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Potential of garnet sand 
as an unconventional resource 
of the critical high‑technology 
metals scandium and rare earth 
elements
Franziska Klimpel1*, Michael Bau1 & Torsten Graupner2

Scandium is a critical raw material that is essential for the EU economy because of its potential 
application in enabling technologies such as fuel cells and lightweight materials. As there is currently 
no secure supply of Sc, several projects worldwide evaluate potential Sc sources. While elsewhere in 
Europe emphasis is placed upon secondary resources such as red mud, we investigated the potential 
of industrial garnet sand and its waste products. Since Sc readily substitutes for Mg and Fe in the 
crystal lattice of garnet, the garnet minerals almandine and pyrope, in particular, may show high Sc 
concentrations. Garnet sand, after being used as an abrasive in the cutting and sandblasting industry, 
is recycled several times before it is finally considered waste which eventually must be disposed of. 
Extraction of Sc (and rare earth elements, REE) from such garnet sand may generate added value 
and thereby reduce disposal cost. The studied garnet sands from different mines in Australia, India 
and the U.S., and industrial garnet sands commercially available in Germany from different suppliers 
show average Sc concentrations of 93.7 mg/kg and 90.7 mg/kg, respectively, i.e. similar to red mud. 
Our data also show that “fresh” and recycled garnet sands yield similar Sc concentrations. Within the 
framework of a minimum‑waste approach, it may be feasible to utilize the industrial waste‑product 
“garnet sand” as an unconventional source of Sc and REE, that reduces disposal cost.

In 2017, the metal scandium (Sc) was added to the list of critical raw materials (CRM) compiled by the Euro-
pean Union (EU)1 and forms part of the revised fourth CRM list of the EU as published in 2020. The 2020 CRM 
list comprises 30 raw materials such as the rare earth elements (REE), cobalt and lithium, that are considered 
essential for the European economy, while at the same time facing the challenge of high supply  risk2,3. Due to 
its high cost and unstable supply, the only commercial application of Sc is currently its use in solid oxide fuel 
cells (SOFCs), where it allows to lower operation temperatures, which prolongs the life time of the SOFCs and 
reduces the material  costs4. Moreover, Al-Sc alloys are already used in the aerospace industry and for high-end 
sports equipment such as baseball bats, bicycles, golf clubs and fishing  rods5. Such Al-Sc alloys have very high 
potential for the automotive and aviation industries, because they have a low density while maintaining a high 
tensile  strength6–8; their use, therefore, has the potential to significantly reduce the weight of an aircraft or auto-
mobile, leading to lower fuel consumption, lower emissions and lower overall costs. Despite these advantages, 
Al-Sc alloys are not widely used in industry yet, as there is still no secure long-term source for Sc, which results 
in high prices and unreliable supply on the world-market. Currently, the worldwide production of Sc is estimated 
to be at 15 to 20 t per year and the metal is mostly produced as a by-product9 as Sc only very rarely concentrates 
in ore-forming minerals.

While the International Union of Pure and Applied Chemistry classifies Sc as a  REE10, its concentration 
in most REE deposits is insignificant due to its considerably different geochemical behavior. Scandium has an 
ionic radius of 75 pm in six-fold coordination and is therefore significantly smaller than the smallest REE (Lu: 
86 pm)11, resulting in profound differences with regard to mineral-melt partitioning, for example. Moreover, 
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REE often concentrate in a range of different discrete REE minerals, while there are only twelve terrestrial Sc 
minerals known yet, all of which are  rare12.

