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Introduction

The Low-Temperature Geochemists participated in a workshop entitled Directions and Priorities in Low Temperature Geochemistry for the Year 2000 and the Decade Beyond with the primary goal to define research directions and establish priorities among these directions.  This workshop was held in Boston, Massachusetts on June 5, 1999 and it followed the 1999 Spring American Geophysical Union Meeting.  A second and smaller meeting was convened at the University of Colorado-Boulder on August 3, 1999 to compile and edit the Final Report. This Workshop was supported by the National Science Foundation Programs in Geology and Paleontology (GE) and Petrology and Geochemistry (CH) within the Division of Earth Sciences (EAR). This is the Final Report for consideration by the Board of Earth Sciences and Resources (BESR) and their discussions on Basic Research Opportunities in Earth Sciences (BROES).  The Final Report defines the field of Low-Temperature Geochemistry from the perspective of the participants and proposes a new initiative with a significant thrust in Environmental Geochemistry.  The purpose of this initiative is to specify significant fundamental links between Low-Temperature Geochemistry and research focused on sustaining life and resources on Earth.

Overview
Low-Temperature Geochemistry is a broad interdisciplinary field within the Geological Sciences, and it encompasses the study of processes, rates, and mechanisms of inorganic and organic geochemical phenomena at, or in proximity to, the Earth’s surface.
   The data and conclusions gathered in these studies improve our knowledge of geologic processes on Earth, and these data play important roles in the exploration of significant deposits of metals, non-metals, and fossil fuels.  These data and conclusions impact biological, hydrological, medical, atmospheric, and materials sciences, as well as engineering disciplines.  Exciting research and educational opportunities exist throughout the spectrum of Low-Temperature Geochemistry.  Particular emphasis in this document is placed on emerging opportunities in the area of Environmental Geochemistry, which is defined here as the link between Low-Temperature Geochemistry and the viability of living organisms on Earth and includes topics such as geomicrobiology, biogeochemistry, climate change, and the contamination of soil, water, and air.

Low-Temperature geochemists apply a rapidly-expanding array of techniques to understand, quantify, and predict the transfer of energy and matter among and within the various reservoirs (lithosphere, hydrosphere, atmosphere and biosphere) on Earth through integrated study of physical, biological, and chemical processes.  Low-Temperature geochemists are in a unique position to understand these processes on many time scales ranging from femtoseconds to billions of years, and to identify key processes and variables within complex geologic systems.  Low-Temperature geochemists focus on: 1) identifying and quantifying the processes controlling the distribution of elements, minerals, compounds, and isotopes both in the present and in the geologic past; 2) developing and applying precise and accurate measurements of abundances of geochemical constituents; and 3) modeling and predicting the behavior of geochemical constituents on various spatial and temporal scales.  The need for expanded emphasis in Low-Temperature Geochemistry and Environmental Geochemistry is driven by increasing exploitation and pollution of  air, water, and land resources, depletion of energy and natural resources (metals, non-metals, coal, petroleum, and natural gas), and the potentially deleterious consequences of human exposure to natural and anthropogenic contaminants.      

Examples of recent achievements within the discipline of Low-Temperature Geochemistry are highlighted below: 

· Evidence of dramatic and gradual climate change obtained from the geochemical and isotopic study of the rock record; 

· Cycling of  important biogeochemical elements (carbon, nitrogen, phosphorous) and a linkage of these elements among terrestrial, oceanic and atmospheric reservoirs; Improved knowledge of terrestrial sinks of CO2;

· Recognizing the role(s) of chemoautolithotrophs (organisms which derived energy from chemical reactions in the absence of sunlight) in controlling mineral/water interactions long thought to be dominated by inorganic processes;

· Understanding of sorption, speciation, and transport of toxic metals and radionuclides in surface waters, soils, sediments, and aquifers leading to successful clean-up and remediation of contaminated sites (landfills, mines, metal processing mills);

· Development of coupled reaction and flow models describing water-rock-gas-microbe interactions in surface waters, groundwaters, and the oceans;

· In-situ observation of processes at the mineral-water interface on a molecular scale using scanning probe microscopy and spectroscopic methods leading toward precise mechanistic understanding of reactions until now accessible only by modeling of macroscopic data;

· Recognition of catastrophic events in the rock record (e.g. meteorite impact at the Cretaceous-Tertiary boundary) by elemental (Iridium anomalies), and mineral (shock metamorphosed quartz) signatures; 

· The role of convergent tectonics in the movement and chemistry of crustal waters leading to the genesis and predictive citing of sizeable deposits of minerals, oil, and gas.

