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Abstract 

A major knowledge gap exists on how eruptive compositions of a single martian volcanic 

province change over time. The Elysium Volcanic Province is a location of great geologic interest 

on Mars. Its predominantly Amazonian surface age (beginning 3.3 Ga), and its isolation in the 

northern hemisphere of Mars away from other volcano-tectonic regions, make it an ideal locale to 

investigate igneous compositions erupted during the most recent geologic period on Mars. Here, 

this work seeks to fill that gap by assessing the compositional evolution of Elysium as a major 

martian volcanic province in two related projects. The first project seeks to characterize and 

contrast different portions of the Elysium Volcanic Province chronologically, morphologically, 

and geochemically, to establish evidence for spatio-temporal magmatic evolution across the 

province. This study is additional motivated by a unique geochemical signature which overlaps 

with the southeastern flows of this volcano. The geochemical and temporal differences between 

the SE and NW lava fields are interpreted to be consistent with primary magmatic processes, such 

as a change in depth of melt formation within the martian mantle due to crustal loading and 

lithospheric flexure. In the second project, the petrologic modeling software pMELTS is used to 

simulate the partial melting of the martian mantle. By using a range of possible initial conditions 

and comparing the corresponding model outcomes to geochemistry on the surface --as derived 

from the Gamma-ray and Neutron Spectrometer (GRS)-- the mantle conditions of the magma 

source are constrained for each portion of the Elysium Volcanic Province. The geochemistry of 

the Elysium Volcanic Province is consistent with liquid compositions produced by 10-20% partial 

melting for all three sub-regions and pressures are estimated to be between 17 and 21 kbars for 

Central Elysium, between 17 and 19 kbars for NW Elysium, and between 14 and 16 kbars for SE 
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Elysium. These pressures correspond to depths of melt formation that are consistent with 

independently calculated thicknesses of the Elysium lithosphere.
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Introduction 

The lava fields surrounding Elysium Mons and its neighboring super-shield volcanoes, Albor 

Tholus and Hecates Tholus (Figure 1), record some of the most recent volcanism on Mars 

[Hartmann and Berman, 2000; Dohm et al., 2008; Karunatillake et al., 2009; Baratoux et al., 

2011]. The Elysium lava flows erupted from the edifices of the three super-shields, from volcanic 

fissures, and from at least 22 topographically low shield volcanoes scattered across the Elysium 

Volcanic Province [Vaucher et al., 2009]. Most of the surface of the Elysium Volcanic Province 

dates to the Amazonian period[Grott et al., 2012; Tanaka et al., 2014a, 2014b], (beginning 

between  3.3 and 2.9 Ga), with a considerable areal extent of Late Amazonian age (beginning 0.6 

to 0.3 Ga [Hartmann and Berman, 2000]). Past work estimates that the age of the basement lava 

flows, the stratigraphically lowest and oldest visible in the region, date to ~4 Ga [Hartmann and 

Berman, 2000]. Other studies have identified late periods of volcanic activity in isolated areas of 

the southern portion of the Elysium Volcanic Province to extend to the last 250 Ma, including 

some remarkably young episodes as recent as 16.2-13.5 Ma, 4.3 Ma, and 3-2.5 Ma [Vaucher et al., 

2009]. These dates highlight the Elysium Volcanic Province as particularly interesting, given its 

long and continuous history of volcanic activity. This long history suggests that these lavas could 

record varied magmatic evolution that can provide important constraints on the evolution of Mars 

as a geologically active and diverse planet. The Elysium Volcanic Province may also provide 

important insight into the geologic evolution of Amazonian terrains, given its geographic isolation 

in the northern lowlands away from other volcano-tectonic regions.  

In this thesis, two separate, but related projects seek to quantify the magmatic evolution of the 

Elysium Volcanic Province. In the first, remote sensing observations from a range of instruments 

including the Gamma- and- Neutron Ray Spectrometer (GRS), the High-Resolution Imaging 
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Science Experiment (HiRISE), and The Mars Orbiting Laser Altimeter (MOLA) are used together 

with in-situ observations from the Mars Exploration Rovers (MER) and laboratory assessment of 

martian meteorites in order to quantify, compare, and analyze the geology of the volcanic province.  

Geochemistry from the GRS provides insight into the various geologic process who could be 

influencing the composition of the surface down to decimeter scale depths. This work investigates 

the possibility of both igneous and non-igneous influences in the region.  Suggesting the possibility 

of a dominance of fine grained “dust” material dominated the top most layer of the martian surface 

or aqueous alteration from the presence of repeated flooding from outflow channels in the 

southeast potion of the province. Several magmatic models are also proposed, suggesting either 

the presence of a heterogeneous mantle or a change in the depth of melt formation for the magma 

source. After analyze the data, this work determines the most likely model is a change in depth of 

melting due to lithospheric loading. 

The second chapter of this thesis extents its analysis into petrologic modeling of the mantle 

beneath the Elysium Volcanic Province. Through simulations of basaltic crystallization of melt 

under various temperature and pressure conditions, this work seeks to support the conclusions of 

the first chapter. By using the pMELTS software, this work simulates the conditions for Elysium 

during the time of the resurfacing events which are seen on the surface of Mars today. Surfaces of 

variable age are compared against the results of pMELTS and source conditions are estimates for 

each sub-region, allowing a chronological interpretation of how the volcanic province change from 

the Late Hesperian to the Late Amazonian eras.  The results from this study are consistent with the 

proposed model from the interpretations of Chapter One.
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Chapter 1: A Record of Igneous Evolution in Elysium, A Major Martian Volcanic Province 

1.1 Introduction 

Mid-latitude (exclude latitudes poleward of ~±45˚) mapping of mass fraction distributions of 

the 9 elements Al, Ca, Cl, Fe, H, K, Si, S, Th, obtained from the γ spectral data from the Mars 

Odyssey Gamma and Neutron Spectrometer (GRS) instrument suite [Boynton et al., 2007; 

Feldman et al., 2007; Karunatillake et al., 2009; Gasnault et al., 2010; Taylor et al., 2010; Gaillard 

et al., 2012], showed a unique geochemical signature for Amazonian lava flows [Karunatillake et 

al., 2009] in the southeastern portion of the Elysium volcanic province (Figure 1). This sub-region 

of the encompassing Volcanic Province extends from 25˚N down to the equator of the planet and 

includes both the massive volcanic edifice of the super shield Albor Thous and a segment of the 

nearby Tartarus Montes. Work by Karunatillake et al. [2009] identified depletions in both K and 

Th (two elements characterized by the strongest geochemical affinity during igneous processes 

[Taylor et al., 2006; Gasnault et al., 2010]) by more than the combined standard deviation and 

typical standard error relative to their respective global averages. The major depletions in these 

elements indicate that the southeastern lava fields are chemically anomalous to decimeter depth 

scales when compared to the compositions of the martian mid-latitudinal regolith [Boynton et al., 

2007]. These anomalous geochemical signatures identify the Southeast Elysium lava fields as 

promising candidates for further geochemical investigation.  

Another portion of the Elysium Volcanic Province lies directly to the northwest, adjacent 

to The Southeast Elysium sub-region. Baratoux et al. [2011] used the Northwest Elysium lava 

fields (Figure 1) to investigate the thermal history of Mars during the Amazonian period. This sub-

region is smaller than the Southeast, but includes the volcanic edifices of the super shields Elysium 

Mons and Hecates Tholus. These authors investigated the composition of the lavas using γ data 
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from the GRS instrument and compared it to the compositions of various Hesperian and 

Amazonian volcanic provinces across the surface of Mars [Baratoux et al., 2011]. Abundances of 

SiO2, FeO and Th were used to estimate mantle potential temperature, degree of partial melting, 

and lithospheric thickness in correspondence with these volcanic provinces when these eruptions 

Figure 1. Location and geological setting of the Southeast (Green) and Northwest (Blue) Elysium 
lava fields with corresponding GRS pixels. Geology map adopted from the work by Tanaka et 
al.[2014a] and made publicly available at http://pubs.usgs.gov/sim/3292/pdf/sim3292_map.pdf. Inset 
image is a global reference map for Mars with overlain MOLA topography from Google Earth. The 
areal fraction of each unit within each region is quantified using ArcGIS software (pie charts). AHv 
is”Amazonian and Hesperian Volcanic unit”, lAv is “Late Amazonian Volcanic unit”, lAvf is “Late 
Amazonian Volcanic field unit”, lHvf is “Late Hesperian Volcanic Field unit”, Hve is “Hesperian 
volcanic Edifice unit”, Htu in the pie charts stands for “Hesperian Transition units” and is a 
combination of 3 geologic units: HNt (Hesperian- Noachian transition unit), lHt (Late Hesperian 
transition unit), and AHtu (Amazonian-Hesperian transition unit). North is up in this geologic map.  
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took place [Baratoux et al., 2011]. The results from this work were used to infer a cooling rate and 

lithospheric thickening for Mars on the global scale. 

The geochemical anomalies which exist in within the southeast sub-region of the Elysium 

Volcanic Province motivate the investigation into several igneous and non-igneous processes 

which have been described by prior work. One such possibility is interference from a thick layering 

of dust influencing GRS compositions. Mars has a history of global-scale dust storms which 

mobilize layers of high albedo fine material of few µm to tens of µm size scale (i.e., dust) across 

the planetary surface [Spohn, T., Breuer, D. & Johnson, 2014]. Elysium in particular has a thick 

layer of this dust [Ruff and Christensen, 2002]. 

Another non-igneous model involves repeated aqueous flooding of the Cerebus Fossae [Burr 

et al., 2002a], which could lead to aqueous alteration of surface compositions in the SE sub-region. 

The surrounding area contains evidence of chemical layering involving volatile elements in the 

subsurface, potentially due to complex interactions among lava flows, volcanic aerosols and eolian 

sediment [Diez et al., 2009]. Morphologies, such as mesas and other related features in close 

proximity to Cerberus Fossae, have been ascribed to phreatomagmatism [Burr et al., 2002b; Jaeger 

et al., 2007; Dohm et al., 2008], lava-water interactions [Burr et al., 2002a] and relict ice floes 

[Murray et al., 2005; Page, 2008]. Observations of patterned ground with a remarkable similarity 

to terrestrial periglacial environments [Balme et al., 2009] also suggest the likelihood of 

geologically recent aqueous processes. All these processes could explain some of the observed 

chemistry. However, radar sounding data appear consistent with interbedded lava flows and 

weakly compacted sediments or porous rocks [Morgan et al., 2015].  

Pure water is unstable on the surface of Mars [Chevrier and Altheide, 2008; Altheide et al., 

2009; Chevrier and Rivera-Valentin, 2012]. Brines, however, could have been free-flowing on the 
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surface and could still be present in subsurface reservoirs of Mars [Ojha et al., 2015], and thus 

could be thought of as agents for alteration of surface rock. Common secondary minerals on Mars, 

such as Ca- and Mg- Sulfates and Fe-Oxides could be deposited by low pH, sulfur-rich, aqueous 

solutions in very low water-to-rock ratio, and subsequently, limited Al-mobilization conditions 

[Hurowitz and McLennan, 2007]. Evaporite minerals, such as Halite (NaCl) and anhydrite (CaSO4) 

could have precipitated following evaporation of highly saline aqueous solutions.  If the volatiles 

detectable by the GRS, (S, Cl, and H2O) are enriched in either SE or NW Elysium, this could 

support the presence of such minerals at regional scales.  

Several igneous models of magmatic evolution involve changes in mantle structure and 

composition throughout time. Balta and McSween [2013b Figure 3] presents an igneous evolution 

model which might be applied in the regional context of Elysium. By analyzing Amazonian-aged 

Shergottites, meteorites which may represent hydrated, mafic to ultramafic martian crustal 

material, Balta and McSween [2013b] developed a model of magmatic evolution for Mars from 

the Noachian to the Amazonian. The Amazonian is described to have occasional upwelling of 

magma from a deep, H2O-rich mantle which contains hydrous reservoirs [Balta and McSween, 

2013b].  

In this work, both the Southeast (SE) Elysium region and the Northwest (NW) Elysium region 

are characterize chronologically, using mapped geology and crater counting, and geochemically, 

using the data from the GRS instrument. They are then compared to constrain the spatial and 

temporal variation of composition of lava flows across the Elysium Volcanic Province. This 

comparison is used to quantify how the two sub-regions compare in the elemental compositions 

which made the SE sub-region notably anomalous. This work seeks to establish evidence for an 

origin of the anomalous chemistry observed by Karunatillake et al. [2009] in the SE. Through 
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analysis, this work rules out the presence of a non-igneous geochemical signature, such as those 

that form from aqueous alteration or interference from aeolian dust. Rather, igneous processes are 

suggested as the principal factor controlling Elysium’s anomalous compositions. 

