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In Greenland, natural resources provide a crucial livelihood for 
large parts of the population. Over the past century, Greenland 
has experienced a major transformation from a society based 

on hunting and fishing to a public sector and commercial fisher-
ies economy. Greenland currently operates as a self-governing 
country under the Kingdom of Denmark. As approximately half of 
the national budget is subsidized by a block grant, Greenland has 
a great need to develop new sources of revenue to gain increased 
economic independence and to meet rising social costs associated 
with an aging population1. Fish and shellfish form the basis for 90% 
of Greenland’s present revenue1 and Greenland has sought to diver-
sify its economy for decades, with a focus on mining, oil and gas 
exploitation and tourism. Simultaneously, one global grand chal-
lenge relates to resource scarcity of sediments and an urgent call 
to explore innovative methods and sustainable solutions for future 
resource supply and production. Sand and gravel are now the most-
extracted materials in the world and sand shortages are becoming 
an issue for global conservation and sustainability, but the magni-
tude of this aggregate shortage and the impact thereof are not yet 
fully recognized or understood2. Here, we discuss recent progress 
in quantifying sediment delivery for Greenland and illustrate the 
potential of sand export from Greenland to meet increasing global 
demand. We provide a brief overview of the available evidence for 
the scope of sand exploitation in Greenland. We also assess the 
relative importance of this potential new income to the economy 
of Greenland. Lastly, we discuss the potential environmental and 
socio-economic impact of sand mining in Greenland.

Natural resources in Greenland
With the Self-Rule Act in 2009, Greenland was granted the right 
to manage all its natural resources including underground min-
eral resources1. Despite the self-rule status, Greenland continues 
to receive Danish subsidies, which will remain fixed at 2009 levels, 
adjusted for inflation3. Although Greenland is the twelfth largest 
country in the world, it has a small population of ~56,000 people. 

Almost 10% of the working age population is unemployed and 70% 
has only lower secondary education (equivalent to leaving school 
at ∼​15 years of age)4. The current business sector in Greenland is 
characterized by many small businesses with few employees, mostly 
within the construction and service industry and traditional trades1. 
Most of the workforce is involved in administration and the service 
industry. The primary economic industry is commercial fishing, 
while tourism continues to expand due to an increase in visits from 
cruise lines. A minor part of the workforce is involved in the hunt-
ing industry1. Greenland faces a growing gap between its national 
revenue and the cost associated with supporting infrastructure and 
social services to a small and geographically dispersed population 
with an aging demographic composition typical of other Western 
welfare states. To maintain the present-day welfare level into the 
2030s, the Greenland economy is around US$160 million short 
every year3. Greenland must find new opportunities to diversify its 
industry, create a self-sustaining economy, increase revenues and 
ensure continued welfare.

Greenland holds a broad range of mineral resources and poten-
tial hydrocarbon reserves1. Mining of natural resources in the Arctic 
received more attention in the early 2000s due to economic up-turn 
and several plans for extraction of deposits in Greenland were 
developed5. Greenland scores in the upper half on the Investment 
Attractiveness Index6 for mining companies, based on its geol-
ogy, availability of geological and geophysical data, geographic size 
and policy climate6. Exploitation of the proven deposits of mineral 
resources, such as ores of rare-earth elements, uranium, gold, iron 
and zinc, has been seen as an immediate avenue for a new era of 
prosperity for Greenland3,5,7, and it is believed that a warmer climate 
will facilitate exploitation of ores, oil and gas1. Greenland’s eco-
nomic development strategy sees promise in the emerging mining 
industry, but significant international investments have not yet been 
secured for any large-scale mining projects of proven resources5.  
Few of the known deposits can be seen as strategic resources,  
for global powers such as Europe, USA or China. Exploitation of 
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classical geological resources in Greenland has not been competi-
tive relative to other deposits in the world due to a lack of infrastruc-
ture, small population and high operating costs3. Concerns about 
the social and environmental impacts of exploitation of minerals, 
oil and gas, have prompted political attention in Greenland. For 
example, the community of Narssaq in southern Greenland, which 
comprises approximately 1,500 residents, is situated close to a large 
deposit of uranium and rare-earth elements. Planned mining of 
these deposits has sparked a debate about whether these types of 
mining activities should be pursued in the hope of economic pros-
perity7. The main concern relates to the risks associated with mining 
of radioactive materials and a citizen group against uranium mining 
activities was formed in 20143. Furthermore, a projected large influx 
of foreign workers is a concern, both to the local community and 
to Greenland in general1. Concurrently, proponents of this mining 
project see an opportunity for new jobs that would replace those dis-
appearing due to modernization of the fishing industry3. Altogether, 
like everywhere else, exploitation of these natural resources comes 
with both societal and environmental consequences.

