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The Iceland Deep Drilling Project (IDDP): (I) Status and Future Plans.

Elders, W.A., Fridleifsson, G.O., Bird, D.K., Schiffman, P., Zierenberg, R., Reed, M.H., 2006.
ABSTRACT. 

The IDDP represents a challenging step forward in the worldwide development of geothermal energy by assessing the potential of power production from natural supercritical fluids. A feasibility study in 2003 concluded that in order to reach fluids at temperatures of >400°C drilling to depths of 4 to 5 km is necessary, but the resultant superheated steam should have a power output ten times that of conventional subcritical steam with the same volumetric flow rate. A consortium of leading Icelandic energy companies together with a government agency, the Icelandic Energy Authority, is carrying out the IDDP. In late 2003 a member of the consortium offered a planned exploratory well to the IDDP for deepening. This is in a geothermal system that produces hydrothermally modified seawater on the Reykjanes peninsula, in southern Iceland, where the Mid-Atlantic Ridge comes on land. Processes at depth at Reykjanes should be similar to those responsible for black smokers on ocean spreading centers. This well reached 3.1 km in February 2005, and research on the downhole samples began. Unfortunately the well became plugged during a flow test and was abandoned in February 2006 after attempts to recondition it failed. This led to the IDDP deciding to move the site for the first deep borehole to Krafla, near the northern end of the central rift zone of Iceland, within a volcanic caldera that has had recent volcanic activity. The Krafla geothermal system has higher temperature gradients than at Reykjanes but produces hydrothermally modified meteoric water with magmatic gases. The drill site chosen is near an existing well that encountered 340°C at only 2.5 km depth. It will be rotary drilled with spot coring to 3.5 km depth, and then deepened to ~4.5 km, using continuous wireline coring for scientific purposes. However, given the competition for drilling rigs internationally, and the year-long lead times in obtaining specialized well casings, it will be a year before IDDP begins drilling. The industrial consortium will fund the >20

million USD cost of drilling and the US National Science Foundation and the International Continental Scientific Drilling Program will jointly fund the coring and sampling for scientific studies. Research by a team of approximately 50 scientists from seven countries is underway; the US investigators are reporting some initial studies at Reykjanes and Krafla in a series of accompanying papers. In the coming decade the IDDP will drill a series of deep holes in Icelandic geothermal fields, including a return to the seawater system at Reykjanes. In addition to exploring for new sources of energy, this project will provide the first opportunity worldwide to investigate the coupling of hydrothermal and magmatic processes in volcanic systems on a mid-ocean ridge. This will allow a broad array of scientific studies involving water/rock reactions at high temperatures. Supercritical fluids have greatly enhanced rates of mass transfer and chemical reaction. Active processes in such deep high-temperature reaction zones that control fluid compositions on mid-ocean ridges have never before been available for such comprehensive direct sampling and study.
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The Iceland Deep Drilling Project: (II) Hydrothermal Minerals Record Variations in CO2 Flux of the Mid-Atlantic Ridge, Reykjanes Geothermal System, Iceland

Freedman, A.J., Bird, D.K.,Arnórsson, S., Fridriksson, Th.,Elders, W.A., Fridleifsson, G.O, 2006
ABSTRACT

The Mid-Atlantic Ridge spreading center is exposed on land at the Reykjanes geothermal system in southwest Iceland. This is one of the sites that was considered for the location of the Iceland Deep Drilling

