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Introduction
Concern has risen about the future availability of rare-earth

elements (REEs) because of China’s dominance as the sup-
plier of more than 97% of world REE output, their decision
to restrict exports of rare-earth product, and the rapid in-
crease in worldwide consumption of REE products (Long et
al., 2010; Humphries, 2011; Kato et al., 2011; Roskill, 2011;
U.S. Geological Survey, 2011). As a result, the United States,
Japan, and member nations of the European Union may face
a future of tight supplies and high prices unless other sources
of REE are found and developed (Service, 2010). We report
the mineralogy and petrology, and we estimate the grade and
resource of a light rare-earth element (LREE) deposit in the
Khanneshin carbonatite complex of southern Afghanistan.
The deposit was previously delineated by Soviet scientists in

the 1970s (Cheremitsyn and Yeremenko, 1976; Chmyrev,
1976; Vikhter et al., 1976; Alkhazov et al., 1978; Vikhter et al.,
1978), and visited by us on three separate excursions, in 2009
to 2011, under the auspices of the U.S. Department of De-
fense and the Afghanistan Geological Survey (Peters et al.,
2011; Tucker et al., 2011a, b).

The Khanneshin Carbonatite Complex
The Khanneshin carbonatite is a deeply dissected igneous

complex of Pliocene-Quaternary age (Vikhter et al., 1978;
Whitney, 2006) that rises 700 m above the Neogene sedi-
mentary rocks of the Registan Desert, Helmand Province,
Afghanistan. The complex consists almost exclusively of car-
bonate-rich intrusive and extrusive igneous rocks, crudely cir-
cular in outline, with three small hypabyssal plugs of foid sil-
icate that crop out in the southeastern part of the complex
(Fig. 1). The igneous complex is broadly divisible into a cen-
tral intrusive vent, approx. 4 km in diameter, consisting of
coarse-grained sövite and dike-intruded agglomeratic alvikite,
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a thin marginal zone (<1 km wide) of outwardly dipping
(5°–45°) and alkali-metasomatized Neogene sedimentary
strata, and a peripheral apron of volcanic and volcaniclastic
strata extending another 3 to 5 km away from the central in-
trusive vent (Fig. A1; Tucker et al. 2011a, b). Small satellitic in-
trusions, no larger than 400 m in diameter, of agglomeratic
alvikite, sövite, and rare leucite phonolite crop out on the
southern and southeastern margin of the central intrusive vent.

Ore mineralogy

In the 1970s, Soviet geologists (Cheremitsyn and Yere-
menko, 1976; Chmyrev, 1976) identified an area approx. 0.64
km2 in the outer, northeast portion of the central intrusive
vent, underlain by alvikite highly enriched in barium, stron-
tium, and the LREE (Fig. 1). In two exploratory visits to the
area, we identified two types of LREE mineralization
throughout all of that area indicated as the “zone of LREE
enrichment” in Figure 1. Type 1 LREE mineralization con-
sists of layered barite-strontianite alvikite with discontinuous
seams of LREE carbonate minerals that are oriented parallel

