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ABSTRACT

Chlorine-36 is produced in rocks exposed to cosmic rays at the earth surface through thermal neutron activation of **CI,
spallation of *K and *Ca, and slow negative muon capture by “Ca. We have measured the *°Cl content of "*C-dated glacial
boulders from the White Mountains in eastern California and in a '*C-dated basalt flow from Utah. Effective, time-integrated
production parameters were calculated by simultaneous solution of the **C] production equations. The production rates due to
spallation are 4160 + 310 and 3050 + 210 atoms *°Cl yr~ ! mol ™! ¥K and “Ca. respectively. The thermal neutron capture rate
was calculated to be (3.07 + 0.24) X 10° neutrons (kg of rock)™! yr~!. The reported values are normalized to sea level and
high geomagnetic latitudes. Production of 3Cl at different altitudes and latitudes can be estimated by appropriate scaling of
the sea level rates. Chlorine-36 dating was performed on carbonate gjecta from Meteor Crater, Arizona, and late Pleistocene
morainal boulders from the Sierra Nevada, California. Calculated **Cl ages are in good agreement with previously reported

ages obtained using independent methods.

1. Introduction

For many years Quaternary geologists have
struggled to assign numerical ages to landforms.
Cosmogenic nuclide accumulation has the poten-
tial to be useful for measuring the exposure time
of landforms and thus for estimating their time of
formation. In order to successfully use cosmogenic
isotope geochronometers, the isotope production
parameters have to be determined with high preci-
sion. The objective of this research was to calibrate
the cosmogenic *°Cl method by using well-dated
or geologically well-constrained rock samples. We
report new measurements of the production rates
of *°Cl in rocks at the earth’s surface. The follow-
ing sections describe how the experiment was car-
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ried out, point out uncertainties, and give exam-
ples of applications.

Cosmogenic nuclide accumulation is a function
of exposure time, geographic location, and the
abundance of target elements in a sample. Possi-
ble applications of cosmogenic **Cl dating in the
earth sciences were first suggested over 30 years
ago [1]. However, the geochronological potential
of **Cl could not be fully realized at that time due
to lack of sufficiently sensitive analytical tech-
niques. This imitation has recently been overcome
for *°Cl by developments in accelerator mass spec-
trometry (AMS) [2]. However, despite the analyti-
cal advances of the last decade, cosmogenic nuclide
geochemistry is still in its early stage of develop-
ment. Presently, only a few cosmogenic isotopes
have been applied in geoscience. They include **Cl
(1, ,,=3.01x10° yr), Al (¢, , = 7.05%x10° yr),
“Be (1,,,=1.5%10° yr), *He (stable) and '*C
(¢, ,, = 5730 yr). The half-lives of these isotopes
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make them especially valuable dating tools in hy-
drology, geomorphology, Quaternary stratigraphy
and paleogeography, and archaeology.

1.1. Major production reactions for Cl in

minerals at the surface of the earth

Chlorine-36 is produced in rocks exposed at the
surface of the earth almost entirely by cosmic-
ray-induced reactions with *°Cl, K and “’Ca.
Cosmic rays are moderated in the atmosphere by
interactions with nuclei of atmospheric gases. The
major part of the cosmic-ray flux at high (moun-
tain) elevations is neutrons, At sea level, the nega-
tive muon flux is comparable to that of neutrons
and slow negative muon capture becomes a sig-
nificant cosmogenic reaction {3—-5]. Neutrons di-
rectly interact with nuclei to produce disintegra-
tions. On the other hand, muons do not produce
radionuclides by direct interactions; negative
muons fall into the K shell of the atom and may
be captured by the nucleus before they decay [3].
The negative muon capture rate exceeds that of
neutron at depths below 3 meters of water equiv-
alent (mwe) at sea level [6].

In the top meter of the lithosphere, thermal
neutron activation of >Cl and spallation of *’K
and **Ca are the dominant production mecha-
nisms for **Cl [7-10]. Below that depth, the con-
tribution from slow negative muon capture by
“Ca becomes progressively more important
[4,5,10]. Thermal neutron activation of K, nega-
tive muon capture by K, spallation of Ti and Fe
by the high energy component of the cosmic-ray
flux, and nuclear reactions involving *Ar and *°S
are relatively insignificant reactions in minerals at
the surface of the earth; they are responsible for
less than 2% of total in situ produced **C1 [10] and
will not be discussed in our paper. The relative

TABLE 1

contributions of the dominant production reac-
tions (Table 1) depend on chemical composition
of rocks.

1.2. Accumulation of in situ produced *°Cl in

geological materials

The amount of cosmogenic *°Cl accumulated in
a given sample after ¢ years of exposure to the
cosmic rays and with negligible erosion can be
expressed as:

E LD, (¥xCx +¥caCoa + ¥)+ E,- L, ¥,
R=Ro= AN

X (1—e 2y

where:
R = atomic ratio of *Cl to stable Cl; Ry=
background 36Cl/Cl ratio supported by U- and
Th-derived neutrons; ¥y, Y, = production rates
due to spallation of K and *“Ca, in atoms (kg of
rock) "' yr ! per unit concentration (w/w) of K
or Ca, at sea level and geomagnetic latitudes >
60°; Cy, Cc, = concentration of K or Ca (w/w);
¥, = production rate due to thermal neutron
activation of Cl, in atoms (kg of rock) ! yr~', at
sea level and geomagnetic latitudes > 60°; ¥, -=
production rate due to slow negative muon cap-
ture by *Ca, in atoms (kg of rock) ™' yr™!, at sea
level and geomagnetic latitudes = 60°; E, L,
D = scaling factors for dependence of cosmic-ray
neutron (n) and muon (u7) fluxes on elevation
above sea level (£), geomagnetic latitude (L), and
depth below surface (D); ¢ = time of exposure, in
years; N = stable Cl concentration, in atoms (kg
of rock)™'; A =decay constant for **Cl (2.30 X
1076 yr 1.

The scaling factors for neutrons for elevation
above sea level (E,) and geomagnetic latitude
(L,) can be calculated as previously described

Relative importance of major reactions producing **Clin the top 0.5 m of water equivalent (mwe) of the lithosphere at sea level in

crustal rocks (modified from {10])

Reaction type Notation % of total **Cl

Spallation of K and Ca ¥K(n,2n2p)*Cl 16 -80
“Ca(n,2n3p)*¢Cl

Thermal neutron activation of Cl 35Cl(n,y)”Cl 11 -80

Negative muon capture by Ca 40C::\(;f,or)“C] 0.3-10

Thermal neutron activation of K ¥ K(n,a)36Cl 0 -2

Negative muon capture by K 3 K(p~.p2n)*Cl 0 - 04
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[4,7,11-15], and for depth below surface (D,) as
exp(—d/A ), where A, of 150-160 g/cm? [16,17)
is the mean free path for neutrons. Similar scaling
factors have been developed for muons [18-20].

