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Introduction

Although uranium mining and milling constitute the first step in any nuclear-weapons program,
nuclear nonproliferation analysts have devoted surprisingly little attention to monitoring these
processes. Understanding and monitoring uranium mines and mills can provide deeper insight into
fissile-material production. This report focuses on the insights gleaned from remotely sensed images
of known Chinese uranium mines and mills to understand the current status of uranium mining and
milling in North Korea. Significantly, this report quantitatively estimates uranium production at
North Korea’s declared uranium mine and identifies three potential, previously undetected North
Korean uranium mines and mills.

Most of the available data about North Korea’s uranium mining comes from its declarations in the
1992 Comprehensive Safeguards Agreement (CSA) with the International Atomic Energy Agency
(IAEA). North Korea declared two uranium mines and two mills in 1992, but researchers have long
speculated that North Korea operates other undeclared uranium facilities.

In contrast to North Korea, China regularly reports its uranium-extraction activities to the IAEA,
which are published on a biannual basis by the IAEA and the Organisation for Economic
Cooperation and Development’s (OECD) Nuclear Energy Agency in what are colloquially known as
the “Red Books.” The uranium-production industry in both states have Soviet-assisted origins,
which may allow China’s history of reporting uranium production to serve as a control measure in
determining the feasibility of the North Korean projections.

Satellite Imagery as an Open-Source 1 erification Measure

Satellite imagery can enhance IAEA safeguards inspectors’ ability to identify active uranium
mines and mills and estimate throughput. Satellite imagery can provide inspectors with more
data for “complementary access” requests and help determine whether the request, under
Additional Protocol Article 4.a.(i), is necessary. The Additional Protocol (AP) requires adhering
states to allow the IAEA access to all facilities at a nuclear site, sometimes on short notice, in
response to the presence of undeclared nuclear material or to “resolve inconsistencies” between
the declared and actual amounts of nuclear materials.' However, it is difficult to identify, let
alone resolve, an inconsistency without first accurately verifying the uranium-production levels
as reported by the state—information that is necessary to determine whether the state may be
diverting undeclared materials into a clandestine nuclear-weapons program. In addition to
satellite imagery, official national publications, import and export data, and other open-source
reports can also inform inspectors.

L“TAEA Safeguards Overview,” International Atomic Energy Agency, n.d.,
https://www.iaea.org/publications/factsheets/iaca-safeguards-overview; R. Leslie, P. Riggs, V. Bragin, Q.S.
Bob Truong, R. Neville, and K. Staenz, “Satellite Imagery for Safeguards Purposes: Utility of Panchromatic
and Multispectral Imagery for Verification of Remote Uranium Mines,” Paper Presented to Annual Meeting
of the Institute of Nuclear Materials Management, Orlando, Florida, 23-27, June 2002, p. 4.




The existing and publicly available literature on China’s uranium exploration can serve as a control
variable to ultimately estimate uranium production and assess mining capabilities in North Korea.
Because China is a state party to the 1968 Treaty on the Non-Proliferation of Nuclear Weapons and
reports detailed information to the IAEA, the location of China’s uranium mines and mills and their
production levels are known.

Significant insights can be extracted from analyzing satellite images of these sites, which can provide
estimates of production levels. Researchers at the European Safeguards Research and Development
Association (ESARDA) created a formula that integrates these optical sighatures to estimate throughput.
The precision of the formula or the validity of Chinese declarations can be tested, and researchers can
then apply this formula to estimate throughput of suspected uranium mines and mills in North Korea.

Applying Satellite Imagery in Practice

Different types of remotely sensed data can provide varying insights for uranium mines and mills.
The patterns detected in optical satellite imagery of China’s uranium mines and mills can be used to
more accurately assess potential mines and mills in North Korea. Optical signatures include tailings
piles, waste ponds, buildings, and equipment necessary for uranium processing. The presence of
such signatures can provide more compelling evidence that the site may be involved in uranium
mining or production. Thermal imagery can determine the recency of changes in tailings piles and
ponds by displaying heat signatures of these areas—e.g., “hotter” signatures indicate recent activity.
Additionally, multispectral signatures could potentially identify uranium-bearing ores or differentiate
between mined ore and tailings piles.

