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Knowledge of the production history of cosmogenic nuclides, which is needed for 
geological and archaeological dating, has been uncertain. Measurements of chlorine- 
36/chlorine (36CI/CI) ratios in fossil packrat middens from Nevada that are radiocarbon- 
dated between about 38 thousand years ago (ka) and the present showed that 36CI/CI 
ratios were higher by a factor of about 2 before -1 1 ka. This raises the possibility that 
cosmogenic production rates just before the close of the Pleistocene were up to 50% 
higher than is suggested by carbon-14 calibration data. The discrepancy could be 
explained by addition of low-carbon-14 carbon dioxide to the atmosphere during that 
period, which would have depressed atmospheric radiocarbon activity. Alternatively, 
climatic effects on 36CI deposition may have enhanced the 36CI/CI ratios. 

Cosmogenic nuclides, including 14C, 36Cl, 
"Be, 16Al, and 3He, are widely used for 
geological dating ( I ) ,  for studying geomor- 
phic processes (2), and as geochemical trac- 
ers (3).  An understanding of how the pro- 
duction rates of these nuclides have varied 
with time is essential to most of these au- 
plications. Comparisons of tree ring dates 
with radiocarbon dates indicate that atmo- 
spheric 14C activity has decreased approxi- 
mately 10% during the past 11.5 thousand 
years (ky) (4.  5). Similarly, comparisons of 
U-Th and radiocarbon dates on corals froin 
Barbados (6,  7) and measurements of '@Be 
deposition in deep sea sediments (8) suggest 
that cosmogenic production rates may have 
been 25% (8) to 60% (6) higher during the 
last glacial maximum (-23 to 16 ka). These 
data are at least approximately consistent 
with modulation of the cosmic-rav flux bv 
changes in geomagnetic field intensity (6- 
9). Other archives indicate that production 
rnay have been relatively constant (10). Ice 
core records, which are potentially the inost 
detailed records of cosrnogenic nuclide dep- 
osition, conflict with the reconstruction 
based on 14C in corals; inferred paleofluxes 
of 36Cl and ''Be in the Greenland Ice Sheet 
Project I1 (GISP2) ice core from Greenland 
are relativelv constant and few changes can 
be correlated with variations it1 thk geo- 
magnetic record (1 1). One possible expla- 
nation of these conflicting records is that 
deposition of cosmogenic nuclides in polar 
ice cores rnay reflect mostly local, rather 
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than global, production (12) ,  and fluctua- 
tions in magnetic intensity only weakly 
lnodulate the cosmic ray flux at high lati- 
tudes (1 3). Records from mid-to-low lati- 
tudes could helv to resolve these issues. 

Here s7e present a mid-latitude record of 
deposition of atmospheric 36Cl during the 
past -40 ky. This record was obtained from 
chloride contained in ancient crystallized 
packrat (genus Neotoma) urine. Crystallized 
urine is the cement that binds the remains 
(twigs, leaves, seeds, feces, and other debris) 
of the packrat's ancient dens (middens) 
into an indurated mass (14). In arid regions 
of the s7estern United States, these middens 
can be nreserved for tens of thousands of 
years when protected from the elements in 
caves and beneath rock overhangs 115). u , ,  

The middens contain abul~dant chloride 
(-5000 to 60,000 mg/kg) frorn the urine as 
well as organic carbon in both the urine and 
plant remains, thus providing a source for 
measurement of 36Cl/Cl variation on an 
accurate, testable. radiocarbon time scale. 

Packrats obtain all their water from the 
desert plants they eat (1 6), and those plants 
survive on precipitation that has infiltrated 
to the root zone [the upper 1.5 m of the soil 
(17)l. Because isotopic fractionation of 
chloride in nature is very small (18), the 
36Cl/Cl ratio in the plant tissues, and thus 
in the tissues and urine of packrats living on 
the vegetation. should he the same as in the cz 

shallow soil moisture. This assumption is 
borne out by the agreement s7e observed 
between 36Cl/Cl ratios measured in shallow 
soil water and in near-modern packrat mid- 
dens in Nevada and New Mexico (19). 
Because the upper 1.5 111 of soil typically 
contains less than 200 years of accumulated 
chloride (20), the 36Cl/C1 ratio in packrat 
urine is also representative of the ratio in 
contemporary infiltration. 

