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Abstract—The proposed Sirente crater field consists of a slightly oblong main structure (main crater)
120 m in width and about 30 smaller structures (satellite craters), all in unconsolidated but stiff
carbonate mud. Here we focus on the subsurface structure of the satellite craters and compare the
Sirentefield with known meteorite crater fiel ds. We present amore compl ete outline of the crater field
than previously reported, information on the subsurface morphology of a satellite crater (C8) 8 min
width, radiocarbon and thermoluminescence (TL) ages of material from this crater, and evidence for
heated material in both crater C8 and the rim of the main crater. Crater C8 has a funnel shape
terminating downwards, and evidence for soil injection from the surface to a depth of 9 m. Theinfill
contained dispersed charcoal and small, irregular, porous fragments of heated clay with a calibrated
ageof B.p. 1712 (13C-corrected radiocarbon age: B.p. 1800+ 100) andaTL ageof B.P.1825 (calculated
error +274). Together with previous radiocarbon age (B.p. 1538) of the formation of the main crater
(i.e., target surface below rim), aformation is suggested at the beginning of the first millennium A.D.
Although projectile vaporization is not expected in Sirente-sized cratersin thistype of target material,
we used geochemistry in an attempt to detect ameteoritic component. Theresults gave no unequivocal
evidence of meteoritic material. Nevertheless, the outline of the crater field, evidence of heated
material withinthecraters, and subsurface structureare comparablewith known meteoritecrater fiel ds.

INTRODUCTION
Background and Aim of Study

Recently, a group of depressions and a subcircular,
rimmed lake in a high valley in the Central Apennines was
proposed to have formed by meteoritic impact (Ormo et al.
2002). Since then, the rimmed lake has been suggested to be
simply an anthropogenic cattle pond in afield of karstic sags
(Speranzaet a. 2004), or a consequence of anew mechanism
for mud volcano formation involving mud-fountaining
(Stoppa 2006). Our study aims to provide more geological
data for the evaluation of the different hypotheses. For
simplicity in making comparisons with known impact
structures, we have chosen to use the term “crater” for al the
depressionsin the proposed crater field, although the mode of
origin has not yet been confirmed.

The rimmed lake (main crater) is located in one end of
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the field of minor depressions (satellite craters) (Fig. 1). It has
a dightly elongated outline with a mean diameter of 120 m
(Ormd et a. 2002). Itsrim is saddle-shaped (i.e., higher on the
longer sides of the ellipse) and rises at a maximum of 2.2 m
above the surrounding plain. However, the original surface on
top of which the rim has been emplaced (i.e., the target
surface) isat thislocation about 1 m below the present surface
of the plain (Ormo et a. 2002). Drilling and trenching of the
rim by Ormoé et al. (2002) and for this study have shown an
overturning of material consistent with an impact formation.
The studies have not shown any features that would indicate
shoveling by humans (e.g., chaotically distributed chunks of
paleosol), or any structures indicating that the rim was built
up by cyclic flows (cf. Stoppa 2006).

The small craters have an apparent depth of 1.5-2 m.
Some have slightly elevated rims, but most are only shallow,
rimless, flat-floored, circular depressions (Fig. 2).

Accelerator mass spectrometry (AMS) dating of organic
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Fig. 1. An outline of the Sirente crater field. Sampling sites are indicated. The outlines of the Henbury (Milton 1968), Kaali (Hodge 1994 and
references therein), and Odessa (Evans 1961) crater fields are given for reference.

soil from the proposed target surface below the material of the
rim of the largest crater (main crater) suggests that it formed
around B.p. 1538 (4th-5th century A.D.) (Ormé et al. 2002)
(Table 1), whichis coeval with alocal legend from the nearby
town of Secinaro (Santilli et a. 2003). The legend was
recorded by the local church and describes people at the
Sirente Mountain witnessing an approaching star that soon
outshines the sun. Its apparent impact generates an
earthquake, rupturing the local temple and knocking peopleto
the ground. The people recover an object, which then is
placed on the atar of their new church.

Standard characteristics required to confirm an impact

origin are evidence of shock metamorphism and/or the
presence of traces of meteoritic material in breccias or melt
rocks (or meteorite fragments) (cf. French 1998; Montanari
and Koeberl 2000). However, the confirmation of shock
metamorphism at Sirente is difficult because a) shock
pressures may be too low to produce unique shock
metamorphic effects (cf. Koeberl et al. 1998), b) the target at
Sirente is a carbonate mud almost completely devoid of
minerals useful for studies of shock metamorphic features,
and c) mineral grains embedded in soft porous matrix (e.g.,
clay and carbonate mud) experience lower shock pressures
than those in solid rock (Kenkmann and Dresen 1998). Ormo
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Fig. 2. The surface appearance of individual craters. Arrows (&) and (b) around crater C6 indicate the rim. The main crater is visible in the

background. Note persons at craters C1 and C2 for scale.

et al. (2002) report fractured feldspar and pyroxene grainsin
material from the main crater rim. However, the level of
deformation is not diagnostic for impact. Thus, only the
recovery of meteoritic material can prove animpact origin for
the Sirente crater field (see discussion below).

The main objective of this study is the outline of the
crater field, its age, and the subsurface structure of the
satellite craters. The results are compared with known
meteorite crater fields. We have aso searched for
macroscopic and geochemical traces of meteoritic material.

