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1. Introduction

This essay attempts to illustrate the possibleroagu the occurrence Large Igneous Provinces
(LIPs) on Earth and Mars. To do this the specificatiba LIP must be defined. To address the origin
(processes of formation) and occurrence of LIPs othEerd Mars the geographical distribution of
LIPs must be determined and where possible the relatjpmsth LIP surface distribution and mantle
state like Low Velocity Zones (LVZs) and Ultra Low Vdelty Zones (ULVZs) addressed, as well as
histories regarding the specific LIP zones where posaitd. studied LIPs like the North Atlantic
Igneous Province, Deccan Volcanic Province, Ontong B&ata@au and the Tharsis province will be

used in this essay to explain the origin and occurrencHafon the neighboring planetary bodies.

1.1 What areLIPs?

LIPs are found on both continental and oceanicdjthere and have been defireedmassive
volumes of basaltic magma (sometimes with subsidry pgcahd rhyolites) as extrusive (flood lavas)
and intrusive (plutonic bodies, giant dyke swarms) bodigdagoed by processes other than plate-
tectonics (but can initiat€lernst et al. 2005). GenerallyiIPs have no strict definitio(®uart et al.

1996) (www.|argeigneousprovinces.org).

The minimum geographical distribution of LIPs is BIdm2. Most Canozoic and Mesozoic
continental flood basalts (LIPs) are 2-4 Mkwhereas the exposed Ontong Java plateau covers 6
Mkm?. Taking into account the Ontong Java plutons it becaties Mknt (Ernst et al. 2005).

On Earth LIPs are emplaced within <10 Ma, with anlacated period of volcanism occurring for 1-
2 Ma. There is currently no determined time scale fortista LIPs. The common idea is that
continental LIPs have a two phase development, postifsyand pre-rift. Where pre-rift signifies a
plume head arrival beneath the lithosphere, displaysrdpof the lithosphere and some volcanism.
Post/syn-rift signifies the development of a spreadidge and the majority of volcanism, this is
thought to take 1-10 Ma to form from plume head arrivadtive spreading ridg&rnst et al. 2005).

2 Marsasplanetary body

Mars is the fourth planet from the Sun and the sevengies$t. It has a diameter of ~7,000 km which
is ~half the size of Eartfwww.solarviews.com). Due to the size of Mars relative to Earth and
according to the rules of thermodynamics it must haetdd up and cooled quicker. Mars geological
timescale to date (Fig 1) has only three eras andmadgeas there’s very little in the way of periodic

indicators to date, for example no fossils found yetramchdiometric dating!!
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Fig 1 Martian geological time scale infered from
mapped stratigraphyZuber, 2001)

The interior of Mars is inferred from satellite @atading the gravity and magnetic anomalies, orbital
geophysics, topography and Martian meteorite analystser, 2001); (Berkta &Fei , 1997) Fig 2 is a
proposed cross-section of Mars, showing the crust, uppioarer mantle, CMB and core.
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Fig 2 Proposed interior of Mar¢Berkta & Fei, 1997)

Mars has a relatively low density to that of thetlftasomething in the region of one-teig#mderson,
1989). Mars has no global magnetic field at present, but mt@med igneous rocks (palaeomagnetism)
in the crust imply that at some point in early Martiastdry there was a global magnetic field
produced by a core magnetic dynamo.



2.1 Earth asplanetary body

Earth is the third planet from the sun, the fifitgkest and the densest solid body in our solar system;
it has a diameter of ~13, 000 Kmww.solarviews.com). The Earth generates heat from two main
sources, the 1st is heat trapped from the planets fametd 2nd from the decay of unstable
radioactive isotopes in the lower man(i4iddlemost, 1997). The mantle makes up more than two
thirds of the Earths mass, with the core taking upyoder a third and the crust being <1% shown in
Fig 1 (Middlemost, 1997). The surface of the Earth is tectonically active gagigones of upper mantle
to become enriched by subducted volatiles such as waieicore is cooling and increasing in size as
it does, one method of cooling is heat transfer thraighmantle to the surface by plumes which
initiates volcanisnfMiddlemost, 1997).
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Fig 3 The conceptual interior of Earth (www.solarviews.com)

3-LIPson Mars
The Martian crust has a hemispherical divide, tuhsis relatively thick, cratered, old and elevated
the north is relatively thin, depressed and yo(#mng & Zuber, 2001)
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Fig 4 Crustal thickness of Mars with mantle depth. Localitfesomne volcanoes
(large enough to be LIPs) geographically. (Zuber, 2001)



The geographic distribution of several volcanoes orsMeth some indication of lithosphericl
thickness is shown in Fig 4. The definition of a L$fhot so useful when dealing with Mars, as many
individual volcanoes on the Martian surface are largrigh to be classed as LI{dontesi, 2000).