We analyzed midden samples from two 
regions of Nevada: 16 samples frorn one 
large midden in the Painted Hills of the 
Virginia Mountains in northwestern Neva- 
da and 34 samples frorn three southern Ne- 
vada locales-the Pahranagat Range, Little 
Skull Mountain, and Owl Canyon in the 
Devils Hole Hills (Fig. 1) (21). Radiocar- 
bon dates for the samples were obtained 
largely from independent paleoclimate 
studies of the same middens 122. 23). but , , 

we also dated 12 samples of crystalline urine 
and several sa~nules of the residue that re- 
mained after samples were processed for 
3"1 measurement ( 19, 24). 

Chlorine-36/C1 ratios (25) in each of 
the four sampling areas display a remarkably 
similar temporal pattern (Fig. 2) .  The inost 
striking feature of that pattern is that before 
12,000 14C years hefore the present (B.P.) 
(-13 ka), ratios were consistently 125 to 
20Q% of modern pre-bomb (26) ratios; 
whereas during the past -10 ky, ratios 
ranged from 50 to 10Q% of modern ratios. 
Data from three of the sites also suggest that 
ratios increased after -30 ka to a maxiinu111 
just before the marked decrease at - 11,000 
14C years B.P. 

Although 'Tl /Cl  ratios frorn all of the 
sites show similar relative changes with 
time, there are differences in the absolute 
values of the ratios that are largely attrib- 
utable to geographic variations in stable 
chloride flux. LVe superimposed the records 
from the different locations by normalizing 
the measured ratios to the estimated mod- 
ern pre-bomb ratlo for each locat~on (Fig. 
3). At Llttle Skull Mountam and Owl Can- 
yon, s7e normalized to ratios measured in 
the most recent midden samples, 515 x 
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Fig. 1. Midden sampling locations (circles). 
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10-l5 and 55Q X 10-15, respectively. These 
values agree well with the 3 6 C l / ~ 1  ratio 
( 9 0  x 10-15) measured in pre-bomb va- 
dose-zone water at nearby Yucca Mountain, 
Nevada (27). As only older samples were 
measured at the Painted Hills and Pahrana- 
gat Range locations, we estimated those 
modern pre-bomb ratios (720 X 10-l5 and 
675 X 10-15, respectively) by matching the 
most recent Holocene data to the Little 
Skull h4ountain and Owl Canyon curves. 

The dependence of the 36Cl production 
rate 011 the flux of cosmic rays reaching the 
atmosphere is similar to that of 14C ( 2 8 ) ,  so 
that both nuclides should show a similar 
response to changes in the intensity of 
Earth's magnetic field (29). Archives of 
these nuclides, however, respond quite dif- 
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Fig. 2. Chorne-36lCI ratios of mdden samples 
plotted aga~nst radiocarbon age. Horizontal error 
bars are a conservative estimate of the maximum 
age bias that may be introduced by m~xing of 
chloride in the soil, mixing of urlne within the mid- 
den, and other factors. Veriical error bars are one 
standard deviation analytical uncertainty. 

ferently to production rate variations. Chlo- 
rine-36lC1 ratio variations in fallout should 
directly reflect production rate variations 
because chloride is removed rauidlv frorn 

L ,  

the atmosphere by precipitation and dry 
fallout (30). 111 contrast, the atmospheric 
14C activity does not respond linearly to 
vroduction rate changes because of the u 

longer residence time of CO, in the atmo- 
suhere and because of exchange with the 

u 

oceans and terrestrial biosphere. To recon- 
struct a 14C production history, s7e first 
assumed that all changes in atmospheric 
14C activity over the past 45 ky were caused 
by production rate changes. We then ap- 
proximated a 14C (31 ) time curve (Fig. 3A) 
by fitting (32) to radiocarbon calibration 
data (6, 7, 33, 34) and used that curve as 
input to a finite-difference form of the 2- 
box (ocean-atmosphere) model of Houter- 
mans (35) to back-calculate a production 
rate-time curve. The steepness of the pro- 
duction decrease at -10 ka is orobablv 
exaggerated by rapid changes in ocean-at- 
mosphere exchange associated with the 
Younger Dryas (7). Such changes may also 
exvlain some of the oscillations in our hv- 
pothet~cal production history between -18 
and 10 ka. 

