Greenland Exploration Rationale - Ryberg Project, East Greenland
The Ryberg Project consists of two licences (MEL 2017/06 and SEL 2019/38) that are 100% owned by
Longland Resources Ltd and cover a combined area of 4,521km².

Figure 1 – Location map for the Ryberg Project.

Introduction
The Miki Fjord and Togeda macrodykes (Fig. 2A,B) in the Ryberg Project area have well developed
showings of Cu-Pd-Au-rich sulphides. Mineralisation is present as globular sulphides up to ~20 mm in
diameter (Fig. 2C,D) of pyrrhotite and chalcopyrite with Pd and Au minerals (Holwell et al., 2012). Grab
sample grades up to 2.2% Cu, 0.8% Ni, 3.3g/t Pd and 0.15 g/t Au (Platina Resources, 2008). The grade
of such samples is proportionate to the abundance of sulphide globules and patches in any particular
sample, however the metal tenors (metal content in 100% sulphide) do provide a good indication of
what the primary deeper-seated massive sulphide may contain. These have been calculated to be in
the region of 40% Cu, 20 g/t Pd and 5 g/t Au (Holwell et al. 2012).
The presence of globular ores is often spatially related to massive sulphides. In particular, dykes and
sills at Noril’sk and Voisey’s Bay, located above massive sulphide bodies commonly contain rounded,
globular sulphides of the type identified in macrodykes. Thus, Holwell et al (2012) proposed that the
presence of the rounded sulphide globules in the macrodykes were highly indicative of the presence
of a large body of massive sulphide somewhere at depth in the area.

Figure 2 – A: the Miki Fjord Macrodyke at the head of Sodalen. B: The Togeda Macrodyke showing a
basal zone of sulphide. C: rounded globular sulphides near the margin of the Togeda Macrodyke. D:
large blebby sulphides in the Togeda Macrodyke of pyrrhotite (po) and chalcopyrite (cpy) with
magnetite-ilmenite (mt/il). From Holwell et al. (2012).

Regional geological setting:
The Ryberg Project area is situated on the eastern side of the Kangerlussuaq Fjord. The basement
rocks of the region are Archaean gneisses and greenstones that host orogenic-style gold
mineralisation at Sortekap (Fig. 3). The basement rocks are unconformably overlain by a Cretaceous
basin to the east of Kangerlussuaq (around the Miki Fjord and Ryberg Fjord areas; Fig. 3), which is
made up of calcareous and pyritic shales. Overlying this, and stretching for several hundred kilometres
up the coast to the northeast, is a thick sequence of Palaeogene flood basalts.
The Kangerlussuaq area represents an erosion level that is at the contact between the basement rocks
and the overlying sedimentary-volcanic sequence. It exposes a wide range of intrusive magmatic rocks
of Paleogene age, including the Skaergaard intrusion, the macrodykes, and the Sorgenfri Sill complex
(Fig. 3); all gabbroic in composition and emplaced at around 55 Ma (the same time at which the
Icelandic plume was present underneath this part of Greenland. The Skaergaard intrusion contains a
significant stratiform Au and Pd deposit in the Platinova Reef (Holwell and Keays, 2014; Nielsen et al.,
2015), and as mentioned earlier in the report two of the macrodykes (Miki Fjord and Togeda contain
Cu-PGE-Au sulphides (Holwell et al., 2012). The Sorgenfri Sill Complex (Gisselo, 2001) is underexplored
and its potential to host mineralisation is thus far untested, but sills make up 20-70% of the rocks in
this area (Gisselo, 2001).

Figure 3. Geological map of the Ryberg licence area

Exploration approach and rationale
The Ryberg Project area encompasses a classic geological setting for magmatic Ni-Cu-PGE deposits.
The Miki Fjord and Togeda macrodykes already demonstrate compelling Cu-PGE-Au mineralisation
occurrences, however they are not the only possible mineral systems in the licence area.
Most modern exploration strategies now increasingly focus on applying a holistic Minerals Systems
Approach (MSA), which seeks to be a more predictive method for finding deposits by understanding
the combination of geological processes that are required to form and preserve ore deposits at all
scales.
The MSA considers the origin of deposits within the framework of large, lithospheric- to deposit-scale
processes in relation to source, transport and sink/trap, with a decreasing scale of detectability of
these processes from source to sink (Fig. 4).
At each scale, it is key to identify the relevant processes that operate in the system. In turn, each
process will produce characteristic geological features determined by these processes, and therefore
at each scale the geology can be interpreted to represent the operation of such processes. Finally,
there are tools and techniques in terms of datasets and knowledge that can be used to test for the
presence of these. This sequential methodology can then be used to make area selection decisions in
target generation.
Initially developed for the petroleum industry, the MSA has been shown to be applicable to
metalliferous ore deposits as well and is an effective tool in exploration targeting (McCuaig et al.,
2010; Fig. 4).