1.2 Methods 

In order to investigate a potential sub-era variation in volcanism, mapped geologic units in the 

SE and NW Elysium chemical provinces [Tanaka et al., 2014a, 2014b] and crater counting 

techniques are used to estimate crustal ages for each area. ArcGIS software in conjunction with 

the Mars Orbiter Laser Altimeter (MOLA) data is used to highlight the areas of interest. These 

highlighted areas are saved as shape files and delineated these shape files based on mapped 

geology. The percentage of the surface dominated by each rock type is quantified in Figure 1. 

Within each area, craters are marked by defining three points around the rim. Each file is then 

exported them to the CraterStats2 program, which generates a crater diameter vs. cumulative crater 

frequency graph (Figure 3) and calculates the estimated ages for the two provinces [Hartmann and 

Neukum, 2001].  

In the present work, the data from all γ pixels in the martian mid-latitudes, other than those 

identified as the Elysium Volcanic Province, collectively represent the bulk composition of the 

martian crust, down to depths of several decimeters [Taylor, 2013]. Each GRS pixel has a spatial 

resolution of several hundred-square kilometer. The relatively small size of the area of Mars 

occupied by the Elysium chemical provinces also ensures that other data pixels approximate the 

bulk crust characterized before by Taylor et al. [2006] and McSween et al. [2009]. Specifically, 

while the extent of the SE and NW Elysium chemical provinces (Figure 1) are roughly 1.37 x106 

km2 and 5.06 x105 km2, respectively, they constitute a sufficiently small area to ensure that their 

exclusion from the bulk crustal values does not make the bulk crustal estimate unreliable.  
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For investigations using the γ data, this work uses the maps constructed from cumulative γ-

spectra mapping periods extending through 2009, refining the older compositional data for greater 

accuracy and precision that those used in Karunatillake et al.[2009]. This work also includes 

previously unreported chemical maps for the elements Al and S. The chemical data exclude 

latitudes poleward of ~±45˚, where high H concentrations cause both mass dilution effects and 

inaccuracies in γ spectrum-to-elemental mass fraction derivation [Boynton et al., 2007; 

Karunatillake et al., 2009].  This work uses mid-to-low latitudinal mass fraction maps generated 

from the GRS instrument. Each of the maps is binned from their original dimensions to 5˚×5˚ pixel 

size. This reduces uncertainty associated with the reduced degrees of freedom from spatial 

autocorrelation [Karunatillake et al., 2011, 2012]. The radioactive elements K and Th are the two 

elements with the finest γ spatial resolution, owing to the orbiting instrument’s detection of natural 

radioactive decay and independence from neutron-driven scatter and capture processes, unique 

among the majority of elements detected by the GRS instrument [Boynton et al., 2007]. It is for 

this reason that K and Th are the primary elements used for interpretation of geologic processes. 

While the primary data sets used for this work are the chemical maps derived from the γ-

spectra of the GRS instrument, previous investigations in the Radar Stealth region [Karunatillake 

et al., 2009] suggests that data from the High Resolution Imaging Science Experiment (HiRISE), 

on board the Mars Reconnaissance Orbiter (MRO), can lead to inferences about the physical 

properties of surface-to-subsurface material.  This work uses HiRISE imagery to complement the 

interpretation of geochemical signatures.  

To complement observations made by orbiting spacecraft, this work makes comparisons 

between the regional chemistry in Elysium and in-situ samples analyzed from rover landing sites 

on Mars and the martian meteorites. The compositional data for several martian meteorites as well 
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as in-situ samples from Gusev Crater, analyzed using the Alpha Particle X-ray Spectrometer 

(APXS) onboard the MER Spirit Rover, are used for comparison with the γ data. The martian 

meteorites, which have been used in the past to model the compositions for bulk silicate Mars 

[Dreibus and Wanke, 1985; Taylor, 2013], provide the most detailed information about the martian 

mantle’s evolution and magmatic differentiation of any data set available to us. The meteorites 

used in the analysis of this project are listed in Table 1 along with a classification based on rock 

type and composition. In order to better understand igneous alteration trends, which may be 

applicable to the Elysium Volcanic Province, this work uses previously categorized in-situ rock 

samples from Gusev, which have been divided into unaltered and altered igneous samples 

[Hurowitz et al., 2006; McSween et al., 2008; Ming et al., 2008; Karunatillake et al., 2010].  

Ratio bound box plots show meaningful differences in compositional distributions between 

the SE and NW regions. In the ratio bound box plot method, the ratio of the 25th percentile of a 

particular element’s reported mass fraction within a region “A” to the 75th percentile of values for 

the same element within a region “B” would bound how low the values are within “A” relative to 

those present within “B”. The ratio of the 25th%tile of “A”/75th%tile of “B” is represented by the 

bottom of each “box” in Figure 4. Likewise, the ratio of the 75th percentile of region “A” compared 

to the 25th percentile within “B” bounds how high the values within “A” can be relative to those 

within “B”. The ratio of the 75th%tile of “A”/25th%tile of “B” is represented by the top of each 

“box” in Figure 4. The ratio of the 50th percentile of “A” to the 50th percentile of region “B” (ratio 

of medians) indicates how the typical compositions compare with one another, represented in the
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Table 1. Listed all the meteorites with previous chemical analysis completed and stored on 
NASA’s Martian Meteorite Compendium (http://curator.jsc.nasa.gov/antmet/mmc/). 42 
meteorites have been divided into 8 descriptive types, and the number of each type is listed in the 
right-hand column. 

 

 

 

 

 

 

 

 

 

 

 

 

mid-section of each “box”. The error bars were propagated for the ratio of the 50th%tile/50th%tile 

using the median absolute deviations (MAD) for each element in both regions, using the equation 

MAD=median [|Xi-median (Xi)|], where median (Xi) is the median of all values in Xi. These error 

bars are statistically robust and typically overcompensate the uncertainty of the values of various 

%tiles. In this work, an elemental abundance in a region “A” is refered to as a “major” enrichment 

or depletion, relative to a region “B”, when the lower (25th%tile/75th%tile) or upper 

(75th%tile/25th%tile) bound, respectively, surpasses unity. In turn, the enrichment or depletion is 

considered “minor” when the ratio of medians surpasses unity but the lower or upper bounds do 

not. An abundance is considered similar between the two regions if the ratio of the 

50th%tile/50th%tile is within one standard error. 

Description Sample Name # of 
Meteorites 

Basaltic Shergottite EET 79001B, Shergottty, QUE94201, Zagami, 
Los Angeles, NWA 480, NWA 5298, NWA 
4342 

8 

Depleted Olivine-
Phyric Shergottite 

NWA 4925, NWA 4789, NWA 5590, NWA 
6162 

4 

Olivine Phyric 
Shergottite 

EET 79001A, Dar Al Gani 476, Dhofar 019, 
Dhofar 378, LAR 06319, NWA 1068, NWA 
2990, NWA 6234, NWA 4480, RBT 04262, 
SaU, Y980459 

12 

Lherzolitic 
Shergottite 

ALH 77005, LEW 88516, Y793605, Grove 
Mountains 99027, NWA 1950, NWA 4797 

6 

Brecciated Shergottite NWA 7034 1 
Nakhlite G Valadares, Lafayette, Nakhla, NWA 817, 

NWA 998, Y000593, MIL 03346, NWA 5790, 
8 

Orthopyroxenite ALH 84001 1 
Chassignite Chassigny, NWA 2737 2 
  42 
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The derived chemical maps from the γ data are limited to the 9 elements mentioned previously. 

For our geochemical analysis, these elements are converted to their oxide wt% equivalent. 

Unfortunately, missing from the derived maps are several major and minor rock forming elements 

that can be very informative of the igneous processes, namely: Mg, Mn, Ti, Na, and P.  In order to 

build a more complete picture of the regional geochemistry in the Elysium Volcanic Province, a 

method established by Baratoux et al. [2014] is used to calculate an estimated value for these 

elements for each GRS pixel. The method for MgO abundance calculation in this study uses the 

ratio between various oxides ratios reported in basaltic shergottite martian meteorites to calculate 

values for the following oxides: TiO2, Na2O, P2O5, and MnO (Table 2). Their calculated values are 

then added to the oxide values derived from the γ-spectral data from the GRS (Al2O3, CaO, FeO, 

SiO2, and K2O) and normalized each oxide to be [H2O] and [Cl]-free. In this method, Baratoux et 

al. [2014] neglects SO4 since S does not substantially contribute to the density of rock in the 

martian crust and all martian meteorites which have been analyzed have been S-free. S on the 

martian surface is assumed to be nearly completely derived from volcanic aerosols and not the 

basaltic lava flows. This work follows the same method to maintain consistency with the work by 

Baratoux et al. [2014]. The total sum of the wt % oxides (Al2O3, CaO, FeO, SiO2, K2O, Na2O, 

TiO2, P2O5, and MnO) was subtracted from 100, and the remaining value was assumed to represent 

the MgO content, as Mg is the only remaining major rock forming element. This process produces 

physically possible and realistic values for MgO in the martian crust. It is worth noting that 

uncertainties are very large for this calculation. To partially address these concerns, this work 

ignores any GRS pixels for which these calculations return Mg# <40 or >70, as it is not consistent 

with an igneous crust from an initial mantle composition of roughly Mg# 75 [Dreibus and Wanke, 
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1985; Baratoux et al., 2014]. The Mg# was calculated by using the mole fraction of the oxides 

MgO and FeO with the formula [Mg#=100*(MgO/(MgO+FeO))].  

Table 2. Table of ratios of incompatible elements in Basaltic Shergottite meteorites, taken from 
Baratoux et al. [2014]. 

 

 

In addition to observations made by orbiting spacecraft, this work makes comparisons 

between the regional chemistry in Elysium and in-situ samples analyzed from rover landing sites 

on Mars and the martian meteorites. The compositional data for several martian meteorites as well 

as in-situ samples from Gusev Crater, analyzed using the Alpha Particle X-ray Spectrometer 

(APXS) onboard the MER Spirit Rover, are used for comparison with the γ data. The martian 

meteorites, which have been used in the past to model the compositions for bulk silicate Mars 

[Dreibus and Wanke, 1985; Taylor, 2013], provide the most detailed information about the martian 

mantle’s evolution and magmatic differentiation of any data set available to us. In order to better 

understand igneous alteration trends, which may be applicable to the Elysium Volcanic Province, 

this work uses previously categorized in-situ rock samples from Gusev, which have been divided 

into unaltered and altered igneous samples [Hurowitz et al., 2006; McSween et al., 2008; Ming et 

al., 2008; Karunatillake et al., 2010].  

The oxide data used in the construction of the geochemical ternary plot for the martian 

meteorites were obtained by previous studies in laboratory settings. They were accessed online 

from the publicly available Martian Meteorite Compendium 

(http://curator.jsc.nasa.gov/antmet/mmc/). Similarly, the in-situ samples analyzed with the Alpha 

Particle X-ray Spectrometer (APXS) by the MER rovers (Spirit) at Gusev Crater were obtained 

Ratio Na2O/TiO2 TiO2/P2O5 MnO/FeO P2O5/K2O 
SNC 1.374 1.151 0.025 4.297 
Error 0.337 0.265 0.001 0.939 
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online, publically available at MERAnalyst, (https://an.rsl.wustl.edu/), part of NASA’s Planetary 

Data Systems interface. 

1.3 Results 

Using the most recent mapped geologic units of Mars [Tanaka et al., 2014a, 2014b], this work 

quantifies the areal fraction of each geologic unit comprising both NW and SE Elysium (Figure 

1). The SE Elysium region (1.37x106 km2 in areal extent) is dominated by Amazonian volcanic 

units, which comprise nearly 90% (1.23x106 km2) of its areal fraction. The most abundant unit 

type is the Amazonian-Hesperian volcanic unit (AHv), making up more than 60% (8.22x105 km2) 

of the surface (Figure 1). The AHv contains low viscosity flood lavas and stacked, gently sloping, 

lobate flows of highly variable ages, which are sourced from vent systems and local fissures rather 

than large volcanic edifices [Tanaka et al., 2014a].  Late Amazonian volcanic units and volcanic 

fields, lAv and lAvf, respectively, make up nearly 30% (4.11x105 km2). They contain planar 

deposits consisting of troughs, ridges, and platy textures which are identified in HiRISE image 

Figure 2f. These units are young, and they include pristine flows and occasional sinuous lava 

channels (Figure 2d). The rest of the region is made up of Hesperian transition units (Htu) and the 

Hesperian Volcanic Edifice (HVe) of the super-shield Albor Tholus [Tanaka et al., 2014a] (Figure 

1).  

