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Abstract

A continental flood basalt province, the Ferrar Group (Kirkpatrick Basalt and Ferrar Dolerite), crops out along
3000 km of the Transantarctic Mountains in Antarctica and is temporally related to the break-up of Gondwanaland.
Although a wide range of dates, between 90 and 193 Ma, have been published for the Kirkpatrick Basalt, it is now
recognized that the young dates reflect non-ideal behavior of Ar in the matrix. In order to refine the geochronology,
feldspar separates have been analyzed by the *°Ar/*°Ar incremental heating method. The main objectives are to
constrain the duration of extrusive activity and the timing of volcanism along the outcrop belt. Basalt samples have
been studied from the three principal outcrop areas, yielding the following apparent ages: central Transantarctic
Mountains 176.8 + 0.5 Ma; south Victoria Land 176.4 + 0.4 Ma; north Victoria Land 176.6 + 0.7 Ma. Ages from
different stratigraphic levels within each area and from the three different areas are not analytically distinct. The
data imply that the eruptive activity which produced the Kirkpatrick Basalt occurred within a short interval of less
than about 1 m.y. at 176.6 + 1.8 Ma, over an area which included more than 1200 km of the Transantarctic
Mountains.

The Jurassic volcanism in Antarctica represents a short episode of magmatism, comparable in duration with other
well dated continental flood basalt provinces. The linearly extensive outcrop of the Ferrar Province and the rapid
eruption of the lavas suggests that lithospheric stretching exerted a major control on magmatism. The poorly
constrained age of the Bajocian-Bathonian boundary makes the previously suggested connection between Ferrar
volcanism and an extinction event at that boundary uncertain.

1. Introduction extrusion in such provinces (for example, 1.5
km? /y for the Deccan Traps [1]), are greater than
those of other basalt provinces, except for oceanic
plateaus such as the Kerguelen and Ontong Java.
CFB provinces and oceanic plateaus reflect major
melting events in the mantle whose origin is a
matter of debate [2-5]. The duration of magmatic

Continental flood basalt (CFB) provinces rep-
resent major magmatic events commonly, but not
exclusively, associated with continental rifting and
sea-floor spreading. The estimated rates of basalt

v activity and the timing with respect to the tec-
* Present address: Geological Survey of Israel, 30 Malkhe tonic evolution of provinces are critical to evalua-
Israel St., Jerusalem 95501, Israel. tion of the proposed models.
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The only CFB provinces for which presently
available age determinations are adequate for
assessing the precise timing and duration of activ-
ity are the Columbia River Basalt [6], the Deccan
Traps [7-9], the Parand Basalt [10,11], and the
Siberian Traps [12-14]. For the latter two exam-
ples, however, the dated samples are from limited
areas and hence the results may not necessarily
apply to each province as a whole. Nevertheless,
in all cases the implications of the dating are that
eruption of the bulk of the lavas (> 80%) oc-
curred within a restricted interval of about 2 m.y.
or less. The Columbia River Basalts and Siberian
Traps were associated only with continental ex-
tension, whereas the Deccan and Parand
provinces were followed by sea-floor spreading.
The Deccan is, perhaps, the best example of the
proposed plume origin of continental flood
basalts, with the trace of the plume revealed in
the chain of oceanic islands terminating at the
island of Réunion [15]. The Deccan and Columbia
River Basalts [16] are the best documented exam-
ples of plume activity preceding crustal extension.
The Karoo is also advocated to be the result of
plume interaction with the lithosphere [2]. Cox
[17,18], however, noted that extensional tectonism
in the Karoo preceded magmatism, although
plume activity in the Nuanetsi region may have
been necessary to weaken the continental crust.
There are no well-documented examples of conti-
nental flood basalt provinces resulting simply from
passive lithospheric stretching, and it is likely that
such a process operating over normal tempera-
ture mantle would lead to only minor igneous
activity [19]. The extent to which plume activity
and lithospheric stretching are reflected in any
single CFB province remains uncertain.

The Ferrar magmatic province in Antarctica
(Fig. 1), through its age and tectonic setting,
provides insights to possible models for flood
basalt magmatism. The Ferrar province, which is
defined by geochemical characteristics, comprises
the Ferrar Group of Antarctica, together with the
Tasmanian Dolerites and associated lavas and
sills in southeastern Australia [20]. The Ferrar
Group [21] consists of sills (Ferrar Dolerite) and
lavas (Kirkpatrick Basalt), plus a layered basic
intrusion (Dufek Gabbro) and minor pyroclastic
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Fig. 1. Map of Antarctica showing the distribution of the
Ferrar Group which crops out between the Theron Mountains
and Horn Bluff. The Kirkpatrick Basalt is found in three
relatively restricted areas: central Transantarctic Mountains
(CTM), Carapace Nunatak region and the Prince Albert
Mountains in south Victoria Land (SVL), and the Mesa
Range region of north Victoria Land (NVL). The location of
samples analyzed for this study are indicated by circled num-
bers: 1= Mt. Pratt; 2 = Storm Peak; 3 = Carapace Nunatak;
4= Allan Hills; 5= Mt. Frustum; 6 = Pain Mesa; and 7=
Exposure Hill.

