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Mineral-petrographic study of greenstone cobbles from Quaternary alluvial deposits and Oligocene conglomerates of the Lemme valley (northwestern Italy): comparison with analogous Neolithic polished stone implements and archaeometric implications
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Abstract
Rare HP meta-ophiolites of archeologic interest occur in the western Alps, both as small primary outcrops at high altitude located in the Monviso or Voltri massifs and as boulders/pebbles in the derived secondary conglomeratic deposits and/or alluvial beds downhill/downstream, originated after erosion of the former ones. Despite their scarceness, these rocks – in the archaeologic literature still grouped under the term “greenstones” – are of paramount importance for archaeologists, since they were used to produce polished stone tools rediscovered in prehistoric sites spread all over Europe. Tracing the sources of these raw materials is an important issue for reconstructing the migratory fluxes and trade routes of our ancestors. A certain number of “greenstone” geologic samples was retrieved from the alluvial beds of the Lemme valley streams (southeastern Piemonte, Italy) and in the Oligocene conglomerate units of the Tertiary Piemonte Basin, presently exposed in the same valley. Representative samples were analyzed with a classic mineralogical and petrographic approach, which includes XRPD, polarizing microscope and SEM-EDS. These rocks compositions and microstructures were then compared with those of analogous implements found in archaeological sites located nearby, searching for analogous traits suggesting a common origin. The obtained outcomes show that these secondary deposits of the Lemme valley – originated from the dismantlement of upstream primary outcrops in the Voltri massif (or from a close, analogous palæo-unit, nowadays completely eroded) – might have represented, during the early-to-middle Neolithic, one of the preferential supply sources of raw “greenstones” for the archaeologic sites of Brignano Frascata, Momperone, Villaromagnano and Rivanazzano.
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1. Introduction

The most important primary sources of HP-meta-ophiolites in Europe are represented by very small outcrops (less than a few m3) at high altitude in the Western Alps – Piemonte Zone (D’Amico, 2005, 2012; Pétrequin P. et al., 2005a, 2005b, 2006b; Compagnoni et al., 2012), characterized by alpine metamorphism at eclogite facies – namely in the Monviso and Voltri massifs (Compagnoni, 2003; D’Amico and Starnini, 2012; Pétrequin P. et al., 2012a). Secondary deposits, originated from the dismantling of these primary outcrops, occur both in the Oligocene conglomerate units of the Tertiary Piemonte Basin (Northwestern Italy) and in Quaternary alluvial deposits exposed in vast areas of the Upper Po Valley, comprised among southern Piemonte, northern Liguria and western Lombardy (Compagnoni et al., 2006; D’Amico and Starnini, 2006). These HP-meta-ophiolites are extremely important for archaeologists, as their toughness rendered them excellent candidates for the production of stone tools during Neolithic. The main mineralogy of these scarce eclogite-facies rocks, also referred to as “alpine greenstones”, includes complex Na-clinopyroxene solid solutions plotting in the diagram jadeite (Jd) – aegirine (Ae) – wollastonite + enstatite + ferrosilite (WEF or Q) (Morimoto et al., 1988). According to a recent petrographic classification (Giustetto and Compagnoni, 2014), mainly goaled at supplementing the official geologic rock nomenclature (Fettes and Desmons, 2007), these rare rock types of archaeologic interest mainly belong to two groups: 
i) ‘Na-pyroxene rocks’ (the true ‘Jades’), including:
a) jadeitite (consisting of jadeite from 95 to 100 vol. %);

b) omphacitite (consisting of omphacite from 95 to 100 vol. %);

c) mixed Na-pyroxenite (consisting of jadeite and omphacite, with intermediate modal compositions between jadeitite and omphacitite).

ii) ‘Na-pyroxene + garnet rocks’, including: 

a) eclogite (consisting of omphacite and garnet in approximately equal modal amounts, in the range 25-75 vol. %);

b) garnet-omphacitite (consisting of omphacite prevailing over garnet, in the range 5-25 vol. %);

c) omphacite-garnetite (consisting of garnet prevailing over omphacite, in the range 5-25 vol. %).
All the lithologies of the first group (‘Na-pyroxene rocks’) may be found in Neolithic tools, while as far as ‘Na-pyroxene + garnet rocks’ are concerned, only ‘eclogite’ and (seldom) ‘garnet-omphacitite’ were used. No implement in ‘omphacite-garnetite’ was ever recovered. Besides, other lithologies, characterized by the same hue (e.g., serpentinite, amphibolite and prasinite), may also be comprised under the term “greenstone” – and occasionally employed in the production of prehistoric tools.

