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A Late Triassic Impact Ejecta 
Layer in Southwestern Britain 

Gordon Walkden,1* Julian Parker,1 Simon Kelley2 

Despite the 160 or so known terrestrial impact craters of Phanerozoic age, equiv- 
alent ejecta deposits within distal sedimentary successions are rare. We report a 
Triassic deposit in southwestern Britain that contains spherules and shocked quartz, 
characteristic of an impact ejecta layer. Inter- and intragranular potassium feldspar 
from the deposit yields an argon-argon age of 214 ? 2.5 million years old. This is 
within the age range of several known Triassic impact craters, the two closest of 
which, both in age and location, are Manicouagan in northeastern Canada and 
Rochechouart in central France. The ejecta deposit provides an important sedi- 

mentary record of an extraterrestrial impact in the Mesozoic that will help to 

decipher the number and effect of impact events, the source and dynamics of the 
event that left this distinctive sedimentary marker, and the relation of this ejecta 
layer to the timing of extinctions in the fossil record. 
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Major bolide impacts produce craters that 
may survive long after associated ejecta de- 
posits have been lost through erosion or di- 
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agenetic alteration. There are five known late 
Triassic impact craters (1), including the 100- 
km-diameter Manicouagan crater (Fig. 1), 
which is one of the largest known Phanero- 
zoic impacts (2). Earth experienced a series 
of worldwide extinctions in the late Triassic, 
constituting one of the top five Phanerozoic 
faunal crises (3, 4), but the exact causes are 
disputed. The discovery of an ejecta deposit 
corresponding to one or more of these impact 
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events permits a direct tie-in of the impact to 
the stratigraphic record and an assessment of 
its timing and related environmental and bi- 
otic consequences. 

Our deposit contains spherules and 
shocked quartz, which are diagnostic evi- 
dence of an impact ejecta layer. The ejecta 
deposit is located within a late Triassic con- 
tinental red mudstone/sandstone succession 
in a temporary exposure near Bristol in south- 
western Britain. The stratigraphic succession 
is a marginal facies of the Mercia Mudstone 
Group (Norian) positioned below the horizon 
of the widely recognized late Triassic Rhae- 
tian marine transgression (Late Norian, Pen- 
arth Group) (Fig. 1 and fig. Si). The position 
of this layer in red continental sediments 
below the base of the Penarth Group places it 
within the upper part of the local Triassic 
succession but well below the Triassic/Juras- 
sic boundary. 

The ejecta layer was found 1 m from the 
base of a 9-m-thick deposit of Mercia Mud- 
stone that unconformably overlies the regional 
Lower Carboniferous (Dinantian) limestone 
basement. The ejecta layer ranges in thickness 
from 0 to 150 mm (average of 25 mm from 
eight points that were sampled within a 200-m- 
wide region) and shows evidence of turbulent 
reworking in water such as grading, convolu- 
tion, rippling, and mixing with local mud and 
lithoclasts. The layer contains up to 50% (by 
rock volume) emerald green spherules pre- 

served within a clear calcite and/or pink potas- 
sium feldspar matrix. Spherules are mostly in 
the submillimeter-size range. They are usually 
round, but other shapes are found, including 
teardrops, dumbbells, fractured spheres, and 
shards (Fig. 2). Spherules are composed of 
disordered illitic clay (Fig. 3), and many are 
hollow, or were so before the arrival of diage- 
netic minerals. Spherule exteriors are generally 
smooth, whereas interiors have a botryoidal 
texture (Fig. 3). Spherules commonly enclose 
one or more smaller spheres (Fig. 2), in which 
the smooth surface is the inside and the botry- 
oidal one the outside, reversing the order in the 
host spherule. Concentric zonation within 
spherule walls is commonly marked by clusters 
of micrometer-sized titanium oxide crystals. 

Spherules of this type are generally con- 
sidered to be pseudomorphs after glass beads 
(microtektites) that solidified from molten 
and vaporized material generated during 
shock melting and explosive vaporization of 
terrestrial or extraterrestrial materials (5-7). 
Spherule shapes result from surface tension 
and aerodynamic flight of molten glass, fol- 
lowed by quenching in either air or water 
(8-10). Our spherules are similar in shape 
and texture to those found in the end-Creta- 
ceous (Cretaceous-Tertiary event, commonly 
called K/T) impact deposit, particularly Type 
1 spherules in the K/T (10), which have 
similar simple, distorted, conjoined, com- 
pound and fractured morphologies (8-10). 

K/T spherules at some sites are also typically 
hollow, concentrically zoned, and radially 
textured, having been altered from glass to 
clay (8, 9, 11). Alteration starts with hydra- 
tion of the glass, followed by conversion into 
stable clay minerals (9). Botryoidal inner- 
wall textures (Fig. 3) mark the limit of crys- 
tallization advancement through hydrated 
glass, and the hollow interiors of spherules 
result from the loss of the remaining glass 
during later diagenesis (9). Compound 
sphere-within-sphere forms, with their asso- 
ciated textural reversal, represent vesicular 
glass (9). 