Geological Setting and Historical Context

No bedrock crops out within the Sirente plain. The valley
is a fault-controlled (extensional) basin. All the craters,
including the main crater, are devel oped entirely in yellowish,
unconsolidated but stiff carbonate mud of likely lacustrine
origin with sporadic organic-rich and clay-rich horizons (cf.
Giraudi 1997). The few mineral grains that can be retrieved
after dissolution of the sediment in acid may be tephra (Ormo
et al. 2002). The bedrock exposed on nearby hills consists of
tectonized shallow-marine sediments, mainly limestones. The
area is tens of kilometers from any past or present volcanic

centers. Coarser material and even large limestone boulders
from the nearby mountain scarp occur sporadically in the
sediments of the plain and in the rim of the main crater. Ormé
et a. (2002) reported two large (afew cubic meters), strongly
fractured limestone boulders on the apparent crater floor near
the southwestern rim. The occurrence of the boulders within
the crater is considered by both Speranza et al. (2004) and
Stoppa (2006) as crucia evidence against the impact
hypothesis. However, in the impact scenario, these boulders
existed within the target sediments and were simply emplaced
on, or within, the rim by the low-velocity tail of the
excavation flow and, subsequently, slid back to their present
position (cf. Melosh 1989, Fig. 6.1).

More extensive coarse-clastic alluvia deposits cover the
eastern half of the plain (Servizio Geologico d’ Italia-APAT,
Forthcoming). These alluvial sediments were called
“calcareous breccias’ by Speranza et al. (2004) despite the
fact that they form loose deposits and not a rock, which is
important to the discussion regarding karst features. There are
no crater-like depressions in the eastern part of the plain.

Speranzaet al. (2004) argued for an anthropogenic origin
for the Sirente structure by stating that it is situated along an
ancient route for herding sheep (“tratturi”), citing a popular
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Table 1. Ages of material from the Sirente crater field. The term “target surface” refers to the top of the soil onto which
the rim material has been deposited. Samples marked with * were previously published by Ormd et a. (2002). Only
samplesC8 T1 2.2, C8 charcoal 1.8, and DH2(1.5) may, theoretically, have ages directly linked to the formation of the
respective crater. The ages of the other samples are used for constraining the time of formation.

Sampl e description and

Calibrated ages

Radiocarbon age (B.P.) from intercepts (B.P.)

Sample number interpretation Method 13C-corrected and TL age (B.P.)

C8.T1 22 Heated clay in crater C8. TL 1825+ 274
Age of impact or older.

C8 charcoal_1.8  Charcoal in crater C8. 14C (extended 1800 + 100 1o: 1865-1571
Age of impact or older. counting time) 20:1948-1519

DH2(0.9)" Organic soil within the rim material 14C 2560 + 120 1o: 2775-2364
above the “target surface.” 20: 2918-2344
Overturned flap of material older than
the impact.

DH2(1.5)" Top of organic soil (“target surface”).  AMS 1650+ 40 1c: 15911521
Age of impact. 20: 16891418

DH2(2.0)" Organic soil horizon below the“target  14C (extended 2490+ 170 lo: 27612344
surface.” Older than impact. counting time) 20: 29462124

C9(3.5)org" Soil fragment in crater C9. 14C 3810+ 90 1c: 44054019
Much older than impact, but relocated 20: 4494-3926

by the impact.

book on the matter. This information is contradicted by
information given in maps of the Central Board of Regional
Antiquities and Archaeology (Soprintendenza). There are no
routes related to ancient sheep movements within 10 km of
Prati del Sirente (Commissariato per lareintegradei tratturi di
Foggia 1959; Soprintendenza per i Beni Archeologici per
L’Abruzzo 2004). Moreover, these shepherd routes are
usually located at lower atitudes than Prati del Sirente.

EXPERIMENTAL METHODS
Mapping of the Crater Field

The mapping follows the method of Ormo et al. (2002).
The diameters of the dotsthat show the location of each crater
in Fig. 1 only indicate the diameter of the obvious depression
within each structure. The rim diameter may be larger, as
illustrated in Fig. 2 for crater C6.

Machine Excavation and Sampling

One of the satellite craters (C8) in the crater field was
excavated with a machine excavator. All removed material
was examined visualy and with a metal detector. The
excavation was initially performed level by level, making a
vertical profile approximately 20 m long and 3 m deep
through the crater (Fig. 3). After that, to be able to reach a
greater depth, the whole upper part of the crater had to be
removed to create a platform 3 m deep and 20 x 30 m wide.
The excavation then continued within a shaft 3 x 3 m wide to
a depth of 9 m, where the excavation had to stop due to
economic and safety reasons.

The main crater rim was investigated with small-scale
trenching. Pedogenesis has reached a depth of about 1-1.5m

________________________

2m |

C8_rimflow

Sediment darkened by

- pedogenesis (soil) CaLisf
Pale sediments of the plain
C8_9m
- Brecciated sediments and C8_9m_B

.y

"¢ injected dark soil fragments

Sample location

C8_ref

Fig. 3. A schematic profile of crater C8. The photo to the left shows
thelocation of C8 at the beginning of excavation. A profileis created
passing straight through the crater.

on the rim of the main crater since its formation, which is
dightly deeper than the 0.7-1 m for the rest of the plain
(Ormo et a. 2002). A pit was dug 0.5 m deep into the inner
side of the elevated rim approximately 1 m below the rim
crest (Sirente-3). A second sample (Sirente-4) was taken in a
similar position on the inward-facing wall of the crater rim
approximately 10 m along the rim eastward from Sirente-3.
Following the procedure of treatment with HCI described by
Ormo et a. (2002), five kg of the carbonate mud and clay
material from Sirente-3 gave aresidue with the dry weight of
2.4 g. To ascertain that the acid treatment does not affect the
appearance of the residue, we made atest by first treating only
half of the sample with HCI. Reference material from the
plain unaffected by a putative impact event (sample C8_Ref)
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Fig. 4. A profile of crater C8. Pedogenesis hastransferred theinfill of the depression into adark sail. Irregular fragments and patches of grains
of rust-colored heated clay and fragments of charcoal are common in the dark soil of the bowl-shaped part (Fig. 5). Inset frame shows rupture

of the pale carbonate mud hosting the structure.

was aso investigated with the same method. All samples
were taken with a plastic scoop (for sample locations, see
Figs. 1, 3, and 4). For the location of samples taken in the
previous study and discussed in the present paper, see Ormé
et a. (2002).

