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Abstract Rare carth elements (REE) are vital for powerful permanent magnets used in electric motors and
wind turbines. These elements are chiefly sourced from carbonatites and their weathering products. The
economic attractiveness of carbonatites is explained by the 10,000-fold enrichment of REE in their mineralized
portions relative to the average continental crust. Carbonatites form from mantle-derived melts, but the ultimate
origin of their REE is not completely clear. One widely cited model invokes subduction of marine sediments
which accumulate REE-rich material, priming the mantle to produce REE-rich carbonatite melts which
subsequently form deposits in the upper crust. Here we examine a global marine sediment compilation,
revealing a wide variety in REE abundances and patterns. We use the sensitive lambda method that separates
REE pattern curvature from redox-related element anomalies to examine both marine sediments and
presumably derived carbonatite rocks. We find that the most REE-rich marine sediments are characterized by
strongly negative Ce anomalies, which if recycled via subduction, mineralized carbonatites are expected to
inherit. In contrast, we find that mineralized carbonatite rocks do not contain Ce anomalies. This indicates that
the REE from the most REE-rich marine sediments are not recycled into carbonatite deposits, and a different
REE source is needed to explain carbonatite fertilities. We also find evidence that raises questions on whether
any sediment-derived REE are present in carbonatite deposits to a significant amount. We suggest that a REE-
rich source may not be required and REE enrichment occurs primarily during crustal magmatic differentiation.

Plain Language Summary Rare earth elements (REE) such as neodymium are important
components of permanent magnets used in energy generation technologies including wind power turbines and
electric motors. These metals are extracted from carbonatite rocks, but how the REE got to carbonatites in the
first place is contentious. The seafloor contains accumulations of exceptionally REE-rich sediments, and a
popular model proposes that these REE are recycled to the mantle during subduction. Once melting occurs in the
mantle, these same REE are suggested to be transported in the carbonatite melts and eventually reach the upper
crust where they contribute to economic mineralization. However, the REE-rich sediments contain a ubiquitous
chemical signature in the form of a redox-sensitive negative cerium anomaly. We show that the anomaly does
not occur in carbonatite rocks, with the implication that recycled REE-rich sediments cannot necessarily be the
source for carbonatite-related ore deposits.

1. Introduction

Carbonatites are igneous rocks composed primarily of the carbonate minerals calcite and dolomite (Yaxley
et al., 2022). They are the largest source for REE (the rare earth elements La to Lu), metals crucial for emerging
zero-emission energy generation technologies such as wind turbines and electric vehicle motors (Simandl &
Paradis, 2018). A still open question concerns the provenance of the REE: where are the carbonatite-hosted REE
coming from? There is widespread agreement that REE are sourced from the mantle, but how the REE got there in
the first place is still uncertain. Different hypotheses provide different answers, and depend on which deposit is
studied. Furthermore, different isotopic systems (e.g., St—-Nd-Hf-B—Pb—C-S) may lead to contrasting answers,
because not all chemical components necessarily derive from the same source. A depleted mantle origin has been
proposed for deposits such as Fen in Norway and Chilwa Island in Malawi using Sr—Nd isotopes (Andersen, 1987;
Simonetti & Bell, 1994). Alternatively, other deposits such as Cataldo (Brazil), Yangibana (Australia), and
Maoniuping (China) have been suggested to derive from a metasomatized or enriched mantle using Sr—Nd-Hf
isotopes (Guarino et al., 2017; Slezak & Spandler, 2019; Weng et al., 2021). Many carbonatites lie on an array
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or continuum between the depleted mantle and the various enriched mantle components such as EM1 and EM2
(Bell & Tilton, 2001; Nelson et al., 1988; Smith et al., 2016; Yaxley et al., 2022). These enriched mantle com-
ponents are particularly interesting because they potentially form by recycling of sediments or sediment-derived
fluids back into the mantle, or alternatively by crustal assimilation of depleted mantle melts (White, 2015).
These sediments sample the REE composition of the upper continental crust, which is on average enriched in REE
—and specifically the lighter REE (LREE)—relative to the mantle due to their incompatible behavior during
mantle melting and magmatic differentiation processes (with enrichment factors between about 10 and 100,
Plank, 2014). Following this reasoning, Smith et al. (2016) suggested that carbonatites derived from enriched
mantle components host larger amounts of contained REE. However, a counterexample is Mount Weld (Western
Australia), one of the largest carbonatite-hosted REE deposits on Earth, yet it exhibits no enriched mantle
component (Chandler et al., 2024; Nelson et al., 1988). Evidently, an enriched mantle component is not a crucial
factor to the formation of a major REE deposit. The mantle source may not even be important, with Anenburg
et al. (2021) suggesting that igneous differentiation processes occurring within the crust lead to mineralization
(albeit not necessarily economic), regardless of how and where the carbonatite melt initially formed.

