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The relative abundances of chlorine isotopes measured in low-Ti basalts from the Moon appear to 
reflect mixing between two reservoirs: One component representing the urKREEP—the final product of 
the crystallization of the lunar magma ocean—with δ37Cl = +25� (relative to Standard Mean Ocean 
Chlorine), the other representing either a mare basalt reservoir or meteoritic materials with δ37Cl ∼ 0�. 
Using the abundances of other KREEP-enriched elements as proxies for the abundance of Cl in low-Ti 
mare basalts—which is difficult to constrain due to magmatic processes such as fractional crystallization 
and degassing—we find that the urKREEP contains ∼28 times higher Cl abundance (25–170 ppm Cl) 
as compared to the low-δ37Cl end member in the observed mixing relationship. Chlorine—with an 
urKREEP/C.I. ratio of 0.2 to 1.5—is 500 to 3400 times less enriched than refractory incompatibles such 
as U and Th, and is consistent with incomplete loss of Cl species taking place during or prior to the 
magma ocean phase. The preservation of multiple, isotopically distinct reservoirs of Cl can be explained 
by: 1) Incomplete degassing pre- or syn-giant impact, with preservation of undegassed chondritic Cl 
and subsequent formation of an enriched and isotopically fractionated reservoir; or 2) Development of 
both high-concentration, high-δ37Cl and low-concentration, low-δ37Cl reservoirs during the degassing and 
crystallization of the lunar magma ocean. A range of model bulk lunar Cl abundances from 0.3–0.6 ppm 
allows us to place Cl in the context of the rest of the elements of the periodic table, and suggests that Cl 
behaves as only a moderately volatile element during degassing. Chlorine isotope fractionation resulting 
from loss syn- or pre-magma ocean is characterized by 1000 • ln[α] = −3.96 to −4.04. Abundance and 
isotopic constraints are consistent with the loss of Cl being limited by vaporization of mixtures of Cl salts 
such as HCl, ZnCl2, FeCl2, and NaCl. These new constraints on the chlorine abundance and isotopic values 
of urKREEP make it a well-constrained target for dynamic models aiming to test plausible conditions for 
the formation of the Earth–Moon system.

Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The systematic depletion of volatile elements in lunar rocks 
and estimates of bulk lunar abundances based on those rocks is 
a fundamental constraint on the formation and evolution of the 
Earth–Moon system (Barr, 2016 and references therein; Day and 
Moynier, 2014; Hauri et al., 2015; McCubbin et al., 2015a). The 
loss of moderately to highly volatile elements is also associated 
with measurable—in some cases quite large—isotopic fractionations 
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(Day and Moynier, 2014; Day et al., 2017; Herzog et al., 2009;
Kato and Moynier, 2017; Paniello et al., 2012; Pringle and Moynier, 
2017; Wang and Jacobsen, 2016a). One such example is Cl, which 
has two stable isotopes (35Cl and 37Cl) that are fractionated tens 
of per mille (�; parts per thousand) more in lunar rocks than 
in their terrestrial equivalents (Sharp et al., 2010a). There are two 
kinds of chlorine isotope data available for lunar basalts: 1) High-
precision (<1� 2σ ) conventional mass spectrometry measure-
ments, sometimes reported with separate δ37Cl measurements on 
soluble and insoluble portions of bulk samples, and 2) Lower-
precision (1–3� 2σ ), in situ secondary ion mass spectrometry 
(SIMS) measurements of the Cl-rich phase apatite, a mineral that 
nse (http://creativecommons.org/licenses/by/4.0/).
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is present in most lunar basalts. For variations of the magnitude 
observed on the Moon (from −4� to +81�; Boyce et al., 2015; 
Wang et al., 2012), both techniques can provide useful but differ-
ent information about the rocks sampled.

Early models (Sharp et al., 2010a) based on a combination 
of SIMS and conventional mass spectrometry data suggested that 
these highly fractionated basalts could only form by anhydrous 
degassing of metal chloride such as NaCl, FeCl2, or ZnCl2 during 
eruption. However, this model is inconsistent with experimen-
tal data showing large fractionations during evaporation of HCl 
(Sharp et al., 2010b), the presence of hydrogen in samples with 
elevated δ37Cl (Boyce et al., 2010, 2015; Greenwood et al., 2011;
McCubbin et al., 2010; Potts et al., 2018), and the observation 
that the highest Cl abundances are associated with elevated δ37Cl
(Barnes et al., 2016; Boyce et al., 2015).

An alternative model was presented by Boyce et al. (2015) and 
later by Barnes et al. (2016) in which elevated δ37Cl measure-
ments were attributed to mixing between light and heavy isotopic 
reservoirs of Cl within the Moon: The light reservoir (δ37Cl ≤ 0�) 
was suggested to be the uncontaminated signal of mare basalts, 
whereas the heavy reservoir (δ37Cl > +25�) was attributed to the 
urKREEP—the last vestige of the lunar magma ocean. The fraction-
ation mechanisms proposed by Sharp et al. (2010a) are consistent 
with the model of Boyce et al. (2015) with the caveat that the 
timing of degassing was different with the latter model attribut-
ing the degassing and related fractionation to the magma ocean 
following the giant impact that formed the Earth–Moon system. 
Incompatible elements—including Cl—are assumed to be concen-
trated into the urKREEP during the crystallization of the lunar 
magma ocean (Warren and Wasson, 1978, 1979). Correlations be-
tween these abundances and δ37Cl are the primary evidence for 
the urKREEP being the source of heavy Cl on the Moon (Boyce et 
al., 2015).

Here, we continue this line of thinking to use chlorine isotopes 
in lunar basalts to further constrain the planet-scale chemical evo-
lution of the early Earth–Moon system.

