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The Iceland Deep Drilling Project (IDDP): (I) A New Era in Geothermal Development?
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ABSTRACT.  The Iceland Deep Drilling Project (IDDP) announced in September 2007 that an international industrial consortium has signed a new contract to collaborate in exploratory deep drilling in Iceland. The main objective of the IDDP is to investigate whether it is economically feasible to produce energy from geothermal systems at supercritical conditions. This will require drilling to depths of 4 to 5 km in order to reach temperatures of 400 to 600°C. Today, geothermal wells in Iceland typically range up to 2.5 km in depth and produce steam at about 300°C, or less, at a rate sufficient to generate about 4 to 7 megawatts of electricity. It is estimated that producing steam from a well penetrating a reservoir with temperatures >450°C, and at a rate of 0.67 cubic meters a second, could generate 40 to 50 MWe. If IDDP's test of this concept proves successful, it could lead to major improvements in the development of high-temperature geothermal resources worldwide. The consortium collaborating to fund this investigation of supercritical geothermal energy consists of three leading Icelandic power companies, Hitaveita Sudurnesja Ltd., Landsvirkjun, Orkuveita Reykjavikur, together with Orkustofnun (the National Energy Authority) and Alcoa Inc. (an international aluminum company). The three power companies financed a feasibility study for the project that was completed in 2003. Each of the three power companies is committed to drill, at their own cost, a 3.5 to 4.0 km deep well in a geothermal field that they operate. The design of these wells will permit them to be deepened to 4.5 or 5.0 km by the IDDP, and funded by the consortium with additional funds from international scientific agencies. The first deep IDDP well will be drilled in the latter part of 2008 in the Krafla geothermal field near the northern end of the central rift zone of Iceland, within a volcanic caldera that has had recent volcanic activity. Two new wells, ~4 km deep, will then be drilled at the Hengill and the Reykjanes geothermal fields during 2009-2010, and subsequently deepened. In contrast to the fresh water systems at Krafla and Hengill, the Reykjanes geothermal system produces hydrothermally modified seawater on the Reykjanes peninsula, in southern Iceland, where the Mid-Atlantic Ridge comes on land in southern Iceland. Processes at depth at Reykjanes should be similar to those responsible for black smokers on ocean spreading centers. The IDDP has engendered considerable international scientific interest. The US National Science Foundation and the International Continental Scientific Drilling Program will jointly fund the coring and sampling for scientific studies. In preparation for studying the data and samples that will be recovered by deep drilling research is underway on samples from existing wells in the target geothermal fields, and on exposed "fossil" geothermal systems and active mid-ocean ridge systems that have conditions believed to be similar to those that will be encountered in deep drilling by the IDDP. Some of these initial scientific studies by US investigators are reported in the accompanying papers. http://www.iddp.is 
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ABSTRACT.  The Reykjanes geothermal system, located on the landward extension of the Mid-Atlantic Ridge in southeast Iceland, provides an on-land proxy to the hydrothermal systems of oceanic spreading centers and is a candidate for future deep drilling into the supercritical zone. In preparation for study of supercritical fluids from this region, an understanding of hydrothermal processes at shallower levels is necessary. Previous studies of elemental composition and salinity have shown that Reykjanes geothermal fluids are likely hydrothermally modified seawater. However, hydrogen isotope properties of these fluids indicate a significant component of meteoric water, with δDFLUID values as low as -23‰. Here we constrain the origin of hydrothermal solutions by analysis of hydrogen and oxygen isotope compositions of geothermal epidote from drilling wells within the Reykjanes system at depths between 1 and 3 km. δDEPIDOTE values range from -64 to - 70‰ in well RN-10 between 1.0 and 2.1 km depths, from -63 to -78‰ in well RN-17 at .95 to 3.0 km depth, and between -61‰ and -63‰ in well RN-9 between 1.0 and 1.3 km depth. Published δDEPIDOTE values from well RN-8 at 1.6 km depth are -48‰. At the same depths, δ18OEPIDOTE range from 1.8 to -0.4‰ in well RN-10, from 2.3 to -0.1‰ in well RN-17, and from 0.2 to -3.0‰ in well RN-9. δD values of epidote progressively increase moving away from the geothermal upflow zone at well RN-10, whereas δ18O values decrease. For comparative analysis, the Nesjavellir and Krafla geothermal systems, which are dominated by meteoric water and have a δDFLUID of approximately -79‰ and -89‰ respectively, have a δDEPIDOTE of -115‰ and -125‰. However, δDEPIDOTE from the mixed meteoric-seawater Svartsengi geothermal system is -68‰; comparable to δDEPIDOTE from well RN-10. Stable isotope compositions of geothermal fluids are computed based upon the measured isotope composition of Reykjanes epidotes and temperatures approximated from the boiling point curve with depth, and are compared to the published temperature dependent isotope fractionation curves of epidote. Calculated δD and δ18O of geothermal fluids are less than 0‰, suggesting that fluids of meteoric origin are an important component of the hydrothermal solutions. Additionally, variations between wells suggest a heterogeneous evolution of fluid flow or fluid source within the system. These results, in conjunction with the hydrogen and oxygen isotope composition and elemental chemistry of modern geothermal fluids, allow evaluation of the relative influence that fluid source, mixing, rock-fluid interaction and boiling have had on the geochemical evolution of the Reykjanes geothermal system. 
