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3. Perspectives 
 
The depositional processes of the proximal ejecta layer exposed along the Mexico-Belize 

border are still debated. In this section the emplacement mechanisms for the different forms of 
Chicxulub impact ejecta with a possible scenario for the origin of proximal ejecta deposits are 
presented. A further aim is to apply the results as an analogue for fluidized ejecta blankets (FEB) on 
other planets in our Solar System. 

The proximal Chicxulub crater impact ejecta deposits rest on the Maastrichtian Barton Creek 
Dolomite; the base of the ejecta blanket thus marks the K–Pg boundary. The ejecta deposits are assigned 
to Albion Formation and divided into two units: the Spheroid Bed and the overlying Diamictite Bed. 
Both units are poorly consolidated and include a micritic dolomitic matrix with smectite. The units 
vary regionally with respect to bed thickness and sedimentary structures (Ocampo et al. 1996). The 
Albion Formation Diamictite Bed is a good example of a terrestrial fluidized ejecta blanket. The best 
FEB exposure studied herein is the Alvaro Obregón locality. 
 
3.1 Main comparisons between the Spheroid Bed and the Diamictite Bed 
 

The spheroid bed has in this work been correlated with the spherule beds reported from K–Pg 
sections elsewhere in the Gulf Coast and Caribbean region (e.g. Hildebrand and Boynton 1990; Izett 
1991; Maurrasse and Sen 1991; Smit et al. 1992 and 2010, 1994; Pitakpaivan et al. 1994).  

The Diamictite Bed overlying the Spheroid Bed varies in thickness between 3 and 15 metres 
within the studied region. It contains limestone and dolomite clasts and boulders, ranging from less 
than 1 mm to about 7.5 m in diameter, associated with a sparse occurrence of dolomite spheroids. 
Many blocks and clasts are mud-coated. The Albion Fm Diamictite Bed is correlated with the coarse 
detrital unit interpreted as the "continuous deposit" of ejecta and scoured surface debris found on the rim 
of the Chicxulub crater (Pope et al. 1993). Although the abrupt change in grain size and lithification give 
the boundary between the Spheroid Bed and this unit a sharp appearance.  
 
3.2 The formation of Fluidized Ejecta Deposits 	  

The exposures of the Chicxulub ejecta blanket (Albion Formation) in southern Mexico and 
northern Belize provide evidence for multiple ejecta flows (Fig. 5). The maximum extent of the FEB 
identified so far is about 500 km from the point of impact. As many, as six flows may be present 
ranging in thickness from about 20 cm to several meters or more. The basal flows found prominently 
at the type-site of Albion Island exhibit basal shear zones showing evidence for possible alternating 
turbulent and laminar flow. The upper flows are more massive with striated boulders and in some 
locations also exhibit basal shear zones (Ramonal South). 
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The Diamictite Bed 

 
 

The Chicxulub FEB flow sediment closely resemble pyroclastic flow and surge deposits rather 
than mud or debris flows (Wohletz et. al. 1979, 1995). The overall close similarities between the 
Chicxulub FEB deposits and pyroclastic flow /surge deposits suggest similar emplacement 
mechanisms. Nevertheless, such similarities do not help in confirming the composition of the 
fluidizing agent, since trapped atmospheric gases, volatiles de-gassed from the ejecta, or both could be 
involved. The atmosphere played an important role in formation of the Chicxulub FEB, the fluidized 
flow may well have been augmented significantly by volatiles de-gassed from the ejecta. These 
volatiles included significant amounts of CO2 and SO2 from the target rock carbonate and sulfate rocks 
and also included a large amount of water vapor from the atmosphere and shallow marine target. FEB 
atmospheric component that gave rise to the origin of the lapilli (encountered in the Speroid Bed) was 
driven by the condensation of the water of the plume as it cooled down. The isotopically light values 
of calcite and excess sulfite (SO3) have been interpreted to have originated from atmospheric vapor 
condensation. 

