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TOM TAT

M6 dat hiém dang hap phu ion Ia loai hinh khoang sén co gia tri chién lgc, phdn bb phé bién trong
cac vo phong héa tai ving nhiét déi &m. Tuy nhién, viéc danh gia tai nguyén va phan vung trién vong doi
v6i kidu mé nay con gadp nhiéu thach thirc do déc d/em phén bd phtrc tap va dir liéu thye dia han ché.
Trong nghién ctru nay, cac phuong phép hién dai gébm néi suy dia théng ké Kriging va mé hinh hoc méy
nhw Random Forest (RF) va Support Vector Machine (SVM) da duwoc tich hop dé phén tich dir lidu dia
héa va mé hinh héa phan bé tai nguyén dat hiém (REE) trén dién tich khdo sat 10 km?.

Trén co s& 30 diém méu thuc nghiém va lwéi div lidu mé phdng gébm 10.000 diém, céc md hinh hoc
méy da duwoc huén luyén dé xéc dinh vung trién vong theo ham lwong REE_sum. Két qua phéan ving cho
thay khu vuc trung tdm cé xac suét trién vong cao, duoc cd hai mé hinh RF va SVM déng thuan. Phép
néi suy Kriging cho thdy phan b6 ham lwong REE gidm dén tir trung tdm ra ria véi mue do lién tuc khéng
gian cao. D liéu ciing duoc chia theo block 500 m x 500 m dé tinh toan tai nguyén, véi téng tai nguyén
woc tinh dat khodng 11.300 tdn REE, chu yéu tap trung tai cac block trung tdm. M6 hinh khéi 3D da duoc
xay dung nham hé tro trirc quan hoéa va dinh hwong khai thac.

Nghién ctru nay khadng dinh hiéu qua cta viéc tich hop phuong phép Kriging va cac mé hinh hoc méy
(machine learn/ng models) trong mé hinh héa khéng gian va déanh gié tai nguyén mé dét hiém hép phu
ion. Két qué khéng chi cé y nghia phuong phap ma con mang gia tri khoa hoc va thuc tién, gép phéan dinh
huwéng cac nghién curu va diéu tra tai nguyén dat hiém (REE_sum) tai Viét Nam trong thoi gian t6i.

T khéa: dat hiém, hép phu ion, phuong phéap Kriging, hoc may, Random Forest, SVM

@ Ho6i Khoa hoc va Céng nghé Mé Viét Nam

1. AT VAN BE va dw bao hién dai nham ti wu héa hiéu qua x& ly
dir liéu tré thanh mot hwéng di can thiét (Zuo,
2017; Carranza, 2022).

Trong nhitng ndm gan day, hoc may (Machine
Learning) va phwong phap Kriging (Kriging) mét ky
thuat noi suy dia théng k& manh mé da ndi 1én nhw

Trong bdi cadnh hién nay, khi nhu cau vé
khoang san chién lwoc nhw dét hiém ngay cang
tang do vai tro thiét yéu trong cac nganh céng nghé
cao nhw dién t&r, ndng lwong tai tao va quéc phong,
viéc nghién ctu dia chidt md nham danh gia triv uat T > JRe 16 de N I
lwong, phan b va tidm ning khai thac khoang san  C4C €ONg cu hiéu qua, ho tro' phan tich, m hinh
ngay cang tré nén cép thiét (Castor & Hedrick, 10a va dv bao cac dac trung dia chat, dia héa va
2006: Xu et al., 2020). khoang san trén co s& di liéu dau vao han ché
(Goovaerts, 1997; Zuo, 2017). Sw ket hop gilra
Kriging va cac mé hinh hoc may khéng chi nang
cao d6 chinh xac trong ndi suy khdng gian ma con
cho phép phat hién cac méi lién hé phi tuyén, phirc

Tuy nhién, di¥ liéu dia chat thwong mang tinh
r&i rac, khéng gian khéong ddng déu va bj gi¢i han
b&i chi phi va diéu kién dia hinh trong qua trinh lay
mau. Do d6, viéc ap dung cac cong nghé phan tich
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tap gitra cac bién dia chat diéu ma cac phwong
phap truyén thdng khé nhan dién (Grunsky et al.,
2009; Li et al., 2023).

M6 dat hiém dang hap phu ion la kiéu mé dac
trwng cho cac vung nhiét d&i dm, noi cac da giau
dat hiém nhuw granitoid, rhyolite, syenite... bi phong
hdéa manh tao thanh I&p vé phong héa day. Trong
dé, cac ion REE®* dwoc hap phu yéu trén bé mét
cac khoang sét nhu kaolinite, halloysite, gibbsite...
(Xu et al., 2020). Do khéng ton tai duéi dang
khoang vat riéng biét, dat hiém trong cac mé nay
rat kho quan sat bang kinh hién vi, va sy phan bo
clia chung chiu chi phéi b&i cac yéu té dia hoa va
méi truwdng rat phirc tap — gay thach thie 16n cho
cbng tac tham do va danh gia tai nguyén.

