobe’ (Schmitt, 1939; Jones et al., 1967). Based on
deformation of host rocks associated with the Hanover-Fierro pluton, Aldrich (1974)
showed that the stock was emplaced in at least three stages. Jones et al. (1967) describe
two facies; one equigranular and the other porphyritic. The equigranular facies is found
along the southern lobe of the stock and contains feldspar and hornblende of about 3-5
mm and biotite, most of which is interpreted to be secondary in hand specimen. Other
alteration minerals include hedenbergite (salite), epidote, chlorite, and sericite (Jones et
al., 1967).
The rest of the stock is composed of the porphyritic facies and contains phenocrysts
of quartz, plagioclase, potassium feldspar, biotite, and hornblende. Along the contact with
limestone, the stock has propylitic and, in some cases, sodic-calcic alteration, but in
general the stock is weakly altered. Alteration in the porphyritic facies generally consists
of epidote replacing feldspars and minor actinolite along veins with hydrothermal biotite
and chlorite replacing mafic minerals. Table 1 presents field relationships with later dikes
that cut the stock.
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Diorite/Quartz Diorite Porphyry Dikes [granodiorite porphyry (Tg)]
Early dikes in the CMD intrude regional faults described by Rehrig and Heidrick
(1972). Jones et al. (1967) describe three types of the diorite porphyry dikes in the district
that were intruded prior to, coevally with, or just after the emplacement of the HanoverFierro stock. At the Pewabic mine, Schmitt (1939) showed that the early diorite porphyry
dikes have been deformed by the emplacement of the Hanover stock and later cut by a
series of diorite, granite, and granodiorite dikes.
The following descriptions of this unit are largely from Jones et al. (1967). Type 1
dikes are unzoned and contain abundant phenocrystic quartz, biotite and hornblende.
Type 2 dikes are zoned and have an interior similar to, if not identical with, the unzoned
type 1 dikes but whose margins or entire width, if narrow, contain very few quartz
phenocrysts, very little biotite, and as much as twenty-five percent hornblende. Type 3
dikes are zoned and contain a few sparse megacrysts of orthoclase, a few phenocrysts of
quartz, and biotite as well as hornblende. The three types were not mapped separately,
because their relative ages have not been established throughout the district. At the
Pewabic mine, the diorite dike appears to be the unzoned, type 1 of these dikes (Jones et
al., 1967) and is highly chloritized and physically deformed by the emplacement of the
Hanover-Fierro stock. The district was later intruded by types 2 and 3; therefore, type 1
dikes are tentatively considered the oldest and type 3 dikes the youngest (Jones et al.,
1967).
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Granite Porphyry Dikes [quartz monzonite (Tqm)]
These granite porphyry dikes were originally grouped with earlier diorite dikes by
Spencer and Paige (1935) and Lasky (1936). The similarity of these dikes with type 3
diorite dikes discussed above was first distinguished and mapped by Lasky (1942).
Distinction between these two similar dike swarms became important when it was
realized that the main surge of mineralization in the district occurred after intrusion of the
diorite (granodiorite porphyry) dikes and before intrusion of the granite (quartz monzonite
porphyry) dikes (Jones et al., 1967). These dikes commonly contain large (up to 5 mm)
phenocrysts of quartz, plagioclase, orthoclase, biotite, and lesser hornblende set in a finegrained groundmass of potassium feldspar and quartz. Alteration minerals include
epidote replacing feldspar, with chlorite and secondary biotite replacing primary biotite
and hornblende. Accessory minerals include magnetite, titanite, apatite, zircon, and
allanite (Jones et al., 1967).
The relative age of these dikes is summarized in Table 1 and was verified at several
locations in the district during this study.
Granodiorite Porphyry Dikes and Plugs [quartz latite porphyry (Ttr, Tt, Tlq and
Tli)]
A series of granodiorite porphyry dikes and plugs postdate the main swarm of
intrusive events in the CMD (Table 1). Most of these dikes are near the town site of
Turnerville, in the central part of the CMD. These dikes crosscut earlier units in the
district, placing them later in the igneous sequence of intrusions. Additionally, they are
more felsic, as one would expect with an volcanic/intrusive center that begins with mafic
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events, evolving to more intermediate compositions, and ending with felsic units. This
unit cuts all other intrusions in the district and is composed of fine- to medium-grained
plagioclase, hornblende and biotite, and few quartz phenocrysts.
The following descriptions of this unit are largely from Jones et al, (1967). The
groundmass is generally fine-grained and comprises over half of the rock in most
outcrops. Alteration in these dikes varies in the district; where intensely altered, clay,
chlorite, and secondary biotite often replace hornblende. Feldspars are commonly
replaced by clay minerals as well. Jones et al. (1967) also report minor occurrences of
epidote replacing sphene (titanite). The latest of this series of dikes (Tli) was submitted
for U-Pb dating to bracket the age of this swarm with the age of older units.
Copper Flat Granodiorite Pluton and Dikes [quartz latite porphyry (Tcf)]
The Copper Flat pluton is a small composite pluton on the western edge of the CMD.
Lasky (1936) and Jones et al. (1967) describe five facies of the intrusion and discuss the
mineralization and alteration. None of the dikes found at other localities in the CMD are
found at Copper Flat except the quartz monzodiorite - the marker sill. Conversely, none
of the Copper Flat intrusive rocks are recognized anywhere else in the district. As a
result, the timing of events at Copper Flat cannot be directly correlated to the timing of
the intrusions of the Hanover-Fierro or Santa Rita stocks.
The following descriptions of this unit are largely from Jones et al, (1967). Each
facies of the intrusion can be distinguished by the size and abundance of quartz and
feldspar phenocryst. The ‘a’ facies contains low amounts of quartz and sub-millimeter
biotite and hornblende. The ‘b’ and ‘c’ facies are similar in appearance, both being
21

