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3.  RESOURCE POTENTIAL OF IMPACT STRUCTURES 

 

One geological aspect of impact craters that is often overlooked is their potential to be 

associated with economically exploitable natural resources.  One of the reasons for this 

is the generally poor understanding of impact structures and related processes by 

geoscientists and engineers working in the petroleum and mining industry.  

Additionally, there are relatively few published works that demonstrate this link.  

However, Grieve and Masaitis (1994) predict that resource forming processes can be 

linked to 25% of all impact structures, either as a direct result of the impact event, or 

through subsequent modification of the target rocks.  Of those structures already found 

to be associated with a natural resource, about two-thirds have had that resource 

exploited economically.  By oil or mineral exploration standards, this would imply a 

very high rate of economic success. 

 

Masaitis (1989) and Grieve and Masiatis (1994) categorized the relationship of natural 

resources to impact structures into three categories: 1) “progenetic” where pre-existing 

deposits are either preserved or exposed by the structural displacements associated with 

the impact; 2) “syngenetic” where deposits are formed during or shortly after the impact 

event and; 3) “epigenetic” for those deposits that result from processes subsequent to an 

impact event. 

 

The main objective of this chapter is to review these resource-forming processes and 

provide a revised catalogue of the known resources associated with impact craters.  A 

summary of these is presented in Table 3.1.  The value for each resource is estimated 

assuming a 100% recovery and using typical 2002 prices listed on the London 

Commodity Exchange.  

 

Table 3.1 confirms the estimates originally proposed by Grieve and Masaitis (1994).  Of 

the 173 structures listed in Appendix 1, over a quarter are associated with some form of 

natural resource.  Of these, 31 (18%) are currently exploited, or have been exploited in 

the past.  Furthermore, at least two of the world’s largest economic resources are 

directly related to impact craters; the Sudbury Mining Camp and the Gulf of Mexico oil 

fields.  A third could possibly include the vast goldfields of the Witwatersrand Basin. 
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Name Type Commodity Resource Value

 Note: * indicates exploited resource; structures are categorised by their most valuable resource      

* Vredefort progenetic gold, uranium 48kt Au, 136kt U recovered. US$500B

* Lawn Hill progenetic? zinc / lead 167.5Mt @ 8.2%Zn,1.2%Pb, 33g/t Ag. US$16B

* Carswell progenetic (epi) uranium 1.76Mt @ 0.66%U. US$1.5B

* Ternovka progenetic (epi) iron, uranium 750Mt @ <30% Fe, U mined. US$500M

* Charlevoix progenetic ilmenite Ti ore mined 1800's to early 1900's

* Kentland progenetic stone limestone quarried from central uplift

* Barringer progenetic earth silica

Slate Islands progenetic gold vein gold, up to 14g/t over cm's

Zhamanshin progenetic (syn) bauxite (glass)

* Sudbury syngenetic (epi) Ni/Cu/PGE (Au) 1650Mt @ 1.2%Ni 1.05%Cu; 4g/t PGE. >US$400B

Popigai syngenetic diamond diamondiferous tagamites >500m thick over 10km

Zapadnaya syngenetic diamond 17.5Mt @ 5 carat/t ~US$90M

Laapijarvi syngenetic diamond

Kara syngenetic diamond

Ust-Kara syngenetic diamond

* Chicxulub epi (hydrocarbons) oil & gas 30 000 Mbbl oil, 15 000 bcf gas. US$800B

* Red Wing Creek epi (hydrocarbons) oil & gas 130 Mbbl oil, 100 bcf gas. US$4B

* Viewfield epi (hydrocarbons) oil & gas 75 Mbbl oil, 4.5 bcf gas. US$1.9B

* Ames epi (hydrocarbons) oil & gas 50 Mbbl oil, 60 bcf gas. US$1.5B

* Middlesboro epi (hydrocarbons) oil 16 Mbbl oil. US$400M

* Newporte epi (hydrocarbons) oil sands 15 Mbbl oil. US$375M

* Avak epi (hydrocarbons) gas 50 bcf gas. US$225M

* Calvin epi (hydrocarbons) oil 5 Mbbl oil. US$125M

* Steen River epi (hydrocarbons) oil 5 Mbbl oil. US$125M

* Marquez epi (hydrocarbons) oil & gas 0.15 Mbl oil, 7 bcf gas. US$35M

Sierra Madera epi (hydrocarbons) gas 270 bcf gas (?)

Tookanooka epi (hydrocarbons) oil association with Tintaburra oil field (?)

* Siljan epi (hydrothermal) lead / zinc 300kt @ 3%Pb, 1.5% Zn, 70ppm Ag.  US$13M

* Crooked Creek epi (hydrothermal) lead / zinc ~1kt of Ba-Pb vein ore mined <US$1M

* Decaturville epi (hydrothermal) lead / zinc

Serpent Mound epi (hydrothermal) lead / zinc intersections up to 5-20% Pb

Shoemaker epi (hydrothermal) lead / zinc

Beyenchime-Salaatinepi (hydrothermal) pyrite

Haughton epi (hydrothermal) sulphides

* Boltysh epi (sedimentary) oil shale 3750Mt averaging 145L/t oil potential >US$100B

* Rotmistrovka epi (sedimentary) oil shale

* Ries epi (sedimentary) cement, stone US$70M/a

* Tswaing epi (sedimentary) potash >2000t of NaCO3 mined up to 1932. US$2.5M

* Lonar epi (sedimentary) mineral salt carbonate salts extracted from alkaline lake water

* Saint Martin epi (sedimentary) gypsum, anhydrite gypsum mined from a 10m thick layer since 1901

Obolon epi (sedimentary) oil shale

Ragozinka epi (sedimentary) diatomite

Logoisk epi (sedimentary) phosphorite

* Manicouagan epi (water) hydroelectric 5 stations - max. capacity 4500MW. US$400M/a

* Puchezh-Katunki epi (water) hydroelectric

* Kardla epi (water) water bottled water

* Manson epi (water) water soft drinking water

Kaluga epi (water) mineral water
 

Table 3.1  Summary of economic resources associated with impact structures.  

Resource values are calculated assuming 100% recovery and 2002 prices listed on 

the London Commodity Exchange. 
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In addition to hosting natural resources, impact craters can also form tourist attractions, 

particularly if they can be easily accessed.  Tourist centers have developed around the 

Ries (Germany), Meteor Crater (USA) and Tswaing (South Africa) craters, each 

attracting many thousands of visitors each year.  A new centre has been recently built by 

the city of Sudbury, Ontario, dedicated to the impact crater and its associated mining 

industry.  While difficult to measure qualitatively, such tourist attractions obviously 

have a positive effect on the local economy. 

 

 3.1  Progenetic deposits 

 

The relationship between the progenetic class of deposits and impact craters is primarily 

structural.  Primary mineralisation within these deposits occurred prior to the impact 

event.  It is the spatial displacements resulting from the impact event that are the 

economically important features of progenetic deposits.  The central uplift of complex 

impact structures may bring deeply buried deposits nearer to the surface where they 

may be economically exploited.  Alternatively, deposits may be preserved from the 

effects of erosion by structural depressions within the crater moat and outer terraces of 

the crater.  The global distribution of known progenetic deposits is shown as Figure 3.1.  

Three examples are discussed here, representing mineralisation preserved (Vredefort) 

and exposed (Carswell, Ternovka) by an impact event. 

