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a b s t r a c t 

The lunar magnesian-suite (Mg-suite) was produced during the earliest periods of magmatic activity on 

the Moon. Based on the cumulate textures of the samples and a lack of evidence for Mg-suite extrusives 

in both the sample and remote sensing databases, several petrogenetic models deduce a predominantly 

intrusive magmatic history for Mg-suite lithologies. Considering that ∼18% of the lunar surface is covered 

by mare basalt flows, which are substantially higher in density than estimated Mg-suite magmas ( ∼2900 

versus ∼2700 kg/m 

3 ), the apparent absence of low-density Mg-suite volcanics is surprising. Were Mg- 

suite magmas predominantly intrusive, or have their extrusive equivalents been covered by subsequent 

impact ejecta and/or later stage volcanism? If Mg-suite magmas were predominantly intrusive, what pre- 

vented these melts from erupting? Or, if they are present as extrusives, what regions of the Moon are 

most likely to contain Mg-suite volcanic deposits? 

This study investigates buoyancy-driven ascent of Mg-suite parental melts and is motivated by recent 

measurements of crustal density from GRAIL. Mg-suite dunite, troctolite, and spinel anorthosite parental 

melts (2742, 2699, and 2648 kg/m 

3 , respectively) are considered, all of which have much lower melt den- 

sities relative to mare basalts and picritic glasses. Mg-suite parental melts are more dense than most of 

the crust and would not be expected to buoyantly erupt. However, about 10% of the lunar crust is greater 

in density than Mg-suite melts. These areas are primarily within the nearside southern highlands and 

South Pole-Aitken (SP-A) basin. Mg-suite extrusions and/or shallow intrusions were possible within these 

regions, assuming crustal density structure at > 4.1 Ga was similar to the present day crust. We review 

evidence for Mg-suite activity within both the southern highlands and SP-A and discuss the implica- 

tions concerning crustal evolution as well as Mg-suite petrogenesis. Lower crustal densities measured by 

GRAIL are consistent with the lack of observed Mg-suite extrusives. If Mg-suite extrusive volcanism was 

prevented by the low density of the crust, it would suggest the lunar crust was fractured shortly after 

solidification ( > 4.3 Ga). The thermal- and stress-state of the lunar crust may have also inhibited Mg-suite 

extrusion. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

The lunar highlands magnesian-suite (Mg-suite) samples are

ominated by igneous, plutonic clasts (dunites, troctolites, norites,

nd gabbronorites) containing primitive (MgO-rich) mafic silicates

nd calcic-plagioclase (e.g., James 1980; Papike et al., 1998; Shearer

t al., 2015 ). The positive correlation between MgO-content of

afic silicates and CaO-content of plagioclase within the Mg-

uite suggests that the plutonic rocks are related by low-pressure
∗ Corresponding author. 

E-mail address: tcprissel@gmail.com , tabb_prissel@alumni.brown.edu 

(T.C. Prissel). 

s  

K  

i  

e  

c  

ttp://dx.doi.org/10.1016/j.icarus.2016.05.018 

019-1035/© 2016 Elsevier Inc. All rights reserved. 
 < 0.3 GPa) crystallization from a common parental magma (e.g.,

alker et al., 1976; James 1980; Warren 1986; Shearer and Pa-

ike 2005 ). In particular, the forsteritic olivine (forsterite #, or

o# = Mg/[Mg + Fe] × 100 = Mg#) within the lunar dunites and

roctolites (e.g., PST 2003, Fo# ∼96 olivine, Snyder et al . , 1999 )

onstrain the Mg-suite parental melt to Mg# ≥ 86, which would

e the least fractionated melt from the lunar mantle (e.g., Warren

986; Hess 1994; Longhi et al., 2010; Shearer et al., 2015; Pris-

el et al., 2016). On the other hand, many of the collected Mg-

uite samples contain a KREEP signature (elevated abundances of

-potassium, REE-rare earth elements, and P-phosphorus), suggest-

ng crystallization from an evolved magma (e.g., Hess 1994; Longhi

t al., 2010; Shearer et al., 2015 ). However, KREEP-poor Mg-suite

lasts (e.g., dunite 72415 and meteorite Dhofar 489) (e.g., Papike
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et al., 1998; Tekada et al., 2006; Gross and Treiman 2011 ) may indi-

cate that KREEP is not a necessary component of the Mg-suite, and

instead reflects sampling near the Procellerum KREEP terrane (PKT)

(e.g., Lucey and Cahill 2009; Cahill et al., 2009; Taylor 2009; Pris-

sel et al., 2014a; Shearer et al., 2015 ). Regardless, Mg-suite plutonic

rocks are among the most ancient lunar samples, dating to ∼4.3 Ga

(e.g., Nyquist and Shih 1992; Borg et al., 2013; Carlson et al., 2014 ).

Thus, ancient ages and primitive major mineralogy indicate that

Mg-suite samples can provide insight into the early lunar interior

and magmatic activity post-dating the differentiation of a global

lunar magma ocean (LMO) (e.g., Wood et al., 1970 ; Norman and

Ryder 1979; James 1980; Hess 1994; Shearer et al., 2006 , 2015 ). 

Petrogenetic models use the predominance of plutonic clasts

and cumulate textures of the Mg-suite samples to suggest parental

magmas formed intrusions within the anorthositic crust, imply-

ing they did not erupt (e.g., James 1980; Warren 1986; Hess

1994; Longhi et al., 2010; Shearer et al., 2015 ). Indeed, few extru-

sive clasts are chemically similar to the plutonic Mg-suite dunites

and troctolites, consistent with current petrogenetic models (e.g.,

73215,170, James and Hedenquist 1978 ; Jessberger et al., 1979 ;

14305, Arai et al., 20 06 ; ALHA 810 05, Treiman and Gross, 2013,

2015 ). Additionally, visible and near-infrared (V-NIR) remote sens-

ing data have found no clear evidence for ancient, Mg-suite vol-

canic deposits ( Prissel et al., 2013, 2015 ). 

