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Abstract–The chemical composition of suevites, displaced Cretaceous target rocks, and impact-
generated dikes within these rocks from the Yaxcopoil-1 (Yax-1) drill core, Chicxulub impact crater,
Mexico, is reported and compared with the data from the Yucatán 6 (Y6) samples. Within the six
suevite subunits of Yax-1, four units with different chemical compositions can be distinguished: a)
upper/lower sorted and upper suevite (depth of 795–846 m); b) middle suevite (depth of 846–861 m);
c) brecciated impact melt rock (depth of 861–885 m); and d) lower suevite (depth of 885–895 m). The
suevite sequence (a), (b), and (d) display an increase of the CaO content and a decrease of the silicate
basement component from top to bottom. In contrast, the suevite of Y6 shows an inverse trend. The
different distances of the Yax-1 and Y6 drilling sites from the crater center (~60, and ~47 km,
respectively) lead to different suevite sequences. Within the Cretaceous rocks of Yax-1, a suevitic
dike (depth of ~916 m) does not display chemical differences when compared with the suevite, while
an impact melt rock dike (depth of ~1348 m) is significantly enriched in immobile elements. A clastic
breccia dike (depth of ~1316 m) is dominated by material derived locally from the host rock, while the
silicate-rich component is similar to that found in the suevite. Significant enrichments of the K2O
content were observed in the Yax-1 suevite and the impact-generated dikes. All impactites of Yax-1
and Y6 are mixtures of a crystalline basement and a carbonate component from the sedimentary
cover. An anhydrite component in the impactites is missing (Yax-1) or negligible (Y6). 

INTRODUCTION

With the diameter of ~170–180 km, the Chicxulub
impact crater on the Yucatán Peninsula, Mexico, is the third
largest impact structure known on Earth and is linked to the
65 Ma-old Cretaceous/Tertiary boundary that is well-known
to mark a worldwide mass extinction (Alvarez et al. 1980;
Smith and Hertogen 1980; Hildebrand et al. 1991, 1998,
1999; Sharpton et al. 1992, 1993, 1996; Swisher et al. 1992;
Koeberl et al. 1994; Pilkington et al. 1994; Schuraytz et al.
1994; Morgan et al. 1997, 2000, 2002; Dressler et al. 2003;
Stöffler et al. 2004). The key to the understanding of this mass
extinction lies in the Cretaceous target rock sequence of the
Yucatán Peninsula and in the composition of proximal and
distal ejecta deposits from the Chicxulub crater (Smit 1999;
Dressler et al. 2003). 

The Chicxulub crater was first drilled in the 1950s and
1960s by the Mexican oil company PEMEX (data
summarized in Lopez-Ramos 1975; Ward et al. 1995;
Sharpton et al. 1996). Three drill cores (Chicxulub 1 = C1,

Sacapuc 1 = S1, and Yucatán 6 = Y6; see Fig. 1) penetrate
impactites (impact melt rocks and suevite; e.g., Hildebrand et
al. 1991; Sharpton et al. 1992, 1993, 1996; Swisher et al.
1992; Koeberl et al. 1994; Schuraytz et al. 1994; Claeys et al.
2003), but the amount of coring was quite limited.
Nevertheless, the preserved core samples made it possible to
confirm the impact origin and the age of the Chicxulub crater
(e.g., Hildebrand et al. 1991; Sharpton et al. 1992; Swisher et
al. 1992). In the 1990s, a shallow core drilling program
initiated by Universidad Nacional Autónoma de México
(UNAM) was started in the outer part and the ejecta blanket of
the Chicxulub crater (Urrutia-Fucugauchi et al. 1994;
Rebolledo-Vieyra et al. 2000). For the UNAM drill cores
(UNAM 1–UNAM 7 = U1–U7; see Fig. 1 for U5 and U7)
stratigraphic, petrographic, chemical, and geophysical data
are available (Urrutia-Fucugauchi et al. 1994; Corrigan et al.
1998; Rebolledo-Vieyra et al. 2000). 

To better understand the complete impactite sequence
and the basement of the Chicxulub crater, the Yaxcopoil-1
(Yax-1) (see Fig. 1) core was drilled as part of the Chicxulub
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Scientific Drilling Program (CSDP) that was supported by the
International Scientific Drilling Program (ICDP) (Dressler et
al. 2003). The Yax-1 drilling site is located ~60 km south of
the center of the impact structure, in the annular trough
outside the peak ring (Fig. 1). The Yax-1 drill core exposes
795 m of Tertiary sediments and only 100 m of a suevite unit
resting on 616 m of obviously displaced Cretaceous
sediments that are cut by several impact-generated dikes
(Dressler et al. 2003; Stinnesbeck et al. 2003; Wittmann et al.
2003a, b, 2004; Kenkmann et al. 2004; Stöffler et al. 2004).
The suevite unite was subdivided by Dressler into six subunits
based on a macroscopic inspection of the drill core (Dressler
et al. 2003). These suevite subunits were later renamed by
Stöffler et al. (2004) and the depth intervals were slightly
modified based on an inspection of the drill core (see Table 1). 

In this article, we focus on the chemistry of the Yax-1
drill core samples from the suevite unit and the underlying
Cretaceous sediments, including their impact-generated
dikes. The geologic setting of Yax-1 is similar to that of drill
hole Y6, which is located ~20 km of Yax-1 toward the center

of the structure, just slightly outside the peak ring (Fig. 1).
Results of chemical analyses performed on some impactite
core samples of Y6, where 1100 m of post-impact sediments,
130 m of suevites, 360 m of impact melt rocks, and 40 m of
dolomite breccia were encountered (e.g., Ward et al. 1995;
Sharpton et al. 1996; Claeys et al. 2003), will be discussed for
comparison.

ANALYTICAL TECHNIQUES

Drill core samples (weighing 10–40 g) from the suevite
(24 samples: suevite unit, whole rock sample = sue-wr) and
the megablock units (14 samples: megablock unite, whole
rock sample = mb-wr) of Yax-1 were selected for chemical
analysis. The suevite samples used for analysis were carefully
selected to avoid carbonate or crystalline rock clasts with
diameters larger than about 0.75 cm. Additionally, some larger
carbonate clasts and agglomerates (five samples: suevite unit,
carbonate clast sample = sue-cl, and suevite unit, carbonate
agglomerate sample = sue-ca, respectively) from the lower
suevite and samples of suevitic, impact melt rock, and clastic
breccia dikes from the megablock unit (five samples:
megablock unit, suevitic dike sample = mb-sd, megablock
unit, impact melt rock dike sample = mb-id, and megablock
unit, clastic breccia dike sample = mb-cd, respectively) with a
minimum weight of 10 g were analyzed. If necessary, lithic
clasts with the diameter >0.75 cm were separated from
samples of the suevite and impact melt rock dike lithologies
and discarded. Samples were ground using a planetary ball
mill with agate grinding jars.

Chemical analyses were carried out by X-ray
fluorescence spectroscopy (XRF) with a SIEMENS SRS 3000
on glass tablets. For the tablets, 0.600 g of pulverized sample
material dried for 4 hr at 105 °C, 3.600 g of Di-
lithiumtetraborate (BRA A10 Specflux), and, depending on
the oxidation grade of the sample, approximately 0.5–2.0 g
NH4NO3 for the oxidation of the sample material, were used.
Glass tablets were produced using Pt/Au-crucibles (950/50)
on a OXIFLUX burner chain (CRB ANALYSE SERVICE).
For measurement and data analysis, a modified GEOQUANT
program (SIEMENS) based on international rock standards
(CR-2CAS1, HG-BAH, MRG-1, NIM-D, NIM-G, NIM-L,
NIM-N, NIM-P, NIM-S, SY-3, UN-SPS, VS-813, VS-2116,
VS-2117, VS-2119, VS-2120, VS-2121, VS-2122, VS-2123,
VS-2125, VS-2889, VS-5370, VS-7126, VS-7176, VS-MO7,
VS-MO13, VS-MO15, X-39, X-41, X-44, X-45, X-48, X-50,
Z-AN, Z-BM, Z-FK, Z-GM, Z-GNA, Z-KH, Z-SW, Z-TB,
and Z-TS) and internal standards (SIEM-01–SIEM-10) was
used. The detection limits are 1.0 wt% for SiO2, 0.5 wt% for
Al2O3, 0.1 wt% for SO3, 0.05 wt% for Fe2O3, 0.01 wt% for
TiO2, MnO, MgO, CaO, Na2O, K2O, and P2O5, 30 ppm for Ba,
and 15 ppm for Co, Cr, Ni, Rb, Sr, V, and Zr. The standard
errors are 0.5 wt% for SiO2, 0.1 wt% for Al2O3, and SO3, 0.05
wt% for Fe2O3, MgO, CaO, Na2O, and K2O, 0.01 wt% for

Fig. 1. Map of the northern Yucatán Peninsula, Mexico, with the
location of the ICDP Yaxcopoil-1 (Yax-1) drilling site and other
selected drilling sites performed by PEMEX (C1, S1, Y6) and
UNAM (U5, U7). Indicated by solid circles are the crater center and
the peak ring based on geophysical investigations (Morgan et al.
1997, 2000, 2002); a dashed circle marks the crater rim. The diameter
of the crater rim was assumed based on geophysical investigations
(~180 km; e.g., Morgan et al. 1997, 2000, 2002) and numerical
modeling (~170 km; Stöffler et al. 2004). Map modified after Morgan
et al. (1997, 2000, 2002). 
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TiO2, MnO, and P2O5, 30 ppm for Ba, and 5 ppm for Co, Cr,
Ni, Rb, Sr, V, and Zr.

For loss on ignition (LOI), about 1 g of pulverized
sample material dried for 4 hr at 105 °C was used. The sample
material was heated in Haldenwanger porcelain crucibles in a
furnace for 4 hr at 1000 °C. LOI was calculated using the
weight difference before and after heating.

Comparative samples from the Y6 drill core were
prepared and analyzed with the same method (Claeys et al.
2003; Schmitt et al., unpublished data).

SAMPLE DESCRIPTION

Suevite Unit

The ~100 m-thick suevite unit of Yax-1 is subdivided on
the basis of petrographic observations (modal composition,
grain size of the components, and matrix characteristics; see
Table 1) into six subunits described in detail by Stöffler et al.
(2004). Where possible, four to six typical samples from each
suevite subunit were chosen for chemical analysis. The same
samples were used for petrographic studies (see
accompanying articles by Stöffler et al. 2004; Hecht et al.
2004). The stratigraphic location of the suevite samples is
shown in Fig. 2.

