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Abstract-The 65 Ma Chicxulub impact crater formed in the shallow coastal marine shelf of the
Yucatan Platform in Mexico. Impacts into water-rich environments provide heat and geological
structures that generate and focus sub-seafloor convective hydrothermal systems. Core from the
Yaxcopoil-1 (Yax-1) hole, drilled by the Chicxulub Scientific Drilling Project (CSDP), allowed
testing for the presence of an impact-induced hydrothermal system by: a) characterizing the
secondary alteration of the 100 m-thick impactite sequence; and b) testing for a chemical input into
the lower Tertiary sediments that would reflect aquagene hydrothermal plume deposition. Interaction
of the Yax-1 impactites with seawater is evident through redeposition of the suevites (unit 1),
secondary alteration mineral assemblages, and the subaqueous depositional environment for the
lower Tertiary carbonates immediately overlying the impactites.

The least-altered silicate melt composition intersected in Yax-1 is that of a calc-alkaline basaltic
andesite with 53.4-56 wt% SiO; (yolatile-frec)- 1h€ primary mineralogy consists of fine microlites of
diopside, plagioclase (mainly Ab 47), ternary feldspar (Ab 37 to 77), and trace apatite, titanite, and
zircon. The overprinting alteration mineral assemblage is characterized by Mg-saponite, K-
montmorillonite, celadonite, K-feldspar, albite, Fe-oxides, and late Ca and Mg carbonates. Mg and K
metasomatism resulted from seawater interaction with the suevitic rocks producing smectite-K-
feldspar assemblages in the absence of any mixed layer clay minerals, illite, or chlorite. Rare pyrite,
sphalerite, galena, and chalcopyrite occur near the base of the impactites. These secondary alteration
minerals formed by low temperature (0-150 °C) oxidation and fixation of alkalis due to the
interaction of glass-rich suevite with down-welling seawater in the outer annular trough intersected
at Yax-1. The alteration represents a cold, Mg-K-rich seawater recharge zone, possibly recharging
higher temperature hydrothermal activity proposed in the central impact basin. Hydrothermal metal
input into the Tertiary ocean is shown by elevated Ni, Ag, Au, Bi, and Te concentrations in marcasite
and Cd and Ga in sphalerite in the basal 25 m of the Tertiary carbonates in Yax-1. The lower Tertiary
trace element signature reflects hydrothermal metal remobilization from a mafic source rock and is
indicative of hydrothermal venting of evolved seawater into the Tertiary ocean from an impact-
generated hydrothermal convective system.

INTRODUCTION

Impact-generated hydrothermal systems are common for
impact craters developed on shelf environments (i.e. Sudbury:
Ames et al. 1998; Kara: Naumov 2002). This is simply due to
the heat provided through impact processes initiating sub-
seafloor circulation of seawater within the crater. Heat
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sources available to drive a convective hydrothermal system
in an impact environment include the central uplift (e.g..
Manson et al. 1996; Puchezh-Katunki; Naumov 2002), the
melt sheet (Sudbury; Ames et al. 1998), and the inherent heat
in the impact brecciated basement rocks (e.g. Ivanov and
Deutsch 1999). Seawater, groundwater, deep-formational
brines and magmatic fluids from the melt sheet are the fluid
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sources recognized at other impact sites (McCarville and
Crossey 1996; Ames et al. 1998; Farrow and Watkinson 1999;
Molnar et al. 2001; Ames 2002). The circulation of fluids is
controlled by the permeable impactites, syn-crater faults and
paleotopography (Ames et al. 2000). Convective circulation
of fluids through impacted crustal sequences can influence
the heat transfer and cooling of the impact sequences, affect
the source of magnetic anomalies, influence the type and
location of mineralization, and influence density, porosity,
and seismic velocity through precipitation of secondary
minerals. Mineralogical and magnetic studies have identified
a hydrothermal system within the Chicxulub crater, but its
temporal and spatial extent is, as yet, unknown (Schuraytz et
al. 1994; Steiner 1996; Pilkington and Hildebrand 2000).
Pilkington and Hildebrand (2000) defined two concentric
zones of enhanced magnetization. These coincide with the
edge of the central uplift at a radius of ~20 km and the edge of
the collapsed disruption cavity at a radius of ~45 km (Fig. 1).
The distribution and character of the magnetic anomalies
were interpreted to be the result of an impact-induced
hydrothermal system at Chicxulub. A study of the secondary
alteration associated with these magnetic signatures may play
a significant role in unravelling the petrogenesis of the melt,
and the geophysical signature and mineral potential of the
deeply buried crater.

Hydrothermal fluids discharged from vents on the
modern seafloor mix with ambient seawater and spread
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laterally for tens to thousands of km (Baker et al. 1995).
Chemical precipitants from the overlying water column have
distinctive, zoned trace element signatures relative to the vent
location and can form in seafloor volcanic, sedimentary
(Spry et al. 2000), and impact crater environments
(Whitehead et al. 1992; Ames et al. 2002). The hydrothermal
plume signature in the marine basin sediments above the
suevitic deposits in the ~200 km Sudbury impact crater is
characterized by elevated Zn, Cu, V, Cd, Ag, and Ni and
extends over at least 25 km? within the post-impact marine
shales (Rogers et al. 1995; Ames et al. 2002a).
Characterization of the trace element signature of the basal
Tertiary sequence above the Chicxulub impactites may
identify post-impact hydrothermal precipitants from a crater
floor vent system discharging metal-rich fluids into the
Tertiary marine basin.

This paper documents the mineralogical and chemical
effects of secondary alteration of the fragmental impactites,
identifies a least-altered melt composition, and characterizes
the mineralization in the basal Tertiary sequence of the
Yaxcopoil-1 (Yax-1) drill core located within the Chicxulub
crater.