porphyritic; however, the ‘b’ facies lacks large phenocrysts of orthoclase. Alteration in
this unit consists of secondary biotite and chlorite replacing primary biotite and
hornblende, with little to no original hornblende remaining. Two dikes to the south of the
main body of the Copper Flat intrusion whose map traces trend east-west are of different
compositions; quartz phenocrysts are commonly 1-2 mm in size in the north dike, which
also contains fine-grained biotite, hornblende, and feldspar. Alteration in the north dike
consists of minor chlorite replacing hornblende. The south dike contains less
phenocrystic quartz but is otherwise similar in composition to the north dike and contains
notable epidote. Portions of the ‘a’ facies of the Copper Flat pluton display intense clay
alteration as well as massive quartz and hematite veining. Accessory minerals include
apatite, magnetite, and zircon. A sample of the ‘a’ facies without quartz and hematite
veins was collected for U-Pb dating in this study (CMD12-TcfaBz).
Biotite-pyroxene Monzonite Plug [orthoclase gabbro (TKg)]
QAP normalizations of data from Jones et al. (1967) accompanying the description
of a sample of similar gabbro from a nearby locality (10 km to the west) indicate that this
rock would be more appropriately classified on a current QAP plot as a biotite-pyroxenebearing monzonite (Table 2). This unit occurs at the center of radiating mafic dikes
located in the North Star basin in the northwestern corner of the CMD. Jones et al. (1967)
suggest that the monzonite plug and its radiating dikes represent a deeply eroded site of a
Laramide volcanic center. This unit is composed of two facies, each of similar mineral
content and color but with significant textural differences; the eastern facies contains
smaller phenocrysts of pyroxene, hornblende, and feldspar than the western facies. The
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western facies is composed of large (up to 1cm) phenocrysts of dark pyroxene, olivine,
and biotite with minor hornblende. The matrix is comprised of large orthoclase feldspar
and minor accessory minerals, including magnetite and apatite. Alteration consists of
serpentine and chlorite replacing olivine (Jones et al., 1967).
U-PB GEOCHRONOLOGY
All of the samples collected for U-Pb dating belong to the units that have critical
crosscutting relationships among the igneous rocks and mineralization in the district.
These samples were chosen based on their compositions and constraints of relative dating
as confirmed by crosscutting field relationships (Table 1). Not all samples yielded zircons
for analysis.
Zircon separates were sought in 15 samples from key units; 11 samples yielded
useful zircons that were subsequently analyzed by the Laser-Ablation Multicollector
Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS) method. LA-MCICP-MS was used to confidently assign crystallization ages to the various intrusive units.
Methods
Approximately10-20 kg of each sample was submitted for zircon separation. Zircon
crystals are extracted from samples by traditional methods of crushing and grinding,
followed by separation with a Wilfley table, a Frantz magnetic separator, and heavy
liquids. Samples are processed such that all zircons are retained in the final heavy mineral
fraction. A split of these grains (generally 50-100 grains) are selected and incorporated
into a one-inch epoxy mount together with fragments of a standard zircon. The mounts
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are sanded to a depth of ~20 microns, polished, imaged with cathodoluminescence (CL),
and cleaned prior to isotopic analysis. Most zircons in this study are stubby in shape and
size; however, several samples (CMD12-TgAz, Tli, KepAz, and KlpAz) (Figures 5-7)
possess zircons that are long and acicular in habit. CL imaging also shows well-defined
zoning in many zircon crystals and most crystals are free of inclusions.
U-Pb geochronology of zircons was conducted by laser ablation multicollector
inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) at the Arizona
LaserChron Center (Gehrels et al., 2008). Rims of zircons were systematically analyzed
until a satisfactory population of ages was obtained (usually 30-35 analyses). Cores were
systematically analyzed to look for evidence of inheritance.
The analyses involve ablation of zircon with a Photon Machines Analyte G2
Excimer Laser using a spot diameter of 30 microns. The ablated material is carried in
helium into the plasma source of a Nu HR ICPMS, which is equipped with a flight tube
of sufficient width that U, Th, and Pb isotopes are measured simultaneously. All
measurements are made in static mode, using Faraday detectors with 3x1011 ohm
resistors for 238U, 232Th, 208Pb-206Pb, and discrete dynode ion counters for 204Pb and
202

Hg. Ion yields are ~0.8 mv per ppm. Each analysis consists of one 15-second

integration on peaks with the laser off (for backgrounds), 15 one-second integrations with
the laser firing, and a 30-second delay to purge the previous sample and prepare for the
next analysis. The ablation pit is ~15 microns in depth.
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For each analysis, the errors in determining 206Pb/238U and 206Pb/204Pb result in a
measurement error of ~1-2% (at 2-sigma level) in the 206Pb/238U age. The errors in
measurement of 206Pb/207Pb and 206Pb/204Pb also result in ~1-2% (at 2-sigma level)
uncertainty in age for the grains that are >1.0Ga, but are substantially larger for younger
grains due to low intensity of the 207Pb signal. For most analyses, the cross-over in
precision of 206Pb/238U and 206Pb/207Pb ages occurs at an age of ~1.0 Ga.
204

Hg interference with 204Pb is accounted for measurement of 202Hg during laser

ablation and subtraction of 204Hg according to the natural 202Hg/204Hg of 4.35. This Hg
correction is not significant for most analyses because Hg backgrounds are low (generally
~150 cps at mass 204).
Common Pb correction is accomplished by using the Hg-corrected 204Pb and
assuming an initial Pb composition from Stacey and Kramers (1975), which subtracts any
initial (common) 206Pb and 207Pb out of the radiogenic fraction that may be present and
accounts for the presence of 204Pb. Uncertainties of 1.5 for 206Pb/204Pb and 0.3 for
207

Pb/204Pb are applied to these compositional values based on the variation in Pb isotopic

