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Figure 1: Location of Chicxulub crater on the 

Yucatan peninsula. (University of Texas/Google 

Earth) 

1. Introduction 
 

The Chicxulub impact crater, off the coast of the 

Yucatan peninsula, Mexico (Fig. 1), is the third 

largest impact crater on Earth identified as such and 

the largest impact structure dating from the 

Phanerozoic (Grieve et al., 2008). It is the only 

impact structure on Earth to preserve a peak ring 

(Gulick et al., 2013), and the only one to be directly 

implicated in one of the major mass extinctions of 

Earth’s history (Morgan et al., 1997).  

 

1.1. The mass extinction 

 

The mass extinction associated with the impact, the Cretaceous-Paleogene (K-Pg) mass 

extinction of 66 million years ago (Swisher et al., 1992; Renne et al., 2013), marks the end of 

the Mesozoic era. It is characterized by the extinction of the non-avian dinosaurs and other 

large reptiles, but many other groups of animals also went extinct or experienced a dramatic 

decline in this timeframe, most notably ammonites, but among the affected groups were also 

other cephalopods (such as belemnites), ostracods, echinoderms, bryozoa and bivalves 

(MacLeod et al, 1997). However, crocodilians, mammals, birds, turtles and insects did not 

suffer such dramatic declines (MacLeod et al., 1997). This apparent dichotomy between 

groups has been attributed to a dependence, or lack thereof, on plants (Sheehan & Hansen, 

1986). There was a major global disruption in terrestrial plants during the K-Pg extinction 

(Nichols & Johnson, 2008), and many of the groups that survived the extinction in good form 

could feed on detritus, whereas a lot of the heavily effected groups were dependent on 

plants or phytoplankton, or fed on herbivores that ate such photosynthesizing organisms 

(Sheehan & Hansen, 1986).  

As with all the major Phanerozoic mass extinctions though, its cause eluded researchers for 

decades, with many proposed hypotheses such as large-scale volcanic eruptions, in the 

form of the Deccan Traps (Duncan & Pyle, 1988), sea-level regression at the end of the 

Cretaceous (Hallam & Wignall, 1999), or a catastrophic impact event (De Laubenfels, 1956; 

Alvarez et al., 1980; Smit & Hertogen, 1980).  

 

1.2. Discovery of Chicxulub 

 

Alvarez et al., 1980, proposed a massive meteorite impact as the cause of the K-Pg 

extinction. They had come to this conclusion after finding a thin layer of dense, dark clay in 

sediments in Italy dating back to the K-Pg boundary, enriched in iridium. This layer contained 

no calcareous sediment and it directly separated Cretaceous and Paleogene foraminifera 

biozones. Most notably, after analysis with gamma-ray spectrometry, they found the clay 

layer contained over 30 times the normal amount of iridium, an element notably rare in the 

Earth’s crust. After analyzing a similar layer of a comparable age in Danish sediments, which 

showed an even greater relative abundance of iridium, they theorized the iridium may have 

an extraterrestrial origin, and that it was delivered by a large asteroid striking the Earth. 

Moreover, they proposed a size for the asteroid, based on extrapolation from the Krakatoa 

eruption, of around 10 km, a figure that was later corroborated by Morgan et al. (1997).  
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Figure 2: The Bouguer gravity map that lead to the 

identification of Chicxulub. (Hildebrand et al., 1991) 

 

However, the actual impact site went 

unrecognized for over a decade after the 

original theory was published. Hildebrand 

et al. (1991) recognized a circular 

structure off the coast of the Yucatan 

Peninsula, perceived on gravity surveys 

(Fig. 2), as an impact structure, based on 

samples from oil prospecting by Petróleos 

Méxicanos (PEMEX). Swisher et al. 

(1992) published an age for the crater of 

65.5 million years, coinciding with the K-

Pg boundary. Morgan et al. (1997) then 

derived the energy of the impact from the 

size of the crater to confirm the relation. 

The Chicxulub impact event, as it became 

known, is currently one of the leading 

hypotheses for the cause of the Cretaceous-Paleogene mass extinction (Schulte et al., 

2010). 

 

The Chicxulub impact structure is located on Mexico’s Yucatan peninsula, partially onshore, 

partially offshore. With a generally agreed upon diameter of around 180 km (Hildebrand et 

al., 1998), it is the third largest known impact structure on Earth, with only the Vredefort and 

Sudbury craters being larger (Grieve et al., 2008). What distinguishes Chicxulub from those 

two, however, is its far younger age and its excellent state of preservation (Grieve et al., 

2008, Gulick et al., 2013). Both Vredefort and Sudbury are of Proterozoic age, while 

Chicxulub with its age of only 66.038 Ma is relatively young (Renne et al., 2013).  

 

The size and age are major distinguishing 

factors for Chicxulub, as the combination of the 

two makes it the only known impact crater on 

Earth with a preserved peak ring (Gulick et al., 

2013). Peak ring craters on other terrestrial 

bodies such as the Moon (Fig. 3) or Mars are 

reasonably common, and their surface 

morphology has been well studied (e.g., Melosh 

1989, Collins et al., 2002). The geophysical 

properties and structures of craters, however, 

can only be effectively studied on Earth. As 

Chicxulub is the only crater with a preserved 

peak ring on Earth, it is evident that extensive 

attempts have been made at characterizing its 

structure (Gulick et al., 2013).  

 

 

 

 

Figure 3: The Schrödinger crater on the lunar surface, 

a clear example of a peak ring crater. Imaged by the 

Lunar Reconnaissance Orbiter (LRO). (Gulick et al., 

2013) 
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1.3. Previous drillings and surveys 

 

Before dedicated drilling programs 

turned their attention to Chicxulub, 

the only core samples available for 

lithological studies were those from 

the Petróleos Méxicanos (PEMEX) 

oil test drillings, taken in the 1970s 

(Hildebrand et al., 1991). Being 

prospection wells, very little of the 

material was cored, and since 

impactites and basement rocks 

aren’t known for their hydrocarbon 

content, the boreholes were cut off 

soon after those were reached. 

The impactites were recognized as 

igneous rocks at the time of drilling 

(Hildebrand et al., 1991). Three of 

their boreholes were located within 

the impact crater itself: Yucatan 6 (Y6), Chicxulub 1 (C1) and Sacapuc 1 (S1) (Fig. 4), all of 

which reached down to approx. 1.5 km. These recorded several hundred meters of suevite, 

followed by 100-250 m of impact melt ((Ward et al., 1995). Outside the crater, other drillings 

encountered several hundred meters of polymictic breccia also associated with the impact 

(Ward et al., 1995).  

 

In 1994 and 1995, the Universidad Nacional Autónoma de México (UNAM) conducted an 

onshore drilling campaign, coring a total of 8 boreholes at varying distances from the crater 

center (Urrutia-Fucugauchi et al., 1996). The main objective of the campaign was to 

investigate the Cenozoic sediments in and around the impact structure, as well as to sample 

the impact breccias known from the PEMEX cores. Three of these cores penetrate the 

breccia: UNAM-5, UNAM-6 and UNAM-7 (Rebolledo-Vieyra et al., 2000). All three of these 

were taken outside the main impact basin, at over 100 km from the center (Fig. 4). They 

showed the breccia was divided into two units: an upper, suevite-containing portion that also 

contains fragments of granitic basement rock, as well as carbonates, and below that the 

dolostone breccia known from PEMEX drillings with no basement rocks. The inversion, 

again, implies these are proximal ejecta (Urrutia-Fucugauchi et al., 1996). 

 

Despite the success of this campaign, there were still no well-preserved cores of the 

impactites within the crater itself. As such, the International Continental Drilling Program 

(ICDP) funded a drilling campaign that produced a borehole 1511 m deep, at 60 km from the 

crater center (Fig. 4), drilled in 2001-2002 (Urrutia-Fucugauchi et al., 2004). This borehole, 

Yaxcopoil-1 (Yax-1), was located in the terrace zone of the crater, and as such drilled into 

one of the slumped crustal megablocks, collapsed inward from the rim of the transient cavity, 

that still retained their Cretaceous cover (Stöffler et al., 2004). Unfortunately, the layer of 

impactites, 100 m of rock divisible into six distinct units, was significantly thinner than 

expected, due to its location on a steep slope on top of one of the slumped megablocks 

(Urrutia-Fucugauchi et al., 2004). 

 

Figure 4: Location of the drill sites in and around Chicxulub crater. The 

black lines indicate off-shore seismic surveys, the white line represents 

the coastline. (Morgan et al., 2017) 
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1.4. IODP-ICDP Expedition 364 

 

IODP-ICDP Expedition 364 intended to drill into the crater’s peak 

ring, as its primary objective was to investigate peak ring formation. 

Several models existed on peak ring formation (Collins et al., 2002, 

Morgan et al., 2011), and it was unclear how exactly peak rings 

were formed from uplifted basement rocks. This in addition to more 

general studies on cratering dynamics, the K-Pg extinction, the 

Chicxulub deposits and the hydrothermal alteration of Chicxulub 

impactites unearthed by the Yaxcopoil drilling (Ames et al., 2004). 

 

From April 8 to May 26, 2016, expedition 364 drilled the borehole 

M0077A (Fig. 4) down to 1334.69 m below the sea floor (mbsf) 

(downhole measurements continued until May 28), continuously 

coring downward from 505.70 mbsf. Up until this point, a rotary drill 

was used for open-hole drilling. The core retrieved has been 

divided into three distinct intervals: post-impact sedimentary rocks 

of Cenozoic age (unit 1, 505.70 to 617.28 mbsf), upper peak ring 

impactite deposits (units 2 and 3, 617.33 to 747.02 mbsf) and lower 

peak ring basement rocks (unit 4, 747.02 to 1334.69 mbsf). The 

upper peak ring is subdivided into two major sections: suevite 

material, this being an impact breccia containing particles of melt 

(unit 2, 617.33 to 721.61 mbsf) and impact melt (unit 3, 721.61 to 

747.02 mbsf) (Gulick et al., 2017) (Fig. 5). 

 

The suevite layer has been divided into three subunits (2A, 2B and 

2C, purple in fig. 5), the impact melt layer into two (3A and 3B, 

orange in fig. 5). The lowermost suevite unit, 2C (712.84 to 721.61 

mbsf), the two impact melt subunits (boundary between the two at 

737.56 mbsf) and the topmost part of the lower peak ring (4) are 

the ones that will be characterized by this study. 

 

Unit 2C is a very poorly sorted suevite unit with angular to 

subrounded clasts, largely matrix supported. Unit 3A is a clast-poor 

mixture of black and green melt rocks, the latter of which is referred 

to as schlieren. Unit 3B is characterized by the absence of these 

schlieren and consists only of the black melt rocks. Unit 4, which 

comprises the rest of the core, is dominated by coarse-grained 

granitoids (pink in fig. 5), intruded by a large number of dikes over 

its nearly 600 m thickness. Near the top of the granitoids, where the 

dikes will be relevant to this project, the dikes are of doleritic 

composition (blue in fig. 5) (Gulick et al., 2017). 

 

 

 

 

 

Figure 5: Overview of the M0077A core from 

Chicxulub crater, retrieved by IODP-ICDP 

Expedition 364. The red rectangle indicates 

the area this dissertation is concerned with. 

(Adapted from Morgan et al., 2016) 
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1.5. This project 

 

This master’s dissertation focuses on understanding the transition between the suevite layer 

(unit 2) and the upper impact melt rock (unit 3) in the M0077A core from IODP-ICDP 

expedition 364 (617.33 mbsf to 747.02 mbsf). This study examines the petrography, as well 

as the major and trace element geochemistry, of both units to determine what lithologies of 

the target stratigraphy mixed in order to make up the suevite and the impact melt, and to 

what extent they contributed to form these units. This helps in understanding the sequence 

of depositional events that happened after the impact and filled in the crater.  

 

Additionally, attention will be paid on how Cenozoic hydrothermal alteration changed the 

composition of the suevite and the impact melt. Finally, the data from the suevite and upper 

impact melt rock from the expedition 364  core will be compared to previous data from 

drillcores Yucatan-6 and Yaxcopoil-1, to provide a crater-wide perspective on the 

emplacement of these units.  

 

2. Research description 

 
2.1. Pre-impact geology 

 

The Yucatan peninsula lies atop the North-

American plate, as a carbonate platform overlying 

a metamorphic basement (Morgan et al., 2017). 

The basement rock is Paleozoic in age. Batholithic 

outcrops in the southern end of the peninsula, 

within the Maya mountains of Belize, have been 

dated to the Silurian (Steiner & Walker, 1996). 

These outcrops are themselves located under a 

sedimentary group of strata known as the Santa 

Rosa group (Fig. 6), of Pennsylvanian and 

Permian age (Steiner & Walker, 1996) but these 

don’t occur farther north. The M0077A core itself 

has unveiled granitoids of Mississippian age, at 

300-340 Ma. This, and the batholithic intrusions 

farther south, have likely intruded into a gneissic 

basement rock, discovered by Deep Sea Drilling 

Project Leg 77, and originating from the Pan 

African Orogeny at around 500 Ma (Schlager et al.; 

1984, Morgan et al., 2017). 

 

The northern end of the Yucatan peninsula, which is the relevant region to this project, is 

one large carbonate platform (predictably known as the Yucatan platform) formed over the 

course of the later Mesozoic and the Cenozoic (Lopez Ramos, 1975). Based on the 1970s 

PEMEX cores, Ward et al. (1995) composed a stratigraphy of the Mesozoic carbonate cover 

that was present at the time of impact (Fig. 7). They distinguish seven units, A-G, in the 

Mesozoic cover, which was likely up to 3000 m thick at the time of impact (Ward et al., 

1995): 

Figure 6: The area of the Yucatan peninsula 

where the Paleozoic basement surfaces. 

(Steiner & Walker, 1996) 
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Unit A is defined as a Jurassic to Early Cretaceous transgressional unit, consisting mainly of 

red and gray sandstone, fining upwards towards shale and becoming silty dolomite towards 

the top.  

Unit B begins as primarily a dolomitic layer, but becomes richer in anhydrite as it progresses 

towards the top. Foraminifera fossils allowed the unit to be dated as Albian in age.  

Unit C is characterized as a shallow-water limestone, that becomes more dolomitic as we 

move up in the unit. The upper section also contains anhydrite in the PEMEX cores taken 

farther to the south. The fossil assemblage indicates an Albian-Cenomanian age.  

Unit D consists of a deeper-water succession of limestone and marl, containing horizons 

with planktic forams that suggest a Cenomanian-Turonian age.  

Unit E regresses back to a shallower-water limestone facies, containing rudists and planktic 

forams. This fossil assembly has been dated to a Turonian age.  

Unit F is a succession of dolomitized shallow-marine limestone that contains benthic forams 

and is dated to the Santonian.  

Unit G, finally, consists of a thick deposit of carbonate breccia, with clasts of dolostone, 

anhydrite and limestone of many different varieties in a dolomicrite matrix. The breccia is 

poorly sorted, the clasts are sub-rounded to angular, and range in size from sand to gravel. 

Additionally, melt and basement rock fragment have been found in this breccia. This, 

combined with the microfossil assemblage, shows the breccia is of late Maastrichtian age.  

As may be expected, between the odd rock assemblages and the widespread distribution of 

this breccia, it is associated with the Chicxulub impact event.   

 

 

  

Figure 7: 

Stratigraphic 

subdivision of the 

Mesozoic carbonates 

in the PEMEX cores. 

(Ward et al., 1995) 
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2.2. The impact structure 

 

It is on this carbonate platform that the Chicxulub impactor struck the Earth 66 million years 

ago (Renne et al., 2013), likely causing the K-Pg mass extinction as a result. In its wake, as 

mentioned before, it left an impact crater 180 km in diameter (Hildebrand et al., 1998). This 

crater has been divided into five major zones after geophysical and seismic studies, in 

parallel to other peak ring craters on other celestial bodies (Gulick et al., 2013).  

