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Enigmatic glassy materials (escorias) and red bricklike materials (tierras cocidas) 
occur at  a restricted stratigraphic level (the top  of the Chapadmalal Formation). 
Materials from one locality near Mar del Plata are attributed t o  a mid-Pliocene 
impact event w i th  a radiometric and magnetostratigraphic age of 3.3 million years 
ago (Ma). An extinction of endemic fauna (including the glyptodonts and flightless 
cariamid birds) correlates w i th  the unit containing the impact glasses. Moreover, 
the age of the glasses is coincident within dating uncertainties w i th  a pulselike 
change in the oxygen isotope marine record in the Atlantic and Pacific Oceans just 
before the late Pliocene deterioration of the climate. 

The Argent~ne Palnpas represents one of the 
largest Late Ce~lozoic sedimenta~>- loess and 
loessoid sequences (the Panlpean Forlnation) 
of the Southern Hemisphere. Particulates ia 
the loess are derived from reworlted pyroclas- 
tic deposits (tuffs). prinlar)- tephra units, and 
other volca~~oclastic sedi~nellts originally de- 
posited in tlle Andes (1). The sequences in 
soutllern Buenos Aires Province (BAP) re- 
flect a multiple-stage process: fluvial traas- 
port and deposition by major rix-ers to the 
south that originate in the Andes follon-ed by 
eolian erosion and redeuositio~l 12). The re- 
sulti~lg depositiollal loessoid sequence pro- 
vides a stratigraphic reference for assessi~lg 
South Alnerica~l lna~n~l la l  el-olution. 

Witllill a restricted stratigraphic level in 
the Panlpeaa Fo~-nlation. numerous glassy 
and vesicular slabs (locally k1101511 as "esco- 
rias") are found in associatioll nit11 red brick- 
lilce fragments ("tierras cocidas"). The glassy 
materials were first described in 1865 by 
Heusser and Claraz (3). Since then, ser.era1 
inte~yretations have been proposed, iacluding 
origin by fire. r.olcanism. or diagenesis (4). 
Xeve~theless, the origin of the escorias re- 
 naill led enigmatic for several reasons. First, 
the escorias near hlar del Plata occur in Plio- 
cene eolian sedinleats. yet this region is a 
passive continental nlargin that llas not been 
1-olcanically active since the late Jurassic. 
Secoad. escorias occur in loess on a locally 
elevated piedmont, i~lcollsiste~lt x i t h  doxn-  
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slope flurial transport fi.0111 the distant X11- 
dean volcanics n'ithout el-idence (such as 
sorting or abrasion) for this transport. And 
third. the large sizes of the escorias (50 ~ 1 x 1  to 
2 111 in diameter) preclude eolian transport. 
Because the colllpositioll of the escorias Inore 
closely matched the locally re\\-orlted loes- 
soid deposits. the escorias nxre attributed to 
sorne ~ullspecified type of high-temperature 
process filsing the constituent loess rather 
tllall to volcanic or diagenetic processes ( 5 ) .  

A nenr interpretatio~~ of the BAP escorias 
emerges \\-it11 the disco\-el): that sinlilar but 
much younger glasses falther to the nest near 
Rio Cua~to  colltailled e\~idence of an i~npact 
event (6 ) .  The type locality for the BXP esco- 
rias occurs along the Chapadalalal sea cliffs 
(Fig, 1 )  wllere tlle lateral coatinuity of expo- 
sures and abundant fossils provide stratigraphic 
context (5). The largest in-place fragme~lt (2  111 
across) \vas su~voullded by lower temperann.e 
b a l d  zones of loess: black inner and red outer 
oxidized zones. n-hich matched the isolated 
tierra cocida fragments found else\vhere in 
loess deposits of similar age. Tile escorias ex- 
hibit a distinctil-e folded and tnisted textlure 
nit11 defor~ned vesicles indicating a dynamic 
process of forillatioll and enl12lacement sinlilar 
to glasses from other l u ~ o n n  inlpact sites (7). 
Xs in the Rio Cuarto impact glasses. mineral 
clasts fi.0111 the loess f o l n ~  suspended xeno- 
clysts nithill the glass nlauix of the Chapad- 
lllalal escoria. and ~ulunelted loess palticulates 
are often trapped between folds. Typical esco- 
rias range fi.0111 0.2 cln to 25 c111, but their 
brolten appearance and attached red-baked 
loess e l i~ t s  indicate that Illally are fragments 
from larger objects. 