Kriging, dac biét la Ordinary Krlglng va Co-
Kriging, da dwoc st dung hiéu qua dé ndi suy ham
lwvong REE trong khong g|an ba chiéu, gép phan
xay dwng mé hinh khéi mé va tinh toan triv lwong
(Goovaerts, 1997; Journel & Huijbregts, 1978).
Trong khi do, Machine Learning v&i cac mo hinh
nhw Random Forest, Support Vector Machine,
Gradient Boosting va mang noron nhan tao dang
ngay cang dwoc ng dung dé: (1) phan tich twong
quan git!a REE va cac yéu t6 dia héa di kém
(Al,03, Fe,03, pH, d6 sau...); (2) dw bao cac khu
v cé tiém nang REE cao dwa trén di¥ liéu bé mét;
(3) xéy dung ban dé trién vong khoang san; (4) dé
xuét vi tri lay mau té6i wu nham tiét kiém chi phi
khao sat (Carranza, 2022; Li et al., 2023).

Su két hop gitra Kriging (khai thac tinh lién tuc
trong khdng gian) va Machine Learning (khai thac
quan hé phi tuyén trong dir liéu) da tao nén mot
phwong phap tich hgp manh mé&, cho phép md
hinh héa tét hon sw phan bd dat hiém trong lop
phong héa, déng thdi nang cao hiéu qué cia céng
tac tham do, phan vung trién vong va danh gia tai
nguyén.

Trong bdi canh di liéu dia chét ngay cang
phong pht va nhu cau vé tai nguyén chién lwoc
nhw dat hiém tiép tuc gia tang, viéc tich hop cac
cbng cu phan tich hién dai nhw Machine Learning
va Kriging dang mé ra mét hwéng tiép can moi
hiéu qua va chinh xac hon trong nghién clru dia
ch4t mé ndi chung, va dac biét [a déi véi cac md
dat hiém hap phu ion mét trong nhitng loai hinh mé
¢ y nghia quan trong bac nhat trong thé ky 21
(Carranza, 2022; Xu et al., 2020).

2. DU LIEU VA PHUONG PHAP NGHIEN CUPU

D@ liéu nghién clru bao gébm hai bang chinh:
(1) bang mau thyc nghiém gédm 30 diém do phan
bd trén khu vue nghién ciru thye nghiém; (2) bang
dr liéu mé phéng gébm 10.000 diém lwéi déu nhau,
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pht kin toan b dién tich 10 km? (twong ¢ng 1 diém
trén moi 6 vudng 100 m2). M6i diém di liéu déu cé
théng tin vé toa dd khong gian (X, Y), ham lwong
tbng dat hiém (REE_sum), chiéu day than quang,
mat dé da (rock density), va dién tich block (block
area).

Trong nghién ctu thyc nghiém nay, cac mé
hinh Random Forest (RF) va Support Vector
Machine (SVM) da dwoc xay dwng va huan luyén
trén tap di liéu mau nham muc tiéu phan loai va
xac dinh cac vung cé trién vong quang dat hiém
dwa trén chi tiéu chinh la ham lvgng REE_sum.
Cac m6 hinh hoc may nhv RF va SVM da duoc
chng minh 13 hiéu qua trong phan vung trién vong
khoang san va x& ly di¥ liéu dia héa da bién
(Carranza, 2022; Li et al., 2023; Zuo, 2017). Hiéu
suat mé hinh dwoc danh gia bang cac chi sb nhw
dé chinh xac, AUC va ma tran nham Ian, trwdc khi
ap dung cho b6 dir liéu md phdng dé xay dwng ban
doé phan vung trién vong.

Song song véi d6, ndi suy dia théng ké
Ordinary Kriging dwoc thwc hién trén tap div liéu
mau dé wdc lwong phan bb khong gian ctiia ham
lwong REE_sum. Phwong phap Kriging da dwoc
&ng dung réng rai va dwoc xem la tiéu chuén trong
md hinh hoéa dia héa khéng gian (Goovaerts, 1997;
Journel & Huijbregts, 1978). Két qua tir Kriging
cung cap co s& dé so sanh va hiéu chinh két qua
t* mé hinh hoc may, df‘)ng thoi ho tro trong viéc
xac dinh cac khdi quang co gia tri kinh té tiém nang.

Viéc tich hop Kriging va cac mé hinh hoc may
giup tang dd chinh xac trong xac dinh vung khoang
héa giau dat hiém, dong thoi tdi wu héa qué trinh
tham do va xay dwng moé hinh dia chét 3D c6 dé tin
cay cao (Zuo, 2017; Carranza, 2022).

2.1. Biéu do6 thong ké ham lwong REE toan bd
ving

a. Biéu dé Histogram ham lwong REE_sum

Dang phan bé: Histogram thé hién phan bd
l&ch trai, v&i cwe dai ndm trong khoang 160-170
ppm, cho thdy phan 16n khu vuc c6 ham lwong
REE_sum tap trung quanh mdc trung binh nay.
Dang phan bd léch nhw vay thwdng gap trong cac
hé théng khoang hoéa bi chi phdi béi diéu kién
phong héa khéng déng déu (Zuo, 2017).