REE patterns of subducting sediments typically reflect the upper continental crust from which they derive, as
summarized in the global subducting sediment (GLOSS and GLOSS-II) models (Plank, 2014; Plank & Lang-
muir, 1998). These sediments are enriched in the LREE, similar to the REE budget of carbonatites (albeit to a
lesser degree). Despite this observed LREE-enrichment in subducting sediments, the average subducting sedi-
ment is not particularly REE-rich (e.g., La, Ce, and Nd only reach a few tens of ppm, Plank, 2014) and the process
by which such a sediment might lead to REE mineralization is unclear. A model first developed by Hou
et al. (2015) attempted to address this issue. Using the example of carbonatite-associated REE deposits from the
Cenozoic Mianning-Dechang belt in China, Hou et al. (2015) proposed that the exceptional REE enrichment of
these deposits did not result from a mantle that was enriched by just average subducting marine sediments (such as
GLOSS). Instead, they invoke subduction of particularly “REE-rich” sediments, motivated by the discovery of
localized regions on the ocean floor containing highly REE-rich marine sediments with up to thousands of ppm of
2REE (Y. Deng, Guo, et al., 2022; Kato et al., 2011; Mimura et al., 2019; Takaya et al., 2018; Wang et al., 2017,
2021; Yasukawa et al., 2014, 2020). This process was suggested by Hou et al. (2015) to feed an enriched REE
material, as well as abundant carbonate, back into the mantle such that when carbonatites form they are REE-rich
at source and more conducive for economic concentration upon reaching the upper crust (Hou et al., 2015). This
model has proven popular (J. Deng, Wang, et al., 2022; Hou et al., 2023; N.-B. Li et al., 2022; Weng et al., 2021;
L.-Q. Yang et al., 2022), and adopted for many deposits elsewhere in the world (Ding et al., 2022; Gao
et al., 2021; Goodenough et al., 2021; Grabarczyk et al., 2022; Hussain et al., 2020; X.-C. Li, Zhou, et al., 2023;
Nedosekova et al., 2021; Xue et al., 2018; Zhao et al., 2021).

Although the Hou et al. (2015) model is attractive, it lacks a thorough assessment of REE in the subducted
material. There is no one “REE-rich” sediment type or composition. To a first order approximation, the two REE-
rich sediment types are (a) Mn-rich nodules and crusts (e.g., H. Zhang et al., 2023), and (b) phosphate-rich
sediments (e.g., Ren et al., 2022). REE patterns of certain marine sediment types commonly contain Ce anom-
alies arising from the higher oxidation state of Earth's surface compared to its interior. Cerium occurs either as
Ce**, the common valence in most deep Earth and magmatic conditions, or as Ce**, common in surface and
marine conditions in which atmospheric oxygen is encountered. Trivalent Ce behaves in line with all other
REE**, and follows the typically smooth trend in chondrite-normalized REE patterns. In contrast, tetravalent Ce
behaves like other smaller highly charged cations (also known as the high field strength elements—HFSE) such as
Zr**, Th**, Nb°*, and the heaviest REE like Yb>" and Lu** (Burnham & Berry, 2014). Marine sediments are
sensitive to atmospheric oxygen levels (K. Zhang & Shields, 2022). Generally, Mn-rich nodules are Ce-enriched
owing to the greater compatibility of Ce** in these oxide minerals, whereas phosphate-rich sediments are
depleted in Ce (J. Li, Shi, et al., 2023; Liao et al., 2024; Ren et al., 2022; Yu et al., 2021; H. Zhang et al., 2023).
These two effects largely cancel each other out and are diluted by the presumably more abundant non-anomalous
sediments, leading to an average sediment with a negligible—potentially not statistically significant—negative
Ce anomaly (i.e., GLOSS) (Plank, 2014; Plank & Langmuir, 1998). Nonetheless, the heterogenous spatial dis-
tribution of these REE-rich regions would likely result in localized domains of Ce-anomalous material subducted
into the mantle. If carbonatite-hosted REE are specifically sourced from recycled REE-rich marine sediments,
rather than average marine sediments, then these selfsame Ce anomalies are expected in carbonatite-hosted
deposits.
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Here, we compare a large global data set of REE patterns and Ce anomalies in modern marine sediments, and a
diverse set of bulk rocks from Mianning-Dechang in China to quantify the role of marine sediment contribution to
the REE budget of carbonatite deposits. We demonstrate a novel and sensitive method for examining Ce
anomalies within the context of a complete REE pattern. We also examine three other Phanerozoic carbonatites to
confirm that our model is globally generalizable beyond the Mianning-Dechang belt.

2. Materials and Methods

Representative samples from four Mianning-Dechang localities (Maoniuping, Muluozhai, Lizhuang, and Dalu-
cao) were collected for commercial bulk rock analysis at ALS Global. REE were mostly measured by solution
inductively coupled plasma mass spectrometry (ICP-MS), using the following isotopes: '*°La, '“°Ce, '*'Pr,
3N, '47Sm, 15 'Eu, 1597, '60Gd, 163Dy, 165Hp, 167Er, lﬁng, 2yb, and '°Lu. Some strongly REE-rich
samples contained more LREE than could be measured by ICP-MS, and were measured by X-ray fluores-
cence (XRF) instead. Sample description and details on the process by which we merged and normalized both
data sets are available in Supporting Information in https://doi.org/10.6084/m9.figshare.22097921.

We obtained a compilation containing ~6,000 REE analyses of modern marine sediments (Ren et al., 2021). The
compilation includes data from the Atlantic, Pacific, and Indian oceans, and typically includes the top few of
meters to tens of meters below the sea floor (Y. Deng et al., 2018; Kato et al., 2011; Menendez et al., 2017;
Mimura et al., 2019; Ren, He, Yao, et al., 2017; Ren, He, Zhu, et al., 2017; Ren et al., 2015; Tanaka et al., 2020;
Yasukawa et al., 2016; X. Zhang et al., 2017). These studies used bulk methods to provide information on the
entire sediment composition, often a combination of XRF for major and minor elements, and ICP-MS for the
REE. Detection limits are variable across these studies, but are typically 0.1 ppm. Only 18 entries did not include
data for the whole REE series, with the missing elements being mostly Tm and Lu. There was no attempt to
separate REE contributions from specific sediment fractions, such as clay, carbonate, phosphate, or nodules.

