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Introduction:  The Giant Impact hypothesis is the 

most commonly accepted mechanism of Moon for-

mation [1,2]. It posits that a Mars-sized planetesimal 

collided with proto-Earth, and the ejected debris 

(sourced from both the impactor and Earth) subse-

quently coalesced and cooled to form the Moon [2].  The 

violence of this process would have created tempera-

tures capable of volatilizing a great deal of material, and 

the Moon was hypothesized to be depleted highly vola-

tile species (eg, H2O, COx, F, Cl, and S) [3].  Recent 

analyses on olivine-hosted melt inclusions, volcanic 

glass beads, and nominally hydrous mineral phases (ap-

atite) have shown this “dry Moon” hypothesis to be in-

correct [4-6].  While relative to Earth the Moon is de-

pleted in volatiles, significant quantities of these species 

exist within the Moon. 

Moderately volatile elements (MVEs) are defined as 

elements with a condensation temperature between 650-

1350K [7]. Their higher condensation temperatures po-

tentially allows them to record condensation/degassing 

events [7].  The concentration of MVEs in lunar basalts 

provide insight not only into the overall level of degas-

sing the Moon experienced, but also to the MVE inven-

tory in the lunar mantle. 

Mare basalts are the result of partial melting of com-

positionally distinct regions of the cumulate lunar man-

tle [8,9].  The material that coalesced after the Giant Im-

pact would have been mostly, if not entirely, molten.  

The subsequent crystallization can be thermodynami-

cally modeled and would have mineralogically followed 

Bowen’s reaction series [9].  Forsteritic Olivine (OL) 

would have formed first, and being denser than the sur-

rounding melt, would have settled to the base of the lu-

nar magma ocean (LMO) [9]. As crystallization pro-

gressed from OL to orthopyroxene (OPX) to clinopy-

roxene (CPX), each phase would be progressively more 

Fe-rich until ilmenite (ILM) came on the liquidus [9]. 

The last dregs of the LMO would be enriched in incom-

patible elements and has been termed urKREEP [10]. 

As the mantle cumulate formed, the Fe-rich phases 

would be stratigraphically above the Mg-rich phases. At 

some point after the crystallization of dense ILM, the 

mantle cumulate became gravitationally unstable and 

went through an overturn process that mixed to varying 

degrees the early and late cumulates [9,11]. The effi-

ciency of the turnover and the resulting heterogeneity of 

the lunar mantle is still debated. Mare basalts are 

categorized as very-low-Ti (VLT), low-Ti, and high-Ti 

(e.g., [12]). VLT and low-Ti represent partial melts of a 

source region dominated by early LMO cumulates, 

whereas high-Ti basalts were derived from a source 

dominated by late-stage LMO cumulates. KREEP bas-

alts contain a significant urKREEP component and are 

derived from soure regions with a lower Ca/Al ratio than 

mare basalts [8]. 

Methods:  The MVEs chosen for this study are Zn, 

Se, Rb, Ag, Cd, In, Sb, Tl, Pb, & Bi.  They have been 

measured in 54 whole rock samples using solution mode 

inductively coupled plasma mass spectrometry (SM-

ICP-MS). The trace nature of these MVEs makes them 

especially susceptible to interferences that occur when 

another element in the sample forms a polyatomic ion 

that equals the element of interest mass and elevates the 

signal.  To mitigate this, a series of interference solu-

tions were designed to quantify and correct for the data 

[13]. Standard reference materials (SRMs) BIR and 

BHVO were run in conjunction with the lunar samples 

to ensure analytical accuracy.  

Results & Discussion:  The generally incompatible 

nature of these MVEs with the crystallizing phases in 

the LMO means that as crystallization progressed, they 

should be progressively more enriched in the remaining 

melt. The only exception to this is Zn which has shown 

to be compatible in both OPX and ILM [14]. The result-

ing concentrations should show a positive trend between 

 
Figure 1:  Rb vs. Pb showing the comparable concentra-

tions of high-Ti (solid symbols) and low-Ti (open sym-

bols).  Yellow circles = A11 high-K basalts; KREEP-rich 

samples are the two most enriched.  Note the orange glass 

beads showing a slight enrichment of Pb, but not Rb. 
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the low-Ti, high-Ti, and KREEP basalts.  The Apollo 11 

high-Ti, high-K samples are more enriched due to the 

incorporation of a KREEP-rich component [15] (Fig 1).  