Dai bién thién: Ham lwong REE_sum trai rong
ttr ~100 ppm dén hon 240 ppm, phan anh s bién
thién dang k& vé& mét dia héa diéu dic trung cho
cac hé thdng phong hoéa sau phat trién trén da me
c6 thanh phan REE khac nhau (Xu et al., 2020).

Sw thiéu can ddi: Sw 1&ch trai nhe c6 thé do sw
hién dién cta cac vung di thwong giau REE cuc bb,
trong khi phan I&n dién tich van cé ham lwong thap
hon mac cuc dai. Day 1a dac diém thwong thay
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trong cac md dat hiém hép phu ion phan bd phan
tan (Li et al., 2023).

b. Biéu db Boxplot ham luvong REE_sum

Tam gia tri (range): Boxplot cho thay khoéng
bién thién chinh tr 140-190 ppm, v&i: Q1: ~150
ppm; Trung vi: ~165 ppm; Q3: ~180 ppm

Outlier: Khéng ghi nhan diém ngoai lai o rét
vwot xa gidi han hép, chirng té div liéu cé mirc do
déng déu twong dbi cao. Diéu nay cho thdy mo
hinh dia héa trong khu vuc cé tinh én dinh twong
déi trong tAng phong hda mot déc diém cé thé khai
thac hiéu qua trong ndi suy khong gian va mo hinh
tai nguyén (Goovaerts, 1997; Grunsky et al., 2009).

c. Bén dé phan b6 REE theo khéng gian

Phan bb khéng gian: Ham lwogng REE_sum
cao nhét tap trung tai toa do trung tdm ban do6 (X =
5000 m, Y = 5000 m), thé hién ving di thuwong
trung tdm dién hinh, rat phd bién trong cac hé
thdng phong héa tai vung nhiét d&i &m (Castor &
Hedrick, 2006; Xu et al., 2020).

Gradient gidm dan: Ham lwong REE_sum gidm
tr trung tam ra ria theo dang vong tron dbng tam,
goi y mot hé thdng khoang héa phat trién trén nén
da me giau REE bj phong héa sau. Pay 1a kiéu
phan bd dién hinh clia mé dat hiém hép phu ion
duwoc ghi nhan tai Trung Quéc va Béng Nam A (Li
et al., 2023; Zuo, 2017).

DPoéng phan mau: Ban dd thé hién phan bb
muot, lién tuc, khdng c6 nhiéu hodc dao dong dot
ngdt, cho thay ndi suy bang Kriging hodc cac kj
thuat twong duwong nhw hdi quy theo qua trinh
Gauss hay con goi la mét phwong phap héi quy
khéng tham s (Gaussian Process Regression)
dwoc thwc hién tét (Goovaerts, 1997; Cressie,
1993).

d. Biéu dé Histogram mat dé (Density)

Phan b gan dong déu: Mat dé da dao dong
trong khoang 1.2-2.2 g/cm?, khdng co dinh ndi bat
ré rang. E)|eu nay phan anh s hién dién cta nhiéu
loai d& nén (granit phong héa, ryolit, sét...), nhung
khéng c6 loai nao chiém wu thé tuyét d6i phu hop
véi cac ving phong héa trén nén da magma axit
(Castor & Hedrick, 2006).

(ng dung: Mat do |a tham sé quan trong trong
viéc tinh khéi lwong than quéng tir thé tich, va dong
vai tro thiét yéu trong cac mé hinh tai nguyén dang
block 3D. Viéc danh gia phan bdé mat dod 1a mot
bwéc quan trong dé ddm bdo dd chinh xac trong
tinh tai nguyén (Journel & Huijbregts, 1978;
Carranza, 2022).

2.2. M6 hinh Random Forest (RF) va Support
Vector Machine (SVM)

Ca hai m6é hinh Random Forest (RF) va
Support Vector Machine (SVM) déu dwoc tao dwng
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nhdm phan loai xac suét trién vong khoang san
theo ham lwong REE_sum ttr tap mau th&r nghiém
gdm 30 diém.

Sau khi dwoc tao dwng, mo hinh dwoc ap dung
lén lwéi 10.000 diém dé tao ban dd phan vung trién
vong. DAu ra la xac suat (0 dén 1) thé hién murc d6
tiém nang khoang san tai méi diém. RF: 1a mé hinh
phan loai Ensemble (mé hinh két hop), manh trong
x& ly quan hé phi tuyén va nhiéu. SVM: s dung
siéu mat phan cach t6i wu, nhay cdm vai bién phan
loai nhwng c6 thé thiéu én dinh khi di liéu phan bb
phtrc tap.

a. Phéan tich ban db vung trién vong theo RF

Dang phan bé: RF cho ra ban db c6 dang khbi
ré rang, ving trién vong cao (mau dd dam, xac suat
>0.7) tap trung chd yéu & khu vuc trung tdm ban
dd. Tinh mwot: Badn d& RF thé hién ving chuyén
tiép rd rang gitra vung trién vong cao — trung binh
— th&p, phan anh kha nang phan biét manh va 6n
dinh vo&i di liéu phan tan. Bién xac suét rd rang:
C6 sw phan I&p gan ranh gidi thé hién viéc RF tan
dung tot cac dac trwng dia hoa, mat do, chiéu day
dé tach vang. Nhw vay, md hinh RF cho két qua ¢
tinh mach lac va én dinh cao, phi hop v&i tinh chat
dr liéu dia chat phong héa phc tap.

