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} and the Matuyama-Brunhes geomagnetic boundary

0

ry Glen A. lzett and John D. Obradovich

l.. 1" §. Geological Survey, Denver. Colorado

nt

h-
Abstract. Our mid-Pleistocene “Ar/*®Ar age recalibration of the geomagnetic polarity

. timescale is nearly in accord with the oxygen isotope, climate record calibration of the

o astronomical timescale proposed by Johnson (1982) and Shackleton et al. (1990). ¥ Ay/

: 3 Ar ages of a normally magnetized rhyolite dome in the Valles caldera, northern .
Mexico, yiclded a weighted-mean age of 1.004 = 0.019 Ma. A K-Ar age of 0.909 =

o

0.019 Ma for this rock by Doell and Dalrymple (1966) was the linchpin for the
recoggitian and calibration of the Jaramillo Normal Subchron (JNS). Other ®Ar/3 Ar
.7es from the Valles caldera and “*Ar/3” Ar ages of Ivory Coast tektites indicate that
the INS began gt about 1.11 Ma and ended before 0.92 Ma, probably near 0.97 Ma.
The Matuyama-Brunhes boundary occurred between (.79 Ma and 0.76 Ma on the basis
of ®Ar/PAr sanidine ages from (1) three reversely magnetized rhyolite domes of the
Valles caldera (0.793 * 0.018 Ma, 0.794 = 0.007 Ma, and 0.812 = 0.023 Ma) and
pumice (0.789 * 0.006 Ma) from the reversely magnetized Oldest Toba Tuff of Sumatra
and (2) pumice (0.764 = 0.005 Ma and 0.757 = 0.009 Ma) from the lower and upper
units of the normally magnetized Bishop Tuff. The age of the boundary may be close to
0.77 Ma as deduced from rates of sedimentation in ancient Lake Bonneville, Utah.

Introduction

More than three decades ago, Earth scientists became
increasingly aware that the polarity of Earth’s magnetic field
has changed repeatedly through geologic time. and isotopic
dating of these polarity reversais resulted in a geomagnetic
polarity time scafe (GPTS) for the late Cenozoic. This
combined paleomagnetic and isotopic rescarch played a
pivotal role in confirming plate tectonic theory {Glen, 1982],
which revolutionized the Earth sciences. Continual refinement
of isotopic ages, which define the GPTS. has increased the
usefulness of geomagnetic polarity reversals as marker hori-
zons in many types of geologic studies. We present “Ar/¥Ar
data and ages for some key volcanic units that support changes
in the isotopic age chronology of the GPTS using volcanic
rocks erupted near the time of the geologically youngest two
geomagnetic polarity reversals (Figure 1).

The older of the two reversals, originally called by Doell
and Dalrymple [1966] the “*Jaramillo event,” is now named
the “‘Jaramillo Normal Subchron™ (JNS). It is recorded in
middle Pleistocene rocks as a brief episode of normal polar-
ity within the late Matuyama Chron. The younger of the two,
called the '*Matuyama-Brunhes boundary™ (MBB), is regis-
tered in middle Pleistocene rocks worldwide and consists of
a change from reverse {Matuyama Chron) to norma! (Brun-
hes Chron) magnetic polarity.

To calibrate the INS and MBB, as well as other magnetic
polarity events, geochronologists have used the K-Ar method
to obtain ages mainly for basalt lava flows but also for sanidine
and obsidian of silicic volcanic rocks suspected to have been
erupted just before and after these two magnetic polanty
events. Sanidine is nearly an ideal K-Ar geochronometer,
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much better than the more widely available basalt lavas. Wh
rock K-Ar ages of basalts gencrally have larger analylié?iTJ
crrors than sanidine K-Ar ages because of their higher air-
argon contents [Mankinen and Dalrymple, 1979, Table 3aj.

The introduction of ultralow-background, ultrasensitive
rare gas mass spectrometers coupled with the development
of the *“"Arr™Ar method (see reviews by Dalrymple and
Lanphere [1971] and McDougall and Harrison [1988)) pro-
vided new resolving power for geochronologic studies. The
subsequent utilization of a continuous argon ion laser fusion
WAr/Y Ar system [York et al., 1981} allowed the dating of
minute amounts (~1 mg) of potassium-rich geologic materi-
als with unprecedented precision, approaching 0.2%.