Age Dating

Radiocarbon

Samples from C8 were radiocarbon-dated at Geochron
Laboratories, USA (which selected the preferred method for
each sample). Sample C8 charcoa_1.8 contained charcoal

that was dated. The charcoal fragments were separated from
sand, silt, rootlets, and foreign matter. The sample was then
treated with hot dilute 1IN HCI to remove any carbonates, with
0.1N dilute NaOH to remove humic acids and other organic
contaminants, and a second time with dilute HCI. The sample
was then rinsed and dried and the cleaned charcoal was
combusted to CO, and then from CO, was synthesized CH,.
This yielded only 0.5 g of carbon as CH,, which had to be
measured for 100 h to decrease the error down to 100 yr.
Sample C9(3.5)org (radiocarbon age by Ormé et a. (2002)
discussed here) was dispersed in a large volume of water,
which was passed through a fine nylon mesh to filter out any
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Fig. 5. Heated clay from crater C8 (figures labeled a), heated clay fragments (b), and spherical “rusty crusts’ (c) from the elevated rim of the
main crater. The largest fragment in (al) was dated with TL method. Note porous appearance and root holesin the lower part. Most fragments
are aswesk as the surrounding sediment and form an irregular and gradual transition (a2) to the host sediment. Extension fracturesin (a3) may
indicate rapid heating. In many places, the heated clay is only visible as arust-coloring of the dark host sediment (a4).
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particulates. The organic fraction was then treated with hot
dilute 1N HCI for one hour to dissolve any carbonates. After
filtering, washing, and drying, the organic fraction was then
combusted in pure oxygen to produce CO, and subseguent
CH, for the analysis. Samples DH2(0.9) and DH2(2.0), as
well as DH2(1.5) (ages published by Ormé et al. (2002) and
discussed here) were treated in the same way as C9(3.5)org,
except that DH2(1.5) was decanted instead of filtered, and
analyzed by AMS. The results were calibrated by Geochron
Laboratories with a program by Stuiver and Reimer (1993),
using the cdibration file from Stuiver et al. (1998). The
radiocarbon ages are based on the Libby half-life (5570 years)
for 14C. The error is +1 s as judged by the anaytical data
alone. The modern standard is 95% of the activity of N.B.S.
Oxalic Acid. The age (B.P.) is referenced to the year A.D.
1950. Calibrated age ranges are obtained by intercept method.

Thermoluminescence (TL)

Methods and data reduction for our thermoluminescence
analyses follow those of Aitken (1985). After the sample
(C8_T1 2.2, showntotheleftin Fig. 5A1) had been retrieved
from its 2.2 m deep location in crater C8, it was placed in a
plastic bag and a box to avoid unnecessary exposure to
sunlight. The sample was analyzed at the Rathgen-
Forschungslabor, Berlin, Germany. About 3.5 g of interior
sample material was ground to agrain size of 1-10 um. After
HCI cleaning, the 2-10 pm-size fraction was isolated by
sedimentation in  acetone. The fraction contained
predominantly quartz, feldspar, and some iron minerals. Non-
quartz minerals remaining after acid treatment do not
contribute to the luminescence signal. The TL analysis was
made with a Riso-DA-12 instrument and a %Sr source
(Sick5100-Amersham). For the measurements of the
environmental gamma dose-rate, an estimate was cal culated
from the alpha count-rate and the potassium content of the
sample. Due to the depth from which the sample was taken
(>2 m) the cosmic ray dose was neglected. A 20 rel% was
calculated based on Aitken (1976). Conversion factors were
given by Nambi and Aitken (1986). The temperatureto which
the sample had been heated before being deposited within the
sediment was analyzed with refiring technique
(cf. Daszkiewicz and Schneider 2001) with the use of
oxidizing atmosphere in electric oven.

Geochemical Analysis

Samples suspected to contain meteoritic component and
reference samples were analyzed by X-ray fluorescence
(XRF) spectrometry and instrumental neutron activation
analysis (INAA) (see Reimold et a. 1994 and Koeberl 1993
for details on procedures, precision, and accuracy). Samples
with suspected meteorite component were those that showed
an anomalous rust-coloring as compared with the normal
appearance of the sediments (see discussion below on rust-
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colored material observed at other impact sites), and material
that could include ejected meteorite fragments (i.e., the main
crater rim). The rust-colored material seems restricted to the
funnel infill of the small investigated craters and the rim of the
main crater where meteoritic material is most likely to occur.
The following samples were analyzed: C8_Ref, which is a
reference sample of pale, carbonate mud (lacustrine sediment)
in which the craters have formed (i.e., target materia);
C9 3m, which is a sample of rust-colored dark soil from
crater C9; C8_9m_B, which is a sample of rust-colored pale
carbonate mud from crater C8; C8 TC2, which is a
subsample (a piece) of sample C8 T1 2.2 (Fig. 5ad);
Sirente-3_Bulk, which is bulk material (carbonate mud) from
the elevated rim of main crater; Sirente-3_Residue, which
consists of the remains after diluting and dissolving material
from Sirente-3; and Sirente-4, which is rim material of the
main crater more strongly affected by pedogenesis (dark with
higher organic content).