Several Hesperian geologic units are mapped in the NW region of Elysium (5.06x105 km2 in 

areal extent) [Tanaka et al., 2014a, 2014b]. While the majority of the region is characterized as 

AHv (~54% of the surface, or 2.72x105 km2), a significant portion (~22% or 1.11x105 km2) of the 

surface is covered by the Late Hesperian volcanic field unit (lHvf). The lHvf unit is hundreds of 

meters thick and is made up of far flowing, low viscosity lavas which are locally modified by 

troughs and fissures [Tanaka et al., 2014a], such as those shown in Figure 2c. The remaining ~24% 
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of the NW region (1.21x105 km2) is covered by the HVe unit (~24%), which makes up the edifice 

of the super-shield volcano Elysium Mons [Tanaka et al., 2014a]. These Hesperian units, which 

did not experience the same Amazonian volcanic resurfacing events as SE Elysium, contribute 

substantially to the observed geochemistry in the NW region. 

Figure 2. HiRISE imagery from both SE and NW Elysium regions. (A) ESP_022915_2070 
(26.9˚N, 142.8˚E) flows down a crater slope in NW Elysium. (B) ESP_013157_2015 (21.5˚N, 
149.7˚E) lava flows on the south flank of Elysium Mons within NW Elysium. (C) 
PSP_004046_2080 (27.5 ˚N, 143.2˚E) fissures and pit crater collapse feature of lava tubes in the 
NW region. The collapse of the lava tube has exposed stratified lava flows. (D) ESP_037802_1880 
(8.1˚N, 154.7˚E) lava channels and accompanying lava levees within SE Elysium. (E) 
PSP_005984_1850 (5˚N, 156.4˚E) shows pa’hoe’hoe style flows and a lava-draped channel at its 
terminus within SE Elysium. (F) ESP_014278_2050 (24.7˚N, 143.6˚E) the lava flow boundary 
between separate geologic units HVe and lHvf in the NW region. (G) ESP_028466_1955 (15.2˚N, 
162.5˚E) image from the SE with an infilled crater in the top half of the image and rootless cones 
(circled) in the bottom half. (H) ESP_012524_1855 (5.6˚N, 153.1˚E) rootless cone structures and 
Pa’hoe’hoe analog style flows within SE Elysium. (I) ESP_034967_1885 (8.5˚N, 149.2˚E) a large 
crater infilled by the lava flows from SE Elysium. North is up in all pictures. The yellow arrows 
represent inferred direction of flows.  
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While past analysis considered the ages of Elysium Planitia broadly [Hartmann and 

Berman, 2000], or on a more localized basis [Vaucher et al., 2009; Jaeger et al., 2010], this work 

sought to estimate the average age of all the lava flows within surface areas of similar regional 

geochemistry within Elysium [Karunatillake et al., 2009; Baratoux et al., 2011]. The total number 

of craters (N) greater than 1 km in diameter was found to be N=925 for the SE Elysium region and 

N=482 for the NW. The cumulative crater frequency reveal that the average age of the surface in 

SE Elysium province is 2.59 ± 0.08 Ga, while the surface in NW Elysium is estimated to be 3.44 

Figure 3. CraterStats2 results for planetary surface age dating using crater counting [Rogers and 
Nazarian, 2013; Tanaka et al., 2014b]. 925 craters greater than 1 km in diameter were identified 
for the SE Elysium region, while only 482 craters of the same size were identified in the smaller 
NW region. This figure plots Diameter of Craters vs Cumulative Crater Frequency. Southeast 
Elysium (green) is estimated to be younger at 2.59 ± 0.08 Ga and Northwest Elysium (blue) older 
at 3.44 ± 0.02 Ga.  
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± 0.02 Ga (Figure 3). Both dates are comparable to previous studies of the ages of various lava 

flows within Elysium, which estimated the oldest lava flows to range between 4 and 2 Ga 

[Hartmann and Berman, 2000].  

Ratio bound box plots [Karunatillake et al., 2009] show meaningful differences in 

compositional distributions between the SE and NW regions. In this work, an elemental abundance 

in a region “A” is refered to as a “major” enrichment or depletion, relative to a region “B”, when 

the lower (25th%tile/75th%tile) or upper (75th%tile/25th%tile) bound, respectively, surpasses unity. 

In turn, the enrichment or depletion is considered “minor” when the ratio of medians surpasses 

unity but the lower or upper bounds do not. An abundance is considered similar between the two 

regions if the ratio of the 50th%tile/50th%tile is within one standard error. The error-bound median 

ratio are listed in parenthesis following the element. 

The first ratio bound box plot compares the regional geochemistry of the SE Elysium region 

to the composition of the average martian crust (Figure 4a). In addition to the previously identified 

major depletions of K (0.72±0.05) and Th (0.63±0.05) [Karunatillake et al., 2009], this region 

differs significantly from the typical martian crust in several elements detectable with γ spectra, as 

shown by Figure 4a. The region has a minor depletion in Si (0.97±0.02) and Al (0.91±0.05), while 

Ca (1.26±0.10) and Fe (1.11±0.08) display major enrichments throughout the region. For example, 

the lowest values, represented in the 25th percentile, of Ca and Fe, exceed most of the highest 

values, represented in the 75th percentile, of the martian crust. This amounts to concentrations of 

Fe over 16% of the bulk composition in some parts of the region, which is significant, considering 

that average for the martian crust is only 12.6 ± 0.7%. A major regional enrichment in S 

(1.14±0.04) is also observed.  
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Figure 4. Ratio bound box plots indicate compositional ratios of one target region to another as 
75th/25th percentile, 50th/50th percentile, and 25th/75th percentile for the mass fraction of 
elements and the ratios of Fe/Si, K/Th, and Cl/H2O. Deviation of the median ratio from unity 
suggests tentative compositional distinctness, while the lack of overlap with unity for a given box 
shows significant changes, even for small relative differences. Error  bars were calculated as the 
uncertainty of the median average deviations (MAD) using the equation MAD= median [|Xi-
median (Xi)|], where median (Xi) is the median of all values Xi [Miller and Miller, 2010]. Red lines 
highlight the 1 to 1 ratio, values below the line represent depletion, while values above represent 
enrichments. (a) SE Elysium sub-region vs martian crust. (b) SE Elysium vs martian crust, 
normalized for an observed volatile-free basis, removing Cl, S, and H2O from the bulk 
composition. (c) NW sub-region vs martian crust. (d) NW Elysium sub-region vs the SE Elysium 
sub-region. 
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The γ derived geochemistry is normalized to a volatile and “mobile” element-free basis in 

order to ensure the compositions investigated in Elysium represent the igneous components at the 

surface, rather than those affected by interference from the dust. The normalization factors were 

calculated for each pixel using the standard equation 100/(100-[H2O]-[SO3]-[Cl]) [Taylor et al., 

2010]. A constant oxidation state of +6 is assumed for S when converting to SO3 [Taylor et al., 

2010]. The results (Figure 4b) reveal that the volatile-free compositions show the same relative 

trends between the SE and the martian crust as the volatile-bearing compositions,  indicating the 

compositions are cation-conserving [Hurowitz and McLennan, 2007], and volatiles merely dilute 

the abundances of the major elements, rather than dominate a surficial layer. 

Compared with the average martian crust, the NW Elysium region has minor enrichments 

in Ca (1.13±0.03) and H2O (1.11±0.07), as well as a major depletion in Si (0.96±0.01) and a major 

enrichment of S (1.11±0.02). The NW region also shows a minor depletion in Al (0.80±0.08) and 

major depletions in K (0.79±0.02) and Th (0.81±0.05). These results are shown in ratio bound box 

plot for Figure 4c. 

When compared to one another, the two regions of the Elysium Volcanic Province reveal 

several interesting geochemical trends (Figure 4d). The SE Elysium region displays a minor 

enrichment of Ca (1.11±0.07) and major enrichments in Al (1.34±0.08) and Fe (1.09±0.08). Both 

regions have nearly identical abundances of Si (1.02±0.03). Despite both regions having major 

depletion in the high spectral precision elements, K and Th, relative to the martian crust, the 

depletion is even more significant in the SE region, which shows a depletion relative to the NW.  

This work uses a molar ternary plot [Nesbitt, H. W. and Wilson, 1992; Hurowitz and 

McLennan, 2007; McSween et al., 2008; Ming et al., 2008] to further our geochemical analysis of 

the Elysium provinces and test whether aqueous alteration could explain the observed geochemical 
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anomalies. This work uses a ternary diagram which has been used to describe the aqueous 

weathering trends of olivine-bearing basalts, given their pervasiveness in the martian crust, under 

both moderate pH regimes of typical terrestrial settings [Nesbitt, H. W. and Wilson, 1992] and low 

pH conditions, with low water to rock ratios, where most chemical weathering processes on Mars 

occur [Hurowitz and McLennan, 2007]. The apices of this ternary are (Al2O3) – (CaO + Na2O + 

K2O) – (MgO + FeO) [A-CNK-MF] (Figure 5). For the moderate pH conditions on Earth, altered 

rocks progress from below the feldspar-olivine tie-line, which connects the pure end-member 

compositions of general feldspar [(K,Na,Ca)(Al,Si)2Si2O8] and olivine [(Mg,Fe)2SiO4], toward the 

Al2O3-FeO+MgO edge [Nesbitt, H. W. and Wilson, 1992; Sigurdur R. Gislason, 1993]. If done to 

completion, this alteration would produce clay minerals such as kaolinite [Al2Si2O5(OH)4]. This 

terrestrial trend is shown by the black “weathering” arrow in Figure 5. The second trend-line 

corresponds to the results from the alteration of synthetic martian rocks under low pH laboratory 

conditions, with the altered rock progressing toward to A-CNK edge of the ternary and the 

alteration fluid progressing toward to MF apex [Hurowitz and McLennan, 2007].  Even though the 

ternary plots have both Na2O and MgO components, these oxides lack the associated γ-derived 

chemical data. Consequently, this work uses the method by Baratoux et al. [2014] to estimate 

Na2O and MgO mole fractions (Methods).  

Figure 5 shows the majority of the Elysium chemical provinces’ pixels plotting directly on 

the low pH system aqueous alteration trend line. Pixels from both the NW region (blue) and the 

SE region (red) overlap and plot near the alteration under low pH trend line (dashed line), close to 

the unaltered rock composition (white disk), away from the altered composition of basalts (orange 

disk). The martian meteorites, generally plot below the trend line for low pH aqueous alteration, 

closer to the CKN-MF edge of the ternary. The APXS-analyzed in-situ rocks from Gusev Crater 
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generally plot between the low pH aqueous alteration trend line and the Feldspar-Olivine Tie-Line. 

The unaltered igneous samples plot closer to the martian meteorites, while the altered rocks plot 

above them, closer to the feldspar-olivine tie-line. The NW and SE Elysium pixels plot on the 

trend line between the martian meteorites and the unaltered Gusev igneous rock. 

Figure 5. Ternary plot of (Al2O3) – (CaO + Na2O + K2O) – (MgO + FeO) as a proxy for the index 
of alteration for martian rocks. Open system aqueous alteration trend is shown with the black line, 
with altered rock (left circle), unaltered rock (middle), and alteration fluid (right). This line 
corresponds to the results from the alteration of synthetic martian rocks under low pH laboratory 
conditions by Hurowitz and McLennan [2007]. Plots the pixels from both SE (red) and NW (blue) 
Elysium vs the martian meteorites (green), unaltered Gusev igneous rock (yellow), altered Gusev 
igneous rock (purple) and the rest of the GRS data (gray). The data sets form a trend in the direction 
of more exposure to alteration effects, with the martian meteorites representing compositions of 
little-to-no alteration, and the altered Gusev samples representing the most heavily altered igneous 
compositions.  

1.4 Discussion and Conclusion 

This work identifies a compositional shift temporally and spatially across the Elysium 

Volcanic Province from the older NW region (3.44 ± .02 Ga) to the more recent SE region (2.59 ± 
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0.08 Ga). Through the convergence of multiple data sets, this work quantifies the compositional 

changes in lavas of variable ages across the province. The results indicate that the unique 

geochemistry of the Elysium Volcanic Province represents igneous processes as opposed to 

secondary aqueous alteration of the surface or interference from dust.  

The resulting 0.85 ± 0.08 Ga difference between the SE and NW Elysium regions estimated 

by crater counting provides the province with a record of varied magmatic compositions over its 

geologic history. This in turn, helps to constrain the evolution of Mars as a geologically active 

planet. The Hesperian/Amazonian temporal boundary is estimated to be between 3.3 to 2.9 Ga, but 

could also vary as much as from 3.4 to 2.0 Ga due to poorly constrained martian cratering and 

erosional rates during the time [Hartmann and Neukum, 2001].  With this chronology in mind, the 

SE Elysium region is decidedly Amazonian, while the older NW Elysium province falls at end of 

the late Hesperian era, just prior to the Hesperian/Amazonian Boundary. Consequently, prior 

analyses by Baratoux et al. [2011], which focused exclusively on the NW region, may not represent 

the mantle conditions beneath the Elysium Volcanic Province during the Amazonian period as 

directly as the SE province. 