(concordant) with the bulk-rock layering (Fig. 2A). The type 1
seams are 0.5 to 0.7 m thick and several tens of meters long,
and they are commonly banded symmetrically with a light-
colored outer margin about a dark central zone (Fig. 2A, B).
The minerals in the light-colored margin consist of khan-
neshite-(Ce), barite, strontianite, and secondary synchysite-
(Ce) and parisite-(Ce). The dark central zone, consisting pri-
marily of ankeritic dolomite, barite, apatite, and strontianite,
also has trace khanneshite-(Ce). In some seams, the LREE
carbonates form dense spherical-shaped aggregrates (100 µm
diam), interpreted as immiscible droplets, that make up as
much as 30% (by volume) of the seam (Fig. 2D, E). In other
seams, the LREE-rich margins display a breccia texture (Fig.
2C), indicating that a hydrothermal fluid, or fluid-rich magma,
rich in LREE, Ba, and Sr, penetrated the barite-strontianite
alvikite at a late stage. These type 1 seams alternate with
meter-thick layers of barite-strontianite alvikite (wall rock)
over a vertical thickness of approximately 150 m. The esti-
mated ratio of wall rock to mineralized seams throughout the
section of barite-strontianite alvikite is approximately 10:1. 
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FIG. 1. Geologic map of the Khanneshin carbonatite complex showing its principal bedrock divisions (bottom to top in
Explanation): (1) Neogene sedimentary strata, partly metasomatized, that form an upturned section of outwardly-dipping
strata away from the central intrusive vent. (2) The central intrusive vent composed of sövite, medium- to fine-grained
alvikite, and altered hematite-stained carbonatite. The zone of LREE enrichment is located in the northeast portion of the
central vent. (3) The apron of volcanic and volcanosedimentary strata extending 5 km beyond from the central vent. (4) Small
satellitic intrusions and volcanic plugs, mostly on the southern peripheral margin of the complex, of alvikite agglomerate and
leucite phonolite. Our traverses, 1A, 1B, 2, and 3, as well as the zones of LREE, uranium, and phosphorus enrichment, are
indicated by labels.



Type 2 LREE mineralization occurs in igneous dikes com-
posed of euhedral to subhedral crystals that precipitated di-
rectly from carbonatite magma or a late-stage hydrothermal
fluid. Type 2 igneous dikes, which intrude the type 1 miner-
alized alvikites, are of two types (Fig. 3): those enriched in flu-
orine and those enriched in phosphorus. The fluorine-rich
dikes contain euhedral to subhedral crystals (or fine aggregates)
of khanneshite-(Ce), monazite-(Ce), and fluorite, together with
synchysite-(Ce), bastnäsite-(Ce), and calkinsite-(Ce) of likely

secondary (late hydrothermal) origin (Fig. 3E, F); taeniolite
(KLiMg2Si4O10F2) is present as a rare accessory mineral. Of
the type 2 dikes rich in fluorine, the general sequence of
LREE-Sr-Ba mineralization: Sr-LREE-Ca-Na rich carbon-
ates (khanneshite-(Ce)) → Ca-REE fluorocarbonates (bast-
näsite-(Ce)) → Ca-LREE hydrated carbonate (calkinsite-(Ce))
(Tucker et al., 2011a). The phosphorus-rich igneous dikes
contain subhedral crystals of carbocernaite, and interstitial
apatite, together with parisite-(Ce) of secondary origin (Fig.
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3B, C). Of the type 2 dikes rich in phosphorus, a general
 sequence of LREE-Sr-Ba mineralization is Sr-LREE-Ca-
rich carbonate (carbocernaite) → Ca-LREE fluorocarbonate
(parisite-(Ce) → Sr-LREE hydrated carbonate (ancylite-(Ce).
Most type 2 igneous dikes are 50 to 60 cm thick and traceable
for tens of meters; at least three of the type 2 dikes, particularly

those rich in fluorine, are 10 to 50 m thick and traceable for
hundreds of meters (Chmyrev, 1976).

Ore geochemistry and grade

There is compelling evidence for multiple generations
and distinctive types of carbonatite magma. Soviet geologists
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identified two sequences of volcanic strata (Fig. 1, Q1-1 and
Q1-3) in the peripheral apron that are separated by a sequence
of volcanosedimentary rocks (Q1-2) (Cheremitsyn and Yere-
menko, 1976). These stratified rocks are intruded by several
small hypabyssal intrusions (Qaa) and numerous carbonatite
dikes with crude radial geometry. Most importantly, in the
critical zone of LREE enrichment, ankerite alvikite and car-
bonatite dikes of the central vent were fully crystalline before
the mineralized barite-strontianite alvikites, rich in LREE,
were emplaced above them (Fig. A1B) (Tucker et al., 2011a).
These LREE-enriched alvikites are intruded by fluorine- and
phosphorus-rich carbonatite dikes which may be the plumb-
ing for the upper alvikite section. These dikes are also highly
enriched in Ba, Sr, and LREE (i.e., type 2 mineralization). 

