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Apophyllite 40Ar/39Ar and Rb-Sr geochronology:
Potential utility and application to the timing of secondary
mineralization of the Kirkpatrick Basalt, Antarctica
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Department of Geological Sciences and Byrd Polar Research Center, The Ohio State University, Columbus

Abstract. Apophyllite (KCa,SigO,4(F, OH)-8H,0), which formed as a low-temperature sec-
ondary mineral in the Kirkpatrick Basalt, has been examined to evaluate its potential for geo-
chronology using the K-Ar (by the 4CAr/3%Ar technique) and Rb-Sr methods. The 4CAr/3%Ar
total-gas ages for apophyllites from the Kirkpatrick Basalt are 114-133 Ma for the central
Transantarctic Mountains, 95-114 Ma for south Victoria Land, and 76-100 Ma for north
Victoria Land. Within individual hand samples, apophyllite 4CAr/3% Ar apparent ages show
variations of up to 24 m.y., and within single large (up to ~2 cm) crystals, differences of up to
14 m.y. are observed. The 4°Ar/3%Ar incremental-heating spectra are generally flat but have
low- and high-temperature discordances attributed to 3%Ar recoil. Rb-Sr model ages for the
apophyllites range from 94 to 144 Ma and vary from concordant with the 4CAr/39Ar dates to
asmuch as 14 m.y. older. The dates are consistent with other temporal indicators of low-
temperature alteration in the basalts and are interpreted to broadly reflect the time of
apophyllite precipitation. They document a geographically widespread early to middle Creta-
ceous secondary mineralization which is inferred to be caused by a major period of ground-
water movement associated with the initiation of uplift and denudation of the Transantarctic
Mountains. The results suggest that apophyllite can produce geologically meaningful ages by

both Rb-Sr and K-Ar methods, although further work is required to fully understand the
variations in age that may be attributed to Ar loss, alkali mobility, or an extended history of

mineral precipitation.

1. Introduction

Secondary mineralization, accompanying alteration, diagene-
sis, and very low-grade metamorphism, is a widespread geologi-
cal phenomenon usually associated with high fluid fluxes. The
timing of secondary mineralization and associated geological
“events” is commonly difficult to establish. Although some di-
agenetic and low-temperature minerals appear to provide reli-
able information about the timing of geologic processes, overall,
they have a “mixed” record of utility. Sylvite, for example, is
known to be prone to Ar loss and thus unreliable for K-Ar dat-
ing [Baadsgaard and Dodson, 1964], and glauconite is often
problematic [Foland et al., 1984]. On the other hand, potassic
manganese oxides (cryptomelane and hollandite) have yielded
information about the timing of weathering [Vasconcelos et al.,
1994a, 1995; Ruffet et al., 1996], and alunite has been used to
examine the timing of supergene mineralization [Arehart et al.,
1992; Vasconcelos et al., 1994b; lraya et al., 1996].

Apophyllite is a secondary mineral found in a variety of
lithologies affected by low-temperature water-rock interactions
[Gaines et al., 1997]. As a mineral of high potassium content,
it may be a suitable material for geochronology by the K-Ar and
Rb-Sr methods for a number 'of low-temperature geologic
events. However, previous geochronologic work on apophyllite
[Chukhrov et al., 1973] raises issues that require clarification,
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including the reliability of the dates and the potential of the
mineral to document age relationships for low-temperature
aqueous processes.

The most common occurrence of apophyllite appears to be
among the secondary minerals found in basalts, particularly
continental basalts (sensu lato). Such secondary minerals occur
in vesicles, vugs, and veins and potentially record a wealth of
information about the hydrogeologic history of a region. Criti-
cal to unraveling this information is elucidating the chronology
of mineral precipitation. In some cases, secondary mineraliza-
tion in basalts has been attributed to precipitation soon after
crystallization, resulting from fluids mobilized during cooling
of the lavas themselves [Robert er al., 1988]. However, most
very young vesicular basalts lack significant secondary minerali-
zation [cf. Nashar and Davies, 1961]. In a number of conti-
nental flood basalt provinces, well-documented zonations of
secondary minerals are independent of individual flow units
and, in some cases, are discordant to the stratigraphy of the lava
sequences [Walker, 1951, 1960a, b; Stoiber and Davidson,
1959; Jolly and Smith, 1972; Sukheswala et al., 1974; Benson
and Teague, 1982; Neuhoff er al., 1997]. This has led to the
conclusion that secondary mineralization in these provinces
must post-date, by some uncertain time interval, eruption of the
individual lava flows. The mineralization has been largely at-
tributed to diagenetic or low-grade metamorphic processes in-
volved in the breakdown of metastable glass that provides the
chemical components for low-temperature phases such as zeo-
lites [Gislason and Eugster, 1987]. It is unclear, however,
whether this occurs due to heating, burial, and/or deformation
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during the later stages of the magmatic event that produced the
lavas [Kostov, 1981], or at some time significantly later, possi-
bly even as the result of slowly percolating groundwaters
[Nashar and Davies, 1961; Nashar and Basden, 1965; Benson
and Teague, 1982].

