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Abstract  The total concentrations of rare-earth ele-
ments (REE) in the mined kaolin (0.02–0.06  wt.%), 
kaolin mine tailings (0.03–1.9 wt.%), and the kaolin-
associated Marion Member sand lithology (0.03–
4.6  wt.%) opened questions regarding the modes of 
occurrence of the REE and the role(s) of chemical 
weathering and secondary processes to explain the 
presence of REE in these materials. The REE were 
hosted primarily by phosphate minerals (monazite, 
xenotime) based on mineralogic analyses (scanning 
electron microscopy, X-ray diffraction). Enrich-
ments in the light rare-earth elements (LREE: La–
Gd) and the high correlation coefficient values were 
noted between P and the total REE concentrations 
(r2 = 0.99) for the sands and the mine tailings. Lower 
correlation coefficient values were noted between 
total REE concentrations and Zr (r2 = 0.31). The 
coarse fractions of the mined kaolins were enriched 
in the heavy rare-earth elements (HREE: Y, Tb–Lu) 
relative to the kaolin-associated sand lithologies. The 
REE inventory cannot be explained solely by mineral 
inheritance within the mined kaolins. Lower cor-
relation coefficient values between P and total REE, 

positive Eu/Eu* anomalies, and the presence of xeno-
time overgrowths on zircon showed the importance 
of the role of chemical weathering of the detrital 
minerals during post-depositional processes (such 
as diagenesis) leading to redistributed and fraction-
ated REE within the mined kaolin. The possibility of 
adsorption of the REE to kaolin mineral surfaces in 
the fine fraction of the mined kaolins remains open 
and permits further study to characterize fully the 
multi-modal fractionation of REE possible in the 
Georgia kaolin deposits.

Keywords  Georgia · Kaolin · Monazite · Rare-earth 
elements · Xenotime

Introduction

Rare-earth element (REE) resources have been found 
in highly weathered rocks containing kaolin, e.g. 
regolith-hosted or lateritic deposits, including mined 
kaolin deposits (e.g. Bao & Zhou, 2008; Bern et al., 
2017; Cheshire et al., 2018; Li et al., 2017; Li et al., 
2020; Li & Zhou, 2020). Occurrences of REE in the 
Georgia kaolins (Cheshire et  al., 2018; Elliott et  al., 
2018; Sanematsu & Watanabe, 2016) opened ques-
tions about the provenance of the REE-bearing miner-
als and the secondary geochemical processes concen-
trating the REE in the Georgia kaolin deposits. Given 
the critical nature of the REE, alternative sources of 
the REE such as recovery from mine overburden or 
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tailings could comprise potential resources for the 
REE in addition to the REE from the mined kaolin. 
This paper focused on describing the mineralogic and 
geochemical processes leading to the occurrences of 
the REE from mined kaolins together with the REE 
from mine tailings and sands of the overlying stra-
tigraphy to the mined kaolins. These data together 
permitted a more comprehensive understanding of 
the mineralogic and geochemical processes of REE 
observed in the Georgia kaolin deposits.

The REE comprise 17 elements in Column 3 (IIIB) 
of the Periodic Table of the Elements (Sc, Y, and the 
Lanthanide Series; IUPAC: Connelly et  al., 2005). 
The light-REE (LREE) are considered to be La–Gd 
and the heavy-REE (HREE) of the lanthanide series 
are Tb–Lu (Van Gosen et  al., 2019). Y is consid-
ered as a HREE because of similarity in occurrence 
with other HREE, as well as comparable ionic radius 
and charge to Ho (Bern et  al., 2016; Bunzli, 2013; 
Chakhmouradian & Wall, 2012; Tepe & Bau, 2016). 
Sc is also considered a HREE in some studies (Mio-
duski, 1993; Teitler et al., 2019). These elements are 
critical metals and disruption of their supply streams 
would impact adversely many important technologies 
(Fortier et  al., 2018). The derivation of new domes-
tic supplies of the REE and other critical metals are 
in all countries’ national interest. Historically, much 
production of the REE has been from the mining of 
hard-rock deposits (Bayan Obo, China, and Moun-
tain Pass, California; Verplanck et al., 2014). REE are 
extracted currently from highly weathered laterite in 
SE China (Li & Zhou, 2020) and from REE concen-
trates derived from Zr-Ti heavy-mineral beach plac-
ers in SE Georgia (Bailey, 2021; Oladeni et al., 2021). 
New resources of the REE will continue to be derived 
from the exploration of REE occurrences in sedimen-
tary and regolith settings such as kaolins, bauxites, 
and laterites.

REE are associated commonly with mineralogically 
mature minerals (zircon, garnet, monazite, xenotime) in 
sediments and clastic sedimentary rocks (Piper, 1974). 
In the southeast United States, monazite belts in the 
Piedmont and adjacent placers are known sources of 
light rare-earth elements (LREE) as well as Th (Mertie, 
1953, 1975). Enrichments of the REE were noted in 
alluvial sediments in the Georgia Coastal Plain and in 
weathered Piedmont regolith in proximity to the Fall 
Line (Bern et  al., 2016, 2017; Cheshire et  al., 2018). 
Further in the Georgia Coastal Plain, heavy-mineral 

sands rich in Ti and Zr are being processed to concen-
trate monazite (Oladeni et  al., 2021). Presently, these 
sands are processed to obtain Th and U (Bailey, 2021). 
Weathering and sedimentological processes concentrat-
ing mineralogically mature REE  minerals in certain 
depositional environments would be expected, there-
fore, to concentrate the REE (Morton & Hallsworth, 
2007; Piper, 1974). Thus, highly weathered sedimen-
tary rocks such as ore deposits of kaolins and bauxites, 
including from a number of studies from the Georgia 
Coastal Plain (Cheshire, 2011; Cheshire et  al, 2018; 
Dombrowski, 1992, 1993; Elliott et  al., 2018), would 
be considered to be exploration targets for important 
domestic REE resources.

Whole-rock analyses including Sc and transition met-
als have been used to indicate the source rocks for the 
Cretaceous and Eocene kaolins (Dombrowski, 1992, 
1993). The source of the Cretaceous kaolins was specu-
lated from trace element geochemistry patterns as origi-
nating from weathering of granitic source rocks of the 
Piedmonts (e.g. Sparta Granite). The source(s) of the 
Eocene kaolins were proposed to be from the Little 
River Group metavolcanics and/or a mixture of sources 
in the Piedmont terrane (Dombrowski, 1992).

In subsequent studies related to kaolin deposit 
genesis, LREE and the precipitation of secondary 
phosphates (such as florencite) were observed in the 
mined Cretaceous kaolin units and in the regolith of 
the  Sparta Granite (Cheshire, 2011; Cheshire et  al., 
2018). These results opened the possibility of sorp-
tion of released REE onto mineral surfaces (e.g. Li 
& Zhou, 2020). Lastly, the heavy-mineral subfraction 
derived from the coarse fraction of the mined kaolin 
(i.e. gangue minerals or “grit”; Murray, 1976) con-
tained considerable amounts of the REE (0.5  wt.% 
total REE; Elliott et al., 2018). This heavy subfraction 
was enriched in the heavy rare-earth elements (HREE) 
relative to their concentrations in upper continental 
crust (UCC, Rudnick & Gao, 2003). Xenotime and 
possibly zircon were approximated as likely phases 
containing these HREE in the heavy subfraction of 
kaolin mine-tailings waste (Elliott et al., 2018).

Other investigations into prospective occurrences 
of the REE in sedimentary systems include deep-sea 
polymetallic-manganese nodules (Pak et  al., 2018), 
seafloor sulfide deposits (Hein et al., 2013), and deep-
sea sediments containing biogenic calcium phosphate 
(Yasukawa et  al., 2018). Non-traditional, potential 
REE sources may include industrial by-products 
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(separates and waste). Examples of potential REE-
feedstocks include beneficiation process separates 
from low-grade magnetite iron ore (Yan et al., 2019) 
and coal fly-ash (Liu et  al., 2019). These non-tradi-
tional sources along with those related to the mining 
of kaolin (such as mine tailings) are potential REE 
resources which could be considered to address the 
increased demand for these critical metals.

The endowment of potential REE in the Georgia 
kaolins would have resulted from transport and depo-
sition of detrital REE-bearing phases (zircon, mona-
zite, and xenotime) with the other siliciclastic sedi-
ments building out the Coastal Plain during the late 
Mesozoic to Cenozoic eras. Secondary weathering 
processes (diagenesis) of the Paleocene and Creta-
ceous sediments influenced further the REE signa-
tures compared to their source saprolites, including 
the remobilization of REE from the detrital host 
REE-minerals then facilitating REE fractionation 
(Cheshire et  al., 2018). LREE associated with sec-
ondary phosphates (florencite, crandallite) in the fine 
fraction stimulated research questions addressing the 
reasons for the HREE enrichment in the coarse frac-
tions shown by Elliott et al. (2018).

The comprehensive approach undertaken in this 
study (kaolins, mine tailings, and associated sand lith-
ologies) presents new findings of diagenetic xenotime 
overgrowths on zircon in the Georgia kaolins, offering 
explanation for the apparent mechanisms fractionat-
ing HREE from LREE. These results combined with 
the results for the Marion Member sands containing 
considerable amounts of LREE provided insight into 
understanding the role of incorporation of these sands 
during kaolin mining, REE-hosting potential, and pat-
terns of enrichment for the Georgia kaolin deposits.

Geologic Background

The kaolin deposits of the central Georgia, Upper 
Coastal Plain consist of Cretaceous, Paleocene, and 
Eocene age lithologies (sands and kaolins) compris-
ing the Oconee Group. Kaolin of the Oconee Group 
is mined predominantly from the Buffalo Creek 
Member (Cretaceous Gaillard Formation) and the Jef-
fersonville Member (Eocene Huber Formation; Buie 
& Schrader, 1982; Elzea-Kogel et  al., 2002; Hud-
dlestun & Hetrick, 1991; Patterson & Murray, 1984; 
Pickering & Hurst, 1989). The sedimentary rocks are 

typically sand-dominated, containing abundant ero-
sional-depositional sequences including channel-fill 
deposits and medium- to coarse-sand sequences with 
cross-bedding, mica flakes, and kaolinitic clasts (La 
Moreaux, 1946; Buie et al., 1979; Elzea-Kogel et al., 
2002;  Huddlestun, 1982; Nystrom & Willoughby, 
1982; Patterson & Murray, 1984). The mined kaolin 
beds are lenticular, laterally discontinuous units that 
may exceed 10 m or more in thickness found within 
the sand-dominated siliciclastic rocks (Elzea-Kogel 
et  al., 2002; Murray & Keller, 1993; Patterson & 
Murray, 1984).