· The application of stable and radioactive isotopes to the interpretation of geochemical processes including most of the items listed above.

Motivation for Research in Low-Temperature Geochemistry   

Future breakthroughs within Low-Temperature Geochemistry and Environmental Geochemistry will result from collaborative interactions within and outside the Geological Sciences.  Research opportunities will continue to evolve within Low-Temperature Geochemistry.  Examples include advances in isotope systematics applied to continental paleoclimate, mineral surface chemistry applied to contaminant sequestration and transport, geochemical tracers applied to hydrology, and organic geochemical transformations applied to carbon cycling, inorganic processes, and microbial processes.  Likewise, opportunities within Environmental Geochemistry are expanding into both earth science and non-earth science realms.  Examples include delineation of natural and anthropogenic contaminant pathways as applied to toxicology and epidemiology; application of low-temperature geochemical processes and speciation to water quality, agriculture, and soil fertility; and applications to engineering practices and land-use planning.  Additional motivation for geochemical research results from recognized global phenomena such as greenhouse warming and increased use and demand for Earth’s resources (water, metals, non-metals) by an exponentially growing population.   

The fields of Low-Temperature Geochemistry and Environmental Geochemistry are poised for rapid advances in the near future in part because of results from recent advances in instrumental and experimental techniques, conceptual and mathematical modeling, and availability of high resolution temporal and spatial data for field investigations.  These advances have made possible the study of processes at spatial and temporal scales not previously accessible.  At the atomic scale, spectroscopic and molecular modeling techniques allow us to examine bonding interactions between atoms in different phases.  Biomolecular probes hold the promise of identifying organism populations, their microbial ecology, and their relationship to inorganic geochemical processes.  At the global scale, new remote sensing techniques such as AVARIS and satellite-based sensors will permit the large-scale mapping of the distribution of geochemically relevant constituents and contaminants.  These technological advances are timely for defining a new research initiative with the potential for meeting critical societal needs.  

New Initiativetc \l1 "New Initiative
There will continue to be breakthroughs in Low-Temperature Geochemistry that will impact the broad range of earth science disciplines.  Environmental Geochemistry needs to continue to evolve from a descriptive and non-mechanistic discipline to a quantitative and predictive science. In terms of a major new low-temperature geochemically based initiative, a highly promising area is an integrative effort within Environmental Geochemistry that addresses the habitation of life on Earth.  

By our ability to study the movement of energy and matter in complex spatial, multicomponent and temporal systems, Low-Temperature Geochemistry through Environmental Geochemistry has the potential to play an essential role in integrating diverse disciplines within and outside the Earth Sciences toward the study of key geochemical-climate-biogeochemical processes affecting the habitation and sustainability of life on Earth.  The Workshop participants feel that the priority for research funding should be for studies that show the greatest promise for establishing links among physical, chemical, and biological processes fundamental to understanding the evolution and maintenance of life on Earth.  One significant aspect of this initiative mentioned later in the Summary is the need for a separate (new) program in Low-Temperature and Environmental Geochemistry within NSF to support new directions in fundamental research aimed at understanding the links between geochemical processes and biologic sustainability.  Some of the new research themes (directions) derived from the workshop discussions are detailed below. 

Biogeochemistry and Geomicrobiology: Feedbacks, Processes,tc \l2 "Biogeochemistry and Geomicrobiology: Feedbacks, Processes, and Rates
In the burgeoning field of Geomicrobiology, the linkage of Geology and Microbiology, the interactions among microorganisms, minerals, and natural waters requires the integrated study of physical, biological, chemical, and biogeochemical processes on Earth.  The complex and dynamic nature of these processes requires more sophisticated analytical and cross-disciplinary approaches.  Controls and variations must be understood in these systems on a broad spectrum of spatial and temporal scales, including the geologic record not easily observable in modern settings.  For example, some of the exciting results and future prospects for research in this area feature the recognition of microbial life at great depths in the Earth’s crust; microbial transport through pores in aquifers;  microbial catalysis of numerous geochemical reactions;  microbes affecting interactions between inorganic and organic substances;  microbial (or enzymatic) reaction rates and how they relate to inorganic reaction rates and to hydrologic flow; and models that can couple these rates and processes.  The enormous advances in microbiological characterization will enable geochemists to explore the roles of exoenzymes and extracellular organic molecules in geochemical processes such as:

· Origin of life on Earth;

· Fossilization - How life is preserved as fossils?  Recognition of past life preserved in microstructures;

· Biomineralization, in particular to applications in materials science and in medicine;

· Water supply and quality (the role of abiotic and biotic processes in control of water quality); 

· Soil quality and fertility. 

