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Introduction

A geoscience team was requested by Donna Toth, Los Padres National Forest Burned Area Emergency Response (BAER) Coordinator, to serve as BAER Team members for the Basin-Indians Wildfire Incident.  This team was asked to provide professional services in identifying, evaluating and documenting geologic hazards caused and/or affected by the wildfire; and to provide viable emergency mitigation alternatives in reducing these hazards for the first three years after the fire.  The Basin-Indian wildfire area is just under 300,000-acres located within and near the Santa Lucia Range in the southern Coast Ranges of California north from San Luis Obispo and south from Monterey (see location map in Figure 1).  

The Santa Lucia Range is very rugged with steep precipitous hill slopes rising from the Pacific Ocean and forming one of the many mountain ranges of the Central Coast Ranges geologic province (Harden, 1998; and Oakeshott, 1978).  Tectonic uplift averages from 0.10-meter to 1-meter (i.e., 0.304- to 3.041-feet) per millennium, elevating numerous marine terraces along the Big Sur coastline (Orme, 1998) and increasing likelihoods for a variety of landsliding mechanisms occurring.  Numerous inner gorge landforms (after Kelsey, 1988) are found throughout the area due to the geologically rapid tectonic uplift and subsequent down-cutting action of the fluvial system in this coast range.  Rockfall, debris landslides and debris flows initiate within the upper slopes of the inner gorges creating landslide deposits in the lower gorge walls that are remobilized as debris flows during heavy winter rainstorms.  Large rock landslides (i.e., rotational/translational landslides after Cruden and Varnes, 1996) are found downstream in the lower reaches of the rivers as well as within uplifted marine terraces along the coastline.  The combination of tectonic uplift and low shear strength properties of the underlying geologic materials make this a geologically active area (see Table 1 for summary of engineering characteristics of the geologic materials in the findings section of this report).

Fluvial system drainage patterns within the fire area are a combination of dendritic and rectangular patterns reflecting similar rock types (i.e., dendritic) from one watershed to another and the structural influence of the San Andreas and Sur-Nacimiento fault systems that border this area (i.e., rectangular).  These fault systems control the bedrock structure which trends to the northwest-southeast; landslide movement directions therefore appear to trend to the southwest-northeast on average.  Drainages of the fluvial systems are controlled by the bedrock structure and either empty into the Pacific Ocean (i.e., Highway 1 Front Ranges, Little Sur River, Big Sur River, and Carmel River) or into the Salinas River (i.e., Arroyo Seco and San Antonio Rivers).  Descriptions of the geologic materials and geologic structure are provided below for each watershed. 
Hill slope gradients are for the most part very steep with many slopes having gradients in excess of 60 percent.  Ridge line elevations reach as high as 4,000- to 5,000-feet over short distances resulting in a high topographic relief.  This physiographic setting combined with a maritime climate of high annual rainfall and 
short duration high-intensity rainfall make this area susceptible to “flashy” storm events that produce debris flows and torrents after wildfires (Cleveland, 1977).  Therefore the geosciences BAER team focused on values at risk susceptible to deleterious effects from debris flow and torrents.  A second priority was placed on the evaluation of rockfall, debris landslides and deep-seated rock landslides.
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Figure 1: Location of the Basin-Indians Wildfire Incident.

Previous Work
Within the last thirty years several manuscripts have been published that provide insight to the regional tectonic setting (e.g., Bailey et al., 1964; Ingersoll, 1982; Cloos, 1983; Blake et al., 1984; and, Dickinson et al., 1996) as well as the local geology (e.g., Dibblee, 1974; Ross, 1976; Cleveland, 1977; and, Hall, 1991).  In addition to the work completed in response to the Marble Cone Fire (Cleveland, 1977), a geology report for the Kirk Wildfire Incident BAER was compiled by King et al. (1999) which lies within the Basin-Indian Wildfire Complex.  A document that was very useful was a special report completed by the California Geological Survey for the California Department of Transportation (AKA CalTrans) of the landslides within the Highway 1 Corridor (Wills et al., 2001).
Methods

Methods utilized for this work include the following:

1. Identify and discuss conditions affecting landslide and rock fall potential. Dicuss possible failure modes in burned area.