rocks. The Ferrar Group forms a belt which is
approximately linear, in so far as exposure
through the ice cover permits observation. It ex-
tends for 3000 km along the Transantarctic
Mountains (TAM), from Horn Bluff to the region
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of the Theron Mountains (Fig. 1). A minimum
volume for the lavas and sills has been estimated
at 1 X 10° km® and the Dufek Gabbro at ~ 4 X
10> km?® [22]. The lavas, although forming se-
quences more than 750 m thick, have only a
limited areal extent and volume, and represent
the remnants of what was probably a significantly
greater flood basalt field.

Numerous age determinations have been per-
formed for the Ferrar Group; although the dates
vary widely (90-308 Ma; summarized in [23]), an
age of 180 + 5 Ma hasbeen advocated as the best
estimate for the majority of the Ferrar rocks
[22-24]. Our recent studies using *°Ar /*°Ar tech-
niques [25] document an age of 176.8 + 1.8 Ma
for the uppermost flow at Mt. Frustum in north
Victoria Land and a virtually identical age for a
pillow basalt near the base of the lava pile in
south Victoria Land. Existing data, however, pro-
vide little control on the duration of volcanism
along the TAM in either a stratigraphic or re-
gional sense,

The purpose of this paper is to report 40Ar/
*¥Ar incremental- heating results for feldspar sep-
arates obtained from the flood basalts and the
underlying pyroclastic rocks over a wide geo-

graphic area. These data are used to address the
timing and duration of basaltic extrusive activity
and the models proposed for flood basalt magma-
tism.

2. Geological background

The TAM consist of a pre-Devonian igneous,
metamorphic and meta-sedimentary basement
complex overlain by Devonian to Upper Triassic
flat-lying, clastic sedimentary rocks (Beacon Su-
pergroup). The Beacon strata are capped by a
silicic tuffaceous sequence and basaltic pyroclas-
tic rocks (Prebble, Mawson and Exposure Hill
formations) and lavas (Kirkpatrick Basalt) of the
Ferrar Group (Fig. 2); chemically related diabase
sills and dikes (Ferrar Dolerite) intrude the sedi-
mentary sequence and, less commonly, the base-
ment.

Extrusive rocks of the Ferrar Group crop out
in three widely separated areas in the TAM:
north Victoria Land (NVL), south Victoria Land
(SVL), and the central Transantarctic Mountains
(CTM), a distance of about 1200 km (Fig. 1). In
all three areas, basaltic pyroclastic activity pre-
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Fig. 2. Simplified stratigraphic columns for the three areas along the Transantarctic Mountains where basalts crop out. The older
Permian and Triassic beds of the Victoria Group (Beacon Supergroup) have been omitted.
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ceded eruption of flood basalts [26-29] (Fig. 2).
These pyroclastic rocks consist of laharic de-
posits, pyroclastic breccias and finer grained tuffs
and tuffaceous sandstones; the coarser deposits
are mainly the result of phreatomagmatic pro-
cesses. Basaltic clasts range up to blocks measur-
ing 3 X4 m; in general, the larger clasts have
doleritic textures and the finer grained clasts are
confined to the smaller sizes. The Kirkpatrick
Basalt consists of lavas with sparse, thin sedimen-
tary interbeds [26,30,31]. The flows are variable in
thickness, ranging from 1 to 175 m, although most
are 10-30 m thick. All the flows are subaerial,
except for a few isolated occurrences of pillow
basalt 'and hyaloclastite. Individual thick flows
vary in field characteristics from mainly doleritic
to glassy with distinct and well developed entab-
latures. Amygdaloidal zones occur at the base
and in the upper parts of most flows; amygdale
fillings include quartz, calcite, phyllosilicates and
zeolites (mainly stilbite and heulandite).

The lavas and basaltic clasts analyzed in this
study are tholeiitic, containing plagioclase and
two pyroxenes (augite and pigeonite) together
with matrix that includes opaques, and varies
from glass to quartzo-feldspathic intergrowths.
Plagioclase compositions range from bytownite,
in the more mafic samples, to sodic labradorite in
the chemically evolved flows. The opaques are
titanomagnetites, many of which show oxidation—
exsolution and alteration to maghemite. The
coarser grained samples have diabasic textures
with interstitial quartz and alkali feldspar (sani-
dine) in granophyric intergrowth. With decreas-
ing grain size, quartzo-feldspathic intergrowths
form radiating sheaves; in the glassy samples the
matrix, up to 80% of the rock, is commonly a
red-brown quenched glass containing curving
plagioclase needles, feathery aggregates of pyrox-
ene grains, and disseminated, very fine-grained
opaques. Plagioclase microphenocrysts exhibit
quench morphologies in the glassy samples. The
glassy pillow rinds grade from a clear, isotropic,
very pale brown glass with disseminated opaques,
to a glass with prominent quench crystallization.
One basalt clast (sample 82-7-11) differs in having
phenocrysts set in a microcrystalline matrix; scat-
tered quartz xenocrysts also occur. Secondary

minerals are present in small amounts, even where
amygdales are not evident in hand specimens,
and small proportions (less than about 1%) of
clay minerals and a mineraloid formed by alter-
ation of the glassy mesostasis are quite common.