The background ratio R, of *°Cl due to neu-
trons from spontaneous fission and (a,n) reactions
is usually small (5 X 107" to 5% 10~ '* **Cl/Cl)
[8,21], but may become relatively important for
rocks with very short exposure times.

Estimation of production rates of “°Cl due to
spallation of YK (¢ ) and “Ca (¥¢,) has been
attempted by by Yokoyama et al. [7], and produc-
tion of **Cl by thermal neutron activation of ¢l
(¥,) described by Davis and Schaeffer [1] and
Phillips et al. [22].

Production of **Cl due to slow negative muons
(¥, -) 1s significant only at low elevations and in
very calcic rocks (Table 1). The production rate
can be calculated using methods described in
Charalambus [23] and references therein.

Details of all pertinent calculations can be
found in Zreda et al. [24].

2. Methods

In order to calibrate the cosmogenic **Cl dating
technique, several rock samples were collected in
the western United States and Hawaii from young
glacial moraines and lava flows which had previ-
ously been dated by independent methods. Some
samples were subjected to mineral separations and
minerals with high concentration of specific target
elements for *°Cl formation were obtained. The
samples were then analyzed for *°Cl and for major
and trace elements. Effective production rates of
*Cl from 35C1, ¥K and “°Ca were calculated.
Internal consistency of the calculated parameters
was tested by dating several rock samples at vari-
ous locations.

2.1. Sample collection

Useful samples for calibrating cosmogenic *°Cl
production rates should be from a well-under-
stood geological context, should be precisely dated
by independent methods, and should have been in
a geomorphically and tectonically stable environ-
ment since their exposure to cosmic rays. For
these reasons we have selected boulders from gla-
cial moraines in the White Mountains of eastern
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California and samples from lava flow in central
Utah as our reference samples.

The glacial samples were collected from a late
Quaternary moraine sequence at Chiatovich Creek
in the eastern White Mountains. These moraines
are in a regionally well-understood context [25]
and, because of the relatively arid climate, exhibit
enough rock varnish development to allow the
application of varnish radiocarbon dating [26].
Sample 187 was collected from a small moraine
deposited during the Chiatovich Cirque glaciation
and has a varnish '*C date of 9.74 ka [27]. The
Chiatovich Cirque glaciation is correlated with the
Hilgard glaciation in the Sierra Nevada, which has
been assigned an early Holocene (or possibly
terminal Pleistocene) age [28]. Sample 387 was
from a late Middle Creek moraine and has a
varnish "*C age of 12.51 ka [27]. The late Middle
Creek glaciation in the White Mountains is corre-
lated with the late Tioga phase in the Sierra
Nevada [25], which has a "*C date for its termina-
tion of 11 ka [28]. Rock varnish on a late Tioga
moraine at Pine Creek, in the Sierra Nevada west
of the White Mountains, yielded a varnish '*C
date of 13.9 1+ 0.4 ka [29]. Finally, sample 787 was
collected from an early Middle Creek moraine
with a varnish '*C age of 17.78 ka [27]. The early
Middle Creek is correlated with the early Tioga
glaciation in the Sierra Nevada. Carbon-14 dates
on materials beneath alluvial sediments correlated
with the Tioga glaciation indicate that the glacia-
tion was initiated close to 25 ka [30,31]. An early
Tioga moraine at Pine Creek gave a varnish '*C
date of 18.9 + 0.8 ka [29]. In summary, the varnish
'¥C dates from the Chiatovich Creek moraines are
in good agreement with both conventional “*C
dating of the regional glacial sequence and with
varnish '*C dates on correlative moraines from a
nearby part of the Sierra Nevada. We therefore
consider the varnish '*C dates to be reliable enough
to use for calibrating the cosmogenic production
rate of °Cl.

Presumably, some finite length of time is re-
quired to initiate varnish generation (and thus
accumulation of organic carbon) on boulder
surfaces. This should result in some time lag be-
tween the emplacement of the boulder and the '*C
date that would be measured on the basal 10% of
the varnish. Unfortunately, this time lag is un-
known for the White Mountains environment. For
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sites in the western United States where varnish
"C dates were tested against precise independent
chronologies the lag was found to be generally less
than 5% [26]. Due to the relatively small lag, we
have chosen to calibrate to the measured, varnish-
“C ages of the moraines. When the varnish lag
can be accurately quantified, the *°Cl production
rates can be appropriately corrected. At present,
the magnitude of the correction would appear to
be well within the uncertainty of the calculated
production rates. Recent calibration of the e
time scale using U /Th dates on corals has indi-
cated that '*C dates in the range 15 to 30 ka
underestimate the actual sample ages by 2 to 3 ka
[32]). We consider it premature to apply this cor-
rection until the '*C calibration has been con-
firmed. For the present we note that our produc-
tion rates should give dates in conformity with
uncorrected '*C dates from the same time interval,

In order to assure that the sample geometries
have remained unchanged since the time of de-
position, only large boulders with glacially altered
surfaces from young moraines were sampled; all
samples were collected from near the centers of
the top surfaces using a chisel and a hammer.
Another rationale for choosing relatively young
glacial deposits was to minimize the influence of
any elevation changes due to tectonic uplift of the
White Mountain block. The average Quaternary
vertical uplift rate of the White Mountains with
respect to sea level has been estimated to be 0.5
mm /yr [33], which is similar to the late Quaternary
displacement rate of 0.25 mm/yr of the Sierra
Nevada block along the Owens Valley fault zone
[34]. This uplift rate is equivalent to an offset of
5-9 m since the deposition time of the two Middle
Creek and the Chiatovich Cirque moraines. Dis-
placement of this magnitude does not require any
corrections.

The three samples from the White Mountains
were subjected to mineral separation in a heavy
liquid (sodium metatungstate) and three impure
mineral groups were obtained. Potassium-rich mi-
crocline yielded information on the production
rate due to spallation on K, whereas relatively
pure quartz, where >Cl is the major target element
for *°Cl, was used to estimate the effective thermal
neutron capture rate. Small impurities in micro-
cline and quartz are not critical because chemical
composition is accounted for in the production

equation. The third mineral separate consisted of
plagioclase and heavy minerals which could not be
completely decomposed by HF during sample
preparation. Therefore, chlorine could not be reli-
ably quantified and these mineral separates have
not been used in calibration.