Project. Seawater that penetrates this coastal geothermal system at depth reacts with the host rock basalt to form secondary geothermal minerals in progressively higher-grade mineral alteration zones with depth at temperatures over 300°C. Within the epidote-chlorite and epidote-actinolite alteration zones, epidote-prehnite-calcite-quartz-fluid forms a trivariant assemblage that, under conditions of specified temperature and pressure, allows predictions of geothermal fluid PCO2 to be made as a function of the composition of the solid solution minerals epidote and prehnite. Epidote crystals display complex chemical zoning, generally with Fe(III)-rich cores and Al-rich rims. The Fe(III)-mol fraction of epidote at depths between 0.5 to 1 km ranges from 0.24 to 0.38, between 1 to 2 km depth the range is 0.17 to 0.48 and between 2-3 km it is 0.17 to 0.30. A second order polynomial relationship is used to calculate the Fe(III)-Al composition of prehnite based on published compositions of coexisting epidote and prehnite in active geothermal systems. Using epidote and prehnite compositions and thermodynamic analysis of this assemblage, the calculated PCO2 of the fluid that formed Fe(III)-rich cores from 1 to 2 km depth was between ~0.2 and 1.0 bar, while the Al-rich rims formed from calculated fluid P_CO2 levels of between 1.0 and 6.5 bars. The Fe(III)-rich epidote between 0.5 and 1 km indicates a paragenesis with PCO2 levels of between 0.008 and ~2.0 bars while Al-rich epidote between 2 and 3 km depth intimate fluid PCO2 levels of between 3.5 and 10.0 bars. Ultimately, the data suggests that the fluid PCO2 has increased during the evolution of this geothermal system, likely due to periodic magma injection and degassing during dike emplacement. In addition, the calculated PCO2 values of the Al-rich epidote rims are in excellent agreement with present-day measured PCO2 in the Reykjanes geothermal system. The correlation between measured and predicted fluid compositions provides invaluable insight into future abilities to characterize regional and global CO2 flux from mid-ocean ridge spreading centers.
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The Iceland Deep Drilling Project: (III) Origin of Hydrothermal Fluids in the Reykjanes Geothermal System Based on Stable Isotope Composition of Epidote

Pope, E.C.,Bird, D.K., Arnórsson, S., Fridriksson, T., Elders, W.A., Fridleifsson, G.O., 2006
ABSTRACT

The Reykjanes geothermal field, located on the landward extension of the Mid-Atlantic Ridge, offers a rare opportunity to investigate the nature and extent of rock-fluid interaction in hydrothermal systems similar to those of oceanic spreading centers. Previous studies of elemental composition and salinity have shown that Reykjanes geothermal fluids are likely hydrothermally modified seawater. However, hydrogen isotopes of these fluids indicate a significant component of meteoric water, with δD values as low as -23 ‰. To help characterize the origin of hydrothermal solutions, we have analyzed hydrogen isotope compositions of geothermal epidote δD_EPIDOTE from wells RN-10 and RN-17 within the Reykjanes system at depths of 1-3 km. δD_EPIDOTE values from well RN-10 range from -64 to -70 ‰ between 1.0 and 2.1 km depths. δD_EPIDOTE is -74.1 ‰ in well RN-17 at 3.0 km depth, and published δD_EPIDOTE values from well RN-8 at 1.6 km depth are -48 ‰. δD_EPIDOTE from the Reykjanes geothermal system is higher than values from other high-temperature geothermal systems in southern Iceland further inland. For example, the Nesjavellir geothermal system, which is dominated by meteoric water and has a δD FLUID of approximately -79 ‰, has a δD_EPIDOTE of -115‰. However, δD_EPIDOTE values from the Svartsengi geothermal system of -68 ‰ are comparable to those from well RN-10, although Svartsengi fluids are considered to be a mixed meteoric and seawater system with a salinity of about two thirds that of the Reykjanes geothermal fluids. Hydrogen isotope compositions of geothermal fluids in equilibrium with Reykjanes epidotes are predicted using the temperature dependence of epidote-water H/D fractionations reported by Chacko et al. (1999, Geochim cosmochim Acta, 63) and measured down-hole temperatures or temperatures approximated from the boiling point curve at depth. Results suggest that epidotes formed in the Reykjanes geothermal system (δD_FLUID values between -29 and -35 ‰) are not in equilibrium with present-day geothermal fluids (δD_FLUID ~ -20‰) or hydrothermally altered seawater, but with fluids that are intermediate between local meteoric water (δD ~ -48 ‰) and modern geothermal fluid. Additionally, spatial variability seen in the isotopic composition of epidotes indicates a more complex hydrothermal evolution of the Reykjanes system than previously suggested. To understand the nature and origin of hydrothermal fluids in the Reykjanes geothermal system further investigation of the relative importance of fluid mixing, rock-fluid interaction and evaporation is required.
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The Iceland Deep Drilling Project: (IV) Estimates of Pressure and Temperature of Black Smoker Fluid Source Regions Based on Fluid-Mineral Equilibria