Sand abundance in Greenland
Sediments have accumulated in front of the Greenland ice sheet 
(GrIS) and along the coast of Greenland since the onset of the current 
interglacial period some 11,700 years ago (start of the Holocene). 
These deposits consist of massive amounts of gravel, sand and silt 
often located along the fringes of fjords and in embayments, where 
deposits can be tens of metres in height and several kilometres in 
width8. These extensive deposits make up potential stocks for aggre-
gate mining. However, a recent study has shown that, as the climate 
changes, significant additions to the existing sand deposits are deliv-
ered every year to the nearshore zone of Greenland9.

Deltas constitute the transition zone between the catchment area 
on land and the receiving basin offshore, and act as natural traps 
of river sediment. Deltas consist of a delta plain, often with one or 
more distributary channels that form a subaerial delta platform near 
the riverine sediment source. Distal to this is the downward sloping 
delta front, which marks the transition into the marine domain10. 
Sediment grain sizes within Arctic deltas range from large cobbles 
and pebbles to fine-grained silt particles, with a typical decrease in 
grain size along the transect of transportation with gravel and sand 
dominating the delta plain and silt dominating the marine delta 
front11,12 (Fig. 1c). Many deltas in Greenland are in fjords, where 
they are exposed to limited wave energy. Where meltwater input  
is high, deltas’ extents are increasing due to deposition of newly 
added sediment9.

The ongoing warming climate is particularly pronounced in the 
Arctic regions13. Consequently, the GrIS continues to lose mass14 
and, with the increasing rates of glacier calving and melting15, an 
associated increase occurs in river runoff and transportation of 
sediment to the ocean16. With warming projected to continue, mass 
loss and associated river fluxes are very likely to increase the fluxes 
of sediment17. Ice margin retreat may lengthen river transport path-
ways in the future and could promote sediment trapping along the 
way. However, previous margin retreat has been limited18 and so 
far increased meltwater has overprinted such trapping, with enor-
mous amounts of material delivered to the coast and pronounced 
progradation of hundreds of deltas. Future glacier retreat and river 
morphology modelling can disentangle the balance between the 
lengthening of the transport pathway and the increased meltwa-
ter flux. Today, Greenland delivers ~7–9% of the global suspended 
river sediment input to the oceans (Fig. 1a). Moreover, only 15% of 
Greenland’s rivers transport 80% of the total riverine sediment load 
of the ice sheet meaning that few river outlets are hotspots of sedi-
ment transport16 (Fig. 1d). As an example, the Sermeq River delivers 
a quarter of the total suspended load in Greenland (Box 1). Of the 
total sediment load, the bedload, which is coarse sediment particles 

transported along the river bed, is particularly suitable material 
for construction. Bedload as a proportion of total sediment load, 
varies significantly for rivers of the world, including Arctic rivers. 
However, a conservative minimum estimate derived from data on 
selected Arctic rivers justifies the assumption that ~15% of the total 
sediment load is quartz sand, which can be of use for the global mar-
ket19. The most dynamic deltas, with known high bedload deposi-
tion, are located at the western margin of the GrIS14 (Fig. 1b), where 
massive meltwater fluxes cause delta progradation into the sea9.

Global sand scarcity
Despite the global prevalence of sand, this natural resource is run-
ning low, largely due to exponentially increasing human appropria-
tion20. Simultaneously, as climate changes, the world’s population 
becomes increasingly vulnerable and faces great challenges in 
adapting infrastructure to changing climate, rising sea levels and 
more extreme weather events21 (Fig. 2). These growing threats from 
climate change further strain global sand deposits20. The volume of 
aggregates used in buildings and transport infrastructure increased 
23-fold between 1900 and 2010, and global market prices of sand 
are expected to continue to rise22,23 (Fig. 3a,b). Today, the world’s 
population is 7.6 billion and is projected to increase to 9.8 billion 
in 2050 and 11.2 billion by 2100. The current demand for sand 
(approximately 9.55 Gt yr–1 in 2017) has a market value of US$99.5 
billion23. This estimate has been projected to reach US$481 billion 
in 2100 with a future increase in sand demand alongside sand short-
ages and the consequent increase in prices (Fig. 3a,b)23.

