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ABSTRACT

In 1991 ,the North Carolina Geological Survey (NCGB3t publishedrevised in 1993a paper
bound geochemical atlas of North Carolina based on the National Uranium Resource Evaluation
(NURE) progrand stream sedimergampledata.Since that timginteractive welserviceshave
made thalistribution of information to an endkserin digital media moreeadilyaccessible and
available Also, since that time¢he U.S. Geological Survey (USGS), as MgRE database
custodian, hamade corrections to tidatabaseThe NCGS has made th#JRE stream
sedimentata availableia an interactive welplatform In addition to thenalytefirst-order
statisticsthe NURE program data for each tested analyte aaaiple points in thgtate are
available to théentemetbaseduser. Also availablera descriptions for eacdmalyte, describing
the analytes relevance to North Carofitahelp guide thesesdunderstanding of the sample
data.As with all large databases, decisions were ntadest manage the distributiontbé
information Explanations behind sometbiose decisions are documented herElire appendix
of this documentontainsanalyte concentratiomapfigures usinga blendof symbologies
(graduated colorandproportional symbol sizé$or each of the availablenalytes, based on the
NURE samplaata.



PART 1: NURE STREAM SEDIMENT PROJECT AND THE GEOCHEMICAL ATLAS
OF NORTH CAROLINA WEB-EXPERIENCE

l. INTRODUCTION
NCGS Bulletin 93

In 1991, Dr. Jeffery C. Reid produced A Geochemical Atlas of North Carolina (revised in 1993),
NCGS Bulletin 93 (Reid, 1993n papercopy. TheGeochemical Atlas of North Carolivaeb-
Experiencas a valueaddedeffort to NCGS Bulletin 93 It has arupdatecemphasisvith

respect to two essential considerations: (1) digital technology advances in information
distribution since the early 1990s allowing for a more interactive experience femdiuserand

(2) modifications and rprocessing of the NURprogramdatabase for corrections of the

original entrieghat have occurred sincgiginal publication Additionally, updatedanalyte
concentration mapand histogram distributiotave been created for each of the available
analytesThese mapand graphsidin trend visualizationthattheweb-experiencalone does

not provide.

NURE/HSSRBackground

The NURE progranprovided North Carolina with a regional database from the
Hydrogeochemicahnd Stream Sediment Reconnaissance (HSSR) suriey\NURE program

was established in 1974 and terminated in 1984. It was administered by the Grand Junction
(Colorado)Office of the U.S. Atomic Energy Commission and succeeding agencies, the U.S.
Energy and Development Administration and the U.S. Department of Energy (DOE). The main
purposes of the NURE programe r e t o provi de the assessment o
resources and toeatify areas favorable for uranium mineralization. Although the NURE

program was intended to aid in evaluation of potential uranium resources, much of the
geochemical data can be used to assess areas for other types of mineral resources and to identify
regonal geologic and geochemical features. The objective dfitheE program was to define

uranium provinces by collecting and analyzing samples of various types of sediments and

waters; additional elements were used as pathfinders. The program was itbenaéde

general regions favorable for uranium mineralization; it was not designed to delineate specific
orebodies. Sampling and analytical procedures were optimized for uranium analyses and for
rapid, inexpensive determination of pathfinder elemdfitsept foruranium, analytical precision

was sacrificed in favor of analytical speed. Unusual patterns, or anomalies, are difficult to

interpret unambiguously. An unusually high concentration of an element surrounded by samples
with a more normal concentrati can be interpreted many ways without other, more

constraining, datasuch asegional geologi¢eaturegSmith, 2006)

The NURE data are applicable to mineral exploration, agricuteadth, and environmental

studies. Applications in state government include resource surveys to assist mineral exploration
by identifying geochemicadathwaysand areas of potential mineralizatiéthant growth

conditions, disease, and crop productiatg areas where agronomists search for favorable


https://storymaps.arcgis.com/stories/75126ae549884f85b11317204fde61b1
https://storymaps.arcgis.com/stories/75126ae549884f85b11317204fde61b1

parametersCertain tace elements must be present within narrow ranges in soils for optimum
plant growth and productivity. Trace elements as a contributing factor to disease are of concern
to health professionals. Industry casewpH and conductivity data from streammter samples to

site facilities which require specific water quality standards (Reid, 1993).

I. THE DATABASE

Sampling of N26A00 kM (€B®H38mif) of laral &rea wasompleted and stream
sediments at 668sample sites were analyzed before the NURE program was terminated.
Sample density averages one sample sitd®érknt (7.2mi?) of land aregReid,1993) The
database for North Carolina contains 9,84fhplefrom the 6,668 siteSampling was
performedby edablished geochemical exploratiprocedures as explained in standard texts
(Rose and others, 1979), and by Sargent and others (1982). The Savannah River Laboratory
prepared th&lorth Carolinasamples and analyzeahoriginal group of elements by automated
neutron activation analyseBhis group include$), Th, Hf, Ce, Fe, Mn, Na, Sc, Ti, V, Al, Dy,

Eu, La, Sm, Yb, and LiContractors analyzeadditionalelements by atomic absorption and
other method (Sargent and others, 198R)their report, Fay and Cook (1982) included
previously unreported neutraactivation analyses of gold in sediment samples determined at the
Savannah Research Laboratory (SRL). In the data used herein, samples in which gold was
detected by neutron activah analysis are reported (Reid, 1993).

Sampling and analytical procedures were described by Sargent and others (1282) and
summarized here. Conductivity aptl were measured atich ofthe streamsampling sitesA
minimum of five sediment subsamples were composited from each stream site. Approximately
400 grams of sediment passing@pumsaeen (U.S. standard 40 mesh) were collected at each
sampling site. Sediment samples were dried at 105°C, sieved to <149um (100 mesh), blended,
coned, and quartedteOne and onldf gram aliquots of the <149n material were packed into
ultrapure polyethylene capsules for analyses. The encapsulated samples, in batches of 25,
including one standard, and one blank, were loadediirt NAA pneumatic system. Transport

into theirradiationassembly and counting stations and the collection and processing wiedata
computercontrolled (Sargent and others, 1982id 1993.

In addition to pH and conductance, twmplete list ofnalytes measurad North Carolina
include (from increasing atomic number Z valug: lithium [Li], beryllium [Be], fluorine [F],
sodium [Na], magnesium [Mg], aluminum [Al], phosphorus [P], potassium [K], calcium [Ca],
scandium [Sc], titanium [Ti], vanadium [V], chromium [Cr], manganese [Mn], iron [Fe], cobalt
[Co], nickel [Ni], copper [Cu], zinc [Zn], arsenic [As], selenium [Sefpstium [Sr], yttrium

[Y], niobium [Nb], molybdenum [Mo], silver [4], tin [Sn], cesium [Cs], barium [Ba],

lanthanum [La], cerium [Ce], samarium [Sm], europium [Eu], terbium [Tb], dysprosium [Dy],
ytterbium [Yb], lutetium [Lu], hafnium [Hf], tantalum [Ta], tungsten [W], gold [Au], lead [Pb],
thorium [Th], and uranium [U].

Sargent and others (1982) explained some limitations of theTdeaurvey objectives dictated
sample coverage over a wideea and determination of mavgriables oreach sample.
Although rigorous sampling and analytical procedures were employed, the scale of the project,



the diverse nature of personnel and analytical procecamdghe length of time over which

these activities were conducted, all combine to introduce variations within the database that at
times can inhibit direct comparisons. A major limitation is that large areas of the state are not
included in the supplemaitanalyses (Smith, 2006; Reid, 1993). For instad@t, extents are
commonly limited by countyevel political boundaries.

II. NURE PARAMETERS AND CONSIDERATIONS

The NURE HSSR data were originally generated by four Department of EixDds)
Laboratories (Lawrence Livermore Laboratory, Los Alamos Sciehi#fimoratory, Oak Ridge
Gaseous Diffusion Plant, and Savannah River Labongdony at least one unspecified
subcontractor laboratomith, 2006) From the DOE laboratoriethedata from North
Carolina were anaed atthe Savannah River Laboratorin 1985, the responsibility for the
NURE HSSR data was transferred from the Department of Energy to the U.S. Geological
Survey In 1994 ,and after the publication of NCGS Bulle8, use of a recently compiled
version of the NURE HSSR database revealed several inconsistsoomesintroduced
systematic errors, duplicated records, and missing data. Beginning thafi@és to use large
amounts of NURE HSSR data from the state of Montana led to a decision to recompile the
dataset from the original files. The success of this task led to a larger project with the goal of
reformatting the entirdatabaseAt this time the decision was also made to separatevtiter
data and the sediment data to createdigtnctdatasetgSmith, 2006).