Quartz grains are abundant in the late 
Triassic ejecta deposit, but concentration var- 
ies throughout. Some of this quartz was prob- 
ably entrained from local sediment during 
reworking, but we have etched representative 
quartz residues in hydrofluoric acid to look 
for shocked quartz, which is diagnostic of 
high-energy impact events (12). Separated 
grains were mostly angular, in the 50- to 
300-uLm range, and although about 50% 
showed no response, the remainder were 
strongly etched, displaying abundant planar 

Fig. 2. Cathodoluminescence (left) and trans- 
mitted light (right) images of Triassic spherules 
and shards in a calcite matrix. Spherical, oblate, 
teardrop, and sphere-within-sphere forms, as 
well as shards, are apparent. Clay and empty 
space are nonluminescent; calcite is bright. 
(Polished standard optical thin section, width of 
field -2 mm.) 

Fig. 3. A Triassic clay spherule set in a calcite 
matrix. The outer wall of a second spherule 
occupies top left of the image. (Scanning elec- 
tron microscope secondary electron image; the 
spherule is 0.5 mm.) 
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layers arranged in parallel sets with multiple 
orientations. These may be impact-generated 
planar deformation features (PDFs) (13), 
each marked by a layer of quartz glass that 
has been preferentially removed during etch- 
ing (Fig. 4). U-stage measurements of these 
planar features, conducted by established op- 
tical procedures (14), provided rational Mill- 
er indices and confirmed their identity as 
shock effects. Orientation data included high 
counts of {1012} (-26%) and {1013} ( 
-42%) (Fig. 5), confirming impact-generat- 
ed shock pressures (13). 

Ar-Ar dates were obtained from inter- and 
intragranular authigenic K-feldspar, which 
was separated from the deposit and washed in 
a dilute acid to remove carbonate. Laser step 
heating has yielded old ages in the first few 
steps of 39Ar release and slightly noisy pla- 
teaus, although most of the Ar release occurs 
at relatively low temperatures (table S1; fig. 
S2). We obtained a low-precision plateau age 
of 214 ? 2.5 million years ago (Ma) (2u 
errors). Because the K-feldspar (5 to 10 !Jm) 
is authigenic, it postdates the age of spherule 
deposition, but dissolution of the glass of 
spherule cores may have provided the ions 
necessary to cause early K-feldspar diagen- 
esis, a common feature of continental red-bed 
deposits (15). 

Our Ar-Ar age is consistent with a Nor- 
ian age of the layer on the basis of the local 
stratigraphy, indicating that the impact 
event occurred before the end of the Tria- 
ssic, which has recently been placed at 
about 201 Ma (16). This Ar-Ar age is 
within the dating errors of the two best- 
constrained of the late Triassic craters (Fig. 
1), which are the Manicouagan crater in 
northeastern Canada (214 + 1 Ma, U-Pb) 
(17) and the Rochechouart crater in central 

France (214 ? 8 Ma, Ar-Ar) (18). We 
estimated the possible ejecta layer thick- 
ness at various distances from these poten- 
tial source craters to determine which crater 
may have produced the deposit. Several 
variables influence the thickness and distri- 
bution of an ejecta blanket, including im- 
pact dynamics (size, velocity, impact angle, 
and Earth's rotation) and impact site char- 
acteristics (crystalline or sedimentary tar- 
get), but basic crater size and distance 
models (19-21) suggest a difference in the 
ejecta layer thickness in southwestern Brit- 
ain from the two sources. A deposit from 
Manicouagan (100-km-diameter crater and 
about 2000 km away from the layer on the 
basis of a late Triassic plate reconstruction) 
(Fig. 1) would be about 6.6 to 15.5 mm 
thick, whereas one from Rochechouart (25- 
km-diameter crater and 650 km away) 
would be 1.1 to 1.6 mm thick (table S2). 
Local thickness variation and mixing of the 
actual deposit prevent accurate averaging, 
but our figure of -25 mm includes at least 
10 mm of impact-derived spherules and 
dust. From first approximation thickness 
modeling, therefore, Manicouagan may be 
a source for the layer, but we cannot rule 
out the possibility that the ejecta may be 
from the Rochechouart crater or from both 
craters as part of a multiple-impact event 
(1). The deposit could be a sedimentary 
record of an impact event of global signif- 
icance at this time and, if so, there is no 
corresponding biotic response in the fossil 
record (Fig. 1). 

Given the Ar-Ar date of -214 Ma, we can 
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Fig. 4. A quartz grain from the Triassic impact 
deposit displaying two differently oriented par- 
allel sets (approximately north-south and 
northeast-southwest) of shock lamellae (PDF). 
There are up to three additional subsidiary sets 
in other orientations. Acid etching has removed 
quartz glass, and some lamellae reveal quartz 
annealment (syntaxial regrowth) features. 
(Scanning electron microscope secondary elec- 
tron image.) 

