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Abstract– We review the geochemical observations of water, D/H and volatile element 15	

abundances of the inner Solar System bodies, Mercury, Venus, the Moon, and Mars.  We focus 16	

primarily on the inventories of water in these bodies, but also consider other volatiles when they 17	

can inform us about water.  For Mercury, we have no data for internal water, but the reducing 18	

nature of the surface of Mercury would suggest that some hydrogen may be retained in its core.    19	

We evaluate the current knowledge and understanding of venusian water and volatiles and 20	

conclude that the venusian mantle was likely endowed with as much water as Earth of which it 21	

retains a small but non-negligible fraction. Estimates of the abundance of the Moon’s internal 22	

water vary from Earth-like to one to two orders of magnitude more depleted.  Cl , K, and Zn 23	

isotope anomalies for lunar samples argue that the giant impact left a unique geochemical 24	

fingerprint on the Moon, but not the Earth. For Mars, an early magma ocean likely generated a 25	

thick crust; this combined with a lack of crustal recycling mechanisms would have led to early 26	

isolation of the Martian mantle from later delivery of water and volatiles from surface reservoirs 27	

or late accretion.  The abundance estimates of Martian mantle water are similar to those of the 28	

terrestrial mantle, suggesting some similarities in the water and volatile inventories for the 29	

terrestrial planets and the Moon.  30	
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 68	
 69	

1. Introduction 70	
 71	
 72	
 Where did the Earth’s oceans come from?  This question is at the core of what motivates 73	

the study of the sources of water for inner Solar System bodies, and its answer will ultimately 74	

inform us on the sources and inventories of water in extrasolar planets.  In this chapter, we will 75	

review the current knowledge regarding the abundances and sources of water for Mercury, 76	

Venus, the Moon, and Mars.  We will primarily consider H and D/H, but will use other highly 77	

volatile elements (C, N, O, S, Cl) and their isotopes when they can inform us on the origins of 78	

water in the inner Solar System. Use of other common highly volatile elements is especially 79	

important when data on water for a body is poor or non-existent (as also occurs in the case of 80	

chondrites, e.g., the enstatite chondrites). This brings us to the problem of datasets for these four 81	

bodies. For Mercury, H data does not exist. For Venus, H data are only available for the upper 82	

atmosphere. For the Moon, H data exists for both the surface and interior, and for Mars a relative 83	

plethora of datasets on H abundance exist for the atmosphere, the surface, and the interior. Yet a 84	

glut of data does not guarantee an answer to the source of water delivery, as both the sources and 85	

inventory of Earth’s water continue to be debated (e.g., Peslier et al., 2017; Genda and Ikoma, 86	

2008; Halliday 2013; Marty, 2012; Marty et al., 2016, Hallis et al. 2015). In this chapter we will 87	

use ‘water’ to refer to total H, but H should be understood to be the sum of all species of 88	

hydrogen (H2, H2O, and OH). We will also discuss measurements of hydrogen using weight 89	

percent (wt.%) or parts per million (ppm wt) H2O. The sources of water to the inner Solar 90	

System are discussed in the chapter by Alexander et al. (2018), and the delivery of water to the 91	

terrestrial planets is the subject of the chapter by O’Brien et al. (2018). The abundance and 92	

sources of terrestrial water are discussed in the complementary chapter by Peslier et al. (2017).     93	

 94	

1.1.  Gamma-ray spectroscopy of Mercury, Venus, the Moon, and Mars and their 95	

moderately volatile elements 96	

 97	

 Gamma-Ray Spectroscopy (GRS) collected by an orbiting spacecraft is the only 98	

measurement technique that has been employed on all four bodies, and its dataset is a useful 99	

starting point for this chapter. The GRS measurements acquired in the last decade at Mercury 100	
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completed this dataset for the four bodies (Figure 1 adapted from McCubbin et al., 2012a). In 101	

Figure 1, remote GRS data for the surfaces of Mercury, Venus, the Moon, and Mars are 102	

compared to estimates of the bulk silicate Earth (Kitts and Lodders, 1998; Lodders and Fegley, 103	

1998; Lucey et al., 2006; McDonough and Sun, 1995; Peplowski et al., 2011; Taylor, 2013). 104	

Figure 1 shows an important result: while K, U, Th are all lithophile elements, K is also 105	

moderately volatile, while U and Th are refractory elements. An element’s volatility is a direct 106	

reflection of its condensation temperature from a gas of solar composition (Wood et al., 2010).  107	

Under highly reducing conditions, K can become less volatile, but still more volatile than U and 108	

Th (Ebel and Sack, 2012). All three elements behave as similarly incompatible elements during 109	

planetary differentiation, meaning that they are not expected to fractionate from one another in 110	

the processes of magmatism and volcanism in the parent bodies. Figure 2a shows an abundance 111	

plot of another highly incompatible lithophile element, La, vs. U for Mars, Earth, the Moon, and 112	

the HED (howardite-eucrite-diogenite) meteorites that are believed to originate from 4 Vesta 113	

(McSween et al., 2013) demonstrating U and La are not fractionated from each other during 114	

planetary igneous processes. In Figure 2b, K is plotted vs. La for these same bodies. There is a 115	

systematic depletion in K in the order Mars, Earth, Vesta, and the Moon from the CI and LL 116	

chondrites (Fig. 2b). The depletions in K in the CV and CO chondrites are similar to Earth and 117	

Mars. This suggests that the depletion in K could be used as a proxy for a systematic depletion in 118	

all the volatile lithophile elements in these bodies relative to the Sun and CI chondrites.       119	

 In Figure 1, Mercury is as enriched in K as Earth, Mars, and Venus. Yet, Earth has 120	

oceans, and Mercury clearly does not. While this contrast may be related to the history of redox 121	

evolution, volatile processing, and atmospheric loss, it does raise the question: Do moderately 122	

volatile lithophile elements give us any information about the inventory of highly volatile 123	

elements, such as H, C, and N? When one considers the systematic depletion of K for the Moon 124	

and Vesta relative to Earth and Mars shown in Figures 1 and 2b, it would appear that K was 125	

subsequently lost to space or that these bodies accreted different amounts of K. Subsequent loss 126	

of K is quite plausible for the Moon and Vesta, which are believed to have had magma oceans 127	

that could have led to depletions in K (Wang and Jacobsen, 2016; Mandler and Elkins-Tanton, 128	

2013). Loss of K during the Earth-Moon giant impact event might also explain why Mars is 129	

enriched relative to Earth. Mercury is at least similar in moderately volatile elements to Earth, 130	

which argues strongly against models such as the one proposed by Albarède (2009) that predict 131	
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that the volatile element chemistry of a body is related to its heliocentric distance when it 132	

formed. Thus, if Mercury is as enriched in K and other moderately volatile elements as the Earth, 133	

Venus, and Mars, it raises the question of whether Mercury accreted as much water as the Earth? 134	

Did Venus acquire as much water as Earth? And for that matter, what about Mars? Did Mars 135	

have more water than the Earth? Can moderately volatile elements be used as an indication of 136	

abundances of the highly volatile elements H, C, and N?   137	

 The similarity between Earth and Mars and CV and CO chondrites in Fig. 2b argues that 138	

this depletion in K could be due to accretion of K depleted material, rather than loss of K to 139	

space. Chondritic meteorites also show systematic depletions in moderately volatile elements as 140	

shown in Figure 3a-f. Here the moderately and highly volatile elements are shown vs. 50% 141	

condensation temperature for three types of carbonaceous chondrites (CM, CO, CV), the LL 142	

ordinary chondrites, and EL and EH enstatite chondrites, normalized to CI chondrite and Si. All 143	

classes of chondrite show depletions in the moderately and highly volatile elements relative to CI 144	

chondrite. The cosmochemical affinities of the elements are also shown, and the three 145	

carbonaceous chondrites exhibit a systematic depletion of elements with decreasing condensation 146	

temperature, regardless of whether the elements are siderophile, chalcophile, or lithophile, 147	

suggesting that these volatile element depletions are nebular in origin, as planetary 148	

differentiation would fractionate siderophile and chalcophile from lithophile elements during 149	

core formation (Wood et al. 2010). 150	

 151	

1.2 Highly volatile and moderately volatile element depletions of the chondrites 152	

 153	

 The volatile elements H, C, and N are also plotted in Figure 3, and the abundances of 154	

these three highly volatile elements are also strongly depleted in the chondrites. While some of 155	

this depletion may be due redistribution of elements during metamorphism, there appears to be a 156	

systematic depletion trend in the volatile elements for each type of chondrite shown in Figure 3.  157	

The CM chondrites have overall higher abundances of volatiles than the other chondrite groups 158	

shown, and appear slightly enriched compared to their moderately volatile element depletion 159	

trend. The other three chondrite groups have H, C, and N abundances that appear to plot close to 160	

an extension of their moderately volatile element depletion trend. The LL chondrites have a 161	

strong depletion in the siderophile and chalcophile elements, while being quite high in H, C, and 162	
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N (Alexander et al., 2012), as well as being high in moderately volatile lithophile elements, such 163	

as K. There are no primitive enstatite chondrites (EC), and thus they are also affected by 164	

metamorphism. The ECs retain significant C and N demonstrating that they have not suffered 165	

complete loss of volatiles as is sometimes thought (H has not been reliably measured in ECs; 166	

e.g., Jarosewich, 1990). If the volatile element abundances of the chondrites plot on an extension 167	

of their moderately volatile element depletion trends in Fig. 3, this would suggest that whatever 168	

processes caused the moderately volatile element depletions in chondrites and the inner Solar 169	

System bodies may also be responsible for the depleted abundances of the highly volatile 170	

elements (H, C, N) in these bodies.  171	

 Thus, the chondrites point to the commonality of moderately volatile element depletions 172	

between the differentiated inner Solar System bodies Mercury, Venus, the Moon, Mars, and 173	

Vesta and the undifferentiated chondrites, and demonstrates an early loss of volatile elements 174	

prior to planetary differentiation. The chondrites also demonstrate that the highly volatile 175	

element abundances may reflect the processes that caused moderately volatile element depletions 176	

of these different inner Solar System bodies and materials. The processes that caused the 177	

systematic depletion trends in the moderately volatile lithophile elements are likely to be high 178	

temperature processes, such as condensation or evaporation of rock components (Young, 2017). 179	

These high temperature processes are likely to significantly deplete the volatile elements H, C, 180	

N, as well as the noble gases of the precursor materials for Mercury, Venus, Earth-Moon, and 181	

Mars, and have led to the prevailing ideas that highly volatile elements were completely lost 182	

during the processes that caused the moderately volatile element depletions, and then were added 183	

back to the Earth and the other inner Solar System bodies at some later time (e.g. Albaréde, 184	

2009).  By contrast, the abundances of H, C, and N in primitive CV, CO, and CM chondrites 185	

appear to be similar to their expected depletions from an extension of the trend of their 186	

depletions in moderately volatile elements to lower temperatures. The enstatite chondrites have 187	

quite substantial abundances of C and N (Grady et al., 1986). If Earth’s precursor materials were 188	

similar to ECs, this would imply that some fraction of the highly volatile elements were inherited 189	

from the local nebular environment of inner Solar System bodies, rather than being completely 190	

lost during planetary accretion, and then delivered later by chondritic asteroids or comets.  191	

 192	

2. Water, D/H, and volatile elements of Mercury, Venus, Moon, and Mars  193	
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 194	