1.1. Relationship between chlorine isotopes and incompatible elements

Elevated δ37Cl values are observed in apatite crystals that are 
rich in Cl, consistent with a reservoir enriched in Cl, and rel-
atively enriched in 37Cl over 35Cl (Boyce et al., 2015). Chlorine 
isotope ratios are also observed to increase with increasing bulk 
Th and La/Lu, both indicators of an urKREEP component in the 
basalt (Neal and Taylor, 1989; Warren and Wasson, 1978). Barnes 
et al. (2017) noted that this relationship only appears to hold for 
low-Ti and KREEP-rich basalts (which are also low in Ti), but that 
high-Ti basalts do not appear to define the same δ37Cl-trace ele-
ment relationship. This is consistent with overall petrogenetic re-
lationships of the low-Ti and high-Ti basalts, which are thought 
to derive from different source regions within the lunar man-
tle, possibly at different depths (Krawczynski and Grove, 2012;
Longhi, 1992; Shearer et al., 2006). It is also consistent with the 
“neuKREEP” hypothesis of Jerde and Taylor (Jerde et al., 1993;
Jerde and Taylor, 1993), who suggested that the high-Ti basalts de-
rived their trace element systematics by incorporating a different 
material than did the low-Ti basalts. The recent work of Barnes et 
al. (2017) supports this hypothesis, although more work is needed 
to determine and subsequently evaluate the systematics of the 
high-Ti basalts, which are not described in detail here.

In order to test the hypothesis that the urKREEP is the source of 
elevated δ37Cl in low-Ti and KREEP basalts, we have expanded the 
analysis of Boyce et al. (2015) comparing in situ δ37Cl measured 
in apatite and bulk trace elements to include a larger number of 
samples. When considering any δ37Cl-trace element relationship, 
one concern is that the elements correlating positively with δ37Cl
are all compatible in apatite (Cl, Th, REE), which might implicate 
apatite itself as the culprit in generating these relationships. One 
possibility would be that there is an unidentified lithology with 
37Cl-rich, Cl-rich apatites that can generate mixing arrays via con-
tamination. In order to address this we have also considered a 
wider range of elements with different geochemical affinities in-
cluding large ion lithophile (K, Ba) and high field strength (Zr, 
Hf) elements, which do not partition favorably into apatite. This 
choice of elements with diverse geochemical behavior—saving for 
their incompatibility in the phases crystallizing from the lunar 
magma ocean—uniquely tests the hypothesis that the urKREEP is 
the source of elevated δ37Cl in the low-Ti suite of lunar mare 
basalts.

1.2. Mixing models

Ideally, one would use hyperbolic mixing relationships to con-
strain the isotopic composition of the two end members (in this 
case δ37Clmare and δ37ClurKREEP), as well as the elemental abun-
dances (Clmare and ClurKREEP, with the former representing the 
KREEP-free abundance in mare basalts, and the latter representing 
the Cl content of the urKREEP). This would be a valuable contribu-
tion to our understanding of the Moon, as Cl is a volatile element 
and the volatile budget of the Moon is an important and active 
field of study (Hauri et al., 2015). However, the aforementioned 
analysis requires knowledge of the Cl content of the basalts stud-
ied. This is a problem because the three methods we have for con-
straining the Cl content of mare basalts—bulk measurements; melt 
inclusions; apatite volatile barometry—are flawed (see supplemen-
tal information). The almost certainty with which the assertions 
of any δ37Cl–Clapatite model that relies on Cl estimates are violated 
would make any result suspect at best. In the following paragraphs 
we outline a more robust strategy.

1.3. Modeling Cl isotopic mixing by proxy

The concomitant enrichment of all incompatible elements in 
the urKREEP provides an alternative to using Cl abundances in 
bulk rocks or apatites to constrain Clmare and ClurKREEP. We can use 
other elements for which more robust bulk estimates are available 
as proxies for Cl, and build mixing models with those elements 
taking the place of Cl. For mixtures with component moles of 
Cl here labeled ClA, ClB, (etc.), and isotopic compositions δ37ClA, 
δ37ClB, (etc.), the canonical equation for mixtures where the com-
ponents have small differences is given by

δ37ClTotalClTotal ≈ δ37ClAClA + δ37ClBClB + δ37ClCClC + · · · (1)

this simplifies in the binary case to solve for a magma contami-
nated by urKREEP to be:

δ37ClTotal ≈ (δ37ClmareClmare + δ37ClurKREEPClurKREEP)

ClTotal
(2)

It should be noted that the approximation used above differs 
slightly from the exact solution—which treats moles of 35Cl and 
37Cl as separate species instead of relying on δ37Cl values—by 
≤0.04� for these scenarios. In our case, Clmare and ClurKREEP in 
Eq. (2) are unknown. We can use other elements for which more 
robust bulk estimates are available as proxies for Cl, and build mix-
ing models with those elements taking the place of Cl:

δ37ClTotal ≈ (δ37ClmareXmare + δ37ClurKREEPXurKREEP) (3)

XTotal
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where X no longer represents chlorine, but rather a proxy element 
(K, U, La, Hf, etc.) where X ∝ Cl. Models constructed with prox-
ies can constrain the isotopic composition of the two end mem-
bers. However, because the ratios of the abundance of Cl to the 
abundances of various proxy elements (Cl/La, Cl/K, Cl/U, etc.) are 
not known a priori for any sample, we cannot use these models 
to determine the absolute concentrations (Clmare and ClurKREEP) in 
the two end members. Simple numerical experiments—varying the 
input mare basalt abundance and watching the resulting model 
results—confirm that we are limited to constraining the “enrich-
ment factor”, which is the ratio of the two end member Cl abun-
dances (ClurKREEP/Clmare). This reduces the model to one with only 
three variables: The isotopic composition of the two end members 
(δ37Clmare and δ37ClurKREEP), and the enrichment factor. We use a 
geochemically diverse suite of elements as proxies for Cl: K, Ba, La, 
Lu, Th, U, Zr, and Hf. All of these elements are incompatible and 
enriched in urKREEP by a factor of ∼14 (K) to ∼750 (Th and U) 
over the abundances of the same elements in CI chondrite (Neal 
and Taylor, 1989; Warren, 1989; Warren and Wasson, 1979).