GEOLOGIC SETTING OF THE YAX-1 DRILL HOLE

The Yax-1 drill hole is located on the Hacienda
Yaxcopoil, 40 km southwest of Merida, Mexico at 20.740 °N
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Fig. 1. Conceptual diagram displaying post-impact fluid flow on a cartoon of the Chicxulub crater. Ring faults and down-faulted mega block
zones provide high-permeability pathways for seawater recharge in the annular trough environment, Yax-1 site location. Discharge/upflow
zones are proposed in the central basin. The location of C-1 is shown in mirror image as it occurs on the opposite side of the central uplift from
Yax-1. (compiled from Vermeesch and Morgan [2004] and Pilkington and Hildebrand [2000]).
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89.718 °W. The drill hole was sited to continuously core the
post-impact Tertiary sequence, the impact units, and the down
faulted Cretaceous sedimentary rocks. The Yaxcopoil-1 drill
hole intersected a faulted area in the outer annular trough
(Dressler et al. 2003), ~68 km southwest of the center of the
crater (Fig. 1). Data from Yax-1 may help determine whether
faults in this area serve as a recharge zone where cold
seawater penetrates into the impacted crust or as a focused
discharge zone for the expulsion of evolved seawater or
hydrothermal fluids (Fig. 1). The stratigraphic nomenclature
used in this paper follows that of Dressler and others (2003),
with units 1-6 comprising the impactite sequence intersected
at 794.63 to 894.94 m (Fig. 2). The drill hole extended
through the Tertiary sequence from 404 m to 794.63 m and
underlying the impactites, the Cretaceous sequence was cored
to 1511 m depth.

The suevite and melt rocks in the ~100 m-thick impactite
sequence contain, on average, 60—95% altered blocky glass,
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now largely altered to clay minerals. The impact breccias and
melt rocks cored include an ~14 m-thick, upper reworked
suevite unit, a variety of 10—20 m-thick suevitic units, and an
in situ brecciated melt showing hydroclastic fragmentation
(~860-885 m, unit 5) (Fig. 2). Faults that form during the
modification stage of impact cratering may provide high-
permeability pathways that channel down-welling seawater
and up-welling hydrothermal fluids. The highly permeable
impactite sequence in Yax-1 may also channel fluid flow
laterally and vertically.

The basal Tertiary rocks overlying the impactites at
794.63 m consist of a hemipelagic sequence of mid Eocene to
lower-most Paleocene anoxic limestones, confirming that the
crater filled with seawater soon after impact. The presence of
reworked and redeposited suevite at the top of the impactite
sequence also suggests a rapid influx of seawater after impact.
The presence of this permeable substrate in a seawater-
charged impact environment is conducive to sub-seafloor
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Fig. 2. Stratigraphic and alteration mineralogy section through the impact sequence and lower Tertiary carbonates in the Yax-1 drill hole. Unit
1 = redeposited suevite, unit 2 = suevite, unit 3 = melt-rich suevite, unit 4 = heterogeneous suevite, unit 5 = monomict melt breccia, unit 6 =
variegated polymict melt breccia (Dressler et al. 2003). Sample locations are shown for petrography, geochemistry, and X-ray diffraction

analyses.
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Fig. 3. Least-altered Yax-1 silicate melt: a) autobrecciated silicate
melt, unit 5, Yax-1_870.44. Subsample for geochemistry to right of
dashed line, dark green clay matrix for X-ray diffraction; b)
hydroclastic fragmentation of silicate melt, Yax-1_876.66; ¢) SEM
photograph of least altered silicate melt, Yax-1_867.57, unit 5. Dark
grey laths = alkali feldspar, medium grey stubby laths = diopside,
white = Fe-oxide.

fluid circulation and the formation of hydrothermal mineral
deposits.

METHODOLOGY

Alteration mineral assemblages and mineral chemistry
were documented from 25 polished thin sections made from
the impactite sequence (Fig. 2). Eight additional samples at
and above the suevite/Tertiary boundary at 794.2 m were
studied, and the mineral chemistry was obtained for sulfide
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phases in the lowermost Tertiary strata (Fig. 2). The clay
mineralogy of four fine whole rock (bulk) materials and six
clay-size separates was determined by X-ray powder
diffraction analysis (XRD) for samples extending from
798.06 m to 891.92 m within the suevite sequence (Fig. 2).
Smear mounts were made by pipetting 40 mg suspensions (in
water) of the clay-size separates onto glass slides and air-
dried overnight to produce oriented mounts. X-ray patterns
were recorded on a Bruker D8 Advance Powder
Diffractometer equipped with a graphite monochromator. The
Co Ka radiation was set at 40 kV and 40 mA. The samples
were also X-rayed following saturation with ethylene glycol
and heat treatment (550 °C).

Microprobe analyses were obtained from a four-
spectrometer wavelength dispersive CAMECA Camebax at
Carleton University, Ottawa. Silicates, carbonates, and
hydroxides were analyzed with 15 kV and 15 to 20 nA.
Counting times were 10 sec for major elements and 20 sec for
minor and trace elements including F and Cl. Clay minerals,
carbonates, and hydroxides were analyzed with a strongly
defocused beam (raster). The mineral chemistry of clay
minerals and sulfide are in Tables 3 and 4. The standards used
were: wollastonite for Si and Ca, spinel for Al, andradite for
Fe, forsterite for Mg, albite for Na, orthoclase for K, MnTi for
Mn and Ti, chromite for Cr, tugtupite for Cl, and LiF for F.

The geochemistry of the silicate melt component was
determined for 16 samples of the impactites and one melt
dyke cutting the underlying Cretaceous rocks (Fig. 2).
Analyses were carried out by the Analytical Geochemistry
Subdivision of the Geological Survey of Canada, Natural
Resources Canada (Tables 1 and 2). The methods used
include major element determinations by wavelength
dispersive XRF, trace element determinations by inductively
coupled-plasma emission (ICP-ES), and mass spectroscopy
(ICP-MS). H,0, C, and S were determined by infrared
absorption, F and Cl by ion chromatography, and CO, by
titration. Precision and accuracy were better than 5 percent
and 2 sigma relative standard deviation (RSD), with
measurements made relative to in-house reference material,
duplicate samples, and international standards. During
subsampling of the melt, care was taken to avoid veins,
visible lithic fragments, fractures, and carbonate impurities.

