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            Abstract
Temperature and fluid pressure conditions control rock deformation and mineralization on geological faults, and hence the distribution of earthquakes1. Typical intraplate continental crust has hydrostatic fluid pressure and a near-surface thermal gradient of 31 ± 15 degrees Celsius per kilometre2,3. At temperatures above 300–450 degrees Celsius, usually found at depths greater than 10–15 kilometres, the intra-crystalline plasticity of quartz and feldspar relieves stress by aseismic creep and earthquakes are infrequent. Hydrothermal conditions control the stability of mineral phases and hence frictional–mechanical processes associated with earthquake rupture cycles, but there are few temperature and fluid pressure data from active plate-bounding faults. Here we report results from a borehole drilled into the upper part of the Alpine Fault, which is late in its cycle of stress accumulation and expected to rupture in a magnitude 8 earthquake in the coming decades4,5. The borehole (depth 893 metres) revealed a pore fluid pressure gradient exceeding 9 ± 1 per cent above hydrostatic levels and an average geothermal gradient of 125 ± 55 degrees Celsius per kilometre within the hanging wall of the fault. These extreme hydrothermal conditions result from rapid fault movement, which transports rock and heat from depth, and topographically driven fluid movement that concentrates heat into valleys. Shear heating may occur within the fault but is not required to explain our observations. Our data and models show that highly anomalous fluid pressure and temperature gradients in the upper part of the seismogenic zone can be created by positive feedbacks between processes of fault slip, rock fracturing and alteration, and landscape development at plate-bounding faults.
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                    Figure 1: Global context and regional setting.[image: ]


Figure 2: DFDP-2B borehole results.[image: ]


Figure 3: Thermal and fluid flow models.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Borehole temperature measurements taken on successive dates (year/month/day).
Grey lines indicate measurements using logging tools; coloured lines those taken using DTS.


Extended Data Figure 2 Enlargement of borehole temperature measurements, showing that the magnitude of DTS temperature changes with time.

Extended Data Figure 3 Bulk mean thermal diffusivity profile for borehole DFDP-2B.
Data inferred from quantitative X-ray diffraction analysis of rock cuttings (geometric mean of mineral-specific diffusivities).


Extended Data Figure 4 Three-dimensional model mesh geometry with variable node spacing of 200 m, 500 m or 1,000 m
.


Extended Data Figure 5 Fit of FEFLOW models to observations at DFDP-2B by varying parameters.
Variable parameters are the (uniform) hanging-wall permeability to 3 km below sea level, and the dip-slip rate on the Alpine Fault. White dots indicate the parameter combinations of specific models. RMS, root mean square.


Extended Data Figure 6 Temperature profiles predicted by models (colour) compared to observations at DFDP-2B (black).
(m asl, metres above sea level.)


Extended Data Figure 7 Shallow temperature gradient predicted by models at DFDP-1B.
Note that the temperature gradient may be slightly over-estimated by the model, because local fault curvature is not accurately resolved by our model and the DFDP-1B location is placed slightly farther into the base of the hanging wall in the model than it is in reality.


Extended Data Table 1 Pore fluid pressure head, H, determined from borehole length, L, equilibrium mud level, M, and mud density, DFull size table


Extended Data Table 2 Mean pore fluid pressure heads, H, and standard errors, SH, determined for each borehole length, L, and true vertical depth, TVDFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Source data
Source data to Fig. 1
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        Editorial Summary
Hydrothermal pressure in earthquake zones
Rock deformation at geologic faults is affected by changes in temperature and in the pressure exerted by fluids within the pores of the rocks. Earthquakes occur when variations in these conditions lead to destabilization of mineral phases in Earth's crust, so understanding how this 'tipping point' is reached is important for forecasting earthquakes. Rupert Sutherland et al. report findings from a borehole drilled into the upper part of the Alpine Fault of southern New Zealand. This fault is thought to be late in its cycle of stress accumulation and is therefore expected to rupture in a magnitude 8 earthquake in the coming decades. The authors observed a pore fluid pressure gradient that is well above hydrostatic levels, meaning greater pressure on the surrounding rock, and a high geothermal gradient within the 'hanging wall' of the fault. They conclude that these extreme conditions result from rapid fault movement, which transports rock and heat upwards from deep below the surface, and topographically driven fluid movement that concentrates heat into valleys at the surface.
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