The banded barite-strontianite alvikites are chemically dis-
tinctive (Fig. 4, Fig. A2, Tables A1–A3):

1. They contain as much as ~4 wt % MnO (Table A3, Fig.
A2A) and they have major and accessory amounts of
manganoan ankerite, ferroan rhodochrosite, pyrolusite, and
manganosite.

2. As their mineralogy implies, they are highly enriched in
strontium and barium (Fig. 4A, B). In typical alvikite and
sövite of the volcanic apron and central vent (Tables A1, A2),
strontium and barium average 10,000 and 3,000 ppm, respec-
tively. In the zone of LREE-enrichment (Table 1), barite-
strontianite alvikite averages 22.25 wt % BaO and 4.27 wt %
SrO. In rare instances, BaO and SrO exceed 30 and 8 wt %,
respectively (Table 1, A3).

3. They are also enriched in fluorine and sulfur as indi-
cated by the ubiquitous presence of fluorite, F-bearing min-
erals (i.e., synchysite, parasite, bastnäsite, and taeniolite),
barite, and less commonly, celestine.
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4. Most importantly, they are highly enriched in the REE
and, in common with carbonatites worldwide (Woolley and
Kempe, 1989), they are strongly enriched the LREE over the
HREE (Fig. 4D).

The type 2 mineralized igneous dikes have LREE2O3

grades that compare favorably with the world’s largest pro-
ducers of REE: Bayan Obo, China (Yuan et al., 1992; Yang et
al., 2009), and Mountain Pass, California (USA) (Castor,
2008). Our type 2 dikes range in grade between 0.57 and 7.00
wt % (LREE2O3 ) and they average 3.77 wt % (LREE2O3 ,
Table 1). There is only a slight difference in grade among our
samples (standard deviation = 1.62) and no discernible differ-
ence between the average type 1 ores and type 2 igneous
dikes. Type 1 ores, for example, have an average LEE2O3

grade of 3.25 wt % (range, 2.14–7.28 wt %, std. dev. = 1.65, n
= 8), whereas the phosphorus-rich type 2 dikes have a slightly
higher average LEE2O3 grade of 4.59 wt % (2.17– 7.00 wt %,
std. dev. = 1.98, n = 6). Although the concentrations of LREE
greatly exceed the heavy REE (HREE), both type 1 and 2
rocks are enriched in HREE relative to the ores of Bayan
Obo and Mountain Pass (Fig. 4C, D). 

Within the total population of barite-strontianite alvikites,
there is a positive correlation between the concentration of
phosphorus and the HREE, suggesting that apatite rather
than REE-carbonate is the principal carrier of the HREE in
the type 1 barite-strontianite alvikites. Type 1 alvikites contain
abundant apatite and up to 40 ppm Yb, a proxy for the HREE
(Fig. A2D), whereas type 2 igneous dikes are relatively poor
in apatite (with 0.1–0.3 wt % P2O5) and contain less than 10
ppm Yb.

LREE Resource Estimation

Estimated tonnage of type 1 ore

Based on Soviet work (Cheremitsyn and Yeremenko, 1976;
Chmyrev, 1976) that accurately describes the geology and
mineralogy of the igneous complex, we assume the type 1
alvikites are present throughout the area of LREE enrich-
ment. This assumption is justified by the many samples of
“REE ore” recovered and analyzed by Soviet geologists, and
by our mineralogical descriptions and whole-rock chemical
analyses that confirm their observations. The volume of
LREE mineralization of type 1, however, must be diluted by
a factor of 10, which is approximately the ratio of common
barite-strontianite alvikite (wall rock) to the concordant
seams enriched in khanneshite-(Ce) and synchysite-(Ce)
(Fig. 2A). This dilution factor is a conservative value because,
in some sections, concordant mineralization is ubiquitous,
whereas in other sections, the surface exposures are sparse or
covered by alluvium.

