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Abstract

- K-metasomatism of Cenozoic rocks, including the upper Lemitar And Helis Mesa
silicic ignimbrites, has occurred near Socorio, New Mexico, likely as the result of the
downward percolation of alkaline, saline brines in a hydrologically closed basin. One
result of K-metasomatism is the dissolution of Na-rich phases, primarily plagioclase, and
the formation of secondary mineral phases. Based on XRD and semi-quantitative clay
mineral analysis, the alteration assemblage produced by alteration of plagioclase consists
of adularia, quartz, mixed layer illite-smectite (I/ S), kaolinite, discrete smectite and illite,
minor calcite and barite. Some remnant plagioclase also remains as a result of incomplete
dissolution. Kaolinite and barite likely result from localized hydrothermal events that arc
superimposed on the metasomatic alteration. A hydrothermal origin for kaolinite is
suggested due to acidic conditions necessary for its formation and stability whereas K-
metasomatism in the Socorro area is believed to be an alkaline alteration process.
Adularia, a low-temperature K-feldspar, is the dominant mineral produced during K-
metasomatic alteration. Scanning electron microscope (SEM) and electron microprobe
analysis indicate the stability of mixed-layer IS and discrete smectite in the assemblage.
The formation of discrete smectite within the assemblage during K-metasomatism may
have occurred during periods of low cation / H' ratios in the alkaline, saline brine, Upon
an increase in the cation / H* ratio, possibly due to an increase in evaporation of the
alkaline lake, the solution may have become sufficiently concentrated to cause illitization
of smectite resulting in the formation of mixed-layer I/S within the assemblage. Data also

suggests formation of the alteration assemblage as a result of coprecipitation, although
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direct evidence for this is elusive. Electron microprobe backscattered ima ges and element
maps strongly suggest a dissolution-precipitation reaction for K-metasomatism in the
Socorro area as indicated by the presence of dissolution embayments in plagioclase
crystals, the presence of crystalline adularia, and the common occurrence‘ of authigenic
clay minerals in the assemblage.

In addition to changes in the mineralogy, K-metasomatism also caused significant
chemical modification of the silicic ignimbrites. Adularia abundance positively correlates
with K,0 and Rb content of whole rock samples, whereas there is a negative correlation
for Na,O, Ca0, and Sr. The correlation between Rb and K,O suggests that Rb is enriched
during alteration due to substitution for K in the crystal lattice of adularia. High
concentrations of elements such as Ba, As, Sb, Pb and Cs likely reflect enrichment due to
hydrothermal overprinting, however low levels of As and possibly Ba and Sb are related to
enrichment through K-metasomatism. Several major element oxides and trace elements
such as §i0,, TiO,, ALO,, Y, Zr, and Nb show no Systematic variation in K-
metasomatized rocks, thus suggesting that no mass gain or loss occurred during
metasomatism thereby, allowing for evaluation of primary compositional zonation of the
upper Lemitar and Hells Mesa Tuffs,

Rare earth element (REE) concentrations also show variability in the two silicic
ignimbrites as a result of alteration, which is dissimilar to other studies of K-
metasomatism. Notably, middle and heavy REE are depleted in the uppei' Lemitar Tuff
and enriched in the Hells Mesa Tuff; whereas light REE show little to no Systematic

variation. Data from this study suggest attempted partial equilibration between the




mineral assemblage and the altering fluid as the most likely mechanism for redistribution of
REE within the units. Enrichment and depletion of REE in the alteration assémblage
suggests that the initial REE content of plagioclase, relative to the fluid REE content, may
have been responsible for the resultant change in REE concentration. Tnitial data imply
incorporation of REE into clay minerals, although this is somewhat speculative.

Stable isotope data collected on both whole rock and separated samples indicate
significant enrichment of §'*0, however the mechanism responsible for this enrichment is
not conclusive due to poor temperature constraints. The &'¥0 values obtained are
consistent with either low-temperature equilibration with meteoric water or high-
temperature equilibration with an isotopically heavier water. However, preliminary
temperature data and additional geologic constraints suggest a low-temperature regime for

the Socorro K-anomaly,
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Introduction

A number of areas of the western United States, in particular areas of basin and
range extension, show characteristics of surface enrichment of K that appears to postdate
rock deposition (Duval, 1990). Many of these areas, including the area around Socorro,
New Mexico, are thought to be caused by K-metasomatism (Chapin and Lindley, 1986)
which is a secondary alteration process caused by interaction between a K-rich fluid and
the surrounding rock. During K-metasomatism, potassium and various elements become
concentrated while other elements are depleted in the altered rock. Commonly associated
with this type of alteration is the deposition of elements of economic’ mterest, which has
been recognized in some areas (Glazner, 1988; Roddy et al., 1988) mcluding the Socorro
area (Eggleston et al., 1983). However, the chemical processes and composition of the
altering fluid in the Socorro area are poorly understood.

The origin of K-metasomatism has been explained through many different models
including a magmatic origin (Shafiquallah et al., 1976; Rehrig et al 1980); as a result of
hydrogen metasomatized basement rocks from deep within the rock complex (Glazner,
1988); or from the percolation of low temperature alkaline, saline waters within a
hydrologically closed basin (Chapin and Lindley, 1986; Leising et al., 1995: Turner and
Fishman, 1991). The aim of this study is to investigate the mmeraloglcal and chemical
alteration that occurs within two thyolitic ignimbrite sheets, the upper Lemltar and the
Hells Mesa Tuffs, as a function of intermediate to advanced degrees of K-metasomatism,
Specifically, the objective is to study the mobility of major and trace elements with respect

to the aiteration assemblage formed during K-metasomatism. The upper Lemitar and




Hells Mesa ignimbrites are particularly appropriate because these units are quite
voluminous and extend into and beyond the K-anomaly, thus providing the opportunity to
systematically study the alteration in areas where the ignimbrites are unaltered, partially

altered, and highly altered (Chapin and Lindley, 1986).

Background on K-Metasomatism

Many areas that have undergone regional crustal extension show evidence of K-
metasomatism of volcanic and sedimentary rocks along regional, low-angle normal faults
or 'detachment faults' (Davis and others, 1986). Evidence for K-metasomatism associated
with regional extension is reported by Brooks (1986) at Picacho Peak, Roddy et al. (1988)
in the Harcuvar Mountains in Arizona, and by Glazner (1988) in the Sleeping Beauty
area, Central Mojave Desert. Glazner (1988) concludes that the added K in the Sleeping
Beauty area is a result of circulating meteoric waters picking up K from basement rocks in
exchange for H'. The circulating water then deposits K and receives Na ;ind Cain
exchange. Na and Ca are eventually removed from the system via surface hot springs.

The Socorro K-anomaly is interpreted to be the result of widespread alteration by
alkaline, saline water derived from a large playa lake (Chapin and Lindley, 1986) for
several reasons. First, the large areal extent affected by K-alteration is difficult to explain
as a result of hydrothermal alteration. Although localized areas of hydrothermal activity
are known to exist in the Socorro K anomaly, the magnitude of a magmatic system
fiecessary to cause such a large alteration is not known to exist in the time frame when K-

metasomatism was thought to be active. Based on “Ar/Ar radiometric dating, K-




metasomatism is confirmed to have cccurred between 7.4 and 8.7 Ma, but possibly started
as early as 15 Ma (Dunbar et al., 1994). In addition, the K-metasomatized |rocks in the
Socorro area are enriched in &0 (Chapin and Lindley, 1986; Dunbar, 1994), which is not
indicative of fluids associated with a magmatic system, for most hydrothermal events tend
to result in host rock depletion of &0, Lastly, the presence of thick playa deposits
containing gypsum within the Socorro area suggest the occurrence of a long-lived
alkaline, saline lacustrine environment. Once the closed lacustrine environment was
established, the metasomatizing fluids may have been transported by vertical advection
caused by salinity-induced density convection (Leising et al., 1995). |

The potassic alteration is chemically and mineralogically distinctive, yet subtle
(Agron and Bentor, 1981). The alteration process involves the selective replacement of
plagioclase and other K-poor phases resulting in a meta somatically produced nyineral
assemblage consisting of K-feldspar (specifically adularia ) + quartz + montmorillonite +
illite + mixed layer illite-montmorillonite, Adularia (KAISi;0,) is a colorless, transhucent
variety of K-spar commonly found as pseudo-orthorhombic crystals (Deer, Howie, and
Zussman, 1992). Some samples contain remnant plagioclase due to mcomplete
dissolution during alteration. Rocks affected by K-metasomatism commonly have a

characteristic red-brown color due to the oxidation of groundmass magnetite resulting in

the formation of hematite (Lindley, 1985).




Geologic Background
K-Metasomatic Alteration Area

The K-anomaly near Socorro, New Mexico is located in the northeast corner of
the Mogollon-Datil volcanic field and is approximately L-shaped with an 'area of roughly
40-50 km on a side and 20 km in width (Figure 1). The area contains a sequence, oldest
to youngest, of five silicic ignimbrites interbedded with mafic lava flows: Hells Mesa, La
Jencia, Vicks Peak, Lemitar, and South Canyon Tuffs. Together, the stratigraphic
thickness of the tuffs is approximately 500 m with ages ranging from Oligocene to early
Miocene (Chapin and Lindley, 1986). Overlying the ignimbrites are volcaniclastic
sedimentary rocks and fine-grained playa deposits known collectively as the Popotosa
Formation (Osburn, 1978). Stratigraphically, the K alteration is restricted to units fom
the Hells Mesa Tuff through the basal Popotosa. Several thin layers of volcanic ash in the
overlying playa clay deposits appear to be K- metasomatized, while a 4 Ma basalt flow,
which overlies the playa clays, is not affected by the alteration (Osburn and Chapin, 1983).
Vertical controls for K-metasomatism appear to be permeability and composition of the
host rocks, whereas horizontal controls were likely permeability, salinity, and possibly the
temperature of the altering fluids (Chapin and Lindley, 1986). Several areas of
hydrothermal activity are known to overprint the K-metasomatic alteration including the
Luis Lopez manganese district, Socorro Peak district, and the Lemitar and Magdalena
Mountains districts.

The Socorro K-metasomatized area was recognized by D'Andrea-

Dinkelman and others (1983) to coincide spatially with the Rio Grande rift valley, an arca
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Figure 1: Map of the Socorro K-metasomatism area after Lindley (1985).
Red stars: upper Lemitar Tuff samples, Blue stars: Hells Mesa Tuff samples.
Samples numbered with a hyphen are inclusive; i.e. 112 through 121.




of unusually high crustal extension (20-100%) in which domino-style normal faulting and
strong rotation of beds (25-70°) occurs throughout. Chapin et al. (1978) have recognized
two domains of domino-style fault blocks in the metasomatized area: the northern portion
dips to the west and the southern section is east-dipping (See Figure 1). The two domains
are separated by a transverse shear zone (the Socorro accommodation zone) which is a
null line across which the direction of tilting changes (Chapin, 1983). This style of
extension is commonly associated with K,0 enrichment as noted by Roddy et al. (1988),
Glazner (1988), and Brooks (1986).

Highly metasomatized volcanic rocks in the Socorro, New Mexico area are
chemically distinctive. K,O contents are as high as 13.5 wt. % while Na,O, Ca0 and
MgO are typically each depleted to 1 wt. % or less (Chapin and Lindley, 1986).
K;0/Na,0 ratios have been found to be as high as 14.2 within the anomaly, thus providing
a useful index to the degree of K-metasomatism. Other chemical changes accompanying
K-metasomatism in the Socorro area include increases in Rb and Ba along with decreases
in Sr, Mn and Mg (Chapin and Lindley, 1986). Isotopically, 8'*0 increases in whole rock
thyolitic tuffs from approximately +8 to +10 per mil, typical of unaltered rock, to +11 to
+13 per mil within the metasomatized area. Phenocrystic quartz and sanidine retain their
magmatic values of approximately +8 and +7 per mil, respectively, mndicating that these
minerals are basically unaffected by the K-metasomatic alteration (Chapin and Lindley,
1986).

The Socorro K-anomaly provides an excellent oppeortunity to study the alteration

due to its size, which is approximately 1800 km?, and the fact that five regional ash flow




tutls extend into and beyond the anomaly, thus providing the opportunity to Systematically
study the alteration in areas where the ash-flows are unaltered, partially altered and highly

altered (Chapin and Lindley, 1986).

Ignimbrites

Lemitar Tuff

The Lemitar Tuff was emplaced at 28 Ma + 0,08 (Mclatosh et al., 1990) and is
present throughout the Socorro area. The Lemitar Tuffis a multiple-flow,
compositionally zoned, thyolitic ignimbrite (Chapin et al,, 1978) consistitig of two
members. The lower member js a crystal-poor, light-gray to pale-red unit, whereas the
upper member is a crystal-rich, medium-red unit (Osburn, 1978). The upper member of
the Lemitar Tuff is of the most interest for this study due to the crystal-rich nature of this
unit and the presence of plagioclase, a phase that is strongly altered during metasomatism.
The vertical zonation of phenocrysts within the Lemitar Tuffis very distinct and is often
the most diagnostic feature of the ignimbrite (Ferguson, 1985). The upper member grades
from 17 percent total phenocrysts at the base to between 30 and 40 percent phenocrysts
near the top, with sanidine being the dominant phenocryst, ranging from 12 to 25 percent
of the total phenocrysts present (D'Andrea, 1981; Ferguson, 1985), Plagioclase is
relatively abundant in the upper member and averages 10 percent of the total phenocrysts
present, but it is often as plentiful as 15 percent. The basal portion of the upper member
tends to contain between 5 to 10 percent plagioclase. Quartz is present in as much as 10

percent of the total phenocrysts in the upper member and is typically subhedral to




rounded. Biotite, magnetite, clinopyroxene, sphene, and zircon are also found within the

upper member, but only in minor to trace amounts (D'Andrea, 1981).

Hells Mesa Tuff
The Hells Mesa Tuffis a crystal-rich, densely welded, simple cooling unit of

thyolitic to quartz latitic composition. Chapin et al. (1978) found the Hells Mesa Tuffto
be reversely zoned with a mafic, quartz-poor base grading into a more silicic, quartz-rich
upper portion. This ash-flow tuff contains both plagioclase and K-feldspar, and was
emplaced at 32.06 Ma + 0.10 (McIntosh et al., 1990). The Hells Mesa Tuff has been
estimated to contain 35 to 45 percent phenocrysts with 10 to 30 percent of those being
sanidine. Plagioclase tepresents 4 to 10 percent of the tota] phenocrysts present and often
averages approximately 8 percent (Deal, 1973). Up to 12 percent of the phenocrysts may
be quartz which is typically found to be sub-angular to rounded in shape (Lindley, 1979),

Present in minor to trace quantities are biotite, clinopyroxene, sphene, and lithic fragments

(D'Andrea, 198 1).

Areas of Hydrothermal Alteration
Luis Lopez Manganese District
The Luis Lopez manganese district, located in the northern Chupadera Mountains,
southwest of Socorro, New Mexico (See Figure 1), is located on an intra-rift horst
consisting of lavas and ash-flow tuffs of mafic to felsic composition. The Luis Lopez

manganese district is peripheral to a zone of red alteration, which shows a distinct




depletion in MnO; from .05% in unaltered rocks to .005% in altered rocks (Eggleston et
al., 1983). This zone of red alteration is overprinted on the regional K-metasomatism
anomaly. Psﬂomelane 1s the primary manganese phase in the Luis Lopez district. The
mineralization ocours s open-space fillings in fault breccias and fault openings (Norman
and others, 1983). Structural evidence suggests the manganese was deposited between 7
and 3 Ma (Eggleston et al,, 1983; Chamberlin, 1980). The host rocks in the northern
pottion of the Luis Lopez manganese district are the upper and lower me‘mbers of the
Lemitar Tuff, while the Hells Mesa Tuffis the host rock in the southern portion of the
district. Vein-related, wall-rock alteration is notably absent in all of the deposits in the
district (Eggleston et al., 1983; Norman et al., 1983),

Roy (1981) states that psilomelane generally occurs either i surface environments,
in the shallow, low-temperature part of veins or in thermal spring deposits. Norman et a].
(1983) propose that the Luis Lopez district is the surface expression of an extensive
hydrothermal System. A hydrothermal System is indicated by the size of the district, the
common occurrence of manganese oxides high in hydrothermal systems, the report of
anomalous Ag and W in the deposits (Willard, 1973), and a distinct association of
manganese with other precious mineralization such as gold-silver and molybdenum-
tungsten. The hydrotherma] alteration responsible for the formation of the Luijs Lopez
manganese district is younger than the K-metasomatic event and therefore overprints the
regional K-anomaly (Eggleston et al., 1983; Norman et al., 1983). Gangue minerals

associated with the manganese deposits include calcite, hematite, and quartz with rare

barite and fluorite (Norman et al., 1983).




Socorro Peak District
20001ro Peak District

The major ore deposits of the Socorro Peak district contain sﬂver-bean'ng minerals




related to Tertiary igneous activity, although no large Tertiary intrusive rocks are exposed
near the deposits (North, 1983). The majority of the mineralization consists of galena and
malachite in a gangue of quartz, barite, fluorite, and calcite usually along the

unconformable contact of Precambrian rocks and Paleozoic sediments.
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Sampling and Analytical Methods
Sampling and Sample Preparation
Two silicic ignimbrites, the Hells Mesa Tuff and the upper Lemitar Tuff, were

sampled in various areas of the K anomaly (See Figure 1). A total of 63 samples were
collected, ranging in degree of alteration from nearly pristine to highly metasomatized.
Where feasible, altered plagioclase was carefully hand-picked or drilled out from the
interior of former plagioclase phenocrysts using a Foredom hand dill. Sf—':lective sampling
of plagioclase phenocrysts, and other low-K phases, which typically show significant
degrees of alteration within the metasomatized area, allow evaluation of the mineralogy
produced by K-metasomatism. Four unaltered samples, two from each tuff unit, were
examined in thin section in order to assess the degree to which plagioclase has been
altered through weathering and diagenesis. Altered plagioclase was drilled out of a total
of 41 samples. The removed, altered plagioclase crystals are hereafier called the
'separated samples.” Whole rock samples were crushed in a jawcrusher to approximately
pebble sized grains then milled in a TEMA grinder with a tungsten-carbide inner container

to <200 mesh.

Mineralogy
In order to determine the mineral assemblage present each separated sample was
analyzed on a Rigaku DMAX-I X-1ay diffractometer with Ni-filtered CuKe (15418 A)
radiation and JADE pattern-processing software. The receiving and scattering slits of the

Rigaku XRD are, respectively, '/,° and 4°. An initial 20 angle of 2° and a final angle of

12




70° was used with the goniometer stepping at a rate of .05° every second. Operating
conditions were an acceleratiilg voltage of 40 kV and a sample current of 25 mA using a
copper target. For XRD analysis, altered plagioclase was placed in an aluminum sample
holder as an unoriented mount, Where applicable, semi-quantitative clay mineral analysis
was performed on separated samples using three scans for each sample: airdried,

saturated with ethylene glycol, and heated at 375°C for 30 min. The semi-quantitative
nature of the technique allows for the determination of clay minerals to parts in ten (Austin
per. comm.,1992). Scanning electron microscopy (SEM) analysis was performed on six
carbon-coated sample chips using a Hitachi S450 equipped with an energy dispersive

spectrometer (EDS).

Geochemistry

Two carbon-coated polished thin sections were examined at the University of New
Mexico using a JEOL 733 electron microprobe (EMP) equipped with five wavelength
dispersive spectrometers (WDS), one EDS, and one backscatter electron detector (B SE).
Operating conditions for the EMP during analyses were an accelerating voltage of 15 kV,
a beam diameter of 1-10 pm, a beam current of 20 nA and a count time of approximately
45 s. Standards used to calibrate the microprobe for this study include orthoclase (XK),
albite (Na, Al, and Si), olivine (Fe), and diopside (Mg and Ca). Element distribution maps
were also obtained for the two samples with the microprobe.

X-ray fluorescence (XRF) analysis was performed on whole rock samples in order

to determine the major and minor element chemistry. Analysis followed the procedure of

13




Norrish and Chappell (1977} using a Rigaku 3062 instrument at both the New Mexico
Institute of Mining and Technology X-Ray Fluorescence F acility and the University of
New Mexico. XRF operating conditions for the x-ray beam were 40 kV and 25 mA at
both locations. Instrumental neutron activation analysis (INAA) was perfonned on whole
rock and separated samples in order to determine trace element geochemistry of the
samples. Whole rock samples were analyzed at X-Ray Assay Laboratories while analysis
of the separated satuples was performed at New Mexico Tnstitute of Mining and
Technology. Stable isotope geochemistry was performed on 13 separated samples at the

New Mexico Institute of Mining and Technology.
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RESULTS
Mineralogy
Mineral Abundances and Morphology

Fresh upper Lemitar and Hells Mesa Tuff samples examined in thin section show
no significant signs of plagioclase alteration. One unaltered Hells Mesa Tuff sample does
show a slight amount of pla gioclase replacement by clay or possibly caloi£e, however, it is
minor. Due to the unaltered nature of plagioclase in fresh upper Lemitar and Hells Mesa
Tuff samples, the mineralogy found in the hand-picked (separated) samples is attributable
to an alteration process other than weathering. The mineral assemblage of the hand-
picked material from relict plagioclase grains was determined by XRD, semi-quantitative
clay mineral analysis, and SEM investigation and was found to consist of variable
combinations of adularia, quartz, kaolinite, mixed-layer illite-smectite (I/S), discrete
smectite, discrete illite, remnant plagioclase and occasionally calcite and barite.