Histogram ham lugng REE_sum Boxplot ham lugng REE_sum
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Hinh 1. Biéu dé6 théng ké ham lwong REE
toan bd vung

b. Phan tich ban dé vung trién vong theo SVM

Dang phan bé: SVM tao ra ban dé phan bb
vung trién vong twong dbi phan tan hon, ving cé
xac suét cao (>0.7) ithon va phan b loang 16, tap
trung phan nao & gitra.

Bién khong r6 rang: Khong gian chuyén tiép
gilra vung trlen vong cao va thap mé& nhat hon, cé
hién twong réi mé hinh & ria ving khao sat biéu
hién cla viéc SVM c6 thé bi anh hwéng béi dir liéu
it hodc khong dai dién & bién.
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Phan giai khéng gian kém hon RF: C6 vé SVM
hoat ddng kém hiéu qua hon trong tridng hop co
nhiéu tw nhién va phan bd phi tuyén — déc trung
cla d liéu dia chét.

Nhw vay, mé hinh SVM phan anh cac khu vic
c6 trién vong nhung thiéu tinh &n dinh va mach lac
khi so v&i RF. Can diéu chinh kernel ho&c tang sb
diém mau néu mudn cai thién hiéu suét.

Tham sb ky thuat mo hinh RF va SVM: M6 hinh
Random Forest (RF) st dung n =500 cay, gi¢i han
dod sau max_depth = 10, va kiém dinh chéo 5-fold
dé tranh overfitting. Mé hinh Support Vector
Machine (SVM) ap dung RBF kernel (y = 0.1, C =
1.0) nhdm t6i wu phan tach phi tuyén. Hiéu suéat
dwoc danh gia qua AUC =0.91 (RF) va AUC = 0.86

Ban dé vung trién vong theo Random Forest
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X&c sudt trién vong (RF)

(SVM), F1-score = 0.88 va 0.81 twong tng, cho
théy d6 chinh xac cao khi phan vung trién vong dya
trén REE_sum.

Ban d6 chdng I6p mang lai tbng quan da chiéu
khi so sanh va tich hop két qua t hai thuat toan
ML khac nhau:

Vung dd (c& hai mé hinh déng thuan) 1a trong
tam dé dé xuat gi¢i han mé tiém nang.

Vung xanh va vang cho thay dé linh hoat va sy
khac biét trong cach hai mé hinh xt ly di liéu, co
thé khai thac dé& xac dinh bién mé va hwéng mé
rong.

Ving xam la phan it wu tién, giap tiét kiém chi
phi trong giai doan khoan thdm do ban dau.

Ban dé vung trién vong theo SVM
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Hinh 2. Minh hoa cho phan Mé hinh Machine Learning (RF & SVM)
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Hinh 3. Ban dbd vung trién vong chong I&p 2 mé hinh RF va SVM
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2.3. Phan tich néi suy khéng gian bang phwong
phap Kriging

Trong nghién cru nay, phwong phap néi suy
dia théng ké Kriging d& dwoc ap dung nham wéc
lwong phan bb khdng gian ctia ham lwong dat hiém
tdng (REE_sum) trén toan bo khu vuc khao sat co
dién tich 10 km2 Dé& nang cao kha niang mé hinh
hoa va tang doé on dinh trong ndéi suy, di¥ liéu
REE_sum dwoc chuyén dbi logarit theo cdng thirc:

Z =log(REE sum+1)

Viéc bién ddi logarit nham gidm thiéu anh
hudng cla cac gia tri ngoai |& va gitp di liéu gan
v&i phan bb chudn diéu kién can thiét dé phuong
phap Kriging hoat dong hiéu qua.

2.3.1. Phwong phdp Kriging trién khai

Hbi quy theo qua trinh Gauss (GPR) la mot
phuwong phap héi quy phi tham sé, duwgc xem nhw
mét dang mé& rong cla phuwong phap Kriging
truyén théng. Trong phwong phap nay, mé hinh gia
dinh rang toan bd khong gian phan bb ctia ham
lwong nguyén t6 dat hiém (REE) tuan theo mét qua
trinh ngau nhién cé phan phédi chuan.

Ham nhan (kernel) dwgc Iya chon trong nghién
ctru la ham co s& xuyén tdm (Radial Basis
Function — RBF), con goi 1& ham Gaussian, nham
phan anh tinh lién tuc va mwot ma cla qua trinh
phan bé dia héa. Ham nhan nay déng vai trd xac
dinh mc d6 twong quan gilra cac diém di liéu, t
dé giup mé hinh dwa ra cac dy doan chinh xac hon
va dong thoi danh gia duwoc mirc do bat dinh tai
trng vi tri dy doan.