The interstitial glass (Fig. 2) in tlle escoria 
contains scllliere~l nit11 large r.ariatioas in relief 
in thin section co~~esponding to differellces in 
the hardness (index of refraction) of the glass, 
\vhich is $pica1 of rapidly queached i~npact 
glass (8 ) .  Baddeleyite clusters were found a.it11- 
in the glass matrix and are produced by the 
breakdown of zircon to nlo~loclillic Zr02 and 
SiO, due to high (1720" to 1900°C) transient 

tenlperatures (9). 111 these escorias. such clusters 
pro~ride a good c ~ i t e ~ i o ~ l  for an impact o~igia, 
because other high-tealperature processes such 
as lightning suikes and 1-olcanism call be elimi- 
nated (9). Other petrographic indicators of slloclc 
in sedimenta~y and palticulate settings, hon-ever, 
are problelllatic because of poor shock coupliag 
across gains, which induces heating rather than 
trallsient high pressures that could produce pla- 
nar defo~matioa feat~ues (6. 10). 

hlajor elenle~lt c11emist1-y of the interstitial 
glass x\-ithia the Chapadalalal escorias (Table 
I) indicates a source region distinct fro111 a 
possible mafic volcanic source at depth (11) 
or from the petrographically silnilar Rio 
Cuarto inlpact glasses 16) but consistent a.it11 
the local loessoid deposits. \;olatile and 
refractory coalpoaents n'ithia the Chapad- 
nlalal glasses. honrever, differ fronl the Rio 
Cuarto glasses because of ano~nalously 
high levels of IC,O ( 2  to 8 weight %I) and 
K a 2 0  (4 to 10 weight %) in tlle Chapadma- 
la1 glasses. Despite the evidence for high 
trallsiellt temperatures. more 1-olatile com- 
ponents were not drirren off completely in 
lnost of our samples. The u~lusually high 
collcelltratlolls of K and Xa suggest that the 
ChapadmalaIan escorias x e r e  deril-ed not 
onlv from the nearlv 200-1x1-thick loessoid 
deposits but possibly from marine clays 
l~no\va  to occur at depth nearby (11). 

The escorias and tierras cocidas are fou~ld 
n7ithia a relatively narroitr stratigraphic l a . -  
el over a distance of 30 1~111. ullless locally 
reworked by fluvial processes or burrowing 
allilllals (12). The escorias typically are 

Fig. 1. General location of the Chapadmalal 
escorias, which are found within a well-defined 
stratigraphic layer unless subjected t o  fluvial 
reworking or bioturbation. The escorias show 
evidence for an impact origin, perhaps from a 
region hidden near shore. 
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concentrated near the top of a distinctive 
reddish silty paleosol ranging in thickness 
from 50 to 80 cm and below an equally 
distinct but poorly developed paleosol-like 
layer (Fig. 3). In some regions, a diamicton 
layer occurs above the reddish layer where 
some of the largest escorias are found. The 
most important mid-Pliocene turnover of 
endemic mammal assemblages occurs in 
the Marplatan stage (13) immediately 
above the escoria-bearing layer located in 
the uppermost part of the Chapadmalalan 
stage. This unique and sudden turnover 
affected the glyptodonts, ground sloths, 
two ungulate orders, and the flightless cari- 
amid birds. The precise timing of this turn- 
over has not been well constrained. 

The radiometric age of a Chapadmalalan 
escoria was determined from WAr and la- 
ser fusion 40Ar/39Ar dating techniques. The 
bulk sample gave a WAr age of 4.8 ? 0.2 
Ma, whereas a nonmagnetic fraction of 
glass shards (250 to 450 pm in length) from 
a crushed sample yielded a younger age of 
3.8 2 0.2 Ma for a sample size of about 5 g 
(Geochron Laboratories, Cambridge, Mas- 
sachusetts). This difference in age is inter- 
preted to reflect variable abundance of old- 
er, unmelted material in each of the WAr 
sample fractions. Four additional escoria 
samples were subsequently analyzed by la- 
ser fusion of individual aliquots of hand- 
picked glass shards (14). Analyses of the 
same crushed glass fraction used for WAr 
dating gave an age of 3.8 t 0.2 Ma. The 
other three sam~les used clast-free shards 
(determined by microscopic examination) 
and gave consistent ages of 3.3 + 0.2 Ma 
(95% confidence level), the most precise of 
which yielded 3.27 2 0.08 Ma [ lo  data- 
points; mean standard weighted deviation 
(MSWD) = 1.21 and 3.33 2 0.10 Ma (8 
datapoints; MSWD = 1.9) 