Adularia, a low-temperature potassic feldspar, is present in all 41 of the separated
samples, in varying amounts (Table 1; Figure 2). In all samples examined using SEM,
adularia consistently displays euhedral habit, indicative of an authigenic origin. Fine-
grained quartz is also present in all 41 scparated samples and is recoguized by both XRD
and SEM analysis. Typically, quartz displays an amorphous, globular habit when viewed
by SEM. Residual plagioclase was found in 17 of the 41 separated samples and may be
related to incomplete alteration. When viewed by SEM, remnant plagioclase cousistently
appears partially dissolved, indicating that it is chemically unstable (Figuré 2). The

unaltered nature of plagioclase prior to metasomatism suggests that it is chemically
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Relative Percentages of Minerals in the Alteration Assemblage

Sample # % Adul | % Plag % Clay Clay (ppt) Sample # % Adul | % Plag‘ % Clay Clay (ppt)
KEM-36# 67 0 33 Mx=6, Sm=3, I=1 KM-113 50 0 50 K=10
KM-41 78 11 11 I‘<=]0 KM-114 75 0 25 K=10
KM-Aa6* 33 67 0 N/A EM-115 67 0 33 K=10
KM-51* 50 0 50 Sm=10 KM-116 50 25 25 K=9, Mx=1
KM-54 50 0 50 Mx==8, Sm=1, KM-127 86 0 14 K=10
K=1
KM-55 89 0 11 Mx=9, =1 KM-128 67 0 33 K=7, Mx=2, Sm=1
KM-56 91 0 9 Mx=10 KM-129 50 50 0 N/A
KM-358 67 0 33 K=9, Mix=1 KM-131 25 50 25 (focculation)
KM-59 50 0 50 K=10 KM-144 89 o 11 Mx=7,K=2, Sm=1
EM-60 29 14 57 E=9,1=1 KM-148 20 80 0 N/A
KM-61#* 25 25 50 K=7, Sm=3 KM-149 33 | 67 0 N/A
KM-86 75 0 25 K=9, Mx=1 EM-150 25 75 0 N/A
KM-90 83 0 17 (flocculation) KM-153 100 0 0 N/a
KM-91 29 14 57 (floeculation) KM-154 75 0 25 Mx=7,1=3
KM-94 33 0 67 Mx=7,1=2, Sm=1 KM-155 33 0 67 I=5, Mx=4, K=1
KM.95 86 0 14 {=7, Mx=3 KM-156 100 0 0 N/A, .
EM-96* 50 0 50 Mx=¢, I=4 KM-157 12 38 50 K=6, Sm=4
KM-102 67 0 33 Mx=7,1=3 KM-158 57 29 14 K=6, Sm=4
KM-107 80 20 0 N/A KM-159 83 0 17 I=5, Mx=5
KM-111#* 55 27 18 Sm=9, Mx=1 KM-160 75 0 25 I=5, Mx=5
KM-112 75 Q 25 K=10

Table 1. Relative percentages of minerals within the alteration assemblage. Percentages arc
estimated using ratios of peak area from XRD patterns. Sm=smectite, Mx=mixed layer illite-
montmorillonite, I=illite, K=kaolinite, N/A=not applicable due to absence of clay. 'Flocculation'
indicates that clay is present in the alteration assemblage, however, semi-quantitative analysis was
not able to be performed on that sample. * indicates samples examined by SEM.
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unstable during the conditions imposed during potassic alteration.

The alteration mineral assemblage also containg Various amounts and types of clay
minerals as determined by semi-quantitative clay analysis and reported in parts per ten of
the total amount of clay present (Table 1). Clay minerals are commonly found in direct
association with euhedral adularia and remmant plagioclase (Figure 3). The most common
clay types are kaolinite and mixed-layer I/S with each being present in 19 of the separated
samples. When present, kaolinite is typically a major clay constituent; 16 of the 19
samples have >5 parts per ten kaolinite. Kaolinite is observed as euhedral books in direct
association with adularia, which Appears to contain the imprint of the kaolinite bo oks
(Figure 4), Mixed-layer clay is also 2 major clay component and is found in quantities »5
parts per tenin 11 ofthe 19 separated samples. From Figure 5, the mixed-layer clay
present appears to be either metastable or near equilibrium with adularia, for both minerals
show no apparent indication of dissolution when in the same assemblage.

In contrast to the relatively large quantities and frequent occurrence of kaolinite
and mixed-layer IS, significant abundances of discrete smectite and discrete illite are
relatively uncommon in the alteration assemblage. Large quantities of disbrete smectite
are extremely rare in the alteration assemblage with only 2 of the 4] separated samples
having >5 parts per ten smectite, yet trace quantities are found in 12 samples. When
present, smectite tends to be subhedral and typically coats euhedral adularia crystals
(Figure 6). Discrete illite is equally scarce with only 3 samples containing »5 parts per ten
illite in the alteration assemblage and trace amounts in 9 of the 41 samples, Table 1

contains the relative percentages of the minerals present within the alteration assemblage

18




Eigure 3: SEM photo of plagioclase + adularia + mixed-layer I/8S.
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along with the types of clay minerals present for each sample examined.

The presence of calcite in the alteration assemblage has not been documented
previously, but in this study, calcite appears to be present in at least 4 of the separated
samples. Calcite is reliably detected only through thin section or microprobe analysis, for
XRD did not consistently detect its presence. However, when present, calcite is extremely
fine-grained and found in exceedingly small amounts. Barite is also found within the
alteration assemblage of a few samples collected in the vicinity of the Luis Lopez

manganese district, therefore suggesting a hydrothermal source.

Backscattered Images, Element Mapping, and Chemical Analyses

The backscattered image of a polished thin section of KM-54 (Figure 7), from the
Hells Mesa Tuff, shows a sharp boundary between the minerals in the alteration
assemblage and residual plagioclase. An enlargement of the plagioclase embayment in
KM-54 clearly shows additional, smaller embayments at the margin between plagioclase
and the alteration phases (Figure 8). The most interesting elements mapped for KM-54
are also shown in Figure 7 where brightness is indicative of higher concentrations of a
particular element. The K-map for this sample shows adularia as the dominant K-rich
phase in the alteration assemblage, although the clay matrix is somewhat K-rich, thus
implying a mixed-layer clay. This is supported by semi-quantitative clay analysis which
resolved mixed-layer I/S to be the dominant clay mineral present in this sample. The Ca-
map demonstrates the presence of extremely fine-grained calcite within the alteration

assemblage.
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Element mapping of KM-51 from the upper Lemitar Tuff shows the matrix of
smectite to be Mg-rich (Figure 9). As expected for discrete smectite, the K-map depicts
that this clay is K-poor, leaving adularia as the only K-bearing phase present within the
alteration assemblage. Calcite does not appear to be present in this sample, possibly
mdicating that its presence is a limited occurrence within the K-metasomatized area, Only
one small grain of residual plagioclase was found within the alteration assemblage,
suggesting a significant degree of metasomatism has occurred to this sample.

Average chemical compositions of adularia and plagioclase from the Hells Mesa
and upper Lemitar Tuffs, determined by electron microprobe analysis, are given in Table 2
below. Plagioclase from the Hells Mesa Tuff is significantly more calcic in composition
whereas :mper Lemitar Tuff plagioclase is slightly more sodic. No noticeable difference in

adularia composition is recognized between the Hells Mesa and upper Lemitar Tufls,

Mineral | Na,O MgO Al O, Si0, K,O Ca0O FeO
Adularia | 0.1+01 0.02 £.008 17810 | 66.0+37 16.5 +.09 0.05 .01 0.05 +.02
HMplag | 8.5+.06 | 0.01+.008 223+£12 | 62.8+37 | 0.97+02 4.4 +.05 0.23+.03
ULplag | 96207 | 014+01 | 195+11 | 670439 | 0.08 <01 0.62+02 | 0,09 403
Table 2: Average compositions of adularia (thirteen total analyses) and plagioclase (six

total analyses of Hells Mesa Tuff

plagioclase) via the electron micr
oxide. HM=Hells Mesa Tuff; UL=upper

oprobe.
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plagioclase and one analysis of upper Lemitar Tuff
All elements and errors are measured in wt, %
Lemitar Tuff
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Geochemistry
Whole Rock - Upper Lemitar and Hells Mesa Tuffs
Major Elements
The geochemical signature of upper Lemitar and Hells Mesa Tuff samples
collected in this study show significant effects of K-metasomatism (Figure 10). Despite
the overall similarity, there are systematic differences between the two units, Altered
upper Lemitar ignimbrite samples generally contain >66 wt. % Si0,,3.6 - 12.2 wt. %
K,0, and 1.0 - 4.7 wt. % Na,O, while the Hells Mesa Tuff contains >71 wt. % Si0,, 5.1
to 8.8 wt. % K,0 and 0.6 to 3.1 wt. % Na,O. Fresh equivalent §i0, valu.es for the upper
Lemitar Tuff are ~69 wt. % and for the Hells Mesa Tuff are ~72 wt. %, with unaltered
K,0 and Na,O values for the two units averaging ~5 wt, % K,0 and ~4 wt. % Na,O.
K;0/Na,0 ratios within the K anomaly are generally high (0.77 - .69 for the upper
Lemitar Tuff and 1.8 - 14.2 for the Hells Mesa Tuff) and are typically characterized by
K,0 enrichment and Na,O depletion within the altered region. Two upper Lemitar Tuff
vitrophere samples (K,0/Na,0 ratios of 0.77 and 1.2) collected within the altered zone
show little signs of potassic alteration as indicated by the low K,0/Na,0 ratios. Only one
non-vitrophere upper Lemitar Tuff sample (KM-148) collected within the study area
appears to be relatively unaltered. This sample has K,0 and Na,O values comparable to
upper Lemitar Tuff fresh equivalent values and a K,0/Na,0 ratio of 1.3. Nockolds and
others (1978) state that unaltered thyolite samples typically have a K,0/Na,0 < 2, further
indicating KM-148 has not been greatly affected by K-metasomatism.

Upper Lemitar Tuff samples appear to show two different, distinct trends on a
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Figure 10: Enrichment/depletion diagrams for major and trace elements.
The enrichment/depletion factors are based on averages of 6 and 4 unaltered
upper Lemitar and Hells Mesa Tuff samples, respectively.
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mole K' vs. mole Na* diagram, whereas Hells Mesa Tuff samples display only one distinct
trend (Figure 11). The upper Lemitar Tuff trend defined as UL1 on Figure 11 has a slopg
0f-0.96, which is very close to -1.0, therefore suggesting the number of moles of K
gained by the system is equivalent to the number of moles of Na lost by tl.w system. The
upper Lemitar Tuff trend defined as UL2 has a slope of -0.83 on this same diagram. The
difference in trends is most likely related to compositional zonation of the upper Lemitar
Tuff as discussed in a subsequent section. Hells Mesa ignimbrite samples produce a slope
of-1.08, reflecting a 1:1 ratio of K gain vs. Na loss by the metasomatic system,

The CaO concentration of the upper Lemitar and Hells Mesa Tuffs can be quite
variable, yet overall depletion of CaO is apparent when compared to average fresh rock
values (Figure 10). CaOQ content for the two units range from 0.1 to 1.8 wt. %; fresh CaQ
values are approximately 1.15 wt. % for both units, Unaltered samples typically have a
K,0/Ca0 ratio between 4.25 - 4.7, while K,0/CaO ratios for metasomatized upper
Lemitar Tuff samples are 2.0 - 45.9 and between 4.0 - 87 .4 for the Hells Mesa Tuff. In
order to produce a K,0/CaO ratio as high as 87.4, it is clear that K,O content must
increase while CaO concentration becomes depleted during alteration. Most of the upper
Lemitar Tuff samples and all of the Hells Mesa Tuff samples collected within the alteration
area fall into the "K,0 metasomatized ash-flow tuff" region on a K,0-Ca0-Na,O diagram
(Figure 12) defined by D'Andrea-Dinkelman (1983). KM-148, however, falls into the
"fresh ash-flow tuff" feld, further exemplifying the relatively unaltered nature of this
sample. Two other samples, upper Lemitar Tuff vitropheres, fall into this field as well.

Other major elements found to be slightly variable between the upper Lemitar and
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Figure 11; mol K* vs. mol Na* for upper Lemitar and Hells Mesa

Tuff whole rock samples. Upper Lemitar samples show two trends (UL1
and ULZ2) while the Hells Mesa Tuff (HM) only shows one. Open symbols
indicate unaltered samples collected outside of the K-anomaly.
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Figure 12: Ternary diagram from D'Andrea (1981) showing metasomatized
and fresh fields for ignimbrites. Most upper Lemitar (UL1 and UL2) and Hells
Mesa (HM) Tuff samples plot in the metasomatized field, KM-148 plots in the
fresh field, Open symbols indicate unaltered samples.
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Hells Mesa Tuffs include MgO and P,0, (Figure 10). The remaining major elements,
Si0,, TiO,, ALO;, Fe,0,, and MnO, show neither significant enrichment nor depletion as a
result of K-metasomatism, Major element data for the upper Lemitar Tuff, specifically the
oxides 8i0,, TiO,, and F e,0;, indicate that compositional zonation may play an important
factor when assessing the effects of K-metasomatism on this unit. No discernible
difference in S§i0,, TiO,, and Fe,0, content is apparent within the Hells Mesa Tuff data

set.

Trace Element Whole Rock Concentrations Consistent]
—e=delwhole Rock Concentrations Consi Y%

Enriched or Depleted

A number of trace elements in altered upper Lemitar and Hells Mesa whole rock
samples show consistent enrichment or depletion as a result of K-metasomatism, when
compared to fresh samples (Figure 10), Metasomatized upper Lemitar Tuff samples show
enrichment of Rb with a range of 136 to 535 ppm, while Sr is depleted apd displays a
range from 47 to 391 ppra (fresh upper Lemitar Tuff samples typically average 136 ppm
Rb and 245 ppm Sr). The Hells Mesa Tuff also shows enrichment of Rb, which ranges
from 251 to 424 Ppm Rb, and depletion of St, typically varying in concentration betweey
16 t0 230 ppm. In accordance with Rb enrichment and Sr depletion, Rb/Sr ratios are
generally high in altered tuff samples; 0.82 to 6.8 for the upper Lemitar Tuffand 1.1 to
19.4 for the Hells Mesa Tuff KM-148, from the upper Lemitar Tuff, has a Rb/Sr ratio of

only 0.82, again suggesting this sample has not undergone significant degrees of K-

metasomatism.
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In addition to Rb enrichment, Ba, As, Sb, and Cs also show sigMﬁcant increases in
concentration within ztered samples when compared to fresh ﬁpper Lemitar and Hells
Mesa TufY samples. Ba and As can be quite enriched in altered samples with As values
ranging from <3 to 90.6 ppm and Ba from 275 to 2687 ppm in whole rock upper Lemitar
and Hells Mesa Tuff samples. Sb is also enriched and displays a range in concentration
from <0.2 to 130 ppm within the upper Lemitar Tuff Sb has a significantly smaller range
within the Hells Mesa Tuff (0.3 to 7.0 ppm), yet still displays enrichment over unaltered
samples. Cs ranges from 1.0 to 88.0 ppm within the upper Lemitar Tuff with the two
vitrophere samples, KM-106 and KM-1 10, containing the highest concentrations (88.0
and 77.0 ppm, respectively). Hells Mesé Tuff whole rock samples range between 3.0 and
22.0 ppm Cs, which is less than that found for the upper Lemitar Tuff,

It appears that hydrothermal input may account for several trace elements which
show significant enrichment or depletion on Figure 10. For example, samples KM-55 and
KM-56, collected near the Lyig Lopez manganese district, contain extremely elevated
levels of As (77.3 ppm and 90.6 ppm respectively), which contributeg significantly to the
enrichment factor for the upper Lemitar Tuff, Similatly, samples KM-128 and KM-138
from the upper Lemitar Tuff contain high levels of Sb (130 ppm Sb each)’ and thus also
likely represent a significant hydrothermal overprint. In addition, samples containing a
high whole rock concentration of Ba may Tepresent samples affected by hydrothermal

alteration.
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Trace Element Whole Rock Concentrations
Unchanged Upon Alteration

Although some trace elements show consistent enrichment or depletion within K-
metasomatized upper Lemitar and Hells Mesa Tuff samples, the majority appear to be
unaffected by the alteration. The trace elements V, Ga, Y, Zr, Nb, Pb, Til, Sc, La, Ce,
Nd, Hf, and Ta show little variation on enrichment / depletion diagrams (Figure 10), likely
indicating that these elements are unaffected by K-metasomatism. The light rare earth
elements (LREE) commonly display somewhat variable concentrations (Figure 13), yet
1o net enrichment or depletion when compared to fresh samples. Generally, the elements
Ga, Y, Zr, and Nb are considered to be immobile during secondary alteration processes
(Winchester and Floyd, 1977) and can also be used to evaluate the degree or presence of
compositional zonation within an ignimbrite (Hildreth, 1979). A small number of Hells
Mesa Tuff samples, (i.e. KM-96 and KM-102 from Socorro Peak and KM-155 from the
Magdalena Mountains), have considerably elevated Pb concentrations due to collection of
these samples near hydrothermally affected areas. These outlier samples contribute

significantly to the enrichment factor calculated for the Hells Mesa Tuff (Figure 10).

Trace Element Whole Rock Concentrations Markedly Different Between
the Upper Lemitar and Hells Mesa Tuffs

Several trace elements within the upper Lemitar and Hells Mesa Tuffs show
distinctly different trends upon K-metasomatic alteration. The elements Zn, U, Sm, Eu,
Tb, Yb, and Lu all display depletion in the upper Lemitar Tuff, but enrichment in the Hells

Mesa Tuff (Figure 10). Although the magnitude of enrichment or depletion of these
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Trace Elements with Variable Concentrations
in Whole Rock Samples
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Figure 13: Light rare earth element variability within upper Lemitar
(UL1 and UL2) and Hells Mesa (HM) Tuff whole rock samples. Open
symbols represent unaltered samples collected outside the K-anomaly.
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elements is relatively minor, the trend is fairly striking, especially within the heavy rare
earth elements (HREE). Altered uppér Lemitar whole rock samples range from 2.1 to 6.8
ppm Yb and 0.3 to 1.0 ppm Lu; fresh values are ~6.9 ppm YD and ~0.9 ppm Lu. Hells
Mesa Tuff samples collected from within the K-anomaly range from 1.9 t0 5.0 ppm Yb
and 0.3 to 0.7 ppm Lu with fresh Hells Mesa Tuff samples containing ~1,8 ppm Yb and
~0.3 ppm Lu (Figure 14a). The REEs Sm, Eu, and Tb display somewhat variable
concentrations when compared to unaltered samples (Figure 14b), yet shéw net depletion
in the upper Lemitar Tuff and enrichment in the Hells Mesa Tuff whole rock samples

(Figure 10),

Separated Sample Neutron Activation Analysis

Geochemical nvestigation of Separated samples from relict pla gioclase crystals
allows the chemistry of the alteration assemblage to be examined in detajl. However, an
appropriate 'unaltered' composition for plagioclase, especially for trace and REE, can be
difficult to determine. Separated plagioclase was obtained for KM-148, however, this
sample appears to show only a slight degree of metasomatism based on evidence discussed
previously. This sample is therefore used in comparison to the other upper Lemitar Tuff
separated samples collected for this study. KJH-26 consists of separated plagioclase
crystals from an unaltered Hellg Mesa Tuff sample, which was collected outside of the K
anomaly. As a result, it appears reasonable to use this sample as a comparison for values

obtained from Hells Mesa Tuff separated samples collected within the metasomatized

area.
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Figure 14a and b Rare earth element variation within whole rock
upper Lemitar (UL1 and UL2) and Hells Mesa (HM) Tuff samples.

Open symbols indicate unaltered samples collected outside of the
K-anomaly.
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Elements Concentrations that are Consistently
Enriched or Depleted Upon Alteration

When compared to the separated sample chemistry of KM-148 and KJH-26,
several elements in the separated samples show consistently elevated concentrations
including Sc, Co, Zn, As, Br, Rb, Sb, Cs, and Ba (Figure 15). Rb in the upper Lemitar
Tuff separated samples ranges from 110 to 854 ppm, As from 0.8 to 108.6 ppm, and Sb
from 0.1 to 9.7 ppm. KM-148, representing relatively unaltered material for the upper
Lemitar Tuff, has 141 Ppm Rb, 0.06 ppm Sb, and As was not detected. Tn the Hells Mesa
Tuff separated samples, Rb varies between 93 to 508 ppm, As from 1.8 to 40 1 ppm and
Sb from 0.10 to 8.55 ppm. KJH-26, used in comparison to the remaining Hells Mesa Tuff
separated samples, contains only 1.0 ppm Rb, 0.01 ppm Sb, and As was not determined.
Figure 15 does not reflect As enrichment or depletion because this element was not
detected in either KJH-26 of KM-148. However, Asis interpreted to be enriched upon
alteration as indicated by the relatively high values found in the separated samples,

Another element di splaying entichment is Ba, which is extremely variable in the
separated samples of both units and, in some cases, can be extremely concentrated, For
instance, Ba concentration varies dramatically between 112 to 38,899 ppﬁa for the two
units (KM-56 from the upper Lemitar Tuff containg 25,051 ppm Ba and KM-115 from the
Hells Mesa Tuff contains 38,899 ppin Ba), clearly demonstrating its variability. High
concentrations of Ba within the separated samples are likely indicative of a hydrothermal

source, for both KM-56 and KM-1 15 were collected in the vicinity of the Luis Lopez
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Figure 15: Enrichment/dep!etion diagrams for elements within the separated samples
of the upper Lemitar and Helis Mesa Tuffs. Unaltered samples used to calculate the

enrichment/depletion factors were KM-148 (upper Lemitar Tuff) and KJH-26 (Hells Mesa
Tuff).
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manganese district. In addition, elevated concentrations of As are generally believed to be
associated with hydrothermal input.