The samples in the dataset were chemically analyzed by several laborsioniea variety of
techniques that changed over time. The accuracy of the geochemical data varies with the
particularlaboratoryinstrumentation and techniques, the analytical methodology employed, the
analyte being examined, the concentration of the analyte, and the mixture of elements present
within a given samplé/alues that were less than the lower detection limits of an analytical
method were reported as a negative nuni®erith, 2006) Also, it was later discovered that

some field samplerdsad changeéthe negative values to zernosthe databas@&o onesample
necessarilyontains data in athe analytedata felds andno analytedata field is completely
populated within the datas@theamount of data in elemental fields varies with the responsible
DOE laboratory and with the analytical methods used (Smith, 2@G6)ould also be noted that

all sedimentinalyte concentrations are reporieither parts per million (ppm) or as a
percentage (%), depending on the individual analytéle electrical onductancef the water

from the streamvhere the sediment sample was collegsa@portedn microsiemens per
centimeter gmhos/cn).

V. CRITICAL MINERALS VITAL TO U.S. ECONOMIC INTERESTS

In 2022, the USGS releasen Action Notice highlighting a series of 50 minerals that
researchers have determined are vital to the economic interests of the United States for the
foreseeable future (Apggate, 202R With the critical minerals defined, the effort to locate the
minerals for exploitation has been developed in the Earth Mapping Resources Initiative (Earth



MRI). Earth MRI is planned as a partnership between the USGS, the Association of American
State Geologists (AASG), and other federal, state, and pieater organizations (Day, 2019).

The 2022 Final List of Critical Minerals

(* Denotes raterialsampled foras analytes the NURE stream sediment program

* Aluminum *Dysprosium Indium Palladium *Terbium
Antimony Erbium Iridium Platinum Thulium
*Arsenic *Europium *Lanthanum Praseodymium | *Tin

Barite Fluorspar *Lithium Rhodium *Titanium
*Beryllium Gadolinium *Lutetium Rubidium *Tungsten
Bismuth Gallium *Magnesium Ruthenium *Vanadium
*Cerium Germanium *Manganese *Samarium *Ytterbium
*Cesium Graphite Neodymium *Scandium *Yttrium
*Chromium *Hafnium *Nickel *Tantalum *Zinc
*Cobalt Holmium *Niobium Tellurium Zirconium

V. ADDITIONAL HELPFUL REFERENCES

North Carolina Geological Survey Interactive Geologic Maps

The North Carolin&eological Survey has a number of interactive geologic maps, which can be
found at the following locationir{teractive Geologic Maps | NC DBQThese are helpful references

as you read through the following analyte information, which highlight, among other things,
locationsin our state where these elements and their associated ore minerals are known to occur.
These mapgprovidegeologiccontext in terms ofmajorterranesfeaturesandunits that help

explain the origins of these elements and minerals.

The Mineral Resources Data System (MRDS)

The MRDS is a collection of mineral resource reports worldwidentained by the USGS and
developed by the USGS with the assistance of thegalegical surveys and other
organizationsThis resource may also be useful to the-eserfor broader mineradnalyses

MRDS interactive mapuUSGS, 2011).

Topical Index of Downloadable Spatial Data

A virtual clearinghousef dataisalsoa v ai | abl e

t hrough

(UB@S)IimkS Geol o

below, whichprovides a periodic table of elements that is searchable by element. Additionally,


https://deq.nc.gov/about/divisions/energy-mineral-and-land-resources/north-carolina-geological-survey/ncgs-publications/interactive-geologic-maps
https://mrdata.usgs.gov/mrds/map-commodity.html

many related links ttopics such amatural resourcegarth science, environmental issues, and
morecan be readily accessed frohe following siteMineral Resources Ghine Spatial Data:
Topical index(USGS, 2023)

VI.  THE ANALYTES

By increasing Avalue (atomic number):

Lithium [Li] , Z=3,is a soft and silveryhighly reactivealkali metaland isthe lightesof all

solid elemens on Earth Along with hydrogen and helium,wasone ofthe only elemerst

produced in significant quantitiegponthe creation of the universé is ubiquitous around the

globe, although onlgoncentrated enough for commercial productrom afew deposittypes

and areasWorldwide,lithium is most ofterproduced from continental brinesthe shallow

subsurface and further concentratedhanmade evaporation pond&.significant additional

sourceis from lithium-bearing mineralsvithin coarsegrainedcrystalline rockgBradley, 2017)

Historically, lithium has been mined in North Carolina fremodumenel(Al(SiO 3)2) orefound

in unigue pegmatites of the Kings Mountain district (Horton, 198apdumene mining

continued for severalecades in this area, ceasing production in the 1990's. Ti&pouumene

Belt of the Kings Mountain District was at one time considered the largest spodumene pegmatite
deposit in the world (Swanson, 201Bithium as a commodity igaluablein the production of

batteries, ceramicglass,and numerous other applicatiofiie risingutili zationof lithium in

many rechargeable battery applications (electric vehicles, smartphonesastceated a strong

surge in demandslobal consumptionms substantiallyon the rise at the time of this report
(USGS,2022)Li t hium is | isted as a ACritical Mi ner a
has presented a final l' i st of 50 critical mi n
and economic prosperity (Burton, 2022).

Beryllium [Be], Z=4, is the lightest of the alkaline ealementsBecause of its smatdiize it is
not easily displaced and occun®st frequently within distinct mineral§he two most common
beryllium oremineralsarebertrandite BesSi.O7(OH)z) and berylBesAl2SisO1g), bothof which
are found in association with igneous rod&srtrandite is the principal ore mineral being mined
globally forberyllium. It occurs in moderate to low pressure regimes in-segace
volcanogenic and carbonatested rocks (Foley, 201 Beryl, on the other hand, is most often
found in veins or pegmatitethe latter ofvhich are rocks that contain the last minerals to
crystallize fromthe highly enrichedresidual fluid of large igneous intrusion@nly ecific
pegmatites namedare metal granitic pegmatitésontain enough beryl to warramiining for
beryllium (Foley, 2017)In North Carolinaperyl occurs inpegmatitesn several counties in
western North Carolinanost notablyAvery, Mitchell, and Yance)Stuckey, 196 More
significant ore deposits are foundtire Kings Mountairarea whichhostsa raremetal granitic
pegmatitehat haso-producedseveral minerals, includintpose containingeryllium and
lithium. Beryllium as an alloy with coppexccouneédfor approximately75% of thetotal used in
2018 inthe U.S Much of the remaining consumption was in the form of purified/llium metal
(Jaskula, 2021 Beryllium has unique chemical characterisbE€strength, hardneskigh


https://mrdata.usgs.gov/catalog/
https://mrdata.usgs.gov/catalog/

electrical and heat conductivity, as well as high resistance to corrosion and fatigse traits
makeberyllium and its alloys well suited for various aerospaoepputerdefenseand other
high technology applicatian(Foley, 2017)Beryl can also ba gemstonejuality mineral

principallyasaquamarineandemeraBle r yl I i um i s | i sted as a #ACr.I

Department of Interior (Burton, 2022).

Fluorine [F], Z=9, is a paleyellow gas within the halogen group on the periodic table of
elements. It is the most electronegative (i.e., it strongly attracts electrons) element and therefore
is highly reactive. It reacts with every element except neon and helium. Imgkeghe
gemstone topaz (Al2SiO4(F,0OH)2) contains on average over 10% fluorine by weight. The most
common ore mineral of fluorine is fluorite (CaF2), which is also commonly termed
commercially as fluorspar. The term fluorescence getsame from this mineral, though it is
believed that common impurities within fluorite permit the quality of fluorescence. Fluorine is
known to be an Aincompatibledo el ement withi
concentrated in the latter stagesragma differentiation (Hayes, 2017). Fluorite is most often
mined from the associated hydrothermal deposits, though it also commonly occurs in
sedimentary deposits of phosphorites. Although not actively produced in North Carolina,
fluorine-containing mineals can be found in the Quaternary age phosphorite deposits (as
fluorapatite) of the coastal plain as well as certain formations within the Hot Springs Window in
Madison County (as fluorite). Fluorspar has a host of applications, including as a fluxing
material in ceramic, steel and glass making. Itis also commonly used as feedstock for fluorine
chemicals generated principally after the production of hydrofluoric acid (Hayes, 2017). Fluorine

n

is |isted as a ACritical idri(Buton 2022). by t he US D

Sodium [Na], Z=11, when separated fromaturally occurringgcompounds, ia soft, silvery

white metd However,because it is so highly reactisad watersoluble it does not occuas a

free metal in naturd?lagioclasedldspar, halite ansoda astareexamples obre minerals

containing the sodium cation abundanceCommon ore minerals mined elsewhere around the
globe forsodiurc ont ai ni ng compounds include halite
(Na&C0s-10H0), which are both formed primarily as chemical sedimentary rocks in evaporative
basins within arid region#n North Carolinafeldspargincluding sodiurarich varieties

Na Al S have®een mined in several locations where thngsesiveigneous rocks are found
North Carolinavasthetop feldspar producer in the nation in 2021, alwhg with four other

states, accouatfor approximately 60% of US feldspar producti@halayini, 2020)Feldspar
mining, commonly from pegmatites and associated rocks, has a long history in western North
Carolina that continues today most prominently in deposits of the Spruce Pine Mining District
(Tugaloo Terrane, west of the Brevdadilt zone)in Yancey, Mitchell, and Avery Counties.
Additionally, in the Kings Mountain area, feldspeas beemecovered in the process of

extracting spodumene for its lithium content (Carpenter, 1¥#Ispars are most often utilized
todayin the formulation of glass and ceramics (USGS, 2022).