Many of these “greenstone” implements (axes, chisels, hatchets and ornamental tools, such as disc-rings) were found in archaeological sites spread all over the Western Europe – i.e., in Southern France and along a corridor running from Southern Italy to Great Britain (Pétrequin P. et al., 2002), but especially in the Po plain (Ricq-de-Bouard, 1993; Giustetto et al., 2008; D’Amico and Starnini, 2011). Implements of alpine origin were also reported from Slovakia, Czech Republic (Spišiak and Hovorka, 2005; Pétrequin P. et al., 2011), Bulgaria (Pétrequin P. et al., 2012c) and Hungary (Bendő et al., 2014). To this end, a sharp knowledge about the origin of the raw material sources – either from the Monviso or from the Voltri massif, and related downstream secondary deposits – is of paramount importance for reconstructing the possible migratory routes and/or trade channels – feasible purposes that might justify the occasionally long distances (hundreds to thousands of miles, as the crow flies) covered by these rocks, while ‘travelling’ from their provenance outcrops (in the form of raw materials) to the sites of their recovery (as finished tools and/or roughouts). Moreover, a debate exists about the nature of these sources – whether primary outcrops located at high altitude in the chain, or else secondary deposits in the low lands closer to the settlements. The former option would need sizable blocks to be detached directly from the primary chunk, using flame-cut techniques apparently hinted by parallel palæo-ethnographic studies (Pétrequin P. and Pétrequin A.M., 1993; Pétrequin P. et al. 2006a; Pétrequin P., 2012; Pétrequin A.M. and Pétrequin P., 2012) as well as by the presence of mining-manufacturing traces close to primary boulders in the Monviso massif (Pétrequin P. et al. 2005b, 2006b, 2008). Alternatively, the raw materials could have been retrieved from cobbles from Oligocene conglomeratic deposits, presently exposed at the outlet of Alpine valleys and/or from alluvial beds of rivers flowing into the Po plain (Ricq-de-Bouard and Fedele 1993; Ricq-de-Bouard 1996; D’Amico et al., 2003; Giustetto et al., 2016). In these secondary settings, a greater resistance to both weathering and mechanical disruption causes the tougher lithologies (such as eclogite, jadeitite and omphacitite) to be enriched with respect to other, softer ones (D’Amico and Starnini, 2012; Giustetto et al., 2017; Vaczy et al., in prep.). This debate about the origin and nature of these HP-meta-ophiolites supply sources could possibly be solved by comparing the distinctive mineral-petrographic features of the archaeological tools with those of analogous field samples of known provenance. Unfortunately, such a goal is not trivial due to the marked heterogeneity of these lithologies. Besides, the great mass of collected archaeometric data was seldom used for such a purpose, due to the scarceness of specific mineral-petrographic studies on geological specimens. A possible reference collection was recently set up by analyzing with various techniques hundreds of presumed alpine “greenstones” specimens (mainly ‘Jades’), collected as raw materials or working debris during prospections in the Monviso and Voltri areas (‘JADE’ project; Pétrequin P. et al., 2012b; 2012c). In the current study, “greenstone” cobbles were collected from the alluvial deposits of the Lemme river (eastbound of the Voltri massif; Figs. 1 and 2) as well as from Oligocene conglomerates cropping out in the same valley, and analyzed with a rigorous mineral-petrographic protocol. By keeping into account all literature data, the obtained outcomes are compared with those of Neolithic tools found in nearby archaeological sites.
2. Materials and methods
2.1 Geological setting and materials
Despite their scarcity, “greenstone” HP-meta-ophiolites can still be found nowadays. In the Voltri massif, primary outcrops are scarce but alluvial deposits have been identified to the west in the upper Erro valley, to the centre in the upper Orba valley, and also to the east in the Lemme, Ardana, Curone and Staffora valleys (D’Amico and Starnini, 2012; Pétrequin P. et al., 2012a; Vaczy et al., in prep.). These secondary HP-meta-ophiolite blocks are dispersed among other lithotypes, in Oligocene conglomerates and/or in Quaternary alluvial beds (Pétrequin P. et al., 2012b). The Lemme valley, located to the southeast of the Piemonte region, province of Alessandria, belongs to the Beigua East group according to Pétrequin P. et al. (2012a). The upper course of the Lemme valley (north of Voltaggio) is incised in the Sestri-Voltaggio Zone (Fig. 2), a tectonic slice zone about 25 km long and a few km large, stretching approximately N-S from Sestri Ponente on the Ligurian coast to the village of Voltaggio in the Lemme valley (Cortesogno and Haccard, 1985; Capponi and Crispini, 2008; Piana et al., 2017). The Sestri-Voltaggio Zone separates the Voltri ophiolitic massif, to the west, from the non-metamorphic Ligurian units (“Helminthoides Flysch” of Northern Apennines in Fig. 2) to the east, and consists of three tectono-metamorphic units:

i. the Gazzo-Isoverde Unit, consisting of the Norian Monte Gazzo Dolostone, followed by the upper Norian-Pliensbachian Gallaneto Limestone and Lencisa Limestone, and by the Middle?-Upper Jurassic? Bessega Slate;

ii. the Cravasco-Voltaggio Unit, consisting of Middle?-Upper Jurassic? meta-ophiolites (Case Bardane Serpentinite, Monte Lecco Metagabbro, Rocca Crescione Metagabbro, Cravasco Metabasalt), and the relative Upper Jurassic?-Lower Cretaceous? metasedimentary cover (Osteria dello Zucchero siliceous Metasediments, Voltaggio Limestone, Monte Larvego Schist);

iii. the Figogna Unit, which in the Lemme valley is mainly composed of Lower Cretaceous? slates (Costagiutta Slate, Murta Slate), containing decametre- to hectometre-sized bodies of Middle?-Upper Jurassic? meta-ophiolites (Bric dei Corvi serpentinite, Pietralavezzara Meta-ophicalcite, Monte Figogna Metabasalts) and associated Upper Jurassic?-Lower Cretaceous? metasediments (Madonna della Guardia siliceous Metasediments, Erzelli Limestone).