The top section of the suevite is formed by the upper
(depth of 794.63–807.75 m) and lower (depth of 807.75–
823.25 m) sorted suevites. Both subunits are greenish-colored,
melt-rich suevites with minor clastic matrix consisting of
calcite and melt particles. Based on a macroscopic inspection
of the drill core, the upper sorted suevite shows lamination in
the uppermost part, is fine-grained, and well-sorted, while the
lower sorted suevite is less sorted and slightly coarser grained.
Due to restricted sample access, only one sample (Yax-
1_800.25 m) from the upper sorted suevite could be
investigated, while from the lower sorted suevite, the four
samples Yax-1_808.87 m (Fig. 3a), 815.39 m, 818.51 m, and
819.65 m were available for analysis.

The brownish-beige-colored upper suevite (depth of
823.25–846.09 m) has a serial grain size distribution, is rich in
melt fragments, and poor in carbonate fragments. The
abundant clastic matrix is largely recrystallized due to
secondary calcite and devitrification of matrix melt particles.
Within this unit, samples Yax-1_824.01 m (Fig. 3b),
832.12 m, 838.29 m, 842.06 m, and 842.51 m were used for
chemical analysis.

The coarse-grained middle suevite (depth of 846.09–
861.06 m), which also displays a serial grain size distribution,
consists of melt and carbonate fragments within a largely
recrystallized matrix dominated by calcite. Chemical analyses
were done on samples Yax-1_848.38 m, 852.05 m, 852.80 m
(Fig. 3c), and 855.32 m. Yax-1_848.38 m shows, in contrast
to the other samples, greenish-colored melt fragments within
a light gray matrix. Cavities with calcite and Sr-rich barite
were observed in sample Yax-1_852.80 m (Hecht et al. 2004).

The brecciated impact melt rock (depth of 861.06–
884.96 m) is represented by two sample types, which have a
somewhat different texture. The samples Yax-1_861.87 m,
865.01 m (Fig. 3d), and 868.08 m have a brownish-colored
matrix, in which melt particles are embedded. In contrast,
sample Yax-1_879.58 m (Fig. 3e) is a green-colored, coarse-
grained, monomictly brecciated melt rock within a fine-
grained, polymict, carbonate-rich matrix.

The lower suevite (depth of 884.96–894.94 m) is very
coarse-grained, polymict, and consists mainly of large silicate
melt bodies, carbonate clasts, carbonate agglomerates, which
may represent carbonate melt (Dressler et al. 2003; Stöffler et
al. 2004), and minor, completely recrystallized matrix. For
whole rock chemical analyses, the samples Yax-1_886.14 m,
893.81 m, and 894.26 m (Fig. 3f) with a black-, Yax-
1_891.79 m, and 894.92 m (sample part sue-wr) with a
greenish-, and Yax-1_894.83 m with a brownish-colored
groundmass were selected. These samples only consist of
silicate melt bodies, some small carbonate clasts, and matrix.
Large carbonate clasts and agglomerates from the lower
suevite were analyzed separately (see the next section).

Table 1. Stratigraphy and interpretation of the suevite unit of the ICDP drill core Yaxcopoil-1, Chicxulub impact structure, 
Yucatán, Mexico. Modified after Dressler et al. (2003) and Stöffler et al. (2004).
Unit Depth (m) Log name Name Lithology, texture Genetic interpretation

1 794.63–807.75 Redeposited suevite Upper sorted suevite Suevite, sorted, melt-rich, fine grained; 
clastic matrix

Airfall deposit with 
aquatic sedimentation

2 807.75–823.25 Suevite Lower sorted suevite Suevite, sorted, melt-rich, coarse grained; 
clastic matrix

Airfall deposit

3 823.25–846.09 Chocolate-brown 
“melt” breccia

Upper suevite Suevite, melt rich, carbonate-poor, very 
coarse grained; recrystallized matrix

Fallback suevite

4 846.09–861.06 Suevitic breccia, 
variegated, glass rich

Middle suevite Suevite, melt rich, carbonate-rich, very 
coarse grained; recrystallized matrix

Fallback suevite

5 861.06–884.96 Green monomict-
autogene melt 
breccia

Brecciated impact 
melt rock

Suevitic melt agglomerate with 
monomictly brecciated melt bodies, coarse 
grained; crystallized (remelted) matrix

Relocated coherent 
melt rock mixed with 
suevite components 

6 884.96–894.94 Variegated polymict, 
allogenic-clast melt 
breccia

Lower suevite Suevite with silicate and carbonate melt, 
melt-rich, very coarse grained; 
recrystallized matrix

Ground-surged suevite
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Carbonate Clasts and Agglomerates from the Lower
Suevite

Large carbonate clasts and agglomerates, the diameter of
which, in many cases, exceeds that of the drill core occur
frequently in the lower suevite (Dressler et al. 2003; Stöffler
et al. 2004). Some of these agglomerates are composed of a
mixture of different carbonates, display macroscopically
schlieren-like textures, and were therefore interpreted as at
least partial molten bodies (Dressler et al. 2003; Stöffler et al.
2004). 

Clasts of similar shape originate from the samples Yax-
1_885.15 m and 885.77 m, which display a porous, cream-
colored carbonate (sue-cl1). Sample Yax-1_884.92 m

(Fig. 4a) is a carbonate agglomerate from the top of the lower
suevite that consists of two carbonate parts with a fuzzy
transition (Schmitt et al. 2003). One part of this agglomerate
is composed of a porous, cream-colored carbonate that is
similar to the carbonate clasts described before and was,
therefore, also named sue-cl1. The other part consists of a
grey-colored, non-porous carbonate in direct contact with
crystallized silicate melt particles, recrystallized quartz
grains, and the matrix of the suevite. Within this carbonate,
some small fragments of crystallized silicate melt particles
were observed (Figs. 4a, b), indicating that this carbonate may
represent carbonate melt. This part of the carbonate
agglomerate was named sue-cl2. Sample Yax-1_894.92 m
(Fig. 4c) from the base of the lower suevite consists of a

Fig. 2. Schematic lithological profile of the Yax-1 suevite unit. The location of all analyzed whole rock samples from this unit is indicated.
The depths of subunit boundaries are given after Stöffler et al. (2004). For a petrographic description of the suevite subunits see Table 1. 
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suevite part (sample sue-wr) at the base with a greenish-
colored groundmass in contact with a two cm-sized carbonate
agglomerate, which was completely analyzed (sample sue-
ca). This carbonate agglomerate is composed of a fine-
grained, porous carbonate matrix (similar to sue-c1), up to
5 mm large, angularly shaped, coarse-grained carbonate
fragments, and rare impact melt rock fragments. This
carbonate agglomerate might be interpreted as a dike, but the
sample is too small for a reliable identification. 

Megablock Unit

The 616 m-thick megablock unit of Yax-1 underlying the
suevite unit contains a sequence of limestones, dolomites, and
anhydrites (Dressler et al. 2003). The inital drill core
examination (Dressler, personal communication) shows 12
major rock units: 1) depth of 894–916 m, limestone; 2) depth

of 916–1036 m, calcarenite; 3) depth of 1036–1037 m,
paraconglomerate; 4) depth of 1037–1190 m, calcarenite and
anhydrite; 5) depth of 1190–1299 m, dolomite breccia; 6)
depth of 1299–1316 m, dolomite and anhydrite; 7) depth of
1316–1393 m, dolomite breccia; 8) depth of 1393–1428 m,
calcarenite and carbonaceous siltstone; 9) depth of 1428–1430
m, paraconglomerate; 10) depth of 1430–1452 m, dolomite
and anhydrite; 11) depth of 1452–1496 m, calcarenite; and 12)
depth of 1496–1511 m, dolomite breccia. Stinnesbeck et al.
(2003) recognized seven major lithostratigraphic subunits in
the megablock, which correspond partially to the rock units
described by Dressler: a) depth of 894–1040 m, tan limestone,
dolostone, peloid packstone, and wackestone; b) depth of
1040–1124 m, grey anhydrite, dolomite, and dolomitic
limestone; c) depth of 1124–1155 m, chalky limestone; d)
depth of 1155–1315 m, interlayered anhydrite, dolostone, and
dolomitic limestone; e) depth of 1315–1455 m, dolomite and

Fig. 3. Macrophotos of analyzed samples from the Yax-1 suevite unit: a) lower sorted suevite, sample Yax-1_808.87 m; b) upper suevite,
sample Yax-1_824.01 m; c) middle suevite, sample Yax-1_852.80 m; d–e) brecciated impact melt rock, samples Yax-1_865.01 m, and Yax-
1_879.58 m, respectively; f) lower suevite, sample Yax-1_894.26 m. 



984 R. T. Schmitt et al.

minor anhydrite with breccia intervals; f) depth of 1455–1495
m, bituminous marly limestone; and g) depth of 1495–1510 m,
limeclast breccia with interlayers of dolostone and anhydrite.
Samples for chemical analysis were available from the
megablock subunits a (four samples), b (one sample), and e
(nine samples).

Sample Yax-1_907.51 m is a grey-colored, brecciated
limestone, which displays some small fractures filled with
white calcite. Yax-1_916.65 m (sample mb-wr) is the host
rock of a suevitic dike at his lower contact (see suevitic
dikes). This sample consists of a yellow, fine-grained
limestone with some irregularly distributed pyrite aggregates.
Yax-1_1009.93 m (Fig. 5a) is a limestone with a flaser texture
containing some pyrite vein fillings and aggregates. Sample
Yax-1_1036.52 m (Fig. 5b) shows a dolomitic groundmass
and mm- to cm-sized, mainly angular to subrounded, clasts of
dolomite, calcite, and minor anhydrite. Within the
groundmass, some aggregates of chalcedony, shocked quartz
grains, and relicts of fossils could be observed (Kenkmann et
al. 2004). The drill core unit of this sample was initially
described by Dressler (personal communication) as a
paraconglomerate, but it should be called diamictite based on
the microscopic observations (Kenkmann et al. 2004). Yax-

1_1050.88 m (Fig. 5c) shows interbedding of up to one cm-
thick anhydrite and dolomite layers. Yax-1_1315.68 m
(sample mb-wr) is the host rock of a clastic breccia dike at
this lower contact (Fig. 6). This sample consists of chaotic
interlayered dolomite and grey anhydrite. Samples Yax-
1_1324.29 m, 1341.59 m, 1348.36 m (Fig. 5d), 1368.63 m,
1373.84 m, and 1379.20 m are dolomite breccias, which show
open fractures as well as fractures filled with white calcite.
Yax-1_1399.06 m (Fig. 5e) consists of a yellow-brownish,
fine-grained limestone part (sample a) and a black, fine-
grained, organic matter-bearing, dolomitic part with clasts
(diameter <1 mm) of calcite, and anhydrite (sample b). The
contact between both parts of this sample is sharp and
vertical, but irregular. As indicated by the drill core scans and
the petrographic observations, the latter sample (b) may
represent a clastic dike, but this needs further investigation.