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ABSTRACT.  The IDDP wells will penetrate high pressure geothermal reservoirs where an understanding of the pressure effects on mineral equilibria is essential. The chemical compositions of fluids from active hydrothermal systems have long been applied to estimating reservoir temperature in subaerial geothermal systems at temperatures less than 300 °C and pressures along the H2O liquid/vapor P-T curve, where the pressures are low and the pressure effects on mineral equilibria are small. At pressures of hundreds of bars beneath mid-ocean ridge black smoker springs, the effect of pressure on mineral solubilities is substantial, and can be exploited to estimate pressure and temperature from fluid composition. In practice we compute mineral saturation indices, log(Q/K), for a given fluid for a wide range of P-T combinations, then plot log(Q/K) for alteration minerals against pressure at a series of temperatures so as to identify a possible "knot" in P-T-log(Q/K) space where a group of probable alteration minerals equilibrated with the fluid. We find that saturation index surfaces distinctly converge to zero in a narrow range of pressure and temperature. As an example, we estimate that for an East Pacific Rise 21 °N NGS fluid with a vent T=273 °C and vent P=260 bar, the reservoir conditions are likely T=370-420 °C and P=480-530 bar. To explore what aspect of the fluid chemistry causes the strong pressure effect on mineral solubilities, we computed the effect of pressure change on the activities of aqueous H+, Na+, K+, Ca2+, and other significant species in the 21 °N NGS fluid. At 420 °C, pH changes from 8 to 5 as pressure changes from 200 to 700 bar, an effect resulting from dissociation of HCl with increasing pressure. Similarly, chloride complex dissociations yield approximately 10-fold increases in Ca2+, Na+, and K+ concentrations with a 200 to 700 bar pressure increase. In another series of calculations, we synthesized a seawater-like fluid that was equilibrated at 400 °C and 500 bar with clinopyroxene, chlorite, epidote, feldspars, and quartz, then treated the fluid as an "unknown" for estimating P-T. Even for small departures from equilibrium P-T (e.g. +/- 25 °C), the mineral saturation surfaces change markedly, thereby supporting the conclusion that pressure effects on fluid composition are large enough to enable meaningful pressure and temperature estimations in deep hydrothermal systems. 
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ABSTRACT.  The Miocene Geitafell volcanic complex in southeast Iceland hosts an extinct high temperature hydrothermal system that provides an excellent opportunity for study of the interior of an analog to the Krafla and Hengill active systems, which will be penetrated by IDDP drilling. The Geitafell volcano formed on the central Icelandic rift zone at approximately 5-6 Ma. Glacial erosion has exposed the deep interior of the volcano, revealing a complex of tholeiitic lavas, hyaloclastites and rhyolites, cut by 12 intrusive phases and a sequence of seven related vein sets with distinct vein fillings and alteration haloes. Mineralogical studies by Fridleifsson (1983) show that when Geitafell was active, it hosted a supercritical hydrothermal system with fluids exceeding 400°C at pressures up to 300 bar. We have begun fluid inclusion micro-thermometry studies of this system with the goal to define the specific relationship of the vein sequence to vein temperatures and alteration haloes, and thereby improve the understanding of supercritical hydrothermal systems. We have sampled veins in a basaltic lava from Fridleifsson's vein sets 2 and 3, and a quartz-filled amygdale tied to vein set 2. Vein set 2 is bordered by a narrow (5-10mm) dark alteration halo of chlorite and albite; set 3 veins have cm-scale epidote-rich envelopes. Fluid inclusions were not visible in the quartz and epidote of vein set 3, but quartz in vein set 2 contains abundant fluid inclusions 5 to 15 micrometers in size with vapor bubbles ranging from 10 to 60 vol%. In the amygdale, fluid inclusions are 5 to 30 micrometers in size with vapor bubbles ranging from 25 to 60 vol%. The average freezing point depression for vein set 2 and amygdale inclusions is 0.1°C, indicating a salinity of 0.2 wt% NaCl equivalent - largely fresh water. Fluid inclusions homogenize to liquid or to vapor at temperatures ranging from approximately 300 to 394°C. Most liquid-dominated inclusions homogenize between 300 and 380°C. The coexisting vapor rich and liquid rich inclusions and the homogenization behavior indicate a boiling hydrothermal system at a temperature of at least 380°C. 