1.4. Model space search approach

In a traditional mixing model, one would best fit data in δ37Cl
versus Clmare model space. One could invert the data and solve 
directly for the solution in a least squares sense, or by vary-
ing the parameters until a best fit is achieved (a forward mod-
eling approach). The modeling described here is a form of the 
latter, with a set of trace elements serving as proxies for Cl abun-
dance. In order to find the single set of δ37ClurKREEP, δ37Clmare, and 
ClurKREEP/Clmare parameters that best fits all eight elements mod-
eled here, we use a brute-force model space search forward model-
ing technique, similar to, but less elegant than, methods commonly 
applied to solve inverse problems in seismology (Beghein, 2010;
Xing and Beghein, 2015). For any or all of the proxy elements, we 
calculate a mixing curve for each set of abundance and isotope pa-
rameters, then use this curve to calculate the misfit to the data (in 
the δ37Cl dimension). This process is repeated for a wide range of 
values, establishing which set of mixing parameters yields the best 
fit to the data. We fit all eight proxy elements simultaneously (in 
addition to individually) because the ability to fit different proxies 
with a single set of parameters is a critical test of the assumption 
of the model—first and foremost that two-component mixing is 
taking place, and that it is responsible for the variations observed—
and second of all, that the urKREEP is one of the end members.

Forward modeling not only allows us to determine the best fit 
set of parameters, but also allows us to determine (at least in 
a relative sense) the uncertainty on each parameter, as we can 
observe how the misfit changes as we change the values in the 
model. Model-space search approaches also reveal tradeoffs be-
tween parameters: different parameters that can have the same 
effect on the goodness of fit of the model as other parameters. 
A further shortcoming of proxy modeling is that we are unable 
to discriminate between some different scenarios that have simi-
lar ClurKREEP/Clmare ratios, which prevents us from determining the 
absolute abundance of Cl in the two end members without addi-
tional, outside constraints. However, these constraints exist and are 
discussed in detail below.

Models were run for scenarios encompassing all low-Ti basalts 
as well as KREEP-basalts that are also low in Ti (Fig. 1). High-
Ti basalts are excluded on the grounds that they are genetically 
different—derived from a different part of the mantle with dif-
ferent major, minor, and trace element characteristics. A similar 
argument about magmatic source and trace element characteris-
tics can be made for VHK basalts, so data from VHK basalt 14304 
is discarded despite it adhering well to the model. The δ37Cl val-
ues of the Mg-suite rocks are consistent with an urKREEP origin 
Fig. 1. δ37Cl measurements in apatite available in the literature—excluding breccias, 
which do not have meaningful elemental abundances in the context of a mixing 
model, because they themselves are mixtures of many components—plotted as a 
function of Zr content (see main text for references). Low-Ti basalts are plotted as 
blue symbols, whereas the KREEP-rich low-Ti basalts called “KREEP-basalts” are yel-
low. High-Ti basalts (Barnes et al., 2017; Boyce et al., 2015) are plotted as the letter 
“H”, whereas the VHK basalt 14304 is plotted as the letter “V”. Intrusives are plot-
ted as grey bands, consistent with their association with the urKREEP (Barnes et 
al., 2016) and cumulate nature (making trace element abundances uninterpretable 
in the context of this model). Only low-Ti basalts (blue) and low-Ti KREEP basalts 
(yellow) are modeled in this manuscript, consistent with previous thinking on the 
origin of trace element signatures in the low-Ti basalt suite (which includes the 
KREEP basalts). (For interpretation of the colors in the figure(s), the reader is re-
ferred to the web version of this article.)

(Barnes et al., 2016; McCubbin et al., 2015a), but their trace el-
ement abundances are not comparable to the basalts because of 
their cumulate nature, so they are not included in our modeling 
efforts. Nonetheless, the δ37Cl values of the Mg-suite samples of-
fer an important point of comparison when trying to interpret the 
model results (Fig. 1).

2. Data

Chlorine isotope data for the model come from a number of 
sources in the literature. Apollo 12 low-Ti basalts 12039 and 12040 
were studied by Boyce et al. (2015), Sharp et al. (2010a), whereas 
the data for 12064 is reported in Barnes et al. (2018) along with 
additional data for 12039. Apollo 14 VHK basalt 14304 was ana-
lyzed by Barnes et al. (2016), as were Apollo 15 low-Ti (15555) 
and KREEP (15386) basalts, as well as high-Ti basalts 10044, 10058, 
and 70035. Data for low-Ti basalts 15016, 15058, 15065 and 70017 
are from Barnes et al. (2018), as is data for meteorite MIL 05035. 
Chlorine isotope data for KREEP basalt 72275 comes from Sharp 
et al. (2010a). Data for low-Ti basalts from meteorites MIL 05035 
and NWA 2977 were reported in Wang et al. (2012) and Boyce 
et al. (2015), the latter providing data for high-Ti basalt 75055 
as well. For each sample, all available measurements were aver-
aged on a thin-section by thin-section basis, the argument being 
that different sections might represent natural variability in δ37Cl, 
but that studies with greater numbers of analyses on a particular 
section shouldn’t be permitted to skew the model results. Trace 
element data comes from the Lunar Sample Compendium (Meyer, 
2009) as well as Joy et al. (2008), Liu et al. (2009), and Hallis et 
al. (2014), and is a compilation of measurements of a wide range 
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Fig. 2. δ37Cl plotted as a function of KREEPy elements K, Ba, La, Lu, Zr, Hf, U, and Th. For each symbol, the chlorine isotope value is the mean of published measurements of 
δ37Cl in apatite (Barnes et al., 2008; Boyce et al., 2015; McCubbin et al., 2012; Sharp et al., 2010a), whereas elemental abundance is the mean of individual element values 
from the Lunar sample compendium (Meyer, 2009) as well as Joy et al. (2008), Liu et al. (2009), and Hallis et al. (2014). Simultaneous best fit curve for all elements shown in 
green dashed line, best fit curve for individual element shown in purple. KREEP (yellow), and other low-Ti (cyan) basalts plotted with symbols differentiating samples from 
Apollo 12 (squares), 15 (circles), and 17 (upward triangles) suites, as well as meteorites (left triangles), where sample names are the same as in Fig. 1. Last panel plots δ37Cl
versus TiO2 to demonstrate that KREEP-basalts are part of the suite of low-Ti basalts.