The “YAr/*Ar method has several advantages over the
K-Ar method; of paramount importance is that only ratios 6f
argon isotopes are required to calculate an age rather than
absolute amounts. Thus it is not necessary (0 extract all
radiogenic argon from a mineral to calculate an accurate age.
This advantage mitigates a technical problem inherent in the
K-Ar technique of dating sanidine: K-Ar ages of this mineral
have a tendency to be anomalously young, because the melt
commonly forms a viscous mass that retains some radio-
genic argon under ultrahigh vacuum. Even at the highest
temperatures attainable (1800°C) in standard RF-induction
heaters and resistance furnaces. generally 5-10% argon can
remain trapped in some viscous sanidine melts (for example
see McDowell {1983)). To avoid this problem, we used
“Ar/* Ar analytical system [Dalrymple. 1989) to determn
the age of certain sanidine-bearing volcanic rocks and obsid-
ian emplaced near the JNS and MBB.

History of Dating the JNS and MBB
Geologtc mapping in the Jemez Mountains, northern Mex-
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SUMA . GEOLOGKCUNIT POLARITY Ma ERROR  Bishop using sanidine from samples of welded tuff, and their

{ results suggested the MBB was older than 0.9 Ma. Dafrynr-
g ple et-al. [1965], however, suspected that the K-Ar ages of
. N 0% 341 | the Bishop were too old because the dated sanidine concen-

L R %77;:0 g | trates contained xenocrystic Sierran-age K-feldspar incorpo-

b R o7mzodt | rated from country rock during emplacement of the Bishop -

T R 0®c00L | yeided wif [see Glen, 1982, p. 250]. To circumvent this -

- R 081 :002 pmbicm Dairymple and colleagues dated sanidine from

- e _ pumice lumps rather than welded tuff and obtained an age of
b lel - KcmRROSANIAROSA 1 { 092 tog| —0.7Ma,youngerthan the age (~0.9 Ma)of Evernden et al. -
bl L vae e v RHYOUTE ‘{1957]. The K-Ar age of the Bishop Tuff was.recomputed by -
i f --‘,—,«‘..m CANYON RS o Balley er al. {1976] at-0.703 = 0.015 Ma using the K-Ar. *
Yt {3 |- P CERRO DEL ABRIGO I N 1:ooe| anmalytical data of Dalrymple et al. [1965] and again was

Tl -  recomputed by Mankinen and Dalrymple {1979] at 0.727 x. -
+ g: } 0.015 Ma using the newly adopted decay constants of Sieiger

ket L1D « 008 anit Jgger {1977}. Marikinen and Dalrympile. [1979] amgned
RET o an. age of 073 Ma 1o the MBB based - on ana!ys{s'_of

It R 1163001

r N Loxo0r |

(% R 121s002 ]

L R 122s002 aﬂyfarthcagcoftthBBsmcelWS) Lo
b o * Because progress had been made during the IWO&m mass

B spacirbme&ers used for K-Ar datmg, dzet. ({982] mum‘cd

':showmg the mid-Pleistocene “geomag-.
scale of this paper based on ®As/ 9Ar';, on
olcanic chks

ha’l'folh W mg the empuon of thc_ ppe ‘

et al: &988} proposedthat the M
4.0 Tables A nnd 2 summanze th

SO atenal used for our isotopic dating of the NS and MBB‘ g
‘ consnsted of (1) the archived sanidine- concentrates.and other

- q_menals dated by Doell and Da!rymplc {i%ﬁ] ‘and Doell¢i;
924), - al{1968], (2) sanidine from pumice lumps of the basal air fall
s f 2 ainiits of the Bandelier Tulf collected by us, and (3) asample!f
“of “ehyolite “from  Cerro Ban Luis in the Valles: caldera

cted by K. L. Smith. In addition, ‘we used sonie of the
ived sanidine concentrates from pumice Jimps from the -
¥ air fall and upper pymxene-beanng anifs of e’ Bwhbpff?
“dated by Jzerr {1982] and also new piimice samples of: .
Jthe o asal air fall unit-of the Bishop collected by us. A sample
A ,_,' - of the Oldest - Toba Tuff of Chesner (1983) and a’ samdme -
of - ‘contentrate from this rock were obtained from C. A
esner. Rt
‘Duly pumice fumps that floated in water were used o
repare our sanidine concentrates, and. these were’ mthcr :
~ 7éifed in a ballmill or trimmed with a diamond saw to remove .
g ;their rinds, The pumice lumps, thus prépared, were ultra- -
':-somcally scrubbed -in dilute HF - (5%) ‘to. further remove
 passible nedr-surface contamination. Saitidine. coricentrates :
fe Gbtained by heavy:liquid ‘separation technigues. Glass‘ :