Within Environmental Geochemistry, research on processes of arsenic, selenium, and mercury methylation by microorganisms may be crucial to the health of humans and our environment.  Redox reactions of iron, manganese, selenium, arsenic, sulfur, tin, and mercury are catalyzed by microorganisms and greatly affect the transport rates of these elements.

Cycling of Biogeochemical Elements
A pragmatic and well known problem of global importance is the cycling of carbon through the atmosphere, hydrosphere, and lithosphere.  Research on this topic is closely linked to global warming because CO2 released by fossil fuel combustion is predicted to lead to significant climate change.  Some of the pressing research questions include the following:  What are the important sinks of  anthropogenic CO2?  Can CO2 be sequestered effectively in soils?  Recent new results raise the question as to whether large amounts of CO2 can be sequestered in a geologic repository, and an additional question is what would be the effect of sequestered CO2 have on the rate of weathering and on the fluxes of Ca, Mg and CO3? 

In line with improved understanding of carbon cycling, the cycles and interactions of C, N, S, P, Si, and Fe inclusive of terrestrial, oceanic, and atmospheric environments are needed to understand the controls on interactions among elements, and on transfers within and among the various reservoirs (ocean, atmosphere, biosphere, and lithosphere).  The understanding gained from this sort of effort would greatly enhance the understanding of paleoenvironmental reconstruction described in a subsequent section and the modeling of paleo-biogeochemical transfers.  These data would also provide the natural processes needed to interpret the impact of elemental cycles caused by pollution (natural or induced by man).

Macroprocesses in Paleosols and Feedback with Climate and Atmospheric Changetc \l2 "Macroprocesses in Paleosols and Feedback with Climate and Atmospheric Change
Paleosols are increasingly being recognized in the rock record and they provide a geologic record for many important environmental geochemical parameters (e.g., climate, atmospheric CO2 levels).  Our knowledge of the continental paleo-environmental record has been greatly improved in the past ten years using stable carbon, hydrogen, and oxygen isotope analyses on pedogenic minerals in soils and paleosols.  Further understanding of the environmental controls over modern soil genesis models require significant interdisciplinary efforts focused on mineral-water, mineral-atmosphere, and water-atmosphere, elemental, and isotopic partition coefficients, as well as on the rates and mechanisms of mineral weathering reactions including biologic mediated processes of mineral weathering.  This understanding is crucial if we are to be able to interpret the signals preserved in paleosols.  Further efforts are needed in mapping and characterizing the chemical and biological signatures of modern soils from a geologic perspective as well as integrating the enormous agricultural soil database into a geologic framework in order to define modern weathering patterns and rates in different climates.  The study of chronosequences is a significant step toward developing a time/climate/geomorphology/parent material matrix which will provide a climatic framework of understanding of soil genesis.  Key priorities include the development, refinement, and calibration of environmental indicators preserved in soils and a better understanding of the way in which these indicators are preserved or modified with time and burial in the rock record.

Further study is needed to understand the cycling of elements (global fluxes), particularly carbon and nutrient elements, and the uptake and release of anthropogenic pollutants (acid mine drainage, heavy metals, radionuclides) through modern soils, oceans, rivers, and lakes.  Particularly important is the greatly improved knowledge of aqueous speciation, and of exchange and partitioning behavior of pollutants with the various solid (mineral, mineraloid, and organic) components.  An assessment of the natural buffering capacities of soils with respect to human perturbations (e.g., acid rain, deforestation) is critically needed.  

Microprocesses at the Mineral/Water Interfacetc \l2 "Microprocesses at the Mineral/Water Interface.
Fine-grained minerals such as clays (phyllosilicates) and hydrous oxides comprise highly reactive components of soils and sediments at and near the Earth’s surface.  In fact, many of the key questions in the three aforementioned research theme areas within the Initiative can be answered (or begun to be answered) by knowing a mechanistic understanding of reactions at the mineral/water interface.  While advances in surface and molecular microscopic and spectroscopic techniques have led to increased understanding of molecular reaction mechanisms and rates, the potential applications to geochemical problems are only just beginning to be made.  Molecular modeling (computational simulation of atom-atom interactions) is on the verge of being able to reproduce and predict such reactions.  However, comparison of model calculations both at the ab initio and empirical levels must be made with analytical and experimental data in order to increase the confidence in the calculated results. 