composition in modern crystal rocks.
Inter-element fractionation of Pb/U is generally ~5%, whereas apparent fractionation
of Pb isotopes is generally <0.2%. In-run analysis of fragments of a large zircon crystal
(generally every fifth measurement) with a known age of 563.5 ± 3.2 Ma (2-sigma error)
is used to correct for this fractionation. The uncertainty resulting from the calibration
correction is generally 1-2% (2-sigma) for both 206Pb/207Pb and 207Pb/238U ages.
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Concentrations of U and Th are calibrated relative to the standard Sri Lanka zircon,
which contains ~518 ppm U and 68 ppm Th. Analyses that are >20% discordant (by
comparison of 206Pb/238U and 206Pb/207Pb ages) or >5% reverse discordant are not
considered further. The weighted mean diagrams (Figs. 8 through 12) show the weighted
mean (weighting according to the square of the internal uncertainties), the uncertainty of
the weighted mean, the external (systematic) uncertainty that corresponds to the ages
used, the final uncertainty of the age (determined by quadratic addition of the weighted
mean and external uncertainties), and the MSWD of the data set.
Results
Eleven new U-Pb dates were obtained from 15 processed samples representing key
igneous units (Table 4). The resulting interpreted ages are shown on Pb*/U concordia
diagrams (Figs. 8 through 12) and weighted mean diagrams using the routines in Isoplot
(Ludwig, 2008).
With one exception, all dates fall in the range 61.0 Ma to 57.5 Ma. These new ages
are compatible, within error, with observed crosscutting relations of the igneous units in
the CMD. The monzonite (gabbro) plug of the North Star basin is an outlier at 46.8 Ma.
These ages are compiled with published K-Ar and Ar-Ar ages from the New Mexico
Geochronological Database project (Table 5 and Fig. 13).
Three samples possessed inherited cores of Proterozoic age (Figures 9 and 11, Table
4). Samples with inherited zircons clearly display both inherited cores with new
magmatic zircon overgrowth. Concordia plots (Figures 9 and 11) for samples CMD12KlpAz, CMD12-KlpBz, and CMD12-17 indicate inherited zircons with ages of 1.4 and
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1.6 Ga, correlative to the Precambrian North American Rhyolite-Granite province around
1.4 Ga and the Yavapai-Mazatzal Orogeny at 1.6 Ga (Karlstrom, 1998).
DISCUSSION
Comparison with earlier results
The eleven new U-Pb ages of zircons in igneous units in the CMD, coupled with
results from earlier geologic work in the district, result in a partially revised sequence of
events in the CMD. U-Pb analysis of rocks in this study provides ages that are
compatible, within error, with earlier K-Ar and Ar-Ar work performed in the district and
crosscutting relationships (Tables 1 and 5; Fig. 13).
Interpretation of District-wide Magmatism
Audetat and Pettke (2006) conducted a melt inclusion study to discern the evolution
of the magmatic system in the CMD. They interpreted the sequence of magmatism to
evolve from a mafic phase to a felsic phase, beginning with the basaltic andesite and the
monzonite (gabbro) plug in the North Star basin area. However, the basaltic andesite, as
shown by Jones et al. (1967), is Miocene (?) in age and is, therefore, not associated with
mineralization in the CMD. The monzonite (gabbro) plug has also been shown by U-Pb
dating in this study to be significantly later than magmatic events in the CMD. It is
unlikely that these units actually represent an early mafic phase of the magmatic
sequence of intrusions in the CMD.
Two other rocks analyzed by Audetat and Pettke (2006) are correlative to the diorite
dikes (granodiorite porphyry) and the granodiorite (rhyodacite) dikes of Jones et al.
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(1967) and this study. These units are, in fact, late in the magmatic sequence, as shown
by crosscutting relationships and U-Pb dating. Inferences drawn by Audetat and Pettke
(2006) regarding the evolution of the magmatic sequence of events in CMD should be
reconsidered.
U-Pb ages from this study, combined with geologic crosscutting relationships as can
be verified in the field, support a partially revised sequence of magmatic events in the
CMD; the earliest Laramide event in the CMD was a regional volcanic center in the
Silver City area, which was the source of local andesite breccias. This was followed by
the district-wide emplacement of felsic intrusions, beginning with granodiorite sills and
laccoliths in the northwest. Early dikes then cut the andesite breccia and the granodiorite.
The following intrusions were emplaced sequentially but closely in time; early,
district-wide granodiorite and quartz monzodiorite sills, the Santa Rita stock, type 1
diorite dikes (as differentiated by Jones et al., 1967), the Hanover-Fierro stock, type 2
followed by type 3 diorite dikes as differentiated by Jones et al. (1967), and subsequent
granite dikes and granodiorite porphyry dikes and plugs. A later, unrelated magmatic
pulse produced the monzonite plug in the North Star basin and its associated mafic dikes.
Characterization of the dikes associated with the mafic dike swarm in the North Star
basin by Jones et al. (1967) is ambiguous, owing to a high degree of uncertainty in the
correlation of all of the mafic dikes with any one intrusive event. Our new U-Pb ages
resolve the timing of the three main porphyry intrusion events in the CMD. As of yet,
there can be found no older, mafic phase of the mineralized plutons in the CMD.
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Regional Comparison
Results of this study provide evidence for the timing of magmatic events in the CMD
and how they relate to other regional magmatic events associated with the Laramide arc.
The span in the U-Pb ages of the rocks in the CMD is too great to support the theory that
these rocks were derived from a common upper crustal source. Multi-million-year
districts are likely composed of several individual events of separate magma batches
(e.g., Chiaradia et al., 2013).
The range in age in the CMD is relatively short compared to many Laramide
porphyry copper districts in the Southwest. In many other districts, mafic to intermediate
magmatism may predate mineralized plutons by 5-10 m.y., and the mineralized plutons
themselves may be composite and span 4-8 m.y. Seedorff et al. (2005) report episodic
mineralizing events can occur over a span of 10-15 m.y. following early mafic
magmatism in districts comprised of clusters of large plutons (Globe-Miami, Figure 14).
However, this spread in ages in the CMD is similar to other porphyry copper deposits
(e.g., Morenci (McCandless and Ruiz, 1993), Cananea (Anderson and Silver, 1977), Pima
District (Stavast, 2008), La Caridad (Valencia, 2005), and Bagdad (Barra et al., 2003))
which are composed of multiple magmatic centers that are short-lived and contribute to
mineralization.
Interpretation of Geochronology
The necessity of understanding that mineralization ages may be underestimated due
to the superimposition of several magmatic-hydrothermal events in one intrusive system
has been reinforced by multiple researchers. Cathles (1981, Figure 6) and Norton (1982,
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Figure 3.5) present models with values of varying cooling rates for intrusive plutons,
depending on the permeability of the intrusion, with the cooling rate increasing with
increasing permeability. Numerical models for plutons of similar shape and size (1-2 km
in diameter) to those in the CMD show that single intrusions are able to provide heat for
the hydrothermal system for only a few tens of thousands to hundreds of thousands of
years (Norton, 1982). This can, of course, be slightly increased by repeated intrusions of
similar geometry. Hanson and Barton (1989) present detailed numerical models for
cooling rates associated with intrusions of varying geometries, many of which can be
found in the CMD in the form of sills, dikes, and plutons. Heidrick and Titley (1982)
present evidence that plutons with a greater number of continuous fractures than plutons
of similar geometry with significantly fewer fractures are more commonly mineralized,
generally speaking, as the fracture abundance is roughly correlative to the volume of fluid
that passed through the mineralized system.
Fundamentally, more fluids present in a magmatic-hydrothermal system may be
responsible for greater fracturing, increased permeability, higher cooling rates, and
increased mineralization. The repeated injection of these circulating fluids, which can be
contributed to by the emplacement of nearby plutons, can create variations in primary
mineral deposition and alteration mineral compositions, none of which actually reflect the
crystallization age of an intrusion. In determining the age of an intrusion, some aspects of
geochronology may be problematic in that they may not accurately reflect the age of
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crystallization/emplacement of these intrusive bodies, only the age of mineralization or
alteration.
The multiple, closely-spaced intrusive events in the CMD are representative of this
style of recurring intrusive history, which can repeatedly raise the temperatures of the
stocks, giving a longer-lived time frame to the system as a whole, but not necessarily to
each intrusive event. These principles hold for K-Ar, Ar-Ar, and Re-Os dating, which
may include minerals that have been subjected to reheating by the re-introduction of
fluids from sources outside of the intrusion in question. Alteration and secondary
minerals are commonly used for such dating methods, giving rise to the nature of the
resetting of the systematics employed in those methods. U-Pb geochronology is utilized
to minimize these uncertainties, as the high U-Th-Pb closure temperature of unaltered
zircon is very high (>900°C) means that it is unlikely that later batches of magma will
reset the U-Pb systematics of the zircons (e.g., Cherniak and Watson, 2003).
These concepts may be applied to other porphyry copper districts in southwestern
North America, including Morenci, Bagdad, Cananea, and Pima, based on published
geochronology. Sillitoe and Perelló (2005) address this topic as it relates to large, multiintrusion porphyry copper districts in Chile as well, where magmatism associated with
most of central Andean copper deposits was generally active for only 1-2 m.y., based on
several methods of geochronology. Barra (2013) also addresses this as it relates to similar
deposits at the Toki cluster in the Chuquicamata district in northern Chile.
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Discerning if magmatic events in the CMD were from distinct batches of magma
and/or thermal pulses separate from one another or if they are related through continuous
injection of an evolving magma chamber can be explained, in part, by the results of this
study. These new U-Pb ages shed light on whether some geologic claims made regarding
this scenario are valid.
CONCLUSIONS
The new ages of magmatic rocks in the Central Mining District are consistent with
crosscutting field relations documented by previous geologists (Table 1). Incorporation of
these ages with relative ages based on these crosscutting relationships constrains the
timing of mineralization of porphyry copper in the Central Mining District associated
with the Santa Rita stock to between 61.0 and 59.5 Ma. These results show that
mineralization occurred over a short period (3-3.5 m.y), which is unusual among most
Laramide-age porphyry copper districts in southwestern North America, where mafic to
intermediate magmatism tends to be early and magmatism in mineralized centers
associated with the same complex generally spans 4-8 m.y. The Central Mining District
is similar to other porphyry copper deposits in the region, with short-lived magmatism
and multiple mineralizing centers (Figure 14).