Few studies have attempted to evaluate the timing of secon-
dary mineralization in basaltic rocks by direct dating of the sec-
ondary minerals themselves because of the paucity of suitable
material for geochronology. The secondary clay mineral cela-
donite has been dated successfully in ocean floor basalts by the
K-Ar and Rb-Sr methods [Staudigel et al., 1986; Gallahan and
Duncan, 1994; Booij et al., 1995]. The results suggest that sec-
ondary mineralization may persist for 10-40 m.y after eruption
of the lavas near mid-ocean ridges. In this instance, mineraliza-
tion is a natural consequence of thermally driven circulation of

marine waters as newly formed crust moves away from active -

spreading centers. By comparison, the hydrologic conditions and
tectonic history for basalts in continental settings are signifi-
cantly different and more likely to be unique for each basaltic
province due to complexities in the hydrologic systems and
geologic histories.

The objectives of this paper are to evaluate the feasibility of
using the secondary mineral apophyllite for geochronology by
the “0Ar/*%Ar and Rb-Sr methods and to utilize the results to
address the timing of secondary mineralization in flood basalt
lavas of the Middle Jurassic Kirkpatrick Basalt, in the
Transantarctic Mountains, Antarctica (Figure 1).

2. Study Area

2.1 Geological Setting

The Transantarctic Mountains consist of a Neoproterozoic to
lower Paleozoic igneous, metamorphic, and sedimentary base-
ment complex [Tingey, 1991; Laird, 1991] that is overlain by
nearly flat-lying Devonian to Upper Triassic, clastic sedimentary
rocks of the Beacon Supergroup [Collinson et al., 1994]. The
sedimentary strata are capped by a silicic tuffaceous sequence of
probable Early Jurassic age [Ellior, 1996], which is in turn
overlain by Middle Jurassic basaltic pyroclastic rocks and
tholeiitic lavas (Kirkpatrick Basalt) ranging in composition from
basalt to andesite (SiO; = 52-60%). These lavas are the young-
est rocks in the Transantarctic Mountains predating Gond-
wanaland breakup and are followed by a significant hiatus in the
continental stratigraphic record. Jurassic dolerite sills (Ferrar
Dolerite), which are cogenetic with the lavas, intrude the sedi-
mentary sequence and, less commonly, the basement. The dol-
erites, together with the lavas and basaltic pyroclastic rocks,
form the Ferrar Group. The dolerites crop out in an area that
extends for more than 3000 km along the Transantarctic Moun-
tains (Figure 1), whereas the basalts are limited to only a few
widely separated areas in the central Transantarctic Mountains
(CTM) and south and north Victoria Land (SVL and NVL). The
maximum stratigraphic thickness of basalts is approximately

520 m in CTM [Barrett et al., 1986], 500 m in SVL [Skinner .

and Ricker, 1968; Kyle, 1979; also T.H. Fleming unpublished
data, 1997], and 780 m in NVL [Elliot et al., 1986a; Mensing et
al., 1991]. Published “0Ar/39Ar analyses of feldspar separates
from the basalts, dolerites, and basaltic clasts in the pyroclastic
rocks indicate the duration of Ferrar magmatic activity through-
out the Transantarctic Mountains was limited to less than about
1 m.y. at 176.7 1.8 Ma [Heimann et al., 1994; Fleming et al.,
1997]. A limited number of U-Pb ages for zircon and baddeley-
ite from dolerites and the Dufek layered intrusion also support
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Figure 1. Geological sketch map of Antarctica showing the
distribution of the Ferrar Group. The Kirkpatrick Basalt is found
in three relatively restricted areas in the central Transantarctic
Mountains (CTM), south Victoria Land (SVL), and north Victo- -
ria Land (NVL). The locations of samples examined in this
study are indicated in boxed text.

a short duration, although they suggest a somewhat older age of
183.6 2.1 Ma [Encarnacidn et al., 1996, Minor and Mukasa,
1997]. The differences between the absolute ages determined by
40Ar/3%Ar and U-Pb remain problematic but likely reflect cali-
brations and/or constants involved in the methods [see Fleming
etal., 1997).

