A SIMPLIFIED IN SITU COSMOGENIC “C EXTRACTION SYSTEM
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ABSTRACT. We describe the design, construction, and testing of a new, simplified in sifu radiocarbon extraction system at
the University of Arizona. Blank levels for the new system are low ((234 & 11) x 103 atoms (1 o; n = 7)) and stable. The pre-
cision of a given measurement depends on the concentration of 14C, but is typically <5% for concentrations of 100 x 103 atoms
g ! or more. The new system is relatively small and easy to construct, costs significantly less than the original in situ '4C
extraction system at Arizona, and lends itself to future automation.

INTRODUCTION

Like other in situ cosmogenic nuclides (CNs), in situ cosmogenic radiocarbon (t;, = 5.73 ka; in situ
14C) is produced in the upper few meters of the Earth’s crust by the interaction of cosmic rays with
target nuclei, primarily O and Si (Gosse and Phillips 2001). The potential for using in situ C to
determine exposure ages of Holocene landforms and quantify erosion rates in rapidly denuding
areas is widely recognized (e.g. Lal 1991; Gosse et al. 1996). Also recognized is the potential for in
situ '*C to be used in concert with longer-lived and stable CNs to elucidate complex exposure histo-
ries of surficial landforms (e.g. Miller et al. 2006). Despite its potential, however, the impact of in
situ '4C on CN research to date has been limited primarily because of the difficulty of measuring in
situ 1*C concentrations in terrestrial rocks.

In situ *C has been measured routinely in lunar material and meteorites for decades (Goel and
Kohman 1962; Jull et al. 1998), but !“C concentrations in terrestrial rocks are typically 2-3 orders
of magnitude lower. Measuring the in situ *C inventory of terrestrial rocks, therefore, requires com-
plete removal of contaminant '“C from sources such as CO, and other atmospheric gases, organic
matter, and secondary carbonate, which are often present in quantities equivalent to or exceeding the
in situ component.

An early attempt to isolate in situ '4C from terrestrial silicates (Lal and Jull 1994) achieved some
success, but assumed that '“C exists largely as '#CO within a rock and that the ratio of “CO:!4CO,
derived from sample dissolution in hydrofluoric acid was constant. However, the measured *CO:
14CO, ratio varied by a factor of 3—4 between samples, limiting the actual precision of a given mea-
surement. Handwerger et al. (1999) took a similar approach in attempting to isolate in situ '*C from
carbonates, and encountered many of the same problems. Lifton et al. (2001) developed an extrac-
tion system and protocols that were used successfully to isolate and extract in situ '*C from terres-
trial quartz, which includes melting grains using a lithium metaborate (LiBO,) flux and oxidizing
liberated carbon to CO,. Yokoyama et al. (2004) isolated in situ '*C from quartz through step-wise
heating and using a mixture of carrier gases (He-O,-CO-CO,). Naysmith (2007) constructed an
extraction system similar to the original Arizona system and followed the Lifton method protocols
with minor modifications. Finally, Hippe et al. (2009) developed an extraction system that uses an
electron bombardment furnace capable of reaching temperatures of 1550—1600 °C, which allows the
melting of quartz grains without the use of a fluxing agent.
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At Arizona, we set out to build upon the success of Lifton et al. (2001) by designing and construct-
ing a simplified extraction system that is smaller and cheaper to build than the original, and by alter-
ing our laboratory procedures to reduce the amount of time required for an extraction. While the Lif-
ton method is analytically difficult and time-intensive, it avoids the problem of variable CO:CO,
ratios in rocks, and has resolved problems with unstable background levels and reproducibility that
have undermined other attempts at measuring in situ '*C (Lal and Jull 1994; Handwerger et al.
1999). Below, we discuss our modified extraction system and analytical procedures in detail. We
present our results in full so that other laboratories can avoid the pitfalls and obstacles that we
encountered.

MODIFICATIONS OF THE /N SITU 1*C EXTRACTION SYSTEM AND PROCEDURES

The original extraction system at the University of Arizona described in Lifton et al. (2001), which
is still in use, is a closed loop that consists of 4 major components: (1) a Thermolyne® Type 59300
tube furnace capable of temperatures >1500 °C fitted with a dedicated 5 cm o.d. mullite tube; (2) a
U-shaped secondary furnace packed with 2-mm-diameter fused quartz beads set at 1020 °C; (3) a
cryogenic coil trap; and (4) a dual-stage stainless-steel (SS) bellows recirculating pump (Figure 1a).
The recirculating pump forces ultra-high-purity (UHP) O, through the secondary furnace where all
carbon species liberated from a sample are fully oxidized to CO,. Condensable gases, including
CO,, are collected with liquid nitrogen (LN) in the coil trap. The O, carrier gas is continuously recir-
culated through the closed loop to ensure that all !*C atoms are oxidized and ultimately captured.