AR L L e sk ansliln e sirerale e cemavsd he sfehine in
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[ | %‘%
able 1. - Hxstory of Isotopic Dating of Key Rock Units in the Jemez Mountains, New Mexico, Bearing on ’“‘"g

e Age of the Jaramxlio Subchron Using the K-Ar and P Acr*® Ar Methods

Post-Jaramillo
Rocks Reversely
Magnetized, Cerro

Pre-Jaramillo Rocks
Reversely Magnetized,

Jaramillo Age Rocks
Normally Magnetized,

Samta Rosa | Cerro del Abrigo il Cero del Medio {1
L Pre-1977 Decay Con.s@ms
IS paper. SRS 0.916 (0.929 1.004 (1.0t9 1.161 (1.178)
ett and Obradovich[1992a)- . 0.916 (0.929) 1.004 {1.019) 1.164 (1.178)
pell and McDougall [1992] 0.915) 0.97%) (1.13)
zeit and Obradovich [1992d] 0.92 {(0.93) 1.00 (1.014) 1.16 (1.18)
ankinen and Dakymple {1979] 0.91 (K-An) - 0.909 (K-Ar) 1.17 (K-Ars)
B e Decay Constant Change {Steiger and Jéiger, 1977]
0.907 (K-Ar} 0.908 (K-An) 1.17 (K-Ar)

: “’M”Ar ages based on ﬂucncc-mom(or minerals cahbrated against MMhb-1 {513.9 Ma); “Ar/VAr ages in parentheses
-basedon. {Qxencc-momtor ‘minerals calibrated against MMhb-1 (520.4 May. Ages in millions of years. *Ar/YAr ages exocp(
where. oxherwase mdﬁated e

nidine concentrates dated by Doclfer  ranged in a vertical stack in a 10-mm diameter quariz xube
'»b;éf éxcellent quality. neverthefess, and thef%@osmons of the packels i the wibe were measured.
them m24% HF for 3 min. We used -
H)vacsh size for datmg '

were :rrad:ated in the core of thc Us. Gcoiogtcal
: >urvcy s 'TRIGA réactor where they received fast neutron

ory ]soxoptc Datmg of Sanidine From Key. Vo{camc Rocks Bearing on the Age of the
Hes’ _mmdary Using the K-Ar and’ ‘“Ar/”Ar Methods

Rhyolite Domes

‘ Jemez
Bishop Tuff Mountains Matuyama-
California, Northern New Brunhes
Normal . Mexico. Reverse Boundary
Pre-1977 Decay Ctmsmmc
0.76%,0.76" 0.79 0.77
0.78
0.76%, 0.76" 0.79 0.77
0.78%,0.76° 0.81 0.79
0.74%, 0.74" ] 0.75, 0.80 0.75
0.74%, 0.137 r >0.74
0.74 (K-Ar) e 0.75 (K-Ar)
.73 (K-Ar) 0.74 (K-An) 0.73 (K-An
Decay Constant Change | Steiger and Jéger, 1977}
0.72%, 0.68%, 0.73% (K-Ar)
0.71 {K-Ar) . >0.71 (K-Ar)
I : 0.71, 0.84 (K-An >0.70 (K-Ar)
; 0.66 (K-Ar) “e >0.66 (K-Ar)
ple L1 0.70 (K-Ar) >0.68 (K-Ar)
iden and Curm‘“[l%l] 0.9-1.2 (K-Ar) >0.9 (K-An)
den er ar: [1357} 0.87 (K-Ar) >0.9 (K-Ar)

H vammerschmcdl {1985{.;

' "Lower part of, sthop Tuﬁ'
pyer. pan‘cf Exshop Tuff."

.,-”'!'r'r".'.n‘z PR

Ar ages. bas;d on ﬂucnce monitor minerals calibrated against MMhb-1 (513.9 Ma), except ages of Hurford and
_whlch werc based on BerndM muscovite and BerndB biolite. Ages in millions of years. ® A/ Ar
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“Ar/ * Ar Data for lvory Coast Tckmes