PROTOLITH COMPOSITIONS OF
LEAST-ALTERED MELT

Mineralogy and Mineral Chemistry

The least-altered silicate melt from Yax-1 was identified
in unit 5, an in situ-brecciated melt approximately 24 m-thick
(Fig. 2). Fine, 5-20 pm diopside microlites and coarser,
<50 um feldspar laths, commonly trachytic, are set in a
subordinate matrix of finer magnetite, K-feldspar, quartz, and
apatite (Fig. 3). The composition of the clinopyroxene in the
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Fig. 4. Mineral chemical diagrams: a) pyroxene quadrilateral showing compositions of pyroxene in least-altered silicate melt, Yax-1; b)

feldspar compositions from the impactites, Yax-1.

Yax-1 drill hole (Fig. 4a) is intermediate between diopside
and hedenbergite (salite) with Mg numbers between 70-79.
These are similar to that documented in the interpreted impact
melt sheet samples C1-N10, Y6-N17, and N19 (Kring and
Boynton 1992; Schuraytz et al. 1994). Feldspar microlites in
the least-altered melt are dominantly plagioclase (Ab 37-47)
set in a fine matrix of ternary feldspar intergrown with iron-
oxides (Fig. 4b).

Geochemistry

The least-altered mineralogy of unit 5, in contrast to the
clay-rich, clinopyroxene-poor mineralogy of altered silicate
melt in other units, is used to characterize a primary silicate
melt composition in the Yax-1 impactite sequence. Melt
fragments were carefully selected to avoid alteration veinlets
(Fig. 3). In terms of major element compositions, unit 5 is
classified as a calc-alkaline basaltic andesite with 53.4—
56 wt% SiO,, ~6.93 wt% avg. MgO, and 15.9 wt% avg.
AlL,O; (volatile-free; Figs. 5 and 6, Table 1). Ratios of

relatively immobile elements TiO,, Al,O5, and Zr in Y-6 and
Yax-1 are similar, while C-1 contains higher Zr (155 ppm;
Schuraytz et al. 1994). The higher MgO content of Yax-1 is
accompanied by a decrease in SiO,, likely showing that Mg
metasomatism has also affected unit 5 composition possibly
present as fine vesicles filled with smectite. The CO, content
of the samples was used, in addition to petrography, to detect
those samples contaminated by late carbonate that
impregnated the matrix (Table 1). Silicate melt compositions
normalized to average upper continental crust show a flat
pattern which reflects the strong crustal signature of the
impact melt in Yax-1 (Fig. 7).

ALTERATION OF THE IMPACTITE
Mineralogy and Mineral Chemistry
The most prominent alteration minerals impart a strong

coloration to the impactite sequence with a predominance of
bright green celadonite and brown to reddish-brown iron
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Table 2. Geochemistry of carbonate melt within impactite
sequence and melt dyke within a Cretaceous block, Yax-1.
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Table 2. Geochemistry of carbonate melt within impactite
sequence and melt dyke within a Cretaceous block, Yax-1.

Yax-1 Yax-1 Yax-1 Yax-1_ Yax-1 Yax-1 Yax-1 Yax-1_
Sample 823.3 891.92B 893.33A 1348 Sample 823.3 891.92B 893.33A 1348
Depth (m) 823.3 891.92B 893.33A 1348 Depth (m) 823.3 891.92B 893.33A 1348
Descrip. Matrix Melt Melt Melt dyke Descrip. Matrix Melt Melt Melt dyke
Unit 3 6 6 Unit 3 6 6
SiO, 38.40 6.20 1.80 23.30 Sm 3.10 0.86 1.30 3.50
TiO, 0.29 0.09 -0.02 0.51 Tb 0.43 0.16 0.21 0.52
Al,O4 10.00 1.40 0.30 10.30 Tm 0.23 0.15 0.12 0.33
Fe 037 430 1.10 0.16 4.70 Y 13.00 8.10 9.10 19.00
Fe, 04 3.63 0.99 - - Yb 1.60 1.10 0.85 2.20
FeO 0.6 0.1 — — Total 101.2 100.1 97.8 98.6
MnO 0.02 0.28 0.24 0.00
MgO 5.88 1.94 3.15 12.80 4
CaO 18.10 48.44 47.80 16.24 I R T = '
Na,O 1.80 0.20 0.08 0.50 K.0 ACID
K,O 2.23 0.30 0.20 3.70 (wt.%)
H,Or 7.1 1.0 - - 3L BASIC -
COyr 13.0 39.1 439 24.8 ®
P,0s 0.05 0.01 -0.01 0.02 = High-K
Sl 0.03 0.04 0.07 1.71 all. a / )
Ag 0.2 -0.1 -0.1 -0.1 _i’/r/ T
Ba 210 82 799 150 :
Be 0.7 0.5 0.5 1.7 ool
Bi 02 02 02 0.3 1F I .
Cd -0.2 -0.2 -0.2 -0.2 | =
Co 8 -5 -5 6 Low-K Gill, 1981
Cr 33 -10 -10 26 0 T [ - (I T R i
Cs 1.00 0.24 0.02 3.80 50 55 60 65
Cu —10 -10 17 -10 Siol {w‘t. u/ol
I(-}I?” lé(l)g (2);(5) 832 lggg 16IIIIIIIIIIlIItlIII-]IIIIIIIIIIIIIIIilllll
In ~0.05 ~0.05 -0.05 0.07 14 | Na,0 +K,0 Phonolite i
Mo -0.2 -0.2 0.3 5.1 - E
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oxide/goethite staining of the core (Fig. 8). Also present are
varying amounts of Mg-saponite, K-montmorillonite,
chalcedony, K-feldspar, magnetite, calcite, dolomite, and
albite (Fig. 2). The details of the mineralogy and occurrence

of the secondary Fe-oxides are documented in an
accompanying paper (Pilkington et al. 2004).
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Clay minerals in Yax-1 were characterized to determine
possible mineral zonation, interstratification, and/or the
possibility of fine-grained discrete phases. The clay minerals
were identified by X-ray diffraction as pure smectite in 10
samples collected through the impactite sequence (Fig. 2).
Celadonite, Mg-saponite, and K-montmorillonite identified
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Fig. 6. Major element geochemistry of the Yax-1 suevite deposits. See Fig. 5 for sample legend.
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Unit I

Yax-1 806.41 807.99 807.99 807.99 807.99 807.99

Mineral Mont. Mont. Mont. Celadonite ~ Mont. Mont.
Lining Lining Amygd.