Density estimates for Mg-suite parental magmas are substan-

tially lower than mare basalts and picritic glasses ( Prissel et al.,

2013, 2015 ). Thus, the lack of a low-density, extrusive equivalent

to the ancient Mg-suite dunites and troctolites is surprising con-

sidering that dense mare basalts and picritic melts have erupted to

cover ∼18% of the lunar surface (e.g., Head 1976; Head and Wilson

1992; Rutherford and Papale 2009; Whitten and Head 2015a; Sori

et al., 2016 ). It is possible that the younger mare basalt flows have

buried ancient, Mg-suite eruptions. However, the ancient and in-

trusive Mg-suite samples were recovered despite a prolonged his-

tory of volcanic activity on the Moon. 

Earlier studies (e.g., Snyder et al., 1995a , 1995b; Papike

et al., 1996 ) suggested that the younger (3.8–4.08 Ga) lunar KREEP

basalts could represent an extrusive equivalent to the ancient

( ∼4.3 Ga), plutonic Mg-suite norites and gabbronorites and/or the

evolved highlands Alkali-suite rocks ( Warren 1988; Nyquist and

Shih 1992; Ryder 1994; Hess 1995 ; Hess and Parmentier 1995 ;

Papike et al., 1998; Shearer and Papike 1999; Shearer et al., 2006;

Carlson et al., 2014 ). First, the distinct ages between the Mg-suite

plutonic rocks and KREEP basalts imply the two are unrelated,

though the age gap could be the result of an unrepresentative sam-

ple collection (e.g., Nyquist and Shih 1992; Shearer et al., 2006;

Borg et al., 2013; Carlson et al., 2014; Shearer et al., 2015 ). Never-

theless, several additional factors indicate the ancient plutonic Mg-

suite rocks are distinct from younger episodes of KREEP basaltic

volcanism including: 1) major mineralogy of the olivine-absent

KREEP basalts is much more evolved than the olivine-essential

dunites and troctolites of the Mg-suite (e.g., KREEP basalt Mg#

< 66; dunite and troctolite parent Mg# > 86), 2) Mg-suite apatite

is enriched in Cl relative to both mare basalts and KREEP basalts,

and 3) the KREEP-poor Mg-suite-like clasts in meteorite Dhofar

489 imply KREEP is not a necessary petrogenetic component of the

Mg-suite (see Shearer et al., 2015 and references therein for fur-

ther discussion). Assuming a conclusive chemical connection be-

tween KREEP basalts and the Mg-suite is determined, the evolved

mineralogy of KREEP basalts would then indicate they represent a

highly fractionated, residual daughter liquid of melts parental to

the primitive Mg-suite troctolites and dunites, regardless of origin.

If the ancient and primitive Mg-suite parental magmas were

predominantly intrusive, as the current sample set and petroge-

netic models imply, what prevented low-density Mg-suite parental

melts from erupting? Or, if they are present as extrusive deposits,
hat regions of the Moon are most likely to contain evidence for

rimitive Mg-suite volcanism? The present study is motivated by

pdated crustal densities from NASA’s Gravity Recovery and Inte-

ior Laboratory (GRAIL) mission and explores the potential for an-

ient, Mg-suite extrusive volcanism as well as what regions of the

oon, if any, were conducive to Mg-suite volcanic activity. 

.1. Premise 

Crustal density plays a major role in determining whether or

ot magmas erupt because buoyancy forces (i.e. the density con-

rast between melt and wallrock) primarily control melt transport

e.g. Solomon 1975; Wilson and Head 1981; Delano 1990; Lister

nd Kerr 1991; Rubin 1995; Wieczorek et al., 2001; Michaut 2011;

rissel et al., 2013 ). In buoyancy-driven magmatic ascent, magmas

ill rise through source material until reaching a layer of equal or

esser density, such as a crust-mantle interface. This layer is called

he level of neutral buoyancy (LNB). Thus, low crustal densities will

ct to limit or prevent eruption of magmas. 

Recent estimates of bulk crustal density by NASA’s GRAIL mis-

ion are considerably lower ( ∼2550 kg/m 

3 ) than previous estimates

 ∼2890 kg/m 

3 ) ( Wieczorek et al., 2013 ). The low values are inferred

o be the result of high porosities throughout the lunar crust (4–

1%) (e.g., Wieczorek et al., 2013; Besserer et al., 2014; Han et al.,

014 ). This finding suggests that the long history of impacts on the

oon has brecciated the crust from top to bottom. If the ancient

unar crust ( > 4.1 Ga) was brecciated and low-density as it is to-

ay, it may explain why Mg-suite magmas did not erupt. Likewise,

he absence of Mg-suite extrusive deposits could be evidence that

he crust was strongly fractured (i.e., low-density) early in lunar

istory. 

To test this hypothesis, we investigate buoyancy-driven mag-

atic ascent of Mg-suite parental melts. Melt densities are calcu-

ated for a range of theoretical Mg-suite parental magmas. Results

re compared with GRAIL data to delineate regions of the Moon

here Mg-suite melts are less dense than the present day lunar

rust (i.e., areas that could have allowed for Mg-suite eruptions).

nly a small percentage of the current lunar crust is of greater

ensity than Mg-suite magmas. These potential regions of eruption

re reviewed for evidence of ancient Mg-suite volcanic activity. 

. Methods and data 

.1. Mg-suite parental melt compositions 

The Mg-suite parental melt must be inferred from known in-

rusive lithologies ( Longhi et al., 2010 ). However, few major el-

ment estimates of the Mg-suite parental melt have been made

 Warren 1986; Longhi et al., 2010; Sonzogni and Treiman 2015;

rissel et al., 2016 ). Melt inclusions within Mg-suite norite sam-

les ( Sonzogni and Treiman, 2015 ) are not well suited here as they

epresent an evolved or residual component of the Mg-suite par-

nt ( James 1980; Warren 1986; Hess 1994; Carlson et al., 2014 ).

he lunar dunites and troctolites on the other hand, are among

he most primitive samples within the Mg-suite and are the most

ommon basis for constraining the Mg# and bulk composition of

he Mg-suite parental melt (e.g. Warren 1986; Ryder 1991; Hess

994; Longhi et al., 2010; Elardo et al., 2011; Shearer et al., 2015;

rissel et al., 2016 ). 

Three Mg-suite lithologies are used to test a range of possible

g-suite parental melts: the Mg-suite troctolites, dunites, and re-

otely detected pink spinel anorthosites (PSA). The compositions,

g#, and liquidus temperatures of all three theoretical Mg-suite

arental magmas are reported in Table 1. 

