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Abstract

The Jaramillo Event was originally defined by Doell and Dalrymple in 1966 on the basis of K^Ar ages from sanidine
in the normally, transitionally and reversely magnetized rhyolite domes named Cerro del Abrigo, Cerro Santa Rosa I
and Cerro Santa Rosa II, respectively, that erupted following collapse of the archetypal Valles Caldera, New Mexico.
We have collected new paleomagnetic data from the three domes and new 40Ar/39Ar laser fusion and furnace
incremental heating experiments on sanidine crystals from the Cerro Santa Rosa I rhyolite. Step-wise alternating field
and thermal demagnetization techniques applied to 52 samples from seven sites indicate that the original paleomagnetic
results of Doell and Dalrymple [Science 152 (1966) 1060^1061] are valid. Cerro del Abrigo is normally magnetized,
whereas the Santa Rosa I dome is transitional with an inclination of 363‡ toward the east and the Santa Rosa II dome
is of reversed polarity. Twenty-five laser fusion experiments on sanidine crystals from the the Cerro Santa Rosa I dome,
together with the saddle-shaped spectrum obtained by incrementally heating the sanidine in a furnace reveal that this
rhyolite contained a small but significant component of excess argon prior to eruption. Our preferred age of 936 þ 8 ka
( þ 2c) for the Santa Rosa I rhyolite is based on the concordant laser fusion isochron and incremental heating plateau
ages. This age is significantly older than was inferred on the basis of earlier laser fusion 40Ar/39Ar results that suggested
a trapped component characterized by a 40Ar/36Ar ratio lower than the atmospheric value of 295.5. Our new age
distinguishes the Santa Rosa I dome by 65 kyr from the termination of the Jaramillo normal subchron 1001 þ 10 ka and
by 37 kyr from basaltic lavas at Haleakala and Tahiti, which record the Kamikatsura Event 899 þ 6 ka. Moreover, this
determination is a factor of three more precise than the best previous estimate for a proposed geomagnetic event in this
time period. The Cerro Santa Rosa I rhyolite dome, once intimately linked with the end of the Jaramillo Event and the
acceptance of plate tectonic theory, now defines a highly resolved feature, the Santa Rosa Event, in a terrestrial
geomagnetic reversal time scale that is consistent with the global record of magnetic field intensity from marine
sediments. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In 1966, Doell and Dalrymple [1], on the basis
of data from rhyolites of the Valles Caldera in
northern New Mexico, identi¢ed and dated using
the K^Ar method a normal polarity event within
the reversed Matuyama chron. They named it the
Jaramillo, after a creek that drains the Valles Cal-
dera close to the rhyolite domes where the event
was found. The importance of the Jaramillo
Event to the new, yet controversial, geomagnetic
polarity time scale, and hence to the entire devel-
opment of the theory of plate tectonics, has been
well established [2,3].

At the same time the future of K^Ar dating was
foreshadowed when the power of its variant, the
40Ar/39Ar method, was revealed by Merrihue and
Turner in 1966 [4]. The past 35 years have wit-
nessed remarkable advances in the 40Ar/39Ar dat-
ing of Quaternary volcanic rocks using either a
laser probe to degas sanidine phenocrysts, e.g.
[3], or a resistance furnace to incrementally heat
basalt groundmass, e.g. [5,6]. With analytical un-
certainty of better than 1%, questions have
evolved from: What are the ages of the major
normal and reversed polarity chrons? and Do
these agree with astronomically derived ages [5]?
to: What are the precise ages of reversals, excur-
sions, events and associated paleointensity
changes that mark important changes in the geo-
dynamo? and How many times did the geomag-
netic ¢eld reverse, or attempt to reverse? [6^8].

Laser probe 40Ar/39Ar studies of Spell and
McDougall [9], Spell and Harrison [10] and Izett
and Obradovich [3] raised questions regarding the
true age of the Jaramillo Event but neither pre-
cisely resolved its timing, nor addressed the pos-
sibility that a younger polarity event may be re-
corded in the Valles rhyolite domes. Moreover,
modern demagnetization and rock magnetic
methods [11,12] have not been applied to the
Valles rhyolite to justify the original paleomag-
netic data and determine whether other polarity
events were recorded. We have collected new sam-
ples from the rhyolite domes of the Valles Caldera
near Jaramillo Creek to further investigate the age
and paleomagnetic signature of these rocks so
critical to modern geology.

2. Geologic setting and previous work

The Jemez Mountains of north-central New
Mexico comprise V2000 km3 of late Miocene
to Pleistocene volcanic deposits between the Rio
Grande rift to the east and Colorado Plateau to
the west (Fig. 1). Volcanism commenced 16.5 Ma
and culminated with two catastrophic eruptions
forming a 20 km diameter epicontinental caldera
[13^16]. Following eruption of the lower Bande-
lier Tu¡ (Otowi member) at 1.637 þ 0.011 Ma ([3] ;
all uncertainties reported at the 2c level and ages
recalculated where necessary to intercalibration
values below) that formed the Toledo Caldera,
the upper Bandelier Tu¡ (Tshirege member)
erupted at 1.241 þ 0.018 Ma and formed the
Valles Caldera at about the same location. From
the pioneering ¢eld and stratigraphic studies of
Bailey, Smith, Doell and Dalrymple, [13,14,17]
the Valles Caldera and its post-collapse rhyolites
have become synonymous with caldera formation
and evolution. The post-collapse rhyolites erupted
along a ring fracture and form domes, dome com-
plexes, £ows, and pyroclastic rocks on the £oor of
the Valles Caldera (Fig. 1). We have re-investi-
gated the paleomagnetism of three of the post-
collapse domes from which Doell et al. [17] re-
ported paleomagnetic and K^Ar results, including
Cerro del Abrigo III, Cerro Santa Rosa I and
Cerro Santa Rosa II (Fig. 1; Table 1). We have
also acquired new 40Ar/39Ar data from sanidine of
the Cerro Santa Rosa I rhyolite dome.