Table 1
Input and output parameters for the models described in the text. Simultaneous fit of all elements yields a best fit δ37ClurKREEP = +24.4�, δ37Clmare = +5�, and 
ClurKREEP/mare = 23, whereas the mean of the individual element fits (weighted by the sum of the square of the misfits for each datum) yields δ37ClurKREEP = +24.5�, 
δ37Clmare = +3�, and ClurKREEP/mare = 28.

Input parameters Best fit parameters

Elements Mare 
(ppm)

urKREEP 
(ppm)

[Cl]urKREEP/mare δ37Clmare δ37ClurKREEP

K 97 10700 33 −0.7� 24.6�
Ba 12 1300 38 −2.9� 24.2�
La 1.1 230 53 2.6� 23.6�
Lu 0.26 7.8 11 9.1� 26.3�
Zr 31 1400 21 0.9� 24.3�
Hf 1.6 38 11 9.1� 24.7�
U 0.06 6.1 61 2.1� 23.7�
Th 0.12 22 27 4.7� 25�
Weighted mean of individual elements∗ 28 3± 9� 2s 24.5 ± 1.7� 2s
All elements simultaneously 23 5� 24.4�
of elements, made by different techniques, with commensurately 
different levels of reliability. For the trace elements we use the 
arithmetic mean of available data to characterize each sample.

3. Results

For all the proxy elements studied (K, Ba, La, Lu, Zr, Hf, U, 
Th), plots of δ37Cl versus proxies show positive, strongly non-
linear correlations consistent with two-component mixing be-
tween a reservoir with elevated 37Cl/35Cl and elevated abundances 
of all proxy elements and a second reservoir with low 37Cl/35Cl 
and low trace element abundances (Fig. 2). Best fit δ37Cl and 
Clmare and ClurKREEP abundances are given in Table 1. For single-
proxy element models (purple curves on Fig. 2), best fit δ37Clmare
values range from −3� to +9�, with a weighted arithmetic 
mean of −3� ± 9�. Best fit δ37ClurKREEP values range between 
+23.6� and +26.3�, with a mean of +24.5� ± 1.7�. Ratios 
of ClurKREEP/Clmare range from 11 to 61 with a weighted logarith-
mic mean of 28. The best constraint is for δ37ClurKREEP, which is 
unsurprising given that the high-δ37Cl limb of the mixing hyper-
bole is well constrained by several KREEP basalts. Furthermore, the 
δ37ClurKREEP is similar to the Cl isotopic composition of the Mg-
suite samples (gray bars in Fig. 1) that were reported, based on 
their petrogenetic histories (e.g., Shearer et al., 2015), to repre-
sent the Cl-isotopic composition of urKREEP (Barnes et al., 2016;
McCubbin et al., 2015a). In contrast, the low-δ37Cl limb is pinned 
almost entirely by one sample, MIL 05035, and all of the samples 
with δ37Cl also have low trace element abundances, making mea-
surements generally less certain. Despite the scatter, every model 
yields δ37Clmare values that are distinctly lower than the commen-
surate δ37ClurKREEP.

Fitting all the proxy elements simultaneously yields a single set 
of best fit parameters (green curves in Fig. 2) with δ37Clmare =
+5�, δ37ClurKREEP = +24.4�, and ClurKREEP/Clmare = 23. These 
values are similar to the means derived from individual fits, though 
with higher δ37Clmare and lower ClurKREEP/Clmare. The difference 
between the two lies in how the fitting was done: The mean of 
individual fits is weighted by the misfit of each δ37Cl-proxy model. 
In contrast, the simultaneous fit is uniformly weighted across all 
elements. Because it takes into account all the data and provides 
a robust estimate of uncertainty, we declare the mean of the indi-
vidual best fits to be our preferred values for the outcome of the 
model. All of the discussion to follow this section is based upon 
this set of parameters. The simultaneous fit does satisfy the test 
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Fig. 3. Goodness of fit maps for δ37Clmare, δ37ClurKREEP, and ClurKREEP/Clmare for all data fit simultaneously. Contours represent areas (sets of model parameters) that yield 
similar misfits to the data and are therefore impossible to distinguish based on misfit. The best fit set of parameters (green cross) has a mean average deviation (MAD) =
1.4�, whereas the edge of outermost region represents MAD = 2�. Purple symbols indicate best fit parameters (equivalent of green cross) for individual elements. Note 
the strong correlations between the enrichment factor (ClurKREEP/Clmare) and the δ37Cl of the model end members.
of fitting all the data with a single set of parameters (Fig. 2): The 
extent to which all of the geochemically diverse incompatible ele-
ments can be well-fit by a single set of fitting parameters suggests 
a high degree of internal consistency both in the assertions of the 
mixing model and the end member abundances of the proxies. 
Using different trace element abundances for the urKREEP end-
member makes only subtle differences in the goodness of fit of 
the models, and in the best fit values. For example, choosing lower 
La (110 ppm instead of 233) and higher Zr (1700 ppm instead 
of 1400) and other values as suggested by Warren and Wasson
(1979) results in best fit model parameters of δ37Clmare = +4�, 
δ37ClurKREEP = +24.1�, and ClurKREEP/Clmare = 21, nearly indistin-
guishable from the simultaneous fit with the preferred values.

Absolute uncertainty estimates are derived from statistics on 
the individual element model fits, except for the ratio of the abun-
dances of Cl in urKREEP and Cl in the mare basalt, which as a 
bounded function (in this case by zero, as negative ratios are not 
permitted) would yield an average and standard deviation that are 
not representative of the data. Modeling the ratios as a bounded 
function such as a lognormal distribution leads to a mean and 
uncertainty estimate of 28+57

−19, which agrees with the arithmetic 
mean and emphasizes the preference of the model for higher ra-
tios. In addition to this conventional approach to error estimation, 
the forward modeling approach employed here allows us to gen-
erate “topographic” maps of misfit (Fig. 3), which clearly demon-
strate the model space regions with approximately equally “good” 
model fits. A forward model approach to solving this problem also 
allows us to see the relationships (or “trade-offs”) between differ-
ent parameters. For example, we see that there are expected trade-
offs between the enrichment factor and the two end-member iso-
topic compositions (δ37ClurKREEP and δ37Clmare). It is important to 
note that the distribution of best fit values on the ClurKREEP/Clmare

ratio is highly asymmetric (Fig. 3), typical of bounded functions. 
The data are significantly more permissive of higher enrichment 
factors than with lower ratios: Models with 8–59 times more Cl in 
urKREEP than in the low-δ37Cl end member fit the data at least 
twice as well (half the misfit) as models with equal amounts of Cl 
in both end members. In other words, Cl enrichment is strongly 
favored over Cl parity.