 

Moving from outside the crate inward, the first zone that should be addressed is the crater 

rim. Several ring faults surround the crater, in three distinct zones (Morgan et al., 1997), 

which themselves have offsets from a few meters to a few tens of meters, which then 

transitions into a zone of slump block with offsets that can reach into the hunderds of meters 

(Morgan & Warner, 1999). The innermost ring fault has generally the largest offset of the ring 

faults and is considered the inner crater rim (Gulick et al., 2013).  

 

Within this inner rim lie the aforementioned 

slump blocks, grouped in the terrace zone. 

The terrace zone is the result of the 

collapse of the crater’s transient cavity, 

where the sides of the crater slid down into 

the cavity as large crustal megablocks 

(Gulick et al., 2013). It is one of these 

megablocks that the Yaxcopoil core was 

drilled into (Urrutia-Fucugauchi et al., 

2004). Neither the ring faults nor the terrace 

zone are symmetrical all the way around 

the crater, and the ring faults extend 

outward significantly farther, up to 25 km 

farther, to the northwest than to the east or 

northeast. The consensus is that this is due 

to pre-existing conditions on the target 

basin (Collins et al., 2008; Gulick et al., 

2008). It should be noted that the 

megablocks themselves retain their 

Cretaceous cover, since it was not 

destroyed in the impact (Urrutia-Fucugauchi 

et al., 2004). 

 

Before we proceed, it is important to 

understand how the crater was formed (Fig. 

8). Upon initial impact, a transient cavity is 

formed, which then fills as the crust 

rebounds in a large central peak in 

response to the sudden drop in pressure. 

This central peak then collapses and 

flattens out, forming a rise near the edge of 

the crater (Collins et al., 2008;  

Figure 8: Formation model of Chicxulub crater. A) The 

original situation. B) The transient cavity immediately after 

impact. C) The crustal rebound following the impact, 

showing the collapse of the rim into the terrace zone. D) 

The present situation. (Gulick et al., 2013) 
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Vermeesch & Morgan., 2008). This rise is referred to as the peak ring, and it is what IODP-

ICDP expedition 364 drilled into (Morgan et al., 2017).  

 

Between the peak ring and the inner rim, overlying the terrace zone, is a depression that 

served as a sedimentary basin for post-impact sediments (Fig. 9), known as the annular 

trough (Vermeesch & Morgan, 2008). The peak ring rises above this area by several 

hundred meters, in a nearly circular shape some 80 km across, though the height difference, 

again, varies with orientation (Gulick et al., 2013). In the center of the crater lies the central 

impact basin, covered by a melt sheet of unknown thickness under a layer of suevite several 

hundred meters thick (Stöffler et al., 2004).  

 

 

 

2.3. The impact site today 

 

Since the impact, sedimentation has continued to the point where the crater is now buried 

under over 600 m of Cenozoic carbonates (Morgan et al., 2017) and is no longer visible from 

the surface, save for a ring of cenotes (sinkholes in the limestone) on the peninsula that 

follows the outline of the crater’s inner rim (Hildebrand et al., 1998). This is why it took so 

long for the crater to be recognized as such, in spite of its size and significance (Hildebrand 

et al., 1991).  

 

3. Methods and Materials 
 

The methods used in this project involve petrographic microscopy, inductively-coupled 

plasma optical emission spectrometry (ICP-OES) for major elements, inductively coupled 

plasma mass spectrometry (ICP-MS) for trace elements, and scanning electron microscopy, 

with energy dispersive X-ray spectroscopy (SEM-EDS). The samples used for microscopy, 

micro-XRF and SEM were previously available samples, while the ICP-OES samples were 

selected from the core specifically for this project based on line scan images of the core and 

pre-existing samples. The goal in this sampling was to get several representative samples 

for all the major constituents of the melt. Appendix 1 provides a full list of samples used. 

 

 

 

 

Figure 9: Simplified cross-section of the Chicxulub crater. (Vermeesch & Morgan, 2008)  
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3.1. Petrographic microscopy 

 

Fifteen pre-existing thin sections, cut at a standard 30 µm thickness, were observed through 

a petrographic light-transmitting microscope (Nikon model), to observe the mineralogy, 

composition and textures of the impact melt and the suevite layer above. Pre-existing micro-

XRF images were used to help with the identification of minerals in these thin sections. 

 

Additionally, after the results of the ICP-OES and ICP-MS were received, 25 thin sections 

from the newly selected samples were observed under the microscope, for the same reason.  

 

3.2. ICP-OES and ICP-MS 

 

These methods were selected as they could provide bulk analysis of the rocks’ chemical 

composition, which was most useful for the goals of this dissertation. 

 

3.2.1. Sample selection and pulverisation 

 

Out of the 25 core samples newly selected, 16 were selected for ICP-OES and ICP-MS 

analysis, four with a second part of the sample to be analyzed, for a total of 20 ICP-OES and 

ICP-MS samples. This selection was made based on the core overview of M0077A, looking 

for samples that were either representative of the lithology, or for elements that stood out as 

exceptional, such as large clasts or boundaries between sections of the core. Sample 

selection and preparation was done at the Vrije Universiteit Brussel (VUB). Samples were 

sawed to approx. 10 to 20 g using a Diamond Boart circular saw. Those required for ICP 

analysis were then polished with coarse-grained sandpaper and cleaned with a Branson 

3150 ultrasonic cleaner in a bath of Milli-Q water to remove impurities resulting from the 

coring, sawing and other processes. Then these samples were rinsed with Milli-Q water and 

dried in an oven for 24 hours. 

 

Following that, the samples were ground up using an agate pestle and mortar, followed by a 

cycle in a Fritz Pulverisette 5 planetary ball mill (four repetitions at 350 rpm) in agate 

containers, to reduce them to a fine powder. This is done to ensure homogenization of the 

sample. The containers, and the balls used for grinding, are made of agate (99.9% SiO2) to 

limit contamination. Since silica is a major constituent of most rock types, minor 

contamination from the containers of balls will not drastically affect results. During grinding of 

two of the samples (85/1/33-35 and 95/2/54-56), pieces of the pestle and mortar (resp.) 

broke off, so these samples may have been contaminated by excess SiO2, even after 

removal of the bigger pieces of agate. 

 

After every cycle, both the pestle and mortar and the agate bowls used in the ball mill were 

subject to a cycle of cleaning using fine silica powder suspended in ethanol, demineralized 

water, Milli-Q water and ethanol to avoid contamination from previous samples. The 

reasoning to using silica powder as the cleaning agent is similar to that justifying the use of 

the agate bowls and balls. Further sample preparation and analysis were done at the 

Université Libre de Bruxelles (ULB). 
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3.2.2. Loss-on-ignition (LOI) 

 

Once the powders were homogenized, measured aliquots of them were then put in an oven 

for LOI, to remove any volatile components from the rock. It is important to remove volatie 

elements, like carbon, hydrogen and oxygen, as they can make up a significant fraction of 

the rock’s mass. By weighing the material used before and after the LOI, this fraction can be 

determined. The LOI process consisted of heating the samples for half an hour at 500°C, 

then increasing the temperature to 1000°C and leaving the samples for an hour once the 

temperature reached that level, and then leaving them to cool for another half hour. 

 

3.2.3. ICP-OES 

 

The creation of sample solutions was done in a Type 1000 Clean Room. Total sample 

solution was achieved using alkaline fusion. 0.05 g of sample were put into a carbon 

crucible, along with fluxing agent of lithium meta- and tetraborate (0.8 g of LiBO2 and 0.2 g of 

LiB4O7, respectively), and stirred for two minutes to homogenize the contents of the crucible. 

These two substances lower the sample’s melting point and ensure the melting is 

homogenous for the entire sample, thereby ensuring a representative analysis. The carbon 

crucibles were then inserted into a muffle furnace, and were left for 8 minutes at 1000°C. 

After they cooled down and the sample became a glass bead, it was dissolved in HNO3. The 

HNO3 is at a concentration of 2 M, and some 55.5 g of it are weighed (this equals 

approximately 50 ml). The samples were left to dissolve in the HNO3 for four hours on a 

heating plate with a magnetic stirring rod. From this solution, aliquots are taken for use in 

ICP-OES and ICP-MS measurements.  

 

Major element concentrations were determined using ICP-OES on a Thermo Scientific iCAP 

7000 Series ICP Spectrometer. The measuring solutions for the samples were prepared by 

adding 10 µl of a 1000 ppm Y standard to 1 ml of sample solution and 8.99 ml of HNO3 5%. 

The calibration curve was created with an internal standard solution for Si, Mg, Fe, Al, Ca, 

Na, Ti, K, P, Mn and Cr in 5% HNO3 solutions, diluted to varying degrees. Six measurements 

were taken for this calibration: a blank measurement, followed by the prepared solution 

diluted by a factor of respectively 20, 10, 5, 2 and 1. Repeated measurements of the USGS 

reference material BHVO-2 yielded accuracy and precisions for all reported major elements 

of better than 10% (2RSD). 

 

3.2.4. ICP-MS 

 

Trace element composition was determined using an Agilent Technologies 7700 Series ICP-

MS, and preparations followed the same principles. A calibration solution was prepared 

using internal standards for REE, LILE, HFSE (0.025 ml of 10 ppm each) and other metals 

(0.0292 ml of 8.55 ppm), in 5 ml HNO3 5%. Of these 5 ml, the calibration standard used 

0.001, 0.01, 0.1, 0.5, 1 and 2 ml to give different concentration (filled up to 5 ml with HNO3  

5%). To provide a correction for interference from certain oxides, Pr/Nd, Ba and Ce were 

added with a separate 5 ppm standard (0.025 ml). The samples themselves were prepared 

for analysis by mixing 0.1 ml of the sample, 0.025 ml of a 5 ppm In spike and filling up the 

rest of the 5 ml with 5% HNO3. 
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Before the measurements, the mass spectrometer has to be tuned with a 1 µg/l solution of 

Co, Ce, Li, Mg, Tl and Y, to ensure the standard deviation is acceptible, after which three 

blank measurements were taken, followed by the calibration measurements and then the 

sample measurements. Repeated measurements of USGS reference material BHVO-2 

yielded precision and accuracy for the reported trace elements of better than 5% (2RSD)  

 

3.3. SEM-EDS 

 

Four carbon-coated thick sections of representative samples were selected to be carbon-

coated and observed under a JEOL JSM-IT500 SEM at the VUB. Panoramas of the thick 

sections were taken for detailed reference images at 10x magnification at a working distance 

of 50 mm, and then, based on these panoramas, several parts of the thick sections were 

selected for close-up photography and EDS analysis taken at 40x magnification and 10 mm 

working distance. Each detailed location was photographed with both secondary electrons 

and backscattered electrons. Some pictures were also taken with much higher magnification 

to observe the microscopic structures in detail. EDS mapping and phase analysis of the map 

data was used to differentiate between chemically different areas of the thick section, 

followed by line scans and point analyses to accurately measure the composition of these 

phases. This method was used to chemically examine certain elements chemically that were 

too small to be individually analysed by the bulk analysis of ICP-OES and ICP-MS, most 

notably the green schlieren in unit 3A. 

 

4. Results 
 

4.1. Core overview 

 

The section of borehole M0077A examined here stretches between cores 80 and 96. What 

follows is a brief macroscopic description of the cores, top-down. A more detailed core 

overview, with photos of the core, can be found in Appendix 2. 

 

Core 80, still a part of unit 2B, starts as suevite, which has had the same consistent 

appearance since core 63, being a matrix-supported, poorly sorted, heterogenous breccia of 

subangular clasts mostly up to 5 cm in size, with a grey matrix separating them. At 80/2/38, 

however, a large section of black homogenous rock appears, before reverting back to the 2B 

suevite at 80/2/96, but now even more poorly sorted, with many clasts larger than 5 cm. At 

81/2/58, the black rock once again comes up, before again being replaced by the 2B suevite, 

still very poorly sorted.  

 

At 83/1/75, where unit 2C starts, the consistency of the suevite changes drastically. The 

average size of the clasts becomes much smaller, to about 1 cm in size, the suevite 

becomes better sorted, and the matrix becomes significantly darker grey and far less 

prevalent, the suevite becomes less matrix-supported.  Larger clasts do still appear, but 

much more rarely than previously. The suevite also becomes more homogenous, with many 

more black clasts than in 2B, with only a small proportion of white clasts to offset this. At 

84/3/85, the consistency changes substantially again, to be much more matrix-supported, 

and the clasts become bigger again. The matrix gains a green color. At 85/1/8, the suevite is 

interrupted by another interval of black rock, which is gone by 85/1/74.  
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The suevite then continues to 87/2/60, just before the boundary with unit 3A (87/2/89). This 

roughly 30-cm interval is a greenish-grey, homogenous layer, seemingly consisting mostly of 

matrix, with a few clasts near the bottom.  

 

At 87/2/89, the core transitions to unit 3A, which is dominated by black melt rock with flowing 

shapes and textures, with bands of green schlieren running all through it and an occasional 

white clast. At 91/1/42 the schlieren becomes less prevalent and the bands that are there 

are substantially thinner, until 92/1/20 where they return to their original appearance. At 

92/3/17, the top of unit 3B, the schlieren disappears from the black melt entirely, and the 

melt becomes mostly homogenous, a thick black unit with only a few smaller white clasts 

(granites, by appearance) in them. Until 95/1/86, when a large interval of granite, identifiable 

by the black and orange spots in the interval, appears. This continues until 95/2/35, where it 

is replaced by black melt, until the granite returns at 95/2/70, now with a lot more orange 

spots. The black melt returns one last time at 95/3/30, until the granites of unit 4 properly 

come in at 95/3/117. Below this boundary the white in the granites becomes significantly 

darker, and the orange spots are much more common.  

 

Figure 10: Overview of 

the core stratigraphy 

with the individual 

sample depths 

highlighted. (Adapted 

from Morgan et al., 

2016) 
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4.2. Petrography 

 

The thin sections analyzed have been made from samples of the core units 2C, 3A and 3B, 

with a few from units 2B and 4 for the sake of completion. Forty thin sections were examined 

over an interval of roughly 40 meters. The details of the petrographic analysis can be found 

in Appendix 3. 

 

4.2.1. Suevite 

 

The suevite is typically composed of a groundmass made of calcite, ranging in crystal size 

from aphanitic to fine-grained phaneritic. Within this groundmass are contained clasts of 

limestone, aphanitic melt and more phaneritic grains dominated by feldspars and quartz. 

Several of the thin sections were selected and cut to show larger clasts, visible on the core 

overview, that took up large parts of the thin sections. On the whole, the clast ratio is roughly 

20% limestone, 60% melt and 20% granite, and it is generally matrix-supported.  

 

The limestone clasts tend to be large, most commonly ranging in size from a few mm to over 

five cm, of a subrounded nature, and the majority of the observed clasts was micritic, with 

submicroscopic crystal sizes within the clast (Fig. 10). Some clasts do have much larger 

crystal sizes, up to 0.5 mm at times, with anhedral crystal habits. These phaneritic calcite 

clasts also tend to be smaller when they appear, only reaching up to a few mm.  

 

  
  
 

The silicic phaneritic clasts come in two distinct types, distinguished by their crystal size and 

habit. The first type tends to have a granitic mineralogy, showing mostly K-feldspar (50%), 

plagioclase (20%), quartz (20%) and a number of opaque minerals (10%), but they can also 

contain muscovite or biotite, usually less than 10% (Fig. 11). Phaneritic calcite can also be 

found. The K-feldspar, quartz and plagioclase tend to have very large crystal sizes, as well 

as for biotite, when it occurs. The K-feldspar tends to be an- to subhedral in habit and grain 

sizes of several mm, and about half the K-feldspar crystals are clouded. The quartz typically 

has undulating extinction when the crystals are whole, at a size of several mm, but they are 

often degraded into the aggregates of tiny crystals mentioned above. The plagioclase, when 

it hasn’t recrystallized to a set of small acicular crystals similarly to the alteration rims in the 

melt, tends to be sub- to euhedral, showing as roughly rectangular, ranging in size from sub-

mm to several mm and displaying its characteristic lamellar twinning.  