Longhi et al. (2010) provides an estimate of the lunar troctolite

arental melt, which is in equilibrium with Fo# = 95 olivine. The
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Table 1 

Starting compositions considered in this study. 

Dunite parent a Troctolite parent b PSA parent c 

SiO 2 45.90 45.40 44.56 

TiO 2 1.58 0.96 0.47 

Al 2 O 3 6.49 17.89 26.50 

Cr 2 O 3 0.61 0.37 0.16 

FeO 7.91 4.89 2.61 

MnO 0.35 0.22 0.07 

MgO 28.41 17.24 8.83 

CaO 7.46 12.15 16.46 

Na 2 O 0.49 0.41 0.19 

K 2 O 0.79 0.48 0.15 

Total 100 100 100 

Mg# 87 87 87 

Liq T °C 1554 1381 1375 

Mg# = cation fraction of [Mg/(Mg + Fe)] ×100. 

Liq T °C = liquidus temperature. 
a Prissel et al. (2016). 
b Longhi et al. (2010) . 
c Prissel et al. (2014) . 
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Fig. 1. 1-atm melt density of lunar basaltic compositions as a function of TiO 2 con- 

tent in the melt (similar to Finnila et al., 1994 and Wieczorek et al., 2001 ). Shown 

for reference are the pre-GRAIL estimates of lower (LC) and upper crustal (UC) den- 

sity (grey dashed and dotted lines, respectively; Wieczorek et al. (2013 )) as well as 

updated estimates from GRAIL (density range denoted by blue-field, with average 

density represented by dashed blue line; Wieczorek et al., 2013 ). Gray-filled circles 

represent mare basalt and picritic glass compositions ( Papike et al., 1976; Delano 

1986 ; Wieczorek et al., 2001 ). Teal-filled diamonds represent a range of Mg-suite 

parental melt densities. “K” represents KREEP basalt 15386 ( Prissel et al., 2013 ). 

Lower average crustal densities from GRAIL appear necessary in order to have pre- 

vented ancient, Mg-suite magmas from erupting to the surface. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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g# of Longhi et al. (2010) parental melt ( ≥ 86) is used here to

onstrain the Mg# of alternative theoretical compositions since the

g-suite is thought to be derived from a common source ( James,

980; Warren, 1986; Carlson et al., 2014 ). 

The Mg-suite dunites (e.g., samples 72415, 72416, 72417, and

2418) are also considered in our model. Because the dunites con-

ain little to no feldspar and are comprised of olivine similar in

omposition to the lunar troctolites (e.g. Ryder 1991; Shearer et

l., 2012, 2015 ), they likely represent the product of a plagioclase-

ndersaturated Mg-suite parental melt (e.g., Warren 1986; Prissel

t al., 2015, 2016 ). Dunites also contain trace amounts of chromite

nd thus, plagioclase-undersaturated melts in equilibrium with

hromite are used for our hypothesized Mg-suite dunite parent

 Prissel et al., 2016 ). 

The pink spinel anorthosites (PSA) are remotely detected out-

rops dominated by anorthitic feldspar and Mg-spinel (MgAl 2 O 4 ),

r pink spinel (e.g. Pieters et al., 2011; Dhingra et al., 2011 ). Mg-

pinel is rare among the lunar samples and most commonly asso-

iated with the pink spinel troctolites (PST) of the Mg-suite ( Prissel

t al., 2014, 2016 ). Unlike the PST of the Mg-suite however, PSA

etections show no spectral evidence for olivine ± pyroxene. The

igh Mg# and low Cr# interpreted for PSA spinel (e.g. Pieters et al.,

011 ; Jackson et al., 2014; Williams et al., 2012, 2016 ), as well as

he lack of a mafic spectral signature, suggests PSA parental melts

ontained spinel and plagioclase as primary liquidus phases. In or-

er to explain PSA spinel compositions and the lack of a mafic sili-

ate phase, Prissel et al. (2014) experimentally determined that PSA

arental melts must be similar to Mg-suite parental melts in Mg#

86, but require a higher normative anorthite component relative

o melts parental to the lunar troctolites. Based on these criteria,

he PSA parental melt is estimated by adding normative anorthite

o the Mg-suite troctolite parent melt while holding Mg# constant.

he normative anorthite content of the experimental melts pro-

uced in Prissel et al. (2014) serve as a proxy for our theoretical

SA parental melt ( Table 1 ). 

.2. Viscosity considerations and calculation of melt density 

In addition to buoyancy-driven magmatic ascent, the viscosity

ontrast between intruding magmas and the host rock can also

ictate whether ascending melts form dikes or intrusions (e.g.,

ubin 1993, 1995 ). For instance, a low viscosity contrast can ex-

st between viscous granitic magmas and the host rock, which

romotes diapiric, intrusive magmatic behavior (e.g. Huppert and

parks, 1988; Rubin, 1993 ). We have calculated the viscosities of
he three Mg-suite compositions above, a range of picritic glasses,

nd also the high- and low-Ti mare basalts using the methods of

haw 1972 (Supplementary Fig. 1). Considering the Mg-suite com-

ositions investigated above, viscosity increases with the incorpo-

ation of a normative anorthite component because Al 2 O 3 acts as a

etwork-former and –modifier in silicate melts (e.g., Bottinga and

eill, 1972; Shaw, 1972 ). Regardless of their Al 2 O 3 content how-

ver, all Mg-suite parental melts investigated are similar in vis-

osity to other lunar basaltic samples, nearly four orders of mag-

itude less viscous than granitic magmas (Supplementary Fig. 1)

e.g., Taylor and Lu, 1992 ). Thus, a low viscosity contrast between

g-suite parental melts and the lunar crust is unexpected (Supple-

entary Fig. 1). Here, we assume buoyancy-driven magmatic as-

ent primarily controls Mg-suite melt transport. 