REE patterns from the previously compiled marine sediment data (Ren et al., 2021) and the newly acquired
Mianning-Dechang rock samples were analyzed using the lambda method via the online BLambdaR application
(Anenburg & Williams, 2022). This method allows deconvolution of various curvature components of patterns
into independent coefficients (Anenburg & Williams, 2022; O'Neill, 2016). The coefficients represent the average
normalized REE contents (4,), the linear slope (4,), the quadratic curvature (4,), sinusoidality (13), and a higher
order “W”-shape (4,). A linear combination of all coefficients multiplied by the shape polynomials results in a full
REE pattern represented as a smooth mathematical function instead of an empirical line connecting individual
REE data points (Anenburg & Williams, 2022). An instructive example of these coefficients is given in Figure 1.
The lambda method considers each REE pattern as a whole, making it insensitive to uncertainties on individual
elements because the polynomial fit typically smoothes out single-element noise arising from analytical uncer-
tainty. This is particularly important for odd atomic number elements in the sub-ppm range because their
analytical precision (often to 0.1 ppm) is not sufficient for a smooth line based on linear interpolation alone. The
lambda method has an additional benefit of reducing REE patterns from lines to points, facilitating plotting and
evaluation of large data sets and their analysis (O'Neill, 2016). The traditional method for dimension reduction of
REE patterns is the calculation of normalized element ratios. However, these ratios are not independent of shape
—[La/Yb]y, for instance, is nominally designed to capture the linear slope, but it is influenced by higher order
curvatures, as well as errors in individual elemental analysis (Anenburg, 2020). In contrast, the linear slope
coefficient (4,) is mostly immune to these hurdles. The method allows accurate Ce anomaly determination as it is
quantified by the deviation of Ce from a curved polynomial fit to a normalized REE pattern (Anenburg, 2020), an
improvement over traditional interpolation methods of Ce-anomaly determination, often calculated as

Ce/Cesx = Ce/VLa® x Pr2 (Barrat et al., 2023; K. Zhang & Shields, 2022). Furthermore, as the method outputs
this deviation for all 14 REE, it is possible to compare any observed Ce anomaly to apparent anomalies in other
non-redox-sensitive elements. This provides an additional check on whether the Ce anomaly is true, or whether it
is within the range of other spurious anomalies that emerge in naturally noisy data sets. Given the prominent Ce
anomalies in most patterns (Figure 2a), lambda coefficients were calculated considering Ce as anomalous to
exclude it from the polynomial fitting, using the relevant BLambdaR setting. Europium is easily fractionated in
crustal magmatic differentiation processes, and anomalies can often form even in mild surface weathering. Since
we are seeking a pristine mantle signature, Eu anomalies are excluded from this analysis.
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3. Results
3.1. Marine Sediments

Rare earth element patterns representing more than 150 ppm of total REE are
plotted in Figure 2a. This includes 3,670 out of 6,084 analyses, or about
60.3% of the total data. Patterns of analyses containing less than 150 ppm are
often noisy with meaningless individual REE measurements, specifically for
odd atomic number elements. Most marine sediments have a negative Ce
anomaly, especially patterns that represent the REE-richest sediments

sample / chondrite

191

La Ce Pr Nd

Ay =9397.4

(Figure 2a). A minority of patterns contain a positive Ce anomaly, particularly
at the mid-range of sediment XREE contents (note that Figure 2a does not
show the most REE-poor sediments). There is no peak or overrepresentation
of non-anomalous sediments (Ce/Ce* ~ 1). Instead, non-anomalous samples
form a part of the continuum between positive and negative Ce-anomalous

115 1.10

Figure 1. Lambda coefficients derived from REE data (black crosses) of a
syenite from Lizhuang. Each lambda coefficient represents a different shape

sediments (Figure 2b).
® The vast quantity of patterns results in substantial overplotting, justifying
Sm Eu G‘fl Tb Dy Ho E.rleY.b u the use of the lambda method, which effectively reduces lines (i.e., REE
1.05 1.00 patterns) to points in lambda space (Figures 2b-2d). As we are particularly
radius (A) interested in REE abundances, we plot total REE abundances (ZREE)

against 4y, the polynomial coefficient that represents the average REE
pattern height as a proxy for REE abundance (Figure 2b). There is an

(colored lines). Their linear combination results in the polynomial fit excellent correlation between the two, as expected. However, the middle
(dashed line), which is almost indistinguishable from the measured data. part splits into two parallel trends, which can be readily explained by the
This demonstrates the use of lambda coefficients instead of individual REE presence of Ce anomalies. Cerium is the most abundant out of all REE, and

to represent REE patterns. The vertical position of each shape is arbitrary
and chosen to avoid overplotting. The actual vertical position is determined
by A, Strictly speaking, each line is determined by lambda coefficients

any deviation in its concentrations can markedly shift XREE to higher or
lower values. Figure 2c demonstrates this better, expanding the squashed

multiplied by orthogonal functions (i.e., A, X f,°™), but here functions have triangular shape observed in Figure 2b to fill the whole plotting region in
been omitted for simplicity (for more details, see Anenburg & Figure 2c. This way, the triangular shape is not obscured by the more

Williams, 2022; O'Neill, 2016).

dominant linear correlation between XREE and 4, Our use of 4, thus

provides a better estimate of overall REE abundances in the database, as it is
not biased by the disproportionate influence of anomalies in a single element (Ce) on ZREE values. The reason
for the roughly triangular distribution is curious as it indicates three endmembers that primarily mix with one
other endmember at a time, rather than a mixture of all three. The reasons are unknown and beyond the scope of
this study.

A comparison of GLOSS, GLOSS-II (green in Figure 2) and their constituent components (purple in Figure 2)
reveals that the GLOSS estimates are indeed averages, and their composition does not precisely correspond to any
individual sediment analysis. We also find that the range covered by the GLOSS components is rather limited,
from about 50 to 200 ppm XREE, whereas our compilation contains analyses ranging an order of magnitude lower
and higher at 5 and 5,000 ppm XREE, respectively. Additionally, the limited number of GLOSS components
overlooks the range in Ce anomalies both at the higher and lower ends of the spectrum. Most GLOSS components
and the GLOSS estimates themselves have a negligible to weak negative Ce anomaly.