Two additional calibration samples were ob-
tained from the Tabernacle Hill basalt flow in
Utah (samples 9353 and 9354). The eruption age
is bracketed by '*C-dated organic matter incorpo-
rated into volcanic ash below the flow and tufa
above [35,36]; the eruption occurred between 14.3
and 14.5 ka. The dates are consistent with the
intensively studied Lake Bonneville chronology.
These two calcium-rich samples were chosen to
provide information on the production rates due
to spallation of Ca and neutron activation of *CI.

Four boulders, one basaltic and three hawaiitic,
from late Pleistocene moraines in Mauna Kea,
Hawaii, were analyzed (samples MK-MAKY-16,
MK-MAKT-29, MK-MAKO-12 and MK-W-5) to
test the proposed geomagnetic latitude correction
factors [7,11,15]. Five siliceous dolomites from
Meteor Crater, Arizona, and several granitic
boulders from glacial moraines in the Sierra
Nevada, California were dated to test the con-
sistency of the calculated **Cl production rates.
Summaries of these results will be presented in
this paper and details elsewhere.

2.2. Chemical analyses

Major elements were determined by X-ray fluo-
rescence (XRF) spectrometry on fused disks
(calibration samples) and on pressed pellets (re-
maining samples), with analytical uncertainty bet-
ter than 2% for all critical elements. Inductively
coupled plasma atomic emission spectrometry
(ICP-AE) was used to determine boron and
selected rare earth element concentrations.
Powdered samples were fused with sodium
carbonate and dissolved in HCL. Boron and rare
earths were separated from the matrix by standard
cation-exchange chromatography [37,38]. Ad-
ditional analyses for boron and gadolinium were
performed using prompt gamma emission spec-
trometry. Replicate (3—5) determinations of chlo-
rine content were performed by using a combina-
tion ion selective electrode after decomposition of
the rock matrix using hydrofluoric acid in teflon
gas-diffusion cells [39,40]; the analytical uncer-
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tainty of chlorine determination was generally bet-
ter than 5%.

,3. 3. Sample preparation and isotopic analysis of

,(7C[

We have developed a wet chemical technique
for extraction of Cl from silicate rock [24] and
conversion into a form suitable for AMS [41]. The
extraction apparatus (Fig. 1) was made of teflon
because of teflon’s resistance to hot HF. An air
stream was bubbled through the solution to strip
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the chiorine as HCL. A 2.2 um air filter and
indicating drierite prevent introduction of par-
ticulates and water vapor to the sample. The small
tubes before and after the chlorine capture tube
were included to prevent sample loss in case of
sucking back or overspilling of the capture solu-
tion.

The rock sample was ground to a size fraction
smaller than the mean phenocryst size of the rock
and leached for 24 hours in 18 MQ deionized
water in order to remove any meteoric chloride

Air Filter

Air Supply

Reaction bottle

Reaction solution

Stirring magnet

Porous loop

Powdered Rock

Stirring Hot Plate

1

Separatory funnel

Cap

Capture tube

L Water Bath I

Fig. 1. Chlorine extraction apparatus.
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ions from pores or grain boundaries; basalts were
leached for 2 hours in 10% nitric acid to remove
any secondary carbonate accumulated in the
vesicles. Grinding to much smaller sizes is not
advisable because Cl from fluid inclusions can be
liberated and removed by leaching. This leaching
procedure was found sufficient and no contamina-
tion by meteoric Cl was observed. Approximately
100 g of the sample were mixed with 100 ml of
concentrated HNO, and placed in the 1000-ml
reaction bottle on a stirring plate. A separatory
funnel with 250 ml of concentrated HF and a
50-ml teflon capture tube containing Ag* ions in
an acidic solution were connected to the reaction
bottle. Dry air was supplied through a porous
teflon loop at a rate sufficient to cause rapid
bubbling, and hydrofluoric acid at a rate slow
enough to prevent violent reaction. Chloride ions
were liberated from the sample, transported with
the air stream as HCl or/and Cl,, and precipi-
tated in the capture tube as AgCl. The time re-
quired for complete decomposition of samples de-
pends on mineralogy and varies from 6 to 12
hours for silicic and intermediate rocks, respec-
tively. The precipitate was dissolved in NH,OH
and mixed with BaNO, to remove sulfur; *S is an
interfering isobar which must be minimized prior
to AMS measurement, After at least 8 hours any
BaSO, precipitated was removed from the solu-
tion by centrifugation or filtration. Near-sulfur-
free AgCl was recovered by acidifying the remain-
ing base solution, rinsed using deionized water,
and placed in an oven at 60°C until it was dry.
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Small samples (less than 2 mg of AgCl) were
mixed with a low-sulfur AgBr binder in propor-
tions not exceeding three parts of AgBr to one
part of AgCl. The dry samples were loaded into
custom-made, low-sulfur tantalum holders.

The samples were analyzed for **Cl by accelera-
tor mass spectrometry [42] on the tandem Van de
Graaff accelerator at the University of Rochester;
analytical error was usually better than 10%.

3. Results and discussion

3.1. Production rates

The results of chemical and isotopic analyses
are summarized in Table 2. Sample locations, cor-
rection factors, and calculated parameters are pre-
sented in Table 3; geographical longitude is to the
east of Greenwich.

Production rates due to the different mecha-
nisms discussed below were obtained by solving
the production equation for the parameters: ¥
(=v¥xCx), Yo, (=v¢c,Cq,), and ¥, (defined
earlier). For each production mechanism, we used
only those samples in which this particular mecha-
nism contributed approximately half or more to
total **Cl production. By doing this, we minimized
propagation of errors associated with other pro-
duction mechanisms. The samples used for calcu-
lation of parameters for different mechanisms are
indicated in the last three columns of Table 3.