Several elements within the separated samples of the upper Lemitar and the Hells
Mesa Tuffs do not show entichment, but rather depletion upon K-metasomatic alteration.
Na,O, Sr, and Eu are the only elements found in the separated samples to show convincing
depletion, likely as a result of plagioclase dissolution due to the compatible nature of these
elements in plagioclase (McBimey, 1993; Figure 15). Na,O within the separated samples
of both umits ranges from 0.10 to 5.36 wt. % with KJH-26 containing 6.86 wt. % and
KM-148 having 4.86 wt. % Na,O. Values for Srin the separated samples are 35 to 599
ppo. KJH-26 was not analyzed for Sr, hence no enrichment or depletion factor was abie
to be calculated for Hells Mesa Tuff separated samples on Figure 15, but KM-148

contains 449 ppm Sr and reflects overall depletion of Sr within the upper Lemitar Tuaff,

Element Concentrations that are Variable or
Unchanged Upon Alteration

The concentrations of the elements La, Ce, and Nd are variable within the
separated samples of the upper Lemitar and Hells Mesa Tuffs when compared to the
unaltered samples KM-148 and KJH-26. Separated samples from the upper Lemitar Tuff
contain 3.5 to 70.0 ppm La, 4.9 to 140.2 ppm Ce, and 7.4 to 56.0 ppm Nd. The Hells
Mesa Tuff separated samples dispiay 7.9 to 69.4 ppm La, 20.2 to 83.9 ppm Ce, and 2.9 to
42.8 ppm Nd. When these values are compared to the LREE chemistry of KM-148 and

KJH-26, which contains 27.5 ppm La, 103.4 ppm Ce, 28.4 ppm Nd and 22.3 ppm La,
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324 ppmCe, 9.6 ppm Nd respectively, the variable nature of these elements becomes
evident (Figure 16), Figure 15 also shows inconsistent behavior of these LREE, for La
appears to be unaffected by the alteration, while Ce and Nd show differing enrichment /
depletion trends. The discordant trends of LREE within the separated samples is similar
to that found in whole rock samples as discussed previously, possibly mdicating that these

elements are not significantly affected by K-metasomatic alteration.

Element Congentrations that are Markedly Different
Between the Upper Lemitar and Hells Mesa Tuffs

A number of components, such as FeO, Sm, Tb, Yb, Lu, HE Ta, Th, and U are
depleted within the upper Lemitar Tuff separated samples when compared to KM-148, but
are enriched within the Hells Mesa Tuff separated samples when compared to KJIH-26
(Figure 15). Ofparticular interest is the apparently different trends of the REE within the
upper Lemitar and Hells Mesa Tuff upon potassic alteration. The middle and HREE are
found to most clearly represent the differences. In the upper Lemitar Tuff separated
samples, Tb ranges from 0.05 to 2.3 ppm, Yb from 0.3 to 5.6 ppm, and Lu ranges from
0.04 to 0.80 ppm. When compared to the separated chemistry of KM-148 (containing 1.4
ppm Tb, 4.9 ppm Yb, and 0.7 ppm Lu), enrichment is clearly indicated. Depletion of
these same elements within the Hells Mesa TufFis demonstrated when a comparison is
made between altered separated samples and the unaltered sample KJH-26, The Hells
Mesa Tuff separated samples contains between 0.15 to 0.8 ppm Th, 0.6 to 4.2 ppm Yb,

and 0.1 to 1.9 ppm Lu with KJH-26 containing 0.1 ppm Tb, 0.4 pPpm YD, and 0.1 ppm Lu
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(Figure 17a and b). The enrichment of these elements within the upper Lemitar Tuff
separated samples and the depletion within the Hells Mesa Tuff separated samples is

similar to the trends found in whole rock analyses (compare Figures 10 and 15).

Stable Isotopes

Stable isotope analyses were performed for a total of 12 whole rock samples and
13 separated samples, including unaltered plagioclase from sample KJH-26. All samples
were analyzed for &'°0 values relative to SMOW. Whole rock 6'%0 ranges from +7.0 to
+14.3 per mil and the 13 separated samples range from +6.3 to +14.1 per mil (Table 3).
Sample KJH-26 consists of separated plagioclase crystals from an unaltered Hells Mesa
Tuff sample collected outside of the K anomaly and has a $'%0 value of +6.3 per mil. This
sample has the lowest value of & *0 within the sample set and likely represents the
isotopic composition of plagioclase before alteration. Taylor (1968) states that most
unaltered volcanic rocks have §%0 values of +5 t0 +10 per mil, which also helps confirm
its origin as a primary, unaltered sample. Because this sample isotopically and
mineralogically resembles unmetasomatized material, this sample is therefore used as a
comparison for values obtained from separated samples collected within the
metasomatized area, |

The separated samples for KM-31, -36, -41, -51, -60, and -61 all appear to be
quite enriched in 60 with a range from +9.7 to +14.1 per mil. Similarly, whole rock
%0 values for these same samples range from +9.9 to +14.3 per mil. The KM-4]

separated sample, which consists almost entirely of adularia and quartz, with very minor
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Sample # 880 Value 80 Value
(Whole Rock) (Separated Samples)

KIH-26 N/A 6.3
KM-31 14.3 9.7
KM-36 10.9 11
KM-41 1.7 14.1
KM-46 13.6 12.6
KM-51 10.1 13.6
KM-54 84 8.5
KM-55 8.6 8.2
KM-56 9.9 8.2
KM-58 7 8.6
KM-59 10.8 9.1
KM-60 9.9 11.9
KM-61 10.2 10.2

Table 3: Tsotopic composition of 12 separated and whole rock samples collected from
within the Socorro K-anomaly, and one unaltered plagioclase sample, KJH-26, collected
from outside the alteration. N/A=not applicable (sample consists only of separated
plagioclase). All 60 values relative to SMOW.
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kaolinite and remnant plagioclase, represents the largest value of §'°0 of the separated
samples (+14.1 per mil). When compared to KJH-26, the 60 value of this separated
sample is almost 8 per mil greater, indicating a significant amount of enrichment.

Several samples collected from the K anomaly appear to reflect hydrothermal
overprinting. For instance, KM-54, =35, -56, -58, and -59 were all collected from the Luis
Lopez manganese district in the northern Chupadera Mountains (See Figure 1), a known
area of hydrothermal activity which has been described ag epithermal in nature (Norman et
al., 1983; Eggleston, 1983). The &0 values for these separated samples are all
extremely similar, with a range of only +8.2 to + 9.1 per mil. Whole rock values for these
same samples appear show no significant deviation from the separated sample &'*0 values
(Table 3). The values obtained from these samples are significantly lower than those
obtained for samples KM-31, -36, -41, -5], -60, and -61, therefore possibly reflecting the

mfluence of hydrothermal alteration upon these samples.
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DISCUSSION
Pre-alteration chemical composition of the Upper Lemitar Tuff

The two silicic ignimbrites studied, the upper Lemitar and Hells Mesa, along with
all overlying units, have undergone significant degrees of K-metasomatism resulting in the
modification of the mineralogy, chemistry, and isotopic compositions of these units. In
order to assess the effects of potassic alteration on the units, it is important to have a clear
understanding of the initial chemical composition of the two ignimbrites. Upon
examination of Figure 11, it appears that altered upper Lemitar Tuff samples show two
distinct trends, which contrasts with the single trend shown by Hells Mesa Tuff samples.
Previous studies have shown the upper Lemitar ignimbrite to be composiﬁonally zoned
(Chapin and others, 1978), and it is conceivable that chemical zones within the unit may
produce slightly different trends upon alteration. To test this, 'outliers' from the main
group of upper Lemitar Tuff samples on Figure 11 were designated as UL1 while the
remaining upper Lemitar samples were denoted as UL2. This resulted in the artificial
formation of two groups of upper Lemitar Tuff samples which were then compared to
assess if the groups are distinguishable based on additional chemical criteria.

The major elements Si0,, TiO,, and Fe,O, have been used effectively as indicators
of gradients associated with continuous eruption of ignimbrites from silicic ma gma
chambers (i.e. Hildreth, 1979; Briggs et al., 1993). Because these elements appear to
show neither enrichment nor depletion during metasomatism, it is possible to evaluate
chemical zonation within the upper Lemitar Tuff based on these elements, ULl samples

typically have a higher Si0, content and a lower TiO, and Fe,O, content compared to UL2
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samples (Figure 182 and b), Hildreth (1979) found that with progressive tapping of a
magma chamber, SiO,, Ti0,, and total Fe content usually drop, thus providing evidence
that UL1 samples were erupted early in the sequence while UL2 samples are from ensuing
stages of eruption.

In addition to major elements, trace elements also demonstrate thé chemically
zoned nature of the upper Lemitar Tuff The elements Zr, Nb, and Y appear to show no
Systematic variation during metasomatism (Figure 10) and can be used to further address
the possibility of compositional zonation within the upper Lemitar Tuff (Winchester and
Floyd, 1977, Hildreth, 1979; Stix et al, 1988). Based on these elements, the two groups
of upper Lemitar Tuff samples appear to be distinot (Figures 19a and b). Although there
is no noticeable difference in Y concentration between the two groups, UL2 samples
generally have a higher Zr content compared to UL samples. Furthermore, UL1 samples
tend to be slightly more enriched in Nb compared to UL2 samples. These results indicate
that UL1 samples are representative of material produced early in the eruptive sequence
while UL2 samples are late in the sequence (Hildreth, 1979), supporting the conclusions
based on major element data as discussed previously. Based on major and trace element
data for the upper Lemitar ignimbrite, it seems reasonable to attribute the two separate

trends seen in Figure 11 to primary chemical zonation within this unit.

Mineralogy and Geochemistry
During K-metasomatism of silicic ignimbrites in the study area, plagioclase

phenocrysts were replaced by an assemblage dominantly composed of adularia, quartz,
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and a variety of clay minerals. Although clay minerals such as smectite and kaolinite
commonly replace plagioclase during diagenesis and weathering, fresh samples examined
in thin section indicate plagioclase has not undergone a significant degree of alteration due
to these processes. The mineralogy produced through plagioclase dissolution is therefore
attributable to other alteration processes. Our study of the morphology and chemistry of
the primary and secondary phases, plus chemical composition of altered whole rock
samples, allows the chemical and mineralogical affects of alteration to be assessed in
detail. In addition to K-metasomatic alteration, the Socorro area has also undergone
several, relatively small-scale epithermal alteration events. The Luis Lopez manganese
district in the northern Chupadera Mountains, southwest of Socorro is a well documented
example of one such hydrothermal event (i.e. Eggleston et al., 1983; Norman et al., 1983).
It is important to note that because many of these localized hydrothermal events are
superimposed or overprinted on the regional K-metasomatic event, a spatial relationship
between multiple alteration episodes has been created. The separation of the effects of K-
metasomatism from local hydrothermal events is certainly a complication in this smdy;
however, because the chemistry, mineralogy, and physical conditions associated with these
different alteration types is relatively unique, we feel it is possible to distinguish between

them.

Adularia
The dominant K-bearing phase produced by alteration is adularia, a low-

temperature feldspar structurally resembling orthoclase. Adularia has been mterpreted by
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other workers as secondary in nature, formed upon alteration of the silicic ignimbrite units
rather than resulting from primary magmatic sources (Chapin and Lindley, 1986), which is
a conclusion reinforced by results of this study. Adularia is present as part of the
assemblage produced by alteration of plagioclase in all samples and is characteristically
euhedral when examined by SEM analysis. The reaction by which plagioclase is converted
to adularia during metasomatism is typically considered to be a simple alkali-exchange
reaction:

NaAlSi;0, + K = KAISi, 0, + Na*
(i.c. Roddy et al., 1988: Glazner, 1988). This reaction assumes an albite endmember
composition for plagioclase which is not valid for plagioclase from the Hells Mesa Tuff
based on electron microprobe analyses, although it appears reasonable for plagioclase
from the upper Lemitar as it is extremely Ca-poor (Table 2), Assuming little to no Ca
content in the plagioclase, the K:Na ratio for an alkali-exchange reaction during
metasomatism should approximate 1:1. Geochemical results in this study show a 1:1
exchange between K and Na for both units (Figure 11), which snggests an alkali-exchange
reaction. However, this does not explain the occurrence of other phases, such as clay
minerals, in the alteration assembla ge; authigenic clay minerals would not form during this
simple alkali-exchange reaction. Rather, data from this study suggest a dissolution-
precipitation reaction as the most likely mechanism for formation of the alteration
assemblage based on the abundance of clay minerals in the assemblage as well as the
presence of dissolution textures within plagioclase phenocrysts (Figure 8). The

dissolution of plagioclase in the presence of a K-rich fluid could account for the formation
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of a variety of phases in the alteration assemblage including adularia, clay minerals and
calcite. A dissolution-precipitation reaction for K-metasomatism in the Socorro area is
therefore favored over an alkali-exchange reaction.

The dramatic increase in the KO content of metasomatized rocks has typically
been attributed to adularia formation upon alteration. The use of separated samples is
particularly beneﬁcial in evaluating this concept, for when the samples are arranged in
order of increasing amount of adularia in the assemblage, based upon ratios obtained by
XRD analysis, several trends relating mineralogy to chemistry are evident. As predicted,
an increase in the adularia content of the upper Lemitar and Hells Mesa ignimbrites
corresponds to a general increase in whole rock K,O content (Figure 20a and b).

The increase in Rb content of both the upper Lemitar and Hells Mesa ignimbrites
can also be explained by an increase in the abundance of adularia within the alteration
assemblage. Figure 20¢ and d shows that with an increasing amount of adularia, Rb
concentration also increases. The increase in Rb is likely due to substitution for K in the
crystal lattice of adularia (Deer, Howie and Zussman, 1966). Thus an increase in K, 0
content (or adularia abundance) generally coincides with an increase in Rb concentration.
Whole rock Hells Mesa Tuff samples show a 2 fold increase in Rb content while separated
samples from this unit show a striking 10 fold increase when compared to unaltered
material. ‘The relative Rb increase of the Hells Mesa Tuff separated samples is more
dramatic than the Rb increase in whole rock samples suggesting that minerals in the
alteration assemblage, particularly adularia, strongly influence the concentration of Rb.

The upper Lemitar Tuff does not show this effect because KM-148, which is the ‘fresh’
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sample used to construct the enrichment / depletion diagram for the separated samples, is
actually slightly altered. Although established that KM-148 is only slightly altered, it
appears that even this small amount of K-metasomatic alteration dramatically increased the

Rb content of the separated samples.

Plagioclase

In thin section, plagioclase from fresh samples appears to be unaltered and shows
1o significant signs of replacement by clay or calcite due to weathering. Replacement of
plagioclase during K-metasomatism is evident from XRD, SEM and electron microprobe
analyses made during this study, and can be examined in detail because many samples
were found to still contain measurable amounts of plagioclase as a result of mcomplete
alteration during K-metasomatism. The decrease in Na,0 and Sr in both whole rock and
separated samples is attributable to the chemical breakdown of plagioclase. Figure 21a
and b shows depletion of Na,O in whole rock samples from the metasomatized area when
arranged in order of increasing adularia abundance. The fine at approximately 4 wt. %
Na,O represents the average Na,0 value for fresh equivalent or unmetasématized rocks,
thus showing the overall depletion of Na,O in the Hells Mesa and upper Lemitar Tuffs,

Furthermore, Na,0 depletion in the separated samples is evident, and elucidates
the process by which Na,0 depletion takes place during alteration (Figure 21¢ and d).
Na,O content within the separated samples is shown to decrease with the amount of
residual plagioclase contained within a sample. The conclusion that much of the Na,0

was lost due to plagioclase dissolution is exemplified by the comparison of the relative
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the upper Lemitar and Hells Mesa Tuffs. ** indicates samples where peak area was estimated

based on similar XRD patterns.
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Na,O depletions in the altered whole rock and separated samples. The Na,O content of
the separated samples decreases by approximately 2 times whereas the relative decrease in
altered whole rock is much less as a result of dilution due to the presence of other Na,O
bearing phases within the rock which are less easily altered compared to plagioclase. The
St content of both whole rock and separated samples follows Na,O depletion due to St
compatibility in plagioclase. Hence, upon removal of plagioclase from the rock, Sr
becomes depleted as indicated by decreasing Sr content with increasing adularia content

(Figure 21e and f).

Discrete Smectite

Discrete smectite is the least abundant clay mineral in the K-anomaly, occurring as
the dominant clay mineral in only a few samples, all of which show rather complete
degrees of alteration; plagioclase is absent and altered crystals are abundant. Because
previous studies of K-meta somatism did not recognize discrete smectite in the alteration
assemblage, the origin of this phase has not been addressed prior to this study. SEM data
for this study is somewhat ambiguous as to the stability of smectite, however it is
interpreted to be authigenic because smectite is never found in primary, unaltered volcanic
rocks.

Several lines of evidence suggest that discrete smectite is a produ;:t of K-
metasomatism rather than being hydrothermally produced. First, is the temperature
constraint placed on smectite formation and stability. Smectite was found by Boles and

Franks (1979) to disappear, or become converted to a more illitic composition, at
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temperatures >70°C. Fhuid inclusion analyses from the Luis Lopez district suggest this
alteration event formed between 150-375°C (Norman et al., 1983), which is fairly typical
of most epithermal systems (Guilbert and Park, 1986), thus eliminating a hydrothermal
source for smectite. Furthermore, smectite has been observed to have formed in alkaline,
saline environments (i.e. de Pablo-Galan, 1990; Jones and Weir, 1983 ; Hay and Guldman,
1987), suggesting that smectite within the alteration assemblage may have been produced
directly by K-metasomatic alteration.

Although smectite formation in alkaline environments has been proposed, it is
generally believed that discrete smectite cannot form where the concentration of K is
particularly high (Deer, Howie, and Zussman, 1966). It therefore seems likely that
smectite formed during a stage of K-metasomatism when K concentration was relatively
low. Assuming the fluid mitially had a relatively low cation/El" activity ratio, precipitation
of smectite from plagioclase dissolution may occur (Duffin et al., 1989; Harrison and
Tempel, 1993). As the fluid increased in K*/H* ratio, due to progressive Vevaporation of
the lake brine and increased K input from the weathering of a K-rich source rock, the
formation of smectite would cease. An increase in the K concentration of the fluid would
result in precipitation of either mixed layer illite-smectite or adularia, depending on the
K'/H" ratio (Meyer and Hemley, 1967). Discrete smectite is noted to be particularly Mg-
rich based on electron microprobe results (Figure 9). Mg content of plagioclase from the
upper Lemitar and Hells Mesa Tuffs is very low (Table 2) suggesting Mg was brought in
by the fluid. Dunbar et al. (1994) observe significant MgO depletion in overlying basaltic

andesite deposits, which may be a possible source of Mg for smectite formation.
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Ilite and Mixed-Layer Olite/Smectite (I/S)

Mixed-layer IS is one of the most common clay minerals present within the
Socorro K-metasomatized area, whereas discrete illite is extremely rare in the alteration
assemblage. SEM and electron microprobe data indicate the stability of mixed-layer I/S
clay, however a definitive explanation for its presence within the alteration assemblage is
difficult to ascertain. Based on data from this study and conclusions drawn by other
researchers, however, it is possible to make some observations related to the origin of this
mineral phase.

The breakdown of K-feldspar is frequently called upon as a mechanism for the
formation of illite and/or mixed-layer US in diagenetic settings (i.e. Boles and Franks,
1979; Altaner, 1986; Wintsch and Kvale, 1994). SEM and electron microprobe data in
this study, however, show euhedral adularia in direct contact with mixed-layer I/S, thus
eliminating the possibility that the breakdown of adularia resulted in mixed-layer I/S
formation. In the Socorro K-anomaly, mixed-layer I/S is most likely formed as a result of
'smectite cannibalization' by the reaction:

Smectite + K ~ Illite + Si**

(Boles and Franks, 1979), which may also explain fine- gramed quartz within the alteration
assemblage due to the release of silica.

A fluid-mediated reaction such as illitization is likely governed by three processes:
dissolution, solute mass transfer, and precipitation or crystallization (Eber] and Srodon,

1988). In a fluid dominated system, dissolution of primary smectite is typically not the
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rate-limiting step during illitization. The fine-grained nature of the primary smectite and
the sheet-like morphology of the grains significantly increase the rate of dissolution, which
is further enhanced by extensive cationic substitution within the smectite (May et al.,
1986; Whitney, 1990). K-metasomatism in the Socorro area was presumably fluid-
dominated with an abundance of ions as indicated by the extensive addition of K
throughout the anomaly. The high K concentration in the fluid would cause smectite to
become illitized by K fixation between the smectite layers (Jones and Weir, 1983;
Awwiller, 1993). The temperature required for transformation of smectite to mixed-layer
VS is about 100°C (Aoyagi, and Kazama, 1980), although illitization has been reported at
lower temperatures (Srodon and Eberl, 1984, Jones and Weir, 1983). These estimated
temperatures are similar to the temperatures at which K-metasomatism is thought to occur
in the Socorro area (Chapin and Lindley, 1986; Dunbar et al,, 1996).

An alternative explanation for the formation of mixed-layer I/S in the alteration
assemblage is coprecipitation with adularia during K-metasomatism, SEM and electron
microprobe data show mixed-layer I/S to be a stable, integral part of the mineral
assemblage formed during metasomatic alteration, thus allowin g for the possibility that
mixed-layer I/S, and perhaps discrete smectite, coprecipitated with adularia.
Unfortunately, convincing evidence for coprecipitation is difficult to obtain. However, it
remams a distinct possibility based on SEM and electron microprobe datq collected during

this study.
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Kaolinite

Kaolinite is an extremely cornmon clay mineral component in the alteration
assemblage of samples collected within the K-anomaly, SEM photographs clearly
demonstrate the euhedral morphology of kaolinite, indicating an authigenic origin;
however the mechanism through which kaolinite formed within the separated samples is
somewhat difficult to ascertain,

Within the Socorro K-anomaly, areas of hydrothermal alteration tend to coincide
with the presence of kaolinite in the alteration assemblage, suggesting a hydrothermal
source for kaolinite within the assemblage. For example, Hells Mesa Tuff samples KM-
112 through KM-116 were collected near the Luis Lopez manganese district and contam a
considerable amount of kaolinite in the mineral assemblage (Table 1). The presence of
barite in the separated sample of KM-1 15, as well as elevated Ba content in several others,
further suggests these samples have experienced some amount of hydrothermal
overprinting. Kaolinite is often recognized in many types of hydrothermal alteration such
as argillic and advanced argillic due to wall-rock interaction. In these regﬁnes, kaolinite
formation is restricted to lower temperatures (<200°C), indicating its formation during the
late stages of hydrothermal activity (Guilbert and Park, 1986). Hydrothermal kaolinite
typically exhibits a characteristic texture of relatively small flakes that are tightly packed
which tend to occur as single sheets, sheaves, or thin packets rather than expansive books
(Keller, 1976), which is similar to the morphology of kaolinite observed by SEM analysis
in this study.