The NW region is depleted in Al, Ca, and Fe compared to the SE region, while K and Th, 

show significant depletions in the younger flows. In order to compensate for the observed 

depletions in Al, Ca, and Fe, an unreported major (>10%) rock-forming element must be enriched 

in the NW to sum the total oxide mass fractions detected by the GRS up to unity for mass balance 

purposes. The only major rock-forming element not reported by the GRS is Mg, making it a 

reasonable candidate for the majority of the missing mass fraction. These differences in major 

element abundances between the two regions have major implications for time dependent changes 

to the composition of the martian mantle from the late Hesperian to the Amazonian periods. 
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Elemental ratios can be used to assess the likelihood of secondary geologic processes. 

Elysium, like much of the northern mid-latitudes, has a surficial layer of fine material dominated 

by tens of µm micrometer grain size, or “dust” [Putzig et al., 2005; Jones et al., 2014]. This dust 

is characteristically bright, having high albedo and low thermal inertia, and has been found to 

partially dominate the geochemical signature of large regions of the planet [Newsom et al., 2007]. 

Bright dust at the MER rover sites, Gusev and Meridiani, was analyzed using the APXS instrument 

and found to contain elevated abundances of the more mobile and volatile elements, S and Cl, 

relative to darker, less mobile soil and rock [Yen et al., 2005]. Evidence of abundant hydrated 

minerals within the soils was also found using the MER rovers’ MiniTES instrument [McSween et 

al., 2010].  An abundance of dust could cause the elevated levels of S in the SE and both S and 

H2O in the NW [McSween et al., 2010; Karunatillake et al., 2014]. If the primary source of volatile 

elements at Elysium is attributed to a layer of globally-sampled dust deposited by atmospheric 

processes, then the chemical province should yield a Cl/H2O ratio similar to the global average. 

Rather, there is a lower Cl/H2O ratio in both the SE and NW regions relative to the martian crust 

(Figure 4a and 4c). More likely, the distinct  Cl/H2O ratio and enrichment in S reflect the volatile 

content of the magma which formed the Elysium Volcanic Province, as these volatiles are readily 

sourced from volcanic degassing[Gaillard et al., 2012].  

Past work has described dust within the most heavily mantled regions of Mars to be 

enriched in K and Th rather than depleted [Newsom et al., 2007]. These heavily mantled regions, 

which include Arabia, Tharsis, and Amazonis, are chemically distinct from one another, indicating 

that the γ signature is reflective of locally, rather than globally, derived material[Boynton et al., 

2007; Newsom et al., 2007]. If this is the case in Elysium, even if the GRS is sampling the signature 

from the dust, it still reflects the igneous compositions of the region. If the γ signature had been 
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influenced by the sampling of a thick layer of volatile-enriched dust on top of the bulk basaltic 

crust, the renormalizing to a volatile-free basis would have caused an apparent enrichment in the 

remaining elements. The volatile-free ratio bound box plot (Figure 4b) comparing SE Elysium to 

the martian crust does not reveal any deviation from the relative abundance trends compared to the 

bulk compositions. This supports the idea that the GRS is primarily sampling the bulk basaltic 

rock composition.  

Effusive lava flows, which result from hot magma outpouring onto the surface, can be 

greatly influenced by H2O in its source; even just a few ppm of water in the lava could greatly 

reduce its viscosity[Grott et al., 2012], and NW Elysium shows a minor enrichment of H2O in the 

γ data relative to the martian crust. As mentioned previously in this work, morphologies 

characteristic of effusive flows such as ropey, lobate textures, sinuous channels, and lava tubes 

dominate the landscape across both regions of Elysium. The rootless cone structures within SE 

Elysium could indicate a wet environment with higher than average water-to-rock ratios on the 

surface during the time of emplacement of these lavas, but they do not appear to be widespread 

enough to dominate regional geochemistry. In addition to morphology, calculations done by prior 

work for the temperature of NW Elysium magmas also favor a relatively hot source, with mantle 

potential temperatures of 1405˚ C, the highest of any Amazonian volcanic province analyzed by 

that work[Baratoux et al., 2011]. This high temperature would suggest a deep mantle origin, and 

would agree with the undepleted magma compositions, with high abundances of volatiles, such as 

H2O, that are observed in the γ data.  

The temporal variation between the two regions is consistent with magmatic variability and 

provides a degree of insight into the igneous evolution of the Elysium Volcanic Province. The 

observed geochemical trends suggest a difference in source signature between the older NW region 
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and younger SE region (Figure 4). Two possible interpretations arise to explain these temporal 

variations in geochemistry. The first is that of a heterogeneous mantle, with pockets of distinct 

compositions contributing to the geochemical signatures observes on the surface at different 

periods in martian history. Multiple models exist to describe how the martian mantle might be 

compositionally heterogeneous both laterally and vertically. The possibility of a whole-mantle 

magma ocean on early Mars has been speculated. The model predicts solidification of multiple 

zones of cumulates in the mantle at different depths, which eventually differentiate into distinct 

lateral components, when the deeper cumulates rises and settle at neutral buoyant forces nearer to 

the shallow zone[Elkins-Tanton et al., 2005]. This mantle overturn leads to lateral heterogeneity, 

with multiple zones of cumulates of different densities, within mantle sources. Differences in 

mineral content is expected to be observed in the eruptions from these sources, with regions 

dominated by specific minerals, with lower density cumulates being enriched in MgO and higher 

density cumulates being enriched in FeO [Elkins-Tanton et al., 2005]. It is worth noting that Fe, 

which other than Si, is the most abundant element detectable by the GRS and shows significant 

variability between the two regions. Fe may prove to be a more useful indicator of mantle overturn 

at regional scales across Mars.  

Recent work by Balta & McSween [2013b] has described a separate model for martian 

mantle evolution which could lead to source heterogeneity. This model proposes that older 

Hesperian volcanoes were sourced from a portion of the upper depleted mantle, while the younger 

Amazonian volcanoes were occasionally sourced from upwelling from a deeper undepleted portion 

of the mantle. This upwelling provides the surface with water-rich, shergottite-like compositions 

[Balta and McSween, 2013b]. These lavas of distinct age and composition within Elysium could 

potentially represent a regional expression of this global mantle evolution. This is unlikely, 
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however, because the compositions observed in the two regions of Elysium (i.e. relative 

enrichment in Fe and H2O for the younger SE region) do not match expectations of the model by 

Balta & McSween [2013b], which predicts higher concentrations of Th and H2O and depletions in 

Fe for the younger eruptions.  

The second interpretation of possible igneous processes exists as a change in depth of the 

melt formation in the mantle beneath the Elysium Volcanic Province. This is made possible by a 

model which predicts continual mantle plumes rising to the surface throughout Elysium’s lengthy 

eruptive history during the late Hesperian and Amazonian Eras [Dohm et al., 2008]. The loading 

of the lithosphere by the formation of the super-shields could cause the lithosphere to flex and 

increase the pressure on the mantle source over time. This increase in pressure would correspond 

to an increasing depth of melt formation. The younger volcanism in the SE, where lithospheric 

thickness is considerably lower [Baratoux et al., 2014], would take place with lower pressures and 

at shallower depths. With distinct depth to melt formations between the Hesperian and Amazonian, 

magmas erupted with notably different abundances of elements. This is supported by the 

compositional distinctness between the NW region and SE region of several major and minor 

elements (Figure 4d), most notably Th and Fe. The higher concentration of Th in NW Elysium 

suggests a lower degree of partial melting in the mantle source [Baratoux et al., 2011], while the 

elevated Fe abundance in the SE is likely indicative of a change to a shallower source depth 

[Auzende et al., 2008] in SE Elysium. 

Based on our results, the geochemistry seems most consistent with a model for the change 

in the depth of melt formation in the mantle beneath the Elysium Volcanic Province. This 

conclusion has major implications for the history of martian mantle evolution, such as how 

volcanic provinces were built up over time, and motivates future investigations into this province. 
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Petrologic modeling techniques using pMELTS program to model the partial melting of the bulk 

silicate compositions of Mars proposed by Taylor [2013] might help us to constrain how the 

compositions of volcanic provinces changes with variable pressures and degrees of partial melting. 
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Chapter 2: Petrologic Modeling of Magmatic Evolution in The Elysium Volcanic Province 

2.1 Introduction 

The Elysium Volcanic Province is a massive expanse of land made up of many hundreds of 

lava flows of various ages [Hartmann and Berman, 2000; Dohm et al., 2008; Vaucher et al., 2009; 

Jaeger et al., 2010; Tanaka et al., 2014a]. The variable surface ages within this volcanic province 

have distinct elemental compositions based on the derived values from the Gamma-neutron ray 

spectrometer (GRS) instrument on board the Mars Odyssey Orbiter [Susko et al., 2017]. Without 

seismic data or exposed ophiolite sequences on Mars, the compositions of lavas on the surface 

provide some of the only information we have to study the properties of the interior of the planet. 

The young age of the surface and isolated nature of the Elysium Volcanic Province in the northern 

lowlands of Mars make it ideal for analyzing the mantle beneath Elysium during the most recent 

geologic era on Mars.  

The MELTS algorithm is one of the most commonly used programs for simulating 

compositions and mineral phases of basaltic melt crystallization [Balta and McSween, 2013a]. The 

algorithm calculates solid-liquid relations of a crystallizing melt based on thermodynamic 

properties of each phase and a selected range of temperature and pressure conditions The program 

calculates solid–solid and solid–liquid equilibria in silicate systems at high temperature and 

pressure using Gibbs free energy minimization [El Maarry et al., 2009]. It has been used 

extensively for both terrestrial applications [Ding and Dasgupta, 2017] as well as for planetary 

science models which have been applied to both lunar [Sakaia et al., 2014] and martian settings 

[El Maarry et al., 2009; Baratoux et al., 2011; Balta and McSween, 2013a]. Specifically, the 

pMELTS calibration of the algorithm allows for higher pressure (10-30 kbars) regimes than the 

MELTS algorithm provides, and is more appropriate for modeling melt compositions and 
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equilibrium condition for a source within the martian mantle. The pMELTS version of the program 

can be used to model how partial melting of the bulk silica compositions for Mars could produce 

compositions similar to those derived from the GRS data [El Maarry et al., 2009]. Simulations 

using chemistry from multiple surfaces of variable age within the volcanic province can be used 

to determine various spatio-temporal dependent conditions which might provide insight into how 

mantle properties from beneath Elysium have altered over the course of the Amazonian period.  

Modeling techniques using pMELTS have been used to estimate the thickness of the 

lithosphere in the Tharsis Region and the mantle conditions during the time of resurfacing events 

in the region [El Maarry et al., 2009]. Work by El Maarry [2009] used pMELTS to estimate a 

pressure of 15-20 kbars and a degree of partial melting of 3-20% for the magma source. On Mars, 

this corresponds to a depth of melt formation of 125-170 km. The authors found this estimation to 

be consistent with several other models for the lithospheric thickness and depth of source for the 

Tharsis region, which predicted a range of 150 km under Olympus Mons [Thurber and Toksoz, 

1978]. In their work, El Maarry et al. [2009] identified that the pMELTS algorithm is not optimized 

for Fe-rich parent magmas, such as those within Mars’s mantle. The authors note that work carried 

out by Hirschmann et al. [1998] compared experimental results and identified that the algorithm 

overestimates the stability of the mineral Orthopyroxene in its calculations. El Maarry et al. [2009] 

compared their results to values found experimentally [Bertka and Holloway, 1994] at 15 kbars 

(Table 3) and determined that while the trends in oxide compositions of the liquid phase are the 

same, they differ systematically by a few wt% relative to the experimental values for the oxides 

SiO2, FeO, and Al2O3. An offset value can be calculated and then be applied to the resulting liquid 

compositions from pMELTS to correct for an Fe-rich mantle source. Since, the general changes in 
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trend of the liquid compositions is consistent for each oxide over a pressure range close to 15 kbars 

(10-30 kbars), this offset can be considered robust for this modeling.  

Table 3. The oxide content results of 5 partial melting experiments carried out by Bertka & 
Holloway [1994]. Experiments used Fe-rich parental magmas compositions, JFR and DW, at 
15kbars.  