The 1-atm liquidus densities of Mg-suite parental melts are cal-

ulated using the methods of Lange and Carmichael (1990 ). To

ompare Mg-suite melt densities with known lunar basaltic com-

ositions, the 1-atm liquidus densities of mare basalts ( Papike et

l., 1976 ), pictritic glasses ( Delano, 1986 ), and KREEP basalt 15386

 Papike et al., 1998; Prissel et al., 2013 ) are also calculated using

he same methods as above ( Fig. 1 ). Here, the partial molar vol-

mes of MnO and Cr 2 O 3 are estimated by using the partial mo-

ar volumes of FeO and Fe 2 O 3 , respectively. The ionic radii ratio of

oth Mn/Fe 2 + and Cr/Fe 3 + is ∼1 ( Shannon and Prewitt, 1969 ), thus

he partial molar volumes of the respective oxides are analogous

o one another. Because MnO and Cr 2 O 3 are minor components in

ost lunar basaltic systems, our 1-atm liquidus densities are com-

arable to those calculated by Wieczorek et al. (2001) ( Table 2 ). 

For simplicity, all compositions are assumed to be anhydrous.

u et al. (2014) examined the effects of dissolved water in the

ruptibility of the picritic glasses, incorporating a range between

0 0 0 and 50 0 0 ppm H 2 O in their eruption model. Note however,

he lowest estimates used in Xu et al. (2014) appear to be maxima

or dissolved water in the lunar glasses (see Saal et al., 2008; Hauri

t al., 2015 ). Regardless, the addition of ∼0.10 wt% H O decreases
2 
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Table 2 

1-atm Melt densities with the effects of pressure and water. 

Mg-suite data T °C Density (kg/m 

3 ) 2 kbar 

Dunite parent 1554 – 2742 2766 

Troctolite parent 1381 – 2699 2725 

PSA parent 1375 – 2648 2675 

KREEP basalt data 

Rutherford et al., 1996 Present study 

Liq T °C Density (kg/m 

3 ) +0.10 wt% H 2 O 

15386 1180 – 2703 2696 

Volcanic glass data 

Delano (1986 ) Wieczorek et al. (2001) Present study 

VLT glasses Liq T °C Density (kg/m 

3 ) +0.10 wt% H 2 O 

1 1406 2827 2823 2814 

2 1402 2886 2882 2872 

3 1406 2923 2920 2910 

4 1399 2871 2868 2858 

5 1411 2896 2892 2882 

6 1422 2889 2885 2875 

7 1435 2893 2889 2879 

8 1371 2861 2857 2848 

9 1408 2918 2915 2904 

10 1358 2881 2879 2869 

11 1446 2895 2894 2884 

12 1403 2941 2937 2927 

Low-Ti glasses 

13 1338 2945 2941 2931 

14 1373 3001 2998 2987 

High-Ti glasses 

15 1316 2990 2986 2975 

16 1358 3006 3002 2991 

17 1366 3024 3019 3008 

18 1369 3040 3035 3024 

19 1294 3029 3025 3014 

20 1357 3053 3048 3037 

21 1349 3049 3042 3031 

22 1298 3069 3064 3053 

23 1322 3087 3087 3076 

24 1326 3140 3133 3122 

25 1326 3140 3133 3122 

Mare basalt data 

Wieczorek et al. (2001) Present study 

Mare basalts Liq T °C Density (kg/m 

3 ) +0.10 wt% H 2 O 

VLT/high-Al 

70 0 08 1272 2839 2835 2826 

24109 1164 2893 2892 2884 

VLT/low-Al 

70 0 07 1289 2832 2828 2819 

78526 1302 2862 2857 2848 

Low-Ti/high-Al 

24182 1169 2881 2880 2872 

14053 1202 2841 2840 2832 

Luna 16, B1 1173 2904 2902 2894 

Low-Ti/low-Al 

15058 1237 2867 2863 2854 

15499 1239 2873 2870 2861 

15597 1224 2871 2868 2859 

15555 1300 2931 2926 2917 

15016 1301 2942 2936 2927 

12035 1383 2938 2934 2924 

15545 1272 2925 2920 2911 

12040 1395 2922 2918 2908 

12002 1369 2935 2928 2918 

12005 1466 2959 2953 2943 

12009 1296 2912 2909 2899 

12052 1208 2894 2891 2882 

12011 1208 2885 2881 2872 

12021 1180 2882 2880 2872 

12064 1157 2898 2890 2881 

12008 1317 2953 2949 2939 

( continued on next page ) 
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Table 2 

( continued ) 

Mare basalts Liq T °C Density (kg/m 

3 ) +0.10 wt% H 2 O 

12051 1172 2917 2912 2903 

12022 1284 2950 2946 2937 

High-Ti/high-Al 

14063 1114 2788 2787 2779 

High-Ti/low-Al 

10047 1119 2962 2961 2952 

10 0 03 1156 2995 2993 2984 

10020 1187 2989 2986 2977 

75055 1154 2972 2971 2962 

10049 1156 2971 2969 2959 

70275 1129 2997 2996 2987 

74245 1230 2991 2988 2978 

10072 1183 2993 2991 2981 

74255 1252 2996 2992 2982 

76136 1204 3010 3007 2998 

74275 1244 2998 2994 2984 

70035 1236 3008 3004 2994 

70215 1201 3028 3026 3016 

70017 1235 2998 2995 2845 

T °C = liquidus T calculated by Prissel et al. (2016) and Longhi et al. (2010 ). 

Liq T °C = liquidus temperature calculated by Rutherford et al. (1996) and Wieczorek et al. (2001) . 

VLT = very low-Ti glasses. 

Fig. 2. The range of calculated 1-atm and 2 kbar Mg-suite melt densities vs. tem- 

perature of the melts (horizontal solid-black and dashed-grey lines, respectively). 

The range of crustal densities from GRAIL are denoted by the blue-field, with aver- 

age density represented by the horizontal, dashed-blue line. The general effects of 

temperature over a large interval (respective liquidus temperatures to 1700 °C) are 

shown. Relative to melt densities, the effects of temperature on crustal density are 

negligible and thus, not shown here. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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he melt density by only ∼10 kg/m 

3 ( Xu et al., 2014 ), a small effect

 Table 2 ). 