A single extraction, which formerly took ~26 hr over a period of 3 days as described in Lifton et al.
(2001), can now be completed in ~18 hr over 2 days (similar to Naysmith 2007). On the first day, a
quartz sleeve (replaced for every sample) is precleaned by heating it to >800 °C with a glassblower’s
torch, and centered in the furnace tube using clean stainless steel (SS) and quartz implements. The
sleeve protects the main furnace tube from corrosive LiBO, vapors. Some 20.0 g of LiBO, are
placed in a high-purity Al,O5 boat and slid into the center of the quartz sleeve using a precleaned
quartz push rod. The extraction system is then evacuated at 170 °C for 1.5 hr to remove sorbed atmo-
spheric gases (mostly water) until the system pressure stabilizes at <1.3 x 10~* kPa. The LiBO, is
subsequently melted and degassed at 1200 °C for 1 hr in an UHP O, atmosphere that is recirculated
through a liquid nitrogen (LN) trap to remove any contaminants. The LN trap is isolated from the
recirculating system and evacuated to background pressures as the furnace is allowed to cool to
room temperature overnight.

On the second day, the Al,O5 boat with the solidified LiBO, is retrieved from the furnace and placed
in a laminar flow hood, using only precleaned quartz implements (no SS). The sample grains are
loaded on top of the LiBO,, and the boat is returned to the furnace tube. After evacuating the extrac-
tion system at 170 °C for 1 hr, the sample is heated in 6.7 kPa of UHP O, at 500 °C for 1 hr to
remove atmospheric contaminants. The contaminants are removed from the LN trap, which is iso-
lated from the recirculating system, evacuated to background pressures, refilled with 6.7 kPa of
UHP 0O,, and then reopened to the recirculating system. The sample is then oxidized in UHP O, at
1100 °C for 3 hr.

The CO, is purified (i.e. water, halides, nitrogen, and sulfur species are removed) separately from
the extraction loop (but on the same vacuum system), while the CO, is converted to graphite in a
separate, dedicated graphitization system. Until 2001, we used BOC-Edwards Diffstak® oil diffu-
sion pumps backed by oil-cooled rotary vane pumps to evacuate each system. These have since been
replaced with turbomolecular pumps backed by dry scroll pumps to eliminate the possibility of con-
taminating the lines with backstreaming oil vapors.
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Figure 1 Schematic diagrams of (a) the original in situ '*C extraction line (after Lifton
et al. 2001) and (b) the modified extraction line in our laboratory at the University of
Arizona. Dark arrows show the flow path of O, carrier gas, which is kept at pressures
equivalent to ~6.7 kPa at 170 °C. Carbon species liberated from a sample are fully oxi-
dized to CO, in the quartz-bead furnace and collected in the CO, trap. Contaminant
gases are subsequently removed, the sample CO, is diluted with “C-free CO,, and
converted to graphite for analysis by AMS.

While the existing extraction system works well with the new procedures, extracting in situ '*C from
quartz with it is still very time- and labor-intensive. Our intent in modifying this design was to make
an extraction system that was as small, inexpensive, and simple as possible, with the idea that ulti-
mately multiple extraction lines could be operated via automation to maximize sample throughput.
In the new system, we eliminated the recirculating pump and moved the purification apparatus to a
separate vacuum system. These changes required several modifications to the extraction procedures
discussed above. The primary difference is that the O, carrier gas now moves through the modified
extraction line in a single pass, rather than being continually recirculated. We control the rate at
which the gas moves through the line by opening various stopcocks very slightly. After experiment-
ing with different flow rates, we settled on the equivalent of 2—3 times the volume of the furnace
tube (at 6.7 kPa pressure) over a 1-hr period, although flow rates up to ~50% higher or lower than
this do not appear to affect our results.
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The modified extraction system consists of 3 major parts: (1) a Thermolyne® Type 79300 tube fur-
nace capable of reaching 1200 °C, fitted with a dedicated 5 cm o.d. mullite tube; (2) a secondary fur-
nace as described above; and (3) a single cryogenic coil trap (Figure 1b). The mullite tube is capped
with 316 SS compression flanges and glass frits are installed at both ends of the furnace chamber
beyond the flanges to protect the rest of the line from particulates. These frits also slow the move-
ment of gases through the mullite tube, minimizing the possibility of disturbing the sample during
extraction. UHP O, is bled through the furnace tube and carries evolved sample gases through the
secondary furnace before condensable gases are collected in the coil trap. Sample purification and
graphitization are conducted separately as before. All glass tubing (except the coil trap) and glass-
metal connections are covered by heat tape that is maintained at 50-70 °C to minimize gas adsorp-
tion inside the line (Figure 2).