4. Discussion

4.1. Implications of multiple Cl reservoirs

The most fundamental result of the modeling is that a sin-
gle set of δ37ClurKREEP, δ37Clmare, and ClurKREEP/Clmare fits all of 
the “KREEPy” proxy element-δ37Cl relationships (Fig. 2) for both 
KREEP-rich and KREEP-poor low-Ti basalts. This is consistent with 
the presence of two distinct reservoirs, and supports the hypothe-
sis that the urKREEP is a source of high-δ37Cl chlorine in at least 
some mare basalts. The mere existence of multiple reservoirs of 
isotopically distinct Cl limits the scenarios by which the Moon can 
be built. Here we explore some of those scenarios.

4.1.1. Model 1) heterogeneous loss and fractionation pre- or syn-giant 
impact

One possibility is that the event responsible for the fractiona-
tion of Cl occurred during the giant impact event, perhaps when 
the material that would eventually re-accrete into the Moon was 
highly fragmented and at a high temperature (e.g. Canup, 2004). 
However, this hypothesis—combined with the existence of a low-
Cl, low-δ37Cl reservoir—requires that the Moon contains a sec-
ond reservoir of chlorine that is isotopically light and low in 
concentration. A second possibility is that material comprising 
the Moon was heterogeneously or incompletely degassed, consis-
tent with “shallow” magma ocean hypotheses constrained by the 
thickness of the lunar crust as observed by GRAIL (Barr, 2016;
Wieczorek et al., 2012). However, partial volatile loss is incon-
sistent with oxygen isotope data on lunar basalts which indi-
cate that the sources of those basalts were well-mixed during 
the giant impact (Greenwood et al., 2018; Wiechert et al., 2001;
Young et al., 2016). It is also unclear whether the temperatures 
produced by simulations of the giant impact necessarily preclude 
retention of moderately and highly volatile elements: There are 
at least three distinct periods during which volatiles could have 
been lost: 1) the impact and disk phase; 2) the fragmentation 
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and amalgamation phase; and 3) the magma ocean phase (Boyce 
et al., 2015; Canup et al., 2015; Elkins-Tanton and Grove, 2011;
Hauri et al., 2015; Nakajima and Stevenson, 2018; Pahlevan and 
Stevenson, 2007). Differentiating between losses occurring dur-
ing each of these periods is beyond the scope of this paper, but 
partial/incomplete volatile loss is plausible in all three. Complete 
volatile loss is only assured in a subset of the models, e.g. those 
with near-molten, pre-impact protoplanets, or those that predict 
an accretion timescale for the Moon that is too rapid to per-
mit dissipation of accretionary energy (Barr, 2016). Canup et al.
(2015) also propose a model wherein the Moon is composed of 
material from both the inner (volatile-depleted) disk and outer 
(relatively volatile-enriched) disk, potentially leading to a hetero-
geneous Moon with multiple volatile reservoirs. However, it is not 
clear that this model can generate low-abundance, low-δ37Cl as 
well as high-abundance, high-δ37Cl reservoirs. So we consider the 
hypothesis that the Moon was incompletely devolatilized as plau-
sible but not favored.

4.1.2. Model 2) loss and fractionation after the giant impact
A second possibility is that Cl is lost and fractionated after the 

giant impact, perhaps by late-stage degassing of the lunar magma 
ocean (Boyce et al., 2015; Dhaliwal et al., 2018). In this hypothesis, 
early-crystallizing portions of the lunar mantle would incorporate 
small amounts of unfractionated Cl. Because Cl is not expected 
to partition into minerals saturating early in the crystallization 
sequence of the lunar magma ocean, it may be that preserva-
tion of Cl in the lunar mantle is accomplished via trapped melt 
(Hier-Majumder and Hirschmann, 2017). It is also possible that 
the preservation of unfractionated lunar Cl is reserved for portions 
of the Moon that never melted, as advocated by “partial magma 
ocean” models of the formation of the Moon (Shearer et al., 2006, 
and references therein). Chlorine in the liquid of the magma ocean 
is eventually partially lost and isotopically fractionated during one 
or more degassing events before being finally concentrated and 
trapped as part of the urKREEP (Barnes et al., 2016; Boyce et al., 
2015). This is consistent with the presence of two reservoirs, as 
well as their relative abundances and Cl-isotopic characteristics, 
but requires that degassing and loss can take place on a plane-
tary scale after the lunar magma ocean has crystallized to a large 
extent, and potentially with a flotation crust acting as a lid of un-
known permeability. Although degassing can take place on some 
planets at crustal depths and pressures—such as Earth (Parmigiani 
et al., 2017; Wales and Boyce, 2016)—the general conditions and 
specific mechanisms that might permit this on the Moon are un-
known at this time. Isotopically fractionated material rich in mod-
erately volatile elements such as Zn and Cl has been observed 
in the “rusty rock” lunar melt breccia 66095 (Day et al., 2017;
Sharp et al., 2010a; Shearer et al., 2014). The isotopic signatures 
of Zn (δ66Zn = −13.7�) and Cl (δ37Cl = +15�) in this rock are 
consistent with its formation as a condensate of gas that escaped 
from the crystallizing magma ocean. That this sample formed at 
or near the surface suggests that volatile elements could escape 
the magma ocean, again making Model 2 a plausible scenario to 
explain the observed δ37Cl systematics.