The siliciclastic sediments were deposited along 
the Fall Line trend in near-shore fluvial- to tidal-
dominated estuarine, deltaic, and tidal-flat environ-
ments (Elzea-Kogel et  al., 2002; Patterson & Mur-
ray, 1984). These depositional environments were 
filled by continental-derived and reworked sedi-
ments during the major transgressive and regressive 
cycles of the late Cretaceous to early Eocene period 
(Elzea-Kogel et al., 2002; Hurst & Pickering, 1997; 
Owens & Gohn, 1985;  Pickering & Hurst, 1989; 
Poag & Schlee, 1984; Reinhardt, 1979). The Pied-
mont crystalline rocks were the primary source of 
eroded material transported during the Cretaceous to 
Eocene at the Fall Line trend (Fig.  1), dividing the 
Piedmont Plateau crystalline rocks from the Coastal 
Plain (Hack, 1982; Hinckley, 1965; Owens & Gohn, 
1985; Pavich, 1989). Source rocks of the Piedmonts 
included granite, gneiss, and phyllites rich in feld-
spars and micas altered to kaolin (Murray, 2007).

Overlying the Oconee Group in the central Georgia, 
Upper Coastal Plain are a series of late Eocene coastal-
marine formations of the Barnwell Group (Huddlestun 
& Summerour, 1996). The Barnwell Group consists 
of the Tobacco Road Sand Formation, Irwinton Sand 
Formation, Twiggs Clay Formation, and the Clinch-
field Sand Formation (Elzea-Kogel et  al., 2002; Falls 
& Prowell, 2001; Huddlestun, 1981; Huddlestun & 
Hetrick, 1991; La Moreaux, 1946; Miller, 1986). These 
formations are sand, limestone, and clay-rich litholo-
gies, variably fossiliferous and calcareous. The Oconee 
Group is separated from the overlying Barnwell Group 
by a prominent, erosional unconformity marking an 
abrupt change in lithology between the Huber Forma-
tion (uppermost Oconee Group) and the overlying 
Barnwell strata (Buie, 1978; Buie & Fountain, 1967; 
Buie et  al., 1979; Cheshire, 2011; Elzea-Kogel et  al., 
2002; Nystrom et al., 1991; Patterson & Murray, 1984). 
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Three regional unconformities are recognized, with the 
second uniformity (Fig.  2) separating the Cretaceous 
Gaillard Formation from the overlying Huber Forma-
tion (Buie et  al., 1979; Elzea-Kogel et  al., 2002; Pat-
terson & Murray, 1984; Pickering & Hurst, 1989). The 
lowermost unconformity is an undulatory surface sepa-
rating the crystalline bedrock and the overlying Coastal 
Plain stratigraphy (Buie et al., 1979).

Methods

Field Samples

The mineralogy and chemical compositions were 
determined for three different types of geologic mate-
rials related to the mining of the Georgia kaolins. 
These materials include mined kaolin, mine tail-
ings, and the sand units stratigraphically adjacent 

Fig. 1   State map of Georgia showing major geologic provinces and mining districts (after Patterson & Murray, 1984), major rivers 
defining the central Georgia Upper Coastal Plain, sampling, and stratigraphic section locations
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to the mined kaolins. The mined kaolins and sands 
were collected from the Sandersville mining district 
(Patterson & Murray, 1984), Washington County, 
Georgia. The mined kaolin from the Buffalo Creek 
Member (Cretaceous Gaillard Formation) was col-
lected in northwest Washington County, Georgia, 
and the mined kaolin from the Jeffersonville Member 
(Eocene Huber Formation) was collected from down-
dip lithologies of southwest Washington County, 
Georgia (Figs. 1 and 2).

Impound sands (IP) and stacked sands (SS) are 
undifferentiated, discarded sandy materials (mine 
tailings or ‘grit’). The SS and IP tailings were com-
posed predominantly of sand-size fractions (> 75 
µm) that were separated at the early stages of the 
kaolin mining process and stored near the processing 

plants (stacked sands) or discarded in inactive quar-
ries (impound sands). These mine-tailings sands are 
composed typically of non-phyllosilicate minerals 
(quartz, pyrite, Ti-minerals, and zircon) with only 
minor amounts of kaolinite and muscovite/biotite. 
Mine tailings samples were collected from the min-
ing of the Cretaceous kaolin and the Eocene kaolin. 
The heavy-mineral component was separated from 
the mine tailings using laboratory mineral separation 
techniques such as timed settling and density sorting 
(e.g. hand panning). These techniques were used to 
concentrate heavy minerals from the clay- and quartz-
rich sandy materials in order to identify and charac-
terize the heavy minerals.

Sand units adjacent to the mined kaolins were 
also collected for study. These sand units occurred 

Fig. 2   Stratigraphic column constructed for each field-sampling site including lithology correlation lines between sites and labeled 
sample points per reported mineralogy and geochemistry. Q represents the up-dip site locations and Qˈ represents the down-dip site 
location (Fig. 1). The Federal Geographic Data Committee (FDGC) standard for digital cartography and symbolization was refer-
enced for USGS-compliant lithologic patterns of rock units presented in the stratigraphic columns
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as interburden or overburden to the mined kaolin. 
The heavy mineral-bearing Marion Member sands 
(Paleocene Huber Formation, Oconee Group) was 
present as an interburden, directly overlying the 
Cretaceous kaolin and underlying the Eocene kao-
lin beds. At one studied mine outcropping of the 
Marion Member sands, the sand unit was moder-
ately well sorted and contained cross-bedding at 
the base 1.5 m of the formation. The cross-bedding 
contained laminae (< 1 cm) of dark/heavy minerals. 
Coarse mica flakes (0.5–1 cm) and large kidney-
shaped kaolin rip-up clasts (30  cm × 10  cm) were 
also present at the base of the Marion Member of 
the Huber Formation. The heavy-mineral content 
resembled a mottled appearance with dark mineral 
patches and vertical streaks upwards through the 
section from the base of the Marion Member sands 
to the next 4.5 m. The patches and vertical streaks 
resembled the appearance of the effects of bioturba-
tion. The coarse-mica flakes (muscovite) were less 
common in this upper section. The kidney-shaped 
kaolin rip-up clasts were smaller in size (2–3 
cm) compared to the base section. These features 
occurred within sequences of fine- and coarse-sand 
bedsets (~30 cm thick) with convoluted laminations 
of the heavy  minerals. A pyrite-rich sand horizon 
was observed at the contact between the overlying 
Marion Member sands and the underlying mined 
Cretaceous kaolin (Buffalo Creek Member). This 
pyrite-rich sand marked an unconformity between 
the upper Cretaceous and the lower Paleocene sedi-
ments (Buie, 1978; Buie et  al., 1979; Elzea-Kogel 
et al., 2002; Patterson & Murray, 1984).

Another sand unit was collected in association 
with the younger Eocene mined kaolin. This sand 
unit was conformably overlying the mined Eocene 
kaolin (Jeffersonville Member, Huber Formation) and 
unconformably underlying the Eocene Clinchfield 
Sand Formation (Barnwell Group) above. This tran-
sition between the uppermost Huber Formation sand 
and the Clinchfield Sand Formation was a prominent 
erosional unconformity (Buie & Fountain, 1967; 
Buie et al., 1978, 1979; Cheshire, 2011; Elzea-Kogel 
et  al., 2002). This upper Huber Formation (Eocene 
age) sand unit was overburden during mining for the 
underlying Eocene kaolins. The unit was purple-hued, 
compacted, well sorted, and contained thin (<1 cm) 
laminations of quartz sand with continuous-parallel 
bedding planes.

Sample Preparation

Samples of the unconsolidated mine tailings and 
sands were split into several fractions using a rif-
fle splitter. Milling reduced the sample by >90% to 
a particle-size of <63  µm. The particle sizes of the 
milled samples were measured by a Microtrac S3500 
(Microtrac, York, Pennsylvania, USA) laser  diffrac-
tion particle-size analyzer. The split and milled sam-
ples were used for whole-powder testing including 
mineral-phase identification via X-ray powder diffrac-
tion (XRD), chemical analyses using X-ray fluores-
cence (XRF), and inductively coupled plasma mass 
spectrometry (ICP-MS). The unmilled samples were 
used for stereomicroscopy, scanning electron micros-
copy (SEM) analysis, and retained for the two separa-
tion techniques described below.

Two separation techniques were developed for 
the study of the mine tailings: (1) timed settling and 
decantation of suspended particles; (2) dispersing 
and wet screening starting material. The second tech-
nique was deemed more successful in separating the 
clay/silt from the sand fractions. The mine-tailings 
samples (200  g starting weight) were dispersed in 
a 0.2  wt.% solution of sodium hexametaphosphate 
(Na-HMP; CAS-No: 68915–31-1, Sigma-Aldrich, St. 
Louis, Missouri, USA) prepared as 1.5 L of Na-HMP 
in deionized water (DI). After vigorous agitation of 
the sample with Na-HMP solution for 1 min, the sus-
pension was decanted and poured through an ASTM 
325 mesh screen (45 µm size openings) with an addi-
tional 4.5 L of rinsing with DI water. Materials which 
passed through the screen (“–325 mesh”, the fine-par-
ticle size fraction <45 µm) and materials which were 
retained on the screen (“ + 325 mesh”, the coarse-par-
ticle size fraction > 45  µm) were dried and weighed 
for mineralogic and microscopy study (Supplemen-
tary Information, Figs.  S1, S2, Table  S1). Mineral 
separations and fractions in contact with phosphorus-
based dispersant in DI water were used only for min-
eralogic (X-ray diffraction) and microscopy analyses. 
Reported whole-rock geochemistry involved whole-
rock materials not treated with dispersant solutions or 
any other additives.

The geologic samples were processed separately 
from the mine tailings. The mined kaolins were 
soaked in a 0.2  wt.% Na-HMP solution for 7 days. 
The soaked clay and solution were mixed by a War-
ing blender (Fig.  S2A; Waring Products Division, 
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Dynamics Corporation of America, New Hartford, 
Connecticut, USA). The Waring blender was operated 
in three cycles composed of 5 s of operation followed 
by 3 s of settling. The blended solution was trans-
ferred to a larger beaker using DI water. The mined 
Cretaceous kaolin required four cycles of dispersal 
using the Waring Blender. The disaggregated material 
was passed through the 325 mesh screen (Fig. S2B, 
C). The –325  mesh fractions were separated into 
heavy and light subfractions by using timed settling 
followed by hand panning (Fig. S2D, E). Whole-rock 
sand samples required only hand panning with water 
to concentrate dark/heavy minerals for mineralogic 
and microscopy study.