The Gazzo-Isoverde and Cravasco-Voltaggio units show evidence of an Alpine blueschist-facies metamorphism, whereas the Figogna Unit has been affected by pumpellyite-actinolite facies metamorphism. To the west, the Sestri-Voltaggio Zone is in tectonic contact, along the Sestri-Voltaggio Line, with the Voltri meta-ophiolitic massif. The Voltri massif is represented in the upper Lemme valley by the Voltri Unit, mainly consisting of lherzolitic peridotite, serpentinite and foliated serpentinite, with minor metagabbro bodies (Fig. 2), which bear evidence of an eclogite-facies metamorphism (Capponi and Crispini, 2008, and references therein). To the north, the previously described units are overlain by the Cenozoic succession of the Tertiary Piemonte Basin, which crops out along the lower course of the Lemme valley north of Voltaggio (Fig. 2). This starts with a laterally discontinuous interval of continental breccias (Costa Cravara Breccia, late Eocene?-Rupelian?) followed by a thick succession of continental-to-shallow-water conglomerates and arenites, with subordinate marls and pelites (Molare Formation, Rupelian p.p.). These deposits contain abundant clasts of meta-ophiolitic rocks derived from their metamorphic substrate, represented by the Voltri massif and the Sestri-Voltaggio Zone (Capponi and Crispini, 2008; d’Atri et al. 2016; and references therein).
The Rio Morsone stream is a left tributary of the Lemme stream; in its upper course, it cuts through the meta-ophiolites of the Voltri massif, and then crosses the lower part of the Tertiary Piemonte Basin succession (Costa Cravara Breccia and Molare Formation), before joining the Lemme stream at Voltaggio (Fig. 2). The Quaternary alluvial sediments gathered by the Lemme and Rio Morsone streams include clasts of meta-ophiolites derived from the dismantling of these primary outcrops, which are belonging either to the Voltri massif or to an ancient analogous palæo-unit, disappeared after long lasting erosion (Giustetto et al., 2017). Moreover, Quaternary alluvial sediments also contain meta-ophiolite clasts reworked from secondary deposits, i.e., from the conglomerates and breccias of the Tertiary Piemonte Basin succession. Recent field prospections in the Lemme basin (Pétrequin P. et al., 2012a) led to identify significant amounts of retrogressed eclogite and omphacitite, as well as jadeitite. Based on these premises, accurate field surveys were performed in the secondary deposits of the Lemme valley between Gavi and Voltaggio, including both the Oligocene conglomerates of the Molare Formation and the Quaternary alluvial deposits of the Lemme and Rio Morsone streams (Fig. 2). Fifty samples of “greenstone” boulders and cobbles were retrieved, having sizes compatible for the production of the studied prehistoric implements (see Supplementary Material, Fig. S1). All collected specimens were examined under a stereomicroscope in reflected light and – basing on their petrographic and microstructural features – thirty of them were selected for further analyses. Due to their huge masses (and dimensions), density was not determined – the chosen scientific protocol (see below) being able to better discriminate among different lithotypes. Table S1 in the Supplementary Material lists the labels, provenance, geographical coordinates and analyses performed on all studied samples.

(INSERT FIGURE 1 AND 2)
2.2 Methods
A mineral-petrographic protocol was applied, which involves X-ray Powder Diffraction (XRPD), optical polarizing microscopy and Scanning Electron Microscopy with energy dispersion spectrometry (SEM-EDS) (Chiari et al., 1996; Compagnoni et al., 2006; Giustetto et al., 2008). Small cores (10 mm in diameter), representative of the whole rock composition, were drilled with a diamond corona barrel and used to prepare both a 30 μm thick polished thin sections and the rock powders. 
X-ray powder diffraction (XRPD) data were collected in the 3-70° 2( range using an automated Siemens D-5000 diffractometer with (/2( setup in Bragg-Brentano geometry, Cu-K( radiation and zero-background flat sample holder. Data were processed with the Diffrac Plus (2005) software (EVA 11,00,3). Optical microscopy was performed by using a Zeiss WL Pol polarizing microscope. Scanning electron microscopy (SEM) data were obtained with a SEM Stereoscan 360, Cambridge Instrument, on carbon-coated thin sections. Chemical characterization was performed by an EDS Link Pentafet, Oxford instrument (operating conditions: 50 s counting time, 15 kV accelerating voltage, 25 mm working distance, 300 pA beam current). The collected data were processed with the INCA 200 Microanalysis Suite Software, version 4.08, calibrated on natural mineral standards using the ZAF correction method.

3. Results

3.1. X-ray powder diffraction

XRPD allowed to determine the rock mineralogy of the thirty analyzed geological samples (see Supplementary Material, Table S2). These data proved that only fifteen specimens are indeed ‘Na-pyroxene rocks’ and ‘Na-pyroxene + garnet rocks’, whereas the rest is mainly consisting of prasinite and chloritite. 
In ‘Na-pyroxene rocks’, if a single homogeneous Na-pyroxene is present (such as in jadeitite or omphacitite; Fig. 3.a), the related diffraction peaks are sharp and single; in mixed Na-pyroxenites, the reflections are split indicating the presence of both jadeite and omphacite (Fig. 3.b). For eclogites, in addition to pyroxenes (mainly omphacite, though reflections related to jadeite seldom occur), the peaks of garnet are also evident (e.g., in VL3 and VL9) and their intensity depend on their modal amount. An advantage of XRPD analyses is represented by the fact that the average composition of pyroxenes may be obtained by measuring the dhkl of the related most characteristic reflections [(-221), (310) and (002)]. These values, reported on a grid superposed to the ternary diagram (Jd; Ae; WEF or Q) obtained by evaluating their variations as a function of the bulk chemistry, provide an approximate composition for these solid solutions (Giustetto et al., 2008). For most of the analyzed specimens, the estimated chemistry (bigger dots in Figs. 4 and 5) plots within the cluster of the EDS spot analyses, thus confirming the consistency of such a method.
(INSERT FIGURE 3)