Such as Olympus Mons which is the largest volcanodrstiar system. It is also larger than the largest
LIP known on Earth the OJRZuber, 2005).

Presently Mars is a single plate planet with nivagilate tectonicgSolomon et al. 2005) The
mantle of Mars is covered by a single pl@téizman et al. 2000).. Although Mars is ~half the size of
Earth it has volcanoes which are 10-100 times largentbl@anoes found on Earth
(www.solarviews.com). Mars was most volcanically (and possibly tectonjgadictive within the first
billion years of its formation, by the end of the Mben (at ~3.8 Ga) much of the volcanism was
concentrated in the Tharsis province, which covers >25#teafurface, which is thought to have
developed as centre of volcanic activity post-hemispleeastal thickness dividgolomon et al,

2005).

3.1- OlympusMons

Mars is also home to the solar systems largésaro, the giant Olympus Mons. It is located NW of
the Tharsis province, and is large enough to be a LitRoinn right. With an elevation of 24 km, a
width of 550 km, the slopes dip is only ~24ibis like a giant Hawaiian volcano. Three times teght

of Everest and as large as the whole Hawaiian voladram. (Wwww.sol arviews.com).

3.2- The Elysium Planita province

The Elysium Planita province is the second largi3tdn Mars. A dome in the lithosphere
(indicating plume related) which is 1700 km by 2400 km in width @oimtig several volcanoes is
observed. The largest volcano in this province is Elysilons with dimensions of 420 km by 500 km

by 700 km with elevation of 13 kifawwv.solarviews.com).

3.3- TheTharsisprovince

The Tharsis province is the largest igneous prevorcMars covering one-third of the planets
surface. Its bulged surface reaches an elevation of I(Mkge & Masson, 1996a). The Tharsis
province displays distinct episodes of magmatic/tectattivity which decreases with time. Fault rift
systems and vertical uplift due to plume manifestatien abserved. Early explosive activity which
progressively evolved into fissure -fed eruptions. The Tharsvince volcanism is also thought to
have caused short (10's thousands year cycles) hydrologidak in the northern hemisphere.
(Anderson et al, 2004). The Tharsis province contains several volcanogs;assive examples include
three shield volcanoes forming a chain are known a$hhesis Montes (Ascraeus Mons, Pavonis
Mons and Arsia Mons) range in size from 350-450 km wide s@&on of ~15 km above the

surrounding plaingwww.solarviews.com).



3.4- Conflicting ideasregarding the for mation of the Tharsis province

The development of the Tharsis province is conceallipthought to be the result of a plume
impacting the Martian lithosphere causing the 11km domiét and supporting volcanisniMege &
Masson, 1996a); (Montes, 2000); (Weizman et al. 2000);(Zhong & Raoberts, 2003); (Anderson et al.

2004).

With one plate acting as a cap over the Martian manteno recycling of extruded material the
mantle convection would be considerably sluggMbntesi, 2000), inhibiting plume generation. Yet
distinct episodes of early magmatic/tectonic activity thexlines with time from early explosive
volcanism evolving into steady growth of fissures, shialdl @one volcanog#nderson et al. 2004).
Thisis consistent with the arrival of a plume (relativestrths plumes- 'super-plume’) head beneath
the lithosphere in the Tharsis province and establyshiblP. The plume beneath the Tharsis province
would have hat to be stationary for >2 Ga and actiyeljc delamination of Martian lithosphere into
the plume head combined with addition of heat from thérgpaore could provide a negative
feedback system required to maintain such sustainednahecaver long periods of tim#vei zman et
al. 2000). With the immense size for a plume required to satigyTiharsis province cooling would
take a few Ga. During the late stages of cooling thenishing plume would still be able to feed
volcanism for younger volcanoes such as Olympus Mdmeng & Roberts, 2003). One proposal for
the amount of volcanoes with close proximity is thatipes-plume’ branches off at the head into
several smaller 'normal sized' plumes. This is argsetie case for concentric dykes surrounding
volcanoes such as Pavis Mons and Arsia Mons whereotieentric dykes have been interpreted as a
reflection of plume head dimensiofidontes, 2000).