Thermogravimetric Analyses

Thermogravimetric Analysis (TGA) was per-
formed using a Perkin Elmer TGA8000 instrument 
(Perkin Elmer, Waltham, Massachusetts, USA). 
TGA was used to track weight-loss changes in 
the mined kaolins. TGA scans were conducted at 
50°C/min over a temperature range of 50–1000°C. 
TGA data were used to confirm the presence of 
kaolinite and the absence of halloysite (Wilson 
et  al., 2013). Diagnostic weight loss of kaolinite 
over the temperature range of ~450–650°C were 
needed to calculate the whole-rock kaolinite wt.% 
and used in subsequent calculations of mineral 
abundance. Kaolinite losses typically were a total 
of ~14  wt.% when heated to completion of this 
temperature range (Figs. S3, S4).

X‑ray Diffraction

Random mounts of powders were scanned using a 
Panalytical X’Pert Pro diffractometer with CuKα 
radiation (1.5406  Å; Malvern Panalytical Ltd, Mal-
vern, United Kingdom). Samples were prepared for 
XRD using an agate mortar and pestle with acetone to 
wet-grind specimens to a fine powder. Sample prepa-
rations were randomly oriented mounts via solvent 
(acetone) slurry drop-mounts onto zero-background 
Si-wafers or back-loaded powders into cassettes. Min-
erals were identified using the International Center 
for Diffraction Data (ICDD) PDF-4 + 2021 reference 
database. The MDI-JADE software (version 8.3) was 
used to process the raw data from the diffractometer 
and overlay ICDD database references for mineral 

phase identification. Accepted mineral abbrevia-
tions were used to annotate X-ray diffraction patterns 
(Whitney & Evans, 2010).

X‑ray Fluorescence

Major and minor elemental abundances were meas-
ured for the mined kaolin, mine tailings, and sands 
using X-ray fluorescence (XRF). Sample powders 
were fused in a 1:10 sample to flux ratio (50:50 lith-
ium metaborate to lithium tetraborate and 0.5  wt.% 
lithium iodide; Premier Lab Supply, Port St. Lucie, 
Florida, USA). Sample powders were fused in Pt-Au 
crucibles in an XRFuse2 two-position fusion oven 
(manufactured by Premier Lab Supply). The fused 
samples were cooled to pellets in Pt molds forming 
a fused pellet. The fused pellets were analyzed using 
a ThermoARL Advant’XP sequential XRF (Thermo 
Scientific, Waltham, Massachusetts, USA). A full set 
of calibrations monitored by drift corrections, check 
standards, and measurement of certified reference 
materials were utilized. Sulfide- and carbonate-bear-
ing samples required 800°C oxidation and decompo-
sition, respectively, prior to fusion. Materials were 
fused at 1050°C. Loss-on-ignition (LOI) was meas-
ured separately on samples in a muffle furnace set to 
1050°C for 2 h.

Elemental Analyses

Major/minor, trace, and rare-earth elements (REE) 
were measured for samples and interlaboratory ref-
erence standards, prepared by whole-rock total 
digestions (lithium borate fusion), and analyzed by 
ICP-MS at Activation Laboratories Ltd. (ActLabs, 
Ancaster, Ontario, Canada). The measured concentra-
tions for the major/minor, trace, and REE results were 
normalized to the upper continental crust (UCC, Rud-
nick & Gao, 2003). This normalization of the geo-
chemical data showed gains and losses of elements 
resulting from the weathering (and other surficial pro-
cesses) acting on crustal bedrock. UCC-normalized 
values of REE for La and Yb showed LREE-enrich-
ment with La/Yb values > 1.0, and HREE-enrichment 
with La/Yb values < 1.0.

Eu anomalies were identified based on relative 
concentrations with respect to the neighboring REE, 
each normalized to UCC. Eu anomalies can be deter-
mined by Eq. 1 (below). Values of Eu/Eu* > 1.0 are 
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positive anomalies, and values < 1.0 are negative 
anomalies (Verplanck et al., 2014).

Equation 1 – Eu/Eu* anomaly calculation (Bern et al., 
2016; Ghosal et al., 2020; McLennan & Taylor, 2012; 
Verplanck et al., 2014; Yusoff et al., 2013).

Mineral Abundance Estimates

The ICP-MS and XRF results were used to estimate 
mineral abundances in samples via a rational basis 
for compositional stoichiometry calculations (Pruett, 
2016). These data can be used to confirm the presence 
of mineral phases. For example, the concentration of 
zircon was determined from the analyses of whole-
rock Zr contents. Confirmation of zircon as the only 
Zr-containing mineral phase present, per whole-rock, 
was assisted by the XRD results and electron micros-
copy EDS results. The abundance of zircon was cal-
culated by: [wt.% Zr measured per whole-rock analy-
sis] ÷  [wt.% Zr content of zircon] * 100 = total wt.% 
zircon mineral abundance per whole-rock.

Mineral abundances of monazite and xenotime 
as ratios were estimated by elemental abundance deter-
minations via scanning electron microscopy (SEM) 
with energy-dispersive spectroscopy (EDS) analyses. 
SEM–EDS analysis was performed on populations of 
individual monazite and xenotime mineral grains to 
determine their respective elemental contents.

The monazite and xenotime ratios (mnz/xtn) were 
determined by the following steps:

Step 1. Distribute the whole-rock geochemistry 
result for elemental P wt.% between monazite and 
xenotime. Start the process with a 50–50 distribu-
tion.
Step 2. Calculate the wt.% monazite and wt.% xeno-
time by dividing the distributed P content by the ele-
mental wt.% abundance of P, multiplied by 100, for 
each phase (monazite and xenotime), respectively.
Step 3. Multiply the calculated wt.% monazite result 
and wt.% xenotime result by the elemental  wt.% 
abundance of each REE – e.g. LREE and Y for Mon-
azite, HREE and Y for xenotime – divided by 100.
Step 4. Check  Step 3  which results in a modeled 
wt.% of each REE attributed to monazite and xeno-

(1)
Eu

Eu
∗
=

Eu
N

Sm

1

2

N
∗ Gd

1

2

N

time mineral content, based on the elemental P dis-
tribution in Step 1.
Step 5. The modeled result from Step 3 for mona-
zite + xenotime content per REE is compared to the 
actual whole-rock  wt.% REE determined from the 
ICP-MS geochemistry analyses.
Step 6. Dividing the modeled REE totals from the 
actual REE totals, multiplied by 100, yields a ‘% of 
total value’. This value shows the closeness of the 
modeled REE total to the actual REE total.
Step 7. Steps 1 through 6 are repeated until the ‘% 
of total value’ is evenly distributed across all REE 
modeled.
Step 8. Even distributions with ‘% of total val-
ues’ > 100% are scaling factors corrected by decreas-
ing the starting P content until the ‘% of total value’ 
is ~ 100%. Scaling factors are explained below:

•	 XRD analysis is complementary to this process 
by confirming the presence of other P-containing 
minerals, such as apatite, which may not contrib-
ute to the total REE content of the sample

•	 Presence of non/low-REE phosphates, such as 
apatite, produce ‘% of total values’ > 100% when 
their P content is allocated to mnz/xtn by this 
method

•	 The P content attributed to the non-monazite/
xenotime sources should be subtracted from the 
total P content before proceeding through the 
method

Step 9. Once a modeled REE fit to actual REE is 
achieved, the wt.% monazite and wt.% xenotime val-
ues are ratioed.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) with energy 
dispersive spectroscopy (EDS) was used to identify 
morphological properties and semi-quantitively 
determine the major and minor constituents of 
individual, discrete mineral grains of interest. The 
scanning electron microscope used was a Hitachi 
model S-4300SE/N SEM (Hitachi, Ltd, Tokyo, 
Japan) equipped with secondary electron (SE) and 
back-scatter electron (BSE) detectors. The SEM 
was also equipped with an EDS system: EDAX 
model Octane Elite, 70 mm2 Silicon Drift Detector 
(SDD), with APEX software for data processing, 
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elemental identification, and quantification using 
eZAF corrections (EDAX, Warrendale, Pennsylva-
nia, USA).

The accelerating voltage applied ranged from 
8 to 30 kV. Beam current was varied between 
53 and 72  µA. SE was used primarily to capture 
high-resolution images of particle morphologies. 
BSE was used primarily to discriminate and iso-
late particles of interest based on atomic-weight 
differences. EDS chemical mapping was utilized 
to show the distribution of chemical components 
within a field of view in order to identify possi-
ble mineral phases of interest. Sample preparation 
involved dust-mounting mineral powders onto 
12  mm aluminum stubs with conductive carbon-
adhesive substrates. The stubs prepared were 
lightly carbon coated (5–50  nm) by carbon-rod 
evaporation to improve conduction with  the inci-
dent electron beam and lessening charging from 
the mineral surfaces.

Results

Mineralogy

The mineral identifications and quantifications were 
described for the mined kaolins, mine tailings, and 
sands on a whole-rock basis (Tables 1 and 2; Figs. 3, 
5, and 6). The mined kaolins were composed pre-
dominantly of kaolinite with smaller amounts of 
muscovite, quartz, and anatase. The mine tailings 
overall were composed mostly of quartz with minor 
amounts of kaolinite, and accessory phases (anatase, 
rutile, ilmenite, zircon, monazite, and xenotime). The 
sands were composed mostly of quartz with smaller 
amounts of kaolinite, muscovite, anatase, rutile, 
ilmenite, zircon, monazite, and xenotime.

Mined Kaolins

Kaolinite was the primary mineral observed in both 
mined Eocene and Cretaceous kaolins per XRD. 

