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ABSTRACT

Five major ash-flow tuff sheets in the area of Socorro, New Mexico
were dated by a high-precision variation of the ”OAP/39AP method. These
ash-flow tuffs are closely spacéd temporally and conventional K-Ar dates
were not sufficiently precise to differentiate the units or correlate
them with their source cauldrons. In addition, the conventional K-Ar
ages exhibit a discrepancy between cogenetic blotite and Na-sanidine

analyses.

The high-precision “OAP/39Ar analyses yielded the following ages
for the ash-flow tuffs: Hells Mesa Tuff = 32.18 + 0.04 Ma; La Jencia
Tuff = 28.76 i.0.06 Ma; Vicks Peak Tuff = 28,76 1_0.06 Ma; Lemitar Tuff
= 28.37 + 0.06 Ma; South Canyon Tuff = 27.76 + 0.09 Ma. The 'Oar/3%r
analyses yielded no discrepancy between cogenetic biotite and
Na-sanidine ages, so the conventional K-Ar age discrepancy was credited
to incomplete degassing of the Na-sanidine samples which lead to

anomalously young K-Ar ages.

The l‘OAF/39AF ages showed a 3.4 Ma hiatus between the eruptions of
the Hells Mesa Tuff and the La Jencia Tuff. This hiatus has important
implications for the petrogenesis of the volcaniec rock suites and to

initiation of the Rio Grande rift.
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INTRODUCTION

The area surrounding Socorro, New Mexico contains a stratigraphic
sequence of five major ash-flow tuff sheets. An ash-flow is a "
turbulent mixture of gas and pyroclastic materials of high temperature
ejected explosively from a crater or fissure. . . " (Ross and Smith,
1861). Ash-flow tuff is an inclusive.general term for welded and
non-welded, consolidated deposits of an ash flow . The units discussed
in this study are welded ash-flow tuffs, also known as welded
ignimbrites (Ross and Smith, 1961) and pyrocclastic-~ flow deposits

(Fisher and Schmincke, 1981).

Ash-flow tuffs have many characteristics similar to volecanic ash or
tephra layers which have been employed successfully around the world as
regional time-stratigraphic marker beds. The field of tephrochronoclogy
combines precise characterization of the Lephra beds with radiometric
age determinations to correlate widespread marker horizons. This
technique can aid in the resolution of many problems including: 1)
timing and rates of fault motions; 2) rates of sedimentation; 3)
calibration of paleomagnetic chronologies; U4) identification of tephra
provenance; and 5) frequency of ash-producing eruptions (Izett, 1981).
Porter {1981) has utilized tephra studies in the estimation of eruption
magnitudes and paleo-wind directicns for the western United States.
Tephra, often preserved in deep-sea sediments, can indicate the volcanic
history of surrounding islands and mid-ocean spreading centers

(Sigurdsson and Loebner, 1981; Ledbetter, 1981; Kyle and Seward, 1984).
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Both tephra beds and ash-flow tuff units are ideally suited to
solving stratigraphic problems. Ash-flow eruptions produce widespread
horizons of silicic volecanic rock, which cool instantaneously in the
context of geologlc time., As a result, they provide excellent
stratigraphic markers and time planes. Many ash-flow tuffs are erupted
at moderately high temperatures, greater than 600°C (Williams and

MeBirney, 1979), and either partially or totally weld upon emplacement.

The explosive nature of ash-flow eruptions indicates that the
source magma chambers are situated at relatively shallow depths. As the
chamber empties during the eruption, the overlying strata sag and
collapse into the void, forming a caldera or cauldron (Smith and Bailey,
1968), This collapse, which occurs during the eruption, causes ponding
of the erupting material in the subsiding depression. The thick
accumulation of intracaldera material is used to identify calderas and
cauldrons and should correlate with some portion of the outflow material

(Fisher and Schmincke, 1984).

Objectives of Study

This study has three objectives: 1) to obtain precise ages for the
five ash-flow tuff units; 2) to resolve a sanidine-blotite apparent age
discrepancy shown by conventional potassium—argon data; and 3) to

correlate outflow sheets with the source cauldrons.
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Many of the units have been previously dated by the conventional
potassium-argon and fission-track methods, but have yielded imprecise
ages. The dates produced by these methods (Table 2, Appendix II) vary
significantly within each unit and between laboratories. As a result,

the ages of the units can only be approximated.

The dates are limited by the overall precision associated with each
method. The precision of the potassium-argon method is controlled by:
sample homogeneity, precision of the potassium analyses, calibration of
the argon spike, and measurement of the qur released by the sample.

The fission- track method is limited by: the irradiation monitor, the
uncertainty in the 238U fission half-life, and human judgement in
identification and counting of the tracks. Both methods are less

precise than the MOAP/BgAT dating technique.

Precise ages are needed to differentiate the five ash-flow tuff
units and to correlate these units with those in.the other areas of the
volcanic field. The individual units are so numerous and closely spaced

temporally, that high precision is mandatory for success,

Many cogenetic sanidine-biotite pairs, dated by the conventional
potassium-argon method, yield discordant ages (Foland, 1974; McDowell,
1983). The following theories may explain the discrepancy between the
biotite ages and the consistently younger potassium feldspar ages. The
difference in crystal structure between sanidine and biotite may produce
variations in argon retention (Foland, 1974). Low-temperature ground

Wwater alteration and weathering may have affected only the feldspar
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grains (Clauer, 1981). Excess argon trapped in the biotite may cause an
ancmalously old age (Foland, 1983; Lanphere and Dalrymple, 1976).
Impurities in the mineral separates may have lost radiocgenic argon or
inherited excess argon. Insufficient heating in the laboratory may not
extract all of the argon trapped in the feldspar (McDowell, 1983).
Feldspars yield a more viscous melt than biotites; consequently, higher
temperatures and longer heatings are required for complete argon

extraction.

Identification of source cauldrons is currently based mainly upon
stratigraphic and structural relationships combined with correlations of
cauldron-fill and outflow units by petrographic and whole-rock chemical
compositions. However, it is possible for two different units to appear
similar in petrographic and chemical characteristics. Precise ages from
outflow sheets and intracaldera tuffs may be a valuable tool for testing
correlations. If the ages of intracaldera tuffs are reliable, then any
disagreement with the ages of outflow sheets may indicate
postemplacement alteration, correlation problems, or discrepancies in

the current model for ash-flow tuff emplacement and caldera formation.



GEOLOGIC SETTING

Introduction

This study was centered around the city of Socorrc in central New
Mexico (fig. 1). Socorro is located on the northeastern edge of the
Mogollon-Datil volecanic field where the field i1s transected by the Rio
Grande rift. The voleanic field was most active between late Eocene and

early Miocene time.

The composite stratigraphy of the northeastern Mogollon-Datil
voleanic field is shown in Figure 2. Five ash-flow tuff tuff units,
Hells Mesa, La Jencia, Vicks Peak, Lemitar and South Canyon, form an
orderly stratigraphic sequence interbedded with basaltic andesite flows.
No attempt was made to date the basaltic andesites since they contain
very few phenocrysts and would have to be dated as whole-rock samples.
Whole-rock uOAr/39Ar dating often gives more ambiguous data than single

mineral phases (Harrison, 1983).

A recently published compilation of the geologic mapping and
stratigraphic data available for the Cenozoic rocks of the northeastern
Mogollon-Datil volcanic field (Osburn and Chapin, 1983a) is the source
of all nomenclature utilized in this study. The following studies have
significance to this investigation. The northern Bear Mountains, the
location of the Hells Mesa type section, was mapped by Tonking (1957)

and Massingill (1979). The southern Bear Mountains area was mapped by
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Brown (1972) and his measured sections of the La Jencla and Vicks Peak
tuffs are considered the type sections for these units. The mapping in
the Joyita Hills area was decne by Spradlin (1976),in the Datil area by
Lopez and Bornhorst (1979), and in the Torreon Springs area by Osburn
and others, (1981). The type section of the Lemitar Tuff is located in
the Lemitar Mountains, north of Socorro (Chamberlin, 1980), and the
principle reference section is near Torreon Springs. The Chupadera
Mountains, which contain exposures of cauldron-fill Hells Mesa Tuff,

were mapped by Eggleston (1982).

Stratigraphy

HELLS MESA TUFF

Description

The Hells Mesa Tuff is the basal, c¢rystal-rich, quartz-rich
ash-flow unit of Tonking's (1957) Hells Mesa Member (Osburn and Chapin,
1983a). The Hells Mesa Tuff (Table 1) is a pink to reddish-brown,
moderately to densely welded, multiple-flow, simple-cooling unit. It is
zoned chemically from basal quartz latite through rhyolite. The lower

portion contains approximately 35% phenocrysts and rests locally upon a
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thin, basal, black vitrophyre. The phenocrysts are predominantly
Na-sanidine and plagioclase, with minor amounts of biotite, quartsz,
hornblende, and clinopyroxene. The upper portion contaiﬁs appreximately
50% phnenocrysts of Na-sanidine, quartz, and plagioclase,:with minor

amounts of biotite, e¢linopyroxene, sphene, and zircon.

The potassium feldspar phenocrysts in all the outflbw sheets have
been previously identified petrographically as sanidine.  Recent x-ray
and microprobe analyses (J.I. Lindley, 1984, written commun.) have shown
that the feldspars contain appreciable sodium, and should be called

Na-sanidine cryptoperthites (Smith, 1974).

Extent

The Hells Mesa Tuff was erupted from the Socorro cauldron
(fig.1; Eggleston, 1982). The well-documented correlation is based upon
field evidence of thick intracauldron facies tuff and moat-fill
deposits. This unit is among the thickest and most extensive ash-flow
tuffs in the Socorro area. The outflow sheets attain a thickness of
2U5m; while the cauldron-fill tuff is greater than 900m in thickness.
It is distributed throughout the northeastern Mogollon-Datil volcanic
field with the exception of the scuthern Chupadera Mountains and the

northern Jornada del Muerto.
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Previous Radiometric Dating

The Hells Mesa Tuff has becen dated repeatedly by the conventional
potassium- argon and fission-track methods (Table 2). Many of the
samples were collected from the Datil area and analyzed at the U.S.
Geological Survey laboratory\in Denver, Colorado. The dates vary more
than five million years and have large uncertainties associated with
them (fig. 3). The dates form two distinct groups, the Na-sanidine
potassium-argon and fission-track dates, which are s;gnificantly
younger, and the biotite potassium-argon dates (Appendix II). The
average of the dates, weighted by the inverses c¢f the variances, is

31.59 + 0.44 Ma.

LA JENCIA TUFF

Description

This unit, formerly called the lower member of A-L Peak Tuff, is a
multiple- flow, compound-cooling unit of crystal-poor, rhyolite,
ash-flow tuff (Table 1).The unit contains approximately 7% phenocrysts,
primariiy Na-sanidine, with minor quartz and traces of plagioclase, and

biotite. The lower portion of the unit is a moderately welded,



(6467) sTdwiarTeg SuTsSn S3UBISUOD SOOI YT P30eIdod (x 1dsoxe) ssBe TyV

(12)

G461 ‘sasyio pue utdeyp TT3EQ 9T + £°62 L-d . UooJIT?
G261 ‘saayjo pue uideyn TEREQ 5T o+ 416 I-d uo3aI17
SL61 ‘saeuro pue urdeyn 113eg 6°1 & 1°1€ ay-y 8SBTO0TIET]
. TL6T ‘I8gey _
‘96T ‘sasyjo pue ayang STTTH ®1Thop #6°T + #2C Iy-3 81 T101g
TL6T ‘aRqapm _
‘(94T 'SIPYL0 puUE aang  'SULN SBUTTTED «G°1 ¥ T2 . ay-d 3113079
{961 'j18ssB pUR I9GaM TSujlp Jeaq #3872 + 9'0€ ay-3t 83 130TH
G461 'sasuio pue uideyp TT18g £'1 1 €02C Iy -3 311301
G461 ‘sasyso pue utdeup TT3EQ 1°T + 0°€€ ay -3 9113014g
G461 ‘sasyro pue utdeyp TT1Bq T'1T + 2°€C Iy~ 33Tr0Tg
G461 ‘sasyzo pue utdeyp STIWH eatkop €1 £ 0 ay-3 91T30Td
Zg61 *SJI9Y30 PUB jS8I0UUIOg ‘suil Agsoag L0 % 1°2€ Iy -3 SUTPIUES-EN Jring
6467 ‘saeyro pue utdeyp TTed 0T + 9782 ay-3 BUTPTUES-EBN esap
GL61 'sasyro pue utdeyp 1138 1'T ¥ 6°0f Iy -y BUTPTUBS-EN  STTAH
G461 ‘sasyio pue utdeyp STTTH B3tdop 410 3 Lz ay -y Mooy aToupm
G461 ‘sasyro pue utdeyp STITH ®3TAop 0'T & g'42 ay-y SUTPTIUBS -BN
§L61 'sasyro pue utdeyn STTTH ®B1TAop 9'0 % 0762 ay-3 aUTPTUBS-BN Iing
GL6T fsaoyzo pue utdey) STTTH ®aT1lop 8°0 + 022 Iy -3 JUTpTUBS-BN BIOUSD
GL61 ‘saauyzo pue urdey) *SULW JXBYTUWST 2°T * 1'Qz ay-y AUTPIUBS -EBY eq
_ Jing
2861 fsa9ylo pur §SJ0yuIog 9rg + £10 I uosatyg Heod
L SHOTA
G461 ‘saoyjo pue urdeyp STLTH ©ytdor 90 + 622 JY -3 Ho0Y BToUM
G461 ‘saayzo pue urdeyp STTTH e1t1hop L0 + 882 ay-M 317130Tg
GZ6T fsasyro pue utdeyp STITH ®B3TAor Z'1 v §°92 ay -y 83.13.07¢d
GL61 ‘sxayro pue utdeup STTTIt B3Thop T'1T + £°g2 Iy 83 13.01g
SLAT *sasyio pue utdeyn *SUlW 081EBH UES R PAAA Iy -y a31101g Jing
CL6T ‘saeylo pue utdeyn CTSULK JBY TWaTY 0T + 022 Iy -y a1110Tg JBlTWaT
Gl61 ‘sIayzo pue utdeyp STTTH ®BaTAop 0'T + 692 ay -3y 21T1101d
¢461 ‘saeyzo pue utdeyn STTTH EBiTfOp 0T & G 42 I7- SUTPTUBS-BR Fing
GA61 ‘saeyro pue utdeyn STITH eithop 6°0 + 42 Ay - suTpTuEs-eN Uofue)
Q461 '1J9UYBN pue UBUYOERY STITH ®ithor 0T ¥ 592 ay -3 surplues-eN  Yinog
aousaIaJoy uotye00T oTdweg (ew) T + 23y pouzsi TReI3UTK 3Tun

$98y U0Bay-WNISSEL0d TBUO[USAUC)

¢ dTdVdL



(13)

medium-gray tuff. The upper portion is a densely welded, light pink to
pink-and-white banded tuff. This upper member contains regions of

severely compressed and lineated pumice as well as flow structures.

Extent

The La Jencia Tuff was erupted from the interconnected Sawmill
Canyon and Magdalena cauldrons (Osburn and Chapin, 1983b). The outflow
sheets attain a thickness of 150m, while the cauldron-fill tuff is
greater than 750m in thickness. The tuff 1is present throughout the

northeastern Mogollon-Datil volecanic field.

Previous Radiometric Dating

Five La Jencia Tuff Na-sanidine and whole-rock samples were dated
by the conventional potassium-argon method (Table 2). The dates vary by
more than six million years, due in part to interlaboratory variations.
The average age for the unit, weighted by the inverse of the variances,

is 25.2 :_O.&S Ma.
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Previous Radiometric Dating

The Vicks Peak Tuff was difficult to date due to the paucity of
phenocrysts. Only one fission-track date, 31.30 1_2.6 Ma (Table 2,
fig. 3), was available prior to the study and it contained a very large

uncertainty.