Figure 4. An example of the scale dependency of targeting elements for komatiite-hosted Ni-Cu
sulphide mineral systems, from McCuaig et al. (2010).

The Mineral Systems Approach applied to magmatic Ni-Cu-PGE systems
Longland Resources has utilised the MSA to demonstrate the prospectivity of the Ryberg Project area
for mafic-hosted magmatic Ni-Cu-PGE sulphide mineral systems, by applying the framework proposed
by Barnes et al. (2016).
Here, the generalised MSA has been applied specifically to magmatic Ni-Cu-PGE systems to address
the major parts along the ‘life cycle’ of a magmatic Ni-Cu-PGE deposit (Naldrett, 2011). Barnes et al.
(2016) recognised six major components along the source-transport-sink pathway in these mineral
systems:
1) The geodynamic and tectonic setting
2) The source and compositions of the ore-forming magmas
3) The magma migration pathway at a crustal scale
4) Mechanical and structural mechanisms for focussing magma flow at the deposition/trap site
5) Chemical and physical mechanisms for sulphide accumulation and reworking
6) Factors affecting preservation and detectability
Furthermore, Barnes et al. (2016) expanded on points 4 and 5 to include multiple pieces of evidence
that can be used to detect the smaller scale processes towards the sink end of the mineral system.
The following sections follow this framework and highlight the immensely prospective nature of the
Ryberg Project for Ni-Cu-PGE mineralisation.

1. Geodynamic and tectonic setting
Most major Ni-Cu-PGE sulphide camps are associated with rifted environments, where voluminous
mafic-ultramafic magmas, derived from mantle plumes, were emplaced into sedimentary basins, that
contain abundant sulphur-bearing country rocks.

Features of the Ryberg Project:
•
•

•

Situated in a rifted environment: opening of the Atlantic in the Paleogene.
Magmatism related to plumes: Icelandic plume was under the Kangerlussuaq area at ~55 Ma,
when the macrodykes, the Sorgenfri Sill complex and the Skaergaard Intrusion were
emplaced.
Intrusion into sedimentary basins containing abundant sulphur-bearing rocks: Miki Fjord
Macrodyke cuts through Cretaceous, pyrite-rich shales, and the Miki Fjord and Togeda
Macrodykes have isotopic evidence of interacting with these sediments. The Sorgenfri Sill
complex is intruded into the Cretaceous sedimentary basin (Fig. 3).

2. Source and composition of ore forming magmas
The sources of metals in magmatic ore deposits are overwhelmingly derived from the magmas
themselves and thus from their mantle source. These are generally thought to be from mantle plumes
in many cases, and the degree of mantle melting determines the composition. High degree partial
melts, such as those that formed Archaean komatiite deposits are very high in MgO, and have high
Ni/Cu ratios, forming Ni-rich ore deposits. Towards the Phanerozoic, the magmas tend to be picritic
or basaltic, and have lower Ni/Cu ratios, with ores that are enriched in both Cu and Ni.
Features of the Ryberg Project:
•
•

Plume related magmatism around 55 Ma, as mentioned in section 1.
High volumes of basaltic magmatism in the region emplacing numerous gabbroic intrusions
(Skaergaard, macrodykes, Sorgenfri Sill complex) and thick sequence of flood basalts.

3. Magma migration pathways
The only mechanism to transport dense, mafic-ultramafic magmas up through the crust is through
buoyancy. This ascent takes place through the propagation of dyke-sill networks. The ascent of
magmas through an established crack network, such as a rift basin with deep-seated fault systems (Fig.
5), requires a long-lived and continuous supply of magma.

Figure 5. Channelisation of plume-related magmas up through the crust via dyke-sill networks
facilitated by deep seated crustal fault systems such as those at rifted cratonic margins (from Barnes
et al. 2016).

Features of the Ryberg Project:
•

•

Presence of dyke-sill complexes: the Macrodykes and the Sorgenfri Sill complex themselves
represent a contemporaneous, large volume dyke-sill complex. The macrodykes are unusual
in their size but represent conduits through which large volumes of magma may have passed.
Rift basin setting: the Ryberg Project area at the time of magmatic emplacement was in a rift
setting, which would have promoted the development of deep-seated fault systems that may
have acted as conduits for the ascending magmas.