Furthermore, kaolinite formation during diagenesis occurs under dilute, acidic
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conditions while basic and concentrated solutions result in kaolinite instability (Dunoyer
de Segonzac, 1970). Conditions for K-metasomatism in the Socorro area are believed to
have been alkaline and highly concentrated, as indicated by the large amount of K added
to the surrounding rock, (Chapin and Lindley, 1986), again implying kaolinite was formed

as a product of hydrothermal events superimposed on the Socorro K-anomaly.

Calcite

When present in the alteration assemblage, calcite is rarely observed in large
quantities. XRD of all 41 separated samples only detected calcite in a handful of samples.
Calcite may form in response to the Ca released during plagioclase dissolution, which has
been noted in many diagenetic settings (i.e. Harrison and Tempel, 1993; Boles and Franks,
1979). Because plagioclase from the Hells Mesa Tuff is significantly more Ca-rich than
plagioclase from the upper Lemitar Tuff (Table 2), it would seem probable that calcite
would occur more frequently in Hells Mesa Tuff samples upon plagioclase dissolution.

There appears to be no such correlation, however.

Chemical Enrichments and Depletions
K-metasomatic alteration resulted in the enrichment of some elements and the
depletion of others, causing significant deviation from the primary chemistry of the upper
Lemitar and Hells Mesa ignimbrites. Notably, samples from this study are significantly
enriched in K,0, Rb, As, Ba, Pb, Sb, and Cs and depleted in Na,O, CaO, and Sr as

indicated by Figures 10 and 15. The lack of significant deviation for the major elements
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Ti0, and AL O, indicates no significant weight loss or gain within the units, thus
suggesting the other elements represent real changes. As discussed earlier, the K,0 and
Na,O enrichment/depletion appear to be chemically coupled and related mainly to
dissolution of Na-bearing phases, such as plagioclase. The depletion of MgO is noted by
Dunbar et al. (1994) in silicic ignimbrites, but in this study only the Hells Mesa ignimbrite
shows some depletion, possibly indicating variable behavior of this element during
alteration. The enrichment or depletion of many of these elements has been recognized by
Chapin and Lindley (1986) and Dunbar et al. (1994).

Several of the elements that are enriched in the area, however, are unlikely to have
been affected by K-metasomatic alteration and may therefore reflect some amount of
hydrothermal input. The elements most likely to represent nput from a source other that
K-metasomatism include As, Sb, Ba, and Pb as indicated by a relatively good correlation
between high concentrations of these elements with proximity to hydrothérmally affected
regions. Low levels of As and possibly Ba and Sb enrichment appear to be related to K-
metasomatism, however, high levels are clearly attributable to hydrothermal alteration,

Elements such as K,0, Rb and possibly Ba, As, and Sb appear to be controlled
primarily by the stability of the alteration assemblage produced upon plagioclase
dissolution. In contrast, Na,O and Sr are depleted as a result of plagioclase instability and
are removed from the system upon alteration. The observation that the chemical changes
associated with alteration reflect the alteration mineral assemblage is supported by the
greater relative increase in the enrichment / depletion factor calculated for the separated

samples compared to whole rock samples.
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Rare Earth Elements

The depletion of REE in the upper Lemitar Tuff and enrichment in the Hells Mesa
Tuff observed in this study are unique, for most studies of K-metasomatic alteration report
little to no variation in REE distribution in thyolitic rocks as a result of alteration (ie.
Glazner, 1988; Roddy et al., 1988; Hollocher et al, 1994). The striking enrichment and
depletion of REE within the ignimbrites implies that redistribution or movement of these
elements can indeed occur during alteration. Some researchers believe that movement of
fluids during diagenesis has the ability to chan ge element distributions and ratios (i.e.
Alderton, 1980; Condie et al., 1995), however others believe diagenetic and low-grade
metamorphic effects on REE are minimal (i.e. Chaudhuri and Cullers, 1979; Elderficld
and Sholkovitz, 1987; Sholkovitz, 1988), especially when the fluid temperature is <230°C
(Michard, 1989). In the Socorro anomaly, the whole rock REE enrichment or depletion
trends are not particularly strong, for many of the REE values of altered samples fall into a
range defined by fresh samples. The separated sample trends reflect those seen in whole
rock samples, but are distinctly more pronounced suggesting that variations in REE may
be a function of alteration mineralogy produced by the metasomatic procéss as proposed
by Dunbar et al. (1994).

Alderton (1980) concludes that REE gains and losses are primarily controlled by:
1. REE concentrations of the reacting minerals; 2. relative stability of the mineral phases
with respect to the fluid; 3. the availability of sites within the secondary assemblage to
accommodate released REE; 4. the REF concentration of the mcoming fluid; and 5. the

ability of the fluid phase to transport REE out of the system. Several of these factors,
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especially the first two, are faitly well constrained for the Socorro area. For instance, the
REE concentrations of plagioclase from the upper Lemitar and Hells Mesa Tuffs, the most
reactive mineral during K-metasomatic alteration, have been analyzed (KM-148 and KJH-
26). SEM and electron microprobe data indicate the relative stability of minerals
contained within the alteration assemblage, including clay minerals, and it is hypothesized
that the clay minerals produced during K-metasomatism in the Socorro area may provide
the necessary sites for REE accommodation. Unfortunately, the REE concentration of the
incoming fluid and the ability of the fluid to transport REE is unknown for the Socorro

arca, although inferences may still be possible as discussed in the following section.

Rare Earth Element Entichment / Depletion

A possible mechanism by which REE may have been depleted in the upper Lemitar
Tuff and enriched in the Hells Mesa Tuff s through re-equilibration between the mineral
assemblage and the altering fluid. Because plagioclase is the primary mineral phase
affected by K-metasomatism, its initia]l REE content, with respect to the fluid REE
content, may control whether enrichment or depletion would occur upon alteration.
Variation in plagioclase REE composition does exist, although it is generally considered to
have a low REE content. As indicated by Figure 22, upper Lemitar Tuff plagioclase is
significantly more REE-rich than Hells Mesa Tuff plagioclase. Notably, upper Lemitar
Tuff plagioclase is approximately 1.2 to 3.0 times greater in light REE (La, Ce, and Nd),
and 6.6 to 11 times greater in middle and heavy REE (Sm to Lu, excluding Eu) content

compared to Hells Mesa Tuff plagioclase. From Figure 17, it appears that the separated
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samples converge toward a similar REE content upon alteration, suggesting a fluid REE
content roughly intermediate to the REE content of upper Lemitar and Hells Mesa Tuff
plagioclase. Because the difference between the light REE content of plagioclase from the
two units is relatively minor, a fluid of an intermediate composition would not likely cause
a significant change in the light REE content upon re-equilibration. The substantial
deviation between the middle and heavy REE content of plagioclase fron the two units,
however, may explain why enrichment or depletion of these REE is particularly dramatic
while the light REE appear to show variable concentrations,

Unfortunately, because the chemistry of the altering fluid is not known, the
chemical potential to redistribute REE is also unknown. Initial results from this study,
however, appear to indicate that re-equilibration between the fluid and alteration mineral
assemblage may be a viable mechanism to explain the REE contents of the separated
samples.

Incorporation of REE,

An important consideration when evaluating enrichment or depletion of REE
within an alteration mineral assemblage is identifying which minerals can incorporate REE
into their crystal lattice. In the Socorro K-metasomatized area, the main alteration
reaction is the chemical dissolution of plagioclase resulting in formation of adularia and
various clay minerals, Generally, the reaction of plagioclase to K-feldspar (adularia)
results in little change in REE content (Alderton, 1980; Condie et al., 1995). Clay
minerals, however, can show quite significant variation in REE content, which is typically

a function of the clay mineralogy, the REE content of the source, weathering conditions,
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and exchange reactions during transportation or deposition (Cullers et al., 1975).

Preliminary data from this study suggests that clay minerals may play a significant
role in incorporating REE, and may provide the mechanism for REE redistribution during
K-metasomatism. Variations in clay REE content are typically a function of clay
mineralogy. In general, the REE content of illite is greater than kaolinite, which is greater
than smectite (Caggianelli et al., 1992), although the differences are relatively minor. Asa
result, the clay minerals within the separated samples are grouped together in order to
obtain a maximum number of data points when comparing REE contents. The trends of
REE depletion in the upper Lemitar Tuff and enrichment in the Hells Mesa Tuff may be
related to the clay content in the separated samples (Figures 23 and 24). However, the
light REE display trends similar to those found for heavy REE, which does not appear to
coincide with other diagrams of enrichment or depletion (compare Figures 23 and 24 to
Figures 10 and 15). This may be a function of the lack of data points and the fact that a
few poiats appear to control the linear regression. The lack of data points, especially for
the Hells Mesa Tuff separated samples, makes evaluation of where REE are Iocated within
the alteration assemblage somewhat speculative, although preliminary data suggests

incorporation of REE in the clay minerals.

Stable Isotopes
Stable isotope data on both whole rock and separated samples from the upper
Lemitar and Hells Mesa Tuffs clearly indicate enrichment of '*O within the metasomatized

area, but are difficult to interpret without better temperature constraints. Several factors
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suggest that &'°0 values from rocks in the Socorro K-anomaly represent equilibration
with meteoric waters at temperatures of 30-80°C, although it should be mentioned that
these values also support equilibration with high temperature, magmatic water (Chapin
and Lindley, 1986), Secondary fluid inclusions within quartz phenocrysts from the Hells
Mesa Tuff produce homogenization temperatures ranging from 90-170°C, with a sizable
number of samples reflecting a T, of 120°C (Eggleston, unpub data). Eggleston also notes
that several inclusions measured at a temperature of ~90°C have a much higher salinity
than other inclusions within the area, hypothesizing that these inclusions are most likely
related to potassic alteration. In addition, apatite fission-track analysis indicates that
samples collected from the upper Lemitar and Hells Mesa ignimbrites have been exposed
to temperatures on the order of 170-200°C and suggests a rapid cooling event during the
middle-Miocene (Dunbar et al., 1996). Compared to other areas of K~métasomatism, the
temperatures of alteration obtained for the Socorro area are similar (i.e. Glazner, 1988;
Girard, 1988; Roddy et al., 1988). However, additional direct measurement of
temperature in the Socorro area is needed before accurate conclusions can be drawn for

the stable isotope data.
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Summary

K-metasomatism near Socorro, New Mexico has affected the geochemical,
mineralogical, and isotopic composition of Cenozoic rocks including two silicic
ignimbrites, the upper Lemitar and Hells Mesa, which were investigated in this study. K-
metasomatism strongly affected Na-rich minerals, particularly plagioclase‘, while K-rich
minerals such as sanidine are basically unaffected during alteration. The preferential
sampling of plagioclase in this study allows for the direct determination of the minerals
present in the altered plagioclase phenocrysts. Using XRD and semi-quantitative clay
mineral analysis, the alteration assemblage was found to consist of various amounts of
adularia (a low-temperature K-feldspar), quartz, mixed-layer I/S, kaolinite, discrete
smectite and illite, and occasional calcite and barite. Some residual plagioclase also
remains in the assemblage as a result of incomplete dissolution during K-metasomatism.
Kaolmite and mixed-layer I/S occur most frequently, and often in the greatest abundance,
of all the clay minerals present within the altered plagioclase. Discrete montmorillonite
and illite occur infrequently in the alteration assemblage. SEM and electron microprobe
data from this study suggest the alteration assemblage formed through a dissolution-
precipitation reaction as indicated by the presence of dissolution embayments within
plagioclase phenocrysts and mixed-layer clay in the assembla ge.

It is probable that mixed layer illite-montmorillonite, discrete smectite and illite
were formed during K-metasomatism as a result of changes in the fluid chemistry.
Smectite likely formed during stages of metasomatism when the fluid was relatively dilute

and had a low (cation)/(H") ratio. As the fluid became progressively more concentrated in
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K7, it is likely that ‘smectite cannibalization' occurred resulting in illitization and the
formation of mixed-layer clays. Kaolinite is most likely the result of hydrothermal
overprinting as indicated by a good correlation between areas of known hydrothermal
activity and large abundances of kaolinite in the alteration asserablage. Kaolinite
formation is also promoted by acidic conditions suggesting it is not likely to have formed
under the alkaline conditions imposed during K—metasomaﬁc alteration, thus further
supporting a hydrothermal origin for this mineral. Calcite, which is extremely rare in the
alteration assemblage, is fine-grained and likely formed as a result of plagioclase
dissolution. Barite is present in the assemblage due to localized hydrothermal events in
the Socorro area.

The chemical composition of altered rocks, analyzed by XRF and INAA, show an
overall enrichment of K, 0, Rb, Ba, As, Sb, Cs, and Pb along with marked depletion of
Na,0, CaO0, and Sr when compared to unmetasomatized rocks from outside of the
potassium anomaly. Enrichment of K,0 and Rb in whole rock samples is correlated with
the abundance of adularia in the separated, altered plagioclase samples suggesting the
presence of adularia in the alteration assemblage controls the K,Q and Rb content of the
ignimbrite units. Element mapping for K on the electron microprobe also ndicates
adularia as the dominant K-rich phase produced during alteration. The enrichment of Rb
during K-metasomatism is due to sub stitution for K in the crystal lattice of adularia, A
good correlation is also shown for Na,O and Sr content with increasing adularia content in
the separated samples, indicating that the decrease in Na,0 and Sr within whole rock and

separated samples is due to the destruction of plagioclase during the alteration process. In
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general, the silicic ignimbrites mvestigated have a wide variety of chemical concentrations
present, suggesting that K-metasomatism is somewhat inhomo geneous,

Enrichment of Ba, As, Sb, Cs, and Pb in the two ignimbrites is likely a result of
input from a hydrothermal source, for many of the samples possessing particularly high
levels of these elements were collected in the vicinity of known areas of hydrothermal
overprinting. Low levels of As and possibly Ba and Sb enrichment, however appear to be
related to K-metasomatism. Several elements such as 810, TiO,, Fe,0,, Nb, Y, and Zr
show neither enrichment or depletion upon K-metasomatism, but clearly demonstrate the
chemically zoned nature of the upper Lemitar ignimbrite due to progressive tapping of the
magma chamber,

In addition to the enrichment or depletion of elements already mentioned, the
redistribution of REE, rare earth elements, has also occurred in the Socorro K-
metasomatized area. Depletion of REE in the upper Lemitar Tuff and enrichment in the
Hells Mesa Tuff'is unique in that most studies of K-metasomatism report no significant
change in REE content upon alteration (ie. Glazer, 1988; Roddy et al., 1988). The
depletion and enrichment of REE in the Socorro anomaly may have resulted from a fluid
REE composition intermediate to the REE content of upper Lemitar Tuff and Hells Mesa
Tuff plagioclase. The observation that REE enrichment and depletion is ﬁlore dramatic in
the separated samples compared to whole rock samples further suggests that the initial
composition of plagioclase may have been responsible for the resultant change in REE
content. Also, upper Lemitar Tuff plagioclase contains significantly more middle and

heavy REE compared to Hells Mesa Tuff plagioclase, which is consistent with the greater
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enrichment/depletion of these REE compared to the light REE within the separated
samples. Preliminary results suggest REE mway be incorporated into the clay minerals of
the alteration assemblage, although additional data is required before a definitive
conclusion can be made.

Stable isotope data clearly indicates enrichment of 880 within the K-metasomatic
area, however a conclusive explanation for this enrichment is elusive due to poor
temperature constraint for the Socorro anomaly. Temperature ranges thought to be
representative of K-metasomatism suggest low-temperature (~100-170°C) equilibration
with meteoric waters as the most likely mechanism for K-metasomatism, however high-
temperature (>250°C) equilibration with magmatic waters cannot be ruled out based
strictly on &0 values obtained. Separated sample &0 values are comparable to whole
rock values, suggesting the alteration assemblage does not exclusively control the

enrichment or depletion of "®0 within the K-anomaly.
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Conclusions

K-metasomatism of silicic ignimbrites near Socorro, New Mexico caused the
dissolution of Na- and Ca-rich minerals, in particular plagioclase, and the precipitation of
K-rich adularia along with a variety of clay minerals and quartz. Geologic evidence, such
as the large aerial extent of the metasomatized area along with the presence of thick playa
deposits, suggests a lacustrine System centaining a low-temperature, alkaline-saline,
meteoric derived fluids. Long-term, leaching of K-rich source rocks followed by
evaporation and concentration of basinal fluids resulted in a K-enriched brine solution,
However, the variable K content of the fluid over time can explain the presence and
stability of K-poor minerals such as discrete smectite within the alteration assembla ge.
Instabilities in evaporation-induced density stratification beneath saline lakes may have
been the driving mechanism for movement and interaction of the K-rich brines with the
rock underlying the playa system (Leising et al.,, 1995). Upon interaction between the
host rocks and the fluid, K was removed from the fluid and added to the rock through the
formation of authigenic adularia and mixed-layer I/S. The strong depletion of Na in host
rocks during metasomatism should have resulted in a Na-enriched fluid, however the
absence of secondary, Na-rich phases both in and adjacent to the K-anomaly continues to
be problematic. Further complicating interpretation of the mechanism responsible for K-
metasomatism in the Socorro area is the lack of distinct, K-depleted source rocks. The
long term leaching of elements from surrounding rocks may explain the lack of a
noticeably depleted source area for elements enriched during K-metasomatic alteration.

During K-metasomatism, elements such as K, Na, Ca, Mg, Rb and Sr are typically
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mobile on a regional scale (i.e. Glazner, 1988; Roddy et al,, 1988; Hollocher, 1994),
however the mobilization of REE during alteration in the Socorro area also suggests
element redistribution on a localized scale through attempted chemical equilibration
between the altering fluid and the host rock. Formation and stability of the alteration
assemblage produced through K-metasomatism, in particular clay minerais, may provide
available sites for REE incorporation. The chemical nature of the metasomatic fluid with
respect to the initial starting composition of the phases undergoing alteration is apparently
suflicient to cause REE mobilization on a localized scale,

Additional evidence for an alkaline, saline system may be found within the
secondary mineral assemblage produced through K-metasomatism., Alkaline, saline lakes
are sometimes characterized by concentric zones of authigenic minerals thereby reflecting
a lateral hydrogeochemical gradient within the lake basin, Zonation of authigenic
minerals, particularly an increase in the amount of adularia basinward, in the Socorro K-
anomaly may be present as indicated by a correlation between K,0 content and adularia
abundance. However, the zonation of authigenic minerals within the Socorro area could
be complicated by the chemical signature of localized, hydrothermal events superimposed
on the K~metasomatized region. The presence of superimposed, hydrothermal activity
should also be evaluated in other studies of K-metasomatism in the Western United States.
Recognition of mineral zonation within areas of K-mretasomatism could provide evidence

for a lacustrine depositional environment as the mechanism for K enrichment.
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Suggestions for Future Research

(1.) The distribution of kaolinite within the K-anomaly has been determined by this study,
however the mechanism through which this mineral js produced is still speculative. Thin
section microscopy of unaltered tuff samples generally indicates that plagioclase has not
undergone significant alteration through weathering or diagenesis, however at least one
unaltered sample shows slight plagioclase replacement by either clay or calcite. If
plagioclase has been partially replaced by kaolinite prior to K-metasomatism, this may
account for the presence of kaolinite within the alteration assemblage. A few thin sections
of unaltered samples impregnated with blue epoxy should be sufficient to determine
whether the plucked plagioclase grains in unaltered samples are due to alteration through
weathering or as a result of the thin section making process. SEM or electron microprobe
analysis of fresh plagioclase from a few unaltered samples could also bett‘er establish the

effects of weathering and diagenesis prior to K-metasomatism.

(2.) A recent “Ar/P°Ar geochronology study of K-metasomatism in the northern Grand
Range, Nevada found that sanidine can become adularized during alteration (Brooks and
Suee, 1996). Data from this study suggest sanidine is basically unaffected by K-
metasomatism, although sanidine was not closely investigated. Investigation of sanidine
adularization within the Socorro area through electron microprobe analysis may provide

additional insight regarding the intensity of metasomatism,

79




(3.) The hydrogeology of the area affected by K-metasomatism near Socorro is largely
unknown. A thorough hydrogeological model of the Socorro K-metasomatized area
could provide useful information to evaluate the mechanism through which metasomatism

occurred.

(4.) Better temperature constraint for K-metasomatism could possibly eliminate one of
the two possibilities indicated by oxygen isotope data. Thermometric analysis of
secondary fluid inclusions in quartz phenocrysts in conjunction with fission-track data may

provide important data regarding the temperature at which K-metasomatism occurred.

(5.) The source of K is still unknown. In addition, the Na-enriched fluid produced
through the dissolution of plagioclase should have deposited Na-rich phases either in or

around the Socorro K-anomaly. However, no evidence for Na deposition in regions

adjacent to the K-anomaly has been located.
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APPENDIX I
Analytical Methods
X-Ray Diffraction Analysis

X-ray diffraction analysis allows for the determination of the mineral assemblage
present within a sample. During x-ray diffraction (XRD) analysis, a beam of x-rays is
produced and directed toward a sample. The x-rays interacting with the sample will
diffract due to the differences in crystal lattice dimensions and create a characteristic
interference pattern. The geometry of the pattern is a function of the repeat distances
(lattice dimensions) of the periodic array of atoms in the crystal. The intensities of the
diffracted beam give information about the atormic arrangement and unit-cell dimensions

(Bates and Jackson, 1984).