In Fig. 3B, s7e compare the ~~orlnalized 
midden 36Cl/C1 record to our 14C ~roduc-  
tion reconstiuction. The shapes ;f these 
production histories are similar. Both indi- 
cate that before 25 ka, cosrnogenic produc- 
tion rates Lvere -50% higher than at 
present, and both show a marked decrease 
in production between -14,000 and 9000 
14C years B.P. and a slight dip in production 
centered at -3Q00 14C years B.P. The latter 
feature coincides with an increase in geo- 
magnetic field intensity during that period 
(5). However, the production histories also 
differ significantly during certain periods. 
The 14C reconstruction suggests that cos- 
mogenic production decreased between 
-3Q,000 and l5,00Q 14C years B.P., where- 

Fig. 3. (A) Radiocarbon 
calibration data [Lake A 600 
Gosciaz data (33) 500 
(squares); dendrochro- 
nological cabration (34) 400 
(crosses), Barbados and 2 300 
Polynesian corals (6) (tri- - 
angles); and Papua New ,O 200 
Guinea corals (7) (c~r- 2 
ces)] and our approxima- loo 
tion (48) of the continu- o 
ous record of Aq4C ver- 
sus time for the past -40 45 40 35 30 25 20 15 10 5 0 

ky (solid line): 2u error True age (lo3 years) 
bars are shown for analy- 
ses from (6). (B) Stacked record of the relative 3%l/CI ratios measured in middens from the 
Painted Hills (circles), LiRle Skull Mounta~n (squares), the Pahranagat Range (diamonds), and 
Owl Canyon (trangles). The sold line IS a reconstructon of relative I4C production calculated 
from the continuous Ai4C curve shown in Fig. 3A. Error bars are as described In Fig. 2. 

as the 36Cl record indicates a peak in pro- 
duction at -12,OQQ 14C years B.P. As a 
result, the magnitude of the production de- 
crease at -11,00Q 14C years B.P. is signifi- 
cantly greater in the 36Cl record than in our 
14C production reconstruction. We hypoth- 
esize that the greater decrease in the mid- 
den record is a result of factors causing 
either 36Cl ratios or 14C activity ratios, or 
more likely both, to deviate from a strict 
reflection of production rate changes. 

If the large decrease in 36Cl/Cl ratios at 
approximately 11,QQO 14C years B.P. is not a 
result of production rate variations, it can 
probably be attributed to two possible fac- 
tors: one causing a decrease in 36Cl deposi- 
tion and another causing an increase in 
stable chloride flux. Given that the ob- 
served decrease i t ~  ratios is coincident with 
the climate transition at the end of the last 
glacial period, chloride transport frorn the 
ocean may have increased or local chloride 
deposition may have increased due to aridi- 
fication and desiccation of pluvial lakes. 
The former scenario seems unlikely because 
chloride deposition today is positively cor- 
related with precipitation amount (1 9), and 
precipitation markedly decreased between 
13 and 10 ka in the Great Basin (36). 
Increased aridity at the onset of the Holo- 
cene did create many saline playas in Ne- 
vada and California frorn which chloride 
could be removed by deflation and redepos- 
ited elsewhere (37). The Painted Hills, near 
the western edge of pluvial Lake Lahontan, 
could have received salt from the desicca- 
tion of the lake, even though prevailing 
winds in the area are frorn the west. In 
southern Nevada, possible sources include 
Death Valley and Franklin Lake Playa, -50 
to 100 km south-southwest of Little Skull 
Mountain and Owl Canyon and -180 km 
southwest of the Pahranagat range. Howev- 
er, the magnitude of the 36Cl/C1 shift at 
-11,000 14C years B.P. does not appear to 
be correlated with proximity to the possible 
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source areas, and previous studies (38) have 
indicated that most of the dust and salts 
retnoved by deflation of playas and alluvial 
surfaces are de~osited within a short dis- 
tance downwind of the source. An alterna- 
tive, and more likely, explanation for high- 
er 3T l /C l  ratios before -1 1 ka is that 
deposition of stratospheric 36Cl may have 
been greater during the last glacial period. 
Attnospheric tnixing across the tropopause 
is strongest at the jet stream (3C). South- 
ward migration of the jet stream during the 
glacial period (39) would have moved the 
latitude of maximum 3 T l  fallout south- 
ward, conceivably increasing it by as much 
as 30% at the latitude of our sam~ling lo- 