Suevitic, Impact Melt Rock, and Clastic Breccia Dikes

The megablock unit is cut by several impact-generated
dikes with suevitic, impact melt, and clastic breccia
lithologies (Dressler, personal communication; Dressler et al.
2003; Wittmann et al. 2003a, b, 2004).

Fig. 4. Carbonate agglomerate from the top of the lower suevite, sample Yax-1_884.92 m (a–b): a) macrophoto of the carbonate agglomerate.
The lower part of this agglomerate is composed of a porous, cream-colored carbonate (sue-cl1). The upper part consists of a grey-colored, non-
porous carbonate (sue-cl2) that is in direct contact with crystallized silicate melt particles, recrystallized quartz grains, and the matrix of the
suevite at the top of the sample. Within this part, rounded crystallized silicate melt particles were observed; b) microphoto of the grey-colored,
non-porous carbonate of (a) showing intensely corroded crystallized silicate melt particles (m) within the carbonate (ca). The carbonate and
the melt particles are cut by a vein of white, secondary calcite (sc). Thin section, crossed polars; c ) macrophoto of the carbonate agglomerate
from the base of the lower suevite, sample Yax-1_894.92 m. This sample consists of a suevite part (sue-wr) with a greenish-colored
groundmass in steeply dipping contact with a cm-sized, dike-like carbonate agglomerate (sue-ca). This part is composed of a fine-grained,
porous carbonate matrix, up to 5 mm large, angularly shaped, coarse-grained carbonate fragments, and rare impact melt rock fragments.
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Several suevitic dikes were observed in the depth interval
of 909–917 m. An approximately 8 cm-thick suevitic dike
occurs at the depth of ~909 m and an ~80 cm-thick dike at
915.99–916.79 m (Dressler, personal communication;
Wittmann et al. 2003a, 2004). Both analyzed suevitic dike
samples come from the latter dike. Yax-1_916.34 m was taken
from the center of this dike. Yax-1_916.65 m is from the
lower contact of this dike. For the latter sample, dike material
(sample mb-sd) and host rock (sample mb-wr) were chosen
for analysis. To exclude contamination, both samples were
taken as far away from the dike host rock contact as possible.
Both suevitic dike samples show a similar petrographic
appearance. They are composed of a variegated mixture of
sedimentary and crystalline basement clasts, and melt
fragments within a greenish-colored groundmass.

An ~33 cm-thick impact melt rock dike was observed at

the depth of 1348 m (Dressler, personal communication;
Wittmann et al. 2003a, 2004). Sample Yax-1_1347.96 m is
from the center of this dike. This sample consists of a
groundmass of small euhedral dolomite grains with interstitial
green-colored, heavily altered melt that was completely
transformed to clay minerals. Within the matrix, some
micritic carbonate clasts were observed. Iron sulfides (mostly
pyrite) occur ubiquitously in the suevitic dikes, their host
rocks, and the impact melt rock dike (Hecht et al. 2004;
Wittmann et al. 2004).

Clastic breccia dikes within the megablock unit show
variable abundances in clasts and thicknesses (Wittmann et al.
2003b, 2004). Most of these dikes are too thin for XRF
analyses. We analyzed one steeply dipping ~5 cm-thick
polymict clastic breccia dike that can be traced throughout the
drill core for more than 50 cm at 1315–1316 m (sample Yax-

Fig. 5. Macrophotos of analyzed samples from the Yax-1 megablock unit: a) limestone with flaser texture and black, vein-filling aggregates
of pyrite, sample Yax-1_1009.93 m; b) diamictite with a dolomitic groundmass and mm- to cm-sized, mainly angular to subrounded clasts of
dolomite, calcite, and minor anhydrite, sample Yax-1_1036.52 m; c) interlayering of dolomite (do) and anhydrite (an), sample Yax-1_1050.88
m; d) dolomite breccia, sample Yax-1_1348.36 m; e) yellow-brownish, fine-grained limestone (part a) in contact with a black, fine-grained,
organic matter- and calcite-bearing dolomite (part b), possibly a clastic breccia dike, sample Yax-1_1399.06 m. 
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1_1315.68 m, Fig. 6). The dike material was separated into a
fine-grained part form the center of the dike (Yax-
1_1315.68 m, sample mb-cd, part a) and the part near the
contact to the anhydrite-dolomite host rock. This sample
(Yax-1_1315.68 m, sample mb-cd, part b) contains organic
matter and up to 1 cm-sized anhydrite, dolomite, and silicate
clasts (Wittmann et al. 2003b, 2004).

RESULTS

Suevite Unit

The results of major and trace element analyses of the
suevite samples are reported in Table 2 (samples sue-wr).
Average compositions calculated for the six suevite subunits

of Yax-1 are shown together with the average compositions of
the Y6 suevite subunits (calculated from data of Claeys et al.
2003) and the underlying impact melt rock (calculated from
unpublished data of Schmitt et al.) in Table 3.

Variations of the SiO2, CaO, and K2O contents are plotted
in Fig. 7 as a function of depth. The SiO2 and CaO contents are
anti-correlated for all suevite samples. The upper/lower sorted
suevite, upper suevite, and brecciated impact melt rock show a
relatively homogeneous composition with respect to SiO2 and
CaO contents (Table 3). In contrast, the SiO2 and CaO
contents are much more variable in the middle and the lower
suevite units, especially in the lower suevite (Table 3). The
K2O content is enriched in the lower part of the upper suevite,
and especially at the basis of the lower suevite (Fig. 7).

Figure 8 shows a selection of Harker diagrams for major
element correlations with SiO2. Calculations indicate a
positive correlation of the contents of SiO2 and Al2O3
(correlation coefficent R = 0.82; Fig. 8a), TiO2 (R = 0.96; Fig.
8b), Fe2O3 (R = 0.67), MgO (R = 0.63; Fig. 8c), Na2O (R =
0.72), Cr (R = 0.66), and Zr (R = 0.70), a negative correlation
of the contents of SiO2 and CaO (R = −0.97; Fig. 8d), and
MnO (R = −0.81), and no clear correlation of the contents of
SiO2 and K2O (R = 0.41; Fig. 8e), P2O5 (R = 0.20), SO3 (R =
−0.12), Ba (R = 0.10), Rb (R = 0.27), Sr (R = 0.46), and V (R
= 0.37). The Y6 suevite samples (Claeys et al. 2003) show
similar correlation relationships in comparison with Yax-1
suevite with exceptions for MnO (positive correlation, R =
0.68) and K2O (positive correlation, R = 0.63). 

Most of the Yax-1 suevite samples have a K2O content
that is much higher than that of the average continental crust
with 2.6 wt% K2O (Wedepohl 1995). In contrast, the K2O
content of the Y6 suevite and impact melt rock is lower than
that of the average continental crust (Fig. 8e).

The SO3 content of the Yax-1 suevite samples is mostly
below the detection limit for the analyzed glass tablets (<0.1
wt%) and reaches 0.1–0.2 wt% only in a few samples from the
lower suevite. Therefore, the anhydrite component in the Yax-
1 suevite lithology is missing or negligible. The high SO3, Ba,
and Sr contents of sample Yax-1_852.80 m are due to the
occurrence of Sr-rich barite (Hecht et al. 2004). In contrast to
the Yax-1 suevite, the Y6 suevite samples show somewhat
higher SO3 contents (up to 1.0 wt%) in agreement with the
observation of anhydrite clasts in the latter suevite (Claeys et
al. 2003). The highest SO3 content of all investigated Yax-1
and Y6 impactites (suevite and impact melt rock) was
observed in the Y6 impact melt rock (2.1 ± 0.9 wt%).

Carbonate Clasts and Agglomerates from the Lower
Suevite

The chemical composition of carbonate clasts and
agglomerates from the lower suevite is reported in Table 2
(samples sue-cl1, sue-cl2, and sue-ca). Carbonate clasts and
agglomerates are mixtures of calcite and dolomite (Fig. 9a).

Fig. 6. Macrophoto of the drill core sample Yax-1_1315.68 m. The
lower part of this sample consists of an interlayering of dolomite (do)
and grey anhydrite (an). This part is the lower host rock (mb-wr) of a
clastic breccia dike in the upper part of the sample. The dike shows a
fine-grained central part (mb-cd, a) with only a few small anhydrite
and dolomite clasts. A part near the rim (mb-cd, b) contains up to cm-
sized anhydrite and dolomite clasts and fractures filled with organic
matter (black). The contact between the host rock and the dike is
steeply dipping, which is not visible in this orientation. 
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The SO3 content of these samples is 0.1 wt% or below the
detection limit for the XRF glass tablets (<0.1 wt%), indicating
that an anhydrite component is negligible or missing (Fig. 9b).
The three carbonate clasts of type sue-cl1 display a distinct
MgO content compared with that of the carbonate clast sue-cl2
(Table 2, Fig. 9a). The samples Yax-1_884.92 m (sample part
sue-cl1), 885.15 m, and 885.77 m have MgO contents of 4.51,
4.20, and 3.78 wt%, respectively, which correspond to
calculated compositions of Ca0.89Mg0.11[CO3],
Ca0.90Mg0.10[CO3], and Ca0.91Mg0.09[CO3], respectively. Such
a carbonate rock composition has not yet been detected in our
limited number of megablock analyses (Table 2, samples mb-
wr; Table 4). The carbonate clast sue-cl2 from the sample Yax-
1_884.92 m is a nearly pure calcite (calculated as
~Ca0.96Mg0.04[CO3]), similar to limestones from the
megablock unit (Fig. 9a, Table 4). The carbonate agglomerate

from sample Yax-1_894.92 m (sample part sue-ca) consists of
a mixture of calcite and dolomite (Fig. 9a), which is the result
of the polymict character of this sample. In contrast to
carbonates from the megablock unit, the carbonate clasts and
agglomerates in the lower suevite display a significant
enrichment of the MnO content (Fig. 9c) and depletion of the
Fe2O3 and K2O contents.