2. Review past BAER reports and data relevant to Basins-Indian burned area including geologic, hydrologic, groundwater, and soils resources.  
3. Define burned area parameters that may be used to quantify the specific threat being analyzed. Parameters pertinent to rock fall and landsliding activity include,

a. Soil and rock strength parameters – determined in the field or through the use of resources like NRCS soil server.
b. Root strength parameters

c. Hydrologic setting- used to extrapolate vadose zone, ground water, and surface water conditions and the impact on slope stability temporally.

d. Vegetation – used to determine root strength contribution to slope stability temporally.
4. Field verify information utilized to characterize burned area.
5. Characterize slope stability hazards.in a two step process,
a. Qualitatively assess risk of debris flows initiated by landslide activity using GIS based approach which include,

i. Generating raster layers in ArcGIS for vegetation type, soil type, terrain slope, and burn severity.

ii. Use raster calculator in ArcGIS to intersect boundary conditions which define potential unstable slope conditions specifically,

1. Soil types suseceptible to the assumed failure mode.

2. Slope angles at which unstable slope conditions may occur
3. Level of burn severity and dominant vegetation type to identify short and long term stability issues.

iii. Field verification of results obtained in GIS.

b. Using computed (or assumed) mean and variation in soils parameters conduct probabilistic analysis of slope movements in bedrock and soil units following methods described in Hammond et al. (1992), Hall et al. (1994) and Koler (1998).  Forecast probabilities of slope movement in response to vegetation loss in the Basin-Indians wildfire area using Monte Carlo simulation techniques. 
6. Use empirical field data to model rockfall potential including zones of possible runout applying the Colorado Rockfall Simulation Program (CRSP, Jones et al., 2000).

7. Combine results to explicitly define levels of risk.  Categorize risk by assigning risk ratings. Use risk categories to display risk from specific threat, rockfall or landsliding, across the burned area. 
8. Document findings for the Basin-Indians BAER Report.

Conditions Affecting Landslide and Rock Fall Potential
Hydrophobic Soil Conditions

Hydrophobic soils repel water. Hydrophobicity is a function of the soil type, fire severity, and type and thickness of fuels that existed over the soil prior to the fire. Plant leaves, twigs, branches, and needles form a layer of organic litter on the forest and shrub floor. Below the litter layer is the duff layer – a layer of decaying organic material. During the interval between one fire and another, waxy, hydrophobic substances accumulate in these layers. The waxy substance within the layers is vaporized when a hot fire burns. The vapor penetrates the soil where it solidifies and cools, eventually forming a waxy coating around each soil particle. 

Hydrophobic layers are generally a half to three inches under the surface and may be as much as three inches thick.  The thickness and continuity of the layer varies across the landscape - the more continuous the layer, the greater the reduction in infiltration. During prolonged wet periods hydrophobicity eventually disappears leading to infiltration and soil saturation – precursors to mass wasting. 

Soils that have large pores, such as sandy and coarse-textured soils, are more susceptible to the formation of hydrophobic layers because they transmit heat more readily than fine grained soils like silt and clays. 

Vegetation and Slope Stability

As rock erodes gravity, wind, and water carry the eroded material down slope where it is deposited.  Material is typically deposited in its loosest, most unstable, inter-particular configuration.  The slope angle of a pile of such material, called the angle of repose, is the angle at which internal forces causing instability (i.e., typically weight of the material which just balances forces that promote stability in combination with the friction forces between the soil grains). 

If this hypothetical pile was placed on a board and tipped, internal instability would generate shallow, surficial, failures – or dry ravels. Surficial ravel and deeper translation landslides would continue moving material down slope until internal stability is re-established. The resulting slope angle would again be equal to the angle of repose. 

Vegetation and its associated root structure interacts with these natural erosion processes. In mountainous systems much of the soil that is transported down slope becomes trapped in existing vegetation.  The plants grow; the roots deepen, giving the plants more capacity to retain eroding soils.  Previous work in the Oregon Coast Range indicate the importance of lateral strength contributed by tree roots for the effective cohesion  within the soil column (Roering et al., 2003).  These researchers found that the spatial geometry of the trees and their root masses in combination with the elevation of ground water is critical in shallow soil slope stability.   Roots can contribute as much as 317 psf  (15.2 kPa) for conifer roots and 156 psf (7.5 kPa) for conifer roots less than 0.4 inch diameters (10 mm).  We assumed that conditions within the wildfire area (vegetation and soils) are not identical to those evaluated by Roering et al.  Therefore we took their average (roughly 240 psf) and took one third of this value for the sake of being conservative.  The 60 psf of additional strength to the soil was used in our modeling efforts. 