Carbonatites are notable for their high LREE/HREE ratios, with the cause for such exceptional LREE enrichment
currently unknown. It is useful to consider the LREE/HREE ratios in the suggested source material, which we
show in Figure 2d using A,, the shape coefficient that represents the overall linear slope of a REE pattern. We find
that the REE-richest sediments have 4, ~ 9 (equivalent to [La/Lu]-y = 5), with a strong negative Ce anomaly at
roughly Ce/Ce* = 0.2 (as is also evident in Figure 2a). These typically belong to the phosphate-rich sediment type
(Ren et al., 2021). On the other hand, the sediments characterized by the strongest LREE/HREE fractionation
reach a 4, of about 14 (equivalent to [La/Lu]cy & 13), but they aren't necessarily the richest in REE. They
typically have positive Ce anomalies similar to Mn-rich sediments, although not exclusively (i.e., some occa-
sional blue dots appear in the brown dot cloud at the top part of Figure 2d).

ANENBURG AND LIU

4 of 16

851901 SUOLULLOD) SISO |qedlidde au) Aq pauieA0B 8.2 s3I YO BSN JO 3N J0j ARG 8UIIUO A3]IA UO (SUORIPUOD-PUB-SLLLBILIOD A |IMAR.q 1 UIIUO//SIL) SUORIPUOD PUe SW | 8U) 885 *[GZ02/60/2T] U0 ARIGIT 8UIUO AB]IA *[1DUNOD UD1easay [EIINBIN PUY UIESH [BUO N AQ 91S8Z0EICEZ02/620T OT/I0p/LI0d A8 |1 AReiq 1 puljuo'sandnBe//sdny Wwoiy papeojumod ‘. ‘vZ0g ‘9SE669TZ



AL : :
M\ Journal of Geophysical Research: Solid Earth 10.1029/2023JB028546
BiA 2lB
= - - GLOSS components SH - Ceri |
GLOSS averages w0 5 1% erum anomaly
o
o
&
m IS
2 2 =3
£ =
©
5 w
S g
N
@ Ng|
S —
E -
5 31
o
N
o
o —
91 ‘ A GLOSS components
la Ce Pr Nd  SmEuGd Th DYHoErTmybu| ] ° GLOSS averages
1.15 1.10 1.05 1.00 2}\ 4 bund 6
- radius (A) o (average REE abundance)
~le D ;
<
—
o |1 positive
o -
| negative o
—~ O
> S g -
3 ° S
= o
g g
(] _—
@) = s |
o b < ©OA thd A4
o
<l )
—
S o
2 4 6 1 2 3 4 5 6 7
Ao (average REE abundance) Ao (average REE abundance)

Figure 2. Geochemical characteristics of marine sediments. (a) Chondrite-normalized REE patterns for our global compilation (brown to blue solid lines), GLOSS and
GLOSS-II (dashed green lines), and the individual analyses used to derive the GLOSS estimates (dashed purple lines). For this panel only, the data have been filtered to
exclude analyses with less than 150 ppm REE because their patterns are typically noisy. (b) Correlation between the 4, polynomial shape component (average REE
abundance) and total REE abundance of each analysis (ZREE, in ppm). (c) As above, but the y-axis shows calculated Ce anomaly. Unity indicates no anomaly.

(d) Lambda-space plot of the global marine sediment data set. Contour lines mark total REE in ppm calculated according to corresponding 4, and 4,, with 4, set to 25,
and Ce anomalies ignored. For (b)—(d), our compilation in brown to blue solid circles, GLOSS and GLOSS-II in green diamonds, and individual GLOSS components in
purple triangles. Cerium anomalies (Ce/Ce*) are color-coded with blue being negative and brown positive according to the inset in (b) that shows a legend with Ce
anomalies colors and their frequency distribution curve, applicable to all panels of this figure. Cerium anomalies are derived from the ratio of measured Ce to that
expected from the polynomial fit, given as Ce/Ce*,_in Anenburg and Williams (2022). Additional details on the relationship between REE contents and sediment
lithology available in Figure 3 of Ren et al. (2021).
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Figure 3. (a) Chondrite-normalized REE patterns for the analyzed Mianning-Dechang rocks in this study, color-coded by individual localities. Shaded area indicates the
marine sediment range from Figure 2a. (b) Apparent anomalies derived by dividing measured REE contents and expected REE contents from the lambda polynomial fit.
Circles show the mean of all analyses, and error bars show 1¢. Europium is excluded due to possible oxide interferences from the Ba-rich Mianning-Dechang rocks and
its redox-sensitive behavior making Eu of little use as a reference point for redox effects on Ce.

3.2. The Mianning-Dechang Carbonatites

Samples from the Mianning-Dechang belt span a variety of rock types, including syenites, carbonatites, anti-
skarns, and ore veins (Figure 3a). This was done with the intention of removing bias that might arise from local
factors that occurred at a specific sample. Cerium anomalies often derive from near-surface processes under
oxidizing conditions, and vary substantially on very short distances. By considering a diverse data set we are able
to evaluate whether Ce anomalies (if present) are spatially consistent, thus indicate a Ce-anomalous mantle
source. All samples are strongly LREE enriched, with A; values higher than 15 for 99% of analyses ([La/
Lu]cn & 16), and higher than 20 for 95% of analyses ([La/Lu]qcy = 39).