The radiometric age is consistent with 
bracketed age estimates for the stratigraphic 
layer based on magnetostratigraphy and corre- 
lations with land mammal fossil occurrences 
(15). A new magnetostratigraphic profile in- 

Fig. 2. In thin section, the escorias contain 
strongly developed schlieren with mineral in- 
clusions. The glass content (isotropic in crossed 
polars) ranges from 20 to  90%, with some 
examples undergoing localized devitrification. 

cluding the Chapadmalal succession (Fig. 3) 
shows that the escoria-bearing layer occurs just 
before the onset of the Mammoth subchron 
(16), a timing consistent with our radiometric 
dates. This age coincides with a distinct maxi- 
mum in the benthic 6180 values at about 3.3 
Ma (new time scale) derived from deep-sea 
cores that was interpreted as a 2°C cooling of 
the Atlantic bottom waters combined with mi- 

ATLANTIC 6180 PACIFIC 

(Site 659) (Site 846) 

nor glaciation. The cause of this maximum is 
unknown (17). Oxygen isotopic analysis of 
drilled cores (18) from Atlantic and Pacific sites 
resolve this event into two distinct isotopic 
shifts (MG2 onset at 3.35 Ma and M2 onset at 
3.3 Ma ) (Fig. 3). The earlier steplike shift of 
MG2 begins just below the Mammoth subchron 
at both sites, a time that correlates with the 
paleomagnetic age of our escoria layer. The 

G A U S  r 

GILBERT 

PLAYA LOS WBOS 
INCLINATION 

Fig. 3. Comparison of the marine 6180 record with the magnetostratigraphy, lithostratigraphy. 
land-mammal stratigraphy, and radiometric age of the exoria from the Playa Los Lobos section in 
Argentina. The age model of the marine record from the Atlantic [Ocean Drilling Program (ODP) Site 
6591 and Pacific (ODP Site 846) (A) is constrained by both magnetostratigraphy and orbital tuning (B), 
after (78). The inclination values from Playa Los Lobos versus stratigraphic depth after AF. demagne- 
tization of 20.0 mT are shown in (D). The magnetostratigraphic interpretation (C) indicates that the 
termination (t) of Mammoth (3.22 Ma) is at -12 m, the onset (0) of the Mammoth (3.33 Ma) is at 
-13.8 m, and the termination (t) of the Gilbert (3.58 Ma) is at -15.7 m. The ArIAr date of 3.3 2 0.1 
Ma for the escoria at 15.0 m  is consistent with magnetostratigraphy within the dating uncertainties. 
Escorias are localized between two different ~aleosoil-like lithostrati~ra~hic units labeled P6 and P7 (72) 
(E). The South American stages (F) represek chronostratigraphic uits'based on land-mammal assem: 
blages (20). The observed changes occur above the Early PlioceneLate Pliocene boundary (C). The 
Kaena subchron was not observed in the Los Lobos section because of the increased acumulation of 
loess above the P7 lithostratigraphic unit. 

Table 1. Comparison of Holocene Rio Cuarto (S), mid-Pliocene Chapadmalal glasses, and bulk loess 
composition from this study. Average of five (A), four (B), and eight (C) separate electron microprobe 
analyses of interstitial glass on different samples of the Chapadmalal glasses with the standard deviation 
shown in parentheses. For the bulk loess, average of nine separate analyses of fused bulk sample derived 
from the Layer containing the escoria. The sample was fused at 1350°C for 2 hours following gradual 
heating over 1 hour. The low total may be due to the presence of ferric rather than ferrous iron and the 
presence of carbon (S, CL, and P in trace amounts). ALL analyses were performed at the NSFlKeck Electron 
Microprobe Facility at Brown University. 