To date sanidine phenocrysts in these domes,
Spell and Harrison [10] used an 40Ar/39Ar laser
fusion technique to generate isochrons. Izett and
Obradovich [3] used a similar approach to derive
multiple total fusion ages that were pooled to-
gether to yield a mean age estimate for each
dome. Although results of the two studies
were generally in agreement, it is worth noting
some of the problems. For example, the ages de-
termined for the normally magnetized Cerro del
Abrigo III dome of 1019 þ 19 ka [3] and 977 þ 19
ka [10] di¡er from one another by s 4%. The
latter age is based on an isochron that combines
13 analyses of sanidine from all three Cerro del
Abrigo domes (Fig. 1). Using the data of [10] we
calculated the weighted mean age of seven of
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these 13 analyses that were obtained exclusively
from sanidine of the Cerro del Abrigo III dome,
at 1000 þ 32 ka; this brings the age determina-
tions of [3] and [10] into agreement and indicates
that the Cerro del Abrigo III dome acquired its
magnetization during the Jaramillo normal sub-
chron which lasted from 1069 to 1001 ka [6].
Moreover, from the Santa Rosa I dome (Fig. 1;
Table 1) Spell and Harrison [10] obtained a
919 þ 8 ka isochron from 16 of 19 total fusion
measurements, but the trapped component de-
¢ned by the 40Ar/36Ar intercept was 281.8 þ 9.4,
signi¢cantly lower than the atmospheric value of
295.5, which is di⁄cult to explain for terrestrial
volcanic rocks [18]. From a split of the same sa-
nidine separate analyzed by Doell et al. [17] from
the Santa Rosa I rhyolite, Izett and Obradovich
[3] obtained total fusion measurements from six
multigrain aliquots that de¢ne a weighted mean

age of 930 þ 17 ka. Concerned by the non-atmo-
spheric trapped component found by Spell and
Harrison [10], and the large uncertainty of Izett
and Obradovich’s [3] age determination, we
undertook new 40Ar/39Ar laser fusion and furnace
incremental heating experiments on sanidine from
the Santa Rosa I dome.

3. Paleomagnetic and 40Ar/39Ar sampling and
methods

Samples were collected from the steep sides of
the three domes in 1994 using a gasoline powered
drill. The number and location of sites established
was limited by extensive unstable areas of loose
blocks and slabs of rhyolite (Fig. 1). From three
to 11 core samples were drilled in situ from each
bedrock outcrop site and oriented using a sun

Fig. 1. Geologic map of Valles Caldera and post-collapse rhyolites. Adapted from Doell et al. [17] and Smith et al. [14].
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compass and clinometer. Natural remanent mag-
netization directions in all cores were measured
using a 2 G cryogenic magnetometer at the Uni-
versity of Massachussetts. Demagnetization treat-
ments used either a Schonstedt AF demagnetizer
or an ASC thermal unit, and were done on all
samples. Hysteresis measurements and susceptibil-
ity-temperature measurements were done at the
Institute for Rock Magnetism at the University
of Minnesota. All samples showed moderate
NRM intensities averaging 0.71 A/m, and a pro-
gressive decrease in intensity during step-wise de-
magnetization.

Two drill cores from the coarsely sanidine and
quartz porphyritic rhyolite at site VGR-3 on Cer-
ro Santa Rosa I (Fig. 1) totalling 35 g were
crushed, sieved, and the 250^500 Wm fraction of
sanidine was separated using magnetic susceptibil-
ity, heavy liquids and ultimately hand picking
under a binocular microscope. To remove ad-
hered glass, the puri¢ed sanidine was cleaned ul-
trasonically in cold 10% HF for 10 min and rinsed
in deionized water. This procedure was similar to
that of Izett and Obradovich [3] who used 24%
HF, but di¡ers from Spell and Harrison’s [10] use
of 5% HCl. The cleaned sanidine was loaded into
pure Cu or Al foil packets and together with
packets of neutron £uence monitor minerals
placed into 5 mm i.d. quartz tubes that were evac-
uated and sealed prior to irradiation. Irradiations
were done at the Oregon State University TRIGA
reactor in the cadmium lined in core irradia-
tion tube (CLICIT) for 60 min; samples received
a fast neutron dose of V9U1016 n/cm2. On
the basis of previous work [6], corrections for un-
desirable neutron-induced reactions on 40K and
40Ca are follows: [40Ar/39Ar]K = 0.00086; [36Ar/
37Ar]Ca = 0.000264; [39Ar/37Ar]Ca = 0.000673. All
ages were calculated using decay constants of [19].