We calculated the average of element misfits relative to a smooth curve (i.e., apparent anomaly) for all samples
(n = 126). A negative Ce anomaly is observed in the averaged data (~0.92), when measured Ce is ratioed to Ce
expected from the polynomial lambda fit (Ce/Ce*,,, Figure 3b). Small apparent anomalies are observed for other
elements as well (Figure 3b). There is no reason to believe that elements other than Ce (and Eu, excluded from this
analysis) should exhibit redox-sensitive anomalies. The misfit of Pr, Dy, and Er is slightly greater than 5%,
indicating the possible range of noise.

The most negative misfit is observed for Ce (Figure 3b), potentially indicating a statistically significant Ce
anomaly. However, an argument against the presence of a Ce anomaly in the Mianning-Dechang rocks is evident
in the weak negative correlation observed between Ce anomalies and pattern slopes (4,, Figure 4a). Steeper slopes
result from local magmatic differentiation processes, and the steepest slopes likely represent rocks crystallized
from low temperature brine-melts (Anenburg et al., 2020, 2021; Yaxley et al., 2022), where a small Ce anomaly
might be expected, particularly in oxidized rocks such as the Mianning-Dechang samples (see e.g., Huston
etal., 2016; Schliiter et al., 2009). Excluding these highly fractionated samples (of, for instance, 4, > 40) from the
average would result in an even weaker Ce anomaly (Ce/Ce* =~ 0.94), which is within the misfit range observed
for other elements.

We further investigate whether a Ce anomaly exists for the Mianning-Dechang rocks. This apparent Ce anomaly
is linearly correlated with most other anomalies (Table 1), indicating that it results from a misfit between the
measured pattern values and the predicted smooth lambda-derived pattern. This is illustrated in Figure 4b,
showing data (circles) and polynomial fit (line) for two samples from Mianning-Dechang. The bottom pattern
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Figure 4. (a) Correlation between the apparent Ce anomaly (pattern misfit) and LREE enrichment in the Mianning-Dechang rocks. The negative Ce anomaly observed in
the highest A, patterns can also be visually observed in Figure 3a. (b) Data (symbols) and polynomial fit (lines) for two representative rock analyses from the Mianning-
Dechang belt. Arrows indicate mismatch between data and fit in opposite directions. Red pattern has been lowered by 30% to remove overlap between the two patterns
and improve clarity. (c, d) Correlation between Ce and Nd or Dy misfits, respectively, for all Mianning-Dechang data. Red and blue analyses from (b) plotted for

reference.

(red) has an essentially perfect fit with the observed data. On the other hand, the top pattern (blue) fits well, but not
as precise as the former. This causes the curvature to rotate around some elements. For example, the top pattern
rotates around the Pr point, with measured Ce slightly lower than the polynomial fit, and Nd slightly higher (as
shown by the horizontal arrows). This does not imply a redox-derived anomaly, but simply the fact that a
polynomial fit does not capture all complexities of natural data. It also means that over the whole data set, these
misfits will be correlated because if the Ce misfit goes up, the Nd misfit must go down. The models predict that the
Ce misfits for its surrounding elements La and Pr are 0.9985 and 1.0089 respectively, essentially at unity
(Table 1). Elements which are farther away also show this. Figures 4c and 4d show this correlation for a LREE
(Nd) and a HREE (Dy), where the predicted misfits occur at 0.9859 and 1.0013 respectively, again very close to
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Table 1 unity. This means that when calculated patterns perfectly fit the measured

Linear Fit Parameters for Apparent Anomalies Between Ce and the Other
REE, Sorted by Decreasing r*

Element Intercept at Ce/Ce* = 1 I

Pr 1.0089 0.771
La 0.9985 0.75

Dy 1.0013 0.551
Tb 0.9336 0.496
Nd 0.9859 0.486
Er 0.9872 0.401
Lu 0.9395 0.288
Tm 0.9373 0.261
Sm 0.9396 0.227
Gd 0.9248 0.175
Yb 0.9197 0.066
Ho 0.9181 0.004

Note. Causes for low r? include analytical data spread and presence of out-
liers. See Supporting Information in https://doi.org/10.6084/m9.figshare.
22097921 data files for details on individual elements, and Figures 4c and 4d
for an example of correlations around > & 0.5.

data, there is no Ce anomaly. When patterns do not fit perfectly, they follow
the same trend that indicates the lack of a Ce anomaly, as observed in
Figures 4c and 4d. We find that for most elements with a reasonable fit
(* > 0.4), the predicted Ce anomaly is within the range of 1 + 0.002
(Table 1), strengthening our view that no significant Ce anomaly is observed
in the Mianning-Dechang rocks.

3.3. Other Carbonatites

In addition to the Mianning-Dechang rocks, we examine REE data from three
other carbonatites with underlying Phanerozoic mantle metasomatism
(Figure 5): Khanneshin in Afghanistan (Tucker et al., 2012), Haast River in
New Zealand (Cooper, 2020 and references therein), and Amba Dongar in
India (Banerjee & Chakrabarti, 2019). Conducting a thorough REE pattern
analysis on these carbonatites—as was done for the Mianning-Dechang rocks
above—is not possible because data are overwhelmingly provided as-is with
no possibility to explore raw data and apply corrections if necessary. Addi-
tionally, data may be acquired using different techniques, in different labs,
using a variety of calibration methods. Nonetheless, fitting of these data to
lambda coefficients proves useful. Here we choose to fit the data twice, with
and without /. Since this coefficient captures a high curvature wavelength, it
could potentially lead to bias in noisy data (Figure 5a, Anenburg & Wil-
liams, 2022). Assessing both options increases our confidence in the inter-

pretation. Cerium anomalies for REE patterns from all three carbonatites are given in Figure 5b and show a strong
variability. On average, fits with 1, show a weak positive Ce anomaly (Ce/Ce* = 1.08-1.09) and fits without A,
show a weak negative to no Ce Anomaly (Ce/Ce* =~ 0.95-1.00). A one standard deviation interval from the mean

includes Ce/Ce* = 1 in five out of these six cases (two calculation methods for three carbonatites). The only

exception is Amba Dongar using 1,4, where the lowest value is a positive anomaly at 1.05 (Figure 5b), the opposite
of a presumed negative anomaly expected for REE-rich sediments. This exercise has been also attempted for the
Bear Lodge carbonatite in Wyoming, USA (Moore et al., 2015). The mantle source for the Bear Lodge carbonatite