Both temperature and pressure affect the density of basaltic

elts (e.g. Lange and Carmichael, 1987,1990; Kress and Carmichael,

991; Ghiorso and Kress, 2004 ). The effect of temperature on Mg-

uite parental melt density is shown for reference ( Fig. 2 ). The

ost recent estimates of lunar crustal thickness ( Wieczorek et al.,

013 ) report an average of 34–43 km. The upper average value

f 43 km corresponds to ∼2 kbar pressure on the Moon. Mg-suite

elt densities at this pressure are also calculated for comparison

 Table 2, Fig. 2 ). 
.3. Global average crustal density and criteria for identifying 

otential regions of Mg-suite eruptions 

We assume that current crustal densities measured by GRAIL

an be applied to the ancient lunar crust at the time of Mg-suite

agmatism ( > 4.1 Ga) (e.g. Nyquist and Shih, 1992; Carlson et al.,

014 ). If, however, crustal densities were higher due to factors such

s less impact fracturing, magmas would be more likely to erupt

 Fig. 1 ). Only highland regions of the crust are considered for this

nalysis. Regions of the crust with exposed mare basalts are not

ncluded (gray-filled regions in Fig. 3 ); any ancient extrusive de-

osits in these areas would be undetectable as they are covered by

ounger mare basalt flows. 

The porous megaregolith is predicted to extend to depths of

10–20 km within the lunar crust (e.g., Han et al., 2014 ). Below

hese depths, porosity closes due to lithostatic overburden and

rustal density is estimated to be closer to solid anorthosite (2800–

900 kg/m 

3 ) suggesting a stratified lunar crust (e.g., Han et al.,

014 ). The increase in crustal density (i.e., decrease in porosity)

ith depth could also be the result of thermal evolution/viscous

eformation (e.g., Besserer et al., 2014 ). Regardless, the lowest

rustal density impeding extrusive volcanism exists within the

orous, near-surface megaregolith (pressures ∼0.05 GPa). Because

elt density does not significantly change within the pressure

ange of the lunar crust ( Table 2 ), 1-atm Mg-suite melt densities

re used to compare to the near-surface, porous crustal densities

rom GRAIL. 

Average global crustal density maps are produced from GRAIL

rustal density models with an average crustal thickness of 34 km,

 minimum thickness of 0.6 km, a crustal porosity of 12%, and

 mantle density of 3220 kg/m 

3 ( Wieczorek et al., 2013 ). The

ata were interpolated to create a raster of average global crustal

ensity (ignoring the boundary conditions at 0/360 ° longitude).

imilar to the mare eruption model of Wieczorek et al. (2001) ,

uoyancy-driven magmatic ascent on the Moon is investigated

ith Mg-suite parental melts ( Prissel et al., 2013, 2015 ). Poten-

ial regions of Mg-suite eruptions are defined as the areas where

he 1-atm melt densities are less than near-surface crustal den-

ities. The potential areas of eruption predicted here do not sug-

est volcanism has occurred. Instead, highlighted regions only im-
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ply that eruptions are possible assuming Mg-suite melts were

present. 

3. Results 

3.1. Mg-suite parental melt density 

All melt densities, including picritic glasses, mare basalts, and

KREEP basalt for comparison, are reported in Table 2 and plotted

in Fig. 1 . The Mg-suite dunite, troctolite, and PSA parental melt

1-atm liquidus densities are 2742, 2699, and 2648 kg/m 

3 , respec-

tively. Melt density positively correlates with TiO 2 and FeO content

due to their high molecular weights (as can be seen with the mare

basalts and picritic glasses, see also Finnila et al., 1994; Wieczorek

et al., 2001 ). Thus, the low TiO 2 and FeO contents of Mg-suite

parental melts contribute to their low densities ( Fig. 1 ). At simi-

lar TiO 2 content, the higher Mg# composition will have a lower

density because the molecular weight of FeO > MgO. Incorpora-

tion of anorthite decreases the density of mafic melts due to the

large molar volume of Al 2 O 3 ( Lange and Carmichael, 1990 ). Melt

density also decreases with temperature owing to the thermal ex-

pansion of the oxide components ( Fig. 2 ). Conversely, melt density

increases with pressure because liquids are highly compressible.

However, because of the Moon’s low gravity, crustal pressures are

low ( < 2 kbar) and have minimal effect on Mg-suite melt density

( Table 2 ). 

3.2. Potential regions of Mg-suite extrusive volcanism 

Using the buoyancy model described above and the updated

crustal density measurements from GRAIL, Mg-suite parental melts

are less dense than only a small portion ( < 10%) of the Moon’s

crust ( Fig. 3 ). The highest density Mg-suite melt investigated is

the plagioclase-undersaturated melt (2742 kg/m 

3 ). Comparing with

crustal densities from GRAIL, the plagioclase-undersaturated melt

results in the fewest potential eruptive regions, which are predom-

inantly restricted to the South Pole-Aitken basin (SP-A) ( Fig. 3 a). In

addition to regions within SP-A, the Mg-suite troctolite parent melt

(2699 kg/m 

3 ) is capable of erupting within a few small regions of

the southern highlands ( Fig. 3 b). Our Mg-suite PSA melt has the

lowest density of the three melts considered (2648 kg/m 

3 ) and is

therefore associated with the largest area of potential eruptive re-

gions, which are present on both the lunar nearside and farside

( Fig. 3 c). 

4. Discussion 

Results from this study suggest only a small percentage ( < 10%)

of the lunar surface contain potential localities for ancient, Mg-

suite eruptions (black-filled regions in Fig. 3 ). All Mg-suite parental

melt densities calculated in this study plot within the range

of crustal densities measured by GRAIL ( Fig. 1 ). The Mg-suite

plagioclase-undersaturated melt (2742 kg/m 

3 ) is most likely to re-

main intrusive relative to the other Mg-suite melts considered be-

cause it is less dense than the lunar crust (2830 kg/m 

3 ) only within

SP-A ( Fig. 3 a). The paucity of potential eruptive regions predicted

for the Mg-suite plagioclase-undersaturated parental magma is

consistent with the current sample set and petrogenetic mod-

els, which imply Mg-suite magmas were predominantly intrusive

(e.g. James, 1980; Warren, 1986; Shearer and Papike, 2005; Longhi

et al., 2010; Elardo et al., 2011 ). 

The buoyancy model indicates a few potential areas of eruption

for the troctolitic and PSA parent melts, however ( Fig. 3 b,c).

The relatively lower densities of the troctolitic and PSA melts

(2699 and 2648 kg/m 

3 , respectively) compared to the plagioclase-

undersaturated melt result in a greater total area of potential
ruptive regions focused primarily within the nearside southern

ighlands and SP-A. Below, we review remote sensing evidence for

g-suite lithologies within the predicted areas of eruption con-

entrated within the nearside southern highlands and SP-A basin. 