At the University of Wisconsin-Madison Rare
Gas Geochronology Laboratory, crystals were
loaded into wells on a copper planchette. Initial
experiments involved degassing ¢ve crystals (6 1
mg) of VGR-3 sanidine at once and measuring
the isotopic composition of the gas. Subsequent
experiments were undertaken on larger multigrain
aliquots of 2^4 mg (V20 to 100 crystals) each.
The crystals were heated to fusion in 60 s using

a CO2 laser and defocused beam that delivered
5^9 W to the samples. Following three additional
minutes of clean up on a single SAES C-50 getter,
the gas from each heating step was expanded into
a Mass Analyser Products-215-50 spectrometer
¢tted with a Nier type ion source, the mass range
40^36 was scanned eight times in static mode us-
ing a Balzers SEV-17 electron multiplier, and its
initial composition determined by regression anal-
ysis. System blanks were measured before every
fourth sample and for 40Ar were one to two or-
ders of magnitude smaller than the samples
(V10317 mol), whereas for 36Ar blanks typically
comprised 10^90% of the signal (V10319 mol),
but were stable during analytical periods of sev-
eral hours per session.

A 60 mg packet of VGR-3 sanidine was loaded
into a stainless steel carousel over an automated
double-vacuum resistance furnace and degassed at
500‡C to remove adsorbed atmospheric argon.
The incremental heating experiment consisted of
13 steps from 600 to 1550‡C controlled via a
tungsten^rhenium thermocouple, each involving
2 min of increase to the set-point temperature
that was maintained for 10 min with the gas ex-
posed to a SAES C50 getter operating at 450‡C.
Following ¢ve more minutes of clean-up with ad-
ditional getters at 450 and 20‡C, the puri¢ed gas
was measured in the MAP 215-50 spectrometer
as above. The 1100‡C furnace blank measured
prior to the experiment was about three times
that of the laser blanks. During two di¡erent
analytical periods more than 1 yr apart, mass
discrimination was monitored using an on-line
air pipet and was 1.0034 þ 0.0001 and 1.0025 þ
0.0001 per amu.

For each analysis the 2c errors include esti-
mates of the analytical precision on peak signals,
the system blank, and spectrometer mass discrim-
ination. Inverse-variance weighted mean (and pla-
teau) ages were calculated according to [20]. The
uncertainty in the neutron £uence parameter J
was 6 0.6% (2c) which was propagated into the
¢nal plateau, weighted mean, and isochron ages.
Where the weighted mean or isochron calcula-
tions resulted in an MSWD (or sums/(n32))
greater than unity, the uncertainty about the
mean age was increased by multiplying by the

EPSL 6094 10-4-02

B. Singer, L.L. Brown / Earth and Planetary Science Letters 197 (2002) 51^6454



ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSWD
p

. Isochrons were regressed using the
method of York [21].

The 40Ar/39Ar method is a relative dating tech-
nique in which the age of a sample is calculated
against mineral standards that have been previ-
ously dated. One packet containing 16 mg of
VGR-3 sanidine was irradiated using Alder Creek
rhyolite sanidine (ACs) as the neutron £uence
monitor, whereas the two other packets contain-
ing 60 and 30 mg each were monitored using Tay-
lor Creek rhyolite sanidine (TCs) as a standard
and a packet of ACs for cross checking. The
age of ACs has been determined at 1.194 Ma rel-
ative to 98.79 Ma for GA-1550 biotite and is in-
tercalibrated to ages of 28.34 Ma for TCs and
28.02 Ma for Fish Canyon Tu¡ sanidine (FCs)
[22]. We recognize that the age of the GA-1550
primary standard remains controversial [23^25].
Our decision to use the above values is based, in
part, upon improved agreement between 40Ar/
39Ar and astronomical ages for the last several
reversals of the geomagnetic ¢eld [26]. The neu-
tron £uence parameter J was determined by pool-
ing 5^7 laser fusion measurements of crystals
from monitor packets adjacent to the VGR-3 sa-

nidine samples. Using 28.34 Ma for the TCs mon-
itors, ¢ve measurements of ACs standard grains
gave a weighted mean of 1.192 þ 0.012 Ma that is
identical with the 1.194 þ 0.014 Ma calibration of
this standard [22].

4. Results

4.1. Paleomagnetism

Natural remanent magnetization and demagne-
tization behavior were measured on a total of 52
independent samples from seven sites on the three
domes (Fig. 1, Table 1). Typical step-wise demag-
netization patterns from alternating ¢eld (AF)
and thermal experiments (Fig. 2) show that in
most samples AF ¢elds of 10^20 mT were su⁄-
cient to remove a weak viscous component and
successive ¢elds up to 80 mT produced linear
principal component vectors that trend toward
the origin (Fig. 2A,C,D). Thermal demagnetiza-
tion to 300‡C removed the secondary component
and from 300 to 575‡C well-de¢ned vectors trend-
ing toward the origin were unblocked that are

Table 1
Paleomagnetic directions from selected Valles Caldera post-collapse rhyolite domes, Jemez Mountains, New Mexico