32

ACKNOWLEDGMENTS
I would like to thank Mark Barton for his support, patience, and encouragement
throughout my years working with him. Thanks also go to Freeport McMoRan Copper
and Gold, Inc., and Science Foundation Arizona for financial support and Ralph Stegen
for his counsel during this study. Critical feedback and insight was also provided by Eric
Seedorff and Frank Mazdab. Andrew Lande and the geology staff at the Chino mine were
especially supportive in the field and provided important information on the geology at
the mine. Mark Pecha and the staff at the Arizona Laserchron Center, University of
Arizona, were especially helpful in analyzing samples and discussion on methods and
data reduction for U-Pb ages. Assistance in the field was provided by fellow student
Cody-John Davis. I would also like to thank J. David Lowell for providing this
opportunity by establishing and funding the Professional Science Master’s program in the
Geosciences Department at the University of Arizona. A special thank you goes to
Simone Runyon for her assistance in the field as well as discussion and edits during the
drafting of this manuscript.
Lastly, thank you to my family, especially my children and my parents, for their
continuing support and encouragement to return to school and to finish what I started.

33

REFERENCES
Aldrich, J.M., Jr., 1974, Structural development of the Hanover-Fierro pluton,
southwestern New Mexico: Geological Society of America Bulletin, v. 85, p. 963968.
Anderson, T.H., and Silver, L.T., 1977, U-Pb isotope ages of granitic plutons near
Cananea, Sonora: Economic Geology, v. 72, p. 827-836.
Audétat, A., and Pettke, T., 2006, Evolution of a porphyry-Cu mineralized magma
system at Santa Rita, New Mexico (USA): Journal of Petrology, v. 47, p. 20212046, doi: 10.1093/petrology/egl035.
Baltosser, W., and Trauger, F., 1965, Dedication, in Fitzsimmons, J.P., and LochmanBalk, C., eds., Southwestern New Mexico II: New Mexico Geological Society
Guidebook, 16th Annual Field Conference, p. 5.
Barra, F., Ruiz, J., Mathur, R., and Titley, S.R., 2003, A Re-Os study of sulfide minerals
from the Bagdad porphyry Cu-Mo deposit, northern Arizona, USA: Mineralium
Deposita, v. 38, p. 585-596.
Barra, F., Alcota, H., Rivera, S., Valencia, V., Munizaga, F., and Maksaev, V., 2013,
Timing and formation of porphyry Cu-Mo mineralization in the Chuquicamata
district, northern Chile: New constraints from the Toki cluster: Mineralium
Deposita, v. 48, p. 629-651, doi: 10.1007/s00126-012-0452-1.
Cherniak, D.J., and Watson, E.B., 2003, Diffusion in zircon, in Hanchar, J. M., and
Hoskin, P. W. O., eds., Zircon: Reviews in Mineralogy and Geochemistry, v. 53,
p. 113-143.
Chiaradia, M., Schaltegger, U., Spikings, R., Wotzlaw, J.-F., and Ovtcharova, M., 2013,
How accurately can we date the duration of magmatic-hydrothermal events in
porphyry systems?--An invited paper: Economic Geology, v. 108, p. 565-584.
Freeport-McMoRan, Copper & Gold, Inc., 2012, Form 10-K 2012. Retrieved from
http://www.fcx.com/ir/downloads/2012_Form_10-K.pdf
Gehrels, G.E., Valencia, V., and Ruiz, J., 2008, Enhanced precision, accuracy, efficiency,
and spatial resolution of U-Pb ages by laser ablation-multicollector-inductively
coupled plasma-mass spectrometry: Geochemistry, Geophysics, Geosystems - G3,
v. 9, no. 3, doi:10.1029/2007GC001805.
Hanson, R.B. and Barton, M.D., 1989, Thermal development of low-pressure
metamorphic belts: Results from two-dimensional numerical models: Journal of
Geophysical Research, v. 94, p. 10,363-10,377.