o Samplc T 37A_d”Ar BANPAT Moles  %Ac"PAr I x107* YAr®, % Age,Ma Error = I
C WC-6-64 0.3236 0.00419  1.82E-M4 1.2293 4.91 50.2 1.09 0.02
. UVC-664 . 0.3253 0.00619  2.65E-IS 1.1818 4.91 39.5 1.0 0.12
LUINC684 0.2429 0.00432  [.S3E-14 1.4506 4.91 53.5 1.28 0.03
L IVCH64 0 02887 0.00841  1.I18E-14 1.3178 4.74 34.8 1.13 0.03
. IVC-664 - 0.2803 0.00676  9.85E-15 1.2669 491 39.0 1.12 0.04 -
S IVCS64 - 02473 0.00270  1.66E-14 1.2686 4.91 61.9 112 0.02
. INC9s4 0.2228 001078  2.588-15 1.3320 4.91 29.6 1.18 0.13
VG964 0.2538 0.00831  9.16E-1S 1.4586 4.77 37.4 1.25 0.04 .
CIVC964 0.2215 0.01688  1.18E-14 1.3893 4.91 2t.8 1.24 0.04
CLUUIVC-1B6F 0 0.2256 0.00491  2.85E-15 .27 4.91 46.1 1.09 0.1 -
LU INC-IB-64 . 0.1440 0.00665  2.96E-15 1.3956 491 41.6 1.23 . [\ R
CLUIVCHIB64 L 0.3416 0.0168¢  1.99E-15 13116 4.91 209 1.16 017
ST IVCHBASSS - 02822 0.00338  2.77E-15 1.1841 4.91 54.7 1.05 o1
L IVCEIBAGR 0.2586 0.00720  2.77E-15 1.2856 4.5 37.8 1.10 Q.03 ..
i Welgl?d Mcan o ‘ 118 0. 05

a 8 b ¢ -9-64 ‘Amoroki; IVC-6-64, Prikro; 1VC-1B-64, Anada-Kouadiokro from the collection of E.C.T. ‘Chao’
s S s G h)gn ‘Sarvcy transferred to the U.S. Natiooal Muscum. Ages calculated using Taylor Creek Rhyolite (27.92 Ma) ™
CLas ﬂuem:a monitel. Error of wexghlcd-mean ages is at the 95% confidence level for the error of the mean. J, neutron-Buen.
- paramerer. Read L 82E {4 as L.B2 x 107
"Radlogcmc

out 10% older than “Ar/*Ar ages mea-  package geometry that resulted in a large uncertaisity for J
11990 and Spell and McDougall {1992].  According to Baksi [1987], the age of the BerndM mﬂscom
3 179} used an inhomogencous fluence- standard is uncertain by 3.5%.
. ,momtor uuneral chAM ‘muscovite) and an xrradlatson Th: onset of ithe INS -can be calibraied by using: lsotopu

.the Agc of the Métuyama-Brunhes Boundary ‘ o ‘ »
. Umt‘ Po!m-uy.Sample . "“?i\r“ : Errot

ST o5 Number: J VAr¥Aar RAnPAr  Moles  ©CArtrPAr PAr, % Age, Ma * 1o
N B;shop Tuﬁ' Uppe .: it, - 1.20E:04 0.00163 0.00876 - 1. B4E-14 3501470 57.6 0.761 0.033
L Normal 79G9%4 T H20E-04 0.03820 603154 4 33E-15 3.54349 . 27.5 Q.767 O.141
. 1.20E-04  0.04109 ~0s02054} B 3.38383 35.8 0.732 4.010
7:68E:04  0.01092  0.00102: 0.54938 64.4 0.76} 0.008
768E-04 0.01056 0.00072 1. 055118 721 0.763 0.007
‘7.68E-04 0.01073  0.00038. 055491 829 0769  0.007
T.ATE-04  0.03992  0.00084" 0.56682 750 073 0009
T.17TE-04  0.01073 0.00064 0.58362 75.5 0.755 0.011

7ATE04 00M71  GO0OI  USIEAS 055344 946  0.767 0.013
TATEQ4 0.01078 000099 75115  0.60104 672  0.777 0.025
4.60E-04 0.01438  0,00087 1.20E<13 092000  78.0 0.763 0.006

g , 4.60E-04 0.01384 0.00165 S.77E-i4 091078 65.1 0.755 0.009
- chghted Mean , T o 0.757 0.000
- Bishop Tuff, Air Fall Unit, 1.20E-04 0.00324  0.00082 9.45E:l4  3.58642 93.6 0.776 0.008

* . Normal, 19G14, BSGSOa-' ‘770E-04  0.00872 000338 . 2.24B:14 0.53766 35.0 0.747 0.028