Table 1   Minerals identified by XRD and SEM per sample type and fraction

Abbreviations: WF: whole fraction; Hv: heavy subfraction; Lt: light subfraction; MT: mine tailings; HMS: heavy mineral sands; 
SpF: suspended fraction; M: microscopy-only; 1: associated with Cretaceous Buffalo Creek Mbr mined kaolin; 2: associated with 
Eocene Jeffersonville Mbr mined kaolin; mineral abbreviations (Whitney and Evans, 2010): kaolin (Kln), quartz (Qz), muscovite 
(Ms), biotite (Bt), anatase (Ant), rutile (Rt), ilmenite (Ilm), zircon (Zrn), xenotime (Xtn), monazite (Mnz), pyrite (Py), sphalerite 
(Sph), goethite (Gth), and calcite (Cal)

Type Sample ID Fraction Minerals Identified

MT-BNO7-SS1 Whole Rock Kln, Qz, Ms
Mine  >45 μm WF (Qz, Ant/Rt, Ilm, Ms)M

Tailings <45 μm SpF Kln
 <45 μm Lt Kln, Qz, Ms
<45 μm Hv Zrn, Xtn, Ant, Rt, Qz, Kln, Ms, (Mnz, Ilm)M

MT-BNO7-IP1 Whole Rock Zrn, Xtn, Mnz Ant, Rt, IlmM, Kln, Ms, Py, Qz
MT-BNO62 Whole Rock Zrn, Ilm, Rt, Qz, Kln, Ms

 >45 μm WF (Zrn, Qz, Ant/Rt, Ilm, Gth)M

<45 μm Hv Ant, Mnz, Xtn, Zrn, Ilm, Rt, Qz, Kln
Cretaceous Kaolin1 Whole Rock Kln, Ms, Ant, Qz

Kaolins >45 μm WF Kln, Ms, (Bt, Ilm, Py, Xtn)M

<45 μm Hv Py, Zrn, Xtn, Ant, Qz, Rt, IlmM

Eocene Kaolin2 Whole Rock Kln, Ms, Ant, Qz
<45 μm WF (Kln, Py)M

<45 μm Hv Py, Zrn, Sp, Qz, Kln, Ant, Rt, IlmM

Sands Cross-bedded HMS1 Whole Rock Qz, Ms, Kln, Ant, Rt, Zrn, Mnz, Xtn, IlmM

Mottled HMS1 Whole Rock Qz, Ant, Rt, Ms, Kln, Zrn, Xtn, Mnz, IlmM

Sulfide-rich Sand1 Whole Rock Py, Ms, Kln, (Zrn, Xtn, Mnz)M

Purple Sand2 <45 μm Hv Qz, Kln, Cal, Ms, Zrn, Ant, Rt, (Mnz, Xtn)M
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Halloysite was not detected via XRD or TGA anal-
yses (Figs.  S3 and S4). Muscovite, anatase, and 
quartz were also observed in trace amounts for both 
whole-rock Cretaceous and Eocene kaolins (Table 2; 
Fig. 3a, c). Whole-rock fractions, as well as fine and 
coarse fractions of the mined kaolins, were analyzed 
(Table  1). Coarse mica flakes (muscovite and bio-
tite), ilmenite, pyrite, and xenotime were identified in 
the +325 mesh (>45 µm) fraction for the Cretaceous 
kaolin by stereomicroscopy (Fig. S5) and SEM–EDS 
analysis. Agglomerated kaolin fragments and pyrite 
were identified in the +325  mesh (>45 µm) fraction 
of the Eocene kaolin per stereomicroscopy (Fig. S6).

Pyrite, zircon, anatase, quartz, rutile, and ilmenite 
were found in the heavy-mineral subfractions of the 
fine fractions (–325  mesh, <45  µm) of both Creta-
ceous and Eocene mined kaolins (Fig. 3b, d; Figs. S7, 
S8, S9 and S10). Sphalerite was found in the heavy 
fraction of the Eocene kaolin by XRD and SEM–EDS 
analysis (Fig.  3d; Fig.  S10). The agglomerated kao-
lin fragments with pyrite identified for the Eocene 
kaolin coarse fraction were also observed via SEM 
(Fig. S11). Zircon grains were typically sub-rounded, 
amber-colored, and translucent when viewed via ster-
eomicroscopy (Figs. S5 and S6). During SEM–EDS 
analysis, zircon was observed as rounded grains with 
minor to faintly preserved crystal faces (Figs.  S7, 
S8, S10). The zircon grains were more well rounded 
in the Eocene kaolin (Fig.  S10B). Xenotime grains 

(n = 12) were found in the heavy fraction of the Cre-
taceous kaolin (Fig. S9) whereas they were not pre-
sent in the Eocene kaolin. These xenotime grains in 
the Cretaceous kaolin showed smooth mineral sur-
faces and evident crystal faces (Fig. S9). No dissolu-
tion etching or pitting features were observed on these 
xenotime grains. Several examples of these xeno-
time grains were observed as overgrowths to zircon 
(Fig. 4). Monazite was not detected during any analy-
sis of either kaolin type.

Quartz grains showed rounding with observ-
able conchoidal-fracture surfaces in both kaolins. 
Ilmenite, anatase, and rutile grains were typically 
sub-angular, fractured, and displayed minor round-
ing. Some anatase/rutile grains showed minor pres-
ervation of crystal faces, while ilmenite showed 
less evident crystal faces from fractured or rounded 
surfaces. Ilmenite also showed etching and pitting 
of grain surfaces (Figs.  S8F and S15), not shown 
in anatase/rutile. The etching and pitting of grain 
surfaces were only identified in the Cretaceous kao-
lin and mine tailings derived from the mined Cre-
taceous kaolin. Pyrite grains were sub-rounded to 
angular with intact crystal faces. Pyrite grains were 
found also as clusters, nodular aggregates, or indi-
vidual pyrite grains (Figs.  S7 and S8). A framboi-
dal morphology of the pyrite was observed only in 
the Eocene kaolin (Fig.  S10). Feldspars were not 
observed in the mined kaolins.

Table 2   Whole-rock mineral abundance estimates

Abbreviations: MT: mine tailings; BNO7-SS/IP/IP(H-P): Cretaceous kaolin mine tailings; BNO6: Eocene kaolin mine tailings; HMS: 
heavy mineral sands; TB: top of bed sample; MB: middle of bed sample; ND: not detected; results in wt%; mineral abbreviations 
(Whitney & Evans, 2010): kaolin (Kln), anatase (Ant), rutile (Rt), ilmenite (Ilm), quartz (Qz), muscovite (Ms), pyrite (Py), zircon 
(Zrn), monazite (Mnz), xenotime (Xtn)

Type Sample ID Kln Ant/Rt/Ilm Qz Ms Py Zrn Mnz + Xtn

MT-BNO7-SS 9–10 2–3 85 2  < 0.1  ~0.5  ~ 0.1
Mine Tailings MT-BNO6 15–16 2–3 75–80  ~ 1 trace poss  ~0.5  ~0.1

MT-BNO7-IP 5 6–7 75–80  ~ 1 4 4–5 0.9–1.2
MT-BNO7-IP (H-P) 3–4 15–16 55–60  ~ 1 6–7 12–13 2.5–3.2
TB Cret. Kaolin 91 3–4 3–4 2 trace trace trace Xtn

Kaolins MB Cret. Kaolin 95 1–2 1 1 trace trace trace Xtn
Eocene Kaolin 92 1 2 3–4 trace (+ ZnS) trace ND
Cross-bedded HMS 15–20 1–2 75–80 4–5 ND  < 1  ~0.1

Sands Mottled HMS 3–5 50–60 24–25  ~ 1 ND 4–5 6–8
Sulfide-rich Sand 5–10 2–3 10 2–3 70–80 0.5–1  ~0.5
Eocene Sand 15–20 2–3 75–80  ~ 1 ND  ~0.1  ~0.1
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Mine Tailings

Two types of mine tailings (MT) of the Cretaceous 
kaolin-derived mine tailings (MT-BNO7) were col-
lected: ‘impound sands’ (IP) and ‘stacked sands’ 
(SS). Whole-rock fractions, fine and coarse fractions, 
light and heavy subfractions, and the suspended frac-
tion of the stacked sand mine tailings (MT-BNO7-SS) 
were analyzed (Table 1; Fig. 5a–c). Kaolinite, quartz, 

and mica were the main constituents identified per 
XRD from the whole-rock fraction of MT-BNO7-SS 
(Fig. 5b). The coarse fraction (>45 µm, + 325 mesh) 
of MT-BNO7-SS contained predominantly quartz and 
muscovite. The heavy subfraction of the fine fraction 
(<45 µm, –325  mesh) for MT-BNO7-SS contained 
zircon, xenotime, monazite, anatase, rutile, kaolin-
ite, muscovite, and ilmenite (Fig.  5a). The zircon 
grains present in the heavy subfraction were typically 

Fig. 3   Kaolin – XRD traces with mineral-phase identifications for the mined kaolins: a whole-rock analysis results for the Creta-
ceous kaolin; b heavy subfraction (–325 mesh, <45 µm) analysis results for the Cretaceous kaolin; c whole-rock analysis results for 
Eocene kaolin; d heavy subfraction (–325 mesh, <45 µm) analysis results for the Eocene kaolin. Mineral abbreviations (Whitney & 
Evans, 2010): kaolin (Kln), quartz (Qz), muscovite (Ms), anatase (Ant), rutile (Rt), zircon (Zrn), xenotime (Xtn), pyrite (Py), and 
sphalerite (Sph)
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well rounded with trace preserved crystal faces 
(Fig. S13). Monazite and xenotime were also identi-
fied in the heavy subfraction as angular, fragmented 
per SEM–EDS (Fig. S12) – undetectable concentra-
tions via XRD. The light subfraction, suspended frac-
tion, and 7-day settled fraction produced from the fine 
fraction (<45  µm) contained predominantly quartz 
and muscovite per XRD (Fig. 5a–c). Across all frac-
tions, quartz was either rounded or possessed diag-
nostic conchoidal fracture along mineral-grain break-
age surfaces.

The mine tailings sample MT-BNO7-IP derived 
from mined Cretaceous kaolin contained zircon, 
xenotime, monazite, anatase, rutile, ilmenite, kao-
linite, muscovite, quartz, and pyrite in the whole-
rock fraction via XRD and SEM–EDS analyses 
(Table 1; Fig. 5d, Figs. S14, S15 and S16). A hand-
panned (H-P) subsample of MT-BNO7-IP con-
tained greater concentrations of the heavy minerals 
zircon, pyrite, anatase, rutile, monazite, and xeno-
time (Table  2). No other fractions were produced 
from MT-BNO7-IP due to the heavy minerals read-
ily identified from whole-rock and hand-panned 
sub-samples without an additional processing 
being required. Similar to MT-BNO7-SS, quartz 
was either rounded or showed conchoidal fracture. 
Iron sulfide occurred as nodules and grains with a 

degree-of-roundedness ranging from well rounded 
to angular (i.e. intact crystal faces). Crystal habits 
for the iron-sulfide minerals ranged from indistin-
guishable (for rounded grains) to highly distin-
guishable (for angular grains). Monazite and ilmen-
ite grains displayed rounding, evidence of mature 
minerals. Monazite and ilmenite grains also dis-
played possible dissolution pitting and etching pat-
terns along mineral grain surfaces (Figs.  S15 and 
S16). More than 100 monazite grains were identi-
fied during SEM–EDS analysis. Xenotime was not 
observed in the SEM–EDS analyses, but it was 
observed during XRD analysis.