34

Heidrick, T.L. and Titley, S.R., 1982, Fracture and dike patterns in Laramide plutons and
their structural and tectonic implications: American Southwest, in Titley, S.R., ed.
Advances in geology of the porphyry copper deposits, southwestern North
America: Tucson, University of Arizona Press, p. 73-91.
Hernon, R.M., and Jones, W.R., 1968, Ore deposits of the central mining district, New
Mexico, in Ridge, J.D., ed., Ore deposits of the United States, 1933-1967 (GratonSales volume): New York, American Institute of Mining, Metallurgy and
Petroleum Engineering, p. 1212-1237.
Jones, W.R., Hernon, R.M., and Moore, S.L, 1967, General geology of the Santa Rita
Quadrangle, Grant County, New Mexico: U.S. Geological Survey Professional
Paper 555, 144 p.
Karlstrom, E.D., 1998, Persistent influence of Proterozoic accretionary boundaries in the
tectonic evolution of southwestern North America; Interaction of cratonic grain
and mantle modification events: Rocky Mountain Geology, v. 33 p. 161-179.
Lang, J.R., and Titley, S.R., 1998, Isotopic and geochemical characteristics of Laramide
magmatic systems in Arizona and implications for the genesis of porphyry copper
deposits: Economic Geology, v. 93, p. 138-170.
Lang, J.R., Thompson, J.F.H., Mortensen, J.K., Baker, T., Coulson, I., Duncan, R.A.,
Maloof, T.L., James, J., Friedman, R.M., and Lepitre, M.E., 2001, Regional and
system-scale controls on the formation of copper and/or gold magmatichydrothermal mineralization: Vancouver, Mineral Deposit Research Unit,
University of British Columbia, Special Publication Number 2, 115 p.
Lasky, S.G., 1936, Geology and ore deposits of the Bayard area, Central mining district,
New Mexico: U.S. Geological Survey Bulletin 870, 144 p.
Lasky, S.G., 1942, Ground Hog mine, Central district, New Mexico, in Newhouse, W.
H., ed., Ore deposits as related to structural features: Princeton, Princeton
University Press, p. 244.
Livingston, D.E., Mauger, R.L., and Damon, P.E., 1968, Geochronology of the
emplacement, enrichment, and preservation of Arizona porphyry copper deposits:
Economic Geology, v. 63, p. 30-36.
Long, K., 1995, Production and reserves of Cordilleran (Alaska to Chile) porphyry
copper deposits, in Pierce, F.W. and Bolm, J.G., eds., Porphyry Copper Deposits
of the American Cordillera: Arizona Geological Society Digest 20, p. 37-68.
Ludwig, K.R., 2008, Isoplot 3.60: Berkeley Geochronology Center, Special Publication
No. 4, 77 p.
Mauger, R.L., Damon, P.E., and Giletti, B.J., 1965, Isotopic dating of Arizona ore
deposits: American Institute of Mining, Metallurgical, and Petroleum Engineers
Transactions, v. 232, p. 81-87.

35

McCandless, T.E., and Ruiz, J., 1993, Rhenium-osmium evidence for regional
mineralization in southwestern North America: Science, v. 261 p. 1282-1286.
McDowell, F.W., 1971, K-Ar ages of igneous rocks from the western United States:
Isochron-West, no. 2, p. 1-16.
McIntosh, W.C., 1991, Evaluation of paleomagnetism as a correlation criterion for
Mogollon-Datil ignimbrites, southwestern New Mexico: Journal of Geophysical
Research, v. 96, no. B8, p. 13,459-13,483.
McLemore, V.T., McIntosh, W.C., and Pease, T.C., 1995, 40Ar-39Ar age determinations
of four plutons associated with mineral deposits in southwestern New Mexico:
New Mexico Bureau of Mines and Mineral Resources Open-File Report 410, 36
p.
Moorbath, S., Hurley, P.M., and Fairbairn, H.W. 1967, Evidence for the origin and age of
some mineralized Laramide intrusives in the southwestern United States from
strontium isotope and rubidium-strontium measurements: Economic Geology, v.
62, p. 228-236.
Nielsen, R.L., 1968, Hypogene texture and mineral zoning in a copper-bearing
granodiorite porphyry stock, Santa Rita, New Mexico: Economic Geology, v. 63,
p. 37-50.
Norton, D.L., 1982, Fluid and heat transport phenomena in pluton environments, in
Titley, S.R., ed. Advances in geology of the porphyry copper deposits,
southwestern North America: Tucson, University of Arizona Press, p. 59–72.
Rehrig, W.A., and Heidrick, T.L., 1972, Regional fracturing in Laramide stocks in
Arizona and its relationship to porphyry copper mineralization: Economic
Geology, v. 67, p. 198-213.
Rose, A.W., and Baltosser, W.W., 1966: The porphyry copper deposit at Santa Rita, New
Mexico, in Titley, S.R., and Hicks, C.L., eds., Geology of the porphyry copper
deposits, southwestern North America: Tucson, University of Arizona Press, p.
205–220.
Russin, D.P., 2008, Hypogene alteration and mineralization in the Dos Pobres porphyry
Cu(-Au-Mo) deposit, Safford District, Arizona: A gold- and magnetite-rich
variant of Arizona porphyry copper systems: Unpublished M. S. thesis, Tucson,
University of Arizona, 120 p.
Schmitt, H.A., 1939, The Pewabic mine, New Mexico: Geological Society of America
Bulletin, v. 50, p. 777-818.
Seedorff, E., Barton, M.D., Gehrels, G.E., Johnson, D.A., Maher, D.J., Stavast, W.J. A.,
and Flesch, E., 2005, Implications of new U-Pb dates from porphyry copperrelated plutons in the Superior-Globe-Ray-Christmas area, Arizona [abs.]:
Geological Society of America Abstracts with Programs, v. 37, no. 7, p. 164.