Hyperspectral imagery of Chinese sites can be especially useful in comparing suspected uranium
mines and mills in North Korea; analyzing the unique spectral signatures of uranium-bearing ore
from a known uranium mine or mill in China could populate a database to measure against
signatures from suspected uranium-mining sites in North Korea. Unfortunately, hyperspectral
imagery from the Hyperion (EO-1) satellite, the only publicly available, space-based hyperspectral
sensot, is unavailable for Chinese sites. This limits the data available to create spectral signatures for
known Chinese mines and mills.

The Uranium Mining and Milling Process

Uranium is generally mined using one of three different methods:
o Open-pit mining
° In situ recovery

° Underground mining

Of the three different approaches, open-pit mining is the most easily identifiable through satellite
imagery. Open-pit mining is employed when the ore body is close to or at the surface, and this method



is commonly used for metal mines such as copper and iron, as well as for large, high-grade uranium
deposits. I situ recovery dissolves uranium underground using a groundwater solution, which is then
pumped back to a processing plant. This technology is difficult to spot and identify using optical
satellite imagery because it primarily takes place underground, utilizes fewer pieces of equipment, and
results in minimal surface disruption. Underground uranium mines are either vertical shafts, horizontal
adits, or ramped declines. Spotting entrances to underground mines can be very difficult using only
optical satellite imagery. However, material from underground operations is often brought to the
surface by a large conveyor-belt system, which can be identified using satellite imagery.

While each of the three different approaches contains unique identifiers that can be detected via
satellite imagery, differentiating between a mine that produces uranium or another metal is often
difficult. Copper, uranium, and other base metal mines share much of the same equipment and
technology, and therefore appear similar in satellite imagery.

After uranium has been mined in open pits or underground, the ore is crushed to create more
surface area and to facilitate the liberation of uranium. This process often takes place very close to
the mine. After reaching the desired particle size, water is added to the crushed ore and thickened in
a counter-current decanter (CCD). This step suspends the particles in a slurry. This slurry is then
sent to flotation tanks, where other chemicals are added to separate elements by density and filter
out impurities before the slurry is sent on to the leach tanks. In the leach tanks, acid is added to
dissolve the uranium out of the rock. While most uranium ores are leached with acid, alkaline
leaching is used for certain ore types. Waste is removed and disposed of in tailings ponds, and the
uranium is set out to precipitate and dry. After drying, the uranium, in the form of “yellowcake,” is
packaged and shipped to a processing facility. Mills do not need to be physically close to mines, as
crushed ore can easily be shipped to other sites for processing. However, tailings ponds will always
be found close to mills as they are direct results of ore beneficiation and processing, and there is no
need to pump them far away from the plant.

China

China is a relatively large consumer and producer of uranium resources among the world’s nuclear-
capable countries. As of 2015, China domestically operates twenty-three civilian nuclear reactors that
supply 2.4 percent of its national energy production.” China’s most recent strategic Five-Year Plans
have called for an increased focus on developing nuclear energy, including more than doubling its 2014
nuclear capacity of 20 GWe to 58 GWe by 2020.” This ambitious goal has led China to become the
wortld’s leading constructor of new nuclear reactors, with more than 18 under construction as of 2018.*
China has pursued opportunities internationally to augment its uranium resources, carrying out

2 Nuclear Energy Agency (NEA) and International Atomic Energy Agency (IAEA), “Uranium 2016:
Resources, Production and Demand,” (OECD, 2016), p. 85.

3 Hui Zhang and Yunsheng Bai, “China’s Access to Uranium Resources,” Belfer Center Project on Managing
the Atom (Cambridge: Harvard, 2015),

https:/ /www.belfercenter.org/sites/default/ files/legacy/ files/ chinasaccesstouraniumresources.pdf; NEA and
TAEA, “Uranium 2016,” pp. 85, 202.

4 Mark Hibbs, “The Future of Nuclear Power in China,” Carnegie Endowment for International Peace, May
14, 2018, https://carnegicendowment.org/2018/05/14/future-of-nuclear-power-in-china-pub-76311.



exploration projects in locations such as Australia and Namibia, and buying uranium on the
international market. Additionally, China is said to have been stockpiling uranium since at least 2007.

Given China’s large and growing demand for uranium, China’s economic planners will likely
continue to expand its domestic uranium-mining operations. China currently operates 13 mines and
six mills, with estimated domestic uranium resources of 366,200 tons of uranium (tU) as of 2016, the
most current numbers available.’ This 2016 estimate is already a 46 percent increase over China’s
estimated resources in 2009 (171,400 tU),” and this number is likely to climb as China has yet to
evaluate vast swathes of tertitory with potential uranium deposits, especially in Inner Mongolia.”
China has yet to realize the full potential of its uranium resources and will likely continue to establish
mines and mills.