Megablock Unit

The results of major and trace element analyses of
carbonates and sulfates from the megablock unit are given in
Table 2 (samples mb-wr). Calculated average compositions of
three limestones from the depth interval of 907–1010 m
(megablock subunit a; Stinnesbeck et al. 2003) and seven
dolomites from the depth interval of 1324–1400 m

Fig. 7. Variations of the SiO2 (a), CaO (b), and K2O (c) contents with depth for the Yax-1 suevite unit. The SiO2 and CaO contents display a
distinct anti-correlation for all samples. An enrichment of the K2O content is observed, especially in the lower part of the upper suevite and at
the basis of the lower suevite. The depths of the suevite subunit boundaries are given after Stöffler et al. (2004).
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Fig. 8. Harker diagrams for Yax-1 suevite subunits, suevitic, impact melt rock, and clastic breccia dikes compared with Y6 suevite (Claeys et
al. 2003) and impact melt rock (Schmitt et al., unpublished data): a) SiO2 versus Al2O3; b) SiO2 versus TiO2; c) SiO2 versus CaO; d) SiO2
versus MgO; and e) SiO2 versus K2O. Notice the positive correlation of the contents of SiO2 and Al2O3 (a), TiO2 (b), MgO (c), and the negative
correlation of the contents of SiO2 and CaO (d). SiO2 versus K2O (e) does not show a correlation for the samples of the Yax-1 suevite. The
impact melt rock sample Yax-1_1347.96 m displays a distinctly different composition as seen in (a), (b), and (d).
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(megablock subunit e; Stinnesbeck et al. 2003) are reported in
Table 4. The limestone samples Yax-1_907.51 m, 916.65 m,
and 1009.93 m from the megablock subunit a and Yax-
1_1399.06 m (sample part a, see Fig. 5e) from the megablock
subunit e are almost pure calcite (calculated as
Ca0.98Mg0.02[CO3]), while the dolomite samples Yax-
1_1324.29 m, 1341.59 m, 1348.36 m, 1368.63 m, 1373.84 m,
and 1379.20 m from the megablock subunit e are nearly pure
dolomite (calculated as ~Ca0.54Mg0.46[CO3]) (Fig. 9a). The
samples Yax-1_1036.52 m and 1399.06 m (sample part b, see
Fig. 5e) are mixtures of dolomite and minor calcite (Fig. 9a),
and Yax-1_1050.88 m and 1315.68 m (sample mb-wr) are
mixtures of dolomite and anhydrite (Fig. 9b). This is in
agreement with the petrographic observations. The
terrigenous component (e.g., TiO2, P2O5, Rb, and Zr) within
the analyzed megablock carbonates and sulfates is low.
Compared to the average worldwide carbonate composition
with an K2O content of 0.33 wt% (Turekian and Wedepohl
1961), the K2O content in the megablock carbonates and
sulfates is generally low. Significant enrichments of the K2O

content were not observed in the analyzed megablock
carbonates and sulfates in contrast to the Yax-1 suevite unit
and the suevitic, impact melt rock, and clastic breccia dikes
from the megablock. The nearly linear correlation of the K2O
and Zr contents (Fig. 9d, exception sample Yax-1_1036.52
m), in combination with the generally low K2O contents,
indicates a terrigenous origin of the K2O content in the
megablock carbonates and sulfates.

Suevitic and Impact Melt Rock Dikes

The chemical composition of the two samples (Yax-
1_916.34 m and 916.65 m) from the suevitic dike is reported
in Table 2 (samples mb-sd). Figures 8 and 10 display the
chemical composition of these samples in comparison with
the samples from the Yax-1 suevite unit. The chemical
composition of the suevitic dike does not show significant
differences in comparison with that of samples from the Yax-
1 suevite. Relatively high SO3 contents of the suevitic dike
samples, compared with the Yax-1 suevite, are caused by the

Fig. 9. Harker diagramms for Yax-1 carbonates and sulfates from the megablock unit, carbonate clasts, and agglomerates from the Yax-1 lower
suevite: a) CaO versus MgO; b) MgO versus SO3; c) CaO versus MnO; and d) Zr versus K2O. For comparison, the mineral composition of
calcite, dolomite, and anhydrite is plotted in (a, b), and the average worldwide carbonate composition (Turekian and Wedepohl 1961) in (d).
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Table 2. Chemical analyses of Yax-1 drill core samples obtained by XRF.

Sample

Yax-1_
800.25
m

Yax-1_
808.87
m

Yax-1_
815.39
m

Yax-1_
818.51
m

Yax-1_
819.65
m

Yax-1_
824.01
m

Yax-1_
832.12
m

Yax-1_
838.29
m

Yax-1_
842.06
m

Yax-1_
842.51
m

Yax-1_
848.38
m

Yax-1_
852.05
m

Yax-1_
852.80
m

Yax-1_
855.32
m

Yax-1_
861.87
m

Yax-1_
865.01
m

Typea sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr

wt%
SiO2 45.8 44.2 51.0 48.1 48.2 46.1 48.2 46.8 50.6 48.8 39.1 54.5 31.4 42.7 47.9 53.9
TiO2 0.53 0.51 0.60 0.55 0.58 0.52 0.54 0.51 0.55 0.54 0.37 0.66 0.32 0.48 0.52 0.60
Al2O3 12.5 11.9 14.2 13.1 12.8 12.6 13.2 12.7 12.7 12.8 9.87 15.2 8.37 11.7 13.7 16.3
Fe2O3

b 5.73 5.40 6.36 5.86 6.00 5.24 5.19 5.30 4.64 4.67 2.87 3.57 2.59 4.79 4.95  6.50
MnO 0.04 0.05 0.03 0.04 0.05 0.03 0.04 0.04 0.03 0.03 0.10 0.03 0.16 0.07 0.05 0.03
MgO 5.49 5.48 5.62 5.95 5.56 5.27 5.89 4.61 8.47 6.79 3.12 5.55 4.15 6.08 5.66 6.58
CaO 10.4 12.5 7.04 8.38 10.3 12.3 9.62 10.8 7.87 9.68 21.4 6.43 25.4 15.8 13.1 6.47
Na2O 1.92 1.84 2.58 2.22 2.31 2.54 2.72 2.63 2.75 2.88 2.60 4.34 2.42 3.30 3.73 3.46
K2O 2.17 2.55 3.01 2.62 2.73 3.16 4.68 4.12 4.42 3.33 2.82 3.80 2.01 2.49  2.20 2.79
P2O5 0.02 0.03 0.01 0.03 0.03 0.10 0.13 0.09 0.10 0.13 0.19 0.13 0.27 0.19 0.38 0.12
SO3

c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 0.5 <0.1 <0.1 <0.1
LOI 14.8 15.3 9.3 12.8 11.2 11.9 9.4 11.9 7.6 10.1 17.5 5.4 21.6 12.2 7.6 3.3
Total 99.40 99.76 99.75 99.65 99.76 99.76 99.61 99.50 99.73 99.85 100.04 99.61 99.19 99.80 99.79 100.05

ppm
Ba 76 71 109 71 104 193 274 217 294 250 242 312 5900 221 392 177
Co <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15
Cr 46 51 51 54 54 50 57 45 60 57 42 80 39 51 59 55
Ni 17 16 25 23 22 19 31 17 23 38 <15 <15 <15 <15 36 18
Rb 71 65 76 67 65 57 70 67 52 48 26 45 25 34 26 41
Sr 278 253 262 287 268 515 511 534 467 469 348 458 1420 384 499 500
V 21 27 34 39 37 48 58 36 89 77 47 79 45 60 77 65
Zr 122 121 134 131 151 119 130 124 125 128 114 144 97 115 129 127

aType: sue-wr = suevite unit, whole rock sample. 
bTotal Fe calculated as Fe2O3. 
cTotal S calculated as SO3.

Table 2. Chemical analyses of Yax-1 drill core samples obtained by XRF. Continued.

Sample

Yax-1_
868.08 
m

Yax-1_
879.58 
m

Yax-1_
884.92
m

Yax-1_
884.92
m

Yax-1_
885.15
m

Yax-1_
885.77
m

Yax-1_
886.14
m

Yax-1_
891.79
m

Yax-1_
893.81
m

Yax-1_
894.26
m

Yax-1_
894.83
m

Yax-1_
894.92
m

Yax-1_
894.92
m

Yax-1_
907.51
m

Yax-1_
916.34
m

Yax-1_
916.65
m

Typea sue-wr sue-wr sue-cl1 sue-cl2 sue-cl1 sue-cl1 sue-wr sue-wr sue-wr sue-wr sue-wr sue-wr sue-ca mb-wr mb-sd mb-sd

wt%
SiO2 54.7 52.2 0.7 0.5 1.2 0.7 7.2 30.9 15.5 41.5 51.4 40.7 0.8 0.2 39.2 48.6
TiO2 0.55 0.48 <0.01 <0.01 <0.01 <0.01 0.06 0.25 0.14 0.34 0.41 0.33 <0.01 <0.01 0.39 0.56
Al2O3 15.9 15.9 <0.2 <0.2 0.3 <0.2 2.0 7.80 4.22 11.5 13.9 10.6 0.2 <0.2 11.7 14.9
Fe2O3

b 6.20 6.40 0.17 0.17 0.19 0.14 0.56 3.37 1.23 3.55 3.30 1.44 0.19 0.14 2.63 3.18
MnO 0.03 0.04 0.35 0.41 0.30 0.31 0.26 0.14 0.25 0.09 0.05 0.14 0.24 0.19 0.04 0.04
MgO 6.80 6.82 4.51 1.52 4.20 3.78 1.71 5.63 2.95 2.67 2.24 1.75 9.37 1.11 4.76 4.21
CaO 5.92 6.87 49.6 54.2 50.1 50.7 47.6 24.4 39.1 17.1 9.72 19.1 44.0 54.5 16.4 6.92
Na2O 3.30 3.07 0.06 <0.02 <0.02 0.04 0.35 1.67 0.70 2.23 2.57 1.27 0.08 <0.02 1.82 1.63
K2O 3.29 3.09 <0.02 <0.02 0.14 0.08 0.77 3.15 2.23 5.51 7.27 6.67 0.14 0.03 3.97 5.69
P2O5 0.11 0.10 0.01 0.01 0.02 0.01 0.02 0.05 0.03 0.07 0.08 0.07 0.01 0.01 0.03 0.01
SO3

c <0.1 <0.1 <0.1 0.1 <0.1 0.1 <0.1 0.1 <0.1 0.2 0.1 0.2 0.1 0.1 1.5 2.3
LOI 2.9 4.8 44.3 43.0 43.7 44.0 39.1 22.5 33.5 15.0 8.9 17.1 44.8 43.8 17.1 11.3
Total 99.70 99.77 99.70 99.91 100.15 99.86 99.63 99.96 99.85 99.76 99.94 99.37 99.93 100.08 99.54 99.34

ppm
Ba 188 146 <30 <30 <30 <30 <30 199 76 421 440 252 <30 <30 111 191
Co <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 30 <15 <15 <15 <15
Cr 60 39 21 22 21 22 27 38 34 44 56 63 27 21 54 63
Ni 30 19 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 54
Rb 41 52 <15 <15 <15 <15 <15 30 19 36 56 56 <15 <15 56 76
Sr 472 582 202 216 268 242 294 359 253 400 393 315 240 181 387 193
V 62 24 <15 15 <15 <15 21 46 30 56 81 167 38 20 103 110
Zr 123 129 24 25 25 23 35 73 51 99 109 95 26 22 110 145

aType: sue-wr = suevite unit, whole rock sample; sue-cl1 = suevite unit, carbonate clast sample, type 1 (cream-colored); sue-cl2 = suevite unit, carbonate clast
sample, type 2 (grey-colored); sue-ca = suevite unit, carbonate agglomerate sample; mb-wr = megablock unit, whole rock sample; mb-sd = megablock unit,
suevitic dike sample.

bTotal Fe calculated as Fe2O3. 
cTotal S calculated as SO3.
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occurrence of iron sulfides within the suevitic dike (Wittmann
et al. 2004).