Texture Lining void  Matrix Alt. glass amygd. amygd. rim

SiO, 54.65 52.19 57.58 53.89 55.63 54.45

TiO, 0.59 0.18 0.22 0.00 0.02 0.33

Al,O4 14.41 12.47 17.93 7.88 11.57 13.84

Cr,03 0.00 0.01 0.00 0.01 0.00 0.02

FeO 7.80 13.35 2.56 18.19 5.42 9.40

MnO 0.06 0.01 0.02 0.04 0.06 0.00

NiO 0.02 0.06 0.00 0.03 0.06 0.06

MgO 5.92 7.88 5.84 5.79 9.96 5.54

CaO 1.30 0.65 0.87 0.49 0.11 0.84

BaO 0.00 0.00 0.00 0.04 0.00 0.00

Na,O 0.28 1.13 2.64 0.82 0.41 1.78

K,0 4.48 5.30 1.40 7.61 7.90 4.04

F 0.13 0.36 0.86 0.69 0.59 0.63

Cl 0.08 0.08 0.04 0.07 0.03 0.08

Subtotal® 89.71 93.66 89.94 95.55 91.75 91.02

Si 3.855 3.691 3.866 3.874 3.879 3.830

Ti 0.031 0.010 0.011 0.000 0.001 0.018

Al 1.198 1.040 1.419 0.668 0.951 1.148

Cr 0.000 0.001 0.000 0.001 0.000 0.001

Fe 0.460 0.789 0.144 1.093 0.316 0.553

Mn 0.003 0.000 0.001 0.002 0.003 0.000

Ni 0.001 0.003 0.000 0.002 0.003 0.003

Mg 0.623 0.830 0.584 0.621 1.035 0.581

Ca 0.098 0.049 0.062 0.038 0.008 0.063

Ba 0.000 0.000 0.000 0.001 0.000 0.000

Na 0.038 0.155 0.344 0.114 0.055 0.243

K 0.403 0.479 0.120 0.698 0.703 0.363

Al(IV) 0.114 0.300 0.123 0.126 0.120 0.153

Al(VD) 1.084 0.740 1.295 0.541 0.831 0.995

Mg + Fe 1.087 1.623 0.729 1.718 1.358 1.137

Ca+K+Na  0.539 0.682 0.526 0.851 0.766 0.669

Unit 11

Yax-1 818.05 818.05 818.05 818.05 818.05

Mineral Mont. Mont. Mont. Saponite Mont.

Texture Alt. glass Matrix Void filling  Alt. glass Void filling

SiO, 49.82 54.42 51.94 45.40 50.27

TiO, 0.27 0.60 0.45 0.03 0.40

Al,O4 12.84 15.17 13.40 5.53 11.58

Cr,03 0.02 0.00 0.00 0.00 0.00

FeO 6.91 7.17 10.19 3.12 9.19

MnO 0.00 0.05 0.00 0.04 0.00

NiO 0.00 0.04 0.00 0.00 0.03

MgO 5.33 6.00 5.17 22.94 5.70

CaO 0.78 1.38 0.73 0.39 0.66

BaO 0.00 0.06 0.06 0.04 0.00

Na,O 1.06 0.56 0.83 1.00 1.04

K,O 3.16 3.50 5.70 0.29 4.83

F 0.20 0.26 0.12 0.47 0.07

Cl 0.12 0.05 0.11 0.03 0.10

Subtotal® 80.53 89.25 88.69 79.27 83.86
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Table 3. Clay mineral chemistry.? Continued.

Unit II

Yax-1 818.05 818.05 818.05 818.05 818.05
Mineral Mont. Mont. Mont. Saponite Mont.
Texture Alt. glass Matrix Void filling  Alt. glass Void filling
Si 3.889 3.829 3.807 3.571 3.870
Ti 0.016 0.032 0.025 0.001 0.023
Al 1.182 1.258 1.157 0.512 1.051
Cr 0.001 0.000 0.000 0.000 0.000
Fe 0.451 0.422 0.624 0.205 0.592
Mn 0.000 0.003 0.000 0.003 0.000
Ni 0.000 0.002 0.000 0.000 0.002
Mg 0.621 0.629 0.565 2.691 0.654
Ca 0.066 0.104 0.057 0.033 0.055
Ba 0.000 0.002 0.002 0.001 0.000
Na 0.161 0.076 0.118 0.152 0.155
K 0314 0314 0.533 0.029 0.474
Al(IV) 0.096 0.139 0.169 0.427 0.107
Al(VI) 1.086 1.119 0.988 0.085 0.944
Mg + Fe 1.072 1.056 1.189 2.899 1.247
Ca+K+Na  0.541 0.495 0.710 0.215 0.684
Unit ITI

Yax-1 831.02 831.02 831.02 831.02 831.02
Mineral Saponite Saponite Saponite Saponite Mont.
Texture Dark red Amyg. fill Amyg. rim  Amyg. fill Matrix
SiO, 48.89 42.05 43.93 42.82 47.19
TiO, 0.01 0.01 0.01 0.00 1.26
Al,O; 9.27 5.55 7.34 5.55 10.97
Cr,0; 0.02 0.03 0.00 0.02 0.00
FeO 3.98 4.68 4.29 3.81 6.64
MnO 0.05 0.04 0.01 0.00 0.05
NiO 0.00 0.00 0.03 0.07 0.00
MgO 19.27 19.97 18.62 21.14 7.24
CaO 1.32 0.93 1.97 1.00 0.77
BaO 0.03 0.01 0.07 0.00 0.03
Na,O 0.47 0.98 0.44 1.22 0.74
K,O0 1.22 0.09 0.54 0.16 3.65
F 0.54 0.31 0.44 0.62 0.28
Cl 0.04 0.06 0.04 0.04 0.08
Subtotal® 85.10 74.72 77.73 76.46 78.90
Si 3.588 3.550 3.556 3.524 3.803
Ti 0.001 0.000 0.001 0.000 0.076
Al 0.802 0.553 0.700 0.539 1.041
Cr 0.001 0.002 0.000 0.001 0.000
Fe 0.244 0.331 0.290 0.262 0.447
Mn 0.003 0.003 0.001 0.000 0.003
Ni 0.000 0.000 0.002 0.004 0.000
Mg 2.108 2.514 2.247 2.594 0.870
Ca 0.103 0.084 0.171 0.088 0.067
Ba 0.001 0.000 0.002 0.000 0.001
Na 0.066 0.160 0.069 0.195 0.116
K 0.114 0.010 0.055 0.017 0.375
Al(IV) 0411 0.449 0.444 0.476 0.121
AI(VI) 0.391 0.103 0.256 0.063 0.920
Mg + Fe 2.356 2.847 2.540 2.861 1.320

Ca+K+Na 0.285 0.255 0.298 0.300 0.559
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Table 3. Clay mineral chemistry.? Continued.