Brief History

China established its domestic uranium industry in tandem with its nuclear-weapons program in 1955
and built its first uranium mines and mills by 1958.” China sought to rapidly develop its atomic-energy
capabilities in the 1950s, diverting thousands of workers and students into training and staffing its
nascent nuclear industry, with significant assistance from Soviet experts."’ The following decades saw a
rapid rise in China’s nuclear capabilities: the highly enriched uranium in the country’s first nuclear test
in 1964 was domestically sourced, and China’s annual drilling activity reached a peak of 1,550,000
meters in 1970."" Military demand fueled China’s three-decade sprint to create and accelerate its
nuclear industry. However, as China’s leaders began to prioritize civilian economic and political reform
in the early 1980s, China’s demand for uranium decreased and its nuclear industry retracted.'”

The 1990s were a period of financial difficulty for China’s uranium industry."” Due to cost concerns,
China began favoring deposits in north/northwest China amenable to less expensive i situ leaching
techniques instead of large-scale “hard rock” mining operations. The 2000s saw a sharp increase in
uranium exploration and mining investment that continues to this day, as China’s government has
articulated an increasing demand for nuclear energy. Drilling increased from a low of 40,000 meters

> David Stanway and Kathy Chen, “China to Boost Nuclear Fuel Reserves to Feed New Reactors,” Reuters,
March 10, 2016, https:/ /www.reuters.com/article/us-china-uranium-idUSKCNOWDO0D7; Zhang and Bai,
“China’s Access to Uranium Resoutrces,” p. x; NEA and IAEA, “Uranium 2016,” p. 203.

6 NEA and IAEA, p. 204. This estimate includes Reasonably Assured Resources, or resources known to exist
in deposits that can be economically extracted.

7 Susan Hall and Margaret Coleman, “Critical Analysis of Wotld Uranium Resoutces,” U.S. Scientific
Investigations Report 2012-5239 (USGS, 2013), p. 45.

8 NEA and IAEA, “Uranium 2016,” p. 207. Exploration in northern Inner Mongolia focuses on sandstone-
hosted sites, while exploration projects in southern China focus on volcanic- and granite-type deposits.

% Zhang and Bai, “China’s Access to Uranium Resources,” p. 12.

10 “Chinese Communist Party Central Committee Circular concerning the Transfer of Cadres and Workers to
Participate in Atomic Energy Development Work (Excerpt),” April 23, 1956, History and Public Policy
Program Digital Archive, Woodrow Wilson Center for International Scholars,
https://digitalarchive.wilsoncenter.org/document/114335.

11 Zhang and Bai, “China’s Access to Uranium Resources,” p. 12.

12 Ibid., p. 13.

3 NEA and IAEA, “Uranium 2016, p. 202.




in 2000 to 140,000 meters in 2004; in 2014 alone, China completed 850,000 meters of new drilling.
Most of the new exploration will likely take place in northern China."*

e Fuzhou Mine & Mill

Image 1. Fuzhou Mill and uranium ore heaps. Source: China National Nuclear Cooperation.
Estimating Uranium Production in Conventional Uranium Mills

In a paper published by ESARDA, Lalitha Sundaresan of the National Institute of Advanced Studies
in Begaluru, India, and her colleagues produced an equation to estimate the production capacity of a
uranium mill using optical satellite imagery. The equation uses the number of CCD units, the diameter
of the CCDs in a mill, and the average ore grade of the mill. While not perfect, the equation gives a
reasonable estimate of the mill’s production capacity. The equation in exponential form is:

14 Tbid., pp. 202-03.



PZk*aG*bN*cA

Where k = constant; G = ore grade in percentage; N = number of CCDs; A = area of the CCD in
meters square.'”

China reports its uranium production to the IAEA, making it possible to compare this equation’s
estimates with China’s declarations. China has reported that its two largest mills, Yining and Fuzhou,
produce 380 tU/year and 350 tU/year, respectively. The Fuzhou uranium mill is a conventional mill,
so it is possible to estimate its production using the ESRADA equation. Scientific publications
indicate that the average uranium ore grade at this mill is .05 percent.' The equation estimates that
the mills produce 239 tU/year and 249 tU/yeat. As there are no visible CCDs in satellite imagery,
these estimations assume that there are four CCD units at Fuzhou, each measuring 25m in diameter,
which is the average diameter of a typical CCD unit. In this case, China’s declared production and
the equation’s estimate are reasonably similar.
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Fuzhou Mill, 27.922512, 116.428894. Source: Google Earth.