 

The Witswatersrand Basin (South Africa) is one of the world’s most important mineral 

fields, having produced over 48,000 tons of gold, representing more than a third of the 

world’s total production (Phillips and Law, 2000).  More than 136,000 tons of uranium, 

directly associated with the gold ore, has also been produced (Grieve and Masiatis, 

1994).  The known extent of the Witswatersrand Basin covers an elliptical area that is 

roughly 320 by 160 km in dimension (Figure 3.2).  Granitic basement is exposed in the 

centre of the basin as a circular plug, roughly 50 km in diameter, surrounded by a collar 

of upturned metasedimentary and volcanic rocks.  These collectively form the 70 km 

diameter Vredefort Dome.  While the origin of the structure has been questioned in the 

past, verification of bona fide PDFs by transmission electron microscopy (Leroux et al.,  
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1994) provides conclusive evidence that the Vredefort Dome represents the central 

uplift of a deeply weathered, large impact crater.  Estimates of the size of the Vredefort 

crater using geophysics (Henkel and Reimold, 1998) and morphometric analysis 

(Therriault et al., 1997) give diameters between 250 and 300 km, roughly the same size 

as the present day extent of the Witswatersrand Basin (Figure 3.2).  

 

The majority of the Witswatersrand gold is hosted in quartz conglomerates (reefs), 

which are sited along unconformity surfaces within a sedimentary succession of the 

~2.8 Ga Central Rand Group, that is interpreted to represent deposition within a braided 

stream environment.  Gold is commonly associated with pyrite, bitumen and detrital 

uraninite (Robb and Meyer, 1995).  Most of the gold is produced from a few thick 

conglomerate horizons such as the Main, Vaal, Kimberley and Venterdorp Contact 

Reefs.  These typically range in thickness between 1 cm and 4 m, with ore grades of the 

order of a few to greater than 10 g/t Au.  The origin of the reef lodes has been the 

subject of much controversy.  Until recently, a purely sedimentary process, with placer 

enrichment in the fluvial delta fans that deposited reef conglomerates, has been the 

preferred model for the formation of the goldfields (Robb and Meyer, 1995).  Analysis 

of the shape of individual particles (Minter et al., 1993) shows the majority of the 

individual gold grains recovered from the ore have a rounded shape consistent with a 

detrital origin, while others have textures indicating a hydrothermal origin.  Modified 

placer-hydrothermal genetic models have also been proposed, advocating that a 

hydrothermal overprint is present, which resulted in the upgrade of the primary placer 

deposits.  However, recent studies of rare-earth isotopes within the gold and sulphides 

indicate that the gold, uraninite and pyrite are, in fact, detrital and were probably 

sourced from the erosion of Archaean greenstones (Kirk et al., 2001).  Three main 

metamorphic events are recorded in the Witswatersrand Basin, at 2500, 2300 and 

2000Ma (Robb and Meyer, 1995).  While the first two are related to loading by younger 

sedimentary units, the 2000Ma event has been linked to hydrothermal activity 

associated with either the intrusion of the Bushveld Igneous Complex around 2050 Ma, 

or the 2025 Ma Vredefort impact event.  

 

The economically important aspects of the Vredefort structure with respect to the 

Witswatersrand goldfields are the structural displacements that resulted from the impact 
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Figure 3.2  Proterozoic geology of the Witswatersrand Basin, showing major gold 

mining areas and interpreted features of the Vredefort structure.  The pre-erosion 

diameter of the transient cavity TC=144 km and final crater wall D=300 km is also 

shown (adapted from Therriault et al., 1997; Henkel and Reimold, 1998). 



 71 

event.  Using the scaling relationships from the mapped extent of shock-metamorphic 

features, Therriault et al. (1997) suggested that the diameter of the transient cavity, at 

the present day level of erosion, was around 125 km and was possibly as large as 

144 km.  Uplift of deep crustal material from at least 29 km beneath the surface has 

been estimated at the point of impact, with approximately 15 km of volcanic and 

sedimentary rocks overlying the crystalline basement preserved in the annular trough 

surrounding the central peak (see discussion in Therriault et al., 1997).  While Vredefort 

is interpreted as a multi-ring basin (Figure 3.2), with several ring-synclines and 

anticlines, strata within Vredefort crater would be displaced up to a few kilometres 

downwards relative to the same units outside.  At least 6 km of erosion has occurred in 

the area since the time of formation of the Vredefort structure (Therriault et al., 1997), 

to a level well below the crater floor.  Without preservation by the internal structures 

within the crater, it is likely that the Witwatersrand goldfields would have also been 

eroded away long before they could be mined. 

 

Uranium and iron ore is made accessible for mining by the exposure of the host 

lithologies in the central uplift of the Carswell (Canada) and Ternovka (Ukraine) 

structures.  Secondary enrichment of the ore in impact related breccias and veins and 

through post-impact hydrothermal processes (see Section 3.3.1) is also suggested by 

Grieve and Masiatis (1994).  Over the 22 years of operation, until decommissioning at 

the end of 2002, the Cluff Lake district within the Carswell structure produced over 

27.3 kt of U3O8 (Cogema Resources, 2002).  Uranium was produced from the 

Ternokova structure up until 1967 (Grieve and Masiatis, 1994).  Large reserves (750Mt) 

of low grade iron ore are also present within the Ternovka structure.  Magnetite-

haematite ore is extracted from two mines, with a typical grade of about 27% Fe 

(Nikol’skiy et al., 1983). 

 

Carswell was formed in the Mesoproterozoic sediments of the Athabasca Basin.  The 

structure is 39 km in diameter, and includes a ring syncline and an 18 km diameter 

central uplift, which exposes Archaean granite and metasediments.  Primary 

mineralisation is present as early-Proterozoic unconformity-related deposits and 

uraninite-filled veins within the Archaean basement, which Baudemont and Fedorowich 

(1996) link to a regional extension during the mid-Proterozoic.  While a Mesozoic age 

of 115+10 Ma (Bottomley et al., 1990) is often cited for the structure, earlier attempts to 
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date the Carswell breccias, summarized in Baudemont and Fedorowich (1996), suggest 

an Ordovician age (ca. 480 Ma).  Pseudotachylite veins, faults and breccia associated 

with the Carswell event host small amount of hydrothermal sulphides, pitchblende and 

gold.  However, they are usually found to be barren and cross-cut the mineralisation.  

The central core of the structure has been uplifted by more than 2 km (Grieve and 

Masiatis, 1994), without which the Cluff Lake deposits would have been buried beneath 

at least 1000 m of Athabasca Group sediments. 

 

The Ternovka structure was formed in a Proterozoic metasedimentary sequence, 

including the Krivoy Rog Series, which is the host for iron resources in the Ukraine.  

The crater is interpreted to be 11 km in diameter with a central uplift roughly 3.5 km in 

diameter.  The structure is heavily eroded, with impact breccia and suevite exposed in 

the crater floor.  The middle formation of the Krivoy Rog consists of a ferruginous 

sandstone interbedded with magnetite-bearing schists, which is mined at the Annovskiy 

open pit in the north of the structure.  At the Pervomaysk deposit, located on the margin 

of the central uplift, the iron formations are altered to amphibolite-magnetite and 

haematite-carbonate-magnetite assemblages to depths of more than 1500 m.  These 

assemblages are interpreted to be related to post-impact hydrothermal metasomatism 

(Nikol’skiy et al, 1983), an epigenetic mineralisation process associated with the 

Ternovka event (see also Section 3.3.1).  These hydrothermal fluids were also 

responsible for the remobilisation of uranium to form veins of pitchblende (black U308 

ore) which were mined in the central uplift of the structure (Grieve and Masiatis, 1994).   

 

Competent rocks uplifted by an impact event may provide a source of building 

materials, particularly for towns located in sedimentary plains where no other source of 

stone is available.  Building stone has been extracted from the central uplift of the 

Kentland, USA (Koeberl and Anderson, 1996) and the rim of Kardla, Estonia (Suuroja, 

2002). While not of progenetic origin, suevite from Ries, Germany, has also been used 

as a distinctive building stone in the construction of several public buildings in the town 

of Nördlingen.   