 
JFR-4 
(10%) 

DWF-27 
(30%) error 

DWF-73 
(32%) error 

DWF-37 
(55%) error 

DWF-38 
(71%) error Average 

wt% 10 30  32  55  71   
SiO2 44.9 45.9 0.5 45.9 0.9 47.3 0.5 47.7 1.1 46.37 
TiO2 1.49 0.47 0.02 0.45 0.03 0.29 0.02 0.21 0.03 0.40 
Al2O3 13 7.49 0.06 7.38 0.26 5.43 0.24 4.18 0.28 6.77 
FeO 17.3 19.5 0.5 20.8 0.8 19.8 0.2 17.8 0.3 20.03 
MnO 0.38 0.56 0.06 0.58 0.04 0.5 0.03 0.48 0.04 0.55 
MgO 8.89 16.2 0.6 15.8 1 20.1 0.8 24.3 1.4 17.37 
CaO 9.57 7 0.21 6.54 0.44 4.4 0.23 3.42 0.2 5.98 
Na2O 3.82 1.67 0.05 1.37 0.14 1.08 0.05 0.76 0.16 1.37 
P2O5 0.54 0.51 0.11 0.56 0.13 0.22 0.11 0.22 0.03 0.43 
Cr2O3 0.14 0.63 0.14 0.61 0.1 0.91 0.06 0.88 0.05 0.72 
Total 100.03 99.93  99.99  100.03  99.95  99.98 

 

In this chapter, petrologic methods are used to investigate the surface compositions of the 

lava flows within the Elysium Volcanic Province and to model the martian mantle beneath the 

province. These models are used to infer the mantle conditions and provide insight into the 

evolution of lithosphere beneath this region over time. Specifically, this work uses the program 

pMELTS to model how partial melting of the martian mantle could evolve magmas into the surface 

compositions derived from the GRS instrument. By performing these simulations with varying 

initial conditions and comparing the results to geochemistry of the surface of several sub-regions 

of variable age within the volcanic province, this work models how the mantle beneath Elysium 

has changed over time and makes predictions for how martian volcanic provinces evolve globally. 

This work establishes that these changes are likely due to lithospheric loading by long term, 
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episodic volcanism within the Elysium Volcanic Province over a 3.5 Ga history [Dohm et al., 

2008].  

2.2 Methods 

In this work, the Elysium Volcanic Province is delineated further than in Chapter One. 

Three sub-regions, based on unique geochemistry and mapped geology, are used to reveal a 

variable surface age across the province (Figure 6) [Susko et al., 2017]. The first sub-region is the 

southeast (SE) Elysium sub-region and is the youngest of the three. It has been delineated on the 

basis of a characteristic depletion in the large-ion-lithophile (LIL), radioactive elements K and Th 

[Karunatillake et al., 2009], which are the two elements with the strongest coupling effect in 

igneous settings [Taylor et al., 2006; Gasnault et al., 2010]. This region is also dominated by the 

Late Amazonian Volcanic Unit in mapped geology. The Central Elysium sub-region has the same 

characteristic depletions in K and Th, but the mapped geology is dominated by Amazonian-

Hesperian Volcanic units [Karunatillake et al., 2009]. The last sub-region is the northwest (NW) 

Elysium. This is the oldest sub-region, with an age of approximately 3.44 Ga [Susko et al., 2017] 

with a surface dominated by various Hesperian-aged geologic units [Tanaka et al., 2014a]. 

This work seeks to advance the analytical method in the work by El Maarry et al. [2009] in 

several ways when applying the method to the Elysium Volcanic Province. First, where El Maarry 

et al. [2009] ran pMELTS calculations for only a 3 different, anhydrous pressure conditions (30 

kbars, 20 kbars, and 15 kbars), this work runs trials at a range of pressure conditions with a much 

smaller pressure interval to get the most precise estimates of mantle condition possible. This work 

also considers magma source region conditions with three different possible H2O compositions 
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Figure 6. Updated Geologic map of Elysium Volcanic Province from the first chapter. This new 
map delineates the two sub-regions into three based on mapped geologic units. The Central 
Elysium unit is dominated by the AHv unit (Amazonian-Hesperian volcanics), while the SE is 
dominated by the lAvf (Late Amazonian volcanic fields). Geologic map by Tanaka [2014a]. 
North is up in the map. 

estimated by previous work [Dreibus and Wanke, 1987; Leshin, 2000; McCubbin et al., 2012; 

Taylor, 2013]. By doing this, this work attempts to constrain how sensitive the results from 

pMELTS are under variable H2O concentrations. Second, where El Maarry et al. [2009] used the 

Dreibus and Wanke [1985] (DW85) composition for bulk silicate Mars to approximate the 

composition of the mantle, this work uses a recently updated bulk silicate Mars composition based 

on a wider suite of martian meteorites [Taylor, 2013]. Last, where El Maarry et al. [2009] looked 

at the liquid compositions of only 4 oxides (SiO2, FeO, Al2O3, and CaO), this work uses the 

results from seven oxides (adding K2O, TiO2, and MgO to the list), calculating experimental offsets 
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for all of them, and comparing the results in order to find the source conditions for the lava 

compositions at the surface in Elysium based on as many oxides as possible. 

When entering the model parameters into pMELTS, one of the most important values to 

consider is the H2O content of the parent magma. Even a few 10s of ppm H2O in the melt can 

greatly depress the solidus and lower the viscosity of the melt [Grott et al., 2012], and can have an 

effect on the resulting liquid compositions. The water content of the martian mantle during the 

times of the Elysium Volcanic Province eruptions and subsequent emplacement of lava flows is 

still highly debated. Dreibus and Wanke [Dreibus and Wanke, 1987] provide an estimate of 39 

ppm of H2O. This seems to be an underestimation, based on the evidence of how water has 

influenced the evolution of the martian crust as well as more recent measurements of water found 

in hydrated veins of martian meteorites. Leshin et al. [2000] and McCubbin et al. [2012] measured 

the H2O composition of apatites found in both a depleted shergottite martian meteorite and an 

apatite from an enriched martian meteorite shergottite (Shergotty). These values were used to 

calculate a range of 730-2870 ppm H2O for the parental magmas which crystallized these 

meteorites. On the other hand, Taylor [2013] estimated a range of 150-220 ppm H2O. In this work, 

the pMELTS program runs for a variety of hydration states to assess the most likely content of the 

parental magma which produced the compositions observed in the lava flows by the GRS. This 

work runs simulations using H2O compositions of 39 ppm [Dreibus and Wanke, 1987], 185 ppm 

[Taylor, 2013], and 1800 ppm [McCubbin et al., 2012]. The latter two concentrations represent 

the median value of the range provided by Taylor [2013] and McCubbin [2012] respectively.   

For insight into the igneous rock composition of Elysium’s crust, each of the new sub-

regions is characterized geochemically and comparisons are made between the three Elysium sub-

regions. This analysis includes both bivariate oxide comparisons and a Total Alkali Silica (TAS) 
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diagram. These are created from GRS data on an anhydrous basis, removing influences from 

mobile elements: Cl and H2O. This work uses the method by Baratoux et al. [2014] to estimate 

the unreported oxide wt % (MgO, MnO, TiO2, Na2O, and P2O5) to better characterize the 

geochemistry of the Elysium Volcanic Province. This work follows the precedent by Baratoux et 

al. [2014] and neglect the S content of the GRS data (Chapter One). S on Mars is likely constrained 

to surficial sulfates derived solely from volcanic outgassing and is an insignificant component of 

the basaltic lavas, furthermore supported by the absence of S found within the martian meteorites. 

The results of this characterization are listed in Table 4 along with the oxides calculated from 

Baratoux’s method in bold to indicate them as estimations based on ratios from martian meteorites.  

Table 4. Summary of geochemical data from the GRS data for the Elysium Volcanic Province. 
Elemental data has been stoichiometrically converted to their wt% oxide. Values have been 
normalized to be H2O- and Cl- free. Bolded values are oxides calculated using the ratios and 
equations defined by Baratoux et al. [2014]. Error bars are calculated as the standard error of the 
arithmetic mean of all pixels within a sub-region. 

For insight into Elysium’s igneous crust, we construct a TAS diagram, which plots the total 

alkali oxide (Na2O and K2O) composition on the Y-axis with the total silica compound (SiO2) on 

the X-axis. We use the elemental mass fraction from the GRS to generate stoichiometrically 

 Central Error SE Error NW Error 
Al2O3 8.08 0.16 8.85 0.52 7.25 0.50 
CaO 8.45 0.68 9.79 0.16 8.10 0.44 
FeO 18.2 0.83 21.4 0.62 17.2 0.43 
K2O 0.31 0.02 0.34 0.01 0.35 0.01 
SiO2 42.4 0.96 45.0 0.39 42.9 0.68 
Th 
(ppm) 0.39 0.03 0.43 0.05 0.51 0.02 
P2O5 1.32 0.07 1.46 0.06 1.50 0.05 
TiO2 1.52 0.08 1.68 0.07 1.72 0.06 
Na2O 2.09 0.11 2.31 0.10 2.37 0.08 
MnO 0.45 0.02 0.53 0.02 0.43 0.01 
MgO 17.2 2.19 8.64 1.75 18.2 1.76 

       
Sum 100.00  100.00  100.00  
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equivalent K2O, Na2O, and SiO2 mass fractions.  The location of the data on the plot indicates the 

general type of extrusive igneous rock, based on the composition of these three oxides.  Underlying 

systematic errors leading to uncertainties in GRS spectral data for Si and K values could shift the 

distributions both vertically and laterally in the bivariate space, undermining the accuracy of 

plotted GRS data on the TAS diagram. 

Compositional data of 42 unique Martian meteorites collected from NASA’s Martian 

Meteorite Compendium (http://curator.jsc.nasa.gov/antmet/mmc/) (Table 1) were plotted on the 

TAS diagram after normalizing the wt% elemental values for Si the alkali elements to an 

anhydrous and Cl-free basis and by calculating their oxide phase stoichiometrically (SiO2, K2O, 

and Na2O). Since the T13 bulk silicate composition was estimated on the basis of martian meteorite 

compositions, this work includes the martian meteorites for comparison with both T13 and for 

general comparison with the SiO2 and Alkali geochemistry of the three Elysium sub-regions 

derived from the GRS spectra. In addition, the TAS diagram can help to quantitatively identify 

any overlap between the meteorite chemical signature and the Elysium γ spectra in each sub-

region. 

Modeling for this work was done using a parental melt composition calculated by Taylor 

[2013] which simulates the bulk silicate Mars composition (T13). The volume of the martian crust 

is insignificant relative to the volume of the martian mantle, and the crystallization of the crust 

from an early magma ocean [Elkins-Tanton et al., 2005] is unlikely to greatly affect the bulk 

silicate composition. For this reason, this T13 composition for bulk silicate Mars can be considered 

an appropriate proxy for the composition of the martian mantle. This composition (Table 5) was 

calculated based on the compositions of martian meteorites, with the assumption that refractory 

element compositions were similar to the values of chondritic meteorites. This was a similar 
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method to the work by Dreibus and Wanke [1985], which calculated a parental melt composition 

used in several attempts to model the partial melting of the martian mantle using pMELTS [El 

Maarry et al., 2009; Baratoux et al., 2011, 2013; Balta and McSween, 2013a]. The major 

difference was that Taylor [2013] incorporated the chemical compositions from more than twice 

the number of martian meteorites used by Dreibus and Wanke [1985]. Both the DW85 composition 

and the T13 compositions indicate that Mars mantle is significantly more Fe-rich than Earth’s 

mantle and that it contains a higher proportion of orthopyroxene relative to the amount of olivine. 

 Since melt formation has to occur beneath the elastic portion of the lithosphere of Mars, 

this work uses a range of initial pressure conditions which correspond to possible thicknesses of 

the martian lithosphere [McGovern et al., 2002; Belleguic et al., 2005; Baratoux et al., 2011]. For 

the pMELTS simulations, this work selected a pressure range of 10-30 kbars with steps of 2 kbars, 

for a total of 11 unique pressure conditions. This work also runs the program a 12th time at 15 

kbars in order to calculate an oxide offset, using the same method as El Maarry et al. [2009]. This 

work selected a very wide range of temperatures from 2000˚C down to 1000˚C in increments of 

10˚C in order to be sure to encapsulate compositions that would extend from above the liquidus to 

below the solidus for any given pressure conditions. The small temperature increments provide 

results with enough resolution to select liquid compositions as a function of partial melting at melt 

fractions of 3%, 5%, 10%, 20%, 30%, 40%, and 50%. These intervals allow me to plot oxide 

compositions in terms of partial melting for each pressure and H2O content. Each of these 

temperature-pressure regimes were repeated three times with a different H2O value estimated by 

previous work for the martian mantle (39 ppm, 185 ppm, 1800 ppm). Another critical input for the 

pMELTS program is the reaction pathway for the oxygen buffer. Generally, the oxygen buffer is  
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Table 5. The bulk silicate composition of Mars, defined by Taylor [2013]. In this work, it is 
referred to as “T13” and is considered an updated version to the DW85 composition defined in 
Dreibus & Wanke [1985]. Oxide equivalents are calculated for the major rock forming elements 
and included as the first 11 entries in the table. This composition was used as the parental magma 
composition for the pMELTS thermodynamic calculator.  