36

Sillitoe, R.H., and Perelló, J.A., 2005, Andean copper province: Tectonomagmatic
settings, deposit types, metallogeny, exploration, and discovery: Economic
Geology 100th Anniversary Volume, p. 845-890.
Spencer, A.C., and Paige, S., 1935, Geology of the Santa Rita mining area, New Mexico:
U.S. Geological Survey Bulletin 859, 78 p.
Stacey, J.S., and Kramers, J.D., 1975, Approximation of terrestrial lead isotope evolution
by a two-stage model: Earth and Planetary Science Letters, v. 26, p. 207-221.
Stavast, W.J.A., 2008, Three-dimensional evolution of magmatic hydrothermal systems,
Schultze Granite and Ruby Star Granodiorite, Arizona: Unpublished Ph.D.
dissertation, Tucson, University of Arizona, 414 p.
Thoman, M.W., North, R.M., and Worthington, W.T., 2006, Santa Rita porphyry copper
deposit, Grant County, New Mexico: A summary, in Stegen, R.J., ed., Tyrone and
Santa Rita porphyry copper deposits, New Mexico: Arizona Geological Society
Field Trip Guidebook, Fall 2006, 4-5 November 2006, 55 p.
Titley, S.R., 1982, Preface, in Titley, S.R., ed., Advances in Geology of the Porphyry
Copper Deposits, Southwestern North America: Tucson, University of Arizona
Press, p. xiii-xiv.
Unruh, D.M., 1997, Porphyry geochronology and geochemistry, in Force, E.R., Geology
and mineral resources of the Santa Catalina Mountains, southeastern Arizona: A
cross-sectional approach: Tucson, Arizona, Center for Mineral Resources
(University of Arizona and U. S. Geological Survey), Monographs in Mineral
Resource Science No. 1, p. 94-100.
Valencia, V.A., Ruiz, J., Barra, F., Gehrels, G., Ducea, M., Titley, S.R., and OchoaLandin, L., 2005, U-Pb zircon and Re-Os molybdenite geochronology from La
Caridad porphyry copper deposit: Insights for the duration of magmatism and
mineralization in the Nacozari district, Sonora, Mexico: Mineralium Deposita, v.
40, p. 175-191, doi:10.1007/s00126-005-0480-1

37

FIGURE CAPTIONS
Figure 1: Regional setting of southwestern North America, New Mexico, and the Central
Mining District.
Figure 2: Simplified geologic map of the Central Mining District (Modified from Jones et
al., 1967).
Figure 3: IUGS QAP plot of igneous units in the Central Mining (Data from norms of
samples in Jones et al, 1967, table 2).
Figure 4: Locations of samples collected for U-Pb processing (UTM in table 3). 1:
CMD12-02, 2: CMD12-KsyAz, 3: CMD12-TKgWz, 4: CMD12-KepAz, 5: CMD12KtAz, 6: CMD12-KaAz, 7: CMD12-KlpBz, 8: CMD12-TcfaBz, 9: CMD12-TliAz, 10:
CMD12-C17, 11: CMD12-C16, 12: CMD12-01, 13: CMD12-TgAz, 14: CMD12-KlpAz.
Figure 5: CL images of typical zircons from samples.
Figure 6: CL images of typical zircons from samples.
Figure 7: CL images of typical zircons from samples.
Figure 8: U-Pb concordia and mean ages for samples from CMD. A and B: Kep, C and
D: Thg - Hanover-Fierro stock, E and F: Tg – type 2 diorite dikes of Jones et al., 1967
Figure 9: U-Pb Concordia and mean ages for hornblende quartz diorite. (A-D) Plots E
and F display inheritance correlative to the Precambrian North American RhyoliteGranite province present in this sample.
Figure 10: U-Pb concordia and mean ages for samples from CMD. A and B: Tcfa
(Copper Flat), C and D: Tqm (quartz monzonite dikes, E and F: Tli – rhyodacite dikes of
Jones et al., 1967
Figure 11: U-Pb Concordia and mean ages for Santa Rita granite. A and B: CMD12-C16
(mid-pit sample of stock) and C and D: CMD12-C17 (stock near skarn contact in east pit.
Plot E displays inheritance correlative to the Precambrian North American RhyoliteGranite province and the Mazatzal Orogeny present in this sample.
Figure 12: U-Pb Concordia and mean ages for the orthoclase gabbro plug (monzonite)
TKgW.
Figure 13: Plot of U-Pb vs. K-Ar and Ar-Ar data from Central Mining District. U-Pb data
is 2-sigma, K-Ar and Ar-Ar data from NMGDB (Data from New Mexico
Geochronological Database
(http://geoinfo.nmt.edu/publications/databases/dds/1/details.cfm).
Figure 14: Regional ages of porphyry copper districts in the southwest.
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Figure 1: Regional setting of southwestern North America, New Mexico, and the Central
Mining District.
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Figure 2: Simplified geologic map of the Central Mining District (Modified from Jones et
al., 1967).
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Figure 3: IUGS QAP plot of igneous units in the Central Mining.
(Data from norms of samples in Jones et al, 1967, Table 2).
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Figure 4: Locations of samples collected for U-Pb processing (UTM in table 3).
1: CMD12-02, 2: CMD12-KsyAz, 3: CMD12-TKgWz, 4: CMD12-KepAz, 5: CMD12KtAz, 6: CMD12-KaAz, 7: CMD12-KlpBz, 8: CMD12-TcfaBz, 9: CMD12-TliAz, 10:
CMD12-C17, 11: CMD12-C16, 12: CMD12-01, 13: CMD12-TgAz, 14: CMD12-KlpAz.
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CMD12-C16z
(Later phase of Tsq)

CMD12-TgAz

CMD12-C17z
(Early phase of Tsq)

CMD12-02 (Thg)

Figure 5: CL images of typical zircons from samples.
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CMD12-KepAz

CMD12-KlpAz

CMD12-KlpBz

CMD12-01 (Tqm)

Figure 6: CL images of typical zircons from samples.
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CMD12-TcfaBz

CMD12-TKgW

CMD12-TliAz

Figure 7: CL images of typical zircons from samples.
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Figure 8: U-Pb concordia and mean ages for samples from CMD. A and B: Kep, C and
D: Thg - Hanover-Fierro stock, E and F: Tg – type 2 diorite dikes of Jones et al., 1967.