Reed, M.H., Palandri, J.L. Elders, W., Fridleifsson, G.O.
ABSTRACT

One goal of Iceland Deep Drilling is to determine whether we can find a reservoir of geothermal fluid in basalt at temperatures substantially exceeding 400°C, the approximate high end of mid-ocean ridge black smoker vent temperatures. Using a newly developed thermodynamic data base for computer program SOLVEQ, we can compute fluid properties at temperatures (T) up to at least 550°C and pressures (P) greater than 3 kb, making it feasible to use the chemical analysis of a black smoker fluid to estimate the P and T simultaneously for equilibration of the fluid with alteration minerals in its host formation. We used published analyses to compute the properties of smoker fluids from the MARK-1 vent on the Mid- Atlantic Ridge, and from the East Pacific Rise vents at 11°N-4, 21°N OBS, and 21°N NGS. For MARK-1, where vent T=350°C and P=370 bar, we estimate a source fluid equilibration temperature, T(e), of 380-400°C at pressure, P(e), of 500 bar. Corresponding T and P findings for the other vents are as follows: 11°N-4 EPR (vent T=347°C, P=260 bar), T(e)=430-460°C and P(e)=600 bar; 21°N OBS (vent T=350°C, P=260 bar), T(e)=385-410°C and P(e)=490 bar; 21°N NGS (vent T=273°C, P=260 bar), T(e)=370-420°C and P(e)=540 bar. These estimates are minima, because aqueous silica and other elements in silicate minerals may have precipitated at the vents or during ascent of spring waters to the sea floor. One precipitate is anhydrite that forms in smoker chimneys where local seawater mixes with the deep fluids, depleting aqueous Ca from the source fluid, thereby affecting our estimate of T(e) for Ca minerals. Among the computed properties is the pH of the deep fluids, which is necessary to compute feldspar

equilibria, among other silicates, enabling a determination that albite is undersaturated in all of the deep fluids but one. This result is consistent with the acidic pH that prevails in seawater-derived fluids reacted with basalt at high water/rock ratio, which precludes albite in the alteration assemblage along the fluid pathway, although albite is likely to occur away from permeable zones, as observed in ophiolites. The pressure estimates rely especially on the solubilities of quartz, feldspars and micas, for which there is a strong pressure effect in the T-P range relevant to smoker fluids, as also argued for quartz by VonDamm, et al. (1985) in their application of quartz solubility to estimate smoker fluid equilibration pressures, and thereby, depth of fluid penetration. Our estimated equilibration pressures are 130 bars to more than 300 bars greater than vent pressures, indicating fluid circulation to depths of 1 to 3 km beneath the sea floor. Estimated fluid equilibration temperatures, T(e), exceed vent temperatures by 30° to 100°C. The maximum T(e) we estimate is 460°C, suggesting that the Iceland Deep Drillhole has a reasonable chance of finding large quantities of fluid at temperatures substantially exceeding 400°C.
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The Iceland Deep Drilling Project: (V) Mineral Saturation States and Log(Q/K) Geothermometry in Krafla and Namafjall Dilute Geothermal Fluids

Palandri, J., Reed, M.H., Elders, W.A., Fridleifsson, G.O., 2006.