7.67E-04 000921 000621 1.MB«d4  0.53380 22.5 0.738 0.037

7.65E04 0.00814 0.00724 1.90E:t4  0.57075 211 0.787 0.036

7.20E-04 0.00672 - 000426 - 2.29Ei4  0.58541 31.7 0.760 0.012

4.55E-04 000703  0.00306 2.1BE-14  0.94458 51.1 0.775 0.176

- 45SE-04 0.00670 - 0.0042f  3.79E-14  0.93185 42.8 0.765 0.012

"4.55E-04  0.00705  0.00867 1.10E-14  0.91579 26.3 0.751 0.034

4.60E-04 0.00876 0.00038 3.84E-44  0.92316 89.1 0.765 0.013

4.60E-04  0.00910  0.00025 = 3.S3B.14  0.92556 92.5 0.767 0.014

: 3.97E-04. 0.00660 . 0.00077 ~1.80E-13  1.06129 82.0 0.760 0.005
: ,vWetghted Mean - 0.764 0.005

" Bishop Tuff, uppér unit from I-m-diameter pufnice boulder from NB 1/4527, T.1S.,R.29E., Mono Counly, California

Bishop Tuff, air fall unit from an abandoned pumice mine in NW 114 54, T. 6 S., R. 33 E., lnyo County, California. Error
cof w%xfhtcd-mean agesis at the 95% confidence lc-vel for the error of the mean. 3, neutron-fluence parameter. Read 1.84E-14
“as 184 X 10 ‘ :

- “Radiogenic.

e




ages of Ivory Coast tektites. Their submillimeter equiva-
jents, Ivory Coast microtektites, occur near the base of the
JNS in deep-sea cores in the equatorial Alantic Ocean
{Glass and Zwart, 1979). Fission track and K-Ar ages of
1.02 = 0.1 Ma and 1.1 = 0.] Ma were measured on Ivory
Coast tektites by Gentner et al. [1967]. Recent fission track
and ®Ar/Y Ar ages of Ivory Coast tektites appeared in an
abstract by Koeberl er al. {1989], although no analytical data
were given. They reported fission track and “Ar/¥Ar ages
for the tektites of 1.05 = 6.11 Ma and 1.10 * 0.10 Ma,
respectively, but these ages have a high analytical uncer-
tainty.

We dated three Ivory Coast tektites (14 analyses) using the
Yar/P Ar method, and the data are given in Table 4. The
weighted-mcag age for these tektites is 1.15 = 0.05 Ma (95%
confidence limit foc the error of the mean). A slightly
younger age Was obtained from an inverse correlation dia-
gram [Dalrymple et al., $988). A plot of the analytical data
for the 14 analyses (Table 4, Figure 2) resuited in an intercept
onthe x-axis of 1633, and the inverse of this value used in the
age equation resulted in an age of §.10 = 0.08 Ma. Qur
® Ar/*? Ar ages for the Ivory Coast tektites is 2 maximum age
because the may contain small amounts of inherited
argon. We consider the correlation diagram age of 1.10 Ma to
be the best age for the Ivory Coast tektites.

- Schneider and Kent [1990] estimated that ivory Coast
microtektites were deposited on the sea foor about .03 Ma
after the onset of the NS, More recently, Glass et al. [1991]
stated that the lvory Coast microtektites fell to the ocean
ficor only 0.008 = 0.002 Ma after the beginning of the JNS.

As described above and shown graphically on Figure .
the onset of the INS is placed questionably at 1.11 Ma, As
placed, it raises doubt about the accuracy of the K-Ar age of
the normally magnetized rhyolite of Alder Creek, which was

IVORY COAST TEKTITES
0.004 ! T ™ T M T
N=14
L 304 MSWD=4.3 :
é": }1SIGMA
0003 ™ .
. “.
*Ar \*\‘, \’
0.002- -
'°Ar ? \L?
SN _
. 1 x1.10 X 008
00011 "-.“.“ A
0 . i . i s 1 A b >
() 400 800 1200 1600

=)

“YarJ\y

Figure 2. Inverse correlation diagram for analyses of glass
of Ivory Coast tektites. The inverse of the intercept on the
x-axis of 1633 results in an age of {.10 = 0.08 Ma. The
inverse of the intercept on the ‘oy-axes indicates that the
tranoed arcon component has a **Ar to ¥ Ar ratio of 304 =
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used to calibrate the Cobb Mountain polarity eventat .12 %
0.02 Ma [Mankinen et al., 1978). Obradovich and lze11 {1992)
recently showed that sanidine from the rhyolite of Alder
Creek, Clear Lake, California (inadvertently called the rhy-
olite of Cobb Mountain) has a “°Ar/*’ Ar age of 1.19 Ma. This
age indicates that the Cobb Mountain normal event occurred
at 1.19 Ma (normalized 10 an age of 513.9 Ma for MMhb-{
fluence monitor).