(x,—x,)’
k(x,,x;)= exp(—Tzf]
Trong do: x;, x;: vi tri khéng gian; £: tham sb diéu
chinh d6 tron min (length-scale), lién quan truc tiép
dén ban kinh twong quan khong gian.

2.3.2. Ban dé két qua ndi suy (log-scale)

Két quad noi suy dwoc thé hién trén ban dd voi
thang mau log (REESUM + 1). Tl ban dd c6 thé
rat ra cac nhan dinh sau: Vung trung tdm ban dd
(X ~ 5000 m, Y ~ 5000 m) c6 gia tri log cao nhat
(twong tng REE_sum thuc té cao nhét), phu hop
v&i cac vung trién vong xac dinh tr md hinh RF va
SVM. Ham lwong REE_sum gidm dan ti trung tam
ra ria, thé hién gradient rd rét va cu trdc phan bb
kiéu tam lan téa dién hinh cho cac mé dat hiém
dang hap phu ion hinh thanh do phong héa tap
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trung trén da me giau REE. Ban d6 c6 do muot
cao, khong xuét hién nhiéu hodc mo hinh héa qua
murc, cho thay ciu hinh RBF kernel hoat dong hiéu
qua.

2.3.3. Phan tich ban phwong sai (Variogram)

Biéu dd ban phuwong sai thuc nghiém da duoc
xay dung tw di liéu gbc dé kiém tra tinh twong
quan khéng gian gitra cac diém. Cac thong sb dac
trwung dwoc xac dinh: Range (ban kinh twong
quan): khoang ~2.500-3.000 m |& khoang cach téi
da ma cac diém van con lién quan théng ké; Sill:
gia tri ban phwong sai 6n dinh khi khoang cach Ién
hon range; Nugget: thdp, phan anh di liéu c6 do
tin cay tét, it nhidu hoadc sai sb do dac. Cac tham
sb6 nay da duwoc sir dung dé huan luyén mé hinh
GPR twong thich v&i cu trac khéng gian thuc té
cla di¥ liéu.

Phwong phap Kriging, véi ciu hinh Gaussian
Process Regression va RBF kernel, da cho két qua
ndi suy mwot, phu hop véi phan bd thuc té cla
REE_sum, d&c biét Ia sau khi chuyén déi logarit.
Sw nhét quan gitra ban dd ndi suy va cac mé hinh
hoc may (RF, SVM) cang cling cb dd tin cay cla
vung trién vong trung tdm. Ngoai ra, variogram
giup lwgng hoa chinh xac ban kinh anh hwéng, la
co s& cho viéc thiét ké lwéi khoan tham do hop ly
trong cac budc tiép theo.

2.3.4. Tinh tai nguyén theo block va mé hinh 3D

Dé danh gia tiém nang khai thac va phan bé tai
nguyén dat hiém (REE) mét cach trwe quan va dinh
lwong, khu vwe khao sat (10 km?) da dwoc chia
thanh 400 6 vudng block kich thwédc 500mx500m.
Trén co s& di liéu ndi suy ham lwgng REE, chiéu
day than quang va mat do da tai mdi diém, khoi
lweng tai nguyén dwoc tinh toan theo tirng block
théng qua cbng thirc:
=A xhx pxCx107°

TREE

Trong do:

Tree: khéi lwong REE (tan) trong block

A: dién tich block (m?), & day la 500 x 500 =
250,000 m?

h: chiéu day than quéng trung binh trong block (m)

p: mat do da trung binh trong block (g/cm?3)

C: ham lwvgng REE_sum trung binh trong block
(ppm = mg/kg) o

10%: hé sO chuyen doi tir ppm x m3 xg/cm3-
tan
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Hinh 4. Minh hoa cho phén Phéan tich noi
suy khéng gian bang Kriging

a. Két qua téng hop toan ving

Téng tai nguyén REE wéc tinh: ~11.300 tan

Khdéi lwong quang nguyén khai (d& cha
quang): ~95 triéu tan

M&c ham lwgng trung binh toan vung: dao
déng cha yéu trong khoang 150-180 ppm

Cac thdng sé nay cho thay khu vwc nghién ciru
c6 tiém nang tai nguyén dang ké, dac biét trong boi
canh nhu ciu REE toan cau téng cao.

b. Phan bé tai nguyén theo khéng gian (ban db6
block)

Ban db thé hién ré rét sy phan b khong gian
cua tai nguyén REE theo trng block, v&i cac 6
vudng mau dai dién cho téng tdn REE trong méi
block.

Cac block co gia tri cao nhat (mau vang sang,
>500 tAn/block) tap trung tai khu vwc trung tam ban
dd trung khép véi cac vang c6: Ham lwong REE
cao (tr ndi suy Kriging). Pwoc ca hai mé hinh RF
va SVM xac dinh la vung trién vong cao. Khu virc
ria (mau tim, <300 tan/block) cé tai nguyén thap
hon, chi yéu do chiéu day than quang méng hon
va/hoac ham lwong thap hon.