 

Other progenetic deposits listed in Grieve and Masaitis (1994) are generally small and 

are not well documented in literature.  These include the titanium (ilmenite) deposits 

formed in St Urbain anorthosite on the southwest margin of Charlevoix (Canada), silica 
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within Meteor Crater (USA), limestone and road metal quarried from the central uplift 

of Kentland (USA), vein-hosted gold on the margin of the central uplift of the Slate 

Islands (Canada) structure, and bauxite within Zhamanshin (Kazakhstan).  The possible 

relationship between the 113 Mt Century Zn-Pb deposit and the Lawn Hill astrobleme is 

discussed in Section 6.2.  

 

3.2  Syngenetic deposits 

 

Syngenetic deposits are directly related to the extreme conditions which occur during an 

impact event.  The energy released by impact has the ability to excavate several 

kilometres of the Earth’s crust and can deform, melt and vaporise the target rock to form 

new minerals that are normally unstable at the surface.  In this section two types of 

syngenetic deposits are described, those that are related to melting of the crust and those 

that result from phase transitions of mineral species.  The locations of known impact-

related syngenetic deposits are summarized in Figure 3.3. 

 

3.2.1  Crustal melting 

 

The sudden conversion of kinetic energy from the meteorite into thermal energy will 

usually result in melting of the target.  Additionally, shock decompression of the rock 

beneath the transient cavity, due to the excavation of the overlying material, can also 

form a melt within otherwise stable crust.  Very large impact structures (>150 km) have 

the ability to produce in excess of 10,000 km3 of melt that can source material from the 

lower crust or even the upper mantle.  Once formed, the resultant melt sheet behaves as 

a near-surface igneous body and magmatic mineral deposits can result from the same 

processes as those associated with terrestrial igneous intrusions, such as gravitational 

settling and fractional crystallisation.  While there are few recognized craters on the 

Earth that are large enough to create the volume of melt required to produce this style of 

deposit, they may be an important mineral exploration target should humans begin 

colonising other planetary bodies. 

 

The only known example of mineralisation formed as a result of crustal melting occurs 

at the Sudbury Mining Camp, Ontario, Canada.  The Sudbury Camp consists of over 50 
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deposits of Cu, Ni and PGE ores with total reserves exceeding 1.65 billion tons 

(Wallbridge Mining, 2002), possibly making it the largest single mineralising system on 

Earth.  Typical ore grades are 1.2% Ni, 1.05% Cu and 2 g/t PGE (Grieve and Masaitis, 

1994; Wallbridge Mining, 2002).  The Sudbury Camp is an area of active exploration, 

with new deposits still being discovered.  However, the nickel and copper sulphide ores 

from the Sudbury Camp had been mined for over 80 years before discovery of shatter 

cones in the footwall (target) rocks of the Sudbury Igneous Complex identified the 

structure as the heavily eroded and deformed remnant of a large impact crater (Dietz, 

1964).  Another 20 years passed before the direct relationship between the impact event 

and the formation of the Sudbury ores became widely accepted (Pye et al., 1984).  

 

The deposits are located around a 60 x 27 km elliptical structure known as the Sudbury 

Basin (Figure 3.4).  The base of the Sudbury Basin is defined by a 2.5 km thick layered 

igneous body that constitutes the 1.85 Ga Sudbury Igneous Complex (SIC) and is 

overlain by sedimentary rocks of the Whitewater Group, which includes lithic breccias 

and suevite of the Onaping Formation, and mudstones and turbidites of the Onwatin and 

Chelmsford Formations.  The SIC consists of mafic norite near the base, through gabbro 

to granophyre at the top of the sequence.  The Sudbury deposits formed near the base of 

the SIC, where primary sulphides within the melt sheet rapidly settled by gravitational 

separation.  The primary ore forming minerals of the Sudbury Mining Camp are 

pyrrhotite, pentlandite, chalcopyrite and pyrite with accessory minerals including other 

copper and nickel sulphides and platinum group minerals.  The geology of the SIC is 

discussed further in Naldrett (1997) and Rousell et al. (2003). 

 

The Sudbury deposits can be classified into three main styles based on their structural 

setting (Wallbridge Mining, 2002; Rousell et al., 2003).  Contact deposits are located at 

the base of the SIC and are generally formed within a clast-rich melt termed the 

“Sublayer”, where Archaean and Proterozoic target rocks have been assimilated into the 

melt sheet.  The thickness of the Sublayer is highly variable, ranging between 0 and 

700 m, and is believed to have been controlled by the topography of the footwall 

surface (Rousell et al., 2003), i.e. the shape of the crater floor.  The Sublayer is thickest 

in structural “embayments” where the footwall surface can drop by hundreds of metres, 

possibly reflecting terraces within the original crater (Grieve and Masaitis, 1994).  It is 

within these embayments that contact deposits are best developed.  Contact deposits 
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tend to be elevated in Ni and depleted in Cu and PGEs (e.g. Levak Main).  Footwall 

deposits are found as veins and dykes of massive sulphide within the Footwall and 

Sudbury Breccias (impact breccia and pseudotachylite) adjacent to the SIC.  

Mineralisation is generally concentrated within the Footwall Breccia, which acted as a 

conduit for the flow of fluids expelled from the Sublayer.  Footwall deposits are also 

spatially related to the structural embayments where the primary sulphide melt was 

concentrated.  Fractionation of the melt at the basal contact of the SIC (Sublayer) results 

in the formation of relatively high Cu and PGE ores within the footwall.  Examples 

include McReedy East and West, and the massive Frood-Stobie deposit within the 

South Range Breccia Belt.  While frictional melting of the country rock almost 

exclusively constitutes melt within the Sudbury Breccia, Offset Dykes are dioritic and 

have a composition similar to the Sublayer, and are interpreted to represent post-impact 

intrusion of the SIC into fractures in the base of the crater floor.  These dykes can also 

carry sulphide melt, resulting in the formation of several important deposits, most 

notably along the Copper Cliff Offset, where mining first started in the Sudbury Camp 

in 1886 and has continued until the present day.  

 

There are two other types of natural resource in the Sudbury Mining Camp, impact 

diamonds and exhalative hydrothermal ores.  These are found within the post-impact 

Whitewater Group in the Sudbury Basin and are discussed elsewhere in this chapter. 

 

While there is general agreement today that the Sudbury structure is the result of a very 

large meteorite impact, there is still little consensus on the original size of the crater, the 

origin of the melt producing SIC and the source of its associated sulphide deposits 

(Dressler and Sharpton, 1999).  The time of emplacement of the SIC, and hence the age 

of the Sudbury structure, is 1.85 Ga.  This age suggests the structure was formed during 

a major deformation event, the Penokean Orogeny (ca. 1.9-1.7 Ga), which was almost 

certainly the cause of the present day elongation of the Sudbury Basin along the South 

Range Shear Zone (Figure 3.4).  Geophysical studies have shown that this event 

deformed the original basin shape of the crater into a more complex structure, with the 

South Range steeply overturned to the north (Naldrett, 1997; Boerner et al., 2000). The 

present day extent of the Sudbury Basin probably represents the preserved central pit of 

a larger peak-ring or multi-ring crater.  An estimate of the original size of the crater was 
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Figure 3.4  Simplified geology of the Sudbury Mining Camp showing the locations 

of Ni-Cu-PGE and crater floor exhalative deposits (modified from Wallbridge 

Mining, 2002). 