There are problems with the plume model for the Sibgrovince genesis. The size of the plume
required is large enough cause a bulge that covers a 3rdMéttian surface. As Mars is ~half the
Earth and the latter doesn't have any plumes neasdhle, even with active tectonics which increases
plume formation. The development of a plume to this smadesurviving >2 Ga is doubtf(Menge &
Masson, 1996b). Also Isotropic evidence doesn't suggest mantle mixingbasred and computer
models show that a plume would contribute only a fraatidine topographic elevation visible today.
Calculations have shown that an impact of a meteavith (ight size and velocity) could initiate
upwellings that survive in a stable fixed position for therety of Martian evolution and play a role in

aeroid evolution. Impact doesn't require convection or GigBellings(Reese et al. 2004).

4- L1Pson Earth

Fig 5 shows the geographic distribution of LIPs orttfEaith mantle state (LVZHErnst et al.
2005). It can be seen that most LIPs on Earth are sited abé¥s, lindicating either hot (relative to
surrounding) material is either generated there orpiated from an internal source (thermal-
boundary layers, D") as an upwelling, or ‘plume’ whiehi$ethe volcanism responsible for forming a
LIP. The other idea is that the material has been de@ssed lowering its shear modulus.



Fig 5 Distribution of LIPs, current plate boundaries and 44dpats (white circles). (Importantly NA=

NAIP, O1 & O2 = OJP and D= DVP. The OJP is in two pasté has been separated by plate tectonic

activity. Red, green and yellow dots represent hotsspiih a proposed deep mantle origin. The base

of the map is a tomographic model of D” ~2800 km deep. Bluelativly fast shear wave speed and
red is slow(Burke & Torsvik, 2004)

The generation of LIPs are observed throughout Earttsyigating back to Archaean >2.5 Ga.
Although the majority of well studied LIPs are from tesozoic and Canozoic as surface weathering
processes and plate tectonics have all but destroyed dRiefBLUrke & Torsvik, 2004). The destroyed
LIPs reveal their feeder dykes, like the McKenzie dykarswin N.America (Fig 6)
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Fig 5 Proterozoic LIP weathered away exposing its plumbintesys
The MacKenzie dyke swarm 1270 Ma, Alas{Ernst et al. 2005)

LIPs on Earth occur throughout geological history as/ahin Fig 7 and do not seem to be controlled
by latitude or longitudinal positioning (fig 5). In the 1480 Ma (the best record of LIPs due to
preservation) there has been 1 LIP per ~10 Ma, butithiefis not rigid as LIPs show gaps and
concentrations in the geological record. DestructionlBEldue to plate-tectonics and weathering
processes inhibit the recoffeirnst et al, 2005). The occurrence of LIP clusters in the geological record
has a strong link with super-continent dispersal, at Ea#Ps are linked with the break-up of
Gondwanaland and several linked with Roditienst et al, 2005) and the role of the NAIP in
initiating the formation of a spreading ridge which safes the Eurasian plate and the North American
plate which formed the Atlantic ocedfFitton et al. 1997).
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Fig 7. Recorded occurrence of LIPs through time from ~4 Gae Mwt reduction in LIPs recorded
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4.1- The North Atlantic Igneous Province (NAIP)
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Fig 8. The present day settings of the NAIP showing onshore
and off shore tertiary igneous rockBitton et al. 1997)

The NAIP (Fig 8) is associated with the Iceland plimaad arrival beneath thinned (due to
extension) lithosphere causing the formation of asping ridge (~63 Ma) (Mid Atlantic Ridge-MAR
) and the growth of the North Atlantic ocean with sgsat development of Iceland. Basalts from the
NAIP can be correlated with E&W Greenland, Iceland, N&bttand and NE Ireland, these basalts are
~60-54 Ma (early tertiary(Stuart et al. 2000).

4.2- Conflicting ideas on the formation of the NAIP

The origin of the NAIP is commonly put down to teal of a plume head beneath (Fig 9)
tectonically thinned lithosphere causing flood volcemgge-ridge formatiorfFitton et al. 1997)
(Stuart et al. 2000). Some other authors have suggested otherviisalder et al. 2004) (Foulger &
Anderson 2004) suggesting that; subducted lapetus oceanic crust trapped iautaslan continental
mantle lithosphere within the collision zone assodiatgh the Caledonian suture, is then recycled into
a melt zone locally beneath the Atlantic ridge causingist-peridotite mixture resulting in excess
melt, model shown in Fig 10. This could have caused thd flofranism in the NAIP.
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Fig 9 A tomographic section through the NAIP cutting acrostatad. The red colour represents low
shear modulus to green and green to HBigwaard & Spakman, 1999).
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Fig 10 This is a proposed model for re-melted sub-ducted oceanic. dras types of melt are
possible which yield different volumes of material, map#eidotite and eclogite(Foulger et al.
2004)
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Seismic tomography shows a near vertical LVZ (subdusizgbs show High Velocity Zones)
extending from Iceland and possibly all the way to D'g(ED)Bijwaard & Spakman, 1999), which is
interpreted to show a 'deep mantle plume' which is resiple for the formation of the NAIP as a
normal result of conductive core cooling., of coarsieeis such aBoulger et al.(2004)interpret this to
be evidence for subducted oceanic crust. This debai# imstsolved (which includes more than the
two authors sited above).