The mine-tailings sample MT-BNO6 was derived 
from the Eocene mined kaolin. MT-BNO6 was com-
posed predominantly of quartz, rutile, anatase, and 
kaolinite as the predominant phases (Table 2). Mus-
covite, zircon, monazite, and xenotime were observed 
as trace phases in whole-rock fractions. Whole-rock, 
fine and coarse fractions were analyzed. Zircon, 
quartz, anatase/rutile, ilmenite, kaolin, and goethite 
were identified by stereomicroscopy and SEM–EDS 
analysis of the +325 mesh coarse fraction (> 45 µm). 
In this coarse fraction, the kaolin was observed as 
hard fragments (i.e. unground ore) with botryoi-
dal goethite as orange-yellow fragments within the 
coarse-quartz matrix (Fig.  S17). Zircon, anatase, 

Fig. 4   SEM photomicrographs and EDS spectra for stages of growth and liberation of xenotime (Xtn) overgrowths on zircon (Zrn) 
present in the Cretaceous kaolin
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rutile, kaolinite, muscovite, quartz, monazite, and 
xenotime were detected by XRD for the heavy sub-
fraction (Fig.  5e). Monazite grains were confirmed 
by SEM–EDS analyses (Fig. S18), but xenotime was 
detected only via XRD and not confirmed through 
SEM–EDS analyses. The SEM–EDS analyses showed 
abundant zircons occurring as sub-rounded grains 

with minor to faintly preserved crystal faces. Ilmen-
ite typically occurred as sub-angular, fragmented 
grains. Monazite grains (n = 21) were identified by 
SEM–EDS analysis. The monazite grains occurred as 
sub-rounded grains. Most monazite grains displayed 
smooth grain surfaces with no identifiable etching or 
pitting features of the mineral-grain surfaces.

Fig. 5   Mine tailings – X-ray diffraction tracings with mineral phase identifications; a light and heavy subfraction (–325 mesh, < 45 
µm) analysis results for MT-BNO7-SS; b whole-fraction analysis (dark trace) versus –325 mesh suspended fraction (SpF, light trace) 
for MT-BNO7-SS showing predominance of quartz to the >45 µm fraction and predominance of kaolin to the <45 µm size fraction; c 
analysis results for the –325 mesh, 7-day settled fraction showing the efficacy of 24-h timed settling to concentrate the heavy miner-
als; d whole-fraction analysis results for MT-BNO7-IP versus MT-BNO7-IP(H-P); e heavy subfraction (–325 mesh, <45 µm) analy-
sis results for MT-BNO6. Mineral abbreviations (Whitney & Evans, 2010): kaolin (Kln), quartz (Qz), muscovite (Ms), anatase (Ant), 
rutile (Rt), zircon (Zrn), xenotime (Xtn), monazite (Mnz), and pyrite (Py)
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Sands

Quartz was the most abundant mineral identified 
for the cross-bedded section of the Marion Member 
sands (Huber Formation). This cross-bedded sand 
unit was composed of quartz and kaolinite as predom-
inant minerals, with minor amounts of muscovite, 
monazite, rutile, and trace possible xenotime con-
firmed via XRD (Tables 1, 2; Fig. 6a, Figs. S19–S22). 
The mottled sands (upper section) of the Marion 
Member were composed of quartz and the Ti min-
erals (anatase, rutile, ilmenite) as the predominant 
minerals with minor amounts of zircon, monazite, 
and xenotime observed in the mottled sands – greater 
concentrations compared to the lower/basal cross-
bedded section of the sand unit, per whole-rock basis 
(Tables 1 and 2; Fig. 6b, Figs. S23–S26). The dark, 
heavy minerals (e.g. Ti minerals, zircon, monazite/
xenotime) were generally 0.25–0.75 mm in size and 
present along thin laminations of the cross-beds with 
quartz-sand grains (>1 mm) as the dominant compo-
nent. More than 100 monazite grains were identified 
in the mottled section of the Marion Member sands 
via SEM–EDS analysis. Monazite was significantly 
more abundant than xenotime. Both monazite and 
xenotime grains were angular in character.

The sulfide-rich sand at the base of the Marion 
Member contacting with the underlying mined Creta-
ceous kaolin of the Buffalo Creek Member (Gaillard 
Formation) was composed predominantly of pyrite/
marcasite with minor amounts of quartz, muscovite, 
and kaolinite (Fig.  6c). Monazite and xenotime dis-
played heavily etched and pitted mineral grains sur-
faces (Fig.  10, Figs.  S27 and S28). Zircon grains 
were rounded with faint to no crystal faces preserved 
(Fig. S29) and the iron-sulfide mineralization showed 
granular and/or octahedral crystal  clustering habits 
(Fig. S30).

The purple-hued Eocene sand of the upper Huber 
Formation showed quartz as the predominant min-
eral. This sand unit overlies conformably the Eocene 
mined kaolin. Analyses of the sand unit included 
whole-rock, the fine fraction, and the coarse frac-
tion including a derived heavy subfraction (Tables 1, 
2; Fig.  6d). Minor amounts of kaolinite and trace 
amounts of calcite, zircon, anatase, rutile, and mus-
covite were present. The heavy subfraction analyses 
showed contents of zircon, rutile, anatase, ilmenite, 
monazite, and xenotime (Fig. 6d, Figs. S31, S32 and 

S33). Zircon grains were rounded with little preser-
vation of crystal faces evident. Monazite and xeno-
time were observed only during microscopy analyses 
(below detection limit during XRD analyses), with 
monazite grains more abundant.

Chemical Analyses

Major and Minor Elements

All chemical analyses were conducted on a whole-
rock, total digestion basis. The mined kaolins con-
tained SiO2 and Al2O3 as the predominant major-
element oxides (Table  3). These analyses are 
consistent with the presence of kaolinite and quartz 
as the primary minerals in the mined kaolins. These 
mined Cretaceous kaolins were enriched in TiO2 and 
ZrO2 relative to their concentrations in the Upper 
Continental Crust (UCC; Fig. 7). The alkali and alka-
line earth concentrations were <<1 wt.%. The alkali 
elements were depleted relative to UCC (Table  3). 
For the mine tailings, silica (SiO2) was the predomi-
nant component (63–91 wt.%; Table 3).

The Eocene kaolin mine tailings (MT-BNO6) and 
Cretaceous kaolin mine tailings (MT-BNO7-IP, MT-
BNO7-IP H-P) were enriched in TiO2 relative to UCC 
(ranging 2–18 times, respectively) and ZrO2 (rang-
ing 11 to 239 times, respectively; Table  3, Fig.  7). 
P2O5 was slightly enriched in the Cretaceous kaolin 
mine tailings (MT-BNO7-IP, MT-BNO7-IP H-P) and 
depleted in the Eocene kaolin mine tailings (MT-
BNO6). The TiO2, ZrO2, and P2O5 enrichments in the 
Cretaceous kaolin mine tailings sample MT-BNO7-
SS were similar to TiO2, ZrO2, and P2O5 enrichments 
in the Eocene mine tailings MT-BNO6 (Fig. 7).

The major element analyses of the Marion Member 
sands (cross-bedded section) contained large amounts 
of SiO2 (~86 wt.%; Table 3). These sands were also 
enriched in ZrO2 and TiO2 relative to their concentra-
tions in the UCC (Fig. 7). These sands were depleted 
in Al2O3 and P2O5 (Table 3), and several alkali (Rb) 
and alkaline earth metals (Sr, Ba) relative to the UCC 
(Table 4). The major element composition of the mot-
tled section of the Marion Member sands showed 
much smaller concentrations of SiO2 (~28  wt.%) 
and much larger TiO2 concentrations (~42  wt.%) 
compared to the cross-bedded lower section of these 
Marion Member sands (Table  3). The mottled sec-
tion contained large amounts of Ti minerals, zircon, 
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Fig. 6   Sand lithologies – XRD traces with mineral-phase identifications; a whole-rock analysis results for the cross-bedded HMS 
showing quartz (major) with minor amounts of mica and kaolin, minor to trace Ti-bearing phases (anatase/rutile/ilmenite), and trace 
xenotime and monazite; b whole-rock analysis results for the mottled HMS showing that appreciable monazite and xenotime was 
detected; c whole-rock analysis for the sulfide-rich HMS showing major composition of Fe sulfides (pyrite, marcasite) with quartz, 
mica, and kaolin; d heavy subfraction (–325 mesh, <45 µm) analysis results for the Eocene sand lithology showing trace heavy-min-
eral content. Mineral abbreviations (Whitney & Evans, 2010): kaolin (Kln), quartz (Qz), muscovite (Ms), anatase (Ant), rutile (Rt), 
zircon (Zrn), xenotime (Xtn), monazite (Mnz), pyrite (Py), and calcite (Cal)
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and phosphate minerals (Table 2). The mottled sands 
were considerably enriched relative to UCC in TiO2 
(65 times), ZrO2 (86 times), with minor enrichments 
in P2O5 (16  times) and Fe2O3 (~2.5  times; Fig.  7). 
The mottled sands were depleted significantly in 
Si and Al (Table  3, Fig.  7). In contrast to the Pale-
ocene mottled sands, the sulfide-rich sands were also 
enriched in ZrO2 and TiO2 relative to their concentra-
tions in the UCC; the Eocene sands were depleted in 
ZrO2 and TiO2, however.