)
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— ] Y| e
-+ @ e e Ce
= —] _e - °
e — | = = & @0 A
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Figure 5. (a) Chondrite-normalized REE patterns for three Phanerozoic carbonatites. (b) Ce anomalies as calculated by the misfit of measured Ce and the fitted pattern
based on lambda coefficients, with and without including 4, in the fitting process. Data from Tucker et al. (2012), Cooper (2020), and Banerjee and Chakrabarti (2019).
Thick lines indicate mean values, and two thin lines indicate means + one standard deviations.
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experienced EM1-type Cretaceous to Eocene subduction metasomatism. Unfortunately, the REE data given by
Moore et al. (2015) are rather noisy and poorly fit the polynomial shapes, such that fits including or excluding 4,
result in average Ce anomalies of 1.25 and 0.83, respectively. In any case, a visual inspection of the patterns and
calculation of Ce anomalies via the interpolation method reveals no obviously conspicuous Ce anomalies (Moore
et al., 2015, see their corrigendum for Ce anomaly values).

4. Discussion

Our marine sediment compilation can be roughly divided into three components (Figure 2d). The first is Ce-
neutral to negatively anomalous and REE-poor (up to ~100 ppm, left of Figure 2d and omitted from Figure 2a
for clarity). This component is likely dominated by carbonate (e.g., Y. Deng, Guo, et al., 2022), and comple-
mentary to the second component with positive Ce-anomalies and 100-200 ppm REE (Figure 2d), represented by
Mn-oxide and Fe-oxide nodules (Cao et al., 2020). Taken together, these two components contain approximately
the same REE contents as GLOSS (~150 ppm) (Plank, 2014). The third component is REE-rich (>200 to
~8,000 ppm), and has a conspicuous negative Ce anomaly. These sediments are often dominated by a phosphate
component (Ren et al., 2021, 2022; Yasukawa et al., 2014; X. Zhang et al., 2017). It is this third phosphate
component that is occasionally implicated in the exceptional REE contents of the Mianning-Dechang belt de-
posits (Weng et al., 2021; Zhu et al., 2024). Evidence for REE recycling through subduction exists elsewhere—Ce
anomalies have been observed to be recycled from subducted marine sediments to the overlying volcanic arc in
the Mariana trench. The Mariana sediments span a range of Ce anomalies, as low as Ce/Ce* &~ 0.5, and volcanic
rocks inherit some of that signal with Ce/Ce* values in lavas reaching 0.9 (Bellot et al., 2018). We note that the
detection of Ce-anomalous magmatic rocks through subducted sediments is a challenging endeavor, and often
leads to inconclusive results (Bellot et al., 2015; Israel et al., 2020). Evidently, some sedimentary Ce anomalies
can be recycled through subduction into derived igneous rocks. Any magmatic processes that might take a Ce-
negative source and serendipitously cancel that anomaly are implausible, with the implication that if Ce anom-
alies exist in the same REE component that is being recycled, then the anomalies are likewise expected in the
newly formed carbonatites.

4.1. Cerium Anomalies During the Neoproterozoic

The discussion up to this point focused on modern marine sediments. However, the subduction zone thought to
fertilize the mantle underneath Mianning-Dechang operated during the Neoproterozoic, at roughly 800-700 Ma
(Guo et al., 2005). As Ce anomalies in marine sediments did not remain constant throughout Earth's history, it is
useful to test whether REE-rich marine sediments—including phosphatic sediments—subducted during the
Neoproterozoic had a similar negative Ce anomaly. The separation of Ce from the other REE requires oxidized
conditions which developed in the mid-Proterozoic (Bellefroid et al., 2018; Tang et al., 2016; K. Zhang &
Shields, 2022). A global review of marine carbonate sediments shows that by the beginning of the Neoproterozoic
at 1.0 Ga, their Ce/Ce* values were as low as 0.8-0.7, with more negative values of 0.6 developing throughout the
era (X. M. Liu et al., 2021). Although these data represent carbonates rather than REE-rich phosphates, our data
for modern sediments indicates that Ce anomalies for both carbonates and phosphates are typically within the
same range. Negative Ce anomalies are well known from many Neoproterozoic Chinese localities (S. Chen
et al., 2014). Data on Neoproterozoic phosphate is less common, but examples of substantial negative Ce
anomalies, down to 0.6, exist from China (Xin et al., 2015, 2016) and elsewhere (Frei et al., 2017; Gémez-Peral
et al., 2014, 2017; Krupenin et al., 2023; Mazumdar et al., 2003; Shields & Stille, 1998). Although these Ce
anomalies are much weaker than modern anomalies which reach negative anomalies of up to 0.1, they still denote
that up to 40% of the Ce is missing from these deposits. Locally, the Proterozoic Kunyang Group is a sedimentary
sequence commonly believed to represent material subducted underneath the future Mianning-Dechang carbo-
natite belt (H. Liu et al., 2020). Sedimentary carbonate rocks from the Fengshan member of the Kunyang Group
show Ce/Ce* = 0.76 (Y. Yang, 2003). Samples from the clastic sediment formations of the Kunyang Group
typically show a positive correlation between phosphate contents, total REE, and the magnitude of the negative
Ce anomaly, reaching values as low as Ce/Ce* = 0.77 (Ji et al., 2016). Ubiquitous Ce anomalies in REE-rich
marine sediments and the complete lack of such anomalies in the Mianning-Dechang rocks strongly suggests
that REE from marine sediments did not find their way into the carbonatites and related rocks. Had these marine
sediments been recycled as the primary contributors to the REE budget of the carbonatites, a statistically sig-
nificant Ce anomaly should have been inherited, but no such anomaly is observed (Figure 3).
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4.2. Carbonatites With Underlying Phanerozoic Metasomatism