 

(a) (b) (c)(a) (b) (c)
 

Figure 3.5  Images of impact diamonds; a) TEM image of a diamond pseudomorph 

of graphite from Popigai, b) translucent, yellow-brown diamond from Ries, and 

c) black diamond aggregate from the fallout breccia at Sudbury.  Diamond 

aggregates are 0.3 to 0.5 mm in diameter.  Images (a), (b) courtesy Rob Hough; (c) 

from Masiatis et al. (1997b). 
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made using the extent of shocked quartz and shatter cones in the target rocks as an 

estimate of the size of the transient cavity (110 km diameter) to predict a final crater 

diameter of 220 km (Stöffler et al., 1994).  This model also suggested the transient 

cavity may have excavated a hole 20 km deep, with melting of the crust below the 

transient cavity to a depth of 25-35 km beneath the pre-impact surface.   

 

Prior to 1994, various geological processes had been used to explain the origin of the 

SIC, involving either a plutonic source or, later, a mixed impact-plutonic source of the 

melt (Stöffler et al., 1994).  In order to account for the variable composition of the 

different layers of the SIC, multiple sources of melt, including possible mantle material, 

was required to be invoked.  Mantle-derived material was considered to be the probable 

source of base metals which produced the Sudbury deposits.  However, recent isotope 

analysis of all volcanic units within the SIC, including the Subzone, suggests the 

igneous complex formed as a single melt mass and does not contain material derived 

from the mantle (Naldrett, 1997; Dickin et al., 1999), or the meteorite itself.  Different 

levels of post-impact deformation are evident within SIC, with the least amount 

observed within the central layers of the complex, not near the top.     

 

The model proposed by Stöffler and his co-workers (1994) incorporates all these 

observations into a continuous sequence of events which is summarised here.  They 

suggest that the volume of melt (12,000 to 22,500 km3) created by impact melting of the 

Proterozoic and Archaean target rocks would be enough to produce the 2.5 km thick 

SIC.  The source of the metal forming the Sudbury deposits is inferred to be Archaean 

rocks in the lower crust that already had elevated concentrations of nickel and copper.  

Pseudotachylite dykes (Sudbury breccia) and footwall breccia were formed by frictional 

melting and tearing of the transient cavity walls during the excavation and crater 

modification.  The violent eruption and spreading of the impact melt on the crater floor 

caused the basal layer to become mixed with clasts of footwall material to form the 

Sublayer, which was covered by a clast free melt (the main mass of the SIC).  During 

the collapse of the transient cavity, the melt would have formed a roughly bowl-shaped 

pool, the top of which became contaminated with Proterozoic material falling back from 

the crater rim to form what is recognised today as the Basal Member (clast-rich melt) 

and Grey Member (suevite) of the Onaping Formation.  This was supplemented by fall-

out from the vapour plume resulting from the impact to produce the Green Member of 
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the Onaping Formation.  With an influx of water into the Sudbury Basin, normal 

sedimentation resumed, with the Onwatin and Chelmsford Formations deposited within 

the next 6 Ma (Boerner et al., 2000).  During the early stages of cooling of the SIC, 

sulphide-rich liquids exsolved and settled at the base of the melt layer.  This process 

must have occurred prior to the intrusion of the Sublayer to form the Offset Dykes, 

several thousand years after the impact event, though the mechanism which triggered 

the formation of these structures is poorly understood (Ivanov and Deutsch, 1999). 

 

Chilled margins would have quickly formed on the upper and lower surfaces of the SIC 

(Subzone and Onaping Formation) which are strongly deformed along the South Range 

Shear Zone.  However, the middle of the melt sheet would have remained molten for a 

long period of time, and is comparatively undeformed.  Numerical modelling (Ivanov 

and Deutsch, 1999) suggests the initial temperature of the melt sheet was 1500°C, close 

to the vaporization temperature of rock.  The melt separated by fractional crystallisation 

as it cooled over an estimated period of 1Ma to produce the layered structure of the SIC.  

Deformation during the later stages of the Penokean Orogeny (ca. 1750 Ma) resulted in 

the highly deformed structure of the South Range, though the North Range is little 

affected by this event (Boerner et al., 2000).   

 

3.2.2  Phase transition 

 

Phase transition refers to the rearrangement of atomic structure of minerals under shock 

compression, resulting in the formation of denser mineral species.  Common examples 

include the transformation of quartz to stishovite, then coesite at higher pressures, 

plagioclase to maskelynite and olivine to ringwoodite.  Such transitions are diagnostic 

of meteorite impacts, and are discussed further in Section 2.4 Recognition of impact 

craters.  If the target rocks are carbon-bearing, as graphite or coal, then it is possible for 

the shock resulting from an impact to transform this carbon into a diamond crystal 

structure.  The resulting mineral may be of the normal isometric form, or take a 

hexagonal crystal lattice to form lonsdaleite.  Lonsdaleite retains part of the hexagonal 

crystal structure of its precursor, graphite, and is only found naturally in meteorites and 

impact craters.  Lonsdaleite has several physical property differences from cubic 

diamond, most importantly hardness, which is only 7-8 on the Mohs scale. 
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Phase transition of carbon to diamond occurs at shock pressures greater than 35 GPa 

(Masaitis et al., 1999; Lo Giudice et al., 2001; and references therein).  Impact 

diamonds usually contain lonsdaleite and typically form as polycrystalline aggregates 

between 100-500 µm in diameter with individual crystals 0.1-1 µm in size.  The 

diamonds may be transparent or opaque and range in colour from yellow-brown to grey 

to black, depending on the level of contamination with carbonaceous matter.  They can 

form as stacks of flattened plates, most likely pseudomorphs of graphite (Figure 3.5a), 

or are shapeless or blocky in appearance (Figure 3.5b,c).  It is considered likely that 

some of the shapeless aggregates crystallised in the vapor plume and were deposited as 

fallout within the ejecta layer (Hough et al., 1995).  Impact diamonds are most 

commonly found in impact melt, which is often referred to as tagamite by Russian 

workers, and suevite surrounding the central uplift.  They may also be found in glassy 

bombs in the ejecta layer and may be reworked to form placer deposits up to hundreds 

of kilometres from the crater itself (Shelkov et al., 1998).  Diamonds are not commonly 

found within the central uplift, where temperatures exceed the point where carbon 

vaporises.  To date, impact diamonds have been found in melt rocks of the Popigai 

(Russia), Ries (Germany), Lappijarvi (Finland), Kara (Russia), Ust-Kara (Russia), 

Puchezh-Katunki (Russia), Zapadnaya (Ukraine), Ternovka (Ukraine), Boltysh 

(Ukraine) and Obolon (Ukraine) craters, and in fallout deposits from Sudbury and 

Chicxulub (Masaitis et al., 1999).  Attempts have also been made to link the carbonado 

diamonds mined from placer deposits in several locations around the world with 

Precambrian impact structures into carbon-bearing lithologies (Haggarty, 1999; and 

references therein).  However, the evidence supporting these claims is inconclusive 

(Grieve and Masaitis, 1994). 

 

While gem-quality diamonds are known for their unflawed transparence, most industrial 

diamonds are discoloured brown or grey and may be opaque.  Naturally occurring 

industrial diamonds are found in three forms: ballas, bort and carbonado (Indus Global, 

2003).  Ballas or “shot-balls” are roughly spherical masses composed of minute 

diamond crystals.  The lack of a defined cleavage in ballas makes them tough and 

difficult to split, which is ideal for use in many cutting applications.  Bort are single 

crystal stones, often composed of small fragments of near gem-quality diamond or 

larger, discoloured stones, which are commonly used in manufacturing drill bits.  

Carbonado is a polycrystalline microdiamond aggregate that is slightly porous, opaque 
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and black.  Due to its increased porosity it has a density slightly lower than crystalline 

diamond.  Carbonado has no cleavage and is valuable for use in diamond-set tools.   