Other than Upper Cenozoic glacial deposits, the only rocks
younger than the Ferrar Group in the Transantarctic Mountains
are sparsely distributed Upper Cenozoic (<25 Ma) alkaline vol-
canic and plutonic rocks [Kyle, 1990]. Uplift and denudation in
the Transantarctic Mountains has been episodic at least since the
Early Cretaceous [Fitzgerald and Stump, 1997]. The earliest re-
corded phases were initiated at about 115-125 Ma, and the prin-
cipal phase of uplift, which produced 4-6 km of denudation, was
initiated at 50-55 Ma.

2.2 Secondary Mineralization in the Kirkpatrick Basalt

Lavas of the Kirkpatrick Basalt have been extensively altered
by low-temperature hydrothermal and/or hydrologic activity.
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Secondary minerals most commonly observed in the basalts
[Bérrerr et al., 1986; Elliot et al., 1986a; Gunn and Warren,
1962; Vezzalini et al., 1994] include apophyllite, stilbite, heu-
landite, scolecite, mesolite, chlorite, calcite, and several varieties
of quartz. In addition, mordenite, chabazite, erionite, levyne,
thompsonite, and epistilbite have also been reported. These
minerals fill vugs, vesicles, and fractures, most commonly in the
upper amygdaloidal parts of flows or in zones which contain
either abundant pillows and palagonite, or pahoehoe toes. The
denser flow interiors and the dolerite sills generally lack signifi-
cant amounts of secondary minerals. No spatial or stratigraphic
zonation of the secondary minerals has been recognized within
the lava sequence; however, the mineral laumontite has been re-
corded as a diagenetic mineral in the underlying Beacon sedi-
mentary sequence [Vavra, 1989] and suggests a higher-grade
zeolite assemblage at depth. Based on paragenetic relationships
among the secondary minerals in the basalts, the apophyllite is
generally one of the later minerals to be precipitated, although
stilbite, mesolite, and scolecite have been observed to both pre-
date and post-date the apophyllite.

The approximate timing of the low-temperature alteration
event(s) is known to be mid-Cretaceous in NVL and is defined
by Rb-Sr “errorchrons” (=100 Ma) caused by redistribution of
Rb within a partly altered glassy flow [Fleming et al., 1992,
1993a; Mensing and Faure, 1996], young K-Ar dates (=90-120
Ma) [Kreuzer et al., 1981; Elliot and Foland, 1986], disturbed
0Ar9Ar spectra yielding younger ages (=90-120 Ma) for low-
temperature increments [Fleming er al., 1993a; Foland et al.,
1993], and reset paleomagnetic poles consistent with a mid-
Cretaceous position (=100 Ma) [Delisle, 1983; Delisle and
Fromm, 1984, 1989]. Although less well documented, similar
evidence for Cretaceous alteration is found in CTM [Fleming,
1995] and possibly SVL [Molzahn et al., 1994]. Most of these
dates, however, reflect some degree of alteration of rocks and
minerals originally produced during Jurassic:magmatic activity
rather than direct dating of an alteration event (or events) via
neoformed minerals. In a preliminary report, Fleming er al.
[1993b] presented Rb-Sr and 40Ar/39Ar dates for apophyllite
from basalts in NVL which were interpreted to directly date al-
teration at ~95 Ma. Subsequently, Mensing [1995] reported a
117 £1 Ma date, based upon a Rb-Sr analysis for a secondary
mineral, described as stilbite, from a locality in SVL.