Detailed information about structures, compositions, and the properties of mineral surfaces is still needed for the complex mineralogic systems found at and near the Earth’s surface.  How does microscopic variability in composition and crystallographic structure affect surface chemical reactions?   What are the solid stabilities and kinetics of reaction in systems that include organic components and microorganisms?  New advances in surface-sensitive spectroscopies, in methods for determining solute concentrations and speciation, and in molecular modeling will provide the necessary tools to precisely define many reactions of importance to macroscopic and geochemical problems.  Examples of important new research problems include: the role of microorganisms and extracellular organic species in controlling redox reactions at mineral surfaces; kinetics of isotope exchange reactions pertinent to paleoclimate studies; and the analysis samples from Mars anticipated to be returned in Year 2006.  Analysis and interpretation of rocks and soil collected from Mars will rely heavily on our understanding of Low-Temperature Geochemistry, kinetics and genesis of low-temperature minerals in soils and rocks on Earth, and the recognition of life preserved in microstructures.

Geochemistry of the Rock Record (Reading Diagenetic Signals and Chemostratigraphy)
Low-Temperature Geochemistry has played a major role in the exploration and development of mineral and fossil fuels.  In addition to these significant contributions, Low-Temperature Geochemistry has also provided much insight regarding the geologic and post-depositional processes recorded in the rock record.  For example, the analysis of diagenetically formed minerals in aquifers led to our first views on the paleohydrologic study of ground and basin waters and the role of tectonics in the basinwide transport of brines.  Also, as mentioned earlier, inferences about past climates have been derived from isotopic analysis of pedogenic phases in soils and carbonate phases in the marine environments.  The variations of carbon and oxygen isotopic values through the Cenozoic Era led to interpretations of climate change preserved in the Cenozoic rock record including hypotheses for Pleistocene climatic change, and time-stratigraphic units have been proposed based on these isotopic variations.  Consequently, geologists make frequent use of the variations of elemental and isotopic signatures found throughout the rock record (chemostratigraphy) both for correlation as well as climate reconstruction. These variations have often been used to understand the movement of biologically important elements in the lithosphere, ocean, and atmosphere.  Recent efforts on the origins of major mass extinctions (e.g., Cretaceous-Tertiary boundary) have used elemental and isotopic variations to define duration of these events as well as their causes (e.g. meteorite impact).  

Efforts at investigating trends in parameters such as climate, salinity, redox state, and atmospheric compositions have used geochemical proxies including variations in trace elements and isotope ratios.  These efforts have relied on our ability to distinguish primary signals from diagenetic (burial) and metamorphic overprints.  Our ability to do this has improved in recent years through the development of analytical techniques (e.g., laser ablation ICP-MS, ion probes, selective chemical extractions for both inorganic and organic compounds) and the applications of new isotopic techniques.  These new and improved techniques enhance our spatial resolution and our ability to measure isotopic and elemental variations within individual phases.  One benefit from these studies will be an improved understanding of the chemical environment and perhaps the movement of geochemical constituents among the lithosphere-hydrosphere and atmosphere at critical times in Earth history (mass extinctions, the origin of life, ancient glaciation and greenhouse climate periods, and widespread ocean anoxia).  Likewise, new instrumental methods (multicollector ICPMS) permit exploratory efforts in the use of new isotope techniques (Se, Fe, Mo, Cr, and Ca) for tracing biogeochemical processes (microbial reduction, assimilation [uptake], biotic and abiotic redox processes).

Infrastructure, Analytical Facilities, and Computation
In order to strengthen existing research in Low-Temperature Geochemistry and to implement the new initiative with a significant thrust in Environmental Geochemistry, it is necessary to put in place the infrastructure, analytical, and computational facilities listed below.

1) Natural Laboratories.  The development and long-term maintenance of natural laboratories would facilitate our understanding of soil genesis and surface geochemical processes in every way possible.  In this view, long-term geochemical observatories of soils and weathered rock would be selected from sites that would cover a range of environments (i.e., climate, topography, bedrock, etc.) and biota.  These sites would be dedicated for research by either individual or small teams of investigators.  The benefits that derive from creative research conceived by and performed by individual PIs with their students or by small groups of investigators would be promoted by the existence of these sites.  We envision the natural laboratories as open scientific resources.  That is, site-based research proposals would be solicited from all qualified researchers.  These natural laboratories would serve also as an educational resource to students at many levels (high school, undergraduate, and graduate).  A natural laboratory as proposed herein would not be the “property” of a closed group of investigators.  New funds would be required for the selection, establishment, and maintenance of these sites.  The funds for this initiative should be in addition to the funds supporting existing research in Low-Temperature Geochemistry at NSF and should not signal a reduction of funds for “small science” on a variety of topics.  Research conceived and carried out by individual PIs and their students has historically been the source of much of the most creative geochemical research.  