No analogue for the Spheroid Bed occurring as a concentrated discrete stratigraphic unit as at 
Albion Island, has so far been identified elsewhere. Chicxulub data suggest that both the atmosphere 
and the crustal water played a role in FEB formation. The Chicxulub FEB was deposited by a 
fluidized, turbulent density flow related to the expansion and collapse of the impact vapor plume. 
Chicxulub is the only large impact crater with a well-preserved FEB at 3–5 crater radii and is evidently 
the best terrestrial example for FEBs. 
 

Fig. 5. The Albion Formation Spheroid Bed from three localities at increasing distance; Spheroid 
Bed at; A) Ramonal North located at 340 km from the Chicxulub crater, B) Albion Island at 365 
km distance, and C) Armenia at 470 km distance. This Spheroid Bed is proposed to be the product 
of the expanding vapor plume produced during the impact process. 
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Fig. 6. Yuty crater (18 km in diameter) shows a fluidized ejecta blanket similar to those associated 
with many martian impact craters. The ejecta consists of a series of overlapping smooth lobes with, 
rounded fronts suggesting that the debris moved close to the ground as a surge of mud. (Viking, 
NASA). 

 
3.3 Emplacement mechanism for the Albion Formation 
 

Sedimentological and geochemical investigations have enabled formal stratigraphical 
subdivision of the ejecta deposits in the areas study (Ocampo et. al. 1996). The rare earth element (REE) 
signature of the matrix of both units (Spheroid and Diamitite beds) show strong similarities indicating 
that the basal Spheroid Bed has the same source and was emplaced during the same event as the 
overlying Diamictite Bed. These observations lend support to a single-impact scenario for the Albion 
Formation ejecta deposits. The Albion Formation Diamictite Bed exhibits clear evidence of sorting of 
large clasts, which may be due to atmospheric drag interaction. The light oxygen isotopic ratio of the 
Albion Formation Spheroid Bed favors an atmospheric “fallout” depositional origin. Although this 
hypothesys requires further testing, the clast sorting is difficult to explain with ballistic models of 
ejecta emplacement. Ballistic models predict scouring of the surface and the generation of a surface 
debris flow (Oberbeck 1975). Such deposits should be dominated by large clasts of all sizes with little 
to no sorting. Furthermore, the abundance of fine-grained matrix material, the rounding of clasts, and 
the common occurrence of accretionary blocks, which are also found in the Albion Formation 
diamictite bed (Ocampo et al. 1996), are more consistent with atmospheric processing of ejecta than 
with simple ballistic emplacement.  
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4. FEBs on other planetary surfaces. 
 

Fluidized ejecta blankets (FEBs) were first described in detail from images of Mars acquired by 
the 1976 Viking missions (Carr et al. 1977). Craters with this ejecta blanket morphology were originally 
called rampart craters (McCauley 1973), because the outer edge of the FEB is typically marked by a low-
ridge with an abrupt escarpment at the end of the flow (Fig. 6). The term FEB rather than rampart crater is 
used because ramparts are not always found, and because the most interesting aspect of these features is 
the evidence for fluidized surface flow. Carr et al. (1977) noted that FEBs are not found on Mercury or the 
moon, which led them to propose two possible fluidization mechanisms: entrainment of atmospheric 
gases or incorporation of crustal volatiles such as water. Mercury and the moon both lack any significant 
atmosphere or crustal volatiles. Subsequent discoveries of FEBs on Venus, Ganymede, and Earth provide 
important new insights into their formation processes. Below are brief summaries of what is known about 
FEBs, followed by a discussion of the importance of water in FEB formation. The purpose of this analysis 
is to gain insight into the role of water in planetary impacts to form a basis for the study of impact crater 
hydrothermal systems. The first step in such a study is to develop methods for the recognition of impacts 
into water-rich terrain. 

