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Introduction:  The abundance and distribution of 

magmatic volatiles (i.e., H, C, N, F, S, and Cl) within 
the silicate portion of a differentiated planetary body has 
important consequences on its thermochemical 
evolution. However, the abundances of magmatic 
volatiles within differentiated bodies are difficult to 
quantify, and they are often depleted by varying degrees 
relative to CI chondrites. The mechanisms of depletion 
are not well constrained and could relate to intrinsic 
volatile depletion of the building blocks that formed the 
bodies, high temperature processes that result from 
accretion, post-accretion loss through parent body 
geological processes including large-scale impacts, 
and/or redistribution within a parent body through 
processes like core formation [1–4].  

In the present study, we aim to constrain the 
abundances of F, Cl, and H2O in eucrites to better 
understand the magnitude of volatile depletion on 4 
Vesta. To accomplish this objective, we report electron 
microprobe analyses of apatite [Ca5(PO4)3(F,Cl,OH)] 
from seven unbrecciated, non-cumulate eucrites (i.e., 
CMS 04049, GRA 98098, LEW 88010, MAC 02522, 
MAC 041169, QUE 94484, and QUE 97053) and two 
monomict, non-cumulate eucrites (i.e., Berthoud and 
Stannern). In combination with previously published 
data on eucrite-hosted apatite, we determine Cl/F and 
H2O/F ratios in bulk rock eucrites through the 
application of apatite-based melt hygrometry and 
chlorometry [e.g., 5–7]. Additionally, we estimate the 
bulk rock abundances of F in six non-cumulate eucrites 
(i.e., GRA 98098, MAC 041169, PCA 91078, QUE 
97053, Stannern, and Berthoud), which we combine 
with previously published bulk rock F data on non-
cumulate eucrites [8] to constrain the abundances of F, 
Cl, and H2O in 4 Vesta using appropriately paired 
volatile/refractory element ratios for F, followed by 
Cl/F and H2O/F ratios for Cl and H2O, respectively. 

Methods: Electron probe microanalysis (EPMA) of 
apatite in the eucrites CMS 04049, GRA 98098, LEW 
88010, MAC 02522, MAC 041169, QUE 94484, and 
QUE 97053 was conducted using a JEOL JXA 8200 
electron microprobe in the Institute of Meteoritics at the 
University of New Mexico (UNM), and EPMA of 
apatite in the eucrites Berthoud and Stannern was 
conducted using a JEOL 8530 field emission electron 
microprobe housed in ARES at NASA JSC.  

Bulk rock fluorine abundances of GRA 98098, 
MAC 041169, PCA 91078, QUE 97053, Stannern, and 
Berthoud were estimated based on our determination of 
modal mineralogy in those samples from full-section 
BSE and energy-dispersive X-ray spectroscopy (EDS) 
maps collected using a JEOL 7600F field emission 
scanning electron microscope (FE-SEM) housed within 
ARES at NASA JSC.  

Full details on our methods can be found in the full-
length publication of this work in Geochimica et 
Cosmochimica Acta [9]. 

Results:  Apatite within eucrites are predominantly 
chlorine-poor fluorapatite that span a narrow range of F-
Cl-OH ternary space (Figure 1) when compared to 
basalts from other celestial bodies like Earth, Moon, and 
Mars [e.g., 10]. The range in apatite X-site composition 
of eucrites is most similar to lunar mare basalts [10], but 
apatite in eucrites exhibit a narrower range of Cl 
abundances. Although we did not directly determine the 
H2O abundances of apatite in the present study, we used 
published H2O abundances in eucrite apatite determined 
by secondary ion mass spectrometry (SIMS).  