4.2. Our model in the context of Cl isotope data for other lunar rocks

The model proposed here only purports to explain the origin 
of elevated δ37Cl in low-Ti basalts (including those low-Ti basalts 
that are trace element enriched and have been historically named 
as KREEP basalts). We cannot and do not attempt to explain every 
rock from the Moon with this model. The degree to which high-Ti 
basalts conform to this or a similar mixing model is poorly con-
strained, as we lack Cl-isotopic data from trace-element enriched 
high-Ti basalts at present. More data is also required for highland 
lithologies, especially those that are apatite-free. Extreme fraction-
ations (δ37Cl = +67� to +81�) reported by Wang et al. (2012)
for lunar meteorite Dhofar 458 may represent additional reservoirs 
of even more extremely fractionated Cl, or perhaps additional pro-
cessing of more moderately fractionated Cl by impact melting and 
degassing (Cohen et al., 2004). Analyses of low-Ti basalts made in 
the future are predicted to fall on the mixing trends proposed here. 
However, we also note that many, and possibly all, of the low-
Ti mare basalt samples in the present study are derived from the 
Procellarum KREEP Terrain (PKT), so this model may be limited 
to low-Ti basalts from this region on the Moon, as hypothesized 
by Barnes et al. (2016). Future sample return missions that collect 
low-Ti basalts from outside the PKT may provide a test of this hy-
pothesis. Furthermore, there is no reason to assume that all low-Ti 
basaltic meteorites are/will be from the PKT, and any from out-
side that region might confirm this hypothesis if they are found 
to derive their Cl from a different source with different δ37Cl-trace 
element systematics.

4.3. Comparison with other volatile element isotope systems

There are few studies comparing isotopic variations for multiple 
moderately volatile elements in lunar samples: Kato and Moynier
(2017) found a correlation between Ga and Zn isotopes, and at-
tributed the fractionations to volatile loss. Day and Moynier (2014)
presented a comparison of K, Zn, S, and Cl isotope data sorted 
by rock type showing similar signs and magnitudes of fractiona-
tion for all four isotopes. This could be interpreted as indicating 
that the timing and mechanism of generation of all four sets of 
isotope anomalies are the same, but the lack of all four isotope 
measurements on the same samples indicates that additional work 
is needed to support those conclusions. Regardless of the origin of 
the isotope anomalies, the geochemical behavior of these elements 
could lead to them being decoupled if they were subjected to any 
petrologic processing after fractionation: Cl and K are highly in-
compatible, and we would predict that the urKREEP would be a 
reservoir of isotopically heavy K, as it is of isotopically heavy Cl. 
This hypothesis is testable, given the recent analytical develop-
ments of Wang and Jacobsen (2016b), and we recommend that 
highly KREEP-enriched low-Ti basalts be the focus of a future lu-
nar K isotope study. What little data exists for Zn partitioning 
between melt and minerals that might have crystallized from the 
lunar magma ocean indicates a partitioning value near unity (Davis 
et al., 2013), consistent with the lack of correlation between Zn 
abundance and both MgO/(MgO+FeO) and KREEP indicators. If Zn 
was fractionated early in the history of the Moon along with K 
and Cl, then (at least portions of) the lunar mantle would be the 
primary reservoir of heavy Zn, consistent with the conclusions of 
Kato et al. (2015). However, given that δ66Zn values greater than 
+3� have been reported for Mg-suite rocks (Kato et al., 2015), 
it is also possible that degassing and fractionation happened dur-
ing the late stages of lunar magma ocean crystallization. In that 
scenario, the lunar mantle would be a relatively Zn-rich reservoir, 
whereas the urKREEP would be Zn-poor, but what Zn was present 
in the urkREEP would be highly fractionated. Coupled δ37Cl–δ66Zn 
measurements would allow these models to be distinguished and 
would yield information about the timing of volatile loss in the 
Moon.

4.4. Abundance of Cl in the bulk silicate Moon

From the modeling presented above we can derive an enrich-
ment factor for Cl, with ClurKREEP/Clmare ∼ 28. In order to deter-
mine the bulk Cl content of the silicate portion of the Moon, a 
robust estimate of the abundance of Cl in a theoretical KREEP-free 
mare basalt is required, as the urKREEP Cl abundance is a sim-
ple multiple of that value. The concentration of Cl in KREEP-free 
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mare basalt can also be used in conjunction with simple melting 
models—along with additional, independent constraints—to deter-
mine the Cl content of the mare basalt source. These can be com-
bined with rough estimates of the Cl abundances of the volumetri-
cally less significant lunar crust to determine the Cl abundance for 
the bulk silicate Moon. The bulk Cl content of the Moon can then 
be used to constrain the extent and mechanisms of volatile loss for 
the Moon.

4.4.1. The chlorine content of the lunar mantle
McCubbin et al. (2015a) provide a range of Cl abundances for 

the lunar mantle, from 260 ppb to 2.9 ppm, with the values fa-
vored by the authors between 260–320 ppb. Because of its relative 
size (as much as 588 times the size of the urKREEP; Warren and 
Wasson, 1979), this value has considerable leverage over the Cl 
content of the bulk silicate Moon. We chose the lower range of 
values (260–320 ppb Cl) for our models of the Moon, because they 
are the most conservative choice in trying to establish the Cl con-
tent of the Moon.

4.4.2. The chlorine content of the mare basalt end member
The abundance of Cl in uncontaminated low-Ti mare basalt is 

critical to determining the bulk Cl content of the Moon because 
our modeling only constrains the urKREEP Cl content relative to 
that of hypothetical uncontaminated low-Ti mare basalts. If the lu-
nar mantle has 260–320 ppb Cl, and mare basalts are generated by 
no more than 30% melting of said mantle (Hauri et al., 2011), then 
mare basalts should have no less than 900 ppb Cl, assuming that 
all relevant partition coefficients are zero, again a conservative as-
sumption. This is similar to the lowest Cl abundance observed in 
olivine-hosted melt inclusions in glass beads (1.14 ppm; Hauri et 
al., 2011) and by the range of estimated parental melt Cl abun-
dances for low-Ti mare basalts (900 ppb to 6 ppm; McCubbin et al., 
2015a), estimated from apatite and bulk rock F abundances from 
the methods of McCubbin et al. (2015b). Therefore, our preferred 
range of Cl content for the mare basalt end member is 1–6 ppm.