Phan bd nay phan anh c4u truc dia chat khoang
héa mang tinh hwéng tdm dac trwng clia cac moé
dat hiém dang hap phu ion phong héa sau, thuwong
tap trung quanh khu vuc dinh khéi da me granit
hoac ryolit giau REE.

c. M6 hinh tai nguyén theo block

Duwa trén dir liéu theo block, mét mé hinh 3D tai
nguyén da dwoc dwng, gitp minh hoa sw thay ddi
khéi lwgng REE theo chiéu sau va khéng gian ba
chiéu. Mé hinh nay hé tro:

+ Lap ké hoach khoan thdm do bd sung theo
chiéu sau

m SO 6 - 2025

+ Binh ranh gidi khai trweong mé

+ Xac dinh vi tri khai thac wu tién, dac biét tai
cac khéi co tich Ity tai nguyén I&n va phan bé tap
trung

Viéc chia block tinh tai nguyén két hop vé&i noi
suy dia héa va cac mé hinh hoc may da cung cép
cai nhin chi tiét va dinh lwong vé tiém nang déat
hiém trong khu vuc nghién ciru. Két qua cho thay
phan I&n tai nguyén tap trung & vung trung tam,
v&i kha nang khai thac hiéu qua cao. M6 hinh 3D
doéng vai trd quan trong trong viéc chuyén tir danh
gia tiém n&ng sang quy hoach khai thac thuc té.

2.3.5. Phan tich mé hinh khéi 3D tai nguyén
REE (500 m x 500 m)

M6 hinh khéi 3D thé hién sy phan b tai nguyén
dat hiém (REE) theo tirng block c6 kich thwéc
500 m x 500 m, trén toan khu vwc khao sat dién
tich 10 km2. Truc ding (truc Z) thé hién tong tan
REE trong méi block, la k&t qua tir phép tinh:

Tope=A xhx pxCx107°

Trong dé:

A = 250,000 m?

Ban do tai nguyén REE theo block 500m x 500m (& vuéng mau)

=
3
3

Tén REE / block 500m

0 2000 4000 6000 8000
X (m)

Hinh 5. Ban dé tai nguyén REE theo block
500m x 500m

h: chiéu day than quang (m)

p: mat do (g/cm?)

C: ham lwvgng REE_sum (ppm)

* Nhan xét tr mé hinh khéi 3D:

a. Phan b6 khéng gian ba chiéu ré rang

Céc cot ¢6 chiéu cao Ién nhat (mau vang sang,
>500 tAdn REE/block) tap trung rd rét tai khu vuc
trung tam, vé&i toa dd xap xi (X ~ 5000 m, Y ~ 5000
m). Chiéu cao cac cot giam dan vé phia ria, thé
hién mc dé tich Ily tai nguyén suy giam theo
khoang cach ra ngoai tam mé d&c trung phd bién
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clia mé dat hiém kiéu h4p phu ion trén v phong
hoéa. Do vay, trung tam vung khao sat la noi cé mat
do tai nguyén cao nhét, can wu tién khoan tham do
xac minh va tinh toan trr lwong chi tiét.

b. D6 muwpt va tinh lién tuc tot

M6 hinh cho thdy sw chuyén tiép muwot ma gitra
céac khéi, khéng cé sw dot bién hodc nhiéu rd rét,
nhd vao qua trinh: Noi suy mwot bang Kriging va
phan chia block dé&u d&n 500 m x 500 m. Diéu nay
phan anh sy 6n dinh dia chat va phan bd lién tuc
cta REE trong vé phong héa moét dac diém phu
hop v&i kiéu mé hap phu ion phat trién trén dia hinh
bdi tu thap, rong. Do vay, khéi tai nguyén cé hinh
thai tron va day & tam, thuan lgi cho khai thac dang
16 thién hodc ban 16 thién.

c. Tiém nang kinh té va ung dung

V&i cac khdi block dat >500 tan/block, néu tinh
cho 1 ha (~2 block), cé thé dat ~1.000 t4n REE —
la con s c6 gia tri thwong mai cao néu mirc cat
cho phép.

Mo hinh 3D giup:

+ Lap gid¢i han than quang ban dau

+ Lap ké hoach khoan xac minh chi tiét theo
chiéu sau

+ Phuc vu danh gia kinh t& m&, phan viing khai
thac theo tirng giai doan

Nhw vay, mé hinh khéi 3D tai nguyén REE theo
block 500 m khéng chi phan anh sw phan bb khéng
gian tai nguyén mét cach trirc quan va chinh xac,
ma con hd tro danh gia nhanh vung trién vong khai
thac. Céac block trung tdm dat san lwgng cao va
phan bé lién tuc la déi twong wu tién trong cac
budc lap ké hoach khai thac thdm do chi tiét va tinh
trlr lwvong (Hinh 6).