The morphology of FEBs and their relationship to Martian geology have been thoroughly 
analyzed by Mouginis-Mark (1979) and Barlow and Bradley (1990) and summarized by Strom et al. 
(1992) and Carr (1996). The craters analyzed are relatively young (mostly post heavy bombardment) and 
have well preserved morphologies. Barlow and Bradley (1990) analyzed nearly 4,000 craters >8 km in 
diameter. They divided ejecta blanket morphologies into seven types based on the initial system of 
Mouginis-Mark (1979). Five types have fluidized flow characteristics: pancake, single lobe, double lobe, 
multiple lobe, and diverse. The pancake type exhibits a convex FEB morphology. Single lobe types have 
one fluidized flow usually ending in a rampart. Double lobe types have two fluidized flows, the basal one 
being overlain by a less extensive second flow (Fig. 7). Multiple lobe types have more than two flow 
lobes and complex patterns of superimposed flows. The diverse class appears to be a transitional one 
exhibiting both fluidized flow and radial grooves and rays more typical of ballistically emplaced ejecta 
blankets. 

All FEB types correlate well with crater size, where larger craters have more flow lobes and the 
flows of larger craters are more extensive. The distribution of the various types of FEBs on the Martian 
surface is not random, as one might expect if impact energy alone controlled morphology. Barlow and 
Bradley (1990) found that single, double, and multiple lobe types correlate with latitude; double and 
multiple lobe types correlate with terrain units, but single lobe FEBs do not; and the diverse type correlate 
with terrain units, but not with latitude.  

 
4.1 The Chicxulub Fluidized Ejecta Blanket as an analogue to Mars FEBs. 
 

Fluidized ejecta blankets from Earth have been identified around only a few craters thus far, and 
only two have been studied in detail, the ejecta blanket of the Ries crater in Germany (Chao 1976) and the 
Chicxulub crater, in Mexico discuss in this thesis.  
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Fig. 7 This Mars Recognisance Observer 
image of the Tooting crater at Mars shows 
a young 29-km diameter impact crater 
with well-developed multiple fluidized 
ejecta blankets (NASA). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The impact ejecta of the Albion Formation reveal that sorting of the large clasts is consistent 

with predictions from theoretical calculations for atmospheric drag effects. Therefore, atmospheres 
may play an important role in the formation of fluidized ejecta blankets and target volatiles such as 
water may be secondary. These results have possible ramifications for the presence of water in the 
subsurface of Mars. It is proposed that ballistic sedimentation on planets with atmospheres may 
dominate only near the crater rim (perhaps within a single crater radii of the rim), where the initial 
blast of the vapor plume and the advancing ejecta curtain largely displace the atmosphere, and where 
permeability in the ejecta curtain has not yet developed (Pope et al. 1991). With increase crater radial 
distance the atmosphere effect takes over, secondary impacts are reduced, and ejecta deposition is 
dominated by material derived from turbulent clouds of debris. This study demonstrates that 
atmospheres can play an important role in the formation of continuous ejecta blankets of large craters. 

As an example, at Mars the Yuty ejecta blanket (Fig. 6) deposits overlies the eroded remnants 
of an older crater's ejecta. A fluidized ejecta blanket was formed at the time of impact, probably by the 
melting of near surface ground ice. Yuty is located in the flooded portion of Chryse Basin. 
 
4.2 Mechanisms of emplacement of Chicxulub’s fluidized ejecta deposits: Atmospheric drag sorting  
of ejecta. 
 
Simple models of atmospheric drag effects on ejecta for Chicxulub-scale impacts predict significant 
atmospheric entrainment of clasts up to about 100 cm in diameter (Schultz and Gault 1979). Most 
ejecta < 1 cm in diameter would be entrained, whereas clasts >> 100 cm would follow mostly ballistic 
trajectories. More sophisticated models examine the winds created by atmospheric flow separation 
behind the advancing ejecta curtain (Schultz 1992a,b; Barnouin-Jha and Schultz 1996, 1998; Suzuki et 
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al. 2005). In this model, a turbulent cloud of primary ejecta is produced by atmospheric drag induced 
ring vortices that develop behind the advancing ejecta curtain. The turbulent cloud thus produced 
contains much of the finer ejecta, which is stripped from the ejecta curtain.  