LEMITAR TUFF

Description

This unit is a multiple-flow, simple to compound cooling-unit
composed of densely welded ash-flow tuff (Table 1). It is zoned
chemically from basal quartz latite to rhyolite. The lower light-gray
to pale-red member is relatively crystal-poor, containing approximately
12% phenocrysts of Na-sanidine and quartz, and locally overlies a basal,
black vitrophyre. The upper member contains approximately 45%
phenocrysts of quartz, Na-sanidine, plagioclase, and biotite in a

reddish-brown to light-yellowish-gray matrix.
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Extent

The Lemitar Tuff is believed to have erupted from a cauldron in the
northern San Mateo Mountains (Deal, 1973). Additional investigation of
this area will be required to confirm this source. The tuff attains a
thickness of 125m on the outflow sheet and thickens to 600m in the area
of the proposed cauldron., It is present throughout the northeastern
Mogollon-Datil volcanic field except for the Bear, Gallinas, and Datil

mountains.

Previous Radiometric Dating

Six Lemitar Tuff samples, dated by the conventional potassium-argon
method, vary in age by more than five million years (Table 2, fig. 3).
The variation in age is reduced by the elimination of an anomalous
whole-rock date and that of an altered sample. The average of the

remaining four dates is 28.22 + 0.46 Ma.
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SOUTH CANYON TUFF

Description

This unit is a multiple-flow, simple to compound cooling-unit
composed of rhyolite ash-flow tuff (Table 1). The lower‘portion, a
light-gray to brownish-gray, densely welded tuff, contains approximately
3% phenocrysts of quartz and Na-sanidine. The upper portion, a
medium-gray to purple-gray, moderately welded tuff, contains

approximately 15% phenocrysts of chatoyant Na-sanidine and quartz.

Extent

The South Canyon Tuff has not been correlated to a source cauldron, but
is thought to have been erupted from a cauldron in the northern San
Mateo Mountains (Deal, 1973). Additional investigation will be required
to locate the source. The unit attains a thickness of 200m in the
outflow sheet, which is found throughout the northeastern Mogollon-Datil
volcanic Tield except for the Datil area and the Bear and northern

Gallinas mountains.
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Previous Radiometric Dating

Four tuff sample have been dated by the conventional
potassium-argon method (Table 2, fig. 3). The dates vary by more than

two million years and give a weighted average of 25.54 + 0.U49 Ma for the

unit.



METHODS AND TECHNIQUES OF INVESTIGATION

Introduction

In this study,the five ash-flow tuff units were dated
by a high-precision variation of the MOAP/39AP age-spectrum
method. To provide a foundation for the age comparisons,
one unit, the Hells Mesa Tuff, was chosen as a data base.
The Hells Mesa Tuff is areally extensive and easily
identified in the field. It also contains datable amounts

of three minerals, Na-sanidine, biotite and hornblende.

To assess the probability of success with this study,
some preliminary samples were analyzed. Hells Mesa Tuff
samples were collected near Datil by J.C. Ratte of the
U.S. Geological Survey (1983, written commun.). Three
mineral separates from these samples, which had been
analyzed by the conventional potassium-argon methed, were
purified by hand-picking and packaged as part of
Reston-Denver irradiation package number 16 (RD-16).
Following irradiation in the central thimble of the
U.S. Geological Survey TRIGA reactor for 20 hours at a power
level of 1 megawatt, the samples were analyzed by
J.F. Sutter of the U.S. Geclogical Survey in the same manner
as proposed for this investigation. The successful results

of the preliminary study led to this expanded investigation
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with a greater number of samples.

Sampling

Sample locations, chosen primarily on the basis of
stratigraphic control and the absence of alteration,
contained most or all of the tuff sequence. Positive
identification of the units was insured by mineralogy
chemical analyses, and field relationships. Locations were
chosen from recently mapped areas and localities containing
previously dated samples. In addition, type and reference
sections of the units were sampled when possible. Areas of
known mineralization and hydrothermal alteration were

avoided.

All five units were sampled in the Joyita Hills, where
a complete and unaltered section of the units is exposed.
Each unit was also sampled in one other location,
geographically removed from the Joyita Hills, to assess the
reproducibility of ages from separate outcrops within the
same unit. The Hells Mesa, La Jencia, and Vicks Peak tuffs
were collected from the northern Bear Mountains. The
Lemitar Tuff was sampled near Torreon Springs in the
southeastern foothills of the Magdalena Mountains. In

addition, the ﬁells Mesa Tuff was sampled near the town of
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Datil, and within the source cauldron in the Chupadera
Mountains. The sample locations are shown in Figure 1 and

listed in Appendix ITII.

In the Joyita Hills and the Bear Mountains, where
several units occur, samples were taken at regular intervals
during measurement of a stratigraphic section through the
tuff sequence., The measured sections (Appendix IV) aid in
the characterizaticn of the units and define the level

sampled for dating.

Sample Preparation

The samples for dating were selected by hand-sample
inspection and examined for signs of alteration. Thin
sections of these samples were examined for phenocryst
alteration and compared with published petrographic
descriptions to confirm unit identification. Each sample
was analyzed for whole-rock major element chemical
composition by x-ray fluorescence spectrometry (Norrish and
Hutton, 1969). The chemical analyses (Appendix IV) provided
information concerning chemical zonation in the units and
helped to confirm unit identification. In addition, the
chemical analyses were scrutinized for mild potassium

metasomatism, which might not have been noticed in the
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thin-section examination. If either chemical or
thin-section examination revealed sample alteration, another

sample was collected.

Mineral separates were prepared from each sample,
because the 49Ar/3%r method is more accurate when applied
to single mineral phases (Harrison, 1983)., To isolate the
mineral phases, each sample was crushed, sieved, passed
through various heavy liquids and a Frantz isodynamic
magnetic separator, hand picked, and ultrasonically cleaned
(Appendix V). Each separate was evaluated under a
microscope for greater than 99% purity. Samples of Hells
Mesa and Lemitar tuffs produced separates of both
Na-sanidine and biotite. In addition, Hells Mesa Tuffl
produced hornblende separates from two samples. The La
Jencia, Vicks Peak, and South Canyon tuffs each produced

only Na-sanidine separates.

uOAP/39AP Dating Technique

The theories and analytical procedures comprising the
y , - . .
OAF/39AP dating method are detailed in Appendix VI. The
samples in this study were analyzed by a high-precision

variation of this dating method. The variation employed

detailed monitoring of the constant J portion of the
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irradiation canister (see Analytical Results). Hornblende
standard MMhb-1 (Alexander and others, 1978), which has an
accepted conventional potassium-argon age of 519.4 Ma
(Dalrymple and others, 1981), was used as the monitor
standard. The irradiation package, RDP-20, contained
100-milligram Na-sanidine and bictite samples, U400-milligram
hornblende samples, and fourteen monitor standards. The
package was irradiated incrementally in the central thimble
facility of the U.S. Geological Survey TRIGA reactor for
twenty hours at 1 megawatt. All samples in this study were
placed in the constant J portion of the irradiation canister
and therefore received equivalent neutron dosages, within
the estimated analytical uncertainty. This increased the
level of precision at which these samples could be compared.
The argon was then extracted in an ultra—-high vacuum system
by heating the standards and samples with a radio-frequency
(RF) induction coil. The temperatures, accurate to 25° £o
50¢C, were set with a radio-frequency power output versué
temperature curve, calibrated with an optical pyrometer, and
checked with the melting point of aluminum. The samples
were degassed, beginning at intermediate temperatures, to
minimize the effects of argon released at low temperatures
on the age-spectrum plateaus. The argon 1isotopes were
analyzed with a computer controlled VG-Micromass 1200B mass
spectrometer operated in the static mode. The apparent ages
were calculated from the equations listed in Appendix VI}and

the constants from Steiger and Jager (1977; Table 3).
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TABLE 3

Constants and Correction Factors

Element Isotope Abundance Half-Life Decay Constant

Ar , 0.00337
37ay 35.1 d 1.975x107% g1
38ar  0.00063
3 259 d 2.58x10-3y-1
Y0sr  0.9%600
K 29K 0.932581
_Hog 0.0001167 1.25x109 y =
0.581x10710 y-1
4.963x10-10 y-1
big 0.067302
Ca boca  0.96947
- B2cg 0.00646
H3ca  0.00135
blee  0.02083
hécn  o0.00186
4“8ca  0.0018
Monitor Mineral KEO (%) H0 4y {mole/g) Age (Ma)
MMhb-1  hornblende 1.874 1,624x1079 519, bx10®
Correction Factors
(36Ar/37Ar)ca 2. 64x107"
(¥ar/37ar) = 6.73x107%

)

c

(*ar/Par),= 0.59ux1072

from Dalrymple and others, 1981



© ANALYTICAL RESULTS

Introduction

Fourteen aliquots of MMhb-1 were used to monitor the fast-neutron
irradiation. The conventional potassium—argon age of MMhb-1 is 519.4 Ma
(Dalrymple and others, 1981). The monitors were used to calculate the
J—valuesufo; the package using the equation:

J = (rtmaqy/ (MOAP*/39ArK)m
HOpp* is the amount of radiogenic argon in the monitor, 39ArK is the
amount of potassium-produced argon in the monitor, A is the 50g total
decay constant, and tm is the age of the monitor. The J-values are
proportional to the neutron dosage at different levels in the
irradiation canister (Appendix VI). Plots of J versus distance above
the base of the canister for the irradiation packages RD-16 and RD-20
are shown in Figure 4 {a,b). The uncertainty in the J-value was
estimated from the run—-to-run, long-term reproducibility in the
MOAP*/39APK ratio (denoted F) of the MMhb-1 standard as measured by the
mass spectrometer. This uncertainty was estimated at 0.25%
(J.F, Sutter, 1984, oral commun.). As shown in Figure Y4 (a,b), the
J-curves reached constant values, within the estimated 0.25%
uncertainty, near the centers of the canisters, which is characteristic

of the U.S. Geological Survey TRIGA reactor. The individual J-values
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in the central portion of the canisters were tested for inclusion in the
constant J-value area by the critical value test (Appendix I; Dalrymple

and Lanphere, 1969, page 120).

Evaluation of the monitor data from RD-16 showed that the area of
constant J consistedrof monitors L, O;.and R (fig. Ya). The value for
the area of constant J, 0.004468 + 16, is the mean of these data points,
with the uncertainty equal to the population standard deviation.

Testing the monitor data from RD-20 eliminated monitor P from the area
of constant J (fig. U4b). The value for the area of constant J, the mean

of the remaining data points (monitors O,R,S8,T,and V), is 0.005488 + 11.

All analytical data has been corrected for reactor-produced
interfering isotopes. The correction factors used were: (36AP/37AP)Ca
= 2.64X10_”, (39Ar/37Ar)Ca = 6.73x10—a, and (MOAF/39AP)K = (O.59M)x10_2
(Dalrymple and others, 1981). These reactor constants are also used to
calculate the apparent K/Ca ratios of the samples. The resulting
relationship is:

K/Ca = 0.52 (39ArK/37Ar) mol/mol

(Fleck, and others, 1977).

The quality of age-spectrum data was measured by the presence or
absence of an age plateau. The definition of a plateau employed in this
study (Fleck and others, 1977) was that a plateau was formed by two or
more contiguous gas fractions which totaled 50% or more of the total
39

APK released, and which were all statistically the same at the 95%

confidence level. The critical value test (Appendix I) was used to test
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age plateau (fig. 6). The total-gas age of the sample before the
re-regression was 32.10 Ma. The plateau formed by the 1050° and 1150°C
steps includes 54.2% of the total 39ArK released and yields a plateau
age of 32.05 + 0.10 Ma which is statistically indistinguishable from the
total-gas age, but more precise. The K/Ca ratio remained nearly

constant over all of the gas fractions at approximately 60.

K-BM-3

This sample was degassed in eight temperature steps from 900° to
1450°C. It did not produce a plateau due to an anomalously low F value
for the 1150°C gas fraction. This low value is not a true
characteristic of this sample but is an artifact of the analytical
procedure. The analysis was interrupted overnight, and the 1150°C
fraction was the first gas fraction analyzed the next day. The mass
spectrometer experienced stability problems on this first run. The
spectrometer magnetic field intensity drifted substantially during the
analysis. This affected all the data, but the 39Ar data was especially
poor with a large uncertainty. For these reasons, the 1150°C fraction
was treated as a lost fraction and the analytical data was ignored. The
age spectrum with the 1150°C fraction omitted forms a plateau from the
1000° to the 1450°C fractions, encompassing 71.4% of the total 39APK
released (fig. 7). The plateau age equals 32.25 + 0.09 Ma,
statistically the same as the total-gas age (32.16 Ma) which includes

the 1150°C fraction. This shows that the age of the sample was not
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affected by omission of the one gas fraction. The K/Ca ratio remained

nearly constant over all gas fractions at approximately 55.

K-CM-2

This Na-sanidine sample was degassed in eight temperature steps
from 900° to 1350°C and yielded an age-spéctrum plateau (fig. 8). The
plateau includes the gas fractions from 1150° to 1350°C, which contain
67.6% of the total 3?APK released. The plateau age is 31.77 + 0.09 Ma
which is statistically identical to the total-gas age of 31.79 Ma. The
K/Ca ratio began at a low value but stabilized at approximately 60 for

most of the gas fractions.

SU-4-77

This Na-sanidine sample was one of three preliminary samples
irradiated in package RD-16. The sample was degassed in seven
temperature steps from 750° to 1200°C. The age spectrum yields a
plateau from the 1000° to 1200°C gas fractions, which contain 93.5% of
the total 39APK released (fig. 9). The plateau age equals 31.87 + 0.11
Ma, statistically the same as the total-gas age of 31.91 Ma. The K/Ca
ratio began low for the low-temperature gas fractions and stepped up

slowly to approximately 50,
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BIOTITE

K-JH-26

This sample was degassed in eight temperature steps from 850° to
1500°C. Initially, no plateau was formed from the data due to an
anomalously high F value for the 1150°C gas fraction. When this data
was re-regressed to reduce the uncertainty, the spectrum formed a
plateau from the 1100° to 1250°C gas fractions, which contain 52.8% of
the total 39APK released (fig. 10). The plateau age is 32.28 + 0.10 Ma,
which is statistically the same as the total-gas age before
re-regression of 32.50 + 0.53 Ma. This shows that the re-regression did
not alter the data but only improved the precision. The K/Ca ratio
began at very low values, stepped up to a maximum value of 100, and then

slowly decreased to approximately 70.

K-BM~-3

This biotite sample was degassed in eight temperature steps from
850° to 1500°C. The sample does not form a plateau. The age spectrum
begins anomalously high and gradually decreases with increasing
temperature (fig. 11). The total-gas age for K~BM-3 biotite equals
32.54 i,0'61 Ma. The pattern of the age spectrum indicates that the

sample's potassium-argon system has been disturbed. For this reason,
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the high-temperature steps are consideredvto yield the most reliable
data. The high-temperature fractions from 1050° to 1500°C contain 87.5%
of the total 39APK released, and yield a preferred age of 32!3& + 0.37
Ma. This preferred age is statistically the same as the total-gas age,
but is more precise., The K/Ca ratio began aft anomalously low values and

increased steadily with each temperature step to a maximum value of 50.

K-CM-2

This biotite sample, degassed in‘six temperature steps from 950° to
1450°C, did not form a plateau. The age-spectrum diagram begins
anomalously low and gradually increases with increasing temperature
(fig. 12). The total gas age equals 32.13 + 0.23 Ma. The age spectrum
pattern suggests that the sample's potassium-argon system has been
disturbed, so the high-temperature data is the most reliable. The
high-temperature fractions from 1050° to 1450°C contain 65.2% of the
total 39APK released, and yield a preferred age of 32.30 + 0.17 Ma.
This preferred age is statistically the same as the total- gas age but
is much more precise. The K/Ca ratio began at a value greater than 150
and decreased with each subsequent temperature step to end at

approximately 80.
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SU-4-77

Two Hells Mesa Tuff biotite samples were irradiated in package
RD-16. Sample SU-U4-77 was degassed in eleven temperature steps from
550° to 1300°C. The first four temperature steps combined released only
1.1% of the total 39APK released and were disregarded. The sample did
not form a plateau. The 1200° and 1250°C gas fractions approximate a
plateau and contain 58.1% of the total 39ArK released (fig. 13). The
1200° and 1250°C fractions yield a preferred'age of 32.11 :_0.19 Ma,
which is statistically the same as the totai—gas age of 32.03 Ma. The
K/Ca ratio began at approximately 5, increased sharply to approximately

30, then decreased with increasing temperature to approximately 7.