46

Figure 9: U-Pb Concordia and mean ages for hornblende quartz diorite (A-D). Plots E
and F display inheritance correlative to the Precambrian North American RhyoliteGranite province present in this sample.
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Figure 10: U-Pb concordia and mean ages for samples from CMD. A and B: Tcfa
Copper Flat), C and D: Tqm (granite dikes), E and F: Tli – granodiorite dikes.
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Figure 11: U-Pb Concordia and mean ages for Santa Rita granite. A and B: CMD12-C16
(mid-pit sample of stock) and C and D: CMD12-C17 (stock near skarn contact in east pit.
Plot E displays inheritance correlative to the Precambrian North American RhyoliteGranite province and the Mazatzal Orogeny present in this sample.
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TKgW

TKgW

Figure 12: U-Pb Concordia and mean ages for the orthoclase gabbro plug (monzonite)
TKgW
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Figure 13: Plot of U-Pb vs. K-Ar and Ar-Ar data from Central Mining District. U-Pb data
is 2-sigma, K-Ar and Ar-Ar data from NMGDB (Data from New Mexico
Geochronological Database
(http://geoinfo.nmt.edu/publications/databases/dds/1/details.cfm).
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Figure 14: Regional ages of porphyry copper districts in the southwest.
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Table 1: Field observations of relative ages as reported by Lasky (1936), Schmitt (1939), and Jones et al. (1967).
Unit
Ksy

Age
early

TKd/m1
Ka
Kab
TKd/m2
Kep
Klp
Kt
Mimbres Fault
Tg1
Tsq
Barringer
Fault
Thg
Tg2 and 3
Tqm
Tcf
Ttr
Tlq
Tt
Tli
Hanover Hole
T volcanics

early
early
early
early
early
early
middle
middle
middle
middle
middle
middle
middle
middle
middle
late
late
late
late
late
late

Evidence
cut by mafic dikes, overlain by andesite breccia, cut again by mafic dikes, cut by Klp near Hermosa Mountain,
no older crosscutting relationships can be found district-wide
early mafic dikes intruded into Ksy, overlain by Kab
cut by Tli, Hbd indicative of possible relation to Ksy
overlies Ksy, cut by mafic dikes
cut Ksy and Kab
cut by Tsq and Klp and all younger dikes
cut by Tsq and all younger dikes
cut by Tli and possesses epidote, indicating pre-ore emplacement
intruded by Kt, cuts upper Cenozoic gravels in the district
cuts Klp, folded and altered by Thg
Cuts Klp and Kep, cut by Tg2 and Tg3, Tqm and Tli
probably contemporaneous with Thg, conduit for mineralizing fluids, but cuts all host rocks in the district, and
is cut by Tli and Tg
Cuts Klp, folded and altered Tg1, cut by Tli, Tqm and Tg2 and Tg3
Apophyses of Thg? and/or Tsq?, cut older sills and is cut by Tqm and Tli
cuts Tg1, 2, 3, cuts Thg, Tsq, Klp, Kep, cut by Tli, Tt and Ttr
cuts Klp, but cannot be correlated to intrusive rocks elsewhere in the district
cuts Tqm and Tg
cuts Tqm, Tg, Thg, is cut by Tli
cuts Tqm, cut by Tli NOTE: southeast limb of Tt may be older, apophyses of Tsq
cuts all other intrusives in the district
contains fragments of all host rocks, sills, stocks, and dikes in the district
not cut by dikes, overlie all other rocks in the district, unless otherwise removed by erosion
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Table 2: QAP norms from chemical analysis of intrusive units. (Data from Jones et al., 1967: Tables 3, 6, 7, 8, 9, 10,
11, 13, 14, and 16)
Unit
Kep
Klp
Tsq 1
Tsq 2
Tsq 3
Tsq 4
Tsq 6
Tg1
Tg2
Tg3
Thg1
Thg2
Thg3
Thg4
Thg5
Tcf 1
Tcf 2
Tli 1
Tli 2
Tli 3
TKg1
TKg2
Tqm 1
Tqm 2
Ksy 1
Ksy 2

Qz
17.5
13.9
22.5
10.8
20.6
23.2
18.8
3.3
0.8
1.3
13.9
17.5
19.4
14.4
20
26.9
27.1
20.8
24.9
20.8
1.3
1.8
23.52
18.8
9.5
7.2

Orth
17.5
13.3
22.1
16.7
27.8
39.5
27.2
0
0
0
15.6
13.3
19.5
28.4
17.8
19.5
21.1
19.46
22.8
17.8
26.7
28.4
21.1
27.2
15
15.6

Ab
32.0
40.4
28.8
48.2
28.8
18.3
29.9
36
19
24.9
36.2
29.3
33
27.2
32.5
38.8
34.6
36.2
28.8
35.1
27.8
27.77
29.3
29.9
33.5
29.9

An
17.8
17.2
11.4
11.4
10.3
6.7
11.7
0
0
0
17.2
26.1
17
19.2
16.4
7.8
8.6
12.2
13.3
14.5
15.9
15.01
14.7
11.7
21.4
22.2

Total
84.7
84.9
84.8
87.1
87.5
87.7
87.6
39.3
19.8
26.2
82.9
86.2
88.9
89.2
86.7
93.0
91.4
88.7
89.9
88.2
71.6
72.94
88.7
87.6
79.4
74.9

Q
20.6
16.4
26.5
12.4
23.5
26.4
21.5
8.4
4.0
5.0
16.8
20.3
21.8
16.1
23.1
28.9
29.6
23.5
27.7
23.6
1.8
2.5
26.5
21.5
12.0
9.6

A
20.6
15.7
26.0
19.2
31.8
45.0
31.1
0.0
0.0
0.0
18.8
15.4
21.9
31.8
20.5
21.0
23.1
21.9
25.4
20.2
37.3
38.9
23.8
31.1
18.9
20.8

P
58.7
67.9
47.4
68.4
44.7
28.5
47.5
91.6
96.0
95.0
64.4
64.3
56.2
52.0
56.4
50.1
47.3
54.6
46.9
56.2
60.9
58.7
49.7
47.5
69.1
69.6

Total
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

Prior Designation
Quartz Latite
Hornblende Quartz Diorite
Quartz Monzonite
Quartz Monzonite
Quartz Monzonite
Quartz Monzonite
Quartz Monzonite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Quartz Latite
Quartz Latite
Rhyodacite
Rhyodacite
Rhyodacite
Orthoclase Gabbro
Orthoclase Gabbro
Quartz Monzonite
Quartz Monzonite
Syenodiorite
Syenodiorite

