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Accelerator mass spectrometer dating of an assemblage of fibrous and leather 
footwear from Arnold Research Cave in central Missouri documents a long 
sequence of shoe construction by prehistoric Midwestern peoples, beginning 
perhaps as early as 8300 calendar years before the present (cal years B.P.). An 
earlier fibrous sandal form dates from 8325 to  7675 cal years B.P., and later 
fibrous or leather slip-ons span the period from 5575 t o  1070 cal years B.P. The 
assemblage adds t o  a growing picture of the highly varied nature of prehistoric 
footwear production in the United States throughout the Holocene. 

Fibrous materials and leather used in the and textile attributes were examined for all 18 
construction of prehistoric footwear are per- specimens (4),  which were then categorized 

Specimen 2 (Fig. lA), the oldest radiocarbon- 
dated specimen, is a nearly complete sandal 
that measures 25.3 cm long. The sole is warp- 
faced interlacing. The vamp is not inter- 
worked and is made from the lengthwise - 
elements. The toe is pointed, and the round- 
cupped sling heel is formed from twisted 
lengthwise elements. The sandal also has a 
pad or lining. The tie system consists of side 
loops and a braided cord that criss-crosses 
through the loops and over the foot and is 
secured at the ankle. Two AMS dates were 
run, the second as a check on the first. The 
first sample dates to 8325 to 8100 cal years 
B.P. and the second dates to 7895 to 7675 cal 
years B. 

Specimen 5 (Fig. 1B) is a nearly complete 
slip-on measuring 24.5 cm long; the vamp is 
missing. The sole, sides, and toe are plain 
interlacing that approaches being weft-faced. 
The toe is round, and the heel is round- 

ishable and therefore seldom preserved in the according to completeness on the basis of cupped and formed by twisted lengthwise 
archaeological record. One exception is a four major components of a shoe-sole, toe, elements. A row of two-strand Z-twist twin- 
collection of articles from Arnold Research quarter (back), and vamp (5). Three of the 18 ing and a row of what appears to be a form of 
Cave, a large-mouth solution cavity located specimens are complete and have all four looping were used to secure the lengthwise 
in the Missouri River bluffs of southeastern components connected to each other so as to elements at the heel. One row of four-strand 
Callaway County, Missouri (I). Excavation make a whole article. Ten specimens are at Z-twist twining is found at the beginning of 
of the 2- to 2.5-m-thick midden deposit in the least 50% complete and have either three or what probably was a vamp. The specimen 
cave and the steep talus slope in front of it four components, and five specimens are less dates to 5575 to 5300 cal years B.P. 
between 1955 and 1958 (1) demonstrated that than 50% complete and have fewer than three Specimen 3 (Fig. 1C) is a complete slip- 
the cave was used throughout the Holocene. components. on that measures 29.0 cm long. It is similar to 
The first suite of radiocarbon dates for the Two major types of shoes are present: a specimen from an Ozark Mountains rock 
deposit placed the earliest occupation at four sandals and 13 slip-ons; the style of an shelter in Arkansas that was illustrated and 
about 10,000 calendar years before the additional example could not be determined. described (6) as an overshoe. The sole was 
present (cal years B.P.). The dates seemed Sandals often have no sides and are held on produced by a combination of two-strand, S- 
reasonable in light of what was then known the foot by means of straps; slip-ons gener- and Z-twist twining at the heel and 111 inter- 
about the ages of various projectile point ally have sides and stay on the foot without lacing at the middle and toe. The toe is round. 
styles in the Midwest, but more recent dating the use of straps or fasteners. All specimens The high vamp is two-strand, S- and Z-twist 
of those styles (2) suggests that the cave was showed normal signs of wear, including soil spaced twining and appears to have been 
occupied as early as 11,000 cal years B.P. encrustation, frayed fibers, and broken ele- secured to each side of the heel at the instep. 

Severe mixing of the deposits precluded ments. Evidence of padding was found inside The specimen has no sides; the heel was 
assignment of the perishable items to any four specimens. The majority of fibers iden- formed by twisting the lengthwise elements 
particular time periods (1,3), and until devel- tified are from Eiyngiurn yuccifoliurn (rattle- from the sole, thus producing a round-cupped 
opment of the accelerator mass spectrometer snake master). sling style. The specimen dates to 4985 to 
(AMS) method, radiocarbon dating would The seven dated footwear specimens (Ta- 4840 cal years B.P. 
have resulted in the sacrifice of large pieces ble 1) represent the greatest variety in mate- Specimen 7 (Fig. 2A) is a partially com- 
of the items. Small samples of material used rials, styles, and construction techniques. plete slip-on. The sole and sides are 111- 
to construct seven items of footwear were 
submitted for AMS dating in 1997, and we Table 1. Summary o f  dated footwear from Arnold Research Cave, Missouri. 
report those dates here, along with a summary 
of footwear construction techniques. 