In igneous systems, Sc is a compatible element in mafic minerals, as its ionic radius is similar to that of  Mg2+ 
(72 pm) and  Fe2+ (78 pm). Therefore, it partitions easily into major rock-forming minerals and, in particular, 
into  clinopyroxenes13. During magmatic fractionation and differentiation Sc concentrations in the residual melt 
 decrease14, which is in marked contrast to the REE which are incompatible elements and the concentrations of 
which increase in the magma during differentiation. Clinopyroxene is the most important host mineral of Sc 
in the majority of the deposits where Sc is currently mined as a byproduct. The largest part of the produced Sc 
originates from mine tailings at the giant REE deposit at Bayan Obo, China, which yield average Sc concentra-
tions of 200 ppm. But, in contrast to the REE which reside mainly in the minerals bastnäsite ((Ce,La)CO3F), 
monazite ((Ce,La,Nd,Th)PO4) and xenotime  (YPO4), Sc is hosted in the mineral aegirine ((Na, Ca)(Fe3+,Fe2+)
[Si2O6]), which belongs to the clinopyroxene  group15. An example of a Sc deposit with clinopyroxenes as major 
host mineral is the Zhovti Vody deposit,  Ukraine16.

Due to the increasing economic interest in Sc, there are currently several projects worldwide that aim at 
developing a reliable long-term resource for Sc. Nickel- and cobalt-rich laterites developed above ultramafic to 
mafic bedrock in Australia appear to have the largest potential as a primary  resource17. For some of these deposits, 
including the Nyngan deposit in New South Wales, mining licenses have been issued and the deposits are cur-
rently under development. The Nyngan deposit has a total Sc resource of 16.9 Mt at a 100 ppm cut-off grade, with 
average Sc concentrations of 235  ppm18. At Nyngan, Sc is usually bound to Fe oxides in the  laterite19,20. Other 
laterites enriched in Sc have been found in Indonesia, Cuba and the Dominican  Republic21,22.

In the EU member states, the focus of Sc-related research activities is on secondary rather than primary 
resources, in particular on industrial waste products such as red  mud23. Red mud, a by-product of bauxite 
mining, shows variable Sc concentrations, ranging from 54 mg/kg in Australia to about 158 mg/kg in  China24; 
Borra et al. (2015) conducted leaching experiments on bauxite residues from Greece, that show an average Sc 
concentration of 121 mg/kg25. In general, the use of secondary resources, especially of (industrial) waste prod-
ucts, is of increasing importance as a zero-waste strategy (as challenging as it may be) is considered an integral 
part of moving towards a circular economy. The concept of a circular economy has recently gained more and 
more attention, as the focus of metal production has moved towards a more sustainable use of  resources26. The 
European Green Deal 2020 also emphasizes its importance by including “A new circular economy action plan” 
as a key component that builds on the circular economy actions implemented in  201527.

A potential secondary source for Sc that has not been evaluated yet, may be industrial garnet sand. Based 
on theoretical considerations, the Fe- and Mg-rich garnet minerals almandine  (Fe3Al2(SiO4)3) and pyrope 
 (Mg3Al2(SiO4)3) may have elevated Sc concentrations, as Sc can be readily incorporated into the crystal lattice 
of these minerals  (X2+

3Y3+
2(SiO4)3) and can in the eight-fold coordinated  X2+ position substitute  Fe2+ and  Mg2+, 

 respectively28. Scandium has been observed as a characteristic trace constituent of Mg- and Fe-rich garnets from 
schists (and gneisses) and to a lesser extent in garnets from  pegmatites29. The Sc concentrations in the garnets 
present in the Sc rich granitic pegmatites at Tørdal in southern Norway, for example, have been found to be 
representative of the bulk Sc content of the  pegmatites30.

This contribution reports on results of a pilot study to evaluate the potential of garnet sands as an unconven-
tional resource of Sc and of rare earths and yttrium (REY). Commercially, garnet is commonly used as garnet 
sand for sand blasting (50%), but also for water jet cutting and water  filtration31. This is promoted by several 
advantageous characteristics of garnet sands such as high hardness, high physical as well as chemical resistance, 
low to negligible quartz content, and high recyclability (3 to 10 times), compared to other  abrasives32,33. In this 
pilot study, we investigated garnet sand samples from several mines (GS) around the world and different com-
mercial industrial garnet sands (IGS) readily available in Germany. We compared the different garnet sands with 
garnet of hydrothermal origin (HG) to consider the importance of the type of garnet endmember as well as the 
formation processes for the Sc concentration. We determined concentrations of Sc and REY in these samples 
and compare them with other currently discussed secondary Sc sources to evaluate the potential of garnet sands 
as an unconventional source.