A computer algorithm for iterative solution of
an overdetermined system of linear equations was
developed. First, the production rates due to ther-

TABLE 2
Geochemistry of calibration samples
Sample ID Si0, TiO, Al,0; Fe,0, MgO CaO MnO Na,0 K,0 P,0O; Cl B Gd *al /Cl
® & ® ® ® &H * *B (% (% (ppm) (ppm) (ppm) (X107"%)
187-Bulk 76.00 021 1380 1.22 0.14 021 003 426 544 0.02 130 26 49 473+ 74
187-Quartz 8490 0.04 1020 035 0.18 014 0 460 361 O 125 26 27 493+ 48
187-Microcline  70.30 0.02 17.00 032 O 016 0 534 780 O 130 09 09 616+ 61
387-Quartz 9480 002 399 027 010 026 001 227 037 0 101 0 1.26 342+ 32
387-Microcline 69.70 0.01 1810 028 O 022 001 557 878 0O 142 0 096  856+101
787-Bulk 76.50 021 1400 1350 012 049 002 483 543 005 160 63 47 595+ 74
787-Quartz 9250 005 467 035 0.16 025 0 260 054 O 135 1.8 08 3441 26
9353 4791 131 1403 1022 6.81 1093 016 206 086 046 94 10 5.4 244+ 16
9354 46.13 142 1484 1165 675 1069 017 237 078 042 111 10 5.7 226+ 15

Major elements were measured by XRF spectrometry on pressed pellets (analytical error < 2%), B and Gd by ICP-AE and prompt
gamma emission spectrometry. Total Cl was measured by ion selective electrode (analytical error < 5%). Chlorine-36 was measured
by AMS.
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TABLE 3

Location and calculated production parameters for calibration samples *

Sample ID Altitude Latitude Longitude ELD, ELD, 035N;5 e age Production  Production  Production

(km) °N °E E o~ (k) rate due to  rate due to  rate due to
; o activation spallation spallation
of C1¢ of K¢ of Ca ¢

187-Bulk 3.750 37.46 241.40 12.45 380 001416 9.74° 3852 4012 -

187-Quartz 3.750 37.46 241.40 1245 380 0.01361 9.74® 5452 - -

187-Microcline  3.750 37.46 241.40 1245 380 - 9.74 " - 6675 -

387-Quartz 3.700 37.46 241.40 1213 374 001061 12.51° 3362 - -

387-Microcline  3.700 37.46 241.40 1213 374 - 12.51° - 8906 -

787-Bulk 3.275 37.47 241.42 9511 327 001677 17.78° 4740 4078 -

787-Quartz 3.275 37.47 241.42 9511 327 001415 17.78° 4027 - -

9353 1.445 38.94 247.48 2965 176 - 144+0.1 - - 5561
(4719)

9354 1.445 38.94 247.48 2965 1.76 - 144+01 - - 6177
(5380)

2 production rates are for sea level and high geomagnetic latitudes. Only values for samples used in calculations are shown (see text

for details).
" Estimated uncertainty is less than 10% [27].

“ The first values refer to probability 0.005 of reaction with muons yielding %1 and the values in parentheses refer to probability

0.15 (see text for details).
9 Atoms *°Cl per kg rock per year.

mal neutron capture ¥, were calculated for each
of the five samples for which thermal neutron
capture is the major reaction leading to formation
of *Cl (samples 187-Bulk, 187-Quartz, 387-Quartz,
787-Bulk, and 787-Quartz), and the individual val-
ues (per unit neutron capture probability) were
averaged. The mean value was then used in solv-
ing the appropriate equations for the total produc-
tion rates due to spallation of K, ¥, (samples
187-Bulk, 187-Microcline, 387-Microcline and
787-Bulk). Again, the individual values (per unit
concentration of K,0) were averaged, and the
mean value was used for solving the last two
equations (samples 9353 and 9354) for the remain-
ing parameter— the total production rates due to
spallation of Ca, ¥.,. The procedure was repeated
until no significant change in calculated mean
values was observed; the convergence was achieved
after less than eight iterations. The program was
run with several different sets of initial values of
the three unknowns to check the uniqueness of the
solution; for all initial conditions the final values
of ¥y, ¥, and ¥, were identical.

5000

4000+

Wy, 3000

2000

10001

én = 3.07 x 105 captured neutrons
" ' (kg rock) year

0 N - T |
4 2 4 6 8 10 12 14 16 18 20

a3sN3s

SN, x 103
Fig. 2. Thermal neutron stopping rate in rocks at the surface of
the earth. Horizontal axis shows *°Cl produced per one thermal
neutron; vertical axis represents total ¢l production rate by
neutron activation of *>CI; slope of the fitted line is equal to
the thermal neutron production rate. Error bars are calculated
based on 10% uncertainty in varnish Mc ages [27].
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The values of total production rates due to
thermal neutron activation of *°Cl (¥,) obtained
in the final iteration step (Table 3, column 9) were
plotted (Fig. 2) versus the capture probability
terms calculated for each sample (Table 3, column
7). A straight line of the form

035 Ns5

‘I,n = ‘bn E oi]\,i

(where o is the thermal neutron absorption cross
section of element i, N is the atomic concentra-
tions of element i, subscript 35 refers to 35Cl, and
subscript i to all other elements in the sample
[22]) was fitted to the data using a least squares
algorithm; the resulting slope was our best esti-
mate for the time-integrated thermal neutron cap-
ture rate (¢,) at sea level and geomagnetic lati-
tudes higher than 60°. The production rates due
to spallation of K and Ca were obtained using the
same technique. The total production rates (¥,
¥.,) from each of the two target elements ob-
tained in the final iteration (Table 3, columns 10,
11) were plotted (Figs. 3, 4) versus the respective
concentrations of K,0 and CaO (Table 2). Straight
lines of the form ¥y =4 Cyx and ¥, =¢,Ce,
were fitted and our best estimates of production
rates (Y, ¥¢,) at sea level and high geomagnetic
latitudes were obtained.

10000

8000

4000

2000

atoms 3 Cl

—ggs . woms TE
vk =88 (kg rock) year %K,O

0 2 4 6 8 1012

Wt. % K>O
Fig. 3. Production of 3C1 due to spallation of K. The slope
of the line is equal to the production rate ¢ of %1 from *K.
Error bars are calculated based on 10% uncertainty in varnish
4C ages [27].

80()0f T

7000

6000~

5000

Wea 4000+
I

2000

i
3000 ‘
!
\

atoms ¥ Cl

g
1000 - 24 —
Ca 470 | (kg rock) year %CaO

0 2 4 6 8 10 2
Wt. % CaO

Fig. 4. Production of **Cl due to spallation of “’Ca for differ-

ent values of contribution of muons: solid line and squares are

for probability 0.005 of the muon-induced reaction leading to

31 formation, dashed line and crosses are for probability

0.15. The slopes of the lines represent the production rates Y,

of *Cl from *Ca. Error bars are smaller than the symbols
used.