2.1.  Mercury 195	

 196	

2.1.1. Introduction 197	

 198	

 Prior to the return of data from the MErcury Surface, Space ENvironment, GEochemistry 199	

and Ranging (MESSENGER) spacecraft (Solomon et al., 2001), the planet Mercury was thought 200	

to be depleted in volatile elements primarily due to its close proximity to the Sun (Albarède, 2009). 201	

Initial analyses conducted during flybys from the Mariner 10 mission confirmed the presence of 202	

exospheric H, He, and O (Broadfoot et al., 1974; Broadfoot et al., 1976). Furthermore, ground-203	

based discoveries enhanced our knowledge about Na, K, and Ca in the exosphere (Bida et al., 204	

2000; Potter and Morgan, 1985, 1986), as well as polar volatiles found in radar-reflective deposits 205	

(Harmon and Slade, 1992; Slade et al., 1992). Despite this evidence for the presence of volatiles 206	

on the surface of the planet and in the exosphere, it was not until the return of data from 207	

MESSENGER that it was discovered just how volatile-rich Mercury is (Evans et al., 2015; 208	

McCubbin et al., 2012a; Murchie et al., 2015; Nittler et al., 2011; Peplowski et al., 2014; Peplowski 209	

et al., 2016; Peplowski et al., 2015; Peplowski et al., 2012; Weider et al., 2012). 210	

 Among the numerous instruments onboard MESSENGER, the X-Ray Spectrometer 211	

(XRS), Gamma-Ray Spectrometer (GRS), and Neutron Spectrometer (NS) have provided the 212	

greatest amount of information regarding the volatile content of Mercury (Evans et al., 2015; 213	

Evans et al., 2012; Lawrence et al., 2013; Nittler et al., 2011; Peplowski et al., 2014; Peplowski et 214	

al., 2016; Peplowski et al., 2015; Peplowski et al., 2012). These data have shown that the surface 215	

of the planet has elevated abundances of C (Murchie et al., 2015; Peplowski et al., 2016; Peplowski 216	

et al., 2015), Na (Peplowski et al., 2014), S (Nittler et al., 2011; Weider et al., 2012), Cl (Evans et 217	

al., 2015), and K (Peplowski et al., 2012), likely indicating that Mercury has high levels of 218	

indigenous volatiles.  Additionally, although a likely exogenic component, elevated H has been 219	

seen in the polar regions compared to other portions of the planet’s surface (Lawrence et al., 2013). 220	

Furthermore, elevated K/Th and near chondritic K/Cl ratios at Mercury’s surface lends support to 221	

the volatile-rich nature of the planet (Evans et al., 2015; McCubbin et al., 2012a; Peplowski et al., 222	

2011; Peplowski et al., 2012). Although not considered a volatile element, MESSENGER XRS 223	

data has also shown that the surface of the planet is depleted in Fe (Nittler et al., 2011; Weider et 224	
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al., 2012). These characteristic elemental abundances have facilitated calculation of the oxygen 225	

fugacity (fO2) characterizing silicate Mercury, which is between 2.6 and 7.3 log10 units below the 226	

iron-wüstite buffer (McCubbin et al., 2017; McCubbin et al., 2012a; Zolotov et al., 2013; Zolotov 227	

et al., 2011), making Mercury the most reduced terrestrial planet (Herd, 2008; Sharp et al., 2013; 228	

Wadhwa, 2008). 229	

 230	

2.1.2. Pyroclastic Deposits 231	

   232	

Pyroclastic deposits across the surface of Mercury have been identified by their 233	

characteristic diffuse borders, high reflectance compared to nearby units, and a steeper slope in 234	

their reflectance spectrum from visible to near-infrared wavelengths (Blewett et al., 2009; Kerber 235	

et al., 2011; Kerber et al., 2009; Rava and Hapke, 1987; Robinson et al., 2008). On Mercury, 51 236	

pyroclastic deposits have been identified from the MESSENGER data, covering ˃111,000 km2	of 237	

the mercurian surface, or ~0.15% of the total surface (Goudge et al., 2014; Kerber et al., 2011). Of 238	

these 51 deposits, >90% of them are located within impact craters and basins (Goudge et al., 2014). 239	

The pyroclastic deposits on Mercury are larger than pyroclastic deposits found on the Moon, 240	

suggesting that they involved higher energy eruptions with more abundant volatiles from the 241	

interior of the planet than what was typically associated with lunar pyroclastic eruptions (Kerber 242	

et al., 2011; Thomas et al., 2015). Furthermore, although the majority of pyroclastic deposits on 243	

Mercury are located away from the smooth plains, there are pyroclastic deposits associated with 244	

the margins of some smooth plains units, analogous to lunar pyroclastic deposits that are adjacent 245	

to lunar maria (e.g., Goudge et al., 2014, Head and Wilson 1979). Thomas et al., (2014) presented 246	

evidence suggesting that the pyroclastic eruptions initially occurred ~3.9 Ga and continued until 247	

less than a billion years ago. This long duration of explosive volcanism suggests that large amounts 248	

of volatiles are present in the mercurian interior. Kerber et al. (2011) calculated CO abundances 249	

of 1600–16000 ppm wt are required if the pyroclastic eruptions on Mercury are similar to 250	

Hawaiian-style eruptions on Earth. Given the reduced nature of the planet, as revealed by 251	

MESSENGER, Kerber et al. (2011) proposed S2Cl, Cl, Cl2, and COS as the possible driving forces 252	

behind mercurian pyroclastic eruptions. Given the highly reducing nature of the planet, it is also 253	

possible that H2 or H2S are present and could have aided in driving these pyroclastic eruptions. 254	

 255	
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2.1.3. Magmatic Volatiles and the Evolution of Mercury  256	

 257	

The role that volatiles played in the thermal and magmatic evolution of Mercury are critical 258	

to understanding the present-day planet as investigated by Mariner 10 and MESSENGER. 259	

Although all of the chemical analyses currently obtained for Mercury are solely of surface 260	

compositions, these data have been used to infer the abundance of volatiles in the mercurian 261	

interior (Evans et al., 2015; Malavergne et al., 2004; Malavergne et al., 2010; Namur et al., 2016; 262	

Stockstill-Cahill et al., 2012; Vander Kaaden and McCubbin, 2015, 2016; Zolotov et al., 2013; 263	

Zolotov et al., 2011).  264	

In Mercury, C is thought to be present in the form of elemental C as opposed to CO or CO2. 265	

Initially, GRS measurements placed C abundance of Mercury’s surface at 1.4 ± 0.9 wt.% 266	

(Peplowski et al., 2015). At the 3-sigma standard deviation level, this allowed for C abundances 267	

on Mercury to be between 0 wt.% and 4.1 wt.%. Additional analyses using the NS on 268	

MESSENGER showed C abundances on Mercury in the low reflectance material to be as high as 269	

1–3 wt.% greater than the surrounding, higher reflectance materials (Peplowski et al., 2016). This 270	

elevated C signature found in the low reflectance material on the planet’s surface is likely due to 271	

the presence of graphite, possibly from an ancient primary floatation crust (Murchie et al., 2015; 272	

Vander Kaaden and McCubbin, 2015). 273	

 Other magmatic volatiles present in the mercurian interior include Na, Cl, and K. These 274	

three elements are all higher in the north polar region of Mercury, where the largest volcanic unit 275	

on the planet is located. This suggests that these volatiles played a role in the transport and eruption 276	

of flood volcanics on Mercury. Given the low fO2 of Mercury, S is likely present in the form of 277	

sulfides instead of sulfates. Analogue and experimental studies have suggested the presence of Fe-278	

, Cr-, Mn-, Ti-, Mg-, Ca-bearing sulfides on Mercury (Malavergne et al., 2014; McCoy et al., 1999; 279	

Namur et al., 2016; Vander Kaaden and McCubbin, 2016; Vander Kaaden et al., 2017; Zolotov et 280	

al., 2013). It has also been suggested that a sulfide-rich conductive lid could have formed during a 281	

mercurian magma ocean event (Parman et al., 2016). However, it is unlikely that pure CaS, which 282	

is the only sulfide solid or immiscible melt that has been shown to be buoyant in a mercurian 283	

magma ocean, would form given the preferential formation of MgS to CaS as well as the likely 284	

formation of multi-component sulfides as opposed to single component sulfide phases (Vander 285	

Kaaden and McCubbin, 2016). 286	
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 Although the exact accretion history of Mercury is still debated, it is generally believed 287	

that Mercury experienced a giant impact that stripped much of its silicate mantle (Benz et al., 1988) 288	

and led to a magma ocean (Brown and Elkins-Tanton, 2009; Riner et al., 2009). The highly 289	

reducing conditions that were present in this magma ocean may have further contributed to the 290	

large mass of the metallic core reforming after the giant impact. However, given the geophysical 291	

data from MESSENGER, the density of the mercurian core – like the terrestrial core – requires 292	

addition of a light element component in addition to Fe (Hauck II et al., 2013; Smith et al., 2012). 293	

The most likely light element to make up this density difference, due to the low fO2 and 294	

experimental results, is Si (Chabot et al., 2014a; Hauck II et al., 2013). With increasing Si contents 295	

in the mercurian core, C and S would both be excluded from it. Although S would preferentially 296	

partition into the silicate portion of the planet, C is also not soluble in the mercurian mantle, adding 297	

to exotic crust formation processes on the planet (Chabot et al., 2014a; Vander Kaaden and 298	

McCubbin, 2015; Vander Kaaden et al., 2016). Furthermore, based on experimental results at 299	

reducing conditions similar to Mercury, Na, Cl, and K are expected to preferentially partition into 300	

the silicate portion of the planet as well (Vander Kaaden and McCubbin, 2016). Following the 301	

results of Vander Kaaden and McCubbin (2015), this graphite would float to the surface of the 302	

magma ocean producing a primary graphite floatation crust, similar to the anorthositic crust 303	

exposed on the Moon. 304	

 Continued cooling of the planet would have resulted in the crystallization of the magma 305	

ocean. Analogous to the lunar magma ocean (Warren, 1985), the crystallizing cumulates would 306	

sink to the base of the magma ocean, enriching the melt in highly incompatible elements. However, 307	

due to the low fO2 of the planet, and associated low FeO contents of mantle cumulates, solid-state 308	

overturn, which occurs in the lunar scenario, is not expected on Mercury (Vander Kaaden and 309	

McCubbin, 2015). Instead, the stratified mantle would reflect the bottom-up crystallization of the 310	

magma ocean, including volatile-rich phases, such as albitic plagioclase and possibly sodalite. 311	

 After crystallization of the magma ocean, continued volcanism on Mercury would have 312	

resurfaced the planet and buried the evidence of the primary graphite floatation crust (Vander 313	

Kaaden and McCubbin, 2015). The elevated abundances of S on the surface of Mercury, therefore, 314	

are the direct result of transport within reducing magmas that have a higher carrying capacity for 315	

S compared to moderately reduced to oxidized magmas (e.g., Tuff et al. 2013). Furthermore, the 316	

elevated abundances of Na, Cl, and K on the surface were most likely produced in a similar manner 317	
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given their lithophilic nature under mercurian oxygen fugacities (Vander Kaaden and McCubbin, 318	