3.1 Evidence of magma pathways in dyke-sill complexes
Barnes et al. (2016) listed a number of geological features that are indicative of the right pathways for
prospective magmatic sulphide systems. These are listed below as (a) to (d) with an assessment of the
relevant features in the Ryberg Project.
(a) High abundances of cumulate rocks, particularly the presence of coarse-grained cumulates near
intrusion margins and higher abundances of cumulus minerals than those in other parts of the
plumbing system. Olivine and chromite bearing cumulates are positive indicators in many cases.
• The Macrodykes are composed of variably layered cumulate rocks (Fig. 6A). There are
xenoliths of olivine-rich, sulphide bearing rocks within the MFM, (Fig. 6B-D); analogous to Ptrich samples of identical rocks in the margins of the Skaergaard intrusion (Andersen et al.
2017; Fig. 7). This would suggest evidence of a deeper, olivine and Ni-rich body, most likely in
the region of Sodalen.

Figure 6. A: layered cumulates in the Miki Fjord Macrodyke. B: Xenoliths of olivine-rich cumulates in
the margins of the Miki Fjord Macrodyke. C: thin section of the Miki Fjord Macrodyke xenoliths showing

cumulus olivine (ol) and minor intercumulus plagioclase (plag). D: Ni-Cu-sulphide mineralisation within
the olivine-rich xenoliths with pyrrhotite (po), pentlandite (pn), chalcopyrite (cpy) with magnetite (mt).
From Holwell et al. (2012).

Figure 7. A: Xenoliths olivine-bearing rocks in the margins of the Skaergaard intrusion, containing Ptrich Ni-Cu-sulphide mineralisation. B: mineralised mafic schist from the margin of the Skaergaard
Intrusion. From Andersen et al. (2017).

(b) Characteristic tube-like morphologies, forming a continuum with elongate canoe-shaped flared or
blade-shaped dykes (Fig. 8), in otherwise more convoluted intrusive systems.
•

•

The Miki Fjord macrodyke in particular could well be a blade shaped dyke. In the schematic
shown in Figure 8, the current erosion level of the macrodyke would be somewhere part way
up the body, but note that at depth, massive sulphides may be present. This is consistent with
the interpretation by Holwell et al. (2012) that there is likely to be a massive sulphide body at
depth beneath the current erosion level.
Chonolith, or pipe-like bodies are extremely prospective for magmatic sulphide
mineralisation. These act as feeders to large dyke-sill complexes, so the presence of such a
body feeding the Sorgenfri Sill complex is a possibility

Figure 8: Schematic representation of A: bladed dyke, and B: chonolith or pipe-like conduit
morphologies. Note the presence of massive sulphide at the base of each of these intrusion types. From
Barnes et al. (2016).

(c) Evidence for strong interactions with country rocks such as xenoliths; marginal breccias;
pegmatoidal marginal rocks (“taxites”) indicating solidification under anomalously high volatile
contents from initially dry magmas.
•
•

•

The macrodykes contain xenoliths of more olivine-rich cumulates (as shown above) and also
have zones of taxitic rocks (Fig. 9A).
There is clear isotopic evidence of interaction with crustal rocks, with the sulphides in the
macrodykes having a strongly crustal S isotope signature that was shown by Holwell et al.
(2012) to have been derived from the Cretaceous shales (Fig. 9B).
The Sorgenfri sill complex is intruded into these shales and therefore has high potential for
similar interactions and mineralisation triggers.

Figure 9: A: taxitic rocks in the Togeda macrodyke. B: Sulphur isotope signature of the macrodykes,
which matches that of the Kangerlussuaq sediments (pyrite rich shales). From Holwell et al. (2012).

(d) Evidence of sulphide liquid fractionation into Cu–Pt–Pd rich and Ni-rich, Cu poor components, a
process that requires environments of slow and prolonged cooling.
•
•
•

The sulphides in the Macrodykes are anomalously Cu-Pd-rich and Ni-poor.
They potentially represent the fractionated part of a massive sulphide component, with a
‘missing’ Ni-rich portion.
The fact that the xenoliths in the Macrodykes contain Ni-rich sulphides provides evidence that
there may have been a separation of Cu-rich and Ni-rich sulphide components within the
magmatic system.