Figure 2 Photographs of the modified extraction line (upper panel) and CO, purification line
(lower panel). All glass tubing (except coil traps and cold fingers) and glass-metal connections
are covered by heat tape that is maintained at 50—70 °C to minimize gas adsorption inside the line.
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Yield Test, Blank Levels, and Reproducibility

An initial concern with our modified system was that the single-pass design might not effectively
trap the CO, evolved from a sample before it was pumped away with the O, carrier gas. To address
this issue, a multiple-step yield test was conducted over a period of 5 days. The experiment began
on day | with the degassing of the Al,0O5 boat and LiBO, powder. On days 2 and 3, blank measure-
ments were made to establish a trend in the blank levels because the blank and in situ *C concen-
tration of a sample cannot be measured simultaneously (the blank value for a given extraction must
be inferred or interpolated). At the beginning of each day, the temperature inside the furnace tube
was raised to 170 °C and evacuated for 1 hr. The tube was then filled with ~6.7 kPa of UHP O,, and
the temperature was raised to 1100 °C. The carrier gas was then slowly bled through the system for
1 hr, and condensable gases were collected in the coil trap. The tube was allowed to cool to room
temperature overnight between each step. On day 4, a small aliquot (64 uL) of CO, was purified,
and cryogenically introduced into the furnace tube from a small cold finger immediately adjacent to
the tube’s downstream end. Approximately 6.7 kPa of UHP O, was then introduced into the tube,
and allowed to mix with the CO, aliquot for 1 hr at 1100 °C. UHP O, was then bled through the sys-
tem for 1 hr, and condensable gases were collected in the coil trap. An additional blank measurement
was conducted on day 5 so that we could interpolate a blank level for day 4. All gases that were col-
lected were later purified and the CO, yield was measured. The results indicated essentially 100%
recovery of CO, (Table 1).

Table 1 Results of yield test on modified system.?

Step Temperature and duration ~ Sample volume (uL)
Abbreviation in Equation 1 Vi

blank - day 2 1100 °C; 1 hr 62+1.1

blank - day 3 1100 °C; 1 hr 3.0+1.1

blank - day 4 interpolated 1.9+1.1

initial CO, — 63.9+14

blank - day 5 1100 °C; 1 hr 14+1.1

total recovered CO, 1100 °C; 1 hr 64.7+£1.2
recovered CO, - blank CO, — 62.8+1.6
Recovery (%) 98.2+2.5

2All uncertainties are given at the 1-c level.

Blank levels for standard 2-day extractions for both systems are low and stable (Table 2). Blanks for
the original and modified extraction systems have a weighted mean of (141 + 13) x 103 atoms (1 ;
n=6)and (234 + 11) x 103 atoms (1 o; n = 7), respectively. Although the blank levels for the mod-
ified extraction line are higher than those for the original line, the limiting factor in a given measure-
ment is not the blank itself, but rather the uncertainty in the blank, which is similar for both systems.

Two series of blank measurements for step-heating experiments with the modified extraction line
yielded a weighted mean total blank of (232 + 19) x 103 atoms (1 &; n = 2), which is indistinguish-
able from the weighted mean of the standard 2-day blanks on the modified line.

Our final test was to determine if we could reproduce the measured concentration of in situ '*C in a
“known” sample in the modified line relative to the total measured using the original extraction sys-
tem. For this, we used a sample of quartzite (PP-4) that is used as an internal standard in our labora-
tory at Arizona. This sample was collected from a wave-cut bench formed during the late Pleis-
tocene highstand of pluvial Lake Bonneville (Oviatt et al. 1992; Lifton et al. 2001). All aliquots
were treated and extracted in the same manner to facilitate direct comparison.
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Table 2 Summary of blank data.?