Unit IV
Yax-1 852.07 852.07 852.07 852.07 852.07
Mineral Saponite Saponite Celadonite  Saponite Saponite
Amygdule Amygdule
Texture Vermiform  Alt. glass Alt. glass fill fill
SiO, 45.35 42.73 52.38 41.20 40.68
TiO, 0.11 0.01 0.49 0.12 0.01
Al,O4 7.81 6.35 10.71 6.87 5.96
Cr)03 0.01 0.04 0.00 0.00 0.03
FeO 7.26 6.73 18.05 6.70 3.17
MnO 0.00 0.00 0.00 0.00 0.00
NiO 0.04 0.00 0.00 0.01 0.01
MgO 17.43 19.79 4.81 13.03 18.58
CaO 1.83 1.35 0.60 1.30 1.23
BaO 0.00 0.01 0.02 0.00 0.00
Na,O 0.89 1.15 0.22 0.42 0.98
K,0 1.37 0.21 6.69 1.18 0.09
F 0.24 0.18 0.04 0.07 0.32
Cl 0.10 0.06 0.08 0.08 0.06
Subtotal® 82.45 78.61 94.11 70.96 71.13
Si 3.537 3.483 3.790 3.698 3.573
Ti 0.007 0.001 0.027 0.008 0.001
Al 0.718 0.610 0914 0.726 0.616
Cr 0.000 0.003 0.000 0.000 0.002
Fe 0.474 0.459 1.092 0.503 0.233
Mn 0.000 0.000 0.000 0.000 0.000
Ni 0.003 0.000 0.000 0.000 0.001
Mg 2.026 2.404 0.519 1.744 2.432
Ca 0.153 0.118 0.046 0.125 0.116
Ba 0.000 0.000 0.001 0.000 0.000
Na 0.135 0.181 0.031 0.074 0.168
K 0.136 0.022 0.618 0.135 0.010
Al(IV) 0.456 0.516 0.184 0.294 0.426
Al(VD) 0.262 0.094 0.730 0.433 0.191
Mg + Fe 2.503 2.863 1.611 2.247 2.666
Ca+K+Na 0424 0.322 0.695 0.334 0.294
Unit V
Yax-1 862.25 862.25 862.25 862.25 862.25 862.25 862.25 862.25
Mineral Mont. Saponite Mont. Bladed Bladed Mont. Saponite Mont.
Filling Amygdule saponite saponite Filling Amygd.
Texture Matrix amygd. rim Lining vein  Lining vein  Filling vein  amygd. rim
SiO, 46.29 36.87 47.56 37.27 44.56 40.45 38.74 4493
TiO, 0.39 0.00 0.37 0.04 0.00 0.03 0.01 0.20
Al, 04 11.05 5.26 11.61 4.94 5.89 14.38 5.08 11.25
Cr)03 0.02 0.04 0.02 0.00 0.00 0.00 0.00 0.04
FeO 9.02 4.92 6.98 4.73 5.96 3.70 5.06 4.58
MnO 0.04 0.00 0.01 0.01 0.05 0.02 0.01 0.01
NiO 0.03 0.03 0.00 0.00 0.00 0.08 0.02 0.01
MgO 5.28 17.38 6.23 16.76 20.52 8.05 18.61 5.72
CaO 0.50 1.05 0.47 1.70 2.01 1.45 1.37 1.29
BaO 0.03 0.00 0.01 0.06 0.05 0.00 0.01 0.01
Na,O 0.54 0.50 0.56 0.46 0.18 0.63 0.77 0.52
K,0 5.23 0.34 451 0.10 0.05 3.05 0.10 445

F 0.20 0.15 0.11 0.58 0.29 0.43 0.55 0.50
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Table 3. Clay mineral chemistry.? Continued.