A striking chemical difference exists between
the uppermost flow, or flows, and the lower part
of the sequence in all three areas. The upper flow
unit in NVL, designated the Scarab Peak chemi-
cal type (SPCT), has an uniform, iron-rich,
evolved andesitic composition (SiO, = 57.2%;
MgO = 2.4%; FeO T = 14.5%) [32], whereas the
lower flows, designated the Mt. Fazio chemical
type (MFCT), have a range of compositions but
with less pronounced iron enrichment (SiO,=
52.6-57.5%; MgO = 5.3-75%; FeO T = 8.6—
10.1%) [33]. A similar chemical subdivision is
present in CTM [33] and SVL [31].

A variety of structural, stratigraphic, and pale-
ovolcanologic data suggest that the Jurassic extru-
sive rocks were erupted in a volcano-tectonic rift
system [29]. Fault and dike arrays [34,35] demon-
strate an extensional tectonic regime and mono-
clinal structures with basaltic breccias in hinge
lines suggest coeval, basement block faulting [29].
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Fig. 3. Histogram of previous dates from the Kirkpatrick
Basalt (see text for sources; additional dates in the range
90-120 Ma have been reported by Kreuzer et al. [74]). The
distribution of the *°Ar/*’Ar ages presented in this paper is
shown at the top.
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Petrologic data from sandstones in the silicic vol-
canic sequence underlying the basaltic pyroclastic
rocks in CTM suggest rapid uplift and denuda-
tion of a proximal basement provenance before
the onset of basaltic magmatism. Thick (75-175
m) lava flows indicate appreciable topographic
relief, as do thick laharic deposits in the basaltic
pyroclastic units and the disconformity below that
rock unit in SVL [27,36].

Over the past three decades, numerous dates
have been determined for the Kirkpatrick Basalt.
The dates are almost exclusively for whole rocks
and generally by the K-Ar method, although a
few are by the *“Ar/*Ar incremental heating or
Rb-Sr methods. The published dates for the
basalts show an extreme range, from 90 to 193
Ma [22-24,37-43], as illustrated in Fig. 3. From
these data, the eruption age for most of the
basalts has been estimated as being 180+ 5 Ma
[22-24], with possible later episodes of magma-

Table 1

tism at 165 Ma in SVL and CTM [22] and 90-100
Ma in NVL [44].

The wide scatter in the dates determined for
the lavas has been generally attributed to Ar loss
from poorly retentive phases in the quenched
matrix, although the actual cause and timing of
this loss remain uncertain. It has been suggested
[e.g., 24] that the interplay of groundwater, devit-
rification and slow leakage from very fine-grained
phases and glass was the most likely cause. More
recent work on the NVL lavas [32,45] suggests
that an episode of low temperature alteration
occurred at about 100 Ma and may have con-
tributed to the low K—Ar and Rb-Sr dates for
that region. An earlier report [25] demonstrated
the feasibility of using plagioclase to obtain reli-
able ages for these rocks despite the alteration.
These “’Ar /*’Ar results yielded two ages, 176.8 +
1.8 Ma for a lava in NVL and 176.6 + 1.8 Ma for
a lava in SVL, which are interpreted as recording

Stratigraphic position of dated samples from the Transantarctic Mountains

Geographic Location Sample No.

Stratigraphic Location

Central Transantarctic Mountains (CTM); total thickness of lava: 525 m

Kirkpatrick Basalt #

Storm Peak a) 85-76-63

Storm Peak b) 85-76-61

Storm Peak c) 85-76-18
Prebble Formation "

Mt. Pratt d) 85-11-4

South Victoria Land (SVL); total thickness of lava: 380 m
Kirkpatrick Basalt ©

Carapace Nunatak a) 90-75-20

Carapace Nunatak b) 90-75-2
Mawson Formation ¢

Allan Hills c) AN-4

North Vietoria Land (NVL); total thickness of lava: 780 m
Kirkpatrick Basalt ©

Mt. Frustum a) 81-7-2A

SW Pain Mesa b) 81-9-1

SE Pain Mesa ¢) 81-13-3
Exposure Hill Formation '

Exposure Hill d) 82-7-11

top flow

top flow

~ 200 m above base of lavas

clast in breccia

top flow

second flow unit above base of lavas
clast in breccia

top flow

top flow

top flow

clast in breccia

@ Barrett et al. [26, fig. 4], section 27, flow numbers 12 (85-76-63, 85-76-61) and 5 (85-76-18).

b Larsen [75, Appendix E].