2016). Continued resurfacing of the planet through impacts, flood volcanism, and pyroclastic 319	

volcanism resulted in partial to total destruction of the primary graphite floatation crust and mixing 320	

with surface materials, darkening the reflection of the planet. Additional impacts have exposed 321	

evidence of this primary graphite floatation crust in the low reflectance material on the planet 322	

(Peplowski et al., 2016; Vander Kaaden and McCubbin, 2015). Finally, additional impacts from 323	

volatile-rich asteroidal material as well as comets have resulted in polar volatile deposits, which 324	

are mainly composed of water ice (Chabot et al., 2014b; Lawrence et al., 2013). 325	

 326	

2.2.  Venus 327	

 328	

2.2.1. Introduction 329	

   330	

 Although Venus and the Earth have long been considered planetary “twins”, Venus does 331	

not have plate tectonics. Instead, 92% of its surface has the same crater density, suggesting the 332	

same age of ~300–700 Ma (Schaber et al., 1992; McKinnon et al., 1998). Models suggest that 333	

episodic overturn of the mantle on this timescale leads to catastrophic resurfacing of the planet 334	

(Parmentier and Hess, 1992). The venusian atmosphere has Earth-like inventories of C and N, 335	

with terrestrial isotopic compositions, suggesting a primordial volatile inventory endowment not 336	

unlike Earth.  In contrast, the modern atmosphere only has ~30 ppm wt H2O, with a D/H ~150 337	

times greater than the Earth’s oceans (Fegley, 2014). This high D/H led to the suggestion that 338	

Venus originally had Earth-like levels of water, with a similar isotopic composition to the 339	

Earth’s oceans, and that the majority of this water was subsequently lost to space (Ingersoll, 340	

1969, Donahue et al., 1982).  Models of this process suggest that such early loss scenarios would 341	

leave Venus with an initial water endowment of ~a few percent of a terrestrial ocean mainly held 342	

in the primitive venusian mantle (Hamano et al. 2013). 343	

 Elkins-Tanton et al. (2007) show that volcanism and volatile element recycling will likely 344	

never fully deplete the venusian mantle of volatiles. Thus, if atmospheric N and C could serve as 345	

proxies for primordial planetary water content, and if current scenarios for Venusian evolution 346	

have predictive value, then Venus can have ~0.01-0.1 times the terrestrial water inventory in its 347	

interior. If the majority of the interior water is released episodically during catastrophic 348	
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resurfacing events, the high D/H and low water content of the atmosphere could be explained via 349	

loss of water with an initially terrestrial isotopic composition to space on a 0.5–1.0 Ga timescale 350	

(Grinspoon, 1993).    351	

 352	

2.2.2. Volatiles in the venusian atmosphere 353	

 354	

 The Venus atmosphere has high levels of CO2, N2, SO2, HCl, and HF (Fegley, 2014). The 355	

abundance of C in Venus’ atmosphere is similar to the crustal C inventory of the Earth (Fegley, 356	

2014). The N abundance of Venus’s atmosphere is several times higher than that of Earth’s 357	

atmosphere, and two times higher than the total inventory of N in Earth’s atmosphere, biosphere, 358	

oceans, and crust (Lodders and Fegley, 1998). The high level of SO2 in the venusian atmosphere 359	

is 220 times lower than the Earth’s total sulfur inventory in the crust and oceans, suggesting that 360	

there is abundant sulfur in the venusian crust and/or mantle. Hydrogen chloride and HF appear to 361	

be buffered by reactions with surface minerals (Fegley, 2014), most likely phosphate minerals 362	

such as apatite [Ca5(PO4)3F,Cl,OH] (Treiman et al., 2016a). The presence of these atmospheric 363	

gases are believed to be the product of volcanic outgassing. 364	

 365	

2.2.3. Water and volatile elements in the venusian mantle 366	

 367	

 Elkins-Tanton et al. (2007) showed that volatiles, such as water and CO2, can partition 368	

into anhydrous mantle minerals during partial melting processes on Venus and other planetary 369	

bodies, and thus be partially retained in the mantle regardless if the mantle region is unmelted or 370	

has been previously involved in a melting event. They predict that some fraction of volatile 371	

elements will be retained in the venusian mantle, ranging from 100% in mantle regions that have 372	

not been melted at all, to 1–2% in regions that have experienced melting. They also argue that 373	

volatile-enriched lithosphere would be involved in crustal delamination processes in the thick 374	

venusian crust, and envision a way to reintroduce volatiles back into the mantle much the same 375	

way that plate tectonics on Earth re-fertilizes the mantle in volatiles. 376	

 High levels of unstable sulfur species in the venusian atmosphere argue for a 377	

replenishment mechanism by volatile input via volcanic degassing (Fegley, 2014). As Venus is 378	

similar in size to the Earth, it is likely to be just as volcanically active as the Earth, providing a 379	
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reasonable explanation for the venusian atmospheric sulfur contents and species (e.g., Fegley, 380	

2014). Thus, if volcanic outgassing is responsible for the input of sulfur, then it is likely that 381	

other volatiles, such as C, N, and water are being supplied to the venusian atmosphere as well. 382	

The input of volatiles to the venusian atmosphere may be episodic, and at maximum abundance 383	

levels at the end of mantle overturn events that resurface the planet. The abundances of some 384	

volatiles in the atmosphere would then decline over time due to weathering reactions with crustal 385	

rocks (e.g., S, Cl) and loss and escape processes from the upper atmosphere (e.g., H), until the 386	

next mantle overturn event (on a timescale of ~0.5 to 1 Ga). Atmospheric species that do not 387	

react with surface rocks or are lost to space would accumulate (e.g., C, N, and Ne). Alternatively, 388	

volcanic outgassing is mostly quiescent, and steadily supplying volatiles to the venusian 389	

atmosphere over time (albeit with higher levels during and after mantle overturn events). A 390	

schematic of these various processes is shown for water in Figure 4 (modified from Gilmore et 391	

al., 2017).    392	

 393	

2.2.4. Timing of water and volatile delivery and sources of water to Venus 394	

 395	

 The similarity in the isotopic ratios and abundances of the major volatiles C and N 396	

between the venusian atmosphere and Earth argues for a similar origin of volatiles for these two 397	

bodies. The extraordinarily high D/H of water in the venusian atmosphere argues strongly for 398	

loss of extensive amounts of water, such as an ocean’s worth (Donahue, 1982) or more. The only 399	

other source of hydrogen known to have D/H similar to Venus are water and organics of the 400	

interstellar medium. It has been argued that delivery of cometary water followed by loss of water 401	

from the atmosphere through time could explain the elevated D/H of the Venus atmosphere 402	

(Grinspoon and Lewis, 1988). While comets are undoubtedly a source of water to the inner Solar 403	

System bodies, it is not necessary to advocate for this model today due to the expected high 404	

levels of volatiles in the venusian mantle (Elkins-Tanton et al., 2007). Loss of atmospheric water 405	

either from an early ocean world (Ingersoll, 1969, Donahue, 1982, Kasting and Pollack, 1983), 406	

or through episodic inputs of water due to mantle overturn with subsequent fractionation of D/H 407	

and loss of hydrogen from the upper atmosphere (Grinspoon, 1993), can explain the D/H 408	

systematics of Venus.       409	

 410	
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2. 3. The Moon 411	

 412	

 A major paradigm shift in our understanding of the lunar volatile inventory occurred with 413	

a Secondary Ion Mass Spectrometry (SIMS) study of H2O, CO2, F, S, and Cl in lunar volcanic 414	

glasses  by Saal et al. (2008). They measured 4–46 ppm wt H2O in lunar volcanic glasses. While 415	

these are low values compared to terrestrial arc volcanic glasses, the lunar glasses are believed to 416	

have undergone significant degassing during lunar fire-fountaining activity. Saal et al. (2008) 417	

modeled a diffusive loss of volatiles during eruption to arrive at pre-eruptive volatile estimates of 418	

260–745 ppm wt H2O for a lunar green glass bead (a very low-Ti glass). These levels of water 419	

are similar to water contents in mantle source regions of the Earth, such as mid-ocean ridge 420	

basalts (MORBs) and Hawaiian ocean island basalts (OIBs) (Luth, 2005). This remarkable result 421	

suggests that the Moon was able to retain water after the giant impact, or that water was accreted 422	

shortly thereafter (Saal et al., 2008). 423	

 Much higher levels of indigenous lunar water have been found in the mineral apatite with 424	

three separate SIMS studies finding 1000’s of ppm wt OH in this phosphate mineral from rock 425	

samples returned by the Apollo astronauts (Boyce et al., 2010; McCubbin et al., 2010a,b; 426	

Greenwood et al., 2011). These high hydroxyl contents were far above background levels of at 427	

most 10’s of ppm, and could not be ascribed to terrestrial contamination. The three groups all 428	

used different SIMS instruments, techniques, and standard terrestrial apatite minerals, but 429	

obtained similar results for the H contents of lunar apatites (Boyce et al., 2010; McCubbin et al., 430	

2010a,b; Greenwood et al., 2011). The high OH contents of lunar apatites also confirmed the 431	

results of Saal et al. (2008) that the Moon and its samples still retain some indigenous water 432	

(Boyce et al., 2010; McCubbin et al., 2010a,b; Greenwood et al., 2011). 433	

 Since these early pioneering studies, a number of other research groups have embarked 434	

on measuring the water contents and D/H of the Moon. A comprehensive review of lunar volatile 435	

elements and their isotopes is provided by McCubbin et al. (2015a), and will not be restated here. 436	

We will primarily review the evidence for ‘water’ and D/H in the Moon, but will also discuss 437	

other volatiles as appropriate. The current state of our understanding of water and D/H in 438	

different lunar reservoirs and sample types will be discussed after we consider issues associated 439	

with the measuring of hydrogen contents in nominally anhydrous minerals from extraterrestrial 440	

samples.  441	
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 442	

2.3.1.  Considerations for SIMS measurements of D/H and H in nominally anhydrous 443	

extraterrestrial materials  444	

 445	

 SIMS. SIMS measurements allow for accurate and precise measurements of small sample 446	

volumes to be attained for D/H, if terrestrial contamination can be minimized, and is the primary 447	

means by which meteorite and returned sample D/H is analyzed today.  Detailed reviews of the 448	

use of SIMS can be found in Hauri et al. (2002), Greenwood et al. (2011), Barnes et al. (2013), 449	

Slodzian et al. (2014), and references therein. In brief, SIMS measurements involve the use of a 450	

primary ion beam to sputter/excavate a small sample mass from a material’s surface. The 451	

‘secondary ions’ sputtered from the surface are then accelerated and collimated by electrostatic 452	

lenses and filters before being separated according to mass using a large magnet, and then 453	

collected/counted on one or more electronic multipliers or faraday cups, or with a SCAPS 454	

(Stacked CMOS-type Activated Pixel Sensor) detector (Hokkaido University and University of 455	