RESULTS

Mapping of the Crater Field and Surface Morphology of
Individual Craters

Ormo et al. (2002) estimated the crater field to be 450 m
in length and 400 m wide, with 17 smaller craters distributed
close to amain crater. In this study, we revise the first outline
by the discovery of 11 additional structures (Fig. 1). The
craters form three main groups in addition to a few sporadic
occurrences. The area between the three clusters of craters
and the main crater is hummaocky, but without distinct crater-
like depressions.

Material

Subsurface Sructure and Indications for

Displacement at Crater C8

Crater C8 shows the same bowl-shaped upper part and
“tunnel-like” continuation (i.e., “funnel crater,” following
terminology by Svettsov 1998) as noticed at crater C9 in the
partial excavation by Ormd et al. (2002). Post-formational
pedogenesis has colored the infill nearly black, which stands
out in strong contrast to the pale, clay-like carbonate mud of
the host material (Figs. 3 and 4). The apparent crater floor
(i.e., the present ground surface at the center of the crater) is
the reference level for al further depth valuesin this study, if
not indicated otherwise. A steeply inclined “tunnel” less than
ameter wide can be traced by its content of coherently dark-
colored soil to about 4 m depth. Below that level, thetunnel is
indicated by angular chunks of black paleosol that appear to
have been dragged downwards. A zone with sharp, straight-
edged rupture of the host sediment occurs at the interface
between the dark infill and the pale host sediment down to the
entrance of the tunnel (Fig. 4).

At a position 70 cm below the plain’s surface and 7 m
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Fig. 6. 8 Soil and sediment fragments in a matrix with sheared structures (C8_rimflow) outside the rim of C8 (see Fig. 3 for location). The
arrows indicate a sharp contact toward less disturbed sediments. b) A close-up of section located at the left arrow () in Fig. 6a.

outside (east) of the crater center, alayer of soil breccia (black
soil fragments and pale sediment fragments) with sheared
matrix occurs discordant on top of the pale host sediments of
the plain (sample C8_rimflow in Figs. 3 and 6). Below the
breccia bed there are vertical, black-colored features that
continue to a depth of 1.5 m. They decrease in number away
from the crater. A sharp, straight-edged rupture aong their
walls and an often planar outline suggest formation by
localized pedogenesis along fractures.

The last visible traces of disturbed sediments occur at a
depth of 9 m as dikes of angular clasts (mm to cm in scale) of
stiff, compressed, black soil (sample C8_9m, Figs. 3 and 7).
At adepth of 9 m, achunk 7 cm in size of rust-colored, pale
sediment (sample C8_9m_B) was collected for geochemical
analysis. Similar rust-colored chunks were also collected

from a depth of 3 m at crater C9 (sample C9_3m), which at
this stage of the machine excavation of C8 had been partly
consumed by the excavated pit. The exact original location of
the material is not known as it was reworked during the
previous excavation by Ormo et al. (2002).

Heated Material and Age Dating

The radiocarbon ages for soil samples are from Ormo
et a. (2002) and listed in Table 1. New age data in this study
are that of heated clay (TL) and charcoal from C8. In the
bowl-shaped section of C8, there was a high content of
dispersed fragments of charcoa (sample C8_charcoal_1.8)
and small pieces of reddish, heated clay (Figs. 4 and 5). The
fragments of heated clay are irregular, lack distinct shapes,
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and are full of impurities and vugs. They are of very poor
strength and most often occur as grains giving a red stain to
the dark soil (Fig. 5a4). The largest and most solid piece was
found at a depth of 2.2 m (sample C8_T1 2.2, Fig. 5al). The
ages of the charcoal and heated clay sample C8 T1 2.2 are
given in Table 1. The re-firing in connection to the TL
analysis of the heated clay sample gave that the material had
been heated to a temperature between 900 °C and 1000 °C.
No color change was observed a lower refiring
temperatures. The estimated temperature appears high in
view of the poor coherence of the heated material. This can be
explained by the lack of minerals such as kaolinite and
smectite that can enhance the cohesiveness of fired clay
materials. An X-ray diffraction analysis showed the dominant
clay minera to beillite.

The residue after the acid treatment of sample Sirente-3
from the rim of the main crater does also contain abundant,
reddish-yellowish, mm-size fragments of rust-colored, heated
clay material (Fig. 5b), similar to the fragments found in
craters C8 (Fig. 5a) and C9, as well as spherical objects
referred to as“rusty crustswith rare nickel granules’ by Ormé
et al. (2002) (Fig. 5¢). In addition, the residue contains some
organic materia, feldspars, pyroxene, and magnetite.

Geochemistry

The results of our measurements are presented in Table 2.
The major element contents are typical of clay and/or
carbonate-rich (and quartz-poor) materials. The trace element
contents show clear evidence of water interaction and
precipitation of some sulfide material, as indicated by
elevated As and Sb contents. One of the samples (Sirente-3-
Residue) has a Ce anomaly, indicating agueous alteration by
weathering. Even though some Cr, Co, and Ni values were
higher than others, no obvious or systematic enrichment in
siderophile element contentswas found in any of the samples.

