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Abstract 26 

       Halogens are important tracers of various planetary formation and evolution processes, and 27 

an accurate understanding of their abundances in the Earth’s silicate reservoirs can help us 28 

reconstruct the history of interactions among mantle, atmosphere, and oceans. The previous 29 

studies of halogen abundances in the bulk silicate Earth (BSE) are based on the assumption of 30 

constant ratios of element abundances, which is shown to result in a gross underestimation of 31 

the BSE halogen budget. Here we present a new, more robust approach using a log-log linear 32 

model. Using the new method, we provide an internally consistent estimate of halogen 33 

abundances in the depleted MORB-source mantle, the enriched OIB-source mantle, the 34 

depleted mantle, and BSE. Unlike previous studies, our results suggest that halogens in BSE are 35 

not more depleted compared to elements with similar volatility, thereby indicating sufficient 36 

halogen retention during planetary accretion. According to halogen abundances in the depleted 37 

mantle and BSE, we estimate that approximately ~87% of all stable halogens reside in the 38 

present-day mantle. Given our understanding of the history of mantle degassing and the 39 

evolution of crustal recycling, the revised halogen budget suggests that deep halogen cycle is 40 

characterized by efficient degassing in the early Earth and subsequent net regassing in the rest 41 

of Earth history. Such an evolution of deep halogen cycle presents a major step towards a more 42 

comprehensive understanding of ancient ocean alkalinity, which affects carbon partitioning 43 

within the hydrosphere, the stability of crustal and authigenic minerals, and the development of 44 

early life. 45 

 46 

Significance Statement 47 

       Halogens play a critical role in biochemistry and are useful to understand how planets 48 

formed and evolved. As we found that the traditional way of constraining the halogen budget 49 

within Earth is unreliable, we developed a new method that better utilizes relevant geochemical 50 

data and estimated halogen abundances in various silicate reservoirs of Earth. Our new halogen 51 

budget indicates that the majority of halogens are more concentrated in the mantle than in the 52 

surface and suggests that halogens have likely experienced early degassing and subsequent net 53 

regassing. This study also provides an important key to deciphering the geological history of 54 

ocean chemistry.  55 
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Main Text 56 

Introduction 57 
        The stable halogen elements (F, Cl, Br, and I) play a key role in a number of geochemical and 58 

biogeochemical systems. They affect the composition of hydrothermal fluids (e.g., 1), the 59 

formation and transportation of ore minerals (e.g., 2, 3), the composition of magmas (e.g., 4), 60 

and the pathways of biochemical reaction (e.g., 5, 6). Owing to their high volatility and 61 

incompatibility, halogens are also important tracers of planetary accretionary processes (e.g., 7). 62 

A good understanding of halogen abundances in the bulk silicate Earth (BSE) and their current 63 

distribution among terrestrial reservoirs can help us track the history of interactions among 64 

mantle, crust, and hydrosphere (e.g., 8, 9, 10).  65 

        Previous studies of halogen abundances in BSE (e.g., 9, 11, 12, 13) suggest that heavy 66 

halogens (Cl, Br, and I) display a noteworthy depletion compared to CI chondrites (14), by a 67 

factor of 30-50, which is far greater than expected from their condensation temperatures. Many 68 

attempts have been made to explain this severe depletion, including the models that require 69 

specific halogen behaviors during planetary accretionary processes (e.g., 13, 15, 16, 17) and the 70 

reevaluation of halogen abundances in chondritic meteorites (7). Also, with the current BSE 71 

composition models, approximately 80% to 90% of Earth’s halogens are concentrated in surface 72 

reservoirs (crust, oceans, and sediments) at present (e.g., 9, 18). This unusually high degassing 73 

fraction is suggested to conflict with the mantle degassing fraction of ~50% based on argon-40 74 

(19). Given that halogens are much more chemically active than argon, they can easily be 75 

incorporated into sediments, altered oceanic crust, and serpentinized mantle lithosphere and 76 

further be subducted into the mantle. Thus, their considerably high degassing fraction suggests 77 

unusual halogen behavior during Earth history (e.g., 7). However, all of these efforts are built on 78 

the current estimates of BSE halogen budget. Therefore, there is an obvious impetus to examine 79 

the robustness of such estimates.  80 

        A common approach to estimate the halogen abundance in BSE employs the so-called 81 

constant ratio method (e.g., 9, 11, 12). This method assumes that the ratios of halogen and 82 

some reference elements in mid-ocean-ridge basalts (MORB) and ocean island basalts (OIB) 83 

equal those in their respective source mantle. Thus, knowing the reference element 84 

concentration in the source mantle, the halogen concentrations can be calculated accordingly. 85 
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This method relies on the reference elements that are expected to behave similarly to halogens 86 

during melting and crystallization (e.g., K, Rb, and Pr). Strictly speaking, however, the constant 87 

ratio method can adequately be applied only in one specific situation: when the bulk 88 

distribution coefficients of halogens and reference elements are the same during both mantle 89 

melting and magma crystallization. Only in this case, halogen and the reference element are 90 

linearly related, or in other words, the logarithmic slope of their covariation becomes unity. 91 

Unfortunately, such delicate equivalence is not observed in the MORB nor the OIB dataset 92 

(Tables S1 and S2).  93 

        The limitation of the constant ratio method can be illustrated by modeling how halogen 94 

concentrations in MORB or OIB may be related to those in the respective source mantle through 95 

mantle melting (Fig. 1A) and crystallization (Fig. 1B). The calculated abundances of halogens and 96 

reference elements in the source mantle depend on their bulk distribution coefficients, and 97 

different assumptions on these distribution coefficients result in different slopes of covariations 98 

in the log-log space (Figs.  1A and 1B). As noted before, the logarithmic slope of halogen and 99 

reference element is unity only when their bulk distribution coefficients are the same, and the 100 

slope deviates more from unity with increasingly dissimilar bulk distribution coefficients. As can 101 

be seen from the MORB and OIB datasets (Tables S1 and S2), most of pairs of halogens and 102 

reference elements used in previous studies (e.g., F vs. Pr, F vs. K, Cl vs. K, and Cl vs. Rb) display 103 

nonlinear covariations, with their logarithmic slopes smaller than unity, which indicate 104 

considerably higher halogen concentrations in the source mantle compared with what the 105 

constant ratio method provides. In other words, the constant ratio method underestimates 106 

halogen abundances in the primary melt (Fig. 1A) and the source mantle (Fig. 1B) of MORB and 107 