4. Mechanisms for focussing magma flow at the trap site
All Ni-Cu-PGE sulphide deposits show evidence of being hosted within magmatic environments that
have experienced protracted throughput of mafic-ultramafic magma. Large volumes and fluxes of
magma are considered to be highly advantageous in generating deposits as they:
•
•
•

Provide environments whereby wall rocks can be effectively assimilated, allowing for sulphide
formation through contamination.
Can concentrate large volumes of originally dispersed sulphide liquid droplets into pools at trap
sites.
Facilitate the enrichment of sulphide liquid (metal tenors) by allowing prolonged opportunity
for the sulphide liquid to scavenge metals from a continuous supply of fertile magma.

Figure 10A illustrates the schematic development of a magmatic system that attains all of the features
outlined above. It is quite possible that the macrodykes and the Sorgenfri Sill complex represent such
systems, and as such, Figure 10B below shows where one might expect to find massive sulphides in
such a system in the Ryberg Project.

Figure 10. A: Schematic representation of the development of a magmatic plumbing system leading to
the formation of massive sulphide deposits in structural traps. From Barnes et al. (2016). B: Proposed
situation for the Ryberg Project, with the Miki Fjord Macrodyke representing a dyke that has
transported sulphide droplets from a deeper pool of sulphide at depth (possibly under Sodalen), and
the Sorgenfri Sill complex representing a suite of sills emplaced laterally, again with the potential for
massive sulphides in the feeder conduit.

Features of the Ryberg Project:
•
•

•

Evidence of wall-rock assimilation from the sulphur isotope data signatures (Fig. 9B).
Presence of pools of sulphide liquid: this has not thus far been identified, but the presence of
large rounded globules of sulphide in the macrodykes are strong indicators for the presence
of large pools of sulphide liquid deeper in the system.
Enriched sulphide liquid: the metal tenors of the sulphide droplets in the Macrodykes show
significant enrichment in Cu, Pd and Au, which are thought to be representative of any large
pool of massive sulphide.

5. Chemical and physical mechanisms for sulphide accumulation and reworking
Figure 10 illustrates some of the mechanisms and traps for massive sulphides within dyke-sill-conduit
systems. Any particular system that has experienced sulphide saturation will have produced sulphide
liquid within the host magma. In order for an ore deposit to form, the sulphide droplets need to
accumulate, and concentrate metals within the sulphide by interacting with large volumes a of magma
as stated in section 4.

However, the volume of sulphide in any particular magmatic system is very small compared to the
volume of magma, and therefore in exploration, it is much more likely that unmineralized magmatic
bodies are encountered than the deposits themselves. The key to successful exploration is to be able
to identify proxies for sulphide formation and accumulation in rocks that are not necessarily
mineralised themselves, but are part of a fertile system.
Barnes et al. (2016) listed a number of geological features that are indicative of sulphide segregation
and accumulation. These are listed below as (a) to (c) and evidence from the Ryberg Project is
assessed.
(a) Anomalously high or low platinum group element and copper concentrations, detectable in ratios
of Pt, Pd and Cu to moderately incompatible elements such as Ti and Zr;
•

The macrodykes show geochemical evidence for sulphide accumulation (Fig. 11). Even samples
with little to no sulphide (<0.01% Cu) have Cu/Zr ratios that are elevated above what would
be expected of a primary mantle melt that has not reached sulphide saturation.

Figure 11. Cu versus Cu/Zr ratios for macrodyke samples. All but three samples show evidence of
sulphide accumulation due to Cu/Zr ratios above the mantle range (parental magma).

(b) Anomalous (usually depleted) Ni contents of olivines and pyroxenes. Nickel is more compatible in
sulphide than it is in silicate minerals and therefore if sulphide is present in a magmatic system,
then the Ni content of olivine and pyroxene will be anomalously low, as Ni will partition into the
sulphide rather than the olivine.
•

No Ni in olivine/pyroxene data is available at present but Longland Resources will undertake
systematic analyses of olivine and pyroxene in the Palaeogene laves, dykes and sills to identify
prospective, fertile mineral systems.

(c) Presence of large sulphide droplets in excess of a few cubic mm and containing elevated Ni and
PGEs; large droplets are unlikely to survive extensive transport at high flow rates and hence are
strong and robust indicators of proximity to a reworked pool of sulphide ore magma.
•
•

The macrodykes have large rounded globules of sulphide that are up to ~20 mm, and
commonly 5-10 mm (Fig. 12).
They are not Ni-rich but are highly Cu-Pd-Au rich, and therefore suggest they were transported
from a pool of similarly enriched massive sulphide.

Figure 12. Three-dimensional CT scan of a typical, 1 cm-sized sulphide globule from the Togeda
macrodyke. From Holwell et al. (2012).