DISCUSSION
The Search for Traces of M eteoritic Material

Numerical simulations have shown that more than 95%
of impact craters of the size of the Sirente main crater are
formed by iron meteorites (Bland and Artemieva 2003a,
2006). Most small stony projectiles do not survive the passage
through the atmosphere. Often a stony meteorite signature
means a chondritic signature, whereas iron meteorites have a
much more varied composition (e.g., Buchwald 1975; Mason
1979). Elevated Co or Ni contents do not necessarily correlate
with elevated Ir contents in all iron meteorites, even though
bulk Ni contents for the various classes range from about 5 to
25 wt% (with an average of about 8 wt%) (Buchwald 1975).
Iridium contents of iron meteorites are equally variable,
ranging from afew ppb to about 100 ppm. Thus, it is possible
to have an iron meteorite that has 10 wt% Ni and 20 ppb Ir,
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and another that has 6 wt% Ni and 10 ppm Ir. In such ayoung
and small structure, mechanical breakup (and westhering) of
meteorite fragments would dominate. The formation of melt
and vapor is not expected due to the small size and low impact
velocity (e.g., Collins et al. 2005), although ablated material
formed during passage through the atmosphere could be
dispersed in the crater-related materials. If the Sirente
structure had formed by meteoritic impact, meteoritic
contamination of the target sediments would mainly occur in
direct contact with the meteoritic fragments and possibly in
meaterial affected by fall-out from ablation. The high Cr values
in some of our samples cannot be of extraterrestrial origin
because of the very low probability of a stony impactor and
high associated As, Sb, and V vaues, which are typical of
non-meteoritic sources. Only one sample, Sirente-4, yielded
an Ir value barely above the detection limit (about 0.1 ppb);
this low value was measurable because the sample was
carbonate-rich and had low contents of interfering elements,
and was counted for three days in the fina counting step.
However, thisvalueis at about the detection limit for Ir in this
particular sample, and, thus, no analytical significance can be
attached to it. Detection limits for Ir in other samples are
<0.2to <1.5 ppb.

Taking an Ni content of 70 ppm and a Co content of
20 ppm (samples C8 TC2 and C9 3m) and subtracting an
average indigenous content of about 8 and 6 ppm,
respectively, we arrive at 62 and 14 ppm, respectively. For the
average iron meteorite Ni and Co contents of 8 and 0.5 wt%,
respectively, this would mean a meteoritic component of
about 0.1 to 0.3 wt% in samples C8_TC2 and C9_3m. Given
arange of possible Ir values of 10 ppb to 100 ppm, for such a
meteoritic component we would then expect arange of 0.01 to
100 ppb Ir. The lower rangeis below the detection limit of the
INAA method (~0.1-1 ppb, depending on sample and
counting parameters), and would not be characteristic anyway
(not high enough above terrestrial background), and the
higher values are clearly not present. In our case, we were
unable to detect statistically significant Ir contents in any of
our samples. This is further amplified by the expectation of
weathered meteorite fragments at such a small structure,
which should then contain a much higher meteoritic
component than 0.3 wt%. We therefore conclude that thereis
no obvious and unambiguous meteoritic signature in the
analyzed samples, but its presence aso cannot be
categorically excluded.

Subsurface Sructure, Heated Material, and Significance
of Age Deter minations

Here we discuss both the age determinations done in this
study and the previous ages presented by Ormo et al. (2002).
The only age that can be directly linked to the formation of
one of the cratersis that from the paleosol (“target surface”)
on top of which the material of the main crater rim has been
deposited (Sample DHZ2[1.5]). This is independent of
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Table 2. Compositions of samples from the Sirente crater field2

C8 _TC2 C9_3m Sirente-3_bulk  Sirente-4 C8 Ref C8 9m B Sirente-3_residue
SO, 45.96 48.59 8.67 18.05 5.67 741
TiO, 1.01 1.00 0.21 0.43 0.15 0.16
Al,O4 21.26 21.95 4.03 8.89 254 3.50
Fe,04 7.98 8.00 147 3.04 0.89 0.97 12.54
MnO 0.18 0.14 0.04 0.05 0.03 0.05
MgO 1.61 177 0.75 1.00 0.69 0.65
Cao 1.59 1.80 46.79 35.09 50.44 48.38
Na,O 0.47 0.45 0.07 0.16 0.06 0.22 0.55
K50 2.29 253 0.28 0.76 0.25 0.46 2.36
P,Os 0.67 0.39 0.13 0.28 0.07 0.08
LOI 16.83 12.74 37.83 32.69 39.03 37.88
Total 99.85 99.36 100.27 100.44 99.82 99.76
Sc 18.3 16.5 3.37 7.17 1.99 1.83 18.6
Y, 188 194 29 54 24 25 n.d.
Cr 127 115 235 49.4 14.0 12.2 125
Co 19.8 18.8 4.35 7.95 8.52 2.42 311
Ni 68 75 8 6 8 10 62
Cu 48 40 <9 14 <9 <9 n.d.
Zn 169 145 38 243 17 27 107
As 171 12.9 3.1 6.35 2.17 3.96 37.8
Se 0.7 0.4 0.2 0.2 0.1 0.1 0.4
Br 6.5 55 0.9 0.9 04 04 15
Rb 250 180 38.3 95.9 20.0 31.7 118
Sr 102 123 109 104 117 114 360
Y 48 53 13 21 10 13 n.d.
Zr 282 307 52 112 29 104 310
Nb 35 34 9 15 6 17 n.d.
Sb 0.77 0.89 0.11 0.28 0.10 011 0.51
Cs 19.8 19.9 4.06 8.26 2.35 321 7.71
Ba 655 542 63 141 47 56 390
La 89.3 96.2 16.7 38.9 115 25.1 38.3
Ce 160 160 33.8 65.2 195 432 121
Nd 70.8 74.4 15.2 31.2 8.78 15.8 411
Sm 11.8 124 1.95 5.16 1.50 2.27 7.85
Eu 2.57 2.45 0.55 1.09 0.33 0.38 1.75
Gd 115 11.6 21 4.4 13 2.8 6.5
Tb 1.61 144 0.27 0.59 0.18 0.36 0.84
Tm 0.78 0.72 0.14 0.32 0.077 0.23 0.41
Yb 4.44 4.66 0.82 2.02 0.62 143 253
Lu 0.70 0.71 0.12 0.28 0.088 0.22 0.37
Hf 8.26 8.19 1.65 3.33 0.98 2.55 821
Ta 193 171 0.37 0.75 0.21 0.75 1.13
w 10.6 8.7 13 4.1 0.9 2.8 7.9
It (ppb) <16 <04 <04 0.1 <0.3 <0.2 <0.6
Au (ppb) <0.9 <1 0.4 0.7 05 0.7 0.7
Th 34.9 36.3 7.40 14.9 4.35 124 174
U 331 335 0.67 1.05 0.51 0.42 1.36
K/U 6918 7552 4179 7238 4902 10,952 17,353
Zr/Hf 34.1 375 315 33.6 29.6 40.8 37.8
La/Th 2.56 2.65 2.26 2.61 2.64 2.02 2.20
Th/U 10.5 10.8 11.0 14.2 85 29.5 12.8
LaN/YbN 13.6 14.0 13.8 13.0 125 119 10.2
EWEU* 0.67 0.62 0.83 0.70 0.72 0.46 0.75