Figure 10: Limestone clast in thin section QTS17, 83/1/115-119. PPL left, XPL right. 
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Biotite is euhedral and large, at 2-3 mm, while the muscovite is sub-mm and typically 

anhedral. The opaque minerals are mostly visible in between the crystals in irregular shapes, 

appearing interstitial in their habits.  

 

  
 

 

The second type has a gneiss-like laminated texture, with all the quartz, plagioclase and 

feldspar crystals being small (<1 mm) and elongated, and arranged linearly, separated by 

thin dark lines formed by the opaque minerals (Fig. 12). Although very different in 

appearance, ICP-OES reveals their composition is very similar to the granitic samples. 

 

  
 

 

The clasts of aphanitic melt are by far the most numerous and can range substantially in 

size, from less than 1 mm to sometimes up to five cm. The melt itself is aphanitic, isotropic 

and brown to beige in color under PPL. The melt contains some whole crystals of feldspar. 

These are usually clouded, with a more opaque center (Nesse, 2000), and an- to subhedral 

(Fig. 13).  

 

Figure 12: Gneiss-like clast in thin section QTS19, 84/2/106.5-108.5. PPL left, XPL right. 

Figure 11: Granite clast in thin section QTS21, 85/1/96-99. PPL left, XPL right. 
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Also common are quartz aggregates (Fig. 14), formed by a number of tiny crystals of quartz 

(what will be referred to as degraded quartz from here on out, as the aggregates often 

resemble a larger, hexagonal quartz crystal shape, as if they once were a single crystal). 

These quartz aggregates can reach up to 3 mm in size.  

 

  
 

 

Alteration rims along the edges of the melt clasts, or around the edges of cavities and 

minerals in the clasts, are pervasive, and usually consist of acicular crystals of plagioclase, 

elongated perpendicular to the edge of the clast or cavity (Fig. 15). These also tend to make 

the outside of the melt clasts darker in PPL. Phaneritic calcite can also be found inside them, 

in anhedral habits following the edge of the cavity, as well as granitic clasts on occasion.  

 

Figure 13: Large orthoclase crystal in thin section QTS12, 95/2/54-56. The darker segments of the crystal are cloudy. PPL 

left, XPL right. 

Figure 14: Quartz aggregate crystal, or degraded quartz, in thin section QTS7, 89/3/8-10. PPL left, XPL right. 
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85/1/33-35 is very different, however, with radically different crystal sizes and mineralogy 

from the other melt clasts, even if it still contains a lot of glassy melt. There is a large amount 

of opaque minerals (~40%), and titanite can be seen as well as an accessory mineral.  

 

4.2.2. Impact melt 

 

The impact melt itself is aphanitic, brown to beige in color in PPL, but contains mineral clasts 

up to several mm in sizes. These clasts consist of both degraded and large single crystals of 

anhedral quartz, clouded and clear anhedral feldspar, occasionally some small grains of 

plagioclase and a number of anhedral opaque minerals. Granitic fragments also occur here, 

but they are less common than in the suevite, and tend to be more angular. 

 

Much like in the suevite, cavities, large single crystals and granitic fragments can display 

alteration rims (Fig. 16), but this is not universal. Also present in the aphanitic melt on 

occasion are flow textures. An interesting aspect of the aphanitic melt are nodule-like 

formations, formed by rings of more lightly colored melt surrounding a small area of greener 

melt.  

 

A few thin sections in the lowest part of the impact melt, around 745 mbsf, show large 

amounts of acicular plagioclase in the matrix, largely random in orientation (Fig. 16). 

 

  
 

Figure 15: Melt clasts in thin section QTS17, 83/1/115-119. The acicular plagioclase in the rims can be seen under XPL. 

PPL left, XPL right. 

Figure 16: Acicular plagioclase in the groundmass of thin section QTS12, 95/2/54-56. PPL left, XPL right. 
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In the core, the distinction between 3A and 3B is based on the appearance of green 

‘schlieren’ melt, with it only occurring in 3A by definition (Morgan et al., 2017). This schlieren 

melt is typically centered around a large calcite vein, a mm or so in diameter, with coarse-

grained calcite crystals. The minerals surrounding it have turned green and are finer grained. 

The green mineral in question is chlorite, recognized by its color in PPL, indicating alteration 

of the original groundmass (Fig. 17).  

 

  
 

 

Calcite veins show up throughout most of the impact melt section, but many of them don’t 

show this chlorite alteration (Fig. 18). Very large holes in the thin sections (1 cm or larger) 

are lined with large euhedral calcite crystals, indicating a secondary origin. Isolated calcite 

inclusions also occur regularly.  

 

  
 

 

The granitic fragments here are almost exclusively the ones with coarse-grained textures. 

The gneiss-like ones, with elongated minerals, from the suevite don’t return in this part of the 

core. There are, however, heavily degraded fragments with significantly smaller crystal sizes 

for all minerals, sometimes to an aphanitic degree.  

 

 

 

 

 

Figure 17: Green schlieren melt in thin section TS43, 89/1/57-59. PPL left, XPL right. 

Figure 18: Typical calcite vein in thin section QTS7, 89/3/8-10. PPL left, XPL right. 



19 
 

4.2.3. Granite 

 

The top of the granitic basement is very coarse-grained, phaneritic (crystals of several mm at 

times), and seems remarkably pristine. The K-feldspar (50%) is clouded throughout, the 

quartz (20%) shows undulating extinction and a few display degradation, and there are a few 

calcite veins in the thin sections, but not much else. The feldspar and quartz are an- to 

subhedral, the plagioclase (20%) is sub- to euhedral. Biotite and muscovite (10%) also 

appear, with the biotite showing large euhedral crystals, and the muscovite showing far 

smaller, subhedral crystals. Opaque minerals are also present but in small amounts (Fig. 

19).  

 

  
  
 

4.3. Major element variation 

 

The results of the major element analysis performed by the ICP-OES were used to 

distinguish, classify and characterize the major constituents of this part of the core. After 

displaying the results on Harker diagrams, the four major lithologies from the samples 

selected form clear groups. The data can be found in Table 1 and Fig. 20. It is presented as 

hydrous analysis due to the fact that there is a large carbonate component to several of the 

samples, notably the suevites and limestone clasts, and leaving the LOI out of the results 

would result in uneven comparisons.  

 

Two of the samples examined were limestone clasts found in the suevite. Both constituted of 

~50 wt% CaO and ~42 wt% loss-on-ignition (LOI) with minor contributions by SiO2 (~1.5 to 3 

wt%), MgO (~1 to 2 wt%), Fe2O3 (~0.3 to 0.6 wt%) and Al2O3 (~0.2 to 0.3 wt%).  

 

Five samples came from the suevite that directly overlay the impact melt layer. Their SiO2 

content varies between ~21 and 43 wt%, the CaO content varies between ~18 and 35 wt%, 

the LOI varies between ~15 and 30 wt% and the amount of Al2O3 varies between ~5 and 12 

wt%. Less prevalent elements are MgO, Fe2O3 (~2.5 to 4 wt%), K2O (~0.5 to 3 wt%) and 

Na2O (~1.5 to 3 wt%). MgO content displays a significant divergence between an upper pair 

(~5 to 5.5 wt%) and a lower trio (~2 to 3.5 wt%). 

 

Another four samples were granitoids, the upper two as clasts in the impactite layers and the 

lower two as the top of the actual granitic Paleozoic basement.  

Figure 19: Granite basement in thin section QTS13, 95/2/89.5-91.5. PPL left, XPL right. 
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All four are granites, with a SiO2 content of ~69.5 to 75.5 wt%, and a total alkali content of ~7 

to 9 wt%. Al2O3 content varies between ~11 and 14 wt%, Fe2O3 content between ~1 and 2.5 

wt%, MgO content at less than a percent. Interestingly, CaO and volatile content is 

significantly higher in sample 84/2/106.5-108.5, at ~5 wt% each, compared to the other 

three, at ~1 to 3 wt% each.  

 

Nine other samples were a part of the impact melt, two of them being melt clasts in the 

suevite, while the other seven are part of the main impact melt layer. All of these share an 

SiO2 content of ~50 to 61 wt%, a total alkali content of ~5 to 9 wt% and an Al2O3 content of 

~13 to 17 wt%. Notable is the fact that two of the samples (91/3/18-20 and 92/3/12-16) show 

significantly higher CaO and LOI (7.5 to 8.5 wt% and ~5.5 wt%, respectively) than the other 

samples (at 3.5 to 6.5 wt% and ~3.5 wt%, resp.). Sample 86/1/106-109 has a significantly 

lower CaO percentage than the others, at ~3.5 wt%, but not a significantly lower volatile 

content.  
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Figure 20: Major element compositions plotted against SiO2 (wt%, hydrous).  
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Sample Al2O3 CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 SO2 SiO2 TiO2 LOI TA total 

   Limestones 
             

 

 84/3/117.5-119.5b 0.31 50.01 0.00 0.61 0.00 1.85 0.55 0.08 0.02 0.00 3.17 0.00 41.72 0.08 98.32 

 
0.31 50.06 0.00 0.61 0.00 1.85 0.54 0.13 0.02 0.04 3.21 0.00 41.72 0.13 98.48 

86/1/9.5-11.5b 0.18 51.74 0.00 0.30 0.00 1.12 0.74 0.03 0.02 0.06 1.40 0.00 42.47 0.03 98.06 

Granitoids 
             

 

 84/2/106.5-108.5 10.84 5.05 0.00 0.77 3.89 0.76 0.02 3.12 0.03 0.12 69.61 0.14 5.17 7.01 99.51 

90/2/48-50b 12.40 2.45 0.00 2.56 3.02 0.18 0.05 4.64 0.06 0.20 71.25 0.23 2.49 7.66 99.55 

 
12.67 2.44 0.00 2.60 3.08 0.21 0.05 4.92 0.07 0.23 71.35 0.22 2.49 8.00 100.33 

95/2/89.5-91.5 11.62 0.91 0.00 1.41 3.10 0.72 0.01 4.15 0.09 0.04 75.69 0.20 1.46 7.25 99.42 

95/3/121-123 13.80 3.11 0.02 1.31 4.55 0.64 0.03 4.62 0.08 0.12 68.99 0.17 3.65 9.17 101.08 

Suevites 
             

 

 83/1/115-119 5.08 34.55 0.01 2.55 0.49 3.61 0.11 1.63 0.06 0.06 21.37 0.23 30.01 2.12 99.74 

84/3/117.5-119.5a 8.54 23.45 0.01 3.85 1.46 5.45 0.17 2.30 0.06 0.03 34.44 0.32 20.50 3.76 100.59 

86/1/9.5-11.5a 9.35 21.07 0.01 3.99 1.73 5.17 0.11 2.41 0.07 0.07 36.26 0.45 19.28 4.13 99.96 

87/2/38-41 10.00 21.81 0.01 2.69 2.22 2.82 0.24 2.95 0.06 0.04 39.36 0.40 18.14 5.17 100.74 

87/2/87-91 11.64 18.34 0.01 2.41 2.90 2.01 0.16 2.86 0.08 0.06 42.91 0.51 14.92 5.77 98.81 

 
11.81 18.18 0.01 2.40 2.88 2.05 0.15 2.96 0.08 0.07 42.82 0.51 14.92 5.84 98.84 

 
11.88 18.06 0.01 2.39 2.99 1.99 0.15 3.13 0.08 0.06 42.65 0.51 14.92 6.12 98.82 

 
11.66 18.20 0.01 2.42 2.96 2.02 0.15 3.30 0.08 0.08 42.99 0.51 14.92 6.25 99.27 

Melts 
             

 

 85/1/33-35 15.29 5.07 0.01 11.31 1.22 6.75 0.17 3.48 0.11 0.05 49.95 1.38 4.95 4.70 99.74 

86/1/106-109 15.32 3.66 0.01 4.40 2.82 2.96 0.06 4.06 0.10 0.03 61.35 0.61 3.36 6.88 98.74 

87/2/103.5-107 17.01 5.19 0.02 4.33 3.90 2.28 0.06 4.85 0.13 0.16 57.89 0.79 3.28 8.75 99.90 

89/3/8-10 14.89 6.16 0.04 4.32 4.32 2.16 0.10 4.15 0.12 0.15 59.03 0.60 3.64 8.46 99.69 

90/2/48-50a 15.62 6.62 0.01 5.34 4.37 2.86 0.13 4.32 0.14 0.15 57.48 0.73 3.41 8.69 101.16 

91/1/44-46 15.32 6.49 0.02 5.86 4.09 3.65 0.13 4.14 0.13 0.19 56.17 0.71 3.51 8.23 100.39 

91/3/18-20 14.98 7.68 0.01 4.29 4.56 2.20 0.12 4.09 0.12 0.14 56.07 0.59 5.48 8.64 100.32 

92/3/12-16 12.74 8.54 0.01 5.00 3.47 3.88 0.11 3.84 0.12 0.15 55.88 0.49 5.84 7.31 100.08 

95/2/54-56 15.89 4.47 0.01 3.92 3.75 2.13 0.05 4.46 0.12 0.18 61.12 0.56 3.44 8.21 100.11 

 

 
Table 1: ICP-OES data in oxide wt% for each of the samples. 
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Figure 21: Nb/Ta vs Zr/Hf plot of the samples, excluding the 

carbonate clasts.  

Figure 22: La/Yb vs Yb plot of the samples, excluding the carbonate 

clasts.  

4.4. Trace element variation 

 

All values are normalized to Upper Continental Crust (UCC) values from Rudnick & Gao 

(2003), since that is the part of the crust the impactites formed from (Gulick et al., 2013), and 

arranged in the chemical order established by Sun & McDonough (1989), which 

approximates the order of incompatibility. Analyzed were transition metals Cr, Co, Ni, Cu 

and Zn; post-transition metals Ga and Pb; large ion lithophile elements (LILE) Rb, Ba and Sr; 

high field strength elements (HFSE) Th, U, Nb, Ta, Zr and Hf, and the rare earth elements 

(REE) Y and La through Lu. 

 

4.4.1. General observations 

 

 
On an Nb/Ta vs. Zr/Hf plot (Fig. 21) 

we can see a very low spread within 

the lithologies, and that the suevites 

and melt essentially overlap. Nb/Ta 

vs Zr/Hf is used to help understand 

the environment in which igneous 

rocks form, as Zr and Hf are more 

compatible in igneous rocks than 

Nb and Ta, and their low solubility 

means alteration doesn’t 

substantially affect them (White, 

2013). The biggest difference is 

between the basement granites and 

the granitic clasts. The clasts seem to have a lost a significant amount of their HFSE 

compared to their basement counterparts. 

 

 The La/Yb vs. Yb plot (Fig. 22) can 

show trends across the REE. The 

LREE are more incompatible than 

the HREE, so a higher La/Yb ratio 

indicates more fractionation within 

the melt (White, 2013), and as such it 

should not be surprising that the 

basement granites have the highest 

ratio. 85/1/33-35 stands out on the 

opposite end of the spectrum, 

apparently depleted in La and 

enriched in Yb. The clast granites 

also have notably far lower ratios than 

their basement equivalents.  
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Figure 25: La/Yb over SiO2 plot of the granitoid samples.  

Figure 23: Sr vs Rb plot of the samples, excluding the carbonate 

clasts.  

 

The Rb vs Sr graph (Fig. 23) shows a 

very clear continuous trend throughout 

the melt and suevite of decreasing Sr 

concentration and increasing Rb 

concentration as transition from 

suevites to melt, which is in line with 

the decreasing concentrations of 

alkaline earth and increasing alkali 

elements during this transition (White, 

2013).  