End of the Jaramillo

Doell er al. {1968, Tabie 3, site S38] indicated that the JINS
ended at about 0.90 Ma based on a K-Ar sanidinc age of 0.907
=+ 0.028 Ma for the reversely magnetized rhyolite ddme of
Cervo Santa Rosa I. They assumed that this rhyolite was
extruded near the end of the JNS because of its intermediate
magnetic polarity. Our analytical data (Tabie 3) for six splits of
the sanidine concentrate dated by Docll er al. 1968, Tabic 3.
site §38] have a weighted-mean age of 0.916 = 0.017 Ma, not
significantly older than their K-Ar age of 0.907 + 0.028 Ma.
These statistically concordant ages of 0.916 Ma and 0.907 Ma
provide firm calibration points in the Matuyama Chron for
delineating the end of the INS. A tighter calibration for the end
of the INS will be possible when the age and magnetic polarity
of all of the flows that compose the Lewis Canyon Rhyolite in
Yellowstone National Park are determincd. Sanidine from one
of the flows has a weighted-mean “Ari™Ar age of 0.954 =
0.005 Ma (1o and has reverse magnetic polanity (R. L. Rey-
nolds, oral communication, 1993).

In summary. some of our sanidine ages from the reversely
magnetized rhyolite domes of the Valles caldera are dis-
unctly older than K-Ar sanidine ages of Docll et al. [1968,
Table 3] and are generally compatible with some of the ages
of Spell and McDougall {1992}. In contrast, the *'Ar/¥Ar
age of sanidine from Cerro Santa Rosa 1 and obsidian for
Cerro del Medio 1] are statistically concordant with the K-Ar
ages of Doell o1 al. {1968]. *Ar/™Ar age data of Table 3
combined with that of Table 4 and Figure 2 for lvory Coasi
tektites indicate that the JNS began at about 1.11 = 0.08 Ma.
The INS ended before 0.92 Ma, probably as carly us 0.97 Ma
based on the age and magnetic polarity of the L.ewis Canyon
Rhyolite (Figure 1).

Matuyama-Brunhes Boundary

Our isotopic age calibration of the GPTS near the MBB is
based, in part, on “Ar/YAr ages of sanidine from three
reversely magnetlized rhyolite domes of the Valles caldera
(Cerro San Luis, Cerro Seco, and Cerro Santa Rosa 11). Nine
analyses of sanidine from Cerro San Luis yiclded a weight-
ed-mean age of 0.812 = 0.023 Ma (Table 3). This result is
about 9% older than the analytically best K-Ar age (0.710 x
(.015 Ma) for this rock given by Doell et al. {1968, Table 3,
Figure 12]. They also gave another K-Ar age of 0.845 =
0.074 Ma for sanidine sample 3X 122, but this age has a high
uncertainty. The other two rhyolite domes crucial to con-
straining the time of the MBB are Cerro Seco and Cerro
Santa Rosa 1. Qur data for four analyses of sanidine from
cach of these rhyolite domes gave cssentially identical
results of 0.794 = 0.007 Ma and 0.793 * 0.018 Ma. The
OAr/® Ar ages are older than K-Ar ages of 0.745  0.015 Ma
and 0.725 + 0.019 Ma for these rocks reported by Doell ef «l.
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Another calibration point relevant to the time of the MBB
was obtained by dating sanidine from the reversely magne-
tized Oldest Toba Tuff on Sumatra [Chesner, 1988]. Four
analyses resulted in a weighted-mean age of 0.789 = (.006
‘Ma (Table 3). Previously, sanidine from this rock was
“Ar/> Ar dated by T. C. Onstott at 0.84 = 0.030 Ma [Diehl
et af,, 1987}, using BerndB as a fuence moanitor. Although
the two ages for the Oldest Toba Tuff differ by 0.05 Ma, they
are not statistically different at the two sigma level.