aMajor element datain wt%. Trace elements in ppm except as noted.
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whatever process, human or natural, that caused the
displacement of the material. Sample DH2(1.5) is constrained
by the ages of samples DH2(0.9) and DH2(2.0) occurring
immediately above and below (see Fig. 7 in Ormo et al.
2002). Stoppa (2006) argue that the discovery of a
1st century A.D. Roman coin at the surface of the main crater
rim puts the formation further back in time. However, the coin
would only be of significance if it had been found below the
material of the elevated rim. In that case it would give a
maximum age of formation, nevertheless still not excluding
the age suggested by Ormd et a. (2002) (Table 1).
Furthermore, Stoppa (2006) clearly states that the rim itself
does not contain artifacts. Speranzaet a. (2004) argue that the
relatively high age for sasmple C9(3.5)org in crater C9 would
exclude a contemporaneous formation of the crater field and,
thus, the impact hypothesis. However, sample C9(3.5)org
does not give the absolute age of formation of crater C9, only
its maximum age. The sample is a fragment of organic soil
formed by the disruption of a soil horizon predating the
formation of the crater, whatever the cause of formation (see
Fig. 4 in Ormod et al. 2002). The age of C9(3.5)org together
with the age of sample DH2(1.5) were used by Ormd et al.
(2002) to exclude some aternative causes of formation that
required avery high age (e.g., periglacial structure).

The TL and radiocarbon ageslisted in Table 1 are the best
possible ages obtainable with current samples and methods
for constraining the age of the crater field, whatever the cause
of its formation. In addition to the errors related to the
measurements themselves, there is anatural error aswell: the
radiocarbon dating gives the age when an organic object died
(stopped incorporating the 14C isotope). Hence, in the case of
the charcoal sample, it does not necessarily date the time the
object was heated, which would be of interest for an exact
dating of the putative impact event. The TL gives the age
when the clay was heated, but with wide error margins. Thus,
so far, only for the main crater it can be said that the formation
has been dated. The apparent close proximity of the ages of
C8 and the main crater suggests a simultaneous formation, but
it is not proven. Nevertheless, none of the ages excludes a
simultaneous formation of the craters.

Impact velocities for funnel craters have been estimated
to be fairly high: 3.7 km/s for the Campo del Cielo (Cassidy
and Renard 1996), 2-4 km/s for Sterlitamak (Ivanov and
Petaev 1992), and 1-3 km/s for the funnel-shaped craters at
Sikhote Alin (Svettsov 1998). However, recent numerical
simulations indicate that the most common velocity is about
1 km/s (Bland and Artemieva 2006). Experiments to create
craters severa meters wide from missile impacts have
shown partia fusion of the missiles at impact velocities of
3.9 km/s (Moore 1976). It should thus be possible to achieve
the temperatures needed to generate heated clay and
charcoal at C8, at least for a small amount of the target. A
porous target adds to the transfer of kinetic energy to heat
(Melosh 1989; Wunnemann and Collins 2006). Recent
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Fig. 7. Dike of injected fragments of angular, hard, compressed dark
soil a& 9 m depth below crater C8. It represents the deepest
encountered trace of the apparent “tunnel” (seeFig. 3). Irregular pale-
grey areasin line drawing (A") indicate shadows in the photo in (A).
Black areas indicate soil fragments.

studies of Campo del Cielo show occurrences of reddish
clay within the crater structures in close association with the
meteorites. The red material is interpreted to be a result of
baked earth and subsegquent weathering products of the iron
and silicate inclusions (Wright et a. 2006). The occurrence
of reddish, baked earth is shared with many more small
impact craters around the world (see list below). Thus, it is
possible that the heated clay and charcoal at C8 formed by
impact heating.

The absence of heated clay and “rusty crusts’ in
reference samples of similar composition from the plain
indicates that the fragments found in the main crater rim may
be linked to its formation. When clay is heated to a
temperature of >600 °C, it loses its chemically bonded water
and can no longer be broken down by water. The heated clay
and rusty crusts are the only equivaents to fused material
found so far. Heating of the carbonate mud may not form
spherules such asin more silica-rich targets. When heated, the
mud turns into CO, and CaO. If exposed to water (e.g.,
rainfall), the CaO will react and form Ca(OH),. This will
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again react with CO, and quickly change back into the same
calcium carbonate as before the heating. Hence, the chances
of finding fused material with a meteoritic component at
Sirente are small.

