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1) Purpose of the visit
Sérgio Faria organized a planning/discussion meeting called “MORITS-1“ (First Meeting for Organizing Research in Ice-core Technology and Science). It took place in Bilbao, 19 – 22 June 2012.

Other participants: Professor Kumiko Goto-Azuma (National Institute of Polar Research, Tokyo), Professor Nobuhiko Azuma (Nagaoka University of Technology), Balint Morvai (University of Tübingen), Dr. Ilka Weikusat, Dr. Christian Weikusat, Dr. Anna Wegner (all: Alfred Wegener Institute for Polar and Marine Research, Bremerhaven).

The purpose of this meeting was to discuss recent progress in ice mechanics and microstructure as well as in ice chemistry and climate records. New ways to develop multinational cooperation (between Japan, Spain and Germany) were to discuss.
2) Description of the work carried out during the visit
Presentation on Elle
Balint Morvai gave an overview on the software Elle which has been developed for about 20 years to simulate microstructure processes in geological materials like polar ice. Due to the complexity of equations to be solved for each time step the number of nodes representing the fabric is limited. Wrapping boundaries are used to handle the movement of grains (in Elle called flynns) out of the section. However, they impose an (additional) upper limitation of grain sizes which can be evolve. An “Elle file” contains geometric information and corresponding material properties and is loaded from different modules performing different deformation/recrystallization processes. Different processes cannot occur at the same time. Balint Morvai showed simulations of two-phase fabrics (hard and week grain phases). One result obtained is that the stress is maximal (at constant strain rate) if grains are mostly oriented by 45 degrees towards the direction of deformation.

Presentation on automated processing of microstructure images
Tobias Binder introduced the novel image processing software which has been developed for more than 2 years at the University of Heidelberg. A high degree of automation can be reached by “machine learning”. One manually created training-set is utilized to process a large data-set of images acquired by surface sublimation etching. This method allows for the extraction of grain boundaries, sub-grain boundaries and air bubbles. The software contains a graphical user interface and is currently applied to a quasi-continuous data-set from the NEEM ice core. Extensive processing of microstructure images from different polar ice cores is performed to identify the predominant recrystallization processes along ice sheets. Therefore the extracted grain boundary networks are comprehensively parameterized. As only few parameters (e.g. grain size, dihedral angles) have been analyzed in the past comparison between natural and simulated microstructures may be helpful.

Presentation on new research project
Ilka Weikusat presented her recently started research project. Glen's empirically derived flow law has been used for a long time even though only secondary creep is described correctly. A new physically-motivated flow law is needed. Analysis of grain size-sensitive/insensitive flow (performed by Hans de Bresser) and the observed borehole closure of EDML close to the bedrock are exemplary aspects to be described by the new formulation. One of the greatest challenges to interpretation of microstructure in deep ice cores is relaxation taking places between drilling and image acquisition. It is difficult to analyze, for instance, the influence of relaxation on sub-grain boundaries.

In contrast to the simulations shown by Balint Morvai, Ilka Weikusat will not continue with two-phase simulations. Jens Rössinger has already implemented recrystallization processes in Elle. One central task is to quantify the contribution of different processes. The application of an “evolutionary algorithm” will be taken into consideration. 

Presentation on seasonality and densification in ice cores
Anna Wegner worked out the importance of seasonality in her presentation about analysis of dust concentrations in polar ice cores. In glacial ice dust concentrations higher by about factor 50 have been observed. As dust emission is maximal in summer and dust deposition (the intensity of transport) is maximal in winter (for present day), longer dust deposition seasons (i.e. longer temporal overlap) in glacial periods can explain the much higher dust concentrations observed.

Anna Wegner also presented the model for firn densification recently developed by Johannes Freitag. It has been observed that high densification rates correlate with high concentrations of e.g. calcium. Consequently, material properties of firn show a dependence on seasonality which has to be taken into account.

Presentation on Raman spectroscopy in ice
Christian Weikusat gave an overview on Raman spectroscopy of dust particles (CaSO4 - the source for calcium - and SiO2) performed for the EDML ice core. The ratio between nitrogen and oxygen in bubbles can be derived from the spectra obtained. Small bubbles usually show high oxygen content. For depths where bubbles transform into clathrates Christian Weikusat observed high  nitrogen content in the bubbles suggesting that diffusion into the matrix is faster for oxygen. Clathrates with high oxygen content are expected, but have not been found yet. Raman spectroscopy also allows to analyze micro-inclusions. It was observed, that within three years of ice core storage micro-inclusions have grown into bubbles/clathrates.

Public seminar by Kumiko Goto-Azuma and Nobuhiko Azuma
Kumiko Goto-Azuma and Nobuhkio Azuma gave a historical overview on deep ice core drilling projects, polar ice-sheet flow and the observation of past climate changes to the scientifically interested public. In ice cores drilled in Greenland the transition to the last interglacial period (Eemian) has been identified. In the Dome Fuji ice core drilled in Antarctica several transitions were found.