Trace Elements

Overall, Nb, Mo, Sn, Hf, Ta, Pb, Th, U, and Ga were 
enriched (relative to UCC) for tailings, kaolins, and 
sands except the Eocene-age sands (Table 4, Fig. 7). 
The Eocene kaolins were also not enriched in Hf. 
Trace-element abundances reflected several miner-
alogical abundances among the types of samples in 
this study. The depletion in Hf for the Eocene kaolins 
versus the enrichment of Hf seen in the Cretaceous 

Fig. 7   Diagrams for select major/minor and non-REE trace-element compositions of the mined kaolins, mine tailings, and sand lith-
ologies; normalized to Upper Continental Crust (UCC) values
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kaolin was attributed to the concentration of zircon in 
the Cretaceous mined kaolin (Table 3, wt.% ZrO2). Zn 
was enriched in the Eocene kaolins, relative to UCC, 
whereas depletion in Zn was shown for Cretaceous 
kaolins (Table 4, Fig. 7). Identification of Zn-sulfide 
(sphalerite) was confirmed by XRD mineralogy and 
SEM–EDS for the Eocene kaolins (Table  1). Zn-
sulfide was not identified in the Cretaceous kaolins.

The Marion Member sands (mottled section) 
and the mine tailings sample MT-BNO7-IP (H-P) 
showed the greatest enrichments in the high field 
strength elements (HFSE: Nb, Hf, Ta, Th), U, Mo, 
Sn, and Pb relative to UCC. The alkali metals 
(Rb, Sr, Ba) were depleted in the mined kaolins, 
mine tailings, and sands relative to UCC (Table 4, 
Fig.  7). Relative to UCC, the concentrations of 
Hf, Th, and U exceeded 100, 350, and 200  times 
enrichment, respectively, in the mottled section 
of the Marion Member sands. Enrichments in Hf, 
Th, and U exceeded 250, 100, and 75  times UCC, 
respectively, for MT-BNO7-IP (H-P). These differ-
ences reflected the contrast in mineral abundances 
between the Marion Member sands and kaolin mine 
tailings (Table  2). SEM–EDS results showed Hf 
and Zr present only in the zircon minerals and con-
firms the whole-rock geochemistry concentrations 
of Zr and Hf to be attributed to total whole-rock 
zircon mineral content. Likewise for SEM–EDS 
results and Th and U identified only in monazite, 
the whole-rock geochemistry concentrations of Th 
and U were attributed to total whole-rock monazite 
mineral content.

Rare‑Earth Elements

The total REE contents (ΣREE, Table 5) ranged from 
212–578 ppm for the kaolins. The Eocene kaolins and 
sands had the lowest ΣREE (212 and 47 ppm, respec-
tively) among all materials. The ΣREE for the Eocene 
sands were substantially depleted relative to UCC 
(< 30%), and the Eocene kaolins were most similar to 
the ΣREE concentrations in the UCC. These Eocene 
kaolins were only slightly enriched (~ 1.0–1.5 times) 
in the LREE La–Nd and were depleted in all other 
REE including HREE (Fig. 8). The Cretaceous kao-
lins (top-bed or ‘TB’ subsample, and middle-bed or 
‘MB’ subsample – same Cretaceous kaolin outcrop) 
showed ΣREE ranging from 479–578  ppm. These 
Cretaceous kaolins were enriched (3.0–4.5  times) in M
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the LREE La–Eu relative to UCC (Table 5, Fig.  8). 
The Eocene and Cretaceous kaolins showed positive 
Eu/Eu* anomalies with values ranging 1.05–1.30.

The Cretaceous kaolin mine tailings (MT-BNO7-
IP) and their hand-panned heavy fraction (MT-BNO7-
IP H-P) had the second and third largest ΣREE values 
(7,354 and 18,743  ppm, respectively) of any material 
in this study (Table 5). These mine tailings were highly 
enriched in the HREE, up to ~120–160  times relative 
to UCC. The Cretaceous kaolin mine tailings (MT-
BNO7-SS) and the Eocene kaolin mine tailings showed 
substantially smaller overall REE enrichments but 
were still HREE enriched (Table  5). All mine tailings 

displayed negative Eu/Eu* anomalies, with values rang-
ing 0.29–0.53.

The hand-panned heavy fraction of the Marion 
Member sands (mottled section) had the high-
est ΣREE (45,707–46,411 ppm) of any material 
in this study. The Marion Member sands (mot-
tled section) were enriched relative to UCC in 
LREE La–Sm (~300–350  times) and HREE Tb–Lu 
(~150–250 times; Fig. 8). The Marion Member sands 
(cross-bedded section) displayed lower overall enrich-
ments in the REE compared to the mottled section 
and were slightly depleted in Sc (Fig. 8). The sulfide-
rich sand showed ΣREE concentrations ranging 

Fig. 8   Diagrams for REE compositions of the mined kaolins, mine tailings, and sand lithologies; normalized to Upper Continental 
Crust (UCC) values
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from 2,155 to 2,369 ppm. These concentrations of 
REE in the sulfide-rich sand were enriched rela-
tive to UCC in the LREE La–Sm (14–16 times) and 
HREE Tb–Lu (~8–10  times; Fig.  8). Excluding the 
Eocene sands and with the exception of Sc, all sand 
units were enriched in REE (Fig. 8). All sands were 
LREE-enriched (La/Yb > 1.0, UCC normalized) and 

displayed negative Eu/Eu* anomalies, with values 
ranging 0.25–0.66.

The variations of ΣREE, LREE, and HREE for 
kaolins, mine tailings, and sands were compared to 
whole-rock P, Ti, Mn, and Zr concentrations (Fig. 9). 
The ΣREE, LREE, and HREE showed the strongest 
regression coefficients (r2 = 0.99, 0.98, and 0.85) with 

Fig. 9   Linear correlation coefficient graphs for ΣREE, LREE, and HREE versus P, Zr, Mn, and Ti concentrations (ppm) per sample 
type (mined kaolins, mine tailings, sands); ‘BC HF’ represents the mined Cretaceous kaolin heavy-mineral subfraction reported by 
Elliott et al. (2018)

Table 6   Monazite and xenotime mineral grain elemental analyses (EDS) per sample type

Abbreviations: MT: Mine Tailings; HMS: heavy mineral sands; Kaolin: mined Cretaceous kaolin; values in average wt.% (1σ, 
Tables S2 and S3)

Monazite La Ce Pr Nd Sm Y P
MT (n = 10) 12.05 (1.03) 24.26 (1.36) 3.73 (0.57) 11.34 (0.94) 3.41 (0.46) 2.87 (0.43) 11.48 (1.67)
HMS (n = 14) 12.13 (1.44) 24.89 (2.41) 3.07 (1.06) 10.83 (1.16) 3.13 (0.57) 3.62 (0.53) 12.74 (1.88)
Xenotime Gd Dy Ho Er Yb Y P
MT (n = 2) 3.51 (0.91) 6.97 (0.09) 1.57 (0.17) 5.64 (0.04) 5.40 (0.48) 28.03 (0.16) 14.73 (0.89)
HMS (n = 4) 1.47 (0.32) 5.34 (0.95) 0.92 (0.14) 3.87 (0.60) 4.04 (0.48) 32.50 (1.38) 17.18 (0.94)
Kaolin (n = 4) 1.80 (0.35) 5.84 (0.82) 0.99 (0.29) 4.01 (0.35) 3.56 (0.81) 32.92 (0.95) 16.92 (1.07)
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whole-rock P content for the sands and mine-tailings 
samples. The regression coefficients of ΣREE and 
LREE with P were greater than the regression coef-
ficient between HREE and P for the mined kaolins. 
The correlation between P and HREE content showed 
the greatest variation in the kaolin whole-rock sam-
ples which contained >90 wt.% kaolinite mineral con-
tent. The regression coefficients between Zr content 
and ΣREE, LREE, and HREE were low (r2 = 0.31, 
0.24, and 0.47). The best correlations with Zr were 
noted for HREE and Zr (r2 = 0.47). Ti and Mn, com-
pared to Zr, showed higher regression coefficients in 
the sands and mine tailings (Ti, r2 = 0.39–0.85; Mn, 
r2 = 0.88–0.97).

The distributions of the REE were examined 
in select minerals using SEM–EDS (Table  6, 
Tables S2 and S3). Monazite grains were observed 
in mine tailings and sands. The monazite contained 
significant concentrations of La, Ce, Nd, and Sm 
(Table  6, Table  S2, Fig.  10). The monazite grains 
contained larger concentrations of the LREE (La, 

Ce, Nd) compared to Y. The LREE abundances in 
the analyzed monazite grains correlated strongly 
with the whole-rock LREE enrichments in the mine 
tailings and sands (Tables 5 and 6, Fig. 11). Xeno-
time grains were observed in all material types 
except the Eocene kaolin. Xenotime contained 
minor concentrations of Gd, Dy, Ho, Er, and Yb 
with major concentrations of Y (Table 6, Table S3, 
Fig. S9). The HREE enrichment trends in the ana-
lyzed xenotime grains correlated strongly with 
the whole-rock HREE concentrations trend in the 
mine tailings and sands (Tables  5 and 6, Fig.  11). 
Zircon was not found to contain much if any REE 
via SEM–EDS analysis (BDL – below detection 
limit, ≤ 0.5  wt.%, if present). SEM–EDS analyses 
showed Ti and Mn to be associated only with the Ti 
minerals (e.g. ilmenite).

The REE elemental abundances of the REE in 
monazite and xenotime for each sample were used 
to model REE whole-rock concentrations and deter-
mine observation-fitted monazite/xenotime (mnz/

Fig. 10   SEM photomicrographs and EDS spectra of example monazite grains; a smooth, rounded monazite from the Eocene sands; 
b smooth, rounded monazite from the Eocene-derived mine tailings; c etched, pitted monazite grains from the Paleocene Marion 
Member sands overlying the mined Cretaceous kaolin; d etched, pitted monazite grains from the Cretaceous kaolin mine tailings; e 
advanced etched, pitted surfaces of monazite grains from the Paleocene-Cretaceous sulfide-rich sand contact
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xtn) ratios. The observation-fitted model shows that 
mnz/xtn of the Cretaceous mine tailings was 3.5:1. 
The mnz/xtn for the coarse fraction, heavy-mineral 
subfractions of the Cretaceous kaolin (‘BC HF’) 

was 1:2.6. The Marion Member sands overlying the 
mined Cretaceous kaolin showed mnz/xtn values that 
were 17.9:1. Based on the mnz/xtn of the two source 
materials (mined kaolin and lithologically adjacent 

Fig. 11   Correlation plot for whole-rock chemistry versus monazite and xenotime mineral-grain chemistry from mine-tailings mate-
rial

Table 7   Calculated monazite and xenotime ratios (mnz/xtn) determined by observed versus modelled REE concentrations

Abbreviations: MT: mine tailings; BNO7-IP: Cretaceous kaolin mine tailings HMS: heavy mineral sands; BC HF: Buffalo Creek 
kaolin heavy subfraction (Elliott et al., 2018); concentration values in ppm

Sample ID La Ce Nd Y P Monazite Xenotime

MT-BNO7-IP Observed 1260 2550 1150 1109 1571 9992 2880
Mine Tailings Model Est 1204 2424 1133 1094 1571 mnz/xtn = 3.5:1

% of total 95.5 95.0 98.6 98.7 100.0
Marion Mbr HMS Observed 8823 18,333 8050 3897 10,574 73,276 4089
Sands Model Est 8888 18,237 7933 3983 10,038 mnz/xtn = 17.9:1

% of total 100.7 99.5 98.5 102.2 94.9
BC HF Observed 298 612 274 2175 1920 2467 6298
Mined Kaolin Model Est 299 614 267 2136 1396 mnz/xtn = 1:2.6

% of total 100.4 100.3 97.5 98.2 72.7
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Marion Member sands), the BC HF was shown by 
the model to account for 81 wt.% of the total REE by 
monazite and xenotime contribution, with the remain-
ing 19% accounted for by the contribution of mona-
zite and xenotime from the overlying Marion Member 
sands (Table 7).