15 Lalitha Sundaresan, Chandrashekar Srinivasan, and Buhpendra Jasani, “Monitoring Uranium Mining and
Milling using Commercial Observation Satellites,” ES.ARD.A Bulletin, Decembet, 2015, http:/ /isssp.in/wp-
content/uploads/2015/08/ESARDA-Papet-corrected.pdf.

167.Y. Liu et al., “Origin and Role of Kaolinization in Roll-Front Uranium Deposits and Its Response to
Ore- Forming Fluids in the Yili Basin, China,” Geofluids, April, 2018,
https://www.hindawi.com/joutnals/geofluids/2018/7847419/; Jinhui Liu, et al. Column Bioleaching
Experiment of Low Grade Uranium Ore from Xiangshan Uranium Deposit. Advanced Materials Research, Vol
825, October 2013, pp. 314-17.



Democratic People’s Republic of Korea

As part of its 1992 Comprehensive Safeguards Agreement with the IAEA, North Korea declared two
uranium mines and two uranium mills near Pyongsan and Pakchon. In previous work, researchers at
the James Martin Center for Nonproliferation Studies (CNS) geolocated these two operations:'”

e Pakchon Uranium Mine and Mill (39°42°34.73"N, 125°34°8.57"E)
® Pyongsan Uranium Mine and Mill (38°19°4.56"N, 126°25’57.43"E)

The Pakchon uranium mine and mill was likely a smaller pilot operation. Optical imagery of the
facility suggests that the site has been non-operational for a number of decades.

However, the Pyongsan mine and mill has undergone significant renovations in recent years."®
Activity at the mine has increased, as evidenced by growing tailings piles observed in optical imagery
and heat visible in thermal imagery. While the production capacity of the Pyongsan mine and mill
has never been publicly disclosed, estimating the mill’s threshold production capacity is possible by
analyzing prominent mill infrastructure visible in optical satellite imagery. The previously noted
equation capacity was created through this approach.
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Pyongsan Uranium Mine and Mill, 38.31, 126.43. Source: Google Earth

17 Jeffrey Lewis, “Satellite Imagery: North Korea Expanding Uranium Production,” The Diplomat, August 14,
2015, https:/ /thediplomat.com/2015/08 /satellite-imagery-north-korea-expanding-uranium-

production.
18 Thid.




Estimating Pyongsan’s Production

The number of CCD units and the uranium ore grade of these sites is not declared, and it is difficult
to determine the exact milling process used to extract uranium ore. Assuming the mill does not use a
heap-leaching process, it is possible to estimate the production of uranium at these mills using the
ESRADA equation. Additionally, optical imagery and historical information give researchers
valuable clues. Optical imagery of the Pyongsan mine shows structures that could house between
two and four CCD units assuming a 25m diameter. The grade of the uranium ore at Pyongsan is
subject to speculation. Multiple open-source analysts cite a single defector who claims that this mine
produces uranium with a grade of roughly 0.8 percent. However, an internal Hungarian memo
written in 1979 claims that North Korea’s two uranium mines, unnamed in the memo, have .26
percent and .086 percent."” The two mines referenced are likely Pyongsan and Pakchon, given that
North Korea did not likely build new mines or mills between 1979 and 1992. The larger Pyongsan
site is a better candidate for the .26 percent ore figure than Pakchon, since North Korea likely would
have built its larger mine and mill at a site with higher quality ore.

3D model of Pyongsan uranium mine and mill, 38.31, 126.43. Soutce: Google Earth.

Using the ESARDA equation to estimate Pyongsan’s production yields the following results: two
CCDs processing ore at 0.8 percent would produce an estimated 456 tU/yeat, while four CCDs
would produce 886 tU/year. If the ore is 0.26 percent, two CCDs would produce an estimated 273
tU/year and four units would produce 529 tU/yeat. Estimate variations in the number of CCDs
present and the ore’s grade lead to substantial differences in estimated production levels. These

19 See “Telegram, Embassy of Hungary in North Korea to the Hungarian Foreign Ministry,” February 17,
1979, as reprinted in Balazs Szalontai and Sergey Radchenko, “North Korea’s Efforts to Acquire Nuclear
Technology and Nuclear Weapons: Evidence from Russian and Hungarian Archives,” Cold War International
History Project, Working Paper #53, Woodrow Wilson International Center for Scholars, August 20006, p. 60,
https://digitalarchive.wilsoncenter.org/document/110133.



estimates assume that the size of the CCDs at Pyongsan correspond to the average size of CCDs at
other prominent uranium mines found worldwide. Some of the largest uranium operations around
the world use anywhere from six to eight CCD units, which are typically left uncovered. The
Pyongsan operation is not as large as others found worldwide, so an estimate of fewer CCD units,
likely two to four, follows logically.