Results
Major and minor elements. The detailed results of the major and minor element analyses can be found in 
the supplementary Table S1, while an overview of the average concentrations is given in Table 1. The GS samples 
from the different mines show Al concentrations between 7.50 and 11.64 wt.%. Iron concentrations are between 
21.01 and 27.44 wt.% (excluding the sample from Folkston Ore, which has 9.10 wt.%) and Mg ranges from 0.61 
to 5.02 wt.%. Calcium concentrations range from 0.78 to 3.38 wt.% and Mn is between 0.41 and 9.53 wt.%.

The concentrations of Fe, Al and Mg in the IGS samples vary only slightly between the individual samples and 
all (except for one sample from Supplier F) show similar Fe and Al concentrations compared to the GS samples 
from the different deposits. Aluminum concentrations of the IGS samples, excluding the sample from supplier F, 
are between 7.12 and 10.86 wt.%. Iron is between 24.34 and 29.8 wt.%, while Mg ranges from 2.53 to 4.10 wt.%. 
Calcium concentrations fall between 0.95 and 1.80 wt.% and Mn is in the range of 0.45 to 1.14 wt.%. Major and 
minor element concentrations of the IGS sample from supplier F differ significantly from the other IGS with an 
Al concentration of only 3.11 wt.% and Fe, Mg and Ca concentrations < 0.5 wt.%.

The HG samples BF-1-I and BF-1-II have similar major element concentrations with Ca and Fe values of 
19.39 and 19.26 wt.% and of 19.72 and 19.44 wt.%, respectively. The average Al concentration in the HG samples 
is 0.32 wt.%.
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Scandium and rare earth elements. All Sc and REY concentrations are listed in the supplementary 
Table S1 and an overview of the average concentrations is given in Table 1. The Sc concentrations of the GS and 
IGS samples are similar with averages of 93.7 mg/kg and 90.7 mg/kg, respectively. In the GS samples the Sc con-
centration varies between 73.6 and 120 mg/kg, when excluding the NyCor ore sample, which has a Sc concentra-
tion of only 45.4 mg/kg. All IGS except one show concentrations between 88.1 and 114 mg/kg. The exception is 
the IGS from Supplier F, which shows a Sc concentration of only 29.3 mg/kg. When excluding the two lowermost 
samples, the average Sc concentration in the GS and IGS sample sets is 103 mg/kg. In marked contrast, the few 
HG samples we studied show significantly lower Sc concentrations, with an average of only 0.25 mg/kg.

Most GS samples have total REY concentrations between 148 and 1,600 mg/kg, while the sample from the 
Folkston Ore shows a significantly higher total REY concentration of 4,800 mg/kg. The  REYCN patterns (Fig. 1a) 
are depleted in  LREECN relative to  HREYCN, except for the sample from the Green Cove Springs Deposit, which 
shows a very slight  LREECN enrichment, and the Folkston Ore sample which shows a strong enrichment of 
 LREECN compared to  HREYCN. While the sample from Tamil Nadu is depleted in  LREECN compared to  MREECN, 
all other samples are  LREECN-enriched relative to  MREECN. Furthermore, all samples except for the sample from 
the Folkston Ore are depleted in  MREECN compared to  HREYCN.

All samples are characterized by s strong negative  EuCN anomaly (Eu/Eu* < 0.20, except the one from Adler 
Montana with 0.63) and the geochemical twins Y and Ho show no significant fractionation from the chondritic 
ratio (Y/Ho in garnets: 27.8–29.1, compared to the chondritic ratio of 28), except in the samples from NyCor 
and Folkston Ore, which both display a positive  YCN anomaly, i.e. super-chondritic Y/Ho ratios of 47.3 and 53.4, 
respectively.