3. KET QUA VA THAO LUAN

3.1. Pac diém phan bé ham lwong REE va co
s& ndi suy

Két qua thdng ké mo t& ham lwong dat hiém
tbng (REE_sum) trén toan vung cho thay gia tri
phan bé khong ddng déu, ¢é xu hwéng nghiéng trai
nhe, v&i ham lwong dao ddng chi yéu tir 140 dén
190 ppm va trung vi khodng 165 ppm. . Ban d6
phan bd REE theo khéng gian (Hinh 1) cho thay
khu vuc trung tdm c6 ham lwong cao nhét, phu hop
véi cAu tric mé kiéu phong hoa tap trung, phan anh
kha nang tich Iy ion REE trén khoang sét trong
méi trwerng dia hda 6n dinh (Xu et al., 2020; Castor
& Hedrick, 2006).
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Hinh 6. M6 hinh 3D tai nguyén REE theo
block 500m x 500m

Dé dam bao tinh chinh xac va loai bd anh
hwéng clia phan bd 1&ch, di liéu REE da dwoc log-
transform va chuén héa trwéc khi ndi suy bang
phuwong phap Kriging véi kernel RBF. Phwong
phap Kriging, vén da dwoc chirng minh 1a k¥ thuat
ndi suy dia théng ké hiéu qua cho di¥ liéu dia hoa
(Goovaerts, 1997; Cressie, 1993), cho phép mo
hinh héa phan bd REE rd rang, véi tam dj thuwéng
manh va gradient gidm dan vé phia ria (Hinh 5).
Diéu nay gitp phan anh tét cu tric khéng gian
muwot ma va 6n dinh dia hoa, la tién dé quan trong
cho viéc thiét ké& lwdi 1dy mau hoac bb tri khoan chi
tiét. Két qua t biéu do ban phwong sai (variogram)
cho thdy ban kinh twong quan khoang 2.500—
3.000 m, la khoang cach tbi wu cho viéc phan bd
cac diém khoan (Journel & Huijbregts, 1978,
Wackernagel, 2003, Webster & Oliver, 2007).

3.2. Phan vung trién vong bidng Machine
Learning

Hai mé hinh hoc may la Random Forest (RF)
(Breiman, 2001) va Support Vector Machine (SVM)
(Vapnik, 1998) da dwoc huan luyén tir tp mau
thuc nghiém va ap dung trén toan vang dé xac dinh
xac suét trién vong theo ham lwong REE_sum.
Cac md hinh nay duwgc Iya chon vi kha nang khai
thac cac méi quan hé phi tuyén gitra cac bién dau
vao va két qua dau ra, ddng thoi hoat dong tét voi
dir liéu r&i rac va quy mé nhd (Zuo, 2017;
Carranza, 2022, Li & Liu, 2015).

Két qua phan vuing (Hinh 2) cho thay: RF tao ra
ban dd co bién vung trién vong rd nét, vung trung
tam dat xac suét cao nhat (>0.8), bao quanh b&i
I&p chuyén tiép. Trong khi d6, SVM cho phan bd
loang hon va phan tan, dac biét dé nhiéu tai ving
bién phan anh tinh nhay cdm v&i bién phan [6p va
phan bb khéng déu cta di liéu huén luyén (Li et
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al., 2023). Ban db6 chong 16p két qua (Hinh 3) cho
phép phan chia toan vung thanh 4 cip do: (0)
khéng trién vong, (1) RF nhan, (2) SVM nhan, (3)
ca hai mé hinh cung nhan. Vung trung tam dwoc
ca hai mé hinh xac nhan 1a c6 trién vong cao, thé
hién sw déng thuan mé hinh hoc may, la co s&
vitng chac dé dinh hwéng thdm do thuc dia tiép
theo (Carranza, 2022).

3.3. Tinh toan va mé hinh hoéa tai nguyén

Trén co s& di¥ liéu nodi suy va phan vung trién
vong, khu vwec nghién ctru da duwoc chia thanh cac
block 500 m x 500 m dé tinh toan tai nguyén. T6ng
tai nguyén REE woc tinh dat khoang 11.300 tén,
v&i khéi lwong quang nguyén khai hon 95 triéu tan.
Phwong phap tinh dwa trén cong thire khdi lwong
tich |Gy tw dién tich, chiéu day, mat do6 va ham
lwong REE céch tiép can chuan trong mé hinh khéi
dia chat mé (Journel & Huijbregts, 1978).

Khu vire trung tdm la vang di thwdng REE_sum
cao, duwgc xac nhan déng nhat bdi cad RF, SVM va
ndi suy Kriging, phan anh vung tich tu khoang héa
chu yéu. Mé hinh khéi 3D khéng chi gitp lwong hda
nhanh tai nguyén tirng block, ma con hd tro' truc
quan héa két qua, tao diéu kién thuan lgi cho thiét
ké khai thac md theo hwong 16 thién hodc ban 16
thién (Carranza, 2022).

3.4. Tich hop da phwong phap va gia tri &ng
dung

Su két hop gitra Kriging néi suy dia héa, phan
vung Machine Learning, va tinh tai nguyén theo
block da chirng minh hiéu qua cao trong mé hinh
héa mé dat hiém dang h&p phu ion. Trong do:
Kriging phan anh tét cAu truc lién tuc khéng gian va
gitp dy bao phan bd REE theo huéng muot va
chinh xac (Goovaerts, 1997);Random Forest SVM
gitp khai thac méi lién hé phi tuyén da chiéu gitra
cac yéu td nhu dia héa, chidu day than quéng va
mat dé da (Zuo, 2017); M6 hinh block 3D hd tro
dinh lwong tai nguyén, xac dinh khéi quang wu tién
va xay dwng co s& khoa hoc cho khai thac mé.