4.3- The Ontong Java Plateau (OJP)

Fig 11 Map showing the location of the OJP with
respect to the Pacific ocedingle & Coffin, 2004)

The OJP is the largest LIP known on Earth, andcistéal in a near central position of the Pacific
ocean (Fig 11). The OJP is roughly the same sizeask&l(USA), covering an area of at least 6
Mkm?2. The main eruptive stage was 122 Ma (early cretaceatisymaller eruptions 62 & 34 MA
(early & mid tertiary), with a maximum crustal thicksesf ~30km(Ely & Neal, 2003). Beneath the
OJB is a low velocity root descending ~300 km into thatta@ingle & Coffin, 2003). This LIP is not
associated with continental break-up (plate tectoriBimke & Torsvik, 2004).

4.4- Conflicting ideas on the formation of the OJP

There is great confusion over the origin of the OIJhflitting models have been put forward to
explain the formation of the worlds largest LIP. Thestuitle cataclysmic melting in the
inflated/decompressed heads of newly risen plumes or a“plipae’ and large meteorite/asteroid
impact(Tejada et al. 2004).

The plume or ‘super-plume’ theory has a few probleggarding the OJP formation. There is a lack
of a post-plateau seamount chain caused by a movingenhtiver a fixed plume, lack of any active
plumes with which to link to the OJP and post-eruptiveidebse of the plateau appears to have been
much less than expected for oceanic lithosphere post-plutsgper-plume’(Tejada et al. 2004).
Seismic tomography shows a 300km tail from the OJPtirdapper mantléngle & Coffin, 2004).
There is still however evidence for plume activityaigeochemical sense, the OJP basalts contain
enough concentrations of Platinum Group Elements (P&iajiicate an outer-core origin transported
by a deep mantle plume from OEly & Neal, 2003). This is not final, as 1680s/1880s ratios can not
be derived. The 107Ar/109Ar ratios have not yet been detednwhich would tip the balance one
way or another regarding the plume idea for OJP origin.
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The PGEs can be explained by other processes brepliumes, Impact of a large and fast enough
(>10 km diameter at 20 km/s) Chondritic meteoritesMduld remove ~60 km overburden in an area
in excess of 200km, causing decompression melting and poas#390 km tail (Fig 12). The mantle
root could be ‘replacement’ material in-filling thepeaized and uplifted (due to buoyancy) overlying
material. This is based on the S-wave velocity chaegeb5%, which ‘if representative of
temperature would indicate a ~?@temperature gradient between the root of the OdRhen
surrounding mantle, enough to cause volcanism now. Decomghmasgerial sufficiently reduces its
shear modulus relative to the surrounding materiahgithe 5% reduction in S-wave speed. There is
also an absence of large impact craters in oceandsfittere post-Jurassic times possibly due to the
formation of LIPs which auto-obliterate craténsgle & Coffin, 2005)

Root Depth Unknown

Fig 12. Conceptual model of impact generated volcanism of OJRoajent of impact, hydrosphere
and oceanic lithosphere are displaced. Asthenospherggiedeb) Maximum penetration,
decompression melting starts. c) Creater auto-oblgeray up-welling of magma. Lithospheric
fractures form dykes. d) ~120 Ma, the OJP at end of eraplant, pink layer is new crust. €) 90 Ma
tectonism causing more decompression melt and rifiiegrs. Scale is maintained throughdlrigle
& Coffin, 2004)
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4.5- The Deccan Traps or Deccan Volcanic Province (DVP)

The DVP is located in India (south and central) extenifito the Arabian Sea (Fig 13). The DVP
basalts were extruded ~65 Ma at the time of the K-T dan The activity is thought to have occurred
rapidly in <1 million years spanning with areal extent of/@k&n (Ravi Kumar & Mohan, 2005). The
DVP is traversed by the Cambay triple junction (Fig df3jfting, indicating that the DVP could be
caused by plate tectonic activity decompressing the uppeiterand not causing it like the NAIP.
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Fig 13 Geological map of the DVP showing the Cambay
triple junction.(Sheth & Chandrasekharam, 1997)