Magnesium[Mg], Z=12, is an alkaline earth metahd the third most abundant element in
seawater (Kramef001).Common ore mineraisclude magnesite, olivine, dolomite, brucite

( N



and carnalliteNorth Carolina hosts magnes{tdgCQOs) and olivine((Mg?, Fe*).Si0.) deposits
mostly in the western part of the statlkere ultramafis (naturallydark-colored igneous rocks
with high amounts of magnesium and iraskur. Thesedeposits havbeen mined historically
for decades in the statim fact,North Carolina once led the nationthre production of olivine
(Carpenter, 1995although no current producti@xistsas of 2022Elsewheren the US and
around the worldseawater and brines are extracted for their magnesitime form of
magnesium oxides and other compou(iglgay, 2021) These extraction methods accounted for
most of thedomestic production ofariousmagnesiuncompoundsn 2021(USGS, 2022)
Magnesium compounds are used primarilyh@environmental and agricultalrindustriesAs a
primary metalmagnesiums used commonly as an alloy with aluminum (chiefly in castings
made 6r the automotive industrgnd for the removal of sulfur from iron and stgeé5GS,
2022)Magnesium is |isted as a ACritical Mi ner al
2022).

Aluminum [Al], Z=13, is one of the basic metadsid isthe second most abundant metallic

el ement i n t he E aThdshdimentacyrockdoiitecarftaingthe psmaty i ¢ o n .
aluminum ore mineratamedgibbsite(Al(OH)3). Bauxite is formed primarily in tropical regions
within lateritic formed through intense chemical weatherisgj)s havingexcellent drainage and
intense wet/dry cyclest requiresan extraction process to produce alumjaliminum oxide)

before smeltings performed to create pure alumingBray, 2021) Bauxiteis utilized widely

across many common applications and industries, including transportation, packaging,
constructionand many other®yrophyllite ahydrous aluminum silicateith approximately

28% aluminum contenbas beemn intermittentlysignificant economic produat North

Carolina ;nce 1855, when it was first mined. Pyrophyllitgainly occurs in economic quantities
along the east side of ti@arolinaTerrane (also known as the CarolBlate Belt) with the more
significant mining activity occurring in Moore, RandoJgklamance, Orange, and Granville
counties (Stuckey, 1965)heapplicationsof pyrophyllite have variedver time, with modern
usesncludingas a additive in claysbricks and insecticidesMany industrial abrasives involve
aluminum in the form of the mineral corundum {®@4), which wasalsoformerly mined in North
Caroling primarily inJackson and Macon Countigsl umi num i s | i sted as a
by the US Department of Interior (Burton, 2022).

Phosphorus[P], Z=15, is not foundnaturallyin its elemental formas it is highlyreactive with
oxygen Thisreaction generates a faint glow terneb@miluminescenge unique property of
some phosphorusontaining rocks(Phosphorescence is a separate process whereby upon
exposure tehorterwavelengthight (radiation) thosesubstances absorb and slowdyemit
longer wavelength light Phosphate rockegntaining the?O4> ion) providethe principal ore
mineralsourcefor phosphorusThe mineral apatitéhe name for a group of phosphate minerals)
IS a common accessoryigneous ananetamorphicocks where it is sometimes minektrectly
from these source rockislost phosphorus is mined from sedimentary phosphdgtagaining
up to 80% apatitenineralsin cryptocrystalline formy@leposited in shalloynearshoremarine
settings. The Miocene age Pungo River Formatiothe North Carolina coast hogtsosphate
ores that have been actively mined in our state for several de¢adesurora Mine in Richland


https://en.wikipedia.org/wiki/Magnesium
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Oxygen

TownshipmakesNorth Carolina deadingproducelin the natiorfor phosploruscontaining
compoundsAgricultural uses account for over 95% of ffteosphorus consumption in th&U
(USGS, 2022).

Potassium[K], Z=19, is asoft, silverywhite, alkali metal When processed into its elemental
form, a strong combustion reaction quickly ensues in the presence of air or especially water.
Potassiums amilar in nature tosodiumin that it occurs ofteasionic saltsoriginally deposited
within intense gvaporitic basinsPotash, being a mixture of various potassium salts, is a primary
orerockinvolving this elementMarine and lacustrine evaporiepositional settingsathe

most common environments where potash is mingkde US although mining also occurs in
certainlithocap(broadly strataboundnd laterally extensive alteration domaidsposits in the
uppermost portions of igneous porphyry systems (Hammerstrom, Za#zaysium alsteatures

in plutonic rockswithin thefeldspammineral orthoclas€é&AlSi:Os). In fact, North Carolinas one

of the leadingstatesn the natiorfor feldspar productionwith historic and presemhining

activity most concentrateitt Yancey,Mitchell, and Avery counties in the western part of the
state(Stuckey, 1965)Approximately85% of US potash salegerefor thefertilizer industy
(USGS, 2022).

Calcium [Ca], Z=20, is found in a wide array ofoenpoundsand is the fifth most common
element on EarthlThe primaryore minerabf calciumis calcite (CaC@g), which istheprincipal
mineral found in limestonand marble (metamorphosed limestofi®)psum (CaS®2H.0),
fluorite (Cak) and apatiteg group of phosphate minernaégealsoimportant ore minerals for
calcium. Calcium also occurs abundantly within many other minerals, including anorthite
(CaAlSiO:) as the enagnember of the plagioclase mineral seri@sdimentary calcitis often
formed insituas a precipitate fromelatively warm shallov, calm, marire settings These
sources can be directly from seawater (chemical) or froradbemulatedemains oforganisms
(biological) Marble, being metamorphosed limestoas ell aglolomite(CaMg(CQ).)), has
beenperiodically mined irCherokee countin far western Nortl€arolinafor dimension stone
(Carpenter, 1983A few of the many uses of calciunontaining rocks and minerals incluite
the production of cemeiind mortaras an additivén certain foods and pharmaceuticals, asd
a reduction agent in ¢hproduction of other metals

Scandium[Sd, Z=21, isthe lightesbf therareearth metals. It is aoft, silvery metal that is

relatively commoninthEar t hés crust, but rarely Abogncentr a
with yttrium, scandium isclassedvith thechemically similar group of rare earth elements

termed thdanthanides, which araostly nonradioactive(in contrast to the otheare earth

element group named tlaetinides) Ore minerals foscandium arejuite rare and are produced
exclusivelyas a byproduct of a variety of other ores (USGS, 2@229r 245 mineralfom

which rare earth elements are found have been identified (Van Gosen,2fHium is most

often usedn alloys with aluminumn aerospaceanilitary, and other application&candium is

|l i sted as a ACritical Mi neral 06 by the US Depa
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Titanium [Ti], Z=22, is found in nature only aan oxide limenite (FeTiQ) andrutile (TiOy) are

the two most common ore mineralhese minerals occur a wide variety of deposit types. In

North Carolinasedimentary placer deposits are found inittee avy mi neas@all so of t
plain. Recent mining has occurred in Virginia alanginearbelt namedhe Fall Zonewhich

extends into North Carolina as tbentact zone between crystalline rocks of the Piedmont and

the sedimentary cover of the Coastal PlBi@sed on sample analyses and other resesirolar

areas in North Carolinarealsoconsideregrospective focommerciakitanium mining(Van

Gosen, 2018). Additionallyertain crystalline rocks of metamorphic originand near the

mountains containoted occurrencggaslenses anassociated residuurnf titanium-bearing
minerals(Stuckey,1965).Most usage of titanium ore mineralsas awhite pigmentin paints,

plastics papersand other itemsTitanium metal is also utilizeith metal alloys tancrease the
strengthto-weight ratio anctorrosionresistaice of components$or the aerospace industry and
otherapplicationgWoodruff, 2017)Ti t ani um i s | i sted as a ACriti
Department of Interior (Burton, 2022).

Vanadium [V], Z=23, is awidely distributedrace element founih a variety of mineral and
deposittypes30to85%0 f t he wor | dr@rsorehodie¥aitder mimaddirecly or

produced fromaresultingsteelmaking slag) ofertainmafic and ultramafic rocks also having

ilmeniteand magnetit¢Kelly, 2017).Among the lesser but emerging sourcegasfadium aras

a byproduct of petroleumproducts, especially from heavy crude oils. An estimatéd @bthe

w o r lvahé&daim supply is derived from fossil fueldost vanadium is utilizedn steelmaking
applicationgo greatly increase strength. fact,vanadiumtitanium alloys have the highest
strengthto-weight ratio of any engineered material to détellyy, 2017).Vanadium is listed as a
ACritical Mi neral 6 by the US Department of I n

Chromium [Cr], Z=24, isthe third hardestaturally occurringelement on Earthlhe primary

ore mineral is the oxide Chromite (FeOx), whichis concentrateth certain mafic and

ultramafic igneous bodiess an orthocumulat@rthocumulategare rocks formed from the

fractionation of a&oolingmagma chamber via settling ortéion (USGS, 2022) Various

mines mostlyin western North Carolina have produeeddest amounts ahromite ore irthe

past (Stuckey, 1965Lhromium is most significantly usewdl an alloy with ironto increase

strength andjreatly enhance corrosion resistancea f st a i @hroensirenmetaldds a kigh .
polishandssynonymousl|l y known eommdnlygdsed@asraemetal platihgenr e i t
numerous application®app, 2001) Chromi um is | isted as a ACrit
Department of Interior (Burton, 2022).