Day la hwéng tiép can hién dai, phu hop trong
bdi canh di¥ liéu thue dia con han ché va phan bé
khéng déu vén 1a dac trwung phd bién ctia cac mé
dat hiém phong héa tai viing nhiét d&i, nhw & Trung
Quéc, Viet Nam va Myanmar (Xu et al., 2020; Li et
al., 2023). Phwong phap nay hoan toan cé thé

TAI LIEU THAM KHAO

nhan réng va ap dung cho cac khu virc ¢ diéu kién
twong tw.

3.5. Han ché va hwéng nghién ciru tiép theo

Mac du cac két qua dat dworc cé do tin cay cao,
nghién ctru van ton tai mot sd han ché can lwu y:

S6 lwong diém mau con it (30 diém), chwa du
dé phan anh day du tinh bién thién khéng gian cla
toan khu virc; (2) D liéu dau vao chi yéu don bién
(REE_sum), chwa tich hop déng thoi cac bién dia
hoa khac (Al,Os, Fezog, pH, d6 sau vv) do do
kha nang phan tich méi quan hé da chiéu con han
ché. Trong giai doan nghién ctru tiép theo, can: M&
rong s6 diém mau va pham vi khdo sat, nham nang
cao d6 phan giai khéng gian; Tich hgp thém cac
bién dia héa va khoang vat hoc dé cai thién kha
nang dy bao md hinh; Th* nghiém va so sanh
thém céac thuat toan Machine Learning tién tién
nhw Gradient Boosting, XGBoost, Artificial Neural
Network (ANN) nham t&ng d6 chinh xac va kha
nang khai quat hoéa; Tich hop di liéu 3D va vién
tham, hwéng téi xay dung mé hinh da tang cho céc
ion-adsorption rare earth deposits & Viét Nam.

4. KET LUAN

Nghién ctru nay da tich hgp thanh cong Kriging
va cac md hinh hoc may (machine learning
models) d& danh gia tiém ndng mé dat hiém hép
phu ion (ion-adsorption rare earth deposits) trén co
s& di¥ liéu REE_sum. Két qua chira ving trung tam
c6 tiém nang khoang hoa cao, dwoc ca RF va SVM
ddng thuan xac dinh. Cac mé hinh dat dé chinh xac
cao (AUC > 0.85), chirng t6 kha ndng (ng dung tbt
cua phuwong phap tich hop nay. Tuy nhién, nghién
ctru van cé nhivng han ché nhat dinh do sb diém
mau it va di¥ liéu don bién, can dwoc mo réng va
kiém chiing thém. Két qua nghién ctru khong chi
mang y nghia khoa hoc trong viéc ng dung
Machine Learning vao dia chat md ma con cé gia
tri thwe tién cho cong tac diéu tra, danh gia va quy
hoach khai thac tai nguyén dat hiém & Viét Nam.
Hwéng nghién clru tiép theo sé tap trung vao mé
réng di liéu, tich hop thém cac bién dia hoa va the
nghiém cac mdé hinh nadng cao nhw Gradient
Boosting, ANN dé t6i wu héa kha nang dy béo va
tang tinh khach quan ciia mé hinh 3
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ABSTRACT

lon-adsorption type rare earth element (REE) deposits are of strategic significance and commonly
occur within deeply weathered profiles in tropical humid regions. However, evaluating their resource
potential and delineating prospective zones remain challenging due to complex spatial variability and
limited sampling data. In this study, modern techniques including geostatistical interpolation (Kriging) and
machine learning models such as Random Forest (RF) and Support Vector Machine (SVM) were
integrated to analyze geochemical data and model the spatial distribution of REE across a 10 km? study
area.
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Based on 30 field sampling points and a simulated grid of 10,000 locations, the RF and SVM models
were trained to classify prospective zones using REE_sum concentrations. The classification

results revealed that the central area exhibited the highest probability of REE enrichment, consistently
identified by both RF and SVM models. Kriging interpolation (on a log-transformed scale) showed a clear
geochemical gradient with REE concentrations decreasing outward from the center, demonstrating strong
spatial continuity. The study area was further subdivided into 500m x 500m blocks for resource
estimation, resulting in a total calculated resource of approximately 11,300 tonnes of REE, predominantly
concentrated in the central blocks. A 3D block model was constructed to support spatial visualization and
aid in future mine planning.

This study demonstrates the effectiveness of integrating Kriging and machine learning models for
spatial modeling and resource assessment of ion-adsorption rare earth deposits. Beyond its
methodological contribution, the study provides scientific and practical significance by establishing a data-
driven workflow applicable to similar REE _sum-based investigations in Vietnam, supporting strategic
resource planning.

Keywords: Rare earth elements, ion-adsorption, Kriging, machine learning, Random Forest, SVM
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