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Chicxulub Multiring Impact Basin: Size and Other 
Characteristics Derived from Gravity Analysis 

Virgil L. S harpton, Kevin Burke, Antonio Camargo-Zanog uera, 
Stuart A. Hall, 19. Scott Lee, Luis E. Marin, 

Gerardo Suarez-Reynoso, Juan Manuel Quezada-Mufieton, 
Paul D. Spudis, Jaime Urrutia-Fucugauchi 

The buried Chicxulub impact structure in Mexico, which is linked to the Cretaceous- 
Tertiary (K-T) boundary layer, may be significantly larger than previously suspected. 
Reprocessed gravity data over Northern Yucatan reveal three major rings and parts of 
a fourth ring, spaced similarly to those observed at multiring impact basins on other 
planets. The outer ring, probably corresponding to the basin's topographic rim, is almost 
300 kilometers in diameter, indicating that Chicxulub may be one of the largest impact 
structures produced in the inner solar system since the period of early bombardment 
ended nearly 4 billion years ago. 

T h e  Chicxulub structure is widely consid- 
ered to be an impact crater related to the 
-65-Ada (million years ago) K-T boundary 
layer (1-3). Because this feature is buried 
under 300 to 1100 m of Tertiary carbonate 
rocks in the Northern YucatBn Platform, 
geophysical exploration is essential to un- 
derstand its morphology and structure. In- 
deed, concentric patterns in gravity and 
magnetic field data over this feature led to 
its discovery (1). Hildebrand et al. (2) later 

recognized two concentric rings in gridded 
gravity data then available and interpreted 
their 180-km-diameter outer ring as the rim 
crest of Chicxulub. They could not resolve 
concentric structure in the northern one- 
third of the feature, however, and proposed 
that an east-northeast trending fault had 
removed the crater's signature in this region 
(2, 4). To better understand the nature of 
the Chicxulub impact structure and its re- 
gional setting, we compiled and analyzed a 

new gravity anomaly map (5) of northern 
YucatBn (Figs. 1 and 2). 

The gravity data set comprises 3134 
offshore measurements and 3675 land sta- 
tions (Fig. 2A) between 19.j0N to 22.j0N 
and 88"W to 90.j0W (6). After removing 
obviously spurious points, we gridded the 
data by a bivariate interpolation scheme 
designed for irregularly distributed points 
(7). Gravity anomalies in the mapped re- 
gion range from - 16.4 mgal m s-') 
to +53.6 mgal. 

The Chicxulub basin is a broad, nearly 
circular region in which gravity values are 
20 to 30 mgal lower than regional values. A 
distinct 15- to 20-mgal high occupies the 
geometric center that we place at 21.3"N 
and 89.6"W (Figs. 1 and 2).  Analysis of 
radial profiles compiled for each 10" incre- 
ment of azimuth clearly reveals multiple 
rings expressed as local maxima in the 
gravity anomaly data. Besides the central 
gravity high, we recognize three major rings 
and evidence of a fragmentary fourth ring 
(Figs. 1, 2, and 3). Basins with three or 
more concentric rings are the largest impact 
landforms observed on planetary surfaces. 
Analyses of multiring impact basins on all 
the silicate planets of the inner solar system 
have shown that the radial uositions of 
these topographic rings follow a "square 
root of 2" suacine rule (8). The concentric 
gravity highs wiyhin the' Chicxulub basin 
(Figs. 1 and 2) also follow this spacing rule 
(Table I) ,  indicating that they correspond 
to topographic rings of this now-buried 
impact basin. 

The central gravity high most likely 
reflects the mass concentration associated 
with the dense impact melt sheet and the 
uulift of silicate basement rocks in the 
middle of the structure. The concentric 
gravity trough separating the central dome 
from the inner ring (Fig. 1, ring 1) could 
mark the position where the dense melt 
rock sequence is thin enough for the 
low-density breccias filling the crater to 
dominate the gravity expression. The di- 
ameter of the inner ring is 105 ? 10 km. 
Ring 1 probably corresponds to the topo- 
graphic central-peak ring associated with 
the structural uplift of large complex im- 
pact craters (9). 