The calculated thermal neutron absorption rate
(¢,) of (3.07 + 0.24) X 10 neutrons (kg of rock) '
yr~ ! is in fairly good agreement with measured
values at different locations. The reported values
of the thermal neutron flux range from 107> to
2x1073 n cm™? 5! [43-47] which is equivalent
to a capture rate of 2x10° to 4x10° n kg '
yr~!. The variability among them can be ex-
plained by analytical uncertainty in the thermal
neutron measurements, which can be as high as
50% [46]. This error arises mainly from uncer-
tainty of the energy distribution and anisotropic
properties of the thermal neutron fluxes. The an-
isotropic properties of the neutron flux may be a
source of an additional error introduced during
conversion from the flux units (n cm™2 yr ') to
the capture rate units (n kg~' yr™!). This may
underestimate converted values by about 15% [46].
It should be stressed that the measured, present-
time fluxes may not be representative for the past
conditions because of possible major changes in
the earth’s magnetic field strength [48] and the
galactic cosmic-ray flux. Our calculated value rep-
resents the effective, sea-level, high-latitude ther-
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mal neutron production rate, time-integrated over
the last 10-18 ka.

The production rate due to spallation of potas-
sium (¢, ) is 4160 + 310 atoms *Cl (mol K)™'
yr ' (885 + 65 atoms **Cl (kg of rock) ! yr~' (%
K,0)™"). This value is smaller than that obtained
by Yokoyama et al. [7] by a factor of four. About
one half of this discrepancy can be accounted for
by using different scaling factors for elevation
above sea level. Using scaling proposed by
Yokoyama et al. [7], our experimental production
rates will increase by approximately a factor of
two. However, we argue against using this scaling
formulation later in this article (section 3.2).
Another possible explanation of the discrepancy
in the production rates is that the production rates
of Yokoyama et al. [7] were theoretically calcu-
lated using the excitation functions for **Cl pro-
duction given by Reedy and Arnold [49] for lunar
conditions. These conditions, however, may not be
applicable on the surface of the earth because of
atmospheric moderation and magnetic field ef-
fects. The model of Reedy and Arnold [49] as-
sumes that *°Cl is produced evenly over the entire
cosmic-ray energy spectrum which is not valid for
earth surface conditions because energetically dif-
ferent components of the cosmic radiation are
moderated at different rates. Similar discrepancies
between theoretically calculated and experimen-
tally derived production rates for *He [36,50] and
Be [51] have been explained by the lack of
availability of excitation functions for the nuclides’
formation from their target elements. Our calcu-
lated value 1s an experimentally derived, effective
terrestrial production rate reported for **Cl due to
spallation of K.

Calcium is a target element for *°Cl formation
in two different cosmogenic reactions: spallation
and negative muon capture. Production due to
negative slow muon capture was calculated using
the formulation of Charalambus [23] and two dif-
ferent values for probability of reaction
“Ca(p, «)*C1—0.15 [23] and 0.005 ([52]—cited
by [10]). Both probabilities are theoretically
calculated and need to be verified experimentally.
If the real value of this probability were close to
0.005, the muon term could be safely omitted in
the production equation, for production at the
earth surface, because its contribution to **Cl pro-
duction would be only about 1% of that of spalla-
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tion of “’Ca. If, on the other hand, its value were
0.15, the production rate due to negative muon
capture by “*Ca would be as high as 14% of that of
spallation of “’Ca and this reaction would have to
be treated quantitatively. These figures are valid at
sea level; at higher elevations the muon contribu-
tion decreases because of the longer attenuation
length for muons than for neutrons. The calcu-
lated production rates due to spallation of *°Ca
for the two values of the above probability are
presented in Table 4. They differ by 14% and,
since spallation of *’Ca usually accounts for no
more than 50% of total **Cl production, the intro-
duced total uncertainty should be smaller than
7%.

Both figures are considerably lower than the
previously published value of 5600 atoms of **Cl
per year per mol of Ca {7]. The same factors that
affect potassium spallation may account for this
discrepancy. The calculated values may have to be
adjusted in the future when more accurate esti-
mates for the probability of reaction
“Ca(u, «)*Cl are available. Until then, since the
reactions involving muons are not of critical im-
portance for most surface samples, the slow nega-
tive muon component can be omitted in the pro-
duction equation and the higher of the two re-
ported values for spallation of calcium used.

Theoretical **U/U values for the calibration
samples, calculated using our production rates,
were plotted versus the measured values (Fig. 5).
The slope of the resulting line is very close to 45°,
which indicates internal consistency of the calcu-
lated production parameters.

3.2. Spatial variability of the cosmogenic nuclide

production rates

For samples from altitudes and latitudes differ-
ing from those of the calibration location, ap-

TABLE 4

Production rates due to spallation of “Ca for different contri-
butions of slow negative muons to *°Cl production

Probability of reaction  Production rate due to
leading to formation spallation of “Ca
of **Cl due 10 slow

atoms °Cl atoms *°Cl

muons (see text)
(mole Ca) yr (kg rock) %CaO yr
yr %Ca0 yr

0.005 3040+ 210 545140

0.15 2620+ 180 470 + 35
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propriate scaling factors have to be applied. Previ-
ously published altitude/ latitude gradients
[7,11,15] differ by as much as 100%; for each of
these gradients, the calculated production parame-
ters for *°Cl are different. In order to address the
problem of the uncertain cosmicray flux gradients,
we used these different production parameters and
the corresponding scaling factors to date a set of
samples from Mauna Kea, Hawaii. To test the
latitudinal dependence (L,) of the production
rates, we collected four basaltic and hawaiitic
boulders (Table 5) from late Pleistocene moraines
at elevations similar to the calibration elevation,
but at differing geomagnetic latitude. Chlorine-36
buildup ages calculated using the geomagnetic
correction factors of Yokoyama et al. [7] and
Lingenfelter [11] exceeded the corresponding *C
ages by as much as 50%, whereas the geomagnetic
latitude dependence of Lal [15] yielded ages al-
most identical with those obtained by the varnish
"“C method (Table 6) [54].