Hawaii SIMS machines) (Yurimoto et al., 2003).  Removal of terrestrial adsorbed water from the 456	

surfaces and near-surface region of the samples is accomplished by pumping of the sample under 457	

high vacuum (>10-8 torr) for several days prior to analysis, and pre-sputtering the area to be 458	

analyzed by rastering the primary ion beam over it (a form of ion milling) to remove the topmost 459	

exposed surface of the sample (~ <1 µm). For D/H measurements, the secondary ions must be 460	

extracted from the center of the secondary ion beam, to avoid contaminant water that will 461	

condense in the outer regions on the edge of the secondary ion beam. A liquid N2 cold trap can 462	

also be used to trap contaminant water in the vacuum of the sample chamber. Contaminant water 463	

will condense if any instrument components contact the secondary ion beam. This points to 464	

difficulty of using NanoSIMS instruments to make D/H measurements of low-water containing 465	

materials, as this instrument’s immersion lens contacts the secondary ion beam, and will likely 466	

lead to an endemically higher background of contaminant water during analyses. For these 467	

reasons, in this chapter we will adopt a ‘red light/yellow light/green light’ approach to SIMS data 468	

collected on extraterrestrial materials via mass spectrometry or SIMS for the interpretation of 469	

D/H measurements. Below 50 ppm wt H2O, this is the “red zone” wherein D/H measurements 470	

are likely to be affected most strongly by terrestrial contamination. We will not consider D/H 471	

data below 50 ppm wt H2O in this chapter.  We define the “yellow zone” as 50–150 ppm wt 472	
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H2O, wherein caution should be applied when considering the interpretations of this data. We 473	

will alert the reader when we consider data in this range of water contents. Above 150 ppm wt 474	

H2O is the “green zone”, and data above this water content is generally excellent, though SIMS 475	

analyses that overlap onto cracks loaded with terrestrial contamination can still give 476	

extraterrestrial δD values (Greenwood et al., 2008).  Thus, even above 150 ppm wt H2O, caution 477	

must be exercised in the interpretation of D/H values in heavily shocked meteorites and returned 478	

samples, as the density of fractures can make finding an analytical area free of cracks (and thus 479	

reasonably free of terrestrial contamination) in the phase of interest quite challenging. An 480	

example of the difficulty in measuring water in extraterrestrial materials can be seen in a 1H 481	

image of apatite from the Shergotty meteorite in Figure 5.  482	

 483	

Cosmic Ray Exposure (CRE) corrections for D/H. Freidman et al. (1971) first measured 484	

elevated δD of 307‰ in basalt 12051, and proposed this to be a mixture of D-rich spallogenic H 485	

generated by cosmic rays and terrestrial contamination. Mare basalt 12051 has large grains of 486	

apatite (J. Greenwood, unpubl. data), and most apatite in mare basalts have 100’s to 1000’s of 487	

ppm wt OH with elevated δD (McCubbin et al., 2010a,b; Boyce et al, 2010; Greenwood et al., 488	

2011; Tartése and Anand, 2013; Barnes et al., 2013, 2014; Tartése et al., 2013, 2014a,b), 489	

suggesting that rather than spallogenic deuterium, Freidman et al. (1971) measured a mixture of 490	

indigenous lunar hydroxyl from apatite and terrestrial contamination. This is relevant, because 491	

most of the H isotopic data in the literature (Saal et al., 2013; Barnes et al., 2013, 2014; Tartése 492	

and Anand (2013); Tartése et al., 2013, 2014a,b; Füri et al., 2014; Robinson and Taylor, 2014; 493	

Robinson et al., 2016) have been corrected for CRE using the deuterium production rate of 494	

Merlivat et al. (1976). Merlivat et al. (1976) derived their deuterium production rate from their 495	

stepped heating of basalt 70215,  arguing that the majority of the hydrogen released at low 496	

temperature was terrestrial contamination, but that spallogenic H dominated the high temperature 497	

steps. Mare basalt 70215 is a fine-grained, rapidly cooled sample, and the apatite in it is sub-498	

micron in size (J. Greenwood, unpubl. data). This suggests that Merlivat et al. (1976) did not 499	

measure spallogenic deuterium, but rather high δD associated with OH in apatite (e.g., 500	

Greenwood et al., 2011).   501	

 Füri and Deloule (2016) have derived a new D production rate for lunar samples, from 502	

careful analysis of olivine grains in lunar samples with varying CRE ages. The D-production rate 503	
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they define is 3x higher than that of Merlivat et al. (1976), but is in good agreement with the 504	

theoretical D-production rate of Reedy (1981). The much higher D-production rate has important 505	

consequences for a number of published lunar studies of D/H. For example, Hauri et al. (2017) 506	

point out that in their own dataset for the pyroclastic glass beads of Saal et al. (2013), the 507	

positive correlation of δD with decreasing water content they report (the expected trend of D/H 508	

fractionation during degassing of H2 gas (e.g., Sharp et al., 2013)), would produce a negative 509	

correlation of δD with decreasing water content if they use the D-production rate of Füri and 510	

Deloule (2016). This has profound implications if true: a negative correlation of δD with 511	

decreasing water content can only occur by the degassing of molecular water (Taylor, 1986). As 512	

molecular water is not the dominant hydrogen species at the low fO2s expected of lunar magmas 513	

(Hirschmann et al., 2012), this would imply that the pyroclastic beads were degassing at higher 514	

fO2.  515	

 Hauri et al. (2017) suggested that data below ~20 ppm wt H2O were dominated by 516	

spallogenic H, and suggested magmatic water dominates in lunar samples above this level. This 517	

further emphasizes the importance of the “red light/yellow light/green light zones” of water 518	

content for D/H interpretation of extraterrestrial materials that we introduced above. 519	

 520	

2.3.2. Water and D/H of Mare basalts 521	

  522	

 Our knowledge of water and D/H of mare basalts comes primarily from SIMS analyses of 523	

two phases: silicate glasses and apatite. These two phases have benefits and pitfalls for inferring 524	

hydrogen and D/H values. Apatite is slow to exchange its hydrogen under most conditions 525	

(Higashi et al., 2017), thus making it a potentially strong container for preserving lunar water 526	

information. Apatite is a common rock-forming phosphate mineral that can contain F, Cl, and 527	

OH as essential structural constituents that occupy a single crystallographic site (Pan and Fleet, 528	

2002). The relative proportions of F, Cl, and OH in apatite may be used to extract relative 529	

fugacity ratios of F, Cl, and OH in the silicate melts or aqueous fluids from which they formed if 530	

thermodynamic models are developed for the mixing of F, Cl, and OH components in apatite 531	

and for F, Cl, and OH components in multicomponent melt and fluid systems (e.g., Candela 532	

1986, Hovis and Harlov 2010). In the absence of such models, the partitioning behavior of F, Cl, 533	
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and OH between apatite and melt or fluid can be used to approximate the relative abundances of 534	

F, Cl, and OH in fluid and melt systems (e.g., Brenan, 1993, McCubbin et al., 2015b, Boyce et 535	

al., 2014, Riker et al. 2018). However, the partitioning cannot be treated with simple Nernst-like 536	

partition coefficients given the stoichiometric constraints on F, Cl, and OH abundances in apatite 537	

and the lack of constraints on the abundances of F, Cl, and OH in coexisting silicate melts or 538	

fluids (Boyce et al., 2014, McCubbin et al., 2015b). This complicates the use of apatite as a 539	

quantitative melt hygrometer, especially for mare basalts. Lastly, apatite is a late-crystallizing 540	

mineral in lunar magmas, thus only recording information in the last stages of magmatic history. 541	

 Glasses record magmatic information directly, without the need for partition coefficients, 542	

thus making them ideal for understanding a magma’s volatile history, if they do not undergo 543	

degassing or water and hydrogen isotope exchange with external reservoirs during cooling. As 544	

silicate melts do not cool through the glass transition until they have reached ~2/3 of their 545	

liquidus temperatures, magmatic liquids can be susceptible to extensive exchange during 546	

cooling. Melts that are trapped in minerals can potentially be armored against further exchange 547	

with the magma (Kent, 2008). Yet, even olivine-hosted melt inclusions can undergo substantial 548	

H exchange with magmas via diffusive exchange through the crystals, either at magmatic 549	

temperatures or during cooling (Gaetani et al., 2012), suggesting that even these records may not 550	

be pristine.  CO2 and S can also be affected by this process in olivine-hosted melt inclusions, but 551	

F and Cl are not (Bucholz et al., 2013).  Furthermore, both apatite and glasses will give poor 552	

information on D/H below 50 ppm wt H2O, due to terrestrial contamination and spallogenic H.  553	

Apatite. Measurements of water contents and/or D/H of apatite in mare basalts have been 554	

published by Boyce et al. (2010, 2015), McCubbin et al. (2010a,b), Greenwood et al. (2011), 555	

Tartése and Anand (2013), Barnes et al. (2013), Tartése et al. (2013, 2014a,b), and Treiman et 556	

al., (2016b). Early studies used apatite to estimate the water content of the Moon, but Boyce et 557	

al. (2014) proposed a model for the partitioning of water in apatite, which predicted that OH-558	

rich apatite would only be produced in volatile-poor magmas, due to the strong preference of F 559	

over OH or Cl in apatite. This suggests that F-rich, OH-poor apatite would be a better indicator 560	

of higher volatile contents in lunar magmas. Thus, while lunar apatite can contain copious 561	

amounts of water (over 1 wt.% OH; Tartése et al., 2013), until other evidence of water-rich 562	

magmas in lunar samples with OH-rich apatite are found, this mineral should not be used to 563	

estimate water contents of lunar magmas or the bulk Moon.   564	
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 The D/H of apatite in lunar samples is not affected by the model of Boyce et al. (2014), 565	

but would be affected by degassing of lunar magmas before the onset of apatite crystallization. 566	

Greenwood et al. (2011) found a δD range of -215‰ to 1010‰ in mare basalts, and proposed a 567	

cometary source for elevated D/H, and mixing with either solar wind or mantle hydrogen with 568	

lower D/H.  Tartése and Anand (2013) proposed degassing of H2 from lunar magmas originally 569	

with a δD ~ 100‰ to explain elevated D/H of lunar apatite.  They revised this value down to -570	

100‰ for KREEP (K-,Rare Earth Element-,P-rich) samples (Tartése et al., 2014a).  KREEP 571	

samples have a component of the last 1-2% percent crystallization of the lunar magma ocean 572	

(called urKREEP), and are rich in incompatible elements (Warren and Wasson, 1979), and 573	

should be volatile-rich.  They proposed delivery of chondritic water after the Moon-forming 574	

giant impact through crust-breaching impacts, and this idea was further elaborated upon in 575	

Barnes et al. (2016).  576	

Pyroclastic glasses and their olivine-hosted melt inclusions.  Pyroclastic glasses have been 577	

studied by Saal et al. (2008, 2013), Hauri et al. (2011), Füri et al. (2014) and Chen et al. (2015). 578	

Saal et al. (2008) suggested that the Moon had primitive material below the magma ocean that 579	

was inherited from the Earth. The olivine-hosted melt inclusions studied by Hauri et al. (2011) 580	

provided the first direct evidence for magmatic volatile contents above 1000 ppm wt H2O in the 581	

Moon. Saal et al. (2013) found the most water-rich melt inclusions have slightly elevated δD 582	

(δD= 270±56‰). Chen et al. (2015) conducted a more extensive study of the volatile contents of 583	

pyroclastic glasses and their olivine-hosted melt inclusions, and generally confirmed the results 584	

and interpretations of Saal et al. (2008) and Hauri et al. (2011) for the 74220 orange glasses. 585	