The combined presence of Ce anomalies in some subduction zone sediments and lack of Ce anomalies in
overlying carbonatites is not unique to the Mianning-Dechang belt. To further demonstrate the point, we choose
three Phanerozoic carbonatites (Figure 5). Importantly, mantle metasomatism preceding carbonatite rock for-
mation has also been shown to be Phanerozoic, removing uncertainties on whether Ce anomalies existed in the
subducted sediments. An instructive example is that of the Khanneshin carbonatite volcano in Afghanistan,
shown to derive from marine sediments deposited at 29 Ma (Horton, 2021). These marine sediments were
subducted through the Makran subduction zone. Their composition is probably similar to modern marine sedi-
ments deposited on the north Indian Ocean and Arabian Sea. Some of these sediments have been shown pre-
viously to contain negative Ce anomalies, typically Ce/Ce* ~ 0.8 (Nagender et al., 1997; Pattan & Higgs, 1995;
Rao et al., 2008; Sirocko, 2000; Yasukawa et al., 2014), which are not as extreme as some sediments in our
compilation (e.g., down to 0.1). Nonetheless, a shortage of roughly 20% Ce from the potential source material for
REE mineralization is expected to be appear in the deposit as well. Although these anomalous sediments are not
representative of the Makran sediments as a whole (Plank, 2014), the hypothesis that phosphatic REE-rich
sediments in particular are recycled to carbonatites requires a similar anomaly at Khanneshin. However, REE
patterns of the Khanneshin rocks are smooth, lacking any Ce anomalies (Figure 5, Tucker et al., 2012).

Haast River, New Zealand, is a carbonatite that intruded as part of a wider Cenozoic province of alkaline rocks
(Cooper, 2020). Amba Dongar, Gujarat, India, is a carbonatite that is related to the Deccan Traps (Chandra
et al., 2017), intruded around the Mesozoic—Cenozoic boundary, and is particularly known for its potentially
economic mineralization of REE, fluorite, and Nb (Dhote et al., 2021; Patel et al., 2022; Viladkar & Sor-
okhtina, 2021). For both carbonatites, mantle metasomatism occurred in the Mesozoic (Banerjee & Chakra-
barti, 2019; Chandra et al., 2017; McCoy-West et al., 2016; van der Meer et al., 2017), at a time when Ce-
anomalous sediments were widespread on the sea floor (K. Zhang & Shields, 2022). A similar scenario
occurred for the Bear Lodge carbonatite (Moore et al., 2015). As above, a Ce anomaly is to be expected had the
REE-rich sediments contributed to the REE budget of the carbonatites, but no Ce anomaly is observed
(Figure 5b). This indicates that the Ce-anomalous and REE-rich sediments are not the source of the REE in all
three Phanerozoic carbonatites considered here, in line with our findings for the Mianning-Dechang carbonatites.

4.3. What Is the REE Source?

The concept that mantle fertilization is a prerequisite for ore deposit formation is widespread and has been applied
to many ore deposit types (Blanks et al., 2020; Hou et al., 2023; Spandler et al., 2020; Tassara et al., 2017). There
is no doubt that elevated REE contents within carbonatite mantle sources are beneficial; the average primitive
mantle contains less than 1 ppm La (Palme & O'Neill, 2014), whereas average subducting sediments contain
almost 30 ppm (Plank, 2014). There is compelling evidence that metasomatism driven by carbonated sediment
melting occurs (C. Chen et al., 2016, 2017; Hoernle et al., 2002), but the question of whether this is required for
economic REE mineralization remains open. Claims of “metasomatism” or “refertilization” do not always
contribute to the answer, as different elements will have different mobilities in mantle conditions, such that
metasomatism may contribute elements other than the REE (e.g., Amsellem et al., 2023; Bolhar et al., 2020). The
fact that metasomatism introduced carbonate and perhaps Ca, Mg, Sr, or alkalis, does not necessarily mean that
REE were likewise enriched. For example, Boyet et al. (2019) studied rocks with a negative Ce anomaly (down to
0.92) and an enriched mantle (EM1) isotopic signature, but could not find a clear subducted-sediment contri-
bution to the observed Ce anomaly. At most, Boyet et al. (2019) suggest 2% sediment contribution of La and Ce
(and by extension, the entire REE series) to the mantle source. If correct, this amount is negligible and the
sediment REE contents would be diluted to those of the ambient mantle. Our finding that REE-rich sediments are
not necessary raises a question of whether sediment subduction is important at all. Although small REE-
enrichments are likely beneficial and propagate to crustal magmatic differentiation and mineralization, not all
deposits show this kind of enriched signature. Demonstrably, giant carbonatite-hosted REE deposits can form
without any mantle enrichment or metasomatism by subducting sediments (Mount Weld in Western Australia
being the most notable example of this, Chandler et al., 2024; Nelson et al., 1988), in addition to the finding that
carbonatites, in general, do not require recycled sediments (Sun et al., 2021).