 

The USA is the world’s largest consumer of industrial diamonds, with an annual 

consumption estimated at 504 million carats (Olson, 2001).  Industrial diamonds are 

produced from the same volcanic pipes and placer deposits from which gem quality 

diamonds are mined.  Since the 1960s synthetic diamonds have been produced by 

subjecting graphite powder to high pressures (~7 GPa) and temperatures above 1700°C, 

and through the decomposition of carbon-rich gases, such as methane, at very high 

temperatures (Indus Global, 2003).  In 2001 synthetic diamonds accounted for almost 

92% of the global supply of industrial diamonds (Olson, 2001).  While cut diamond 

gemstones can command prices of hundreds to thousands of US$ per carat (which 

equals 0.2 g), industrial diamonds are only worth between US$0.30 to $4 per carat.  It is 

currently uneconomic to mine diamond-bearing volcanic pipes, which typically grade 

up to a few carats per ton, unless they contain gem quality stones because of the low 

value of industrial diamonds. 

 

Impact diamonds most closely represent ballas, with micron-size diamond crystals 

forming sub-mm diameter clusters.  Their industrial application would depend on the 

hardness of the cluster.  For example, diamond clusters recovered from Popigai are 

tough and resistant to fracturing (Masiatis et al., 1997a) and would be suitable for use in 

a cutting tool.  However, the clusters recovered from the Sudbury fallout layer are 

friable (Masaitis et al., 1999), and the individual crystals would only be useful as a very 

fine polishing powder. 

 

As impact craters can only produce industrial diamonds, they are likely to be 

overlooked for commercial exploitation by the world’s major diamond producers.  It has 

been claimed that the melt sheets created by impact into graphite- or coal-bearing target 

rocks can contain a much greater concentration of diamond than any volcanic pipe 

(Grieve and Masiatis, 1994), though there is little documented evidence to support this 

claim. A resource of 1.5 Mt at 9.13 carats/t, and a further 16 Mt at 4.7 carats/t has been 

estimated for impact melt rocks produced from graphite-bearing granite gneiss at the 

4 km diameter Zapadnaja structure (Valter et al., 2000).  Perhaps the most famous 

impact diamond resource is found at the 100 km diameter Popigai structure.  The 
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Popigai tagamite (melt sheet) is 500 m thick and may be traced over 10-15 km of strike 

length (Grieve and Masiatis, 1994) suggesting a massive possible resource. However, 

diamond is typically only present in small concentrations of about 10 ppb or 0.05 

carats/t (cf a 1 mm-sized diamond weighs approximately 0.01 carats).  Local zones of 

diamond enrichment are present within the melt sheet.  An unknown Canadian company 

investigated one such zone for possible exploitation, though the project was considered 

unviable due to the remoteness of the site and restrictions imposed by the Russian 

government (Rob Hough, pers. comm., 2003).  Perhaps a more likely candidate for 

mining may be a placer deposit with diamonds derived from an impact source, such as 

those found on the Ebeliakh River, some 200 km east of Popigai (Shelkov et al., 1998). 

 

3.3  Epigenetic deposits 

 

Epigenetic deposits are related to the anomalous geologic processes and conditions 

which are created as the result of an impact event.  These include anomalously high 

fluid flow due to shattering or subsequent faulting of the target rock, generation of local 

heat sources from kinetic energy transfer and melt production, and the creation of a 

third-order sedimentary basin within the crater.  Epigenetic deposits are the most 

numerous of the three groups and are divided into the four types of mineralising 

processes discussed below.  The locations of known epigenetic deposits are shown in 

Figure 3.6. 

 

3.3.1  Hydrothermal systems 

 

Heat transferred into the ground by the impact and stored in the deformed rocks of the 

central uplift and the resultant melt sheet can interact with ground or meteoric waters to 

produce hydrothermal systems that may be active for thousands to many tens of 

thousands years after the event occurred (Ames et al., 2000; Osinski et al., 2001).  

Except for the origin of the melt, these hydrothermal systems are analogous to the 

convection cells set up by igneous intrusions and have the potential to remobilise metal 

and form epithermal deposits.  For example, hydrothermal deposits of carbonate and 

sulphides, including marcasite and pyrite with subordinate chalcopyrite, are present 

within the young (23 Ma), 24 km diameter Haughton (Canada) structure (Osinski et al., 
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2001).  The majority of the hydrothermal alteration at Haughton occurs within the 

impact breccia, where heat to drive the hydrothermal system is stored, and as hot 

springs located in the terraced terrain that are fed by heated groundwater travelling up 

listric faults from beneath the centre of the structure.  Temperatures within the breccia 

are interpreted to have dropped from 600°C to about 200°C within a couple of thousand 

years after the impact, but sustained a larger hydrothermal system, with temperatures in 

excess of 100°C for over 10,000 years.  From the examination of melt rocks and impact 

breccias of three large Russian structures, 100 km diameter Popigai, 65 km Kara and 

80 km Puchezh-Katunki, Naumov (2002) identified minerals indicating that 

hydrothermal systems with temperatures in the range of 50-350°C were active for 

several thousand years after the impact event.  The dominant hydrothermal minerals 

deposited were clays, zeolite and calcite, with the composition of secondary minerals 

determined by the chemical composition of the target rocks. 

 

Small marginal to sub-economic vein-hosted deposits have been found within, or close 

to, the central uplift of several impact craters that were formed in dolomitic target rocks 

(Grieve and Masiatis, 1994).  These include exploited deposits of 300kt @ 3% Pb, 1.5% 

Zn and 70 ppm Ag at the 55 km diameter Siljan (Sweden) structure, 1100t of 

historically mined vein barite and galena at the 7 km diameter Crooked Creek, and Pb-

Zn occurrences at the 8 km Serpent Mound and 6 km Decaturville structures in the 

USA, and the 7 km diameter Kardla structure in Estonia.  Sulphide mineralisation at the 

Kardla structure is deposited as a 4-5 m thick layer within fractured dolomite in the 

crater rim, typically grading 1-2% combined metal, and post-dates the impact event by 

at least 10 Ma (Suuroja, 2002).  However, metal enrichment is concentrated in rocks 

that were fractured by the impact event, suggesting that the impact formed a pathway 

for the mineralizing fluids.  Remobilisation of pre-existing carbonate-hosted Pb-Zn ore 

at temperatures in excess of 200°C has been proposed by Pirajno et al. (2003) just 

outside the Shoemaker (Australia) structure, though there is no conclusive link the 

impact event. 

 

Very large impact craters, which can maintain hydrothermal activity for around a 

million years, can produce their own exhalative systems in the overlying sedimentary 

rocks.  Two such deposits, with a combined resource of over 6Mt @ 4.4% Zn, 1.4% Cu 

and 1.2% Pb (Grieve and Masaitis, 1994), occur within the Sudbury Basin at the contact 
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between the 1.4 km thick impact breccia and suevite of the Onaping Formation and the 

overlying sedimentary rocks of the Onwatin Formation (Figure 3.4).  Localised 

carbonate “sinter” deposits are interpreted to have been formed on the flooded crater 

floor by the intrusion of dykes of Sudbury Igneous Complex into fractures within the 

Onaping Formation, forming hot springs on the palaeo-seafloor soon after the impact 

(Ames et al., 2000).  These carbonate mounds allowed the trapping of later, metal-rich 

hydrothermal fluids to form replacement type Zn-Cu-Pb deposits.  Hydrothermal 

alteration continued through the sediment pile to form metal-enriched haloes in the 

overlying carbonaceous sediment.  Hildebrand and Pilkington (2002) discovered similar 

carbonate mounds, which they named crater floor exhalative or “crafex” deposits, at a 

present day depth of 1.1 km above the Chicxulub (Mexico) structure.  These have not 

yet been tested for any potential metal association.   