An exception to this is Zn where these high-K samples 

have comparably high Ag to high-Ti basalt concentra-

tions, but plot below the low-Ti basalts with respect to 

Zn (Fig 2). The compatible nature of Zn in ILM and 

OPX may explain the slight overlap in concentations 

seen in the low and high-Ti samples (Fig 2). The Apollo 

12 ilmenite basalts, while traditionally categorized as 

low-Ti basalts, have been shown to have an intermediate 

composition and span the concentrations of both the low 

and high-Ti basalts (e.g., [16]). A KREEP-rich impact 

melt (14310) was analyzed and although it was not pro-

duced by mantle melting processes, shows similar en-

richments as pristine KREEP basalts. The data show 

that the expected enrichment between the low- and 

high-Ti basalts is not present with the exception of Ag 

(Fig 2) and Se, which may be due to their more chalco-

phile behavior.  If the LMO underwent sulfide immisci-

bility, this dense S-rich phase may have sunk, percolat-

ing through and metasomatizing the earlier cumulates or 

unmelted region of the Moon [17].  An event such as 

this would have affected highly chalcophile Ag and Se 

relative to the other elements in the MVE suite. 

Orange volcanic glass beads, shown to be some of 

the most volatile rich material collected on the Moon 

[6], were also hand-picked and analyzed. These data 

show the orange glass is enriched in the MVEs relative 

to mare basalts, but not uniformily across all analyzed 

elements. The orange glass is KREEP-like with respect 

to Zn & Ag (Fig 2), but similar to the low-basalts with 

respect to Rb & only slightly enriched in Pb (Fig 1). 

Like the MVEs, Ti is incompatible in the major 

LMO phases, except ILM, but it is more refractory.  

Normalizing these data to Ti should allow direct 

comparisons between the low- and high-Ti samples.  

The high-Ti samples are depleted in MVEs relative to 

the low-Ti basalts (Fig 3) which is interpreted to repre-

sent the degassing of MVEs from the LMO after the for-

mation of the low-Ti basalt source.  This could be the 

result or combination of several process; steady LMO 

convection restricting the formation of a volatile-sealing 

quenched lid [18]; an impact large enough to breach the 

crust and degass the late stage cumulate volatile reser-

voir [19] followed by resealing. We prefer the latter op-

tion on the basis of our data.  

Conclusion: The MVE content of a suite of mare 

and KREEP basalts have been quantified. The depletion 

in high-Ti basalts relative to low-Ti basalts is inter-

preted as an overall loss in volatile species in the late-

stage LMO cumulates, contrary to expectations. This 

has been interpreted as a LMO degassing event that ef-

fected the later stage, high-Ti cumulates, probably 

through a crust-penetrating impact. 
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Figure 2:  Ag vs. Zn showing the variation in Zn con-

centrations in A11 high-Ti samples.  This could be due 

to ilmenite fractionation, or degassing during eruption.   
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Figure 3:  Rb/Ti vs. Cd/Ti showing the depletion of the 

high-Ti basalts relative to the low-Ti basalts after nor-

malizing to Ti. 

 

0.5

5

50

0 1 100

C
d

/T
i 

Rb/Ti 

KREEP

Impact Melt

Apollo 11 High-K

Apollo 11 Low-K

Apollo 14

Apollo 12 Olivine

12038

Apollo 12 Pigeonite

Apollo 12 Ilmenite

Apollo 15 Olivine

Apollo 17 Type A

Apollo 17 Type B

Apollo 17 Type C

Apollo 17 Type U

Orange Glass

Low-Ti

High-Ti

1274.pdf49th Lunar and Planetary Science Conference 2018 (LPI Contrib. No. 2083)