Plausible non-impact formation of the heated material
would be brushfires or camp fires. Studies of soil temperature
at brushfires have shown that temperatures above 600 °C are
sustained for several hoursin the uppermost centimeter of the
ground (Odion and Davis 2000). Below a depth of 2 cm, the
temperatures never reach above 150 °C. The heated clay and
charcoa in C8 could, if formed by brushfires, have
congtituted a layer that either existed before the formation of
C8 and got relocated (e.g., by karstic collapse), or that formed
after the C8 and accumulated in an aready existing
depression. What argues against such a scenario is that the
heated material has only been observed (and is quite
apparent) in the main crater rim and within theinfill of C8 and
C9, but not during careful examination of the soil profiles
displayed during the 600 m? wide machine excavation and in
Pit 1. The dispersed distribution of the heated material in most
of the infill of C8 aso indicates a generation of the heated
material either before or during the formation of C8, rather
than the single layer expected if accumulated within an
existing depression. The well-dispersed, mm-size fragments
of heated clay at al sample locations in the main crater rim
argues for a syn- or post-heating physical process capable of
dispersing fine-grained heated materia into the bulk of the
rim material. This widespread appearance of the heated
material would not be expected if caused by localized
campfires.

The apparent very steep dip of C8s tunnel is
inconsistent with the most common angle of trajectory in
hypervelocity impacts (45°) (Melosh 1989). However, steep
angles (<10° from the vertical) were observed at severa
funnel craters at Sikhote Alin (Svettsov 1998). The layer of
soil breccia outside crater C8 has not been detected
elsewhere in sections through the upper sediments of the
plain during the machine excavation, which was 3 m deep
and 600 m2 wide (first platform), as would be expected if
caused by agricultural plowing. Hence, the sheared breccia
layer may represent traces of a downrange €ecta layer.
Stoppa (2006) used aerial photos to recognize extensive
lobate deposits extruding from the main crater. Their
distribution, mainly to the southeast, coincides with the
distribution of the soil breccia on the southeastern side of C8.
This, combined with the elongation and saddle-shaped rim of
the main crater and the outline of the crater field (cf. Ormé
et a. 2002; this study), would suggest them to be downrange
gjecta deposits from an impact from the northwest. With
respect to the target being a wet mud and not solid rock, and
the expected low impact velocity resulting in an excavation
flow driven rather by a mechanical push than acceleration by
shock, it is possible that the gecta could at least partly be
emplaced as fluidized gjecta (cf. Carr et a. 1977; Barlow
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2005) rather than balistic gecta. However, Stoppa (2006)
excludes the deposits to be of impact origin and instead
favors a formation by gravity-driven flows from a mud
volcano. He does, however, notice a problem in why the
flows have flowed toward the higher ground southeast of the
crater and not toward the lower ground in the northwest.

Outline of the Proposed Crater Field Compared to
Confirmed Crater Fields

The lack of unequivocal evidence for ameteoritic impact
notwithstanding, a comparison between the possible crater
field of Sirente and known impact crater fields is important
when analyzing the significance of the geological
observations. We here list known impact sites with craters
similar to the size of the Sirente main crater, based on the
review by Hodge (1994) and additional references. Notableis
that several have yielded very little meteoritic material,
especially those located in areas with long history of iron
working (cf. the Americas and Australasia where iron
working was introduced by European colonists in recent
historic time). Human overprint on meteorite craters is
expected, as illustrated by extensive constructions at and
within the Kaali main crater (Veski et a. 2001). The Sirente
plain is characterized by a humid climate and sediment
deposition rather than erosion; thus any remaining fragments,
aswell asan ablation fallout layer with geochemical traces of
the impactor, would be buried under 0.5-1 m of younger
sediments. For comparison with the Sirente structure, we
have illustrated three crater fields with a similar outline in
Fig. 1.

Craters with No Documented Satellite Craters

* Boxhole (Australia), 185 m in diameter, common iron
meteorites in the surroundings, but very rare melt
spherules in soil. Age: ~5 kyr (Hodge 1994), ~30 kyr
(Shoemaker et al. 1990).

* Veevers (Australia), 80 m in diameter. Iron meteorite
fragments occur off the northeast rim. Age: <1 Myr.

e Sterlitamak (Russia). A funnel-shaped crater 10 m wide,
formed by an iron meteorite fall in 1990 (Petaev 1992).
Only 20% of the calculated weight of the impactor was
retrieved, mostly from the end of the “funnel” at a depth
of 12 m. Large high-density lumps of reddish loams
occur within the tube-shaped bottom of the funnel.

e Haviland (Kansas, USA). Originally elliptical crater
(17 x 10.7 m), but now destroyed by cultivation. Long
used as cattle pond because it, in analogy with Sirente,
holds water in an otherwise permeable sediment.
Common iron meteorite fragments in cone-shaped layer
along the true crater floor. The deepest fragment
discovered during excavation was at 2.9 m depth. All
fragments were surrounded by rust-colored soil. Age:
<1 kyr.
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» Dagaranga (Australia). A crater 20 m wide with
common meteoritic (mesosiderite) fragments, mainly to
the southwest of the crater. Age: ~25 kyr (Hodge 1994),
~0.27 Myr (Shoemaker et al. 1990).

» Sobolev (Russia). A 50 m crater. No reported meteorite
fragments, but nickel-rich spherules have been
recovered. Age: ~0.2 kyr.

Craters with a Bimodal Size Distribution (Distinct Main Crater
with Much Smaller Satellite Craters)

* Odessa (Texas, USA). Main crater 170 m in diameter,
and 3-4 smaller craters, the largest with a diameter of
25m (Fig. 1). lron meteorites are common below the
crater infill, at therim, and in the surroundings. Spherules
in soil samples. Previous age of <50 kyr has been revised
t0 63.5 + 4.5 kyr (Holliday et al. 2005).