3. Apophyllite
3.1 Mineralogy

Apophyllite (KCa,8i,0,,(F, OH)-8H,0) is a hydrous sheet-
structured silicate [Colville et al., 1971; Rouse et al., 1978; Mi-
rura et al., 1981] in which four- and eight-member rings of sil-
ica tetrahedra form two-dimensional infinite sheets perpendicu-
lar to [001] that are linked by Ca ions sharing two oxygens with
each sheet and linked to one (OH, F) and two H,O molecules.
Potassium is present between the silicate sheets in eight-fold co-
ordination with H,O molecules. The unit cell is tetragonal with
dimensions of approximately c=15.9 A and a=8.98A. Substitu-
tion of OH and F leads to a complete solid solution series whose
end-members have been designated hydroxyapophyllite and
fluorapophyllite [Dunn et al., 1978]. Other significant chemical
substitutions include Na for K, leading to a relatively rare ortho-
rhombic end-member, natroapophyllite [Marsueda et al., 1981},
and, in more limited quantities, NH, may substitute for K and
Al may substitute for Si [Dunn et al., 1978; Marriner et al.,
1990]. Of the few reported analyses of the trace elements, in-
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cluding Rb and Sr, for apophyllite [Sahama, 1965; Keith and
Staples, 1985], most have considerable uncertainty because con-
centrations closely approach the analytical detection limits of
the methods used.

3.2 Occurrence

Apophyllite is found in a variety of rock types affected by
low-temperature water-rock interactions [Gaines et al., 1997],
but its principal occurrence is in amygdules and filling or lining
cavities in altered basalts in association with datolite, pectolite,
calcite, quartz, and a variety of zeolite minerals. Less com-
monly, it is found in fractures or cavities in granites, syenites,
metamorphic rocks, limestones, and calc-silicate rocks. It also
occurs as a late-stage product in some hydrothermal ore depos-
its. Other notable, but less well documented, occurrences in-
clude precipitation in the tiles and mortar of Roman baths at
Plombiéres, France [Daubrée, 1879] and within zeolite-bearing
lacustrine deposits from the Green River Formation of Utah and
Colorado [Bradley, 1929]. The conditions of formation and
stability of apophyllite in terms of temperature, pressure, and
water chemistry are poorly known. Apophyllite generally occurs
late in most paragenetic sequences and its mineral associations,
compared with those found in active hydrothermal environments
[Kristmannsddttir and Témasson, 1978], suggest low tempera-
tures of formation (<100°C) possibly extending down to normal
ambient groundwater temperatures. Apophyllite is easily
weathered in surface environments, commonly developing a
chalky white surface coating that consists predominantly of hy-
drous silica [cf. Bailey, 1941].

3.3 Thermal Behavior

Apophyllite undergoes a number of physical and structural
changes at relatively low temperatures which will affect Ar re-
lease. During laboratory heating, apophyllite crystals are physi-
cally modified by delamination along their basal cleavage, a
characteristic to which the mineral owes its name [Dunn and
Wilsen, 1978]. The structural behavior of apophyllite during
heating at 0.101 MPa (1 atm) has been studied in detail by Mar-
riner et al. [1990] using differential thermal, thermogravimetric,
and X-ray diffraction data. Apophyllite dehydrates in two stages
at relatively low temperatures. The first stage, at =320°C, in-
volves loss of 50-65% of the molecular water with only minor
distortion of the apophyllite structure. The second stage, occur-
ring at =440°C, involves loss of the remainder of the water and
produces total collapse of the crystal structure to form an amor-
phous solid. In hydroxyapophyllites, high-temperature o-
wollastonite is formed from the amorphous solid at =900°C and
is accompanied by the onset of melting. The high-temperature
behavior of fluorapophyllite is influenced by kinetic factors re-
lated to retention of F during the second stage dehydration. For
slower heating rates (<10°C/min), in which F is retained during
dehydration, metastable CaF,-Si0, develops at =720°C and is
joined by low-temperature B-wollastonite at =830°C. These
phases are replaced by a-wollastonite at =900°C, which is ac-
companied by melting. For more rapid heating rates, which
cause F loss during dehydration, only a-wollastonite develops.