Specimen 
Beta Age Calibration Dendrocalibrated 

Thirty-five specimens were examined, 17 number Style Analytic lab (radiocarbon curve intercepts 2o age range 
of which are too framentaw to allow assess- number years B.P.)* (years B.P.)t (years B.P.)f - 
ment of original shape and function. Sixteen 

Sandal p103270 7420 2 50 81 55 8325 t o  8100 
of 18 complete or partially complete speci- PI08745 6990 5 40 7770 7895 t o  7675 
mens are of fibrous construction, and two are 5 SL~D-on B103271 4680 '- 50 5445 5575 t o  5300 
primarily of leather. Physical characteristics 
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Fig. 1. (A) Specimen 2, a 25.3-cm-long padded sandal with a pointed toe, 
a slinglike heel formed from twisted lengthwise elements, and a warp- 
faced interlacing sole. The tie system wmists of side loops and a b r a i i  
cord that crissGosses throughethe loops and over the f&t and is searred 
at the ankle. (61 Swcimen 5. a 24.5-cm-lone sibon with a rounded toe 
and a round-&bp;d heel A row of two-strah z k i s t  twining and a row 1 
of what appear; to be a form of Looping were used to--re the 
lengthwise elements at the heel (C) Speu'men 3, a 29.0-un-long dip-a~ 
that has a rounded toe, a slinglike heel formed from twisted lennthwisc I 
elements, and a sole producej by a combination of two-strand:> and 
I-twist twining at the heel and 1/1 interlacing at the middle and toe. 1 

balanced interlacing. The toe is round; the 
tip of the heel is missing, but it appears that 
the interlacing continued at the heel and 
would have formed a round-cupped heel. 
The vamp was produced from two rows of 
two-strand and one row of three-strand Z- 
twist twining. The vamp appears to have 
been secured to each side by the last twin- 

ing element. The specimen dates to 4975 to 
4835 cal years B.P. 

Specimen 1 (Fig. 2B), a 30-cm-long slip- 
on, is the most complete and best preserved 
of the fibrous footwear. The sole and sides 
are warp-faced interlacing. The toe is round, 
and the vamp was produced by spaced, two- 
strand Z-twist twining. The ends of length- 

wise elements in the vamp were finished by 
being turned and secured with the last twin- 
ing row. The heel form is round-cupped. 
Two-plied Z-twist cordage that crosses over 
the instep may have secured the slip-on to the 
foot. The specimen dates to 4535 to 4390 cal 
years B.P. 

Specimen 4 (Fig. 2C) is the only example 
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with both a twined body and sole. It is a 
nearly complete slip-on that measures 27.0 
cm long. The textile structure is compact 
two-strand, S-twist weft twining. The heel 
form is round-cupped and the toe is round. 
The sole of the shoe appears to be double in 
thickness. The specimen dates to 1245 to 
1000 cal years B.P. 

Specimens 21 and 22 (Fig. 3) are exam- 
ples of leather footwear constructed in the 
style of a leather moccasin. The leather soles 
come up to form the sides, quarters (backs), 
and parts of the vamps. Plied cordage is 
threaded around the collar of specimen 21, 
and a fibrous padding remains in specimen 
22. Specimen 21 dates to 1070 to 780 cal 
years B.P. 

Two other specimens, neither of which 
was radiocarbon dated, are noteworthy. Spec- 
imen 6 is a nearly complete sandal that has an 
elaborate tie system consisting of side loops 
and a strap. The body of the shoe is warp- 
faced interlacing. At the toe, the lengthwise 
elements are combined and wrapped into 
bundles to form a noninterworked vamp. The 
loops are constructed symmetrically of two- 
plied Z-twist cordage that is secured on the 
sides by the crosswise elements. The strap is 
a two-plied Z-twist cord that comes from the 
last toe bundle on the right side. It appears 
that the strap would have criss-crossed 
through the loops, crossed over the foot, and 
been tied at the ankle. Specimen 15 is the toe 
end of a sandal that appears to have had a 
double-weave construction. Only the top part 
of the sole remains, but broken elements at 
the tip of the toe indicate that another struc- 
ture was present. The sandal is similar in 
appearance to one recovered from Elk Spring 
Rockshelter in the Ozark Mountains of Ar- 
kansas (6). 