Gravity values increase substantially and 
abruptly between -70 and -100 km from 
the basin center. Near the inside edge of 
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this zone of steep gravity gradients, some 
profiles show local gravity highs or inflec- 
tions that constitute a partial ring (Fig. 1, 
ring 2) which is best expressed to the 
southwest and east (Fig. 2, profile 90). A 
well-developed third ring, corresponding to 
the outer ring of (2), is located at the crest 
of the steep gradients. Although this ring 
has been interpreted as the rim crest of the 
Chicxulub crater (2), the steep gravity gra- 
dients immediately inside it are not predict- 

ed with the shallow deformation character- 
istic of terrace and rim zones of large impact 
basins (9). More likely, such gradients mark 
the outward extent of deep excavation and 
deformation associated with the transient 
crater before its collapse during the late 
stages of the impact process (10, 1 I). Inter- 
pretations of the surface morphology of 
lunar multiring basins also place the deep 
transient crater boundary between the sec- 
ond and third rings (1 1, 12). These results 

Flg. 1. Surface geology and rings 
of the Chicxulub multiring basin, 
Yucatan, Mexico. The three wells 
that penetrated impact melt rocks 
and breccias beneath the car- 
bonate cover rocks are C1 
(Chicxulub I ) ,  S1 (Sacapuc I ) ,  
and Y6 (Yucatan 6). Other well 
sites shown are Yucatan 1 (Yl), 
Yucatan 2 (Y2), Yucatan 5A 
(Y5A), and Ticul 1 (TI). Carbon- 
ate units at the surface are Q 
(Quaternary; <2 Ma), T, (Upper 
Tertiary; 2 to 35 Ma), T, (Eocene; 
35 to 55 Ma), and T,,, (Pa- 
leocene; 55 to 65.0 Ma). Hatch- 
ured lines represent the Ticul fault 
system. 

indicate that a reasonable estimate of the 
transient crater diameter (D,) of Chicxulub 
is -170 + 25 km. Impact crater scaling 
relations derived from computations and 
experiments (11) suggest, therefore, that 
the Chicxulub-forming impact event exca- 
vated to a deoth of -17 to 20 km and that 
the transient crater was 45 to 60 km deep. 

The broad gravity low defining the 
Chicxulub basin extends out to a distance 
of -140 km from the center where the 
fourth and outermost ring in our data set is 
located (Table 1). Analyses of the gravity 
anomalies over other terrestrial imoact cra- 
ters indicate that the edge of the circular 
low defines the position of the topographic 
rim (13). Ring 4 is expressed as a subtle, 
discontinuous pattern of local gravity highs 
that average -2.5 mgal in amplitude (Fig. 
3). The relatively weak expression of this 
ring in gravity data is consistent with the 
shallower deformation characteristic of the 
outer regions of large impact basins (9). 
Identification is also hampered by data 
voids within the map area (Fig. 2A) and 
lack of accessible data west of 90.5"W. 

Ring 4 could be somewhat larger than 
we estimate because the limited data cov- 
erage to the west and north does not permit 
the full extent of the gravity low (the ring's 
inner flank) to be determined. In calculat- 
ing the average diameter of this ring, we 
therefore used the maximum extent of 
those profiles not reaching the outer edge of 
the gravity low. Scaling relations derived 
from observations of large multiring basins 
on the moon (I I, 12) and studies of terres- 
trial complex craters (9), ranging up to 100 

region shown in Fig. 1 viewed obliquely from approximately 60" above the 

Fig. 2. (A) Contoured gravity anomaly data for the region shown in Fig. 1. 
Center of the Chicxulub impact basin lies at (+). Small dots are gravity 
stations and offshore measurements (6). Before contouring, we smoothed 
the gridded data by an 1 1  by 11 (7.2 km by 7.2 km) convolution filter. The 
contour interval is 2 mgal. (B) Relief-shaded gravity anomaly data for the 
surface looking north. Artificial lighting is from the south. 
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km in final rim crest diameter (D), indicate 
that D, = 0.5 to 0.65 D (I I). For our 
interpretation of the Chicxulub basin (D, = 
170 km), this relation predicts D = 260 to 
340 km-in good agreement with the loca- 
tion of the outer ring. This also agrees well 
with the -300-km rine diameter uredicted - 
by the "square root of 2" analysis summa- 
rized in Table 1. Conseauentlv. we believe . . 
that ring 4 represents the main basin rim 
and that the Chicxulub multiring basin is 
-300 km in diameter. 

A forward model of the average gravity 
profile (Fig. 4) indicates that the Chicxulub 
gravity signature is compatible with the 
interpretation presented above. The ring 
assignments proposed here place the highly 
magnetic zone of Penfield and Camargo (1) 

within the central peak ring (ring 1) and 
the weakly magnetic zone inside the zone of 
deep deformation (delimited by ring 3), 
suggesting that the magnetic source is relat- 
ed to deep rocks uplifted, melted, and 
brecciated in the center of the structure. 

The northern Dart of the basin has not 
been removed by east-west faulting as was 
proposed (2, 4) on the basis of less compre- 
hensive gravity data. Low amplitude gravity 
anomalies corresponding to basin rings are 
evident throughout the northern region 
(Fig. 3, profile 340). The gravity expres- 
sion of this part of the basin, however, is 
partly masked by a strong regional gravity 
hieh extendine into the crater from the 

u " 
north. This broad feature continues south- 
ward past the crater center for over 200 

Table 1. Radial spacing of rings in the Chicxulub Multiring Impact Basin. Ring assignments are 
those In Fig. 1 Observed radial distance from crater center is the average ring crest position 
determined from the number (N) of radial proflles that show distinct evidence of the ring. Predicted 
radial distance applies the "square root of 2" ring spacing rule (8) to the central peak ring (Fig. 1, 
peak 1) to predict positions of the other rings. The disparity between predicted and mean observed 
distance is given as fraction of predicted value. 