Importantly, Chen et al. (2015) found high levels of F, Cl, and S in other types of pyroclastic 586	

glasses, showing that 74220 is not an anomalous sample, and that the Moon is likely not 587	

completely dry (meaning 1 ppm wt H2O or less). Chen et al. (2015) estimated from H2O/Ce 588	

that the Moon is depleted in water by only a factor of three relative to Earth, similar to the 589	

depletion in K for the Moon (Fig. 2) (Warren and Taylor, 2014). 590	

Secondary processes affecting water and D/H of lunar samples.  Singer et al. (2017) 591	

conducted measurements of H and D/H of olivine-hosted melt inclusions of the slowly cooled 592	

samples (12018, 12035, and 12040) of the Apollo 12 olivine basalt suite (Walker et al., 1976). 593	

These are very different samples to the pyroclastic glasses that were probably produced by fire-594	
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fountain activity on the lunar surface (e.g., McCubbin et al., 2015a). Walker et al. (1976) 595	

proposed that the Apollo 12 olivine basalts sampled ~35 m of the basal portion of a magma 596	

body, such as a sill, thick lava flow, or lava pond, and that became olivine-rich by gravitationally 597	

driven crystal settling. In contrast to the water-rich olivine-hosted melt inclusions of 74220 598	

(average δD = 270±56‰), the melt inclusions in Apollo 12 olivine basalts with > 150 ppm wt 599	

H2O were characterized by lower δD values ranging from -183±212‰ to 6±185‰. Diffusion 600	

calculations show hydrogen and D/H in the melt inclusions should be exchangeable with external 601	

hydrogen reservoirs in these slowly cooled samples (Singer et al., 2017). In agreement with this 602	

idea, apatite δD is low (~0‰) in the most slowly cooled sample (12040), while the δD of apatite 603	

in the more rapidly cooled 12018 is very high (δD=1439±103‰).  This suggests that D/H 604	

underwent exchange with a low D/H reservoir during cooling.  These results also lend credence 605	

to the model proposed by Treiman et al. (2016b) for secondary processes affecting D/H of apatite 606	

in slowly cooled mare basalts.   Another implication of this study is that olivine-hosted melt 607	

inclusions of 74220 (Saal et al., 2013) may have been undergone exchange with solar wind 608	

derived hydrogen in near-surface magma chambers (e.g., Gaetani et al., 2012).  This suggests 609	

caution should be applied when considering hydrogen and D/H in olivine-hosted melt inclusions.  610	

 611	

2.3.3. Water and D/H of Highlands samples 612	

 613	

 The lunar highlands are the most ancient portions of the lunar surface, and samples of 614	

them that have been analyzed have very low water contents and D/H ratios include ferroan 615	

anorthosite crust (FAN) and later intrusive rocks (Mg-suite, alkali-suite). Hui et al. (2013) used 616	

FTIR to measure 5–6 ppm wt H2O in plagioclase from FAN, and predicted ~320 ppm wt H2O for 617	

the lunar magma ocean.  Hui et al. (2017) measured D/H of this very low water content 618	

plagioclase, but these measurements are in the ‘red zone’ of SIMS analyses and will not be 619	

discussed further. 620	

 Greenwood et al. (2011) found δD  = 290±73‰ for apatite with 80 ppm wt H2O in an 621	

alkali anorthosite clast, and suggested this is the value for the hydrogen isotope composition of 622	

the lunar mantle.  More recent work has found values that overlap with those of mare basalt 623	
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apatite (Barnes et al. 2014; Robinson et al., 2016).  Measurements of QMD clasts from 15403 624	

and 15404 are much lighter, with apatite in 15404 having a δD = -344±319‰ (2σ) and 15403 625	

apatite with δD = -721±48‰ (2σ). The extremely light value of apatite in 15403 is anomalous 626	

for lunar magmatic samples, but in the expected range of solar wind in the lunar regolith (e.g., 627	

Liu et al., 2012).  628	

 629	

2.3.4. Isotopes of volatile elements that bear on the question of water and D/H of the Moon 630	

 631	

Cl, Zn and K isotopes. Sharp et al. (2010) showed that the Moon had high δ37Cl, unlike other 632	

bodies in the Solar System. They suggested that elevated Cl isotope ratios could only be 633	

produced in extremely water-poor conditions, and concluded that the Moon had < 1 ppm wt 634	

H2O. The highest δ37Cl was measured using SIMS in apatite from KREEP basalt 72275. Boyce 635	

et al. (2015) studied δD and δ37Cl of apatite in mare basalts, and found a strong positive 636	

correlation of δ37Cl and Th or La/Lu (both indicators of KREEP signature). They found no 637	

correlation between δD and δ37Cl. They argued that the Cl isotopic composition of urKREEP is 638	

~30‰ (the mantle reservoir of KREEP; also the last 1–2% of lunar magma ocean crystallization) 639	

and was set during lunar magma ocean outgassing after the loss of water. This would imply that 640	

urKREEP is very dry (McCubbin et al., 2015a). Barnes et al. (2016) measured δ37Cl in apatite 641	

from KREEP basalt 15386 and found a positive correlation of δ37Cl with apatite Cl content. They 642	

argued that the lunar magma ocean had a δ37Cl of ~30‰, and suggested that late crust-breaching 643	

impacts could have allowed the urKREEP reservoir to outgas. 644	

 The Moon is the only body that currently has resolvable K isotope anomalies (Wang and 645	

Jacobsen, 2016). Heavy Zn isotope anomalies have also been measured in lunar materials, which 646	

have been interpreted as representing loss of light Zn isotopes during first the proto-lunar disk 647	

phase and then during outgassing of the lunar magma ocean (Paniello et al., 2012; Kato et al., 648	

2015). The combination of heavy isotope enrichments for the moderately volatile lithophile 649	

element K and the more volatile Zn and Cl argue that the Moon experienced a unique event in 650	

the inner Solar System, which is most likely the giant impact event.  651	
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N isotopes. Füri et al. (2015) and Mortimer et al. (2015) measured δ15N in lunar basalts. 652	

Mortimer et al. (2015) measured six lunar basalts and found δ15N=0.35‰, similar to terrestrial 653	

atmosphere and earlier measurements of lunar materials (Mortimer et al., 2015 and references 654	

therein). Füri et al. (2015) reported a range of δ15N of -0.2 to 26.7‰, with the higher values 655	

similar to some carbonaceous chondrites. They also reported values of δ15N < -30‰, which 656	

would be similar to the isotopic composition of Earth’s primordial mantle. On the basis of N 657	

isotopes, Füri et al. (2015) argued that indigenous lunar volatiles could have been inherited from 658	

a proto-lunar disk sourced from the terrestrial mantle or implanted into the lunar mantle during 659	

the subsequent late accretion phase. 660	

 661	

2.3.5. Water abundances of the Moon 662	

 663	

 Geochemical estimates of the water abundance of the Moon primarily come from three 664	

datasets: highland samples (Hui et al., 2013, 2017), pyroclastic glasses (Hauri et al., 2015; Chen 665	

et al., 2015), KREEP samples (McCubbin et al., 2015a; Greenwood et al., 2017).  There are also 666	

geophysical and selenogenetic estimates (Karato, 2013; Elkins-Tanton and Grove, 2011, 667	

Pahlevan et al. 2016). The range of water abundances for the Moon runs the gamut, from Earth-668	

like levels of 100-300 ppm wt H2O (Hui et al., 2013; Chen et al., 2015; Hauri et al., 2015; 669	

Greenwood et al., 2017), to slightly lower abundances (10-100 wt ppm wt H2O; Karato, 2013, 670	

Pahlevan et al. 2016), to order of magnitude lower abundances of 3-13 ppm wt H2O (McCubbin 671	

et al., 2015a) and < ~10 ppm wt H2O (Elkins-Tanton and Grove, 2011). 672	

Highland samples. Hui et al. (2017) used their earlier measurements of water in anorthite from 673	

FAN 60015 (Hui et al., 2013) to estimate the water content of the lunar magma ocean to be ~136 674	

ppm wt H2O, without outgassing. If outgassing of H2 from the magma ocean is called upon to 675	

raise the δD of the initial hydrogen reservoir from -250‰ to 300‰ (the lower value is an 676	

estimate of the δD of the undegassed magma ocean, and the higher value is similar to values in 677	

olivine-hosted melt inclusions in pyroclastic glasses (Saal et al., 2013) and highlands apatite 678	

(Greenwood et al., 2011)), estimates of the water content for the initial lunar magma ocean 679	

ranges from 1320 to 5000 ppm wt H2O (Hui et al., 2017).  680	
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Pyroclastic glass bead estimates. The pyroclastic glass beads have been used to estimate 681	

the water contents of their parent magmas, as well as the whole Moon. Chen et al. (2015) 682	

estimated 110 ppm wt H2O for the mantle source of the pyroclastic glasses. Hauri et al. (2015) 683	

estimated that the bulk silicate Moon (BSM) contains 100–300 ppm wt H2O primarily using the 684	

sulfur concentrations and H2O/Ce of the pyroclastic glass beads. 685	

urKREEP estimates. McCubbin et al. (2015a) postulated that the late residual liquid of the 686	

lunar magma ocean would be Cl-enriched relative to H2O and F, due to magma ocean volatile 687	

abundances being controlled by partitioning with anhydrous minerals. They estimated the lunar 688	

mantle to have much less water than the Earth, with only 0.15 ppm wt to 5.3 ppm wt H2O. They 689	

predicted that the majority of the Moon’s volatiles would be in urKREEP (which they defined as 690	

the last 1% residual liquid from magma ocean crystallization). They predicted 300–1250 ppm wt 691	

H2O for urKREEP and 3–13 ppm wt H2O for the BSM, an order of magnitude less than estimates 692	

using pyroclastic glasses (Chen et al., 2015; Hauri et al., 2015).  693	

 Greenwood et al. (2017) also predicted that the bulk of the Moon’s volatiles would be 694	

in the urKREEP from their finding of Cl-rich late-stage glasses in KREEP basalts 15382 and 695	

15386. Due to an order of magnitude depletion in F in lunar samples relative to Earth, they used 696	

an H2O/Ce of 17–30 to estimate lunar water abundances, instead of the higher H2O/Ce=64 or 77 697	

of orange glasses (Hauri et al., 2015; Chen et al., 2015). They obtained ~1.3 wt.% to 2.4 wt.% 698	

H2O for urKREEP; if urKREEP represents the last 1% of a lunar magma ocean that originated 699	

from a 100% molten Moon, then the BSM would contain 130–240 ppm wt H2O, similar to 700	

estimates obtained from the pyroclastic glasses (Hauri et al., 2015). The estimate for urKREEP 701	

of Greenwood et al. (2017) is also similar to an estimate for urKREEP of 1.4 wt% H2O using 702	

highlands FAN plagioclase (Hui et al., 2013). 703	

Models for high water content of the Moon. As summarized above, there is a wide range of 704	

water content estimates for the Moon.  But, the most recent estimates have begun to converge on 705	

a water and volatile content for the lunar mantle that is depleted relative to Earth’s mantle by an 706	

order of magnitude (Greenwood et al., 2017), or less (Chen et al., 2015; Hauri et al., 2015; Hui et 707	

al., 2013, 2017).   708	

 In contrast, a model of volatile content based on condensation temperature (e.g., Albarède 709	

et al., 2015) predicts much higher degrees of depletion. Such a model assumes condensation to 710	
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solids, but condensation could occur to liquids when pressure of the gas is high. Karato (2013) 711	

showed that for condensation to liquid in a high-pressure environment in the Moon-forming disk, 712	

the solubility in the liquids is not controlled by the bond strength (e.g., Karato, 2016) and 713	

consequently, the degree of depletion of highly volatile elements such as H is much less when 714	

condensation occurs to liquids.  Similarly, Pahlevan et al. (2016) modeled the behavior of 715	

hydrogen during lunar origin process and concluded that proto-lunar disks with terrestrial 716	

abundances of hydrogen would dissolve ~10-100 ppm wt H2O into proto-lunar liquids (see also 717	