Diluted
Temperature ~ Fraction Sample volume® 14C yield
Lab # Sample # System and duration modern® volume (uL) (mL) (103 atoms)
Abbreviations in Equation 1 Fm Vi Vi N
Extraction blanks
RN-632  AA-41990 original 1100°C;3 hr  0.0024 £0.0003 7.62+£0.07 1.26 £0.01 94 + 14
RN-635  AA-41990 original 1100°C;3hr  0.0032+0.0003 9.70+0.74 1.22+0.01 125=+13
RN-636  AA-41990 original 1100°C;3hr  0.0049 £0.0003 11.62+0.80 1.21+0.01 185=13
RN-647  AA-41990 original 1100°C;3 hr  0.0035+0.0005 10.82+0.44 1.07+0.01 119+18
RN-649  AA-41990 original 1100°C;3hr  0.0034 +£0.0003 9.98+0.26 1.36+0.01 145+11
RN-650  AA-41990 original 1100°C;3 hr  0.0047 £0.0003 12.25+0.92 1.09+0.01 161=+12
Weighted mean 141 +13
RN-682  AA-48353 modified 1100°C;3hr  0.0048 £0.0004 18.79+0.95 1.76 £0.01 265+24
RN-684  AA-48353 modified 1100°C;3hr  0.0052 +0.0007 18.43 +0.66 1.75+0.01 285+40
RN-686  AA-48353 modified 1100 °C;3 hr  0.0040 £ 0.0003 13.49+0.82 1.72+0.01 22019
RN-698  AA-48353 modified 1100°C;3 hr  0.0053 £0.0003 9.78+0.74 1.58+0.01 265=+17
RN-705  AA-48353 modified 1100°C;3hr  0.0051 £0.0012 9.94+1.10 1.46+0.01 237 +57
RN-716  AA-48353 modified 1100 °C;3 hr  0.0054 +0.0004 993 +1.14 1.40+0.01 240=+19
RN-750  AA-48353 modified 1100°C;3 hr  0.0043 £0.0003 11.91+1.54 1.53+0.01 207=+12
Weighted mean 234 +£11
Step-heated blanks
RN-720a AA-48353 modified 300°C; 1hr 0.0001+0.0005 1.39+1.02 1.19+0.01 4+20
RN-720b AA-48353 modified 500°C;1hr  0.0000+0.0003 1.61+1.22 1.14+0.01 0+13
RN-720c  AA-48353 modified 600°C;1hr  0.0000+0.0003 1.16+1.06 1.20+0.01 0£10
RN-720d AA-48353 modified 700°C; 1 hr  0.0006 +0.0003 0.69+1.14 1.23+£0.01 22+9
RN-720e  AA-48353 modified 900°C; 1hr  0.0006 +0.0002 1.38+1.22 1.15+0.01 2247
RN-720f AA-48353 modified 1100 °C; 1sthr 0.0025 +£0.0003 2.08 £1.22 1.17£0.01 95+ 13
RN-720g AA-48353 modified 1100 °C; 2nd hr 0.0018 + 0.0003 2.08 £1.06 1.22+0.01 68+ 13
RN-720h  AA-48353 modified 1100 °C; 3rd hr 0.0006 +0.0003 2.08 +1.14 1.18 =0.01 22+10
Total (6001100 °C steps) 229 +26
RN-743a  AA-48353 modified 300°C; 1 hr 0.0006+0.0003 0.70+0.66 1.71£0.01 32+ 14
RN-743b  AA-48353 modified 500°C;1hr  0.0009 +0.0003 1.63+0.74 1.67+0.01 46 £ 14
RN-743¢  AA-48353 modified 600°C;1hr  0.0000+0.0002 0.93+0.90 1.60+0.01 0+9
RN-743d AA-48353 modified 700°C; 1 hr  0.0000+0.0002 0.93+0.90 1.63+£0.01 0+10
RN-743ed AA-48353 modified 900°C;1hr — — — 2247
RN-743f AA-48353 modified 1100 °C; 1sthr 0.0021 +£0.0003 3.26+£0.74 1.56+0.01 101 +13
RN-743g AA-48353 modified 1100 °C; 2nd hr 0.0019 +0.0002 2.12+0.25 1.53+0.01 94+9
RN-743h  AA-48353 modified 1100 °C; 3rd hr 0.0004 +0.0003 2.36 +0.17 1.50+0.01 19+16

Total (600-1100 °C steps) 236 +27

2All uncertainties are given at the 1-c level.
bFraction modern values are referenced to the NIST oxalic acid I standard (Stuiver and Polach 1977).
¢CO, extracted from each sample was diluted with 1*C-free CO, before conversion to graphite.

dSample lost during purification; assumed same results as RN-720e.