On land, aggregates are used in road bases, sub-bases, railroad 
ballast and fill and normally account for 80–100% of the material 
volume used by the building and paving industry24. Aggregates 
are generally classified into two sizes: coarse and fine. Their shape 
characteristics are relevant, as the angular particles of river sand 
adhere better and strengthen road bases and asphaltic concrete24. 
Aggregates are essential to modern society for new construction as 
well as maintenance of existing infrastructure. Most countries now 
face a shortage of traditional aggregate resources, as these materials 
are the most used material worldwide, second only to water25. By far 
the most energy-efficient mode of transportation of this material is 
shipping26. Globally, coastal cities and settlements facing increas-
ing pressure from urbanization, industrial practices, changing 
storm climate and sea-level rise require redesigned and reinforced 
constructed coastal zones. One type of management uses sand in 
nourishments27; as an example ‘mega-nourishment’ relies on one-
time deposition of a large quantity of sand and then subsequently 
allows natural longshore and cross-shore sediment transport pro-
cesses to redistribute sediment to adjacent beaches. Over a period 
of decades, the beaches evolve with changing coastal conditions to 
increase the resilience of the coastal zone, the infrastructure and 
the local communities28.

Sand extraction in Greenland
The Greenland government holds that minerals can be exploited to 
the benefit of society1 and, as the country holds enormous amounts 
of extractable sand, setting up a sand industry in Greenland could 
potentially act as a new way to diversify and strengthen the econ-
omy29. Sand extraction from the seafloor already exists in Greenland, 
though at a small and local scale30. Given the projected increase in 
global sand prices, sand resources in Greenland may indeed con-
tribute significantly to the economy (Fig. 3c). Sand delivery from 
the ice sheet to the coast can at least be expected to continue at the 
current rate and is more likely to rise over the century to come16. 
Furthermore, diminishing sea ice extent increases open water 
periods31 and lengthens the season during which sand extraction 
could take place. This type of natural resource exploitation offers 
an opportunity for Greenland to benefit from the consequences of 
climate change, which the country inevitably faces.
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Relict Holocene outwash plains, ‘sandur deposits’, are formed by 
glacial meltwater and extraction of these would differ from those 
in the active deltas in terms of their sustainability. When extracted, 
they are being depleted and no new material is added, unlike the 
active dynamic deltas. Extracting these deposits would be equiva-
lent to gravel pit mining, where sand and gravel are exploited 
until exhaustion. Extraction and exploitation of such aggregates 
in Greenland would require conveyor belts stretching from land 
to floating terminals, where sand could then be dumped into dry-
bulk carriers. This means on one hand, that extraction of these 
land deposits will not interfere with an active system like a delta, 
on the other hand, extraction of on-land deposits would require a 
more developed infrastructure than present today. More sustain-
able is the constant supply of sand delivered by rivers draining the 
GrIS to the nearshore zone, providing continuous rapid delivery of 
aggregates to local hotspots (Fig. 1d). Extraction of aggregates on 
the delta front could avoid some of the traditionally controversial 

issues related to quarrying and transport of materials on land, such 
as noise and dust pollution as well as direct impact on terrestrial 
biodiversity. Extractions from the delta front would require suc-
tion dredgers to anchor offshore near a source of sand, pumping 
the material through a pipeline into large barges. The infrastructure 
required for this type of sand exploitation would be less complicated 
than terrestrial extract. It would however, require specific dredgers 
especially suited to the harsh Arctic environment.