3.4 Geochronology

Only limited geochronological data for apophyllite have been
previously published. Chukhrov et al. [1973] reported conven-
tional K-Ar and Rb-Sr dates for apophyllite samples from ore
deposits, as well as some basalt sequences. Their K-Ar results
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for apophyllite from Middle Eocene volcanic rocks from the
Republic of Georgia yielded dates of 47 to 13 Ma (Middle Eo-
cene to Miocene), which they considered as possible ages of
mineralization. Single samples of apophyllite from several con-
tinental flood basalt sequences were also analvzed by Chukhrov
et al. [1973] using conventional K-Ar methods: Siberia (198 +8
Ma), Nova Scotia (148 +6 Ma), and Brazil (93 +8 Ma). In all
cases the apophyllite dates are younger than the eruption age of
the flood basalts by 40-50 Ma; however, there are few geologic
constraints on the actual timing of the secondary mineralization
to evaluate the validity of the ages. Because of difficulties in
measuring small quantities of radiogenic Sr, the Rb-Sr results of
Chukhrov et al. [1973] were restricted to “older” (210-745 Ma)
apophyllites from ore deposits in Kazakhstan and Ukraine;
where Rb-Sr dates were obtained, they were older than their K-
Ar counterparts by 60 to 215 m.y. These authors concluded that
the Rb-Sr dates probably represent the true crystallization age of
the apophyllites and that the Ar dates were likely to be unreli-
able due to “0Ar loss. The only other reported dates, as far as we
are aware, are the preliminary results by Fleming er al. [1993b]
for an apophyllite from NVL; these results are included as part
of the data set presented below.

4. Samples and Methods

The apophyllite samples analyzed for this study come from
the Kirkpatrick Basalt at three localities (Figure 1, Table 1).
Three samples (S90-57-1, S90-57-15, §90-57-17) are from
Storm Peak, Queen Alexandra Range in the central Transantarc-
tic Mountains (CTM). Another, $90-75-25, is from Carapace
Nunatak in south Victoria Land (SVL), whereas sample 85-1-
apo is from Mount Frustum, Mesa Range in north Victoria Land
(NVL). The specimens examined form equant, euhedral crystals
up to several centimeters across that are colorless to white or
pale green. In some cases the crystals have a chalky white sur-
face coating due to alteration.

Chemical compositions of the apophyllites were determined
from single, representative, hand-picked fragments of crystals
using a Cameca SX-50 electron microprobe at The Ohio State
University. To minimize the effects of sample volatilization un-
der the electron beam, analyses were performed using a 15 kV
accelerating potential, 15 nA current, and a defocused 30 pm
beam. Repeat analysis of the same spot under these conditions
revealed no significant change in composition.

K-Ar ages were determined using the “Ar/2%Ar technique by
total-fusion and by incremental-heating analyses. The Ar meas-
urements were performed at The Ohio State University using
laboratory procedures described previously [Foland er al., 1984,
1989, 1993]. The incremental-heating runs were performed in
a low-blank, double-vacuum furnace, whereas the single-step,
total-fusion analyses were performed in the double-vacuum fur-
nace or in a RF-heated Mo crucible. For a small number of the
analyses performed in the RF system, the atmospheric Ar cor-
rections were larger than normal due to unexpected release of Ar
from SiO, glass supports. The neutron-fluence monitors were
intralaboratory standards: a biotite, MON-4 (for analysis num-
bers beginning with 46), and a muscovite, PM-1 (for those be-
ginning with 47 and 51), with ages of 121.7 and 165.0 Ma, re-
spectively. The age of MON-4 has been derived by calibration
against several standard minerals that were dated by the con-
ventional K-Ar method. All the standards used have assigned K-

Ar ages compatible with “%Ar isotope dilution determinations
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that produce an age of 513.5 Ma for MMhb-1. The age used for
PM-1 was determined by direct calibration against MON-4,
Samples measured as total-fusions were single hand-picked
fragments of crystals weighing between 0.02 and 0.17 g. In Ta-
ble 2, crystal fragments are designated by a letter and a number;
within any one sample, the letter designates a single apophyllite
crystal and the number a fragment of that crystal. Material used
in the incremental-heating experiments consisted of a number of
hand-picked mineral fragments several millimeters in diameter
that may come from one or more different crystals from the
same sample.