The concentration of iz situ '*C in each extraction (given in units of atoms g~!) was calculated using
Equation 1:

(FmAMNA Vs )
LA R
V4
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where F,, is the measured fraction modern carbon normalized to a §!3C value of —25%o yppg and AD
1950, 4,4 is the fractional abundance of modern carbon (1.177 x 10~'2 14C atoms per '2C atom), N,
is Avogadro’s number, Vy is the volume of CO, at STP (in cm?), ¥ is the volume of 1 mol of CO,
at STP (in cm?), B is the number of 4C atoms associated with a blank extracted in the same manner
as the sample, and M; is the mass of the sample (in grams). After measuring the volumetric yield, the
extracted CO, was diluted with “C-free CO, to a total mass of 1 to 2 mL (0.5 to 1 mg C equivalent)
for subsequent conversion to graphite.

Following Lifton et al. (2001), measured concentrations of in situ '*C were normalized to production
at the ground surface, open-sky conditions (i.e. no topographic shielding), and a pure SiO, compo-
sition using experimental cross-section data (Jull et al. 1998) and ground-level neutron spectrum
measurements (Gordon et al. 2004). The magnitudes of these corrections for sample PP-4 were 7.6%,
0.6%, and 0.3%, respectively. The weighted means of the corrected in situ '*C concentrations using
the original ((360 + 13) x 103 atoms g~'; 1 o; n = 3) and modified ((354 + 10) x 10° atoms g!; 1 &;
n = 6) extraction systems are indistinguishable at the 1-c level (Table 3).

Table 3 Summary of data for sample PP-4.2

Fraction Sample Diluted 14C yieldd

Lab # Sample # System  modern® volume (uL) volume® (mL) (10 atoms g™")
Abbreviations in Equation 1 Fi \'A Vi N
RN-674  AA-34075 original 0.0480+0.0008 47.90+1.35 1.19+0.01 359+23
RN-690 AA-34075 original  0.0342 +0.0006 46.74+0.39 1.71+£0.01 369 +£24
RN-691  AA-34075 original 0.0366 +0.0005 46.22+0.70 1.54+0.01 353+23
RN-758a AA-34075 original 0.0023 +£0.0003 5.12+0.82 1.34+0.01 21+5
RN-758b AA-34075 original  0.0410 +0.0005 49.17+0.97 1.36+0.01 331+37
RN-758¢ AA-34075 original — — — 352 +37

Weighted mean 359 +£13
RN-661 AA-61595 modified 0.0401 £0.0009 46.88+1.16 1.44+0.01 343 £23
RN-662 AA-61595 modified 0.0412+0.0009 48.77+1.12 1.42+0.01 350+23
RN-665 AA-61595 modified 0.0454+0.0018 4527+1.16 1.29+0.01 350 27
RN-687 AA-61595 modified 0.0360+0.0006 54.49+0.59 1.75+0.01 381 £25
RN-704  AA-61595 modified 0.0369 +0.0005 49.59+1.01 1.54+0.01 339+22
RN-748  AA-61595 modified 0.0461+0.0006 51.08+1.08 1.27+0.01 367 +24

Weighted mean 354 +10

2All uncertainties are given at the 1-c level.

bFraction modern values are referenced to the NIST oxalic acid I standard (Stuiver and Polach 1977).

¢CO, extracted from each sample was diluted with *C-free CO, before conversion to graphite.

d4Jn situ '*C yields for sample PP-4 were normalized to production at the ground surface, open-sky conditions (no topo-
graphic shielding), and a pure SiO, composition using correction factors of 1.0764 + 0.0104, 1.0064 + 0.0474, and
1.0027 + 0.0266, respectively.

°For sample RN-758, extractions were done at 600 °C for 1 hr (RN-758a) and 1100 °C for 3 hr (RN-758b). The sum of
the 2 temperature steps was included in the weighted mean calculation.