OIB. 108 

        In light of the above, we have developed a new method to better constrain halogen 109 

abundance in Earth’s silicate reservoirs. This new method applies the log-log linear model of 110 

halogen and reference elements in MORB and OIB to estimate the halogen abundances in the 111 

respective source mantle (e.g., blue lines in Figs. 1B and 1C). In this study, we consider the 112 

following four kinds of source mantle. The bulk silicate Earth (BSE) refers to the chemical 113 

composition of mantle after core segregation and before the extraction of continental crust 114 

(CC); BSE is synonymous with the primitive mantle (PM). The depleted mantle (DM) denotes the 115 
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residual mantle after the extraction of CC from BSE and can be further divided into the depleted 116 

MORB-source mantle (DMM) and the enriched OIB-source mantle (EM). DMM is more depleted 117 

in trace elements compared to EM.  118 

        By exploiting nonlinear correlations exhibited by MORB and OIB, our new method can 119 

bypass the uncertainties of the bulk distribution coefficients of halogens during both mantle 120 

melting and melt crystallization (e.g., 20), and, compared to the constant ratio method, our 121 

approach results in notably higher halogen abundance in DMM and EM according to the MORB 122 

and OIB datasets (21). In contrast to previous studies, this higher estimate suggests that halogen 123 

is not notably depleted in BSE compared to CI chondrites given their condensation 124 

temperatures, which indicates effective halogen preservation during planetary formation. 125 

Considering the history of mantle degassing (e.g., 22) and the evolution of crustal recycling (e.g., 126 

23), our new estimate also suggests a halogen cycle of early degassing followed by a net 127 

regassing during the Earth history, which provides important implications for the evolution of 128 

ocean alkalinity and pH.  129 

        In what follows, we first present a brief description of the new method based on a log-log 130 

linear model, then summarize the model results, and discuss the implications of our new 131 

estimate of halogen abundance in BSE. The full description of the new method and a detailed 132 

discussion on the problems of the constant ratio method are given in Methods. 133 

 134 
Results 135 

In addition to the use of a log-log linear model, our new method is designed to obtain 136 

internally-consistent halogen abundances in DMM, EM, DM, and BSE. For each halogen element, 137 

we first choose several reference elements, which have sufficiently high correlation coefficients 138 

with halogens in the log-log space (Tables S1 and S2) and have good constraints on their 139 

abundances in CC, DMM, and BSE. A subset of the covariations between halogens and reference 140 

elements in MORB and OIB and their corresponding log-log linear models are shown in Fig. 2, 141 

whereas the complete set of our results is provided in Figs. S1 to S5. 142 

       To make an internally consistent estimate of halogen abundances in Earth’s silicate 143 

reservoirs, we then take the following five steps. First, according to the abundances of reference 144 

elements in CC (24) and BSE (12), we calculate their concentrations in DM using mass balance. 145 
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Second, we calculate their concentrations in EM given their compositions in DM and DMM (25). 146 

Third, we obtain the halogen concentrations in DMM and EM using their log-log linear models 147 

with reference elements in MORB and OIB, respectively. Subsequently, the halogen 148 

compositions in DM can be calculated by summing their abundances in DMM and EM. Finally, 149 

we provide an estimate of BSE halogen budget by adding their abundances in surface reservoirs 150 

(9, 24, 26-29). Throughout these five steps, we use Monte Carlo sampling to incorporate the 151 

uncertainties of the relative proportion of DMM and EM (e.g., 30, 31), correlations between 152 

halogens and reference elements in MORB and OIB, and element concentrations in DMM (25), 153 

CC (24), and BSE (12). We have collected a total of 10,000 Monte Carlo sampling results, whose 154 

median and standard deviation are reported in Table 1. 155 

       For the DMM composition, the models of Salters and Stracke (25) and Workman and Hart 156 

(32) have widely been used in the literature. In our analysis, we chose to use the former, 157 

because the latter was found to result in negative EM abundances for some reference elements 158 

(e.g., Rb). The results in Table 1 are based on the assumption that DMM is the source mantle of 159 

MORB, whereas EM is the source mantle of OIB. We also tested the assumption that OIB was 160 

generated directly from BSE (which is synonymous with PM), and the corresponding results are 161 

provided in Table S3, which displays higher halogen budgets in BSE. As seen in Tables 1 and S3, 162 

our new method results in ~2-9 times higher halogen concentrations in BSE compared to 163 

previous studies (e.g., 9, 11, 12, 13).  164 

       Given the halogen abundances in DM and BSE, we calculate their degassing fractions in the 165 

present-day mantle (Tables 1 and S3). Our new BSE estimate suggests that less than half of each 166 

halogen have been degassed from the primitive mantle, with iodine as an exception (~80%). A 167 

total amount of ~87% stable halogens still reside in the mantle. Studies on halogen 168 

concentrations in serpentinites suggest that iodine and bromine are lost from serpentinites at 169 

shallower depths than chlorine and fluorine (e.g., 33), which may be responsible for the higher 170 

degassing fractions of heavier halogens (Tables 1 and S3). Also, the calculated degassing fraction 171 

of iodine suggests that OIB cannot be generated directly from the primitive mantle (Table S3). 172 

Whereas this high degassing fraction of iodine is subject to large uncertainties given the paucity 173 

of iodine data in the MORB and OIB datasets (Tables S1 and S2), a better understanding of the 174 

mineral-melt-fluid partitioning of iodine is also warranted. 175 

 176 
Discussion  177 
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       As mentioned in the Introduction, previous studies of BSE halogen concentrations (e.g., 9, 178 