3.2. Optical polarizing-microscopy and SEM-EDS

No further analyses were performed on prasinite, chloritite and serpentinite. These lithologies, in fact, are not significant for archaeometric purposes, due to their ubiquitous distribution in the Western Alps (Giustetto et al., 2008). Optical polarizing microscopy and SEM-EDS data were instead collected on ‘Na-pyroxene rocks’ and ‘Na-pyroxene + garnet rocks’, in order to determine the chemical variability and zoning of pyroxene and garnet, identify minor and accessory minerals (too scarce to be revealed by XRPD) and estimate the relative modal amounts for all phases and related microstructural features (such as the chronological relationships among different pyroxene generations, the presence of heterogeneities in mineral distribution and size, the degree of retrogression, and the occurrence of mineral veins). 
Basing on the above described analytical methods, the fifteen selected specimens could be classified as follows: 
· 10 ‘Na-pyroxene rocks’ (3 jadeitites, 4 omphacitites and 3 mixed Na-pyroxenites);

· 5 ‘Na-pyroxene + garnet rocks’ (2 eclogites and 3 garnet-omphacitites); 
Eleven samples out of 15 were also analyzed by SEM-EDS, i.e., 7 ‘Na-pyroxene rocks’ (2 jadeitites, 3 omphacitites and 2 mixed Na-pyroxenites), and 4 ‘Na-pyroxene + garnet rocks’ (2 eclogites and 2 garnet-omphacitites) (see Supplementary Material, Table S1). EDS spot analyses of pyroxene and garnet – plotted in the diagrams of Morimoto et al. (1988) and almandine (Alm) + spessartine (Sps) – grossular (Grs) – pyrope (Prp), respectively – are reported in Figs. 4 and 5. The mineralogical composition for all studied samples, as resulting by combining XRPD, optical polarizing-microscopy and SEM-EDS, is shown in Table 1. Representative chemical analyses for pyroxenes and garnets are listed in the Supplementary Material (Tables S3 through S14).
(INSERT FIGURE 4)

(INSERT FIGURE 5)
3.2.1 Na-pyroxene rocks

3.2.1.1 Jadeitites

Under the polarizing microscope, all analyzed samples (VL 14a, VL 14b and VL 14c) show zoned idioblastic jadeite crystals (hundreds of μm long) characterized by darker cores and colourless rims (Fig. 6.a). When observed at SEM in BSE, the crystal cores are brighter due to the higher Ca/Mg ratio; the rim are darker because of the progressive increase in the jadeite component (Fig. 6.b). These jadeite blasts are surrounded and corroded by thin omphacite strips or patchy domains. Seldom, a fibrous-to-radial structure occurs. The distribution of EDS spot analyses shows four distinct compositions (Fig. 3): (i) almost pure jadeite (Jd85-95), forming the rims of the jadeite blasts and partially re-absorbed; (ii) a more impure, Fe-richer composition (Jd70-75), occurring in the blast cores; (iii) omphacite (< Q35), surrounding the jadeite blasts and (iv), in the matrix, a Ca-Mg-enriched term (≈ Q50).
For what concerns the other minerals, abundant white mica (phengite), probably crystallized after jadeite, is observed. Accessory phases are rutile (locally transformed into titanite), allanite and euhedral zircons.

(INSERT FIGURE 6) 
3.2.1.2 Omphacitites

Under the polarizing microscope, two different types of omphacitite may be distinguished. The first type is more inhomogeneous, with variable grain-size and microstructure, where irregular domains of green omphacite are surrounded by retrogression domains mainly consisting of a very fine albite + actinolite ( analcime symplectite pseudomorphs after Na-pyroxene. At SEM, several generations of pyroxene are observed, showing complex microstructural relationships: sometimes, pyroxene relict with jadeitic composition are almost completely reabsorbed/replaced by omphacite (Fig. 7.a). EDS spot analyses plot into two distinct areas, one typical of jadeite and the other of omphacite (e.g., VL 26a, VL 26c; Fig. 4). Minor and accessory minerals are: orthoclase, clinozoisite, chlorite, pumpellyite, titanite, white mica and zircon.
The second type of omphacitite is more homogeneous and consists of omphacite and aegirine-augite [in the range Ae10-30, (Wo+En+Fs)50-65, Jd15-40; VL 22; Fig. 3], locally with fibrous to radial microstructure and rare dusty cores (Fig. 7.b), related to retrogression as suggested by the development of albite veins. 
(INSERT FIGURE 7)
3.2.1.3 Mixed Na-pyroxenites

Under the polarizing microscope, these rocks are quite heterogeneous and consist of a matrix with complex microstructures and pyroxene compositions: usually granoblastic jadeite aggregates are replaced by a greener omphacite to aegirine-augite, but elsewhere this chronological sequence is reversed. Locally (e.g., VL 18), typical chlorite + rutile (and/or epidote) pseudomorphs after porphyroblastic garnet relicts occur (Fig. 8.a). 
At SEM-EDS, the zoning of the pyroxene matrix sometimes shows ‘relicts’ of an older jadeite phase (darker in BSE, Fig. 8.b), apparently re-absorbed and overgrown by new omphacite (clearer in BSE; Fig. 8.b). The distribution of the spot SEM-EDS analyses – scattered throughout the compositional field of omphacite and impure jadeite (Jd≤80) – confirms the observed strong heterogeneity of the rock. Occasionally, high aegirine contents are observed (until Ae30). Minor and accessory minerals include: titanite, apatite (often defining a foliation), white mica, zircon, ilmenite and sulfides.