Canup et al., 2015a,b). Those models are consistent with the K isotope observations suggesting a 718	

high-pressure environment in the moon-forming disk (Wang and Jacobsen, 2016).  719	

 720	

2.3.6. Geophysical constraints on lunar water abundances 721	

 722	

 Although the extensive study of lunar basaltic inclusions by Chen et al. (2015) strongly 723	

suggests that the modest degree of depletion in volatile elements such as water (hydrogen) in the 724	

lunar mantle is global, it is also important to develop independent methods to constrain the lunar 725	

water abundance. To circumvent the ambiguities inherent in geochemical approaches, Karato 726	

(2013) used geophysical observations to infer global water content of the lunar interior. Among 727	

various geophysical properties, Karato (2013) chose electrical conductivity and tidal Q; both of 728	

these properties are controlled by the motion of crystalline defects that depend strongly on water 729	

content (for a review on electrical conductivity see Karato and Wang, 2013; for tidal Q, Karato, 730	

2013).  731	

 Electrical conductivity of the Moon was investigated during the Apollo mission using the 732	

measurements of time-dependent electromagnetic fields (e.g., Hood et al., 1982; Sonett et 733	

al., 1971). In these studies, the depth-variation of electrical conductivity was inferred assuming 734	

a one-dimensional model. Tidal deformation occurs on time scales of months-to-years and it 735	

involves not only elastic but also viscous deformation. The tidal Q is a measure of the non-elastic 736	

part of the deformation. The tidal Q was determined by radar observations of the shape of the 737	

Moon (Williams et al., 2001) and is, therefore, known to rather high precision (to within ~10–738	

20%). 739	
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 Both electrical conductivity and tidal Q depend strongly on the water content and 740	

temperature of the body of interest. Consequently, if one uses only one of these observations, 741	

then the trade-off between the water content and temperature is strong and the inference of 742	

the water content is non-unique. Karato (2013) simultaneously used both properties to more 743	

uniquely infer the water content and temperature in the lunar interior. The results show that the 744	

lunar interior is cooler (at a depth of 800 km, temperature is ~1350 ± 150 K) than Earth’s interior 745	

(at a depth of 800 km, temperature is ~2200 ± 100 K), while the water content is similar to, or 746	

slightly less than, that of the asthenosphere of Earth (the Moon: 10-100 ppm, Earth: 100 ppm) 747	

(Fig. 6). The results support the notion of a not-so-dry Moon inferred from geochemical studies 748	

(Saal et al., 2008; Hauri et al., 2011, 2015; Chen et al., 2015).   749	

 750	

2.3.7. D/H and sources of the Moon’s water 751	

 752	

Earth source. Saal et al. (2008) suggested that since the Moon has some water in pyroclastic 753	

glasses, parts of the deep Moon may have remained unmelted during the giant impact event. Saal 754	

et al. (2013) argue that the elevated D/H of olivine-hosted melt inclusions (δD= 270±56‰) was 755	

due to degassing of H2 from values that were similar to the terrestrial Earth mantle (~-60‰, Clog 756	

et al., 2013). This terrestrial signature could also be due to equilibrium dissolution of terrestrial 757	

hydrogen in the proto-lunar disk with negligible high-temperature isotopic fractionation 758	

(Pahlevan et al. 2016). Robinson et al. (2016) argue that extremely low δD they measured in 759	

highland rocks represent a solar-like reservoir in the mantle, and call for parts of the Moon to 760	

carry solar-like hydrogen, as has been postulated for reservoirs in the Earth’s deep mantle (Hallis 761	

et al., 2015). 762	

Carbonaceous chondrite source. The majority of researchers favor a carbonaceous chondrite 763	

origin for terrestrial volatiles, due to similarities in δD and δ15N (e.g., Alexander et al., 2012, 764	

2018; Halliday, 2013; Marty, 2012; Marty et al., 2016). Saal et al. (2013) called for a 765	

carbonaceous chondrite origin for lunar water, though they implied that this may also have been 766	

a terrestrial relic of the giant impact event. Tartése and Anand (2013) argued for delivery of 767	

chondritic impactors to the Moon after the giant impact, and Barnes et al. (2016) developed this 768	
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idea further. Füri et al. (2015) argued that N isotopes for the Moon were best matched by 769	

carbonaceous chondrites, but with additional identifiable components.  770	

Cometary source. Due to the elevated D/H of most lunar apatites, Greenwood et al. (2011) 771	

suggested cometary delivery of water. This would need to occur most likely in the time after the 772	

giant impact event and before the lunar crust had undergone significant thickening. Barnes et al. 773	

(2016) considered this process for chondritic impactors, but the constraints on the timing of 774	

impact delivery are similar for the cometary impactors. An additional constraint on the cometary 775	

contribution comes from the dynamical delivery efficiency of outer Solar System bodies to the 776	

inner solar system (O'Brien et al., 2018) which suggests that only a small fraction of terrestrial 777	

water could be delivered by cometary sources. 778	

 779	

2.3.8. Timing of water delivery to the Moon  780	

 781	

Pre-Giant Impact. Saal et al. (2008) first suggested that parts of the Moon may have survived 782	

the Moon-forming impact relatively unscathed, and still retain their abundances of terrestrial 783	

volatiles. Saal et al. (2013) and Hauri et al. (2015) also favored this idea for the majority of the 784	

lunar volatiles to have survived the giant impact event. 785	

Giant Impact. Volatile gain and loss accompanying the giant impact would most likely occur 786	

during thermal processing in the immediate aftermath of the event. Such post-impact evolution 787	

can be separated into two distinct regimes: the proto-lunar disk and magma ocean regimes, the 788	

former having received the most attention. Early thinking about the giant impact considered that 789	

the proto-lunar disk could have been open with respect to thermal escape of hydrogen 790	

(Stevenson, 1987). However, since hydrogen constitutes only a small fraction of the proto-lunar 791	

disk, it was subsequently recognized that thermal escape required that the light hydrogen atoms 792	

separate from heavier, gravitationally bound silicate vapor species (SiO, O2) in order to undergo 793	

significant escape (Genda, 2004). The process of condensation (Pahlevan and Stevenson, 2008) 794	

and molecular diffusion (Nakajima and Stevenson, 2018) were found to be inefficient as means 795	

of separating the heavy bound gases from the light unbound hydrogen. Thermal escape of the 796	

heavier silicate vapor species requires very distended (>10 Earth radii) disks (Desch and Taylor, 797	
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2011), much more distended than found in models of lunar accretion (Salmon and Canup, 2012). 798	

Hence, recent thinking on the evolution of the proto-lunar disk considers the proposition that the 799	

disk was nearly closed with respect to thermal escape of gases to space (Canup et al., 2015; 800	

Charnoz and Michaut, 2015; Hauri et al., 2017; Karato, 2013; Lock et al., 2018; Pahlevan et al., 801	

2016). In these studies, the observed abundances of lunar volatiles are due to liquid-vapor 802	

partitioning followed by preferential accretion of the Moon from the liquid fraction. The 803	

complementary vapor could, in this setting, be lost to the silicate Earth without violating 804	

terrestrial abundance constraints. 805	

 A second physical setting that can alter the lunar volatile abundances is the lunar magma 806	

ocean, either during a short “naked” magma ocean phase contemporaneous with lunar accretion 807	

or after accretion and formation of a flotation crust due to crust-breaching impacts (Barnes et al., 808	

2016). In both cases, the escape of a proto-atmosphere would have been facilitated by the weaker 809	

gravity field of the Moon that makes the conditions necessary for hydrodynamic escape easier to 810	

achieve. Two lines of evidence for volatile loss from the lunar magma ocean have recently come 811	

forward. First, identification of two Cl isotopic reservoirs in the Moon, one associated with a 812	

“normal” lunar mantle (δ37Cl~0‰), and the other an isotopically enriched urKREEP end-813	

member (δ37Cl~30‰), suggests ongoing evaporation and fractionation during the formation and 814	

closure of these two reservoirs (Boyce et al., 2015), processes that would also have influenced 815	

the lunar hydrogen abundances. Secondly, after decades of expended efforts, a K isotopic offset 816	

has been observed between the silicate Earth and Moon (Wang and Jacobsen, 2016). This is an 817	

important observation because K isotopes do not significantly fractionate during petrologic 818	

processes or during liquid-vapor equilibrium and, therefore, constrain the kinetics of volatile loss 819	

during an episode that presumably would also have affected lunar hydrogen abundances and 820	

isotopic compositions. 821	

Post-Giant Impact. Greenwood et al. (2011) argued for exogeneous delivery of volatiles to the 822	

Moon, favoring delivery of cometary water after the giant impact event, and before solidification 823	

of a thick lunar crust, likely 10–200 Ma after Moon formation (Elkin-Tanton et al., 2011). 824	

Tartése and Anand (2013) suggested a variant on this idea, by calling for delivery of chondritic 825	

water via asteroidal delivery. Barnes et al. (2016) undertook detailed modeling of this process 826	

and called for a crust-breaching impact to expose the lunar magma ocean and cause it to degas 827	
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and fractionate Cl isotopes. The high water contents measured in KREEP materials (e.g., Tartése 828	

et al., 2014a) suggest that urKREEP had significant water, as suggested by Greenwood et al. 829	

(2017) and Hui et al. (2017), which would likely preclude outgassing under water-poor 830	

conditions. Finally, Ustunisik et al. (2015) showed that lunar magmas would degas H before Cl, 831	

thus allowing for the possibility of outgassing the magma ocean sequentially, but the dynamics 832	

of how that would occur in a crust-breaching impact have yet to be the subject of detailed 833	

modeling. 834	

 835	

2.4. Mars 836	

 837	

2.4.1. Introduction 838	

 839	

 The cadre of missions to Mars in the last two decades has led to an evolving picture of 840	

martian water that argues strongly for the presence of liquid water on the Mars surface in the 841	

Noachian and pre-Noachian (~3.7–4.5 Ga) from the presence of fluvial landforms and hydrous 842	

minerals (e.g., Carr, 2006; Ehlmann and Edwards, 2014). What is not known is how much water 843	

was involved in creating these aqueous environments. Was it global-scale oceans or intermittent 844	

wetting with mostly subsurface water? Recent climate models do not require a warm, thick 845	

atmosphere to satisfy the current constraints on water availability (e.g., Wordsworth, 2016).  846	

During the Hesperian (~3.0–3.7 Ga) there was a change to the current dry atmosphere of Mars, 847	

and evaporite deposits mark this transition (Bibring et al., 2006). The current dry climate 848	

suggests that surface water has not been an important feature of martian landscape evolution for 849	

several billion years. Following orbital and landed observations of ground ice near the poles 850	