 

Low-grade metamorphism of post-impact sediments within the Puchezh-Katunki 

structure in Russia has altered a gritstone deposited over the central uplift to produce up 

to 30% zeolite (Grieve and Masaitis, 1994; Naumov, 2002).  Zeolites are a group of 

framework alumino-silicates that have many applications in agriculture, hard-water 

filtration and waste disposal.  These zeolite deposits have not been exploited. 

 

3.3.2  Hydrocarbons 

 

Meteorite impacts can create a number of geologic effects which may be important for 

the generation and preservation of hydrocarbons.  It has been shown that impact 

structures formed in hydrocarbon producing basins are excellent targets for oil and gas 

deposits, with eleven out of the twenty-six known structures formed in North American 

basins directly related to commercially exploited fields (Table 3.2). A similar rate of 

success (approximately 50%) was given in an earlier tabulation by Donofrio (1998).  

 

The most important effect of meteorite impact is the creation of large reservoirs, with 

characteristics that produce high rates of flow.  This is primarily achieved through 

fracturing and brecciation of the target rock to form an autochthonous breccia, although 

allochthonous breccia and ejecta (Bunte breccia) deposits can also make good quality 

reservoirs.  Shock deformation due to impact can even produce reservoirs in crystalline 
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Table 3.2:  Hydrocarbon resources associated with impact structures formed in 

North American sedimentary basins (modified from Donofrio, 1998). 
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rocks that are not normally considered a target for petroleum exploration.  Donofrio 

(1981) examined the breccias created in crystalline target rocks at four impact sites 

exposed at the surface.  He showed that three of these would make productive reservoirs 

if they were filled with hydrocarbons.  This is further exemplified by the brecciated 

granite in the uplifted core of the Ames structure (Oklahoma), which not only contains 

oil, but has yielded flow-rate tests in excess of 7000 barrels per day (Donofrio, 1998). 

Canyon-like features surrounding the Tookanooka structure in southwest Queensland 

have been interpreted by Longley (1989) as channel incision during a period of 

subaerial exposure after the impact event, though these may, in fact, represent resurge 

gullies created as water flowed back into the excavated marine crater.  It is possible that 

these features would also make a good reservoir rock. 

 

The structural deformations caused by the impact event can form structural traps within 

pre-existing reservoir horizons.  This is most likely to occur in the outer terraces of the 

crater, but can also potentially be formed by faults within the central uplift and “ring-

faults” external to the crater, such as those surrounding the Silverpit structure in the 

North Sea (Stewart and Allen, 2002).  The ring-faults here may have been created as a 

direct result of the seismic disturbances caused by the impact event, or they may be due 

to post-impact slumping of the loosely consolidated sea-floor sediment.  Other possible 

trap-sites include pinchout of impact breccia, ejecta deposits or post-impact sediments 

against the inner crater walls or the raised crater rim (Donofrio, 1998), though these 

target types are yet to be recognised within a petroleum producing crater. 

 

The impact crater itself forms a unique environment where the local stratigraphy may 

significantly differ from the “normal” sequence in a sedimentary basin setting.  In 

addition to the deposition of coarse-grained breccia layer by mass flow, an overlying 

blanket of fine-grained fallout ejecta could form an ideal seal for the hydrocarbon 

reservoir in the underlying breccia layer.  The crater may also act as a local depocentre 

and form its own restricted basin, where sedimentary rocks are deposited that have no 

lateral equivalents elsewhere in the basin.  Water within the restricted basin may 

stagnate, leading to the deposition of organic-rich layers that can then become the 

source for hydrocarbons.  In a continental-shelf environment, carbonate reefs may form 

on the raised crater rim.  Lastly, hydrothermal systems generated by the heat energy 

produced during the impact can have both positive and negative effects on the potential 
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of the structure to produce and store hydrocarbons.  The hydrothermal solutions are 

likely to precipitate mobile silica and carbonate to fill voids, and decrease the porosity 

and permeability of potential reservoir rocks.  On the other hand, the hydrothermal 

system may also provide the heat required for the production of hydrocarbons from an 

immature kerogen source.  

 

The Campeche Bay area of the Gulf of Mexico, located 300 km to the west of the centre 

of the Chixculub (Mexico) impact structure (Figure 3.7), is one of the most prolific oil 

producing areas, with estimated total reserves in excess of 30,000 million barrels 

(Mbbl) of oil and 15,000 billion cubic feet (bcf) of gas (Donofrio, 1998).  The Cantarell 

field in this region is estimated to have contained reserves of 17,000 Mbbl of oil and 

3,400 bcf of gas and provides more than half of Mexico’s 2 Mbbl / day production 

(Grajales-Nishimura et al., 2000).  It is worth noting that the value of the hydrocarbon 

reserves within the Cantarell oilfield alone is roughly equivalent to the combined value 

of all the base metal mined from the Sudbury Mining Camp, or all the gold from the 

Witswatersrand Basin.  The Cantarell field produces from three horizons; dolomite 

layers within the Jurassic and Lower Cretaceous and a dolomitic breccia of Upper 

Cretaceous to Palaeocene age.  The uppermost of these zones contains about 70% of the 

oil produced from the field, and has been directly linked to the Chicxulub impact event 

(Grajales-Nishimura et al., 2000).  The carbonate breccia at Cantarell has close 

similarities to type sections of the Chicxulub breccia at onshore localities.  It consists of 

a thick (50-300 m) lower layer of dolomitised limestone breccia overlain by a (30 m) 

upper layer consisting of intercalated conglomerate breccia and dolomitised bentonic 

beds.  The lower breccia is oil bearing and has a porosity in the range of 8-12%.  The 

upper layer contains shocked quartz and plagioclase and contains patches of clay 

minerals interpreted as decomposed impact glass.  The overlying beds are impermeable 

and act as a seal for the lower breccia.  The lower breccia is interpreted to have been 

primarily deposited as a massive debris flow of the Yucatan Platform carbonates that 

were shattered by the seismic shockwave resulting from the impact.  The upper breccia 

layer represents ballistic and fallout ejecta deposited minutes to hours after the impact 

event.  Post-K/T tectonics within the Gulf of Mexico deformed the breccia formation to 

create the structural traps for oilfields such as Cantarell. 
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Figure 3.7:  Plan showing the relationship between the Bay of Campeche (Gulf of 

Mexico) oilfields and the distribution of Cretaceous-Tertiary (K/T) boundary 

carbonate breccia, which is believed to have been formed by the Chixulub impact 

event (modifed from Grajales-Nishimura et al., 2000). 
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The 15 km diameter Ames structure in Oklahoma (Figure 3.8a) was discovered by 

accident during routine petroleum exploration, but contains wells which have some of 

the highest known rates of daily production.  Stem flow tests in excess of 7200 bbl / day 

have been reported from holes within the structure (Donofrio, 1998).  A total 

hydrocarbon resource of more than 50 Mbbl of oil and 60 bcf of gas was estimated from 

early production results (Grieve and Masaitis, 1994), although high water flow through 

the structure has hampered optimal recovery (Donofrio, 1998).  The structure was 

formed in the Cambrian-Ordovician Arbuckle Dolomite, which overlies granitic 

basement.  The presence of an anomalous structure was first recognised from local 

thickening of the overlying Sylvan Shale, but an impact origin of the “Ames Hole” was 

not proposed until after the discovery of oil in a 500 m thick section of Arbuckle 

Dolomite within the crater rim (Grieve and Masiatis, 1994).  Oil was also discovered in 

granite and dolomite breccia within the central peak of the structure.  The rim and 

central uplift area are interpreted to have been exposed above water level as a result of 

the impact (Grieve and Masiatis, 1994).  This led to karsting of the dolomite and 

reworking to form talus deposits surrounding the uplift peak.  Without the increase in 

porosity and permeability due to the impact event and subsequent modification, the 

target rocks at Ames would have made poor reservoirs.  A total of 17 separate oil pools 

have been discovered within the structure; 11 in lithified granite breccia, dolomitic 

breccia and talus deposits from the eroded central uplift, 5 in Arbuckle dolomite on the 

crater rim and 1 in recrystallised dolomite ejecta to the west of the structure (Sandridge 

and Ainsworth, 1997).  The structure is covered by the Oil Creek Shale, which is thicker 

over the Ames structure than elsewhere in the region and is interpreted to have acted 

both as source and seal for the hydrocarbon resources (Koeberl et al., 2001).  