2) Regional Instrumentation Centers.    Regional Centers for Instrumentation (i.e., for instruments costing in the range of 10K - 100K) containing equipment that many investigators need frequently or infrequently should be established.  These Instrumentation Centers are intended for periodic use by multiple PIs (and should not be the “property” of one PI or group of PIs), and they might be housed in laboratories already containing other analytical techniques (e.g., X-ray Photoelectron Spectroscopy, Field Emission Scanning Electron Microscopy, chromatographic analyses).  Technical support must be available to help investigators and maintain equipment.  The need for portable, or mobile, laboratories was discussed.  Also, improved accessibility to accelerator mass spectrometry (AMS) facilities is needed for measurement of cosmogenic isotopes (3He, 10Be, 14C, 21Ne, 26Al, 36Cl). TIMS and improved multicollector ICPMS are needed for measurements stable and radiogenic isotopes useful to study systems relevant to Environmental Geochemistry (U - series disequilibrium) .  More easily available and perhaps new AMS facilities are needed for chronologic studies of lacustrine sediments to understand the timing of elemental cycling and changes in elemental parameters leading to climate change.  There is also a need for continued development of separation (selective dissolution of inorganic and organic constituents, isolation of biomarkers) and analytical techniques (Laser ablation - ICPMS, multicollector ICPMS, ion probes, application of lasers to radiogenic and stable isotopic analyses) for the measurement of geochemical proxies and diagenetic minerals.

3) Computation. 
One of the forefront areas in geochemical computation is the coupling of mass and energy transport with chemical reactions.  These fully coupled codes are computationally intensive, and they are recognized generally both inside and outside academia as important tools for describing many geochemical problems.  Emphasis should be placed both on code development and on shared computer facilities for running these codes.  An additional computational approach, highly relevant to low temperature geochemical problems is molecular modeling.  This tool permits fundamental description of  reactions in solutions and at the mineral-water interface.  This approach would have more impact on the field if access to and use by researchers was made possible by:  (1) the existence of more shared facilities; (2) increased support for software and hardware; and 3) training researchers and students in the use of these new software and hardware.  Lastly, on-line availability of data, publications and databases is necessary. 

Summary Remarks
Low-Temperature and environmental geochemists are in an excellent position to contribute significantly to important societal problems because they can identify key processes in complex geologic and geochemical systems on many temporal and spatial levels (molecular to global).   Future sustainability of life on Earth will depend on data collected and interpreted by geochemists who have the unique capability to understand, quantify, and predict the transfer of energy and matter in complex spatial settings within and among the various reservoirs (lithosphere, hydrosphere, atmosphere, and biosphere).  They also have the unique capability of being able to decipher geochemical signatures in the rock record relevant to understanding current and pressing societal problems such as global climate change.

Potential research results from the proposed initiative herein will have major impact on pressing societal problems such as pollution of water and soil, nutrient supply in relation to global elemental cycles,  and movement of inorganic and organic pollutants. The initiative and the infrastructures proposed should not signal a reduction in investigator-initiated research, and the thrust in Environmental Geochemistry should not signal a decrease in interest in on-going topics in Low-Temperature Geochemistry.  It is hoped that the workshop’s report will serve to encourage NSF to increase its commitment to Low-Temperature Geochemistry and Environmental Geochemistry.  Should a marked increase in funding become reality for Low-Temperature Geochemistry and Environmental Geochemistry, future research efforts might be facilitated by the creation of a separate program in Low-temperature Geochemistry-Environmental Geochemistry within the Division of Earth Sciences at NSF.  Dr. H. Richard Lane, Program Director of GE, is receptive to considering the concept of a separate program for Low-Temperature Geochemistry-Environmental Geochemistry.  

Lastly, many of the workshop participants felt this workshop was a very useful exercise and workshops like this one should be convened in three to five year intervals to discuss progress, trends, directions, and priorities in Low-Temperature and Environmental Geochemistry.  To close, research in Low-Temperature and Environmental Geochemistry addresses issues critical to the habitation of life on Earth through an improved understanding the processes, rates, and mechanisms of inorganic and organic geochemical phenomena at, or in proximity to, the Earth’s surface. The people of the United States will certainly benefit in many ways now and in the future from ongoing research in Low-Temperature Geochemistry and from the research initiative proposed herein in Low-Temperature and Environmental Geochemistry.
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