 

 

 

 

4.4.2. Granitoids 

 

 
 

 

The granitoids are on the whole lightly 

depleted in trace elements, at roughly 0.5 to 

0.8 times UCC. Transition metals are the 

most heavily depleted, with Cr being below 

the detection limit for many of the samples, 

and the other transition metals often falling 

below 0.2 times UCC. The LILE 

concentrations are typically quite high (0.8 

times UCC), even slightly enriched in some 

samples.  
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Figure 24: Spider diagram displaying element concentrations in the samples identified as granitoids.  
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84/2/106.5-108.5 and 90/2/48-50b are small granitoid clasts retrieved from the suevites and 

the impact melt layers, resp., while 95/2/89.5-91.5 and 95/3/121-123 are samples retrieved 

from larger granitoid units near the boundary with the granitoid basement. These groups 

show a distinct inversion when it comes to the REE. The clast samples are relatively 

enriched in HREE compared to the LREE, producing an ascending curve, while the unit 

samples are more enriched in LREE than in HREE, which results in a descending curve. 

This is illustrated in Fig. 25, a La/Yb over SiO2 plot. A high La/Yb ratio means the sample is 

enriched in LREE compared to HREE. 

 

The HFSE Th and U show a similar distinction to the LREE, with the other HFSE being on 

more or less even amounts (with one exception). The Pb concentration for 84/2/106.5-108.5 

is significantly lower than for the rest, below 0.1 times UCC, while the HFSE Zr and Hf, as 

well as Eu, are significantly enriched in 90/2/48-50b, at 1.5 to 2 times UCC.  

 

4.4.3. Suevites 

  

  

The suevites all show very similar curves, averaging at roughly 0.6-0.8 times UCC. Even 

83/1/115-119 shows mostly the same curve, be it largely at lower levels than the other 

suevites. Transitions metals show the lowest values, particularly for Cr and Cu (with some 

below the detection limit), with Zn being a notable exception. The REE show a horizontal to 

slightly ascending curve across their range. HFSE are more depleted than most elements, 

mostly below 0.5 times UCC, except U, which tends towards normal levels. Other notable 

features visible throughout all samples are an apparent enrichment in Sr up to over 2 times 

UCC despite the other LILE being slightly depleted, and a depletion in Pb below 0.3 times 

UCC values (save 87/2/87-91) despite the lesser depletion of Ga levels.  

 

83/1/115-119 shows some distinct deviations from the other suevite curves, notably a 

presence of Cu compared to the others and a noticeable depletion of Rb.  

Figure 26: Spider diagram displaying element concentrations in the samples identified as suevites. 
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87/2/38-41 shows to contain significantly more LREE than the other suevites, until they 

roughly equalize around Sm. 87/2/87-91 is notably less depleted in Pb and Ba. 

 

4.4.4. Melts 

 

 
 

 

Most melts show a comparable curve around or slightly below UCC levels, with the transition 

metals being the notable exception to this. Particularly Cu and Zn show great disparity 

between the samples (ranging from 0.5 to 5 times UCC values). There are also differences 

on U and Pb, though not to the same degree. The REE curve is mostly even, HFSE levels 

are slightly depleted, save U, which ranges from being mostly in line with other HFSE (0.7-

0.8 times UCC compared to 0.5-0.7 for the other HFSE) to above UCC levels (near 1.5 times 

UCC).  

 

85/1/33-35 shows very anomalous figures compared to the other melts, being heavily 

depleted in Ba and Th especially, and having elevated HREE levels, while its LREE levels 

are still comparatively depleted. It doesn’t share the other melts’ relative U enrichment 

compared to other HFSE.  
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Figure 27: Spider diagram displaying element concentrations in the samples identified as melts. 
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Sample Cr Co Ni Cu Zn Ga Rb Ba Th U Nb Ta La Ce Pb 

Carbonates                

84/3/117.5-119.5b <bdl 0.87 1.18 <bdl 13.46 2.27 0.17 <bdl <bdl 1.58 <bdl 0.01 42.96 35.65 <bdl 

 
<bdl 0.71 1.45 <bdl 10.11 2.27 0.25 <bdl <bdl 1.54 <bdl <bdl 43.19 35.39 <bdl 

86/1/9.5-11.5b <bdl 0.33 1.16 <bdl 4.90 1.98 0.14 1019.3 <bdl 3.29 0.02 0.00 30.35 36.91 <bdl 
Suevites 

               83/1/115-119 <bdl 7.00 9.60 6.30 37.99 7.52 11.42 257.47 1.89 2.07 2.37 0.16 11.42 19.84 1.32 

84/3/117.5-119.5a <bdl 10.01 20.78 <bdl 56.88 12.21 29.42 286.42 3.48 1.79 3.65 0.24 30.46 49.42 3.15 

86/1/9.5-11.5a 14.55 9.98 19.97 <bdl 62.93 13.80 35.39 222.44 3.69 2.42 4.30 0.28 29.10 51.16 3.88 
87/2/38-41 5.55 6.54 10.17 <bdl 46.30 13.79 53.07 290.09 4.35 2.60 5.46 0.34 50.00 81.84 5.51 

87/2/87-91 28.44 12.04 10.92 1.22 87.68 13.73 59.77 419.63 4.74 3.38 5.22 0.35 26.41 48.84 10.38 

 
26.95 11.75 10.53 1.06 85.77 12.93 59.21 424.15 4.74 3.45 5.05 0.34 26.64 48.74 10.38 

 
26.36 11.74 10.79 0.86 81.41 12.74 58.30 428.51 4.81 3.49 5.17 0.34 26.89 49.05 10.53 

Melts 
               85/1/33-35 15.75 30.53 42.41 38.43 69.17 17.10 28.31 47.94 0.93 0.46 3.36 0.22 9.68 24.00 2.69 

86/1/106-109 39.31 29.47 39.30 47.05 174.62 17.44 63.60 467.13 6.66 3.90 6.31 0.44 29.20 48.60 19.29 
87/2/103.5-107 109.11 33.51 35.49 107.40 352.65 16.79 67.62 383.11 5.27 4.01 6.53 0.42 23.60 44.48 10.86 
89/3/8-10 211.76 12.42 42.76 31.29 62.63 15.68 86.96 497.61 7.33 2.36 6.81 0.46 25.80 45.27 8.33 

90/2/48-50a 45.88 14.03 23.07 114.12 84.11 16.76 81.35 396.04 6.27 2.08 7.06 0.45 24.32 43.85 6.96 
91/1/44-46 72.16 14.97 36.67 14.54 91.41 16.83 75.52 394.87 5.96 2.09 6.76 0.42 27.57 47.87 8.89 
91/3/18-20 35.62 12.08 22.08 21.45 102.72 16.22 77.39 447.14 7.06 2.85 6.73 0.47 30.77 51.91 12.01 
92/3/12-16 42.64 12.06 25.28 24.40 45.43 14.16 74.99 392.23 6.51 1.89 6.04 0.39 20.81 37.97 5.12 
95/2/54-56 31.42 15.02 25.56 33.02 182.77 18.75 86.46 531.74 8.71 4.30 7.96 0.53 37.59 58.69 17.54 
Granitoids 

               84/2/106.5-108.5 <bdl 1.65 <bdl <bdl 15.79 10.01 70.48 450.63 5.03 1.35 4.35 0.38 13.42 24.28 1.18 
90/2/48-50b <bdl 1.82 1.07 5.12 67.17 14.63 43.30 696.94 4.60 1.61 6.06 0.32 15.13 27.31 6.03 

 
<bdl 1.88 0.37 4.45 68.89 14.48 43.17 706.01 4.75 1.69 5.84 0.34 14.99 27.89 5.87 

95/2/89.5-91.5 <bdl 3.25 3.99 10.62 28.20 14.61 103.57 477.45 10.2 4.05 6.89 0.55 25.12 43.60 13.48 
95/3/121-123 99.34 2.76 13.07 0.92 <bdl 16.14 145.51 656.56 9.73 2.40 5.36 0.43 26.17 43.85 9.80 

 

 

 

 

 

Table 2a: ICP-MS data in ppm for each of the samples in the order established by Sun and McDonough (1989), for elements Cr to Pb. <bdl: below detection limit. 
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Sample Pr Sr Nd Sm Zr Hf Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

Carbonates                 

84/3/117.5-119.5b 2.72 109.46 9.81 1.08 1.97 0.05 <bdl <bdl 0.18 1.16 12.40 0.27 0.79 0.11 0.66 0.13 

 

2.74 107.60 9.98 1.14 0.61 0.02 <bdl <bdl 0.18 1.14 12.17 0.26 0.76 0.10 0.63 0.12 

86/1/9.5-11.5b 3.15 597.38 11.69 1.62 0.80 0.02 0.42 2.26 0.27 1.81 17.16 0.42 1.29 0.18 1.21 0.23 

Suevites                 

83/1/115-119 2.03 773.33 8.72 1.77 48.13 1.22 0.48 2.10 0.29 1.99 11.91 0.42 1.23 0.18 1.20 0.20 

84/3/117.5-119.5a 4.89 557.57 18.35 2.76 68.73 1.79 0.74 2.95 0.36 2.27 13.57 0.47 1.39 0.21 1.46 0.25 

86/1/9.5-11.5a 5.13 678.45 19.21 3.00 85.27 2.18 0.79 3.09 0.39 2.44 13.60 0.52 1.51 0.22 1.53 0.24 

87/2/38-41 7.90 378.16 27.95 3.97 103.65 2.60 0.95 3.87 0.44 2.79 16.34 0.60 1.81 0.26 1.93 0.31 

87/2/87-91 5.22 423.62 19.76 3.41 99.23 2.54 0.92 3.20 0.38 2.35 13.68 0.49 1.43 0.22 1.45 0.21 

 

5.21 421.77 19.98 3.38 97.81 2.47 0.90 3.12 0.39 2.35 13.53 0.49 1.42 0.20 1.45 0.23 

 

5.24 419.52 20.32 3.49 98.08 2.63 0.91 3.22 0.38 2.44 13.55 0.51 1.50 0.21 1.49 0.23 

Melts                 

85/1/33-35 2.91 260.21 14.07 3.69 97.30 2.37 1.41 4.63 0.82 5.82 35.07 1.40 4.38 0.66 3.97 0.63 

86/1/106-109 4.82 361.61 18.47 3.28 120.34 3.15 1.08 3.49 0.43 2.75 15.60 0.56 1.73 0.25 1.86 0.28 

87/2/103.5-107 5.04 372.47 19.39 3.59 130.25 3.43 1.05 3.37 0.47 2.93 16.88 0.61 1.85 0.27 1.90 0.31 

89/3/8-10 5.04 295.88 18.78 3.73 134.86 3.37 0.97 3.83 0.51 3.37 19.34 0.72 2.15 0.33 2.04 0.31 

90/2/48-50a 4.97 298.17 18.88 3.92 134.96 3.40 0.99 3.94 0.57 3.59 20.42 0.75 2.19 0.34 2.25 0.34 

91/1/44-46 5.34 303.12 20.57 4.18 132.29 3.37 1.07 4.31 0.58 3.79 20.92 0.77 2.36 0.36 2.52 0.41 

91/3/18-20 5.55 327.36 20.63 3.85 127.74 3.30 0.97 3.74 0.52 3.37 19.06 0.70 2.08 0.32 2.14 0.34 

92/3/12-16 4.27 401.58 16.52 3.36 104.20 2.74 0.89 3.56 0.50 3.35 18.45 0.68 2.05 0.32 2.07 0.32 

95/2/54-56 5.97 345.16 21.18 3.34 133.10 3.39 0.91 3.44 0.40 2.60 16.20 0.59 1.85 0.29 2.12 0.34 

Granitoids                 

84/2/106.5-108.5 2.38 502.52 8.98 1.52 103.97 2.94 0.38 1.66 0.20 1.33 8.43 0.30 0.87 0.16 1.08 0.20 

90/2/48-50b 3.24 132.26 12.99 2.84 373.13 7.99 1.82 3.25 0.52 3.51 22.12 0.80 2.56 0.41 2.92 0.50 

 

3.24 132.24 13.57 3.03 374.40 8.20 1.87 3.26 0.52 3.56 21.92 0.84 2.66 0.42 3.04 0.52 

95/2/89.5-91.5 4.41 510.83 14.36 2.10 102.54 3.02 0.47 1.75 0.16 0.89 4.94 0.17 0.46 0.07 0.50 0.08 

95/3/121-123 4.45 288.76 14.65 2.15 88.80 2.54 0.60 1.76 0.16 0.89 5.00 0.18 0.42 0.06 0.45 0.07 

 
Table 2b: ICP-MS data in ppm for each of the samples in the order established by Sun and McDonough (1989), for elements Pr to Lu. <bdl: below detection limit. 
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4.5. SEM-EDS 

 

The four thick sections analysed were 87/1/16-18, 89/1/57-59, 92/1/94-96 and 95/1/52-54. 

The detailed results of the EDS measurements can be found in Appendix 4. 

 

a)  b)  

c)  d)  
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Figure 29: Close-up on the boundary (red line) between 

the two phases of 87/1/16-18. The dark spot in the 

center is a region of nearly pure SiO2. 

Figure 30: Colored BSE image of 89/1/57-59, showing the different 

compositional phases. SiO2-rich in orange, MgO-rich in yellow, CaO-

rich in green. 

 
Figure 28: The panoramic overviews of the four thick sections in SEM. a) 87/1/16-18 b) 89/1/57-59 c) 92/1/94-96 d) 95/1/52-54 

 

87/1/16-18 is divided into two halves (Fig. 

29): a darker half that contains significantly 

more SiO2, Al2O3, and alkaline elements, and 

a lighter half richer in CaO, FeO and MgO. 

Throughout the SiO2-richer phase, there are several occurrences of nearly pure SiO2 (>97 

wt%), in very irregular habits. On one occasion, a crystal with an abnormally high amount of 

FeO and SO3 was observed. 

 

89/1/57-59 was selected because it 

contains both the typical brown 

aphanitic melt and the green 

‘schlieren’ melt. EDS shows that it 

there are three different types of 

composition present; a SiO2-

dominant phase, an MgO-dominant 

phase, and a CaO-dominant phase 

(Fig. 30 and table 4). The MgO- 

and CaO-phases correspond to the 

green vein-like structures in the 

thick section, with the MgO-phase 

being less internal. On several 

occasions the CaO-dominant 

phase has nearly pure CaO inside 

it. An isolated particle of the MgO-

phase in the studied range has a 

much higher concentration of TiO2 around its edge.  

 

 

 

 

 

 

 

87/1/16-18 Darker 
phase (wt%) 

Lighter 
phase (wt%) 

SiO2 55-65 35-40 

Al2O3 15-20 6-10 

Na2O ~5 ~2 

K2O 4-7 ~1 

CaO 2-5 24-27 

FeO 1-6 8-12 

MgO 1-9 11-16 

Table 3: Summary of the SEM-EDS results for sample 

87/1/16-18. 
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Figure 31: The calcite outgrowths around a hollow space in 

92/1/94-96. The calcite is light grey, the silicate that makes up 

most of the section is in darker grey. 

Figure 32: Close-up of the acicular crystals in 95/1/52-54. 

 

 

 

 

 

 

 

 

 

 

92/1/94-96 is one of the sections with 

hollow spaces that have calcite 

outgrowths lining them (Fig. 31). The 

majority of the thick section is comprised 

of a homogenous phase with 50-60 wt% 

SiO2, 10-18 wt% Al2O3, 5-13 wt% CaO, 

2-11 wt% MgO, 3.5-8 wt% FeO, 2-6 wt% 

Na2O and 2-5 wt% K2O. In this phase, 

there are fragments of nearly pure SiO2 

(>99 wt%) and nearly pure CaO (>96 

wt%), on top of the calcite linings around 

hollow spaces we observed under the 

petrographic microscope. 