(INSERT FIGURE 8)

3.2.2 Na-pyroxene + Garnet rocks

3.2.2.1 Eclogites

Under the polarizing microscope, the analyzed samples show a peculiar microstructure. In VL 3, a fine-grained pyroxene felt, which defines a mylonitic foliation, consists of two distinct pyroxenes – a prevailing greener omphacite and a subordinate paler jadeite. A crenulated lineation, outlined by fine-grained titanite-rich layers, contains lenticular domains of pyroxenes and small (≤ 100 μm) garnets (Fig. 9.a). Other minerals include: chlorite and apatite, together with pseudomorphs of white mica + epidote after original lawsonite. SEM-EDS analyses confirm the presence of relict idioblastic jadeite (darker in BSE), overgrown and resorbed by a younger omphacite; however, areas with a zoned omphacite felt, scarce jadeite, chlorite and titanite, are also observed. SEM-EDS data (Fig. 5) confirm the bimodal composition and zoning of pyroxenes, with an almost pure jadeite (virtually with no Fe) and a rather scattered Fe-rich omphacite (up to Ae40).
Sample VL 9 exhibits a microstructure with omphacite porphyroclasts marked by a complex zoning and locally still preserving traces of the original magmatic parting. A thick mylonitic lineation is also observed, defined by elongated chains of ilmenite and/or rutile. SEM-EDS analyses show two distinct pyroxene compositions, in the omphacite (≤ Ae35) and ægirine-augite fields [Ae30 and ≤ (Wo+En+Fs)60], respectively. Sub-millimetric garnets, locally retrogressed to Fe-epidote + chlorite, show a core-to-rim zoning marked by a decrease in grossular content, especially evident in the BSE images, where a sharp transition exists between lighter cores and darker rims (Fig. 9.b). Other minerals are rare colourless, post-mylonitic amphibole and epidote aggregates.
(INSERT FIGURE 9)
3.2.2.2 Garnet-omphacitites

Two types of garnet-omphacitite are distinguished. The first is a heterogeneous rock (i.e., VL 11, VL 12), where omphacite forms an almost continuous felt with variable grain and zoning, locally showing crystals with skeletal habit or dusty core. Other mineral phases are epidote (zoisite and clinozoisite), chlorite (clinochlore), white mica, apatite and ilmenite, sometimes in modal amounts even detected by XRPD. Garnets are scarce, almost completely retrogressed to chlorite + epidote aggregates. SEM-EDS analyses show a scattered distribution, straddling between the omphacite and ægirine-augite fields.
The second type (VL 17) has a regularly spaced foliation, defined by the orientation of small elongated titanite, clinozoisite and sulfide (probably pyrrhotite) crystals. Pyroxenes make a continuous, fine-grained matrix and show a very complicated zoning. Garnets are small (≤ 100μm), scarce and single. SEM-EDS analyses show two distinct pyroxenes: a jadeite (darker in BSE, with Jd45-85) and a Fe-richer omphacite (≤ Ae35). 
4. Discussion
Interesting analogies can be observed by comparing the mineralogical and petrographic features of the HP-meta-ophiolite cobbles collected from the Oligocene conglomerates and Quaternary alluvial deposits of the Lemme valley with those of analogous prehistoric tools from archaeological sites. These comparisons take into account the previous literature data (Compagnoni et al., 2012; Giustetto et al., 2016) and also include the reference collection for ‘JADE’ Project (Pétrequin P. et al., 2012b) – limitedly to those outcomes attained by mineralogical and petrographic approaches, consistent with those adopted here (D’Amico, 2012). Other results – based on spectroradiometry (a remote sensing technique, used for provenance studies; Errera et al., 2012a) or sheer visual appearances (to the naked eye; Pétrequin P. et al., 2012b; Pétrequin P. and Errera, 2017) – were disregarded, due to their basic incompatibility with the adopted protocol and their uncertain validity as a tool for characterizing heterogeneous materials such as the studied rock types.
As far as the lithotype distribution is concerned, a feasible comparison between geological specimens and Neolithic tools is hardly representative, the former data being inevitably affected by sampling strategy and lower statistics. Interesting considerations, however, concern the microstructural features and the bulk chemistry of the main minerals, i.e., pyroxene and garnet. Several features of the Lemme valley cobbles, in fact, recur also in the rocks forming the Neolithic tools from nearby located sites, such as Brignano Frascata (Giustetto et al., 2017) and Rivanazzano (D’Amico and Starnini, 2012). The composition of pyroxenes in the studied geological samples is quite similar to that observed in several Neolithic implements. This is not surprising, as significant variations in the chemistry of these minerals, independently from the site of origin or gathering, have not been observed so far. Despite this, the markedly high FeO-Fe2O3-tot contents (up to 10-18 wt. %) typical of the Lemme valley eclogites and garnet-omphacitites (e.g., VL 3, VL 9, VL 12 and VL 19, classifiable as ‘Fe-eclogites’ according to D’Amico et al., 2003) were observed also in some Neolithic tools from Brignano Frascata (Giustetto et al., 2017) and Castello di Annone (Giustetto et al., 2016), suggesting a possible common origin from secondary deposits, originated by the dismantlement of primary outcrops in the Voltri massif. These Fe-rich HP-metaophiolites (eclogites and garnet omphacitites) are often quite common in most implement collections. Conversely to Mg/Al-rich ones, they are usually recognizable to the naked eye, due to their darker greenish hues (therefore, easily identifiable also by archaeologists). This distinction might become useful while comparing, on solid statistical basis, different areas and collections. Similar Fe3+ contents, however, have recently been observed also in other geologic HP-meta-ophiolite samples having a Monviso provenance (Varczy et al, in prep.), proving their validity as a distinctive provenance characteristic to be questionable. On this matter, D’Amico (2012) reported that the Fe-HP-metaophiolites of the Monviso area are poorer than those of the Voltri area, thus providing some hints as regards to their possible circulation and origin. However, the zoning of garnets in the Lemme valley samples (systematic Grs decrease from core to rim: e.g., VL3 and VL17) is quite similar to that observed in most eclogite tools from Brignano Frascata (e.g., C-FR-O/14 and C-FR-SO/12). Such a feature, despite the low data statistics, strengthens the hint according to which these rocks may have had a similar geologic history and possibly also a common source. For what concerns the microstructure, remarkable resemblances are observed at SEM between the Lemme valley jadeitites (i.e., VL 14a, VL 14b, VL 14c) and analogous tools gathered from archaeological sites in the nearby Curone valley (i.e., Momperone: C-MP-CA/128 and Brignano Frascata: C-FR-SO/41; Giustetto et al., 2017). In these rocks, relict cores of older jadeite are contoured (and partly corroded) by a younger omphacitic rim, probably intervened as a Ca-richer circulating fluid, gradually substituting the former phase (see Fig. 6.a). Similar analogies were observed also in the investigated geologic omphacitites and mixed Na-pyroxenites (e.g., VL 26c and VL 19, respectively). These complicated microstructural relationships represent an interesting clue, but are not sufficiently discriminant – if considered per se – to allow an unequivocal provenance attribution, as they might recur also in rocks from different sources. However, when coupled to other issues (e.g., the high Fe-content, the garnet zoning, the peculiar distribution of minor and accessory minerals), these finer details might reinforce the hypothesis of a common origin for these rocks. Such an assumption is also further remarked by the strong similarities observed both in the distribution of the SEM-EDS spot analyses and in the XRPD pattern profiles. For what concerns jadeitites, presence of pyroxenes with different compositions, together with exsolutions and overgrowths, were also described in specimens from Cuba (García-Casco et al., 2009), Antigua, Guatemala (Harlow et al., 2006; 2011) and the Dominican Republic (Schertl et al., 2012). In some cases, however (e.g., VL 26a, omphacitite), the microstructure and zoning are quite different from those typically observed in Neolithic tools. For what concerns ‘Na-pyroxene + garnet rocks’, it has to be pointed out that the fine grain-size of pyroxenes – typical of many eclogites and garnet-omphacitites in Neolithic implements, often characterized by mylonitic structure – is also observed in some geologic samples from the Lemme valley. In light of the obvious origin of these latter specimens from the dismantlement of upstream primary outcrops in the Voltri massif (or from an analogous, close palæo-unit, completely dismantled by erosion in the last 30 million years), such an evidence confirms that this feature should not be considered exclusive of rocks from the Monviso, as inaptly hinted by some literature (Errera et al., 2012b; Pétrequin P. et al., 2012b). In addition, presence of subordinate jadeite domains in a prevailing omphacite matrix – a feature distinctive of several eclogites in prehistoric tools – is also found in some of the investigated geological samples (e.g., VL 26c and VL 3). Furthermore, the mutual relationships between Na-pyroxenes with different chemical composition – observed, for example, in VL 3 (idioblastic jadeite relicts, detected even by XRPD, corroded and reabsorbed by omphacite) – remind those typical of some eclogites in Neolithic tools (e.g., C-MP-CA/2 from Momperone; Giustetto et al., 2017), reinforcing anew the hypothesis of a common origin. 

