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Figure 20. (A). Northern Portuguese continental shelf. Orange dots and correspondent surrounding
area indicate garnets sourced from granites. Green dots and correspondent surrounding area indicate
garnets sourced from metamorphic rocks of amphibolitic and granulitic facies. Yellow dots and
correspondent surrounding area represent garnets sourced from calc-silicate skarns. (B) Porto canyon
area. Green dots indicate garnets sourced from metamorphic rocks of amphibolitic and granulitic facies.

For the first sample set (samples collected from the continental shelf), the available data on
the amphibole chemical composition show the predominance of magnesio-hornblende, followed
by other calcic amphiboles, such as tschermakite, edenite, pargasite, ferro-hornblende, actinolite,
magnesio-hastingsite, and hastingsite (Figure 13A,B). The most likely sources for these amphiboles are
the amphibolitic rocks of the Douro metamorphic complex (Figure 2 and Table 1). However, among
the mineral grains with pargasite composition, two grains with a relatively high content in TiO, (I2
with 2.0% and L2 with 3.4%; Table S4) were detected. Under optical microscope observation, in plane
polarized light, these amphiboles appear with shades of brown which makes them easily distinguishable
from other amphiboles (Figure 19, mineral #17). These cases of pargasite may be indicative of a
provenance related to basic igneous rocks, such as gabbro [54]. Similar source interpretation can be
considered for the presence of the magnesio-hastingsite (mineral grain K3; Figure 13A) detected near
the Aveiro canyon area (Figure 10). As these amphiboles were only found in the deepest areas of the
continental shelf, south of Porto canyon (samples I, K and L, Figure 10), and knowing that this igneous
basic source is not represented in the Northern Portuguese river basins, then it will be necessary to
admit the existence of a compatible source located elsewhere in the outershelf/upper slope south of
Porto canyon. For the second sample set (samples collected from the Porto canyon area), the available
data of the amphibole chemical composition show the dominant presence of magnesio-hornblende
(Figure 14A). The provenance of these amphiboles is compatible with the amphibolitic rocks of the
Douro metamorphic complex (Figure 2 and Table 1). In this sample set it is also identified the presence
of pargasite in three samples with relatively high values of TiO, (between 0.9 and 1.4%, Figure 14B and
Table S4). Moreover, these pargasite mineral grains appear with shades of brown under the microscope
observation in plane polarized light (Figure 19, mineral #17). Therefore, these data point to the fact
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that these amphiboles have an origin related with basic igneous rocks as discussed above. The source
of the other identified amphiboles (actinolite, tschermakite, and ferro-tschermakite) is compatible with
the metamorphic rocks outcropping in the referred river basins (Figure 2 and Table 1). For a better
understanding the relationship between the identified amphiboles and their most typical sources,
Table 5 makes the synthesis of the results referent to this mineral group.

Table 5. Correspondence between the identified amphiboles, most typical primary sources and
sample sets. 1st—first set of heavy mineral chemical compositional data (Northern Portuguese
continental shelf). 2nd—second set of heavy mineral compositional data (Porto canyon head
area). Mhb—magnesio-hornblende, Act—actinolite, Ts—tschermakite, Fts—ferro-tschermakite,
Fhb—ferro-hornblende, Ed—edenite, Prg—pargasite, Mhst—magnesio-hastingsite, Hst—hastingsite.

Amphibole Typical Primary Sources Sample Set

Mhb amphibolite, schist 1st; 2nd
Act metamorphized carbonate rocks 1st; 2nd
Ts amphibolite 1st; 2nd
Fts amphibolite, schist, gneiss 2nd
Fhb amphibolite, schist 1st; 2nd
Ed amphibolite 1st; 2nd
Prg gabbro; amphibolite, schist, calc-silicate skarns 1st; 2nd