Periodically fire burns through the forest or brush land. The level of heat a particular area generates during a fire is a function of the plant type and thickness of the duff and litter layer on the ground. As a general rule the thicker the layer the hotter the fire. The hotter the fire the more damage to existing plants.  The burn severity is an indicator that is used to measure the level of damage. A high burn severity means no plant remains above ground level and there is a complete loss of root and seed source viability. A moderate burn severity means some plants survived the fire while a low burn severity means most of the plants survived the fire. 

Sprouting Plants

Many ecosystems in California have adapted to fire.  For instance, sprouting plants like scrub oak, chamise, and chaparral might burn completely.  The only part of the plant that remains alive is the root system.  Once the fire passes, the plant regenerates from the remaining roots. This regeneration capacity gives sprouting plants the ability to survive the hottest fires. Root systems of sprouting plants can be hundreds of years old and often extend into bedrock below the soil mantle. This anchoring root system is the stabilizing structure in post burn slopes greater than the angle of repose.

Debris flows generated from high burn severity areas dominated by sprouting plants will typically be erosional. Surface (dry) raveling will be initiated on slopes with angles greater than the angle of repose.  This is due to the fact the plant stabilizing the surface material has burned completely off and, in many instances, burned a few inches below the surface. During rains, water runs across land, entraining soil, eventually concentrating in gullies. The concentration and soil entrainment is magnified when soils are hydrophobic (no infiltration). When heavy, muddy waters, concentrate the result is erosive torrents which often tear soil down to bedrock entraining large quantities of soil and rock. Under these circumstances the muddy waters have transitioned to debris flows due to the amount of entrained material.  This mechanism describes debris flows generated in areas dominated by sprouting plants. The lag between the initiation of rainfall and observed debris flows at the watershed outlet is primarily a function of the watershed geometry and ground water heights in the soil column.  

The remnant root structure ensures stability against landsliding under most hydrologic conditions.  However, depending on the depth of the erosion, density and depth of the root structure, mass wasting could occur along the banks of the deep gullies produced during the erosive process.

Seeding Plants

When intense fires burn areas containing a high density of seeding plants, the long term prospect for landslides activity increases substantially.  Seeding plants rely on seeds for regeneration.  When an intense fire burns seeding plants, the plant dies – roots and all.  The root structure eventually decays and loses strength. As the roots lose strength the probability for landslide activity increases.  The rate of increase is greatest on slopes greater than the angle of repose for cohesion-less soils.  The likelihood for landslide activity is highest several years after an area has burned.  Examples of seeding plants in the burn area include Ceanothus (Back Brush), Manzanita, and Madrone.  Also, there are a variety of tree species included amongst the seeding plants.
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Figure 2: Typical Variation of Root Strength – High Burn Severity (Sidle, 1992).

Debris Flow Mechanisms 
Resulting from Surface Runoff

Erosion process associated with surface runoff result from shear stress imparted to soils in contact with flowing water.  Once a soil particle is detached and entrained in the water the capacity of the flowing fluid to keep the particle entrained is a function of the velocity, turbulence in the flow, viscosity, and specific weight of the entraining fluid. Using the allowable velocity method for erodable channel design typical velocities required to dislodge soil particles are given in Table 9.  
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: Water velocity required to initiate scour in native soil channels.
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During rains water runs across land, entraining soil, eventually concentrating flow. The concentration and soil entrainment is magnified when soils are hydrophobic (no infiltration). As more and more sediment is entrained the mass increases for the transported sediment. The heavier fluid imparts a higher normal force on the native soil it is flowing by which translates into higher shear stresses and rates of erosion. When heavy, muddy waters, concentrate the result is erosive torrents which often tear soil down to bedrock entraining large quantities of soil and rock. Under these circumstances the muddy waters have transitioned to debris flows due to the amount of entrained material.

Figure 3: Unstable Bank in eroded gully.