To establish a calibration point within earliest Brunhes
time, we analyzed 23 sanidine concentrates of the Bishop
Tuff of eastern California (Table 5). The Bishop has normal
magnetic polarity and was emplaced just afier the MBB. The
weighted-mean age of 11 sanidine analyses from single
pumice lumgs from the basal air fall unit of the Bishop Tuff
is 0.764 = 5 Ma. Twelve ages were measured o 8 large
sanidine congentrate from a I-m pumice boulder {/ze! e1 al.,
1988} from the upper pyroxene-bearing unit of the Bishop
Tuff. A weighted-mean age of 0.757 = 0.009 Ma was caicu-
Jated for the 12 ages, which is statistically identical to the
weighted-mean age of sanidine from the basal air fall unit.
Inverse correlation diagrams [Dalrymple et al., 1988] pre-
pared from the®analytical data for the two units of the Bishop
are shown in Figure 3. The correlation diagram age for the
basal air fall unit of the Bishop is 0.764 = 0.006 Ma, exacily
‘the same as the weighted-mean age of 0.764 = 0.005 Ma.
Data for the sanidine of the upper clinopyroxene-bearing

-unit have an age of 8,762 + 0.006 Ma, nearly identical to the

weighted-mean age of 0.757 = 0.005 Ma.

-Our “Ar/* Ar ages of 0.764 + 0.005 Ma and 0.757 = 0.009
‘Ma for the two subunits of the Bishop Tuff discussed above
arg-generally older than (1) K-Ar ages for the same subunits

{0.738 =-0.003 Ma and 0.736 = 9.005 Ma) reported by Jzerr
et al. {1982} and (2) A1/ Ar plateau and total-fusion ages

of 0.73 Ma and 0.74 Ma determined by Hurford and Ham-
smerschmidt {1985). ‘Their age for the Bishop Tuff was

etermined using BerndM muscovite and BerndB biotile
-fluence mounitors. BerndM muscovite has an age uncertain
by 3.5% {Baksi,. 19871, Recently, Pringle et al. [1992] re-
ported a we:ghtedbmean age for the upper unit of the Bishop
Tuff of 0.759 = 0.003in a paper dealing with the geochro-

nology of the Taupo Volcanic Zone. Their age, although they
did ‘niot present supporting analytical data, is statistically

'md:stmgmshable from our age of 0.757 Ma.

Obviously, the: isotopic ages of reversely and normally
magnetized volcanic rocks on either side of the MBB bracket
but de not date this. geomagnetic polarity change. However,
an-estimate for the age of the MBB can be made by using its
stratigraphic position in continental sedimentary deposits

- relative to a dated marker horizon such as the Bishop ash

bed (distal Bishop Tuff tephra). The Bishop ash bed occurs
0:65 m above the MBB in sediments of ancient Lake Tecopa,
‘California [Hillhouse and Cox, 1976] and 1.83 m above the
boundary in sedimerits of ancient Lake Bonneville, Utah
{Eardley et al., 1973). Using (1) the average rate of sedimen-
tation (1 m/6.5 Ka} between two isotopically dated volcanic
ash-beds in the Burmester and Saltair cores in ancient Lake
Bonneville [Eardley et al., 1973, p. 212] and (2) the strati-
graphic separation of 1.83 m between the Bishop ash (0.76
Mz) and the undertying MBB in the Burmester core, suggest

‘that the MBB occurred about 12 Ka before the Bishop ash
_bed was deposited, or an age of 0.77 Ma for the MBB. The

aess of the sediments (9 m and 30 m, respectively) between
the Bishop ash bed [/zett er al., 1970] having an age of 0.76
Ma and an overlying Lava Creek B ash bed [lzerr and
Wilcox, 1982) having an age of 0.66-0.67 Ma [lzetr et al.,
1992} in the Saltair and Burmester core holes.

In the Pacific and Indian Oceans, Australasian microtek-
tites are closely associated with the MBB, The 0.77-Ma age
for the MBB, as deduced above, is compatible with a
weighted-mean ®Ar/YAr age of 0.769 * 0.021 Ma (95%
confidence limit for the error of the mean) for 54 analyses of
Australasian tektites [[zetr and Obradavich, 1992b, 1992c].
Moreover, we obtained a “CAr/*? Ar age 0f 0.9 = 0.1 Ma (1)
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Figure 3. lonverse correlation diagrams for analyses of
sanidine from the lower and upper units of the Bishop Tuff of
eastern California. Inverse of the intercept on the x-axis of
2352 for the lower unit of the Bishop Tuff results in an age of
0.764 = 0.006 Ma. Inverse of the intercept on the x-axis of
2311 for the upper unit of the Bishop Tuff results in an age of
0.762 + 0.006 Ma. The inverses of the intercepts on the
y-axes of the two dlagrams indicate that the trapped argon

