tracer BTC sensitivity w. R. to fracture – MATRIX parAmeters in single-well push-pull tests WITH CHANGING hydraulic reGIME
I. Ghergut*, H. Behrens, T. Licha, M. Sauter 
University of Göttingen, Geosciences Centre, Germany

ighergu@gwdg.de
Fluid residence times and transport-effective fracture densities (or specific heat-exchange areas) are two impor​tant parameters of subsurface flow systems in fractured-porous formations (or geothermal reservoirs). To deter​mine them, tracer tests are indispensable. Hydraulic and geophysical testing methods cannot reliably deter​mine the two parameters, because the signals on which these methods rely do not depend on, or do not corre​late unambiguously with fluid motion and with so​lu​te (or heat) fluxes across fracture surfaces. Fluid tempe​rature variations ac​com​panying hydraulic operations do, in principle, reflect the two parameters, but usually high thermal diffusivities make temperature signals rapidly reach quasi-equili​bri​um values, obliterating parameter dependencies (especially those that would become critical in the long run). 
In general, tracer BTCs (breakthrough curves) from single-well push-pull tests exhibit much lower sensi​ti​vity to advection-related parameters, than tracer BTCs in flow-path spikings. However, unlike sometimes stated in mainstream literature, a single-well push-pull procedure is not able to reduce the sensitivity of BTCs w. r. to hydrodynamic dispersion, and it does not really contribute to reducing that famous ‘empi​rical indiscernability’ between the various processes (hydrodynamic dispersion, matrix diffu​sion, sorption, multiple-compartment flow and exchange, ‘hetero​ge​neity’ in general) whose added effects produce BTC tailings.

At the German site of ICDP (Deep Continental Drilling Program), known as the KTB (Kontinentale Tiefbohrung), two boreholes are available in the crystalline basement: 4-km deep pilot hole, and 9-km deep main hole, penetrating different, regionally non-intersecting, yet hydraulically slightly communicating faults. The pilot hole is known to screen a highly-permeable fault in 3.8 – 4 km depth, and is fully cased except for this interval. Here, a sequence of short- and long-term spikings could be applied in parallel with a long-term hydraulic, geophysical and seismic testing program: solute and heat push-pull tests were conducted in the depleted, the stimulated, and the early post-stimulation state, with a late outflow phase in the still weakly pressurized, late post-stimulation state (fig. 1); tracer sampling could be performed at this hole only.
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Fig. 1: Sequence and concurrence of various hydraulic and tracer tests at the KTB site

Tracer BTCs from solute push-pull tests (fig. 2), or temperature responses from heat push-pull tests (fig. 3), either, enabled to estimate two parameters: a transport-effective contact-surface area per volume between fractures and rock matrix (or a transport-effective fracture density) deemed as (, and an effective radial extension R of the accessed reservoir (or the space scale ‘seen’ by the tracers), while other flow- and transport-related parameters are assumed as known, or the tracer BTCs exhibit such poor sensitivity w. r. to these parameters that their values do not matter for the estimation of ( and R. In general, this estimation will slightly depend upon the type of conceptualization used for the fracture network, and upon the kind of exchange processes or fluxes assumed across or close to fracture surfaces.
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Fig. 2: Solute tracer push-pull tests in depleted vs. stimulated state: measured tracer BTCs, and model fitting
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Fig. 3: Heat push-pull sequences in depleted vs. stimulated state: in-situ temperature signal, and model fitting
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Fig. 4: Interpretation of fracture-system parameter changes during depletion or stimulation. Shaded areas re​pre​sent equal reference volu​mes; the same fluid volume means a larger radial extension in depleted, than in stimulated state. During depletion, even some fractures becoming hydraulically inactive may still contri​bu​te non-negligible tracer fluxes, thus indicating a higher fracture densi​ty.
The effects of long-term depletion (by fluid abstraction) and of long-term stimulation (by cold-fluid injection) on the fracture system were sensitively reflected by solute and temperature signals in terms of ( and R, with good sensitivity especially w. r. to (. For an equal flushing volume, the solute tracer test in depleted state indicates higher values of ( and R, than in stimulated state (the post-stimulation, still weakly pressurized state being characterized by intermediate values of ( and R). Further, in such low-porosity crystalline rock, heat diffusivity exceeds solute diffusivity by several magnitude orders; as a consequence, heat push-pull tests produced more ‘rapid’ signals in time and they could ‘see’ a larger scale in space, thus yielding ‘far-field’ values in contrast to the near-field values derived from solute tracer tests: 
( stimulated, far-field  >  ( stimulated, near-field  ,   ( depleted, far-field  <  ( depleted, near-field
R stimulated  <  R depleted  ,   R solute tracers  <  R heat
This implies (cf. fig. 4) that the prevailing effect of long-term, moderate-rate, cold-fluid injection was to enlarge pre-existing fractures, rather than creating new ones – despite some expectations that cooling-induced cracking would prevail; even though (micro-)cracking might have occurred extensively, these (micro-)cracks’ contribution to heat and solute transport was overwhelmed by the contribution of pre-existing fractures.
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