4.4.3. The chlorine content of the urKREEP and crust
The abundance of Cl in the urKREEP is constrained by modeling 

Cl isotopes to be approximately 28 times that of uncontaminated 
mare basalt. Given that uncontaminated mare basalt appears to 
have 1–6 ppm Cl, we suggest values of 25–170 ppm Cl for the 
urKREEP, a range that includes previous estimates (Warren, 1989). 
Recent work by Clay et al. (2017) revises the Cl content of CI chon-
drite downward from previous estimates (Lodders et al., 2009) by 
a factor of ∼6 to 115 ppm Cl. Using this new, lower value, we 
constrain the urKREEP to contain between 22–146% of the Cl of 
CI chondrite. Chlorine (at 0.22–1.5 times CI chondrite) is 50–3400 
times less enriched (relative to C.I. chondrite) than the most highly 
incompatible elements such as U (744 times CI) and Th (759 times 
CI) as defined by Warren (1989). This is consistent with extensive 
but incomplete loss of Cl prior to or during the crystallization of 
the magma ocean.

Adding KREEPy chlorine to the Cl abundance of the mantle, and 
assuming that the urKREEP:mantle volume ratio is 1:588 increases 
the bulk silicate Moon Cl estimate from 260 ppb to 0.3–0.6 ppm 
Cl, meaning that 14–47% of the Moon’s Cl is in the urKREEP. This 
urKREEP/mantle volume ratio—as proposed by Warren and Was-
son (1979)—is a maximum, and smaller ratios give higher bulk Cl 
contents: A model that considers the urKREEP to be 1% of the lu-
nar mantle would produce bulk Cl = 0.5–2 ppm, with ∼49–84% of 
that total Cl coming from the urKREEP.

The Cl content of the lunar crust apart from urKREEP is proba-
bly the most difficult component to constrain. Haskin and Warren
(1991) report seven bulk Cl analyses ranging from ∼0.5–150 ppm 
Cl, with a mean of 50 ppm. This is much greater than the value we 
Fig. 4. Model abundances for the Earth (gray circles) and Moon (pink squares) nor-
malized to C.I chondrite, following Albarede et al. (2014), as a function of the energy 
that limits loss, which is either the bond energy of the element with a logical pair 
(such as Cl–Ca bonds), or the heat of vaporization of a specific species incorpo-
rating the element (such as NaCl). Horizontal green line represents Cl abundance 
in the bulk silicate Earth calculated from the bulk Earth value reported in Sharp 
and Draper (2013). Green bars indicate the full range of Cl values compatible with 
bulk Cl content for the Moon proposed here (for upper and nonzero lower bounds 
of Cl in the mantle), plotted for various species/bonds that might limit Cl loss. The 
trend for lunar depletion is consistent with loss being governed by mixtures of more 
volatile chlorides such as HCl and ZnCl2 with more refractory species such as FeCl2
and NaCl, but inconsistent with loss limited by breaking Cl–Ca or Cl–Fe bonds.

propose for the lunar mantle above (0.4 ppm Cl). Because the crust 
is volumetrically small (3.6–5.1% of the volume of the bulk silicate 
Moon), the crust exerts proportionally less leverage on the bulk Cl 
content of the Moon as compared to the mantle. Nevertheless, if 
we were to make the irrigorous assertion that the seven bulk anal-
yses are a statistically significant representation of the lunar crust 
(separate from the urKREEP which is often included in discussions 
of the crust), inclusion of a 34–43 km thick crust (Wieczorek et 
al., 2012) with 50 ppm Cl increases our estimates of the bulk sil-
icate Moon abundance to 2–3 ppm Cl. In addition to the obvious 
caveat that seven analyses are certainly not representative of the 
bulk lunar crust, it is not clear to what extent the Cl found in 
crustal rocks is igneous Cl, native to the rock, and to what extent it 
may in some cases represent metasomatic Cl emplaced in the orig-
inally more Cl-poor lithology (Day et al., 2017; Shearer et al., 2014;
Treiman et al., 2014). If metasomatic Cl is present in crustal rocks 
on the Moon, the most obvious source is the urKREEP. This spec-
ulation is consistent with the consistently elevated δ37Cl values 
measured in highlands rocks and regolith samples (Barnes et al., 
2016; Day et al., 2017; Sharp et al., 2010a; Shearer et al., 2014;
Treiman et al., 2014). Because the concentration and origin of Cl in 
the non-urKREEP lunar crust is demonstrably uncertain, we will fo-
cus on outcomes based on bulk silicate Moon models that exclude 
the crust, because they are the more conservative choices.

4.4.4. The bulk silicate Moon relative to Earth and CI chondrite
We calculate a range of values from 0.3 to 0.6 ppm Cl for the 

bulk silicate Moon, a factor of 33–66 lower than the bulk sili-
cate Earth (∼20 ppm) determined by Sharp and Draper (2013). 
This level of Cl retention (1.5–3% of Earth) is consistent with 
the greater Cl losses expected from the highly isotopically frac-
tionated nature of lunar Cl. These values are considerably higher 
than many estimates for other elements that we consider to be 
highly volatile (Fig. 4; Albarede et al., 2014; Lodders, 2003). Such 
great abundances of Cl appear inconsistent with Cl behaving as 
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a highly volatile element, as would be expected if the loss of Cl 
was controlled entirely by the loss of a species such as HCl, which 
have a high vapor pressure even at low temperatures. However, 
the position of any element on a plot like Fig. 4 is a function 
of not only the abundance but also the limiting energy (bond 
energy or heat of vaporization) chosen (Albarede et al., 2014;
Lodders, 2003). In many cases it is reasonable to choose the bond 
energy with oxygen (X–O), silicon (X–Si), or another element that 
is abundant in the magmas. It may be that the loss of Cl is lim-
ited by breaking Cl–Ca or Cl–Fe bonds: If liberating a Cl- ion from 
the magma involves breaking a bond between Cl and some other 
element in the melt, then the energy required can be quite large. 
Ca–Cl bonds have an energy of 409 kJ/mol, meaning that Cl would 
behave as a refractory element (Luo and Kerr, 2012). However, it is 
also possible that those bonds do not limit loss of Cl, perhaps be-
cause they are transient in a high-temperature melt at dynamic 
equilibrium. An alternative is that the loss of a volatile species 
from the magma is limited by the enthalpy of vaporization of the 
species that are lost (Albarede et al., 2014). But for an element 
like chlorine, there are several potentially valid choices with very 
different limiting energies: If Cl is lost from the magma as HCl, 
then the limiting energy that must be overcome is the heat of va-
porization of HCl (16 kJ/mol; Haynes, 2016), making Cl a highly 
volatile element. However, if Cl is lost as a more refractory chlo-
ride such as NaCl (223 kJ/mol), then the behavior of Cl would be 
more similar to moderately volatile elements such as Zn and Cd. 
Loss in a magma is likely controlled by a combination of species, 
the relative proportion of which is a function of the thermody-
namics and geometry of evaporation and transport, a calculation 
that is beyond the scope of this paper. However, assuming that 
we have identified all the relevant species, and that the sum of 
their losses is responsible for the total loss of Cl that we observe, 
we can place some constraints on the vapor species present at the 
time of the Cl loss from the Moon that generated the urKREEP 
reservoir. If the calculated bulk Moon abundances of Cl (for sce-
narios resulting in the upper and lower bounds of Cl in the mantle 
as described above) are projected onto the trend of lunar deple-
tion in Fig. 4, then we would expect an average limiting energy of 
∼200–220 kJ/mol, which are greater than the heat of vaporization 
of HCl (16 kJ/mol) and ZnCl2 (126 kJ/mol), but similar to those of 
FeCl2 (204 kJ/mol) and NaCl (223 kJ/mol), and less than any of the 
bond energies involving the loss of Cl (Luo and Kerr, 2012). The 
extent of loss of Cl can be explained by a wide range of combina-
tions of more volatile chlorides (HCl, ZnCl2) with more refractory 
chlorides (NaCl, FeCl2).