Fig. 5. Histogram of frequency percentage of 
angles between c axis and poles to the planes 
of PDF angles for 33 grains in part of one thin 
section. Data were plotted using + 5? error 
circles with rotation to best fit (14). Five grains 
show 1 PDF direction, 17 show 2 PDF direc- 
tions, 8 show 3 PDF directions, 2 show 4 PDF 
directions, and 1 shows 5 PDF directions. In some 
cases additional PDF directions were detected but 
could not be measured. The grains reveal a mixed 
population of impact stresses, but 10 showed 
only {1012} or (1012) + {1013}, which is the 
highest shock state before complete phase 
transformation. 

predict the position of the deposit in British 
and North American successions. On the ba- 
sis of magnetostratigraphic work linked to 
cyclostratigraphy (22, 23), the position of the 
layer can be correlated with paleomagnetic 
chron E14 (fig. Si). This lies within the 
lowest part of the Passaic Formation in the 
Newark Basin and within the Twyning Mud- 
stone Formation in North Somerset, England. 
No ejecta deposits have hitherto been report- 
ed from either of these successions. The only 
other ejecta deposits associated with an im- 
pact event in the late Triassic are the discov- 
ery of shocked quartz at the Triassic/Jurassic 
boundary in Italy (24) and a small iridium 
anomaly at the Triassic/Jurassic boundary in 
the Newark Basin succession (4). Our ejecta 
layer is located in a stratigraphic succession 
below the boundary and will provide a valu- 
able time horizon in sedimentary successions, 
but only if it is widespread. In the generally 
arid continental environments of the Triassic, 
the preservation potential of microtektites 
may have been reduced by the lack of stand- 
ing water, considered essential for the hydra- 
tion and palagonitization process (9). Mi- 
crotektites may have remained as glass, 
which can be removed during diagenesis (9). 
More work is needed to confirm the age of 
our deposit and to look for related deposits 
elsewhere that might be part of a global 
event. 
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Heart Regeneration in Zebrafish 
Kenneth D. Poss,* Lindsay G. Wilson, Mark T. Keating* 

Cardiac injury in mammals and amphibians typically leads to scarring, with 
minimal regeneration of heart muscle. Here, we demonstrate histologically that 
zebrafish fully regenerate hearts within 2 months of 20% ventricular resection. 
Regeneration occurs through robust proliferation of cardiomyocytes localized 
at the leading epicardial edge of the new myocardium. The hearts of zebrafish 
with mutations in the Mpsl mitotic checkpoint kinase, a critical cell cycle 
regulator, failed to regenerate and formed scars. Thus, injury-induced cardio- 
myocyte proliferation in zebrafish can overcome scar formation, allowing car- 
diac muscle regeneration. These findings indicate that zebrafish will be useful 
for genetically dissecting the molecular mechanisms of cardiac regeneration. 

Injured human hearts do not regenerate. In- structural cells of the heart, may undergo hy- 
stead, damaged myocardium is replaced by fi- pertrophy in the wound area to increase mus- 
brotic scar tissue. Cardiomyocytes, the major cular mass. Although recent findings suggest 
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Fig. 1. Regeneration of A B 
ventricular myocardi- b.a. 
um in the resected ze- 
brafish heart. Hema- valve 
toxylin and eosin stain 
of the intact zebrafish 
heart before (A) and 
after about 20% ven- i 
tricular resection (B) 
(5). b.a., bulbous arte- 
riosus. (C) An intact amp 
ventricular apex at site 
higher magnification, atrum 
indicating the appro- ventricle Od 
ximate amputation 
plane (dashed line). All E FG 
images in this and sub- 
sequent figures display 
longitudinal ventricu- 
lar sections of the am- 
putation plane. (D) 1 
dpa. The large clot is 
filled with nucleated 
erythrocytes (arrow- 
heads). (E) 9 dpa. The 
heart section is stained 
for the presence of 14d 
myosin heavy chain to 
identify cardiac muscle (brown) and with aniline blue to identify fibrin (blue) (5). The apex is 
sealed with a large amount of mature fibrin. (F) 14 dpa. The fibrin has diminished, and the heart 
muscle has reconstituted. (G) 30 dpa. A new cardiac wall has been created, and only a small 
amount of intemal fibrin remains (arrowhead). (H) 60 dpa. This ventricle shows no sign of injury. 
(I) Quantification of healing at 0, 30, and 60 dpa. Values represent the size of the largest 
ventricular section (mean ? SEM; *P < 0.05); parentheses indicate the number of hearts 
examined (5). Scale bars, 100 ,um. 
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that cardiomyocytes within the diseased human 
heart can proliferate (1), most evidence to date 
indicates that myocyte proliferation is not a 
significant component of the mammalian re- 
sponse to cardiac injury (2). 

Teleost fish, including zebrafish, can re- 
generate spinal cord, retina, and fins (3, 4). 
To determine whether zebrafish can also re- 
generate heart muscle, we surgically removed 
-20% of the ventricular myocardium from 1- 
to 2-year-old adults (Fig. 1, A and B) and 
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