Suspected Mines

While North Korea declared the Pakchon and Pyongsan uranium mines and mills to the IAEA,
analysts have long suspected that North Korea operates additional domestic uranium-production
facilities. For example, the Nuclear Threat Initiative’s North Korea Facilities Database list 17
suspected uranium mines and mills.”’ The US—Korea Institute’s “Overview of North Korea’s NBC
Infrastructure” lists 13 suspected sites.”

After analyzing these suspected facilities, CNS researchers identified three additional sites that
possess optical signatures associated with the two declared uranium mines. These sites are in
Kujang, Sunch’on, and in a facility outside of the Kaesong Industrial Complex previously
unidentified in the open-source literature.
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Potential uraniu mine and mill near Kaesong, 37.83, 126.59. Soutrce: Ggle Earh.

With higher-resolution hyperspectral imagery, verifying whether these mines are actually uranium
mines may become possible. However, the only publicly available hyperspectral imagery comes from

20 “North Korea: Facilities,” Nuclear Threat Initiative, updated February 2013,
http://www.nti.org/learn/countries/north-korea/facilities /; “North Korea Facilities Map,” Nuclear Threat
Initiative, n.d., http://www.nti.ore/emap/nuclear north korea.html?/.

2l Joseph Bermudez, Jr., “Overview of North Korea’s NBC Infrastructure,” U.S.-Korea InstituteJohns
Hopkins School of Advanced Studies, 2017, https://www.38north.org/wp- content/uploads/pdf/NKIP-

Bermudez-Overview-of-NBC-061417.pdf, p. 26.




the Hyperion EO-1 satellite and features only 30m spatial resolution, which is not clear enough to
develop hyperspectral signatures that can discriminate from other mining activity.”” At this time, the
limitations of publicly available hyperspectral imagery and the lack of a database of uranium’s
hyperspectral signatures prevents us from definitively assessing these sites as uranium mines and mills.
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Potential uranium mine and mill in Sun’chon, 39.44, 126.02. Source: Google Earth

22 The EO-1 satellite was decommissioned in 2017.

10



Conclusion

Open-source satellite imagery continues to be a useful tool for the discovery and verification of
uranium mines and mills. Multispectral images can help identify mines by revealing mine- specific
waste ponds and zones of heat and activity around certain buildings. Optical imagery can help
estimate the production capacity of mills once key production buildings are identified using the
equation established in the ESARDA paper. This equation can estimate or verify throughput for
declared and undeclared sites.

In China, for instance, the reported Chinese production—350 tU/year—is 101 t/U more than the
estimate calculated using the ESARDA equation: 249 tU/year.

In North Korea, the varying production estimates for Pyongsan are as follows:*

o Two CCDs processing ore at 0.8%U: 456 tU/year
J Four CCDs at 0.8%U: 886 tU/year

o Two CCDs processing ore at 0.26%U: 273 tU/year
o Four CCDs processing ore at 0.26%U: 529 tU/year

Hyperspectral imagery remains an exciting possible tool for identifying uranium mines and mills. But
this potential is unfortunately hampered by the limited amount and poor resolution of hyperspectral
imagery available in open-source data today. Building a database of hyperspectral signatures of
uranium would be a promising development but must be partnered with advancement in the
resolution and quantity of commercially available hyperspectral sensors.

All three potential North Korean mining sites contain equipment necessary for uranium extraction
and production, and all sites bear clues suggesting that they are currently operating. As refined
hyperspectral and multispectral data of these sites becomes available, analysts should further study
them in order to more accurately assess North Korea’s uranium-production capabilities. Continual
monitoring of these sites with high-frequency imagery for vehicle movement, changes at the tailings
pond, and spoil, will continue to be the best option in the near-term.

23 The 0.8%U figure comes from a widely-cited defector, and the 0.26%U figure comes from the authors’
inference (see “Estimating Pyongsan’s Production,” above).
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