CONCLUSIONS

The experimental data presented here summarize the testing of a new, simplified in situ '“C extrac-
tion system. Blank levels for the new system are low ((234 £ 11) x 103 atoms (1 ; 7= 7)) and stable,
and we are able to reproduce in situ '*C concentrations in quartz for samples measured on the orig-
inal system. The precision of a given measurement depends on the concentration of 4C, but is typ-
ically <5% for concentrations of 100 x 10? atoms g~! or more. While our extraction methods are
analytically difficult and quite time-intensive, modification of the original Lifton method has
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reduced the amount of time required for an extraction from ~26 hr over 3 days to ~18 hr over 2 days.
The simple design of the modified system lends itself to future automation, which is ongoing. The
development of an automation system should allow us to control the extraction, CO, purification,
and graphitization systems remotely without sacrificing precision or accuracy.

ACKNOWLEDGMENTS

We thank Rich Cruz and the Arizona AMS facility for their support. An early version of this manu-
script benefited from constructive reviews from G Cook, J Schaefer, and an anonymous reviewer.
The current version of this manuscript was improved by careful reviews by E Ellis, D Goodwin, J

Rech, Y Yokoyama, and an anonymous reviewer.

REFERENCES

Goel PS, Kohman TP. 1962. Cosmogenic carbon-14 in
meteorites and terrestrial ages of “finds” and craters.
Science 136(3519):875-6.

Gordon MS, Goldhagen P, Rodbell KP, Zabel TH, Tang
HK, Clem JM, Bailey P. 2004. Measurement of the
flux and energy spectrum of cosmic-ray induced neu-
trons on the ground. /EEE Transactions on Nuclear
Science 51(6):3427-34.

Gosse JC, Phillips FM. 2001. Terrestrial in situ cos-
mogenic nuclides: theory and application. Quaternary
Science Reviews 20(14):1475-560.

Gosse JC, Reedy RC, Harrington CD, Poths J. 1996.
Overview of the workshop on secular variations in
production rates on Earth. Radiocarbon 38(1):135—
47.

Handwerger DA, Cerling TE, Bruhn RL. 1999. Cos-
mogenic *C in carbonate rocks. Geomorphology
27(1-2):13-24.

Hippe K, Kober F, Baur H, Ruff M, Wacker L, Wieler R.
2009. The current performance of the in situ '*C ex-
traction line at ETH. Quaternary Geochronology 4(6):
493-500.

Jull AJT, Vloudt S, Donahue DJ, Sisterson JM, Reedy
RC, Masarik J. 1998. 14C depth profiles in Apollo 15
and 17 cores and lunar rock 68815. Geochimica et
Cosmochimica Acta 62(17):3025-36.

Lal D. 1991. Cosmic ray labeling of erosion surfaces: in
situ nuclide production rates and erosion models.

https://doi.org/10.1017/50033822200046324 Published online by Cambridge University Press

Earth and Planetary Science Letters 104(2—4):424—
39.

Lal D, Jull AJT. 1994. Studies of cosmogenic in-situ
14CO and CO, produced in terrestrial and extrater-
restrial samples: experimental procedures and appli-
cations. Nuclear Instruments and Methods in Physics
Research B 92(1-4):291-6.

Lifton NA, Jull AJT, Quade J. 2001. A new extraction
technique and production rate estimate for in situ cos-
mogenic '“C in quartz. Geochimica et Cosmochimica
Acta 65(12):1953-69.

Miller GH, Briner JB, Lifton NA, Finkel RC. 2006. Lim-
ited ice-sheet erosion and complex exposure histories
derived from in situ cosmogenic 9Be, 20Al, and 4C on
Baffin Island, Arctic Canada. Quaternary Geochro-
nology 1(1):74-85.

Naysmith P. 2007. Extraction and measurement of cos-
mogenic in situ "*C from quartz [unpublished manu-
script]. University of Glasgow. 94 p.

Oviatt CG, Currey DR, Sack D. 1992. Radiocarbon chro-
nology of Lake Bonneville, Eastern Great Basin,
USA. Palaeogeography, Palaeoclimatology, Palaeo-
ecology 99(3—4):225-41.

Yokoyama Y, Caffee MW, Southon JR, Nishiizumi K.
2004. Measurements of in situ produced '“C in terres-
trial rocks. Nuclear Instruments and Methods in Phys-
ics Research B 223-224:253-8.


https://doi.org/10.1017/S0033822200046324


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