11, 12, 13) exhibit a noteworthy depletion of Cl, Br, and I (green dots in Fig. 3), considering their 179 

condensation temperatures (14). This depletion has long been thought to require some peculiar 180 

halogen behaviors, including halogen sequestration into the core (15, 16), the lower 181 

condensation temperatures of halogens (17), and an impact-driven loss of halogens in the early 182 

Earth (13). However, our revised halogen abundances in BSE yield considerably higher CI-183 

chondrite normalized values (red dots in Fig. 3), indicating that BSE is not unusually depleted in 184 

halogens. Thus, our results suggest sufficient halogen retention during planetesimal formation 185 

and giant impacts. Recently, Clay et al. (7) reexamined the abundances of chlorine, bromine, and 186 

iodine in various kinds of chondrites and reported much lower averaged concentrations of 187 

halogens. Normalizing our estimates to the chondrite values of Clay et al. (7) results in a halogen 188 

volatility trend slightly above the volatile lithophile elements with similar condensation 189 

temperatures (yellow dots in Fig. 3). The halogen concentrations of CI chondrites may not be as 190 

low as suggested by Clay et al. (7).  191 

       The previous estimates of the BSE budget yield a halogen degassing fraction of ~80% from 192 

the present-day mantle (e.g., 9, 18), which is considered to conflict with the mantle degassing 193 

fraction of ~50% based on argon-40 (19). On the other hand, our results suggest much lower 194 

degassing fractions of halogens (~5% for F to ~47% for Br). It is important to understand that the 195 

degassing fractions of argon-40 and halogens do not have to be the same to begin with. First of 196 

all, unlike argon-40, halogens are not radiogenic; therefore, their degassing history can be more 197 

affected by early degassing events caused by giant impacts (e.g., 34) and early intensive crustal 198 

generation and reworking (22). Argon-40, in contrast, did not exist in abundance in the early 199 

Earth because it is produced by the radioactive decay of potassium-40 with a half-life of over 200 

one billion years, so its present-day budget in the convecting mantle is much less sensitive to 201 

such early degassing. As fluorine and chlorine are most likely degassed in the form of HF and 202 

HCl, respectively, their degassing behavior is expected to be similar to that of water (35). Thus, 203 

based on water degassing expected during magma ocean solidification and subsequent mantle 204 

convection (e.g., 36, 37), halogens are likely to have been degassed efficiently during the 205 

Hadean. Moreover, halogens are more chemically active than argon and can be recycled into the 206 

mantle by chemically bonding to minerals. Thus, the lower degassing fraction of halogens 207 
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suggested by our new BSE budget is consistent with net halogen regassing due to the recycling 208 

of both oceanic crust (e.g., 23) and continental crust (e.g., 22). A similar regassing history is 209 

reported for xenon (38) as well. The majority of halogens in the present-day mantle originally 210 

brought as subducted materials may exist along grain boundaries or in some trace minerals 211 

because nominally anhydrous minerals in mantle peridotites do not seem to contain a sufficient 212 

amount of halogens (39). As high concentrations of halogens are observed in both MORB and 213 

OIB, such mantle components enriched in halogens should be ubiquitous in the convecting 214 

mantle, though our study does not constrain their specifics. 215 

       To sum, our new estimates suggest that the exchange of halogens between the surface and 216 

the interior is described by early degassing followed by net regassing through the rest of Earth 217 

history. Deep volatile cycle on Earth has long been investigated, as it can provide a framework 218 

for studying the long-term geochemical evolution of mantle, crust, and hydrosphere (e.g., 8, 9, 219 

10, 40). Quantitative analyses have been conducted for quite a few elements, including water 220 

(e.g., 37, 40), carbon (e.g., 41,42), sulfur (e.g., 43), nitrogen (e.g., 44), and noble gases (e.g., 22, 221 

38). The proposed degassing history of halogens is a preliminary attempt in this thread of 222 

research, and future directions include the modeling of deep halogen cycle in conjunction with 223 

other geochemical and geophysical constraints and its application to relevant geological 224 

processes. For example, deciphering the evolution of ocean pH requires the understanding of 225 

both carbon and halogen cycles. 226 

       The geological history of ocean pH is critical in understanding the long-term habitability of 227 

Earth, because it controls carbon partitioning within hydrosphere (45), biosynthetic pathways 228 

(46), and the stability of crustal and authigenic minerals (47). However, the early Earth 229 

environment is highly debated, with temperature estimates ranging from icy to hot (e.g., 41, 48) 230 

and ocean pH estimates fluctuating between strongly acidic to alkaline (41, 49, 50). To constrain 231 

the evolving seawater pH, one need to solve the charge balance of the major seawater ions 232 

(e.g., 51), including Na+, Mg2+, Cl-, CO3
2-

, and SO4
2-. Therefore, as one of the most important acids 233 

in the ocean, an accurate understanding of the outgassing history of chlorine is required to 234 

constrain the chemical properties of seawater. Previous efforts on constraining acid-base 235 

balance of the oceans mainly focus on exploring the effect of atmospheric pCO2 (e.g., 52), 236 

whereas the exchanges of chlorine among Earth reservoirs are parameterized simply by 237 

assuming a certain model for the thermal evolution of Earth (51). Modeling the history of 238 
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halogen degassing based on our new estimate of BSE budget will be an important step towards 239 

a comprehensive understanding of the geological history of ocean pH.  240 

       As explained in the Introduction, the constant ratio method is useful when estimating 241 

concentrations for element pairs with the same bulk distribution coefficients, but this 242 

requirement for bulk distribution coefficients is not easily satisfied. Because the constant ratio 243 

method has widely been used when building the compositional models of the depleted MORB-244 

source mantle (25, 32), the continental crust (e.g., 24), and the bulk silicate Earth (e.g., 11, 12), it 245 

is important to revisit the validity of the constant ratio approach in those models. Our new 246 

halogen budget, which depends on the models of major silicate reservoirs, must be seen as 247 

provisional until these models are thoroughly reexamined. The impact of this model 248 

dependence on our results is, however, likely to have been alleviated by incorporating various 249 

model uncertainties with Monte Carlo sampling.  As many geochemical box models depend 250 

critically on global mass balance, an improved understanding of compositional models is 251 

essential for reconstructing global-scale geological processes.  252 

 253 

Methods 254 
 255 

1. Problems with the constant ratio method 256 

        As mentioned in the Introduction, the ratio of halogen and reference element in MORB and 257 