Unit V
Yax-1 862.25 862.25 862.25 862.25 862.25 862.25 862.25 862.25
Mineral Mont. Saponite Mont. Bladed Bladed Mont. Saponite Mont.
Filling Amygdule saponite saponite Filling Amygd.
Texture Matrix amygd. rim Lining vein  Lining vein  Filling vein  amygd. rim
Cl 0.44 0.43 0.41 0.40 0.18 0.21 0.18 0.35
Subtotal® 79.05 66.97 78.86 67.04 79.74 72.48 70.52 73.86
Si 3.810 3.499 3.842 3.528 3.544 3.512 3.495 3.844
Ti 0.024 0.000 0.022 0.002 0.000 0.002 0.001 0.013
Al 1.072 0.588 1.105 0.551 0.552 1.472 0.540 1.134
Cr 0.001 0.003 0.001 0.000 0.000 0.000 0.000 0.003
Fe 0.621 0.391 0.472 0.374 0.396 0.269 0.382 0.328
Mn 0.003 0.000 0.001 0.001 0.003 0.001 0.001 0.000
Ni 0.002 0.002 0.000 0.000 0.000 0.006 0.002 0.000
Mg 0.648 2.459 0.750 2.365 2433 1.042 2.502 0.730
Ca 0.044 0.106 0.041 0.173 0.172 0.135 0.133 0.118
Ba 0.001 0.000 0.000 0.002 0.002 0.000 0.000 0.000
Na 0.086 0.093 0.088 0.084 0.028 0.106 0.135 0.086
K 0.549 0.041 0.465 0.012 0.005 0.338 0.011 0.486
Al(IV) 0.167 0.501 0.135 0.470 0.456 0.486 0.504 0.143
Al(VI) 0.906 0.086 0.970 0.081 0.096 0.986 0.036 0.991
Mg + Fe 1.273 2.852 1.222 2.740 2.833 1.318 2.887 1.059
Ca+K+Na  0.680 0.240 0.594 0.270 0.206 0.579 0.279 0.691
Pt. 20 21 22 49 50 54 55 56
Unit VI
Yax-1 882.78 882.78 882.78 889.63 889.63 889.63 889.63 889.63
Mineral Mont. Saponite Saponite Celadonite  Saponite Saponite Celadonite  Saponite
Texture Surr. qtz Flaky clay Flaky clay Green Amygdule Green
SiO, 39.21 38.59 35.69 51.75 52.12 45.24 52.80 41.97
TiO, 0.32 0.03 0.00 0.15 0.04 0.06 0.12 0.00
AlO4 7.93 5.66 4.56 9.07 7.72 5.26 8.59 5.23
Cr,03 0.03 0.00 0.02 0.00 0.01 0.00 0.03 0.00
FeO 12.29 3.99 3.15 21.70 5.49 3.95 21.81 4.09
MnO 0.03 0.00 0.00 0.10 0.02 0.04 0.03 0.03
NiO 0.00 0.04 0.01 0.05 0.01 0.01 0.03 0.04
MgO 3.70 19.43 17.05 425 18.92 21.34 4.49 20.33
CaO 0.83 1.42 1.41 1.04 0.40 1.91 0.64 1.62
BaO 0.00 0.00 0.04 0.03 0.02 0.00 0.04 0.00
Na,O 0.40 0.69 0.93 0.48 1.20 0.33 0.22 0.39
K,O 5.15 0.14 0.16 7.03 3.43 0.30 7.68 0.18
F 0.34 0.19 0.42 0.05 0.47 0.40 0.07 0.47
Cl 0.09 0.07 0.09 0.11 0.02 0.06 0.03 0.05
Subtotal® 70.33 70.26 63.52 95.79 89.87 78.88 96.57 74.40
Si 3.782 3.472 3.541 3.778 3.691 3.598 3.822 3.550
Ti 0.023 0.002 0.000 0.008 0.002 0.004 0.007 0.000
Al 0.902 0.600 0.533 0.780 0.644 0.493 0.733 0.522
Cr 0.003 0.000 0.001 0.000 0.001 0.000 0.002 0.000
Fe 0.991 0.300 0.261 1.325 0.325 0.263 1.320 0.290
Mn 0.003 0.000 0.000 0.006 0.001 0.003 0.002 0.002
Ni 0.000 0.003 0.001 0.003 0.001 0.000 0.001 0.003
Mg 0.532 2.606 2.523 0.463 1.997 2.530 0.485 2.564
Ca 0.085 0.137 0.150 0.082 0.030 0.163 0.049 0.147

Ba 0.000 0.000 0.002 0.001 0.000 0.000 0.001 0.000
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Pt. 20 21 22 49 50 54 55 56
Unit VI

Yax-1 882.78 882.78 882.78 889.63 889.63 889.63 889.63 889.63
Mineral Mont. Saponite Saponite Celadonite  Saponite Saponite Celadonite  Saponite
Texture Surr. qtz Flaky clay Flaky clay Green Amygdule Green

Na 0.076 0.121 0.179 0.067 0.165 0.051 0.031 0.064
K 0.634 0.016 0.020 0.655 0.310 0.030 0.710 0.019
Al(IV) 0.195 0.526 0.459 0.214 0.308 0.398 0.171 0.450
Al(VD) 0.707 0.074 0.075 0.566 0.337 0.095 0.562 0.072
Mg + Fe 1.526 2.909 2.784 1.796 2.323 2.796 1.808 2.859
Ca+K+Na 0.795 0.273 0.350 0.804 0.506 0.244 0.791 0.230

aMont = Montmorillonite: (Na, Ca), 3(Al, Mg),Si40,,(OH),.nH,0; Saponite: (Ca/2, Na), 3(Mg, Fe?*);(Si, Al),0,o(OH),.4H,0; montmorillonite is very fine-
grained and grey or colorless lining amygdules, shards, and veins; saponite is coarser and bladed, forming thick, brownish linings around shards, amygdules,

and veins; celadonite is greenish-brown.

bSubtotal not including H,O; formula calculation based on 11 oxygens (water-free).

through mineral chemistry (Table 3, Fig. 9) typically replace
clinopyroxene in melt fragments throughout the fragmental
impactite sequence. They also line and fill, amygdales and
veins and replace the matrix. Mg-rich saponite is brownish
and fibrous, while the K-montmorillonite is generally clear,
fine-grained, and concentrically zoned within amygdales.
Compositions of the clays are intermediate between the two
end members saponite and montmorillonite, with the Yax-1
montmorillonite containing some Mg and the saponite
containing some Al,O5 (Table 3). Both minerals are elevated
in potassium (Fig. 9). Characteristic bright green celadonite is
abundant as a secondary phase in veins and amydales and fills
open spaces throughout the impactite sequence. Veins of
celadonite also crosscut the strongly magnetic mafic
basement clasts that are found throughout the suevite in Yax-
1 (889.63 m) (see Pilkington et al. 2004). Although not
exclusive, Mg-saponite dominates the upper 40 m of the
impactites, while K-montmorillonite is abundant in the lower
~60 m (Fig. 2).

Chlorite, which is optically and chemically distinctive
from the saponite-montmorillonite-celadonite clay minerals,
was not identified by mineral chemistry or petrographically in
25 thin sections nor by X-ray diffraction of 10 samples
through the impactite sequence (Fig. 2). This is in contrast to
a report by Ziircher and Kring (2003) based solely on mineral
chemistry and petrography. Neither is there evidence of clay
replacing chlorite or interstratified clay-chlorite minerals.
Trace chlorite was identified in a small basement fragment of
sericite-feldspar schist and, clearly, is not part of the alteration
assemblage. Chlorite is chemically quite different from the
composition of the prevalent Chicxulub clay minerals, with
chlorite being much more Al- and Fe-rich and Si- and K-poor
relative to the comparatively Si-, Mg-, and K-rich clays found
in all of the rocks examined in Yax-1.