Mhst alkali basalts 1st

Hst amphibolite, schist, granite, gneiss Ist

The presence of pyroxene and olivine mineral grains in the deeper areas of continental shelf
around Porto and Aveiro canyons areas is not compatible with the felsic igneous and metamorphic
rock outcroppings in the Northern Portuguese river basins, since these mineral grains are genetically
linked to basic igneous rocks such as basalt, gabbro, or dolerite [55], whose presence is not known in
these river basin areas (Figure 2 and Table 1). The first reference to these mineral grains in the Northern
Portuguese continental shelf describes the occurrence of “augite” and “hypersthene” in a restricted
area located south of the Porto canyon, at depths greater than 100 m [56]. In this work, a source
interpretation was outlined which emphasized the existence of basic igneous rocks near this canyon
head area, given the fact that these mineral grains have always fresh and angular surface textures which
demonstrates their incompatibility with a multi-cycle source as for example from an ancient shoreline,
that is, from a relict or palimpsest continental shelf deposits. The optical identification of pyroxenes
(mineral grains #18 to #20; Figure 19) is confirmed by the microprobe analysis of several mineral grains
belonging to the two samples sets. The chemical composition of pyroxenes shows the presence of some
mineral grains compatible with the diopside-hedenbergite and enstatite-ferrosilite series composition,
and with augite composition (Figures 15 and 16). It turns out that the optical identification of olivine
(mineral grains #21 and #22; Figure 19) is also confirmed by the microprobe analysis of several mineral
grains belonging to samples collected from the continental shelf and from the Porto canyon areas,
revealing a high content in forsterite end-member (Figures 17 and 18). At the same time, the existence
of a seismic reflection profile complemented by bathymetric data and images of the sea floor captured
by a remote operated vehicle (ROV), detected the presence of a geological structure near the Porto
canyon head area (Figure 21A) with a probable volcanic origin [13,57]. This structure was described as
a rock relief more than 15 m height, standing out from neighboring geological formations and it was
recognized in a seismic profile by a very distinctive diffractive hyperbola (Figure 21B,C). Its presence
was attributed to a hard rock body (of limestone to dolomitic nature) that stood out from the nesting
sedimentary rocks (detrital sediments with evidence of carbonate cement). This rock body seems to
be embedded in a fault zone that shows evidence of relative movement between the two adjacent
blocks; the WSW block has lowered about 2.5 m relative to the ENE block (Figure 21D). During a ROV
dive, it was possible to confirm that the referred rock body was made of dolomitic rocks showing
signs of karstic erosion [13]. Indirect evidence for the existence of volcanic rocks was found inside
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this dolomitic structure due to the presence of an elongated depression (with an approximate N-S
direction) that could be a match for a volcanic dyke that is now completely eroded [13].

Figure 21. (A-D). Seismic reflection profile obtained at the Porto canyon head latitude. (A) Localization
of the profile; (B) Seismic profile without interpretation; (C) interpreted seismic profile with localization
of the metamorphic structure (ms); and (D) Detail of the bathymetric profile of the metamorphic
structure. F corresponds to the interpreted faults. Unit B corresponds to a Mesozoic rock unit. Unit C
corresponds to a Cenozoic rock unit (interpreted as dolomitized detrital limestones). Adapted from [13].

All the available data concerning to the optical characteristics and the chemical composition
of diopside-hedenbergite, augite, enstatite-ferrosilite, fosrterite, pargasite rich in Ti, and
magnesio-hastingsite mineral grains allow to sustain that this mineralogical assemblage is exclusively
represented in the areas around the Porto and Aveiro canyons (Figures 13B, 14B and 15, Figures 16-18).
Within this mineral assemblage it is possible to distinguish the influence of two different main sources.
While augite and enstatite-ferrosilite could be sourced from igneous basic rocks, the presence of
diopside-hedenbergite and forsterite may be derived from metasomatic processes resulting from
chemical reactions between an igneous basic rock with the nesting sedimentary rocks (limestones
and dolomites) [58]. During these processes, the circulation of fluids in the limestone-dolomitic

291



Minerals 2019, 9, 355

formations and the high temperature inherent to the installation of the volcanic body could explain the
formation of these specific minerals, as their presence is referred in other geological contexts associated
with the formation of magnesian and/or calcic skarns [59,60]. References to the presence of detrital
forsterite with euhedral shapes as it is detected in some of the studied samples (mineral grain #21;
Figure 19) are not easy to find in the literature. However, in a different geological context, the presence
of euhedral Fo (among other minerals) can be interpreted as a result of re-crystallization processes
during contact metamorphism between igneous basic rocks (gabbro) and dolomitic limestones [61].
Therefore, with all due precautions and based on the existing data, it is possible to consider that
the presence of this specific mineral assemblage (diopside-hedenbergite and forsterite) is probably
related with metasomatic process derived from the thermal contact between basic igneous rocks and
dolomitic limestones (possible formation of calcic and magnesian skarn rocks). Together, these rocks
(basic igneous and dolomitic limestones affected by metasomatic processes) can be considered as
local sources.