Mass wasting does occur under such circumstances but is limited to the unstable banks along the gullies which have been steepened.  In these scenarios the banks are steep, many times to 90 degrees, and are undercut making the banks globally unstable. The problem is primarily confined to cohesionless soils with plastic indexes less than 10.

Plastic, cohesive, soils have high capillarity, low permeability, and are generally dilatant. High shear stresses, induced in such soils from over steepened banks, cause the soils to dilate generating high, negative, pore pressures.  This results in the increasing of the net effective stabilizing shear stress in the soil. Thus, plastic soils can maintain stable vertical banks for a time.
Resulting from Landslides
As water flows over land a portion of the water infiltrates into the soil.  The additional water in the soil matrix increases the total soil weight.  The degree of infiltration in post wildfire soils is primarily a function of hydraulic conductivity. 
Hydraulic conductivity can decrease significantly in burned areas due to hydrophobic soil conditions. However, it can also increase if the plant, litter, and duff layers are burned away with little to no resulting hydrophobicity.  Increased infiltration leads to increased levels of saturation, heavier soil in the saturation zone, and increased landslide activity.  
[image: image10.jpg]PieifferFalls
L





Figure 4: Simplified Translational Slide Mechanism.

Remnant root structures accustomed to handling loads from relatively dry or partially saturated soils are suddenly exposed to loads from heavy saturated soils leading to marginal global stability or even failure of the affected slope. If the root system decays failure is almost assured.

Zones most susceptible to landslide activity early after a fire are those lower in the watershed, zones intercepting a substantial portion of the seepage from infiltration upslope. Zones low in the watershed most susceptible to landslide activity are non-perenial stream beds filled with loose colluvium. As time goes by landslide activity can progress upslope especially in areas where root decay – and strength loss – is occurring.

Once a burned area is found to be susceptible to debris flow activity hydrologic conditions typically determine the dominant debris flow mechanism – landsliding or scour generated from surface runoff. Long duration low intensity rainfall favors landslide generated debris flow while short duration high intensity rainfall favors scouring surface runoff generated debris flow.  
Debris Slide and Debris Flow Dynamics 
Deterministic and Stochastic Evaluations for Debris Slide and Flow Initiation



Debris Slide and Flow Transport and Run-out
Once a debris slide is initiated the problem transforms into a transport problem.  In other words, how far will the debris slide travel, how will it shrink/grow while it is traveling, the amount of water that it incorporates, and what will stop it.  Initially the failure mechanism is a landslide but as the debris slide material travels and enters a stream course, the moisture content of the slide mass increases to a point in which the rheology changes from a plastic solid to a flow.  At this point onwards the material travels as a viscous fluid.
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Figure 5: Typical debris flow behavior (Fannin and Wise, 2001)
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Figure 6: Entrainment/deposition characteristics of debris flows (Fannin and Wise, 2001).

As previously mentioned, particle entrainment is a function of the velocity, turbulence in the flow, viscosity, and specific weight of the entraining fluid.  As a debris flow travels it is picking up (entraining) and depositing material.  The proportion of entrainment to deposition is controlled by the soil type, channel conditions, and channel slope.  If the ratio of entrainment/deposition is greater than 1 the debris flow is growing – less than 1 it is shrinking. 

As a debris flow progresses down a slope it will grow and shrink as the slope and level of channel confinement changes (Figure 6). Slopes greater than about 20% favor entrainment for debris flows comprised of coarser materials. Slopes greater than 10% favor entrainment for debris flows comprised of finer-grained materials. 
Slope profiles along potential debris paths can be used as an initial cut to site debris structures. Slopes less than 10% favor deposition under most conditions. 
Basin Fire Complex – Soils, Hydrologic, Vegetation, and Geologic Setting Relative to Landslide and Rockfall Movement 

Soils

The majority of soils in the basin fire complex are silty sand with some gravely sands.  Soil surveys in the burned area indicate infiltration capacity of the native soils is relatively normal for all burn severities. Data pulled from the NRCS soils data base indicate the soils have a relatively high hydraulic conductivity – approximately 25 micrometers per second.  The angle of repose was estimated to be between 30o and 35o. 
These values were included in the material assumptions for the screen of potential mass wasting and viscous flow areas for debris landslides and debris flows.
Hydrologic 

The ratio of local, intense, rainfall events to general low intensity storms is a predictor of the controlling debris flow mechanism. During high intensity, short duration, local storm events infiltration is a fraction of overland flow. Thus, gully erosion resulting as over land flow concentrates would control for the most part. General storms are less intense and occur over long periods – several days in some instances. Infiltration takes a far greater proportion of over land flow during general storm activity increasing soil water content significantly thereby increasing the chance for landslides.   