SU-5-77

This sample was degassed in ten temperature steps from 550° to
1250°C. The first four temperature steps each yielded less than 1% of
the total 39AFK released by the sample and were disregarded. This
sample formed a plateau from the 1050° to the 1150°C gas fractions which
contain 57.1% of the BQAFK released (fig. 14). The plateau age equals
32.09 + 0.10 Ma which is statistically the same as the total-gas age of
32.55 Ma. The K/Ca ratio began at approximately 3, increased to
approximately 20, then decreased with increasing temperature to

-

approximately ©.
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HORNBLENDE

The two sémples of hornblende were analyzed differently than the
Na—-sanidine and the biotite samples. The hornblendes were analyzed in
three- step fusions. The first temperature step is at intermediate
temperature, about 1000°C, to release the atmospheric argon component.
The second step is at the melting temperature of hornblende,
approximately 1400°C, in order to release the majority of the argon gas
present in the sample. The final temperature step is at very high
temperature, approximately 1500°C, to insure that the sample is
completely degassed. This type of analysis does not yield an age

spectrum diagram.

The necessity of the three-step fusion procedure was dictated by
the small sample size of the hornblende samples cobtained. There was
insufficient material to generate a standard multi-increment age
spectrum. The three-step fusion procedure was designed to maximize the
argon isotope signal sizes, enhance the radiogenic yield, and increase
the precision of the analysis over that of a total fusion analysis. It
has also been demonstrated (J.F. Sutter and M.J. Kunk, 1984, oral
commun.) that complete age spectra on unaltered hornblende from simple
cooling units are not strictly necessary. If the mineral separates were
carefully prepared and hand-picked, homogeneous, volcanic hornblendes

generally yield plateau age spectra.
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K~-JH-4

This sample was degassed in eight temperature steps from 900° to
1450°C. The age spectrum yielded a plateau from the 1000° to tﬁe 1200°C
gas fractions, which contain 71.0% of the total 39ArK released by the
sample (fig. 15). The plateau age equals 28.77 + 0.07 Ma; equivalent to
the total- gas age of 28.85 + 0.19 Ma. The K/Ca ratio was uniform at

approximately 28 to 30.

K-JH-5

This Na-sanidine sample was degassed in eight temperature steps
from 900° to 1450°C, This sample produced a plateau from the 1050° to
the 1200°C gas fractions, encompassing 59.8% of the total 39AFK released
from the sample (fig. 16). The plateau age is 28.75 + 0.09 Ma,
statistically the same as the total-gas age of 28.72 + 0.23 Ma. The

K/Ca ratio was constant at approximately 28.
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Vicks Peak Tuff

Two samples of the Vicks Peak Tuff were collected from different
locations and each yielded a pure Na-sanidine separate. Sample
K-BM-1,collected in the Bear Mountains, and sample K-JH-10, collected in
the Joyita Hills, are both grey, densely welded tuff containing abundant

large pumice,

K-BM-1

This sample was degassed in eight temperature steps from 2900° to
1450°C., The age spectrum yielded a plateau from the 900° to the 1150°C
gas fractions which contain 63.2% of the total 39AFK released (fig. 17).
The plateau age is 28.83 + 0.09 Ma, which is the same as the total-gas
age, The XK/Ca ratio began at approximately 50, increased in the
intermediate temperature steps to 65, then decreased to approximately

4o.
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K~JH-10

This Na-sanidine sample was degassed in seven temperature steps

from 800°¢ to 1450°C. The age-spectrum pattern for this sample is

unusual and did not form a plateau (fig. 18). Large proportions of the

total 39AI"Krwere released at both the low temperature and high

temperature steps. The intermediate Steps contained small amounts of
the 39AFK released and are irregular in apparent age. The total gas age
is 28.72 Ma. The unusual age spectrum pattern may indicate that the
sample's potassium-argon system has been disturbed or it may be an
artifact of the heating steps chosen. The last two highest temperature
heating steps, 1300° and 1450°C, contain H7.4% of the total 39ArK
released. The preferred age from these two steps eguals 28.70 1_0.09
Ma, which is statistically the same as the total-gas age. The K/Ca

ratio began at approximately 60, increased to a maximum value of 70,

then decreased to approximately 35.

Lemitar Tuff

Two biotite separates and one Na-sanidine separate were obtained
from two locations. Sample K-T3-1, collected near Torreon Springs, is

white, crystal-rich tuff from the upper recrystallization zone of the
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Lemitar Tuff. Sample K-JH-24, collected in the Joyita Hills, is black

crystal-rich vitrophyre from the base of the unit.

NA-SANIDINE

K-TS=1

This sample was degassed in eight temperature steps from 900° to
1450°C, The sample yielded an age spectrum plateau from the 900° to the
1100°C gas fractions, containing 56.5% of the total 39ArK released
(fig. 19). The plateau age equals 27.89 + 0.10 Ma, statistically

equivalent to the total—gaé age of 27.93 0.09 Ma. The K/Ca ratio

|+

remained at a constant value of approximately 20 over all temperature

steps.
BIOTITE

K-JH-24

This sample was degassed in six temperature steps from 950° to
1450eC. The age spectrum produced a plateau from the 950° to the 1150°C
gas fractions,which contain 72.6% of the total 39ArK released (fig. 20).
The plateau age equals 28.37 1_0.06 Ma, statistically tne same as the

total-gas age of 28.44 Ma. The K/Ca ratio began at a nearly constant
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value of approximately 110, then decreased sharply at intermediate

temperatures to a low value of approximately 10.

K-TS-1

This sample was degassed in seven temperature steps from 950° to
1450°C. The age spectrum did not generate a plateau (fig. 21), which
suggests that the potassium-argon system of the sample was disturbed.
The high—~temperature steps should therefore yield the most reliable
data. The preferred age for this sample is taken from the 1200°.to the
1450°C gas fractions which contain 66.6% of the total 39ArK.peleased_
The preferred age equals 28.77 + 0.22 Ma, which is statistically the
same as the total-gas age of 28.64 + 0.28 Ma. The K/Ca ratio began at a
value of 20 and steadily inecreased with increasing temperature to a high

value of 90.

South Canyon Tuff

One sample of the South Canyon Tuff collected from the Joyita Hills
produced a Na-sanidine separate. The sample, from the upper porticn of

the unit, is purple-grey, moderately welded tuff.
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K-JH-22

This Na~sanidine was degassed in eight temperature steps from 900°
to 1450°C, The age spectrum diagram did not yield a plateau (fig. 22).
The total-gas age equals 27.60 + 0.17 Ma. The high-temperature
fractions should yield the most reliable data, so a preferred age was
generated from the 1100° to the 1450°C gas fractions. The preferred age
is 27.76 + 0.09 Ma, which is statistically the same as the total-gas
age. The K/Ca ratio remained at a nearly constant value of

approximately 2% over all temperature steps.



K/Ca (mol/mold

Apparent Age {(Ma>

100

34

33

32

31

30

29

28

.27

26

25

(62)

N —
555 500 1050 1100 1150 1200 1300 1450
L K=JH-22
South Canyon Tuff (Joyita Hills)
L Na-sanidine
Tpf age = 27.76 £ 0.089 Ma
I
I
1 1 1 i i ] 1 It 1
O 39 I 00

APK Released (¥

Figure 22. K-JH-22 Na-sanidine age spectrum



INTERPRETATION OF DATA

Interpretation of the 40pr/3%yr results included data selection,
age calculation, and age evaluation. A set of criteria was Qeveloped to
choose the most representative data. From this data an age was
calculated for each stratigraphic unit. The calculated ages were then

evaluated for unit resolution and preservation of stratigraphic order.

Mineral Reliability

The data from each mineral was examined to determine if there was
any variation between minerals. A Na-sanidine and bilotite reliability
comparison was made with the Hells Mesa and Lemitar tuffs.The aspects
considered in the comparison were the presence or absence of
age-spectrum plateaus, the uncertainty assigned to each sample age, the
consistency of the K/Ca ratio within a unit, and the radiogenic yields
of the plateau gas fractions (Table 4). An age-spectrum plateau
indicates a homogeneous distribution of potassium and MOAP* within the
mineral grains for the sites being degassed during those temperature
steps. The absence of a plateau may indicate a disturbed

potassium-argon system. The uncertainty in the sample age is a measure
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of the variance of the data with respect to the average age. The total
K/Ca ratio of a mineral is characteristic of the chemical composition of
the parent magma. A significant variation in the K/Ca ratio for a given
mineral within a unit, may indicate the presence of xenocrystic material
in the samples, a disturbed chemical system within the mineral,
inhomogeneities, such as tiny inclusions of other minerals or fluids,
correlation problems, or vertical zonation within the unit. The
radiogenic yield of a gas fraction is a measure of the atmospheric argon
contamination, which affects the error in a directly proportional

manner,

In this study, biotites tend to yield more irregular data than
cogenetic Na-sanidines. Each Hells Mesa and Lemitar tuff Na-sanidine
separate formed an age-spectra plateau; while, only 3 out of 7 of the
bilotite separates formed plateaus. Most analytical uncertainties
associated with the biotite ages were greater than those for Na-sanidine
ages. The total K/Ca ratios of the Na-sanidines were reasonably
consistent and characteristic for a given unit. The biotite total K/Ca
ratios, however, vary greatly within each unit and cannot be considered
as an identifying feature of the units. The radiogenic yields of the
plateau portions of Na-sanidine spectra average about 90%, whereas the
radiogenic yields of biotite spectra range from 60% to 77%, adding to

the uncertainty of the biotite ages,
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Several theories have been proposed to explain the irregular
behavior of the biotite mineral separates during argon extraction in the
laboratory. Biotite, a hydrous phyllosilicate, experiences dehydration
and delamination during laboratory heating in a vacuum. These reactions
alter the structure of the mineral, and affect the degassing pattern
(Harrison, 1983). The biotite grains may also contain interlayered
brittle micas, which might cause a disturbance of the age spectrum.
However, due tQ the difficulty in obtaining detailed x-ray diffraction
patterns on biotite separates, the presence of two interlayered mineral

phases was not proven in this study.

In general, biotite éeparates produce less precise data than the
cogenetic Na-sanidine and hornblende separates. As a result, the
plateau ages of Na-sanidine and hornblende were considered more reliable
than biotite ages for these tuffs (J.F. Sutter, 1984, oral commun.).
The closed nature of the potassium—argon system in these Na-sanidines
has an interesting implication for argon retention in potassium
feldspars. Foland (1974) suggested that perthitization of potassium
feldspar allows diffusive loss of uOAr at very low temperatures. The
Na-sanidines analyzed in this study are cryptoperthitic (J.I. Lindley,
1984, written comm.) but show no indication of diffusive loss of H0pp.
This suggests that the effective diffusion distance for argon in
cryptoperthitic Na-sanidines must be less than or equal to the width of

the perthite lamellae.
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Assignment of ages

The Na-sanidine data for each unit was evaluated before the biotite
and hornblende data. In each mineral group, the critical value test
(Appendix I) was used to exclude indiVidual sample ages from the
population. The standard deviation on the mean was calculated from the
reméining dates using:

3D = [2012/ n2]1/2

0; is the standard deviation on each age and n is the number of ages

averaged ( A.L. Gutjahr, 1984, written commun.). The averages for the
different minerals were then compared and tested with the critical-value
test. If the mineral ages were statistically similar, a total average
was calculated for the unit. However, 1f the mineral ages differed, the
sample data was reexamined and the best data used for the average age.

This data is presented in Table 4.

HELLS MESA TUFF

Five Na-sanidine separates were analyzed and displayed age-spectrum
plateaus. The critical-value test applied to these plateau ages
indicated that two samples had ages statistically different from the
other samples. As a result, K-CM-2 and SU-4-77 were eliminated; the

average of the remaining three sample ages was 32.17 + 0.05 Ma.
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Five biotite separates were analyzed; however, only two produced
age-spectrum plateaus. The critical value test showed that the two
plateau ages were statistically similar. Therefore, the two'biotite

plateau ages were averaged to produce an age of 32.18 + 0.07 Ma.

Two hornblende samples were analyzed by the three-step fusion
method. The critical value test indicated that the two hornblende ages
were not the same at the 95% confidence level and therefore were not

averaged but treated as two separate ages.

An evaluation of the average mineral éges indicated that no age
difference could be detected between the Na-sanidine and biotite plateau
ages and the age of hornblende sample K—JH—26; The critical-value test
demonstrated that hornblende sample K-D-1 was statistically younger than
the other ages; consequently, it was eliminated. The remaining
Na-sanidine, nornblende, and biotite ages were averaged resulting in the
unit age 32.18 I_O'O“ Ma.  The large uncertainties asscciated with the

biotite ages were balanced by the number of ages averaged,

There are several other ways in which the Hells Mesa Tuff data may
be treated. Inclusion of the biotite preferred ages, which agree with
the plateau ages at the 95% confidence level,results in an average age
of 32.21 + 0.05 Ma. -Assuming that the variation in ages is not real but
due to underestimation of the analytical error, the critical value test
can be disregarded. The average of all plateau ages is 32.07 + 0.03 Ma
and the average of all plateau and preferred ages is 32.11 i_0.0M Ma.

These alternative methods for manipulating the data are not as strict as
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the initial method and leave more room for doubt.

LA JENCIA TUFF

The two Na-sanidine separates from the La Jencia Tuff both
displayed age-spectrum plateaus., The critical value test indicated that
the plateau ages were statistically identical. The average of these

plateau ages produced the unit age of 28.76 i.0'06 Ma.

VICKS PEAK TUFF

Two Na-sanidine separates were analyzed, but only one produced a
plateau. Na-sanidine sample K-BM-1 yielded a plateau age of 28.83 +
0.09 Ma. The c¢ritical value test demonstrated that the preferred age
for sample K-JH-10 was statistically equivalent to the K-BM-1 plateau

age. The two ages were averaged to give a unit age of 28,76 + 0.06 Ma.

LEMITAR

The Na-sanidine sample, K-TS-1, was analyzed and produced a plateau
age of 27.89 + 0.10 Ma. Two biotites were analyzed and sample K~JH-2&
yielded a plateau age of 28.37 + 0.06 Ma. Sample K-TS-1 bilotite did not
produce an age spectrum plateau, so a preferred age of 28.77 + 0.22 was

assigned.
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An evaluation of the Na-sanidine and biotite ages indicated that
they differ significantly. The two Lemitar Tuff samples were collected
from the extremes of the outflow sheet, K-JH-24 was taken from the
thick, basal vitrophyre in the Jéyita Hills, whereas K-TS-1 was
collected from the vapor-phase recrystallization zone (Smith, 1960) at

the top of the unit near Torreon 3prings.

The vitrophyre is the zone of most intense welding in the unit.
The vapor phase was squeezed out of this zone shortly after emplacement,
which allowed the glass shards and pumice to be preserved in a glassy
state. No devitrification has occurred and all phenoccrysts are fresh

~and unaltered.

The vapor-phase recrystallization zone has undergone complete
devitrification and recrystallization of the glass shards and pumice in
the presence of vapors rising from the main body of the cooling tuff.
Void spaces between shards have been filled with alkali feldspars and
silica minerals deposited from the vapor phase and the rock is hard and
dense, even though it is only slightly welded. The biotite phenocrysts
are oxldized to a coppery color, but the Na-sanidine phenocrysts appear

unaltered.

The basal vitrophyre and upper vapor-phase recrystallization zones
represent two extremes in the cooling history of the tuff. The
disparite nature of these two zZones in the tuff unit suggest that the
unit was not sampled properly for geochronology. The question

remains; which of these sample ages is the best for the Lemitar Tuff?
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There are several possible interpretations of the Lemitar Tuff
qur/39Ar data: 1) the biotite age from the Joyita Hills vitrophyre is
anomalously old; 2) the Na-sanidine age from the Torreon Springs
recrystallization zone is anomalously young; and, 3) both ages are

correct for the Lemitar Tuff. The biotite from the Torreon Springs

sample did not form an age-spectrum plateau and was disregarded.

There are two explanations for why the biotite separate from the
Joyita Hills vitrophyre sample may yleld an anomalous;y old age. The
biotite may contain excess qur which was not evident in the age
spectrum. The age spectrum did not exhibit the saddle shape
characteristic of a biotite containing excess MOAF (Lanphere and
Dalrymple, 1976), but other studies (Foland, 1983) have shown that
biotites with excess argon may still exhibit age spectrum plateaus,
Alternatively, the biotite may have lost a portion of its potassium
content through leaching or weathering. However, the whole-rock
major-element chemical analysis and thin section examination showed no

evidence for alteration or weathering of the vitrophyre sample.