 
Taylor 
(2013) Error  

Taylor 
(2013) Error 

SiO2 43.7 1 Y (ppm) 2.89 0.52 
TiO2 0.14 0.01 Zr (ppm) 7.49 0.6 
Al2O3 3.04 0.1 Nb (ppb) 501 0.07 
Cr2O3 0.73 0.04 Ru (ppb) 2.6 0.9 
FeO 18.1 1 Pd (ppb) 2.4 0.8 
MnO 0.44 0.06 Ag (ppb) 4.2 2.8 
MgO 30.5 0.05 Cd (ppb) 9.6 6.1 
CaO 2.43 0.01 In (ppb) 6.9 2.2 
Na2O 0.53 0.1 Sn (ppb) 38.5 7 
K2O 0.04 0.002 I (ppb) 36 22 
P2O3 0.15 0.047 Cs (ppb) 95 37 
Li (ppm) 3 1.7 Ba (ppm) 4.37 0.21 
Be (ppm) 47.7 0.4 La (ppb) 439 48 
F (ppm) 21 13 Ce (ppb) 1170 110 
Na (%) 0.4 0.08 Pr (ppb) 176 5.8 
Mg (%) 18.5 0.7 Nd (ppb) 864 60 
Al (%) 1.64 0.04 Sm (ppb) 274 13 
Si (%) 20.5 0.9 Eu (ppb) 103 6 
P (ppm) 675 215 Gd (ppb) 374 31 
Cl (ppm) 32 9 Tb (ppb) 67.3 13.2 
K (ppm) 309 36 Dy (ppb) 450 17 
Ca (%) 1.74 0.04 Ho (ppb) 106 6 
Sc (ppm) 11 0.4 Er (ppb) 306 37 
Ti (ppm) 832 30 Tm (ppb) 44.8 6.2 
Cr (ppm) 4990 420 Yb (ppb) 308 26 
Mn (%) 0.34 0.05 Lu (ppb) 44.8 1.7 
Fe (%) 14.1 0.8 Hf (ppb) 217 14 
Co (ppm) 71 25 Ta (ppb) 27.2 1 
Ni (ppm) 330 109 W (ppb) 74 31 
Cu (ppm) 2 0.7 Re (ppb) 0.88 0.66 
Zn (ppm) 18.9 2.9 Os (ppb) 2 0.8 
Ga (ppm) 6.6 0.8 Ir (ppb) 2 1 
As (ppb) 86 55 Pt (ppb) 3.1 0.8 
Se (ppb) 85 36 Tl (ppb) 1.28 0.71 
Br (ppb) 191 58 Bi (ppb) 0.6 0.41 
Rb (ppm) 1.3 0.14 Th (ppb) 58 12 
Sr (ppm) 14.6 0.7 U (ppb) 16 3 
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the specific assemblage of minerals that constrain the fugacity of oxygen as a function of 

temperature. Different pathways are used for rocks with different assemblages of minerals 

containing elements of various oxidation states. The compositions within The Elysium Volcanic 

Province are basaltic, which is generally consistent with the results of the TAS diagram. This work 

uses the oxygen fugacity pathway 3 log units beneath the quartz-fayalite-magnetite buffer (QFM-

3), and assumes compositions contain this buffer assemblage. QFM-3 was found to be optimal for 

martian basalts [Ghosal et al., 1998], and in the work by El Maarry et al. [2009], this pathway was 

used to successfully estimate the thickness of the lithosphere in the Tharsis region predicted by 

previous work. This method of handling the thermodynamic calculations led to a total of 36 trials 

with unique initial conditions for the pMELTS calculator.  

In order to calculate an appropriate offset value to correct for the pMELTS simulations, the 

results from the 15 kbar trials were compared to the experimental results by Bertka & Holloway 

[1994] and an offset was found and compared to those by El Maarry et al. [2009]. As long as the 

pressures range used in pMELTS is close to the 15 kbars used in the experimental investigations 

by Bertka and Holloway [1994], the correction should be effective[El Maarry et al., 2009]. The 

offsets were calculated by averaging together the difference between the pMELTS results and the 

experimental values for each wt % oxides at 30%, 32%, and 55% partial melting. The offsets for 

both the low H2O content and the high H2O content (1800 ppm) are listed in the results section. 

The calculated offset is then applied to the wt% oxide values from the pMELTS output in order to 

properly analyze the oxide compositions of the surface lavas. Results are compared across a suite 

of oxides.  

In this work, there are similar systematic differences from the experimental values in both 

this data and the values which El Maarry et al. [2009] reported. Separate offsets are calculated for 
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the 39 ppm/185 ppm H2O pMELTS simulations and the 1800 ppm H2O trials and report each of 

the offsets to be used in the correction of the pMELTS oxide results. The constant offsets are 

effective for correcting the systematic differences for the oxides SiO2, FeO, Al2O3, and MgO. The 

difference between the thermodynamically calculated results and the experimental values varies at 

a consistent level for these oxides as a function of degree of partial melting. The oxides for TiO2 

and CaO, however, still show significant disparity after the offset has been applied. From here, 

this work uses Mathematica to interpolate both the experimental results as well as the offset 

between the calculated and experimental results, across the entire interval of 3-50% partial melting. 

This provided a unique offset for TiO2 and CaO at each of the percent partial melting, that when 

applied, align our pMELTS calculations exactly to Bertka and Holloway [1994]’s results at 15 

kbars. This method is inadequate for calculating individual offsets of the other 4 oxides at specific 

percent partial melting. This is because the results by Bertka and Holloway [1994] have a limited 

number of experimental results with only a few values of percent of partial melting values (10%, 

30%, 32%, 55%, and 70% melt). The behavior of the trends between these degrees of partial 

melting is unconstrained by these experiments, and interpolating a linear trend between these 

points of % melt causes the trend of these oxides to become suppressed as they are corrected to a 

linear trend of experimental results. 

 After using pMELTS to find the pressure and degree of partial melting for compositions 

most consistent with surface compositions derived from the GRS instrument, the depth at which 

the melt formed within the martian mantle is calculated using the pressure conditions for each sub-

region, the gravitational constant for Mars (3.711 m/s2), and the average density of martian crust. 

Recent work which mapped the crustal density of Mars found the Elysium Volcanic Province to 

have some the highest densities on Mars, in excess of 3300 km/m3 [Baratoux et al., 2014]. This 
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value had been calculated independently by other work as well [McGovern et al., 2002]. Belleguic 

et al. [2005] calculated a density of 3270±150 kg/m3.  A density of 3300 kg/m3   was used for this 

work. This is consistent with the expectation for martian basalts containing higher concentrations 

of Fe and Mg and less Si than terrestrial basalts, and subsequently, having a higher density. The 

equilibrium temperature of the source, the degree of partial melting, and an adiabatic gradient 

calculated for the martian mantle, were then used to calculate the mantle potential temperatures 

for each sub-region. The mantle potential temperature, or the temperature that the solid mantle 

would have if brought to the surface without an energy exchange with the surrounding rock, 

effectively corrects the equilibrium temperature to a surface pressure of ~0 bars [Mckenzie and 

Bickle, 1988; Baratoux et al., 2011; Filiberto and Dasgupta, 2015]. To calculate the potential 

temperature of Martian mantle, the average equilibrium temperature had to be corrected to surface 

pressure conditions (~0 bars) by subtracting the effects of an adiabatic gradient of 0.18°C/km 

[Filiberto and Dasgupta, 2015] and adding the latent heat of fusion for the melt. The latent heat 

of fusion (Tfus) was calculated using the expression ΔTfus=F*(Hfus/CP), where F is the degree of 

partial melting, Hfus is the heat of fusion of the mantle (6.4× 105 J*K-1*kg-1) [Kiefer, 2003], and 

CP is the heat capacity at a constant pressure (1200 J*K-1*kg-1)[Kiefer, 2003; Filiberto and 

Dasgupta, 2015]. 

Each of the Elysium sub-regions are plotted on a figure of depth of partial melting vs mantle 

potential temperature. Crustal heat flow contours are calculated from depth of melting and mantle 

potential temperatures using a crustal thermal conductivity of 3.0 W*m-1*K-1 [Baratoux et al., 

2011]. In this calculation, the mantle potential temperatures are converted to kelvin, multiplied by 

the thermal conductivity, and then divided by the depth of melt formation. These contours are then 
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plotted on Figure 12 in terms of depth and mantle potential temperature in order to determine the 

crustal heat flux throughout the history of the Elysium Volcanic Province.  

In order to better understand the crust-mantle system of the Elysium Volcanic Province, a 

map of crustal thickness for Mars [Genova et al., 2016] is used to calculate the thickness of the 

crust within each of the sub-regions. This map was generated using gravity and topography data 

from the Mars Global Surveyor (MGS), Mars Odyssey Orbiter, and the Mars Reconnaissance 

Orbiter (MRO) to produce measurements of crustal thickness at an extremely fine spatial 

resolution (<1˚x1˚).  Pixels were filtered by the latitude and longitude bounds for each sub-region. 

The arithmetic mean was then found for all of the pixels within each of the sub-regions. 

2.3 Results 

Figure 7 shows the GRS pixels for each of the three sub-regions of the Elysium Volcanic 

Province plotted for three different bivariate comparisons. The NW Elysium region contains 6 

GRS pixels, the Central region contains 10 pixels, and the SE region includes 5. In each of the 

three plots, the pixels for each sub-region cluster together. In Figure 7A, the values for the oxides 

FeO and MgO were compared to one another because these are the major igneous rock forming 

oxides and can be indicative of magma conditions at the time of eruption. They have been 

normalized to SiO2, the most abundant oxide which also displays the least amount of variance in 

wt %. The SE Elysium sub-region displays FeO concentrations higher than the other two regions, 

but contains lower values of MgO. The Central Elysium Sub-region includes moderate values, 

with higher concentrations of MgO than the SE, but comparable to the values found in the NW 

Sub-region. It also generally has higher FeO concentrations than the NW, but lower than the SE. 

It is important to note, that the MgO shown in this figure is the only oxide not directly derived 

from the GRS data, but rather estimated using the equation by Baratoux et al. [2014]. 
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In Figure 7B, the oxides Al2O3 and CaO are compared for the three sub-regions, and all 

values are normalized to SiO2. These minor rock-forming elements are useful for comparing to 

one another because they can give insight into possible mineralogy, such as the types of pyroxenes 

which have crystallized in volcanic settings. Previous studies have predicted high-Ca pyroxenes, 

such as potentially augite, in the younger volcanic regions of Mars due to mantle cooling [Balta 

and McSween, 2013b; Baratoux et al., 2013]. Regions partially overlap compositionally relative 

to their uncertainties for each pixel, but some trends are still visible in the geochemistry. Even 

though there is some overlap, the consistent spatial trend of increasing CaO from the older NW to 

the younger SE region increases confidence that it is real. The SE Elysium sub-region generally 

displays slightly higher CaO than the other two sub-regions, though they can be considered similar 

to the higher values found within the Central Elysium Sub-region. Likewise, the NW sub-region 

contains the lowest values for CaO, and can be considered similar to the lower values found within 

the Central Elysium Sub-region. Both the Central and SE sub-regions contain similar 

concentrations of Al2O3, while the NW contains the lowest concentrations in the province. 

In Figure 7C, the oxides of the trace elements K and Th were first converted 

stoichiometrically to their oxide wt % equivalent, and then K2O and Th are compared to one 

another. As in the previous two figures, these oxides have been normalized to SiO2. K and Th are 

both large-ion-lithophiles (LILs), naturally radioactive, and incompatible elements with a tendency 

to concentrate in the melt phase of the magma [Taylor et al., 2006]. This leads them to become 

depleted from source regions preferentially relative to other elements. Furthermore, K and Th are 

characterized by a strong mutual affinity during igneous processes. This is apparent in Figure 7C, 

as the abundances of K2O and ThO relative to SiO2 in all three regions positively correlate with 
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Figure 7. Geochemical data from the GRS for the sub-regions of the Elysium Volcanic Province 
plotted in bivariate space in order to constrain the chemical uniqueness between sub-regions. SE 
Elysium (green squares), Central Elysium (purple triangles), and NW Elysium (red circles) are 
included in all three plots. (A) The major rock forming oxides FeO and MgO both normalized to 
SiO2. (B) The minor rock forming oxides Al2O3 and CaO, normalized to SiO2. (C) Comparison of 
the trace oxides K2O and Th normalized to SiO2. Shaded regions represent the extent of the error 
bars (standard error calculated for each individual pixel) for each oxide for each region. 
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one another. Generally, the NW Sub-region contains the highest concentrations of both oxides, 

and the Central Sub-region contains the least, though there is some significant overlap between 

the concentrations of the SE and Central sub-regions.  