Minor and accessory minerals are almost ubiquitous, but their modal amounts significantly vary from sample to sample. For example, white micas (paragonite and/or phengite) observed in some of the analyzed geologic samples from the Lemme valley, as well as others in the literature from the same source (e.g., LM 258 and LM 259, in Pétrequin P. et al., 2012b), are also found in many tools in the nearby archaeological sites. Similarly, most omphacitites and eclogites in Neolithic tools show the systematic presence of chlorite, recurring in the geologic samples from the Lemme valley (e.g., VL 3, VL 9 and VL 12 – Table 1, as well as others from the literature, e.g., LM 265 and LM 388, in Pétrequin P. et al., 2012b). For what concerns the Ti-bearing phases, titanite usually prevails over rutile (Table 1). All these features, typical of HP-meta-ophiolites from the Voltri massif (D’Amico, 2012), further indicate the compatibility of the studied raw materials with the local prehistoric tools. Besides, the presence in the studied geologic samples of pseudomorphs after original lawsonite porphyroblasts (an interpretation first provided by Fry and Fyfe, 1969; e.g., in VL 3, VL 12 and VL 18) suggests that such a feature is not exclusive of HP-meta-ophiolites from the Monviso (as hinted by Pétrequin P. et al., 2012b); besides, the same pseudomorphs are also present in the Brignano Frascata and Rivanazzano implements.
It is noteworthy that the number of the investigated ‘Na-pyroxene rocks’ and ‘Na-pyroxene + garnet rocks’ from the Lemme valley represents only the 30 % of the “greenstone” specimens gathered for the study. This is not surprising, because these lithotypes are extremely rare – even in the investigated primary and/or secondary geological setting. D’Amico and Starnini (2012), while mapping the alluvial bed of the Staffora stream, reported that an even smaller percentage among green pebbles consists of real ‘Jades’ and/or eclogites (about 10 %). This evidence further indorses the fact that a macroscopic (and even stereomicroscopic) examination of the rock surface is not sufficient per se – not even to an expert eye – to discriminate HP-meta-ophiolites from other lithologies that, though similar in appearance, have a different mineral-chemistry. Only XRPD led to identify those samples upon which further analyses (polarizing microscope and SEM-EDS) were carried out (though density determination, often applied on prehistoric tools to preserve their integrity, would have given precious hints; Chiari et al., 1996). 