The projected continuation of a warming climate will secure a 
delivery of sand to the nearshore zone in Greenland for centuries 
to come. Sand constitutes a more continuous resource in contrast 
to the mineral mining industry, where large scale mines have a 
limited lifecycle of ~10 years1 and revenues are time-limited. We 
argue that economic profitability must be taken into account 
along with resource management and environmental impact on 
the physical and societal surroundings for sustainable natural 
resource exploitation.
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Potential environmental impact of sand mining in Greenland
The natural delivery of material from the GrIS to the ocean affects 
the coastal zone and impacts ecosystem dynamics. Known conse-
quences of increasing glacial sediments entering the Arctic ocean 
are homogenization of benthic habitats due to deposition32, reduced 
light availability limiting primary productivity33,34 or alternatively 
increasing bioavailable micronutrient inputs35,36, which enhances 
biological productivity such as phytoplankton blooms37,38. These 

changes in local environmental conditions occur in tandem with a 
warming Arctic climate and cause systematic changes in ecological 
communities39–41. Sand extraction via dredging of marine sediments 
shares many of the same disturbance consequences for the local 
environment as those mentioned above. Excavation, transportation 
and disposal of fresh unconsolidated material enhance dispersal of 
sediments into the water, changes in seabed surface and turbidity 
from dredging plumes42, ultimately affecting local ecosystems42–44. 
Thus, direct removal of bed sediments could locally enhance or 
even amplify the ongoing changes in ecosystem dynamics along the 
coast of Greenland.

Environmental impact assessments at potential extraction sites 
should include future climate scenarios and how sand extraction 
would affect these ecological communities (Box 2). A shift in species 
compositions under a warming climate will most likely occur along 
the coast of Greenland39,40. Vegetated coastal habitats are expected 
to expand their range in Greenland in a warmer climate45. These 
habitats support key ecosystem functions with the potential of miti-
gating effects of climate change45,46. However, macrophytes such as 
seagrasses that grow in soft-bottom sediments are highly vulner-
able to sand dredging43. Colonization and establishment of sea-
grass meadows may be prevented if increase in turbidity and local 
sand removal from sand extraction significantly exceed the natural 
variation. Intensified human activities in the Arctic are expected to 
increase the likelihood of the establishment of new invasive species 
in the region47. Human activities that may impact the environment 
include ongoing commercial fishing and tourism, but also future 
expansion of shipping routes and port development47. Given that 
the establishment of sand extraction sites in Greenland would pro-
mote new infrastructure, special care should be taken to implement 
effective invasive species mitigation procedures48.

Box 1 | The potential of sediment delivery from the Sermeq Outlet

An example of a rapidly prograding delta is the Sermeq Outlet 
in Sermilik Fjord, southwest Greenland. The outlet is located 
approximately 100 km south of Nuuk, the capital of Greenland, 
where one-third of the country’s population resides, but this par-
ticular fjord has no permanent inhabitants. The outlet is protect-
ed from wave activity from the nearby Davis Strait as it is located 
in a narrow fjord and a diminishing Arctic sea ice cover31 cre-
ates a longer open-water period, favourable for a longer mining 
season. The Sermeq outlet has experienced a marked decrease 
in sea ice cover since the 1980s, where the open water periods 
prevailed ~50% of the year. Whereas during the past decade, sea 
ice is only present ~20 days throughout the year9 allowing nearly 
year-round direct shipping access. The outlet exports an estimat-
ed 25% of the total suspended load from the ice sheet margin to 
the coast in Greenland16 and has prograded more than 2 km dur-
ing the past three decades9. Assuming a usable amount is 15% of 
the total sediment load, 0.033 Gt yr–1 of new sand resources will 
be available for export from this single site. These contributions 
are so massive that they are relevant in a global context and could 
serve as potential sources for the global market.

Urban expansion in San Diego. A rising population in California 
creates an increasing demand for aggregates. The western San 
Diego County population is expected to increase ~25% within 
the next 50 years, causing the county to face a shortage of sand 
and gravel. For the next 50 years, the county’s projected total 
aggregate demand is 0.76 Gt, ranging from 0.013–0.016 Gt yr–1. 
The current reserves that are permitted to be mined are 0.271 Gt 
and are projected to last into 203560. The rising demand for sand 
and gravel is largely due to sprawling development in rural areas, 
which hinders the establishment of quarry sites, as these often 
face fierce opposition from residents24. With a yearly sediment 
load of 0.33 Gt, the yearly amount of aggregates from the Sermeq 
Outlet covers twice the yearly need for San Diego County.