Interpretation and Discussion

REE and Mine Tailings

The mine tailings (i.e. ‘grit’) fractions of the mined 
kaolins contained abundant quartz and minor amounts 
of various heavy minerals including monazite and 
xenotime on a whole-rock basis (Tables  1 and 2). 
The mine-waste tailings (MT-BNO7-IP and HP) 
derived from the mined Cretaceous kaolins con-
tained very high concentrations of monazite + xeno-
time (0.9–3.2 wt.%; Table 2). The ΣREE contents of 
the Cretaceous mine tailings impound sands (MT-
BN07 IP) ranged from 0.7 to 1.9  wt.% (Table  5). 
The mine waste tailings (MT-BNO6) derived from 
mined Eocene kaolins contained 284 ppm ΣREE and 
only ~0.1 wt.% monazite + xenotime (Tables 2 and 5). 
In terms of chemical composition, the mine waste tail-
ings were overall more enriched in the HREE relative 
to the UCC (i.e. La/Yb < 1.0, UCC normalized) owing 
to a greater contribution of HREE than LREE from 
the coarse fraction of the mined kaolin source (Fig. 8).

These findings were similar to those from a pre-
vious study which showed the heavy-mineral sub-
fraction of kaolin grit to be substantially enriched 
in HREE relative to UCC by 100–150  times (Elli-
ott et  al., 2018). While HREE  were enriched over-
all (La/Yb < 1.0, UCC normalized), the mine-waste 
tailings of this study were found to contain slightly 
greater amounts of monazite (LREE-rich) than xeno-
time (HREE-enriched), with a mnz/xtn ratio of 3.5:1 
(Table  7). One possible explanation of the greater 
monazite content is that the kaolin mine-waste tail-
ings were processed from mined kaolin that con-
tained minor amounts of the heavy minerals from 
the overlying Marion Member sands (Huber Forma-
tion). The Marion Member sands showed enrichment 
in the LREE (i.e. La/Yb > 1.0, UCC normalized) 
and with the monazite content being greater than the 
xenotime content. The amounts of monazite and its 
LREE admixture would not have been of sufficient 

proportion to be observed as an LREE-enriched 
mine-tailings material. It was plausible that these 
minor amounts of Marion Member sands could have 
been admixed with the mined kaolin during the ini-
tial mining of these kaolin units by excavation meth-
ods used typically in the mining of kaolin. The REE 
abundances in the kaolin mine-waste tailings were 
shown to be derived from an HREE-enriched con-
tribution from the mined kaolins (81  wt.%) and the 
LREE-enriched overlying Marion Member sands 
(19 wt.%) per the modeled calculations (Table 7).

The differences in the whole-rock REE analy-
ses between these two mined kaolin units and their 
respective ‘grit’ tailings coincided also with a differ-
ence in the size and roundness of the quartz grains. 
The differences in rounding of quartz grains were 
indicative of the distances to source terrains (e.g. Pet-
tijohn, 1957). The quartz and zircon grains from the 
mine tailings derived from the mined Eocene kaolins 
were found to be more rounded than the same miner-
als present in the mine tailings derived from Creta-
ceous kaolins. The more well rounded grains depicted 
a more mature sediment (greater sorting) and prob-
ably more distant source for the Eocene mined kao-
lins. On the other hand, the greater amounts of mona-
zite + xenotime and ΣREE content of the Cretaceous 
kaolin mine tailings might have resulted from closer 
proximity to its source terrain during transport and 
deposition (Cheshire et al., 2018).

Sands

The measured REE concentrations of the heavy min-
eral-containing Marion Member sands (Huber For-
mation) were some of the most noteworthy findings 
in this study. The total REE for the mottled section 
of the Marion Member sands ranged from 45,707 
to 46,411 ppm (~4.6 wt.%) from a sample showing 
localized concentrations at outcrop (Table  5). These 
REE concentrations were the highest measured from 
lithologies in the kaolin district in this study and in 
past studies (Cheshire et  al., 2018; Dombrowski, 
1992; Elliott et  al., 2018). These REE were also 
enriched in the LREE, Th, and U relative to UCC 
(Table 5, Figs. 7 and 8). Monazite was more prevalent 
than xenotime as the primary REE-bearing phase in 
this Marion Member sands (Tables 2 and 7).

At first approximation, the source of the mona-
zite was the Monazite Belts found in the Piedmont 
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terrane. These Belts are considered to be the source 
of monazite present in beach placer and alluvial 
deposits of the North and South Carolina Piedmont 
terrane (Bern et al., 2016; Mertie, 1953, 1975). These 
placers have been considered as primary domestic 
sources of monazite as well as Th (Mertie, 1953). 
The monazite-bearing Paleocene age Marion Mem-
ber strongly resembled the relatively large amounts 
of monazite found in the alluvial sediments being 
deposited in the upper Atlantic Coastal Plain (e.g. 
Bern et  al., 2016). These modern alluvial sediments 
contained more monazite than xenotime with ratios of 
6:1 to 12:1 (Bern et al., 2016) and, therefore, would 
also show enrichment in the LREE as was found with 
the Paleocene-age Marion Member sands. Monazite 
has also been found as the predominant REE-bearing 
mineral in younger heavy-mineral sand deposits in 
the Lower Coastal Plain (Oladeni et al., 2021).

The residence of the REE in monazite and xeno-
time minerals from the Marion Member sands was 
further shown by ΣREE, LREE, and HREE showing 
the strongest regression coefficients (r2 = 0.99, 0.98, 
and 0.85) with whole-rock P content for the sands. 
Zr, Ti, and Mn showed weaker regression correlation 
coefficients (Fig.  9). These weaker regression corre-
lations between the REE totals with Zr, Ti, and Mn 
were probably driven by both the lack of partitioning 
of the REE, LREE, or HREE into specific minerals 
and the abundances of the Ti minerals (+ Mn) and the 
Zr-bearing zircon minerals in various fractions. The 
highest regression correlation coefficient for Zr was 
shown to be between Zr and HREE. This correlation 
is supported by the results of many studies showing 
the concentration of the HREE in zircon (e.g. Hoskin 
& Schalltegger, 2003). Mn was probably not parti-
tioned by any specific phase except for ilmenite. The 
greater regression correlation coefficient between Mn 
and the REE totals probably resulted from its greater 
concentrations of the ilmenite and other Ti minerals 
in the heavy-mineral fractions of the sands and mine 
tailings. Of note, the total REE for anatase, rutile 
(ΣREE = 34  ppm), and ilmenite (ΣREE = 45 ppm) 
did not contain significant amounts of the REE in the 
heavy-mineral sand deposits in the Lower Coastal 
Plain (Oladeni, 2022; Oladeni et al., 2021). These Ti-
minerals would not be expected to contain significant 
amounts of the REE.

The correlation coefficients were useful to con-
firm the association of the REE with the phosphate 

minerals (monazite and xenotime). Monazite, xeno-
time, zircon, and the Ti minerals accumulated 
together by density sorting processes during deposi-
tion of these Marion Member sands. These heavy 
minerals would also show particle-size affinity for the 
coarse fraction, compared to the kaolin with affinity 
to the clay-rich fine fraction of the deposits. There-
fore, these heavy minerals would accumulate together 
in the mine tailings.

While the magnitudes of REE enrichments in the 
Marion Member sands were surprising and note-
worthy, the overall LREE enrichment (La/Yb > 1.0, 
UCC normalized) of these sands from this study and 
related studies is not unexpected. LREE enrichments 
are seen in the upper continental crust, shale compos-
ites, and clastic sediments (e.g. Piper, 1974; Gromet 
et  al., 1984; Condie, 1991; Rudnick & Gao, 2003; 
Taylor & McLennan, 2012). Similarly, the conversion 
of volcanic ash and volcaniclastic sediments to clay-
rich bentonite and secondary bentonites also resulted 
in LREE-enriched clays (Kadir et al., 2021; Zielinski, 
1982). The breakdown of crustal rocks into clastic 
sediments transfers the REE so that the derived clas-
tic sediments likewise are similarly enriched in the 
LREE (e.g. Piper, 1974). Monazite was consequently 
relatively more enriched than xenotime in clastic sed-
imentary rocks and is another reflection of the trans-
fer of LREE from parent to clastic sediment (Morton 
& Hallsworth, 2007). LREE enrichments seen in the 
Marion Member sands and other siliciclastic sedi-
ments contrasted with the HREE enrichments in the 
kaolin mine-waste tailings (Fig.  8), and in heavy-
mineral fractions of the mined kaolins from previous 
studies (e.g. Elliott et al., 2018). A possible reason(s) 
for the HREE enrichment in the mined kaolins and 
tailings is discussed below.