The possible data interpretation that the Torreon Springs sample
Na-sanidine age is anomalously young gives rise to three explanations.
The Torrecon Springs sample may have gained potassium during a
hydrothermal alteraticon event, much younger than the tuff. However, the

whole-rock major-element chemical analysis and thin section examination
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show no evidence of potassium alteration. In addition, a detailed
analytical study of potassium metasomatized tuffs in the 3ocorro area
(J.I. Lindley, 1984, written commun.) has shown that Na-sanlidine

phenocrysts are not affected by slight to moderate levels of alteration.

A second explanation is that the Na-sanidine phenocrysts have lost
a portion of their MOAF* component by volume diffusion. This is
unlikely, as the Na-sanidine phenocrysts in the other tuff units are
chemically and structurally similar to those in the Lemitar Tuff
(J.I. Lindley, 1984, written commun.) and do not show any evidence of

uOAr* loss.

The third explanation for the anomalously young Torreon Springs
Na-sanidine age is that the potassium-argon system in the Lemitar Tuff
was reset by emplacement of the overlying South Canyon Tuff. The
Torreon Springs sample was collected from within 50 m of the top of the
unit, which is directly overlain by more than 100 m of South Canyon
Tuff. The Torreon Springs Na-sanidine age is indistinguishable from the
age of the Socuth Canyon Tuff. This explanation is unlikely due to the
following argument. The argon blocking temperature of Na-sanidine is
probably on the order of 300° to 350°C (J.F. Sutter, 1984, oral
commun.). To reset the potassium-argon system in the Na-sanidine
phenocrysts, this temperature must have penetrated 50 meters into the
top of the Lemitar Tuff unit. Taking into account the poor heat
conduction properties of rock, a circulating fluid phase would be

necessary to conduct the heat into the tuff. However,
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there is no evidence in the thin section or in the field for the
presence of a hot circulating fluid phase. In addition, lower
temperatures would have caused only partial loss of 40pr from the
Na-sanidine phenocrysts which then would have exhibited a disturbed age

spectrum.

The final interpretation of the data is that both ages are correct
for the Lemitar Tuff. The younger age of the Torreon Springs sample may
be due to a time break during the esruption of the tuff. However, the
section of Lemitar Tuff exposed near Torreon Springs shows no breaks in
the welding of the unit. The ages may represent the time span of the
eruption of the Lemitar Tuff, since one was collected from the base of
the unit and the other from near the top. This interpretation is
unlikely with the present models for ash-flow tuff eruptions. The ages
may actually be the same but appear different due to underestimation of
analytical error. For the Torreon Springs Na-sanidine age to agree with
the Joyita Hills biotite age, at the 95% confidence level, the
analytical error must be approximately doubled. This i1s too great a
change in the analytical uncertainty to be attributed to

underestimation.

The difference in the MOAF/39AP ages for the Lemitar Tuff cannot be
easily explained and care must be exercised in assigning an age to this
unit. The presence of an extremely thick section of basaltic andesite,
deposited between the Lemitar Tuff and the overlying South Canyon Tuff

in the Joyita Hills, suggests that the ages of these two tuff units may
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be different. At the moment, it is felt that the plateau age of 28.37_1
0.06 Ma for the biotite from the vitrophyre in the Joyita Hills
(K-JH-24) should be used as the unit age for the Lemitar Tuff, until
Na-sanidine samples from the interior portions of this unit can be

collected and analyzed.

SOUTH CANYON TUFF

One Na-sanidine sample was analyzed and failed to produce an
age-spectrum plateau. The preferred age for sample K-JH-22, 27'76_i
0.09 Ma, is the best estimate currently available for the age of this

unit.

Evaluation of Unit Ages

The critical-value test was used to verify unit age discrimination
(Table 5). The ages of Hells Mesa Tuff and La Jencia Tuff have a
critical value of 0.09 Ma and vary by 3.45 Ma. As a result, the ages of
these units are easily distinguished from cne another. The ages of La
Jencia Tuff and Vicks Peak Tuff have a critical value of 0.12 Ma and
vary by 0.0 Ma. These unit ages vary less than the critical value, and
cannot be distinguished. The ages of Vicks Peak Tuff and Lemitar Tuff
have a critical value of (.14 Ma and vary by 0.39 Ma. These unit ages

are statistically different and can be differentiated, provided that the
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age for the Lemitar Tuff is confirmed by additicnal Na-sanidine
analyses. The ages of Lemitar Tuff and South Canyon Tuff have a
critical value of 0.21 Ma and vary by 0.61 Ma. Therefore, these units
may be distinguished, provided that both of these unit ages can be

confirmed by additional Na-sanidine analyses.

The ages were additionally examined for agreement with the
stratigraphic order. The stratigfaphio order of the units in ascending
order is Hells Mesa Tuff, La Jencia Tuff, Vicks Peak Tuff, and Lemitar
Tuff, South Canyon Tuff. This stratigraphic order is not violated by

the MOAP/BgAP ages obtained in this study.



DISCUSSION

In an attempt to evaluate the results of this study, three
questions wefe considered: 1) How does the data solve the thesis
problems?; 2) How does the data relate to the geologic context?; and, 3)
Is the uOAP/39AP method appropriate for this type of study? Each of

these topics will be discussed individually.

Thesis Problem

The objectives of the thesis were: 1) to obtain precise ages for
the five ash-flow tuff units in the Socorro area; 2) to resolve the
observed discrepancy in con&entional potassium—argon ages between
cogenetic biotite and Na-sanidine phenocrysts; and, 3) to correlate the

outflow sheets with their source cauldrons by age relationships.

HIGH-PRECISION DATING

The Hells Mesa, La Jencia, and Vicks Peak tuffs were precisely

dated by multiple analyses. The uncertainties assigned to the ages are

sufficiently small so that differentiation and correlation with units in
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other parts of the volcanic field are potentially possible.

Tne study failed to produce reliable age estimates for the Lemitar
and South Canyon tuffs; these units did not have multiple Na-sanidine
analyses performed. Therefore, the Lemitar Tuff age is currently based
on the data from a single biotite analysis, and the South Canyon Tuff
age 1s based on the data from one Na—sanidine analysis. Thus, at the
current time, the ages of these units are ndt sufficiently reliable for
comparison with units in other areas of the volcanic field and the first
thesis objective is only partially fulfilled. However, subsequent
analyses of multiple Na-sanidine samples from the Lemitar Tuff and South
Canyon Tuff should provide precise age estimates for these units that

can be used in regional correlation studies.

NA-SANIDINE-BIOTITE CONVENTIONAL K~AR AGE DISCREPANCY

Conventional potassium-argon ages of cogenetic Na-sanidine and
biotite phenocrysts show a discrepancy, with Na-sanidine yielding
consistently younger apparent ages than biotite (fig. 3). 1In this
study, uOAr’/BgAr age-spectrum concordancy differed from one mineral to
another. However, the lack of significant variation between plateau or
preferred ages of biotite, Na-sanidine, and hornblende in the Hells Mesa
Tuff implies that discordance in the conventional potassium-argon ages
was due to analytical methodology, and not to argon retention

differences in these minerals.
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The following conclusions concerning discrepancies between biotite
and Na-sanidine conventional potassium-argon ages, have been reached.
Since these ash-flow tuffs have cooled instantaneously with respect to
their ages, the potassium~argon age discrepancy is not likely due to
argon blocking temperature differences between the two minerals. Since
there is ne discrepancy in the 40pr/3%r ages, it is unlikely that the
conventional age discrepancy is due to differences in argcon retention
caused by the different crystal structures of biotite and Na-sanidine.
It is also not likely that this apparent age discrepancy is due to
alteration by low-temperature hydrothermal fluids or by surficial
weathering. The samples of the tuffs which showed the apparent age
discrepancy are not visibly altered or weathered. 1In addition, Clauer
(1981) has shown that the potassium-argon age of biotite would be
lowered relative to potassium feldspar in a weathering situation. The
most likely cause of the conventional age discrepancy between
Na~sanidine and biotite is incomplete extraction of argon from the
Na-sanidine in the laboratory (McDowell, 1983). Feldspars yield a more
viscous melt than biotites; as a result, higher temperatures and longer
heatings are required for complete argon extraction. Heating techniques
used for most minerals can leave as much as 15% of the HOpp* trapped in
a feldspar sample. Argon extraction with elevated temperatures and a
fluxing agent may still leave 2% residual HOpp¥ (McDowell, 1983), which
is sufficient to cause the age discrepancies in the ash-flow tuff data.
Also, small discrepancies may be caused by impurities in the mineral

separates. Separates for conventional potassium-argon dating are not
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often hand-picked for purity, due to the large quantities of minerals
required, usually in excess of 0.5 grams. Thus, impurities such as
xenocrysts, groundmass, and glass fragments may be included in the
analysis. Glass or fine-grained groundmass, containing potassium and
having lost argon by diffusion, may cause anomalously young ages.
Xenocrysts of older material or that contain excess argon may cause

anomalously old ages.

CAULDRON CORRELATION

The last thesis objective was to correlate the outflow sheets with
their source cauldrons using age relationships. Due to extensive
hydrothermal alteration in known source cauldrons and lack of known
cauldrons for some units, the evaluation of this objective was limited
to one uOAP/39AF cauldron-£ill sample from the Hells Mesa Tuff. The
plateau age for the Na-sanidine from the cauldron-fill facies is
younger, using the critical value test, than the calculated unit age for

the Hells Mesa Tuff outflow sheet.

At least six explanations are possible for the apparent discrepancy
between the Na-sanidine cauldron-fill age and the the Hells Mesa Tuffl
unit age. First, the apparent age difference may not represent a real
time lapse, but rather a slight potassium metasomatism of the

cauldron~fill sample. Whole-rock major-element chemical analysis
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indicated that the cauldron-fill éample has a Kzo content that is
approximately 1.26% greater than the mean of the outflow-sheet samples.
Most of the exposed cauldron-fill tuff haé undergone potassium
metasomatism and manganese mineralization (EZggleston, 1982). Although
the dated sample was collected from outside the area of known
alteration, it may have been slightly affected (C.E. Chapin, 1983, oral
commun.). The Na-sanidine phenochysts may have absorbed approximately
1% excess potassium into their structures, causing the age reduction.
This explanation is unlikely, howevér, since a detailed analytical study
of the potassium metasomatized ash-flow tuffs in the Socorro area

(J.I. Lindley, 1984, written commun.) has shown that, except for
severely altered samples, the Na-sanidine phenocrysts are totally

unaffected by this type of alteration.

Second, the loss of a portion of the MOAF* trapped in the mineral is
another means of reducing the sample age. Two mechanisms, involving the
cooling history of the cauldron, may have accomplished this for the
cauldron-fill sample. The cauldron may have remained an area of high
heét flow for a significant period of time following the cessation of
ash-flow volcanism, because of the great thickness of the cauldron-fill
tuff, the presence of an underlying pluton, and post-resurgence filling
of the moat with local ash-flow tuffs and lava flows (Eggleston, 1982).
Cauldron development, from the major ash-flow eruption through
resurgence, may occur in less than 100,000 years (Smith and Bailey,

1968), The elevated temperatures would cause the thick accumulation of
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cauldron~fill tuff to cool slowly compared with the ocutflow sheet.
During cooling, the partially disordered monoclinic Na-sanidine
phenocrysts may have undergone an increase in ordering of aluminum and
s5ilica ions. The more ordered potassium feldspars may retain less argon
than Na-sanidine (Foland, 1974). A small amount of argon 1o0sSs
assoclated with increased ordering may be sufficient to explain the
reduced age. In addition, slow cooling may cause the exsolution of
potassium and sodium-bearing phases into a perthitic structure.
Perthitic exsolution lamellae reduce the éffective grain size for
diffusive loss of argon (Foland, 1974) and diffusion may occur at lower
temperatures. X-ray diffraction analysis of the cauldron-fill

Na-sanidine is necessary to evaluate these possibilities.

Third, the high temperatures in the cauldron area may have allowed
the cauldron-fill tuff to cool slowly and the minerals to pass through
their argon blocking temperatures after the outflow sheet had cocled.
The argon blocking temperature of Na-sanidine has not been measured but
studies of other potassium feldspars indicate that the argon blocking
temperature increases with decreasing order (J.F., Sutter, 1984, oral
commun. ). Therefore, Na-sanidine, the most disordered potassium
feldspar, likely has the highest argon blocking temperature of potassium
feldspars, probably in excess of 300°C; and thus, biotite and sanidine

should yield a similar age for the cauldron-fill tuff.
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Fourth, the apparent age difference between cauldron-fill and
outflow-sheet Na—sanidines may represent a true time lapse in the
development of the cauldron. The biotite cauldron-fill sample failed to
produce a plateau; thus, anlanomalous age may have been concealed by the
large uncertainty associated with the preferred age The cauldron-fill
tuff may have been sampled from the upper part of the unit which
represented,the”last.matérial erupted. This material may have been
erupted some time‘qfter the bulk of the ash-flow tuff, and its younger

age may indicate the time span of the eruptive activity. However, this
.is unlikely according td the accepted models for ash-flow tuff eruptions

and cauldron formation (Smith and Bailey, 196€8).

Fifth, the relatively young cauldron-fill Na-sanidine age may
involve underestimation of the analytical error. Assuming that there is
no difference between the cauldron-fill and the outflow sheet ages, the
analytical error would have to be on the order of 0.6% higher to satisfy
the critical-value test, This is too great a difference to be

attributed to underestimation of error.

Sixth, the area from which the cauldron-fill sample was collected
may have been affected by a post-cauldron thermal anomaly which reset
the mineral potassium-argon systems through diffusive loss of MOAP. The
fact that both of the samples that gave anomalously young ages in this

study (the Lemitar Tuff sample from Torreon Springs and the
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cauldron-fill Hells Mesa Tuff sample) were collected within 10 km of

each other (fig. 1) suggests this possibility.

Although the cau;dron—fill Na-sanidine age is younger than the
Hells Mesa Tuff outflow-sheet age, the ages ére sufficlently close to
correlate these two facies. In addition, the total K/Ca ratics of the
Na-sanidines in the Hells Mesa Tuff are reasonably consistent and
ﬁonfirm the correlation. Therefore, this thesis objective was paﬁtially

fulfilled.

Geologic Context

The data generated in this study relates to the geologic setting in
three principle ways. On a lccal scale, the data represents the
stratigraphic order of the tuff units. On a regional scale, the data
relates to the development of the Mogollion-Datil voleanic field and the

evolution of the Rio Grande rift.
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STRATIGRAPHIC ORDER

Since the units were too closely spaced temporally to be
distinguished by other radiometric dating techniques, the "Oar/3%r
dating method revealed the ages and confirmed the stratigraphic order of

the five ash-flow tuff units (Table 5).

The ages of the units were found to be slightly to moderately
different than previously accepted (figs. 3, 23). The four upper units
are more closely spaced and there is a significant time lapse between
these units and the Hells Mesa Tuff. The Hells Mesa Tuff is slightly
younger than the 33.1 Ma age estimated from conventicnal potassium-
argon analyses (Osburn and Chapin, 1983a). The La Jencia Tuffl is
younger than the estimated age and older than the conventional
potassium-argon ages, which average 24.8 Ma., The unit age was
previously estimated to be 30.9 Ma from conventional potassium-argon
ages of overlying basaltic andesites and cauldron-fill units (Osburn and
Chapin, 1983a). The age of Vicks Peak Tuff cannot be distinguished from
the age of La Jencia Tuff. The Vicks Peak Tuff was previously dated by
the fission-track method which yielded a meaningless age. However,
these two units can be differentiated on the basis of the K/Ca ratios of

the Na-sanidine phenocrysts. The age of Lemitar Tuff, approximately
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the same as that determined with the conventional potassium-argon
method, is now more precisely known. The South Canyon Tuff is older

than the 26.5 Ma age indicated by conventional potassium—argon dating.