Semi-Quantitative Clay Analysis
In order to better examine the clay mineral content of the separated samples,

otiented clay slides were prepared for XRD bty immersing the samples in distilled water in
a beaker, then allowing the coarse material to settle to the bottom of the beaker (material
was left to settle for 10 minutes). A residual <2 micron-size fraction (clay fraction) is left
at the top of the suspension. A 2 ml pipette was then touched to the surface of the
suspension and the drawn material was placed on a petrographic slide and allowed to dry
at room temperature, Approximately 3 ml of material was used per petrographic slide.
Samples that would not suspend properly (i.e. were flo ceulating) were centrifuged then

resuspended until flocculation ceased. No chemicals, such as NH,OH or sodium
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hexametaphosphate, were used to control the flocculation as this can sometimes cause
ion-exchange reactions thus altering the original clay mineral composition. Flocculation
was not able to be controlled in all cases and therefore some of the separated samples do
not have a semi-quantitative description of the clay present.

Three scans for each sample were then run on the Rigaku x-ray diffractometer
described previously. The initial run was an airdried, oriented scan from a 26 angle of 2-
35° to determine all the material present in the <2 micron-size fraction. All slides were
then placed in an ethylene glycol chamber. Glycolation causes expansion of smectite and
mnterstratified smectite layers within mixed-layer clay minerals and thus causes shifts in the
reflection positions of the oriented clay samples, which aids in the task of identification
(Austin and Leininger, 1976). Glycolated sides were the second run on the x-ray
diffractometer and were scanned from a 28 angle of 2-15°. After glycolation, the slides
were heated at 375-380°C for 30 minutes in a Blue M lab-Heat Mufile ﬂmace then
scanned with the diffractometer between 8-9.8° 28 immediately after removal from the
furnace in order to scan over the first order illite peak (10-A peak) while the slide
remamed hot. The scan between 20 2-15° was used to demarcate background scatter on
the diffractograms. Enhancement of the 10-A illite peak between 28 8-9.8° due to heating
is attributed to the collapse of interstratified smectite layers between the mixed layer clays
(Austin and Leininger, 1976).

Semi-quantitative XRD analysis was then performed on each clay-containing
sample using equations developed by G.S. Austin (verbal and written communication,

1992; Table A) which determine the relative abundances of the major clay mineral groups
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Formaulas for Semi-Quantitative Clay Mineral Analysis

I
Hlite-"25x10
T

Smectite- x10

S, /4
T

I
Mixed-layer(illite/smectite)-

LH"(]wZ‘:SmM’)xlO

.. K
Kaolzm’z‘ea?xl 0

T=Total =I,;+ X,

Table A: Equations for semi-quantitative XRD analysis of clay minerals. Peak heights are
measured from airdried, glycolated (G), or heated (H) runs. Subscript number refers to
the peak order measured. For example, Iy s the height of the first order illite peak on the
heated run. Equations produce clay mineral abundances to parts in ten.
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and quantifies them to parts in 10 based on the heights of the 001 peaks above

béckground.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) utilizes a finely focused beam of electrons
which are repeatedly moved across the sample to be examined. The reflected and emitted
electron mtensity is measured and displayed and the image is built up sequentially (Bates
and Jackson, 1984). To further the identification of minerals using SEM,I energy
dispersive x-ray spectra was collected, which provided qualitative data on the mineral
assemblage. SEM is particularly useful for two reasons. First, high resolution mmages of 'H
bulk objects can be obtained even at very high magnification, and second, SEM provides a $
three-dimensional appearance of the specimen. SEM analyses in this study were
performed on carbon-coated thin sections using a Hitachi $450 with a beam current of 15-

20 kV at the University of New Mexico.

Electron Microprobe Analysis
During electron microprobe analysis, electron bombardment generates X-rays in
the sample to be analyzed. The characteristic wavelength and intensity of the emitted X-
rays allows the measurement of element concentrations within the sample. The generated
electron beam is finely focussed allowing for a very small selected area to be analyzed
(Reed, 1993). Quantitative analysis of the intensity of the X-rays from the specimen are

compared with those a standard of known composition. In microprobe analysis, the X-ray
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spectrum is detected with either a wavelen gth- or energy-dispersive spectrometer (Reed,

1993),

X-Ray Fluorescence Analysis

In X-ray fluorescence (XRF), characteristic secondary x-rays are generated from a
sample upon exposure to a beam of primary x-rays. The secondary x-rays are
characteristic of a particular element and have unique wavelengths. The intensity of x-rays
emitted by a sample is proportional to the elemental abundance.

XRF analysis was used to determine the concentration of trace elements and major
elements in whole rock samples from the silicic ignimbrite sheets. For trace element
determination, approximately 7 g of <200 mesh powder was pressed into.pe]]ets using 10
tons of pressure and boric acid as the backin g or matrix material. Trace element analyses
were performed at the New Mexico Institute of Mining and Technology X-Ray
Fluorescence Facility in Socorro, New Mexico.

Fused disks were used for determining major element concentrations and were
formed via two methods: using approximately 1 g of powder material and 9 g of lithium
tetraborate as a flux material followed by heating for 15 minutes in a muffle furnace prior
to detection (for samples KM-31 through KM-61) and using .5 g of powder material and
approximately 2.70 g of Sigma 901 as a flux material for the remaining samples. Samples
KM-31 through KM-61 were analyzed at the University of New Mexico. The remaining
samples were analyzed for major elements at the New Mexico Institute of Mining and

Technology X-Ray Fluorescence Facility.
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Neutron Activation Analysis

For Instrumental Neutron Activation Analysis (INAA), the samples are first
irradiated, thus converting some stable isotopes to radioactive nuclides. These radioactive
nuclides decay with some emitting gamma particles of a characteristic energy. The
number and intensity of gamma particles is directly proportional to the quantity of the
parent element in the sample (Muecke, 1980). The sensitivity of deterimination for a
particular element depends on the number of its atoms that must be present in the sample
to provide enough detectable and identifiable decays of the daughter isotope (Muecke,
1980). INAA was used to determine the concentrations of a number of trace and rare
earth elements (Jacobs et al., 197 7), particularly Se, Cr, Co, Zn, As, Br, Rb, Sb, Cs, Ba,
La, Ce, Cd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, W, Th, and U as well as two major elements Na
and Fe,

Approximately 75 to 100 mg of material from all 41 separated samples and whole
rock samples KM-31 through KM-61 were packed into fused, ultrapure silica tubes and
irradiated at the University of Missouri Research Reactor Facility for approximately 40
hours at a flux 0f 2.5 x 10" N- cm™ s (P.R. Kyle, personal comm., 1996). Samples were
counted for 2 to 3 hours each at 7 days and 40 days after irradiation using 2 high-purity
germanium detectors and the data was reduced using a Nuclear 6620 system and
TEABAGS data reduction program (Korotev and Lindstrom, 1985 ). Standards used were
AL-1, AL-2, D2-1, G2-2, BCR-1, BCR-2, FA-1 and FA-2. Analyses for all separated

samples and whole rock samples KM-31 through KM-61 were performed at the New
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Mexico Institute of Mining and Technology. The remaining whole rock INAA analyses
were performed at X-Ray Assay Laboratories (XRAL) using the NA-IMPROVED

method. Detection limits for the NA-IMPROVED method are as follows:

Element Detection Limit(ppm)
As 2.0
Sb 0.2
Cs 1.0
La 0.5
Ce 3.0
Nd 5.0
Sm 0.1
Eu 0.2
Yb 0.2
Lu 0.05

Stable Isotope Geochemistry

Stable isotope geochemistry is concerned with variations in the isotopic ratios of
several elements, of which oxygen is the most important for this study. In order to
correctly interpret the variation seen in stable isotope data, it is important to have
knowledge of the magnitude and temperature dependence of isotopic fractionation factors
between the minerals present and the corresponding fluid. The use of fractionation factors
has been discussed at length by many authors including Hoefs ( 1973) andA ONeil (1979).
It is important to stress that at a given temperature, different minerals fractionate oxygen
isotopes relative to the external reservoir by varying amounts, The degree of fractionation
is also a function of the type of bonding present in the mineral(s) of interest. For instance,
the Si-O-Si bond is a very strong bond that will tend to retain heavy oxygen (**0) more

easily than other bonds.
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Oxygen isotopic data are reported as §'°0 values in per mil versus SMOW

(Standard Mean Ocean Water) according to the equation

(180 16 ’
safn_ple_l)xlg_?.

870 18 /16
("O/°0) g 0w

(Craig, 1961b; Clayton and Mayeda, 1963). 6'°0 values for this study were determined at

the Stable Isotope Geochemistry Lab at New Mexico Institute of Mining and Technology.

Estimation of Adularia Abundance

One goal of XRD analysis was to estimate the relative proportions of mineral
phases in separated samples, particularly adularia abundance. The adulaﬁa content of the
separated samples was determined using the following technique. To obtain a relative
mineralogical abundance for each constituent in an XRD pattern, the peak areas of the
~23.5° peak and the ~22.5° peak are measured, which for this study was produced via
JADE pattern-processing software. An Average Area Factor was then obtained by
averagimg the area ratios of the ~23.5° peak (adularia + plagioclase peak) and the ~22.5°
peak (adularia only peak) for each XRD scan that does not contam plagioclase within the
sample set. For samples containing plagioclase in the assemblage, the value obtained for
the ~22.5° peak is then multiplied by the Average Area Factor, resulting in the relative
abundance of adularia present in the sample. The relative amount of plagioclase present in
the sample is obtained by subtracting the calculated amount of adularia from the peak area

of the ~23.5° peak (adularia + plagioclase peak). Ifplagioclase is not present within the
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separated sample, measuring the peak area of the ~23.5° provides an estimate of the
relative abundance of adularia. For each sample examined, the same volume of separated
plagioclase material was used, thus allowing for comparison of the peak areas.

Table B provides areas under the peak that were used to estimate the abundance of
adularia within the separated samples. An Avera ge Area Factor of 4.48 was calculated for

this study. An example calculation of adularia abundance is demonstrated below:

Sample: KM-41
(Area of ~22.5° 20 peak) x (Average Area Factor) = Area of Adularia

(775) x (4.48) = 3472

(Area of ~23.5° 20 peak) - (Area of Adularia) = Area of Plagioclase

(4005) - (3472) = 533
The separated samples were then ordered from least to greatest based on the calculated or
measured area of adularia, thus arranging the separated samples in order of mcreasing
adularia content.

In addition to estimates of adularia abundance, clay mineral abundances were also
evaluated. For clay minerals, the area of the ~19.8° 20 peak, which represents all the clay
present in the sample, was used to approximate abundance, It should be noted that this
method cannot provide an absolute abundance of the mineral constituents present within a
sample due to the non-quantitative nature of XRD. However, this method does appear to
provide a reasonable first approximation to the relative proportions of phases present
within the separated samples. The amount of adularia present within a sample is

constdered to represent the amount of alteration the sample has undergone. Thus, if the
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Area of Plagioclase and Adularia Peaks from Separated Samples

Ratio of

Sample Area of Area of Plagioclase Adularia
Number ~22.5°20 ~23.5°20 23.5/22.5 Area Area
KM-36 550 2542 4.62 N/A 2542
KM-41 775 4005 NC 333 3472
KM-46 175 4252 NC 3468 784

KM-51 500 3415 6.83 N/A 3415
KM-54 362 1993 5.51 N/A 1995
KM-55 993 4824 4.858 N/A 4824
KM-56 1952 6634 3.398 N/A 6634
KM-58 859 3506 4.547 N/A 3906
KM-39 723 3647 5.044 N/A 3647
KM-60 366 2805 NC 1165 1639
KM-61 200 2002 NC 1106 896

KM-86 2031 6443 3.172 N/A 6443
KM-90 1443 7240 5.017 N/A 7240
KM-91 1117 5861 NC 856 5004
KM-94 1017 5103 5.017 N/A 5103
KM-95 1817 6274 3.453 N/A 6274
KM-96 2306 4312 1.869 N/A 4312
KM-102 1326 8347 6.295 N/A 8347
KM-107 350 3554 NC 1986 3554
KM-111 200 5361 NC 4465 896

KM-112 1292 3059 2.367 N/A 3059
KM-113 417 1842 4.417 N/A 1842
KM-114 649 3606 5.556 N/A 3606
KM-115 1573 2314 1.471 N/A 2314
KM-116 300 2437 NC 1093 1344
KM-127 902 4636 5.139 N/A 4636
KM-128 2012 3861 1.918 N/A 3861
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Sample Area of Area of Ratio of Plagioclase Adularia
Number ~22.5°20 ~23.5°20 23.5/225 Area Area
KM-129 625 4844 NC 2044 2800
KM-131 350 4116 NC 2548 1563
KM-144 1383 7093 5.129 N/A 7093
KM-148 175 5113 NC 4329 784
KM-149 350 6716 NC 5148 1568
KM-150 3 3 NC 19 13
KM-153 . % 64 NC 24 40
KM-154 1958 5629 2.875 N/A 5629
KM-153 2 11 55 N/A 11
KM-156 12 72 '6 N/A 72
KM-157 1 31 NC 27 4
KM-158 i 73 NC 74 4
KM-159 11 75.3 6.845 N/A 75.3
KM-160 11 58.3 5.3 N/A 58.3

Table B: Area under XRD peaks as determined by JADE peak-processing software.
NC = ratio not calculated due to presence of plagioclase; N/A = not applicable due to
absence of plagioclase,
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samples are arranged in order of increasing amount adularia, it may be possible to discem

any trend seen in the geochemical analyses.
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APPENDIX II
Mineralogy and Mineral Morphology
X-Ray Diffraction and Scanning Electron Microscopy
The alteration mineral assemblage of the separated samples, as determined using
XRD and semi-quantitative clay mineral analysis, consists of some combination of
adularia, quartz, kaolinite, smectite, illite, mixed-layer I/S, remnant plagioclase and
occasionally calcite and barite. Although little mineralogical variation has been reported
by previous workers (i.e. Chapin and Lindley, 1986), a wide range of mineralogical
variation is observed in the present study. It is unlikely, however, that all the variation
seen in the separated samples is due solely to K-metasomatism, for documented
hydrothermal events are known to be superimposed over the K anomaly. Previous
workers report the formation of hematite during alteration (Chapin and Lindley, 1986),
which is something not recognized here primarily because XRD was performed on
separated plagioclase rather than whole rock samples in this study. Lindley (1985) notes
that the presence of hematite is due to oxidation of magnetite during K-metasomatism,
which results in the characteristic reddening associated with this alteration,

Mineral phases were identified using standard techniques, and approximate
relative abundances of the various phases were estimated using full-width, half-maximum
measurements of peak size. XRD does not allow an exact determination of the ratio of
mineral phases without using a wide range of standards, yet the relative ifnportance of
different mineral phases, within a group of samples that are mineralogically similar, can be

approximately estimated based on XRD relative peak height. Table 1 contains the relative

101




percentage of minerals found in the alteration assemblage for each separated sample, along
with the type(s) of clay present. Scanning electron microscopy (SEM) was used to look at
six ignimbrite samples in an attempt to assess paragenetic relationships between the
mineral constituents in the alteration assemblage. Samples examined through SEM are

designated in Table 1.

Remnant Plagioclase

Some of the separated samples contain remnant plagioclase, likely due to the
incomplete dissolution of plagioclase during the alteration process and not as a direct
result of the potassic alteration. The presence of plagioclase was determined with
comparison to sample KjH-26, from the Hells Mesa Tuff, which was collected outside of
the K-metasomatized area. Plagioclase was separated from this sample in order to provide
an XRD pattern for unaltered plagioclase, so that this could be distinguished from
alteration minerals. Upon examination, a distinctive peak at a 20 angle of approximately
21.8°-21.9° (35% relative intensity) is noted, as is a shift in the feldspar p‘eak at
approximately 23.4° for adularia to about 23.6° for plagioclase. Together, these two
features were used to characterize the presence of remmant plagioclase within the samples
collected from the metasomatized area. The plagioclase examined in this study
consistently resembles albite in XRD analysis.

In SEM analysis, the instability of plagioclase is clearly demonstrated. KM-46, for
example, shows the dissolution of plagioclase to form the alteration assemblage of

remnant plagioclase + adularia + quartz (Figure 2). From KM-111, plagioclase is
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distinctly unstable and tends to display a sawtooth pattern of dissolution (Figure A).

Adularia (K-feldspar)

Adularia is the most common alteration product formed in the K-metasomatized
area; it is present, in varying amounts, in all 42 of the separated samples (Table 1). Chapin
and Lindley (1986) state that this secondary K-feldspar is approximately Orqg 4, 18
nmonoclinic, and has a structure very similar to that of orthoclase. On XRD patterus, a
characteristic orthoclase peak at ~22.5° 20 is noted and is used as an immediate indicator
as to the presence of adularia within the separated samples. Occasionally, however, this
peak is not present on the XRD scan due to the weak intensity (19% rela‘tive intensity)
assoctated with this peak (Colvillz and Ribbe, 1968). When the ~22.5° 20 adularia peak is
not present, it becomes necessary to examine cither the adularia peak at ~23.6° 28 (72%
relative intensity) or the first-order, 100% relative intensity peak at 26.94° 28 (Colville
and Ribbe, 1968). The first-order adularia peak is, however, commonly masked by
plagioclase and quartz peaks that occur near this 28 angle. Associated with adularia in the
alteration assemblage is the presence of fine-grained quartz, which appears to be
ubiquitous in all the samples collected for this study. Quartz has two characteristic peaks
on an XRD pattemn; one at ~20.8° 20 and another at ~26.6° 20. Oftentimes, the 26.6°
quartz peak overlaps with plagioclase and adularia peaks, which also occur near this 20
angle.

SEM analysis consistently displays the euhedral nature of adularia within the

alteration mineral assemblage, however, the crystal morphology of adularia can be
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somewhat variable. In this study, several morpholo gies of adularia were found including a
monoclinic tabular form and a rhombohedral form, which are the most common tvpes
observed (Figures B, C, and D). These morphologies are similar those found in previous
studies (Lindley, 1985). Two other morphologies of adularia are recognized, however,
including a psendohexagonal prismatic form, and a tabular diamond—shapéd form (Figure
3). Although the crystal morphology of adularia can differ, adularia is found to be

perfectly enbedral in almost every sample examined by SEM analysis.

Sanidine

It is believed that sanidine and other K-rich phases remain relatively stable during
K-metasomatism (Chapin and Lindley, 1986). This hypothesis is generally supported by
the SEM photo in Figure E. This figure is a close up examination of the sanidine crystal,
which appears to show clay minerals present in a small, ~5 to 10 pm wide seam. The
occurrence of the clay minerals within the sanidine crystal is likely due to Ca- and Na-rich
exsolution lamellae within the sanidine undergoing dissolution during metasomatic
alteration, hence the relatively limited occurrence within the sanidine grain (Lee and
Parsons, 1995). Except for dissolution of the exsolution lamellae, the remainder of the

sanidine crystal appears to be unaffected by K-metasomatic alteration.

Kaolinite
Along with adularia and quartz, the alteration mineral assemblage contains various

amounts and types of clay minerals. The presence of kaolinite within the alteration
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assemblage of the Hells Mesa Tuff was noted by Lindley (1985), who states that kaolinite
appears to be replacing phenocrystic plagioclase. Also, according to Lindley (1985),
kaolinite does not appear to be a weathering product because it lacks a well-developed,
crystallized structure and it is absent from the fine-grained groundmass. Although
kaolinite was recognized by Lindley (1985), the distribution and potential importance of
this mineral as an alteration phase was not assessed.

The presence of kaolinite is most noticeable using XRD where a distinctive first-
order, 100% relative intensity peak at 12.4° 28 is noted (Walker and Renault, 1972).
Based on XRD results from this study, kaolinite is extremely common within the alteration
assemblage of the separated samples and it typically represents a major constituent of the
total amount of clay in the sample (Table 1). Kaolinite is abundant throughout the K-
metasomatized area, but appears to be particularly prominent near areas of hydrothermal
activity (i.e. samples KM-112 through KM-116 collected near the Luis Lopez Manganese
District).

Kaolinite typically has a unique and characteristic morphology when viewed by
SEM analysis. Figure C shows the morphology of kaolinite to be composed of euhedral
books in direct association with adularia. Kaolinite etchings can also be seen in the

adularia possibly implying adularia formation prior to kaolnite.

Mixed Layer Illite-Smectite
Equally as common as kaolinite in the alteration assemblage is the presence of

mixed-layer I/S (Table 1). Chapin and Lindley (1986) also recognize the presence of
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mixed-layer I/S within the Socorro K-metasomatized area. Mixed-layer I/S is most
noticeable in the results produced by semi-quantitative clay analysis; rarely is XRD of bulk
samples sufficient to determine the extent to which mixed-layer clays occur in the
assemblage. Due to the nature of mixed-layer clays, there is not a characteristic 20 angle
at which mixed-layer I/S occurs. Rather, mixed-layer clays typically occupy a 28 angle
between 5-10° as a broad, unresolved rise on an XRD pattern. As a result, it becomes
necessary to implement semi-quantitative clay mineral analysis in order to evaluate the

extent to which mixed-layer I/S occurs in the alteration assemblage.

Discrete Smectite

Based on semi-quantitative clay analysis, the presence of discrete smectite is fairly
uncommon within the metasomatized area with only 6 of the 42 separated samples
containing any significant amount of smectite (Table 1). Sample KM-51 shows a
distinctive first-order, 100% relative intensity smectite peak at a 20 angle of roughly 5.90°
(Figure 6), which is something that is unrecognized in previous studies (i.c. Chapin and
Lindley, 1986). A 20 angle of ~5.90° for smectite is, however, by no means characteristic,
for discrete smectite is frequently observed at 20 angles ranging from 5.7- 7.4 ° 29
(Walker and Renault, 1972). This wide range of 20 angles for smectite is a result of the
ability of smectite to expand or swell in the presence of water; i.e., as humidity increases,
the d-spacing of smectite also increases (Moore and Reynolds, 1989). The change in d-
spacing of smectite is also related to cation exchange capacity, a phenomena in which

cations may be exchanged when the clay minerals holding them come into contact with a
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solution rich in other cations. The ability of smectite to engage in cation exchange results
in variability of the d-spacing which, in turn, results in variation in the 20 angle at which
smectite can occur on an XRD scan (Moore and Reynolds, 1989). Smectite, in SEM, is
typically found to coat euhedral adularia crystals as either long or short strands as seen in

Figures B and F.