Presentation on low-stress deformation experiment
Nobuhiko Azuma presented first results of low-stress deformation experiments carried out in Nagaoka. In the region of very low stress, where no experiments have been performed before, a stress exponent of 1.1 has been derived which is not consistent with previous interpolations. The strain-rate of polycrystalline ice has found to be lower than for single crystalline ice given the same orientation. A series of deformation has been carried out, so that the original microstructure has not been the same. It is unclear whether the steady-state has been reached after each step and whether the experiment has run long enough to reach tertiary creep. If the later is not the case, the results cannot be compared to processes taking place in ice sheets. As high fluctuations with time are observed, the question arises whether “avalanche processes” have taken place. Few sub-grain boundaries have been observed in the deformed ice samples.

Discussion on elongated bubbles
For the EDML ice core significant elongated bubbles have been found. Until now it is unclear what this observation implies for the material properties. One possible explanation is, that in regions where such bubbles are present high deformation is taking place. In contrast, one may argue that all elongated bubbles should recover to more spherical ones and unknown processes/structures can impede the diffusion of water molecules required for recovery.

Discussion on new isotope analysis in ice cores
Scientists at the University of the Basque country in Bilbao have developed strong knowledge in isotope analysis. The result of discussions that took place is that it would be interesting to send snow/firn samples to their laboratory to analyze the seasonality of boron concentration.

Video conference with Paul Bons
In a video conference Paul Bons informed about the state of the Micro-DICE networking program. Travel grants are mainly given to young researchers from/to participating ESF countries. Therefore, alternatives for the cooperation with Japan have to be found.

Cooperation between microstructure modeling and parameterization of ice core fabrics has been stimulated.

Presentation on IRSES
Julien Ugalde (Project Officer at bc3) gave a presentation on the International Research Staff Exchange Scheme (IRSES), a coordinated program for personal exchange between at least two different EU Member states and, in this particular case, Japan. The maximum duration of individual staff exchanges is 12 months and can be split up. The next application deadline is in July. The chief limitation of this program is that only European scientists are funded to travel to Japan and not the other way around. Later searches suggested that there is no complementary program to allow Japanese scientists to travel to Europe.

3) Description of the main results obtained
Stimulating cooperation between analysis of microstructure in ice cores and simulation (Elle)
During the meeting, Balint Morvai and Tobias Binder had the opportunity to discuss their (planned) research projects in detail. The central goal for cooperation is to compare simulated and natural microstructures automatically. Distributions of microstructural parameters and corresponding statistical values may help to adjust modeling closer to natural processes, which in turn yields information how parameters evolve during individual deformation and recrystallization processes in pure form.

Elle is not suitable to simulate the transition from micro- to macro-scale as the calculations are not parallelized (e.g. the computing power of grid computing cannot utilized) and convergence criteria would not hold. It can be considered to implement different spacing of nodes to simulate some multi-scale aspects.

Appreciation of the importance to combine ice core physics and ice core chemistry
Micro-particles form an important connection between the physics and chemistry of ice cores. On the one hand, grain boundary migration and creation is influenced by the impurity-concentration (as seen in small-grained “cloudy bands” in Greenland). On the other hand, it is important to understand the transport of micro-particles. The size distribution of impurity particles is unknown as well as the question whether micro-particles migrate with grain boundaries. A better understanding may allow to derive a transport function to reconstruct the original concentrations.

In order to model the natural ice microstructure realistically (using Elle) changing impurity-concentrations has to be included as material properties. When analyzing soft and hard layers in polar ice sheets, the effect of seasonality (found in firn so far) should be checked.

Determining the need for further low-stress deformation experiments, EBSD measurements
To make sure that tertiary creep is reached in the low-stress deformation experiments described above deformation over a few month should be performed. Besides, NEEM samples could be used to start with higher dislocation density and to observe recovery processes.

The understanding of slow deformation can be improved if the type of resulting sub-grain boundaries is analyzed by EBSD measurements.

4) Future collaboration with host institution
Fundings for multinational cooperation
Intensive exchange between European and Japanese scientists is important. To give one example: The analysis of Dome Fuji performed at NIPR in Tokyo can hardly be compared to the one of EDML performed at AWI in Bremerhaven as different measurement/instruments have been used. Now, same instruments are available at both institutes which allows to compare both Antarctic ice cores in details. Funding for multinational cooperation between Spain, where Sérgio Faria will continue his work on interpretation observed microstructures and mathematical formulation of recrystallization processes, Germany and Japan (see descriptions of participant's work above) is required to further combine relevant research results. To improve the understanding of the influence and transport of micro-particles as well as of recrystallization processes controlling the macroscopic flow properties, it is important to have strong collaborations between analyzing, experimenting and simulating scientists in this field. The “MORITS-1” meeting has been a good starting point to establish new ways of scientific exchange.