The chemical composition of the impact melt rock dike
sample (Yax-1_1347.96) m is listed in Table 2 (sample mb-
id). When compared with the samples from the Yax-1 and Y6
suevite (Fig. 8), differences are observed in the oxide and
element abundances. The TiO2, Al2O3, Fe2O3, Rb, Zr, and
possibly MgO contents are enriched, while the SiO2, CaO,
and possibly Na2O contents are depleted, compared with the
composition of the Yax-1 and Y6 suevite. As in the suevitic
dike, the relatively high SO3 content of the impact melt rock
dike is caused by the occurrence of iron sulfides (Hecht et al.
2004; Wittmann et al. 2004). The chemical composition of
this sample does not show any similarity to the Y6 impact
melt rock (Table 3) either. The SiO2/TiO2 and SiO2/Al2O3
ratios (Fig. 10a) of the impact melt rock are similar to those of
the overlying and underlying dolomite breccias (1324–1400
m). This observation can be interpreted as a possible genetic
link between these two units, but a depletion of the SiO2
content in the impact melt rock dike in comparison with that
of the suevite produces the same effect. Therefore, immobile
element ratios need to be considered for comparison. The Cr/
TiO2 and Zr/V ratios (Fig. 10b) of the impact melt rock dike
are 0.006 and 4.1, those of the Yax-1 suevite are 0.008–0.045
and 0.5–5.8, and those of the dolomite breccias are 0.116–
0.300 and 0.7–1.6, respectively. The ratios of these immobile
elements indicate a similarity between the impact melt rock

and the Yax-1 suevite and contrast the dolomite breccia.
Therefore, a possible intraformational origin of this rock as a
residuum formed by dissolution of dolomite is highly
improbable. The Zr/V ratio of the impact melt rock dike is
also quite different from the Zr/V ratio of 1.2 for the average
worldwide shale composition (Turekian and Wedepohl 1961).
Therefore, the possibility that the impact melt rock dike is a
misinterpreted sedimentary rock (e.g., hydrothermal altered
shale layer) is quite unlikely.

The K2O content of the suevitic and impact melt rock
dike samples is much higher than that of the average
continental crust with 2.6 wt% K2O (Wedepohl 1995). This is
similar to the Yax-1 suevite (Fig. 8e). The K2O content of the
impact melt rock dike is also clearly higher than that of the Y6
impact melt rock (Table 3). 

Clastic Breccia Dike

Two chemical analyses of the clastic breccia dike sample
(Yax-1_1315.68; see Fig. 6) are reported in Table 2 (sample
md-cd, part a and b). The host rock of this dike, which is
composed of anhydrite and dolomite, has also been analyzed
(Yax-1_1315.68 m, sample mb-wr). When compared with the
host rock, a significant enrichment of the SiO2, TiO2, Al2O3,
Fe2O3, Na2O, and K2O contents is detected within the dike.
The modal composition calculated for the host rock gives ~78
wt% anhydrite, ~18 wt% dolomite, and <4 wt% of a silicate-

Table 2. Chemical analyses of Yax-1 drill core samples obtained by XRF. Continued.

Sample

Yax-1_
916.65 
m

Yax-1_
1009.93 
m

Yax-1_
1036.52
m

Yax-1_
1050.88
m

Yax-1_
1315.68
m (a)

Yax-1_
1315.68
m (b)

Yax-1_
1315.68
m

Yax-1_
1324.29
m

Yax-1_
1341.59
m

Yax-1_
1347.96
m

Yax-1_
1348.39
m

Yax-1_
1368.63
m

Yax-1_
1373.84
m

Yax-1_
1379.20
m

Yax-1_
1399.06
m (a)

Yax-1_
1399.06
m (b)

Typea mb-wr mb-wr mb-wr mb-wr mb-cd mb-cd mb-wr mb-wr mb-wr mb-id mb-wr mb-wr mb-wr mb-wr mb-wr mb-wr

wt%
SiO2 1.1 2.0 0.7 0.2 6.0 8.1 1.2 <0.2 <0.2 31.2 1.2 0.6 0.8 0.2 <0.2 0.4
TiO2 <0.01 0.01 <0.01 <0.01 0.12 0.15 <0.01 <0.01 <0.01 0.94 0.03 0.02 0.03 0.01 <0.01 0.03
Al2O3 0.3 0.5 <0.2 <0.2 1.9 2.3 <0.2 <0.2 <0.2 13.9 0.5 0.3 0.3 <0.2 <0.2 <0.2
Fe2O3

b 1.32 0.52 0.17 0.08 1.04 1.30 0.13 0.09 0.16 6.91 0.93 0.25 0.40 0.18 0.11 0.71
MnO 0.02 0.04 0.01 <0.01 0.01 0.01 <0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.02
MgO 0.73 0.94 11.7 5.36 18.4 15.5 3.76 20.4 20.3 8.28 20.0 20.3 19.9 20.0 1.46 18.0
CaO 53.9 52.9 41.3 37.0 29.4 29.7 39.2 32.2 32.0 9.22 31.5 31.7 31.4 31.3 53.8 34.2
Na2O <0.02 0.08 0.19 <0.02 0.10 0.10 0.04 0.06 0.24 0.69 0.08 0.05 0.21 0.29 <0.02 0.12
K2O 0.27 0.43 0.09 0.03 1.34 1.51 0.07 <0.02 <0.02 5.20 0.21 0.10 0.20 0.06 0.03 0.08
P2O5 0.01 0.01 <0.01 <0.01 0.01 0.03 0.02 <0.01 <0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.07
SO3

c 1.5 0.3 1.2 41.9 0.5 8.6 45.9 0.2 0.2 3.5 0.2 <0.1 0.1 0.1 0.1 1.4
LOI 40.8 42.1 44.5 15.3 41.1 32.6 9.9 47.1 47.1 19.5 45.3 46.5 46.5 47.5 44.0 44.8
Total 99.95 99.83 99.86 99.87 99.92 99.90 100.22 100.06 100.01 99.39 99.97 99.84 99.86 99.66 99.52 99.83

ppm
Ba <30 <30 38 n.m.d <30 n.m. n.m. <30 <30 250 <30 <30 <30 <30 <30 <30
Co <15 <15 <15 n.m. <15 n.m. n.m. <15 <15 <15 <15 <15 <15 <15 <15 <15
Cr 21 22 28 n.m. 32 n.m. n.m. 27 32 53 36 34 35 30 22 37
Ni <15 <15 <15 n.m. <15 n.m. n.m. <15 <15 29 <15 <15 <15 <15 <15 <15
Rb <15 <15 <15 n.m. 16 n.m. n.m. <15 <15 137 <15 <15 <15 <15 <15 <15
Sr 262 217 3245 1050 141 535 1580 91 113 133 87 74 84 81 578 198
V <15 29 23 n.m. 30 n.m. n.m. <15 18 49 18 <15 21 <15 26 38
Zr 24 28 61 n.m. 47 n.m. n.m. 24 24 203 29 30 24 24 27 28

aType: mb-wr = megablock unit, whole rock sample; mb-cd = megablock unit, clastic breccia dike sample; mb-id = megablock unit, impact melt rock dike
sample. 

bTotal Fe calculated as Fe2O3. 
cTotal S calculated as SO3.
dn.m.= not measured.
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rich component. The two dike samples have a modal
composition of 0 and 15 wt% anhydrite, 86 and 73 wt%
dolomite, and 14 and 12 wt% of a silicate-rich component,
respectively. We conclude from these data that the
composition of this clastic breccia dike is dominated by

locally derived material from the host rock’s dolomite and
anhydrite. The immobile element ratios Cr/TiO2 and Zr/V
(Fig. 10b) clearly show that the silicate-rich component of
this clastic breccia dike is similar to that of the Yax-1 suevite.
Similarly to the suevitic and impact melt rock dikes, when

Table 3. Mean chemical composition and standard deviation of Yax-1 suevite subunits in comparison with Y6 suevite 
subunits and impact melt rock.