All the above mentioned mineral-petrographic analogies, found between the investigated geologic samples from the Lemme valley and those Neolithic tools collected in archaeological sites located nearby, unequivocally point to a common origin of these rocks. Besides, the sheer geographic location of the Lemme valley (Fig. 1) renders it a viable and logical supply source of secondary HP-meta-ophiolites for those Neolithic sites positioned in the adjoining valleys (i.e., Grua, Curone, Ossona: Brignano Frascata, Momperone, Villaromagnano; or Staffora: Rivanazzano), 25-to-35 km far to the northeast, as the crow flies – or others, possibly linked by trade relationships (e.g., Castello di Annone). Such an option was hinted by Errera et al. (2012b) for Rivanazzano, a production workshop aimed at exporting tools towards other inhabited sites during the Middle Neolithic (and perhaps not only), characterized by a very rich pile of roughouts and cobbles – but few complete tools. The raw HP-metaophiolites, in this case, were probably derived from the Oligocene conglomerates cropping out in the nearby valleys and from related detrital products (D’Amico and Starnini, 2012). The same guideline was also advanced by Giustetto et al. (2017) after the morphological examination of the many roughouts and fragmented tools typical of the lithic industry from Brignano Frascata. Most of these roughouts, in fact, have rounded shapes and raw surfaces reminiscent of cobbles in the Oligocene conglomerates of the Tertiary Piemonte Basin and/or Quaternary alluvial deposits. The detrital alluvium of the Lemme valley, therefore, might represent but one of the possible supply sources from which our ancestors might have collected these HP-metaophiolite boulders, to be used as raw materials for the manufacture of implements in the Neolithic sites located on the northeastern side of the actual Voltri group. Similar greenstone cobbles – with probably quite the same compositional and microstructural issues – should also be found in other adjoining valleys (e.g., Scrivia, Ossone, Grue, Curone and Staffora) as well as in other westernmost ones – most of which ‘drain’ these lithologies from the upstream Oligocene conglomerates.
For what concerns the dispute about the supply sources, according to the most quoted hypothesis both primary outcrops and secondary deposits were probably exploited in the past, for different purposes and in different periods (D’Amico and Starnini, 2009, 2012; Pétrequin A.M. et al., 2007, Pétrequin P. et al., 2008). In particular, the raw materials used for smaller implements (length 10-13 cm) – destined to daily work and certainly representing the main demand – were probably extracted from closer, secondary deposits, submitted to major exploitations. This model of supply was privileged during the early to middle Neolithic, satisfying the principle of the cost/benefit ratio. On the other hand, the larger (length 15-36 cm), ultra-polished jade ritual axes found in France, Germany, Benelux and Great Britain, may have derived from a direct extraction of blocks from primary outcrops at high altitudes, using flame-cut techniques (Pétrequin P. et al. 2005a, 2005b, 2008). This heavier and more sophisticated quarrying model, aimed at obtaining big chunks of first-quality material for the production of large ceremonial axes to be exported over long distances, became important only later (V and IV Millennium BC). 
Most of the ascertained mineralogical and petrographic evidences (compositional and microstructural markers) point therefore to a feasible origin of these implements raw materials from local secondary sources – i.e., adjacent conglomerate units and alluvial beds. Such a conviction is further reinforced, from the morpho-typological point of view, by the abundant recovery of roughouts in some archaeological sites (D’Amico, 2012; Giustetto et al., 2017). The geological features of the few known primary outcrops – scarce, small and distant – support the presumed belonging of these roughouts to secondary sources. 
Together with the large ceremonial implements, small completely polished axes have also been found in Europe as complementary prestige signs, presumably having the same provenance. Besides, any supposed limit preventing the exploitation of secondary cobbles, reputed too small for the manufacture of larger axes with ceremonial purposes (Pétrequin P. et al., 2012a), is questioned by the size of the analyzed boulders having at times dimensions (dozens of cm) compatible with the production of bigger implements. The recent finding of huge HP-meta-ophiolite boulders also in the Curone stream alluvial sediments – large enough to produce not only tools for daily-uses, but even bigger ones (Vaczy et al., in prep.) – further disproves such a limitation. 
5. Conclusions

Several “greenstone” boulders and cobbles were collected from secondary alluvial deposits of the Lemme valley (Lemme and Rio Morsone streams) and from Oligocene conglomerates presently exposed in the same valley. These rocks, deriving from the dismantlement of upstream primary outcrops at higher altitude in the adjoining Voltri massif (or from an analogous close palæo-unit, nowadays completely eroded), were studied with an in-depth mineralogical and petrographic approach involving stereomicroscopy, XRPD, polarizing microscopy and SEM-EDS. Such an investigation was aimed at comparing the mineralogical and petrographic features of these lithologies with those of analogous rocks used by our ancestors in prehistoric times, for the production of polished stone implements found in some archaeological sites located nearby (few km far, as the crow flies). The performed mineralogical and petrographic survey indicates that these HP-meta-ophiolite clasts from local secondary deposits may indeed have been used as supply sources of raw materials for the manufacturing of these prehistoric implements. In particular, recurring features – both morpho-typological and mineral-petrographic – have been observed in these cobbles and in analogous tools from nearby archaeological sites (i.e., Rivanazzano, Brignano Frascata, Momperone and Villaromagnano), suggesting a common origin. This ‘shared provenance’ has to be interpreted in a broader way – as in not only pertinent to the Lemme alluvial detritus, but possibly also from the alluvial beds of those streams flowing in other adjoining valleys (from the whole northwestern Apennine till the ‘Oltre-Po Pavese’, draining boulders of HP-metaophiolite from the upstream Oligocene conglomerates), where similar rocks are likely to be found. The presumed dating of the above mentioned sites from the ancient-to-middle Neolithic – attributed by archaeologists basing on stylistic considerations – is consistent with such a model of supply. 
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	
	