5.2. The Nazaré Canyon Area

For the specific case of the Nazaré area, the dominant presence of biotite, followed by amphibole,
tourmaline, andalusite, and garnet (Figures 4N and 7) calls for a specific interpretation from the
point of view of mineral source and physical grain sorting. According to available data, the high
frequency of biotite (>40%—Figure 7) only occurs when the sediment has a mean grain size higher
than 2.5 ¢, that is, when the presence of fine sand to very coarse silt is dominant (Table S1). Moreover,
when the biotite frequency is extremely high (biotite > 50%) the sediment mean grain size is equal
or higher than 2.5 ¢ (Figure 22). This is consistent with the fact that mica flakes are preferentially
concentrated in the coarser part of the sediment tail because of their lamellar shape, that is, they
are hydraulically equivalent to finer-grained sediments [62]. Considering that the most proximal
sources of heavy minerals are depleted in biotite as it can be observed in the continental shelf sector
S5 and in Lis, Alcoa and Tornada river sediments (Figure 3), this high concentration of biotite could
result from hydrodynamic fractionation (mineral grain sorting). This can only be understood in the
context of a long transport path from a distal source (Northern Portuguese river basins) to the main
depocenters located on this canyon head area (Nazaré). This interpretation is supported by the heavy
mineral composition of the Minho to Douro river sediments where biotite is, by far, the most important
heavy mineral (Figure 3). Thus, the biotite sorting may occur in several steps. The first sorting
affects the original source (the Portuguese northern river input) when sand particles are selectively
transported from the river into the inner shelf domain [12]. The second step occurs during the inner
shelf southward transport of fine sand [63] and, finally, the third step happens when only the finer
(and lamellar) sand particles are captured and temporary deposited on the canyon upper head valleys
according to the complex oceanographic processes that take place in this area [15,16,63,64]. Given that
biotite flakes are hydraulically equivalent to fine grained sediments, their resuspension could happen
during the typical oceanographic regimes that affected the Nazaré canyon area [16]. During summer
sediments are laterally transported in suspension into the canyon during the upwelling regime, and
the resuspension of fine sediments present in the mid-shelf deposits happens due to the internal wave’s
activity. Additionally, during this regime, the sediments transported through the north-south littoral
drift are captured in the head of the canyon. During the winter regime fine sediments captured by
the canyon are essentially sourced from southern rivers and from southern continental shelf. When
these sediments are sourced from the continental shelf they are resuspended and transported by the
combined effect of the waves and the poleward current that is established during the downwelling
regime [14-16]. Thus, the high concentration of this mineral found in most of the Nazaré samples is
related to how easy it is for biotite to be transported in suspension due to its lamellar shape, which is a
characteristic that makes it hydraulically equivalent to finer sedimentary particles. This interpretation
agrees with the knowledge of the hydraulic behavior of mica flakes in sand sediments known since the
1960s [65-69].

292



Minerals 2019, 9, 355

100
y=2.31x*-1.42x-0.45 °®
80 1 R?=0.60  ® s’
. P
L] V4
= 60 T ° LA °
] ° ’
™ L4 P4
“ 401 ° /’
o
Cd < ’ ¢
2 + . o oo~
° - L ]
0 A 2 —e ; ;
1 0 1 2 3 4 5 6 7

SEDIMENT MEAN GRAIN SIZE ()

Figure 22. Correlation between biotite frequency and sediment mean grain size using a polynomial
function of degree 2.

5.3. The Meaning of the PCA Results

It is possible to observe in the scatter diagram of Figure 9 regarding the application of PCA that
there is a clear separation of the samples according to the area from where they were collected. The
comparation of the samples position in the scatter diagram (Figure 9) with their respective geographical
location visible in Figures 5-7 is quite straightforward. For example, concerning the Aveiro area,
samples that are further away from the center of the diagram of Figure 9 (A18-A26) are present in
the extreme SW of the sampled area (Figure 6). They also have in common the high frequency of
pyroxene (Figures 6 and 9). For Porto samples, no correlation between the way the samples are placed
on the scatter diagram (Figure 9) and their respective geographical position exist (Figure 5). However,
samples P21, P22, and P29 can be considered exceptions as they were collected from the SW part of the
sampled area (Figure 5). These samples together with the correspondent ones collected from the Aveiro
area have in common the relative high frequency of pyroxene. Thus, the influence of the igneous basic
local source seems to be more distinct on both most southwestern samples collected from Porto and
Aveiro canyon areas. Regarding Nazaré, the samples that are further away from the center of the
Figure 9 diagram (N2, N3, N5, N8, N9, N10, N15, N17, N18, N19, N20, and N21) have in common
the high frequency of biotite. The position of these samples will then correspond to the sites where
sediment resuspension phenomena is more frequent.