ManganesgMn], Z=25, is anotheltransition metabften found incombination with iron.

Manganese ore minerals are concaetl through various processes that occur most frequently

in the worl doés mesenammnganese Gepasis arg fauachambnygst ancient
marinesedimentary rockghat were long ago emplaced on land where commercial mining could
occur.Ferromanganese nodulasd crust®ccurthroughout he wor | drw#dprevenab e d s
commercidly, would open a tremendous additional supgflyhis vital elementAdditionally,
supergeneleposition (secondary enrichment) is an importimtosit type, especially in more

10



tropical regiongCannon2017).Across the various deposit typesnse of the more@nmon ore

minerals for manganese atedochrosite (MnC§), braunite (Mt*Mn3*s(SiOs)Os), manganite

(MnO(OH)), andpyrolusite (MnQ). No significant manganese mining occurs in the United

States today, bubere arenumerous occurrenc@s North Carolinaincludingin the

Battleground Formatioachist inthe Kings Mountain areaas well as several scattered localities

in western North Carolina (Stuckey, 1968)anganese is a&frous metal vital tonodern

industrial economies and used primarily as an athagreate steeln fact, manganess

currently an irreplaceable element in tlomeersion of ironoretostedti s | 1 st ed as a f
Mi neral o by the US Department of Interior (Bu

Iron [Fe], Z=26,ist he f ourth most common el em®mmmoni n t he
element by mass, just ahead of oxyders considered one of the seven metals of antiquity due
to itslengthyand significanhistorical usageAlong with nickel, iron comprises the majority of
our p InenaedoGter cores. There are many iron ore minerals, but a few of the most
common include:hematite(FeOs), magnetitgFeFe+0,), siderite(FeCQ) and goethitgU-
FeO(OH)). Magnetite and hematite are the mostnmoniron ore minerals in the United States
(Tuck, 2021) Numeroussmall historic mines with some iron ore productioave existedh

many regions oNorth Carolinagoing back to colonial dayBuringthe main iron production
period of t he epradlcgdthe th@Oirbnsope the statetheaCheeokes
Countylimonite depositsandthe Cranberry Minanagnetite deposits &very County (Stuckey,
1965).The vast majorityfestimated at 98%gf iron oresat presenare utilizedto producdron

and steellron and steel aref coursekeyingredients to most buildingndinfrastructureas well

as transportation and numerous otb@wnomic sectoris the modern, industrialized world.

Cobalt [Co], Z=27, isa silvery gray metatot found in natte in its pure, free formt does have

a similar ionic radius to various othaetallic cations, and so substitution readily occurs to
createnumerougobaltcontaining compoundsnd mineralsDeposit types are primary or
secondarysupergene enrichmefrom surficial weathering). Ultramafic rocks contain the

highest natural q@portionsof cobalt(Slack, 2017)Among the primary deposit typexbalt is

most often recovered from sulfidarsenide and sulfarsenide mineralodds. st of t he wor
cobalt isfrom stratiform(formed parallel to the bedding planes of the surrounding rock)

lateritic, or magmatic sulfide depositi$ is most often produced as a byproduct of copper mining

in stratiform depositsNorth Carolina has sed¢racecobalt occurrences ia small number of

historic mines and prospects in the mountains regisnvell agpotentially highemgrade deposits

in Wake,Gastonand Lincoln Countie¢Stuckey, 1965)The uses ofobalt ara@ncreasingly

important and with few if any substitut&he primary gplications inclue as cathode materials

in rechargeable batteriand as a component in superalléysjet engines and other higind

technologies (Slack, 2014).t i s | i sted as a ACritical Mi ner a
(Burton, 2022).

Nickel [Ni], Z=28, is another transition met#hat in its pure form is silvery gray with a slight

gold tint. k has unique characteristics of hardness and ductitigortantly, it also hathe
quality of ferromagnetism, which only cobaffgn and rare earth meta¢ésohave.Nickel, like
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iron, is most concentrated in the inner and outer cores of Earth. There are a couple of
depositional systems from whicirckel is extracted todaylagmatic sulfide deposifzrovide
around 40% of global nickel resourc&he main ore mineral from these depositgaatlandite
(Ni,FexSs. The intense weathering aftramafic igneous rocksan produce laterite deposits,

which are host to ~60 % Nickelifarduselimeniber(He,MilO§OHp r o d u c e

and garnierit€éan informal name consisting of variousMg hydrous silicate mineralsire the
primary ore minerals in these deposit systelmsemergingorospective region for nickel mining
is thedeepseafloor, where various heavy metals accumulate as nodulesust (Boland, 2012).
In North Carolina, nickebccurrences haveeennoted inseveralareaknown to have ultramafic
rocksin the western part of the statetckey, 1965)Nickel has long been used as an alloy with
iron to help impart corrosion resistance, heat tolerancehandhess to the resulting material.
Thesealloys are often utilized in intense environmdiks jet engines and power generation
facilitieswhere these material qualities are importalntkel is alsoncreasinglybeing utilized

in rechargeable batteriésr a wide variety of applications.t i s | i sted as a
the US Department of Interior (Burton, 2022).

Copper [Cu], Z=29, is one of the few metathat can occuin nature in its pure formlhis fact
hel ped | ead to copper beaonmi mpgitihaspeen otifizadt h e
raw andreadily alloyed forms fomany hundreds of yeans its pureform, it isreddishorange,
soft and malleable with a high thermal and electrical conduct®ynmercially minable
guantities are foundredominantly in one of two depositional systengoth systems,
replacement is the dominant mechanism of formafamphyry coppeaccounts for75% of
global production. It is formeftom hydrothermafluids originatingfrom underlying magma
deep below. The remaining ~25%a&ind in sedimentargock-hosted stratabour(gsolated
within a particulabedof sedimentary strataleposits These depositare concentrated and
precipitated through supergepmcessefthose occurring via deposition or enrichment of
mineral deposits by solutions moving downward through r{©kebrich, 2009)There are a
large variety of copper ore minerafsboth depositional systemisut a few of the primary ose
include:chalcopyrite(CuFeS), chalcocite(Cw.S) and bornitCusFeS;). While no copper
mining occurs today iNorth Carolinawe do have long history with copper production from
numerousnines A number of these historic copper mines were originally gold mines that had
appreciable amounts of copper as well (Stuckey, 196&)se depositare concentrateith three
areasacrosour statewest of the Brevard zone in the Blue Ridge Mountaimd in two areasf
the Piedmonprovincel a zonealong the eastside of the Charld#terane, an@ zonealong the
westsideof the Carolina terranémportantly, each of thesseas of activity broadly trendsEN
SW. This is dirst-order feature of Nrth Carolinageologyin that largescale terrane features
trend insimilar orientatiors. Less significant mining activity has occurred in/near Chatham
County as wel(Stuckey, 1965).

Zinc [Zn], Z=30, is a bluishwhite, transitionmetalwith diamagneti¢havingproperties of
repulsion from an external magnetic fielt)d anticorrosion propertiesrhe primary ore

mineral forzinc is sphalerite(Zn,Fe)S), which is nearly alway®und in association with
sulfides of copper, lead and iron. Three prinm@ng ore deposit types exist: b)ississippi
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Valley Type (MVT) deposits where low temperature hydrothermal solutions precipitated
lead and other metals in often stratabound deposi8dijnentaryExhalative (SedEx) deposits
wheremetatrich fluids are released intobedy of water, dispersed and reconcentrated in basin
floor sediments, and 3jolcanogenic Massive Sulfide (VMS) depositkeresubmarine vents
releasegeothermallyheatedwvatersthat precipitate high concentrationsmoétals likezinc into
stratiform accumulation@<ropschot, 2011)Most North Carolingoroduction ofzinc wasprior to
1900andas a byproduct diistoric gold silver, coppeand leadnining (Stuckey, 1965)That
said,zinc is widely used today and is the fourth matsized metal in the world. Zir& strong
anticorrosion properties makedesirableor alloying with other metal¢for example,

combining with copper to make brassd galvanizig (coating other materials with thin layers
of zinc).Zinc oxide is an opaque, watgsoluble compound used fakis protection from sun

and wind exposur&ropschot, 20112 i nc i s | i sted as a ACritical
Department of Interior (Burton, 2022).

