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Introduction: The Chicxulub hypervelocity impact
event on Earth ~66 Myr ago represents an ideal casestudy to better understand impact cratering processes on
Earth and in the Solar System [e.g., 1, 2]. These aspects
include for instance constraining the temperature and
shock conditions upon impact [3], quantifying the
effects of shock-vaporization of target rock stratigraphy
on biotic and climatic consequences [3], and
reconstructing impact ejecta production and distribution
[4]. The ~200-km-wide Chicxulub impact structure on
the Yucatán Peninsula (Mexico) is unique since it is the
only terrestrial impact structure with ejecta preserved
worldwide, which allows for a direct comparison
between material from the source area and its global
deposits [5]. High-resolution geochemical and
petrographic analysis across these globally distributed
Cretaceous-Paleogene (K-Pg) boundary event deposits
is crucial to unravel the sequence of geological and
biological events that occurred prior and in the direct
aftermath (minutes to years) of the Chicxulub impact.
The terrestrial K-Pg boundary sites in the US
Western Interior document the nature and timing of
Chicxulub impact ejecta processes [4]. In contrast to the
thick but high-energy, marine K-Pg deposits around the
Gulf of Mexico, the paludal Western Interior K-Pg
localities have preserved a non-disturbed sedimentary
and ejecta chronology as the impact ejecta did not travel
a long distance through a water column [6]. In addition,
the intermediate distance to the Chicxulub impact
structure (2000-3000 km) accounts for a boundary
sequence of 1-3 cm thick, thereby providing a much
higher temporal resolution record compared to the often
condensed and thin (< 1 cm) distal K-Pg boundaries [4].
Here, we present the results of high-resolution micro-Xray fluorescence (µXRF) analysis on a K-Pg boundary
microstratigraphy from Colorado (USA) to elucidate the
ejecta deposition linked to the Chicxulub impact event.
Material & methods: We selected a sample that
was collected in 2005 from the K-Pg boundary site of
Starkville-South from the Raton Basin in southern
Colorado (USA) [7, 8], which is characterized by highly
elevated iridium concentrations between 16-56 ppb [7,
9]. This sample was stabilized with plaster of Paris and
epoxy, and was subsequently cut and polished,
preserving a continuous microstratigraphy of claystone
and lignite [8]. The resin slab (3 x 4 cm; Fig. 1) was

measured with non-destructive element mapping and
spot analyses using an M4 Tornado benchtop µXRF
scanner (Bruker nano GmbH, Berlin, Germany)
equipped with a Rh tube as X-ray source and two
XFlash 430 Silicon Drift detectors [9]. The µXRF
mapping was carried out under near-vacuum conditions
(20 mbar), using both detectors at maximized X-ray
power (50 kV, 600 µA) and with a pixel size resolution
of 10 μm and integration time of 100 ms per pixel.
In addition, 20 nanomilled powders of certified
geological reference materials (ranging from felsic and
mafic igneous rocks to carbonates) were analyzed by
µXRF spot analyses (average RSD < 15%) to produce a
multi-standard, matrix-matched calibration. The
quantification was done by combining the fundamental
parameters algorithm integrated in the M4 µXRF
software with these reference samples, resulting in the
quantification of 25 major and trace elements (R2 values
> 0.99 for Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, and Pb),
Subareas within the µXRF maps were extracted using
the linescan function in the M4 software to produce
chemical profiles of the K-Pg boundary interval (Fig. 2).

Fig. 1. The Starkville-South K-Pg boundary resin slab with an
µXRF multi-element map showing the distributions of Si, Zr,
Cr, and Ni, which were used to identify five distinct layers
(L1-L5). The red rectangle indicates the stratigraphic position
of the averaged linescan data displayed in Fig. 2.

Results: The µXRF mapping of the Starkville-S
slab detected 27 elements. Based on the distribution of
Si, Zr, Cr and Ni, we subdivided the K-Pg boundary
interval into five distinct layers (Fig. 1, 2). The
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lowermost stratum (L1: >1 cm thick) represents a
relatively homogeneous claystone rich in Si and Al (Fig.
1). The overlying clay layer (L2: ~4 mm thick) is
comparable in bulk geochemistry but has clear hotspots
enriched in both Si and Zr (Fig. 2) The third layer (L3:
~3 mm thick) is a transition from claystone to lignite and
is characterized by low Si values and a bulge of high Zrconcentrations (up to 1 wt%) and elevated values for Cr
and Ni (Fig. 2). The fourth layer (L4: ~5 mm thick) is a
lignite with decreasing values for Zr, but it still yields
elevated Cr content and the highest values for Ni (Fig.
2). The upper layer (L5: >1 cm thick) is a homogeneous
lignite low in Si, Zr, Cr and Ni content (Fig. 1).
Discussion: The Starkville K-Pg impact ejecta
sequence started with the deposition of glassy impact
spherules (microtektites) derived from a turbulent
Chicxulub ejecta curtain that arrived at this location
approximately 15 minutes after impact [11]. These
spherules subsequently altered and now form the thick
kaolinitic boundary claystone (L1) [6].
L2 is characterized by the presence of (shocked)
quartz and zircons, which were likely ballistically
expelled under a higher angle (>65°) and therefore
deposited in a slightly later stage on top of the layer with
the impact spherules [12]. This layer is known as the
‘fireball layer’, and U/Pb ages of highly shocked zircons
from this layer in the Raton Basin have revealed a link
to the ~66 Myr old Chicxulub impact structure [13].
L3 is dominated by the highest Zr concentrations,
which we interpret as being related to a pulverized
fraction of the felsic crystalline basement incorporated
within the impact plume. Geochemical analyses of
granitoids from the recent IODP-ICDP Expedition 364
drilling within the Chicxulub peak ring have shown
average Zr values of ~100 ppm [14]. The enriched Zr
values in L3 are most probably related to the refractory
behavior of Zr within the impact plume [15].
L4 displays a bulge of high Ni values (up to 1000
ppm), which hint towards a dominance for fine dust
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enriched in iridium and other PGEs [9]. Peaks of Ni and
Cr (both up to 2 wt% in hotspots) suggest the presence
of microkrystites with Ni-Cr-rich and Mg-poor spinels
[4, 16]. This would imply that the deposition of L4 is
steered by condensation processes and atmospheric
settling of ultrafine impactor dust within a paludal
environment. Previous work has estimated that this
process could take up to ~20 years after impact [17].
Conclusions: High-resolution µXRF mapping of
the K-Pg boundary sequence at Starkville has revealed
a more complex microstratigraphy than the ‘dual-layer’
succession described in literature [4, 6, 7, 12]. Detailed
petrographic analysis is aimed to confirm and extend
our observations and will provide new input parameters
for ejecta models. This will shed more light on the
timing and mechanisms of impact ejecta processes for
Chicxulub and other impact events in the Solar System.
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Fig. 2. Zoom-in of the Starkville-South K-Pg boundary slab showing semi-quantitative µXRF heatmaps of Si, Zr, Cr, and Ni. The
arrows indicate mineral phases linked to different types of impact ejecta. The profiles on the right are extracted from the µXRF
maps and show absolute concentrations of Si, Zr, Cr and Ni, averaged per stratigraphic height and quantified using a new calibration.