Figure 8. Total Alkali Silica diagram. Data is normalized to an anhydrous composition. Plotting 
on this figure are the oxide abundances for GRS values for the average martian crust (grey), the 
NW Elysium region (red), the Central Elysium Region (yellow), the SE Elysium Region (Purple), 
42 of the martian meteorites (green), and the bulk silicate Mars composition by Taylor et al 2013 
(brown, termed T13 for brevity). TAS diagrams are commonly used to identify types of extrusive 
igneous rock. Error bars for martian crust and each of the three sub-regions are calculated for a 
dummy value using the root-mean-square value for uncertainty. 

GRS data are mostly concentrated within the basalt or picrobasalt regions on the total 

alkali-silica diagram (Figure 8) as expected [McSween et al., 2009; Taylor, 2013]. The TAS 

diagram reliably shows relative variations, but provides unreliable constraints on absolute values, 

due to the Na2O values estimates using the method by Baratoux et al. [2014] and the manner that 

the S content of the rock is calculated (described in Chapter One). The possibility of systematic 

differences between in-situ and remote compositions [Karunatillake et al., 2007] necessitate the 

normalization of GRS derived compositions to known Si compositions at landing site [Boynton et 

al., 2007]. This reinforces the usefulness of the GRS data in relative comparisons and analysis, 
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while the TAS is designed for igneous rock classification based on absolute values [McSween et 

al., 2009].  Nevertheless, the Elysium data plots between the basalt and the picrobasalt fields. 

Picrobasalt is a high-MgO variety of basalt, with enriched concentrations of MgO and between 20 

- 50% olivine phenocrysts by volume. Whether picrobasalt dominate or not, the TAS diagram 

shows that the pixels from the Elysium Volcanic Province contain some of the lowest Alkali 

concentrations relative to the GRS pixels for the rest of the mid-latitudes of Mars. This is still 

significantly higher than the Alkali composition of the vast majority of the martian meteorites and 

the T13 bulk silicate composition. They contain roughly average SiO2 values when compared to 

the rest of the martian crust and overlap with the T13 SiO2 concentrations.  

The pMELTS program is optimized for terrestrial mantle parent compositions, though 

recently, it has been used extensively to model the partial melting of Fe-rich parent compositions 

such as DW85 [El Maarry et al., 2009; Baratoux et al., 2011; Balta and McSween, 2013a]. The 

thermodynamic calculations from pMELTS have the same general trends in oxide concentration 

as a function of melt fraction, but with a systematic difference, offset relative to the experimental 

values. Hirschmann et al. [1998] attributed this offset to an over stability in the algorithm of the 

mineral orthopyroxene in the solid phase assemblage of the mantle. This work advances the 

method used by El Maarry et al. [2009] to correct for the observed offset in the pMELTS 

calculations. El Maarry et al. [2009] calculated the average offset of the experimental values for 

30%, 32%, and 55% partial melting for the 4 oxides SiO2, FeO, CaO, and Al2O3 at 15 kbars. They 

found values of +2.91 wt% SiO2, -2.94 wt% FeO, and +0.84 wt.% CaO. These offsets were then 

applied to all subsequent pMELTS calculations. I used the same method to calculate offsets in this 

study for the oxides: SiO2, TiO2, Al2O3, FeO, MgO, CaO. The offsets for both the low H2O content 
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and the high H2O content (1800 ppm) are listed in Table 6, while the stepwise offsets calculated 

for the two oxides TiO2 and CaO are listed in Table 7.  

Table 6. Offsets for pMELTS results for the liquid melt oxide concentration. These offset values 
were calculated in the same manner as those calculated by El Maarry et al. [2009], using the 
arithmetic means for the difference between pMELTS calculated values at 15 kbar with 
experimental results by Bertka & Holloway [1994] at 15 kbars for the trials at 30%, 32%, and 
55% partial melting. The offsets for SiO2, FeO, and CaO are of the same sign and similar value 
to the offsets calculated by El Maarry et al. [2009]. 

 
39/185 
ppm 

1800 
ppm 

SiO2 2.81 2.22 
TiO2* 0.05 0.05 
Al2O3 0.04 -0.10 
FeO -2.15 -1.64 
MgO -1.24 -0.54 
CaO* 0.74 0.66 

 

Table 7. Interpolated offset values for 3, 5, 10, 20, 30, 40 and 50% melt for TiO2 and CaO. 
These oxides do not have systematic offsets and instead a stepwise offset is calculated for the 
degrees of partial melting of interest. 

 

For Figure 9, the oxide concentrations in terms of partial melting for SiO2, FeO, CaO, and 

Al2O3 are plotted in the same manner as El Maarry et al (2009), however this work also include 

plots for the oxides TiO2 and MgO, which can be informative for igneous processes. This work 

 TiO2 CaO 

% Melt 39 ppm 185 ppm 1800 ppm 39 ppm 185 ppm 1800 ppm 

3 1.35 1.40 1.54 2.19 2.06 2.06 

5 1.13 1.16 1.28 2.40 2.29 2.29 

10 0.69 0.70 0.76 2.63 2.56 2.56 

20 0.19 0.18 0.18 2.15 2.13 2.13 

30 0.05 0.05 0.05 1.04 1.03 1.03 

40 0.05 0.06 0.06 0.31 0.30 0.30 

50 0.04 0.05 0.05 0.30 0.30 0.30 
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plots the pMELTS outputs for 3 different concentrations of H2O: 39 ppm, 185 ppm, and 1800 

ppm. The simulations completed at low H2O content (39 ppm and 185 ppm) are nearly 

indistinguishable from one another for every oxide and the same offset is used for both trials. Both 

these trials are shown with a blue trend line in Figure 9. SiO2 concentration in the liquid initially 

increases as a function of partial melting, but begins to decrease at roughly 5% melt, before starting 

to increase again at ~18%. The trend again reverses at ~65% melt. FeO also starts with increase in 

concentration as a function of partial melting. FeO in the liquid levels out at ~30% melt and begins 

to decrease at ~40% melt fraction. These two oxides contained the largest offset in the work by El 

Maarry et al. (2009). TiO2 begins with an increasing trend, but begins to decrease exponentially 

between 3 and 5% partial melting. MgO shows a constant increase as partial melting increase, 

while Al2O3 shows a constant decrease across the entire interval. Last, CaO shows an increase with 

partial melting until the 18-20% interval, when it starts a steady decrease.  

The results from Figure 10 reveal how the oxide composition of the liquid component vary 

with pressure, degree of partial melting, and H2O concentration. The mass fraction of each oxide: 

TiO2, Al2O3, FeO, MgO, CaO, and K2O is compared with that of SiO2 in terms of degree of partial 

melting and pressure. Each plot includes 11 melt curves which show the composition of oxides as 

a function of degree of partial melting from 3-50%. Each curve corresponds to a pMELTS trial 

with a unique initial pressure condition ranging from 10 kbars to 30 kbars with an interval of 2 

kbars. All of these melt curves together form a pressure continuum, which are used to determine 

mantle pressures at the melt source for the Elysium Volcanic Province. The SiO2 content of the 

liquid generally decreases with increasing pressure conditions. In every plot of Figure 10 the 10 

kbar melt curve is located on the far right of the plot and progresses to the left with increasing 

pressure until 30 kbars, which is located on the far left. For every trial with the same oxide 
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Figure 9. A comparison of the results from pMELTS for six oxides with the experimental values 
from Bertka & Holloway (1994) (Table 3) at 15 kbars. Each line represents a series of compositions 
produced by the results from pMELTS for each pressure and temperature combination. Data points 
are connected with a solid line. The blue lines represent the trend in oxide results from pMELTS 
trials with H2O concentrations of 39 ppm and 185 ppm, while the grey lines represent the trend for 
the trials with an H2O concentration of 1800 ppm. These plots are useful in displaying the trends of 
the major oxides in terms of the percent melt fraction according to the thermodynamic calculations 
by pMELTS. The oxide trends are compared to the experimental results for iron-rich parent 
compositions at 10, 30, 32, 55, and 71 percent melt fraction (red circles) in order to identify 
systematic differences of PMELTS from laboratory conditions. The resulting offsets allow for the 
comparison of the liquid oxide compositions from pMELTS with the oxide concentrations derived 
from the GRS data for the surface within The Elysium Volcanic Province. 
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combination, the direction of the composition trend in terms of partial melting stays the same, 

though as pressure increases the variations in the trend become more subdued and the path 

becomes more linear.  

The average GRS derived values for each of the three Elysium sub-regions have also been 

included on each plot. Their location relative to the pressure trial curves is used to determine a 

possible range of pressures and degrees of partial melting for the magma source beneath the 

Elysium Volcanic Province. Rather than using the uncertainty of the GRS measurements, which 

is especially complicated for GRS-based analyses due to the biasing effect of spatial 

autocorrelation [Karunatillake et al., 2011], error bars for each of the sub-regions were calculated 

using the standard error of the mean using the equation: sm=s/N1/2. Where “s” is the standard 

deviation. 

The offset corrections have been applied to all of the results from pMELTS, except for 

K2O, which was the only oxide used in this figure that did not have a corresponding reported value 

in the experimental work by Bertka and Holloway [1994]. Nevertheless, K2O displays a low level 

of variation between GRS pixels relative to other oxides and the locations of the Elysium pixels 

on the SiO2-K2O continuum compare favorably for pressure and degree of partial melting to the 

other SiO2-oxide pressure continuum. 

The results from Figure 10 are consistent with the liquid SiO2 composition decreasing with 

increasing pressure. This is also the case for the oxide Al2O3, while FeO and MgO tend to increase. 

TiO2, CaO, and K2O show more complicated variation that is more dependent on degree of partial 

melting than pressure. 
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The results of Figure 10 also show that H2Ocontent of the parental magma does not greatly 

affect the liquid composition trend, especially at the two lower concentrations 39 ppm and 185 

ppm, which are nearly indistinguishable in both Figures 9 and 10. For this reason, the pMELTS 

calculated liquid compositions for the trials containing 39 ppm (solid line) and 185 ppm (dashed 

line) H2O have been plotted together on the same figure (Figure 10A). The trials containing 1800 

ppm H2O show some slight variation when compared to the first two concentrations, and have 

been plotted in a separate figure (Figure 10B) for the purposes of clarity. These variations between 

the 39ppm/185ppm runs and the 1800ppm do not add significant variability to the resulting 

pressures approximated for the Elysium sub-regions. The largest variation between the pMELTS 

simulations of variable H2O concentration is in the degree of partial melting. The difference in 

partial melting between H2O concentrations is smaller for a particular oxide pair, in many cases, 

than the difference between degree of partial melting approximations estimated for separate oxide 

pairs under the same H2O concentrations. 

For every plot in Figure 10, the SE Elysium sub-region consistently shows the lowest 

pressure conditions for equilibrium in the magma source. The NW and the Central sub-regions 

show much more comparable pressures, but the Central tends to be slightly higher across the oxide 

pairs. A visual approximation places the SE data points in between the 14 kbar and 16 kbar melt 

curve for nearly every oxide. The one exception is FeO, which places the average composition 

directly on the 16 kbar melt curve for both Figures 10A and 10B. The NW and Central sub-regions 

show slightly more variation, but most of the oxides show them plotting between the 18 kbar and 

20 kbar melt curves with variations as high as 21 kbars and as low as 17 kbars. For the oxides 

TiO2, FeO, and K2O the average values for the NW sub-region plots to the right of the 18 kbar 

melt curve for low H2O concentrations (39 ppm and 185 ppm). The MgO plot for low H2O 
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concentration shows the greatest anomaly, with both the NW and Central sub-regions plotting 

between the 20 kbar and 22 kbar melt curves. 