Beach recovery after Superstorm Sandy at Coney Island. 
Superstorm Sandy in 2012 was the second-costliest hurricane 
on record in the USA until surpassed by hurricanes Harvey 
and Maria in 2017, and coastal protection required significant 
revision hereafter61. The State of New York has the longest history 
of nourishment in the USA and coastal recovery after Hurricane 
Sandy along Coney Island cost US$48 million, paid through 
federal funding. The superstorm eroded more than 1.15 million 
m3 of sand on an 8 km stretch at Coney Island, and 2.68 million 
m3 of sand were then nourished here. The material was dredged 
from the seafloor 5 km offshore, pumped into a slurry and 
transported to the coast where bulldozers spread out the sand62. 
Within one year, the Sermeq Outlet could feed seven projects of 
the size of the Coney Island recovery project.

As climate changes, a larger part of the world’s coast will need 
protection from rising storm surges, sea level rise, inundation 
and erosion. Soft coastal protection solutions are widely applied 
and are generally cheaper compared to hard constructions, and 
there will therefore be a higher demand for sediment for coastal 
protection implementations.
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Potential socio-economic impact of sand mining in Greenland
In this section, we discuss the potential industries that sand mining 
may interfere with and we address the actions that must be taken in 
the process of establishing such an industry.

Local policymakers have grappled for several decades with 
establishing the political processes to foster a Greenlandic min-
ing sector. Several policies and a process of stakeholder involve-
ment are in place and would offer an advantage to investors. The 
Greenlandic government has set a specific goal to minimize the 
share of foreign labour. The development of a sand mining indus-
try in Greenland would require broad public and stakeholder 
support, as the changes caused by this exploitation would be sig-
nificant and require an adjustment of today’s society. Generations 
of experience and understanding of the fishing industry have given 
Greenlanders maritime knowledge, skill sets and equipment to 
offer the sand industry1,49. Many fishermen have decades of expe-
rience navigating ice filled waters and would be well equipped to 

support coastal mining operations by transporting equipment and 
workers. Additional expertise and support would include servicing 
and repair of maritime-related equipment used by the sand mining 
industry. A sand mining industry could benefit from the rising level 
of education among Greenlanders and the increase in number of 
people being trained within fields related to mining activities and 
the maritime sector4. These gains in expertise are highly relevant for 
a potential sand industry in Greenland. However, it would require 
skill-training initiatives and a close cooperation between businesses 
in need of workers, vocational schools and labour-market offices, 
as well as enhanced capabilities within the area of nature sustain-
ability and environmental impact. Advancing current skills within 
the Greenlandic population will positively impact next-generation 
projects and provide a base for serving other industries in the future.

Fisheries and tourism are crucial for the Greenlandic economy 
and the natural environment provides the livelihood for large parts of 
the population, whether directly or indirectly. A sand mining indus-
try must first and foremost take into account the fishing industry 
and ensure those industries can co-exist harmoniously. Generally, 
the fishing industry can be divided into two sectors: offshore fishing 
dominated by large companies and coastal fishing operated by local 
fishermen and small-scale companies. The offshore fishing industry 
is superior to the small-scale fishing when discussing value creation 
but is known to indirectly improve conditions for the minor compa-
nies, for example, through investments and experiments with new 
species as seen with the Marine Stewardship Council certification of 
shrimps50. Thus, well-coordinated management between large and 
small-scale fishing and the sand mining development is necessary 
in order for all industries to exist without mutual negative impacts.

Few areas in Greenland have a ‘high’ population density and the 
remaining part of the population is scattered among several small 
towns and settlements along the coast1. Growing global interest in 
the Arctic has led to an increase in tourism activities and Greenland 
is no exception to this trend51. In Greenland, adventure tourism, cul-
tural tourism and ecotourism (ACE tourism)52 operate throughout 
the coastal zone53. These activities include tourist cruises, guided 
sailing tours, glacier and whale watching, fishing and hunting. Since 
2000, the number of guests staying in paid accommodations has tri-
pled, with almost 110,000 paying guests in 201754. Today, Greenland 
has three UNESCO World Heritage Sites: Ilulissat Icefjord in cen-
tral west Greenland (a natural site), the Kujataa area in southern 
Greenland55 and the newly approved Aasivissuit-Nipisat in central 
west Greenland (both cultural sites). In 2014, 30% of the total guests 
in paid accommodation stayed in the town of Illulissat and another 
21% in the capital region of Nuuk — only 2% visited the eastern part 

Box 2 | Future research directions

•	 Determine the evolution of present sediment hot spots and 
detect future hotspots caused by continuous ice mass loss