(Boynton et al., 2002; Smith et al., 2009), large reservoirs of subsurface ice have been found in 851	

mid-latitude to near-equatorial regions (Mouginot et al., 2012; Dundas et al., 2018), suggesting 852	

that there may be large ice reservoirs on Mars that are not part of the current hydrologic cycle, 853	

but could be activated during warming due to martian obliquity cycles. Here we discuss the 854	

water abundances and D/H of the three recognized reservoirs for water on Mars: the atmosphere, 855	

crust, and mantle. 856	

When Mariner 9 radioed back to Earth the first photographs of Mars obtained from orbit, 857	

scientists were disappointed to find a desert-like planet, instead of the potential oasis of life 858	
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imagined by the public, due to the early ideas of martian canals promoted by Lowell (1906). The 859	

Viking landers in 1976 had mass spectrometers, but only found trace water in the martian 860	

atmosphere (Owen, 1992). The Viking mass spectrometers did find elevated levels of 15N 861	

(McElroy et al., 1976; Nier et al., 1976), suggesting that there was a loss of an early atmosphere. 862	

Owen et al. (1988) measured highly elevated D/H using emission lines of H2O and HDO. The 863	

Viking lander measurements confirmed that the Shergottite-Nakhlite-Chassigny (SNC) meteorite 864	

clan were from Mars because trapped gases in impact glasses in the meteorites proved to be 865	

almost identical in composition to the current martian atmosphere (Bogard and Johnson, 1983). 866	

Watson et al. (1994) first measured D/H in the martian meteorites using SIMS, and found values 867	

similar to the martian atmosphere. A review of early measurements of D/H in SNC meteorites 868	

can be found in Usui (2018).   869	

  870	

2.4.2. Water abundances and D/H of martian reservoirs 871	

 872	

Atmospheric water. Current atmospheric water is dominantly sourced from the polar caps, 873	

which dominate the recognized surface reservoir of water, and has a total volume of 20–30 874	

mGEL (meters of global equivalent layer) (Kurokawa et al., 2014). The precipitable water 875	

column in the present-day atmosphere is < 50 µm (Fisher et al., 2007). The D/H of the present 876	

atmospheric water is ~5000‰, but varies on a seasonal basis between ~2000–9000‰ (Fig. 7, 877	

Villanueva et al., 2015; Montmessin et al., 2005). The Curiosity rover at Gale Crater using the 878	

SAM-TLS also measured δD=4950±1080‰ for the present martian atmosphere, and a much 879	

more precise measurement of water from soil components released at 230˚C to 430˚C of δD= 880	

5880±60‰ (Webster et al., 2013). The highest value measured using the SAM-TLS for H2O was 881	

for Rocknest fines during stepped heating of δD = 7010 ± 66‰ (Leshin et al., 2013). 882	

 883	

Crustal water.  The martian meteorites are samples of the martian crust that have interacted 884	

with martian atmospheric water (e.g., Watson et al., 1994). Watson et al. (1994) suggested that 885	

the atmospheric water was introduced into the meteorites by alteration of hydrous minerals by 886	

later aqueous fluids, possibly during subsolidus cooling.  Greenwood et al. (2008) showed from a 887	

correlation of zoning of D/H with igneous crystallization of apatite that the D/H was set during 888	

the late-stage crystallization of apatite, and that atmospherically-derived water with a high D/H 889	
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had mixed with magmatic water of low D/H in the magma, either by assimilation or an igneous 890	

hydrothermal system. Hu et al. (2014) showed that an olivine-hosted melt inclusion in GRV 891	

020090 had undergone aqueous alteration by infiltration of high D/H water, suggesting that 892	

apatite in martian meteorites needs to be studied more closely with 2-D isotope imaging 893	

(isotopography) to better understand how atmospheric waters alter the presumably lower D/H of 894	

the magma or protolith. 895	

 Ancient water is likely preserved in the oldest known sample of Mars, the ALH 84001 896	

meteorite which underwent an episode of carbonate deposition 3.9-4.1 Ga (Borg et al. 1999). The 897	

δD of apatite associated with carbonate can provide an ancient value for D/H of water, if it is not 898	

altered by later fluids. One measurement of apatite in ALH 84001 is ~3000‰; measurement of 899	

δD in associated carbonate reach maximum δD ~ 2000‰ (Sugiura and Hoshino, 2000; Boctor et 900	

al., 2003), suggesting that water on the martian surface was as low as 2000–3000‰ at 3.9-4.1 901	

Ga. 902	

 The NWA 7034 martian meteorite (“Black Beauty”) is a breccia and is the second sample 903	

of old martian crust in our collections. The rock has a bulk age of ~ 2 Ga (Agee et al., 2013), but 904	

igneous clasts in the meteorite record ancient ages of ~4.44 Ga (Nyquist et al., 2016), confirming 905	

the early separation of the mantle and crustal reservoirs on Mars. The clasts and matrix of the 906	

breccia also host martian water measured during stepped heating and mass spectrometry for δD 907	

and oxygen isotopes (Agee et al., 2013). The main martian water-bearing phases in the meteorite 908	

are a mélange of hydrous Fe-oxide phases, which suggest the importance of these phases for 909	

hosting water in the martian crust (Muttik et al., 2014). Evidence for fluid-rock interactions in 910	

the martian crust have also been found from phosphate minerals in NWA 7034 (Liu et al., 2016).  911	

The wide range of ages obtained for NWA 7034 require that apatite D/H measurements come 912	

from clasts that can be dated, in order to assess the D/H of martian crustal water in different 913	

epochs (e.g., Greenwood et al., 2008; Villanueva et al., 2015).   914	

 A third distinct reservoir of crustal water on Mars has been suggested from water trapped 915	

in impact glasses of martian meteorites that were excavated from the martian crust (Usui et al., 916	

2015). Usui et al. (2015) proposed that there is a reservoir in the martian crust with a δD ~1000–917	

2000‰ that is sampled by the impact glasses, and is similar to Hesperian clays measured by the 918	

Curiosity rover using the SAM-TLS (δD=2000±200‰) (Mahaffey et al., 2015). This 919	

intermediate D/H water reservoir (to distinguish it from the low primordial D/H of the mantle 920	
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(see below) and the more D-enriched atmospheric water) could be ice or hydrated crustal 921	

minerals that have been isolated from exchange with the atmospheric water and represents 922	

ancient water, similar to that which deposited the Hesperian-aged clays measured by Curiosity 923	

rover. The existence of this putative reservoir in the impact glasses of martian meteorites has 924	

been called into question, as Hallis (2017) argue that low water-containing glasses in martian 925	

meteorites have likely been affected by shock implantation of the martian atmosphere during the 926	

shock event that liberated the samples from the martian crust. It remains to be seen if this 927	

reservoir exists in martian meteorites, but the reservoir does exist in Hesperian-aged clays on the 928	

martian surface (Mahaffey et al., 2015).      929	

 930	

Mantle water. Mars is thought to have had a different early history to that of the Earth, and 931	

would have started as a planetary embryo and then underwent early igneous differentiation 932	

during a magma ocean phase (Elkins-Tanton et al. 2005). It is generally believed that the crust 933	

and mantle did not undergo recycling or melting events that would later significantly mix mantle 934	

and crustal components (e.g., Brandon et al., 2000; Debaille et al., 2007; Foley et al., 2005; 935	

Kleine et al., 2009), suggesting that mantle water may represent a very early episode of volatile 936	

acquisition by Mars (Brasser, 2013).   937	

 Usui et al. (2012) estimated the primordial mantle water to have δD < 275‰ from SIMS 938	

measurements of water in olivine-hosted melt inclusions of Yamato (Y-) 980459. This meteorite 939	

is believed to represent an early melt from a geochemically depleted source in the martian 940	

mantle, and its melt inclusions are interpreted to represent undegassed mantle water. Other 941	

estimates of the δD of the martian mantle are 900‰ from apatite in QUE 94201 (Leshin, 2000), 942	

and -100‰ from apatite in Nakhla (Hallis et al., 2012). This may indicate significant mantle 943	

heterogeneity, or terrestrial contamination during analysis of apatite (e.g., Greenwood et al., 944	

2008; Boctor et al., 2003). As discussed earlier, all H isotope measurements of martian 945	

meteorites are challenging, due to the prevalence of fractures which are the result of high shock 946	

pressures experienced by these rocks as they left Mars (Figure 6). 947	

 Water abundances for the martian mantle of 73–290 ppm wt H2O have been estimated 948	

from apatite in both geochemically enriched and depleted shergottites (McCubbin et al., 2012b) 949	

using experimentally determined partition coefficients for water and apatite in shergottite 950	

magmas (McCubbin et al., 2015b). Due to the early formation of Mars, and the lack of crustal 951	
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recycling, water in the mantle is likely to be primordial, and not delivered by later additions of 952	

chondrites or comets. This suggests significant reservoirs for primordial H in the martian interior 953	

(McCubbin et al. 2012b). 954	

  955	

2.4.3. Evolution of water through time on Mars 956	

 957	

 Based on the low δD of water in apatite from the ancient ALH 84001 meteorite, it was 958	

argued that Mars suffered a two-stage loss of water: significant early loss of water up to 3.9-4.1 959	

Ga, followed by only modest loss since (Greenwood et al., 2008). This significant early loss of 960	

water would likely be due to hydrodynamic escape (Hunten et al., 1987). Using the mantle 961	

estimate of Usui et al. (2012) for D/H of primordial water, Kurokawa et al. (2014) modeled the 962	

loss of water due to atmospheric escape as a two-stage process. Their model suggested loss of 963	

>41–99 mGEL before 4 Ga, and a lower loss rate of >10–53 mGEL since then. Usui (2018) 964	

reports that an updated version of the model of Kurokawa et al. (2014) with atmospheric D/H of 965	

7000‰ (Leshin et al., 2013; Villanueva et al., 2015) suggests ~40% higher loss of water.  966	

Regardless, these estimates are much lower than amounts of water loss based on geomorphology 967	

of ~100–1000 mGEL (Carr and Head, 2003; Di Achille and Hynek, 2010; Head et al., 1999; 968	

Ormö et al., 2004). If Mars had oceans, then a great deal of water is missing and could be buried 969	

water ice (Clifford and Parker, 2001; Grimm et al. 2017). Usui et al. (2015) predict that this ice 970	

would have δD of ~1000–2000‰.    971	

 972	

2.4.4. Timing of water delivery and sources of water to Mars 973	

 974	

Crust. The lack of viable crustal recycling mechanisms on Mars, combined with its early 975	

accretion and early magma ocean crystallization, suggests that the ancient crust of Mars (the 976	

Noachian-aged southern highlands) holds the outgassed inventories of volatile elements unable 977	

to escape from the atmosphere (e.g., S and Cl). The likely early crystallization of the magma 978	

ocean would suggest that the Noachian highlands would have witnessed later delivery of 979	

volatiles from chondritic or cometary material, as well as volatile-bearing material during the late 980	
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heavy bombardment. This suggests that early martian crustal water may reflect these sources of 981	

water. 982	

 983	

Mantle. There are four estimates for the H isotopic composition of the martian mantle.  Usui et 984	

al. (2012) estimate the martian mantle δD <275‰, as they argue that water in the olivine-hosted 985	

melt inclusion they measured in Y-980459 may have been affected by early primordial degassing 986	

that would have led to elevated D/H. The early formation of Mars and lack of crustal recycling 987	

argue that martian mantle water may preserve one of the earliest records of accretion of volatiles 988	

in the Solar System. A δD of 275‰ is not similar to any classes of carbonaceous chondrites, as 989	

this is heavier than CI, CM, and CV chondrites, but lighter than CR and Tagish Lake (Alexander 990	

et al., 2012; 2018 in the same special volume), suggesting that a chondritic origin for martian 991	

water requires multiple components.  992	

 Three other values for the martian mantle come from apatite in the depleted shergottite 993	