OIB is used to calculate the halogen concentration in the respective source mantle, but this can 258 

lead to a severe underestimation. To demonstrate this point, we consider element 259 

concentrations in DMM and EM by assuming a two-stage model: the source mantle first 260 

generates primary melt, which then evolves to MORB or OIB through fractional crystallization. 261 

We begin with back-calculating element abundances in the primary melt from the composition 262 

of MORB or OIB. Here we take the observed abundances of fluorine (F) and potassium (K) in 263 

MORB as an example, and their concentrations in the primary melt can be calculated as: 264 

𝐶l(F) =
𝐶MORB(F)

𝑓C
(𝐷C(F)−1); (1) 265 

𝐶l(K) =
𝐶MORB(K)

𝑓C
(𝐷C(K)−1), (2) 266 
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where 𝐶l is the element concentration in the primary melt before fractional crystallization, 267 

𝐶MORB is the element concentration observed in MORB (black dot in Fig. 1A), 𝑓C and 𝐷C are the 268 

melting fraction and bulk distribution coefficient during the fractional crystallization of primary 269 

melt. By taking the logarithm of equations (1) and (2) and eliminating ln(𝑓C), the logarithmic 270 

concentrations of F and K in the primary melt are related as: 271 

ln(𝐶l(F)) = 𝑠 ln(𝐶l(K)) + ln (
𝐶MORB(F)

𝐶MORB(K)𝑠), (3)  272 

where the slope, 𝑠, is a function of the bulk distribution coefficients of F and K:  273 

𝑠 =
𝐷C(F)−1

𝐷C(K)−1
. (4) 274 

       By varying 𝑓C and 𝐷C, we calculate the possible concentrations of F and K in the primary 275 

melt. As can be seen from equation (4) and Fig. 1A, the slope of F and K in the primary melt is 276 

unity only when 𝐷C(F) and 𝐷C(K) are the same, which is what is assumed by the constant ratio 277 

method. In contrast, most of the observed log-covariations of halogen and reference elements 278 

in MORB and OIB exhibit a slope much less than unity (Tables S1 and S2), which is equivalent to 279 

considerably higher halogen abundances in the primary melt.  280 

       We next consider the relation between the source mantle composition and the primary melt 281 

composition. Continuing with elements F and K, their concentrations in the source mantle may 282 

be calculated as: 283 

𝐶SM(F) =
𝐶l(F)𝑓M

1−(1−𝑓M)

1
𝐷M(F)

; (5) 284 

𝐶SM(K) =
𝐶l(K)𝑓M

1−(1−𝑓M)

1
𝐷M(K)

, (6)  285 

where 𝐶SM is the element concentration in the source mantle of MORB, 𝐶l is the element 286 

concentration in the primary melt (black dots in Fig. 1B), and 𝑓M and 𝐷M are melt fraction and 287 

bulk distribution coefficient during fractional melting (53). By varying 𝑓M  and 𝐷M , the 288 

concentrations of F and K in the MORB source mantle display a range of log-correlations 289 

(Fig. 1B), and we calculate the corresponding F concentrations in DMM (grey dots in Fig. 1B) 290 

using K abundance (grey bar in Fig. 1B). 291 
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       The ratios of element concentrations in MORB and DMM equal to each other only when the 292 

bulk distribution coefficients of relevant elements are the same during both mantle melting and 293 

subsequent crystallization (Fig. 1B), which is required for the constant ratio method to be safely 294 

applied. However, the MORB and OIB data do not provide any pair of elements with a 295 

logarithmic slope of unity (Tables S1 and S2), undermining the validity of the constant ratio 296 

method. Also, the covariation of element concentrations can change during mantle melting and 297 

crystallization, when their bulk distribution coefficients are different (Figs. 1A and 1B). This 298 

suggests that even the observed log-linear relationship of element abundances in MORB or OIB 299 

may not simply be extrapolated to estimate halogen abundances in the respective source 300 

mantle. In summary, using the constant ratio method will cause severe underestimation of 301 

halogen abundances in DMM and EM.  302 

2.  A new method based on a log-log linear model  303 

Our new method uses log-linear covariations between halogens and reference elements in 304 

MORB and OIB to estimate halogen abundances in their respective mantle. The bulk distribution 305 

coefficients of halogens can vary during both melting and crystallization (e.g., 20), thus the 306 

simple extrapolation used in our new method (dashed blue line in Fig. 1B) may be simplistic, but 307 

most of correlations considered here extend down to the level of concentration expected for a 308 

source mantle (Fig. 2 and Figs. S1-S5). It is thus notable that, for any given pair of halogen and 309 

reference element with a logarithmic slope smaller than unity, the new method results in 310 

considerably higher halogen abundances compared to the constant ratio method (Fig. 1C). The 311 

slope of the observed log-log linear model depends on the bulk distribution coefficients of both 312 

halogen and reference element (equation (4)), whereas the y-intercept reflects the average 313 

concentration of halogen in MORB or OIB (equation (3)). As both MORB and OIB are generally 314 

more evolved than their primary melts, the observed log-log linear relationships are dictated by 315 

fractional crystallization.  316 

       Based on the relationship of logarithm slopes and the bulk distribution coefficients of 317 

relevant elements (equation (4)), the bulk distribution coefficients of halogens between mineral 318 

assemblage and basaltic melt can be estimated. As the reference elements used in our study are 319 

all highly incompatible, i.e., D ≪ 1, the distribution coefficient for halogen may simply be 320 

estimated as 1-s, where s is the logarithmic slope. Estimated bulk distribution coefficients are 321 
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~0.55 for fluorine, ~0.5 for chlorine, ~0.35 for bromine, and ~0.3 for iodine. Heavier halogens 322 

are more incompatible, which is consistent with trends seen in experimental results. However, 323 

experimentally determined mineral-melt partition coefficients are lower often by more than one 324 

order of magnitude for nominally anhydrous minerals relevant to the solidification of basaltic 325 

melt (e.g., 54, 55). We note that the published partitioning experiments were conducted at 326 

pressures higher than those relevant to crystallization within the oceanic crust, and that the 327 

pressure dependence of partitioning is indicated by some experimental data (54).  Moreover, 328 

based on natural samples, Urann et al. (39) estimated the inter-mineral partitioning of fluorine 329 

and chlorine between mantle minerals, which differs significantly from what is suggested by the 330 

partitioning experiments. In our analysis, correlations involving chlorine are admittedly noisy 331 

likely because of seawater contamination as well as the assimilation of altered oceanic crust. 332 