Rio Cuarto impact 
glass 

Chapadmalal glasses 

Light brown Clear A 8 C 

S i 0 2  58.3 58.4 58.8(1.4) 62.2(0.2) 58.6(0.4) 60.7(0.8) 
TiO, 2.0 0.0 0.82 (0.12) 0.61 (0.04) 0.82 (0.07) 1.0 (0.14) 
ALz03 15.8 25.1 16.6 (0.6) 10.4 (0.9) 15.2 (0.7) 17.9 (0.3) 
FeO 10.3 1.4 4.8(0.6) 3.1(0.5) 3.7(0.4) 6.7 (0.3) 
MnO 0.27 0.04 0.09 (0.05) 0.10 (0.01) 0.10 (.02) 0.1 1 (0.05) 
MgO 1.7 0.34 Z.g(O.7) Z.g(O.2) 2.2(0.2) 2.9 (0.1) 
CaO 4.2 6.5 6.2(1.1) 5.8(0.5) 4.8(0.4) 2.2 (0.1) 
Na,O 4.3 5.4 7.2(0.4) 6.8(0.3) 7.7(0.2) 1.6 (0.1) 
K2° 2.8 3.2 Z.Z(O.2) 7.6(0.3) 6.5(0.2) 2.1 (0.1) 
Totals 99.7 100.4 99.6 99.5 99.6 95.2 
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derived age o f  3.35 Ma o f  this event is within 
the radiometric age uncertainty for our escorias 
and the astronomically tuned calibrations for 
the paleomagnetic record. 

Consequently. the escorias and tierras co- 
cidas are proposed t o  b e  prod~lcts o f  a mid- 
Pliocene impact. T h e  source crater for the 
Chapadmalal escoria has not been located. 
Nevertheless. the size o f  the largest glass 
b o m b  ( 2  m i n  length) identified thus far is 
cornparable to the largest glasses recovered at 
other major iinpact structures (19) ,  which 
suggests an iinpact i n  Argentina o f  similar 
magnitude. Because the shoreline has eroded 
inland several kilometers since the Pleisto- 
cene, surface expression o f  any nearshore or 
offshore structure \vould have been easily 
erased. 

The  distii~cti\~e glasses provide a critical 
isoclron for the Parnpean Folmation. placiilg 
better time constraints on faunal evolution in 
general (20). It is intriguing that there is a 
significant faunal turnover just above the esco- 
i-ia layer, rnarked b y  the disappearance o f  many 
endemic genera (13). mTithin unceitainties. the 
radiometric age o f  the impact glass and paleo- 
inagnetic age o f  the deposits coincide with a 
pulselike change in the deep-sea stable isotopic 
record. reflecting a sudden change in climate 
and oceail circulation. These coincideilces sug- 
gest that the impact may  have directly induced 
regional faunal extinctions or triggered broader 
environmental changes leading to ecosystem 
collapse in Argentina. 
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The Dusty Atmosphere of the 
Brown Dwarf Gliese 229B 
Caitlin A. Criffith, Roger V. Yelle, Mark S. Marley 

The brown dwarf Cliese 229B has an observable atmosphere too warm to 
contain ice clouds like those on Jupiter and too cool to contain silicate clouds 
like those on low-mass stars. These unique conditions permit visibility to higher 
pressures than possible in cool stars or planets. Cliese 229B's 0.85- to 1.0- 
micrometer spectrum indicates particulates deep in the atmosphere (10 to 50 
bars) having optical properties of neither ice nor silicates. Their reddish color 
suggests an organic composition characteristic of aerosols in planetary strato- 
spheres. The particles' mass fraction ( lop7) agrees with a photochemical origin 
caused by incident radiation from the primary star and suggests the occurrence 
of processes native to planetary stratospheres. 

T h e  past 6 years have provided the first de- 
tections o f  planets and the slightly larger 
brown dwarfs outside our solar system ( I .  2 ) .  
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N M  88003-0001, USA. 

Ainong these substellar illass objects, Gliese 
229B (G1229B) is unique: W i t h  an ef fect ive 
teinperature o f  900 K. it is the coolest for 
which spectroscopic measurements are possi- 
ble ( I ,  3.  4 ) .  G1229B.s temperature forces a 
reduced cheinistiy (a NH,, CH,. H,O. and H, 
composition), similar to the upper atino- 
spheres o f  the jovian planets (5) .  Consequent- 
ly .  G1229B's near-iilfkared (IR) spectrum (6. 
7 )  is dominated b y  inethane and water fea- 
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