 

 

95/1/52-54 was selected because its 

groundmass is not the normal hyaline 

texture, rather it is a mass of small, 

acicular crystals (Fig. 17 and 32). This 

mass contains several grains of nearly 

pure SiO2 (>97 wt%), but is itself 

dominated by a SiO2-Al2O3 composition 

(55-62 wt% SiO2, 18-20 wt% Al2O3, 3-5 

wt% CaO, 2-4 wt% MgO, 3-5.5 wt% 

FeO, 3-6 wt% Na2O, 2-7 wt% K2O and 

0.5-1 wt% TiO2) consistent with 

plagioclase. In one instance, near a vein 

cutting through a quartz crystal, the SiO2 

concentration is significantly higher at 84 

wt%, by taking away mostly from Al2O3 

(at 6 wt%). In two other cases, one of 

them being the previously mentioned 

vein and the other an inclusion in the 

matrix, CaO is the dominant oxide, 

showing 82 and 61 wt% respectively. 

 

89/1/57-59 SiO2-dominant 
(wt%) 

MgO-dominant 
(wt%) 

CaO-dominant 
(wt%) 

SiO2 72-78 42-50  ~9 
Al2O3 7-13 8-10 ~2 
Na2O 2-3 1-1.5 ~0.5 
K2O 3-7 0.1-0.8 ~0.2 
CaO 1.5-3 4-16 ~79 
FeO 1.5-3.5 8-12 ~5 
MgO 0.5-1.5 14-25 ~0,8 

Table 4: Summary of the SEM-EDS results for sample 89/1/57-59. 
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5. Discussion 
 

5.1. General trends and alteration 

 

To fully understand the progression of chemical composition over depth, a number of 

additional geochemical datapoints from other research on the suevite and impact melt were 

added to the previously described results of this study (data from de Graaff et al., 2018 and 

Vandijck et al., 2018). All the data has been made anhydrous, as the other datasets were 

anhydrous as well. These allow us to paint the following picture of the major element 

geochemical variation with depth across units 2C, 3A and 3B (Fig. 33).  
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Figure 33: Plots of depth vs composition for the major elements. Additional data from de Graaff et al., 2018. 

  

  

What is evident from this is that over the course of 2C, the suevite progresses from a more 

carbonate-rich to a more silica-rich environment as it gets nearer to the suevite-impact melt 

boundary, as evidenced by the increasing SiO2 and Al2O3 and decreasing CaO. But it is not 

quite this simple. The MgO and Fe2O3 graphs show a marked increase partway through 2C, 

before going back to previous levels near the boundary. The two samples that constitute 

these data points, 84/3/117.5-119.5 and 86/1/9.5-11.5, were taken from the second type of 

suevite in 2C, the type with a green matrix that was more prominent and larger clasts.  

 

The large jumps in values around the boundary will be examined in greater detail in section 

5.3.  
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The impact melt composition varies, in a way most prominently illustrated by the MgO 

diagram. It demonstrates three maxima in MgO concentration, that can be linked to similar 

extremes in every other diagram, centered around 89/1/57-59, 90/3/66-68 and 92/3/12-16. 

All three of these samples have a large presence of the green schlieren in them, compared 

to the other samples which primarily contained the black melt. The only graph that doesn’t 

display this same triple extreme is the TiO2 graph. Many of the trace elements, such as Rb, 

La, Ba and Zr, follow this same triple extreme course, with the notable exception of the 

HREE (Sm to Lu) and Ta, which don’t have the same peaks (Fig. 34). Ti and the trace 

elements that don’t follow the triple extreme curve tend to be insoluble (Brookins, 1988; 

White, 2013), so it appears the triple extremes were caused by alteration. More on this in 

section 5.4.1.  

 

  

  



35 
 

Figure 34: Plots of depth vs composition for select trace elements. Rb, La, Ba and Zr show the triple extreme, Ta and Yb 

don’t. Additional data from de Graaff et al., 2018 

  

The rapid fluctuations at the bottom of 3B are a result of sampling both the granite intervals 

and the melt that separates them.  

 

5.2. Suevite composition 

 

Data for suevite samples from 2A and 2B (de Graaff et al., 2018) was not displayed in the 

graphs above for the sake of scale. Inserting these shows that the upper part of 2C is far 

richer in carbonate material than 2A or 2B, and significantly poorer in silicate material (Fig. 

35). Also evident is the poorer sorting in 2B compared to the upper part of 2C. The large 

differences in these imply that there is a fundamental difference between these units. The 

likeliest reason for this is the different emplacement mechanics at work in different parts of 

the suevite.  
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Based on the impactites in the suevites of the Yaxcopoil-1 core, Stöffler et al. (2004) derived 

a sequence of emplacement phases of the impactites, where an outward-flowing ground 

surge of impact melt and lithic debris preceeded the fall-back of ejecta from the impact 

plume. 2C would have been deposited by this surge, the lateral flow giving rise to some 

sorting of the debris in the top layer. 2A and 2B would then be ejecta fall-back and poorly 

sorted, which is what we see.  

 

The surplus of carbonate material in 2C has been attributed to carbonate impact melt 

(Stöffler et al., 2004), and this holds true for the majority of carbonate suevite clasts, but 

some clasts, notably in 86/1/9.5-11.5, do retain limestone-like textures, with nodules and 

darker shapes, showing that some carbonate is indeed detrital.  Further evidence for this is 

the extremely high Ba concentration of 86/1/9.5-11.5b, the carbonate clast at this level, 

Figure 35: Plots of depth vs composition of several major elements in the suevite sequence, unit 2. Additional data from 

de Graaff et al., 2018. 
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which is the highest in the entire suevite section, while the Ba concentration of 84/3/117.5-

119.5b, the other carbonate clast sampled from this section, is below the detection limit of 

the ICP-MS. High Ba concentrations are associated with seawater (McLennon and Taylor, 

1980) and thus it would indicate the clast in 86/1/9.5-11.5 is detrital in origin, coming from 

the carbonate shelf.  

 

5.3. Suevite-melt transition: Core 87/2 

 

Pairing pre-existing data with data from this study allows for an in-depth look at the direct 

boundary between the suevite and the impact melt, which is located in core section 87/2. 

 

5.3.1. Petrography 

 

87/2/17-19 and 87/2/38-41 are quite typical of lower 2C breccia. The breccia is mostly clast-

supported, largely made up of melt clasts, as well as a number of carbonate clasts, both of 

which can vary greatly in size. The matrix is dominated by large calcite crystals.  

 

87/2/56-58 is a little different. It shows two layers of typical impact melt, interrupted by a 

layer with an intrusion of more iron-rich material with larger crystal sizes and a clear flow 

texture, underlain by a layer of calcite crystals.  

 

87/2/73-75 is nothing like the previous ones. It consists almost entirely of carbonate material, 

very uniform, with very few distinct carbonate and melt clasts visible.  

 

87/2/87-91, at the top, looks more like the 2C breccia, but is matrix-supported instead. After 

a small gap of nothing but carbonate material, there is the definitive boundary with the 

impact melt, sharp and well-defined, with the impact melt looking nearly identical to the 

impact melt clasts within the 2C suevite. 

 

87/2/103.5-107, finally, is more typical of the melt you’d find in 3A, with a glassy silicic 

groundmass and a number of relatively small minerals and lithic clasts. There are lighter 

streaks of material though that contain some calcite.  

 

5.3.2. Major element geochemistry 
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Figure 36: Relationship between depth and composition for the major elements of the samples in core 87/2. Additional data 

from de Graaff et al., 2018. 

 

The carbonate layer that 87/2/73-75 represents shows massive changes in composition, as 

expected (Fig. 36). The much larger concentrations of FeO and MgO are especially 

noteworthy, and we will come back to those in 5.4.2. This interval of carbonate material 

directly above the impact melt is likely carbonate melt deposited at the very bottom of the 

suevite layer, as has been found in the Yaxcopoil-1 core (Dressler et al., 2004). 

 

5.4. Impact melt composition 

 

5.4.1. Green schlieren melt 

 

All throughout the segment of the core studied in this project, even down in the granitic 

basement (though much less in those segments), we can find calcite veins with large calcite 

crystals. Many of them show no mineralogical influence on the surrounding material, and 

appear to fill holes or cracks in the rock (Fig. 18). This is most evident in sample 92/1/94-96, 

where large holes in the thin section are lined with large euhedral calcite crystals (Fig. 31). 

But then there is the green schlieren in the upper impact melt, which also forms around 

calcite veins (Fig. 17).  
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The green schlieren consists of both the calcite vein itself, and its surrounding alteration of 

the silicate melt into chlorite. Chlorite alteration generally takes place when the environment 

has a temperature exceeding 100°C (Beaufort et al., 2015). As can be expected, the 

Chicxulub impact crater retained a significant amount of heat after the impact, enough to 

drive a hydrothermal system that could result in these alterations (Ames et al., 2004).  

 

The Mg-rich chlorite shows up well in the EDS measurements of 89/1/57-59 (Table 4), as the 

Mg-Fe-rich phase surrounding calcite veins. There it shows the structures we would typically 

expect of vein-based alteration, that being surrounding the Ca-rich environment itself (Fig. 

30). But only some of the calcite veins show this alteration zone around it, even within this 

same impact melt (Fig. 18). It would follow, then, that the calcite veins without this chlorite 

alteration came after the crater cooled down beyond the point of elevated temperatures. 

89/1/57-59 is one of the three extreme points in the composition depth graphs (Fig. 33), 

which demonstrates the alteration is likely the cause of the other two peaks as well. 

 

This MgO-FeO rich alteration also shows in the matrix of the lower 2C suevite, hence the 

green coloration on the core overview, and the larger amount of MgO and FeO in samples 

84/3/117.5-119.5, 86/1/9.5-11.5 and 87/2/73-75 (Fig. 33 and 36). This part of 2C was likely 

altered in the same way.  

 

What is most interesting in the trace element geochemistry of this is that the Ba 

concentration actually decreases for the more altered sections of the impact melt. Higher Ba 

concentrations are associated with seawater, as mentioned previously (McLennan and 

Taylor, 1980). This would then imply that the water that caused these alterations to develop 

was not ocean water (Stöffler et al., 2004).  

 

5.4.2. Melt mixing 

 

On impact, the projectile will typically vaporise and the impact melt resulting from the impact 

will be almost wholly representative of the target rock (Fazio et al., 2014). In the case of 

Chicxulub, where the immediate target was several kilometres of Cretaceous limestone, 

dolostone and evaporites (Ward et al., 1995), the impactor was large enough to completely 

vaporise and/or blast away this cover and penetrate to the deeper basement rock, which 

consists of basement granites (Morgan et al., 2016). But granites alone cannot account for 

the melt composition we see, since the melt samples plot a significant distance away from 

the basement granites for all elements (Fig. 20).  

 

Thanks to 85/1/33-35 and its very anomalous mineralogy and composition compared to 

other melt samples, we have an idea of what to look for as a second mixing component, that 

being more mafic intrusions. Several doleritic intrustions in the upper part of the granite have 

been found (Morgan et al., 2016) and geochemically analysed (Vandijck, 2018). The mixing 

line between these dolerites and the granites aligns well with the melt samples from the 

impact melt layer, as well as 85/1/33-35 (Fig. 37). 
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These graphs also demonstrate quite well what the suevites are made of: mostly a mix of 

limestone and impact melt. This is corroborated by the petrographic analysis.  

 

5.4.3. Effects of differential cooling 

 

From the petrographic analysis comes the obversation that the acicular plagioclase, found in 

some of the heavily altered granites in the suevite and impact melt (Fig. 16), starts to occur 

within the glassy silicic matrix of the impact melt itself in the lower part of unit 3B. Not until 

core 95, the one also containing the top of Unit 4, the granitic basement, do we see the 

mineral in this crystal habit. This implies that the melt, being as thick a layer as it was (over 

25 m between its top and its bottom), cooled from the top down, and cooled slowly enough 

at the bottom for plagioclase, one of the first minerals to crystallize from a melt (Bowen, 

1956), to form these small crystals, even if nothing else was formed from the melt. There is a 

visible Eu-anomaly to go along with this increase in plagioclase (White, 2013). 

 

5.5. Comparison with the Yaxcopoil-1 core 

 

The most complete core that has been retrieved from the Chicxulub impact structure, aside 

from M0077A, is the Yaxcopoil-1 core (Urrutia-Fucugauchi et al., 2004), with its complete 

section through the impactites in the terrace zone (Fig. 4). The Yaxcopoil-1 impactites 

consist of a 100 m thick layer of suevites that has been subdivided into six units (Dressler et 

al., 2004). We will compare the geochemical data averages from Tuchscherer et al. (2004) 

to the suevites examined in this project (Table 5). Tuchscherer et al. classified the topmost 

two units of the traditional subdivision as one and the same, but here they are referred to by 

their traditional numeration instead (following Dressler et al., 2004). 
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Figure 37: Harker diagrams with the dolerite compositions measured by Vandijck (2018) added, to show the melt 

mixing between the granitoids, the dolerites and, in a small fraction, limestone clasts from the Mesozoic limestone 

layers. The error bars on the data from Vandijck (2018) indicate the spread of the dolerite compositions.  
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 Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2 TiO2 LOI 

Tuchscherer et al., 2004 

Units 1 & 2 11.65 12.6 4.78 2.38 4.13 2.47 42.86 0.52 17.74 

Unit 3 11.6 12.77 4.73 3.2 4.22 2.67 43.91 0.54 15.5 

Unit 4 12.03 14.6 3.33 2.55 3.84 3.6 43.99 0.55 13.69 

Unit 5 15.37 5.2 5.96 3.68 5.8 3.7 53.72 0.48 5.4 

Unit 6 5.61 31.26 1.97 1.67 1.91 1.31 20.95 0.26 30.2 

This study 

83-1-115-119 5.08 34.55 2.55 0.49 3.61 1.63 21.37 0.23 30.01 

84-3-117.5-
119.5a 

8.54 23.45 3.85 1.46 5.45 2.30 34.44 0.32 20.50 

86-1-9.5-11.5a 9.35 21.07 3.99 1.73 5.17 2.41 36.26 0.45 19.28 

87-2-38-41 10.00 21.81 2.69 2.22 2.82 2.95 39.36 0.40 18.14 

87-2-87-91 11.75 18.19 2.40 2.93 2.02 3.06 42.84 0.51 14.92 

The closest match the 2C suevites compositionally is unit 6, which makes sense, as unit 6 is 

also the bottommost unit in Yax-1. 83/1/115-119 has been the least affected by the alteration 

and is as such likely the most representative of 2C as a whole. And the numbers match quite 

well, though the relative increase in Fe2O3 and MgO is still noticeable, and becomes more 

much prominent farther down in 2C. Both 2C from M0077A and unit 6 from Yax-1 are far 

less rich in SiO2 and far richer in CaO than the overlying suevite layers (Fig. 35), which 

further strengthens the idea of a different emplacement mechanism. 

 

Additionally, unit 6 is described by Dressler et al. (2004) to have a layer of carbonate melt at 

the very bottom with some melt inclusions, which we also find at the bottom of it.  

 

6. Conclusions 
 

The conclusions that have been drawn from this study are quite broad and the results that 

have been gathered during this project are best served by combining them with other results, 

from past and future, to provide a higher-resolution sample list. Nonetheless, the research 

has allowed to draw a number of conclusions from the gathered data. 

 

Starting at the top of the core, the 2C suevite is likely analogous to Unit 6 from the 

Yaxcopoil-1 core. Supporting this are not just the position in the sequence, but also the 

similarities in composition between the 2C suevites and the unit 6 suevites, most notably the 

sudden decrease in SiO2 and increase in CaO from the overlying layers, and the layer of 

carbonate melt at the bottom of the suevite sequence. This likely means 2C was the product 

of a ground surge deposition, rather than fall-back of ejecta.  

 

The impact melt underneath likely formed primarily from a mixing of the basement granites 

with mafic intrusions in them, likely doleritic in nature. The black melt still reflects this in its 

composition being significantly different from the granite basement below. 

 

 

Table 5: Comparison of the average bulk XRF compositions of the units from Yaxcopoil-1 to the ICP-OES data from this 

study. Yax-1 data from Tuchscherer et al., 2004. 