Site N/No. INC DEC k K95 VGP latitude/longitude

Cerro Santa Rosa II :
VGR-1 8/8 350.7 209.8 184 3.6 365/165
VGR-2 8/9 353.4 192.8 222 3.3 379/171
S40a 7/8 355.1 194.8 129 5.3 378/161
Mean 3/3 353.3 199.4 119 9.3
Cerro Santa Rosa I :
VGR-3 8/9 355.8 103.6 67 6.1 330/9
VGR-4 9/9 366.5 292.3 13 12.8 314/112
VGR-5 6/8 365.7 106.7 129 5.0 336/21
S39a 7/8 367.4 99.4 305 3.5 332/25
Mean 3/4 363.0 103.4 105 9.8
Cerro del Abrigo :
VGR-6 2/3 50.6 18.9 159 14.1 74/353
VGR-7 11/11 49.6 13.6 114 4.0 77/6
S37a 7/7 50.8 23.7 62 7.7 70/349
Mean 3/3 50.4 18.7 404 5.0

N/No., number of samples used in calculations versus number collected; INC, DEC, inclination and declination in degrees; k,
precision parameter of Fisher [41] ; K95, cone of 95% con¢dence about mean direction; VGP, corresponding virtual geomagnetic
pole, in degrees latitude/longitude.
a Sites from Doell et al. [17].
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indistinguishable from those obtained from other
samples at the same site using AF treatment (Fig.
2A,B).

Hysteresis measurements on one sample from
each site are typical of ¢ne-grained magnetite,
with narrow S-shaped curves and saturation be-
tween 0.1 and 0.3 T. The ratio of saturation re-
manence to saturation magnetization (Mr/Ms)
ranges from 0.094 to 0.309, and the comparison
of coercivity of remanence to coercive force (Hcr/
Hc) ranges from 1.7 to 3.6. Placed in a Day plot
(Fig. 3), all data lie in the pseudo-single domain
(PSD) ¢eld, trending from the multidomain ¢eld

towards the single domain ¢eld. The highest co-
ercivity ratio is from site VGR-4, one of the tran-
sitional sites from Cerro Santa Rosa I. The hys-
teresis data show that the principal magnetic
carrier in the Valles Grande rhyolites is ¢ne-
grained magnetite.

Paleomagnetic directions and virtual geomag-
netic poles (VGPs) for the seven sites were com-
pared to those of Doell et al. [17] obtained from a
single site on each of the three domes (Fig. 1;
Table 1). The new paleomagnetic directions ob-
tained from all sites except VGR-4 are nearly
identical to previous results [17] or, in the case

Fig. 2. Orthogonal projections of representative samples during AF and thermal demagnetization. Horizontal component = ¢lled
symbols; vertical = open symbols. (A) and (B) compare AF and thermal demagnetization treatment of samples from site 1 on
Santa Rosa II dome (Fig. 1). (C) and (D) show AF demagnetization of samples from site 7 on Cerro del Abrigo and site 3 on
Santa Rosa I domes (Fig. 1).
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of VGR-1, not overlapping with but close to the
other sites from that dome. Site VGR-4, from
Cerro Santa Rosa I, is markedly di¡erent from
the other sites on that dome, having a similar
steep negative inclination, but a declination about
180‡ apart. The mean results (Table 1) indicate:
(1) a steep positive inclination and north declina-
tion are preserved in Cerro del Abrigo rhyolite,
(2) a steeply inclined but east direction was re-
corded by three of the four sites at Cerro Santa
Rosa I, and (3) steep negative inclinations and a
south declination characterize Cerro Santa Rosa
II (Fig. 4).

4.2. Geochronology

Twenty-¢ve 40Ar/39Ar laser fusion measure-
ments of VGR-3 sanidine (Table 2) yielded a
Gaussian distribution of apparent ages ranging
from 903 þ 46 to 989 þ 39 ka with a probability
maximum corresponding to the weighted mean
of 947.5 þ 7.5 ka at an acceptably low MSWD
of 1.56 (Fig. 5A). There are no clear-cut outliers,
however, the analysis comprising by far the least
radiogenic argon (46% 40Ar*) is the only one with
an apparent age, 979.7 þ 21.7 ka, that is distin-
guishable from the weighted mean on the basis

of the 2c uncertainties (Fig. 5A). Eliminating
this analysis yields a weighted mean apparent
age of 946.0 þ 7.0 ka with an MSWD of 1.20.
Regressing all 25 analyses de¢nes an isochron of
936.4 þ 7.9 ka with sums/(n32) of 1.10 that indi-
cates a nonradiogenic trapped component with a
40Ar/36Ari of 307.3 þ 5.1 which is slightly, but sig-
ni¢cantly, higher than the atmospheric value of
295.5 (Fig. 5B). Omitting the least radiogenic
analysis gave an isochron of 935.8 þ 8.4 ka with
sums/(n32) of 1.14 and a 40Ar/36Ari ratio of
309.0 þ 8.0, therefore this analysis has virtually
no in£uence on the results.

Apparent ages ranging from 934 þ 6 to
1198 þ 303 ka were generated during the incre-
mental heating experiment producing a spectrum
that is markedly saddle-shaped, with ages of both
the initial and ¢nal gas increments higher than
those of the eight steps comprising 93% of the
gas released that de¢ne the plateau age of
936.9 þ 5.7 ka. The isochron de¢ned by the eight
plateau steps, 935.6 þ 8.0 ka, is indistinguishable
from the plateau age with a poorly de¢ned 40Ar/
36Ari for the trapped component of 302.9 þ 41.9
that is broadly consistent with the atmospheric
value. Regressing the ¢ve non-plateau steps de-
¢nes an isochron of 950.0 þ 21.0 ka with a sums/

Fig. 4. Equal area projection of inclination and declination
for individual sample data. Abrigo (site 7; n = 11 samples),
Santa Rosa I (sites 3 and 5; n = 14), and Santa Rosa II (sites
1 and 2, n = 16).