Chalcedony occurs within the upper reworked units
(806.41, 807.99, and 818.05), with a light green, amorphous
mineral with an intense blue fluorescence (Fig. 8d). These

amorphous minerals line amygdales, some of which were in-
filled earlier with fine euhedral K-feldspar.

K-feldspar occurs as euhedral thomb shaped crystals
lining voids, occurring as replacement alteration haloes on
veins commonly associated with Mg-saponite and fine
magnetite in the matrix (Fig. 4b). K-feldspar-magnetite
replacement haloes on veins are found near the upper and
lower contacts of the in situ brecciated melt, unit 5 (861 to
885 m) (Fig. 2). Trace amounts of coarse end member albite
formed later in veins, voids, and within porous melt
fragments (Fig. 4b, 8b, and 8c).

Trace amounts of sulfide are present in the impactite
sequence. Pyrite, chalcopyrite, low-iron sphalerite and rare
galena were observed. (Co-Ni) pyrite is associated with
chalcopyrite near the base of the impactite sequence (894.88).
Fine, <50 um grains are cored by sphalerite and rimmed with
chalcopyrite dusted with very fine (<5 um) galena.

The last mineral phase to form was secondary calcite. It
replaces earlier dolomite in the impact breccia and
pseudomorphs “glass” shards. Calcite locally forms the
matrix to altered melt fragments and fills amygdales, some of
which are already lined with K-feldspar or clay minerals and
fractures (Fig. 8e¢). Earlier-formed dolomite rhombs in the
secondary carbonate matrix of the impactite are overgrown by
late calcite. Calcite also occurs in unit 1 (806.41) as spherical
grains, possibly droplets and as fragments in silicate glass,
which is presently altered to K-montmorillonite (Fig. 8f).
Secondary calcite veining is most abundant in units 1 to 3 and
least common in the in situ-brecciated silicate melt rock of
unit 5.

Geochemistry

The geochemistry of altered melt in units 3 and 6 are
compared with the least-altered andesitic composition of unit
5 in Yax-1 as well as melt compositions from Y-6 and C-1
(Figs. 5 and 6). The unit 6 suevite has significantly elevated
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Fig. 7. Upper continental crust-normalized REE patterns for the
silicate melt in the annular trough at Yax-1.

K,O contents reaching up to 7 wt%, and some samples of
unit 3 show only a minor addition of K,O (Fig. 6). The
suevite (unit 6) composition at the base of the sequence
trends into the trachyandesite fields due to this addition of
K,O (Fig 5 and 6; Table 1). All of the suevite and melt

1161

samples in Yax-1 show elevated MgO relative to that in Y-6
and C-1 (Fig. 6).

MINERALIZATION IN THE
LOWER TERTIARY SEQUENCE

Above the impactite sequence at 894.88 m are coarse 1—
3 cm sulfide-smectite aggregates in the Tertiary limestone
cover rocks (Fig. 10). They are composed of bladed to blocky
pseudo-cubic marcasite with minor anhedral pyrrhotite, pyrite,
and trace sphalerite. Strongly anisotropic, skeletal, sieve-
textured marcasite is overgrown by blocky pseudo-cubic,
euhedral marcasite in a calcite matrix (Fig. 11). In sample
789.61, the Fe-sulfide phase is pyrrhotite. Trace amounts of
sphalerite occur within marcasite as fine <5 um grains with
elevated Ga and Cd. The mineral chemistry indicates elevated
trace element values in Ag, Te, Au, Ni, and Bi, irrespective of
the marcasite crystal habit (Table 4; Fig. 12).

DISCUSSION

The least-altered andesitic composition of the melt in
Yax-1 differs significantly from melt compositions in Y-6 and
C-1 which are located closer to the center of the crater (Figs. 1
and 6). Yax-1 melt composition shows elevated MgO, while
the Y-6 and C-1 silicate melt has elevated SiO,, which may
reflect either dilution due to Mg metasomatism reflected by
the ubiquitous smectite in Yax-1 or may reflect compositional
heterogeneities in the impact melt (Fig. 6). Schuraytz and
others (1994) also show variation in melt geochemistry from
two holes (Y-6 and C-1) closer to the center of the crater,
attributing differences to variations in local target rocks and
depth of melting. Studies of the Y-6 core, also drilled in the
annular trough ~20 km north of Yax-1, suggest that the
silicate melt was not appreciably hydrothermally altered
(Kring and Boynton 1992), but the chemistry indicates
elevated SiO, and Na,O relative to the composition of silicate
melt in Yax-1.

In modern and ancient seafloor hydrothermal systems
(Galley 1993; Alt 1995; Hannington et al. 1995), the addition
of Mg and K (Mg-smectite and K-feldspar) from seawater
sources occurs in relatively cool recharge zones (T = 0—
150 °C). Metasomatic reactions between down-welling
seawater and the volcanic pile occur at progressively higher
temperatures with depth, producing stacked extensive semi-
conformable alteration zones, the strike length of which is
limited to strata overlying the heat source to the sub-seafloor
convective system (Galley 1993). Zonation is characterized at
shallow levels by Mg-K-enriched clay-zeolite metasomatic
facies (50—140 °C), followed downward by Na-Mg enrichment
at moderate temperatures (140—300 °C) reflected in chlorite-
albite alteration + mixed layered chlorite-smectite to chlorite
and high temperature, Na-Ca-Fe-enriched greenschist-
amphibolite metasomatic facies (>300 °C) at depths proximal
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Fig. 8. Representative alteration types in the Yax-1 drill core, Chicxulub: a) bright green celadonite alteration of the reworked suevite, unit 1,
806.41m; b) dark brown K-feldspar, Fe-oxide veins near the top of unit 5, 862.25 m. The box shows the location of the SEM photo in (¢); ¢)
potassic alteration haloes on albite-Fe-oxide veins cutting unit 5, 862.25 m. Location of (b) shown in (c); d) green amorphous mineral (opal?)
concentrically lining voids now filled with euhedral K-feldspar rhombs, 807.99 m, unit 1; ) vesicular shard replaced by coarse secondary
calcite in a matrix of fine granular carbonate forming the matrix, 832.54 m; f) calcite fragments and droplets in altered silicate glass, K-

montmorillonite, unit 1, 806.41 m.

to the heat source. The trend to lower greenschist facies
minerals is reflected by the appearance of mixed layer chlorite-
smectite, chlorite, actinolite replacing clinopyroxene, and
albite partially replacing plagioclase, but these assemblages
are not present in Yax-1. High temperature reaction zones

generally contain the assemblage actinolite-hornblende-
clinopyroxene and epidote. In the large Sudbury impact crater,
regional, vertically stacked alteration zones occur with
increasing depth and paleo-temperatures (up to 250-300 °C) in
the impact crater fill sequence (Ames et al. 1998, 2002b).
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Fig. 9. Bivariate plot of the clay mineral compositions in Yax-1. The solid symbols are those from this study; the open symbols are for
nontronite, saponite, and montmorillonite from Anthony et al. (1990); the celadonite compositions are from Pflumio (1991).