•	 Understand sediment characteristics and their physical 
properties as aggregates to the global market

•	 Understand how fjord primary productivity depends on flu-
vial discharge and suspended sediment concentrations

•	 Demonstrate how projected site-specific disturbances from 
sand mining differ from current disturbance regime created 
by increasing freshwater discharge and ice-free periods

•	 Further develop legislative constructions optimizing and 
securing local gains from resource mining

•	 Develop dredging equipment and shipping vessels to meet 
the special requirements needed for this type of activity 
within the Arctic (look towards the fishing and commercial 
freight trading industries)

•	 Highlight the telecoupling patterns of sand to estimate the 
global effects of sand mining in Greenland and how these 
will change with changing shipping routes due to climate 
change

•	 Analyse the relative impacts and carbon footprint of Green-
landic sediment trade to the global market through cost–
benefit analyses
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of the country53. Setting up a sand mining industry could poten-
tially interfere with the tourism industry, however, tourist activities 
are focused on relatively few sites throughout the country, while 
large parts of the country remain undisturbed and see very little 
human interference. Likewise, sediment deposition in Greenland is 
focused at a few, large outlets delivering a large proportion of the 
total amount of material from land to sea16 (Fig. 1d). Therefore, the 
co-existence of these industries would require mining activities not 
to take place in important tourist areas, but coordinated manage-
ment and zoning could prevent negative interferences between dif-
ferent industries.

The Arctic is projected to lose its summer sea-ice cover31 and 
sea-ice will break up earlier and refreeze later in the season as tem-
peratures continue to rise. These changes will allow for new ship-
ping routes56 and possibly open up Asian markets for Greenlandic 
sand. However, the hostile Arctic conditions and large seasonal 
variability may remain challenging for shipping, which relies on a 
stable time and route scheduling. Moreover, operating in the Arctic 
calls for increased safety measures for the crews and vessels56. So, 
the most immediate potential for Greenland may be to ship aggre-
gates towards destinations in northern Europe and the eastern US. 
We argue that the development of a sand mining industry must ben-
efit the Greenland society by establishing projects that specifically 
promote prosperity and employment opportunities with the great-
est possible respect for the natural environment.

Summary and outlook
As the Arctic is rapidly changing, society needs to respond. 
Greenland’s self-rule government needs to tackle future challenges 
of an increasingly volatile socio-ecological system to assure pros-
perity for the country57. However, historically, socio-ecologic pro-
cesses have contributed to a continual change of Earth in stages 
of more or less smooth development with intermittent abrupt 
changes49, and Greenlanders have shown high resilience and capa-
bility to adapt to changes. A sand mining industry in Greenland can 
in our opinion help to create prosperity for the country, if the estab-
lishment and implementation is managed with strict Greenlandic 
legislation safeguarding the natural environment and society from 
negative impacts.

The magnitude of sand delivery to the coastal zones by GrIS 
meltwater is significant and of potential value for the Greenlandic 
economy. However, a great deal of uncertainty exists around what 
impacts sand mining would have on the local environment and 
communities. Future research will be essential to document the 
persistence and quality of sand delivered to the coast and how sand 
mining impacts local ecosystems and associated ecosystem ser-
vices. Profitability will be determined by the international market 
value of sand and the costs of extraction and transport, which may 
affect whether and when Greenland elects to develop this indus-
try. Extraction costs are determined by the cost of labour, capital 
expenses and energy used during extraction. However, detailed 
market analyses focusing on extraction cost and shipping expenses 
must be carried out to ensure that the sand industry will be a com-
petitive business with the global market.

The overarching aim in sustainable resource use should be 
to ensure both human and environmental wellbeing58. We pro-
pose that the challenges for the Greenlandic population related 
to adapting to a changing climate can be turned into opportuni-
ties for natural resource exploitation, if Greenland develops this 
industry within a framework of environmental and social assess-
ments. We suggest that the main actors in establishing a sand min-
ing industry aim to develop rigorous framework and guidelines 
that accommodate regional settings and characteristics to describe 
and explain the complex social-ecological systems related to  
the establishment of this industry59. Ideally, this would be done  
in close collaboration with environmental and scientific global 

institutions, and the involved partners should integrate local con-
servation initiatives to promote an inclusive approach and to sus-
tain social-ecological systems.
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