& - 
cations (4C). This mechanism seems most 
consistent with our observation that mid- 
dens from widely differing locations in Ne- 
vada display a nearly unifortn shift. Further 
support for this hypothesis comes frotn a 
late-Pleistocene vegetation record obtained 
from plant remains in packrat middens 
(41). The three largest increases of late 
Pleistocene rainfall (which may reflect 
shifts in jet stream position) inferred from 
that record coincide with the three Pleisto- 
cene peaks in our 36Cl/Cl record. 

O n  the other hand, it is possible that 
our 36Cl record reflects the actual cosmo- 
genic production history better than does 
the 14C record. The decrease in cosmo- 
genic production may have actually have 
been later and larger than inferred frotn 
the 14C variations. The period of discrep- 
ancy between the two records (-20,000 to 
10,000 14C vears B.P.) is coincident with 
an approximate 40% increase in atmo- 
spheric CO, concentration (42). If a sig- 
nificant proportion of that CO, was de- 
rived from an "old" (long residence time) 
reservoir, the 14C activity of the attno- 
sphere might have been diluted enough to 
produce a significant disequilibrium with 
the 14C production rate. Such old carbon 
could have been injected into the atmo- 
sphere frotn either a gradual release of 
methane hydrates (43) or from variations 
in ocean-atmosphere CO, exchange (44). 
The inde~endent constraints ~resentlv 
available are not sufficient to decide the 
relative im~ortance of these alternative, 
but not mutually exclusive, hypotheses. 

The record of cosmoeenic 36Cl de~osi -  - 
tion in fossil packrat urine from the Great 
Basin differs greatly from the tnore de- 
tailed cosmogenic nuclide flux records in 
polar ice cores (1 1 ). The ice core records 
show little variation and thus do not pro- 
vide support for significant modulation of 
cosmogenic nuclide production by fluctu- 
ations in geotnagnetic field intensity. The 
mid-latitude ~ackrat-urine record, on the 
other hand, exhibits large variations and 
raises the possibility that cosmogenic pro- 

duction rates -12,000 14C years B.P. were 
up to 50% higher than indicated by 14C 
calibration data. Chlorine-36/C1 ratios in 
the middens appear to respond to cosmo- 
genic production rate modulation by 
changes in geomagnetic field intensity but 
likely also reflect some effects of global 
climate change. Understanding the rela- 
tive itnportance of these different influ- 
ences is itnportant in the interpretation of 
costnogenic nuclide deposition records. Fi- 
nally, chloride is a conservative tracer in 
water, and the dramatic change in the 
3T l /C l  ratio at -12 ka could be a useful 
tracer signal for hydrologic studies. 
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Evidence for a Large-Scale Reorganization of 
Early Cambrian Continental Masses by Inertial 

Interchange True Polar Wander 
Joseph L. Kirschvink," Robert L. Ripperdan, David A. Evans 

Analysis of Vendian to Cambrian paleomagnetic data shows anomalously fast rotations 
and latitudinal drift for all of the major continents. These motions are consistent with an 
Early to Middle Cambrian inertial interchange true polar wander event, during which 
Earth's lithosphere and mantle rotated about 90 degrees in response to an unstable 
distribution of the planet's moment of inertia. The proposed event produces a longitu- 
dinally constrained Cambrian paleogeography and accountsfor rapid rates of continental 
motion during that time. 

T h e  Vendian-Cambrian transition [-600 
to 500 million years ago (Ma)] is one of the 
tnost intriguing periods in Earth history. 
Geological evidence points to the breakup of 
one supercontinent, Rodlnia, and the almost 
simultaneous assembly of another, Gond- 
wanaland (1). The sudden appearance of 
virtually all the animal phyla (2) and their 
exponential diversification are coeval with 
abrupt shifts in oceanic geochetnistry (3, 4). 
Recent calibration of this titne interval with 
U-Pb isotopic ages (5, 6)  indicates that these 
events occurred within a span of 30 tnillion 
years (My), and the major diversification 
happened in only 10 to 15 My (Fig. 1). The 
new ages, along with paleomagnetic data, 
indicate that continents moved at rapid rates 
that are difficult to reconcile with our 
present understanding of mantle dynamics 
(7). We propose that rapid continental mo- 
tions during the Cambrian period were driv- 
en by an interchange event in Earth's mo- 
ment of inertia tensor. The age constraints 
on the geophysical data indicate that the 
rapid continental motions occurred during 
the satne titne interval as the Cambrian evo- 
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lutionary diversification and therefore the 
two events may be related. 