The apparent sorting reflected in the two populations of clasts in the Albion Formation 
Diamictite Bed is consistent with these models of atmosphere-ejecta interaction. The ring vortex 
model (see chapter 6 of this thesis) predicts that atmospheric winds generated near the top of the ejecta 
curtain can transport clasts up to about 30 cm, for an impact forming a 30 km diameter transient crater 
on Earth. This maximum size matches well the maximum grain size (12.8–25.6 cm) in the grid 
analyses of the diamictite. The ejecta curtain produced by a 30 km diameter transient crater would be 
mostly confined to within the Earth's atmosphere (Barnouin-Jha and Schultz 1996), whereas the ejecta 
curtain of Chicxulub extended well above the atmosphere. Nevertheless, the lower portion of the 
Chicxulub curtain passed through the dense atmosphere and once it became permeable it may have 
developed a ring vortex similar to the one predicted by the ring vortex model. The bulk of the 
diamictite bed, represented by the clast population composed of abundant fine-grained matrix and 
maximum clast size of about 25 cm, may be derived from material stripped from the ejecta curtain. 
The larger clasts (2–8 m) may be a second population that was transported from the backside of the 
ejecta curtain or the surface by higher velocity winds (Barnouin-Jha and Schultz 1996), or that 
includes ballistically emplaced blocks. 
 
4.3 The Role of Water in FEB Formation. 
 
 The presence of FEBs on Venus (Johnson et. al. 1994), where the crust is dry, provides clear 
evidence that FEBs can form without water as a fluidizing agent. Conversely, the presence of FEBs on 
Ganymede, where there is crustal water (e.g. Calvin et al. 1995), but no appreciable atmosphere, confirms 
that atmospheres are not required either for FEB formation. The FEB around the Nergal crater on 
Ganymede, with its clear ramparts and sinuous flow lobes, appears very similar to the Martian FEBs and 
thus may indicate that crustal water is key in forming FEB ramparts. The Venusian’s FEBs look less 
similar to the Martian ones, but this may be due to the different imaging systems used (radar versus 
optical sensors). There are no Martian analogues for the long outflow lobes on Venus. Apparently either 
the very thick atmosphere, or very high surface temperatures and pressures (allowing melt to separate 
from the bulk of the ejecta), produced fluid ejecta with viscosities lower than that produced on Mars 
(Schultz 1992a,b; Simow and Wood 1992; Chadwick and Schaber 1993; Johnson and Baker 1994). 

The Chicxulub data support the conclusion that FEB formation can involve both atmospheric 
effects and crustal water. The target rocks at Chicxulub were rich in water and Earth has a thick 
atmosphere. By analogy to volcanic pyroclastic deposits, the abundance of accretionary lapilli and blocks 
in the ejecta deposits indicate that the FEB was derived from a water-rich plume (Sparks et al. 1997). The 
sorting of the Chicxulub FEB deposits, indicated by the apparent two populations of coarse clasts, may be 
a product of ejecta interaction with the atmosphere (Pope et al. 1991). Models of an Earth impact forming 
a 30 km diameter transient crater predict that the winds generated near the top of the ejecta curtain can 
transport clasts up to about 30 cm (Barnouin-Jha and Schultz 1996). Although the Chicxulub impact was 
much larger, and such models may not directly apply, it is perhaps significant that this maximum clast size 
matches the maximum size (<26 cm) of the smaller FEB coarse clast population. It is possible that much 
of the Chicxulub FEB is derived from material stripped from the ejecta curtain by atmospheric drag. The 
larger clasts (2–8 m) may be a second population of clasts, perhaps transported along the surface by 
higher velocity winds, or ballistically emplaced.  