Kaolins

Trace amounts of xenotime were observed in the 
mined Cretaceous kaolins via XRD and SEM analy-
ses during analysis of heavy subfractions. The whole-
rock analyses by ICP-MS for the kaolins showed 
LREE enrichment (Fig. 8). The enrichment in LREE 
was consistent with the presence of LREE phosphates 
(crandallite, florencite) in the fine fraction (<45 µm) 
of the mined kaolins (Cheshire, 2011; Cheshire et al., 
2018). The fine fraction (<45  µm) comprised typi-
cally the majority (>90 wt.%) of the mined kaolins. 
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The presence of secondary phosphate (crandallite, 
florencite) with lower densities (2.7–3.7 g/cm3) would 
have affinity to this fine fraction (<45 μm) compared 
to the larger and more dense xenotime/zircon grains 
(4.5–5.5  g/cm3) with affinity to the coarse fraction 
(>45  μm). This difference in the grain sizes might 
explain the LREE enrichment in the fine fraction of 
mined kaolins while leaving the HREE to be concen-
trated in coarser, heavier subfractions of the mined 
kaolins (Elliott et al., 2018).

Additionally, xenotime overgrowths on zircon 
were identified in the coarse, heavy-mineral subfrac-
tion of the mined Cretaceous kaolins (Fig.  4). The 
overgrowths were not observed in the younger mined 
Eocene kaolins. Xenotime overgrowths on zircon 
have been observed by other studies outside of the 
Georgia kaolins and has been suggested as diagenetic 
in origin (Berti et  al., 2022; Morton & Hallsworth, 
2007; Rasmussen, 1996, 2000, 2005). Xenotime can 
form readily as overgrowths on zircon when sediment 
pore water contains REE + P + zircon (Rasmussen, 
2005), in part due to the isostructural relationship 
between xenotime and zircon (Burt, 1989). The pres-
ence of xenotime overgrowths on zircon increases 
the size of the resulting zircon + xenotime grain. The 
sum grain size (increase) may be sufficient to cause 
zircon (with xenotime) to be found more abundantly 
in a coarser fraction of mined kaolins and the derived 
mine waste tailings. Geochronologic studies of the 
xenotime are needed to test the idea of diagenetic ori-
gin of xenotime on zircon (Rasmussen et al., 2005).

Mineral-grain surface textures of dissolution pit-
ting and etching were observed in the Paleocene 
sands and the Cretaceous mined kaolins indicat-
ing chemical weathering post-deposition. Smooth, 
rounded mineral grain surfaces with no indication of 
post-deposition chemical weathering were observed 
for the Eocene sands. The dissolution etching/pitting 
of detrital, primary phosphates observed allows con-
sideration of the possible release of REE from parent 
phosphate minerals as dissolved constituents within 
the mined kaolins. The precipitation of LREE phos-
phates has already been described for the mined kao-
lins of Cretaceous age and the Sparta Granite (Chesh-
ire et  al., 2018). The weathering of the Liberty Hill 
Pluton led to the sorption of the REE on its regolith 
(Bern et al., 2017).

The possible presence of adsorbed REE would 
probably indicate either conversion of in  situ parent 

granite materials to kaolin clays with sorbed REE, or 
in the weathering reactions of detrital mineral con-
tent within the mined kaolins (Cheshire et al., 2018). 
Sorbed REE would not remain after transport and 
deposition of the siliciclastic mineral input building 
out the Coastal Plain when acknowledging the brack-
ish and/or high-salinity ocean water chemistry of 
the depositional environments for the Georgia kao-
lins. The Na and Mg contents of brackish or ocean-
water chemistry would be sufficient to desorb any 
exchangeable component of ion-adsorbed REE on 
mineral surfaces of the transported sediments (Zhang 
et al., 2020). Therefore, if present, sorbed REE would 
be related directly to the processes occurring post-
deposition. Investigations of sorbed REE in the Geor-
gia kaolins remains unreported.

Conceptual Model for REE in the Georgia Kaolins

The REE in the kaolin deposits were delivered pre-
dominantly to the Upper Coastal Plain hosted by pri-
mary phosphate minerals (monazite and xenotime). 
The detrital sediments which formed the Georgia 
kaolin deposits originated from Piedmont terrane 
rocks and saprolites, transported by riverine pro-
cesses (Dombrowski, 1992). These sediments were 
mixed efficiently during transport prior to deposition 
(Cheshire, 2011). The sediments were deposited with 
uniform REE patterns with respect to UCC (Rudnick 
& Gao, 2003), shale composite (Piper, 1974) and the 
Georgia kaolins’ saprolite source rocks in the Pied-
mont (e.g. GASC; Cheshire, 2011; Cheshire et  al., 
2018).

Cretaceous and Paleocene sediments underwent 
diagenesis producing several differences in physical 
and chemical properties long recognized between the 
Cretaceous and Eocene kaolins of Georgia (Hinck-
ley, 1965; Buie et al., 1979; Buie & Schrader, 1982; 
Patterson & Murray, 1984; Pickering & Hurst, 1989; 
Hurst & Pickering, 1997; Elzea-Kogel et  al, 2002). 
Monazite and xenotime originated as detrital mineral 
input to the kaolin deposits that formed during the 
Cretaceous and Eocene. The monazite and xenotime 
present in the Cretaceous kaolin and Paleocene age 
sediments (e.g. Marion Member sands) underwent 
post-depositional chemical weathering (diagenesis 
conditions). These grains were weathered chemically 
in part by the presence of organic acids released by 
decaying organic matter in the overlying stratigraphy. 
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These organic acids decreased porewater pH early 
during diagenesis (Cheshire, 2011).

The remobilization of REE observed as non-uni-
form distribution patterns of the Cretaceous kaolins 
(relative to the saprolite source, GASC; Cheshire, 
2011) led to the formation of secondary LREE-phos-
phates (Cheshire et  al., 2018). In contrast, the uni-
formity and overall low abundances of the REE of the 
Eocene kaolins suggested that the presence of these 
REE was attributed to source-rock inheritance – lit-
tle to no REE remobilization and fractionation during 
the post-depositional diagenetic processes (Cheshire, 
2011). In the older Cretaceous and Paleocene sedi-
ments, the diagenetically influenced remobilization 
of LREE led to mineralization of secondary phos-
phates in the fine fraction of the kaolins, and remo-
bilized HREE led to xenotime overgrowth formation 
on zircon in the coarse fraction. This depicts one set 
of mechanisms of REE fractionation in the Georgia 
kaolins. Mineral-grain surface textures of dissolution 
etching and pitting in the Paleocene sands overlying 
the Cretaceous kaolins allow consideration of the 
remobilized REE and sorption onto mineral surfaces 
as another mechanism of REE fractionation in the 
Georgia kaolins.

Conclusions

The mine waste tailings were, overall, enriched in 
the REE, with HREE enrichment greater than that 
of LREE. The primary REE-minerals in the mine-
waste tailings included both monazite and xenotime. 
Yet, monazite was more abundant than xenotime in 
the mine tailings. The ΣREE regression coefficients 

of the mine tailings and sands were strongest with P 
(r2 > 0.99), attributed to monazite and xenotime con-
tent. Other mineral sources of REE, such as zircon, 
were ruled out as significant sources of the REE 
based on lower regression correlation coefficients. 
Only minor amounts of kaolinite (< 16  wt.%) were 
present in mine tailings and were also ruled out as 
significant sources of REE in these materials. The 
REE contents in the mine tailings were derived from 
the REE minerals in the mined kaolin mixed with 
REE mineral content from the overlying sands during 
mining.

The mine-waste tailings derived from the mined 
Cretaceous kaolins showed greater concentrations of 
monazite + xenotime (0.9 to 3.2  wt.%; ΣREE 0.7 to 
1.9 wt.%) compared to the barren mine waste tailings 
derived from mined Eocene kaolins (~0.1 wt.% mon-
azite + xenotime, ΣREE ~300  ppm). The differences 
spoke to the possibility of a more distant source prov-
enance for siliciclastic mineral input of the Eocene 
kaolins and adjacent sand lithologies, compared to 
the Cretaceous kaolins and their adjacent sands.

The heavy mineral-containing sands of the Marion 
Member (Huber Formation) contained the greatest 
monazite and xenotime ratios, and highest concen-
trations of monazite + xenotime (6–8  wt.%; ΣREE 
4.6  wt.%) compared to all lithologies in the kaolin 
district in this study and past studies. The  ratios of 
monazite and xenotime contents were similar to mod-
ern accumulations of alluvial sediments in the upper 
Atlantic Coastal Plain (Bern et  al., 2016). Monazite 
and xenotime were found to drive the strongest cor-
relation with ΣREE. A negligible ΣREE contribu-
tion was found from all the other elemental/mineral 
sources in the sands.

Fig. 12   Conceptual model for REE fractionation in the Georgia kaolins
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The mined kaolins were enriched in LREE on a 
whole-rock basis. The mined kaolins were predomi-
nantly composed of a fine fraction (<45 µm) of kao-
lin. Xenotime in the Cretaceous kaolins was observed 
as diagenetic overgrowths on zircon. The xenotime 
overgrowths and discrete, liberated xenotime over-
growths grains contributed the HREE fractionation 
(Figs. 4 and 12) in the coarse, heavy-mineral subfrac-
tion. The sources of Y and phosphate for these over-
growths were probably from detrital xenotime. These 
source xenotime grains were chemically weathered 
during diagenesis of the Paleocene and Cretaceous 
sediments and reprecipitated as xenotime overgrowths 
in the Cretaceous kaolins. Furthermore, the xenotime 
overgrowths on zircon were observed only in the Cre-
taceous kaolins which underly directly the Paleocene 
sands. Xenotime overgrowths were not present in the 
Eocene sands or kaolins.

Previous study by Cheshire (2011) and Cheshire 
et  al. (2018) showed the presence of florencite and 
similar secondary REE-phosphates (e.g. crandallite) 
in the fine fractions of the mined Cretaceous kao-
lins and saprolite source rocks for modern kaolinitic 
sediments in the Atlantic Upper Coastal Plain. These 
findings of secondary phosphate minerals coupled 
with the SEM observations herein showing monazite 
and xenotime grains with dissolution textures (pitting, 
etching) permit further consideration of the released 
REE and adsorption onto kaolin mineral surfaces.

The lack of correlation of ΣREE with P and the 
positive Eu/Eu* anomalies in the kaolin anomalies 
suggest that monazite and xenotime do not account 
fully for the REE found for mine tailings and sands. 
The presence of sorbed REE might further explain 
the observed fractionation of LREE in the fine frac-
tion while the HREE were fractionated into the 
coarse fractions of the mined kaolins. Such sorption 
processes would need to be consistent also with the 
known diagenetic processes, physical properties, and 
chemical properties of Georgia kaolins (Cheshire, 
2011; Cheshire et al., 2018; Hurst & Pickering, 1997; 
Patterson & Murray, 1984; Pickering & Hurst, 1989).
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