¢ Bradshaw [27, fig. 3], hyaloclastite and pillow lava unit (second flow unit in sequence), and top flow.
9 Basalt boulder in breccia (stratigraphically below lavas, see Fig. 2) overlying Permian beds about 2.5 km south-southeast of

Townrow Peak, Allan Hills.
¢ Elliot et al. [30, plate 1).

! Basalt clast in breccia stratigraphically below lavas; see Elliot et al. [28, fig. 2], section 82.7.
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Table 2
“Ar /*Ar analytical data and apparent ages for samples from the Transantarctic Mountains
T War © Mg ®  wg ® eyt S PArd Map e o K APPARENT
5, o o e (%) (%) - e AGE " (Ma)
Ar Ar Ar AT Ca Cl
(> 100) (> 100) (< 100)
85-76-63 (run No. 44K11; J = 0.005160; 0.3902g; Fig. 4a)
400 429.8 39.31 3.968 132.7 37.96 0.16 8.81 13.2 39.3 323.0 +35.0
500 43.82 4,729 4.236 7.494 22.05 0.67 50.18 123 238.0 1945+ 48
550 2250 1.635 4.409 0.7070 20.81 0.96 92.18 11.9 1410.0 1840+ 1.9
600 2152 1.553 4.507 0.4127 20.71 1.79 95.90 11.6 1530.0 1832+ 1.1
650 21.12 1.262 4718 0.3050 20.65 3.69 97.41 11.1 > 5000.0 182.7+ 0.8
700 20.40 1.135 5.438 0.2679 20.10 10.60 98.16 9.61 > 5000.0 1789+ 03
750 20.10 1.279 5.474 0.2260 19.93 7.87 98.76 9.55 > 5000.0 176.6 + 0.3
800 20.00 1.218 5.475 0.2176 19.85 10.28 98.88 9.54 > 5000.0 176.0 + 0.3
850 20.01 1.246 5.278 0.2182 19.85 12.88 98.79 9.90 > 5000.0 1759+ 02
900 20.03 1.286 5.085 0.2175 19.85 11.89 98.72 10.3 4910.0 176.0+ 0.2
950 20.06 1.425 4.602 0.2183 19.83 11.24 98.51 11.4 2100.0 1758+ 0.2
1000 20.18 1.727 3.362 0.2023 19.87 7.84 98.24 15.5 925.0 176.2+ 0.3
1050 20.16 1.953 2.532 0.1866 19.81 5.71 98.12 20.6 653.0 1757+ 0.3
1100 20.15 2.881 2.646 0.2235 19.71 5.74 97.63 19.8 303.0 1748 + 0.4
1150 20.33 4.280 3.878 0.3926 19.51 3.91 95.70 13.5 169.0 1731+ 0.6
1200 21.22 7.665 8.986 (.9479 19.27 1.49 90.18 5.82 82.1 171.0+ 1.2
1250 2229 8.934 13.739 1.282 19.82 0.77 88.01 3.80 69.0 175.74+ 33
1400 24.94 8.227 15.986 2.183 20.03 2.51 79.36 327 78.3 1775+ 14
SUM 21.19 1.976 5.057 0.5741 19.95 100 93.81 10.3 714.0 176.8
sum of increments  (800-1050°C: 59.8% of **Ar) 1759+ 05