Figure 10. The calculated oxide compositions of the liquids in terms of degree of partial 
melting, calculated from the pMELTS trials using H2O concentrations of (A) 39 ppm (solid lines) 
and 185 ppm (dashed lines) and (B) 1800ppm. The appropriate offset corrections calculated from 
Figure 4 have been added to each oxide. Each curve represents a trial with different initial 
conditions for pressure. Pressures for this study range from 10kbars to 30kbars in increments of 2 
kbars. In all plots, the 10kbars is the curve furthest to the right and progress to the left with 
increasing pressure creating a “pressure continuum”. The number (3, 5, 10, 20, 30, 40, 50) are 
degrees of partial melting for each trial. Triangles represent the average oxide compositions in 
each of three Elysium sub-regions. Green represents the SE sub-region, purple represents Central 
Elysium, and Red represents to NW sub-region. Error bars are calculated from the range of values 
in each province. (Figure Continued). 
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The degrees of partial melting are harder to constrain, showing greater variability across 

oxides and H2O contents. The composition of TiO2 tend to favor low degrees of partial melting for 

each region with the highest being the Central in the range of 10%. Al2O3 on the other hand, favors 

higher degrees of partial melting for all three sub-regions with the SE at roughly 20% and the NW 

sub-region with a very large range of possibilities from 20-40%. The FeO plot shows SE with a 
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higher degree of partial melting (~30%) and the NW and Central with lower values at roughly 5% 

for the low H2O content trials and closer to 10% for the high H2O content case. Interestingly, MgO 

shows the opposite results of FeO, with the SE closer to 5-10% and the NW and Central regions 

closer to 25-35%. CaO also places NW and Central in the range of 20-30% and the SE in the range 

of 5-10%. Last, K2O shows a range of partial melting between 10 and 20% for all three regions. 

The visual approximations for pressure and degree of partial melting obtained from Figures 10A 

and 10B are used to calculate the pressure and depth of melt formation, the mantle potential 

temperatures for Figures 11 and 12. 

While the pressure conditions determined from each oxide are generally consistent, the 

visual approximation for degree of partial melting varies significantly from oxide-to-oxide. In 

order to resolve these inconsistencies, I used a second method for calculating partial melting using 

the ratio of the Th composition of the surface from the GRS data to the Th content of the mantle 

estimated by the T13 content. This method works under the assumption that Mars has a 

homogeneous mantle. Since Th is an incompatible element, the abundance of Th in the rock is 

inversely proportional to degree of partial melting. Consequently this is the same method used to 

calculate degree of partial melting for various volcanic provinces by Baratoux et al. [2011]. By 

finding this ratio for each of the three sub-regions, I was able to calculate degrees of partial melting 

of 13.5±1.3% for SE Elysium, 15.0±1.1% for Central Elysium, and 11.3±0.5% for NW Elysium. 
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Figure 11 was created by plotting these values against the visual approximations for pressure from 

Figure 10, with the error bars representing the range of estimated pressures.  

Figure 11. Mantle pressure and degree of partial melting for each of the Elysium sub-regions. 
The red triangle represents NW Elysium, the purple triangle represents Central Elysium, and the 
green triangle represents SE Elysium. 

From Figure 11, it can be seen that both the mantle pressure and the degree of partial 

melting increase from the Late Hesperian NW Elysium sub-region to the Early Amazonian Central 

Elysium sub-region. The pressure and partial melting then decreases from the Central Elysium 

sub-region to the Late Amazonian SE Elysium region. SE Elysium has a lower mantle pressure 

than the NW Elysium sub-region, however the degree of partial melting is between the level of the 

NW and the Central sub-regions.   
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Central Elysium has the highest mantle potential temperature of any of the three sub-

regions, with temperatures of roughly 1470˚C. The NW and SE have similar temperatures to one 

another, around 1420˚C. The difference between the crustal heat flow of each sub-region is shown 

by the contours in Figure 12. The NW Elysium sub-region has a crustal heat flow of ~35 mWm-2, 

the Central sub-region is ~34 mWm-2, and the SE sub-region is ~42 mWm-2. These values help to 

constrain the properties of the crust-mantle system within the Elysium Volcanic Province.  

Figure 12. Depth to melting (km) plotted against mantle equilibrium temperature (˚C). Heat flow 
contour lines in milliwatt per square kilometer are shown. The SE Elysium (green), NW Elysium 
(red), and Central Elysium (purple) are plotted using the visual approximations from Figure 5. 
Error bars are calculated using the range of values.  

2.4 Discussion and Conclusion 

The geochemical analysis and the petrographic modeling completed for this study provide 

us with insight into the magmatic evolution of the Elysium Volcanic Province. When combined 

with the results from previous studies, this work makes predictions for how the crust-mantle 
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system has evolved from the Late Hesperian to the Late Amazonian martian geologic eras. These 

predictions could have global implications as to the evolution of martian volcanic provinces in 

general and terrestrial planets that lack tectonic plates.   

Figure 7 indicates that each sub-region is chemically distinct, even though each region is 

dominated by effusive lava flows of similar rheology. Each region is resurfaced with rock from 

mantle sources with unique conditions, though it does not appear that the trend in geochemistry 

correlates with the surface age of the region [Susko et al., 2017], indicating that the magmatic 

evolution is likely more complicated that a monotonic increase in partial melting of the mantle 

over time. 

The TAS diagram is used in this context mostly to compare the Elysium sub-regions with 

the rest of the martian mid-latitudes and the bulk silicate composition in terms of silica and alkalis. 

The Elysium sub-regions plot within the picrobasalt and basalt fields, which justifies the use of the 

QFM-3 oxygen fugacity pathway for the pMELTS simulations. None of the martian meteorites 

overlap spatially with the Elysium sub-regions.  

While pMELTS is effective at determining the initial mantle pressure conditions and the 

liquid oxide compositions that results from the partial melting of the martian mantle, it is less 

effective at determining other parameters. The approximated partial melting varies considerably 

from oxide to oxide. By using the ratio of Th in the surface rocks to the Th content of the mantle, 

a reasonable degree of partial melting can be calculated for each sub-region. The results from Th 

content are most consistent with the partial melting estimated from SiO2-K2O. This is reasonable 

since Th and K are both incompatible elements. Last, pMELTS is least effective at predicting H2O 

content of the mantle. Results from the pMELTS trial with 39 ppm and 185 ppm are nearly 

indistinguishable from one another. When the H2O content is increased by an order of magnitude 
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to 1800 ppm, it changes each of the resulting oxide compositions in terms of degree of partial 

melting as seen in Figure 10. However, when considering several other variables at the same time, 

namely pressure and partial melting, it is difficult to determine which H2O concentration is most 

appropriate to apply to the mantle source.  

Figure 13. Pyroxene composition as a ratio of Low Calcium Pyroxene (LCP) to High Calcium 
Pyroxene (HCP) [(LCP)/(HCP+LCP)] as a function of mantle potential temperature and pressure 
in kbars. Calculated for martian volcanic provinces of Noachian, Hesperian, and Amazonian age 
using pMELTS. Shows a transition from LCP to HCP over time. This figure is an excerpt from 
Figure 1 by Baratoux et al. [2013]. 

The enrichment of CaO in the younger SE Elysium sub-region relative to the older NW 

could indicate the presence of abundant high-calcium pyroxene (HCP), such as augite 

[(Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6] due to the SE region’s relative enrichment in Al2O3, in the 

younger volcanic region. In previous studies, this transition was attributed to decreasing mantle 

potential temperatures for Amazonian magmas [Baratoux et al., 2013]. This interpretation is 
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consistent with our results from Figure 12, which shows that SE Elysium has the lowest mantle 

potential temperatures of the three regions. Figure 13 shows the results from pMELTS simulations 

from a previous study [Baratoux et al., 2013, fig.1], and confirms that the SE Elysium sub-region 

has mantle potential temperatures and mantle pressures that are consistent with the necessary 

conditions for HCP to crystalize in the rock.  

The depth of melt formation for each sub-region was calculated using the equilibrium 

pressure, gravitational constant for Mars, and the density of the martian lithosphere (methods) and 

the results are shown in Figure 12. Of the three sub-regions, the greatest depth to melt formation 

is within the Central Elysium sub-region (~155±12.2 km), with the NW region being similar 

though slightly shallower (~147±8 km). The shallowest depth of melt formation is the SE region 

with a depth of ~122±8 km. Recent work has estimated the thickness of the martian crust in this 

region with gravity and topographic data [Genova et al., 2016]. This work produced a map of 

Mars’ crustal thickness, which is used in this study to quantify the average thickness of the crust 

in the Elysium Volcanic Province. The results from the quantification are that the crust in the NW 

region is 55.6±4.8 km thick, the Central is 46.4±5.2 km, and the SE is 40.0±2.3 km. This means 

that the melt production for the Elysium Volcanic Province was roughly 92 km beneath the crust 

of NW Elysium, roughly 110 km beneath Central Elysium, and roughly 82 km beneath the crust 

of the SE. Figure 12 also shows that the lithosphere of the Elysium Volcanic province has cooled 

significantly over time. The crustal heat flux is similar for the two sub-regions under the portion 

of the Elysium Volcanic Province surrounding the Elysium Rise, with values from 33-36 mW*m-

2 in the late Hesperian NW sub-region and 31-36 mW*m-2 in the Early Amazonian Central Elysium 

sub-region. These values are in agreement with those predicted to support large topographic 

features on Mars [McGovern et al., 2002; Belleguic et al., 2005]. Interestingly however, the crustal 
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heat flow increases to ~42 mW*m-2 in the Late Amazonian. This is possibly due to the thinner 

crust in the SE sub-region decreasing the crustal volume through which the heat source in the melt 

zone of the mantle conducts, relative to the Central and NW sub-regions. 

The geochemistry of the Elysium Volcanic Province is consistent with liquid compositions 

produced by 10-20% partial melting for all three sub-regions and pressures between 17 and 21 

kbars for Central Elysium, between 17 and 19 kbars for NW Elysium, and between 14 and 16 

kbars for SE Elysium. It is important to note that this is a simplified magmatic model which 

predicts a single-stage partial melting of the martian mantle without significant contributions from 

fractional crystallization before eruption on the surface [El Maarry et al., 2009]. These pressures 

correspond to depths of ~155 km for Central Elysium, ~147 km for NW Elysium, and ~122 km 

for SE Elysium. Many attempts have been made to estimate the elastic thickness of the martian 

lithosphere and the variations between various regions, including Elysium. Solomon et al. [1990] 

predicted a range of possible thicknesses between 48 and 110 km. Later, McGovern et al. [2002] 

calculated an average elastic lithosphere thickness of 50-80 km for the region. On the other hand, 

Belleguic et al. [2005], calculated several possible elastic thicknesses for Elysium which might 

provide more insight into the magmatic history of Elysium. The first estimation neglected 

subsurface loads and found an elastic thickness of 56±20km. The second estimation is 

considerably thicker due to the incorporation of subsurface loads. They consider a bottom load 

located either in the crust as high-density intrusive material or in the mantle as a low-density 

material. This second estimation had considerably larger uncertainties and only provided an upper 

bound of 150 km under Elysium Mons.  
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These estimations are consistent with the interpretation the melt zones calculated by this 

study are located at the base of the elastic lithosphere in the upper mantle. Furthermore, Belleguic 

et al. [2005] emphasizes the importance of subsurface loads in the gravity and topography 

signature from the Elysium Rise. A low density portion of the mantle is interpreted as a result of 

thermal and compressional effects caused by an active plume in the mantle beneath the Elysium 

Volcanic Province. The extraction of a partially melted Fe-rich basaltic magma would decrease its 

density [Belleguic et al., 2005].  This interpretation supports the conclusions by Susko et al. [2017] 

that the GRS-derived compositions within the Elysium Volcanic Province represent primary 

magmatism generated from the partial melting of the martian mantle. 

Figure 14. Schematic showing the evolution of the Elysium Volcanic Province from the Late 
Hesperian to the Late Amazonian. In the late Hesperian, the Elysium Mons edifices form from a 
source with low partial melting. In the Early Amazonian, the Elysium Rise begins to build as 
eruptions continue. The lithosphere starts to flex and the pressure increases on the source, and 
degree of partial melting increases as mantle potential temperatures increase. By the late 
Amazonian, the lithospheric loading has increased pressure on the original source so much that 
melt production shuts down. The zone of melt production shifts to the southeast, and volcanism 
is initiated in SE Elysium. 
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The results from the modeling support the hypothesis that the variation in surface 

geochemistry of the Elysium Volcanic Province is largely dependent on a change in depth of melt 

formation. The oldest exposed resurfacing took place during the Hesperian in the NW Elysium 

sub-region. As eruptions proceeded to build up the Elysium Rise, the pressure on the mantle 

beneath the volcanic province increased and the elastic lithosphere began to flex [Hall et al., 1986; 

McGovern et al., 2002]. This loading is indicated in the region by prominent, concentric grabens 

which surround the larger volcanic centers. This shutdown melt formation at shallower depths and 

during the Early Amazonian, the source region increased in both pressure and partial melting. 

Finally, during the Late Amazonian, mantle pressure became so high that melt formation was shut 

down at its original source and forced to shift to the southeast, where it initiated eruptions and 

resurfacing in the SE sub-region. This process is illustrated in Figure 14 and suggests that the 

magmas which resurfaced the NW and Central sub-regions are generated from the same source, 

while the SE sub-region has a separate, shallower source. 
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