Arsenic [As], Z=33, is a semimetl that is most often greyith ametalliclusterwhen utilized

in industrial applicationsArsenopyrite (FeAsSprpiment As;Sg), and realgarAssSs) arethe

most commorarseniebearing minerals. Arsenopyriie theprimaryore mineral folarsenicand

is oftenformed as a highemperature precipitateom hydrothermal, ve#iilling fluids. It is

often associated with gold, coppeon, lead,and other metallidepositsof similar origin.In

North Carolinaarsenic has beemotedin trace amounts in a few historic miresa byproduct of
gold and other miningfforts. Applications forarsenic have historically bedimited to lumber

and agricultural biocide treatments, given the albwn toxicity of arsenic in the environment.
A recentapplicationfor purearsenic metaincludesthe formation ofyallium arsenide
semiconductors useful in solar ceBmartphonesand other technological equipment (Bedinger,
2014)Ar senic is |isted as a ACritical Mi neral o |

Selenium [Se]Z=34,is anonmetal thatisa t r ace el ement rarelyfdulden ear t h
its pure form in naturdt is a chalcophile element€., having an affinity for theudfide phase)
where it will sometimesubstitute for sulfur given their similar ionic radilonsequently, the
predominant ores wheseleniumis recovered areopper sulfidesAs a byproduct of copper
refinementselenium is collected from the anode slimes developed during celguotrolysis
(Stillings, 2017)lts practical applications includgses in glass manufacturinglectronic and
photocopier componentamong others. More recent uses take advantagmd unique
propertiesSelenium idhoth photovoltaic (light sensitive) arfghotoconductivéelectricaly
conductive upon light exposuje These qualitiebave led to increased utility in photovoltaic
cells and solar panelalloys of copperindium-gallium-selenium(CIGS) show markedly
increased conversion efficiency ovest-generatiorsilicon-basedthin film photovoltaics
(Stillings, 2017).

Strontium [Sr], Z=38, is asoft, alkaline earth metakith a silverywhite, yellowish color. It is

highly reactive in the environment and consequently not found in nature in its pure form.
Strontiumhas intermediate properties between calcium and barium and substitutes for those
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cations in some caseEBhe primary ore mineral is celestine (Sup®@hich occurs more
frequently in sufficient quantitiethanstrontianite (SrCO3)which otherwise would make a
valuablecandidate ore mineral fatrontium While alsorecognized in hydrothermal veins and
some pegmatites, celestilsemost often found isedimentary basins with other evaporite
depositsStrontiumminerals and compounds arilized in several application®day, including
as a drilling mud additiveaé a replacement for baritand in the ceramics, glassedicaland
pyrotechnicsndustrieg(Singerling, 2021)Interestingly, finely groundtrontium metal is
pyrophoric,causing it to spontaneously combastl impart a bright red color to the flanveisen
exposed to the atmosphere

Yitrium [Y], Z=39, isanother silverywhite colored transitional metal. Lileeandium, it is
sometimegrouped in with the chemically similaare earth element group named the
lanthanidesRare earth elements aredespreadn nature justat very lowconcentrations

Yttrium is classifiedwith theheavy rare earth elemerftdREES), which are a subset of the REEs
that are chemically and physically simjlandrarer and more expensiygan Gosen, 2019)n

the rarecases of concentrated deposition, tiest common mineral ordsr yttrium are

monazite & phosphateninera) andbastnaesiteg(fluorocarbonate Deposit types are numerous,
butalkaline igneous complexes ahdavy mineral placers are twbthe primary systems

which rare earth elements are fott6GS, 2022)In North Carolinamonazite allanite,and
otheryttrium-containing minerals have most often been notgalaper systems both along the
Fall Zone(linearbelt of erosion between crystalline rocks arwhstal plain sedimentss well
asjust below the Blue Ridge escarpméBtuckey, 1965)Most of thesglacer mines investern
North Carolingproduced both gold aralvariety ofrare earth elementsodern day uses for
yttrium are most often agtrium oxidesand includeglass additivegjental ceramics, laser
technologiesandas a phosphor in luminescence applicatidf@ Gosen, 2017).

Niobium [Nb], Z=41, isa light grey ductiletransiton metaf or mer I vy knownh as
is commonly found witlantalum(see description of Tantalum, Z=7d)e to theihigh degree

of chemical similarityLike tantalum,niobium is not found in nature in its pure elemental form,
but rather as oxides, hydroxides anc few rare silicate mineral§he most common ore

mineral forniobium isthe pyrochlore groufNa Ca).Nb.Os(OH,F), which itself isprimarily

associated with the metasom&tbemical alteratioby hydrothermal and other fluidend

stages oalkaline igneous complexes (Schulz, 20NQrth Carolina has deposits mbbium

that have been producedly as a byproduct of feldspar and mica minmginly in the Spruce
Pineand Kings Mountain mining districts, with occurrences elsewhere in the mountains and
piedmont provinces (Stuckey, 196Bhe primary application ohiobium is as a higistrength,
low-alloy steel for pipelinegransportationand structural applicationsany ofits applications

are specialized, including superconductingnagnets and in higtemperature condition#. can
alsobesubstituted for nickel as a nallergenic component in jewelry (Sdhk, 2014).Niobium

is Ilisted as a ACritical Mi neral 06 by the US

Molybdenum [Mo], Z=42, isa silver to grey transition metafth a high melting pointit does
not occur as a free element in nature, but ratheombination with sulfurpxygen,and other
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metals.The primary ore mineral is molybdenite (M@Sw~hich has historically been confused
with graphitedue to superficial similarities ¢ow hardness (close to that of talc) andreasy
feel. Molybdenum mining occungredominantly inwo deposit typeggreisen(formedby
endogenous alteration of certain grania®) porphyryformed bylarge scale hydrothermal
systems withinntrusiveigneousrocks)depositqRidgley, 2020)It is sometimes mined as a
primary product, but even more of the production volume comes by wayprbdactionwith
copper and gold miningAside froma few scattered occurrendasour statea concentration of
historical nolybdenumprospects and occurrenaeedstin Halifax Courty within intrusive rocks
of the eastern piedmo(fbtuckey, 1965)The principal applications for molybdeniareas an
alloying element in steel and other metals. Kewpefits of molybdenum in metallic alloy are its
added strengttanti-corrosionqualities,andhigh resistance to he@ropschot, 2010)

Silver [Ag], Z=47, is one of only a few metat©mmonly foundas a native element in the
environmentThe name is synonymous with the lustroubite metallic color exhibited by this
highly ductile and malleableansition metalSilver is one of théiseven metalsfantiquity 0

given its known usageuring prehistoric tims. Most production of silver consas a byproduct

of mining sulfide-rich depos# (e.g.,lead, coppergold, and zing related to igneous activity

Less often, silver is mined as a native elemehere it occurs as a hydrothermal depadien

in veins and cavity fill{Goonan, 2014Most of the silver production in North Carolina caase

a byproduct of copper and gold minirfy few locationshowever were mined principally for
lead,zinc, and silverGalena (Pb from which lead is often mined, consistently contains some
amount of silver antlas thus beea particularly important ore minergdtuckey, 1965)The
applications of silveare plentiful given its unique characteristitthas the highest electrical

and heat conductivity of all the metal$ese properties make it usefuldlectronics and solar
energy technologiegdditionally, itsphotosensitivity hightemperature strength, and
malleabilityare important propertideading to numerous industrial applicatioBgver also can
have germicidal capabilities leading to applicatisnsh as higtend silverware andano silver
inclusions intextiles and water supplies for example (Goonan, 2QB8}ly, silver has been

used since antiquitys coinage At ti mes, silverds value has ex

Tin [Sn], Z=50, is aposttransitionmetalthat isrelatively soft and malleablé. occursin two
main allotropegor forms) one is silverywhite with a metallic luster at room temperature, while
the other i;monmetallicwith a dullgrey appearance and stable below room temperdtee.
primary ore mineral of tin is cassiterite (S)Olin also occurs as an element in numerous
sulfideminerals Approximately 20% othe identified global resource of tinfeund as lodes
(hardrock veinsof metallic orey within certain continentayranites.The remaining 80% is
foundin placer settingsrifver, valley, sea bottoms) (Kamilli, 201 Dyue to the high specific
gravity (ratio of densityof a substance to that of watef)tin, weathereatassiteritggrainswill
preferentially concentratey depositioralong boundaries where water veloaitpps suddenly.
In North Carolina, tin has begmoducedn modest volumefrequently with lithium whichlater
became the primary element of intejastalinear trendwithin theKings Mountainareanamed
the tinspodumene beltere tin is found sporadicalip the various pegmatites in the area
(Horton, 2008)Numerous occurrences also have been noted in southern Cleveland and
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Rutherford countieas placer deposits (Stuckey, 1966 is almost always utilized as an alloy

with other metals. Aanothemne of t he s evenisfamdusdylaloyedViith ant i g
copper to make bronzg&in is also a key alloy in the making of pewtglost tin today is utilized

in containerconstructionand transportation materials, as well as a solder maténatent

applicationof tin is as an indiunrtin oxide, which makes a clear and electrically conductive glass
especially useful for modern touch screens (Kamilli, 2007). n i s | i sted as a AC
by the US Department of Interior (Burton, 2022).