Rb-Sr isotopic measurements were performed at The Ohio
State University using procedures outlined by Foland and Allen
[1991]. Rb and Sr were determined by isotope dilution on the
same sample dissolution as the ¥7Sr/868r determination, thus
avoiding the problems of aliquoting and sample heterogeneity.
Samples used for Rb-Sr isotope analysis consisted either of a
bulk-aggregate of apophyllite crystals that was crushed to <100
mesh (150 pm) in a steel mortar to form several grams of homo-
geneous powder or approximately 0.25 g of hand-picked mineral
fragments several millimeters across. The hand-picked frag-
ments are free of extraneous materials; however, the crushed
apophyllites may contain minor amounts of other secondary
phases. X-ray diffraction analysis of the crushed materials did
not yield any significant identifiable peaks other than those at-
tributable to apophyllite, indicating that any other phase is
volumetrically minor.

5. Results

5.1 Chemical Compositions

Average microprobe analyses of the apophyllites are given in
Table 1. The compositions closely approach the fluorapophyl-
lite end-member. The individual crystals are relatively homoge-
neous in terms of chemistry, with small differences in concen-
trations of minor components Al,0; and Na,O which are nega-
tively correlated with K,O. The measured compositions com-
pare favorably with the most common varieties of apophyllite
chemistry reported in the literature [cf. Marriner et al., 1990].
Backscattered electron imaging of the crystals revealed a small
number of 10-100 wm quartz inclusions which are most com-
mon near the margins of the grains.

5.2 Results from 9PAr/3%Ar Analyses

The *0Ar39Ar total-fusion results for the apophyllites are
summarized in Table 2 and the incremental-heating results are
summarized in Table 3. The complete data set is available on
request.! For all of the analyses, the K/Ca ratios measured from
nucleogenic Ar isotopes fall in the range 0.22 - 0.24, in good
agreement with the values measured using the electron micro-
probe (Table 1). The proportions of radiogenic “CAr to total
40Ar are relatively high, generally greater than 95%.

The apparent ages for total-fusion analyses and integrated
ages from step-heated samples range from 76 to 133 Ma (Figure
2). Repeat measurements of samples generally agree reasonably

ESlu:i[:nf}rlir!g data tables are available on diskette or via Anonymous
FTP from kosmos.agu.org, directory APEND (Username = anonymous,
Password = guest). Diskette may be ordered from American Geophysical
Union, 2000 Florida Avenue, N.W., Washington, DC 20009 or by phone
at 800-966-2481; $15.00 Payment must accompany order.
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Table 1. Average Compositions of Apophyllite Samples -

Sample §90-57-1 590-57-15 590-57-17 590-75-25 81-5-apo Ideal®
Location® CT™ CTM CT™M SVL NVL
n° 9 11 8 8 5
Si0, 51.78 51.59 52.15 51.95 52.24 52.99
AlLOy 0.28 0.54 0.1 0.17 0.01 0.00
Ca0 24.68 24.63 2446 24.63 24.59 2474
Na,O 0.19 0.24 0.12 0.11 0.03 0.00
K,0 4.76 4.65 4.85 4.85 4.75 5.19
F 2.16 2.14 2.12 2.15 2.13 2.09
Hz()‘:I 15.64 15.65 15.67 15.65 15.67 15.87
F for O -0.91 -0.91 -0.90 -0.90 -0.90 -0.88
Total 98.58 98.53 98.58 . 98.61 98.52 100.00
Numbers of lons on the Basis of 20 Oxygens
Si 7.94 7.91 7.98 7.96 8.00 8.00
Al 0.05 0.10 0.02 0.03 0.00 0.00
Ca 4.05 4,05 4.01 4.04 4.03 4.00
Na 0.06 0.07 0.04 0.03 0.00 0.00
K 0.93 0.91 0.95 0.95 0.93 1.00
Total 13.03 13.03 13.00 13.02 12.97 13.00
0 20.00 20.00 20.00 20.00 20.00 20.00
F 1.05 1.04 1.03 1.04 1.03 1.00
Ki/Ca® 0.224 0.219 0.230 0.228 0.224 0.244

3deal composition of fluorapophyllite.

5Sample localities: $90-57-1, $90-57-15, 890-57-17 from 175, 334, and 388 m, respectively, above the base of the
basalt section at Peterson Ridge, Storm Peak, Queen Alexandra Range, central Transantarctic Mountains (CTM) [Fleming,
1995]; §90-75-25 from approximately 50 m above the base of the lowest basalt on east side of Carapace Nunatak, south
Victoria Land (SVL); 81-3-apo from Mount Frustum, Mesa Range, north Victoria Land (NVL).