.1. Remote sensing evidence for Mg-suite and correlations with 

redicted eruptive regions 

If Mg-suite volcanic deposits are present in an area, it is likely

hat Mg-suite intrusions will also be present and thus, may have

een exposed or excavated by impacts. While there is no clear

pectral evidence for Mg-suite extrusive deposits, there is evidence

or exposed Mg-suite intrusions. Correlations between the poten-

ial Mg-suite eruption sites identified above and published loca-

ions of Mg-suite related rocks, such as Mg-spinel anorthosites, are

nvestigated below. 

Remote sensing methods have been used to identify intrusive

ithologies exposed at the central peaks or basin walls of impact

tructures (e.g. Tompkins and Pieters, 1999; Pieters et al., 2011;

hingra et al., 2011; Yamamoto et al., 2012a; Pieters et al., 2014 ).

hile the relative abundance of minerals can be inferred from the

pectral data (e.g., Cheek and Pieters 2014 ), characterizing the Mg#

f mafic silicates, a distinguishing characteristic of the Mg-suite, is

hallenging. More recently however, the identification of a poten-

ially new lunar rock type, pink spinel anorthosite (PSA) ( Pieters

t al., 2011; Dhingra et al., 2011 ), may provide a robust method in

dentifying Mg-suite lithologies remotely (e.g., Jackson et al., 2014;

rissel et al., 2014, 2016 ; Williams et al., 2016 ). A strong composi-

ional link was found between Mg-suite melts and PSA spinel com-

ositions in the experimental study of Prissel et al. (2014) . If true,

emotely detected outcrops of PSA can be used as a proxy for Mg-

uite activity on the Moon ( Prissel et al., 2014 ). 

.1.1. Nearside southern highlands 

Plotted in Fig. 3 c are the global locations of PSA detections from

ieters et al. (2014) . Among the 23 total PSA detections shown, 15

re within the lunar highlands region considered for this study; the

emaining 8 are located in the Procellarum KREEP Terrane (PKT)

r mare filled basins not considered in our analysis. Of those 15

SA detections, 10 are located in the nearside southern highlands

egion of the Moon. Remotely detected PSA are interpreted to be

ntrusive lithologies that have been exposed and excavated by im-

acts (e.g., Pieters et al., 2011; Dhingra et al., 2011; Gross and

reiman 2011; Pieters et al., 2014 ). If PSA can be used as a proxy

or Mg-suite activity ( Prissel et al., 2014 ), the nearside southern

ighlands region of the Moon appears to contain a widespread net-

ork of Mg-suite intrusions. Thus, the strong correlation of PSA

ear the predicted eruptive regions in the nearside southern high-

ands suggests this is the most promising region to search for both

ncient intrusions and volcanic deposits of the lunar highlands

g-suite. 

For example, a recent investigation ( Sori et al., 2016 ) combining

ravity data from GRAIL (e.g., Wieczorek et al., 2013 ) and topogra-

hy data from the Lunar Orbiter Laser Altimeter instrument aboard

he Lunar Reconnaissance Orbiter ( Chin et al., 2007; Smith et al.,

010 ) has identified a large arc of positive Bouguer anomolies

panning the southern highlands region of the lunar nearside. The

arge southern-arc of positive Bouguer anomolies identified by Sori

t al. (2016) is interpreted to be a network of buried mafic intru-

ions and/or extrusives (possibly Mg-suite), and is centered over

he candidate Mg-suite eruptive regions predicted here ( Fig. 3 c).

s will be discussed in the following section, it is clear that low-

ensity, low-FeO Mg-suite compositions should be considered (in

ddition to high-density, high-FeO mare compositions) in future

emote sensing studies of volcanic and magmatic activity in the

earside southern highlands region of the Moon. 
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Fig. 3. Global average crustal density from GRAIL shown in color scale (legend in plot b, see text for model parameters) with areas of potential Mg-suite extrusion (black- 

filled regions). Grey-filled mare basalt regions were not considered in this study (see text for explanation). Melt densities are provided in each plot. a) The 1-atm Mg- 

suite plagioclase-undersaturated melt density compared to GRAIL crustal densities. b) The troctolite parent melt is less dense than the plagioclase-undersaturated Mg-suite 

composition and results in regions for potential eruption in the nearside southern highlands in addition to the SP-A basin. c) PSA parental melt with the greatest overall 

potential area for eruption within the nearside southern highlands and SP-A basin. Diamonds are PSA detections ( Pieters et al., 2014 ), white-filled diamonds plot within areas 

considered in this analysis whereas grey-filled diamonds plot within mare-filled regions not analyzed. PSA detections at Moscoviense Basin and Thomson crater (whit-filled 

diamonds labeled with “V” and “T,” respectively) are labeled for reference, as are the Low-FeO igneous deposits at Maurolycus and olivine-rich exposures within Schrödinger 

basin and Zeeman crater (white-filled circles labeled “M,” “S,” and “Z,” respectively). The strong correlation of PSA detections ( Pieters et al., 2014 ) with results from this 

analysis suggests the nearside southern highlands region is the most promising area to search for possible Mg-suite volcanic and intrusive deposits (see text for further 

discussion). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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b  
.1.2. South Pole-Aitken basin 

PSA is detected at Thomson crater in SP-A and the remain-

ng four PSA locations are not correlated with any of the pre-

icted eruptive regions ( Fig. 3 c). The Mg-spinel exposures at Thom-

on crater are presently the most extensive of any PSA detection
 Pieters et al., 2014 ). Additionally, olivine-rich exposures are lo-

ated in the central peaks and rings of Schrödinger basin and Zee-

an crater and have been characterized as high-Mg# lithologies

 Yamamoto et al., 2012b; Kramer et al., 2013 ). The detection of

oth high Mg#, olivine-rich lithologies in Schrödinger basin, Zee-
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man crater and extensive Mg-spinel lithologies at Thomson crater

supports the presence of high-MgO material (possibly Mg-suite)

underlying a small portion of the SP-A floor. 