component has a ®Ar to ¥ Ar ratio of 293 + 2 and 295 = 2
for the-two units of the Bishop, nearly identical to the ratio
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* on‘a group of 30 Australasian microtektites, the submillime-
k. ter eqmvalems of Australasian tektites, recovered from core
- at"10.95 -meters below seafloor, Ocean Drilling Program
" '”[.(ODP) Jeg 121 site 758B on the Ninetyeast Ridge, eastern
' '{nd!an Ocean [see Smir et al., 1991, Figure 3]. The “Ar/¥Ar
" -ageief ‘the Australasian microtektites (0.9 = 0.1 Ma) is
seemingly -older than that of Australasian tektites (0.769 =
"0.021 Ma), but considering their analytical uncertainties at
- the..:' o level they are-essentially concordant. Smir et ai.
{1991} rzporlcd that Australasian microtektites are concen-
. trated 32 cm below the MBB at ODP site 758B. According to
Bumns {1989, the microtektites reach their maximum abun-
, ,danoc in reversely magnetized deep-sca cores of the Pacific
: and lndlan Oceans tens of centimeters below the MBB.
Using dcpos: n rates computed from the stratigraphic
. pos:non of o gen “isotope stage 19.1 and the MBB in
decp-sca cored, de Menocal et af. [1990] reasoned that the
* microtektites 121l to the ocean floor about 15 ka before the
-onset of the. Matuyama-Brunhes transition. If Australasian
,mtcrorekmes are 0.77 Ma, the foregoing information indi-
- cates that the MBB occurred at 0.755 Ma (calibrated using an
‘ape 'of 513.9 Ma for:MMhb-1 fluence monitor).
- Oar mtcrrcd of 0.77 Ma for the MBB is statistically

Ma) erupted dunng the Matuyama-Brunhes transition
on'Ma ’frv[Bakst eral.,: !992} They pointed out that one of the
. 'Maui‘basalt samples chosen for. dating contained excess
" argon;: and ‘others. fost some argon after crystalfization.
- . Although the isochron age they reported for Maui basalts is
+ analyfzcany sounid, some geochronologic studies have shown
~ thatiincrementat “AHPAr ages of whole rock basalts can
“yigl aromalous. results IMcDougall and Harrison, 1988, p.

335 Baksi, 1987, p. 149). Lack of detailed petrographic

‘deseriptions of the basalts dated by Baksi er af. [1992] make
- ‘the'interpretation of their results uncertain.

complcxes inthe Vaﬂes caldera, the JNS began at about 1.1
Ma‘and ended before.0.92 Ma, probably near 0.97 Ma. This
ckroqology for the INS is 10% older than that proposed
1 40.97+0.90 Ma) by Mankinen and Dalrymple {1979] and most
“other - oommonly qupted. ‘geomagnetic polarity time scales.
‘Our: ‘chronology for the NS is nearly compatible with that
.proposed by Si:acklelon et al. [1990]. who based theirs
- {1.07-0.99 Ma) on a phase relationship match between the
astronomical time: scale and oxygen isotope calibrated -cli-
E matc records-in deep-sea cores.

2. The MBB is bracketed between *Ar/¥Ar sanidine
ages-of 0.79 Ma and-0.76 Ma (three reversely magnetized
rhyo!ue domes in-New Mexico and pumice of the reversely
imagnctwcd Oldest Toba Tuff and the normally magnetized
B:shcp Tuff).

- 3. Although bracketed between “Ar/* Ar ages of 0.79 Ma
\and 0.76 Ma, the age of the MBB may be close 10 0.77 Ma. This
-conclusion is reached on the basis of computed sedimentation

- rates at two sites in the western. United States, and the fact that
- the MBB occurs f. 83 m below a layer of distal Bishop Tuff
1. 76 ‘Ma)'in the Burmeitér, Utah, core.

4. Our ®A/¥ Ar dating of the MBB at 0.77 Ma is about

I .
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<compatible with Ar/**Ar ages of basalt lava flows (0.783 =
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Dalrymple [1979] and 2-3% younger than the age of the MBB
(0.79 Ma and 0.78 Ma) proposed by Johnson {1982} and
Shackleton er al. {1990}, respectively. They based their
dating of the MBB on a phase relationship match between
the astronomical time scale and oxygen isotope calibrated
climate records in deep-sea cores.
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