“Number of spot analyses.
dCalculated based on stoichiometry.
©K/Ca ratio by weight.

well, but in some cases they vary by up to 24 m.y. (i.e., 81-5-
apo), which grossly exceeds the analytical uncertainties. In ad-
dition, although the apparent ages of fragments of single
apophyllite crystals commonly agree well, variations of as much
as 14 m.y. are observed (i.e., 81-5-apo, crystal fragments C2 and
C3). Despite the overall range in ages, the results form a clus-
tering of dates for each sample and to a certain extent for each
geographic region. Sample 81-5-apo, from NVL, gave the
youngest dates, ranging from 76 to 100 Ma; most of these dates
cluster between 86 and 100 Ma. Sample §90-75-25, from SVL,
gave ages of 95 to 114 Ma for material from four different
crystals. The three samples from CTM yield a distinctly older
range of ages from 114 to 133 Ma. '

The “PAr/3%Ar incremental-heating spectra for the samples
are shown in Figure 3. During step-heating, most of the Ar is
released at >650°C, with the loss of a large portion in a narrow
interval between 750 and 850°C. These fractions are generally
concordant and define a plateau. The plateau ages and the inte-
grated ages are equal in nearly all cases, regardless of the gen-
eral quality of the plateau or its extent. Replicate incremental-
heating spectra of the same sample show good reproducibility
for some samples (i.e., S90-57-15), but others show significant
differences in age of up to ~7 m.y (i.e., $90-57-1). Despite
these differences in age, the general pattern of Ar release is es-
sentially the same for each of the replicate analyses of a par-
ticular sample. Nearly all of the spectra show some discordance
for the lowest- and highest-temperature fractions. Samples 85-
I-apo and §90-75-25 show more severe discordance.

The incremental-heating data were examined using isotope
correlation analysis. Although the tight clustering of most com-
positions leads to relatively imprecise regressions, the results are
consistent with the plateau ages and have intercepts that are in-
distinguishable from atmospheric Ar. There are no significant
correlations other than those represented by the plateau frac-
tions, so this alternative data treatment offers no advantages.

5.3 Results from Rb-Sr Analyses

Apophyllite Rb-Sr analytical data and ages are given in Table
4. Concentrations of Rb range from 136 to 387 ppm. The con-
centrations of total Sr range from 0.37 to 2.8 ppm, a consider-
able portion of which is radiogenic Sr in some samples. The
Rb/Sr ratios are thus high and exhibit a wide range with
87Rb/86Sr varying from about 375 to 5500. The same sample
powders for two samples were measured in triplicate; the repli-
cate analyses show excellent agreement. Those samples con-
sisting of crushed materials produced from bulk-aggregates of
crystals ($90-57-1 and S90-57-15) show significantly lower
87Rb/86Sr ratios than samples that were analyzed as single hand-
picked crystal fragments. This is believed, in part, to reflect im-
purities in the powdered samples that contribute significantly to
the Sr budget of the powders. Sample 590-57-15 also has a
much lower Rb concentration compared to the other samples.