	
	
	
	
	
	
	= = =

	VL 18
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	pseudomorphs after lawsonite 

	VL 19
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	plagioclase is albite

	Na-PYROXENE + GARNET ROCKS

	ECLOGITES

	VL 3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	fine-grained, aggregates of garnets 

	VL 9
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	thick mylonitic lineation

	GARNET-OMPHACITITES

	VL 11
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	abundant opaque ores (ilmenite)

	VL 12
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	garnets grouped in restricted areas

	VL 17
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	fine-grain; opaque ores def.lineation 


Table 1. Mineralogical composition (volume %) of 15 HP-meta-ophiolites (10 ‘Na-pyroxene rocks’ and 5 ‘Na-pyroxene + garnet rocks’) from the Lemme valley, obtained by combining XRPD, polarizing microscopy and SEM-EDS.
Figure Captions

Figure 1. Map of the southeastern part of Piemonte region showing the location of the Lemme valley as well as of Neolithic archaeological sites in the close Ossona, Curone and Staffora valleys (1, Brignano Frascata; 2, Momperone; 3, Villaromagnano; 4, Rivanazzano). The red polygon corresponds to the area represented in Fig. 2.  
Figure 2. Geological map of the Lemme valley (corresponding to the red polygon in Fig. 1), with indication of the sites of collection of the geological specimens. Geological boundaries are redrawn from: Capponi and Crispini (2008; south of Fraconalto); Cortesogno and Haccard (1985, between Fraconalto and Carrosio); Piana et al. (2017, north of Carrosio). 
Figure 3. X-ray powder diffraction patterns of HP-meta-ophiolite geological samples from the Lemme Valley: a) omphacitite (VL 22); b) mixed Na-pyroxenite (VL 8). Red and blue vertical bars indicate those reflections related to omphacite and jadeite, respectively. Magnifications in the upper right squares highlight the (-221), (310) and (002) reflections of clinopyroxenes (wavelength: Cu-K( radiation).
Figure 4. Compositional variation of pyroxenes in ‘Na-pyroxene rocks’ from the Lemme Valley (2 jadeitites, 2 mixed Na-pyroxenites and 3 omphacitites), as analyzed by SEM-EDS, plotted in the ternary diagram of Morimoto et al. (1988). The bigger dots indicate the average composition of the pyroxene solid solution as inferred from XRPD data, by applying the compositional grid proposed by Giustetto et al. (2008) (light green: jadeite; dark green: omphacite).
Figure 5. Compositional variation for pyroxenes and garnets in ‘Na-pyroxene + garnet rocks’ from the Lemme Valley (2 eclogites and 2 garnet-omphacitites), as analyzed by SEM-EDS, plotted in the ternary diagram of Morimoto et al. (1988) and in the grossular (Grs) – pyrope (Prp) – almandine + spessartine (Alm+Sps) diagram, respectively; arrows indicate the compositional zoning from core (C) to rim (R). The bigger dots indicate the average composition of the pyroxene solid solution as inferred from XRPD data, by applying the compositional grid proposed by Giustetto et al. (2008) (light green: jadeite; dark green: omphacite).
Figure 6. Thin sections of jadeitite: a) idioblastic jadeite crystals (Jd) with colourless rims and murky cores are surrounded by omphacite (Omph) domains and euhedral zircons (Zrn) (VL 14a: photomicrograph, plane-polarized light); b) at SEM, the granoblastic aggregates of Jd crystals in show darker rims and clearer cores, having a more omphacitic composition; small omphacite plagues (light grey: Omph) surround the aggregates (VL 14c; SEM image, BSE).
Figure 7. Thin sections of omphacitite: a) ‘relict’ jadeite blasts (dark grey: Jd) permeated and almost completely reabsorbed by a younger omphacitic pyroxene (light grey: Omph), forming a continuous matrix; a (white) mica is also observed (VL 26c; SEM image, BSE); b) blasts of omphacite with murky cores, probably related to incipient retrogression; opaque (Op) is pyrrhotite (VL 22: photomicrograph, plane-polarized light). 
Figure 8. Thin sections of mixed Na-pyroxenites: a) pseudomorphs of chlorite + rutile (and epidote) after an original euhedral garnet porphyroblast; the murky vein below has an omphacitic composition (VL 18: photomicrograph, plane-polarized light); b) detail of the pyroxene matrix: jadeite crystals (dark grey: Jd) are overgrown and partly re-absorbed by a more omphacitic pyroxene (light grey: Omph); interstitial albite (Ab) is evident on the right, below a bright titanite crystals (Ttn) (VL 19; SEM image, BSE). 
Figure 9. Thin sections of eclogites: a) a pyroxene felt of zoned omphacite with mylonitic microstructure includes small, fine-grained garnets; foliation is marked by alignments of titanite crystals (Ttn); chlorite (Chl) is visible in the lower left corner (VL 3: photomicrograph, plane-polarized light); b) in an omphacite matrix, small garnets (less than 1 mm across) occur, which are characterized by a sharp zoning with lighter cores and darker rims; other phases are chlorite (Chl) and ilmenite (Ilm) (VL 9; SEM, BSE image).