4.1.3. Farside feldspathic highlands 

Finally, Mg-suite eruptions are not expected within the farside

feldspathic highlands region of the Moon ( Fig. 3 c). Additionally, the

low number of PSA detections within this region may indicate that

Mg-suite magmatism was not as prevalent on the lunar farside

as it perhaps was within the PKT or nearside southern highlands

(e.g., Haskin et al., 20 0 0; Jolliff et al., 20 0 0; Wieczorek and Phillips,

20 0 0 ). The possible absence of Mg-suite magmatism on the far-

side would support remote sensing studies suggesting olivine-rich

crustal material is restricted to the nearside lower lunar crust (e.g.,

Yamamoto et al., 2012b ). However, PSA detections are typically as-

sociated with areas of thin crust, including Moscoviense basin on

the lunar farside ( Fig. 3 c) ( Pieters et al., 2014 ). Thus, it is possi-

ble that deep-seated PSA lithologies within the thick, farside felds-

pathic highlands crust may not have been excavated. In this case,

the absence of PSA and Mg-suite within the farside highlands can-

not be used as evidence against their presence. 

4.2. Reconsidering Mg-suite deposits in future remote sensing studies 

Given the predominance of intrusive Mg-suite samples, the re-

mote identification and characterization of Mg-suite extrusive de-

posits has not been a primary focus in studies of lunar volcan-

ism. Assuming PSA can be used as a proxy for Mg-suite however,

the proximity of several PSA detections within the predicted erup-

tive region in the southern highlands merits further consideration.

For instance, evidence for low-FeO, magmatic activity has been ob-

served in the southern highlands of the lunar nearside, specifically

around Maurolycus crater ( Scott, 1972; Giguere et al., 1998; Hawke

et al., 2002 ). While the region is largely devoid of volcanic de-

posits at the surface, several dark-halo impact craters (DHC) and

dark rayed craters have been identified (indicating buried mafic

material, or “cryptomare”) (e.g., Head and Wilson, 1992; Hawke

et al., 2002 ). Yamamoto et al. (2015 ) also identified the presence of

high-Ca pyroxene deposits associated with the cryptomare regions,

consistent with possible igneous activity. In particular, dark (low

albedo) rays have been observed extending away from crater Mau-

rolycus A (45.3 °S, 14.5 °E), which may represent the excavation of

a buried mafic intrusion ( Giguere et al., 1998; Hawke et al., 2002 ).

The FeO concentration associated with the lower albedo rays ex-

tending from Maurolycus A is on the order of 5–9 wt% ( Hawke

et al., 2002 ). The low-albedo FeO values are similar with the sur-

rounding lighter albedo highlands material (5–11 wt% FeO), but

much lower than both local mafic deposits within the region (12–

14 wt% FeO) and typical mare basaltic compositions (15–18 wt%

FeO). To explain the presence of low albedo, low-FeO dark rays,

Hawke et al. (2002) suggest that low albedo mafic material may

have mixed with low-FeO highlands material during impact. 

While the low-FeO mafic material can be explained by mix-

ing with highlands material, it would also be consistent with low-

FeO Mg-suite basaltic compositions reported here ( Table 1 ). Be-

cause Mg-suite is ancient, many (if not all) Mg-suite volcanic de-

posits on the nearside would likely have been buried during the

Imbrium impact ( Treiman and Gross, 2013 ) or covered by younger

mare basalt flows. If Mg-suite intrusive or extrusive deposits are

buried, they could be exposed and identified similar to cryptomare

deposits (via the presence of DHC) (e.g. Schultz and Spudis, 1979;

Hawke and Bell, 1981; Head and Wilson, 1992; Whitten and Head,

2015a, 2015b ). Additionally, Mg-suite intrusions and/or buried vol-

canic deposits could be identified via positive Bouguer anomolies

using gravity and topography data including gravitational signals

beneath floor fractured craters (e.g., Jozwiak et al., 2012, 2015;
horey et al., 2015; Sori et al., 2016 ). Results from the present anal-

sis suggest low-density, low-FeO Mg-suite material, in addition to

ypical high-density, high-FeO mare compositions, should be in-

luded in future remote sensing studies and geophysical models

f ancient lunar volcanic and magmatic activity, particularly in the

earside southern highlands of the Moon. 

.3. Implications concerning crustal evolution and mare volcanism 

One of the more intriguing results from this study is that Mg-

uite parental melts are ∼20 0–30 0 kg/m 

3 less dense than average

are basalts ( Fig. 1 ). Thus, it is surprising that high-density mare

asalts have erupted and cover a significant portion of the lunar

urface, but ancient, low-density Mg-suite extrusive deposits have

ot been observed. As stated above, it is possible that ancient Mg-

uite lavas erupted onto the surface, but have since been covered

y younger mare basalt flows or destroyed by impacts. Assuming

g-suite parental magmas were predominantly intrusive, we dis-

uss potential causes for the apparent paradox of ancient, low-

ensity magmatic intrusions and younger, high-density volcanic

ruptions. 

If GRAIL has measured the present-day porosity of the lunar

rust, when did the fracturing occur? Results from this analy-

is suggest present day, low-crustal densities measured by GRAIL

re needed to have prevented ancient, low-density plagioclase-

ndersaturated Mg-suite parental melts from buoyantly erupting

 Fig. 1 ). Because the Mg-suite samples are ancient ( ∼4.3 Ga) and

redominantly intrusive, the results imply the primary lunar crust

as fractured soon after solidification perhaps creating a porous,

ow-density barrier to eruption. 

Alternatively, a hotter or partially molten crust has been sug-

ested to explain the presence of large, linear gravity anoma-

ies (interpreted as ancient igneous intrusions) globally distributed

cross the Moon ( Andrews-Hannah et al., 2013 ). A partially molten

r ductile crust would impede early magmatic ascent due to in-

reased lateral plastic deformation during intrusion ( Huppert and

parks, 1988; Rubin, 1993 ). A hotter or partially molten crust

ould also be more susceptible to magma-wallrock interactions,

hich may have led to production of Mg-spinel (MgAl 2 O 4 )-bearing

ithologies on the Moon ( Morgan et al., 2006 ; Prissel et al., 2012,

014, 2016 ). Thus, the detection or confirmed absences of ancient

g-suite extrusive deposits can help to further constrain the ther-

al and stress-state of the ancient lunar crust. 

