Sedimentary Systems in Space and Time 

 High Priority NSF Research Initiatives in

 Sedimentary Geology

Introduction
At the urging of NSF and coordination of SEPM and GSA, a group of ten geologists
 met at GSA Headquarters in Boulder, CO on March 27-29, 1999 for the purpose of identifying one or more high-priority research opportunities in sedimentary geology.   This brief report summarizes the major results.  It should be stated at the outset that the identified priorities are meant to provide a focus, without being exclusionary, and they are meant to stimulate greater discussion within the sedimentary geological community.  

Those of us at the Boulder workshop feel strongly that we would like to encourage a change in the culture of sedimentary geology away from individualistic to community-based, from individually acquired data to the sharing of larger community, industrial, and governmental data bases.  The rapid advances in numerical modeling and the success with which these have been applied in the atmospheric and oceanographic sciences tell us that dramatic advances can also be expected in sedimentary geology by choosing similar approaches.  

The year 1965 may be considered the start of process sedimentology with the publication of the highly influential SEPM Special Publication No. 12 
.  Some 35 years later, process sedimentology, depositional systems analysis, and predictive (sequence) stratigraphy have all become fairly mature sciences.  Facies models and diagenetic reactions, extraterrestrial impacts, the sedimentary record of evolutionary steps and climatic extremes, boundary layer dynamics, and maturation of organics deep in sedimentary basins are the major physical and chemical components of the Earth’s sedimentary record that now are beginning to be well understood.  What is still in its infancy, in contrast, is an integrated understanding of sedimentary systems – both in space and time – and the role of life, microbial or otherwise, in the control of these systems.  We propose that the start of a new century is an audacious time to initiate a systems analysis approach to sedimentary geology.  This would entail first characterizing and then model each component, then characterize and model the interaction between those components, on a continuously ascending scale.   

Systems analysis is a valid and valuable approach to the study of sedimentary deposits both in space and time.  The study of sedimentary systems in space (program: ”predictive sedimentary basin dynamics”) would be based on a forward modeling of sedimentary responses to external factors of change.  The key infrastructure part of the program is the establishment of a community sedimentary data base (CSD) and Community Basin Model (CBM), to which all investigators contribute data, numerical models and other software, and from which all investigators access any or all elements needed for the analysis of their particular part of the system.  The study of sedimentary systems in time (program: “sedimentary systems through time”) would be based on inverse modeling aimed at extracting first-order factors that controlled critical events, thresholds, and secular trends in earth history. 

Initiative 1:  Predictive Sedimentary Basin Dynamics 

A Community Initiative in Depositional System Processes and Earth History

Opportunity

Large volumes of high resolution 3-D seismic and other geophysical data already collected by industry comprise a significant but under-used dataset for understanding the dynamics and evolu​tion of earth’s sedimentary basins. At the same time, advances in mathematical and physical mod​els of basin processes, increased computing power, and a growing paleo-climate database provide a powerful systems methodology through which these data can be analyzed and understood. 

 Objective

We propose an integrated, multidisciplinary study of an active sedimentary basin which for the first time will analyze a whole basin as a system.  Key elements include:

• 
Establishing a Community Sedimentary Database of high resolution 3-D seismic, wireline, and Sea​beam/ Gloria data through a partnership among academia, government, and industry

• 
Establishing a modular, web-based Community Sedimentary Model akin to the Community Climate Model (CCM) 

• 
Establishing an integrated monitoring network of contemporary sediment fluxes and processes

• 
Developing new technologies such as SAR and GLORIA interferometry which will exploit EOS data to remotely monitor sediment fluxes and processes

 Potential Benefits
It is critically important to understand the origin and internal dynamics of sedimentary basins because the bulk of the earth’s energy and mineral wealth is created and stored in them and the record of global change is written there.  Furthermore, basins act as large chemical reactors in the biogeochemical cycle and may participate strongly in the global cycling of elements. A focussed initiative in predictive basin dynamics would help us:

• 
Improve predictive capability at all scales of stratal architecture, and consequently improve our ability to explore and exploit energy and mineral source rocks and reservoirs 

• 
Understand the role of basin water storage and chemical processing in the hydrologic cycle

• 
Understand the role of sedimentary basins as incubators of the deep biosphere

• 
Understand the manner in which sedimentary basins control carbon and other elemental cycles

• 
Better interpret the record of global and regional climate change
 Key infrastructure: Building a Community Database and Model

We propose that the earth science community create a professionally-managed digital database which archives an evolving Community Sedimentary Database (CSD) and Community Basin Model (CBM). We consider this an important new infrastructure for EAR because we are empha​sizing changing the sedimentary geological communities behavior to be more communal, analo​gous to the oceanographic community.

CSD: Community Sedimentary Database

CSD will be a repository for key data used in sedimentary research initiatives. Possible data types include 3-D seismic data, log, core, grain size, bathymetry, rock descriptions, geochemical analy​sis, paleontology, images, and tomographic data. All data should be online. 