The production-complexity index (PCI) 
for textiles (7) was used to rate the six radio- 
carbon-dated fibrous footwear specimens. 
This measure is an ordinal-scale index based 
on the number of decisions and amount of 
labor involved in production of a textile. Nu- 
merical values assigned to specific attributes 
are tallied, with higher numbers indicating 
more complexity (8). PC1 values for the six 
specimens ranged from 20.5 to 12.5. The 

earliest specimen (2) had a PC1 value of 12.5; 
the next two specimens (5 and 3) had values 
of 16 and 16.3, respectively; the next two 
specimens (7 and 1) had values of 12.5 and 
20.5, respectively; and the most recent spec- 
imen (4) had a value of 13. Although it 
appears that the complexity of manufacture 
of footwear does not coincide with age, miss- 
ing components affected the PC1 values. For 
example, if specimens 7 and 4 had been com- 
plete, their PC1 values would have been higher 
than those calculated. 

Although the element and fabric struc- 
tures used to create prehistoric fibrous foot- 
wear throughout North America are often 
similar, styles, materials, and construction 
techniques varied geographically and tempo- 
rally. Not surprisingly, given the geographic 
proximity, footwear from Arnold Research 
Cave is most similar to examples of undated 
footwear reported from bluff shelters in the 
southern Ozark Mountains of southwestern 
Missouri and northwestern Arkansas. In ad- 
dition to the two specimens mentioned above 
reported by Harrington (6), he also illustrates 
a "moccasin with attached legging of deer- 
skin." However, other than in the use of 
leather, this pieced and stitched specimen is 
not similar in style or construction to spec- 
imens 21 and 22. Scholtz (9) classified and 
described 11 examples of footwear from 
Ozark rock shelters, some of which have 
similarities to the footwear from Arnold 
Research Cave. Numerous examples of 
footwear have been recovered from Ken- 
tucky caves (lo), including a large number 
of twined slippers produced with a seam 
from the point of the toe to the instep, but 
they differ from the Arnold Research Cave 
specimens. 

Perhaps the most widely published ex- 
amples of footwear in North America are 
those from the desert Southwest, especially 
those of the Anasazi ( I I ) ,  and they vary 
tremendously in style, materials, and tech- 
nique. There are few similarities with the 
footwear recovered from Arnold Research 
Cave. Sandals from the dry rock shelters of 
West Texas (12) are made from agave 
leaves and also are quite different. Hewitt 
(13) reported 7 whole and 49 fragmented 

remains of sandals from Cowboy Cave and 
Walters Cave in Colorado. These speci- 
mens include open-twined and plain-keave 
examples, some of which have grass pad- 
ding, but they, too, differ stylistically from 
the Arnold Research Cave footwear. 

Although few examples of prehistoric 
footwear reoorted from the United States 
have been directly dated, one early excep- 
tion is a pair of slip-ons from Fort Rock 
Cave in south-central Oregon. These were 
described by Bedwell (14) as "sandals" 
made of shredded sagebrush bark and ex- 
hibiting round toes, round-flat heels, inter- 
laced soles, and spaced-twined vamps. One 
of the pieces was directly dated to 9003 2 
350 cal years B.P. (uncalibrated) (15). The 
stratigraphic position of the sandals sug- 
gests considerable antiquity, but the date 
was derived by means of the early solid- 
carbon method, leaving the precision of the 
assay open to question. The twined vamps 
on the Fort Rock Cave shoes are similar 
stylistically to the vamps on Missouri spec- 
imens 3, 5, and 7. More recently, Geib (16) 
used direct dates on sandals to demonstrate 
a long occupation span in the central Col- 
orado Plateau, beginning around 10,000 
years ago. He reports a variety o f  sandal 
forms, though none directly parallels the 
Missouri examples. 