 

The South Barrow, East Barrow and Sikulik gas fields, with combined reserves of 50.5 

bcf (Kornbrath et al., 1998), are located on the flanks of the 12 km diameter Avak 

structure on the Barrow High, Alaska (Figure 3.8b).  While the South Barrow and East 

Barrow fields have been in production for several decades for local domestic usage, the 

remote location and low flow-rates has inhibited large-scale development of these 

fields.  The Avak structure is formed within Mesozoic clastic sediments that overlie a 

basement of deformed Palaeozoic mudstones.  Gas is primarily stored within a local 

sandy facies, named the “Barrow sand”, near the base of the Jurassic age Kingak Shale 
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Figure 3.8:  Plan and section views through petroleum producing impact craters; 

a) Ames, b) Avak, c) Red wing Creek and, d) Viewfield.  Dotted and dashed lines 

show the extent of the central uplift and crater rim.  Sections are vertically 

exaggerated.  Compiled from Koeberl et al., 1994; Kirschner et al., 1992; Grieve 

and Masiatis, 1994; and Donofrio, 1981. 
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at a depth of about 670 m.  The structural trap for the gas fields are in “outwardly-

dipping country rocks forming a discontinuous ring of anticlines” (Kirschner et al., 

1992).  These probably represent the raised outer rim wall of the Avak crater.  

Impermeable mud filling the crater forms part of the seal.  Carbon isotope data indicate 

that the gas was produced by thermal processes, probably from kerogen, within the 

underlying Shublik Formation.  However, rocks at a similar stratigraphic horizon 

outside the Avak structure are thermally immature (Kornbrath et al., 1998).  This leads 

to the plausible hypothesis that heat generated by the impact event was probably 

responsible for generating the gas. 

 

The 9 km diameter Red Wing Creek structure is located near the centre of a well-

explored hydrocarbon province, the Williston Basin in North Dakota.  It is of particular 

importance because it contains the largest known petroleum field within an impact 

crater.  The structure was formed in Palaeozoic age sedimentary rocks, mainly 

carbonates with minor sandstone and evaporite (Grieve and Masaitis, 1994).  Oil is 

stored in a mega-breccia of the Carboniferous (Mississippian) age Mission Creek 

Dolomite, created by the impact within the 3 km central uplift of the structure (Figure 

3.8c).  The thickness of the oil column near the centre of the structure was 820 m in a 

steeply dipping, brecciated and thrust repeated sequence of dolomite at a depth of about 

2000 m (Donofrio, 1981; Grieve and Masaitis, 1994).  The total hydrocarbon resource 

has been estimated in excess of 130 Mbbl of oil and 100 bcf of gas, roughly half of 

which is recoverable (Grieve and Masaitis, 1994).   

 

The 2.4 km diameter Viewfield (Saskatchewan) structure was found during routine 

petroleum exploration in the Williston Basin.  The structure was identified from the 

deposition of an anomalously thick section of Jurassic red beds within a 200 m deep 

cavity excavated into Carboniferous (Mississippian) carbonate (Donofrio, 1981; Grieve 

et al., 1997).  The oil-bearing carbonate breccia on the flanks of the structure (Figure 

3.8d) was also thought to be deposited during the Carboniferous, but probably 

represents ejecta formed by the mid-Jurrasic impact event.  Total oil in place in the 

carbonate breccia was estimated to exceed 75 Mbbl, with about 25% of this recoverable 

(Donofrio, 1981).  The height of the oil column is similar to the thickness of breccia, 

ranging from 4 to 52 m.  Oil is also produced from undeformed target rocks near the 

structure, although these accumulations are largely unrelated to the Viewfield crater.    
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Hydrocarbons are produced from five other craters in the United States and Canada; 

Calvin, Marquez, Newporte, Sierra Madera and Steen River.  These are summarised in 

Table 3.2, and additional information may be found in Donofrio (1998).  The only 

impact structure outside of North America where a possible relationship to hydrocarbon 

fields has been noted is the Tookanooka structure in Australia.  This structure is 

discussed in Section 6.2. 

 

3.3.3  Sedimentary deposits 

 

The impact crater itself can often form a third-order basin where the pattern of 

deposition is different to the surrounding area.  As previously mentioned, this may 

range from the local thickening of post-impact sediments to the deposition of units that 

have no lateral equivalents.  If a crater lake is formed, this can provide an excellent 

location for producing evaporate deposits in a warm climate. 

 

One group of sedimentary deposits with a high potential for economic importance is oil-

shales.  Oil-shales are sedimentary rocks, commonly marls, which contain a high 

proportion of insoluble organic matter that can be converted into oil or gas.  Most of the 

organic content of the rock is kerogen, which is the source for many oil and gas 

deposits.  Unlike coal, oil-shale has a high content of mineral matter, mainly silicates 

and carbonates.  While it is possible to extract oil and gas from oil-shale by 

synthetically decomposing or “cracking” the kerogen at temperatures greater than 

500°C, this is an expensive process and cannot currently compete economically with the 

conventional production of petroleum from oil and gas fields.  Oil-shales have also been 

burned as a direct source of fuel for power stations, primarily in Estonia which accounts 

for more than half of the world’s oil-shale production.  However, this has created 

numerous environmental problems as it generates large quantities of ash and sulphur 

dioxide waste (Russell, 1990, Chapter 34). 

 

The Boltysh crater in the Ukraine (Figure 3.9) contains a large resource of medium-

grade oil-shale.  Approximately 3743 Mt of oil-shale were deposited as seams, up to 

several metres thick, within a sequence of Eocene siltstone and marl (Russell, 1990, 

Chapter 34).  When processed, the shale can produce between 125 and 167 litres 
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(slightly less than a barrel) of oil per ton.  This equates to a potential resource of oil in 

excess of 3500 Mbbl, although it is presently uneconomic to recover.  Oil-shale deposits 

are also found in the nearby Rotmistrovka and Obolon structures, also in Estonia 

(Grieve and Masaitis, 1994). 

 

Other examples of crater fill deposits of economic value are summarised in Grieve and 

Masaitis (1994).  As well as the mining of impact breccia to produce cement, beds of 

lignite (coal) and bentonite (an industrial mineral also used in medicine) are found 

within the 24 km diameter Ries crater in Germany.  Diatomite deposits, a siliceous rock 

composed of diatoms and used for producing filter paper, are found within the 9 km 

Ragozinka (Russia) structure.  Phosphorite deposits, used in producing fertiliser, are 

found within the 17 km diameter Logoisk crater in Belarus.  Gypsum deposits have 

been quarried since 1901 from a 10 m thick layer at Gypsumville within the 40 km 

diameter St. Martin structure in Manitoba, Canada.  Small deposits of chemical 

sediments, mainly chloride and carbonate salts of sodium and potassium, were also 

exploited from the lakes formed within the 1.8 km diameter Lonar Lake structure 

(India) and the 1.1 km diameter Tswaing crater (formerly known as the Pretoria 

Saltpan) in South Africa. 