Observed Predicted 

Ring radial radial 
distance distance Interpretation 

(km) (km) 

1 52.5 5 5.0 34 52.5 Central peak ring 
2 77.1 & 6.3 28 74.3 0.038 Inner limit to transient 

crater wall 
3 99.6 5 6.0 33 105.1 0.052 Outer limit to transient 

crater wall 
4 139 -c11.0 26 148.6 0.063 Basin rim crest 

km as a narrow linear gravity low. 
During the Jurassic Period, the YucatPn 

block moved rapidly away from the U.S. 
Gulf Coast along a counterclockwise, 
southward path subtending 45" to 65" of arc 
as the Gulf of Mexico formed (1 4). Because 
the predrift orientation of the linear gravity 
feature at Chicxulub is concordant with the 
Gulf of Mexico rift. we believe that this 

Fig. 3. Gravity profiles through the center of the , so- 

feature may be related to crustal thinning or 
incipient rifting associated with the open- 
ing Gulf. The broad gravity high in the 
northern part of the Chicxulub basin could 
represent mass excesses associated with 

Chicxulub multiring basin. Avg is the average 40- 
radial profile constructed from traverses taken at 5 30: 

crustal thinning or volcanic infilling of a rift 
valley. The linear gravity low (Fig. 3, pro- 
file 180) might then reflect thick deposits of 
relativelv low-densitv volcaniclastic rocks 

.. ,.-. % 

. . .-.-, .-*.' 
,::>:,.. i40 

or evapdrites located'toward the distal and 
less volcanically active end of the rift zone 
[for example, figure 2 in (15)]. Thick 
evaporite units have been reported from the 
Petrhleos Mexicanos drilling sites at the 
Ticul 1 and the Yucatin 2 wells (16) near 
this feature (Figs. 1 and 2), and similar salt 
basins are well known to the north of the 
Gulf of Mexico rift [for example, (14)l. 

At about 300 km in diameter, the 
Chicxulub multirine basin records one of 

10" intervals through the center, excluding those 
affected by the gravity high to the north-north- 
west (between azimuths 310" and 360") or the 
linear gravity depression extending to the south  lo^ 
of the structure (between azimuths 170" and E 1 ‘. ; , 

190"). Profile 340 is along azimuth 340" on the "-200 50 loo 150 
crest of the linear gravity high. Profile 180 is Distance from basin center (km) 

- 
the largest collisions in the inner solar 
system since the end of the early period of 
heavy bombardment almost 4 billion years 
ago (17). The only post-heavy bombard- 
ment basin of comparable size identified on 
the well-studied surfaces of the inner plan- 
ets and satellites is the 280-km-diameter 
Mead basin on Venus. Earth probably has 
not exuerienced another i m ~ a c t  of this 
magnitude since the development of multi- 
cellular life approximately a billion years 
ago. Such an unusual and energetic event 
at the K-T boundary (3) argues strongly 
that the effects of this meteorite impact led 
to the concurrent mass extinction event 
(18). Multiple impact or comet shower 
models, although not excluded, are not 
essential. Such imuacts would add little to 

along the center of the gravity low extending due south. Profile 90 is a representative profile that the environmentai havoc wreaked by the 
shows the change in gradient associated with ring 2. Numbers 1 to 4 indicate basin rings in Fig. 1. chicxulub impact event alone. 

Fig. 4. Forward model of average radial gravity Observed Ring 3 
profile (Avg in Fig. 3) of the Chicxulub Impact Intermediate Ring 
Basin. The interpretation and density contrasts Ring 1 
(g ~ m - ~  or kg m-3) of the modeled rock l o  
bodies are as follows: 1, impact melt sheet and 
melt breccia (0.37); 2, inner allogenic breccia .:.lo 
unit (0.25); 3, fractured uplifted crystalline base- 

0 
ment (0.31); 4, outer allogenic breccia (0.23); 5, - 2 
Cretaceous platform sediments (0.18); 6, upper- 
most crystalline basement (0.40); 7, intermediate r 8 

basement (0.60): and 8. uplifted deep basement i: 
(0.80). All density contrasts are relative to 9, 14 
Tertiary carbonate rocks (including ejecta de- 
posits), which have a density of 1.8 to 2.0 g Distance from basin center (km) 

cm-? Stratigraphy is consistent with drill core data. Unshaded region is the zone of crater 
disturbance. Bold dashed line shows approximate position of the transient crater boundary in this 
model. 
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Chemical Modification of the Photoluminescence 
Quenching of Porous Silicon 