5.4. The Interpretation of the Heavy Mineral Grain Surface Morphologies

The presence of mineral grains with contrasting surface morphologies, from the most angular to the
most rounded ones (Figure 19), could be indicative of potential sources diversity, transport pathways,
and sediment deposit’s nature. Previous studies dealing with the presence of heavy minerals in the
Northern Portuguese continental shelf have considered that the mineral grains with “predominantly
rounded to sub-rounded forms” suggest a “polycyclic origin or a long exposure to dynamic processes
prior to deposition” [12]. These mineral grains make a contrast with the presence of more angular
mineral ones that are believed to be delivered more directly from primary sources (felsic igneous
and metamorphic rocks) [12]. The presence of rounded mineral grains is more common in the outer
shelf at depths less than 120 m in the three studied areas, and their presence suggests a “multi-cycle”
sedimentary origin compatible with long exposure to dynamic processes, which are typical of high
energy environments such as, for example, beach environments where the intense grain abrasion is
frequent [70]. Although most of these rounded mineral grains were found at the referred depths, some
of them are found at the shelf break and in the upper slope (depths >140 m), which could be happening
due to of some particle remobilization and transportation into deeper areas. This means that the
presence of such mineral grains could be suggestive of a source corresponding related with reworked
sedimentary shelf deposits, namely the medium to coarse sand deposits present on this continental
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margin at depths between 60 and 100 m genetically linked to ancient littorals (relict sediments) [63].
The presence of angular mineral grains among the main mineral suite is very frequent at the outer shelf,
shelf break and upper continental slope (depths > 120 m). The presence of such particles could result
from the selective transport of river borne terrigenous particles into deeper areas of the continental
shelf/upper slope domains without a long residence in higher energy environments (such as the inner
shelf or littoral zones). Thus, the sedimentary history of these angular mineral grains may coincide
with the one deduced from the quartz immature grains found at the shelf break [63]. It is also possible
to consider the hypothesis that some angular heavy minerals were sourced and transported into the
continental shelf deeper areas/upper slope during periods of lower sea levels. During these periods,
they would have been directly transported into these areas without a long exposure to the intense
dynamic processes that characterize shallow water environments (inner shelf and littoral zones). This is
likely to have happened during the Last Glacial Maximum period (18,000 BP) when the environmental
conditions allowed the transportation of large numbers of terrigenous particles by rivers into the
continental slope [71,72]. This interpretation could explain the morphological similarities between the
mineral grains identified in the Porto, Aveiro, and Nazaré areas and the ones observed either on the
inner continental shelf or in the Northern Portuguese river sediments [12,33,34]. As such, it can be said
that the main heavy mineral assemblage (amphibole, biotite, andalusite, tourmaline, garnet, staurolite,
zircon, and apatite) includes the presence of “first-cycle” specimens recognized by their angular to very
angular grain surface textures. Additionally, this heavy mineral assemblage includes the presence of
“multi-cycle” mineral grains identified by their rounded to very rounded surface textures (Figure 19).
All these mineral grains have a distal source either represented by the felsic igneous and metamorphic
rocks of the NW Iberian Massif (angular ones) or by the reworked relict sediments from the continental
shelf (rounded ones). The influence of the local source is recognized by the presence of pyroxene
(diopside-hefenbergite, augite, enstatite-ferrosilite), amphibole (pargasite), and olivine (forsterite),
mineral grains which always appear with angular surface textures and, in some sporadic cases, with
euhedral forms. They can also be considered as “first-cycle” mineral grains although delivered from a
local source (Figure 19, mineral grains #17-#22).