ABSTRACT

Log(Q/K) geothermometry of dilute fluids from existing wells in the Krafla and adjacent Námafjall geothermal systems in N. Iceland, yields estimated temperatures in variable agreement with results obtained by others for various different geothermometers. Those geothermometers yielded variations in temperature within a single well of up to 130°C, and in general, order from low to high temperature as follows: Na-K-Ca-, Na-K, quartz, H2S, H2 , CO2 ; the larger ranges in temperature occur in the higher temperature wells. Log(Q/K) geothermometry yields temperatures (200-290°C) generally in good agreement with the Na-K-Ca geothermometer, in part because computed log(Q/K) temperatures depend on saturation states of minerals containing those elements. Fluid compositions at depth are reconstructed by combining data from fluid and gas analyses obtained at the surface in ratios determined by trial and error. Measured Al concentrations, which are commonly in error because of low concentration and analytical imprecision, are reconstructed by forcing equilibration with an Al-bearing alteration mineral such as K-feldspar over the temperature range considered. Mineral saturation states, i.e. log(Q/K), of likely alteration minerals are then computed and plotted vs. temperature; pressure is taken to be hydrostatic at the mean depth of the producing horizons. The temperature at which selected minerals are at, or near, saturation is the predicted equilibration temperature. The method is complicated in some wells by production from more than one aquifer, yielding a range of equilibration temperatures rather than a single temperature. Minerals that are diagnostic of equilibrium, depending on temperature, include quartz, chalcedony, calcite, laumontite, wairakite, chlorite, prehnite, albite, K-feldspar, wollastonite, and grossular. Pyrite, pyrrhotite, daphnite, actinolite, and epidote are supersaturated in most wells, which likely results from uncertainty in the stability constants of Fe-bearing aqueous species.
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Iceland Deep Drilling Project: (VI) Fluid-rock Interactions in the Reykjanes Geothermal System as Indicated by Alteration Mineralogy and Sulfur Isotopes.

Marks, N., Schiffman, P., Zierenberg, R., Elders, W.A., Fridleifsson, G.O., 2006

ABSTRACT

The composition and salinity of geothermal fluids at Reykjanes resemble evolved seawater, suggesting that subsurface conditions at Reykjanes may be analogous to sea-floor black smokers. The high

temperature reaction zone that is presumed to control the composition of the hydrothermal fluid is interpreted to occur deeper than the present depth of drilling, which reached just over 3 km in the well RN-17, during the initial stage of the Iceland Deep Drilling Project. The geothermal fluids deposit massive sulfide scale in production pipes with sulfur isotope values ranging from 2.0° to 4.4°, similar to black smoker sulfide deposits. Sulfur isotope values from altered basalt in drill cuttings range from 4.3° to 10.5°, suggesting a larger component of reduced seawater sulfate in the shallow up-flow zone relative to the H2S in the high temperature hydrothermal fluid. Minor element distributions in the samples suggest the presence of two or more lava series with varying degrees of differentiation. The cutting samples are primarily composed of glassy hyaloclastites, holocrystalline basalt flows, and hypabyssal diabasic intrusives. An assemblage of greenschist facies alteration minerals, including actinolite, prehnite and epidote, that implies temperatures reached at least 250°C, is found at depths as shallow as 350 m. This requires hydrostatic pressures that exceed the boiling point to depth curve, and therefore it must record alteration at higher fluid pressures when Reykjanes was covered by a Pleistocene ice sheet. These alteration phases are presumed to have formed from meteoric waters, rather than from the presently active seawater-recharged system. There is a profound disparity in the intensity of alteration within the two dominant rock types even at greenschist grades. The holocrystalline basalts/intrusives have undergone only limited alteration: plagioclase is mostly unalbitized and uralitization of clinopyroxene is very

limited. In contrast, the hyaloclastites show intense alteration with calc- silicate alteration assemblages comprising calcic plagioclase, grandite garnet, prehnite, epidote, hydrothermal clinopyroxe, and titanite. These assemblages indicate higher water-rock ratios, and much higher aCa++/aH+2 in accompanying hydrothermal fluids than typically encountered during normal seafloor alteration, possibly reflecting the

higher glass content of the basaltic rocks in Reykjanes relative to normal seafloor crust. Future core drilling at depths up to 5 km, into the high temperature reaction zone, will provide the opportunity to trace the evolution of the dominant fluids in the system from meteoric water to seawater.