Unit

Yax-1
upper sorted 
suevite

Yax-1
lower sorted 
suevite

Yax-1
upper
suevite

Yax-1
middle 
suevite

Yax-1
brecciated 
impact melt rock

Yax-1
lower 
suevite

Y6
upper
suevitea

Y6
middle 
suevitea

Y6
lower 
suevitea

Y6
impact rock 
meltb

Number 1 4 5 4 4 6 3 8 1 10

wt%
SiO2 45.8 47.9 ± 2.9 48.1 ± 1.8 41.9 ± 9.6 52.2 ± 3.0 31.2 ± 16.9 40.2 ± 6.6 49.9 ± 1.7 59.3 59.8 ± 1.9
TiO2 0.53 0.56 ± 0.04 0.53 ± 0.02 0.46 ± 0.15 0.54 ± 0.05 0.26 ± 0.13 0.38 ± 0.04 0.45 ± 0.03 0.54 0.39 ± 0.01
Al2O3 12.5 13.0 ± 0.9 12.8 ± 0.2 11.3 ± 2.9 15.5 ± 1.2 8.34 ± 4.55 9.00 ± 1.11 11.1 ± 0.4 13.0 13.2 ± 0.5
Fe2O3

c 5.73 5.91 ± 0.40 5.00 ± 0.32 3.46 ± 0.98 6.01 ± 0.72 2.24 ± 1.31 3.67 ± 0.67 4.35 ± 0.23 5.24 4.28 ± 0.21
MnO 0.04 0.04 ± 0.01 0.03 ± 0.01 0.09 ± 0.05 0.04 ± 0.01 0.16 ± 0.08 0.07 ± 0.01 0.10 ± 0.01 0.11 0.10 ± 0.01
MgO 5.49 5.65 ± 0.21 6.21 ± 1.50 4.73 ± 1.34 6.47 ± 0.55 2.83 ± 1.46 4.85 ± 0.59 3.98 ± 0.23 4.16 2.61 ± 0.14
CaO 10.4 9.56 ± 2.38 10.0 ± 1.6 17.3 ± 8.2 8.09 ± 3.36 26.2 ± 14.4 19.6 ± 5.3 12.7 ± 1.4 7.61 9.16 ± 1.20
Na2O 1.92 2.24 ± 0.31 2.70 ± 0.13 3.17 ± 0.87 3.39 ± 0.28 1.47 ± 0.86 2.33 ± 0.23 3.39 ± 0.25 5.04 3.17 ± 0.81
K2O 2.17 2.73 ± 0.20 3.94 ± 0.67 2.78 ± 0.76 2.84 ± 0.48 4.27 ± 2.61 1.40 ± 0.39 1.65 ± 0.10 2.19 2.20 ± 0.26
P2O5 0.02 0.03 ± 0.01 0.11 ± 0.02 0.20 ± 0.05 0.18 ± 0.14 0.05 ± 0.02 0.08 ± 0.01 0.10 ± 0.01 0.11 0.09 ± 0.01
SO3

d <0.1 <0.1 <0.1 <0.1 <0.1 0.1 ± 0.1 0.6 ± 0.2 0.5 ± 0.4 0.2 2.1 ± 0.9
LOI 14.8 12.2 ± 2.5 10.2 ± 1.8 14.2 ± 7.0 4.7 ± 2.1 22.7 ± 11.5 17.8 ± 3.8 11.5 ± 0.9 2.0 2.9 ± 0.7

ppm
Ba 76 89 ± 21 246 ± 41 1669 ± 2821 226 ± 112 278 ± 154 312 ± 62 363 ± 27 338 571 ± 137
Co <15 <15 <15 <15 <15 <15 <15 <15 19 <15
Cr 46 53 ± 2 54 ± 6 53 ± 19 53 ± 10 44 ± 14 40 ± 8 53 ± 6 58 42 ± 2
Ni 17 22 ± 4 26 ± 9 <15 26 ± 9 <15 <15 <15 21 <15
Rb 71 68 ± 5 59 ± 9 33 ± 9 40 ± 11 39 ± 16 29 ± 10 34 ± 5 43 62 ± 8
Sr 278 268 ± 14 499 ± 30 653 ± 514 513 ± 48 336 ± 58 594 ± 92 386 ± 24 278 534 ± 94
V 21 34 ± 5 62 ± 21 57 ± 16 57 ± 23 67 ± 53 71 ± 14 92 ± 5 101 85 ± 6
Zr 122 134 ± 12 125 ± 4 121 ± 20 127 ± 3 77 ± 29 94 ± 9 117 ± 8 127 111 ± 4

aCalculated from data of Claeys et al. (2003).
bCalculated from unpublished data of Schmitt et al.
cTotal Fe calculated as Fe2O3.
dTotal S calculated as SO3.

Fig. 10. a) SiO2/Al2O3 versus SiO2/TiO2 and (b) Zr/V versus Cr/TiO2 plots for selected samples from Yax-1: suevite, dolomite breccias from
the depth interval of 1324–1400 m, and suevitic, impact melt rock, and clastic breccia dikes. Only samples with SiO2, Al2O3, TiO2, Cr, V, and
Zr contents above the detection limit of XRF glass tablets were used for these diagrams. For comparison, the average worldwide shale
composition (Turekian and Wedepohl 1961) is plotted in (b). The suevitic dike samples plot in (a) and (b) within the Yax-1 suevite field. In
(a) a similarity between the impact melt rock dike and the dolomite breccias is visible. Note that in (b) the impact melt rock dike lies clearly
within the Yax-1 suevite field. In (b) suevite samples with a high carbonate content (Yax-1_886.14 m and 893.81 m) show the highest Cr/TiO2
ratios similar to that of the clastic breccia dike samples.
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compared with the host rock, the clastic breccia dike samples
are significantly enriched in the K2O content by a factor of 19
and 22, respectively. 

DISCUSSION

Enrichments of the K2O Content in the Impactites

Significant enrichments of the K2O content (Fig. 8e) were
observed in all investigated impactites of Yax-1 (suevite,
suevitic, impact melt rock, and clastic breccia dikes)
compared with the K2O content of the average continental
crust with 2.6 wt% (Wedepohl 1995). In contrast, the K2O
content of the Y6 impactites (suevites 1.4–2.2 wt% and impact
melt rock 2.2 wt%, respectively) is distinctly lower than that of
the average continental crust. Therefore, an enrichment of the
K2O content in the crust of the Yucatán platform can be
excluded, which may have led to an unusal high K2O content
in the impactites. Enrichments of the K2O content in
impactites due to post-impact hydrothermal alteration have
been reported from many impact craters in the past (e.g.,
French et al. 1997; Reimold et al. 1994). Hydrothermal
alteration was already recognized in the Y6 and C1 drill cores

(e.g., Schuraytz et al. 1994; Kettrup et al. 2000; Claeys et al.
2003), but is much more dominant in the Yax-1 drill core,
which partially displays a strong potassium metasomatism,
especially in the lower suevite and the suevitic and impact
melt rock dikes (Hecht et al. 2004; Wittmann et al. 2004). 

Components of the Suevite, Suevitic, and Impact Melt
Rock Dikes

The target rocks of the Chicxulub impact crater (platform
sediments, and crystalline basement rocks) do not crop out
close to the crater site (Lopez-Ramos 1975). However, the
platform sediments were drilled (data summarized in Lopez-
Ramos 1975; Ward et al. 1995), and the sedimentary and
crystalline basement rocks occur in form of clasts in the
impactites drilled by PEMEX and UNAM (Hildebrand et al.
1991; Sharpton et al. 1992, 1996; Schuraytz et al. 1994; Ward
et al. 1995; Urrutia-Fucugauchi et al. 1994; Kettrup et al.
2000; Rebolledo-Vieyra et al. 2000; Claeys et al. 2003). The
crystalline basement rocks comprise quartz chlorite schists,
mica schists, dark-colored schists, quartzite, granitic gneisses,
granites, and volcanic rocks, e.g., rhyolites (e.g., Sharpton et
al. 1992, 1996; Schuraytz et al. 1994; Kettrup et al. 2000;
Claeys et al. 2003). The crystalline basement was dated with a
Pan African age (±550 Ma; Krogh et al. 1993). Isotopic
investigations of impact melt samples from the Y6 drill core
indicate that the crystalline basement also contains an
intermediate to mafic component (Kettrup et al. 2000). The
crystalline basement rocks are overlain by poorly known
sediments (clastic red beds, siltstones, sandstones, and silty
dolomite) of either Triassic or Jurassic to early Cretaceous
ages, which may vary in their lateral extension and thickness
(Lopez-Ramos 1975; Ward et al. 1995). On top of this
sedimentary unit, a 2–3 km-thick sequence of Cretaceous
platform sediments occurs (Lopez-Ramos 1975; Ward et al.
1995). It is composed of limestones and dolomites
interbedded with anhydrite. Estimates of the anhydrite content
of the Cretaceous platform sediments based on drill cores on
the Yucatán platform, logs, and well cuttings range from 23 to
almost 60 vol% (Lopez-Ramos 1975). Parts of these
Cretaceous platform sediments are exposed in the megablock
unit of the Yax-1 drill core and contain about 27 vol%
anhydrite (Dressler et al. 2003; Kenkmann et al. 2004).

Based on the target lithology, the impactites of the
Chicxulub crater comprise the following components: a) a
crystalline basement component that should be a mixture of
all basement rocks; b) a quartz-rich component from the
overlying sediments; and c) a limestone, d) a dolomite, and e)
an anhydrite component from the Cretaceous platform
sediments. The crystalline basement component generally has
a highly siliceous composition as indicated by the
composition of the silicate melt particles of Y6 with a SiO2
content of ~58–63 wt% in the impact melt rock (Kettrup et al.
2000) and ~60–69 wt% in the suevites (Claeys et al. 2003),

Table 4. Mean chemical composition, and standard 
deviation of selected Yax-1 limestones and dolomites 
obtained by XRF. 

Unit

Yax-1
megablock
limestone

Yax-1
megablock
dolomite

Depth interval 907–1010 m 1324–1400 m
Number 3 7

wt%
SiO2  1.1 ± 0.9 0.6 ± 0.4
TiO2 <0.01 0.02 ± 0.01
Al2O3  0.4 ± 0.1 <0.2
Fe2O3

a 0.66 ± 0.60 0.39 ± 0.32
MnO 0.08 ± 0.01 0.01 ± 0.01
MgO 0.92 ± 0.19 19.8 ± 0.8
CaO 53.8 ± 0.8 32.0 ± 1.0
Na2O <0.02 0.15 ± 0.10
K2O 0.24 ± 0.20 0.13 ± 0.07
P2O5 0.01 ± 0.00 0.02 ± 0.03
SO3

b 0.6 ± 0.7 0.4 ± 0.5
LOI 42.2 ± 1.5 46.4 ± 1.0

ppm
Ba <30 <30
Co <15 <15
Cr 21 ± 1 33 ± 4
Ni <15 <15
Rb <15 <15
Sr 220 ± 41 104 ± 43
V 25 ± 6 24 ± 10
Zr 25 ± 3 26 ± 3

aTotal Fe calculated as Fe2O3.
bTotal S calculated as SO3.
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respectively. The crystalline basement component is hardly
distinguishable from the overlying poorly-known
sedimentary quartz-rich component based only on major
element data. For simplification, only four components
should be taken into consideration: 1) Siliceous crystalline
basement; 2) calcite; 3) dolomite; and 4) anhydrite. In the
future, mixing calculations using these four components will
be a basic, principal approximation, but such calculations will
need a sufficient characterization of the siliceous basement
component based on microprobe studies on melt particles.
For this reason, the following results can demonstrate only a
preliminary trend.