Fig. 10. Representative sulfide aggregates in the lower 25 m of the Tertiary sequence, (770.43—-789.61 m) Chicxulub, Yax-1: a) euhedral
marcasite crystals in Tertiary carbonates, 770.43 m; b) photomicrographs of massive marcasite rimmed with a clay-rich alteration halo,
785.64 m; c¢) 787.85 m; d) Bladed radiating pyrrhotite in Tertiary carbonate matrix, 789.61 m.
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Fig. 11. Textural features of marcasite in the lower Tertiary carbonate sequence, Yax-1: a) optically strongly zoned heterogeneous bladed
marcasite, 770.43 m; b) pseudocubic marcasite crystals, 772.48 m; c¢) early skeletal marcasite intergrown with carbonate (dark), 783.65 m; d)
pseudocubic marcasite overgrowth on earlier skeletal marcasite, 783.65 m.

Alteration of the Yax-1 core characterized by Mg-
saponite, K-montmorillonite, celadonite, Fe-oxides, and K-
feldspar is typical of low-temperature (0-150 °C) seawater
recharge zones. Alkali fixation from seawater resides in K-
feldspar as well as the smectites filling fractures and vesicles
in the rocks (Fig. 9). The mean FeO/FeO + MgO (wt%)
content of saponite from Yax-1 is 0.21, similar to saponites
affected by open, oxidizing alteration in the crust (0.3) in
contrast to those saponites (~0.48) formed due to more
restricted low temperature alteration (Alt 1995). Oxidizing
conditions are also reflected by the abundance of Fe-oxides
(Pilkington et al. 2004) and the paucity of Cu-Fe-Zn-Pb
sulfide minerals within the Yax-1 impactites. Mg fixation in
the Yax-1 impactites is evident by the dominant clay Mg-
saponite, which, in the absence of mixed layered chlorite-
smectite, indicates low temperatures of formation. Zeolite

minerals and chlorite were not identified in the Yax-1 core,
indicating that hydrothermal temperatures >150 °C were not
attained at this site in the annular trough environment.
Alteration of mafic glass results in quartz-saturated fluids
(Berndt et al. 1989) that precipitated in vesicles and open
spaces in the Yax-1 impactite. The secondary minerals Fe-
oxides, celadonite, Mg-saponite, K-montmorillonite, K-
feldspar formed during low temperature oxidation and
fixation of alkalis and Mg due to cold seawater infiltration
into the highly permeable impact sequence.

Crater Floor Hydrothermal Vents and Massive Sulfide
Deposits?

The lack of significant hydrothermal alteration of the
impactites in the Yax-1 core is consistent with the core’s
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Fig. 12. Trace element compositions of marcasite with depth, Yax-1.

location outside of the concentric magnetic zones attributed to
hydrothermal alteration by Pilkington and Hildebrand (2000).
If a robust post-impact hydrothermal system developed in the
Chicxulub crater-fill closer to the central basin, with its
associated melt sheet and central uplift, hydrothermal vents
may have developed on the crater floor as they did at Sudbury
(e.g. Rousell 1984; Ames et al. 2000, 2002a). Indeed, trace
element analyses from the Yax-1 core do indicate some
hydrothermal discharge into the Tertiary basin at Chicxulub.
Elevated Ag, Te, Ni, Au, and Bi in marcasite within the basal
Tertiary carbonate rocks suggest hydrothermal enrichment
from a mafic source. Magnetic mafic basement fragments in
Yax-1 (Pilkington et al. 2004) and isotopic data from Y-6 and
C-1 impact melts (Kettrup et al. 2000) support a significant
mafic component to the basement and, consequently, to the
impact melt that was generated. This has important
implications for potential economic hydrothermal sulfide
deposits in the Chicxulub crater. The robust paleo-
hydrothermal system at the large Sudbury crater produced Zn-
Pb-Cu-Ag-Au massive sulfide deposits and exhalites. The
massive sulfide deposits indicate focused hydrothermal
venting at 200-250 °C, while the exhalites that are in part
carbonate-facies iron formation indicate lower temperature
but extensive, diffuse low temperature venting over large
areas (Ames et al. 1998, 2000, 2002a). The sulfide deposits of
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the Sudbury crater floor vent systems are a modest economic
resource at 6.4 Mt (Ames et al 2002b), however the magmatic
Ni-Cu and magmatic-hydrothermal Cu-PGE deposits that
developed at the base of the Sudbury melt sheet comprise the
largest mineral deposits in the world (e.g., Naldrett 2003).

CONCLUSIONS

The calc-alkalic basaltic andesite composition of the melt
component in the Yax-1 impactites has been strongly affected
by low temperature alkali-magnesium fixation and oxidation.
We have demonstrated that the alteration mineral
assemblages identified through petrography, X-ray
diffraction, and mineral chemistry are the result of low
temperature (<150 °C) seawater interaction with andesitic
glass in the suevite contained in the outer annular trough at
Chicxulub. This seawater recharge zone may be feeding a
higher temperature impact-generated system closer to center
of the crater as suggested by the hydrothermal plume trace
element signature identified in the basal Tertiary sulfides
reflecting hydrothermal venting into the Tertiary ocean.

Although hints of hydrothermal activity occur in the
annular trough environment of the Chicxulub crater in the
Tertiary system, only deep drilling closer to the center of the
crater will provide conclusive evidence for a thick melt sheet
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and a post-impact hydrothermal system with potential
economic resources.
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