The IGS have total REY concentrations between 407 and 842 mg/kg. While the concentrations and  REYCN 
patterns (Fig. 1b) are similar for the  HREYCN (except for the sample from supplier F), the samples display large 
differences between their  LREECN concentration. All samples are characterized by a general decrease from  LaCN 
to  NdCN for the  LREECN. Most samples show a relatively flat pattern for the  HREYCN and a large negative  EuCN 
anomaly (Eu/Eu* < 0.12), except for the one from supplier F (Eu/Eu*: 0.55, i.e. slightly less negative). The IGS 
from suppliers A and E are depleted in  LREECN compared to  MREECN, while the other samples show  LREECN 
enrichment. Samples from suppliers B, D and F are enriched in  LREECN compared to  HREYCN, whereas the IGS 
from suppliers A, C and E are depleted in  LREECN. All samples except the one from supplier F show depletion of 
 MREECN compared to  HREYCN. Additionally, there is no fractionation of the geochemical twins Y and Ho for 
most of the IGS (Y/Ho: 25.8 to 26.3), i.e. no  YCN anomaly. However, the sample from supplier F shows a slight 
negative  YCN anomaly (Y/Ho: 23.8).

The total REY concentrations in the HG samples are 47.4 and 52.4 mg/kg, i.e. significantly lower than in the 
other samples. Both  REYCN patterns (Fig. 1c) are depleted in the  MREECN and  HREYCN compared to the  LREECN 
and show a relative enrichment of  HREYCN compared to  MREECN. In marked contrast to all other samples, the 
HG ones yield a positive  EuCN anomaly (Eu/Eu* > 1.40). They also show fractionation between the geochemical 
twins Y and Ho, resulting in positive  YCN anomalies (Y/Ho: 47.6 and 48.7, i.e. super-chondritic).

Table 1.  Average major element concentrations (wt.%) and REY and Sc concentrations (mg/kg) of GS, IGS 
and HG.

Unit Garnet sands from several mines (GS) Industrial garnet sands (IGS) Hydrothermal garnet (HG)

Al (wt.%) 10.1 8.84 0.318

Ca (wt.%) 1.65 1.06 19.4

Fe (wt.%) 21.6 21.7 19.6

Mg (wt.%) 2.98 1.94 < LOQ

Mn (wt.%) 2.28 0.731 0.108

Sc (mg/kg) 93.6 90.8 0.249

Y (mg/kg) 922 221 18.8

La (mg/kg) 1654 43.8 4.47

Ce (mg/kg) 3498 100 12.1

Pr (mg/kg) 407 10.3 1.31

Nd (mg/kg) 1521 37.5 4.71

Sm (mg/kg) 163 12.1 0.935

Eu (mg/kg) 9.45 0.599 0.524

Gd (mg/kg) 121 22.8 1.49

Tb (mg/kg) 17.6 4.89 0.228

Dy (mg/kg) 102 37.6 1.61

Ho (mg/kg) 20.2 8.50 0.390

Er (mg/kg) 61.8 26.8 1.37

Tm (mg/kg) 9.90 4.04 0.200

Yb (mg/kg) 73.4 27.3 1.48

Lu (mg/kg) 11.5 3.99 0.267
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Discussion
The average Sc concentration of the GS and IGS samples analyzed in this study is 103 mg/kg, when the two 
samples with considerably lower Sc concentration are excluded. These Sc concentrations are significantly above 
that of average continental crust (21.9 mg/kg)34. In marked contrast, the HG samples are strongly depleted in Sc 
compared to the continental crust. The garnet sand from the NyCor deposit and that from supplier F show much 
lower Sc concentrations compared to those from the rest of the GS and IGS sample set (Fig. 2).