Exploratory drilling, core analysis, and airborne geophysical
surveys are not currently possible, so the depth of mineraliza-
tion is estimated from ground observations. We assert a value
of 150 m based on the thickness of LREE-enriched barite-
strontianite alvikite observed over the rugged relief of the re-
gion (~170 m). In essence, we assume a depth of mineraliza-
tion that roughly mimics the young surface topography. This
assumption is justified because the intrusive massif is less
than 600 ka (Whitney, 2006), the valley walls are steep and,

hence, the mass of eroded rock is small relative to the unex-
humed mass at depth. We believe, moreover, our estimate is
conservative if, as seems likely, the zone of LREE enrichment
extends to depths well beyond the arbitrary value of 150 m.
Using an average density of mineralized carbonatite (2.94
g/cc), an average grade of LREE concentration (3.25 wt %,
Table 1), and a dilution factor of 10:1 (wall rock: LREE
seams), we calculate approximately 0.71 Mt of LREE2O3 are
present in the type 1 ores throughout the zone of LREE en-
richment (Table 2).

Estimated tonnage of type 2 ore

A second type of LREE mineralization occurs in igneous
dikes of carbonatite that intrude and are feeders of the
LREE-rich barite-strontianite alvikites. The carbonatite dikes
are enriched in fluorine and/or phosphorus and contain well-
formed crystals of khanneshite-(Ce) and carbocernaite, re-
spectively. Within the zone of LREE enrichment, more than
50 such “orebodies” of a “stockwork-type,” with widths be-
tween 60 m and 500 cm and lengths between 500 and 20 m,
are identified by Cheremitsyn and Yeremenko (1976) and
Chmyrev (1976). These correspond to the igneous dikes illus-
trated in Figure 3. The depth of the dikes is likely to be hun-
dreds of meters because they form near-vertical sheets that
transect the rugged relief of the region and their source was
a magma chamber at depth. Thus, we assume a minimum
depth of 150 m and a uniform grade of LREE2O3 throughout
their length and breadth. A dilution factor is not applied to
the type 2 igneous dikes because they consist uniformly of
coarse- and medium-grained igneous minerals, multiple sam-
ples yield consistent LREE concentrations, and the dikes dis-
play little evidence of extensive wall rock assimilation.

We estimate a tonnage of LREE2O3 for just three of the
largest dikes within the zone of LREE enrichment (Table 2).
Assuming average carbonatite density (2.94 g/cc) and grade of
LREE2O3 concentration (3.77 wt %, Table 1), we estimate an
LREE2O3 resource of 0.58 Mt in three type 2 dikes (Table 2).
This figure is approximately 45% of the total resource, the
sum of type 1 and 2 ores, within the zone of LREE enrich-
ment (i.e., 1.29 Mt, Table 2). The estimated total resource
(1.29 Mt) is almost an order of magnitude greater than the
current, annual tonnage (134,000 t) of LREE2O3 consumed
worldwide (Humphries, 2011). Moreover, it is consistent with
our estimation of LREE2O3 resources (1.37 Mt, Table 2), cal-
culated in an area with similar spectral characteristics in the
marginal central vent that overlaps and extends beyond the
Soviet-defined zone (Tucker et al., 2011a). Both estimates
comport well with the probabilistic estimate of 1.4 Mt of
undiscovered REE resources in all of south Afghanistan (Pe-
ters et al., 2007).

Because of current security and logistical concerns in this
part of Afghanistan, our resource estimate is preliminary and
probably conservative. Clearly, more ground and aerial sur-
veys, together with remote-sensing studies, must be com-
pleted when local conditions allow. Despite this, the esti-
mated LREE resource at Khanneshin represents a significant
fraction of global REE resources or about half of available re-
serves at Mountain Pass, California (5% grade cutoff), and
about 2.5% (perhaps less) of reserves at Bayan Obo, China
(Haxel et al., 2002; Long et al., 2010). Quite clearly, the
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LREE at Khanneshin represents a very valuable and strategic
resource within Afghanistan’s substantial inventory of mineral
commodities. Our new LREE assessment is part of a larger
report, released this year for the Department of Defense Task
Force for Business Stability and Operations (TFBSO) which
also includes a revised evaluation of their principal deposits of
gold, silver, iron, copper, lead, zinc, phosphorus, and uranium
(Peters et al., 2011).
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TABLE 2.  Estimated Tonnage of Type 1 and 2 LREE2O3 Resources, Khanneshin Carbonatite Complex, Afghanistan