(750-1050°C; 67.7% of Ar) 176.0 + 0.5
(750-1100°C; 73.4% of ¥Ar) 1759+ 0.5
85-76-61 (run No. 4418; J = 0.005176; 0.4082g; Fig. 4b)
400 122.2 16.13 3.687 34.76 19.86 (.34 16.20 14.2 61.5 176.6 + 9.2
500 25.86 2.029 4.339 1.512 21.79 1.55 83.97 12.0 852.0 1928 + 1.0
550 21.80 1.512 4.266 0.4049 20.99 1.55 95.97 12.3 1720.0 186.1 + 1.1
600 21.47 1.452 4.454 0.3565 20.82 2.67 96.64 11.7 2080.0 184.7+ 1.0
650 20.79 1.347 4.774 0.2797 20.39 5.05 97.76 11.0 3310.0 181.1+ 04
700 20.27 1.311 4.867 0.2265 20.04 9.27 98.51 10.7 3990.0 1781+ 0.3
750 20.03 1.298 4.735 0.1867 19.90 11.31 99.03 11.0 41200 1769 + 0.3
800 19.99 1.322 4.615 0.1782 19.88 13.16 99.10 11.3 3420.0 176.7+ 0.2
850 19.98 1.328 4.367 0.1814 19.84 11.93 98.95 12.0 3260.0 176.4 + 0.3
900 20.01 1.050 4,101 0.1741 19.85 11.16 98.94 12.7 > 5000.0 1765+ 0.3
950 20.06 1.482 3.564 0.1765 19.84 8.20 98.69 14.7 1620.0 1764 + 0.3
1000 20.10 1.889 2.812 0.1827 19.79 7.67 98.29 18.6 711.0 176.0 + 03
1050 20.05 3.029 2.788 0.2140 19.65 5.09 97.81 18.7 279.0 17468 + 04
1100 20.18 4.723 3.865 0.3635 19.44 4.85 96.06 13.5 148.0 173.0+ 0.5
1200 20.81 7.615 6.971 0.5594 19.81 2.43 94.69 7.50 81.7 176.1+ 0.8
1400 22.21 9.562 14.92 1.340 19.68 3.67 87.64 3.50 63.8 1750+ 09
SUM 20.70 2122 4.637 0.3991 19.93 100 95.99 113 571.0 177.2
sum of increments  (750-1000°C; 63.5% of **Ar) 176.5+ 0.5
85-76-18 (run No. 44K5; ] = 0.005174; 0.4006g; Fig. 4c)
400 916.3 65.75 9.158 2993 32.89 0.29 3.57 5.71 62.3 284.0 + 67.0
500 57.29 5.265 11.54 13.07 19.75 L.18 34.18 4.53 320.0 175.6 + 8.5
550 21.87 1.560 14.32 1.454 18.94 1.90 85.66 3.65 > 5000.0 168.7+ 3.7
600 21.23 1.458 15.16 0.7022 20.62 3.34 96.03 3.45 4800.0 1829+ 1.8
650 20,76 1.487 15.82 0.5616 20.63 555 98.21 3.30 3280.0 183.0+ 1.5
700 20.31 1.302 16.71 0.7516 19.69 11.09 95.77 3.13 > 5000.0 1751+ 1.0
750 19.85 1.158 18.41 0.6370 19.74 8.60 98.09 2.84 > 5000.0 1755+ 09
800 19.93 1.301 19.87 0.7156 19.73 11.23 97.55 2.63 > 5000.0 1754+ 0.6
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Table 2 (continued)