We tested the altitude dependence (E,) in a
similar fashion, using eleven samples collected
from glacial moraines and two lava flows (Table
7) at altitudes ranging from 0.38 km to 4.05 km
(Table 8). Dates obtained using the K /Ar method
were used for the flows, with one exception. Sam-
ple MK-MAK-IF-15 is from the same flow as
samples MK-AT2M-21 and MK-AT2M-23; the
flow has a K /Ar age of 33 + 12 ka [54]. However,
a varnish '*C sample from MK-MAK-IF-15
yielded a date of 22.9 + 0.2 ka. This discrepancy
can be explained by the position of the MK-
MAK-IF-15 sample a few meters in front of a
large moraine from the most recent glacial ad-
vance on Mauna Kea. This moraine (sample MK-
MAKY-16) yielded a varnish '*C date of 18.3 + 0.2
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TABLE 6

Varnish (**C and cation-ratio) and **Cl ages of boulders from
late Pleistocene moraines, Mauna Kea, Hawaii

Sample ID (ELD),* Varnish age e age °
(ka) (ka)
MK-MAKO-12 7.01 21.5+0.2°¢ 203415
MK-MAKY-16 7.32 18.34+0.2°¢ 18.9+0.8
MK-MAKT-29 9.26 144+0.1°¢ 14.7+0.5
MK-W-5 5.67 68.0+5.0¢ 63.0+23

? Calculated according to the altitude /latitude dependence of
Lal [15].

® Calculated using the production equation, solved for ¢.

¢ Varnish *C age [54]; reported uncertainty reflects AMS
measurement error only; the true uncertainty is estimated as
+10% [54].

4 Varnish cation-ratio age [54].

ka and a *°Cl date of 18.9 + 0.8 ka. We believe
that the early advance of this glacial pulse over-
rode the outcrop sampled and removed the surface
of the flow.

All samples used for the altitude dependence
(E,) have the same geomagnetic latitude and
therefore the variability in the calculated scaling
factors is attributed to the altitude alone. The
theoretical and experimental altitude transect
curves calculated as least squares exponential fits
are presented on Fig. 6. Again, the 36Cl/Cl ratios
calculated from the altitude dependences of
Yokoyama et al. [7] and Lingenfelter [11] agree
poorly with the data. They tend to diverge from
the true scaling factor significantly. On the other
hand, the curve based on the altitude dependence
of Lal [15] is in excellent agreement with the curve
fitted to the experimental data points. The average
difference between the two is smaller than 8%,
which is well within analytical uncertainty of the

TABLE 5

Geochemistry of boulders from late Pleistocene moraines,- Mauna Kea, Hawaii

Sample 1D Si0O, TiO, Al,0; Fe,0; MgO CaO MnO Na,0O K,0 P0O; Cl B Gd *c1 /Cl
® ® * (%) & % * (B (%) (%) (ppm) (ppm) (ppm) (x107'%)

MK-MAKO-12 5493 237 1798 985 204 6382 019 544 199 1.04 49 10 3.0 1121+ 82

MK-MAKY-16 5190 237 18.80 10.00 190 672 020 5.61 204 096 84 9 5.2 708+ 30

MK-MAKT-29 5290 222 18.00 9.47 1.51 6.22 0.20 5.97 212 095 45 10 4.9 11104+ 36

MK-W-5 46.88 4.65 1764 1496 472 939 0.18 391 099 076 45 10 5.0 2991 +111

Major elements were measured by XRF spectrometry on pressed pellets (analytical error <2%), B and Gd by prompt gamma
emission spectrometry. Total Cl was measured by ion selective electrode (analytical error < 5%). Chlorine-36 was measured by

accelerator mass spectrometry (AMS).
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TABLE 7

Geochemistry of the altitude transect samples

Sample 1D Si0, TiO, AlLO, Fe0, MgO Ca0 MnO Na,0 K,0 P0O; CI *c1/Cl

®  ® ® B B B B R B (B (ppm) (X107

MK-MAK-IF2-15 5124 263 16.10 11.20 337 6.56  0.21 4.20 1.56 055 124 532432
MK-AT2M-21 52.38 245 15.84 10.87 3.40 6.62 021 4.29 1.48 0.68 137 501422
MK-AT2B-23 5295 248 16.14 10.92 3.26 6.39  0.21 4.48 1.63  0.71 44 750+ 53
MK-AT3M-25 51.48  2.69 15.09 1144 343 694  0.21 4.61 1.60 060 188 171+ 9
MK-AT3M-26 49.67 283 16.06 11.63 3.65 6.92 0.21 3.95 1.43 1.13 296 164 + 10
MK-AT3T-28 51.00 295 15.11 12.09 4.23 7.04 0.21 3.87 1.47 0.68 209 365+17
MK-AT3B-30 5242 270 15.95 11.43 3.43 671 020 4.40 1.51 0.64 53 134411

Major elements were measured by XRF spectrometry on pressed pellets (analytical error <2%), B and Gd by prompt gamma
emision spectrometry. Total Cl was measured by ion selective electrode (analytical error < 5%). Chlorine-36 was measured by

accelerator mass spectrometry (AMS).

cosmogenic e buildup method. The exponential
fit to the data allowed calculation of an attenua-
tion length of 152 g cm™? for neutrons in the
atmosphere at elevations from 0.38 to 4.05 km
(987 to 624 g cm~?) and at 20°N geographic
latitude. This value is in concordance with the
value of 156 g cm ™2 calculated for the exponential
fit to the altitudinal scaling values of Lal [15]. This
agreement indicates that cosmogenic *°Cl produc-
tion rates can be corrected for geomagnetic lati-
tudes and elevations differing from the calibration
latitude. In cosmogenic nuclide buildup applica-

TABLE 8

tions, we recommend using the polynomial fits to
nuclear disintegration rate data developed by Lal
[15].

It must be noted here that the calculated scal-
ing factors integrate changes in the earth’s mag-
netic field strength and the intensity of the
cosmic-ray flux during the last 20-60 ka. The very
good agreement between the present-day and the
time-integrated distributions of the cosmic-ray in-
tensity implies either (a) that the flux varied little
during the past 60 ka or (b) that the present-day
flux is equal to the average flux over the past 60

Theoretical [15] and experimental scaling factors for the altitude transect samples, Mauna Kea, Hawaii

Sample ID Sample origin ~ Age Altitude  Latitude  Longitude  °Cl/Cl ¢ (x1071%)
(ka) (km) °N °E Theoretical Experimental ®

MK-MAKO-12 moraine 2154+ 02°* 3500 19.849 204.493 578+ 58 543436
MK-MAKY-16 moraine 183+ 022 3584 19.843 204.492 605+ 61 620+24
MK-MAKT-29 moraine 144+ 01° 4054 19.825 204.521 780+ 78 771423
MK-W-5 moraine 680+ 50° 3109 19.777 204.521 462+ 34 446 +17
MK-MAK-IF2-15  mugearite flow 229+ 02°%  3.536 19.847 204.493 591+ 59 521431
MK-AT2M-21 mugearite flow 33 +12° 3.170 19.848 204.496 479+174 367+16
MK-AT2B-23 mugearite flow 33 +12° 2256 19.879 204.467 275+ 100 241417
MK-AT3M-25 mugearite flow 55 + 7°¢ 0.792 19.850 204258 101+ 13 87+ 5
MK-AT3M-26 hawaiite flow 55 + 7° 0.792 19.850 204.258 101+ 13 105+ 6
MK-AT3T-28 hawaiite flow 55 + 7°¢ 1.585 19.795 204.357 177+ 22 208+ 10
MK-AT3B-30 mugearite flow 55 + 7°¢ 0.380 19.898 204.224 72+ 10 28+ 2

® Varnish '*C age [54); reported uncertainty reflects AMS measurement error only; the true uncertainty is estimated as +10% [54].