QUE 94201 (δD=900±250‰; Leshin, 2000), the fall Nakhla (δD=-111±62‰; Hallis et al., 994	

2012), and the recent fall Tissint (δD=116±94‰) (Mane et al., 2016). If these values are 995	

representative of the martian mantle, and are not a result of terrestrial contamination causing 996	

significant lowering of D/H (e.g., Greenwood et al., 2008; Boctor et al., 2003), then this would 997	

suggest the martian mantle is quite heterogeneous and poorly mixed. If the martian mantle δD 998	

ranges from -100‰ to 900‰, this would be similar to the range of D/H expected for a mixture of 999	

chondritic and cometary material, and also similar to the D/H of asteroidal water (δD: -400‰ to 1000	

1300‰; Yurimoto et al., 2014).   1001	

 1002	

2.4.5. Geophysical constraints on water in the martian mantle 1003	

 Similar to the Moon, the tidal dissipation of Mars is well constrained from the analysis of 1004	

the motion of its satellites Phobos and Deimos (Lainey et al., 2007). Electrical conductivity of 1005	

martian interior was also estimated from electromagnetic field observations (Civet and Tarits, 1006	

2014). Consequently, one can use these results to infer temperature and water content in Mars 1007	

similar to the case on the Moon (Karato, 2013).  1008	

Relatively small tidal Q (80 +/- 0.7) (i.e., high degree of energy loss) and high 1009	

conductivity (~1 S/m at 1000 km depth) suggest the relatively “wet” interior of Mars. In contrast 1010	



	 34	

to this expectation, using the laboratory data on electrical conductivity by (Yoshino et al., 2012), 1011	

(Verhoeven and Vasher, 2016) argued that the electrical conductivity of the martian mantle can 1012	

be explained by the high FeO content without invoking water. Note, however that (Yoshino et 1013	

al., 2012) did not measure the water content in their samples, and their results on the influence of 1014	

FeO on electrical conductivity of olivine at high pressure are in marked contrast to the well-1015	

established results on the influence of FeO on electrical conductivity at room pressure. Since the 1016	

influence of pressure on electrical conductivity is small (Dai and Karato, 2014a; Xu et al., 2000), 1017	

this large difference is likely due to the high water content in their samples (Karato, 2017). 1018	

Indeed, by measuring the electrical conductivity as a function of both water content and FeO 1019	

content, (Dai and Karato, 2014b) showed that the influence of FeO on electrical conductivity in 1020	

olivine is much smaller than that reported by (Yoshino et al., 2012). If one uses the results by 1021	

(Dai and Karato, 2014b), one would conclude that a substantial amount of water is present in the 1022	

martian mantle. However, there have been no detailed studies on the water content in Mars using 1023	

geophysical observations. 1024	

 1025	

3. Summary  1026	

 1027	

 The abundances of water and other volatiles in the silicate mantles of the inner Solar 1028	

System bodies are not well constrained at this time. The detection of Cl-bearing lava flows, as 1029	

well as evidence for C and S, show that even Mercury has more volatiles than might be expected 1030	

from volatile-poor precursor materials that are predicted this close to the Sun (e.g., Albaréde, 1031	

2009). Abundances for water in the mercurian mantle are expected to be low, due to the highly 1032	

reducing nature of Mercury (e.g., Hirschmann et al., 2012). Venus has Earth-like levels of C and 1033	

N in its atmosphere, suggesting Venus may have accreted Earth-like levels of water, having lost 1034	

the bulk of it during the magma ocean (Hamano et al. 2013) or water ocean (Ingersoll, 1969, 1035	

Kasting and Pollack, 1983) phases, with some small fraction still extant in the mantle (Elkins-1036	

Tanton et al., 2007). The low abundance of high D/H water in the venusian atmosphere strongly 1037	

suggest that significant amounts of water have been lost to space over time. 1038	

 The interior water budget of the Moon is highly controversial and a wide range of values 1039	

have been estimated. Volatile/refractory element ratios of olivine-hosted melt inclusions (Chen et 1040	

al., 2015; Hauri et al., 2015; 2017) and KREEP basalt (Greenwood et al., 2017) are in agreement 1041	
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with estimates from H2O in plagioclase from ferroan anorthosite (Hui et al., 2013), which all 1042	

suggest ~100-300 ppm wt H2O for the lunar interior. This range is very similar to that postulated 1043	

for the Earth’s upper mantle (e.g., Peslier et al., 2017). These high, Earth-like values are in 1044	

contrast to geophysical and selenogenetic studies which suggest 10-100 ppm wt H2O for the 1045	

lunar interior (Karato, 2013; Pahlevan et al., 2016). Much lower abundances of water for the 1046	

lunar interior are suggested from Cl isotopes of lunar materials (Sharp et al., 2010) and magma 1047	

ocean modeling studies which argue for ~ < 10 ppm wt H2O.   1048	

 The amount of water on Mars has been a controversial subject for decades (Carr, 2006).  1049	

Current estimates suggest the martian mantle contains 73-290 ppm wt H2O (McCubbin et al., 1050	

2012b), which is similar to estimates for Earth’s upper mantle. This amount of water would 1051	

argue that the martian interior can be a significant source of water and could have supported an 1052	

early, active hydrosphere on Mars. 1053	

       The inner Solar System is believed to have been volatile-depleted at the time of terrestrial 1054	

planet formation (Albaréde, 2009; Dauphas and Morbidelli, 2014). Mechanisms for the timing 1055	

and delivery of water and other volatiles to the inner Solar System are reviewed in the chapter in 1056	

this volume by O’Brien et al. (2018). The currently favored mechanism involves gravitational 1057	

scattering of carbonaceous chondrite planetesimals from ~ > 3 AU into the inner Solar System 1058	

and their accretion during the latter parts of the Earth’s growth, but before the end of the Earth’s 1059	

core formation (Walsh et al., 2011; O’Brien et al., 2018), since they can be scattered inwards 1060	

very early, but due to their eccentric orbits, they might not hit the Earth until relatively late in its 1061	

growth.  Spectral similarities between volatile-rich C-type asteroids and carbonaceous chondrites 1062	

support this theory (e.g., Morbidelli et al., 2012).  Carbonaceous chondrites are also favored 1063	

sources of water for the inner Solar System, due to similarities in volatile isotope and element 1064	

ratios (e.g., Alexander et al., 2012, 2018; Halliday, 2013; Marty, 2012; Marty et al., 2016). 1065	

 Carbonaeous chondrites have also been suggested as the source of water for differentiated 1066	

meteorites, such as the parent bodies of the eucrites and angrites (Sarafian et al., 2014, 2017).  1067	

The angrites and eucrites record melting events within ~1-2 Ma of the formation of CAIs, and 1068	

are thus younger than the carbonaceous chondrite parent bodies (e.g., Alexander et al., 2018).  1069	

The differentiated meteorites require that at least some water and volatiles were delivered inside 1070	

the orbit of Jupiter within 2 Ma of CAI formation, and before the formation of carbonaceous 1071	

chondrite parent bodies.      1072	
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 Enstatite chondrites or material like the EC’s has been suggested to be an important 1073	

component of the Earth’s building blocks (Wänke and Dreibus, 1988; Rubie et al. 2011), and 1074	

could be an important component for Mars (Dreibus and Wänke, 1985, Sanloup et al. 1999) and 1075	

the other inner Solar System bodies. The water abundance of the enstatite chondrites is not well 1076	

known due to the confounding influence of terrestrial weathering (Jarosewich et al., 1990) but 1077	

EC’s have abundant C and N (Fig. 3; Grady et al., 1986), suggesting that the material in the 1078	

terrestrial planet forming regions may not have been as volatile-poor as is currently advocated 1079	

(e.g., Albaréde, 2009; Dauphas and Morbidelli, 2014).               1080	
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Korotev and Kremser (1992); Warren and Kallemeyn (1986); Warren (2005); Kitts and Lodders 1780	

(1998). 1781	

 1782	

Figure 3. Abundances of the moderately volatile elements and volatile elements vs. 50% 1783	

condensation temperature for chondrites: (a) CM (b) CO (c) CV (d) LL (e) EH (f) EL.  The 1784	

abundances are normalized to CI chondrites and silicon.  Black circles indicate siderophile 1785	

elements, open circles are lithophile, grey circles are chalcophile, and open squares are volatile. 1786	

The chalcophile and siderophile elements are already mobilized due to early parent body 1787	

processes on the LL parent body.  Metamorphism has also affected the EH and EL chondrites.  1788	

Volatile data from Alexander et al. (2012) for Murchison (CM), Mokoia (CO), Kaba (CV), 1789	

Semarkona (LL).  C and N from Grady et al. (1986) for (EH) and (EL), with data for other 1790	

elements from Wasson and Kallemeyn (1988) and Lodders and Fegley (1998).  Dashed grey 1791	

lines are the moderately volatile element trend of the Bulk Silicate Earth from Palme and O’Neill 1792	

(2014).  1793	

 1794	

Figure 4.  A pH2O vs. time schematic showing three possible evolutionary scenarios for water on 1795	

Venus.  The green curve denotes an early ocean-rich Venus which was lost early likely due to 1796	

hydrodynamic escape (Kasting and Pollack, 1983).  The orange curve represents a monotonic 1797	

decline due to continuous loss of hydrogen from the upper atmosphere.  The purple curve 1798	

represents episodic input of volatiles, which takes into account the ability of the mantle to retain 1799	

non-zero levels of water, and releases mantle volatiles during catastrophic mantle overturn 1800	

events.  This large release would likely release low D/H water (similar to other inner Solar 1801	

System materials) on a ~500 Ma timescale, which then would be fractionated by atmospheric 1802	

loss processes to the observed D/H of ~150x terrestrial.  Modified from Gilmore et al. (2017).  1803	

 1804	

Figure 5.  1H image of Shergotty meteorite obtained using SCAPS.  The upper region is the 1805	

mineral apatite (Ap); the lower region is maskelynite (Mk), and a sharp grain boundary can be 1806	

seen between the two phases.  Apatite is brighter because it has several thousand ppm wt H2O, 1807	
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while the maskelynite is nominally anhydrous (~<100 ppm wt H2O).  The most water-rich phase 1808	

in this image is terrestrial contamination along cracks, fractures, and micro-cracks.  Typically, a 1809	

~20 µm diameter crack-free area is needed for SIMS analysis.  This illustrates the extreme 1810	

difficulty in obtaining ‘true’ martian D/H values in shocked extraterrestrial samples (source: J. 1811	

Greenwood, unpubl. data). 1812	

 1813	

Fig. 6.  Geophysical estimates of water content and temperature in the lunar interior at the depth 1814	

of 800 km. The inferred water content is from 0.01 to 0.001 wt% that is comparable to, or only a 1815	

factor of ~10 less than, that of Earth’s asthenosphere (0.01 wt%).  Modified from Karato (2013). 1816	

 1817	

Figure 7.  Seasonal changes in atmospheric water species on Mars.  D/H maps on top with 1818	

abundance maps of HDO and H2O below.  Figure adapted from Villanueva et al. (2015). 1819	

  1820	

 1821	
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