T2 a0p, " Bpp ° By P LN b e e Mpp et K 5 K & APPARENT
o 5 - e (%) (%) — — AGE " (Ma)
AT VAT AT AT Ca Cl
(% 100) (x 100) (= 100)
850 19.91 1.249 21.41 0.7481 19.76 15.41 97.72 2.44 > 5000.0 175.7+ 0.6
900 19.88 1.438 21.83 (.7645 19.73 11.01 97.65 2.39 > 5000.0 1754+ 0.6
950 20.18 1.430 21.68 0.8717 19.70 5.29 96.05 2.41 > 5000.0 175.1+ 1.2
1000 20.57 2.123 19.94 0.9234 19.77 3.40 94.68 2.62 741.0 1757+ 1.2
1050 21.40 2.366 18.62 1.102 19.94 233 91.90 2.81 564.0 1772+ 2.8
1100 21.79 2.620 20.61 1.264 20.05 1.71 90.61 2.54 459.0 1781+ 33
1150 21.70 2.905 23.54 1.429 19.75 1.64 89.45 222 379.0 175.6 + 3.7
1200 21.11 2.680 25.11 1.163 20.11 1.56 9351 2.08 440.0 178.6 + 3.1
1400 21.01 2.242 25.64 1.246 19.81 14.44 92.52 2.04 725.0 176.1 + 0.9
SUM 23.40 1.814 20.29 1.860 19.86 100 83.61 2.58 2500.0 176.5
sum of increments  (700—1000°C; 66.1% of ¥Ar) 1754 + 0.4
(700-1400°C; 87.7% of *Ar) 1757+ 0.5
83-11-4 (run No. 45D8; J = 0.005634; 0.4461g; Fig. 4d)
450 4723 37.14 3.066 154.5 16.03 0.34 3.39 17.0 74.7 156.0 + 41.0
525 43.02 3.759 3.019 7.489 21.14 0.84 49.03 17.3 424.0 203.0+ 3.2
600 21.35 1.614 2.985 0.8881 18.97 1.51 88.66 17.5 1610.0 183.2+ 1.3
650 19.32 1.132 3.148 0.3701 18.48 4.52 95.45 16.6 > 5000.0 178.8 + 0.6
700 18.56 1.167 4.106 0.2437 18.19 4.99 97.68 12.7 > 5000.0 176.1 + 0.4
750 18.39 1.108 5.269 0.2325 18.15 9.23 98.33 9.9 > 5000.0 1757+ 0.3
800 18.40 1.104 5.147 0.2304 18.16 9.30 08.32 10.2 > 5000.0 1758+ 0.2
850 18.48 1.140 3.584 0.2070 18.17 11.41 98.04 14.6 > 5000.0 1759+ 0.2
900 18.55 1.186 2.050 0.1871 18.15 10.16 97.71 25.5 > 5000.0 1757+ 0.3
950 18.65 1.321 2.145 0.2182 18.17 9.00 97.27 24.4 3190.0 1759+ 04
1000 18.64 1.451 2354 0.2323 18.14 5.73 97.14 222 1800.0 1756+ 04
1050 18.71 1712 2.371 0.2373 18.20 6.25 97.08 220 949.0 176.1 + 0.4
1125 18.87 2.101 2.459 0.2930 18.20 11.28 96.27 21.3 562.0 176.1 £ 0.3
1225 19.16 3.923 4.820 0.4608 18.21 10.32 94.71 10.8 193.0 1763+ 04
1400 22.02 5419 15.10 1.719 18.30 5.11 82.17 3.5 133.0 1771+ 0.8
SUM 20.66 1.976 4.033 0.9377 18.22 100 87.96 13.0 780.0 176.4
sum of increments  (700-1225°C; 87.7% of **Ar) 1759+ 0.5
(700-1400°C; 92.8% of *°Ar) 176.0+ 0.5
90-75-20 (run No. 43D2; J = (0.005530; 0.4299g; Fig. 5a)
400 146.5 10.89 1.550 42.26 21.77 4.11 14.84 337 285.0 205.2+ 9.3
500 25.94 3.096 2.258 2.498 18.74 10.35 72.10 231 345.0 1779+ 0.8
550 16.63 2.660 3.996 0.5157 15.43 5.84 92.53 13.1 364.0 147.8 + 0.8
600 16.00 2.576 6.596 0.4367 15.27 8.71 94.96 7.92 387.0 1463+ 0.6
630 17.10 2.549 10.69 0.5470 16.42 8.34 95.26 4.88 411.0 156.9+ 0.8
700 18.53 2.002 16.29 0.6833 17.98 10.70 95.82 321 804.0 171.1 + 0.6
750 19.21 1.463 22.12 0.8783 18.63 9.35 95.34 2.36 > 5000.0 176.9 + 0.7
800 19.20 1.324 25.96 1.031 18.53 8.28 94.56 2.01 > 5000.0 176.1 + 0.8
850 19.02 1.352 28.79 1.033 18.60 8.28 95.63 1.81 > 5000.0 176.7+ 0.9
900 18.97 1.521 30.76 1113 18.50 8.18 95.19 1.70 > 5000.0 1757+ 0.9
950 19.23 1.574 31.09 1.175 18.61 5.7 94.44 1.68 > 5000.0 176.7+ 1.0
1000 20.56 1.819 30.52 1.628 18.55 2.93 88.07 1.71 3100.0 17624+ 23
1050 20.55 1.913 29.21 1.701 18.19 %36 86.51 1.79 2000.0 173.0+ 24
1100 2217 1.784 28.62 2.152 18.43 3.48 81.28 1.83 > 5000.0 1751+ 1.6
1150 24.33 1.973 30.35 2.960 18.36 1.02 73.69 1.72 = 5000.0 1745 + 4.1
1200 28.18 3.213 32.82 4218 18.73 0.93 64.79 1.59 484.0 17794+ 5.8
1400 34.52 3.064 31.28 6.045 19.55 1.43 55.27 1.67 889.0 1852+ 43
SUM 24.96 2.402 18.27 2913 18.00 100 T2 2.86 850.0 1713
sum of increments  (750-1000°C; 42.7% of *Ar) 176.4 + 0.5