® Varnish cation-ratio age [54].
¢ Calculated from two K-Ar ages reported by Wolfe et al. [53].

4 This uncertainty is due to uncertainty in age determination (column 3); + 10% uncertainty in varnish '*C ages was used.
¢ Normalized to chemical composition of sample MK-MAK-IF2-15. The experimental data points are also plotted on Fig. 6.
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Fig. 5. Comparison of measured versus theoretically predicted

36Cl/C] for the calibration samples. Theoretical ratios were

calculated using previously published ages and the production

parameters calculated earlier in this paper. For mineral sep-

arates, the macroscopic absorption cross sections (Zo,N,) of

the associated bulk rocks were used. Error bars reflect analyti-
cal uncertainties in AMS measurements of *°CL.

ka. Knowledge of the time distribution of the
cosmic-ray flux will have important implications
for calibration of the '*C time scale [32].

This work
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HCLCI
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Fig. 6. Comparison of observed data (circles and rhombs) with
theoretically calculated [7,11,15] altitudinal scaling factors; ex-
perimental curve was constructed for samples indicated by
circles. Error bars reflect uncertainties in age determinations.

3.3. Test of the production parameters

In an effort to test the °Cl production rates
determined using the White Mountain and
Tabernacle Hill Flow samples, we have used these
production rates to calculate the ages of two geo-
morphic surfaces of well-known or relatively well-
constrained ages: (a) carbonate boulders ejected
during the meteorite tmpact at Meteor Crater,
Arizona; and (b) boulders from a Tioga-age
moraine in the Sierra Nevada, California.

Five dolomite samples from Meteor Crater,
Arizona, were analyzed and the time of the
meteorite impact calculated [55]. The mean age of
49.7 + 0.85 ka 1s 1n spectacular agreement with the
ages of 49.0+ 3.0 ka obtained from thermo-
luminescence studies of shock-metamorphosed
minerals [56] and of 49.2 + 1.7 ka obtained using
cosmogenic *°Al /'°Be pair [57]. Varnish '*C stud-
ies of the same material yielded “dead radio-
carbon” which supports our results; low activity
of "C results from decay and not from con-
tamination by ancient carbonate carbon. The **Cl
data are very consistent. Four out of five samples
yielded almost identical ages, with standard devia-
tion smaller than analytical uncertainty of the
individual AMS measurements. The single anoma-
lously young sample can be interpreted as being
partially shielded by loose material or as having
rolled over. This suite of samples indicates that
given favorable geological conditions, such as low
erosion rates in arid environments, the cosmogenic
*Cl buildup method gives reliable and accurate
exposure ages. It also shows that by appropriate
scaling of the sea-level production rates, the *°Cl
buildup method can be applied at different eleva-
tions.

Four samples were obtained from a Tioga-age
moraine at Bloody Canyon in the Mono Basin.
The glacial geology of Bloody Canyon has been
described by Sharp and Birman [58], Burke and
Birkeland [59], and Gillespie [60]. Details of sam-
ple location and analytical results are given in [24]
and [61]. Previous investigations of the sampled
moraine indicate that its position is close to, or at,
the maximum limit of the Tioga moraines. As
described above, the Tioga advance is known to
have occurred in the interval 25 to 11 ka, with the
maximum in the earlier part of this interval
[29,31,62,63]. A limiting minimum varnish '*C date
of 18.9 ka was obtained for the maximum Tioga
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Locations, scaling factors and *°Cl ages for the Tioga samples, Bloody Canyon, California (modified from [61])

Sample 1D Elevation Latitude Longitude (ELD), 2o, N, *Ql /Cl Boulder age Moraine age
(km) °N °E (cm?/kg)  (X107'%) (ka) (ka)

BC-86-1-TI 2.38 37.9 240.8 5.56 4.97 1770+ 136 22.9

BC-86-2-T1 2.38 379 240.8 5.56 4.06 402+ 17 12.0° 12416

BC-86-3-T1 2.38 37.9 240.8 5.56 4.88 536+ 39 19.6 T

BC-86-5-T1 2.38 37.9 240.8 5.56 5.24 455+ 22 21.2

* This boulder age was not used to calculate the moraine age.

advance at Pine Creek [29]. The average (from
three of the four *°Cl buildup dates) of 21.2 + 1.6
ka (Table 9) is in excellent agreement with this
chronology. Although the Bloody Canyon results
are not completely independent of the *°Cl build-
up calibration samples (because they are from
correlative glacial deposits) the fact that ap-
propriate ages are obtained for geographically dis-
tant samples offers considerable support for the
validity of the new production parameters.

3.4. Miscellaneous considerations

Effective production rates of cosmogenic
nuclides may be affected by partial or/and tem-
poral shielding of the target surface from the
cosmic rays. Partial shielding occurs near topo-
graphic features which block a part of the incident
flux. The required correction F(®) is a function
of the slope (®) of a line connecting the top of the
feature and the sampling site, and can be ex-
pressed as (sin ®)>* [51]. The production rates
should be multiplied by F(®) averaged over all
horizontal directions (2« ). This correction is usu-
ally small and approaches 15% for angles close to
45°. For all our samples the correction was smaller
than 1.0% and was therefore neglected.

Snow cover or volcanic ash can temporarily
attenuate the cosmic-ray flux reaching rock
surfaces. Nishiizumi et al. [51] have calculated that
in the Sierra Nevada as much as 10% decrease in
nuclide production could have occurred on hori-
zontal surfaces. In order to minimize this effect we
sampled the tops of high boulders that should be
rapidly swept free of snow or ash by the wind. The
White Mountains are in the rain shadow of the
Sierra Nevada and receive much less precipitation
than the Sierra Nevada does [64]. Therefore, the
effect of attenuation of the cosmic rays due to
snow cover is considered to be negligible for all

our calibration samples collected in the White
Mountains.