Fig. 3. Day plot [40] of hysteresis properties of one sample
from each of the paleomagnetic sites. SD = single domain,
PSD = pseudo-single domain, MD = multidomain. Horizontal
axis is the ratio of coercivity of remanence to coercive force
and vertical axis is the ratio of saturation remanence to satu-
ration magnetization.
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Table 2
Total fusion and incremental heating 40Ar/39Ar data from sanidine of the Santa Rosa I rhyolite dome

Analysis Weight 40Ar/39Ar 37Ar/39Ara 36Ar/39Ar 40Ar* 39Ar 40Ar* 40Ar*/39ArK Apparent ageb

number (mg) (10315 mol) (% of total) (%) (ka þ 2c)

Laser fusions J = 0.000266 mass disc. = 1.0025 per amu monitored with ACs (1.194 Ma)
AA0117 6 1 2.16577 0.01055 0.000075 4.22 98.9 2.14356 954.9 þ 31.6
AA0118 6 1 2.17243 0.01138 0.000153 3.98 97.9 2.12720 947.6 þ 43.7
AA0132 6 1 2.30066 0.01218 0.000797 6.17 89.7 2.06516 920.0 þ 33.4
AA0133 6 1 2.22642 0.01181 0.000591 4.88 92.1 2.05165 914.0 þ 66.7
AA0134 6 1 2.20548 0.01154 0.000279 6.90 96.2 2.12299 945.8 þ 28.1
AA0154 6 1 2.21208 0.01100 0.000547 5.44 92.6 2.05027 913.4 þ 34.6
AA0155 6 1 2.20585 0.01202 0.000379 5.12 94.9 2.09377 932.8 þ 35.4
AA0156 6 1 2.20774 0.01076 0.000161 4.38 97.8 2.16007 962.3 þ 47.3
AA0158 6 1 2.30153 0.01093 0.000708 7.51 90.9 2.09213 932.0 þ 27.8
AA0159 6 1 2.18364 0.01081 0.000138 6.96 98.1 2.14286 954.6 þ 28.6
AA0160 6 1 2.20685 0.01148 0.000272 7.08 96.3 2.12638 947.3 þ 27.1
AA0161 6 1 2.22421 0.01124 0.000671 5.04 91.0 2.02578 902.5 þ 46.0
AA0163 6 1 2.23663 0.01167 0.000441 7.02 94.1 2.10615 938.3 þ 39.5
AA0164 6 1 2.34553 0.01114 0.000424 8.49 94.6 2.22028 989.1 þ 39.4
AA0166 6 1 2.25993 0.01182 0.000709 7.16 90.7 2.05044 913.5 þ 39.9

J = 0.000247 mass disc. = 1.0034 per amu monitored with TCs (28.34 Ma)
AA6241 2 2.24341 0.01641 0.000437 11.86 94.2 2.11431 941.9 þ 14.0
AA6242 2 2.56337 0.01108 0.001475 14.52 83.0 2.12756 947.8 þ 13.7
AA6243 2 2.26362 0.01405 0.000481 10.90 93.7 2.12135 945.0 þ 14.4
AA6244 2 2.21274 0.01193 0.000325 14.27 95.6 2.11684 943.0 þ 12.7
AA6246 2 2.44600 0.01145 0.001121 10.16 86.4 2.11466 942.1 þ 26.9
AA6247 3 4.79102 0.01008 0.008771 20.72 45.9 2.19921 979.7 þ 21.7
AA6248 2 2.89470 0.01429 0.002566 12.41 73.8 2.13659 951.8 þ 17.6
AA6250 2 3.63163 0.01905 0.004911 11.62 60.0 2.18047 971.4 þ 22.0
AA6251 4 3.46703 0.01080 0.004486 16.31 61.7 2.14137 954.0 þ 19.5
AA6253 5 2.31532 0.01236 0.000625 21.20 92.0 2.13064 949.2 þ 9.6

weighted
mean n = 25

947.5 þ 7.5

isochron
n = 25

936.4 þ 7.9

Analysis Temp. 40Ar/39Ar 37Ar/39Ara 36Ar/39Ar 40Ar* 39Ar 40Ar* 40Ar*/39ArK Apparent ageb

number (‡C) (10315 mol) (% of total) (%) (ka þ 2c)