The chondritic Y/Ho ratios of most of the GS and IGS suggest that the garnets formed during metamorphism 
from mafic to low-silica felsic igneous or from clastic sedimentary precursor rocks as fractionated Y/Ho ratios are 
confined to highly evolved  (SiO2 >  > 70%) igneous or aqueous  systems35. In contrast, the GS samples from NYCor 
and Folkston ore show super-chondritic Y/Ho ratios, rather indicating highly evolved igneous precursor rocks 
or the involvement of larger amounts of aqueous fluid. This may also explain the difference in Sc concentration 
of NYCor garnets compared to the other GS. The pronounced Eu anomaly as well as the relatively flat  REYCN 
pattern from Sm and Lu indicate a garnet formation at elevated  pressure36.

Another parameter that affects the Sc concentrations of a garnet sand is the major cation composition, i.e. 
the type of garnet endmember a sand sample is composed of, since the affinity of Sc for incorporation into the 
crystal lattice depends on a garnet’s major cations. For metamorphogenic garnets, the Sc concentration in the 
precursor rock is likewise important. Industrial garnet sands contain mostly pyrope-type  (Mg3Al2(SiO4)3) and 
almandine-type  (Fe2+

3Al2(SiO4)3)  garnets37. Since Sc preferentially substitutes  Mg2+ and  Fe2+ in the crystal lattice, 
these are also the two garnet minerals most enriched in  Sc29. The high Fe and Al concentrations in most of the 
GS and IGS samples suggest that they consist mainly of almandine-type garnets.

The low Fe and Mg concentrations, therefore, explain the considerably lower Sc concentration in the IGS 
sample from supplier F (Table S1 or Fig. 3). However, the strong variation in Sc concentrations throughout the 
complete data set, at rather similar Fe and Mg concentrations, and the characteristics of the Folkston Ore sample 
with its rather high Sc concentration at lower Fe and Mg concentrations (Fig. 3), suggest that the Sc concentra-
tions in the precursor materials of the metamorphogenic garnets are also of importance.
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Figure 1.  Chondrite-normalized REY patterns of garnet sand from different deposits (a), commercially 
available industrial garnet sands (b) and of low-temperature hydrothermal garnet from the Paleoproterozoic 
Beaumont Formation, South Africa (c). The error bars are based on 2 times the relative standard deviation 
(RSD) of the repeated measurement of sample Supplier C b on two different ICP-MS. Note that for some REY 
the error bar is smaller than the symbol size.
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The hydrothermal garnets from the Beaumont Formation in South Africa show very low Sc concentrations, 
although the garnet-precipitating fluid had interacted with Sc-rich (34.2 mg/kg) mafic igneous rocks of the 
Ongeluk Large Igneous  Province38–40. The andradite formed after the hydrothermal fluid leached Ca from clino-
pyroxene and  plagioclase38. The hydrothermal origin of these garnets is also evident in their  REYCN patterns. The 
positive  EuCN anomalies found in both samples indicate that the fluid had experienced temperatures > 200 °C 
and reducing  conditions41 prior to garnet formation at 160 to 185 °C, as suggested by fluid inclusion  data38. The 
super-chondritic Y/Ho ratios also corroborate a hydrothermal rather than a metamorphic  origin35. In contrast, 
the andradite present in the saprock-saprolite horizon at the Syverston-Flemington laterite, Australia, shows a 
high Sc concentration of ca. 250  ppm42, indicating that andradite is capable of incorporating Sc at significant 
concentrations provided the fluid is rich in Sc. At Bayan Obo, China, the mineral aegirine which hosts the largest 
fraction of Sc, is also supposed to be of hydrothermal  origin43. The large range of Sc concentrations reported in 
these studies and in our Beaumont garnets suggest that Sc mobilization depends on fluid composition and parent 
rock. However, the exact processes controlling Sc mobilization during hydrothermal water–rock interaction are 
still poorly understood. As the hydrated ion of Sc is classified as a hard-acid after  Pearson44, hard ligands such as 
hydroxide, fluoride, sulfate and phosphate may be important ligands that form stable Sc complexes in aqueous 
media. Unfortunately, stability constant data are only available yet for low-temperature environments. At 25 °C 
and 1 bar pressure, Sc will predominantly form hydroxide and fluoride complexes, depending on pH and the 
fluoride activity in the  system45. The different Sc concentrations in the andradites from the Beaumont Formation 
and from the Syverston-Flemington Laterite emphasize the need for more experimental thermodynamic data on 
Sc speciation and possible Sc-complexing ligands at different temperature, pressure and ionic strength to better 
understand its behavior during hydrothermal processes.