The SO3 content of the Yax-1 suevite is extremely low
(Table 3). Higher SO3 contents are observed in the Yax-1
suevitic and impact melt rock dikes due to the formation of
iron sulfides (Wittmann et al. 2004). These iron sulfides were
formed by post-impact hydrothermal processes and, thus,
their formation should be independent of the primary SO3
content that might be similar to that of the suevite. Therefore,
we conclude that the anhydrite component in the Yax-1
suevite and in the suevitic and impact melt rock dikes is
missing or negligible. The anhydrite component in the Y6
suevite is slightly higher than in the Yax-1 suevite and varies
between 0.2 and 2.2 wt%, which is negligible in comparison
with the carbonate component (1–42 wt%) of the Y6 suevite
(Claeys et al. 2003). The missing or negligible anhydrite
component in the Yax-1, and Y6 suevites is astonishingly in
comparison with the high amount of anhydrite in the
sedimentary cover.

The strong negative correlation of the SiO2, and CaO +
MgO contents (Fig. 11a) suggests that the Y6 suevite is a
mixture of a carbonate component with a siliceous basement
component of bulk “granodioritic” chemistry with a SiO2
content of ~65 wt%. This is in good agreement with the
composition of silicate melt particles from the Y6 suevite,
which have a SiO2 content of ~60–69 wt% (Claeys et al.
2003). In contrast, the Yax-1 suevite and suevitic dike have a
siliceous basement component with a slightly lower SiO2
content of ~60 wt% (Figs. 8d, 11a). This is more likely caused
by an addition of secondary calcite and a removal of SiO2
(due to the formation of clay minerals) in the Yax-1 suevite
samples during post-impact hydrothermal alteration as an
effect of a primary different silicate basement component.
The silicate melt particles of the Yax-1 suevite have a slightly
lower SiO2 content of ~57–63 wt% (Hecht et al. 2004)
compared with the silicate melt particles of the Y6 suevite,
which is also caused by a removal of SiO2 from the melt
particles due to the formation of clay minerals during post-
impact hydrothermal alteration (Hecht et al. 2004).

The CaO versus MgO plot (Fig. 11b) indicates that the
carbonate component of the Y6 and Yax-1 suevites and the
Yax-1 suevitic dike is a mixture of calcite and dolomite. For
the Y6 suevite, a calcite-dolomite mixture rich in calcite is
proposed due to the low MgO contents and the linear

correlation of the CaO and MgO contents (Figs. 8c, 11b).
Some Yax-1 samples from the middle and (especially from
the) lower suevite also have low MgO contents (Figs. 8c, 11b)
and, therefore, clearly indicate a calcite-dolomite mixture
with a dominant calcite component. However, these samples
show abundant secondary calcite (formed during post-impact
hydrothermal alteration; Hecht et al. 2004), which may have
disturbed the primary calcite/dolomite ratios. In most of the
other Yax-1 suevite samples, the MgO contents are clearly
higher than in the Y6 suevite (Figs. 8c, 11b), indicating that
the calcite-dolomite mixture must have a distinct dolomite
component in comparison with the previous samples and the
Y6 suevite. Therefore, an influence of the formation of
secondary calcite during post-impact hydrothermal alteration
leading to an increase of the CaO content can be neglected in
these Yax-1 samples. This is in agreement with the
petrographic observations, which show only a slight overprint
with secondary calcite for these samples. The reason for
differences in the MgO content between the Y6 and Yax-1
suevite are unresolved, but could be the result of a higher
content of limestone clasts in the Y6 suevite in comparison
with that of Yax-1. 

The Y6 impact melt rock (Table 3; Fig. 11) displays, in
contrast to Yax-1 and Y6 suevites, a restricted compositional
variation and, when compared with all other impactites, the
highest amounts of a crystalline basement and an anhydrite
component.

The Yax-1 impact melt rock dike (depth of ~1348 m)
represents a mixture of a carbonate component with a
crystalline basement component of a different composition in
comparison with the Yax-1 or Y6 suevites. It is distinctly
enriched in the TiO2, Fe2O3, and Zr contents and depleted in
the SiO2 content. This lithology does not show any similarity
to the Y6 impact melt rock either. The different chemical
composition, compared with that of the Yax-1 and Y6
suevites and the Y6 impact melt rock, could be the result of
strong post-impact hydrothermal alteration as indicated by
the high K2O content, which led to a partial removal of SiO2,
and, therefore, to an enrichment of other oxides from the
crystalline basement component. Otherwise, a different melt
composition of the impact melt rock dike would be indicated
(Wittmann et al. 2004). 

Comparison of Yax-1 and Y6 Suevites

The Y6 suevite subunits display an increase of the SiO2,
TiO2, Al2O3, Fe2O3, Na2O, K2O, P2O5, Co, Cr, Rb, V, and Zr
contents and a decrease of the CaO and Sr contents from the
upper to the lower suevite (Fig. 12; Table 3; Claeys et al.
2003). Within the Yax-1 suevite unit, such a simple
geochemical trend was not detected (Fig. 12; Table 3). Based
on the chemical composition only four different units can be
distinguished within the six, petrographically differentiated
suevite subunits: a) upper/lower sorted and upper suevite,
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Fig. 11. Geochemical plots for Yax-1 suevite subunits, suevitic and impact melt rock dikes, and megablock carbonates (only in b) compared
with Y6 suevite (Claeys et al. 2003) and impact melt rock (Schmitt et al., unpublished data): a) SiO2 versus CaO + MgO; b) CaO versus MgO.
For comparison, the mineral composition of calcite and dolomite is plotted in (b). 
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Fig. 12. Calculated average compositions (solid squares), and standard deviations (open squares) for the Yax-1 suevite subunits (USS = upper
sorted suevite, LSS = lower sorted suevite, US = upper suevite, MD = middle suevite, BMR = brecciated impact melt rock, LS = lower suevite)
in comparison with the Y6 suevite subunits (US = upper suevite, MD = middle suevite, LS = lower suevite), and impact melt rock (IMR) for
the SiO2 (a), TiO2 (b), Al2O3 (c), Fe2O3 (d), MgO (e), CaO (f), Na2O (g), and SO3 (h) contents. For Yax-1 USS, and Y6 LS only one sample
was available, therefore no standard deviation is plotted in the diagrams. In (h) the SO3 contents of USS, LSS, US, MS, and BMR are below
the detection limit for the XRF glass tablets. The average compositions and standard deviations from Table 3 were used.
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which show a great similarity in major element composition;
b) middle suevite; c) brecciated impact melt rock; and d)
lower suevite. If the brecciated impact melt rock is neglected,
a decrease of the SiO2, TiO2, Al2O3, Fe2O3, MgO, Cr, Ni, Rb,
and Zr contents and an increase of the CaO and Sr contents is
observable in the Yax-1 suevite sequence from top to bottom
(Fig. 12; Table 3). This chemical trend is inverse compared
with that observed for the Y6 suevite.

For the following comparison of the Yax-1 and Y6
suevite subunits, the K2O and Na2O contents were not taken
into consideration because both oxides are highly influenced
by the degree of post-impact hydrothermal alteration that
seems to be different in intensity between the Yax-1 and Y6
suevites (Hecht et al. 2004). Similarities in major element
composition (e.g., SiO2, TiO2, Al2O3, Fe2O3, and MgO) were
found for the Yax-1 middle suevite and the Y6 upper suevite.
In contrast, the underlying brecciated impact melt rock of
Yax-1 is quite different from the Y6 middle suevite in the
CaO/MgO ratio and the Al2O3 and Fe2O3 contents. The Yax-
1 brecciated impact melt rock does not show any distinct
similarity to the Y6 impact melt rock either, especially the
CaO/MgO ratios, which are clearly different. However, for a
possible correlation of the Y6 and Yax-1 suevite subunits,
detailed petrographic observations are necessary.

Comparison of the Chicxulub Suevite with Suevite
Deposits of Other Impact Craters

The suevite from Chicxulub was compared with suevites
from three other impact craters. At these craters, the target
rocks display a similar stratification with a carbonate-rich
sedimentary cover on top of crystalline basement (Ries and
Haughton) or a comparable crater size (Sudbury).

The Ries crater, Germany (diameter ~24 km), was
formed in a target of up to 0.75 km thick Cenozoic and
Mesozoic sediments (limestone, shale, and sandstone)
overlying a Variscian crystalline basement (summaries in
Stöffler and Ostertag 1983; Hüttner and Schmidt-Kaler 1999).
Ejecta deposits outside of the inner ring show an inverse
stratigraphy. At the basis a lithic breccia (“Bunte Breccie”)
occurs, which is overlain by patches of fallout suevite
(Engelhardt 1990, 1997). The lithic breccia is dominated by
material from the sedimentary cover, while the overlying
suevite consists mainly of crystalline basement material
(Engelhardt 1990, 1997). Inside the inner ring, an up to 400
m-thick crater or fallback suevite poor in melt particles is
found. An impact melt rock layer does not occur. In this
crater, the impact melt was seemingly dispersed in form of
melt particles, all of which are contained in the suevite
(Engelhardt 1990, 1997). The mean chemical composition of
the two suevite types, and of the melt particles, is given in
Table 5. The sedimentary component of the fallout suevite is
dominated by Malmian limestone fragments, while in the
crater suevite only fragments from the underlying Triassic

sediments could be observed. This leads to a mean higher
CaO content of the fallout suevite in comparison with that of
the crater suevite (Table 5). The composition of fallout and
crater suevite is essentially similar to the composition of the
melt particles in the suevite, which represent homogenized
melts derived from a mixture of crystalline basement rocks
(Table 5; Engelhardt 1997). This indicates that the crystalline
basement component is dominating in the Ries suevite,
although a minor carbonate component appears to be present
in the whole rock melts, as indicated by exsolution of
carbonate melt in silicate melt particles (Graup 1999).
Compared with the Chicxulub suevite, the carbonate clast
content of the Ries suevite is extremely low. A similar trend is
visible in the CaO content of the suevite, which is distinctly
lower in the Ries suevite (Table 5) compared with the content
of the Chicxulub suevite (Table 3). This may be due to the
relatively thick sedimentary cover at Chicxulub (2–3 km) as
opposed to that at the Ries crater (<0.75 km).

The Haughton crater, Devon Island, Canada (diameter ~24
km), was formed on a target of ~1.7 km Paleozoic sediments
(limestone, dolomite, sandstone, shale, and gypsum) overlying
a Precambrian crystalline basement (e.g., Robertson and
Sweeney 1983; Metzler et al. 1988; Redeker and Stöffler 1988).
Whole rock melts of crystalline basement composition are
lacking at Haughton, instead, melts of shales (Metzler et al.
1988) and carbonate (Osinski and Spray 2001; Osinski et al.
2002) have been found in the crater filling. This crater filling
consists of an up to 125 m-thick suevite (formerly described as
a polymict lithic breccia), which is mainly composed of
heterogeneously shocked lithic clasts from the sedimentary
cover, and of highly shocked clasts from the crystalline
basement (Metzler et al. 1988). The chemical composition of
this breccia is given in Table 5. This composition represents a
mixture of a crystalline basement component and dominant
sedimentary components comprising limestone, dolomite, and
sandstone (Redeker and Stöffler 1988). Compared with the
Chicxulub suevite (Table 3), the content of the crystalline
basement component is much lower within the Haughton
suevite (Table 5), as indicated by the SiO2 content.