 



43 
 

The green schlieren in unit 3A that injects between the black melt is most likely an alteration 

product, rather than a second type of melt. It shares a number of qualities with the green 

matrix in the lower part of unit 2C, such as a notable enrichment in MgO and Fe2O3, 

suggesting they were caused by the same phenomenon. The low Ba concentrations in more 

altered samples suggests that this alteration was not caused by seawater infiltration. 

 

As a final point, cooling of the impact melt was not simultaneous across the entire melt layer. 

The bottom of the impact melt stayed warm long enough for plagioclase to crystallize from 

the melt in small acicular form.  

 

Future research on this part of the core would do well to focus on low-resolution areas, from 

which not many samples have been made, including the lower part of unit 2B, below core 

80, and 3B, from which there is not much representative data of the melt itself in cores 93 

and 94. Additionally, more precise geochemical measurements could be carried out on two 

phases of the melt in unit 3A, and the matrix and clasts in unit 2C, as opposed to the general 

bulk geochemical data used in this project.  
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Appendix 1: Samples 
 

A list of the samples of core M0077A taken and/or used for this project, in order of downhole 

location, and what was done with them during the project. The depth from seafloor values 

are those for the center of the samples sections. 

 

Designation Core Section Depth in the 
core (cm) 

Depth below 
seafloor (m) 

Petrographic 
microscopy 

ICP-OES 
ICP-MS 

SEM-
EDS 

2B 

TS38 80 2 59-61 706.56 X   

QTS16 83 1 70-75 712.81 X   

2C 

QTS17 83 1 115-119 713.25 X X  

QTS18 84 2 17-19 713.72 X   

QTS19 84 2 106.5-108.5 714.63 X X  

QTS1 84 3 117.5-119.5 716.06 X X  

QTS20 85 1 33-35 716.83 X X  

QTS21 85 1 96-99 717.47 X   

QTS22 86 1 9.5-11.5 717.75 X X  

TS39 86 1 17-19 717.82 X   

QTS23 86 1 106.5-109.5 718.72 X X  

TS40 87 1 16-18 719.71 X  X 

QTS24 87 1 106.5-108.5 720.62 X   

QTS25 87 2 17-19 720.90 X   

QTS2 87 2 38-41 721.12 X X  

TS41 87 2 56-58 721.26 X   

QTS3 87 2 73-75 721.46 X   

QTS4 87 2 87-91 721.61 X X  

3A 

QTS5 87 2 103.5-107 721.78 X X  

QTS6 88 1 66-68 723.26 X   

TS42 88 2 7-9 723.82 X   

TS43 89 1 57-59 726.22 X  X 

QTS7 89 3 8-10 728.47 X X  

TS44 90 1 85-87 729.55 X   

QTS10 90 2 48-50 730.30 X X  

TS45 90 3 8-10 731.70 X   

QTS8 91 1 44-46 732.19 X X  

TS46 91 2 87-89 733.75 X   

QTS9 91 3 18-20 734.26 X X  

TS47 92 1 94-96 735.74 X  X 

3B 

QTS15 92 3 12-16 737.53 X X  

TS48 93 1 19-21 738.04 X   

TS49 93 2 105-107 740.27 X   

TS50 94 2 49-51 742.52 X   

QTS11 94 2 89-91 742.92 X   

TS51 95 1 52-54 744.47 X  X 

QTS12 95 2 54-56 745.43 X X  

QTS13 95 2 89.5-91.5 745.79 X X  

TS52 95 3 55-57 746.41 X   

4 

QTS14 95 3 121-123 747.07 X X  

TS53 96 1 88-90 747.88 X   

 

 



 

Appendix 2: Core Overview 
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Appendix 3: Thin Section Analysis 
 

This is a description of all the notable features observed in the thin sections. The thin 

sections analyzed have been made from samples of the core units 2C, 3A and 3B, with a 

few from units 2B and 4 for the sake of completion. The depth values are those for the 

center of the the samples sections. 

 

2B  

 

TS38 – 80/2/59-61 – 706.56 mbsf 

 

This thin section contains a phaneritic mass of small (0.1 mm) crystals, aligned parallel in a 

flow texture, with the minerals generally being one of two types: 

- White, low birefringent crystals with undulating extinction: quartz 
- Green or brown pleochroic crystals with anomalous birefringence colors (more 

common): micas 
Both groups are equigranular in size, though the green/brown ones tend to be elongated.  

The thin section is intersected by long, continuous streams of opaque brown minerals.  

 

QTS16 – 83/1/70-75 – 712.81 mbsf 

 

This thin section displays a beige to dark beige, aphanitic to fine phaneritic groundmass of 

calcite. Vein-like structures near one edge show a much larger average crystal size 

(~0.5mm) and other anhedral calcite crystals this size, or even larger, show up sporadically 

throughout the section. The section, as a matrix-supported breccia, displays two different 

types of clasts. The largest clast (>1 cm) is a subrounded limestone clast with a very fine-

grained texture, with many smaller ones of this type also present. The other clast type is 

brown subrounded clasts (1-5 mm), lighter than the groundmass in PPL, that appear black in 

XPL, displaying aphanitic crust-like textures along their outlines and larger acicular crystals 

perpendicular to the clast’s outline further inwards.  

 

2C 

 

QTS17 – 83/1/115-119 – 713.25 mbsf 

 

The groundmass is a beige, aphanitic to fine-grained phaneritic (<0.1 mm) calcite 

groundmass and it supports clasts of various types that vary in size between 0.5 mm and 1 

cm. These various types are 

- Subrounded limestone clasts, with a very fine-grained texture. 
- Angular, brown, aphanitic clasts that show up black in XPL. The formations of 

acicular crystals inside the clasts perpendicular to the outline are very clear, and the 
inside of the clasts is much darker than the outside in PPL.  

- Subrounded, very fine-grained phaneritic clasts with elongated quartz and feldspar 
crystals and opaque minerals. The elongation is along a particular direction, 
indicating a flow texture. 

 

QTS18 – 84/2/17-19 – 713.72 mbsf 

 



 

The groundmass is a beige, aphanitic to fine-grained phaneritic (<0.1 mm) calcite 

groundmass, becoming more equigranular towards one end of the thin section. It supports 

clasts of various types that vary in size between 0.5 mm and 1 cm. 

- Angular, brown, aphanitic clasts that show up black in XPL. The formations of 
acicular crystals inside the clasts perpendicular to the outline are very clear, and the 
inside of the clasts is much darker than the outside in PPL. Within some of these 
clasts are xenoliths of equigranular, microcrystalline rock containing quartz and 
opaque minerals, without elongation or clear texture. One particular clasts contains 
many small nodules displaying this texture. 

- Subrounded limestone clasts, with a very fine-grained texture. 
- One clast contains a great deal of chlorite (~50%) with the rest being quartz and 

opaque minerals. The crystals are equigranular. The quartz crystals are elongated, 
aligned parallel to the chlorite.  

 

QTS19 – 84/2/106.5-108.5 – 714.63 mbsf 

 

This thin section displays three distinct zones. 

1) A zone with beige, aphanitic to fine-grained phaneritic (<0.1 mm) calcite groundmass 
with several smaller angular to subrounded, brown, aphanitic clasts (<5 mm) that 
show up black in XPL. Within them are contained structures of cryptocrystalline 
crystals, that show a greenish brown in XPL, surrounded by this aphanitic 
groundmass that shows up black in XPL. There is also one area with exceptionally 
larger calcite crystals, and a few clasts displaying a salt-and-pepper texture. (20%) 

2) A brown aphanitic zone resembling the clasts in 1, black in XPL, with the same 
internal structures, containing a large number of anhedral, VERY rounded, calcite 
inclusions. (30%) 

3) A very fine-grained phaneritic zone with elongated quartz and feldspar crystals and 
opaque minerals. The elongation is along a particular direction, indicating a flow 
texture, and the direction changes with position. The zone also contains rounded 
calcite inclusions and vacuoles. (50%) 

 
QTS1 – 84/3/117.5-119.5 – 716.01 mbsf 
This thin section can be divided into four main phases. 

1) Rounded to subrounded micritic limestone clasts, beige in PPL, ranging in size from 
a few millimetres to several centimeters. The calcite crystals are all equigranular and 
nearly submicroscopic in size. (30%) 

2) The calcitic matrix, ranging from beige to dark brown in PPL depending on grain size, 
which varies from submicroscopic to nearly a millimetre. (25%) 

3) Grey to brown, aphanitic clasts, up to 5 mm in size, often with lighter brown rims near 
the edge. Smaller clasts are heavily embayed by the calcite matrix and altered, with a 
lot of acicular plagioclase in their rims, perpendicular away from the edge. The larger 
aphanitic contain larger single crystals of K-feldspar and plagioclase, as well as 
degraded quartz. The gray matrix contains smaller acicular plagioclase with no 
definite orientation. (40%) 

4) A large, phaneritic clast, nearly 1 cm in size, with a very strange crystal arrangement, 
arranged along dark lines of brown glassy material. The crystals most closely 
remember human teeth in appearance and layout. The crystals themselves appear to 
be feldspar. Sometimes the teeth-like crystals form a rim around an area with 
significantly smaller, near submicroscopic crystal size. Also in this clast, associated 
with the dark brown lines are light brown crystals, that don’t undergo full extinction all 
at once, rather the extinction appears as a cross. (5%) 

 

QTS20 – 85/1/33-35 – 716.83 mbsf 



 

 

This thin section consists of an aphanitic beige groundmass, which appears black in XPL. In 

amongst the groundmass are a number of fine crystals, often feldspar, but also titanite 

(recognized by its habit, with the crystals often being subhedral, and its high birefringence 

and relief). The thin section’s most notable feature is the large amount (~40%) of brown 

opaque minerals present.  

 

QTS21 – 85/1/96-99 – 717.47 mbsf 

 

This thin section has two parts to it. One half displays a mostly colorless medium-grained 

phaneritic texture (0.1-1 mm) with anhedral crystals, mostly quartz displaying undulating 

extinction, but also plagioclase and muscovite, as well as a few opaque minerals. The other 

half is a number of subrounded aphanitic and subrounded medium-grained phaneritic (like 

the other half) clasts (0.5-1 cm), black in XPL, in a calcite groundmass with fine-grained 

phaneritic anhedral crystals. There is an alteration rim of the phaneritic half with significantly 

smaller, near aphanitic grain size.  

 

QTS22 – 86/1/9.5-11.5 – 717.75 mbsf 

 

There are two parts to this thin section. One half is grey, a micritic limestone, with a number 

of nodules (1-5 mm) with larger crystal sizes, with some containing brown vitreous material 

(which are a greyish blue in XPL). The other half is an aphanitic brown mass containing a 

number of very large anhedral calcite crystals and vacuoles surrounded by rims of acicular 

crystals, perpendicular to the outline. The brown mass seems to have a flow texture in XPL.  

 

TS39 – 86/1/17-19 – 717.82 mbsf 

 

This section contains large chunks of aphanitic, isotropic material (one covers half the thin 

section). The only larger crystals are quartz, mostly degraded and up to 5 mm across, 

nothing else is recognizable. These chunks are separated by masses of calcite ranging in 

crystal size from aphanitic to about 1 mm. 

The glassy material contains small, rounded crust-like structures that sometimes surround a 

hollow space. The rounded structures have cryptocrystalline crystal sizes, usually they have 

an inner rim of small acicular crystals. 

 

QTS23 – 86/1/106.5-108.5 – 718.72 mbsf 

 

This thin section contains two parts. One half is a brown, aphanitic groundmass (black in 

XPL) containing a number of anhedral quartz and feldspar crystals (0.5 to 5 mm). Some 

degraded quartz crystals also appear here, as well as a small, fairly high relief brown mineral 

with obscured birefringence colors. The other half has mostly a 50-50 mix of degraded 

quartz and feldspar crystals and opaque minerals, with a lot of aphanitic, both tend to be 

arranged in elongated lines up to 1 mm wide and have aphanitic portions to them. Both have 

calcite vein-like structures running through them. 

 

TS40 – 87/1/16-18 – 719.71 mbsf 

 

This thin section shows a sharp contact between two units, with no embayments or reaction.  



 

One side is a dark brown aphanitic matrix (which XRF shows to be iron-rich) with degraded 

quartz crystals (up to 1 cm) (I use this term to describe a group of small, near 

cryptocrystalline crystals that look like they were once part of a larger crystal, or an 

aggregate of several larger ones) throughout.  

The other side is a calcitic matrix with brown aphanitic clasts (up to 5 mm) that contain some 

quartz crystals. 

 

QTS24 – 87/1/106.5-108.5 – 720.62 mbsf 

 

Most of the thin section is made of brown subrounded aphanitic clasts in a phaneritic calcite 

groundmass, but clast-supported now. The brown clasts contain degraded quartz crystals. 

Empty cavities in the clasts are lined by acicular rims. There is one large clast (1 cm) that 

doesn’t resemble the others, with larger quartz crystals (that display undulating extinction), 

and smaller, seemingly acicular plagioclase crystals in radial patterns. There are also 

opaque minerals and aphanitic parts in this clast. 

 

QTS25 – 87/2/17-19 – 720.90 mbsf 

 

The thin section is dominated by a micritic limestone clast, with many nodules (0.5-1 mm) 

composed of very small quartz crystals. These tiny quartz crystals also line the edge of the 

clast. The surrounding parts of the thin section are made of a clast-supported breccia, with 

brown subrounded aphanitic clasts in a phaneritic calcite groundmass. One of the clasts is a 

massive collection of tiny quartz crystals, and another is a collection of tiny equigranular 

calcite crystals. 

 

QTS2 – 87/2/38-41 – 721.12 mbsf 

 

Most of the thin section is made a clast-supported breccia made of subrounded brown 

aphanitic clasts in a phaneritic calcite groundmass, containing degraded and normal quartz 

clasts. There is also a large (1 cm) mostly equigranular limestone clast, and a few smaller 

ones with micritic grain size.   

 

TS41 – 87/2/56-58 – 721.29 mbsf 

 

This thin section is divided along a main diagonal (top right to bottom left) into five zones of 

differing structures. Top left to bottom right (orienting the designation at the bottom): 

1) Composed of calcite crystals of a continuous spectrum of different sizes 
(submicroscopic to 1 mm).  

2) Dark grey, aphanitic groundmass containing degraded quartz crystals. 
3) Dark brown, aphanitic groundmass with larger individual calcite, quartz and feldspar 

crystals. A lot of these, and the cryptocrystalline minerals in the matrix too, align in a 
particular direction, indicating a flow texture. Many of them have lighter alteration 
rims displaying acicular crystals. There is one large clast with a lot of tiny quartz 
crystals and with hyaline material in between.   

4) Surrounded by zone 3, this contains a significantly darker, more iron-rich aphanitic 
matrix, with more and smaller elongated quartz crystals and also a clear flow texture. 

5) Grey aphanitic matrix with degraded quartz, calcite and feldspar crystals in vein-like 
arrangements. The calcite has sizes of up to 2 mm, the quartz and feldspar stays 
significantly smaller. 



 

 

QTS3 – 87/2/73-75 – 721.46 mbsf 

 

The thin section is dominated by a brown calcitic groundmass of near-micritic crystal size, in 

two distinct hues with a sharply defined border between them. There are limestone clasts of 

both the same, and much larger crystal size. Also present are rounded to subrounded beige 

aphanitic clasts (1-5 mm, black in XPL) with a number of calcite crystals throughout them. 

 

QTS 4 – 87/2/87-91 – 721.61 mbsf 

 

There are two parts to this thin section. One side is a matrix-supported breccia consisting of 

a phaneritic matrix of calcite crystals. There are subrounded clasts of micritic limestone and 

of a dark aphanitic material. The latter contains a number of degraded quartz crystals, and 

quartz congregations that seem to adopt a radaial pattern. The other side is a very even 

aphanitic brown groundmass (black in XPL) with a few degraded quartz crystals (up to 3 

mm) and even a degraded calcite crystal. Between both sides is a sizable gap (nearly 1 cm 

wide) with just the calcite matrix. 