Comparing GS that has been mined from the important deposits in Tamil Nadu, India, and Port Gregory, 
Australia, to the respective IGS product that is eventually sold to customers (Table 2), the very similar Sc concen-
trations as well as major and trace element compositions indicate that there is no change in chemical composi-
tion during the processing and crushing (i.e. no dilution or enrichment in garnet) (Supplementary Table S1). 
Furthermore, the two recycled IGS (supplier B and supplier E; Table 2) show a similar chemical composition and 
Sc concentration compared to the other IGS, demonstrating that the chemical composition remains unchanged 
during both, the industrial use and the recycling process of IGS. During this recycling process the fraction of the 
IGS that no longer meets the required industry standards, is separated and needs to be disposed of. The results 
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Figure 2.  Scandium concentrations (mg/kg) of garnet from different mines, commercially available industrial 
garnet sands and hydrothermal garnet sands from the Beaumont Formation, South Africa (a). Scandium 
concentration in garnet sand from this study compared to average Sc concentrations in the continental  crust34, 
the Nyngan Sc deposit,  Australia18, and in red mud from  Greece25 and  Hungary46 (b). The error bars are based 
on 2 times the RSD of the repeated measurement of sample Supplier C b on two different ICP-MS.
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reported here, therefore, suggest that this IGS waste product has a chemical composition and Sc concentration 
very similar to those of the GS and IGS.

As the mining and processing infrastructure for large-scale production of IGS and the supply chain already 
exist, there is no need to mine garnet specifically for the purpose of Sc recovery. The similar Sc concentrations 
of GS, IGS and recycled IGS indicate that the IGS waste separated during the recycling process can be considered 
as a potential secondary Sc source after its intended use in the blasting and abrasive industry. While this does 
not result in “zero-waste”, of course, it is yet an additional step towards this ultimate goal.

The garnet sands investigated in this study have lower average Sc concentrations than the laterites considered 
for mining in Australia, where the Nyngan deposit, for example, has an average concentration of 235 mg/kg18 
(Fig. 2b). But, in contrast to the laterites, which are considered a primary resource, IGS and in particular the 
component in recycled IGS that has to be disposed of as a waste product, is a potential secondary source of Sc 
and should thus be compared to other potential secondary sources.

In the EU member states, the focus of the research activities on Sc is placed upon red mud, the waste product 
from alumina production from bauxite via the Bayer process. Red muds can vary in Sc  concentration24. While 
for a red mud from Hungary, for example, an average Sc concentration of 80 mg/kg has been  reported46, a red 
mud from Greece has higher Sc concentration with an average of 121 mg/kg25. In general, the Sc concentration 
of the industrial garnet sands considered in our study fall well-within the range of Sc concentrations found in 
red muds in Europe (Fig. 2b). Advantages of using red mud as a secondary resource compared to IGS is that 
it is available in much larger quantity and that there are large old tailings from former production. While it is 
estimated that 150 million tonnes of red mud are produced annually on a global  scale47, and that a total of around 
2.7 billion tonnes of red mud are theoretically available from mine  tailings48, there are only 1.2 million tonnes of 
garnet sand produced  worldwide49. On the other hand, IGS is used in various industries worldwide, which would 
allow for a more decentralized production of Sc. Furthermore, there already exist several methods to extract Sc 
from red  mud50, some of which also allow for the simultaneous extraction of other critical metals with elevated 
concentrations such as  REY51, adding economic value to the extraction process. It is currently unclear whether 
these methods can also be applied to extract Sc from garnet minerals.