However, correlations involving other halogens do not suffer from the same issue. Thus, the 333 

logarithmic correlations reported in this study may be considered as novel empirical constraints 334 

on the partitioning of these halogens, at least for the low-pressure fractionation of basaltic melt. 335 

       For each halogen element, we choose multiple reference elements to estimate the halogen 336 

abundance in BSE based on a log-log linear model. Reference elements are selected according to 337 

the following two criteria: (1) they have good correlation in the log-log space with halogen in 338 

both MORB and OIB (Table S1 and S2), and (2) they have well-constrained abundances in DMM, 339 

CC, and BSE. The concentrations of halogen and reference elements in MORB and OIB are taken 340 

from PetDB (21) using off-axis spreading center and spreading center as tectonic settings for 341 

MORB dataset, whereas aseismic ridge, oceanic plateau, ocean island, and seamount for OIB 342 

dataset. The data are further selected by their MgO contents, to be within the range of 5% to 343 

15%. 344 

       Taking fluorine and potassium as an example again, we apply the following five steps, with 345 

log-log linear models and Monte Carlo sampling, to estimate F abundances in DMM, EM, DM, 346 

and BSE. First, by using the mass balance among DM, CC, and BSE, we calculate the 347 

concentration of K in DM as follows: 348 

𝐶DM(K)𝑀DM = 𝐶BSE(K)𝑀BSE − 𝐶CC(K)𝑀CC, (7) 349 
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where 𝐶BSE(K) and 𝐶CC(K) are the concentrations of K in BSE (12) and CC (24), respectively. 350 

Using Monte Carlo sampling, we take into account the uncertainties of element concentrations 351 

in BSE and CC. The masses of BSE (𝑀BSE) and CC (𝑀CC)  are 4.0359 x 1024 kg and 2.09 x 1022 kg, 352 

respectively, whereas the mass of DM (𝑀DM) is the difference between 𝑀BSE and 𝑀CC. 353 

       Second, we calculate the concentration of K in EM (𝐶EM(K)) using the mass balance among 354 

DMM, EM, and DM as follows: 355 

𝐶EM(K)𝑀EM = 𝐶DM(K)𝑀DM − 𝐶DMM(K)𝑀DMM, (8) 356 

where the concentration of potassium in DMM (𝐶DMM) is taken from Salters and Stracke (25). 357 

We incorporate the uncertainties of 𝐶DMM and the relative proportion of 𝑀DMM and 𝑀EM using 358 

Monte Carlo sampling, where 𝑀DMM is considered to be within the range of 70% ± 20% of 𝑀DM 359 

(e.g., 30, 31). 360 

       Third, we calculate the concentrations of F in DMM and EM (𝐶DMM(F) and 𝐶EM(F)) based 361 

on a log-log linear model as follows: 362 

𝐶DMM(F) = 𝑠MORB𝐶DMM(K) + 𝑏MORB, (9) 363 

𝐶EM(F) = 𝑠OIB𝐶EM(K) + 𝑏OIB, (10) 364 

where 𝑠 and 𝑏 are the log-slope and y-intercept of F and K covariation in MORB or OIB, 365 

respectively. The error envelopes of the log-log linear models are incorporated using Monte 366 

Carlo sampling. During this step, we use several reference elements for each halogen element to 367 

constrain their concentrations and take the medians as the halogen concentrations in DMM and 368 

EM. 369 

       Fourth, we estimate halogen abundance in the present-day DM (𝐶DM(F)) as follows: 370 

𝐶DM(F)𝑀DM = 𝐶DMM(F)𝑀DMM + 𝐶EM(F)𝑀EM, (11) 371 

where 𝑀DMM and 𝑀EM are those sampled in the second step.  372 

       Last, by adding the abundances of halogen in Earth’s surface reservoirs, we calculated the 373 

total halogen concentrations in BSE: 374 
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𝐶DM(F)𝑀DM + 𝐶SW(F)𝑀SW + 𝐶EV(F)𝑀EV + 𝐶CB(F)𝑀CB + 𝐶MS(F)𝑀MS + 𝐶CC(F)𝑀CC =375 

𝐶BSE(F)𝑀BSE, (12) 376 

where 𝐶SW , 𝐶EV ,  𝐶CB , 𝐶MS , and 𝐶CC  are the concentrations of halogen in seawater (9), 377 

evaporites (28), crustal brines (26, 27), marine sediments (29) and continental crust (24), 378 

respectively, and 𝑀SW, 𝑀EV, 𝑀CB, 𝑀MS, 𝑀CC denote the masses of these reservoirs (Table 1). By 379 

construction, these five steps provide us an internally consistent estimate of halogen 380 

abundances in EM, DMM, DM, and BSE. 381 
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Figures Legends 530 
Figure 1. Covariations of F vs K during mantle melting and fractional crystallization. (A) Logarithmic 531 
concentrations of F vs. K in primary melt generated from the source mantle of MORB through partial 532 
melting. Different line colors correspond to different element bulk distribution coefficients during 533 
fractional crystallization. 𝑓C is melt fraction during fractional crystallization. Black dot represents a sample 534 
composition of MORB. (B) Logarithmic concentrations of F vs. K in the source mantle of MORB. Different 535 
line colors correspond to different element bulk distribution coefficients during mantle melting. 𝑓M is melt 536 
fraction. Black dots are sample primary melt compositions taken from (A). Grey bar and dotted rectangle 537 
are K concentration range (25) and the calculated F concentration range in the source mantle of MORB, 538 
respectively. Blue dashed line and blue dot represent the results of the log-log linear model. (C) 539 
Comparison between the constant ratio method and the method based on a log-log linear model, which 540 
are shown in green and blue, respectively. Orange dots are the MORB data of F and K concentrations from 541 
PetDB (21). Grey bar is the K concentration range in the source mantle of MORB (25).  542 