Cesium[Csg]|, Z=55, isan alkali metathat is silverygoldin color. It is one of only five
elemental metals that occurs as a liquid at/near room temperature, bf taetstable, elemental
metals, only mercury has a lower melting point. Importaedgjum isthe most electropositive
of all the metals and is thus considered the most reactive (Butterman, PO®Ppyimary ore
mineral of cesium is pollucite, whichiis the class of minerals known as zeolites. Zeolites are
microporous aluminosilicates form&dhen volcanic rock and ash react with alkaline
groundwatersPollucite is often found in association with petaditel lepidolite, which
themselvesre important ore minerals fire sometimes associatetementjithium. Pollucite

has been noteds a rare occurrence at least onenica mine in western North Carolinma

Yancey County, although no production is recordédure are only a few applications for
cesium at present, althougésearch and development uses are under investigation. Cesium
isotopel33 with its highly consistenelectron emission frequengyhen bathed in microwave
radiation,is usedbor official timekeepingn the U.S. In fact, cesiumectron enmssiors areused
for internationakime and frequency standari officially measure both the secoadd the

meter These properties make cesivaluable to many technologies requiring exact time and
positionidentification, like GPSinternet,and cellphonedviost cesium however is used as a
componentn drilling mudsfor high-pressure/higltemperature applicatiofs)SGS, 2022).
Cesium is |listed as a ACritical Mi neral 0 by t

Barium [Ba], Z=56, is a soft and dense alkaline earth elentbat is highly chemically reactive.
Barite (BaS04) and witherite (BaCO3) are ore minaralslving barium. Barite is by far the
most common ore mineral. Several deposit types exist for bBdtkledsedimentary is the term
for the most commonly mined deposit type since d@fien the mossimple ancefficient to mine.
These deposits form marine environmentss fluids circulatéhrough the subsurface and rise
towards the surface nelaasin edges, where the barium that is scavenged from orgatter
combines with sulfates in the seawater to later precipitate out as barite (JohnsorQ2e7).
deposit types exist, including those found in North Carolmaur state, barite has been
prospected or mined in three locations: Orange Cotimty{ot Springs area of Madison County,
and the Battleground formatiarf the Kings Mountain area. The Hot Springs depasits their
origin to infilling of cavities and veins with pods and stringaswell as some mineral
replacement in mylonitized zones (&key, 1965)Approximately 90% of baritglobally is used
as a weighting agent in drilling fluids for oil and gas production (USGS, 20B2)high specific
gravity (~4.5 g/cc) helpmsaintain hole integrity and convey drill cuttings out of the hole and to
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thesurfaceBar i um i s | i sted as a ACritical Mi ner al o
2022).

Rare Earth Elements(REE), Z=57-71. A few elementsaamongsthis chemically similagroup
weretested foiin thesubjectNURE study,ncludingthe following:lanthanun{La), cerium
(Ce), samarium(Sm), europium(Eu), terbium(Tb), dysprosium(Dy), ytterbium(Yb) and
lutetium(Lu). A brief description withsomedistinguishingcharacteristics anidhportantuses of
each will follow this broader discussion of REEs.

Theseelements araamedd r @becaus, althougmot actually raren Earththey are generally

found in only very low concentrations.th ey ar e named O&werafirst foundas b e c a u ¢
components withimxidesand similar rockswhich wereall termeda searth®in the pastA

total of 15 elementstermed théanthanide series after the prototyprthanummake upmost of
therareearthelements because they are somewhat chemically sirStandium angttrium are
sometimeslso included due tsomechemical similarities with REE&/an Gosen, 2017 his

group of elements isommonly divided betwedight (LREE)and heavy (HREJEon the

variable of atomic numbeferbium (Tb) is often noted as the first in the HREE gréufurther

division into just lightmedium,and heavy is also sometimes employadyeneral, with greater

atomic weighthese elements ararer, have smaller markets aade more difficuliand

expensiveo produceConsequently, thelREEs are a more pressing supply concern

domesticallyas they are algparticularly important to emerging technologiekey realms of
defense, ficlean energyo alter naNumercaisoye and el e
minerals and deposit types exashongstll REEs Elements of this grougre generally

considered as incomfible elementsvithin an igneous metecause of unique chemical

properties thatend to prevertigand bondinguntil the later stages of crystal fractionation (Van

Gosen, 2017Particular deposit typesommonly have their owanique, constituengrimary ore
minerals.Carbonatites (igneous rocks having greater than 50% carbonate, as oppbsed to

more commorsilicarichmagmas ar e associated with many of tF
Bastnaesit¢a carbonatdluoride mineral)is considered one of the most important REE minerals
givenitis the primary ore mineralt t he wor | d&és t wmoCalifommiagnd st REE
China).Other deposit type#cluding peralkalinenagmascertain mafic gneissemn-

adsorption claysron oxideapatite (IOA) depositglacer depositionand othergan concentrate
commercial quantities of REEs as wéfl.the case of placer deposition, monagéiphosphate

mineral)is the most common REE ore minei@ling to itshigh specific gravity and resistance

to chemical weatherindt is foundalong and east gtthe Fall Zone in several southeastern

states where it occurs with o tirboa,andx@érotere which mi ner al
can allbe ceproducedIn fact,quite often multiple REEs are minedncurrently and separated

later during processing. Nor@arolina has only ever been a small produc&BEs, mostly

from counties in the mountains and inner piedmahihough numeroustherdeposits do exist

(Stuckey, 1965)

Lanthanum [La], Z=57, is a soft, silverywhite, ductile element that is the largest of thee
earthelements (REE)Lt is the first {.e., smallest atomic number) of the rare earth elements and
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has the largest atomic size. That large atomic radius nhakér®num the most reactive of the

REEs. It often is found in conjunction witlerium,andother REEsMany of the unique

applications fotanthanum and other REESs rely on their unusual magnetic and optical properties.
Among numerous specialty applicatioremthanum is used in some camera lenses and other

optical glassedmportantly, t is alsoutilized as a catalyst in many petroleum refinefiésn

Gosen,2017L ant hanum i s dli sMiederassl aa MMyCrtihad cUS Depar
(Burton, 2022).

Cerium [Cel, Z=58, issecond in théanthanide seriesnd its most common constituent. It is a

soft, ductile,andsilvery-white metal Cerium isthe most abundant of dhelanthanide elements

i n t h ecrust amdg shrprisinglyevenmoreabundant thathe ubiquitous elemerbpper

Along with iron,cerium is the only other metal to generate a spark if you striks ivith many

of the lighter REEs, it is used many hightechglass applicationgor example, erium oxides

help achieve a precision polish in flat panel display scré&srsum is also a catalyst component

in manyautomotive catalytic converter§. Van Gosen, 2017). Cerium is
Mi neral o by the US Department of Interior (Bu

Samarium [Sm], Z=62, isa moderately hard, silvemetal.Interestingly it was named after the
mineralsamarskite, from which the element was first isolaaimarskites foundin usually

small amounts at several mica mine locations in western North Caf8tingkey, 1965)One of

the main applications of this elemeésitassamariumcobalt magnets. Thesee very powerful

and permanenhagnets with a high tolerance to heat st(@ss Gosen, 20175amarium is

|l i sted as a ACritical Mi neral 06 by the US Depa

Europium [Eu], Z=63, is a silverywhite metal in its pure form and is the softest and most

reactive of all the rare earth elemeritss often considered tHast (.e., highest atomic number)

of thelight rare earth elementas an oxide, it isised as a red phosphor in older cathode ray
televisionsand flat panel display screemgany of the REE&xhibit some degree of

phosphorescence, bairopium is particularlefficient at producing a bright red coldtris also

utilized as a doparfor doping agentin various optical device®r a wide range o$pecific
purposegVan Gosen, 2017Fur opi um is | isted as a ACritical
Interior (Burton, 2022).

Terbium [Tb], Z=65, istheninth member of the Lanthanide serikss yet another silvery

white rare earth metalt is malleable and ductileand soft enough to cut with a kniflometimes
considered the first of the heavy rare earth eleme&nsiumis stablen air, when compared to
thelanthanides of lower atomic numb@&kerbium provides the green phosphor that complements

the europium (red) angtrium (blue)that make up the regreenblue phosphor combination

used in many light bulbganelsand television screens (Van Gosen,£0Another interesting

application of terbium is in an alloy named Terfenol D. This alloy expands and contracts in

response to a magnetic field more than any other plegaling to numerousportant useas

actuators and other sensofsrbiumi s | i sted as a ACritical Mi ner
Interior (Burton, 2022).
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Dysprosium [Dy], Z=66, is a silverylustrous metal of thieanthanide serie&ike all the other

REEs, it israrely if everfound innature in its elemental fornt.is a weltknown neutron

absorber for use itemperature control of nuclear fuel rods. As vigtbium, it is alsdiighly
magnetorestrictivea(quality whereshape or dimension changes when exposed to a magnetic

field) and utilized in similar applicatiortbat take advantage of this unique trait. Also,

dysprosium is utilized ismall amounts to improve heat and demagnetization resistance in some

of the most powerful magnets on earth (neodyriton-boron magnetsPysprosiumis listed

as a ACritical Mineralo by the US Department

Ytterbium [YDb] , Z=70, is aheavy rare eartimetal element that soft, silvery,and lustrouslt is

one of four elemetsnamed aftethe town of Ytterby, Swedenheregadolinite

((Ce,La,Nd,Y)FeBeSi:O10) is found. Detailed studies of this mineral led to the discovery of four

new elementgyttrium, terbium,erbium, andytterbium).Uses forytterbium are mostly niche

applications, includings a dopant in phosphors and ceramic capacltatso has a quality of

changing from a conductor to a semiconductor at very high pressuregu@hig permitgts

utility as a pressure sensor in extreme environmientarious phenomena, including

earthquakes and higlowered explosion¥t t er bi um i s | i sted as a ACr
Department of Interior (Burton, 2022).