The MOAP/39Ar ages for the samples collected in the Joyita Hills
agree very well with the exposed stratigraphic sequence (Table 6). All
five tuff units are present, they are unaltered, the"emplacement
sequence is easily discernable, and the area is accessible. Detailed
geologic mapping and chemical analyses have been performed on the units
in this area; thus, the ash-flow tuff units are well characterized
(Appendix IV). For these reasons, the section of the five aéh~flow
tuffs exposed in the Joyita Hills should be regarded as the standard
reference section of these units for geochronology. The section should
be used for comparisons and correlations in future geochronologic

studies in the Socorro area.

VOLCANIC FIELD

The precise MOAP/39Ar ages of the ash-flow sheets‘have important

implications in understanding the development of the Mogollon-Datil
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volcanic field. The time lapse between the Hells Mesa Tuff and the
overlying units indicates that two distinct périods of volcanism
occurred in the northeastern portion of the field, and has important

implications to petrogenesis.

The Hells Mesa Tuff, an important marker bed, is the first major
unit of rhyolitic composition, which contains abundant quartz
phenocrysts. Units of the Datil Group below the Hells Mesa Tuff are
quartz-poor and generally more intermediate in composition (Osburn and
Chapin, 1983b). The Hells Mesé Tuff is chemically and»texturally zoned
from quartz 1atite-to rhyolite (Appendix IV). This ascending increase
in silica content in the outflow sheet is the opposite of the zoning
treﬁd normallyrobsérved in tuffs. These observations may suggest that
the Hells Mesa Tuff signels a change in the nature of volcanism in the

northeastern Mogollon-Datil volcanic field.

The next major ash-flow unit, the La Jencia Tuff, was not emplaced
for more than three million years in this area of the field. A
reccgnizable unconformity exists between the Hells Mesa Tuff and the
overlying units with evidence that a significant amount of erosion and
channelling took place. Paleovalleys, cut in the Hells Mesa Tuff and
filled with La Jencia Tuff, are known to occur in the Joyita Hills
(8mith and cthers, 1983), on Grey Hill west of Magdalena (Wilkinson,
1976), in the Abbe Springs area (Mayerson, 1979), and in the Gallinas

Mountains (Coffin, 1981; Laroche, 1981; Brouillard, 1984).
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The four upper ash-flow tuffs were all erupted within a time period
of approximately one million years. These closely spaced, major,

ash-flow eruptions may reflect changes in regional tectonics.

RIO GRANDE RIFT

The timé of initial rifting in the Socorro area has been estimated
from detailed mapping and stratigraphic studies that have utilized the
major regional ash~flow tuff sheets as time-stratigraphic markers
(Chapin and Seager, 1975; Chapin, 1979; Chamberlin, 1978; 1983; Osburn
and Chapin, 1983a; 1983b). Chapin and Seager postulated that the onset
of extensional faulting, associated with the opening of the rift, broke
the roof of an Oligocene batholith and permitted the intrusion of
numerous stocks and dikes into a broad zone of normal faults. On the
basis of the few conventional ages available at that time, they
estimated regional extension to have begun after 30 to 31 Ma and before
28 Ma. The 4OAP/39A1" ages of this study and the new I.U.G.S. decay
constants indicate, using the evidence of Chapin and Seager, that

regional extension began in the Magdalena area before 29 Ma.

A more recent study (Chamberlin, 1978; 1983) focused on the Lemitar
Mountains, north of Socorro, where the ash-flow Luff sheets dated in
this study have been progressively offset by a series of extensional,
domino-style, normal faults. Chamberlin reconstructed the area prior to

each episode of faulting and showed that regional extensional faulting,
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associated with rifting, began after emplacement of the Hells Mesa Tuff
and prior to emplacement of the Lemitar Tuff.This indicates that the
Socorro segment of the Rio Grande rift began to form between 32.18 Ma

and 28.37 Ma.

The onset of regional extension coincides with changes in the
eruption pattern of the northeastern Mogollon-Datil volcanic field.
Four c¢losely spaced, major ash-flow tuffs, La Jencia, Vicks Peak,
Lemitar, and South Canyon, were erupted over a time interval of only one
million years (28.76 Ma to 27.76 Ma) during the initial stage of
rifting. This suggests that changes in the regional stress field may

have served as a catalyst for the eruptions.

Suitability of Method

The successful outcome of this study suggests that the Y0pr/39r
relative dating technique is a suitable method for resolution of certain
stratigraphic problems in ash-flow tuffs. The level of precision
attainable with this method extends the usefulness of radiometric
dating. The Fish Canyon Tuff of southern Colorado and and the timing of
ore deposition in Portugal are two examples (J.F. Sutter, 1984, oral
commun.) of successful high-precision studies, which have been performed
by the U.S. Geological Survey. AS ”OAP/BgAr laboratories are

established, more high precision studies will be performed.
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As shown in this study, the conventional potassium-argon method is
clearly inadequate for high-precision studies. The conventional method
is most effectively applied to studies of units which are not closely
spaced or for which 2-3% precision is sufficient. In addition,the
existing body of conventional data should be regarded as approximate
ages, and the Na-sanidine conventional ages should be considered minimum
ages, due to the analytical difficulties associated with complete argon

extraction from feldspars.



CONCLUSIONS

Summary

Five regional ash-flow tuff units were dated with the MOAr/39Ar
method and produced more precise ages for the units than the
conventional potassium—argon method. The “OAr/39Ar results provided age
differentiation and confirmation of correlations of these units in tbe

northneastern Mogollon-Datil veolcanic field.

The l‘OAP/39A1~ analyses of cogenetic Na-sanidine and biotite
indicates that the cause of the conventional potassium—-argon age
discrepancy is laboratory methodology. The conventional Na-sanidine
ages are anomalously young due to incomplete extraction of the trapped
”OAr (McDowell, 1983). In addition,the MOAP/39AF analyses demonstrated

that Na-sanidine yields more precise uOAP/39Ar‘ data than biotite.

An attempt to confirm the outflow sheet-cauldron correlation of the
Hells Mesa Tuff was a partial failure. The cauldron-fill sample yielded
a slightly younger apparent age than the outflow sheet, although it was
distinguishable from the other tuff units. The experiment should be
repeated with additional pairs of outflow-sheet- cauldron-fill samples
to see if this apparent age difference is real or a result of

insufficient analytical data.
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The uOAr‘/39Ar ages of. the tuffs proved the existence of a 3.4 Ma
hiatus in the evolution of the northeastern Mogollon-Datil volcanic
field between the eruptions of the Hells Mesa Tuff and the La Jencia
Tuff. This hiatus has major'implications to petrogenesis of the
volecanic rock suites and to initiation of the Rio Grande rift. The
dates also more accurately bracket the onset of regional extension,
which corresponds to the beginning of the Rio Grande rift. These
results demonstrate the suitability of the uOAr/39Ar dating method to

high-precision studies of this nature.

Suggestions for Further Research

The objectives, which were not fulfilled in this study, could be
accomplished by collection and analysis of additional samples. Both the
South Canyon and Lemitar tuffs should be analyzed further to provide
multiple Na-sanidine ages for these units. The cauldron-fill sample of
the Hells Mesa Tuff should be re-analyzed to determine if the age
discrepancy actually exists. If the cauldron-fill versus outflow-sheet
age discrepancy does exist, x-ray diffraction and microprobe analyses of
the Na-sanidine phenocrysts would be useful in determining the cause.

In addition, more pairs of outflow-sheet and cauldron-fill samples from
other units should be dated to evaluate possible correlations of
ash-flow tuffs with source cauldrons. Samples of the tuffs from
geographic locations not included in this study should be analyzed to

further test the ash-flow tuff chronology.
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Future studies of this type should include detailed
characterization of the units, similar to tephrochonology studies.
Phenocryst chemistry and x-ray diffraction analyses combined with

paleomagnetism determinations would greatly aid in the correlation of

the units,.

The Hells Mesa Tuff, extensively dated in this study, should be
utilized as a regional datum for future age comparisons. The Joyita
Hills measured section through the tuff units (Appendix IV) should be
employed as a regional reference section for the sequence of tuffs in

the northeastern Mogollon-Datil volcanic field (Table 6).



APPENDIX I

The Critical Value Test

The critical value test (Dalrymple and Lanphere, 1969) is a
non-statistician's two-sided confidence interval. It is a test to

determine, at a 95% confidence level, if two dates are the same.

- 2 2 1/2
C.V. 1.960 (01 /n1+02 /n2)

The 04 and o5 are the standard deviations on each date and ny and
n2 are the number of measurements made on each date. For there to be a
distinction between two dates, the apparent difference, le-XEI’ must
exceed the critical value. If the apparent difference is less than the
critical value, the samples are not necessarily the same age. The
equation only shows that any difference in the ages is too small to be
detected at the 95% confidence level, and could be explained totally by

analytical uncertainty.
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EXAMPLE 1
sample 1 =30.9 + 1.1 Ma
sample 2 = 32.1 + 0.7 Ma
|%,-%,| = [30.9 - 32.1] = 1.2 Ma

CLV. = 1.960 [(1.1)2/1 + (0.7)2/11'/2 = 2.56 Ma

There is no difference detected at the 95% confidence level.

EXAMPLE 2
sample 1 = 32.1 + 0.7 Ma
sample 2 = 28.6 + 1.0 Ma (average of 2 analyses)
|%;-x,] = |32.1 - 28.6] = 3.5 Ma

C.V. = 1.960 [(0.7)2/1 + (1.0)2/211/2 = 1.95 Ma

There is a difference between these two dates at the 95% confidence

level.



APPENDIX II

Conventional Potassium—Argon Ages

(all ages in Ma)

A)l averages are weighted by the inverses of the variances of the
sample ages. The variance, the square of the standard deviation, is a
measure of the uncertainty in the age. By weighting the sample ages by
the inverse of their variances, the sample ages with the lowest
uncertainty are weighted the most. The references for the ages are

listed in Table 2.

HELLS MESA TUFF
Biotite weighted average = 33.17 + 0.63

a) 34.0 + 1.3

b) 33.2 + 1.1

¢) 33.0 + 1.1

d) 32.3 + 1.5
Na-sanidine

a) 32.1 + 0.7 C.V, a-c = 2.39

b) 30.9 + 1.1 diff. = 3.5

c) 28.6 + 1.0 date ¢ excluded

weighted average = 31.75 + 0.74

Plagioclase

a) 31.1 + 1.9
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Fission-track

a) 31.4 + 1.4  weighted average = 30.49 + 1.06
b) 29.3 + 1.6
Weighted averages:
biotite 33.17 1_0.63 c.Vv. = 1.20

Na-sanidine 31.75 i_O.YU diff. = 1.42

There is a difference between these dates.

biotite 33.17 i_0.63 c.V. = 1.59
fission-track 30.49 + 1.06 diff. = 2.68

There is a difference between these dates.

Weighted average:
Na~-sanidine + plagioclase + fission-track

31.43 + 0.63

LA JENCIA TUFF

Na-sanidine

a) 28.1 + 1.2 C.V. ¢-d = 2.51
b) 25.0 + 0.6 diff. = 2.80
c) 24.8 + 1.0 Date d is excluded.
d) 22.0 + 0.8
Whole-rock
e) 24.7 + 0.7 weighted average = 25.20 + 0.45



VICKS PEAK TUFF
Fission-track

a) 31.3 + 2.

LEMITAR TUFF

Biotite

a) 28.8 + 0.
b) 28.8 + 1.

c) 28.3 + 1.

d) 27.7

| +
-

e) 27.0

| +

Whole-rock

£y 22.9 + 0.

SOUTH CANYON TUFF

Na-sanidine

a) 26.5 + 1

b) 24.5 + 0.

c) 24.5 + 1
Biotite

d) 26.9

| +
—

(100)

C.V. e-f = 2.29

diff. = 4.1

Date f is excluded.

weighted average

weighted average

28.22 + 0.46

25.54 + 0.49
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STRATIGRAPHIC ORDER

By ages:
:'La $enoia Tuff 25.20 + 0.45
| | C.V. = 0.65 diff. = 0.34
‘South Canyon Tuff 25.54 + 0.49
| C.V. = 0.63 diff = 2.68
Lemitar.Tuff 28.22 + 0.46
C.V. = 5.1 diff = 3.08
Vicks Peak Tuff 31.30 i_2.6
C.V. = 5.13 diff = 0.13
Hells Mesa Tuff 31.43 + 0.63

By stratigraphy:
South Canyon Tuff
Lemitar Tuff
Vicks Peak Tuff
La Jencia Tuff

Hells Mesa Tuff

The conventional ages do not preserve the stratigraphic order and
most units cannot be differentiated., The Hells Mesa Tuff shows a

discrepancy between the Na-sanidine and biotite dates.
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APPENDIX III

Sample Locations

Samples K-JH-1 through K-JH-26

Joyita Hills

Mesa Del Yeso T7.5' quadrangle, Sevilleta Grant

(unsurveyed)

seecs. 10, 11, T1S, RIE

3hotht- IHeflriET N, 106°49'- 106°49'30" W

Geology from Spradlin, 1976

Samples K-BM-1 through K-BM-11

Bear Mountains

Mesa Cencerro 7.5' quadrangle

center of side common to sec. 36 T2N, RS5W and

sec. 31 T2N, RUW
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34027715 N, 107°18'20" W

Geology from Tenking, 1957, and Massingill, 1979

Sample K-D-1

Datil area

Sugarloaf Mountain 7.5' quadrangle

center SW 174, NW 1/4, NW 1/4, sec. 28 T2S, R1OW

34°06'30" N, 107°53'20" W

Geology from Lopez and Bornhorst, 1979

Sample K-CM-2

Chupadera Mountains

Luis Lopez 7.5' quadrangle

center SW 1/4, NW 1/4, sec. 29, THS, RIW

33°56'05" N, 106°58'20" W

Geology from Eggleston, 1982
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V. Sample K-TS-1

Torreon Springs

Molino Peak 7.5' quadrangle

center sec. 9, T58, R2W

33°053'25" N, 107°03'15" W

Geology from Osburn and others, 1981



APPENDIX IV

Measured Sections and Chemical Data

Three sections were measured tnrough one or more of the ash-flow
tuff units in the Joyita Hills, Bear Mountains, and near Torreon
Springs. Samples were collected at intervals through the sections and
analyzed for major-element chemical compostion by x-ray fluorescence
spectrometry (Norrish and Hutton, 1969). The analytical uncertainty of
the Rigaku 3064 x-ray flucrescence spectrometer at the New Mexico Bureau
of Mines and Mineral Resources is shown in the upper right-hand corner
of each plot (Bobrow, 1984). The section near Torreon Springs was
measured, sampled, and the chemical analyses performed by G.R. Osburn
(1983, written commun.). The Hells Mesa Tuff section in the Bear
Mountains was measured and sampled by C.E. Chapin and G.R. Osburn and
the chemical analyses were performed by G.R. Osburn (1983, written
commun.) The Hells Mesa Tuff section in the Joyita Hills was measured,
sampled, and the chemical analyses performed by G.R. Osburn and

L.L. Kedzie.
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Bear Mountains Measured Section

Height Above Base (meters)
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Torreon Springs Measured Section

Height Above Base (meters)
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Chemical Data