Length Width Depth Volume Density Rock mass ∆ LREE2O3 Mt LREE2O3 Mt LREE2O3

(km) (km) (km) (km3) (g/cm3) (106 Mt) grade (wt %)1 (before 10:1 dilution)2 (after dilution)

Zone of LREE enrichment (Fig. 1)

Type 1.  Concordant veins and seams

Northern zone 0.750 0.550 0.150 0.0619 2.94 181.91 3.25 5.91 0.59
Southern zone 0.330 0.250 0.150 0.0124 2.94 36.38 3.25 1.18 0.12

Type-1 total 0.0743 2.94 218.30 3.25 7.09 0.71

Type 2.  Discordant igneous dikes3

no. 1 0.050 0.020 0.150 0.0002 2.94 0.44 3.77 0.02
no. 2 0.500 0.040 0.150 0.0030 2.94 8.82 3.77 0.33
no. 3 0.400 0.035 0.150 0.0021 2.94 6.17 3.77 0.23

Type-2 total 0.0053 2.94 15.44 3.77 0.58

Total LREE enrichment 4 1.29

Remote sensing polygon (Tucker et al., 2011a, Fig. 1)

NW of zone of LREE enrichment 0.071 2.94 209.26 3.25 6.80 0.68
Within zone of LREE enrichment 0.073 2.94 214.98 3.25 6.98 0.70

Total remote sensing polygon 1.38

1 Average LREE2O3 grade for type 1 and 2 rocks from Table 1
2 Wall rock is 10 times more abundant than mineralized seams, hence 10:1 dilution factor
3 Includes both fluorine- and phosphorus-rich dikes
4 Sum of Type 1 and 2 tonnage
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Analytical Methods

Bulk-rock analyses: Major element contents of bulk-rock
samples from the Khanneshin carbonatite complex were
measured at laboratories of the U.S. Geological Survey (Den-
ver, Colorado) and ActLabs (Ontario, Canada) by wavelength
dispersive X-ray fluorescence spectrometry and ICP-MS, re-
spectively. Details of the analytical procedures at the USGS
laboratory are given in Briggs and Meier (2002) and Taggart
and Seims (2002), and those of ActLabs may be found at
http://www.actlabs.com/page.

Trace element and REE abundances our bulk rock samples
were made in three laboratories. Trace element and REE
abundances of traverse 1 samples, from the southwestern part
of the carbonatite complex, were determined by ICP-MS at
the USGS analytical laboratory (Denver, Colorado) using a
Perkin Elmer Elan 6000 mass spectrometer after bulk rock
powder decomposition in a mixture of hydrochloric, nitric,
perchloric, and hydrofluoric acids (Briggs and Meier, 2002).
The REE abundances of traverse 1 samples were replicated
by the ICP-MS method after sintering of bulk rock powders 
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Appendix: Supporting Supplementary Material

A B C

D E

alvikite

carbonatite dike sovite block

fenite
xenoliths

REE-enriched rocks

carbonatite dike

alvikite

tilted Neogene strata

ankerite-barite alvikite

1

2

3

FIG. A1.  Field photographs showing the key rock types and relationships within the intrusive central vent and volcanic
apron of the Khanneshin carbonatite complex, Afghanistan. (A) Northwest view from the zone of rare-earth element (REE)
enrichment showing the Neogene strata (background) dipping modestly north and away from the intrusive rocks of the cen-
tral vent (foreground). Vertical relief is approximately 150 m (note person in the foreground for scale). (B) Unconformable
relationship between LREE-enriched barite-strontianite alvikite (above) and typical alvikite of the marginal zone, intrusive
central vent. The underlying alvikite was solid and intruded by a carbonatite dike before emplacement of the overlying
LREE-enriched alvikite. (C) Common fine-grained alvikite in the marginal zone of the central vent contains abundant xeno-
liths of fenitized country rock (“glimmerite”) and sövite. (D) Alvikite of the central vent, here also with xenoliths, is intruded
by fine-grained dikes of carbonatite. (E) View of the volcanic rocks (1 in circle) of the western apron (Q1-3b) showing their
relationship to older Neogene strata (2 in circle, N) and younger Quaternary gravels (3 in circle, Q4).