The excellent agreement between varnish '*C
and °Cl ages indicates that snow or volcanic ash
covers have also a negligible influence on the
Mauna Kea samples. The Hawaiian samples were
collected at locations where snow cover was un-
likely to develop and persist for long periods of
time, and away from places where volcanic tephra
was observed to be present. They yielded *Cl ages
nearly identical to the varnish '*C ages (Table 6).
Although temporal attenuation of the cosmic ray
flux by snow or volcanic ash was not a problem in
our study area it should not be overlooked; in all
locations where any covering material is signifi-
cantly thick and persists for long periods of time,
appropriate corrections for additional attenuation
of the cosmic rays should be made.

4. Summary

Cosmogenic chlorine-36 buildup in rocks ex-
posed at the surface of the earth was investigated
and the production rates due to individual reac-
tions quantified. Effective production rates due to
spallation of *’K and *’Ca are 4160 + 310 and
3050 + 210 atoms *°Cl per yr per mole K and
“Ca, respectively. These values, although consid-
erably lower than those previously calculated, have
been tested and appear to be valid for late
Pleistocene conditions. An effective thermal neu-
tron capture rate of (3.07 + 0.24) X 10° neutrons
(kg of rock)™! yr~! compares well with the pres-
ent-day measured values.

Production of **Cl due to negative muon cap-
ture was investigated using two previously re-
ported values of probability of the reaction lead-
ing to *Cl formation. The maximum sea-level
production rate due to this process is less than
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14% of that of spallation of calcium. This propor-
tion becomes negligibly small at high (mountain)
altitudes.

The latitudinal and altitudinal distribution of
cosmic-ray intensity of Lal [15] is supported by
agreement obtained between the *°Cl buildup and
'"*C and K/Ar dates. The new production rates
were applied to dating rocks of various ages and
at various geomagnetic latitudes and elevations.
The results are in excellent agreement with ages
obtained by other means. They show that the
cosmogenic *C1 dating method can be success-
fully applied for samples at differing geomagnetic
latitudes and elevations by appropriate scaling of
the reported sea-level rates.

The cosmogenic *°Cl dates compare well with
the ages obtained using different dating methods.
Consistent production rates of *¢Cl were obtained
using samples collected at different locations and
independently dated by both varnish '“C and
classical "*C techniques. The *Cl ages of the gla-
cial moraines in the Sierra Nevada compare well
with "*C-dated organic material below and above
correlative glacial sequences. Finally, cosmogenic
**Cl dating of the impact at Meteor Crater yielded
ages almost identical to the age obtained from
independent studies. These results strengthen our
confidence in the calculated production parame-
ters and indicate that the cosmogenic °Cl geo-
chronology can be successfully applied in the earth
sciences.
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Appendix —description of sampling sites

Sample 187. Terminal moraine in Chiatovitch Creek, White
Mountains. Moderately weathered, fine-to-medium-grained
granodiorite boulder, 0.6 X0.3x0.6 m, sampled from the top
surface. Varnish '*C age is 9.74 ka [27]. Shielding angles of the
surrounding valley walls are 10-15° in S, W and N directions.

Sample 387. Terminal complex in Chiatovitch Creek, White
Mountains. Strongly to moderately weathered, medium-grained
diorite, largest boulder on the ridge, 6.0 3.6 X 3.0 m, sampled
from flat area on the top, more than 1 m from the edges.
Varnish '*C age is 12.51 ka [27]. Shielding angles of the
surrounding valley walls are about 10° in S, W and N direc-
tions.

Sample 787. Maximum terminal moraine at steep drop off
in Chiatovitch Creek, White Mountains. Weakly to moderately
weathered, medium-grained monzonite, 1.2xX1.2X 0.6 m, sam-
pled from the center of the flat, gently sloping (10° NW) area
on the top. Varnish '*C age is 17.78 ka [27]. Shielding angles of
the surrounding valley walls are about 10-15° in S, W, and N
directions.

Sample MK-MAKO-12. Older Makanaka moraine close to
hawaiite flow and covered by it, Mauna Kea, Hawaii. Basaltic
boulder 1.5X1.5x4.0 m, sampled from the top surface, close
to the edge. Varnish '*C age is 21.5+0.2 ka [54].

Sample MK-MAKY-16. Crest of outermost “Younger”
Makanaka end moraine on top of hawaiite lava flow, Mauna
Kea, Hawaii. Boulder 2 m tall, sampled close to the center of
the top surface. Varnish age is 18.3+0.2 ka [54].

Sample MK-MAKT-29. From about 50 m NE of Cal Tech
7 mm observatory (aluminum dome), almost on the top of
Mauna Kea, Hawaii. Glacially polished rock, about 1.5 m tall,
sampled from the center of the subhorizontal top surface.
Varnish "*C age is 14.4+0.1 ka [54].

Sample MKW-5. Top of the Waihu moraine, Mauna Kea,
Hawaii. Rounded, very solid boulder, 2x2X2 m, sampled
from the subhorizontal top surface. Cation-ratio age is 68 +5
ka (54].

MK-MAK-IF2-15. Interflow between “older” and
“younger” Makanakan, Mauna Kea, Hawaii. 0.75<0.75 X 0.5
m boulder, sampled from the center of the subhorizontal top
surface. Varnish '*C age is 22.9+ 0.2 ka [54].

MK-AT2M-21. Same flow as MK-MAK-IF2-15. Sample
from the center of a large (10 m) sloping surface (15° slope).
K-Ar age is 33412 ka [53].

MK-AT2B-23. The bottom of the same flow. Sampled close
to the edge of the flow, about 1.3 m above the ground level.
K-Ar age is 33+ 12 ka [53].

MK-AT3M-25. Puu Kee lava flow, Mauna Kea, Hawaii.
Ridge about 2 m tall, sampled at the center of the sloping top
surface (20° slope). K-Ar age is 55+ 7 ka (average of 2 dates
reported in [53]).

MK-AT3M-26. Same flow as MK-AT3M-25. Ridge about 1
m tall, sampled from the edge at the top. K-Ar age is 55+ 7 ka
(average of 2 dates reported in [53]).

MK-AT3T-28. Top of the flow about 500 m W of Puu Kee.
Ridge about 1 m tall, sampled close to the edge of the
subhorizontal top. K-Ar age is 55+ 7 ka (average of 2 dates
reported in [53]).
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MK-AT3B-30. Bottom of Puu Kee flow at NW side of Puu,

Mauna Kea, Hawaii. Ridge about 1 m tall, sampled far from
the edge of the subhorizontal top. K-Ar age is 55+7 ka
(average of 2 dates reported in [53]).
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