https://search.earthchem.org/
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Figure 2. Selected covariations between halogens and reference elements and their corresponding log-543 

log linear models in MORB and OIB. (A) F vs. K, (B) Cl vs. Rb, (C) Br vs. Nb, and (D) I vs. Th in MORB. Orange 544 

dots are MORB data from PetDB (21). Bule solid and dashed lines are log-log linear models and their 545 

uncertainty ranges, respectively. Yellow bars and yellow dots represent the concentrations of reference 546 

elements and halogens, respectively, in the depleted MORB-source mantle (DMM). Figs. (E) to (H) are the 547 

same with (A) to (D), but for OIB data, shown as yellow dots, from PetDB (21). Green solid and dashed 548 

lines are log-log linear models and their uncertainty ranges, respectively. Blue bars and blue dots 549 

represent the concentrations of reference elements and halogens, respectively, in the enriched OIB-550 

source mantle (EM).  551 

https://search.earthchem.org/
https://search.earthchem.org/
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Figure 3. CI-chondrite and Mg-normalized BSE abundance as a function of 50% condensation 552 

temperature (Tc). Blue dots are element concentrations in BSE (12) normalized to CI-chondrite and Mg. 553 

Yellow, green, blue, and pink bars represent the trend of moderately to highly volatile lithophile elements, 554 

moderately siderophile elements, highly siderophile elements, and chalcophile elements, respectively. 555 

Green dots are previous estimate of halogen concentration in BSE (9) normalized to CI-chondrite and Mg 556 

(11). Red dots are our new estimates of halogen concentration in BSE normalized to CI-chondrite and Mg 557 

(11). Yellow dots are our estimates of halogen concentration in BSE normalized to the CI-chondrite 558 

composition of Clay et al. (7) and Mg. Values of 50% TC are taken from Lodders (14).  559 
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Table 1. Halogen abundances in Earth’s reservoirs, with the assumption that EM is the source 560 
mantle of OIB. 561 

 

Mass 

(kg) 

F  

(ppm) 

Cl  

(ppm) 

Br  

(ppb) 

I  

(ppb) 

Seawater (9) 1.40 x1021 1.3 1.93 x104 6.6 x104 60 

Evaporites (28) 3.00 x1019 10 5.5 x105 1.5 x105 1.0 x103 

Crustal brines (26, 27) 6.00 x1019 20 1.0 x105 6.0 x105 1.5 x104 

Marine sediments (29) 5.00 x1020 1000 4.0 x103 4.0 x104 3.0 x104 

Continental crust (24) 2.09 x1022 553 244 880 700 

Enriched OIB-source 
mantle (EM) 

1.21+0.8
-0.8 x1024 68 +20

-16
 175+79

-55 93+44
-30 2.2+0.81

-0.59 

Depleted MORB-source 
mantle (DMM) 

2.81+0.8
-0.8 x1024 48 +5.3

-4.8 26 +10
-6.9 32+8

-6 0.5+0.10
-0.09 

Depleted mantle (DM) 4.02 x1024 54 +4.8
-4.4 67 +26

-19 49+10
-8 1.0+0.14

-0.12 

BSE (This study) 4.04 x1024 57 +4.8
-4.4 81 +24

-19 91+19
-14 8.6+0.70

-0.61 

Degassed from DM 
(This study) 

- 5.24% 17.30% 46.59% 88.20% 

BSE (9) 4.04 x1024 17 ± 6 26 ± 8 76 ± 25 7 ± 4 

Degassed from DM (9) - 51.08% 86.67% 88.14% 97.03% 
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Table 1. Halogen abundances in Earth’s reservoirs, with the assumption that EM is the source 1 
mantle of OIB. 2 

 

Mass 

(kg) 

F  

(ppm) 

Cl  

(ppm) 

Br  

(ppb) 

I  

(ppb) 

Seawater (9) 1.40 x1021 1.3 1.93 x104 6.6 x104 60 

Evaporites (28) 3.00 x1019 10 5.5 x105 1.5 x105 1.0 x103 

Crustal brines (26, 27) 6.00 x1019 20 1.0 x105 6.0 x105 1.5 x104 

Marine sediments (29) 5.00 x1020 1000 4.0 x103 4.0 x104 3.0 x104 

Continental crust (24) 2.09 x1022 553 244 880 700 

Enriched OIB-source 
mantle (EM) 

1.21+0.8
-0.8 x1024 68 +20

-16
 175+79

-55 93+44
-30 2.2+0.81

-0.59 

Depleted MORB-source 
mantle (DMM) 

2.81+0.8
-0.8 x1024 48 +5.3

-4.8 26 +10
-6.9 32+8

-6 0.5+0.10
-0.09 

Depleted mantle (DM) 4.02 x1024 54 +4.8
-4.4 67 +26

-19 49+10
-8 1.0+0.14

-0.12 

BSE (This study) 4.04 x1024 57 +4.8
-4.4 81 +24

-19 91+19
-14 8.6+0.70

-0.61 

Degassed from DM 
(This study) 

- 5.24% 17.30% 46.59% 88.20% 

BSE (9) 4.04 x1024 17 ± 6 26 ± 8 76 ± 25 7 ± 4 

Degassed from DM (9) - 51.08% 86.67% 88.14% 97.03% 
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Fig. S1. Selected covariations between fluorine and reference elements in MORB, and their 

corresponding log-log linear models. (A) F vs. K, (B) F vs. La, (C) F vs. Ce, (D) F vs. Pr, (E) F vs. 