 

3A 

 

QTS5 – 87/2/103.5-107 – 721.78 mbsf 

 

This thin section consists mostly of a grey aphanitic groundmass that shows up black in 

XPL. This groundmass interchanges with streaks of lighter aphanitic material that run 

parallel to each other. There are a substantial number of larger, largely anhedral crystals 

(degraded and normal) and angular lithic fragments in the groundmass. The crystals vary in 

size from submicroscopic to ~1 mm, and the clasts range from 1 to 5 mm in size. The clasts 

themselves contain very fine, elongated quartz and plagioclase crystals, as well as a few 

opaque minerals. The individual crystals in the groundmass are mostly quartz and calcite, 

with a few pyroxenes apparently present (distinguished by their near-right angle cleavage). 

The calcites are typically arranged in the lighter streaks of groundmass.  

 

QTS6 – 88/1/66-68 – 723.26 mbsf 

 

There are three major phases in this thin section: 

1) A large, lithic, subangular clast (~1 cm), with elongated quartz and plagioclase, 
brown opaque minerals and a small amount of aphanitic material. Certain parts show 
even smaller acicular crystals in seemingly random orientations, congregated in 
masses that follow the alignment of the normal elongated crystals. (20%) 

2) Grey to bright brown aphanitic masses (black to dark brown in XPL) with a large 
number of larger anhedral crystals (both degraded and normal) and a few 
subrounded lithic fragments contained within. The brown parts of the aphanitic mass, 
usually located in pockets, show sizable acicular crystals in random orientations. The 
large crystals in the melt are quartz, and vary in size from submicroscopic to ~1 mm. 
The lithic fragments (also ~1 mm) show small anhedral quartz and plagioclase 
crystals (not elongated), along with some opaque minerals and aphanitic sections. 
(60%) 

3) Veinlike structures containing mostly calcite, both as a micritic material and as large 
an- to subhedral crystals. (20%) 



 

 

TS42 – 88/2/7-9 – 723.82 mbsf 

 

This thin section has three large units to it. 

 

1) A fine-grained phaneritic region (about 1 cm across) dominated by very fine 
equigranular quartz crystals, with a few streaks of very fine-grained calcite and iron-
bearing opaque minerals. 

2) A region consisting of larger anhedral quartz and feldspar crystals (up to 5 mm), 
smaller calcite and plagioclase and fragments of the fine quartz material (up to 3 
mm), contained within in a brown phaneritic matrix.  

3) A region that displays fine-grained quartz and dark aphanitic material, a number of 
large clouded quartz crystals (up to 3 mm). Brown opaque minerals and degraded 
feldspar also occur. There is a certain alignment to the opaque minerals and the 
brown glass in wavy lines. The quartz-dominated part displays a new mineral, a 
bright green, non-pleochroic mineral with anomalous birefringence.  

 

TS43 – 89/1/57-59 – 726.22 mbsf 

 

This section has two distinct phases that are dispersed throughout the section.  

 

1) A green and white unit, consisting of phaneritic calcite crystals and aphanitic 
greenish-brown crystals, likely chlorite. There is also dark aphanitic material included. 

2) A brown aphanitic unit that contains larger aphanitic opaque, quartz and feldspar 
crystals (up to 3 mm), as well as small lithic fragments. Empty spaces in the thin 
sections are lined with large, euhedrical calcite crystals, indicating they may be 
secondary in nature. Fragments of this phase, up to about 1 cm in size, are 
separated by veins of phase 1. 

 

QTS 7 – 89/3/8-10 – 728.47 mbsf 

 

This thin section consists mostly of a grey aphanitic groundmass that shows up black in 

XPL. There are a substantial number of larger, largely anhedral crystals (degraded and 

normal) and angular lithic fragments in the groundmass. The crystals vary in size from 

submicroscopic to ~1 mm, and consist mostly of quartz (degraded and normal), with 

plagioclase, pyroxenes and calcite also appearing. There are three different types of clasts, 

and the biggest of them is about 1 cm across.  

1) The biggest variety consists of a large amount of anhedral foggy quartz with 
undulating extinction, in an aphanitic groundmass that also contains tiny acicular 
crystals in random orientations. 

2) Another fragment (0.5 cm) also consists of aphanitic groundmass that is lighter and 
coarser than the surrounding main groundmass, but there are no large crystals, only 
very heavily degraded masses of what seem to have been quartz and plagioclase 
(some masses display differential extinction reminiscent of twinning). There are 
elongated brown opaque minerals, as well as zircons (high relief, small size and 
crystal habit). 

3) Another fragment (0.5 cm) consists of small, elongated quartz and plagioclase 
crystals arranged in roughly defined bands separated by opaque minerals. It also 
appears to contain very anhedral brown strands, also arranged in bands. The 
fragment has an alteration rim around parts of it. 

 

TS44 – 90/1/85-87 – 729.55 mbsf 



 

 

Mainly a dark grey, aphanitic material containing larger anhedral degraded crystals, either 

opaque, quartz or feldspar (up to 3 mm). Some of the calcite crystals and a lot of the empty 

spaces in the section have alteration rims of acicular crystals. This unit is intersected by 

vein-like structures of calcitic composition. These calcite crystals are phaneritic. Both of 

these phases have inclusions of the other, and noticeable cavities that may or may not be 

artefacts.  

 

QTS10 – 90/2/48-50 - 730.30 mbsf 

 

This thin section is divided into two halves. One half is a grey aphanitic groundmass 

containing larger crystals (<2 mm) of degraded quartz crystals, as well as calcite, some of 

which is degraded and shows alteration of the surrounding groundmass, and some of which 

displays large and well formed crystals. Some of the cavities in the groundmass are lined 

with an alteration rim. The groundmass also displays a network of veinlike structures, filled 

with calcite. The other half is a granitic rock consisting of large (<5 mm), anhedral, heavily 

degraded quartz, feldspar and plagioclase crystals. Undulating extinction is common. There 

are also opaque minerals present, as well as calcite crystals.  

 

TS45 – 90/3/66-68 – 731.70 mbsf 

 

The majority of this thin section is once again comprised of a dark grey aphanitic material 

that forms rounded hyaline crusts around individual minerals. These minerals can be 

different mineralogies, opaque minerals, calcite, feldspar or quartz. Several of the felsic 

inclusions are quite large, upwards of 5 mm.  

The section also contains several lighter colored areas that appeared much clearer with the 

naked eye compared to under the microscope. Most notably is one long, lighter colored 

alteration tendril surrounding aphanitic iron-rich material and opaque minerals, which 

surrounds calcite crystals. 

A crack runs through the thin section, and it contains a crystal unlike any in the section, or 

even this part of the core, which may imply that it is contamination. Through XRF and 

birefringence, it appears to be olivine.  

 

QTS8 – 91/1/44-46 – 732.19 mbsf 

 

This thin section is divided into two halves. One half is a grey aphanitic groundmass 

containing larger crystals (up to about 5 mm) of degraded quartz and calcite crystals. Some 

of the cavities in the groundmass are lined with an alteration rim. The groundmass also 

displays tiny veinlike structures, filled with calcite. There are two zones to this groundmass, 

with distinct shades of grey, that sometimes have a sharp boundary and sometimes grade 

into each other. The darker the grey, the smaller the grain size, and it is darkest next to the 

other half. The other half is a granitic rocks consisting of large (<5 mm), anhedral, heavily 

degraded quartz and feldspar crystals, as well as a large amount small acicular plagioclase 

crystals. Undulating extinction is common. There are also opaque minerals present, as well 

as calcite crystals.  

 

TS46 - 91/2/87-89 – 733.75 mbsf 

 



 

The majority of the thin section is comprised of dark brown, aphanitic groundmass, with 

clouded feldspar and degraded quartz crystals (up to about 2 mm), interspersed with long 

linear streaks of phaneritic calcite. There are a number of nodules in the groundmass 

containing lighter green minerals. Some of these form as lines of acicular minerals around 

empty spaces in the section. 

 

QTS9 – 91/3/18-20 – 734.26 mbsf 

 

The thin section is dominated by dark beige aphanitic groundmass, containing a number of 

large mineral clasts. The clasts are up to about 5 mm in size, consist of quartz, feldspar and 

calcite, and all but the calcite ones have brown alteration rims around them. There are also a 

number of nodules of these brown alteration marks occuring throughout the groundmass. 

 

TS47 - 92/1/94-96 – 735.74 mbsf 

 

Most of the thin section is dark grey, aphanitic material, intersperzsed with degraded quartz 

and feldspar crystals, opaque minerals and calcite (up to 3 mm). It also contains the nodules 

from TS46. One side of the thin section is a large hollow space, lined with large, euhedral 

calcite crystals, implying calcite is a secondary mineral. 

 

3B 

 

QTS15 – 92/3/12-16 – 737.53 mbsf 

 

The thin section is largely composed of aphanitic beige to grey groundmass, with large 

crystal clasts and a large veinlike structure showing large calcite crystals and significant 

alteration of the groundmass. The crystal clasts consists of plagioclase, quartz and calcite, 

anhedral to subhedral and up to about 3 mm in size. Some of the clasts show flow textures 

within the crystals themselves, some show alteration rims around them and some are 

degraded. There are also a large amount of opaque minerals (some are rounded) and the 

groundmass itself displays rounded structures of lighter color. The alteration in the veinlike 

structures and around the crystals is noticably browner than the rest of the groundmass. The 

big alteration vein on one end has also altered large quartz crystals inside it. 

 

TS48 – 93/1/19-21 – 738.04 mbsf 

 

The thin section is dominated by dark brown aphanitic material. Round, light green spherules 

are scattered throughout the section here as well. Large degraded anhedral crystals are also 

prevalent, in the form of either quartz, feldspar or calcite (up to 2 mm), and a lot of them 

have rims around them of darker aphanitic material. Large subhedral brown crystals, with a 

notably high relief, are also visible, likely pyroxene. Long thin strands of calcite run through 

the sample. 

 

TS49 – 93/2/105-107 – 740.27 mbsf 

 

Dark brown aphanitic material dominates the sample. Degraded quartz, feldspar, and calcite 

show well-defined crystals (up to 5 mm). Opaque minerals can also be seen. The green 

lighter nodules from before also return, now with clearer acicular crystals. There are 



 

intergrowths between the opaque minerals and quartz. One fine-grained phaneritic clast is 

also partly visible (~1 cm), showing elongated quartz crystals and opaque minerals.  

 

TS50 – 94/2/49-51 - 742.52 mbsf 

 

Brown aphanitic groundmass is the main component of this thin section, but the minerals 

play a much more significant role here. The crystals are up to about 5 mm in size, and are 

composed of quartz, feldspar, plagioclase and calcite. A large amount of crystals are 

degraded, contain calcite and/or have been altered to aphanitic materal, and a lot of the 

plagioclase is acicular.  

 

QTS11 – 94/2/89-91 – 742.92 mbsf 

 

This thin section consists of a number of large subangular clasts (0.1-1 cm) in a brown 

aphanitic groundmass. The groundmass contains a fair amount of acicular plagioclase. The 

clasts, of two types of rock as well as a few quartz and feldspar minerals, tend to be heavily 

degraded and the rocks contain a lot of aphanitic material, brown from alteration. There are 

two types of large clasts, aside from the minerals. One type contains a lot of anhedral quartz 

and plagioclase, both large and small crystals, a great deal of small acicular plagioclase, and 

some opaque minerals. The second type is a lot more degraded, to the point where the 

clast’s groundmass is beige and hard to make out, and it contains a great deal more opaque 

minerals than the rest. The clasts’s groundmass forms linear patterns in between the opaque 

minerals with random orientations. There are a few small calcite veins through the thin 

section. 

 

TS51 – 95/1/52-54 – 744.47 mbsf 

 

The dark brown aphanitic material is still present here, but it’s now much brighter brown and 

it contains a large amount (~20%) of acicular plagioclase with apparently random orientation. 

Aside from this there is also degraded quartz (up to 1 mm), anhedral feldspar, some with 

alteration rims (up to 3 mm) and rounded calcite aggregates and calcite veins.  

 

QTS12 – 95/2/54-56 – 745.43 mbsf 

 

This thin section’s groundmass is brown aphanitic material riddled with tiny acicular 

plagioclase crystals, with a number of anhedral to subhedral minerals (up to 3 mm) and two 

large rocky clasts (1 cm). The minerals consist of degraded quartz, well preserved feldspar 

crystals and rounded calcite nodules with large crystals. One of the rocky fragments is 

porphyric, it has a number of coarse-grained phaneritic subhedral crystals of plagioclase and 

feldspar, with smaller quartz crystals filling the gap. The other fragment is very fine-grained 

phaneritic fragment (with a few larger crystals) of acicular plagioclase and tiny feldspar and 

quartz crystals.  

 

QTS13 – 95/2/89.5-91.5 – 745.79 mbsf 

 

This thin section features a very coarse-grained phaneritic granite, with large euhedral 

crystals of plagioclase and feldspar, and large sub- to anhedral crystals of biotite and 

(undulating) quartz. Present in smaller amounts are zoisite and muscovite. There are vein-



 

like structures running across the thin section with signs of alteration and significantly 

smaller crystal size. 

 

TS52 – 95/3/55-57 – 746.41 mbsf 

 

The main body still consists of brown aphanitic material, but it is now significantly darker and 

more opaque than before. There is a division between two shades, with the darker shade 

towards the interior. Acicular plagioclase is visible in the matrix of the lighter shade. Calcitic 

veins run down the center of the sample. Larger whole crystals in the sample are comprised 

of degraded quartz, feldspar and opaque minerals, up to about 2 mm. There are lighter rims 

around empty spaces in the thin sections. One large clast of a different mineralogy, about 1 

cm in size, shows very large feldspar and biotite crystals, and smaller quartz crystals, with a 

number of large opaque minerals.  

 

4 

 

QTS14 – 95/3/121-123 – 747.07 mbsf 

 

This thin section features a very coarse-grained phaneritic granite, with large euhedral to 

subhedral crystals of plagioclase (20%), feldspar (50%), large eu- to anhedral crystals of 

biotite (5%) and (undulating) quartz (25%). Present in smaller amounts is muscovite. There 

are calcitic vein-like structures running across the thin section.  

 

TS53 – 96/1/88-90 – 747.88 mbsf 

 

Solid basement rocks, granites, mostly comprised of phaneritic quartz, feldspar and 

plagioclase crystals, very rarely opaque minerals and calcite. This sample displays very 

large crystals (several mm in size) with some being mildly degraded, but not nearly as much 

as in the sections comprising the upper impact melt. 