Most carbonatite melts are understood to form by low degree partial melting of carbonated mantle rocks
(Hammouda & Keshav, 2015; Pintér et al., 2021), often with additional alkalis added by metasomatism (Thomsen

ANENBURG AND LIU

10 of 16

8518017 SUOLULLOD SISO 3ot dde au Aq pauienob 8.2 sajole VO ‘95N J0 S9N J0j A%iq1 78U U AB|IA L (SUOIIPUOD-PUE-SULBIALIOY A8 |1 Ae.q U1 IUO//STY) SUOIIPUOD PUe SWIS 1 84} 88S *[GZ02/€0/2T] U0 ARIqIT8UIUO AB]IA *[1UNOD 01e8saY [EIIPSIA PUY U ESH [UOIRN AQ 9/S8Z0ErEZ02/620T OT/I0p/LI0Y A8 |1m Ateiq i putjuo'sandnBe//sdiy wouy pepeojumod 'L ‘vZ0z '95E669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20237B028546

& Schmidt, 2008). Carbonatites rarely form during or immediately after subduction (Grassi & Schmidt, 2010;
Thomsen & Schmidt, 2008; Tsuno et al., 2012). They form by either direct mantle melting, or immiscible sep-
aration from a carbonated silicate melt (Yaxley et al., 2021), with melt formation often occurring several hundreds
of millions of year after subduction has ceased (Yaxley et al., 2022). The Mianning-Dechang carbonatites are an
excellent example of this time gap (Hou et al., 2023). Even when melting occurs (e.g., X. Y. Zhang et al., 2022),
REE may remain refractory and immobile (Zhu et al., 2024). In this case, a single “lump” of phosphatic REE-rich
material is unlikely to be wholly mobilized into a carbonated mantle melt. We note that the REE mineral hosts in
sediments (i.e., phosphates, carbonates, or Mn-nodules) are unlikely to exert significant control on REE parti-
tioning during melting processes. The REE will partition between high temperature phases, equilibrated over a
large volume of material facilitated by the presence of melts and fluids. Moreover, a thin REE-rich sedimentary
veneer of several tens of meters on top of a full km-scale section of crust will contribute a negligible REE amount
to the total subducted REE budget. Protracted subduction will stir and mix these REE-rich domains, and probably
smear them over large spatial extents, such that the REE-rich material is diluted by other, more average rocks, that
subducted before or after it. Any REE that partitions to carbonatite-forming melts are therefore likely to be
sourced from an averaged, large volume, mantle source, while noting that only low melt fractions actually form
across this extent (Pintér et al., 2021). This average continental crust will have a negligible negative Ce anomaly
(Ce/Ce* = 0.97, W. Li, Nakada, et al., 2023), and its contribution is unlikely to be amenable to detection by the
Ce-anomaly method in carbonatites. Nonetheless, using misfit correlations trends, we were able to determine
(Figures 4¢ and 4d) that the Ce anomaly in the Mianning-Dechang rocks is essentially 1.00. If the W. Li, Nakada,
et al. (2023) data set is as precise, then our study not only rejects the significant presence of unusually REE-rich
phosphatic sediments in carbonatite mantle sources, but also raises a question on whether any REE in continental-
derived marine sediments contributes a substantial amount to REE ore deposits.

Our view is that most carbonatite melts have the potential to evolve to high REE contents regardless of their
mantle source. This results from several processes that preferentially concentrate REE into carbonatite melts.
First, REE will strongly partition to primary mantle-derived carbonatite melts (Foley et al., 2009). Second,
carbonatite melts strongly sequester REE when form by immiscibility (Nabyl et al., 2020, 2021). Third, when a
carbonatite melt reaches the upper crust and begins differentiating, REE are highly incompatible and will be
strongly enriched in residual brine-melts (Anenburg et al., 2020, 2021). Each of these processes will cause one or
more orders of magnitude increase in carbonatite melt REE contents. Combined, these processes can lead to high
grade mineralization. Mineralized portions of carbonatites are often volumetrically small relative to the entire
carbonatite system that hosts them (Anenburg et al., 2021). Rare earth element enrichment and concentration by
magmatic differentiation is now well established for most economic REE deposits (Chandler et al., 2024; Chi-
kanda et al., 2019; Feng et al., 2020; X.-C. Li et al., 2024; Song et al., 2023; K. Yang et al., 2019; Zheng
et al., 2023), suggesting that the role of subducted REE-rich sediments at source may only be secondary. In our
preferred scenario, a mantle source with negligible Ce anomalies undergoes partial melting. This melt evolves at
high temperature conditions which overwhelmingly stabilize ce**. Late-stage differentiation results in REE
mineralization without any notable Ce anomalies, as is predominantly observed in nature. Given that carbonatite
systems are known for their vertical variability (Frolov, 1971; Vasyukova & Williams-Jones, 2022; Walter
etal., 2021), whether any single carbonatite is economic or not may have little to do with mantle fertilization, but
rather the happenstance of its REE-rich domains found at or near the modern erosion surface.

5. Conclusions

The previously suggested model for formation of giant REE-deposits within the Mianning-Dechang carbo-
natites invokes recycling of subducted REE-rich marine sediments (Hou et al., 2015, 2023; Weng et al., 2021).
Here, we show that REE-rich marine sediments, compared to average marine sediments, are characterized by a
strong negative Ce anomaly. This has been the case since the Neoproterozoic, the time in which the mantle
underlying the Mianning-Dechang belt has been fertilized by subduction. If these REE-rich sediments were
supposedly recycled into the carbonatite-associated deposits, then a similar Ce anomaly should exist in the
rocks as well. However, no such anomaly is observed in our Mianning-Dechang chemical analyses. Therefore,
exceptionally REE-rich marine sediments are unlikely to be the source of the REE themselves, despite the
ubiquitous sedimentary isotopic signature (Yaxley et al., 2022). A question remains regarding the ultimate
source of the REE in the Mianning-Dechang belt and other deposits for which a similar model was proposed.
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