» Kaali (Estonia). One main crater (110 m) and eight
smaller craters located to the south of the main crater
(39m, 36 m, 33m, 26 m, 25 m, 20 m, 13 m, and one
small indistinct) (Fig. 1). Iron meteorite. Only a total of
2.5 kg meteoritic fragments have been collected, the
largest the size of a fingertip and only weighing about
30 g (Veski et al. 2001). Microscopic meteorite material
and glassy spherules occur in sediments at the field
(Koval 1980; Smith and Hodge 1993) and iridium
anomalies have been reported from nearby swamps and
have been used in an attempt to date the event (800-
400 B.C.) (Veski et al. 2001), although other ages have
been suggested as well (Raukas 2000).

» Morasko (Poland). A main crater 100 m wide surrounded
on al sides by smaller craters (63 m, 50 m, 35 m, 35 m,
25 m, 24 m, and 15 m). Iron meteorites have been found
during trenching. Microscopic meteorite particles found
mainly near the main crater. Age: ~10 kyr.

» Wabar (Saudi Arabia). Shoemaker and Wynn (1997)
describe three craters, 100, 64, and 11 m in width. Silica-
rich target (desert sands). Iron meteorite fragments and
impact glass with meteoritic component occur at the site
(Prescott et al. 2004). Age: 6 kyr (Hodge 1994), ~0.3 kyr
(Prescott et a. 2004).

* Macha (Russia). A doublet structure consisting of a
300 m-wide crater intersected by a crater 180 m wide
(Gurov and Gurova 1998). Three craters 60-90 m wide
arelocated on one side of the doublet. Planar fracturesin
guartz and microscopic metallic particles that are high in
iron and iridium, but low in nickel and cobalt confirm the
impact origin. No macroscopic meteorites have yet been
reported. Chunks of red burnt clay occur within the
craters. Age: ~7 kyr.

Crater Fields with a Wider Distribution of Crater Sizes
* Henbury (Australia). The mean diameters (elliptical) of
the mapped craters are (Milton 1968): 180 x 140 m (the
“main crater” comprises two smaller craters, 160 m and
130 m respectively), plus at least a dozen smaller
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structures with diameters from 7 to 100 m (Fig. 1). Iron

meteorite fragments and impact glass occur in the area.

Age: <5 kyr.

e Campo del Cielo (Argentina). Field of craters from
extremely oblique impact (9°) (Cassidy and Renard
1996). Nine craters (mostly elliptic) with diameters from
115 to 20 m were found. Large pieces (tons) of iron
meteorites found mainly within the boundaries of the
craters, often at the end of many meters long, sometimes
curved, penetration shafts (highly oblique funnel shapes).
Reddish baked earth occurs within the craters in close
proximity with the meteorites (Wright et al. 2006). Age:
<4 kyr.

¢ Ilumetsa (Estonia). The diameters of the mapped craters
are 80, 50, and 24 m. No reported meteorite fragments. A
layer of possible impact spherules in a nearby bog has
been used as a proof of the impact origin and in an
attempt to date the event (~6 kyr) (Raukas et a. 2001).

« Sikhote Alin (Russia). Formed by iron meteorite fall in
1947 and has 122 craters larger than 0.5 m, the largest
being 27 m in diameter. The meteorites forming the
largest craters suffered explosive disruption at impact
and are left as fragments in the crater infill. The smaller
craters often have afunnel shapewith intact projectiles at
the end of the funnel (up to 8 min length).

The main crater often occurs at the end of thefield dueto
aerodynamic size sorting (see Melosh 1989 and references
therein) and is most often formed by a cluster of projectiles
(Bland and Artemieva 20033, 2006). Numerical simulations
of crater fields (Bland and Artemieva 2003a, 2003b, 2006)
show a complete spectrum of fragment sizes that increase
gradually towards the main crater(s), however, with clusters
forming individua larger craters explaining the nonlinear size
distribution in some crater fields. The distribution of the
craters at crater fields such as Henbury, Kaali, and Odessa,
with some distance between the main crater and the satellite
craters (Fig. 1), isof moreinterest in the comparisons with the
Sirente crater field. Maybe it is a consequence of strength
variationsin the meteoroid affecting the atmospheric breakup.
The outline of the Sirente crater field is thus more similar to
some crater fields with a large single crater surrounded by
much smaller satellite craters (Fig. 1) than crater fields with
large number of small craters (e.g., Sikhote Alin).

CONCLUSIONS

Detailed mapping shows a field of craters with
dimensions and outline consistent with known crater fields
with a large main crater. No unambiguous evidence of the
presence of meteoritic material was found, either
macroscopically or in the form of geochemical anomaliesin
the analyzed samples. Machine excavation of one of the
putative satellite craters (C8) shows afunnel-shaped structure
approximately 8 m wide, narrowing strongly and apparently
disappearing downward, and with indications for surface soil
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injection to adepth of at least 9 m. Outside the apparent rim of
C8 there are evidence of possible gjecta. Charcoal and small,
irregular fragments of heated clay from the crater infill have
calibrated ages of B.P. 1712 (*3C-corrected radiocarbon age:
B.P. 1800 + 100) for the charcoal, and B.p. 1825 (calculated
error + 274) for the clay. The new ages and the previously
published age of the main crater (B.p. 1538) indicate a
formation of the crater field at the beginning of the first
millennium A.D. Small fragments of hesated clay are also
common in the rim material of the main crater, but have not
been found elsewhere in the sediments of the plain. The age
correlations, morphology of the main crater, structure of C8
and C9, heated material, and outline of the crater field are
consistent with, but do not unambiguously confirm, the
impact hypothesis. Regardless of the ultimate outcome of the
discussion, the Sirente crater field is an important point of
reference in comparison with small, meteorite-generated
crater fields on Earth.
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