The most reliable paleomagnetic data 
for this interval are from magnetostrati- 
graphic studies across well-exposed strati- 
graphic sections that include the Precam- 
brian-Cambrian and Cambrian-Ordovician 
boundaries (4,  8-1C). Magnetic polarity 
patterns from these sections are correlated 
in different geographic regions, indicating 
that the rocks have not suffered remagneti- 
zation. The strata can be correlated bv bio- 
stratigraphy, chemostratigraphy, and se- 
quence stratigraphy, usually with a temporal 
precision better than 1 My. Magnetostrati- 
graphic studies from seditnentary rocks typ- 
ically span time intervals long enough to 
averaee out secular variations in the eeo- " " 

magnetic field. Through these studies, the 
paleohorizontal is defined by the bedding 
and sedimentary structures, and these data 
allow determination of Earth's paleorota- 
tion axis (1 1 ). We used biostratigraphically 
dated units with correlatable magnetic po- 
larity patterns to derive our apparent polar 
wander (APW) paths and supplemented 
these with the most reliable noles from 
other sources (12). Averaging pole posi- 
tions over time intervals of 15 to 20 Mv as 
done by some authors (13) can tnask rapid 
shifts in apparent pole positions, even 
among sediment-based APW paths. We 

recent data from the North Atlantic (47) for our Ai4C 
reconstruction. These data are In general agreement 
wlth many sedmentary paeontensty records that 
lndcate that there was a pronounced paeolntenslty 
low between -43 and 30 ka (45). 
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therefore did not smooth the data. 
Australia has the best constrained APW 

path for Vendian and Catnbrian time (Fig. 
2). Three key paleomagnetic poles are 
ranked with the highest reliability (Q = 7 
out of a possible 7 )  on the paleomagnetic 
quality index (1 2). The oldest of these is 
from the basal Vendlan Elatina Fortnation 
of southern Australia. It was denosited dur- 
ing the upper Marinoan glaciation at about 
600 Ma. The two-polarity retnnant tnagne- 
tization 1s carried by detrital hetnatite with 
Curie temperatures of 680°C, whereas the 
maximum burial temperature was less than 
160°C. The magnetic directions also pass 
slump-fold and reversal tests, and reversals 
are stratigraphically bounded and consis- 
tent between parallel sections (14). Close 
to this pole is a group of three others from 
the Pertatataka, Arutnbera, and Todd River 
formations in central Australia (8, 15). The 
Pertatataka and Arumbera fortnations con- 
tain a late-stage Ediacaran fauna, indicating 
an age of about 560 to 545 Ma. Unconform- 
ably overlying sedimentary rocks contain 
sotne of the earliest Cambrian fossil tracks 
and trails. The Todd River formation, one 
of the top units, contains archaeocyathids 
and small skeletal fossils of Atdabanian af- 
finity. Dense paleomagnetic sampling ends 
in sedimentary rocks correlated with the 
earliest Tommotian (1 6).  In the calibrated 
time scale (5, 6)  (Fig. I ) ,  these three poles 
snan the interval of about 560 to 534 Ma. 
The characteristic magnetic directions for 
these poles pass the fold and unconformity 
tests, and the polarity patterns can be cor- 
related at several other sections within the 
Amadeus Basin and in the neighboring 
Ngalia and Georgina basins (8, 15). These 
data show no detectable motion for Austra- 
lia in the 65 My before 535 Ma. 

A magnetostratigraphic study of the 
Australian Cambrian-Ordovician boundary 
interval 1-500 to 495 Ma) frotn Black 
Mountain in western ~ueens land (1 0) pro- 
duced a detailed tnagnetic polarity profile. 
The polarity zones were tied to the con- 
odont and carbon-isotope (S13C) stratigra- 
phies and match the polarity, biostrati- 
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