(750-1200°C; 50.5% of *°Ar) 176.1 + 0.5
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Table 2 (continued)

T* w0ar ® 3aL % aa, P 36s, " FC YArd  CAr *© ! K ® APPARENT
S Fre e o (%) (%) S - AGE " (Ma)
AT At 'Ar Ar Ca el
(x 100) (% 100) (% 100)
AN-4 (run No. 45C5; J = 0.005606; 0.4104g; Fig. 5c)
450  119.4 10.77 3.933 36.55 11.75 472 9.81 133 1880 1152+ 85
525 27.19 1.790 7.659 2221 2132 11.27 77.95 6.82 24700 2037+ 1.0
600 23.11 2.567 13.40 1.445 20.06 6.82 85.92 3.90 4750 1923+ 05
650 23.07 2.744 22.43 2.057 19.04 8.08 81.13 2.33 4770 1830+ 1.5
700 21.41 1.845 24.38 1.725 18.54 6.91 84.96 2.14 23100 1784+ 1.3
750 21.17 1.456 25.82 1.633 18.71 8.35 86.60 2.02 >5000.0 180.0+ 1.2
800 21.03 1.479 27.98 1.645 18.73 8.37 87.15 1.87 >5000.0 1802+ 1.3
850 21.22 1.664 30.83 1.824 18.66 8.29 85.83 1.69 >5000.0 1795+ 1.4
900 21.68 1.629 32.69 2.189 18.19 4.88 81.82 1.60 >5000.0 1753+ 1.6
950 23.08 1.833 32.36 2.757 17.88 357 75.55 1.61 >5000.0 1724+ 2.0
1000 24.30 2.807 29.83 3.238 17.44 267 70.11 1.75 597.0 1683+ 2.4
1050 22.76 2.291 28.94 2.713 17.37 3.20 74.60 1.81 1150.0 1677+ 2.0
1125 25.44 2.384 27.62 3.395 17.93 8.47 68.95 1.89 12100 17284 1.5
1225 22.47 3.039 33.53 2.673 17.62 5.29 76.40 1.56 4370 1700+ 1.9
1400 22.51 2.729 35.17 2.490 18.38 9.12 79.41 1.49 5810 1770+ 12
SUM 27.56 2522 24.30 3.818 18.50 100 65.85 2.15 1010.0  173.0
sum of increments  (700— 850°C: 31.9% of Ar) 179.6 + 0.6
(700~ 900°C; 36.8% of **Ar) 179.0+ 0.9
(700- 950°C; 40.4% of *°Ar) 1784+ 1.2
(700-1400°C; 69.1% of *Ar) 176.0 + 1.4
(650-1400°C; 77.2% of ¥Ar) 176.7+ 1.5
81-9-1 (run No. 44D10; J = 0.005205; 0.1895g; Fig. 6b)
400 56.64 13.09 0.8040  15.42 11.10 5.60 19.59 65.0 574 1014+ 34
500 20.21 9.868 1.775 2.721 12.29 9.35 60.77 29.4 632 1119+ 1.1
575 16.67 3.967 6.427 1.186 13.73 487 81.97 8.13 2000 1245+ 16
650 18.94 2.259 12.38 07318  17.94 1213 93.86 422 560.0 1611+ 1.0
725 19.88 1.467 14.45 0.6442 1935 1053 96.32 3.62 3880.0 1732+ 0.9
800 19.91 1.562 14.85 0.6232  19.49 8.56 96.81 3.52 22500 1743+ 09
875 19.91 1.364 14.89 0.6005  19.56  13.79 97.16 351 >35000.0 175.0+ 08
950 19.93 1.546 14.83 0.6253  19.50  13.06 96.77 3.52 2430.0 1745+ 09
1025 19.94 1.758 14.40 0.6759  19.32 6.08 95.84 3.63 1230.0 1729+ 1.8
1100 20.95 1.618 13.98 0.7165  20.17 4.71 95.30 3.74 1890.0 1802+ 1.9
1200 22.60 2.237 14.19 0.8557  21.45 3.38 93.90 3.68 597.0  191.0+ 22
1400 21.29 1.978 20.33 1.206 19.69 7.93 91.09 2.57 1040.0  176.0+ 0.9
SUM 21.97 3.218 12.43 1.750 17.97 100 81.03 4.20 306.0  161.3
sum of increments  (725-1025°C; 52.0% of **Ar) 174.1+ 0.6
(725-1400°C; 68.0% of *°Ar) 1756+ 1.6
81-13-3 (run No. 44D8; J = 0.005206; 0.0516g; Fig. 6¢c)
400 7117 133.5 17.35 229.4 35.59 0.73 4.94 3.01 578 307.0 +85.0
600 32.48 15.67 15.60 5.652 17.25 5.06 52.51 3.35 385 1552+ 73
750 20.21 2.217 15.23 0.6673 1970  14.20 96.37 343 592.0 176.1+ 5.1
850 19.96 1.698 15.70 05144 1995  19.06 98.78 333 13600 1783+ 3.9
950 19.51 1.968 15.25 0.4674  19.58 8.39 99.27 3.43 781.0 1752+ 3.6
1050 21.26 2.199 15.19 0.9161  20.01 9.35 93.08 3.44 639.0 1788+ 7.0
1200 21.39 2.860 16.20 1.057 19.83 1637 91.57 3.22 3600 1773+ 2.7
1400 20,50 3.128 17.73 0.9253 1947  26.84 93.73 2.95 3000 1742+ 1.3
SUM  26.14 4.084 16.18 2.699 19.72 100 74.53 323 2190 1763
sum of increments (750-1400°C; 94.2% of *°Ar) 176.4 + 0.9
82-7-11 (run No. 45E6; ] = 0.005642; 0.2789; Fig. 6d)
450 166.4 22.01 2.931 48.60) 23,12 1.15 13.86 17.8 443 221.0+20.0
525 30.10 3.576 5.379 4.174 18.23 6.82 60.32 9.71 3150 1767+ 2.9
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Table 2 (continued)