Jeffrey M. Lauerhaas and Michael J. Sailor* 
The photoluminescence of porous silicon can be quenched by adsorbates, and the 
degree of quenching can be tuned by chemical derivatization of the porous silicon 
surface. Thus, as-prepared porous silicon has a hydrophobic, hydrogen-terminated 
surface, and the photoluminescence is strongly quenched by ethanol and weakly 
quenched by water. Mild chemical oxidation (iodine followed by hydrolysis) produces a 
hydrophilic porous silicon surface. Photoluminescence from this hydrophilic material is 
quenched to a lesser extent by ethanol and to a greater extent by water, relative to the 
original surface. This demonstrates that the visible luminescence from porous silicon is 
highly surface-sensitive, and the surface interactions can be tuned by specific chemical 
transformations. 

T h e  observation of visible photolumines- 
cence (PL) from porous Si has attracted 
attention for a wide range of applications, 
including electrooptic ( I ) ,  solar energy 
conversion (2), photodetector (3), and 
chemical sensor devices (4-7). Chemical 
sensors could take advantage of changes in 
the PL wavelength and intensity that oc- 
cur in the presence of different chemical 
adsorbates. For nonreactive molecular ad- 
sorbates, the quenching of PL intensity 
scales roughly with the dipole moment of 
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the chemical soecies 15. 6) .  so that mole- > ,  , ,  

cules with large dipole moments like 
methanol or ethanol auench the PL of 
porous Si to a large extent (typically 
>99% loss of PL intensity). The reversible 
quenching phenomenon has been inter- 
preted as the stabilization of surface traps 
by alignment of molecular dipoles on the 
porous Si surface (5, 6). An exception to 
the correlation is water. which does not 
appreciably quench the PL of porous Si 
despite its large dipole moment. This ob- 
servation has been attributed to the hydro- 
phobic nature of the porous Si surface; 
water does not wet the hydrogen-termi- 
nated surface of porous Si, so dipole align- 

ment does not occur. 
We tested this postulate by derivatizing 

the surface of porous Si with hydrophilic 
0 and OH groups. The surface modifica- 
tion reduced the surface hydrophobicity of 
porous Si, and the PL quenching effect of 
water was enhanced relative to ethanol. 
These results clearly show that PL from 
porous Si is highly dependent on the 
nature of the interaction of physisorbed 
molecules with the surface. The chemical 
"tunability" of this quenching response 
mav be useful in the develooment of Si- 
baskd sensors with a specific adsorbate 
binding response. 

The Fourier-transform infrared (FTIR) 
spectrum of a freshly etched porous Si wafer 
(8) shows a hydrogen-terminated surface 
with little to no surface oxide present (Fig. 
1A). The proposed reaction (Scheme 1) of 
I, and air 

Scheme 1 

with porous Si involves an initial attack by 
I, at Si-Si bonds (9, lo) ,  which is con- 
sistent with the observation that the Si-H 
and Si-H2 infrared stretching modes are 
not reduced significantly on I2 exposure 
(Fig. IB) (I 1). X-ray photoelectron spec- 
troscopy (XPS) of the surface revealed the 
presence of an iodide species (I 3dj12 at 
619.9 * 0.3 eV; Si 2p at 102.2 * 0.3 eV). 
There was an immediate loss of >99% of 
the integrated PL intensity on I, exposure. 
Oxidation of the 12-treated porous Si tna- 
terial in air results in new peaks charac- 
teristic of Si-0 (at 1100 cm-I), O-Si-H 
(at 2225 cm-I), and OH (at 3480 cm-') 
species (12) (Fig. 1C) and recovery of 
30% of the original PL intensity (13). 
Initial oxide growth occurs much more 
rapidly on a porous Si wafer that has been 
pretreated with I, (1 0, 14). Oxide is 
detectable by FTIR and XPS [0 (SiO,) 1s 
at 533.0 k 0.3 eV] on 1,-treated wa- 
fers within 5 min of being exposed to air, 
whereas an untreated porous Si sample 
reauires 122 min in air to grow a com- - 
parable oxide thickness. Contact angle 
measurements on the samples show that 
the chemically oxidized surface is more 
hydrophilic than as-formed (H-tertni- 
nated) porous Si ( H 2 0  drop, advanc- 
ing contact angles were 112" and 131°, 
respectively). 

The PL intensity of as-formed porous Si 
was strongly quenched by ethanol vapor 
(97.4 iz 0.1% drop in integrated intensi- 
ty, average of nine runs, 95% confidence 
interval) and weakly quenched by water 
vapor (1 1 k 3%) (Fig. 2A). In contrast, 
the material that was made more hydro- 
~ h i l i c  by surface oxidation (Fig. 2B) was 
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