Nb, and (F) F vs. Th. Concentrations are in the unit of ppm. Orange dots are the MORB data from 

PetDB (1). Bule solid and dashed lines are log-log linear models and their uncertainties, 

respectively. Yellow bars and yellow dots represent the concentrations of reference elements and 

fluorine, respectively, in the depleted MORB-source mantle (DMM).  

https://search.earthchem.org/
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Fig.S2. Same as Fig. 2, but for OIB data, shown as yellow dots, from PetDB (1). Green solid and 

dashed lines are log-log linear models and their uncertainties, respectively. Blue bars and dots 

represent the concentration of reference elements and fluorine, respectively, in the enriched OIB-

source mantle (EM). Green bars and dots represent the concentrations of reference elements and 

fluorine, respectively, in the bulk silicate Earth (BSE); this corresponds to the assumption that OIB 

is directly derived from BSE (primitive mantle).   

https://search.earthchem.org/
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Fig. S3. Same as Figs. 1 and 2, but for chlorine in MORB and OIB, from PetDB (1). (A) Cl vs. Th, 

(B) Cl vs. Nb, and (C) Cl vs. Rb in MORB; (D) Cl vs. Th, (E) Cl vs. Nb, and (F) Cl vs. Rb in OIB.  

https://search.earthchem.org/
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Fig. S4. Same as Figs. 1 and 2, but for bromine in MORB and OIB, from PetDB (1). (A) Br vs. Th, 

(B) Br vs. Rb, and (C) Br vs. Nb in MORB; (D) Br vs. Th, (E) Br vs. Rb, and (F) Br vs. Nb in OIB.  

https://search.earthchem.org/
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Fig. S5. Same as Figs. 1 and 2, but for iodine in MORB and OIB, from PetDB (1). (A) I vs. K, (B) I 

vs. Nb, (C) I vs. Rb, and (D) I vs. Th in MORB; (E) I vs. K, (F) I vs. Nb, (G) I vs. Rb, and (H) I vs. 

Th in OIB.  

https://search.earthchem.org/


 
 

6 
 

Table S1. Logarithmic slopes and correlation coefficients of halogens and reference elements in 
MORB. Data from PetDB (1). N is the number of relevant data. Reference elements are selected 
according to the following two criteria: (1) they have sufficiently high correlation in the log-log space 
with halogen in both MORB and OIB, and (2) they have well-constrained abundances in DMM, CC, 
and BSE. The selected element pairs used in this study are marked in bold. In general, most 
elements (REE, Sr, Zr, and P) are not selected due to their low logarithm correlation coefficients 
with halogens in either MORB or OIB or both, whereas others (e.g., Br) are due to their lack of 
constraints in DMM, CC, or BSE. 

MORB N Log. Corr. coefficient Log. slope 
Reason for 

not selected* 

F / K 187 0.87 0.67 - 
F / La 521 0.80 0.62 - 
F / Ce 514 0.78 0.75 - 
F / Pr 428 0.80 0.91 - 
F / Nd 521 0.74 1.07 3 
F / Sm 535 0.60 1.14 2 
F / Eu 522 0.64 1.31 2 
F / Gd 580 0.50 0.55 2 
F / Tb 492 0.02 0.03 1 
F / Dy 452 0.35 0.93 1 
F / Ho 438 0.27 0.92 1 
F / Er 452 0.23 0.61 1 
F / Tm 384 0.14 0.31 1 
F / Yb 521 0.14 0.31 1 
F / Lu 506 0.15 0.35 1 
F / Nb 570 0.74 0.37 - 
F / Rb 554 0.60 0.31 2 
F / Th 429 0.75 0.40 - 
Cl / K 732 0.58 0.85 3 
Cl / La 1367 0.45 0.71 1 
Cl / Ce 1361 0.42 0.78 1 
Cl / Pr 1139 0.39 0.83 1 
Cl / Nd 1256 0.37 0.91 1 
Cl / Sm 1423 0.29 0.93 1 
Cl / Eu 1254 0.25 0.91 1 
Cl / Gd 1335 0.12 0.30 1 
Cl / Tb 1174 0.30 0.92 1 
Cl / Dy 1166 0.28 1.35 1 
Cl / Ho 1086 0.25 1.19 1 
Cl / Er 1190 0.11 0.46 1 
Cl / Tm 935 0.10 0.26 1 
Cl / Yb 1260 0.10 0.43 1 
Cl / Lu 1194 0.21 0.92 1 
Cl / Nb 1184 0.54 0.50 - 
Cl / Rb 1476 0.61 0.63 - 
Cl / Th 1325 0.54 0.58 - 
Cl / Br 226 0.97 1.04 4 
  

https://search.earthchem.org/
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Table S1. (continued) 

MORB N Log. Corr. coefficient Log. slope 
Reason for 

not selected* 

Br / K 50 0.31 0.99 2 
Br / La 83 0.74 0.82 3 
Br / Ce 69 0.75 1.01 3 
Br / Pr 57 0.59 1.18 1 

Br / Nd 70 0.61 1.11 1 

Br / Sm 95 0.44 1.37 1 

Br / Eu 82 0.48 1.39 1 

Br / Gd 76 0.38 1.42 1 

Br / Tb 69 0.20 0.73 1 

Br / Dy 28 -0.32 -1.53 1 

Br / Ho 33 -0.16 -0.66 1 
Br / Er 66 0.29 0.13 1 
Br / Tm 14 -0.12 -0.36 1 
Br / Yb 82 0.04 0.17 1 
Br / Lu 79 0.05 0.20 1 
Br / Nb 65 0.83 0.73 - 
Br / Rb 71 0.78 0.53 - 
Br / Th 66 0.79 0.63 - 

I / K 45 0.85 0.82 - 
I / La 45 0.77 0.91 2 
I / Ce 45 0.74 1.04 2 
I / Pr 34 0.66 1.53 2 
I / Nd 45 0.69 1.32 2 
I / Sm 58 0.51 1.41 2 
I / Eu 44 0.62 1.87 2 
I / Gd 56 0.21 0.43 2 
I / Tb 44 0.34 1.34 2 
I / Dy 41 0.47 2.12 2 
I / Ho 10 0.49 2.17 1 
I / Er 43 0.31 1.38 1 
I / Tm 8 0.43 1.80 1 
I / Yb 44 0.21 0.97 1 
I / Lu 41 0.22 0.95 1 
I / Nb 43 0.86 0.73 - 
I / Rb 44 0.84 0.58 - 
I / Th 42 0.88 0.69 - 