  



 

Appendix 4: EDS results 
 

87/1/16-18 

 

 
 

 

Spectra 14-16 

Spectra 20-26 

Spectra 17-19 



 

 

 
 

Spectr. 
14 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
15 

Oxide 
Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.99 O    2.94 

Na Na2O 4.81 0.04 0.16 Na Na2O 1.76 0.04 0.07 

Mg MgO 1.22 0.04 0.03 Mg MgO 16.25 0.07 0.47 

Al Al2O3 19.29 0.07 0.39 Al Al2O3 7.2 0.06 0.17 

Si SiO2 59.72 0.12 1.03 Si SiO2 39.05 0.11 0.76 

Cl  0 0.01 0.01 S SO3 0.24 0.04 0 

K K2O 5.32 0.03 0.12 Cl  0 0.02 0.06 

Ca CaO 4.7 0.04 0.09 K K2O 0.6 0.02 0.01 

Ti TiO2 0.9 0.03 0.01 Ca CaO 24.74 0.07 0.52 

Mn MnO 0.12 0.03 0 Mn MnO 0.25 0.03 0 

Fe FeO 3.71 0.05 0.05 Fe FeO 8.19 0.07 0.13 

Total  99.78  1.89 
(Cation 
sum) 

Total  98.27  
2.13 
(Cation 
sum) 



 

Spectr. 
16 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
17 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.98 O    3 

Na Na2O 0.44 0.02 0.01 Na Na2O 5.53 0.04 0.18 

Si SiO2 97.03 0.1 1.48 Al Al2O3 20.18 0.07 0.4 

K K2O 0.64 0.02 0.01 Si SiO2 63.86 0.11 1.08 

Ca CaO 0.16 0.02 0 S SO3 0.27 0.04 0 

Fe FeO 0.14 0.03 0 Cl  0 0.01 0 

Br  0 0.03 0.02 K K2O 7.18 0.04 0.16 

Total  98.41  1.51 
(Cation 
sum) 

Ca CaO 1.63 0.03 0.03 

     Fe FeO 1.2 0.04 0.02 

     Total  99.85  1.87 
(Cation 
sum) 

Spectr. 
18 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
19 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.99 

Al Al2O3 0.39 0.03 0.01 Si SiO2 99.42 0.1 1.5 

Si SiO2 99.45 0.11 1.49 Ca CaO 0.12 0.02 0 

K K2O 0.05 0.02 0 Br  0 0.03 0.01 

Ca CaO 0.11 0.02 0 Total  99.54  1.50 
(Cation 
sum) 

Total  100  1.50 
(Cation 
sum) 

     

Spectr. 
20 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
21 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.99 

Al Al2O3 0.42 0.03 0.01 Na Na2O 5.18 0.04 0.17 

Si SiO2 99.23 0.1 1.49 Mg MgO 1.37 0.03 0.03 

K K2O 0.07 0.01 0 Al Al2O3 18.2 0.07 0.37 

Ca CaO 0.11 0.02 0 Si SiO2 61.18 0.11 1.05 

Fe FeO 0.17 0.03 0 S SO3 0.37 0.03 0 

Total  100  1.50 
(Cation 
sum) 

Cl  0 0.01 0.01 

     K K2O 5 0.03 0.11 

     Ca CaO 4.27 0.03 0.08 

     Ti TiO2 0.85 0.03 0.01 

     Fe FeO 3.29 0.04 0.05 

     Total  99.71  1.88 
(Cation 
sum) 

          



 

Spectr. 
22 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
23 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.95 O    2.96 

Na Na2O 1.28 0.04 0.05 Na Na2O 4.29 0.04 0.15 

Mg MgO 16.4 0.08 0.48 Mg MgO 9 0.05 0.24 

Al Al2O3 6.62 0.07 0.15 Al Al2O3 15.63 0.07 0.32 

Si SiO2 39.03 0.11 0.76 Si SiO2 55.16 0.1 0.97 

S SO3 0.2 0.04 0 Cl  0 0.02 0.04 

Cl  0 0.02 0.05 K K2O 3.91 0.03 0.09 

K K2O 0.41 0.02 0.01 Ca CaO 2.47 0.03 0.05 

Ca CaO 24.26 0.07 0.51 Ti TiO2 1.69 0.03 0.02 

Mn MnO 0.21 0.04 0 Fe FeO 6.36 0.05 0.09 

Fe FeO 10.07 0.07 0.16 Total  98.52  1.92 
(Cation 
sum) 

Total  98.48  2.13 
(Cation 
sum) 

     

Spectr. 
24 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
26 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.96 O    2.99 

Na Na2O 2.34 0.09 0.09 Na Na2O 3.19 0.04 0.1 

Mg MgO 11.06 0.14 0.33 Mg MgO 1.15 0.03 0.03 

Al Al2O3 8.93 0.14 0.21 Al Al2O3 9.81 0.05 0.2 

Si SiO2 35.82 0.22 0.72 Si SiO2 31.59 0.08 0.54 

Cl  0 0.04 0.04 S SO3 32.02 0.09 0.41 

K K2O 1.39 0.05 0.04 Cl  0 0.01 0.01 

Ca CaO 26.87 0.15 0.58 K K2O 2.35 0.02 0.05 

Fe FeO 11.96 0.16 0.2 Ca CaO 4.19 0.03 0.08 

Mo MoO3 0.49 0.14 0 Fe FeO 15.49 0.06 0.22 

Total  98.85  2.19 
(Cation 
sum) 

Total  99.8  1.62 
(Cation 
sum) 

 

  



 

 
89/1/57-59 

 

 

 

Spectra 1-6 

Spectra 7 



 

 
Spectr. 
1 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
2 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.94 O    2.95 

Na Na2O 1.18 0.04 0.04 Na Na2O 0.82 0.04 0.03 

Mg MgO 21.48 0.08 0.58 Mg MgO 14.21 0.07 0.4 

Al Al2O3 7.9 0.06 0.17 Al Al2O3 10.6 0.07 0.24 

Si SiO2 50.38 0.12 0.91 Si SiO2 41.49 0.11 0.79 

Cl  0 0.02 0.06 Cl  0 0.02 0.05 

K K2O 0.1 0.02 0 K K2O 0.1 0.02 0 

Ca CaO 4.07 0.04 0.08 Ca CaO 16.13 0.06 0.33 

Fe FeO 12.83 0.08 0.19 Ti TiO2 2.86 0.05 0.04 

Total  97.94  1.97 
(Cation 
sum) 

Mn MnO 0.14 0.03 0 

     Fe FeO 12.17 0.08 0.19 

     Total  98.53  2.02 
(Cation 
sum) 

Spectr. 
3 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
4 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.98 

Na Na2O 2.27 0.04 0.07 Na Na2O 0.55 0.06 0.03 

Mg MgO 1.41 0.03 0.03 Mg MgO 2.72 0.07 0.1 

Al Al2O3 7.37 0.05 0.14 Al Al2O3 1.88 0.07 0.06 

Si SiO2 77.96 0.13 1.28 Si SiO2 8.61 0.1 0.22 

Cl  0 0.01 0 S SO3 0.54 0.06 0.01 

K K2O 3.46 0.03 0.07 Cl  0 0.03 0.02 



 

Ca CaO 3.17 0.04 0.06 K K2O 0.19 0.04 0.01 

Ti TiO2 0.75 0.04 0.01 Ca CaO 78.86 0.25 2.17 

Fe FeO 3.5 0.05 0.05 Mn MnO 0.8 0.08 0.02 

Total  99.89  1.71 
(Cation 
sum) 

Fe FeO 4.7 0.11 0.1 

     Yb Yb2O
3 

0.71 0.22 0.01 

     Total  99.57  2.72 
(Cation 
sum) 

Spectr. 
5 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
6 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    3 

Na Na2O 0.17 0.05 0.01 Na Na2O 3.38 0.04 0.11 

Si SiO2 0.52 0.05 0.01 Mg MgO 0.43 0.03 0.01 

Cl  0 0.02 0 Al Al2O3 13.4 0.06 0.26 

Ca CaO 98.95 0.12 2.96 Si SiO2 72.5 0.12 1.21 

Mn MnO 0.27 0.06 0.01 Cl  0 0.01 0 

Br  0 0 0 K K2O 7.15 0.04 0.15 

Total  99.9  2.99 
(Cation 
sum) 

Ca CaO 1.26 0.03 0.02 

     Ti TiO2 0.2 0.03 0 

     Fe FeO 1.56 0.04 0.02 

     Total  99.89  1.79 
(Cation 
sum) 

Spectr. 
7 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

     

O    2.95      

Na Na2O 1.64 0.04 0.06      

Mg MgO 25.03 0.08 0.67      

Al Al2O3 8.87 0.06 0.19      

Si SiO2 48.59 0.11 0.87      

S SO3 0.34 0.04 0      

Cl  0 0.02 0.05      

K K2O 0.75 0.02 0.02      

Ca CaO 4.54 0.04 0.09      

Ti TiO2 0.09 0.03 0      

Fe FeO 8.43 0.06 0.13      

Total  98.28  2.01 
(Cation 
sum) 

     

 

 

 

 



 

92/1/94-96 

 

 

 

Spectra 11-17 

Spectra 8-10 



 

 
Spectr. 
8 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
9 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.99 

Si SiO2 0.2 0.05 0.01 Na Na2O 5.13 0.05 0.17 

Ca CaO 98.93 0.12 2.97 Mg MgO 2.02 0.04 0.05 

Mn MnO 0.88 0.06 0.02 Al Al2O3 18.17 0.07 0.37 

Total  100  2.99 
(Cation 
sum) 

Si SiO2 59.73 0.12 1.04 

     Cl  0 0.02 0.01 

     K K2O 5.25 0.04 0.12 

     Ca CaO 5.09 0.04 0.09 

     Ti TiO2 0.57 0.03 0.01 

     Mn MnO 0.09 0.03 0 

     Fe FeO 3.64 0.05 0.05 

     Total  99.7  1.91 
(Cation 
sum) 

Spectr. 
10 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
11 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.99 

Si SiO2 99.91 0.11 1.5 Na Na2O 2.3 0.05 0.08 

Ca CaO 0.09 0.02 0 Mg MgO 11.19 0.07 0.31 

Total  100  1.50 
(Cation 
sum) 

Al Al2O3 10.05 0.08 0.22 

     Si SiO2 50.98 0.14 0.94 

     Cl  0 0.02 0.01 

     K K2O 2.21 0.03 0.05 

     Ca CaO 13.6 0.07 0.27 



 

     Ti TiO2 0.81 0.04 0.01 

     Mn MnO 0.27 0.04 0 

     Fe FeO 8.28 0.08 0.13 

     Total  99.69  2.00 
(Cation 
sum) 

Spectr. 
12 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
13 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.98 

Mg MgO 0.4 0.06 0.02 Na Na2O 5.79 0.05 0.2 

Si SiO2 0.31 0.06 0.01 Mg MgO 3.44 0.05 0.09 

Cl  0 0.03 0 Al Al2O3 17.03 0.08 0.35 

Ca CaO 96.24 0.14 2.89 Si SiO2 58.18 0.13 1.01 

Mn MnO 2.97 0.08 0.07 Cl  0 0.02 0.02 

Total  99.92  2.99 
(Cation 
sum) 

K K2O 2.62 0.03 0.06 

     Ca CaO 6.96 0.05 0.13 

     Ti TiO2 0.7 0.04 0.01 

     Mn MnO 0.11 0.03 0 

     Fe FeO 4.46 0.06 0.06 

     Total  99.29  1.91 
(Cation 
sum) 

Spectr. 
14 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
17 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.99 O    2.99 

Mg MgO 0.71 0.06 0.03 Al Al2O3 0.5 0.03 0.01 

Al Al2O3 0.19 0.06 0.01 Si SiO2 97.73 0.13 1.48 

Si SiO2 1.15 0.06 0.03 Cl  0 0.02 0.01 

Cl  0 0.02 0.01 K K2O 0.18 0.02 0 

Ca CaO 92.35 0.16 2.73 Ca CaO 0.75 0.02 0.01 

Ti TiO2 1.9 0.08 0.04 Ti TiO2 0.12 0.03 0 

Mn MnO 2.91 0.08 0.07 Fe FeO 0.45 0.03 0.01 

Fe FeO 0.62 0.07 0.01 Total  99.73  1.51 
(Cation 
sum) 

Total  99.82  2.92 
(Cation 
sum) 

     

 

  



 

95/2/52-54 

 

 

 

IODP364_95_1_52_54_thicksection

Spectra 1-5 

Spectra 6-10 



 

 
Spectr. 
1 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
2 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.99 O    2.96 

Si SiO2 98.98 0.12 1.49 Na Na2O 4.18 0.05 0.14 

Ca CaO 0.1 0.02 0 Mg MgO 4.09 0.05 0.11 

Fe FeO 0.42 0.03 0.01 Al Al2O3 18.82 0.09 0.39 

Br  0 0.03 0.01 Si SiO2 55.44 0.13 0.97 

Total  99.5  1.50 
(Cation 
sum) 

Cl  0 0.02 0.04 

     K K2O 4.68 0.04 0.1 

     Ca CaO 4.99 0.04 0.09 

     Ti TiO2 0.99 0.04 0.01 

     Fe FeO 5.42 0.06 0.08 

     Total  98.6  1.90 
(Cation 
sum) 

Spectr. 
3 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
4 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.98 O    2.99 

Na Na2O 0.67 0.11 0.03 Na Na2O 1.29 0.04 0.04 

Mg MgO 4.01 0.11 0.15 Mg MgO 1.05 0.04 0.02 

Al Al2O3 1.66 0.1 0.05 Al Al2O3 6.42 0.06 0.12 

Si SiO2 8.4 0.12 0.21 Si SiO2 84.37 0.15 1.33 

S SO3 0.47 0.09 0.01 P P2O5 0.73 0.05 0.01 

Cl  0 0.04 0.02 Cl  0 0.02 0.01 

Ca CaO 82.45 0.21 2.24 K K2O 2.87 0.04 0.06 

Mn MnO 0.98 0.08 0.02 Ca CaO 1.26 0.03 0.02 



 

Fe FeO 0.94 0.08 0.02 Ti TiO2 0.29 0.03 0 

Total  99.57  2.74 
(Cation 
sum) 

Fe FeO 1.22 0.04 0.02 

     In In2O3 0.29 0.09 0 

     Total  99.79  1.63 
(Cation 
sum) 

Spectr. 
5 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
6 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    3 O    2.99 

Si SiO2 99.7 0.12 1.5 Mg MgO 0.51 0.03 0.01 

Ca CaO 0.1 0.02 0 Si SiO2 97.43 0.12 1.48 

Fe FeO 0.2 0.03 0 Cl  0 0.02 0 

Total  100  1.50 
(Cation 
sum) 

K K2O 0.19 0.02 0 

     Ca CaO 0.27 0.02 0 

     Fe FeO 0.75 0.03 0.01 

     Br  0 0.04 0.01 

     Total  99.16  1.51 
(Cation 
sum) 

Spectr
um 7 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr
um 8 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.99 O    2.98 

Na Na2O 1 0.06 0.04 Na Na2O 6.36 0.05 0.21 

Mg MgO 1.71 0.06 0.06 Mg MgO 3.18 0.05 0.08 

Al Al2O3 2.52 0.06 0.06 Al Al2O3 19.85 0.08 0.4 

Si SiO2 28.9 0.12 0.63 Si SiO2 57.01 0.12 0.98 

P P2O5 1.17 0.07 0.02 S SO3 0.27 0.04 0 

S SO3 0.3 0.06 0 Cl  0 0.02 0.02 

Cl  0 0.02 0.01 K K2O 1.85 0.03 0.04 

K K2O 0.5 0.03 0.01 Ca CaO 5.19 0.04 0.1 

Ca CaO 61.12 0.13 1.43 Ti TiO2 0.81 0.04 0.01 

Mn MnO 0.57 0.05 0.01 Fe FeO 4.7 0.06 0.07 

Fe FeO 1.9 0.06 0.03 Total  99.23  1.90 
(Cation 
sum) 

Total  99.68  2.31 
(Cation 
sum) 

     

Spectr. 
9 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

Spectr. 
10 

Oxide Oxide 
% 

Oxide % 
Sigma 

Number 
of Ions 

O    2.99 O    2.99 

Na Na2O 3.1 0.04 0.1 Na Na2O 3.5 0.04 0.12 

Mg MgO 1.91 0.04 0.05 Mg MgO 2.11 0.04 0.05 

Al Al2O3 18.19 0.08 0.37 Al Al2O3 19.12 0.08 0.39 



 

Si SiO2 61.8 0.12 1.06 Si SiO2 59.64 0.12 1.03 

S SO3 0.15 0.04 0 Cl  0 0.02 0.01 

Cl  0 0.02 0.01 K K2O 6.66 0.04 0.15 

K K2O 7.3 0.04 0.16 Ca CaO 3.71 0.04 0.07 

Ca CaO 3.44 0.04 0.06 Ti TiO2 0.69 0.03 0.01 

Ti TiO2 0.51 0.03 0.01 Fe FeO 4.27 0.05 0.06 

Fe FeO 3.12 0.05 0.04 Total  99.68  1.88 
(Cation 
sum) 

Total  99.52  1.86 
(Cation 
sum) 

     

 