Incremental-heating J = 0.000243 60 mg mass disc. = 1.0034 per amu monitored with TCs (28.34 Ma)
AA6189 850‡C 6.43927 0.00964 0.012540 0.18 0.15 42.45 2.73368 1198.0 þ 303.0
AA6190 950‡C 2.85699 0.02868 0.002044 0.49 0.95 78.83 2.25289 987.4 þ 51.2
AA6191 1025‡C 2.66228 0.03315 0.001570 0.82 1.70 82.55 2.19842 963.5 þ 31.7
AA6192 1100‡C 2.29647 0.01998 0.000541 1.87 4.48 93.00 2.13662 936.4 þ 12.3
AA6193 1150‡C 2.22219 0.01833 0.000251 2.14 5.30 96.62 2.14798 941.4 þ 9.8
AA6194 1225‡C 2.21181 0.01656 0.000270 4.20 10.47 96.35 2.13190 934.4 þ 6.3
AA6195 1275‡C 2.31603 0.01548 0.000608 5.14 12.23 92.21 2.13651 936.4 þ 6.6
AA6196 1325‡C 2.19980 0.01388 0.000225 6.22 15.57 96.94 2.13334 935.0 þ 4.9
AA6197 1350‡C 2.22791 0.01381 0.000269 3.57 8.83 96.39 2.14835 941.6 þ 8.4
AA6198 1400‡C 2.21061 0.01624 0.000248 10.83 26.97 96.65 2.13740 936.8 þ 4.6
AA6199 1425‡C 2.26317 0.01535 0.000390 3.71 9.02 94.87 2.14779 941.3 þ 8.7
AA6200 1475‡C 2.81327 0.01815 0.002144 1.34 2.61 77.45 2.17960 955.3 þ 19.3
AA6201 1550‡C 5.71203 0.01950 0.011585 1.78 1.72 40.06 2.28857 1003.0 þ 43.6

plateau 1100^
1425‡C

936.9 þ 5.7

isochron n = 8 935.6 þ 8.0
a Corrected for 37Ar and 39Ar decay, half-lives of 35.1 days and 269 years, respectively.
b Ages calculated relative to 1.194 Ma ACs or 28.34 Ma TCs [22]; using decay constants of [19]; uncertainties reported at 2c.

EPSL 6094 10-4-02

B. Singer, L.L. Brown / Earth and Planetary Science Letters 197 (2002) 51^6458



(n32) of 0.82 and 40Ar/36Ari of 307.0 þ 11.0, just
higher than the atmospheric ratio.

The non-atmospheric y-axis intercept of the to-
tal fusion isochron (Fig. 5B) and the saddle-
shaped age spectrum (Fig. 6A) indicate that
some sanidine crystals entrapped gas that con-
tained a small but distinguishable fraction of ex-

cess argon prior to eruption and setting of the K^
Ar radioisotopic clock. The weighted mean appar-
ent age from the laser fusion experiments of
947.5 þ 7.5 ka assumed that the trapped compo-
nent was atmospheric in composition, hence this
approach overestimates the time since eruption.
The isochron (Fig. 5B) makes no assumption re-

Fig. 5. (A) Cumulative probability diagram of apparent ages from 25 laser fusion analyses of sanidine from site VGR-3 on Cerro
Santa Rosa I rhyolite dome. Vertical gray band de¢nes weighted mean age of 947.5 þ 7.5 ka ( þ 2c). (B) Isotope correlation dia-
gram for the same 25 analyses shown in (A). The isochron de¢nes a non-atmospheric intercept on the 36Ar/40Ar axis.

Fig. 6. (A) Age spectrum diagram derived from incremental heating of 60 mg of sanidine from site 3 on Cerro Santa Rosa I
dome. Note the saddle-shaped spectrum with increments de¢ning the plateau age ¢lled. (B) Isotope correlation diagram from the
incremental heating experiment in (A). Plateau data are small solid outlined points, non-plateau points are dashed.
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garding the trapped component, thus we accept
its age as the best estimate of time elapsed since
eruption of the Santa Rosa I dome.

5. Discussion

5.1. Paleomagnetism

Despite obtaining paleomagnetic information
using modern demagnetization procedures from
over twice as many samples and sites of the three
rhyolite domes, our results are entirely consistent
with those of Doell et al. [17]. We con¢rm that
Cerro del Abrigo, with consistent steep positive
inclinations and north declinations, is normally
magnetized, Cerro Santa Rosa I, with steep neg-
ative inclinations and either east or west declina-
tions, is transitionally magnetized, and Cerro San-
ta Rosa II is reversely magnetized, marked by
steep negative inclinations and south declinations.
The presence of two statistically distinct, but tran-
sitional, directions from Cerro Santa Rosa I is
consistent with a rapidly changing ¢eld during a
magnetic ¢eld reversal during emplacement of the
dome.

5.2. Excess argon in the Santa Rosa I rhyolitic
magma

Recent experiments [27] on melt inclusions
within quartz phenocrysts from the lower and
upper Bandelier tu¡s that erupted V700 and
V300 kyr prior to the Santa Rosa I rhyolite in-
dicate that the Bandelier rhyolite magma con-
tained excess argon in quantities that could a¡ect
sanidine ages. In fact, Spell and Harrison [10]
found that a small, yet detectable, level of excess
argon was present in sanidine from the 803 þ 6 ka
reversely magnetized Cerro San Luis dome that is
adjacent to Cerro Santa Rosa I (Fig. 1). On the
basis of Sr and Nd isotope and trace element
di¡erences, the Bandelier tu¡ magma is inter-
preted to have been produced through basalt-in-
duced melting of hybridized Precambrian deep
crustal rocks. Some of the post-caldera Valles
rhyolites, including the Cerro San Luis and Santa
Rosa I domes, tapped successive silicic magma