Discrete Illite

Similar to the infrequent occurrence of discrete smectite, discrete illite is also
rarely encountered in the alteration assemblage. However, when present, a first-order,
100 % relative intensity peak at 8.8° 28 on XRD scans is characteristic (Walker and
Renault, 1972). Unlike discrete smectite, pure illite occurs regularly at 8.8° 20 on XRD
scans due to its nonexpanding nature. It should be noted that the term 'pure illite' is a
slight misnomer, for Moore and Reynolds (1989) state that 'pure illite’ may actually
contain up to 5% of an interstratified component (most commonly smectite). However,
because this small amount of interstratified material is difficult to detect by conventional
X-ray methods, it is commonly ignored, thus allowing use of the term "pure illite.'

A significant amount of illite was detected in KM-96 and was therefore
investigated by SEM in order to evaluate the morphological characteristics as weil as the
paragenetic relationship of this mineral. Figure G, SEM photo of KM-96, shows what is
interpreted to be an altered plagioclase crystal adjacent to an unaltered sanidine crystal.
Examination of the minerals contained inside the relict plagioclase grain appears to show

adularia undergoing dissolution to form discrete illite + I/S mixed-layers. Illite is
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distinguished from adularia based on relative grain size, morphology, and EDX; K-feldspar
typically displays a greater K:Al ratio than illite (Welton, 1984). This is the only sample

examined by SEM that appears to show adularia in an unstable state.

Calcite and Barite

The presence of calcite and barite within the alteration mineral assemblage has
previously not been recoguized. Several samples collected for this study, however, clearly
demonstrate calcite in the mineral assemblage of the separated samples. For instance,
KM-60 shows a distinctive calcite peak at ~29.4° 26 on an XRD pattern (See Figure H).
The peak at ~29.4° is the 100% relative intensity peak for calcite and, hence, the most
prominent peak (Walker and Renault, 1972). Calcite can also be seen in several thin
sections, even though XRD did not detect the presence of calcite in those samples (i.e.
KM-46). Because XRD did not reliably detect the presence of calcite within the alteration
assemblage, the extent to which calcite occurs in the metasomatized area is unknown.
Calcite was found during electron microprobe analyses to be extremely fine-grained (see
section on element mapping by electron microprobe analysis). It appears that when calcite
is present, it is present in exceedingly small amounts and is thus virtually undetectable in
XRD analyses.

In addition to calcite, barite is also found within the alteration assembla ge of a few
samples, notably KM-115 (See Figure I). Barite is most noticeable at a 20 angle of
~22.8°, though this peak is only 57 % relative intensity. A stronger, more intense barite

eak occurs at ~25.9° (100 % relative intenst , but is less diagnostic due to interference
P &
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from adularia, which occurs at 25.6° 20 (Walker and Renault, 1972; Colville and Ribbe,
1968). The extent to which barite occurs in the alteration assemblage is.uncertain,
however, it appears to be most prevalent in samples collected near localized areas of

hydrothermal activity.

Lateral Variation in Mineralogy Across a Potential Boundary for K-Metasomatism

Hells Mesa ignimbrite clasts were collected from the Popotosa Formation near Red
Canyon in the northern Chupadera Mountains across an area thought to be a potential
boundary of K-metasomatism (Figure J; R. Chambertin personal comm., 1995). The ridge
from which the samples were collected has two visually distinct regions: the northern
portion consists of very well indurated Popotosa with strongly K-metasomatized Hells
Mesa Tuff clasts contained within, while the southem portion is poorly indurated
Popotosa and contains Hells Mesa Tuff clasts that exhibit slight to no effects of K-
metasomatism. The transition from the northern portion to the southern portion of the
ridge is defined by a relatively sharp break in slope (Figure K), likely as a result of the
differing degrees of mduration.

With respect to the mineralogy of the Hells Mesa Tuff clasts, a noticeable change
is recognized between samples collected from the well indurated Pop otos;a and samples
collected from the poorly indurated Popotosa. Separated samples from Hells Mesa Tuff
clasts north of the proposed boundary, in the well indurated portion of the Popotosa, were
found by XRD analysis to be absent of plagioclase. In contrast, KM-116, a Hells Mesa

Tuff clast sample collected from the poorly indurated portion of the ridge, contains a
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Hells Mesa Tuff Clast Sampling Across Possible K-Metasomatized Boundary,
north of Red Canyon, Chupadera Mountains, Socorro County, NM.
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Figure J: Generalized map area north of Red Canyon, Chupadera Mountains.

Hells Mesa Tuff clast samples sampled from the Popotosa Formation across
a proposed lateral K-metasomatism boundary.
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significant amount of plagioclase in the alteration assemblage (Table 1). Sample KM-116
is the only Hells Mesa Tuff clast sample from the poorly indurated Popotosa that was able
to be drilled for altered plagioclase. Separated, altered plagioclase for the other samples
collected from the poorly indurated Popotosa, KM-117 through KM-121, was unable to
be collected due to the minor amount of metasomatic alteration that has occurred to these
samples. Plagioclase from these samples appears relatively fresh and unaltered and whole
rock XRD detected relatively abundant plagioclase in these samples.

The clay mineralogy of the separated Hells Mesa Tuff samples was found to
consist of large abundances of kaolinite, 25 to 50% of the total alteration assemblage of
the separated samples, regardless of whether the sample was collected north or south of
the proposed boundary (Table 1). No other minerals were found to vary in abundance
across the boundary separating the two regions of the Popotosa Formation, except for the
occasional occurrence of barite in the assemblage (notably KM-114 and KM-115). A
discussion on the geochemistry associated with this proposed K-metasomatic boundary

can be found in Appendix IV, Part 1.
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APPENDIX I
Electron Microprobe Analysis
Quantitative Clhemical Analyses

In addition to element mapping, the electron microprobe allows the quantitative
measurement of the chemical composition of minerals present within the alteration
assemblage. Quantitative analyses of both upper Lemitar and Hells Mesa Tuff plagioclase
were performed, however, due to the sparsity of plagioclase within KM-51, the upper
Lemitar Tuff sample examined, only one plagioclase measurement was made. Data points
for Hells Mesa Tuff plagioclase are more abundant due to the amount of plagioclase
located in the sample. The quantitative measurements of plagioclase for the two units are
given in Table C.

In addition to plagioclase, thirteen chemical analyses of adularia were made on the
electron microprobe, which can be found in Table D. Some of the quantitative
measurements were made within the back-scattered electron microprobe images of KM-54
and KM-51, the locations of which are shown in Figures L and M. Several additional
adularia measurements, however, were performed elsewhere in the altered grain and are
therefore not shown.

Analyses of calcite, mixed layer illite-montmorillonite and discrete montmorillonite
were also made all with limited success. The analyses made on these minerals are only
moderately representative due to the low oxide totals obtained, but do provide a cursory
look at the composition. Low oxide totals are due to calibration of the electron

microprobe for only the elements listed; i.e. had the probe been calibrated for other oxides
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Quantitative Chemistry of Plagioclase

Hells Mesa Tuff Plagioclase:

Sample Na,O MgO ALO, 510, K,0 Ca0 FeO Total
KM54-1 8.4 0.021 22.36 63.28 0.93 4.36 0.207 99.6
KM54-2 85 0.015 22.44 63.08 0.95 4.39 0.204 99.6
KM54-3 8.4 nd 22.34 62.37 0.91 4.45 "0.219 98.7
KM54-4 8.33 nd 2222 62.81 0.98 4.35 0.239 98.9
KM54-5 8.45 0.015 22.27 62.77 1.07 43 0.232 99.1
KM54-6 8.73 0.009 22.28 62.65 0.96 437 0.26 99.3

Upper Lemitar Tuff Plagioclase:
KM51-9 9.64 0.135 19.53 67.96 0.077 0.622 0.092 98.06

Table C: Quantitative analysis of Hells Mesa and upper Lemitar Tuff plagioclase. Wt. %
errors as follows: +0.07 Na,O, £0.01 Mg0O, £0.11 ALO,, £0.39 Si0,, =0.01 K,0, =0.02
CaO, +£0.03 FeO.
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Quantitative Analyses of Adularia

Sample Na,O MgO Al O 8i0, K,0 Ca0 FeO Total
KM54-7 0.144 0.023 18.27 66.33 14.39 0.02 nd 99.2
KMS54-8 | 0.136 0.022 17.99 64.42 18.82 0.026 0.033 99.45
KMS4-9 | 0.097 0.022 17.69 63.73 16.47 0.036 | 0.084 93.12
KMS54-10 | 0.04 nd 17.63 65.85 16.88 0.051 0.048 100.5
KMS4-11 | 0.045 0.025 18.13 65.09 16.81 0.023 0.048 100.17
KMs4-12 | 0.022 nd 17.17 64.42 16.31 0.027 nd 97.94
KM51-1 0.015 nd 17.79 66.55 16.82 nd 0.05 101.2
KMS51-2 0.02 nd 18.5 65.62 16.94 nd 0.074 10115
KMS1-8 | 0302 nd 17.48 65.76 16 0.058 0.039 99.64
KMS51-11 | 0.014 nd 17.54 65.16 17.8 0.057 0.06 99.63
KM51-12 | 0.018 0.009 18.11 67.92 16.38 0.084 0.062 102.6
KM51-13 nd 0.023 18.13 68.93 16.89 0.046 0.048 104.07
KMS51-14 | 0.022 nd 17.06 65.11 16.68 0.051 | 003 08.95

Table D: Chemical analyses of adularia within the alteration assemblage. nd=not
detected. Wt. % errors as follows: +0.01 Na,0, £0.01 MgO, £0.10 ALO,, +0.37 810,
+0.095 K,0, +0.01 CaO, +0.02 FeO.
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such as TiO, and MnO, the totals would likely be much better. The presence of water
within the clay minerals may have further affected the totals obtained through microprobe
analysis. Tables E, F, and G provide the chemical analyses made for each mineral.
Figures L. and N show the locations of measurements made for mixed-layer I/S, calcite,
and discrete smectite within the back-scattered images obtained for KM-51 and KM-54,
Several discrete smectite analyses were made in other portions of the altered grain for

KM-51 and are therefore not shown on Figure L.
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Quantitative Analyses of Mixed-Layer I/S, Calcite and Discrete Smectite

Mixed-layer clay from KM-54:

Sample Na,O MgO ALO, 510, K,0 CaO FeO Total
KM54-13 0.15 1.08 30.31 42.6 6.09 0.585 0.317 81.125
KM54-14 0.14 1.22 33.18 48.47 6.32 0.612 0.304 90.3
KM54-15 0.14 1.22 31.74 48.16 6.38 0.615 0.363 88.62

Table E: Quantitative analyses by electron microprobe analysis. Wt. % errors as
follows: +0.01 Na,0, £0.02 MgO, £0.14 ALO,, £0.28 Si0,, £0.06 K,0, £0.02 €20,
+0.03 FeO.

Calcite from KM-54:

Sample Na,O MgO ALO, Si0, K.,O CaO FeO Total
KM54-16 nd 0.121 0.074 nd 0.376 56.04 0.059 56.60
KM54-17 | 0.057 0.104 2.77 7.35 1.65 46.49 0.073 58.44
KM54-18 nd 0.142 5.92 7.66 0.69 428 0.107 57.33
KM54-19 | 0.025 0.194 0.693 1.51 0.744 52.711 0.025 559

Table F: Quantitative analyses of calcite. nd=not detected. Wt. % errors as follows:
10.014 Na,0, £0.01 MgO, £0.04 ALO;, £0.07 Si0;, £0.03 K,0, +0.17 Ca0, 0,03 FeO.

Montmorilionite from KM-51:

Sample Na,O MgO ALO, 810, K0 CaO " FeO Total
KM51-3 0.076 3.43 17.43 43.15 0.419 1.23 0.976 66.72
KMS1-4 0.084 3.46 14.06 40.71 0.319 0.633 0.748 60.01
KM51-5 0.123 5.24 21.83 60.7 0.304 1.04 0.917 90.15
KMS51-6 0.177 5.35 20.83 60.35 0.476 0.781 1.012 88.97
KMs1-7 0.168 4.979 17.37 46.67 0.523 1.57 0.824 71.21

Table G: Quantitative analyses of montmorillonite. nd=not detected. Wt. % errors as
follows: 0.013 Na,0, +0.04 MgO, +0.12 ALO;, +0.35 Si0,, 0.02 K,0, +0.03 Ca0,
+0.04 FeO.
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APPENDIX IV - PART I
Geochemistry
Tn order to assess whether a particular element is enriched or depleted within the
K-metasomatized area, comparison is made to several unaltered samples from both the
Hells Mesa and the upper Lemitar Tuffs (Appendix VI). The geochemical data for these
samples was obtained from the literature. Only geochemical data which the author of the

reference material determined to be unaltered was used as a comparison for this study.

Whole Rock Upper Lemitar and Hells Mesa Tuff Samples

Major Elements

Upper Lemitar Tuff sample KM-148, which was collected within the
metasomatized area, appears to only show slight degrees of alteration. Several lines of
evidence are used to arrive at this conclusion. First, in hand sample, this upper Lemitar
Tuff sample appears relatively fresh compared to the other samples collected for this
study. When plotted on a Ca0-K,0-Na,O ternary diagram (Figure 12), KM-148 plots
very near whole rock, unaltered upper Lemitar Tuff samples and falls into the "fresh ash-
flow tuff" field established by D'Andrea-Dinkelman (1983) based on data compiled by
D'Andrea (1981) and Lindley (1979). In addition, a program called DELTAS was used to
calculate the hypothetical igneous precursor composition piior to K-metasomatic

alteration. (See Appendix V for details on DELTAS). The DELTAS program produced a

precursor composition very similar to the composition seen today (Table H).




Sample $i0, | TiO, | ALO; | Fe,0, FeO | MgO | CaO | MnO Na,0 | K,0

KM-148 | 72.8 | 0.44 | 14.2 2.33 NA 0.52 | 1.12 0.05 3.69 | 4.84

KM-148* | 72.2 { 033 | 15.02 | 1.42 0.95 | 0.15 | 2.02 0.07 3.65 | 4138

Table H: KM-148* indicates hypothetical igneous precursor composition calculated by
DELTAS program. Addition of Fe,0, and FeO for KM-148* comes very close to the
Fe,0, concentration of KM- 148. Note similar concentrations of Na,O and K,0. NA=not
analyzed.

The similarity between the measured composition and the calculated composition implies
only a slight degree of K alteration. Based on these lines of evidence in addition to those
mentioned previously, it appears reasonable to use KM-148 as a comparison for chemical
valyes obtained for the other upper Lemitar Tuff separated samples.

K,O/Na,O ratios within the Hells Mesa Tuff range from 1.81 - 53.0, while
K,0/Ca0 ratios are similarly high and range between 4.01 - 145.75. Itis curious to note
that sample KM-155 appears to be contributing significantly to the upper- limit of both of
these ratios; KM-155 contains extremely low Na,O and CaQ concentrations (0.11 wt. %
and 0.04 wt. %, respectively). When this sample is removed from the rest of the Hells
Mesa Tuff sample population, the K,0/Na,0 ratio range drops dramatically to between
1.81 - 14.20, while the K,0/Ca0 ratio then falls between 4.01 - 87.40. These values

appear much more reasonable and thus suggest the possibility that KM-155 has been

affected by some process other than K-metasomatism, such as hydrothermal overprinting.
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Stratigraphic Chemical Results for the Upper Lemitar Tuff
Major Elements

The upper Lemitar ignimbrite was sampled stratigraphically in South Canyon,
Magdalena Mountains (Figure O). Samples KM-86, -90, -91, <92, -93, -94, and -95 were
collected from this area and were found to have significant differences in whole rock,
major element geochemistry with respect to stratigraphic position. The stratigraphically
highest samples, KM-92 and KM-93, which are poorly welded upper Lemitar Tuff
samples, are the most enriched in K,0 content and the most depleted in Na,0 (12.21 and
10.35 wt. % K,0; 1.26 and 1.59 wt. % Na,0, respectively). The stratigraphically Jowest
samples, KM-86, KM-90 and KM-91, have relatively low K,O contents compared to KM-
92 and KM-93, yet are still significantly enriched in K,0 when compared to unaltered
upper Lemitar Tuff samples; K,O contents for KM-86, KM-90 and KM-91 are 9.06, 8.50
t0 9.20 wt. % respectively. A graph of K0 vs Na,O (Figure P) shows a progressive
increase in the K,O content from the stratigraphically lowest to the stratigraphically
highest samples, which coincides with a decrease in Na,O content.

Most major elements, ALO,, Fe,0;, Ca0, MgO, MnO, and P,Os, show no
ai)parent trends with stratigraphic height. The major elements SiO, and TiO, do, however,
show some evidence for compositional zonation within the stratigraphic section of the

upper Lemitar Tuff as discussed in subsequent sections (Figure P).

132




Upper Lemitar Sample Locations in South Canyon,
Magdalena Mountains, Socorro County, NM.
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Stratigraphic Variations in the Upper Lemitar Tuff,
South Canyon

Si0
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Figure P. Major element chemistry from the upper Lemitar stratigraphic
section in South Canyon. Nurnbers next to data points represents sample
number.




Trace Elements

In addition to differences in major element content with stratigraphic variation,
minor and trace elements also show significant variation. Tn accordance with high K;0
contents and low Na,O contents, KM-92 and KM-93 have elevated Rb and depleted Sr
contents; KM-92 has 535 ppm Rb and 83 ppm Sr, KM-93 has 486 ppm Rb and 127 ppm
Sr. In general, the Rb content of whole rock samples tends to increase with stratigraphic
height while St decreases, although KM-90 does not fit this generalization due to an
unusual St concentration in this sample (Figure Q). The elements Rb and Sr are the only
minor elements that appear to show any changes in stratigraphic height as a result of K-
metasomatic alteration.

Although little variation is found in trace elements as a result of K-metasomatism,
the elements Zr and Nb appear to show compositional differences within the stratigraphic
section of the upper Lemitar Tuff, suggesting some degree of zonation within the unit
(Figure Q). Compositional zonation of the upper Lemitar Tuff, based on the trace
elements Zr and Nb in copjunction with major elements such as $i0,, is discussed in
subsequent sections. Other trace elements, including REE were not found to vary
syétematioaﬂy with changes in stratigraphic position whether it be due to metasomatic

alteration or composition zonation.

Discussion on Stratigraphic Variation

Several conclusions can be drawn based on geochemical and mineralogical data

obtained from samples collected stratigraphically in this region. Within the South Canyon
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section, the stratigraphically highest samples, KM-92 and KM-93, are the most enriched in
K,O with respect to other South Canyon samples and to those collected throughout the K-
anomaly. These two satples are pootly welded compared to other upper Lemitar Tuff
samples, suggesting that the porosity and permeability of these samples is significantly
higher, which would account for the high degree of K;0 enrichment within these samples.
Permeability is regarded to be a controlling factor for vertical alteration within the Socorro
K-anomaly (Chapin and Lindley, 1986).

In addition to a correlation between degree of weldmg and degree of
metasomatism, stratigraphic sampling of the upper Lemitar Tuff also shows systematic
variation in chemical composition. The upper Lemitar Tuff clearly shows an increase in
K,O and decrease in Na,O content with increasing stratigraphic height within the South
Canyon area (Figures O and P). Mineralogical data also demonstrates a decrease in
plagioclase abundance with increasing stratigraphic height, again suggesting a correlation
between stratigraphic position and degree of alteration. Furthermore, thé trace elements
Rb and St also demonstrate the relatively greater alteration of samples in the uppermost
portion of the upper Lemitar Tuff compared to stratigraphically lower samples (Figure Q).

Based on geochemical and mineralogical data collected from the stratigraphic
section of upper Lemitar Tuff, the general direction of fluid movement can be inferred.
The uppermost samples a}ﬁpear to have experienced the most thorough degree of
alteration while stratigraphically lower samples experienced only slight to moderate
degrees of metasomatism, suggesting the downward movement of metasomatic fluid.

Although two upper Lemitar Tuff samples from South Canyon (KM-92 and KM-93) are
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Stratigraphic Variation in the Upper Lemitar Tuff, South Canyon
Whole rock chemistry -- Major and Trace Elements
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poorly welded and are notably higher in porosity and permeability, lateral movement of
metasomatic fluids caused by permeability differences within the upper Lemitar Tuff'is not
supported. The remainder of upper Lemitar Tuff samples collected from South Canyon
(samples KM-86, -91, -90, -94, -95) possess similar hydrologic conductivities, yet still
show evidence for an increase in K,O and decrease in Na,O content with stratigraphic
height. This conclusion provides support for the theory that metasomatism in the Socorro
area was caused by the downward percolation of alkaline, saline brines as proposed by

Chapin and Lindley (1986).

Lateral Variation Across a Potential K-Metasomatic Boundary

Maijor and Trace Elements

As discussed in the mineralogy appendix (Appendix IT), the abundance of
plagioclase in the alteration assemblage of Hells Mesa Tuff clasts is found to increase
southward along a lateral traverse near Red Canyon in the northern Chupadera Mountams.
In addition to mineralogy differences, the Hells Mesa Tuff clasts collected across the break

“in slope show trends in major element chemistry, thus providing additional support for the
hypothesis that this area may represent a boundary of K-metasomatism. Figures J and R
generally show increasing K,O content and decreasing Na,O and CaO content from south
to north across the induration boundary. The K,O content of Hells Mesa Tuff clasts from
the poorly indurated portion of the Popotosa averages 6.08 wt. %, while K,O averages

8 14 wt. % from Hells Mesa Tuff clasts collected from the well indurated, northern
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portion of the ridge. Na,O content of the clasts decreases from 2.52 wt. % in the southern
portion to 1.18 wt. % in the northern part along with a decrease in CaO content from 0.67
wi. % 10 0.34 wt. %. Interestingly, the most K-rich samples, KM-1 14 and KM-113, are
Jocated near the topographically highest portion of the ridge on the northern side of the
boundary, possibly indicating that the degree of K-metasomatism is related to the degree
of induration of the Popotosa Formation.