The Sudbury crater, Canada (original diameter ~250 km),
may be the best analog for the Chicxulub crater based on size.
The target rocks of the Sudbury structure consist of
Proterozoic metasediments and volcanic rocks on top of an
Archean crystalline basement (e.g., Stöffler et al. 1994).
Within the (now eroded) inner ring of the crater, a ~1.5 km
thick suevite sequence, the Onaping formation, occurs on top
of the ~3 km thick Sudbury Igneous Complex that represents
impact melt rock (Stöffler et al. 1994). The Onaping
formation consists of the following subunits from top to
bottom: black member (reworked, suevitic sediments with
carbonaceous matrix), green member (melt-rich fallback
suevite), grey member (suevitic clastic matrix breccia), and
basal member (clast-rich impact melt agglomerate with
suevitic parts) (Brockmeyer 1990; Avermann 1994; Stöffler et
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al. 1994). The mean chemical compositions of the green,
grey, and basal members are reported in Table 5. In the
Sudbury target rocks, a carbonate-rich sedimentary cover is
missing, therefore, the SiO2 content of the suevite is clearly
higher and the CaO content clearly lower compared with the
Chicxulub suevite (Tables 3 and 5). The green, grey, and basal
members display chemical zoning. The SiO2, Al2O3, and
Na2O contents increase from top to bottom of this suevite
sequence, while the TiO2, Fe2O3, MgO, CaO, and K2O
contents decrease (Table 5).

Although the processes in the ejecta plume of a crater are
quite turbulent, the example of the Ries crater (summarized in
Stöffler and Ostertag 1983) shows that two different types of
ejecta deposits can be distinguished: a) ejecta deposits that
display a normal or unsorted stratigraphic zoning of their
components compared with the target lithlogy. Such deposits
are typically found within the inner part of an impact structure
as fillings of the central depression, e.g., the crater or fallback
suevite of the Ries and Haughton craters; b) in contrast,
outside of the inner part, ejecta deposits display an inverse
stratigraphical zoning of their components compared with the
target lithology. Such an inverse zoning is visible, e.g., in the
megablock zone and the ejecta blanket of the Ries crater. The
inverse zoning is caused by the overturned flap of target
lithologies during crater formation (Melosh 1989) followed
by material deposited from the ejecta plume. The boundary
between these two types of ejecta deposits may be related to
the rim of the transient crater cavity and occurs after the crater
modification in the region of the peak or inner ring, as
indicated by the situation at the Ries crater.

In the case of Chicxulub, the Y6 drill location is in the
area of the peak ring, while the Yax-1 drilling location is
distinctly outside of the peak ring of the structure (Fig. 1). The
Y6 impactites (suevites and impact melt rock) display a
normal stratigraphical zoning with regard to their components
derived from the target lithological sequence (e.g., increase of
the CaO content from the lower to the upper suevite; Fig. 12).
This is in relatively good agreement with the geological
setting of this ejecta deposit. In the Yax-1 suevite unit, an
inverse trend can be recognized in the sequence lower
suevite-middle suevite-upper, and lower/upper sorted suevite
(neglecting the brecciated impact melt rock). The CaO
content appears to decrease in this sequence from bottom to
top, while the SiO2 content increases (Figs. 7, 12a, and 12f).
This is also in agreement with the geological setting of this
ejecta deposit outside of the peak ring of the crater. The drill
locations U5 and U7 are at a radial distance of 115 and
130 km from the center of the crater, respectively (Fig. 1).
They also show an inverse stratigraphical zoning of their
components, e.g., an increase of the SiO2 content from the
lower to the upper impactite units (Corrigan et al. 1998),
which is similar to the observations at Yax-1. The differences
in the mode of suevite deposition of Yax-1 compared with Y6
reflect the change from the normal to the inverse stratigraphic
zoning at some boundary between Y6 and Yax-1. The radial
distances from the crater center are for the Y6 and Yax-1 drill
locations 47 and 60 km, respectively (Fig. 1). The radius for
the transient crater cavity of Chicxulub based on geophysical
observations is in the range of 40–50 km (e.g., Hildebrand et
al. 1998; Morgan et al. 2000). These data show that Y6 is

Table 5. Mean chemical composition of impactites from the Sudbury, Ries, and Haughton crater. Mean and standard 
deviation for the Ries fallout and crater suevite, and the Haughton suevite were calculated from chemical analysis 
reported in the respective data source.

Sudbury basal 
membera

Sudbury grey 
memberb

Sudbury green 
memberb

Ries fallout 
suevitec

Ries crater 
suevited

Ries glass fragments 
from suevitee

Haughton 
suevitef

Number 21 31 30 11 13 88 3

wt%
SiO2 68.2 65.8 61.3 62.3 ± 4.9 57.9 ± 1.5 64.0 ± 1.3 18.5
TiO2 0.44 0.56 0.58 0.63 ± 0.12 0.89 ± 0.12 0.79 ± 0.10 n.r.g
Al2O3 14.3 10.6 9.67 13.9 ± 2.1 14.4 ± 0.6 15.3 ± 0.4 2.9
Fe2O3

h 5.34 4.53 6.79 4.08 ± 0.64 5.75 ± 0.60 5.80 ± 0.48 1.03
MnO 0.12 0.10 0.12 0.10 ± 0.04 0.11 ± 0.02 0.08 ± 0.17 n.r.
MgO 1.89 2.98 4.65 2.11 ± 0.77 2.61 ± 0.41 3.04 ± 0.31 10.1
CaO 1.72 2.79 4.29 6.28 ± 4.05 4.38 ± 0.85 3.96 ± 0.52 32.9
Na2O 4.05 3.46 3.32 1.91 ± 0.57 3.92 ± 0.49 3.02 ± 0.46 0.06
K2O 2.86 3.65 4.11 1.90 ± 0.70 2.60 ± 0.51 4.01 ± 0.82 0.78
P2O5 0.09 0.08 0.10 0.22 ± 0.06 0.27 ± 0.04 0.20 ± 0.06 n.r.

aData from Brockmeyer (1990).
bData from Avermann (1992).
cCalculated from unpublished data of Schmitt et al.
dData from Stähle and Ottemann (1975).
eData from Stähle (1972).
fpolymict lithic breccia from Robertson and Sweeney (1983).
gn.r. = not reported.
hTotal Fe calculated as Fe2O3.
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located inside or near the rim of the transient crater cavity,
while Yax-1 is located outside of the transient cavity.
Therefore, the boundary between the two types of
stratigraphical zoning is clearly related to the rim of the
transient crater cavity. In this model, the brecciated impact
melt rock was formed in a time gap between the ground-
surged deposition of the lower suevite and the later fallout,
and airfall suevite formation of the middle, upper, and lower
sorted suevite (Stöffler et al. 2004). The upper sorted suevite
was formed by airfall and later influenced by aquatic
sedimentation (Stöffler et al. 2004).

CONCLUSIONS

Within the six Yax-1 suevite subunits, only four units
with different chemical composition can be distinguished: a)
Lower/upper sorted and upper suevite; b) middle suevite; c)
brecciated impact melt rock; and d) lower suevite. If the
brecciated impact melt rock is neglected, chemical zoning in
the suevite sequence of Yax-1 can be recognized. The CaO
content decreases from the lower suevite to the upper, and
lower/upper sorted suevite, while the silicate basement
component (e.g., the SiO2, TiO2, and Al2O3 contents)
increases. Within the suevite in the Y6 core, three subunits
showing chemical zoning contrary to the zoning of Yax-1
(Claeys et al. 2003) were discriminated. In Yax-1, a suevitic
dike within the megablock unit (~916 m deep) does not
display any distinct chemical differences to the suevites,
while an impact melt rock dike (~1348 m deep) is
significantly enriched in the content of immobile elements
(e.g., TiO2, and Zr) and relatively depleted in the SiO2 content
caused by strong post-impact hydrothermal alteration or
derivation of this lithology from a distinct target lithology
(Wittmann et al. 2004). Significant enrichments of the K2O
content in all impactites of Yax-1 studied (suevite, suevitic,
and impact melt rock dikes) are much more prominent than in
the Y6 suevite. 

Yax-1 suevite, brecciated impact melt rock, suevitic, and
impact melt rock dikes as well as Y6 suevite, and impact melt
rock are complex mixtures of a silica-rich crystalline
basement component with a carbonate component (calcite
and dolomite) from the sedimentary cover. An anhydrite
component within these impactites is missing (Yax-1) or
negligible (Y6). The highest content of the crystalline
basement component and the anhydrite component occur in
the Y6 impact melt rock. This preliminary trend should be
refined in the future with detailed mixing calculations. 

Compared with other suevite deposits from craters with a
sedimentary cover (e.g., Ries crater), the component of the
sedimentary cover is far greater in the Chicxulub suevite due
to the originally high thickness of this target unit. Differences
in the suevite deposition between Yax-1, and Y6 may be
attributable to the different distances from the crater center,
which led to a normal stratigraphic zoning of the ejecta

material in Y6 compared with the target stratigraphy. On the
other hand, a generally inverse stratigraphic zoning is
observed in the Yax-1 suevites.

The few analyzed carbonates from the Yax-1 megablock
are almost pure calcite (depth interval of 907–1010 m) or pure
dolomite (depth interval of 1324–1400 m). The terrigenous
component of these carbonates is low, which is typical of
carbonate platform sediments. In contrast with the Yax-1
suevite, the suevitic, impact melt rock, and clastic breccia
dikes, these carbonates lack significant enrichments of the
K2O content. The chemical composition of a clastic breccia
dike (depth of ~1316 m) is dominated by material locally
derived from host rocks. The silicate-rich component of this
clastic breccia dike appears similar to that of the Yax-1
suevites, suggesting an impact-induced origin. Similar to the
suevitic and impact melt rock dikes, this clastic breccia dike is
significantly enriched in the K2O content compared with the
host rocks.

The chemical investigation of Yax-1 drill core samples
has lead to some interesting preliminary observations and
results, but this investigation is based on relatively small and
irregularly distributed samples from the drill core. A more
systematic chemical study of the major parts of the Yax-1 drill
core by the Chicxulub Drilling Science Team will be essential
to better understand the complex and heterogenous impactite
formations in a unique and well-preserved large impact crater. 
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