6. Preservation and detectability.
The final aspect of the mineral systems approach is the chance of an ore deposit being exposed and
preserved through its history of emplacement, tectonism, uplift, erosion and weathering. Magmatic
Ni-Cu-PGE systems can form at a variety of crustal levels. As such, they have some advantages over
high level, upper crustal deposit styles such as porphyry and epithermal systems that are subject to
rapid uplift and erosion.
Many of the world’s largest ore deposit occur in the plumbing systems beneath areas of flood basalts
(e.g. Noril’sk beneath the Siberian traps). Therefore, a present-day erosion level that exposes the deep
roots of such systems is optimal for discovering such deposits.
Features of the Ryberg Project:
•

Erosion level in the Ryberg Project exposes the boundary between the basement Archaean
rocks, intruded by hyperbyssal and plutonic bodies; and overlying basinal and flood basalts
sequences, which is the ideal location for Ni-Cu-PGE deposits.

Summary of the Ni-Cu-PGE mineral system at Ryberg
Table 1 summarises the key components of the Ni-Cu-PGE mineral system from large to small scale
and underlines the highly prospective nature of the Ryberg Project area. Figure 13 is a schematic
representation of the potential locations of massive sulphide mineralisation; namely at depth in the
deeper parts of the macrodyke system, the conduits to the Sorgenfri Sill complex, and also in olivinerich cumulates adjacent to the Skaergaard intrusion and Miki Fjord Macrodyke.

Table 1. Components of the Ni-Cu-PGE mineral system present, or possibly present, in the Ryberg
licence area.
COMPONENT OF THE MINERAL SYSTEM

Ryberg Project

Geodynamic and tectonic setting
Rifted margin
Mantle plume
Intrusion into sedimentary basins

Source and composition of magmas
Plume related
Large volumes of basaltic magma

Magma migration pathways
Dyke-sill complexes
Cumulate rocks
Tube-like or bladed dyke morphologies

???

Xenoliths
Taxitic textures
Sulphide liquid fractionation

Focussed flow of magma at the trap site
Wall rock assimilation
Large pools of accumulated sulphide

???

Enrichment of sulphide liquid

Chemical/physical mechanisms of sulphide accumulation
High Cu/Zr
Ni-depletion in olivine and pyroxenes
Large droplets of sulphide

Preservation
Exposure at the transition from conduits to lavas

???

Figure 13. Schematic representation of a Large Igneous Province (LIP) for illustrative purposes of
known, and potential target areas for mineralisation in the Ryberg Project

Figure 14 shows the modelled plates for the VTEM survey completed by Longland Resources Ltd in the
summer of 2017, and highlights anomalies ME1, ME2 and ME3 (and a large likely lithological
conductor), which may correlate to the proposed location of deeper massive sulphides as shown in
Figure 13.

Figure 14. EM overlain on interpreted dykes and dB/dt channel 25, Z component and pre-survey
geology.

Other deposit types in the Ryberg Project: orogenic style gold
The Archaean basement rocks in the north and west of the licence area are largely made up of
gneisses, but also include some amphibolite-rich greenstone units that are generally elongate in a
WSW-ENE orientation. During regional exploration by Platina Resources in the late 2000s, quartz veins
containing classic orogenic-style gold mineralisation of gold associated with arsenopyrite in vein
selvages were identified at Sortekap (Fig. 15; Holwell et al. 2013). Sortekap exposes one of several
amphibolitic terranes in the Archaean basement. Grades of 3 hand samples collected contained up to
2.7 g/t Au (Holwell et al. 2013).

Sortekap is the first known occurrence of orogenic gold in the Archaean basement of east Greenland,
but illustrates the potential for discovering more, especially given the ice retreat in recent years. There
are greenstone units throughout the exposed Archaean rocks in the Ryberg Project area.

Figure 15. A: the Sortekap range. B: Geology of the northernmost nunatak of the Sortekap range,
containing amphibolites with quartz veins (bottom left of picture). C: Quartz veins containing gold
mineralisation. D: Scanning Electron Microscope image of arsenopyrite, with minor pyrite, and
inclusions of gold. From Holwell et al. (2013).

Summary
The Ryberg Project area represents a highly prospective geological terrane for the discovery of a major
magmatic Ni-Cu-PGE mineral system, displaying almost all of the critical aspects of such systems from
a Mineral Systems Approach. Not only that, there is also the potential for discovering more orogenic
style gold mineralisation in the licence area.
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