The overall close similarities between the Chicxulub FEB deposits and pyroclastic deposits 



Geology and emplacement mechanisms of Chicxulub crater deposits: an analog for planetary impact ejecta 
Adriana C. Ocampo Uria 

	  

Thesis, De Vrije Universiteit Amsterdam, 2012	   26	  

suggest similar emplacement mechanisms. Nevertheless, such similarities do not help confirm what the 
fluidizing agent was, since trapped atmospheric gases, volatiles de-gassed from the ejecta, or both could 
be involved. Although it is clear that the atmosphere played an important role in formation of the 
Chicxulub FEB, the ultimate fluidized flow may have been augmented significantly by volatiles de-
gassed from the ejecta. These volatiles may have included significant amounts of CO2 and perhaps SO2 
from the carbonate and sulfate rocks, but probably also included a large amount of water vapor. Thus, the 
Chicxulub data suggest that both atmospheres and crustal water play a role in FEB formation. The best 
model for FEBs may be one adapted from pyroclastic flows, not mud or debris flows. 

Observations of FEBs on Earth and Venus clearly indicate that factors other than the depth, 
amount, and state of crustal water are involved. Perhaps the most important of these other factors is the 
role of the atmosphere. The strong relationship between crater size, and FEB morphology is also predicted 
by atmospheric models (Schultz 1992b; Barnouin-Jha and Schultz 1996, 1998). Other factors include the 
grain size of the target rock (e.g. Schultz 1992b), and other volatiles such as CO2 and SO4, which may be 
common in the surficial rocks of Mars (e.g. Banin et al. 1992; Soderblom 1992). It should also be noted 
that studies at Ries Crater indicate that up to 90% of the ejecta blanket may be composed of rock scoured 
from the surface by impacting ejecta blocks (secondary impacts). If this is true for Mars, then estimates of 
the depth to water based on the excavation depths of craters with FEBs are suspect. 

Another factor that surely complicates any global synoptic study of Martian FEBs is that these 
craters have formed over billions of years and conditions related to their formation have probably not 
remained constant. FEBs formed around craters of the same size and in the same terrain often have 
different morphologies, which may relate to different crustal or atmospheric conditions when they formed 
(e.g. Schultz 1992b; Carr 1996). Indeed, the fact that most of the correlations between FEB morphology 
and terrain are weak may indicate that the craters on a given terrain type formed under different 
environmental conditions. There is ample evidence for major climatic changes on Mars that would affect 
both the atmospheric density and the distribution of crustal water (e.g. Finale et al. 1992; Postawko and 
Finale 1993; Carr 1996). 

In conclusion, the latitudinal patterns of FEB characteristics on Mars suggest that ground water 
was involved in FEB formation, but simple models of FEBs as slurries of mud and rock excavated from 
the crater are probably not very accurate. Data from Earth and Venus suggest that a better analogue is a 
volatile-rich pyroclastic flow. The gases that provide the buoyant forces for fluidized flow may come from 
the target (Ganymede), atmosphere (Venus) or both (Earth and Mars). Exactly how the crustal volatiles 
are incorporated into the FEB, and the mechanisms that produce multiple flows are still poorly 
understood, but is clear that if an atmosphere is present it plays an important role.  Nevertheless, the 
Chicxulub Albion Fm clearly illustrates that the emplacement mechanism for the Diamictite Bed seems be 
more the result of volatile rich pyroclastic flow mechanism predominates, while the Spheroid Bed was a 
result of precipitation from the vapor plume clouds, which traveled faster than the diamictite. And hence 
is found immediately at the K-Pg contact representing the first few minutes after the impact. If one 
ventures to make a prediction, spheroids beds such as the one found at Chicxulub will be found in other 
planetary surfaces such as Mars, in correlation with impact craters.  

Future high spectral and spatial resolution imagery from Mars missions and studies of terrestrial 
FEBs promise to help solve this one of many mysteries concerning water on Mars, and other planetary 
surfaces. 
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