Lutetium [Lu] , Z=71, is thefinal lanthaniden the seriesas it haghe highest atomic number

(i.e., number oprotons in the atomic nucleugonsequentlylutetiumis the hardesatnd most

dense of the groufit owesthesequalitiesto the phenomenoof fi dnthanide contraction

wheréoy, opposite to the normal progressi@mthanide atomsecome progressively smalier

sizewith higher atomic numbdian Gosen, 2017).utetium has at present just a few réch
usesincludingin the creation ofyntheticgarnets ofutetium anclluminumfor LED lighting, in

radioactive isotopes for medical usaadin conjunction withhafnium itis helpfulfor age

dating certain meteorites.ut et i um i s | isted as a ACritical \Y
Interior (Burton, 2022).

Hafnium [Hf], Z=72, isa silvercolored corrosionresistantand ductile metaDue to the
lanthanidecontraction in atomic radihafnium is very close in size tbhe elemengirconum,
which has only atomic number 4ihat is, 32 fewer protons in the nucleuR)is sizesimilarity
helps explain theeason whyircon (ZrSiO4) ighe primary ore mineral for hafnium. Hafnium
nearly always exists as a minor constituent in ziath is never found as a free element in
nature.Theprimary deposit type is alkaline igneous rocks, which account for roughly 1% of
all igneous rocks by volum&hesetypes of rocks host many of th@eearth elements, as well
as numerous other critical minesaHowever, igneous deposits are often in such low
concentrations of hafnium and zirconium that they are not ecortormme.Consequently,
secondary deposits, includimgodern and paleoplacdarscoastabnd alluvial/fluvial
environmentsprovidemo st o f  prbdaction8edimehtdrg processes accumulate and
concentrate these mineralso we | | d thigh spedific gravity basdnedsandexcellent
chemical stabilig. Even so, zircoms often mined as a bgroduct of heavy mineral minirfgr
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titanium minerals (ilmenite and rutildue to theoftenlow relative abundance even when
concentrate@nd the comparative economics (Jones, 20@North Carolina, zircon (with its
attendant hafnium) was br i efedsyfHendarsendCountginunt i |
the western part of the statéere there is a pegmatite source vein with some related placer
weathering products downstredBtuckey, 1965)Occurrences in our stasé¢so concentrate

along theFall Zone {.e.,thetransition from cystalline piedmont rocks to tfeastal plain
sediments)Hafnium has relatively few applicatiopsimarily because zirconium is far more

abundant and so chemically similar thduifills most of what hafnium could provide. That said,

hafnium is still used as a neutron absorber for nuclear fuel Ab&ls, isotopes of the lutetitim

hafnium decay seriewe used to age @etertain meteoriteddHaf ni um i s | i sted as
Mi neral o by the US Department of Interior (Bu

Tantalum [Ta], Z=73, is adark bluegrey transition metalt is often associated witiiobium
(seedescription ohiobium, Z=41) as both metals are chemically similar and have low
probabilities ofsubstituting for common roeforming cationsThe primary ore mineral for

tantalum is tantalit§(Fe,Mn)(Ta,Nb)Oe), which ismost ofterfound as araccessory mineral in
raremetal granite$ in particular lithium-cesiumtantalum (LCT) enriched pegmatizenes

(Schulz, 201Y. As with niobium, tantalunalso occurs in modest amouirighe mountains and
piedmont physiographic provinces of No@harolina The Kings Mountain area kabundant

LCT pegmatites, although tantalumas not been a primapyoductionobjective Tantalum has
unique propertiesncluding resistance to corrosion by acidity @xdellent heat and electrical
conductivity,thatmake it vtal to many technologies todaylost uses today are @lectronics,
commonlyas tinycapacitorsn mobile phones and computeltsis also used in medical
applicationge.g, support stents, suture clips) and in the chemicals industry where its anti
corrosion propertiesiake it useful for lining storage and transmission equipment (Schulz, 2014).
Tantalum is |listed as a ACritical Mi neral 0 by

Tungsten[W], Z=74, is a steelgreytransition metal with a density comparable to that of gold.

alsohas the highest boiling and melting points ofodiier elementgexcept carbon, which

sublimatesat very high temperaturesypassing the liquid phasatirely). Never found in its

pureelemental form, tungstda most often mineffom the ore minerals scheelit€4/NO4) and

wolframite (Fe,Mn)WQ,). Various deposit types exist, with the mostmmonfrom a mining

standpoint beingein/stockworks, skarns, porphyries, and sttatand deposits (Werner, 2014).

In North Carolinasporadic occurrences the mountainsas well asn Cabarrus Counfyhave

been noted. Howevethe Hamme Tungsten mining district in Vance Courdg been the only

producer otungsten in the statAlthoughnotcurrently activethis area was the largest single

producerof tungsterinthenatord ur i ng much of t heTudgSténhass ( St uc}
important uses owing to some of its unique properties mentioned easlian alloy with

carbon, tungsten carbidagutilized for its exceptional hardness in machining and cutting tools

and applications, as well as some military ammunitions. Its ability to tolerate extreme
temperaturelas supported its use as filament in incandescent lightbulbs for many years.
Tungsten is |isted as a ACritical Mi neral 0 by
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Gold [Au], Z=79, isknown as a precious metal due to its high value and relative scéristg.
distinctive lustrous, oranggellow colored transition meitdt is malleable, ductile, denssoft,
and one of the least reactive of all the chemical elem@fienfound in its pure, elemental
form, gold is famously one of the seven metals of antiq@greral of these metalge gold,
have such a long history of human use owing to t@immon occurrence imativeform as well
astheirrelative ease in heatinguixing, isolating,and shapingGold also forms in solid solution
series with silvercopper hickel, platinum,and palladiumNative gold and alloys likelectrum
(silver and golglare theprimaryore minerasd. Of thefew otherminerals containing gold, many
involve tellurium, andh few are of economic importan@ich as calaverif@uTey), sylvanite
(Ag,Au) Te, and petzitd A g A (Blteerman, 2005)Gold mining occurs as either lode or
placermining. Lode involves all neplacer mining and includeamong many othesystems,
gold found disseminated throughase metakulfide-rich system®r concentrated by
hydrothermal vein systems. Placer mining involk@sorkedgold-bearingsedimentarygetritus
along rivers and ocean coasts (present or anchot)h Carolina has a famous history with
gold, as ours is the first state to have documented disco’/gnld when a 1-pound nugget was
foundin Cabarrus County in 179@nce gold mining began around 1802, North Carolina was
the onlygold-producing state until 182&old production continueand many different lode and
placer mines were opened in several areas of the steltedingnumerous counties surrounding
the original discoverand others to the northeasti@ng themetavolcanic rocks of the Carolina
Terranethe Kings Mountairarea; as well as the South Mountains amahewestern Piedmont
(Stuckey, 1965Carpenter, 19930f special note, ther@relong abandoned maworkings
hidden or buriedinder downtown Charlottend elsewhereCharlotteeven brieflyhad a official
branch of the United States Midtiring peak gold production activiiyn t he e(&mappy 1800
& Glass, 199). The uses of goldange from ornamentation to coinaa®d investmenb high
technology Most technological uses today involve the electronics indugtgrethe high
conductivityand resistance to oxidation and corrogiuat gold providess vital.