T a0p, ® N Vipp 3ar " Fe 32;‘\; 4 z;A)r S k" K ® APPA:{ENT
YAr PAr WAr PAr i * Ca cl AR
(x 100) (% 100) (x100)
600 20.19 1.764 13.66 1.701 16.37 9.11 80.24 3.82 2220.0 1594+ 4.8
675 2041 2.090 21.19 1.436 18.09 8.08 87.18 2.47 938.0 1754+ 2.0
750 19.43 1.456 24.08 1.150 18.23 11.95 92.05 2.17 > 5000.0 1766+ 1.7
825 18.89 1.474 26.03 1.107 17.99 11.97 93.30 2.01 > 5000.0 1744 + 09
900 18.74 1.270 25.60 1.025 18.05 12.46 94.37 2.04 > 5000.0 1750+ 0.9
975 18.84 1.472 22.01 1.021 17.81 9.85 92.97 2.37 > 5000.0 1728+ 1.5
1050 19.05 1.897 17.22 1.054 17.49 6.57 90.56 3.03 1120.0 1698+ 1.5
1125 20.65 2.508 16.33 1.533 17.59 7.99 84.10 3.20 522.0 170.8 + 2.2
1225 29.15 3.281 18.27 3,752 19.74 7.09 66.76 2.86 388.0 1905+ 2.6
1400 76.38 6.137 24.32 19.07 22.32 6.98 28.68 2.15 409.0 214.0+ 43
SUM 26,52 2.465 20.13 3.399 18.30 100 67.96 2.60 915.0 1773
sum of increments  (675- 900°C; 44.5% of *°Ar) 1753+ 0.7
sum of increments (675- 975°C; 54.3% of *Ar) 1749+ 08
sum of increments (675- 1125°C; 68.9% of *°Ar) 1739+ 0.8

* Heating temperature in degrees Centigrade. The precision of heating temperatures is estimated to be + 10°C or better [25]. SUM
refers to integrated quantities weighted by **Ar amounts.

b The isotope ratios given are not corrected for Ca, K, and CI derived Ar isotopic interferences, however 2’Ar is corrected for decay
using a half-life of 35.1 d. The ratios are corrected for line blanks of atmospheric Ar composition. The line blanks are
approximately 1 X 107" mol for < 1200°C and 2 x 10~ mol at > 1200°C.

¢ F is the ratio of radiogenic **Ar to K-derived **Ar. It is corrected for atmospheric argon and interferences using the following
factors: (**Ar/%Ar),;, = 295.5; (Ar/*Ar),;, = 0.188; (FAr/¥An), = 0.00110; (BAr/YAr), = 1.40 x 104 (*Ar/*8Ar) o = 2.02
X 107° per day after irradiation; (**Ar/*’Ar)¢, = 7.39 x 10~* (for run numbers beginning with 44): (PAr /A, =776 X 1074
(for run numbers beginning with 45); (*°Ar/7’Ar), = 2.84 X 10~* (for run numbers beginning with 44); (*°Ar /¥Ar), = 2.65 x 10~*
(for run numbers beginning with 45); (*“]Ar/”ﬁkr]K = 0.0416 (for run numbers beginning with 44); ("DAr/”AI)K = 0.0329 (for run
numbers beginning with 45).

4 Relative percent of total Ar released by fraction.

¢ Percent of the total “’Ar in the fraction that is radiogenic.

* Weight ratio calculated using the relationship: K/ Ca = 0.523 X (PAry /AL

¥ Weight ratio calculated using the relationship: K/ Cl = 5.220 X (¥Ary /®Ar ).

h Ages calculated with a total decay constant of 5.543 X 10~'% y=!, Uncertainties are quoted at the 1o level. For increments of a
given step-heating analysis, the uncertainties do not include J value uncertainty but provide for uncertainties in measured isotopic
ratios and all correction factors given above, Summations and ages are weighted by amounts of **Ar. For total fusion, plateau, and
other ages, uncertainties reflect a relative uncertainty of +0.25% in J value. An overall systematic uncertainty of + 1% is assigned
to all ages. The monitor used was an intralaboratory biotite (MON-4) with a **Ar /*Ar age of 121.7 Ma and an assigned uncertainty
of +1%. MON-4 was calibrated against MMhb-1 using a *°Ar /*%Ar age of 513.5 Ma [48].

the time of crystallization. With the exception of was obtained for a dolerite boulder from the
these two dates, previous determinations by Ar Prebble Formation [46].

methods are unreliable due to Ar loss; those by

the Rb-Sr method are suspect because of open

system behavior [25,32]. 3. Samples and methods

The age of the underlying basaltic pyroclastic
units is poorly constrained; stratigraphically, they To define the age and constrain the duration
are younger than Upper Triassic plant-bearing of Kirkpatrick Basalt activity, samples of the lavas,
fluvial sedimentary rocks and older than the cap- as well as basaltic clasts from the underlying
ping Kirkpatrick Basalt. The only isotopic date, a pyroclastic units, were studied. The samples come

whole-rock K-Ar determination of 183 + 10 Ma, from three areas (Fig. 1 and Table 1): Storm Peak













