5.5. Heavy Mineral Source Synthesis

Figure 23 represents the synthesis of the main mineralogical sources. This synthesis considers
the influence of distal and local sources. The distal ones are responsible for supplying the most
representative mineralogical species: amphibole, andalusite, tourmaline, biotite, garnet, staurolite,
zircon, and apatite. These minerals exhibit angular (“first-cycle” mineral grains) or rounded shapes
(“multi-cycle” mineral grains). Local sources, in turn, are responsible for supplying pyroxene
(diopside-hedenbergite, augite, enstatite-ferrosilite), amphibole (pargasite), and olivine (forsterite)
mineral grains. These minerals have always angular or, in more sporadic situations, euhedral forms
(“first-cycle” mineral grains).
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Figure 23. Heavy mineral source synthesis considering the 78 collected samples from the Porto (P),
Aveiro (A), and Nazaré (N) areas. Distal and local sources are responsible for two different kinds of
supplied minerals. The distal sources are responsible for the presence of angular mineral grains with
fresh surface textures, considered as “first-cycle” detrital particles. They are also responsible for the
presence of rounded mineral grains that are considered as “multicycle” detrital particles. The felsic
igneous and metamorphic rocks of the Iberian Massif and derived terrigenous sediments are the main
source of the angular mineral grains and the reworked relict-sedimentary deposits of the continental
shelf are the main source of the rounded mineral grains. The mineral grains compatible with these
distal sources are: amphiboles (Amp), andalusite (And), tourmaline (Tur), biotite (Bt), garnet (Grt),
staurolite (St), zircon (Zrn), and apatite (Ap). Basic igneous rocks and thermal metamorphized dolomitic
limestones are the most likely sources of the mineral assemblage derived from the local sources. This
mineral assemblage is composed of diopside-hedenbergite (Dp-Hd), augite (Aug), enstatite-ferrosilite
(En-Fs), pargasite (Prg) and forsterite (Fo). In the Nazaré area, a high concentration in biotite is observed
due to the physical grain sorting of the lamellar mineral grains of this specimen.

6. Conclusions

This study identified the fundamental processes that control the presence of heavy minerals in
three distinct areas of the Western Portuguese continental margin: the Porto, Aveiro, and Nazaré
canyon head areas. In a broad view, the main heavy mineral assemblage identified in each area is
composed by amphibole, andalusite, tourmaline, biotite, garnet, staurolite, pyroxene, zircon, and
apatite. However, each studied area has a specific mineral signature that is controlled mainly by the
source influence and, in a secondary plan, by the physical mineral grain sorting. In the Porto area,
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the high frequency of andalusite, amphibole, tourmaline and garnet marked the specificity of the
heavy mineral signature. In the Aveiro area, the high frequency of amphibole and pyroxene stood
out as a distinctive mineral assemblage. In the Nazaré area, the extreme high frequency of biotite
showed the peculiarity of the heavy mineral suite. Together, these results point to the influence of
distal sources (erosion of the Iberian Massif rocks) as a fundamental factor in controlling heavy mineral
variability. The specific influence of some geological formations of the Iberian Massif can be recognized
by the chemical composition of garnets and amphiboles identified all over the Northern Portuguese
continental shelf and in the Porto canyon head area. Granites, metamorphic rocks of amphibolitic and
granulitic facies, are the most important sources for the identified garnets. However, in the Porto area
the source of garnets seems to be limited to the referred metamorphic rocks. Most of the chemical
composition of amphiboles is compatible with magnesio-hornblende and for that reason they were
sourced from several types of metamorphic rocks (amphibolite and schist). The high frequency of
biotite detected at the Nazaré area reflects the peculiar oceanographic setting of this canyon head
area and, simultaneously, illustrates what is known as “hydraulic sorting”, where the lamellar fine
sand-sized biotite particles are concentrated in finer sediments that are preferentially transported
together as a suspended load. The peculiar presence of pyroxene and olivine mineral grains at the
Porto and Aveiro areas indicates the influence of specific local sources corresponding to basic igneous
rocks and dolomitic limestone rocks affected by thermal metamorphism. This hypothesis is supported
by the seismic data collected near the Porto canyon head area and by the chemical composition of
several mineral grains of the referred species, confirming the presence of diospside-hedenbergite,
augite, enstatite-ferrosilite and forsterite. Additionally, the presence of pargasite also supports the
existence of an igneous basic source.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/6/355/s1,
Table S1. Sediment texture. Table S2. Heavy mineral suite (counts and relative frequencies). Table S3. Garnet
chemical composition. Table S4. Amphibole chemical. Table S5. Pyroxene chemical composition. Table S6. Olivine
chemical composition.
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