The current price for Sc oxide (99.99%) is at 949.5 USD/kg Sc (Sc metal, 99.99%: 3140 USD/kg; September 
2020)52. Our Sc data reveal that 1 t of industrial garnet sand contains about 100 g Sc, suggesting that 1 t of 
industrial garnet sand represent a Sc value of 132 USD (Sc metal: 314 USD). This also assumes that 100% of the 
Sc present in the garnet sands can be recovered. While this is currently under investigation, 100% extraction/
recovery of a target metal during metallurgical processes is usually only rarely achieved. Therefore, even at very 
optimistic price assumptions for Sc, mining of garnet sand specifically for the purpose of Sc production is eco-
nomically not feasible. However, the use of waste products as a secondary resource is gaining more importance 
and societal acceptance as the EU, for example, wants to move towards a circular  economy27. Therefore, industrial 
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smaller than the symbol size. The Fe + Mg error bars are based on 2 times the RSD of the repeated measurement 
of the BHVO-2.
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waste products such as garnet sand waste from the cutting and sandblasting industries may be considered as an 
unconventional secondary Sc source in Europe, in compliance with the EU’s “Green Deal”.

As REY are also considered critical raw materials by the  EU1, co-extraction of REY and Sc may be economi-
cally more feasible than Sc extraction alone. The total REY content of the industrial garnet sand varies between 
407 and 841 mg/kg. Considering the metal oxide prices of the HREY (Dy to Lu, Y) in September  202052, the 
HREY contained in 1 t of IGS represented a value of 16.5 USD, with Dy adding most of the value. In September 
2020, the price of 1 kg of Dy oxide (99.5%) was at 256  USD52, implying that the Dy in 1 t of garnet sand with an 
average Dy concentration of 37.6 mg/kg had a value of about 11 USD. This example and the total value of the 
HREY indicate that the REY present in IGS do not improve the economic feasibility of critical metal extraction 
from IGS waste.

Conclusion
In this pilot study we investigated GS from different mines, IGS commercially available in Germany, and garnet 
samples of low-temperature hydrothermal origin. Most of the GS and the IGS are significantly enriched in Sc 
compared to the continental crust, while the hydrothermal garnet we studied shows considerably lower con-
centrations. Our results suggest that not only the mineralogical composition, but also the parent rocks of the 
metamorphogenic garnets and their formation process(es) exert a major control on their chemical composition 
and, hence, their Sc content. The GS and IGS show similar Sc concentrations, indicating that the processed IGS 
could be used for Sc extraction. Our results also show that recycled IGS shows a chemical composition that is 
very close to that of fresh garnet sand, indicating that the chemical composition of the IGS is not changed by its 
intended use in industry. The Sc concentrations in GS and IGS are similar to those in red mud which is another 
secondary source considered for Sc recovery in Europe. However, extraction of Sc from GS and IGS is currently 
not economically feasible, as the value of the Sc presently is too low. At best, Sc extraction from IGS waste may 
reduce waste disposal cost and contribute towards a minimum-waste approach.

Materials and methods
Samples. This pilot study includes (1) samples from major garnet sand deposits in three different countries, 
(2) samples of industrial garnet sands commercially available from different suppliers in Germany, and (3) two 
hydrothermal garnet samples.

The samples of the garnet sand deposits include samples from the Tamil Nadu and the Port Gregory, deposits 
in India and Australia, respectively. These are the most important producers/main producing regions of indus-
trial garnet sand worldwide. Furthermore, samples from the Adler Montana, NyCor, Folkston and Green Cove 
Springs deposits (all located in the USA) are included to expand the data set (Table 2).