CSM: Community Sedimentary Model

Two great achievements in Earth Science modeling have been the Princeton Ocean Model (POM) and the Community Climate Model (CCM). Both are based on the following guiding principles: 

1) University researchers working in a competitive yet cooperative environment can produce a more reliable and more flexible simulation model than a federal line agency (such as is the case in other countries, Canada being an example)

2) The code is free, thus eliminating the endless rewriting of the same initial algorithms with concomitant more time spent on new advances. This also creates honesty in what modelers claim and allows faster verification and comparison of different approaches on new data sets

3) Communication is greatly increased among users and coders; a community is built.

4) Teams of experts can focus on portions of code without needing to learn the details of the entire code, thus focussing their efforts by ability 

5) If a new component of the model is developed, and the identified community agrees on the substantive improvement, then the new component replaces the old component and a new version of the model is released.

Where POM and CCM differ is in the logistical base for supporting the two efforts. POM is a vir​tual model (available on the web) whereas, CCM is available but administrated through a central facility (NCAR). Both have advantages and disadvantages.

If stratigraphic modeling is to reach the same level of accuracy and acceptance as weather model​ing, three things must occur: (1) a coherent, cooperative effort by stratigraphic modelers needs to determine the optimum algorithms, input parameters, and observations at the relevant scales, much like happened in constructing CCM and POM; (2) stratigraphic modeling needs to be used consis​tently (i.e.applied to research problems) in order to acquire the feedback for improved accuracy; and (3) the level of funding for stratigraphic modeling must increase significantly and centers facilitated to produce rapid growth. 

We propose that the sediment dynamics community pool their efforts to develop a Community Sediment Model (CSM). CSM would allow us to 1) better predict sedimentary processes; 2) better predict the distribution of lithostratigraphic properties away from points of control; and 3) provide better understanding of the earth system when the earth was abiotic, hotter or colder, when there was no flocculation, when the moon was closer, or the ocean’s were more saline. The model would be valuable to those working on modern environmental applications, future global warming sce​narios, natural disaster mitigation efforts, natural hazards efforts, reservoir characterization, oil exploration, and national security. In fact, it could be argued that the new EOS global databases and the large scale 3-D geophysical datasets can only realize their full potential in collaboration with a community sediment model. CSM would be based on algorithms which conceptually or dynamically simulate real-world processes and conditions, incorporating into the program all the important input and boundary conditions and processes that define a sedimentary system. The effort would be coordinated and funded by NSF, other government agencies, and industry. 

The U.S. Office of Naval Research sponsored program called STRATAFORM (STRATA FORma​tion on Margins) is an example of a large project with many investigators working together to develop predictive models. It provides a blueprint for a larger national and international effort. One goal of STRATFORM is to have individual models adequately communicate with each other, transferring the necessary boundary conditions and data input for the next model to run. The STRATAFORM family of models must be able to simulate the delivery of sediment and their accumulation on continental margins over time scales of tens to thousands of years.  Our NSF effort would extend the number of processes being modeled and the number of environments being modeled.  CSM Model predictions would include the effects of sea level fluctuations, river floods, ocean storms, and other relevant environmental factors (climate trends, random cata​strophic events), and work at a variety of time steps to be sensitive to short term variations of the earth surface.

CSM is anticipated to have a unifying architecture, but beyond that, NSF funded researchers would be expected to develop competing subroutines, and approaches. Occasionally the commu​nity would elevate one approach over another to aid in the advancement of other linkages. How​ever the CSM would be flexible enough to allow divergence models to be spun off for specialized purposes. 

For the effort to be successful, several key questions must be resolved:

• 
What hierarchy of data and processes should be used?

• 
Which scales are important in reaching the objectives of a simulation?

• 
What are the scales of observations, both spatial and temporal, and how do they compare to the scales of model outputs?

• 
Which groups of parameters will most economically define large-scale systems and small-scale systems?

• 
What are the critical values of input, such as topography, bathymetry, climate, discharge, sediment vol​ume, grain size, vegetation, wave and current regimes, that constrain the output?

• 
To what extent does the use of process models depend on the knowledge of initial conditions?

• 
How accurate are concepts and empirical rules constructed to represent conditions and processes?

• 
To what extent can parameters be combined? 

Initiative 2:  Sedimentary Systems Through Time

Sedimentary deposits are the record of past events at the Earth's surface. From global to the microscopic scales, sedimentary rocks document the interaction and co-evolution of the Earth's lithosphere, biosphere, hydrosphere, cryosphere, and atmosphere, the primary components of the exogenic system, over the last 3.9 billion years. This rich historical record provides sedimentary geologists the opportunity to explore and interpret both the long- and short-term environmental evolution of our planet, the formation, interactions and evolution of the lithosphere, biosphere, ocean, and atmosphere, the evolution of life and its influence upon the global environment, and the stability and response of the biota to major environmental events. Knowledge of these past events and interactions will ultimately improve our ability to assess the nature of present-day global change and to forecast the impact of global change and anthropogenic processes on biodiversity and the environment today and in the future. 