.3.1. Additional factors controlling magmatic ascent 

Younger, high-density mare basaltic volcanism appears to re-

uire more than buoyancy forces alone ( Fig. 1 ). For instance, erup-

ion is more likely within regions experiencing extensional stresses

e.g., Lister and Kerr, 1991 ). Recent GRAIL measurements of rec-

ilinear gravity anomalies bordering the PKT region of the Moon

uggest surface extension occurred during lower lithospheric con-

raction after heat production (U, Th) declined within the PKT

4.0–3.0 Ga ( Andrews-Hanna et al., 2014 ). The gravity anomalies

re interpreted to be a network of lava-flooded rift valleys, possi-

ly coinciding with the onset of high-density, extrusive mare vol-

anism ( ∼3.9 Ga, Hiesinger et al., 2010 ). Note also, the density

f KREEP basalt 15386 ( ∼2700 kg/m 

3 ) is similar to the density of

he theoretical Mg-suite parent compositions explored here ( Fig.

 ). However, crystallization ages for KREEP basalts place them just

rior to or contemporaneous with a predominance of mare basaltic

olcanism (e.g., Nyquist and Shih, 1992 ), suggesting low-density,

REEP volcanism may also be related to the rifting event proposed

y Andrews-Hanna et al. (2014 ). 

Ancient cryptomare deposits detected remotely and mare clasts

uch as meteorite Kalahari 009 ( ∼4.3 Ga) may indicate volcanic

ruptions occurred contemporaneously with Mg-suite intrusive
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agmatism ( > 4.1 Ga) (e.g., Taylor et al., 1983; Nyquist and Shih,

992; Terada et al., 2007; Whitten and Head 2015a, 2015b ). As dis-

ussed above, other factors may have contributed to the eruption

f ancient magmas. For example, the hydrostatic ascent model pre-

icts that a deeper source region (the term is used here to also de-

ne the region where melts can pond to form a pre-eruptive reser-

oir) will result in more excess positive pressure at the LNB, pos-

ibly explaining the presence of high-density mare basalts at the

urface (e.g., Solomon, 1975; Wilson and Head, 1981 ). When apply-

ng the hydrostatic ascent model to the Mg-suite however, erup-

ions are expected to occur for Mg-suite source depths > 20 km,

mplying an extremely shallow source region of melting and/or

hat buoyancy forces primarily controlled Mg-suite melt transport

 Prissel et al., 2013 ). 

Prior to the recent update of crustal densities from the Grav-

ty Recovery and Interior Laboratory (GRAIL) mission, Wieczorek et

l. (2001) investigated the distribution of basaltic volcanism on the

oon as a function of magmatic buoyancy and impact processes.

he authors suggest mare magmas with densities greater than up-

er crustal densities erupt only when the upper anorthositic crust

LNB) is removed via impact excavation. With some caveats, this

odel can predict the global distribution of younger mare basaltic

olcanism on the Moon. Wieczorek et al. (2001) also show that

are melts ascending at super-liquidus temperatures would have

ower bulk densities and thus, be more capable of erupting. 

Finally, the exsolution of dissolved volatiles from an ascend-

ng magma can aid in driving extrusive volcanism, specifically fire

ountain eruptions ( Wilson and Head, 1981 , Fogel and Ruther-

ord 1995 ; Nicholis and Rutherford 2009 , Rutherford and Papale,

009 ). For example, lunar picritic glass beads are coated with

everal volatile elements (C, S, Na, K, Cl, F, P, etc.) suggesting

hey erupted within a vapor cloud (e.g. Nicholis and Rutherford,

009 , Rutherford and Papale, 2009 ). Furthermore, dissolved volatile

pecies as well as gas bubbles lower the bulk density of an ascend-

ng magma and may contribute to rapid propagation of an intrud-

ng dyke tip, perhaps leading to basaltic eruptions (e.g., Wilson and

ead, 2007 ). As a corollary, this may indicate Mg-suite parental

elts were nominally anhydrous and/or the Mg-suite source re-

ion was volatile-depleted. 

. Conclusions 

Results from this study suggest Mg-suite parental melts were

apable of erupting only within a few regions of the lunar surface

 < 10% globally). The Mg-suite plagioclase-undersaturated melt is

he highest density Mg-suite melt considered (2757 kg/m 

3 ) and

hus, the most likely to remain intrusive relative to the other Mg-

uite parental melts. Because of its likelihood to remain intrusive,

he Mg-suite plagioclase-undersaturated parental melt is consis-

ent with the current sample set and petrogenetic models, which

uggest the Mg-suite was predominantly intrusive. 

The potential regions of eruption predicted for alternative Mg-

uite melts are focused within the nearside southern highlands

nd South Pole-Aitken basin. The presence of remotely observed

g-suite related rocks (PSA) within the southern highlands region

f the Moon suggests this is the most promising area for investi-

ation of ancient, Mg-suite extrusive volcanism. Mg-suite volcanic

eposits may be buried by impact ejecta or younger basalt flows. If

o, Mg-suite extrusive deposits may be detected in a similar man-

er to cryptomare via the presence of dark haloed craters (e.g.,

hitten and Head, 2015a, 2015b ) or as positive Bouguer anomolies

n gravity and topography data (e.g., Jozwiak et al., 2012, 2015;

horey et al., 2015; Sori et al., 2016 ). Thus, low-density, low-FeO

g-suite basaltic compositions (in addition to high-density, high-

eO mare compositions) should be included in future remote sens-
ng studies aimed at characterizing igneous mafic material, partic-

larly in the nearside southern highlands region of the Moon. 

The low average crustal densities measured by GRAIL are con-

istent with the apparent lack of Mg-suite volcanic activity. This

mplies present day fractures of the lunar crust were acquired

hortly after primary crustal genesis creating a porous, low-density

egaregolith that acted as a barrier to Mg-suite eruptions. A net-

ork of lava-filled rift valleys bordering the PKT may indicate ex-

ensional stresses occurred ∼4.0–3.0 Ga, possibly explaining the

resence of younger, high-density mare (and low-density KREEP)

asaltic volcanism. Additional factors such as hydrostatic forces,

mpact-removal of a LNB within the crust, and dissolved volatile

pecies may also contribute to both ancient and younger basaltic

olcanism. 
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