reservoirs produced by later, much smaller, deep
crustal melts that evolved independently from one
another through crystallization and wall rock as-
similation in shallow upper crustal reservoirs [28].
Thus, although the discovery of excess argon is
not a complete surprise, its source in the San
Luis and Santa Rosa I rhyolitic magmas may
not have been identical to that in the preceding,
larger Bandelier magma reservoir. Our results ex-
tend the conclusions of [27] demonstrating that an
approach combining incremental heating and to-
tal fusion-isochron data are required to avoid
spuriously old 40Ar/39Ar dates from sanidine not
only in rapidly erupted and poorly outgassed
rhyolitic ash £ows, but in some slowly erupted
and more thoroughly outgassed rhyolitic lava
£ows and domes as well. Indeed, the incremental
heating experiment (Fig. 6A) e¡ectively separates
the excess argon from the dominant radiogenic
component, hence the plateau (and the isochron
de¢ned by its steps) con¢rms an age for the tran-
sitionally magnetized Santa Rosa I rhyolite dome
of 936 þ 8 ka. The di¡erence between the weighted
mean apparent age of 948 ka (Fig. 5A) and the
isochron of 936 ka (Figs. 5B and 6B) implies that
s 1% of the 40Ar in the sanidine crystals derives
from excess argon present in the Santa Rosa I
magma at the time of its eruption and growth
of the dome.

5.3. Age of the Santa Rosa I dome

Our preferred age of 936 þ 8 ka for the Santa
Rosa I dome does not di¡er from the Doell et al.
[17] K^Ar age of 922 þ 56 ka, provided the latter
is calculated using modern decay constants [19],
reported with 2c uncertainty, and increased 1.5%
to re£ect the di¡erence in ages of standards used
in the USGS laboratory [23,24] and the 28.34 Ma
value that we have adopted for the TCs standard
[22]. Nor does our isochron di¡er from the appar-
ent age of 930 þ 17 ka obtained by Izett and Ob-
radovich [3], but its precision is improved. At the
95% con¢dence level, our preferred age is, how-
ever, signi¢cantly older than the 919 þ 8 ka iso-
chron age reported by Spell and Harrison [10].

Subtle problems with the analyses or cleaning
of the sanidine separate may explain this discrep-
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ancy. The isochron calculated by Spell and Har-
rison [10] for 16 of 19 laser fusion analyses has an
40Ar/36Ari value of 281.8 þ 9.4. Including all 19
analyses in their regression [10] yielded a 40Ar/
36Ari value of 277.1 þ 14.2. Values of 40Ar/36Ari

less than the atmospheric ratio of 295.5 are not
produced on Earth by well understood radiogenic,
cosmogenic, or contamination processes, hence
the values obtained by [10] are curious and re-
quire an unusual and perhaps non-geological ex-
planation. One possibility is that the HCl cleaning
procedure [10] was inadequate to remove minor
quantities of variably hydrated or altered K-rich
silicic glass adhered to the sanidine crystals fol-
lowing crushing, sieving and heavy liquid separa-
tions. The presence of glass could pose several
potentially problematic e¡ects, for example: (1)
altered glass may have lost some radiogenic argon
[29], (2) hydrated glass may actually have lost K
rather than radiogenic argon [30], (3) altered or
hydrated glass may be susceptible to recoil of 39Ar
during neutron bombardment of the sample [31],
and (4) hydration or alteration of glass may selec-
tively fractionate 36Ar from 40Ar, thereby lower-
ing its 40Ar/36Ar ratio [32].

In an isochron diagram (e.g. Fig. 5B), loss of
K, translation of 39Ar atoms via recoil out of the
glass and into the sanidine lattice, or fractionation
of 36Ar could displace 39Ar/40Ar values to the
right of the isochron or 36Ar/40Ar ratios above
it. Such dispersion could bias the 40Ar/36Ari value
of the best ¢t regression to a value lower than
295.5 [32]. An alternative possibility is that some
chlorine was left on or in sanidine crystals or ad-
hered glass after the HCl treatment. During neu-
tron bombardment, small amounts of 36Ar are
generated via L decay from 36Cl produced by ac-
tivation of 35Cl [18]. Elevated 36Ar in a few sub-
samples could have an e¡ect similar to that of the
hydration-induced fractionation described above.
It is beyond the scope of this paper to attempt to
resolve factors responsible for the low 40Ar/36Ari

value de¢ned by Spell and Harrison’s [10] iso-
chron. Because the experiments of [10] produced
an isochron that raises several questions, but did
not detect the presence of an excess argon com-
ponent identi¢ed by our incremental-heating and
laser fusion results, we conclude that the age of

the Santa Rosa I dome is most reliably estimated
at 936 þ 8 ka.

5.4. Implications for the geomagnetic reversal time
scale

Renne et al. [26] recognized that the age re-
ported by Spell et al. [9,10] for the Cerro Santa
Rosa I dome did not date the end of the Jaramillo
subchron, suggesting instead that it recorded the
Kamikatsura Event [33]. On the basis of 40Ar/
39Ar dates reported by Spell et al. [9,10], Izett
and Obradovich [3] and the K^Ar and 40Ar/39Ar
dates from four normally and transitionally mag-
netized lavas at Mt. Baker and Mt. Hood in the
Cascade range [34], Singer et al. [6] proposed that
the Santa Rosa I dome recorded a short period of
transitional geomagnetic ¢eld behavior distinct
from both the Jaramillo normal subchron and
the Kamikatsura Event. The mean and standard
deviation of the many age determinations [3,10,
34] were used to estimate the timing of this pro-
posed Santa Rosa Event at about 936 þ 24 ka
(adjusted to revised age for TCs standard). De-
spite the complication of excess argon in the San-
ta Rosa I rhyolite, our isochron age of 936 þ 8 ka
not only con¢rms the earlier estimate, but reduces
uncertainty concerning the timing of this event
three-fold.