4.5. Isotope fractionation associated with Cl loss

Using the relative abundance of Cl in the urKREEP as com-
pared to the mare basalt end-member, and the δ37Cl value for each 
endmember, we can calculate the bulk δ37Cl of the Moon to be 
−1.8�, with values as high as +5.4� permissible, depending on 
the choice of δ37Cl for the mantle (−3� or 0�) and the man-
tle/urKREEP volume ratio (588 or 100).

Combinations of the above-mentioned species (HCl, NaCl, FeCl2, 
ZnCl) can also be evaluated relative to the observed isotopic frac-
tionation of Cl for the Moon, which we can calculate from the 
depletion factor (ƒ) relative to refractory incompatibles such as 
U and Th, as well as an isotopic signature related to that deple-
tion (δ). For the upper and lower bounds of Cl abundance ( fLB =
0.22/750 = 2.9e–4; fUB = 1.5/750 = 1.9e–3) relating to δ = 25�
(from 0� to +25�) we calculate the following fractionation fac-
tors: For the lower bound, we find that α = 0.997 (or equivalently, 
1000 • ln[α] = −3.04). For the upper bound, we find that α =
0.996 (1000 • ln[α] = −3.96). These 1000 • ln[α] values are smaller 
than those calculated for NaCl (α = 0.983, 1000 • ln[α] = −17.15), 
FeCl2 (α = 0.992, 1000 • ln[α] = −8.03), and ZnCl2 (α = 0.993, 
1000 • ln[α] = −7.02), but similar to those measured for evapora-
tion of HCl: α = 0.996, 1000 • ln[α] = −3.92 (Sharp et al., 2010b). 
Experimental determination of the isotopic fractionation factor for 
loss of each species from silicate melts under the appropriate con-
ditions will aid in refining which species are involved in the loss 
of Cl from the Moon. Given that degassing of Cl in the presence of 
H is thought to be dominated by HCl, constraining the role of HCl 
loss might also provide independent limits on the abundance of H 
in the Moon early in its history.

5. Conclusion

Chlorine isotope measurements of the low-Ti basalt suite can 
be interpreted as representing mixing between two reservoirs: The 
first is uncontaminated mare basalt, which is low in Cl abun-
dance and also has a low δ37Cl signature (within error of zero per 
mille). The second is the urKREEP, which is enriched in Cl over the 
mare basalt model end-member by a factor of ∼30, and has dis-
tinctively different δ37Cl (∼25�). The bulk Moon δ37Cl value is 
poorly constrained to also be within error of zero, in stark contrast 
to the vast majority of measurements made on lunar materials. 
The presence of multiple ancient reservoirs with different Cl abun-
dances and isotope ratios demands that the processes of building 
the Moon was capable of generating or preserving a heteroge-
neous interior. This can be accomplished by incomplete degassing 
during the giant impact and accretion. In that case KREEP-free 
mare basalt would represent melts of portions of the Moon that 
were not degassed during their incorporation into the Moon. Al-
ternatively, the mare basalt end member could represent the early 
crystallization products of the lunar magma ocean, which pre-
serve less-fractionated—but somewhat degassed—Cl. As the magma 
ocean was distilled into the urKREEP, degassing took place which 
resulted in the fractionation of Cl isotopes in the residual liquid. 
Fractional crystallization-driven distillation of the magma ocean 
eventually results in the generation of a Cl-rich, high-δ37Cl reser-
voir (the urKREEP). This model is consistent with the overall de-
pletion of Cl relative to Earth, a value that is in large part driven 
by the depletion of the mare basalt source mantle.

Models of the formation of the Earth–Moon system are con-
strained by a number of different kinds of geophysical and geo-
chemical observations (Barr, 2016; Hauri et al., 2015). Provided 
with the appropriate experimental data to constrain elemental loss 
and isotopic fractionation at magmatic temperatures and low pres-
sures, it should be possible to use the Cl content of the urKREEP, 
combined with the calculated depletion factor and the isotope sig-
nature of that depletion, to eliminate models of the formation of 
the Moon that do not result in a body with the correct abundance 
of Cl and bulk δ37Cl. Additional refinement would be possible us-
ing models that account for the crystallization of the lunar magma 
ocean: such models would be expected to reproduce the hetero-
geneous distribution of δ37Cl values we predict here (∼0� in the 
mantle, +25� in the urKREEP). Combined with similar exercises 
with other moderately volatile isotopic systems such as Zn, Rb, Ga, 
and K, Cl may prove valuable in the effort to determine how the 
Moon formed.
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