A comprehensive understanding of the Earth's environmental and biological evolution as preserved in the sedimentary record must derive from interdisciplinary studies in which sedimentary geologists work in concert with paleobiologists and biologists, tectonisists and structural geologists, geochemists, petrologists, and geochronologists. The Sedimentary Systems Through Time (SSTT) Initiative proposes such an interdisciplinary study aimed at documenting, interpreting, and synthesizing the evolution of the earth's environment and biota as recorded in the stratigraphic record. 

SSTT is made possible at this time by a number of improvements in technology and methodology and advances in our overall knowledge of geologic history. Our developing understanding of the major events of earth history and their causes and relationships provides a platform from which both highly focused studies can aim at better resolving critical events and from which efforts can begin to synthesize and understand long-term interactions and evolutionary trends within the exogenic system. High-precision geochronology now makes possible precise dating and resolution of events in earth history. Isotopic geochemistry is increasingly providing means to trace geochemical cycles and resolve the evolution of geochemical systems based on extremely small quantities of material analyzed at very small spatial scales. Sequence stratigraphy and chemical markers offer means of correlation and definition of stratigraphic architecture in the absence of useful fossils. As a result of these advances, it is becoming possible to resolve the rates at which environmental and biological changes have occurred over earth history and to begin efforts at quantitative modeling of environmental change over then entire course of earth history.

Major research themes

(1) Improved resolution and understanding of the Precambrian sedimentary record. Precambrian sedimentary rocks document the evolution of the Earth's environment and biota through a series of major global "revolutions" that transformed the surface from one that more closely resembled that of another planet, like Mars, into one characterized by a fundamentally modern terrestrial environmental and biological system. The resolution, characterization, and interpretation of these events lies at the heart of understanding the driving forces behind global environmental and biological change up to the present day. An understanding of early terrestrial environments, biota, and events can also help constrain models of other planetary surfaces as possible sites for biological evolution.

(2) Reconstruction of selected major global environmental and biological events throughout geologic time. Geologic history contains evidence of both (i) global, long term lithospheric, biological, and environmental evolution, and (ii) short term, catastrophic perturbations superimposed on these long-term trends that can profoundly alter subsequent long-term evolution. The interpretation and discrimination of these types of events necessarily constitutes an important aspect of any attempt to explore the secular development of the ocean, atmosphere, environment, and biota.

(3) The evolution of the interface between the lithosphere and the atmosphere (the soil or regolith zone) and the lithosphere and the hydrosphere (sediment-water interface) at which the sedimentary record is formed and within and through which most of the interactions between the lithosphere and the surrounding biological, oceanic, and atmospheric envelopes take place. 

(4) The history of microbial influences on the sedimentary record.  It is now suspected that microbes regulate and mediate surface processes from kilometers below to kilometers above the Earth's surface. An understanding of the distribution and effects of microbes over time will help to better define the degree of coupling between microbial and environmental evolution. 

(5) Reconstruction of higher resolution paleoclimate records than previously obtained by “conventional” paleoclimate indicators – at time scales much beyond that of current interests in present and future global change.
Potential benefits

The reconstruction of high-resolution paleoclimate records far back in time is a way of seeing at what temporal scales the Earth is affected by natural perturbations and how quickly various systems can recover from such perturbations.  Or, to put it another way: through its history, Earth has run several large-scale experiments of change – we can learn much about those issues confronting contermporary society by understanding the recorded results.

The study of microbial influences on the sedimentary record will directly enhance our understanding of the role of sedimentary basins as incubators of microbial life today.

Community framework

Key  “tools” for this new generation of paleoenvironmental and paleoclimatic studies include greatly improved chronostratigraphic resolution and parallel developments in molecular biology and the process of fossilization provide further new opportunities for advances in model testing

The record of Earth’s history is spotty.  Learning how to extract meaningful signals of rates and directions of secular change will be challenging because most solutions are non-unique.  “Inverse” modeling methodologies, akin to the Community Sedimentary Model of initiative 1, is a key element of this proposed study of sedimentary systems through time.

Finally, a much closer collaboration between soft and hard-rock geology and the geophysics and paleoceanography communities is needed to make substantive progress in this area.

Action items (next steps)

As a community we need to build on the momentum generated at the Boulder workshop.  Most importantly, we need to generate broader community involvement.  Therefore, we propose the following next steps to be carried out in relatively short order.

Editorial in JSR, GSA Today, and EOS (this will be based on fine-tuning this report)

Post initiative on NSF’s and GSA’s web pages

Hold a series of workshops with 20 to 30 invited attendees for each one.  Four potential workshop themes would be:

· Predictive sedimentary basin dynamics – the science and the program; selection of the basin(s)

· Sedimentary systems through time – pick key intervals; invite members from GOCI initiative on new trends in geobiology

· Community sedimentary data base

· Community sedimentary model 

From these workshops, prepare formal, substantive research initiative documents to NSF.
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