As a result of the very high 37Rb/80Sr ratios, model Rb-Sr
ages can be calculated from the present-day 87S1/%Sr composi-
tions by assuming that the initial Sr incorporated into the
apophyllite had a 87Sr/36Sr ratio similar to its host basalt (0.710
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Table 2. Summary of “Ar/3%Ar Ages for Apophyllites Measured by Total-Fusion
Sample Location Analysis Crystal*  Weight, g 40Ar* % K/Ca Age, Ma
5§90-57-1 CT™M 51112 Al 0.0229 70.70 0.231 132.8 0.6
§90-57-15 CTM 51G2 Al 0.0694 98.8 0.222 125.9 £0.4
51G3 Bl 0.0697 95.4 0.221 128.3 +0.4
51G4 Cl 0.0266 96.4 0.221 1254 £0.5
51G5 c2 0.0782 98.7 0.223 122.4 £0.3
51G7 C3 0.0563 98.4 0.222 . 123.3 0.6
51G8 C4 0.0610 97.8 0.222 122.5 +0.3
51G9 2] 0.0490 98.9 0.222 123.6 0.4
51G10 Cc6 0.0300 98.5 0.223 121.0 £0.3
51G12 c7 0.0414 98.6 0.222 122.3 +#0.3
51GI3 Cc8 0.0418 98.3 0.223 124.2 104
51Gl4 DI 0.0782 99.2 0.222 129.2 +0.4
51G15 D2 0.0378 98.2 0.222 129.5 0.5
Average® 125 +3
590-57-17 CT™M 5113 D3 0.0522 98.9 0.231 116.9 +0.4
5114 D4 0.0166 99.3 0.235 120.7 0.4
Average® 119 43
590-75-25 SVL 516 Al 0.1528 77.7° 0.236 101.3 =1.0
5119 DI 0.0732 60.20 0.236 94.9 0.5
Average® 98 5
81-5-apo NVL 5115 Al 0.1531 89.5 0.226 87.8 £0.3
5117 A2 0.1704 94.8 0.228 100.1 0.3
5118 Bl 0.0624 810 0.224 76.4 0.6
5119 B2 0.1012 82.8 0.225 89.2 04
S0 Cl 0.0876 74.5 0.227 86.0 0.6
51112 c2 0.1488 82.4 0.227 822 04
51113 C3 0.0780 95.9 0.227 96.3 205
51114 Dl 0.0149 97.0 0.224 91.2 #05
51115 El 0.0430 97.4 0.227 96.7 0.4
51J2 E2 0.0215 57.5b 0.233 98.1 +0.3
5113 E3 0.0366 72.40 0.230 98.8x1.2
5114 E4 0.0172 62.9° 0.233 95.0 2.6
Average® 92 =7

All samples were analyzed using the neutron-fluence monitor PM-1 with an age of 165.0 Ma
“Crystal fragment numbers beginning with the same letter indicate that analyses were performed on dlfferenl

fragments of the same apophyllite crystal.

ese samples are influenced by larger than normal atmospheric Ar correction resulting from degassing of furnace

glassware.

Unweighted average values with 1o standard deviation.

- 0.720). The model dates are insensitive to any reasonable val-
ues for 8781/80Sr of the basalt hosts. The model dates for
apophyllite from the five rock samples are 94 Ma for the sample
from NVL, 127 Ma for the sample from SVL, and 122, 125, and
144 Ma for the three samples from CTM. For three of the sam-
ples (85-1-apo, $90-57-17, and §90-57-15) the Rb-Sr dates fall
within or close to the range of dates determined by 4CAr/39Ar,
generally falling toward the older end of the range of Ar dates.
For two other samples (890-75-25 and 890-57-1) the Rb-Sr

dates are 12-14 m.y. older than the oldest *CAr/*°Ar date for the
sample. Sample §90-57-1, which produced by far the oldest
Rb-Sr date, contains more than 4 times the Sr concentration of
other samples, and the model age may be compromised by im-
purities in the sample powder produced from a bulk-aggregate
of apophyllite crystals. The data do not constrain the extent to
which fractions from a single apophyllite sample may yield a
range of Rb-Sr dates, as has becn demonstrated for the argon
dates.

Table 3. Summary of *0Ar39Ar Incremental-Heating Results for Apophyllite Samples

Integrated Results

Plateau Results

Sample Location  Analysis® Weight, g K/Ca Age, Ma Age, Ma %3%Ar  Temperature, °C

590-57-1 CT™ 46M7 0.1322 0.226 132.6 132.1 #0.3 54.4 780-820
47M3 0.0932 0.224 125.8 124.9 +0.3 80.2 750-1100

§90-57-15 CT™M 46M2 0.1326 0.224 127.0 127.2 0.3 79.1 750-820
47M4 0.1065 0.217 128.1 128.1 £0.3 65.6 750-800

590-37-17 CT™M 46M4 0.1326 0.234 113.9 113.2 +0.6 g1.2 800-820
47M6 0.1072 0.238 117.6 117.1 0.3 76.8 750-800

$90-75-25 SVL 46M5 0.1213 0.241 111.8 no plateau
47M7 0.1009 0.240 113.5 no plateau

81-5-apa NVL 46M8 0.1135 0.228 953 944403 57.6 750-810
47M2 0.1086 0.226 96.3 96.4 0.3 50.6 650-800
47M8 0.0435 0.228 92.8 no plateau

2Analysis numbers beginning with 46 are based on J values calculated from neutron-fluence monitor MON-4 (121.7 Ma), and those

beginning with 47 are based on PM-1 (165.0 Ma).






