Hells Mesa Tuff
83~6~1 83-6-2 K-JH-26 83-6-3 83-6-4 B83-6-5

510, 69.04  69.05 69.45 69.06 69.78  69.27
Ti0,5 0.36 0.35 0.33 0.38  0.35 0.35
AloO,  15.02 14,91 15.38  15.72  15.44  15.55
Feooz  2.54  2.53 2,68 2,70 2.54  2.57
Mnd 0.07 0.06 0.08  0.08  0.05 0.07
MgO 0.76  0.83 0.32 0.60 0.43 . 0.50
ca0 2.14 1.90 1.97 2.05 1.92% 1.94
Naso 3.43  3.25 3.79  3.96  4.09 4.16
K0 5.11 4.99 k.57 4,80  4.73 4.1
P05 0.12  0.13 0.11 0.14 0.14 0.11
161 1.64 1.93 0.61 1.52 1.08 0.95
TOTAL  100.23 99.93 99.29 101.01 100.55 100.18
109 120 130 143 83-6-6 163
510, 69.82  69.59 69.71  69.24 69.09  69.65
Ti0, 0.36 0.35 0.35 0.34 0.37 0.36
Al,og  15.52 15.56  15.55 15.70 15.67  15.71
Fe;03 2.71 2.62 2.63 2.65 2.79  2.67
MnD 0.07  0.07 0.06 0.07 0.07 0.08
MgO 0.38  0.38 0.34 0.3 0.42 0.32
Ca0 1.95 1.97 1.99  2.04 1.98 1.95
Na,o0 5,13 W07 ho2h o 418 4.3k L2
K50 4.56 4,51 4.54 4,50 .51 447
P505 0.11 0.11 0.12 0.13 0.14 0.12
L1 0.50  0.47 0.33 0.39 0.93 0.42
TOTAL  100.10 99.80 99.86 99.57 100.31 99.86
170 182 190 194 83-6-7  K-JH-1
8i0,  69.32  69.26 69.30 69.90 69.36  68.80
T10, 0.37 0.36 0.36 0.35 0.37 0.35
Al,05  15.77  15.70  15.70  15.52  15.64  15.49
Fe 03 2.74 2.85 2.71 2.70 2.70 2.90
Mn6 0.08  0.05 0.07  0.08  0.08 0.08
Mg0 0.33  0.33 0.34  0.33 0. 41 0.37
Ca0 2.05 1.92 2.04 1.98  2.04 2.06
Na,o 1.15 3.93 4.03 4.1y 4. 40 3.89
K0 L, us 4,45 4.4l 4. 46 4.39 4. u2
P50 0.12 0.15 0.12 0.12 0.13 0.12
LI 0.39  0.55 0.44 0.37 0.90 0.56
TOTAL  99.78 99.56  99.56 99.96 100.42 99.05
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210 220 230 240 250 83-6-8
510,  69.69 71.37 71.20 72.33 73.24 73.26
Tig, 0.35 0.30 0.29 0.26 0.23 0.26
Al203 15,07 14,93 14,76 1418 13.95 14011
Fe,03 2.66 2.32 2.25 1.93 1.68 1.8
Mn0 0.07 0.06 0.07 0.06 0.06 0.07
Mgl 0.32 0.26 0.25 0.21 0.14 0,40
ca0 1.97 1.72 1.72 1.50 1.29 1.46
Na,o 4,13 3.90  3.82  3.83 3.69  4.07
K50 Yoo w56 L5700 LGk u.7h o 4.59
P05 0.12 0.10 0.09 0.08 " 0.07 0.08
L1 0.35 0.48 0.51 0. 41 0.32 0.65
TOTAL  99.60 99.99  99.52  99.43 99.40 100.76
260 270 280 290 83-6-9 300
S10,  73.31  73.12  73.69 7H.67 74.90  73.9%
T10, 0.22 0.22  0.20  0.20 0.18  0.19
Al,G; 13.90 14,08 13.80  13.60 13.29  13.46
Fe 03 1.65 1.71 1.57 1.7 1.33 1. L4
Mnb 0.06 0.06 0.06 0.06 0.06  0.06
Mg0 C.14 0.17 0.12 0.10 0.25 0.18
CaQ 1.26 1.25 1.18 1.06 1.33 1.17
Na,0 3.79 3.69 3.63 3.52 4,16 3.81
K50 4.66 4. 71 4.65 L7y 4. 64 4,64
Pr0g 0.07 0.06 0.06 0.05 0.05 0.05
LB 0.30 0.33 0.36 0.40 0.71 0.35
TOTAL  99.36  99.40  99.27 99.87 100.90 99.29
320 83-6-10 83-6~11 83-6-12 K-CM-2 K-D-1
510, 74.86  75.16  75.65  7M.90  T1.78 71.46
T10, 0.18 0.17 0.16 0.20 0.27 0.31
A1203 13.45  13.04  12.99 12.94  14.04 14,98
Fe 03 1.37 1.35 1.15 1.49 .76 1.94
Mn 0.05 0.06 0.05 0.06  0.04 0.07
MgO 0.06 0.27 0.25 0.29 0.26  0.33
Ca0 1.14 1.23 0.84 1.24 1.55  1.65
Na,0 3.72 3.90 3.75 3.72 2.85 4.13
K0 L,78 4.63 .81 4. 55 6.06 L.68
P50g 0.05 0.05 0.05 0.05 0.08  0.10
L1 0.34  0.67 0.4  0.66  1.36 0.38
TOTAL  100.00 100.53 100.15 100.10 100.05 100.02
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82-3-0 82-3-1 82-3-2 B2-3-3 K-BM-3 82-3-Y4

510, 67.64 69.66 70.08 71.36  70.66  72.02
TiG, 0.39  0.32  0.32 0.28  0.26  0.26
Algo3 14.56  14.39  15.06  14.77  14.90  14.62
Fe 03 2.72 2.2} 2.28 1.96 2.02 1.78
Mnd 0.05 0.05 0.06 0.05 0.05 0.03
Mg0 1.38 0.4y 0.54 0.52 0.19 0.36
Ca0 3.08 2.73 1.72 1.59 1.62 1.42
Na,o 3.08 3.87 4,27 4.21 4.02 4.00
K0 2.63 476 LLT7H 4,85  4.92 i.89
P05 0.14 0.12 0.14 0.11 0.09 0.09
LB 1.10 1.59 0.60 0.72 0.55 0.76
TOTAL  96.77 100.11 99.81 100.42 99.28 100.23

82-3-5 82-3-6

510, 73.38  74.57
T10, 0.21 0.16
AL,O;  13.65  12.50
Fe 03 1.51 1.09
Mn0 0.04 0.0k
Mg0 0.48 0.57
cao 1.12 0.86
Nas0 3.52 3.14
K50 4.89  14.85
Pog 0.07 0.0l
101 1.19 2.07
TOTAL  100.06 99.89

La Jencia Tuff

K-JH-2 K-JH-3 K-JH-4 K-JH-5 K-JH-6

510, 74.55  75.21  T76.46  75.16  73.10
Ti0, 0.13 0.13 0.13 0.18 0.27
AL,o,  12.31 12,78 12.52  13.02  13.71
Fe 03 1.37 1.22 1.18 1.35 1.62
Mnb 0.06  0.07 0.05 0.06  0.08
Mg0 0.19  0.08  0.17  0.16  0.27
ca0 1.14  0.28  0.28  0.30  0.76
Na,0 3.13 3.70 3.53 3.72 2.36
K0 5.04  4.94  L.66  5.02  5.30
P50 0.01 0.02 0.01 0.03 0.03
LBI 1.92 1.91 1.06 1.00 1.21
TOTAL  99.80 100.35 100.05 100.00 98.70
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K-BM~-11 K-BM-2 K-BM-4 K-BM-5 K-BM-6

510, 77.96  73.16  68.89  68.29  66.27
T10, 0.15  0.2H4 0.46  0.45 0,44
Aloog 11.32 1345 15.47  15.67  15.71
Fe 03 1.23 1.60 2.13 2.23 2.21
Mn0 0.02 0.04 0.05  0.05 0.07
Mg0 <0.04 0.03 0.08  0.10 0.2H4
Ca 0.18 0.31 0.50 0.54 1.46
Na, 3.55 4.08 4.58 4.68 4.25
K0 4.69 5.52 6. 41 .54 7.15
P05 0.02  0.04  0.08  0.07  0.17
LB 0.50 0. 44 0.36 0.45 1.24
TOTAL  99.49 98.91 99.00 99.08 99.14

Vieks Peak Tuff

K-JH-7 K-JH-8 K-JH-10 K-JH-9 K-JH-11
S10, 77,06 76.68 76.51 75.38 73.20

Ti0, 0.13  0.16  0.14  0.19  0.22
Aloog  11.75  12.05  11.99 12,20 12.10
Fe,03 1.4 1,149 1.50 1.61 1.73
MnD 0.0 0.09 0.09  0.08  0.08
MgO <0.04  <0.04 <0.04  0.16  0.03
ca0 0.10  0.13  0.20  0.30  1.49
Na,0 3.54  3.52  3.73  2.96  3.53
K,0 484 W97 4.8 4.9 4.92
P50 0.03  0.02  0.02  0.05  0.04
LOT 0.25  0.28  0.3C  1.99  2.77
TOTAL  99.18  99.39  99.30 99.82  100.11

K-BM-8 K-BM-7 K-BM-1 K-BM-9 K-BM-10

810, 75.24  76.68 77.28 75.21  75.64
Ti0, 0.14 0.17 0.14 0.18 0.19
Al,O,  12.28  11.68  11.04 12,02 11.98
Fe 03 1.56 1.47 1.4y 1.65 1.53
MnG 0.06 0.04  0.06 0.0b  0.06
MgO 0.03 0.03 0.03 0.11 0.0%
Ca0 0.10 0.14 0.07 0.43 0.20
Na,0 3.82  2.90  2.86  3.29  3.00
K50 5.32  6.08  5.72  5.44  5.50
0 0.02 0.03 0.02 0.03 0.02
L%I 0.54 0.66 0.58 1.00 0.79
TOTAL  99.11  99.88 99.24 99.40  99.05



Lemitar Tuff

S5i0

T102
Al e
;203

Fe.no
Mng 3
MgO0
Ca0
N320
K,0
on
L%I5
TOTAL

S1i0
TiC
A1203
Fe 03
Mné
Mgo
Cal
Na,.o
K5
P,0
L61°
TOTAL

Si0
Ti0
A1203
Fe_.p
Mn% 3
MgO
Ca0l

TOTAL

K-JH-12 K-JH-24 K-JH-13

(122)

K-JH-14 K-TS-1

66.66 67.69 67.01 68.12 73.77

0.46 0.45 0.49 0.50 0.38
15.22  15.28 15.21  15.53  13.47

2.58 2. 46 2.U7 2.56 2.02

0.07 0.07 0.07 0.06 0.06

0.64 0.58 0.58 0.51 0.36

1.87 1.75 1.78  2.04 1.10

3.69 3.86 i, 05 .10 3.55

5.12 4,83 4,89 5.47 L, 8y

0.14 0.13 0.13 0.16 0.09

3.10 2.6k 2.82 0.65 0.20
99.55 99.74 899.50 99.69 96.78
TS-1 TS-2 TS-3 TS-4 TS~5 TS~6
69.63 73.25 74.99 75.90 76.07 73.06
0.48 0.14 0.19 0.18 0.19 0.35
14.99  9.99 12,77 12.51 12.45  13.19
2.13 0.81 1.06 1.07 1.07 1.82
0.08 0.04 0.05 0.0k 0.05  0.05
0.31 0.57  0.36 0.29 0.28 0.35
1.0l 2.33 0.59 0.47 0.53 1.13
4.93 1.1 3.12 3.76 3.55 3.70
6.05 2.76 5.31 5.00 4.91 5.06
0.10 0.02 0.02 0.03 0.02  0.13
0.64 0.69 1.18 0.56 0.72 1.21
100.38 99.50 99.64  99.81  99.84  100.05
TS-7 TS~8 TS-9 7S-10 TS-11  TS-12
76.20  75.56  75.47  75.17  73.86  73.52
0.19 0.19  0.19 0.19 0.25 0.29
12.57 12.84 12,66 12.98 13.62  13.70
1.14 1.13 1.09 1.02 1.28 1.34
0.06 0.05  0.05 0.05 0.05 0.04
0.20 0.24 0.28 0.30 0.26 0.27
0.46 0.48 0.48 0.uy 0.57 0.62
3.38 3.77 3.68 3.70 4.10 3.99
5.03 5.13 5.07 5.20 5.46 5.50
0.02 0.02 0.03 0.02 0.03 0.03
0.97 0.51 0.68 0.68 0.75 0.56
100.16 99.92  99.68  99.76  100.23 99.86



Mng 3
MgOo

Cal
Na

KZO

25

TOTAL
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TS-13  TS-14  TS-15  TS-16  TS-17  TS-18
72.24  69.55  68.87 75.84  74.53  73.74
0.33 0.43 0.43 0.19 0.21 0.28
1L,49 15,40 15.49 12.80  13.47 13.97
1.59 1.98 2.06 0.99 1.22 1.45
0.06 0.06 0.06 0.04 0.04 0.05
0.36 0. 44 0.40 0.29 0.22 0.18
0.79 0.96 1.09 0.48 0.48 0.64
4,49 4,18 4.56 3.78 3.83 3.96
5.70 5.99 5.93 5.10 5.37 5.58
0.04 0.02 0.07 0.02 0.01 0.03
0.60 0.84 0.63 0.52 0.84 0.36
100.39 99.90 99.59 100.05 100.20 99.88
T$S-19  7S-20  TS-21  TS-22  TS-23  TS-24
70.50  &7.42  67.77 71.21 71.08  67.81
0.42 0.58 0.60 0.47 0.47 0.64
15.37 16.34 15.62 14.35 14,23 15.66
1.97 . 2.87 3.01 2.36 2.51 3.27
0.04 0.07 0.07 0.06 0.05 0.07
0.31 0.48 0.64 0.53 0.60 0.70
1.02 1.71 2.01 1.40 1.42 1.99
4.16 4,33 4.39 4,25 4,49 4.66
5.94 5.35 b, 73 4. 82 .78 .74
0.07 0.13 0.16 0.11 0.14 0.19
0.52 0.35 0.34 0.34 0.45 0.39
100.35 99.68  99.34  99.90 100.22 100.12
T$-25  TS-26  TS-27  TS-28  TS-29  TS-30
71.37  67.44  73.69 73.58 72.25 70.20
0.45 0.57 0.36 0.29 0.38 0.45
14,29  16.16  13.42  13.04 13.62 14.25
2,42 2.93 1.98 1.62 2.14 2.36
0.06 0.08 0.06 0.04 0.07 0.07
0.45 0.71 0.46 0.37 0.41 0.145
1.1 1.97 1.20 1.19 1.08 2.15
L.02 4,27 3.87 3.20 3.91 4.06
0.36 0.77 0.51 1.69 0.79 1.10
0.09 0.17 0.09 0.12 0.08 0.11
0.36 0.77 0.51 1.69 0.79 1.10
99.73  99.98 100.57 100.34 99.84  100.26
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South Canyon Tuff

K-JH-15 K-JH-16 K~JH-17 K-JH- 18 K-JH-19 K-JH-20

510, 77.42  76.88  76.57 T7.05 . 76.98 76.72

Ti0, 0.10  0.11 0.11 0.11 0.12  0.12
Al,0;  12.62 2.2 12.k2 12036 12,44 12,48
Fe03  0.96 0.85  0.84 0.88 0.90  0.92
Mnd 0.08  0.09 0.08 0.07  0.06  0.08
Mg0 0.03  0.11 0.09  0.11 0.12  0.07
ca0 0.4  0.50  0.69  0.37 0.4  0.67
Na, 0 3.89 3.55  3.72 3.84 3.54 3,61
Kzo 4.88  b4.84  4.82  4.84 4.88  5.00
0.02  0.03  0.02  0.01 0.02  0.02
L% 0.32  0.67  0.76  0.35  0.57  0.63
TOTAL  100.74 100.04 100.12 100.00 100.09 100.27

K-JH-21 K-JH-22 K-JH-23

810, 76.72  76.96  76.73
Tio, 0.13  0.15  0.16
Algo3 12.48 12,14 12,27
Fe 0.91 1.01 1.0l
Mng 0.07  0.07  0.06
Mgo 0.06  0.06  0.03
cao 0.56  0.60 0.4l
Na,o 3.7 3.49 3.56
Kzo 5.08 5.00 5.12

0.02  0.02  0.02
L% 0.59  0.56  0.51
TOTAL  100.33 100.06 99.93



APPENDIX V

Mineral Separation

The separation of phenocrysts from the welded ash-flow tuffs was a
multistage process that varied for each sample. It was composed of
three main procedures: 1) reducing the size of the sample; 2)

separating the minerals; and, 3) purifying and cleaning the separate.

SAMPLE REDUCTION

The amount of sample needed for processing was estimated from the
phenocryst content of each sample and the amount of mineral required for
analysis. Approximately 25% of the available phenocrysté were isolated
during separation. The appropriate quantity of each sample was then
crushed, ground, sieved,and examined. The crushing was done by several
different models of jaw crushers, such as the Sturtevant Jaw Crusher 2x56
(fig. 24). The small chips from the jaw crushers were ground to a fine
\‘sand in a roller mill, the Denver Crushing Rolls 10x6, type D (fig. 25).
At this point, a split of each sample was taken and pulverized for

chemical analysis.