The industrial garnet sand samples have a grain size between 120 and 300 mesh and include two recycled 
garnet sands, one garnet sand from India, one from South Africa and two of unknown origin (Table 2).

The two hydrothermal garnet samples are from the Early Paleoproterozoic Beaumont Formation in South 
Africa, which is a lateral facies-equivalent to the lower Hotazel Formation in the Transvaal Supergroup. They are 
comprised of andradite garnets, a calcium-iron garnet variety, and are thought to have formed hydrothermally 
at temperatures below 200 °C38.

Sample preparation and analyses. All garnet samples (plus geological certified reference material 
BHVO-2, a standard that was analyzed for quality control) were dried at 105  °C overnight and 0.05  g were 
weighed into Teflon vessels. The samples were digested at 200 °C using a PicoTrace DAS acid pressure digestion 
system with a mix of suprapure HCl,  HNO3 and HF. The acid mix was then evaporated at 200 °C to incipient dry-
ness and the completely dissolved samples were redissolved twice in 5 ml suprapure HCl and evaporated. Finally, 
the samples were taken up in 0.5 M  HNO3 for major and trace element analysis. Scandium, REY and other trace 
elements were analyzed by quadrupole Inductively Coupled Plasma Mass Spectrometry (ICP-MS; Perkin Elmer 
Nexion350x), while major elements were analyzed by Inductively Coupled Plasma Optical Emission Spectrom-
etry (ICP-OES; SpectroCiros Vision). For ICP-MS analysis, Ru, Re, Rh and Bi, and for ICP-OES analysis Y were 
added as internal standards to correct for instrumental drift.

As there are several polyatomic interferences on the mass of Sc (45)53, the BHVO-2 reference standard and 
the industrial garnet sand samples were also analyzed by ICP-MS using the kinetic energy dispersion (KED) 
mode. In the KED mode, a He-collision cell eliminates or suppresses polyatomic interferences. As the difference 
between analyzing with or without KED mode was < 4.1% for all samples and < 2.03% for the BHVO-2 standard, 
polyatomic interferences do not affect the analyses of garnet sand samples and, therefore, all other samples were 
analyzed without using the KED mode (Supplementary Table S2). The method blank was below the LOQ or 
several orders of magnitude below the intensities measured for the garnet samples.

Method reliability. The BHVO-2 standard was used as certified reference material and the data are com-
pared to the reference values given by Jochum et al.54. The major and minor elements measured with the ICP-
OES all show a relative standard deviation < 5% compared to the reference values except for Al, Fe, Mg and Na 
for the BHVO-2 standard digested and analyzed together with the industrial garnet sands, which have a RSD 
of < 15%. Scandium and other REY show RSD < 5% except for Y, Tb and Tm, which have a RSD of < 8%.

Most of the garnet samples were digested in either duplicates or triplicates and the average value is used 
for further evaluation. There is a variation in major and trace element concentrations of > 15% between the 
duplicates/triplicates of most samples. This variability is surprisingly high and has not been encountered in our 
laboratory in studies of other  materials39,55,56. Nevertheless, in order to exclude analytical error, selected samples 
were re-measured on an Elan DRCe ICP-MS, i.e. on a different ICP-MS. These trace element values (including 
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those of Sc and the REY) are in good agreement (RSD < 10% for most elements) with the data from the original 
analyses (Supplementary Table S3). Combined with the good agreement between our data for the BHVO-2 
standard and its reference values, this strongly suggests that the differences between different aliquots of a garnet 
sand sample do not represent analytical artifacts but represent the natural inhomogeneity of the garnet sands.

Reporting. The REY distribution is illustrated by chondrite-normalized REY patterns (subscript “CN”; 
chondrite data from Barrat et  al.57 and the  EuCN anomalies are quantified following Bau and Dulski as (Eu/
Eu*)CN =  EuCN/(0.67SmCN + 0.33TbCN)58.
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