* Reasons for not selected as reference element: 1: Low log. correlation in both MORB and OIB; 
2: Low log. correlation in MORB; 3: Low log. correlation in OIB; 4: Not well-constrained in BSE, 
DMM, or CC.  
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Table S2. Logarithmic slopes and correlation coefficients of halogens and reference elements in 
OIB. Data from PetDB (1). N is the number of relevant data. Reference elements are selected 
according to the following two criteria: (1) they have sufficiently high correlation in the log-log space 
with halogen in both MORB and OIB, and (2) they have well-constrained abundances in DMM, CC, 
and BSE. The selected element pairs used in this study are marked in bold. In general, most 
elements (REE, Sr, Zr, and P) are not selected due to their low logarithm correlation coefficients 
with halogens in either MORB or OIB or both, whereas others (e.g., Br) are due to their lack of 
constraints in DMM, CC, or BSE. 

OIB N Log. Corr. coefficient Log. slope 
Reason for 

not selected* 

F / K 121 0.92 0.76 - 
F / La 188 0.83 0.73 - 
F / Ce 187 0.87 0.84 - 
F / Pr 179 0.92 0.89 - 
F / Nd 195 0.50 0.59 3 
F / Sm 197 0.76 1.12 2 
F / Eu 180 0.76 1.21 2 
F / Gd 181 0.81 1.36 2 
F / Tb 178 0.70 1.25 1 
F / Dy 181 0.53 1.13 1 
F / Ho 164 0.62 1.38 1 
F / Er 180 0.46 1.15 1 
F / Tm 163 0.53 1.31 1 
F / Yb 180 0.26 0.65 1 
F / Lu 181 0.23 0.58 1 
F / Nb 183 0.89 0.61 - 
F / Rb 185 0.83 0.57 2 
F / Th 184 0.81 0.55 - 
Cl / K 139 -0.28 -0.50 3 
Cl / La 255 0.29 0.48 1 
Cl / Ce 252 0.34 0.64 1 
Cl / Pr 214 0.33 0.65 1 
Cl / Nd 244 0.13 0.22 1 
Cl / Sm 255 0.44 1.66 1 
Cl / Eu 243 -0.01 -0.02 1 
Cl / Gd 224 -0.08 -0.20 1 
Cl / Tb 221 -0.13 -0.39 1 
Cl / Dy 242 -0.36 -1.72 1 
Cl / Ho 195 -0.39 -1.32 1 
Cl / Er 242 -0.37 -2.13 1 
Cl / Tm 185 -0.51 -1.98 1 
Cl / Yb 241 -0.40 -1.69 1 
Cl / Lu 231 -0.41 -1.65 1 
Cl / Nb 232 0.51 0.31 - 
Cl / Rb 234 0.58 0.58 - 
Cl / Th 232 0.56 0.30 - 
Cl / Br 12 0.99 0.94 4 
  

https://search.earthchem.org/


 
 

9 
 

 
Table S2. (continued) 

OIB N Log. Corr. coefficient Log. slope 
Reason for 

not selected* 

Br / K 9 0.83 0.79 2 
Br / La 13 0.46 1.02 3 
Br / Ce 13 0.36 0.91 3 
Br / Pr 13 0.38 0.99 1 

Br / Nd 13 0.36 1.14 1 

Br / Sm 13 0.23 0.93 1 

Br / Eu 13 0.13 0.64 1 

Br / Gd 13 -0.03 0.13 1 

Br / Tb 13 -0.31 -1.65 1 

Br / Dy 13 -0.50 -2.61 1 

Br / Ho 4 -0.65 -5.75 1 
Br / Er 13 -0.75 -3.62 1 
Br / Tm 4 -0.39 -1.86 1 
Br / Yb 13 -0.80 -4.53 1 
Br / Lu 13 -0.75 -4.59 1 
Br / Nb 23 0.94 0.75 - 
Br / Rb 30 0.83 0.78 - 
Br / Th 23 0.93 0.72 - 

I / K 9 0.90 0.82 - 
I / La 9 0.93 0.98 2 
I / Ce 9 0.93 1.11 2 
I / Pr 9 0.93 1.23 2 
I / Nd 9 0.92 1.38 2 
I / Sm 9 0.92 1.77 2 
I / Eu 9 0.93 2.27 2 
I / Gd 9 0.92 2.37 2 
I / Tb 9 0.88 3.01 2 
I / Dy 9 0.84 3.51 2 
I / Ho 0 - - 1 
I / Er 9 0.56 3.46 1 
I / Tm 0 - - 1 
I / Yb 9 0.12 0.77 1 
I / Lu 9 -0.22 -1.01 1 
I / Nb 9 0.92 0.78 - 
I / Rb 9 0.93 0.58 - 
I / Th 9 0.94 0.69 - 
* Reasons for not selected as reference element: 1: Low log. correlation in both MORB and OIB; 
2: Low log. correlation in MORB; 3: Low log. correlation in OIB; 4: Not well-constrained in BSE, 
DMM, or CC.  
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Table S3. Halogen abundances in Earth’s silicate reservoirs, with the assumption that BSE is the 
source mantle of OIB. 

 
Mass 

(kg) 

F 

(ppm) 

Cl 

(ppm) 

Br 

(ppb) 

I 

(ppb) 

BSE (assume BSE is the source 

mantle of OIB) 
4.04 x1024 51+5.1

-4.6 157+67
-47 73+18

-14 1.7+0.20
-0.18 

Degassed from DM - 5.85% 8.93% 58.08% 446.19% 
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SI References 
 

1. The data were downloaded from the PetDB Database 

(https://search.earthchem.org/) on 25th Jan, 2021. 

https://search.earthchem.org/
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