The sand of each sample was sileved to separate the different size
fractions. Four sieves, 60, 80, 100, and 120 mesh, were used in a RoTap

automatic sieve shaker., A small sample from each size fraction was
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washed in deionized water, dried, and examined under a microscope. The
fraction containing the most erystals and the fewest crystal-glass
aggregates was chosen for mineral separation. For most samples, the

fraction chosen was the 100-120 mesh (149-125u) size.

MINERAL SEPARATION

Two methods of separation, based upon different physical
characteristics of minerals, were used to isolate the mineral phases.
The Frantz isodynamic magnetic separator divided minerals by their
magnetic susceptabilities. Heavy liquids were used to separate minerals
of differing densities., These techniques were used together and

repeatedly to perform the separations.

Magnetic Separation

The Frantz isodynamic magnetic separator (fig. 26) consists of an
electromagnetic field applied to one side of a tilted, inclined,
bifurcated chute. A sample traveling down the chute concentrates
magnetic mineral grains on one side. The forward and side tilts and the
strength of the magnetic field are adjustable to allow separation of
minerals with varying magnetic susceptibilities. Muller (1967) presents
a table of Frantz magnetic separator settings and the minerals separable

at each.
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Figure 25. Denver crushing rolls, shown in the open
position for cleaning, located at the U. S. Geological

Survey, Reston, Virginia.
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Figure 2Y4. Sturtevant jaw crusher, shown in the open
position to facilitate cleaning, located at the U. 5.

Geological Survey, Reston, Virginia.
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Figure 26. Frantz isodynamic magnetic separator, featuring
a modified sample feed system, located in the U. S. Geological

Survey, Reston, Virginia.
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The Frantz separator was utilized to separate biotite and
iron-stained glass in the crystal-rich tuffs. It was alsc employed to

separate feldspar and quartz crystals from non-iron-stained glass.

Gravity Separation

Separation of minerals by gravity involves the use of heavy liqulds
(high—density'halogenated hydrocarbons).These liquids are toxic and
should only be handled under a fume hood (Sax, 1979). The heavy liquids
utilized were: bromoform (tribromoethane), CHBrB; methylene iodide
(diiodomethane), CH,15; dimethylformamide, (CHB)ENCHO; and, acetone
(dimethyl ketone), CHycOCH3. Two of these liquids have high densities,
bromoform (density 2.89 g/cc) and methylene iodide (density 3.325 g/cc).
The liquids were diluted to the desired densities by dimethylformamide
(density 0.945 g/cc). Acetone was used to wash the heavy liquids from

the mineral separates.

Heavy 1iquids were utilized mainly to separate quartz from
Na~sanidine, hornblende from biotite, and biotite from other magnetic
minerals (fig. 27). Hurlbut and Klein (1977) present a table of

minerals ordered by their specific gravities.
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Figure 27. Heavy liquid mineral separation, showing the
separation of a sample due to density differences between the

minerals.
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FINAL PURIFICATION

The mineral separates for MOAP/39AP dating must be >99% pure. To
reacn this level of purity, the biotites were paper-shaken, and all

separates were harid-plcked.

Paper-shaking is a quick method to isolate platey minerals, such as
biotite, from more rounded mineral grains. The sample 1s shaken lightly
on a sheet of filter paper. The rounded mineral grains rolled off of

the paper and were discarded.

All separates were hand-picked beneath a binocular microscope, and
the biotite and hornblende separates were visually checked for purity.
The Na-sanidine separates were examined for purity by optical properties

in immersion oils under a petrographic microscope.

Before packaging for irradiation, the samples were cleaned in a
series of liquids in an ultrasonic cleaner. The Na-sanidine samples
were first subjected to a 7% hydrofluoric acid wash for three minutes to
remove any glassy coatings on the grains. Then all separates were
cleaned for three minutes each in acetone, ethyl alcochol, water, and
deionized water. The acetone removed any residual heavy ligquids from
the separates and the other solvents removed the acetone. The separates

were dried and packaged for irradiation.



APPENDIX VI

The 40ar/39%p Dating Method

The %Car/3%pr method for dating geologic materials is a recent
modification of the conventiconal potassium-argon dating method. The use
of the uOAr/39Ar ratio as a dating tool was first suggested by Wanke and
Konig (1956). Their method, which proposed a counting technique for
measurement of 39AP, did not gain acceptance. The first proposal of the
MOAF/BgAP method as it is recognized today came from Sigureirsson
(1962). However, because this report was published in Icelandic, the

origination of the method is commonly credited to Merrihue (1965) and

Merrihue and Turner (1966).

Both the potassium—argon and the uOAr/39Ar dating methods are based
upon the radicactive decay of HOK to MOAF. MOK is the only naturally
occurring radicactive isotope of potassium and undergoes branching decay
to produce both 40pr and 40ca (fig. 28). Upon ecrystallization and

cooling of a rock the MOAP is trapped within the mineral crystal

lattices.

For the uOAr to begin to accumulate, the temperature must decrease
to the point where the vibrational energy of the lattice no longer

allows uOAr to escape by diffusion. This temperature, called the
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Q=0.05 MEV ﬂ-
88.8%
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Figure 28. Branching decay of 40x (Faure, 1977)
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blocking temperature, is that point where Y0pr loss vecomes negligible
compared to the rate of uOAr accumulation. Thus, the potassium-argon
and 19%ar/3%¢ ages represent the time since the sample cooled through

its blocking temperature.

For volcanic rocks, this cooling is very rapid and all cogenetic
minerals should give the same age. Plutonic and metamorphic rocks cool
much more slowly. Each mineral has its own characteristic blocking
temperature for a given rate of coocling, so, when slow cooling occurs,
cogenetic minerals will not yield the same ages. This discordancy gives
valuable information about the cooling rate of the formations invoived.
Relative blocking temperatures are hornblendes > muscovite > biotite >
potassium feldspars (Dallmeyer and Van Breeman, 1981; Harrison and

McDougall, 1982).

Four basic assumptions are made in the potassium-argon and
40 39 , U0k ;

Ar/27Ar dating methods: 1) the decay rate of K is constant and has
not changed through geologic time,'and the decay constant for MOK is
accurately known; 2) no fractionation of potassium occurs so the
isotopic compesition of potassium is only changed by radiocactive
decay; 3) no Ar is present in the rock at the time of formation; and 4)

the roeck or mineral has remained a closed system for peotassium and argon

since formation.
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When a discrepancy occurs in a K-Ar or qur/ggAr age, one or more
of these assumptions has broken down. The first two assumptions are
rarely questioned, so most problems arise from the last two. The third
assumption is almost never valid, but is accounted for by an atmospheric
argon correction. Problems may still be present if the original argon
component trapped in the rock does not have the same isotepic
composition as the modern atmosphere, The fourth assumption is not
always ﬁrue and is the cause of many discordant ages. If the system has
not remained closed, argon and potassium may have been added to or
removed from fhe system in varying proportions, possibly in several
separate incidents. The consequences of the last two assumptions are

discussed later.

In the potassium-argon dating methdd, a sample 1s divided into
aliquots for separate potassium and uOAr analyses. The potassium
content is commonly determined by flame photometry. The MOAP is
extracted from the sample by heating, and then purified, spiked, and
measured with a mass spectrometer using the isotope dilution technique.
The age of the sample is calculated using the basic age equation (1):

b=/ i O A0 Gy v 0g ()
In this equation, A is the total decay constant for uOK, AE is the ”OK
decay constant for electron capture to MOAF, MOAF* is the amount of
radicgenic Y0pr in the sample, and E0 is the amount of 40k in the

sample.
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In the %0ar/39%r method, both the potassium and H0ar analyses are
performed on the same aliquot of the sample. The sample is irradiated
with fast neutrons in a nﬁclear reactor to convert a proportion of the
39K present to 39 by the nuclear reaction 37K (n,p) 3%, The sample
is then heated to release the argon which is measured as the ratio of
l‘LOAP/39AP by a mass spectrometer. The calculation of the sample age is

complicated by interfering nuclear reactions which occur during

irradiation. These will be discussed later.

The advantages of the uOAr/39Ar method over the potassium-argon
method are readily apparent. The qur/39Ar method overcomes the problem
of sample inhomogeneity by measuring MOAF and K on the same aliquotb.
This also reduces the amount of sample required for an analysis. The
MOAP/39AF method overcomes problems caused by incomplete’extraotion of
argon from a sample. The age is calculated from the ratio of argon
isotopes, not the absolute amount of uOAr‘ in the sample. This ratio

measurenent is more precise than measuring the MOAF by isotope dilution

and dees not require that all the argon be extracted from the sample.

SAMPLE PREPARATION

The choice of sample and subsequent preparation are among the most
important steps in the analytical procedure. The choice of sample
material obviously depends upon the geologic problem to be solved and

the materials available in the field. The material must have a
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sufficient potassium content or contain potassium—beaﬁing minerals to be
dated by this method. The basic choice of sample materiéis is between
whole-rock and single-mineral analyses. Whole-rock 40ar/3%r analyses
have many problems, especially.with interfering isotopes created during
irradiation. While successful whole-rock uOAr/39Arﬂstudies have been
made on basalts {(Bottomley and York, 1976; Fleck and othefs, 1977; Ozima
and Saito, 1973), the:me;hod gives best results when mineral separates
are analyzed. The presence of only one mineral phase eliminates much
ihémbigﬁity in data interpretation and permits more precise comparisons
_bétween samples. A procedure for the prepabation of mineral separates
. is discussed in Muller (18977) and Apﬁendix V. To insure only one
mineral phase 1s present, the minerél separates must be extremely pure,

preferably hand picked under a microscope.

The amount of sample to be irradiated is determined by the K2o
content of the material and the neutron flux available (Turner, 1971a).
The limiting factor is the production of sufficient 39Ar to be detected
by the mass spectrometer, without generation of large amounts of
interfering isotopes by a long irradiation time. Once the optimum
sample sizes are calculated, the samples are weighed infto small
cylindrical aluminum foil capsules, crimped closed, numbered, and leak

tested (fig. 29). Monitor standards are packaged in the same manner.
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Figure 29. Packaging a mineral separate.
a. A mineral separate is poured into an aluminum

capsule before weighing.
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Figure 29. Packaging a mineral separate.

b. The aluminum capsule is trimmed and crimped closed.
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Figure 29. Packaging a mineral separate.

c. Encapsulated samples are arranged in quartz glass vials.
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Figure 30. Closure of an irradiation vial. The quartz
glass vials are heat sealed under a low vacuum. Pictured is

scientific glassblower Alfred Heine of Virginia.
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IRRADIATION

The packets containing samples and monitors are placed in quartz
glass'vials with the monitors evenly spaced throughout the package. The
vialsﬂare heat sealed under a moderate vacuum (fig. 30). The position
of each packet is measured from the base of the vial and recorded. The
vialé are then placed in a cylindrical aluminum rack and wired into
place. The rack is enclosed in an aluminum cylinder cold welded closed
at both‘ends (fig. 31). This complicated packaging is needed for
safety, waterproofing, and to insure exact placement of the samples
within the reactor core. Aluminum is used to reduce shielding of the

samples and minimize the activity of the irradiated package.

The 3% {n,p) 39 reaction requires a flux of fast neutrons. The
reactor utilized in this study is the U.S. Geological Survey TRIGA
reactor, although any reactor supplying a flux of fast neutrons can be
used. The U.S.G.S. TRIGA reactor has a flux over the entire energy
spectrum of 1.1x1017n/cm2—MWH and a fast/thermal ratio in the central
thimble of 1.17 (for fast neutrons > 0.6 MeV; Dalrymple and others,
1981). The reactor is operated for eight hours a day, five days a week,

sc irradiation is performed incrementally.

The 3%4r produced is calculated from the following equation (2),
390 - 3% ATSf¢(e)o(e)de (2)
where 39K is the number of atoms of 39K in the sample, AT 1s the length

of the irradiation, ¢(e)is the neutron flux density at energy =, o(e)
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Figure 31, Components of an irradiation package. The
quartz glass vials were wired into place in the aluminum rack
which will be placed inside the aluminum cylinder. The lens

cap is 5 em in diameter.
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is the capture cross section of 39K for neutrons of energy e ,and the
expression is integrated over the energy spectrum of the neutrons
(Mitchell, 1968). Equation 2 is difficult to evaluate as the neutron
flux density and the capture cross-section values are

nearly impossible to determine. The need fo solve equation 2 is
eliminated by irradiating monitor standards of known age with the
unknowns. By comparing the 39r produced in the monitors with the

unknowns, the variables in equation 2 cancel.

ARGON EXTRACTION

The apparatus and procedures used for argon extraction and analysis
are very similar to those used in conventional potassium-argon dating
(Dalrymple and Lanphere, 1969). The procedures described below are
those used in the llOAr‘/39Ar laboratory at the U.S. Geological Survey
National Center in Reston, Virginia. On the whole, interlab variation
of equipment and procedures is minor. The samples are degassed by
heating with a radicfrequency heater, the reactive gases are removed,

and the remaining gas is analyzed.

The entire extracticn line, either pyrex glass or metal tubing, 1is
operated at ultra-high vacuum pressures of 10'8 torr or below, The
vacuum 1s maintained by several pumps of different design. The first
type is a turbo- molecular pump. This device contains turbine blades

which spin at very high revolutions per minute and physically push the
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molecules of gas out of the system. The turbo-molecular pump is backed
by a roughing pump which is used to evacuate the system‘after it has
been opened to the atmosphere. This procedure keeps the turbo-moiecular
pump operating at maximum rpm at all times and saves mechanical wear.
Another type of pump, an ion pump, consists of a series of parallel
metal plates with a high potential difference applied between them.

Ions of gas are attracted to the plates because of the difference ih

charge and become physically embedded on the surface of the plates.

After exposure to the atmosphere, the high vacuum in the line is
achieved by baking the system. A large oven covers the entire section
of the extraction line which has been open to the air. The line is
bakeq at 150°-200°C for six hours or more while open to the
turbo-molecular pump. The heat frees gas molecules which had adhered to
the walls of the pyrex or the valves, permitting the pump to remove them

from the line.

HEATING SYSTEM

Sample heating takes place in a detachable Pyrex glass bottle which
facilitates changing crucibles and samples. The bottle is double-walled
pyrex-glass cooled by a water jacket, and lined with a quartz glass
sleeve for easy cleaning and low blank values (fig. 32a). The bottle
neck is coocled by forced air to help prevent breakage due to thermal

stress, The bottle is attached to the extraction line by a copper
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Figure 32. Argon extraction sample bottle.
a. The sample bottle in place in the argon
extraction line, Sidearm for sample storage is in the

upper right.
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gasket between two knife-edge seals. Within the bottle, the molybdenum
crucible is suspended by molybdenum straps from a pyrex funnel. The
funnel aids in dropping samples into the crucible from a storage sldearm

above.

A radio-frequency induction system is used for heating. The
radio-frequency waves generated are transmitted to a coil surrounding
the sample bottle and there induce a current flow in the molybdenum
crucible, which heats due to the resistance of the metal (fig. 32b).

Temperatures are determined with an optical pyrometer.

GAS PURIFICATION

As the sample is heated, the gases given off are trapped on an
activated charcoal finger cooled with liquid nitrogen. This serves to
keep the pressure in the sample bottle low during heating, thus
preventing ionization of the evolving gases. The first cleaning stage
for the gases is a Cu-Cu0 getter at U450°-550°C which oxidizes or ignites
any hydrocarbons present and oxidizes hydrogen into water (fig. 33).

The gases then pass through a synthetlic molecular sieve dessicant to
remove the water and remnant hydrocarbons. Next, the gases are reacted
with a Ti getter at two different activation temperatures. At 650°C the
Ti will combine with any nitrogen present, and at 350°C with any excess
hydrogen. These compounds plate out on the interior of the getter

leaving only & mixture of inert gases to be analyzed.
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Figure 32. Argon extraction sample bottle.
b. A sample being heated by the RF induction
coil. The molybdenum crucible can be seen glowing a
bright yellow. Tubes connected to the bottle are for a

circulating water cooling system.
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Figure 33. Argon gas purification line. Pictured are the
Ti getter (foreground) and the Cu-Cu0 getter (background),

which eliminate any reactive gases from the sample.
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ARGON ANALYSIS

The argon-isotopic content of the sample gas 1s determined by mass
spectrometry. Simply stated, mass spectrometry divides and detects ions
on the basis of their masses. Incoming gas is ilonized by a stream of
electrons. The ions are accelerated and focused into a beam which then
passes through the field of an electromagnet. A moving charged particle
in a magnetic field will be deflected from a straight path
proporticnally to its mass. Past the magnetic field, the ions impact a
stationary detector. By varying the strength of the magnetic field, the

ions of different mass can be detected.