 

3.3.4  Water resources 

 

Perhaps more important than the transient hydrothermal cells driven by heat generated 

by the impact event, deformation of the target rocks will have a long term effect on the 

local hydrogeology around the impact site.  Shattering of the target rocks beneath the 

crater as well as concentric and radial faults, both inside and external to the crater, will 

obviously increase local ground water flow.  The same breccia material that is a good 

reservoir for hydrocarbons will also be a good aquifer.  Craters are also a natural place 

to form large lakes.  Water stored within impact craters can be used for any number of 

domestic, agricultural or industrial purposes. 

 

The present day remnant of the deeply eroded Manicougan (Quebec, Canada) structure 

consists of a distinctive 70 km diameter annulus, which is largely water filled.  When 

the mouth of the river flowing out of the crater was dammed in 1968, it produced a lake 
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Figure 3.9:  Geological cross section of the oil-shale bearing Boltysh crater, 

approximately 5 times vertical exaggeration (after Grieve and Masaitis, 1994). 
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Figure 3.10: Space shuttle image of the Manicouagan structure showing the 

locations of the Manic-5 and Manic-5A hydroelectric power stations (image 

courtesy NASA). 
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with a surface area of 1950 km2, an average depth of 85 m, and holds around 142 

trillion litres of water (ILEC, 2003).  Outflow from this reservoir powers two 

hydroelectric stations (Figure 3.10), with a further three stations downstream.  Manic-5 

and Manic-5A have a combined power production capacity of more than 2500 MW, 

with a total of 4500 MW generated by all five stations fed by the Manicouagan water 

resource system (Hydro-Quebec, 2003).  Hydroelectric power is also reported to be 

generated from water stored within the 80 km diameter Puchezh-Katunki (Russia) 

structure (Grieve and Masaitis, 1994).   

 

Impact breccia within the 7 km diameter Kardla (Estonia) impact crater is water filled.  

One hole drilled into the centre of the structure for scientific studies intersected drinking 

quality mineral water, which was bottled and sold under the name “Kardla”, though 

production stopped in 1990 due to economic reasons (Suuroja, 2002).  A water well for 

Manson City on the flanks of the central uplift of the 36 km Manson (Iowa) structure 

was found to contain unusually soft ground water (Hartung and Anderson, 1996), 

possibly due to the structural removal of a layer of dolomite that covers the surrounding 

area.  Anomalously high water flow in the Agaton Borefield (Passmore, 1969), 200 km 

north of Perth, Australia, coincides with structural disturbances created by the 12 km 

diameter Yallalie structure (Dentith et al., 1999).  Aquifers within this structure are 

currently being investigated for use in agriculture (Burton, 2002). 

 

3.4  Discussion and Summary 

 

Meteorite impact craters should be considered valid targets for the exploration of 

exploitable natural resources.  This chapter has demonstrated that resource-forming 

processes can be found to be associated with more than a quarter of the world’s known 

impact craters.  While not all of the resources formed by these processes are 

economically exploitable, 10 have estimated values in excess of a billion US dollars, 

with a further 7 worth more than one hundred million dollars.  This suggests that more 

than 10% of all craters can be associated with a significant economic resource, 

representing a relatively good chance of success by minerals or petroleum exploration 

standards. 
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From a strategic point of view, the targeting of craters within Phanerozoic basins for 

impact-related hydrocarbon reservoirs offers the best chance of exploration success.  

This strategy combines a high frequency of occurrence, almost half the craters in 

petroleum producing basins of North America are related to hydrocarbon resources, 

with a high economic value.  Hydrocarbons may be stored in shattered rock beneath the 

centre of the structure, in trap sites created by the terraces of the crater or uplift of strata 

at the rim, or within impact generated mass-flow or ejecta deposits outside the structure.  

The best producing impact craters seem to be formed in relatively hard target rocks, 

such as dolomite or granite (as basement rocks exposed in the central uplift), where the 

shockwave resulting from the impact shatters the rock and increases porosity.  The size 

of the impact crater does not seem to be important.  Good producing fields are found in 

small, simple craters as well as larger, complex structures.  None of the producing 

craters are exposed at the surface.  Shallow craters are possibly not buried deeply 

enough to have generated hydrocarbons, or else the connection of internal faults with 

the surface has allowed the hydrocarbon to escape.  However, the potential for traps to 

be formed within the sub-floor structure, up to depths of more than 1000 m for even a 

medium sized (10 km diameter) crater, should not be dismissed. 

 

While the Sudbury Mining Camp is one of the world’s most important mining districts 

and has been intimately linked to the melt sheet produced by the Sudbury impact event, 

it is probably unique on the Earth.  However, deposits formed by crustal melting may be 

important targets for mineral exploration on other planetary bodies.  This style of 

deposit requires a sufficiently thick melt sheet to allow the concentration of metal, either 

through gravitational settling of dense sulphide minerals or by fractional crystallization 

processes such as those that form tin deposits.  The minimum size of crater that could 

generate such a volume of melt is estimated to be 150 km.  Of course, this melt must 

also be preserved until the present day.  A large volume of metal is required to create 

these deposits, suggesting that the target rocks were already enriched prior to the impact 

event.  

 

Progenetic deposits can also potentially contain a high value resource, however they 

depend on the presence of a pre-existing orebody.  Perhaps the best strategy in 

searching for this type of deposit is to concentrate on structures formed in known 
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mineral provinces.  A crater diameter of about 5 km is suggested as the lower limit for 

which internal faulting will have a significant affect on the regional geology.   

 

Deformation of the target rocks by the impact will affect the local hydrogeology and 

will generally increase their ability to store ground water.  Due to the high permeability 

of shattered rock, impact craters should make excellent locations for high-draw bore 

fields.  In the case of Manicouagan, the capacity of the crater to act as a large natural 

reservoir for surface water is important for the powering of several hydroelectric 

stations, providing a continuous, renewable and very profitable resource.     

 

Oil-shale crater fill and industrial diamonds represent two examples of large, impact-

related resources that are currently uneconomic to exploit.  The oil-shale bearing craters 

of Estonia occur within an area of known oil-shale production.  Within this district, 

however, craters represent third-order basins where sedimentation, including that of the 

kerogen-rich marls, can potentially be thicker.  Impact generated diamonds are formed 

in carbon bearing target rocks, particularly if they are graphitic or coal bearing.  While 

the transformation to diamond requires high pressures and temperature, they are 

unlikely to be found in the centre of the structure where the vaporisation point of carbon 

was exceeded.  Impact diamonds are most likely to be found within impact melt and in 

glassy ejecta thrown out of the crater.  Impact diamonds commonly form as clusters of 

micron-sized crystals up to about half a centimeter in size.  Although grades far greater 

than in volcanic pipes are reported to occur within impactites, a further concentration by 

alluvial processes is probably required before impact generated diamonds can be mined 

economically, due to the lack of gem quality stones.  

 

Remobilisation of sulphides by hydrothermal fluids driven by heat sources within 

impact melt, breccia and the structural uplift can create small epithermal deposits.  The 

metal for these deposits is generally sourced from carbonate target rocks, making 

impacts into this type of stratigraphy the best candidates for hydrothermal deposits.  

While the ore can be of economic grade, the remobilised sulphide deposits discovered to 

date are very limited in size.  Exhalative “crafex” deposits formed in a submarine 

environment on the crater floor of a very large impact structure have the potential to 

produce orebodies similar to VMS or sedex type deposits.  
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Industrial evaporitic or sedimentary minerals have been deposited in the restricted 

basins formed by impact craters. The economic value of these resources is generally 

very small, and they have only been exploited as a quarrying operation to support a 

local industry. 

 

 