Current IUGS Classification
Granodiorite
Quartz Monzonite
Granite/Quartz Monzonite
Granite/Quartz Monzonite
Granite/Quartz Monzonite
Granite/Quartz Monzonite
Granite/Quartz Monzonite
Quartz Diorite
Diorite
Diorite
Granodiorite/Quartz Monzonite
Granodiorite/Quartz Monzonite
Granodiorite/Quartz Monzonite
Granodiorite/Quartz Monzonite
Granodiorite/Quartz Monzonite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Monzonite
Monzonite
Granite/Granodiorite
Granite/Granodiorite
Quartz Monzonite
Quartz Monzonite
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Table 3: U-Pb sample descriptions.
Sample

Phenocrysts
Qz

CMD12-01z (Tqm)
CMD12-02cz (Thg)
CMD12-KepAz (Kep)
CMD12-TliAz (Tli)
CMD12-C16az (Tsq)
CMD12-17cz (Tsq)
CMD12-TKgWz (TKg)
CMD12-TcfaBz
CMD12-KlpAz
CMD12-KlpBz
CMD12-TgAz
CMD12-KsyAz

size (mm)
1-5
2-5
<1-3
<1-3
<1-2
1-3
0.5
<1
<1
<1
<1
<1

%
5-10
<5
5
<5
<2
<5
<1
<1
5-10
5-10
<5
<5

Plag
size
(mm)
1-6
1-8
<1-4
1-6
<1-3
<1-5
<1-2
<1-6
<1-2
<1-2
<1-4
1-2

%
30-40
50-60
70-75
10-15
<5
20-25
25-35
15-25
15-20
15-20
30-40
40-50

Ksp
size
(mm)
1-10
1-2
1-2
1-7
<1
<1-3
<1

%
5-10
<5
<5
15-25
<5
20-25
5

<1
<1

<5
<5

<1

<5

Bt
size
(mm)
<1-2
1-6
<1
<1
<1
<1-3
<1-4
<1

%
<5
5
<5
<1
<1
<5
10-15
<1

<1-1

<5

Hbd
size
(mm)
2-5
<1
<1
<1-3
<1
<1-2
<1-2
<1-3

%
<5
<1
<5
<1
<1
<5
<1
10-15
10-15
<5
<1

Cpx
size
(mm)

%

1-7

30-35

1-8

5-10
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Table 4: U-Pb age results and locations.
Sample
CMD12-KepAz
CMD12-KlpAz
CMD12-KlpBz
CMD12-C17
CMD12-C16
CMD12-02
CMD12-TgAz
CMD12-01
CMD12-TliAz
CMD12-TcfaBz
CMD12-TKgW
CMD12-Kt
CMD12-Ka
CMD12-Ksy
CMD12-TKgE

Current IUGS
Classification
Granodiorite
Quartz
Monzondiorite
Quartz
Monzondiorite
Granite
Granite
Granodiorite
Diorite
Granite
Granodiorite
Granodiorite
Monzonite

Granodiorite
Monzonite

UTM
(12S)

59.5
60.8

Error
(2 sigma)
± 0.8
± 1.3

60.3

± 1.1

with inherited cores (1.4 Ga)

3632207N

61.0

± 1.6

3632206N
3637681N
3630650N
3631031N
3634229N
3633784N
3638812N
3639996N
3637585N
3638546N
3638741N

59.5
58.5
58.5
58.3
59.0
57.5
46.6
-

± 0.9
± 0.9
± 0.7
± 0.8
± 0.7
± 0.7
± 0.9
-

5200 level, south pit, Early phase, with inherited cores
(1.4 to 1.6 Ga)
5150 level, south pit, further from skarn
Thg – hanging wall, Barringer fault, Continental pit

Age (Ma)

774804E

3641134N

754166E

3629757N

778266E

3636726N

775099E
775078E
772325E
771308E
774415E
772528E
769579E
769656E
777849E
779323E
769982E
769808E

Notes
with inherited cores (1.4 Ga)

Tqm – south pit, south wall, Chino mine

(West facies) of 'gabbro' plug
No zircons
6 zircons, no analysis performed
No zircons
No zircons – East facies of ‘gabbro’ plug
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Table 5: K-Ar ages of rocks in the Central Mining district. (Data from New Mexico Geochronological Database
http://geoinfo.nmt.edu/publications/databases/dds/1/details.cfm)
Sample

Unit

Description

Gr-023a
Gr-023b
Gr-048a
Gr-048b
Gr-050
Gr-051
Gr-052
Gr-053
Gr-175
Gr-024
Gr-025a
Gr-025b
Gr-026b
Gr-042a
Gr-042b
Gr-044a
Gr-044b
Gr-044c
Gr-197
Gr-174
Gr-036

Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Santa Rita Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Hanover-Fierro Porphyry
Copper Flat Stock

porphyritic granodiorite
porphyritic granodiorite
granodiorite
granodiorite
alteration zone
alteration assemblage
alteration assemblage
alteration zone
granite
granodiorite
granodiorite
granodiorite
porphyritic granodiorite
granodiorite
granodiorite
granodiorite
granodiorite
granodiorite
Qtz monzonite
granite
qtz latite porphyry

Tsq
Tsq
Tsq
Tsq
Tsq
Tsq
Tsq
Tsq
Tsq
Thg
Thg
Thg
Thg
Thg
Thg
Thg
Thg
Thg
Thg
Thg
Tcf

Method

Age (Ma)

Error

KA
KA
KA
KA
KA
KA
KA
KA
RS
KA
KA
KA
KA
KA
KA
KA
KA
KA
AA
RS
KA

57.3
59.7
59.3
60
60
58.9
36.4
57.8
51.9
72.2
58.6
68.9
59.9
60.4
60.9
57.6
58.1
62.5
57.5
51.9
55.6

1.7
1.7
1.8
2.5
1.7
1.7
1.5
1.7
13
2.1
2
2.9
1.8
1.8
2.3
2.2
1.7
2.3
0.07
18
1.6

McDowell, 1971
McDowell, 1971
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
Moorbath et al., 1967
McDowell, 1971
McDowell, 1971
McDowell, 1971
McDowell, 1971
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McDowell, F. W., unpubl.
McLemore, V.T., et al. (1995)
Moorbath et al., 1967
McDowell, F. W.
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