Specimens from Arnold Research Cave 
extend our knowledge of the production and 
use of footwear by prehistoric peoples in one 
part of the Midwest across a roughly 7500- 
year period. The specimens indicate that at 
least two basic footwear forms-sandals and 
slip-ons-were produced in central Missouri 
between roughly 8325 and 780 cal years B.P. 
Further, the Missouri specimens add to a 
growing picture of the highly varied nature of 
prehistoric footwear production in the United 
States. 
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Dissociative Recombination of 
HD+ in Selected Vibrational 

Quantum States 
Z. Amitay, A. Baer, M. Dahan, L. Knoll, M. Lange, J. Levin, 
I. F. Schneider, D. Schwalm, A. Suzor-Weiner, Z. Vager, 

R. Wester, A. Wolf, D. Zajfman* 

Rate coefficients for dissociative recombination of HD- in selected vibrational 
states have been measured by a combination of two molecular fragment 
imaging methods by using the heavy-ion storage ring technique. Recombination 
fragment imaging yields state-to-state reaction rates. These rates are converted 
to rate coefficients by using vibrational level populations of the stored ion 
beam, derived from nuclear coordinate distributions measured on extracted 
ions. The results show strongly increasing rate coefficients for high vibrational 
excitation, where additional dissociation routes open up, in agreement with a 
theoretical calculation. Very low rate coefficients are found for certain, isolated 
vibrational states. 

The last 20 years have seen tremendous 
progress in our understanding of e1emental-y 
chemical reactions. Molecular-beam experi- 
ments have pro~vided very detailed infolma- 
tion about the dyna~nics of inelastic and re- 
active collisions (1). Supersonic expansion. 
which leads to a strong reduction of the tem- 
perahre relevant for the nlolecular level pop- 
ulation. has been ~videly exploited to analyze 
neutral ~nolecules in their vibrational ground 
state. Much greater experinlental difficulties 
are encountered in producing nlolecules and 
lnolecular ions in well-defined excited states, 
and studies of their collision dynamics, im- 
portant in such areas as high-temperature 

colnbustion m e d ~ a  or atmospher~c processes 
under llonequilibriuln conditions (2). are 
scarce. 

Dissociative reconlbination (DR) (3) of mo- 
lecular ions with free electsons is an elementaly 
reactive collision that is highly sensiti~~e to vi- 
brational excitation. In Inany partly ionized gas- 
phase emV~roninents, the process removes 
charged particles and produces neutral frag- 
ments can-ying considerable lunetic energy and 
often also intenla1 excitation. The process is 
therefore important in astrophysics and 
planeta~y science; for example, the DR of 0,' 
nlolecules is responsible for the prod~~ction of 
the so-called green-light e~nission (airglow) in 
Earth's ionosphere (4. 5). 
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for a variety of important species after relax- 
ation to the ~~ ib ra t~ona l  ground state (7). 
These measure~nents wit11 ~~lbrationally cold 
moleculal. ions revealed stluctures in the DR 
cross section that resulted fro111 unexpected 
recolnbination mechanisn~s (8, 9); in combi- 
nation with two- and three-dimensional 1110- 
lecular fragment inlaging techniques (lo), the 
contributions for n ell-defined final quantum 
states of the fragments could be measured. 
Ad\ anced theoretical calculations yielded 
good agreement with the data for Ions in the 
vibrational ground state (11). 

For the experinlental approach used here 
the storage ring technique \vas extended to 
vield reaction rate coefficients for ~vibra- 
tionally excited molecular ions during their 
relaxation. The fragment imaging method al- 
lolvs us to determine relati~ve reaction rates 
for nlolecular ions in excited states with vi- 
brational quantuln numbers v ranging from 0 
to 7; by the simultaneous identification of the 
final fragment levels. it basically yields state- 
to-state reaction rates. This powerful tech- 
nique is co~nbined with an independent meth- 
od for nleasuring the ~'ibrational state distri- 
bution in the stored, relaxing beam. ~vhich 
uses Coulo~nb explosion imaging (CEI) (12, 
13) of molecular ions extracted fsom the ring: 
the measured recombination rates for the dif- 
ferent initial states can thus be converted into 
rate coefficients, which can be directly com- 
pared with theor).. 

A reaction well suited for initiating these 
studies is the DR of HDt with low-energy 
electrons (experimental energy spread -10 
meV). HD-' is the simplest molecular ion 
subject to vibrational relaxation by infrared 
emission. Its DR with low-energy electrons 
can be depicted as 

\\.here 111 denotes the orbital of the electron in 
the atomic fragments. Starting with the cap- 

Box MC-36, 76900 ~ u c h a r e s t - ~ a ~ u r e l e ,  Romania. relax to their vibrational ground state \vithin ture of an electron by the nlolecular ion. a 

* T ~  whom correspondence should be addressed, E. several seconds of storage time. Cross sec- rearrangelnent of the whole electronic cloud 
mail: fndaniel@wicc.weizmann.ac.il tions of DR were nleasured with this method leads to a transfer of kinetic energy to the 
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