For the argon analyses, the mass spectrometer is operated in the
static mode. The gas sample is admitted to the flight tube of the
instrument in one aliquot. The spectrometer is then run through several
cycles of magnet settings to detect and record the different isotopes.
During the course of the analysis the gas sample is fractionated, so the
individual isotopic values must be recalculated to time zero, the
instant the sample was admitted to the instrument. The final isotopic
values must be corrected for mass spectrometer discrimination, the
difference between the accepted values for atmospheric argon ratios and
those same ratics as measured by the instrument. For the Micromass
1200B mass spectrometer used in this study (fig. 34), the measured
atmospheric uOAP/36AF ratio is 296.5, as compared to the accepted value

of 295.5 (Steiger and Jager, 1977).
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Figure 34. The VG-Micromass 1200B Mass Spectrometer.
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INTERFERING NUCLEAR REACTIONS

Four elements can produce argon isotopes from nuclear reactions.
These elements and the reactions are summarized in Table 7. Of all the
possible reactions, only four occur with sufficient frequency to warrant
corrections (Turner, 1971a). These reactions are uOCa(n,nu)%Ar,
u2Ca(n,a)39Ar', MOK(n,p)“OAP, and l“K(m,d)qur. According to Roddick
(1983), for nigh chlorine samples irradiated with a high thermal-flux

component, the Cl-derived interferences become large and necessitate

correction.

Correction factors for these interferences are determined for each
reactor, as they depend upon the neutron flux characteristics.
Reagent-grade K,80y crystals and optical-grade CaF, crystals are
irradiated and analyzed. To calculate the correction factors it is
assumed that all 30Ar in the KZSOM is atmospheric, all H0ar in the CaF2
is atmospneric, and all 37Ar is derived from calcium. This last
assumption is valid due to the extremly small amounts of 3Tar generated
from 39K and 3%ar (Brereton, 1970). From repeated irradiations and
analyses, the reactor constants, or correction factors, (36Ar/37Ar)Ca,
(BQAF/37AP>Ca, and (MOAP/39AP)K (the subscripts denote the source of the
isotopes) can be calculated. For the U.S$.G.S8. TRIGA reactor, the
calcium-derived constants are very reproducible but the
potassium-derived constant varies by as much as a factor of 50

(Dalrymple and others, 1981). The effect of these interference
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corrections can be minimized by careful choice of sample size and

irradiation time (Turner, 1971).

One other correction must be applied to the data. This correction
is not for an isotope produced during irradiation but for atmospheric
argon incorporated into the sample., It is assumed that this atmospheric
component has the same composition as the modern atmosphere, an
uOAF/36AP ratio of 295.5 (Steiger and Jager, 1977). The correction is

applied by multiplying the corrected 364r measurement by 295.5 and

subtracting this product from the Y04y measurement.

MONITORS

To calculate an age from uOAP/?’QAr data, the amount of 39%
converted into 32Ar must be known. As shown in equation 2, this
quantity is difficult if not impossible to determine. Therefore,

monitor standards are used to simplify the calculations.,

A monitor mineral must meet several criteria before being useful.
The age of the monitor must be very well constrained by conventional
potassium-argon dating. The mineral must have a uniform ratioc of MOAF*
to l‘OK, as well as a homogeneous distribution of both uOAr* and K. The
monitor should also be fairly ccarse-grained, available in reasonable

quantities, and similar in both age and K/Ca ratio to the unknowns.
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Many monitors have been used in the past with varying amounts of
success. Dalrymple and others (71981) and Roddick (1983) have compared
many of these materials and shown that several are not completely
homegeneous and therefore not acceptable as standards. The monitor used
in this study, MMhb-1, is one which Roddick (1983) reported as
homogeneous at the 0.1% level. This hornblende is from the MeClure
Mountain Complex in Fremont County, Colorado and has been dated at 519.4

Ma (Alexander and others, 1978).

Monitor samples are distributed throughout each reactor package and
. . . . 40, ..%,39 .
irradiated with unknown samples. By comparing the Ar”/27Ar ratio of
the unknown sample to that of the monitor of known age, the parameters
of the irradiation from equation 2 are eliminated. Sample ages so
determined are actually ages relative to the particular monitor that was

employed.

AGE CALCULATION

One of the first steps in calculating an age from argon isotopic
data is correction of the 3'Ar data for radioactive decay. 3Tar is a
radiocactive isotope produced in the reactor which has a half-life of
35.1 days. Decay of this isotope occurs both during and after
irradiation and the correction formula used depends upon the irradiation
schedule. If the irradiation‘occured continuously, then equation 3 is

used,
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37Aro/39Ar = 37Ar/39APAteAt'/(1—8_kt) (3)
where 37Aro is the amount of 37ar produced, 3Tar is the amoﬁnt measured,
t is the irradiation time, t' is the time elapsed between irradiation
and measurement, and A is the 3Tpr decay constant. If irradiation was
incremental, then equations 4 and 5 are used.

37Aro/39Ar = 37Ar/39Ar2[Piti/ItikefAt'/1-e_kt'J ()

I= Pty inMaH . (5)
P is the reactor bpwer level, t 15 the ingrement length, t' 1is the
corresponding time“fof.that incremént from irradiation to measurement,

and MWH stands for megawatlt hours. -

After irradiation, the MOAP*/39Ar.ratio of a sample is given by

equation 6. _ .

l1lOA1ﬂ*/39Ar = AE/A“OK/39K‘1/ATeAt—1/f¢(€)o(€)d€ (6)
By defining a term J as:

J = M 39%/M0K ATS¢(e)ole)de (7)
and substituting J into equation 6, the expression is much simplified
(Faure,1977):

0¥ /39 = GA1 /g (8)
By utilizing the monitor samples to solve equation 8 for J, an accurate
assessment of the irradiation parameters is made for each position in
the irradiation package. The appropriate J value is then substituted
into the basic age equation (1) to yield the age of the sample.

£ =1/ In[ 1 +J ¢ uOAr*/39ArK Y 1 (9)

Equation § does not take into account the corrections needed for

atmospheric contamination and interfering isotopes. Incorporating all
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of these corrections into one expression gives equation 10,

HOA ¥ ;39
r/ AFK =
(40nr/3%r)-295.50 (36ar/3%r)- (36ar/37ar) . (37ar/3%r)1-"0ar/3%0)

1-(3%ar/3Tar),  (3Tar/3%0)

(10)
where (36Ar’/37AI”)Ca’ (39Ar/37Ar’)Ca’ and (qur/ggAr’)K are the reactor

constants for interfering isotopes (Dalrymple and others, 1981).

ANALYTICAL PRECISION

The uncertainty in L'LOAI“/39A1" age determinations 1s estimated from
the analytical precision of the method. This estimate has been derived
by Dalrymple and Lanphere (1971), from which the following discussion is

taken,

The quantity F is defined as HOpr*/ 39APK. The error in F is

estimated from the random errors in the measured isotopic ratios of the

2

sample. The variance in F, O

is calculated in equation 11.

_ a2 2 2n2 . 2 2nl . 2 2
0= = A%0,%* C B0, [Cyna-cqCyB+ CqCo1D%0p / FEe (1)
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The letters are as defined below:
A = 40ar/3%r measured
B = 36ar/3%r measured
C = 295.5
D = 37Ar/39Ar, measured and corrected for decay

c - (36Ar/37Ar)Ca

C = ("0ar/3%ar),

- (39 37
C (2°Ar/ Ar)Ca
OA2 = estimated variance in A (in %)
082 = estimated variance in B (in %)
QDE = estimated variance in D (in %)

The estimated analytical error in the calculated age 1s:;
0, = [3PFP (0,20 2) /e3P (1450)211/2 (12)

where the variances of F(GFZ) and J(0J2) are in percent.

DATA PRESENTATION

Several accepted forms may be used for presentation of data
generated by the MOAF/BgAr dating method. The simplest, a total fusion
age, is roughly equivalent to a conventional potassium-argon age. The
sample 1s degassed in one heating step and an age is calculated from the
data. It is usually restricted to samples which are too small to be
degassed incrementally, since the data 1s too limited to:detect geologic
error in the sample, More complicated forms of presentation are derived

from incremental heating of samples. The samples are degassed In a
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series of heating steps with the gas released in each step analyzed
separately, The data set for each sample can then be plotted as an

age-spectrum diagram or an argon-isotope correlation diagram.

An age-spectrum diagram plots the apparent age of each increment of
gas versus the percentage of the total 39ar that was released in each
step. The gas in each increment is corrected for interfering isotopes
and atmospheric contamination and an age for that step is calculated.

If the sample being analyzed has been undisturbed since the closure of
the potassium-argon system, the apparent age for each increment should
be the same and plot as a straight line or plateau. If there is no

plateau, the potassium-argon system in the sample has been disturbed.

The problems with this diagram stem from the atmospheric correction
applied to each increment. It is assumed that the atmospheric component
has the same MOAP/36AP ratio as the modern atmosphere. If this
assumption is incorrect, the apparent ages are miscalculated and the
interpretation of the spectrum is in error. Also, there‘is little
agreement as to what constitutes a plateau, and overall spectrum

interpretation is somewhat subjective,

The argon isotope correlation diagrams overcome many of the
problems associated with the age-spectrum dilagrams. The correlation
diagrams plot a ratio of argon isotopes on each axis; two different

sets of parameters have been mentioned in the literature.
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The first argon isotope correlation diagram, proposed by Merrihue
and Turner (196€&), plots BO0pr/36pr versus 39r/3%ar. This is also
referred to as an Ar isochron plot. The basic premise of this plot is
that there are two types of argon present in the system,
potassium-derived argon and contamination. This contamination includes
toth excess argon and atmospheric argon (Faure, 1977). Thus the
measured ratio of 24OAr/36Ar is equal to:

(&OAF/36AF)m = (”OAP/36AF)C + (MOAP*/BgAP)K X (39Ar/36Ar)m
(13)
where m denotes a measured value, ¢ the contaminétion value, and K the
potassium-derived value. This is the equation of a straight line with
the slope proportional to the age of the sample and the y-intercept
equal to the 40xr/364r contamination present in the sample. This plot
eliminates the need to correct the incremental data for an atmospheric

component, so no value need be assumed (Dalrymple and Lanphere, 1974).

The problem with this correlation diagram derives from the cholice
of 36Ar as the reference isotope. 36pr is the smallest quantity
involved and the errors in the ratios are dominantly due to 36Ar. Thus,
the errors in the two ratios are highly correlated and the diagram may
appear to be linear because of this correlation. In the treatment of
the data, the line is regressed by the method of York (1969) which takes

into consideration the correlated errors.



(162)

An alternative choice of isotopic ratios is 36Ar/”OAr versus
3gAr/uOAr {Mchougall, 1981). The equation of the line plotted is
derived from equation 13, with an x-intercept proporticnal to the age
and the y-intercept equal to the 36pp /40y contamination. The linear
array of data represents a binary mixing line between trapped argén and
potassium~ derived argon. The correlated error problem for this choice
of axes is much less than with 3%Ar as the reference isotope because

OAr is the largest value involved, and can théfefore be measured with

higher precision. The linear regression is still done by York's (1969)

method. Though reduced, the errors involved are still correlated.

DATA INTERPRETATION

The interpretation of data and the assignment of an age is a
straight-forward procedure if the sample has remained a closed system.

Many complications arise when the sample deviates from this ideal case.

The perfect sample for dating has remained a closed system since

qur* from older

crystallization and cooling; it did not inherit any
rocks during fermation and has not lost any compcnents since formation.
Thus, all MOAF* present is derived from in-situ decay of uOK and all the
MOAP* formed is still trapped within the sample. Such a sample will
vield a perfectly concordant age spectrum (Dalrymple and Lanphere,

1974). Each increment of gas will have the same apparent age and the

diagram will be a straight horizontal line. This line, called a
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plateau, will contain 100% of the 39ar released by the sample. The age
assigned to the sample is the weight average of all the incremental ages
in the plateau. The plateau age will be identical to the total fusion
age on such a sample. The corresponding isotope-~correlation diagrams
will plot as straight lines which yield ages equivalent to the piateau

age.

One of the complications to interpretation is the loss of argon
from the sample since formation. Since argon is an inert gas, it 1s
trapped by the crystal lattice but not bound to it. Thus, the argon may
escape the lattice by volume diffusion if the lattice spacings are large
enough. One way to increase the lattice spacings is by heating. Turner
(1968,1969) studied the effect of such diffusive argon loss on a
theoretical population of spheres. He assumed that following partial
argon loss, the concentration of argon at the edge of the spheres is
zero and approaches the previous concentration some distance Into the
sphere. When such a partially disturbed sample is analyzed, the
age-spectrum diagram follows a regular pattern. The low-temperature
steps yield the youngest ages, with the apparent age of ﬁhe fractions
increasing with temperature until a plateau is reached. jThe
high-temperature steps represent the gas held in the undisturbed centers
of the mineral grains. The age-spectrum diagram is a slightly blurred
representation of the internal qur* distribution (Harriéon, 1983).
Depending upon the extent of argon loss, the high-temperature steps
yield either the age of the sample or a minimum value for the age. The

total-gas age or total-fusion age of such a sample is a meaningless date
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between the bime of formation and the time of argon loss. The
isotope-correlation diagrams for samples with argon loss do not add much
information to the age spectra. The correlation diagrams yield straight
lines with ages equal to the total-gas and total-fusion ages. The
”OAr/36Ar value may be slightly different from the atmospheric value,
indicating only that the system has been disturbed. The measure of the

goodness of fit of the line to tne data points will be a large value

reflecting the presence of geologic error {Fleck and cthers, 1977).

A second complication to data interpretation is the incorporation
of excess argon into rocks and minerals prior to closure of the system.
Excess argon is incorporated into rocks and minerals by processes other
than in-situ decay of 40k (Lanphere and Dalrymple, 1976). The total-gas
and total-fusion ages of such samples are anomalously old and have no
geologic significance except as a maximum limit on the age. The age
spectra of excess—argon samples differ for igneous and metamorphic rocks
and minerals. Lanphere and Dalrymple (1976) demonstrated that various
igneous minerals yield saddle-shaped spectra. The apparent age of
increments decreased to a broad minimum at intermediate amounts of 3%r
released and then increased until all argon was released. The minimum
in the spectra approaches the age of formation of the sample but is, at
best, a maximum age. The corresponding correlation diagrams produced a
meaningless scatter of points. Metamorphic rocks exhibit a much
different form in the age spectra, The apparent ages of the increments
rises sharply to a relatively flat plateau, at ages much greater than

the metamorphic age (Roddick and others, 1980). The corresponding
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correlation diagrams exhibit two linear trends, for low-temperature and

high-temperature increments, and are not considered isocnhrons.

The last complication in interpretation i1s the effect of 3%
recoil during irradiation. The nuclear reaction producing 39r releases
a proton from the target atom. This release imparts a recoil energy to
the 3%r atom sufficlent to remove the 39 r atom from the near surface
of a mineral grain. If the recoiled 39Ar atoms are absorbed onto the
surface of other mineral grains, anomalous age-spectrum patterns can
result (Huneke and Smith, 1976). If the recoiled 39y atoms are not
absorbed, but lost into the irradiation vessel, the resulting age can be
anomalously old (Villa and others, 1983). The limited number of studies
on recoil effects leaves many unanswered questions. At present, recoil
seems to affect only very fine-grained (<100u) samples in which both a
potassium-rich and a potassium~poor phase are present (Huneke and Smith,
1976). The effect of 39Ar recoil on coarse-grained (>100u) single-phase

mineral separates is negligible (Harrison,1983).

The compiicaticons to data interpretation discussed above are not
the only ones pessible, Harrison (1983) discusses several additional
sources of ambiguity. Also, the complications above can occur in
varying inftensities and combinations. Much of 40pr/3%r data
interpretation is still subjective when incremental heating data do not

show a2 well-defined age-spectrum plateau,.
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