Two trace elements, Rb and Sr, show similar trends to K,O and Na,0 across the
potential boundary for K-metasomatic alteration. With increasing K,O content in whole
rock Hells Mesa Tuff clasts from south to north across the boundary, Rb is also found to
increase; Rb in the northern portion averages 373.5 ppm and a slightly lower 312 ppm in
the southern section (Figure R). Similarly, with decreasing Na,O content from south to
north across the boundary, Sr is noticeably decreased in concentration, erly due to
plagioclase dissolution (Figure R). Sr concentrations were found to average 101 ppm
north of the potential boundary and 170.5 ppm south of the boundary. Varjous other
minor, trace, and REE were not found to show systematic variations in Hells Mesa Tuff

clasts collected laterally across the potential K-metasomatic boundary.

Discussion on Lateral Variation

Hells Mesa Tuff clasts collected within the Popotosa Formation north of Red
Canyon in the Chupadera Mountains clearly show gradation in K,0, Na,0, Rb, Sr and
mineralogy across the proposed boundary for K-metasomatism. K,O and Rb are clearly

elevated in concentration in the northern portion with a systematic decline in these
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elements to the south across the boundary. Na,O and St vary inversely to K,O and Rb in
this particular section, again providing evidence for a K-metasomatic boundary. Cleaily,
metasomatism had a significant influence on the degree of induration of the Popotosa due
to a higher K,0 and lower Na,O content in the well-indurated Popotosa, while poorly-
indurated Popotosa reflects a more unaltered chemical composition. The sharp break in
slope as one traverses from north to south across the ridge of Popotosa, caused by the
difference in degree of induration, further supports this area as a boundafy for K-
metasomatic alteration. Latersl variation in K-metasomatic alteration is, however, difficult
to explain. The presence of faulting along the boundary, assuming faulting predated
metasomatism, could have focused metasomatic fluids thus allowing for the preferential
flow of metasomatic fluids to the north. The presence of jasper within the fault, which is
typically associated with K-metasomatic alteration in other areas (Glazner, 1988), likely

indicates faulting prior to the metasomatic event.
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APPENDIX IV - PART I
Geochemical Analytical Results

Whole Rock Upper Lemitar and Hells Mesa Samples

Average analytical error, determined by duplicate and triplicate analyses, for the
clements in the subsequent tables are:

Element Error (Wt. % Flement Errox(ppm) Element Error(ppm)

S10, +0.16 \Y +4.0 Sc +0.04
TiO, +0.01 Cr +12.0 FeO +0.02
AlLO, +0.03 Ni +1.0 Co +0.13
Fe,O, +0.01 Cu +1.0 Br +0.07
MnO +0.004 Zn +1.0 Sb +0.1
MgO +0.04 Ga +£0.3 Cs +1.4
CaO +0.01 As +0.7 La +1.8
Na,O +0.04 Rb +0.8 Ce +1.4
K,0O +0.03 Sr +0.7 Nd +0.7
P,0, +0.01 Y +1.0 Sm £0.07
Zr +8.0 Eu +0.14
Nb +0.1 Tb +0.02
Mo +0.1 Yo +0.07
Ba +10.0 Lu +0.01
Pb +0.2 Hf +0.12
Th +1.0 Ta +0.04
U +0.5 A% +0.5

Tn the following data tables, oxides are given in wt. %, all trace elements are measured
in parts per million (ppm), na=not analyzed, nd=not detected, and nr=not recorded.
Unaltered chemistry for upper Lemitar and Hells Mesa samples 78-6-48, 78-6-61, 78-6-62
and 78-7-75 were obtained from D'Andrea (1981), 78-6-63 and 19-D from Lindley
(1985), and 84-5-4 from Ferguson (1985). Values for the samples LEMITAR, HELLS

MESA, and 84-10-28 are from N.W. Dunbar (pers. comm., 1995).
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Upper Lemitar - Fresh VWhole Rock [ Altered ]

SAMPLE LEMITAR  78-648 78-6-61 78-6-62 78-6-63 84-54 KM-31 KM-36
Si02 71.34 £5.98 69,07 67.60 63.67 73.80 77.33 74.79
Tio2 0.50 0.49 0.40 056 0.42 0.27 0.19 020

AlI203 nr 16.23 1555 16.36 . 1538 1408 11.81 1304
Fe203 252 193 1.74 2.40 1.85 1.42 113 1.60
MnO 0.05 0.03 0.07 0.07 0086 0.02 005 0.06
MgO 0.05 0.37 0.40 053 055 0.11 " 047 034
Cal nr 117 108 1.66 1.31 055 017 0.31
Naz2O 393 425 451 475 430 358 1.59 1.48
K20 4.80 558 558 538 511 554 7.81 832
p205 0.14 0.12 0.07 002 012 0.04 003 0.03
LOIL nr nr nr ar 0.00 0.64 0.02 0.04
Total nr nr nr nr nr e 10035 100.30
\" nr nr nr nr nr nt na na
Cr nr nr nr nr nr nr 171 62
Ni nr nr nr nr nr nr na na
Cu 49 nr nr nr nr n na na
in 75 nr nr ar nr nr 40 55
Ga nr nr nr nr nr nr na na
As 1 nr nr nr nr nr 49 »
Rb 157 124 74 77 93 nr 318 296
Sr 248 247 nr nr nr nr 105 11
Y 80 41 78 60 80 nr 18 14
Zr 363 350 352 483 35 or 7S 149
Nb 27 18 29 14 2 nr 23 25
Mo nr nr nr ne nr nr na na
Ba 1245 nr ar nr 1208 nr 478 2348
Pb 31 nr nr nr nr nr 17 33
Th 22 14 50 14 nr nr 24 27
U 4 9 20 8 0 nr 3 5
Sc 45 nr nr nr nr nr 25 5.4
FeOQ nr nr nr nr nr nr 12 28
Co nr nr nr nr nr nr 18 06
Br o] nr nr nr nr nr nd 03
Shb 0.1 nr nr nr nt nr 52 0.9
Cs 1.8 nr nr nr nr nr 3.2 59
La 70.2 nr nr ne nr nr 347 69.3
Ce 136 nr nr nr nr nr 78 140
Nd 61 nr nr nr nr nr 322 571
Sm 12.4 nr nr nr nr nr 84 120
Eu 1.9 nr nr nr nr nr 05 23
Tbh 19 nr ne nr nr nr 1.5 1.8
Yb 70 nr nr nr nr nr 55 5.6
Lu 0.97 nr nr nr nr nr 08 o7
Hf 109 nr nr nr nr nr 6.4 127
Ta 22 nr nr nr nr nr 20 1.9
W nr nr nr nr nr nr 27 87.6

143




SAMPLE
Si02
TiO2

AI203
Fe203
MnO
MgO
CaO
Na20
K20
P205
LOI
Total

\Y
Cr
Ni
Cu
Zn
Ga
As
Rb
Sr
Y
Zr
Nb
Mo
Ba
Pb
Th
U

Sc
FeQ
Co
Br
Sb
Cs
l.a
Ce
Nd
Sm
Eu
Th
Yb
l.u
Hf
Ta
W

-

Upper Lemitar — Altered Whole Rock

KM-41
67.25
057
15.47
294
0.04
0.40
0.42
1.87
10.00
0.0
0.06
8.1

na

na
na

na

401

17
122
28
na

21

11

1.6
15
438
01
03
50
383
52
18
27
05
03
21
0.4
43
24
130

70.60
0.43

1337
204
0.04
055
132
255
684
0.07
012
8313

na
na
na
32

na

25
146

377

na
1288

©

4.3
20
36.6
a1
0.2
48
549
121
528
10.3
1.6
15
57
0.8
111
22
108

KM-51
62.48
0.63
17.38
3.11
0.03
1.07
0.83
2.34
950
0.08
0.22
97658

na
41
na
na
81
na

384
142

26
na
1582

59
28
47
0.1
0.2
85
822
165
0.4
135
25
1.78
6.4
0.9
15.4
1.7
1.8

KM-55
685.77
0.56
15.99
323
0.07
0.42
0.40
1.85
1083
0.08
0.02
932

na
3687
na
na
74
na
77
376

53
29
6.1
0.1
120
30
£9.2
151
81.7
128
23
1.9
6.8
08
128
21
2.4

id44

KM-56
86.03
0.56
15.68
280
0.10
0.48
0.37
1.86
10.87
0.08
0.03
68.96

na

na
na
B4
na
a1
376
N
70

na
1474

50
28
37
0.2
8.4
35
687.8
i41
509
124
2.2
18
B85
0.8
12.8
1.8
1.8

KM-86
67.49
0.58
15.43
283
0.08
039
0.48
214
8.06
015
1.0
90.62

31
9
<5
6.7
56
18
S
304
144
75
464
pc
<3
2678
21
14
8

na
na
na
na
0.4
6.0
828
148
67
11.7
21
na
5.7
09
na
na
na

KM-0
71.21
033
14.67
1.51
0.03
0.12
0.27
2.65
8.50
0.03
0.48
89.80

na
na
na
na
1.8
30
86.7
158

12.7
15
na
5.6
038
na
na
na

KM-81

68.67
054

14.94
281
003
0.30
0.44
225
820
0.15

£8.76

na
na
na
na
16.0
8.0
748
134
57
104
2.4
na
50
0.8
na
na
na




SAMPLE
Si02
TiO2

Al203
Fe203
MnO
MagO
CaO
Na20
K20
P205
LOI
Total

\Y

Cr
Ni
Cu
Zn
Ga
As
Rb
Sr
Y

Zr
Nb
Mo
Ba
Pb
Th

U

Sc
FeO
Co
Br
Shb
Cs
La
Ce
Nd
Sm
Eu
Tb
Yh
Lu
Hf
Ta
w

I

Upper Lemitar — Altered Whole Rock

KM-82
65.15
0.63
16.26
220
0.02
0.42
0.37
1.26
12.21
017
0.76
9945

ABB~BEHARE

2186

na
na
na
na
21
50
78.6
146

10.3
24
na
49
08
na
na
na

KM-83
68.26
0.56
14.84
2.86
0.04
0.22
.44
159
1035
0.15
0.78
100.09

21

54

18
21
486
127

61

19

1845
18
13

na
ha
na
na
5.4
4.0

77.2
137

10.2
1.8
na
4.7
0.7
na
na
na

KM-84
66.43
0.58
15.35
2.88
0.04
0.33
0.43
1.83
10.29
015
0.83
88.25

33
19
<5
8.8

43
21
34
455

-

32
&3

459
23
<8

2584
18
15

5

na
na
na
na
1.7
5.0

69.4
126

9.7
26
na
53
0.76
na
na
na

KM-95
£6.18
0.60
16.05
268
ooz
0.30
0.43
24
10.02
0.15
0.52
89.66

41
<5
<5
c3
21
15

455
159

na
na
na
na
10.0
4.0
7486
138

10.0
19
na
48

0.76
na
na
na

145

KM-106
8497
051
15.82
219
005
085
1.77
468
3.58
0.11
4,76
23.97

e ok

na
na
na
na
1.10
88.0
902
183
61
100
1.6
na
4.2
0.63
na
na
na

KM-107
8918
¢.50
14.58
241
C.04
0.3
0.51
2.29
8.15
0.14
0.51
99.71

47
10

na
na
na
na
0.20
5.0
63.2
128

98
20
na
5.0
0.80
na
na
na

KM-108
71.36
0.42
13.10
214
‘007
0.37
0.74
192
8.57
.11
0.81
99.61

35
17
53
<<
35
16
2z
385
77
62
337
23
<3
1110
13
15
5

na
na

na
na
<2
3.0

0.3
112

T o1

1.7
na
57
0.84
na
na
na

KM-109
67.11
0.52
15.80
254
0.04
0.42
0.34
2.7
1013
012
055
29.54

69
10
57
6.1
52
20
16

422
89
69

429
<)
<3

1564
26
20

6

na
na
na
na
<2
20
77.2
142

10.6
241
na
5.7
0.83
na
na
na




L Upper Lemitar - Altered Whole Rock |
SAMPLE kw110 KM-111 KM-122 KM-123 KM-124 KM-125 KM-126 KM-127

Si02 66.86 63.01 63.47 74.67 68.13 71.34 66.86 65.96
Tio2 0.41 0.35 0.49 0.28 052 033 055 0.62
Al203 15.01 1501 15.79 1272 15289 1450 15,59 15.88
Fe203 1.80 244 232 150 256 1.71 276 348
MnO 005 0.05 0.04 0.04 0.04 0.03 005 0.08
MgO 0.69 0.41 0 0.07 022 0.11 0.48 037
CaO 1.30 1.20 0.27 0.22 0.39 0.28 0.60 0.42
Naz0 269 3.0 2.24 2.42 223 294 259 2.24
K20 473 6.82 857 7.24 938 829 8.87 10.30
P205 0.07 012 0.08 0.3 0.10 0.04 0.14 017
LOI 508 136 0.59 0.47 056 042 127 0.58
Total 29.99 59.62 100.08 00,64 100.02 100.00 @76 99,88
v 34 40 33 32 35 2 37 42
Cr 31 12 101 241 86 149 104 100
Ni <5 <5 8.7 85 6.4 <5 8 as
Cu <5 7.6 <5 <5 <5 <5 6
Zn 18 40 32 33 48 24 53 47
Ga 7 17 18 17 20 17 21 20
As 5 3 26 27 37 78 15 10
Rb 241 305 379 285 367 319 264 453
Sr 67 734 128 48 177 47 168 133
Y 144 26 59 72 84 75 78 66
Zr 401 197 397 235 450 233 442 484
Nb 21 20 20 26 17 26 24 22
Mo 33 < 8 13.2 6.1 87 59 62
Ba 1318 067 2208 633 2637 579 2285 22
Pb 15 i5 26 18 pc 26 21 23
Th 17 17 19 17 15 21 . 16 14
U ] 5 7 6 6 7 7 5
Sc na na na na na na na na
FeO na na na na na na na na
Co na na na na na na na na
Br na na na na na na na na
Sh 1.10 <2 100 100 83 59 12 04
Cs 77.0 80 8.0 40 40 3.0 50 30
La 1140 50.1 1220 701 121.0 3.1 83.2 £9.3
Ce 201 83 209 134 X5 165 152 127
Nd 78 28 80 58 79 70 58 53
Sm 129 44 137 115 13.7 13.4 111 8.7
Eu 18 1.2 27 0.7 3.0 15 28 23
Tb na na na na na na na na
Yb 53 2.7 51 57 50 6.2 6.6 48
Lu 0.79 0.41 0.78 0.79 0.72 0.93 055 0.73
Hf na na na na na na na na
Ta na na na na na na . na na
w na na na na na na na na
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L Upper Lemitar — Altered Whole Rock ' ]
SAMPLE «KM128 KM-129 KM-130 KM-131 Km-138 KM-143 KM-144 KM-147

Si02 68.66 7257 70.04 72.61 63.83 8410 69.06 72.80
Tio2 0.54 0.42 052 0.43 059 051 0.51 0.39
Al203 14.93 13.43 1470 12.95 16.79 17.50 1453 1350
Fe203 281 2.2 2.67 232 3.08 238 263 205
MnO 0.08 0.06 0.07 0.06 0.08 0.03 0.05 Q.06
MgO 0.38 032 0.35 0.38 0.87 0.30 0.49 0.41
Ca0o 0.61 058 0.85 0.44 057 0.38 0.40 0.73
Naz20 2.21 259 3.20 2.27 2.02 2.85 1.84 3.28
K20 9.21 701 7.26 7.39 11.43 10.72 9,97 588
P205 0.14 009 D14 0.10 0.20 0.10 Q.14 0.09
L.OI 0.86 055 0.63 1.04 0.0 0.74 0.60 087
Total 100.41 10013 100.43 05,97 100.16 @57 10027 100.16

A" 44 2] 3] 37 57 a7 €6 3
Cr 140 142 101 158 68 43 118 118
Ni 63 <% 75 78 <5 7.4 58 <5
Cu <5 <5 <5 57 8.2 5 .9 59
Zn 46 42 51 43 45 44 47
Ga 19 19 20 18 21 pcl 19 19
As 9 18 13 18 24 19 19 8
Rb 384 278 282 313 504 402 378 726
Sr 127 122 181 05 118 145 76 121
Y 71 79 70 67 70 76 59 84
Zr 414 309 390 338 493 488 416 278
Nb 25 27 5 5 5] y:s) pad 28
Mo 8 73 7.2 8.1 5 45 8.7 6.9
Ba 1718 889 1500 1055 1878 1681 1458 739
Pb 20 18 17 18 24 ] 17 17
Th 15 17 17 15 19 20 16 18
] 4 6 5 8 6 7 6 5
Sc na na na na na na na na
FeO na na na na na na na na
CO na na na na na na na na
Br na na na na na na . ma na
Sb 130 <2 05 0.4 130 <2 <2 <2
Cs 40 20 30 40 20 40 30 3.0
La 662 59.8 64.7 61.2 729 105.0 65.2 575
Ce 117 117 124 11 128 188 118 12
Nd 55 51 49 43 57 70 52 49
Sm 100 101 8.7 20 10.2 118 9.2 101
Eu 1.8 13 1.6 1.4 23 2.6 1.5 15
Tb na ha na na na na na na
Yb 5.6 6.2 57 52 51 48 45 688
Lu 0.82 094 083 0.75 0.73 0.74 0.73 1.03
Hf na na na na na na na na
Ta na na na na na na na na
W na na na na na na na na
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L Upper Lemitar - Altered Whole Rock ]
SAMPLE KM-143  KM-149  KM-150  KM-151 kM54 KM-156  KM-157  KM-159  KM-180

5i02 7205 7197 63.47 £9.42 70.07 68.15 69.80 9.16 6657
TiO2 0.44 0.43 053 050 052 055 0.49 054 057
Al203 14.00 14,21 1529 1475 14.21 15.35 14.61 14.80 15.43
Fe203 230 226 274 2.69 2.81 2.98 2,70 L85 302
MnO 0.05 0.07 0.03 004 - 002 005 0.06 0.03 007
MgO 0.51 0.39 0.39 0.40 058 038 047 . 028 0.45
CaO 1.1 0.44 0.49 0.51 030 0.33 0.48 0.30 118
Naz20 365 2.73 257 272 1.03 241 2.4 153 187
K20 4.79 7.82 9.22 815 8.90 9.89 733 10.10 9.26
pP205 0.09 0.09 0.13 o1 0.14 013 o.11 0.13 015
LOI 1.26 052 053 0.81 1.48 0.42 157 0.48 151

Total 100.25 100.73 100.39 100.10 100.06 100.34 10008 100.01 100.10

v 31 32 40 29 38 40 34 47 42
Cr o8 101 o7 @0 115 108 120 167 112
Ni <5 <5 53 <5 82 8 5 7 7
Cu <5 <5 <5 5 6 <3 <5 9 <5
Zn 49 38 44 41 40 45 57 58 87
Ga 20 20 21 21 23 21 21 17 19
As 3 19 3 26 3 44 11 3 42
Rh 168 300 136 320 386 480 342 452 397
Sr 208 114 56 113 &85 127 106 111 184
Y 74 83 117 79 57 71 63 63 70
Zr az7 330 418 330 47 421 282 . 419 433
Nb 28 28 s 27 20 5 27 o) 21
Mo 59 59 6.1 57 5.4 7 7 o 7
Ba 1093 1060 1458 1100 1605 1822 1278 2683 2728
Pb 18 20 80 25 13 25 e 25 18
Th 19 17 84 18 15 16 18 15 15
U 6 6 5 5 6 4 7 5 4
Sc na na na na na na na na na
FeO na na na na na na na na na
Co na na na na na na na na na
Br na na na na na na na na na
Sh <2 0.4 c5 <2 11.0 13 05 2.7 30
Cs 1.0 30 3.0 20 8.0 30 8.0 30 70
La 62.1 €67 86.9 60.2 658 70.0 508 62.6 71.2
Ce 118 121 124 114 121 128 111 116 131
Nd 51 51 51 47 40 5 50 50 52
Sm 29 105 g6 10.0 89 10.1 8.9 8.6 o8
Eu 13 1.4 2.4 15 21 1.7 14 + 13 2.1
Tb na na na na na na na na na
Yb 57 6.4 55 6.2 42 586 572 48 5.4
Lu 0.87 0.54 0.81 0.89 0.67 0.84 0.81 0.71 0.81
Hf na na na na na na na na na
Ta na na na na na na na na na
w na na na na na na na na na
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[Hells Mesa - Fresh VWhole Rock Hells Mesa - Altered Whole Rock
KM-60