Lead [Pb], Z=82, is a dense, soft, malleable, pdsinsition metal with dlue-gray luster. It is
the heaviest element having stable, natural isotdpetapes of lead are the end progudt
threemajor decay chainsvolving radioactive elements of the actinide seriexluding thorium
and uraniumLead is aother of the seven major metals of antiguaty itsvery low melting

point allowed foiit to be isolated fronore minerals and utilizeckadily. The primary ore mineral
of lead is galena (Pb)ead is often found in association witarying amounts afilver, gold,
copper,and zirt. There are three primary depositional environmeritereleadis found(SedEx

- sedimentary exhalative, MVIMississippi Valley Type, and VMSVolcanogenic Massive
Sulfides) and all of these involve hydrothermal fluid circulation gnecipitationof metallic
ores North Carolina has never been a major producer of lead, but it has bpesdaoced and
produced as a bygroduct ofmore economically valuable metdilee silver, gold,andcopper
Lead occurrences habeenlocatedsporadicallyin several counties in the mountainscluding
some minor historical mining in Haywood Count§any of thesame areas as mentioresatlier
for goldare also where lead occurs or has been mined in modest quantities in {Styaksty,
1965) The uses of leadf course relate tis physical properties mentioned earlier, as well as its
chemical properties (velow melting pointJow conductivity, and high corrosion resistahce
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Sincelead became wellecognized as a neurotoxin in the environmestjsagehas
dramaticallydeclined Formerly lead was useith many items likegasoline paints, andvater
pipes. Most of the lead mined today goes into-aeid batterieswith a smaller amount utilized
in ammunition and as oxides in making ceramics and glass (Kropschot, 2011).

Thorium [Th], Z= 90, is adenseductile, bright silverhighly radioactive metallt is a member
of the actinide group, a radioactive series of elements compastimgum through lawrencium
on the periodic table. Along with uranium, thorium is ¢timy actinide member that occurs
naturally inthe environment above trace quantities. The primary ore mineral for thorium is
monazite(a phosphate minertéiat also contains rare earth elements). Monanzitkits
depositional environments were briefly discussed in the rare earth elements section of this
compendiumAs elsewhere in therorld, economic concentrations of monazite are most often
foundvia placer mining of transported deposltsvnstream of primargnonazite source areas.
Abrupt changes in slope gradients downstream can help to concéméraeavier mineralske
monazite. In North Carolinghere arenonaziteplacerconcentrationsvhere some historic
mining has occurreoh the South Mountains area (McDowell, Burke, Rutherford Couraies)
well asone locatiorin Madison County{Stuckey, 1965)Monazitealso occurs elsewhere in the
state, including importantly along the Fall Zone in eastern North Carbiost. monazite

mining has rare earth elements as phienary objective, while only rarely is thoriumsolated and
produced Thisinfrequent productiois due tathe health hazards inheremith high levels of
radioactivityin thorium As such, over timesubstitutes have been developed to help bypass the
need for thorium in materials. Some curresés of thoriuninclude some highemperature
applications like ceramics, aircraft engines, and light bdThsrium has one of the highest
melting points of any metahl few radiometric agelating techniques involve thorium; and
numerous countries are exploritige feasibility of new nuclear technologies involving thorium
instead of uraniunfflUSGS, 2022)

Uranium [U], Z=92, is anaturally occurringmetallic, silvergray, highly dense, andieakly
radioactive element of the actinide grolipe most common om@ck of uranium is pitchblende,

a mostly amorphous form of the mineral uraninite §})@lthough many other minor varieties of
uraniumbearing minerals existhese minerals amtistributedwidely across the globa mostly

very low concentrationdJranium isoften associated with otheretallic elementsuch as

copper, gold, and silvedranium deposits can be found in a wide variety of settings, including

as primary deposits (formed directly from the Earth's mantle) and as secondary deposits (formed
through he alteration of primary deposit§Jranium is considered an incompatible element in an
igneous melt and thus can become concentrated in fractionated portions during latter stages of
crystallization. Uranium also is readily soluble in the environment and can be dissolved,
transported and regcipitated based on subtle changes in reductadation (redox) conditions.
This process generatescondary depositsf uranium.An example of secondary deposition

occurs atertainProterozoic unconformities where highly fractured and brecciatedrBroic

age rock lies below relatively undeformed Paleozoic st¥@taIfl Nuclear Associatioriviay
2020).North Carolina does have numerawanium occurrences across the stati¢h
concentrationgn/near the Spruce Pine Mining District and associated pegmatites, as well as
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associations with phosphorite depositQuaternary sedimenis/near Beaufort County on the
coast.nterestingly there areconfirmed high uranium concentrationgle metasomatite
deposits of Coles Hill, VirginiaA recentstudy(Hall, 2022) provides an updated depositional
model for his areaUranium deposits here residi®ng the western fault boundary of than
River Triassic age basin and could be a model for additional deposits in North Cardlera
the ameand similarly situated Triasskasirs exist Uranium haseveraimportantand
controversialises in societyMost of these take advantage chnium radioactivityand consider
uranium to be .@R8istlemostraguydantisotome ofaulanipwhile Uis
one of the most higknergy radioactive isotopeslost uranium comes with only small
percentages of 43 which must be enriched to higher leveisll beyond the typical 0.7% be
usedas a fuel for nuclear power plamsweaponsA handful of otheapplicationsmvolve
depleted uraniuniDU), where much of the #°has been removeBecauseéU is verydense
(~70%morethan lead)it is sometimes used foadiaion shielding ballastsand
counterweightsfor example World Nuclear Associatioljlovember2020).
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PART 2: ANALYTE CONCENTRATION MAPS AND HISTOGRAMS
Symbolization Methods

In thecreation of the analyte concentration majpgheanalyte wafirst filtered for only those
sampled values within North Carolinra.dualsymbology method of illustrating the variance in
analyte concentrations is employ&arst, aconsistent, graduated color scheme was utilized for
each analyte. A set of fivaiscretecolors(yellow to red with increasing concentration s)agas
initially used and the data distributed according Matural Breaks (Jenks) classification
method.If an analyte had negative values, those weoeiped separately and assigned a grey
color.

As discussed earlier, negative valuesraeaningfulandanimportantpart of the dataset.
Consequently, all values, including negatives, are represented in theNagpsve values
indicate only that the readings for that particular analee notdeterminableivenfactors
includinginherentinstrumentdetectionresolution and interference froother analytes within
the sample.

Secondly, a proportional size symbology was blendedtiélgraduated colots better
illustrate thevariance in analyte concentratio®ymbol size ranges will vagcross the many
analytes and angarticular toeachanalyte being examined@he sample locatiorfer each
analyte arerariable inbothgeographic exterganddensity The data for each analyte are also
highly variable instatisticalterns as well, including manner of distribution and overall value
range Negative valuesf presenin eachdatasetare represented liie smallessizesymbols.

Data Analysis

Following eachanalyte concentration magsimplified histogram charis included.Histograms
visually summarize the distribution of a continuous numeric variable by measuring the frequency
at which certain values appear in the dataset. Tadsxin the histogram is a number lioie
analyteconcentration valuethat has been split into number ranges or bins. To be as consistent
as possiblewhile accommodatinguch a large variable datastitenumber of bingor each

analyte isset to a bas&0 logarithmic scaléDne example of histogram utility is that and user

can quicklyevaluate wheréheir concentratiorvalues of interedall within the statewide

frequency distributioffior a given analyte

Negative values are not included within the histogdata to maintain consistency among
charts and taid inunderstandingThe USGS notes there atetailed methods for handling
negative data valuemcluding deriving statisticéseeHelsel, 2005) The user is encouraged to
exploresuchmethods if a more rigorous data analysis is desired.
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APPENDIX 7 ANALYTE CONCENTRATION MAPS AND HISTOGRAMS

The followingfigurescontainananalyte concentratiomapand a histogramhartfor each
analyte listed in Part 1, Section Il ofdldocument. Thesefiguresarearraged by t he anal
increasing atomic numbefZ-values).

Map Parameters:

f All mapswere created with Esri ArcGFPra, version3.1.1 software.
1 Each analyte value is representgth a blend of two symbologiesl) graduatedolors,
and 2) proportional sizes
1 A modified natural breaks (Jenks) classification method is employed for the graduated
color scheme Five classes are created and codedisgretecolorsranging frompale
yellow to deep red, with increasiranalyte concentrationblegative valuesf present,
arecolored greyand replace thiwest enccolor (pale yellow).
1 Proportional symbatizesare further utilized tdighlight data variationsEach analyte
has a unique symbol size range to account for the large variance batvedge
datasets. Negative values, where present, are represented by the smallest symbol sizes.
1 The largest symbol sizémve transparency settings of 30% to aidisualization when
points are clustered around high values
1 Eachmapis set tol:2,084,62tesolution

Histogram Parameters:

f Histogramswere created using Microsoft PowefBloftware Data wasdownloaded
directly from the USGSIURE HSSR sediment dateebsite Geochemistry of sediments
in the US from the NURHESSR databadettps://mrdata.usgs.gov/nure/sediment/
(usgs.gov) as a single csv file restricted to the state of North Cargkographic
boundary

1 The coundata (yaxis)is on a linear scale, while tlsamplevalues data (xaxis)is on a
logarithmic (basel0) scale for clarity in visualizing theange of value informatiomMote:
count refers to the numbef samples registering a particular value.

1 Negativevaluesactually have meaningnd ar e ter medvhiimdbndest eef s
concentration valua®gistering below thdeterminatiorlimit of the particular
instrumentation utilized foa given analyteln the context of thiseport,such values are
not shown irthe histograns for clarity of visualizationBecause of thse nondetectd, is
advised that usergsew these histograms as approximatguide to data distribution
only. If more precision is desired, users are advised to access the raw data directly and
analyze according to their prefereace
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