with sodium peroxide, leaching with water, and dissolution in
nitric acid to assure complete digestion of the REE. Trace el-
ement and REE abundances of traverse 2 samples, from the
southern part of the LREE zone, were determined at Stewart
Assay and Environmental Laboratories (LLC) by ICP-MS fol-
lowing total fusion with a sodium peroxide flux. Trace element
and REE abundances of traverse 3 samples, our most enriched
samples from the northern part of the LREE zone, were de-
termined by ICP and ICP-MS, in ActLabs commercial labo-
ratory, following bulk-rock fusion with a lithium metaborate/

tetraborate flux. These bulk rock samples were prepared as
per code 4B of ActLabs laboratory (http://www.actlabs.com),
spiked with internal standards to cover the entire mass range
from vanadium to uranium, and analyzed by Perkin Elmer
SCIEX ELAN 6100 and 9000 ICP-MS. All analyses are gen-
erally within 2% of accepted values of standard reference ma-
terials issued by the U.S. Geological Survey and reproducibil-
ity of replicate analyses (n = 5) is typically <3% RSD. 

Mineral identification: Mineral identification was achieved
by optical petrography, energy-dispersive spectroscopy (EDS)
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FIG. A2.  (A-D) Variation diagrams illustrating the major- and trace-element characteristics among igneous rocks of the
Khanneshin carbonatite complex, Afghanistan (symbols as in Fig. 4). The orange field delineates the common intrusive and
extrusive igneous rocks from traverses 1 and 2 (Tables A1, A2). Average values of calicocarbonatite (yellow star), ferrocar-
bonatite (red star), and magnesiocarbonatite (blue star). Blue circles, filled and unfilled, represent the mineralized rocks
within the zone of LREE enrichment of the northeast margin of the central intrusive vent. (A) MnO versus Fe2O3 (wt %).
Note the enrichment of MnO in the type 1 mineralized rocks over common alvikite of the Khanneshin complex. (B) CaO
(wt %) versus Ba (ppm) (1% (parts per hundred) = 10,000 ppm). Note the very high concentrations of Ba in LREE-enriched
rocks of the Khanneshin carbonatite complex. (C) Ternary diagram of the major elements, illustrating the difference between
bulk rocks from the northeast and southwest parts of the complex. Red circles are volcanic strata and minor intrusive rocks
from the southwest part of the complex (Fig. 1, traverses 1A, B). Filled blue circles are type 1 mineralized rocks; open blue
circles are type 2 mineralized dikes. Type 1 and 2 mineralized rocks from the zone of LREE enrichment are noticeably de-
pleted in silica, relative to the volcanic rocks and dikes from southwest part of the complex. (D) Yb (ppm) versus log P2O5

(wt %). The type 1 mineralized rocks and type 2 intrusive dikes having modal apatite and carbocernaite are enriched in Yb
and the heavy rare-earth elements (HREE). The positive correlation between Yb and P2O5, particularly the type 1 ores, sug-
gests that apatite hosts most of the HREE. Most of the LREE are hosted within LREE carbonate minerals (i.e., khanneshite-
(Ce), synchysite-(Ce), bastnäsite-(Ce)). The fluorine-rich type 2 dikes, bearing either fluorite or an unidentified K-Mg-F
phase, are poor in apatite and HREE.



and backscattered electron imaging using a JEOL JXA-8900R
scanning electron microprobe equipped with an EDS analy-
sis system. The Si(Li) crystal EDS Noran Instrument detec-
tor had a nominal resolution of 138 eV. For additional confir-
mation for elements such as F and Ce, we used qualitative
wavelength dispersive X-ray spectrometry; the LDE1 analyz-
ing crystal was used for the F K� line, and the LIF analyzing
crystal was used for the Ce Lβ1 line. Appropriate wavelength
dispersive X-ray spectrometers were peaked-up on standards
of known composition at the National Center of the U.S. Ge-
ological Survey, Reston, Virginia.
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