 
Figure 1. Truncated ternary plot of apatite X-site 
occupancy (mol%) from all eucrites analyzed in the 
present study as well as from the literature [11–17]. OH 
was not directly measured, so it was calculated 
assuming 1 – F – Cl = OH. EPMA data yielding (F + Cl) 
> 1 sfu are plotted along the OH-free join assuming 1 – 
Cl = F.  
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Bulk rock abundances of F are needed to use apatite-
based melt hygrometry and chlorometry [5]. Prior to this 
study, bulk fluorine abundances were reported for 6 
non-cumulate and/or monomict brecciated eucrites, and 
the values are in the range of 15–53 ppm F [8]. The 
samples analyzed previously include Stannern, Nuevo 
Laredo, Juvinas, Béréba, Jonzac, and Haraiya. Of those 
samples, apatite X-site data are only available for 
Stannern, Nuevo Laredo, and Juvinas. In this study, we 
report bulk F abundances for GRA 98098, MAC 
041169, PCA 91078, QUE 97053, Stannern, and 
Berthoud. The bulk F abundances from the samples we 
analyzed are in the range of 7.6–54 ppm. Our value for 
Stannern of 54 ± 5 ppm F is similar to that reported in 
the literature at 48 ppm F [8], lending further credence 
to our method of bulk rock F estimation. All of the 
samples for which bulk rock abundances of F were 
determined also have corresponding apatite 
compositions; consequently, we have eight eucrites with 
sufficient data to apply apatite-based melt hygrometry 
and/or chlorometry methods. 

Discussion: The eucrites have F/Nd and F/Dy melt 
ratios of 2.9–9.6 and 5.4–18.4, respectively and average 
F/Nd and F/Dy ratios of 5.8 ± 2.4 and 10.9 ± 4.2, 
respectively. Based on the Nd (0.877 ppm) and Dy 
(0.473 ppm) abundances in bulk silicate 4 Vesta (BSV), 
we estimate a BSV F abundance of 3.0–7.2 ppm. This 
value is within error of the F abundance reported by [18] 
at 4.8 ppm F, and it is higher than the estimate from [19] 
at 0.3–2 ppm F. The abundance of F in the bulk silicate 
portion of 4 Vesta is depleted by 0.08–0.1 × CI, which 
is similar to other moderately volatile element (MVE) 
depletions in 4 Vesta (e.g., Na, K, Zn, Rb, Cs, and Pb; 
[18, 20]) and within error of the bulk F abundance in the 
bulk silicate portion of the Moon, corroborating 
evidence that both are depleted in moderately volatile 
elements to a similar degree. 

The computed abundance of F in the bulk silicate 
portion of 4 Vesta was combined with the Cl/F ratios 
determined from apatite-based melt chlorometry to 
estimate a Cl abundance in BSV of 0.39–1.8 ppm. This 
value is depleted relative to the estimate of 4.6 ppm Cl 
from [18] and indicates that Cl is more depleted in 4 
Vesta than reported previously. The abundance of Cl in 
the BSV is depleted by 0.00056–0.0027 × CI, which is 
highly depleted relative to other MVE in 4 Vesta. The 
Moon and Earth also record relatively extreme depletion 
in Cl compared to other MVE with similar 50% 
condensation temperatures [21–22], but the degree of 
depletion is more pronounced on 4 Vesta. 

The computed abundance of F in the bulk silicate 
portion of 4 Vesta was combined with the H2O/F ratios 
determined from apatite-based melt hygrometry to 
estimate an H2O abundance in BSV of 3.6–22 ppm. This 

value agrees well with previous estimates that used 
apatite-based melt hygrometry [23], and it agrees well 
with the pyroxene-based H2O estimates that assumed 
eucrites formed by serial magmatism (i.e., 10–21 ppm 
H2O; [19]). Our estimates also agree with the far low 
end of the pyroxene-based H2O estimate that assumed 
eucrites are melt extracts from a magma ocean (i.e., 10–
70 ppm H2O; [16, 19]). The abundance of H2O in the 
bulk silicate portion of 4 Vesta is depleted by 0.000026–
0.00016 × CI, which is highly depleted relative to less 
volatile components in 4 Vesta but similar to the degree 
of depletion estimated in some highly volatile elements 
on the Moon. 

Conclusions: The asteroid 4 Vesta is a protoplanet 
with a degree of volatile depletion in moderately and 
highly volatile elements, exclusive of Cl, that is similar 
to the Moon. On the basis of eucrites, the bulk silicate 
portion of 4 Vesta has 3.0–7.2 ppm F, 0.39–1.8 ppm Cl, 
and 3.6–22 ppm H2O. The pronounced depletion in Cl 
on 4 Vesta is enigmatic but may be related to volatile 
depletion that occurred in the building blocks that 
formed 4 Vesta [9]. Although eucrites provide 
important constraints on the volatile abundances of the 
silicate portion of 4 Vesta, additional studies on the 
volatile abundances of diogenites and diogenite 
magmas are needed to fully assess the abundances of 
volatiles in the bulk silicate portion of 4 Vesta. 
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