4.6- Conflicting ideas on the for mation of the DVP

The DVP is one of the worlds best exposed LIPs (>&0#b &xposure) yet still its genesis remains
poorly understoodRejan et al. 2005). The common conception is that the Reunion plume causing th
DVP as India migrated north on separation from Gondwaddf#eth & Chandrasekharam, 1997)
~65 Ma In The Deccan beyond the plume hypothesis (2005) Sheth argues that plate-tectonics and
lithospheric delamination can explain the DVP. This iskbd up as the Reunion plume being situated

21°S, and the DVP having been erupted &S30he Reunion plume is fixed, the migration of magma
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laterally beneath the lithosphere fronf 8o 30S is doubtful, and there is no evidence of whole
mantle roll to argue migration either. But the 3He/4Hehégh enough to suggest (conseptionally)
deep mantle plume magmas in the DVP basalts.

The large volumes of melt with such a high eruptioa iradicates rapid decompression with a high
rate of melting and a direct, secure plumbing system frmmgma source (chamber) to surféRegan
et al. 2005).

Slightly hotter mantle (+10C), relatively lower solidus of delaminated lithosphersurrounding
mantle (-100C) and focusing the magma beneath a (tectonic) trypletion could cause sufficient
melt for a LIP(Anderson, 2005). Fig 13 shows that the DVP is situated in an area with artiectriple
junction of rifts. There is no known plume availaldestipport the volcanism at the D\&heath,

2005).

So based on evidence for the origin of the DVP, amaaghamber situated in the lithosphere beneath
India since 460 Ma erupting steadily pre-DVP and masifgtallizing (cooling). During India’s
northerly migration form Gondwanaland ~190 Ma. Delamimatibthe lithosphere then occurred, this
increased fertility of the magma chamber, decompressibithaming of the lithosphere, this sequence
of events would give rise to the formation of the DVPoading to the Lithospheric Delamination
theory(Rejan et al. 2005)

5- Evaluation
It can be concluded that-

» There is a sketchy but systematic occurrence of lHRaighout Earths history (~1 per ~10
Ma). LIPs on Earth form all over the global surfaceit@ppears that there are no
geographical constraints for LIP generation on Earth.

» Lack of credible data means no legible pattern of ocnaeréhrough time can be concluded
for Martian LIPs, but most activity appears to have aexlr2-4 Ga. Although geographical
constraints seem apparent as most of Martial volcaisi@oncentrated around its equator,
and generally focused in and around the Tharsis preexacept the Elysium Planita
province). Which is odd as the thin northern crust seesisdnited for initiation of volcanism
relative to the thick south as thin or thinned lithospheesasier to penetrate relative to thick
lithosphere.

* There is no conventional origin (process of formatfon)LIPs. The origin of a LIP is
dependant on the LIP in question. But there is a comalatith LIPs and LVZs/ULVZs
indicating a ~direct relationship.

For example-

1. The NAIP, based on seismic tomography, plate text@md isotropic evidence is put down
to the Iceland plume (although the origin of the Icelpluine [mantle up-welling] is arguable
as to source of material, never the less it isatilume). This LIP is associated to the
formation of the mid-Atlantic spreading ridge. But palaestglectonics shows that there was
a subduction zone present so the model for re-meltedwsttbd oceanic crust is still

attractive and can not be overlooked.
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2. The Ontong Java plateau is interesting as isotdagia, argues for both deep mantle plume
and the impact of a large Chondritic meteorite (due3&$). Seismic tomography picks up a
tail only 300km deep which could be the tail end of an aldygl or decompressed upper
mantle due to the impact theory. This depends on the LMijlzechemical or physical
difference. As a chemical difference would argue foraathe plume transporting material
from deeper in the Earth (assuming that the plumehsranb-chemical upwelling and not just
thermal upwelling), and a physical difference would arguelémompressed upper mantle
material with the same composition as the surroungiipgr mantle material which displays a
lower shear modulus due to decompression.

3. The origin of the Deccan traps is generally not wetlerstood despite being one of the best
exposed. Its genesis is still being worked out/debated apiangtary/igneous geologists on
two sides, the plume and those who won't take plumaricanswer.

4. For the Tharsis province until more credible datc@imulated, i.e. seismic tomography,
isotope data and more research, the plume model sestrmilted. Although the Impact
generated magmatism theory is attractive, and plaussblars is theoreticallpo small for

such a large plume as proposed.
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