R. R. Large1, V. V. Maslennikov2, L. V. Danyushevsky1, R. J. Scott1, R. Francois3, Z. Chang1
1CODES, ARC Centre of Excellence in Ore Deposits, University of Tasmania, Australia,

Hobart, Tasmania, Australia

2Institute of Mineralogy, Urals branch of RAS,
 Miass, Russia

3Barrick Gold Corporation,

Toronto, Canada
ORIGIN OF PYRITE IN THE SUKHOI LOG GOLD DEPOSIT

Gold mineralisation at Sukhoi Log in eastern Siberia is hosted in a deformed Neoproterozoic organic-bearing and pyritic black shale and siltstone sequence that is folded into a tight overturned anticline. The high grade gold zone forms a shallow dipping tabular body in the core of the anticline. The best gold grades occur in narrow bedding parallel pyrite-quartz veinlets that have been folded by the main deformation event. Lower grade gold is associated with disseminated pyrite developed in and around the high grade core of the deposit. [Buryak and Khmelevskaia, 1997; Laverov et al., 2002a,b; Wood and Popov, 2006].

Detailed paragenetic studies of the mineralisation and host rocks have defined six stages of pyrite development in the carbonaceous sediments. The two earliest forms of pyrite, termed py1 and py2, are commonly aligned parallel to bedding, as clusters of micron-sized crystals, framboids and fine euhedra, which are interpreted as sedimentary to early diagenetic in origin. Coarser grained, bedding-parallel aggregates of inclusion-rich pyrite, termed py3, contain inclusions of native gold and gold tellurides and are interpreted to form during late diagenesis and early metamorphism. Coarse euhedral pyrite, py4, overgrows the earlier pyrite (py1, py2 and py3), and has inherited the metamorphic fabric in the sediments. It is interpreted to have a syn- to late-metamorphic timing. Late stage, inclusion-free pyrite py5, overgrows and replaces earlier sulfides and is considered to be post-peak metamorphic.

LA-ICP MS analyses of the various pyrite types indicates that the syn-sedimentary py1 contains the highest levels of lattice-bound gold, varying from 0.4 to 12.1 ppm Au and 1900 ppm As. Py1 is also enriched in a suite of trace elements (Mo, Sb, Ni, Co, Se, Te, Ag, Cu, Pb, Zn, Mn, Ba, Cr, U, V) which are similar to those concentrated by organic processes in euxinic sedimentary environments. Later generations of pyrite, from py2 to py5, including pyrite in bedding parallel pyrite-quartz veinlets, contain progressively lower contents of lattice-bound gold and most other trace elements. However these metamorphic and post metamorphic pyrites contain micro inclusions of free gold, pyrrhotite, sphalerite and chalcopyrite. The paragenetic textural and chemical relationships at Sukhoi Log suggest that gold was initially introduced during sedimentation of the organic-rich shales and fixed during diagenesis within the structure of diagenetic arsenian pyrite. Subsequently, accompanying metamorphism, the gold was released from the diagenetic pyrite to become concentrated as free gold and gold tellurides within metamorphic pyrites and bedding-parallel pyrite-quartz veinlets. 

Two key processes are considered vital to the formation of the Sukhoi Log deposit: 1) original syn-sedimentary and early diagenetic concentration of gold, dissolved within arsenian pyrite in organic-rich black shales, and 2) metamorphic processes that liberate gold from the early forms of arsenian pyrite, to be concentrated as free gold and gold tellurides within late diagenetic and metamorphic pyrites and associated pyrite-quartz veinlets in the core of an overturned anticline. These ore-forming processes are unlikely to be unique to Sukhoi Log; other black-shale and turbidite hosted deposits that occur in rifted continental margin environments, that have undergone collision and basin inversion, may form by similar processes.
Samples of quartz veinlets, settling down in black schistsm were investigated. These veinlets are sated by pyrite crystals (to 0.5 sm) and contain maximum quantity of gold. Fluid inclusions in quartz were studied by methods of thermometry and cryometry. Experiments with inclusions were spent in the heating and freezing stages of original designs. The microelement composition of fluid inclusions has been established by method LA ICP MS in University of Tasmania, Hobart, Australia.

Kriometry researches have shown, that contents of all inclusions freeze nearby –30 – –33 (C. Occurrence of the first portions of liquid (eutectic) is fixed at temperatures –23.5 –24.5 (C. Considering presence sulphides syngenetic with quartz at the studied veinlets, in solutions there must be compounds of sulphur. The comparative analysis sulfur-bearing water systems has shown, that the closest characteristics to our data have solutions of H2SO4-Na2SO4-H2O, which well dissolve and transfer sulphides. 

At temperature lifting in freezing stage the majority of the last chips in solutions of inclusions disappears in the range of temperatures –4.0 – –5.8 (C. On the histogram it is clearly visible, that the measured values of salinity of solutions of inclusions in quartz from considered veinlets keep within exclusively narrow interval 8–9 wt.%. As a whole, study of individual fluid inclusions in quartz of gold-bearing veinlets on the Western deposit have shown, that in their solutions a system H2SO4–Na2SO4–H2O with an impurity of magnesium and with average general salinity nearby 8.5 wt. % prevails.

As a result of thermometric experiments it has been found out, that two groups of inclusions are allocated. The group with homogenization temperatures of 192–236 (С prevails. Much less inclusions have higher parameters: 250–286 (С. On these values of homogenization temperatures the considered gold-bearing quartz veins correspond (Konovalov, 1975) to rather low-temperature (260–280 (С) and middle-temperature (260–300 (С) ores of Lensky Region. Entering correction on pressure 1000 bar, we receive rather heats of the hydrothermal solutions forming gold-bearing quartz veins on the Western deposit: 280–330 (С and to 380 (С. These data is close to parameters of biotit-chlorite subfacies of regional metamorphism, characteristic for the rocks containing gold-ore deposits of Lensky Region.

By means of LA ICP MS the element composition of fluid inclusions is defined. As a result, the group of the elements constantly present and prevailing in hydrothermal systems (Na, K, Mg) is established. Such ore components, as Zn, Pb, Sr, established for the majority of the analysed inclusions are widely presented in solutions. Variety of elements (Ca, Mn, Cu, Fe, Rb) is formed by characteristic peaks, but meet much less often in solutions of inclusions. In single cases presence of gold and silver in the solution of inclusions is noted.

It appears from this research that there were a number of processes that contributed to the formation of the giant Sukhoi Log deposit, however two process were crucial; 1) syn-sedimentary to early diagenetic concentration of gold within pyrite in organic-rich shales, and 2) release of lattice-bound gold during late diagenesis and metamorphism and re-concentration as free gold and gold tellurides in later generations of pyrite. The latter process was instrumental in converting what was originally an uneconomic refractory gold deposit into a likely economic deposit containing free gold and gold tellurides. Similar processes have affected the economics of gold-rich seafloor VHMS deposits (Huston et al., 1995). Buryak (1997) and Kribek (1991) suggest that the conjunction of these key processes is not unique to Sukhoi Log, but may have contributed to the formation of a number of sediment-hosted «orogenic-style» gold deposits, including Muruntau in Kazakhstan and Macraes in New Zealand. Kribek (1991) refers to these deposits as metamorphogenic gold deposits. They typically form in anoxic to euxinic sediments of active continental margins, where initial rifting and hydrothermal exhalation concentrates gold in arsenian pyrite in black shales of the continental slope facies, followed by basin closure and collision producing a protracted period of metamorphism capable of releasing and redistributing the gold into structural traps. 
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