SAMPLE HM-TUFF  78-7-75 841028 19D KM-54 KM-53 K-
Si02 75.46 69,50 7380 59.84 72.79 7280 74.96 72.36
Tio2 0.2 03 0.25 0.37 027 0.30 024 02
Al203 nr 1483 13.50 1512 13.26 14.47 14,03 1353
Fe203 1.44 156 152 226 22z 218 i e
MnO 0.03 0.06 005 0.04 0.08 0.02 002 099
MgO 0.44 033 0.43 072 037 0.64 04 e
ca0o nr 083 0.50 184 0.79 036 0.8 7
Na20 547 404 a7 300 1 .42 0.99 1.26 1.67
K20 476 554 456 4.47 7.83 829 2 3
P205 0.05 0.08 0.07 0.1 0.05 0.05 0.04 005
Lol ar ar ar .92 015 018 ~ .018 033
V nr ar 25 nr na na na na
or " y 5 o 562 268 510 461
Nl nr ar ) nr na na na na
Cu 18 ar 17 nr na na na na
Zn 24 nr 0.7 nr 3 L > >
Ga na ar 15 nr na na na na
As 2 nr 14 nr 9.2 181 130 o2
Rb 195 169 163 144 424 310 341 335
Sr 180 178 25 384 120 e 7 "
Y 18 7 11 27 60 &1 © g
Zr 137 286 142 218 444 152 157 1
Nb 2 30 z 2 2 “ ! -
Mo or nt < nr na na na na
Ba 524 nr 503 1028 794 o8 60 o
Pb 18 r 5 r 26 e ' .
i s i o 15 19 27 30 26
U 4 6 4 3 4 s $ 10 °
FeO nr nr na nr 20 21 7 o
Sc 1.79 nr 168 i 2.4 26 21 27
Co nr nr 41.0 nr 7.6 4.6 49 57
Br 0.3 r 1 nr 012 0.16 0.03 0.06
sb 050 or 0.40 ar 0.54 055 3.0 0.48
oo o N 50 o 8.3 200 105 103
i ey M .y o 395 .4 427 201
Ce 7 o 76 ne 6s 7 e °
Nd = nr 18 nr 21.4 26.6 22 198
Sm 30 nr 2.7 nr 3.3 4.5 34 >
= e " e or 0.7 08 0.6 07
iy oo . 00 o 028 051 038 0.4
vo o . 6 o 21 2.4 26 25
Lo o . 08 o 0.34 0.35 0.42 0.41
Hf 47 nr 46 nr 4.9 S8 >4 "
Ta 22 nr 20 nr 18 16 21 i
1.7 1.2 - 18 13

w nr nr 340 nr




I Hells Mesa - Altered Whole Rock |

SAMPLE  km-51 KM-96 KM-102 KM-112 KM-113 KM-114 KM-115 KM-116
Sio2 75.80 7452 73.03 7338 7118 7181 73.33 73.51
TiO2 022 0.24 025 0.26 0.2 0.28 0.23 0.24

Al203 13.30 12.92 1334 13.25 1411 13.77 1313 13.07
Fe20O3 185 1.61 1.62 1.9 2.11 2.01 155 1.85
MnO 0.08 0.01 0.01 0.05 005 0.04 0.05 005
MgO 0.35 0.23 0.21 033 0.29 Q.28 0.27 025
CaO 0.61 017 0.22 027 0.46 0.43 0.20 0.44
Naz20 253 0.60 0.71 112 1.63 1.16 0.80 2.00
K20 6.28 852 8.86 7.60 7.69 8.79 8.49 6.79
P205 0.04 006 0.08 0.07 0.08 0.08 0.06 0.07
LOI 0.06 1.06 1.21 1.73 1.59 178 156 1.36
V na 2 28 35 42 30 27 35
Cr 641 26 19 144 165 134 137 151
Ni na <5 <5 6.7 6.3 <5 5 53
Cu na 126 10.7 8.8 87 6.1 10 <5
Zn 45 104 52 €9 58 52 44 39
Ga na 16 15 16 16 16 " 18 16
As 103 4 11.1 17.6 7.8 8.1 104 45
Rb 05 335 311 372 328 375 M8 340
Sr 117 88 o] 75 144 111 74 110
Y 17 po) 25 21 28 28 28 s
Zr 134 134 151 140 175 153 136 135
Nb 29 23 23 ) x 2 p.s) pc)
Mo na <3 <3 83 91 7.4 7.2 8.7
Ba 502 858 1187 773 1622 1586 1911 636
Pb 2 182 327 29 28 20 36 16
Th 2 =S pe] 25 22 20 20 27
u o] 8 5 6 5 4 7 6
FeQO 17 na na na na na na na
Sc 21 na na na na na na na
Co 6.6 na na na na na na na
Br 0.13 na na na na na na na
Sb 057 3.2 1.4 09 0.4 05 0.8 0.7
Cs 123 40 4.0 21.0 60 8.0 140 00
La 36.7 450 54.4 421 453 451 456 453
Ce 66 69 74 71 89 75 70 71
Nd 17.4 21 23 20 24 24 20 19
Sm 26 28 3.2 3.0 39 38 2.8 29
Eu 05 06 08 08 08 0.7 0.7 05
Th 0.20 na na na na na na na
Yb 23 2.4 25 2.4 28 27 25 27
Lu 037 0.35 0.35 0.40 0.43 0.44 0.45 0.44
Hf 50 na na na na na na na
Ta 2.0 na na na na na na na
W 21 na na na na na na na
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| Hells Mesa - Altered Whole Rock
SAMPLE kM-117 KM-118 KM-119 KM-120 KM-121 KM-153 KM-155 KM-158

Si02 71.65 7395 74.11 73.47 74.37 77.27 78.47 75.54
TiO2 0.41 0z 022 0.25 0.21 0.18 0.15 0.21
Al2ZO3 13.41 1291 13.00 13.78 12.87 11.33 11.88 13,00
FezO3 2.81 1.65 165 1.77 158 1.09 1.13 150
MnO 0.04 0.07 0.04 0.04 0.03 (olec] oM 0.3
MgO 0.45 0.44 0.30 0.23 £.30 0.c8 034 0.3
CaO 0.86 0.69 0.50 0.90 0.64 0.10 0.04 053
Na20 229 285 2.18 3.14 268 083 0.1 2.61
K20 6.23 582 637 5.70 5.62 8.74 583 510
P205 0.13 0.07 0.08 0.07 0.06 0.02 0.03 005
LOl 1.47 0.87 1.43 0.84 1.23 066 245 1.32
\Y 60 0 31 a3 34 26 24 26
Cr 171 182 190 148 177 227 144 120
Ni 8.2 5 85 6.4 <5 6.2 <5 5.7
Cu 10.8 <5 5 6 7.7 7.3 10.2 <5
Zn 45 32 a5 28 31 18 84 24
Ga 17 15 16 16 18 14 17 15
As 78 11.6 105 8.2 55 g 43 3
Rb 353 1 330 261 297 308 277 251
Sr 214 151 147 230 171 27 40 118
Y 27 18 x 21 20 64 18 19
Zr 159 127 122 155 126 155 108 118
Nb 19 24 23 24 24 28 .z 24
Mo 8.3 105 8.7 9.1 10.7 10.7 8.4 6.9
Ba 1742 1044 2073 2274 1352 275 508 473
Pb 33 58 24 ] > 17 278 19
Th 21 29 28 26 20 22 20 30
U 6 5 5 5 6 6 8 5
FeO na na na na na na na na
Sc na na na na na na na na
Co na na na na na na na na
Br na na na na na na na na
5h 1.0 0.7 04 05 10 70 1.7 0.3
Cs 22,0 110 100 50 18.0 3.0 8.0 40
La 45.6 433 440 49.2 447 324 470 41.4
Ce 73 64 65 76 69 62 69 59
Nd 20 17 16 23 18 26 20 15
Sm 43 22 25 341 25 54 28 19
Eu 1.0 08 <5 08 03 05 06 05
Th na na na na na na . na na
Yh 2.7 1.9 22 25 20 50 19 20
Lu 0.45 0734 039 0.43 035 0.74 033 032
Hf na na na na na na na na
Ta na na na na na na na na
W na na na na na na na na
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Separated Upper Lemitar and Hells Mesa Samples

Analytical results for the separated samples are given in the subsequent tables. The
average analytical errors for elements determined by INAA in the separated, altered
plagioclase samples are based on counting statistics as determined by the "I”EABAGS
analysis program. Duplicate and triplicate samples were not able to be used due to the
extremely small amount of material obtained for the separated samples. The average

analytical error is given below (oxide error given in wt. %, the remainder of elements in

ppm):

Element Error Element Error
Na,O +0.013 La +0.25
CaO +0.25 Ce +0.64
FeO +0.10 Nd +2.1
Sc +0.07 Sm +0.05
Cr +2.4 Eu +0.02
Co +0.13 Tb 10,02
Zn +3.8 Yb +0.05
As +0.7 Lu +0.01
Se +0.4 Hf +0.07
Br +0.13 Ta +0.02
Rb +9.3 Hg +0.16
Sr +32.5 Au +0.0014
Ag +0.16 \ +0.7
Sb +0.04 Th +0.08
Cs +0.25 U +0.07
Ba +43.0

In the following data tables, na=not analyzed and nd=not detected. All oxides are

given in wt. % with all other elemental abundances expressed as parts per million

(ppm).
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Separated Sample Chemistry |

SAMPLE KJH-26 KM-31 KM-36 KM-41 KM-46 KM-51 KM-54 KM-55
Naz20 6.86 470 0.27 1.45 3.70 10 013 055
Ca0 7.50 1 na na na na na na
FeO 0.27 0.18 084 084 1.17 0.58 0.80 Q.89
Sc 0.23 0.03 11.03 20 383 585 4.75 3.68
Cr 0.40 0.2 693 574.0 5920 459 139 258
Co 0.14 0.1 3.48 525 6.05 217 8.49 333
Zn 59 nr 165 35.2 30.2 704 78.2 215
As nd 1.24 5.86 1.49 3.10 082 6.61 103.0
Se nd nd 0.58 nd nd nd nd 0.7
Br 026 0.10 0.40 0.35 147 225 o2 0.10
Rb 1 110 510 512 187 211 382 519
Sr na ha na na ha na na na
Ag na na na na na na na na
Sb 0.01 010 0.32 0.19 010 0.06 0.12 8.74
Cs 0.08 0.22 239 8.7 4.7 13.6 254 124
Ba 664 112 3600 289 12589 262 747 3771
La 223 35 16.1 125 422 1.4 128 70.0
Ce 324 49 441 318 76.0 219 327 &7
Nd 9.7 nd 18 7.4 26.78 7.72 82 443
Sm 1.15 0.3 38 1.6 43 15 20 6.2
Eu 1.73 0.74 0.80 034 1.11 0.44 0.65 1.00
Th 0.11 0.05 0.55 023 0.48 0.23 Q.32 0.76
Yb 0.45 0.33 1.34 0.85 1.88 1.35 1.40 250
Lu 0.08 0.04 0.16 0.15 0.28 0.22 0.20 0.37
Hf 1.31 057 1.75 209 405 527 285 447
Ta 0.10 0.06 017 0.32 0.64 1.36 0.65 0.7
Hg na na na na na na . na na
Au na na na na na na na na
w 247 16.1 1.4 1.7 13 0.32 0.8g 1.2
Th 42 0.78 2.4 52 11.3 8.2 13.8 10.6
U 0.2 Q5 1.0 1.0 1.9 1.1 15 1.2
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l Separated Sample Chemistry

SAMPLE -+ KM-58 KHM-58 KM-59 KM-60 KM-61 KM-86 KM-50 KM-91
NaO 0.60 0.11 0.10 0.85 275 3.07 0.57 1.18
Cag na na na na na na na na
FeO 0.82 0.64 0.62 0.51 0.67 0.89 0.87 10
Sc 53 2.7 23 45 45 85 241 10.3

Cr 420 118 211 349 S0.1 B7.3 104.7 1738
Co 26 22 1.4 1.7 21 20 3.6 35
Zn 204 885 114.6 103.7 116.6 87 184 167
As 83.0 40.1 321 295 89 555 102.6 50
Se 0.6 0.35 nd nd 1.21 <1 nd 20
Br 0.22 0.08 0.08 0.06 0.34 072 198 0.78
Rb 483 411 24 223 309 420 662 617
Sr na na na na na 141 nd nd
Ag na na na na na nd nd nd
Sb 3.77 .26 0.74 0.10 0.19 0.16 2.21 50
Cs 8.7 178 17.2 14.6 50.1 14.8 0.3 91.7
Ba 25051 257 4336 1789 440 2416 © B 1074
La 488 153 135 9.4 154 27.0 551 318
Ce a35 21.3 245 33.0 657 73.6 140.2 84.8
Nd 385 712 29 428 83 26,7 58.0 2.0
Sm 87 1.21 113 8.8 1.72 58 138 58
Eu 1.4 0.27 0.29 15 0.69 1.39 1.40 1.3
Th 15 0.15 0.25 0.81 0.26 0.88 238 71
¥b 56 0.78 1.6 42 13 223 515 1.4
Lu 0.80 0.10 0.26 0.84 20 0.21 0.62 0.18
Hf 56 3.0 28 1.4 25 2.7 34 21
Ta 0.94 053 0.31 0.2 0.20 0.18 0.34 0.27
Hg na na na na na 0.32 0.53 nd
Au na na na na na 0.003 nd nd
W 1.8 052 0.68 0.74 o=} 1.9 41 nd
Th 9.6 419 517 5.1 29 27 54 2.7
u 15 0.65 1.11 0.76 0.78 0.98 1.1 1.0
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L Separated Sample Chemistry ]

SAMPLE KM-84 KM-95 KM-96 Ki-102 KM-107 KM-111 KM-112 KM-113
Nao 030 036 o16 019 1.65 453 0.24 036
Ca0Q na na na na na na na na
FeO 0.80 0.59 1.34 1.31 0.84 0.45 059 0.88

Sc 11.6 23.4 34 5.1 1.7 35 12 18
Cr 1249 15286 519 48.4 2910 66,8 "188.6 186.0
Co a7 32 39 43 71.4 12.2 13.4 86
Zn 141 87 248 120 27 31 145 199
As 119 8.0 3e 22 1.1 38 122 6.1
Se nd 21 nd 130 0.10 nd nd nd
Br 32 0.68 131 0.63 1.28 0s1 094 0.67
Rb 552 517 508 421 475 2050 346 pale
Sr nd 36 35 49 nd 586 45 108
Ag nd 1.4 1.2 0.7 1.83 nd nd nd
Sb 0.72 25 8.6 1.07 0.14 0.09 0.26 0.29
Cs 251 24.4 13.2 16.3 31 50 10.8 6.8
Ba 4526 861 51 1566 1787 708 1336 6402
La 13.88 17.91 11.51 2408 2718 2758 9.02 7.93
Ce 323 47.7 2.2 363 77.2 4288 280 46.7
Nd 15.7 173 6.1 99 273 232 43 35
Sm 3.2 40 1.2 23 6.7 4.4 1.2 1.4
Eu 0.66 0.84 0.24 0.45 1.87 132 0.28 028
Tb 0.49 057 0.29 0.33 1.02 053 0.2 0.17
Yb 1.48 1.52 1.41 1.2 25 1.65 ‘088 0.62
Lu 0.18 0.20 0.21 017 0.51 0.24 0.14 010
Hf 2.6 25 15 18 33 2.7 1.4 1.4
Ta 0.20 0.19 0.27 0.33 0.68 0.37 0.20 0.22
Hg nd nd 035 nd 036 nd nd nd
Au nd nd 0.004 0.003 8.3 00 0.004 D.005
W 3.4 6.7 <1 1.01 38 1.47 1.73 2.40
Th 28 23 49 72 6.7 6.7 37 2.2
u 0.76 0.81 1.65 1.95 0.3 1.1 0.85 059
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Separated Sample Chemistry ]
SAMPLE  KM-114  KM-115 KM-116 KM-127 KM-128 KM-129 KM-131 KM-144

Nao 0.70 013 237 0.20 0.27 3.60 2.72 0.27
Ca0 na na 1.58 0.52 na na na na
FeO 0.58 0.82 0.81 1.16 0.82 1.7 088 1.18
Sc 1.4 1.0 7.3 97 6.9 2.0 122 15.8
Cr 120.7 228.4 366.0 625.0 208.3 1443 119.4 3080
Co 9.74 14.47 4438 373 10.77 1.657 77 395
Zn 132 126 158 61 143 42.6 113.4 121
As a.11 26.57 8.77 3.70 320 20.80 7.50 8.91
Se nd nd 1.00 nd nd 1.70 . 0.90 1.80
Br 0.73 0.80 0.84 0.73 0.87 nd 250 0.65
Rb 303 284 205 457 480 374 . 330 854
Sr 211 418 217 nd 86 157 465 68
Ag nd nd nd nd nd nd nd nd
Sb 0.18 0.20 0.29 0.36 019 0.33 0.31 0.35
Cs 55 11.1 2.8 191 28 21 201 146
Ba 8510 38833 531 830 8385 431 926 504
La 10.0 9.8 119 151 208 322 261 238
Ce 239 202 318 578 837 81.0 53.8 67.8
Nd 8.1 38 58 175 205 35 2.0 246
Sm 1.4 16 1.4 37 42 7.4 4.7 53
Eu 0.44 0.48 0.51 0.82 0.81 132 1.7 0.78
Tb 0.30 0.63 0.32 054 053 1.18 0.72 0.68
Yh 13 23 181 1.20 1.28 3.87 22 1.80
Lu 0.18 0.30 0.29 0.18 0.18 0.57 0.30 0.21
Hf 1.7 2.09 27 1.6 22 4.8 25 2.6
Ta 0.18 023 0.24 0.13 0.18 1.186 0.40 0.22
Hg nd nd nd 038 nd nd 0.41 nd
Au 0.00 0.00 0.00 0.00 nd nd nd 0.00
w nd nd nd nd 2.9 05 . 358 25
Th 33 34 4.7 24 23 145 35 48
U 0.77 1.6 2.4 0.59 0.61 26 0.84 0.80
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[ Separated Sample Chemistry
SAMPLE  KM-148 KM-149 KM-150 KM-152 KM-153 KM-154 KM-155 KM-156

Nao 4.88 3.77 283 485 1.68 0.35 .43 0.82
Ca0 na 240 na 0.75 na na na na
FeO 1.44 1.26 1.38 0.84 0.67 1.65 1.46 0.55
Sc 281 2N 3.70 505 0.80 6.18 1.78 467
cr 3020 428.0 513.0 8.7 507.0 3.4 351.0 X572
Ca 2.02 2.67 2.86 394 18 4.07 253 1.94
Zn 382 2 478 150 23.8 63.8 167 81.2
As nd 1090 92 7.40 14.20 8.20 16.78 26.00
Se 0.50 nd nd nd 3.60 nd nd 280
Br Q52 0.67 0.34 1.16 0.61 044 155 0.77
Rb 141 315 359 300 384 451 410 704
Sr 449 382 529 417 2] 73 118 106
Ag nd nd nd nd nd 0.70 033 nd
Sb 0.06 0.40 039 0.24 28 7.7 341 0.8
Cs 22 25 18.6 8.3 2.1 16.0 133 59
Ba 704 1063 894 829 1044 800 1256 1853
La 275 334 27.7 558 3.2 16.0 3.7 .09
Ce 103.4 78.2 85.2 1035 839 347 . 684 53.0
Nd 28.4 271 246 498 nd 15.2 18.9 204
Sm 7.8 59 53 108 71 4.4 3.5 45
Eu 1.6 20 1.7 26 0.96 1.08 0.62 112
Th 1.4 1.0 0.8 1.7 1.6 15 038 0.58
Yb 50 33 25 40 5.6 51 1.2 19
Lu 0.74 0.47 0.34 0.54 0.72 0.71 0.18 0.27
Hf 65 30 33 37 18 33 24 48
Ta 15 0.60 .86 0.23 0.42 0.45 1.09 0.38
Hg nd nd nd ale] nd nd nd nd
Au nd 001 0.0 0.00 oM 0.00 0.03 0.08
W 11.8 16.1 450 2.2 6.4 3.6 40 386
Th 17.3 9.2 65 30 55 59 17.6 37
u 3.2 20 1.0 15 0.97 11 48 1.0
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[Separated Sample Chemistry |
SAMPLE = KM-157  KM-158  KM-159  KM-160

NaQ 1.69 5.38 0.38 0.0
Ca0 1.39 na na na
FeO 0.84 0.63 1.0 1.1
Sc 108 216 721 6.0
Cr 401 5.2 297.4 61.4
Co 1.53 1.4 7.4 58
Zn 133.4 42 202 231
As 7.3 18 49 7.7
Se nd 1.80 420 nd
Br 0.61 nd 0.89 0.85
Rb 263 @3 862 588
Sr 165 401 45 168
Ag nd 5.0 29 nd
Sb 0.43 0.23 18 2.8
Cs €67.8 13.8 238 432
Ba 415 674 2622 1385
La 271 19.7 2.6 378
Ce 58.9 31.2 5.8 4.1
Nd 21.6 7.4 25 345
Sm 53 1.3 5.0 7.8
Eu 1.2 0.68 1.0 1.7
Th 0.79 0.18 1.0 1.1
Yb 22 1.0 38 3.6
Lu 0.31 015 0.56 053
Hf 30 2.4 2.7 2.7
Ta 0.38 0.39 0.30 0.33
Hg nd nd nd nd
Au nd nd nd 0.003
w 1.9 0.90 49 2.7
Th 40 98 43 36
U 18 1.6 1.3 1.2
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Appendix V
DELTAS TurboBasic Version 1987
This program calculates hypothetical igneous precursor compositions. It is based

on the equations of F. G. Smith (1963) from Physical Geochemistry, p.377 along with
linear relationships among the oxides of Daly's average igneous rock compositions (1933).
The ratio of ALO,/(ALQ, + Fe,O,t) is assumed to remain unchanged during alteration.
Tnitial conditions are calculated from the following equations:

FeO = -0.7031 * ALO, + 0.6584 * (AL O; + Fe,04t)

$i0, = exp (1.247 * ratio + 3.264)

TiO, = exp (3.590 - 5.482 * ratio)
The iteration process begins with calculations of cfm and alk from the equations:

ofm = 2,229 * (ALO, + Fe,05t) - 2.383 * ALO,
alk = 0.112 * (sil + cfin) - 0.1954 * cfim

where cfim is from a linear regression and alk is from Smith (1963). FeO is calculated
again from the equation above and then SiL, TiO,, AL,O;, Fe,Ost, cfin, and alk are
recalculated to the origmal sum.

The iteration is then repeated until successive values of SiO, are within 0. 1%
tolerance. When iteration is complete, the remaining oxides are calculated from the
equations

MgO =-21.70 * ratio + 18.79

MnO = -3644 * ratio + 0.3846

Ca0 = c¢fm - FeQ - MnO - MgO

Na,0=0.3727 * ALO, - 0.111 * (ALO; + Fe,04t)
K20 == 311{ - Nazo

The oxides are then recaleulated to 100% and mass balance is calculated by ratioing the
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hypothetical ALO,+ Fe,0O,t to the analyzed concentrations and adjusting all the oxides by

this ratio. .
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