We are now able to distinguish at the 95% con-
¢dence level that the Santa Rosa Event post-dated
termination of the Jaramillo normal subchron by
65 þ 13 kyr (Fig. 7). Moreover, given the range of
ages for lavas that might record the Santa Rosa
Event, particularly the youngest of these ages re-
ported by [10], it remained uncertain how much
time may have separated the Kamikatsura Event,
at 899 þ 6 ka, from the Santa Rosa Event [6]. Our
results demonstrate that at the 95% con¢dence
level these two events recorded in transitionally
magnetized lavas and separated in time from
one another by a 910 þ 12 ka reversely magnetized
lava on Haleakala volcano [6], took place 37 þ 9
kyr apart.

New high resolution paleointensity records of
the geomagnetic ¢eld have been acquired from
marine sediments around the globe. For example,
sediments from the California margin [35], On-
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tong-Java Plateau [36], and equatorial Paci¢c [37]
all record a pair of prominent lows in relative
paleointensity between the Jaramillo normal sub-
chron and the Matuyama-Brunhes reversal (Fig.
7). Fixing the positions of the Matuyama-Brunhes
reversal and Cobb Mountain normal subchron in
the paleointensity records to a time scale consis-
tent with our neutron £uence standard values,
these two lows occur at about 890^900 ka and
930^940 ka, in accord with the geochronologic
data presented here. In each record, a relative
paleointensity high separates the two events
(Fig. 7). We take these paleointensity records as
strong evidence in support of our geochronologic
and paleomagnetic results indicating that at least
two short-lived paleomagnetic events character-
ized by transitional and relatively weak magnetic
¢elds occurred about 40 kyr apart in the upper
part of the Matuyama reversed chron.

One of the ¢rst terrestrial studies [38] in which
40Ar/39Ar dating corroborated the timing of the

termination of the Jaramillo normal subchron and
the Matuyama-Brunhes reversal predicted by the
astronomical time scale of [39], also demonstrated
that two short periods of nearly normal polarity
occurred between V980 ka and the Matuyama-
Brunhes reversal (790 ka; recalculated for com-
parison to standard values used throughout this
paper). Because these normal polarity events are
recorded in lacustrine and £uvial sediments and
tephra dates are limited [38], we can only specu-
late that one or both correspond to the Santa
Rosa or Kamikatsura Events.

6. Conclusions

Paleomagnetic data acquired from seven sites
on the the Cerro del Abrigo, Cerro Santa Rosa
I and Cerro Santa Rosa II domes of the post-
caldera collapse Valles rhyolite are consistent
with the original results of Doell et al. [17]. Cerro

Fig. 7. Geomagnetic time scale for the upper Matuyama reversed chron. 40Ar/39Ar ages from terrestrial lavas are calculated rela-
tive to 28.34 Ma TCs [22] with þ 2c analytical uncertainties, data from this study and Singer et al. [6]. Also shown are three pa-
leointensity records from marine sediments [35^37] that have been scaled such that the intensity lows corresponding to the Ma-
tuyama-Brunhes reversal 791 ka and the Cobb Mountain Event 1.194 Ma match the time scale at the right. Prominent
paleointensity lows coincide with the Kamikatsura, Santa Rosa, and other reversals or reversal attempts dated on land. Arrows
denote astronomical ages [39] for polarity reversals at the Matuyama-Brunhes boundary, onset and termination of the Jaramillo
normal subchron, and the Cobb Mountain Event.
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del Abrigo is normally magnetized, whereas the
Santa Rosa I dome recorded a transitional mag-
netic ¢eld and the Santa Rosa II dome was
erupted when the ¢eld was in a reversed polarity
state.

40Ar/39Ar laser fusion and incremental heating
experiments on sanidine from the Cerro Santa
Rosa I dome reveal that this rhyolite contained
a small but signi¢cant component of excess argon
prior to eruption. Despite the presence of excess
argon in the sanidine crystals, using a recent in-
tercalibration of neutron £uence standards, we
determined the age of the Cerro Santa Rosa I
dome to be 936 þ 8 ka (2c). The latter age esti-
mate is a factor of three more precise than the
best previous value for the Santa Rosa Event,
distinguishing it by 65 kyr from the preceding
termination of the Jaramillo normal subchron
1001 þ 10 ka and by 37 kyr from younger basaltic
lavas at Haleakala and Tahiti, which record the
Kamikatsura Event 899 þ 6 ka. A pair of closely
spaced lows in the paleointensity of marine sedi-
ments deposited between the Jaramillo normal
subchron and Matuyama-Brunhes reversal most
likely correspond to these events that are now
temporally well de¢ned on land. After four deca-
des of investigation, re-investigation and serendip-
ity, the Cerro Santa Rosa I rhyolite dome, once
intimately linked with the end of the Jaramillo
Event and the acceptance of plate tectonic theory,
is now a highly resolved feature in its own right,
and deserving as the namesake for the Santa Rosa
Event.
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