On average, rainfall distribution in the Big Sur area appears conducive to landslide activity – low intensity long duration general storms coming off of the Pacific Ocean. Rainfall gradually ramps up and down over several months with a relatively constant plateau from November through February (Figures 2 and 3). Storms appear to be fairly regular with precipitation occurring every month during the rainy season which, again, favors landslide activity.
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Figure 7: Climate data for the Big Sur State Park, Western Regional Climate Center 
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Figure 8: Precipitation data for the Big Sur State Park, Western Regional Climate Center
Vegetation
Plants in the burned area appear to be a mix of seeding and sprouting plants. Seeding plants are concentrated along the coast and include a variety of trees, buck brush, Madrone, and Manzanita (Figure 9). The exact proportion of sprouting to seeding plants is uncertain but likely varies significantly with some areas containing a relatively high density of seeding plants.  

Significant root strength loss is expected in high burn severity areas containing high concentrations of seeding plants (please see narrative on debris landslides and debris flows in the discussion section). Consequently, there is a high probability of landslide generated debris flows in these areas on slopes in excess of 20 to 30 degrees. The probability for landslide generated debris flows is estimated to last for up to 5 years after the fire – or until the root structure is re-established.   Areas of high burn severity (little to no plant structure remaining above ground) were used as a primary indicator in identifying areas of high landslide debris flow potential.
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Figure 9: Distribution of Madrone and Buck Brush in the Basin Fir Complex. (http://esp.cr.usgs.gov/data/atlas/little/).
Bedrock Geology
The Basin-Indian wildfire area lies within the Southern Coast Ranges in an area that geologists refer to as the Salinian Block composed of intrusive igneous rock (e.g., granitic plutonic rocks), associated metamorphic rock (i.e., metamorphic rocks formed by contact with the granitics), sedimentary rock (most rock units being formed in a marine environment), and geologically recent deposits that include debris fans and aprons, terraces and landslides.  The Salinian Block is bordered by the San Andreas Fault on the east and the Sur-Nacimiento Fault on the west.  Within the Santa Lucia Range near the Big Sur River many of the metamorphic rocks are roof pendants.  Roof pendants are located near the top of the igneous rocks’ magma chamber or as septa on the edges of the magma chamber.  Geologists today think that the Salinian Block was originally attached to the Sierra Batholith of the Sierra Nevada Mountain Range.  The Salinian Block was separated from the Sierran Batholith and transported north by the San Andreas Fault system.  The Franciscan Complex, a mélange formed by the scraping of materials off the subducting oceanic plate, lies to the west of the Salinian Block and its western boundary is demarcated by the Sur Thrust Fault.   Rocks within the Franciscan Complex include a wide variety of materials, the most common rocks being greywacke sandstone, highly sheared siltstone, and serpentinite which is a hydrated ultra-mafic rock (e.g., peridotite and gabbro).   

The fire area was delineated by watersheds.  The narratives below provide a summary of the geology within each watershed with a listing of geologic units (complexes and formations) and fault zones.  In general, the Franciscan Complex contains rocks that are less stable than the other geologic units due to the engineering characteristics of the rock and soil materials (please see Table 1 for engineering properties of geologic materials in the fire area).  Effects from the wildfire to slope instability are directly related to high soil severity burn areas (please refer to the discussion on soil burn severity in the debris flow section below for more information). In these areas there is a large loss of roots and seed sources.  Because of the mortality of roots, the root shear strength is lost thereby lowering the resisting forces on the hillslope.  In addition, the loss of vegetation increases the amount of infiltration due to the loss of interception.  Increases in infiltration may result in ground water rise in the soil column that decreases normal effective stresses, another resisting force factor.  Therefore we focused on areas of high soil severity burn areas in our slope stability analyses.
Highway 1 Front Watersheds

The Front Range of the Santa Lucia Range is rugged with precipitous slopes and high gradient streams.  Highway 1 hugs these slopes providing the only transportation route for the communities in the fire area south of Carmel.  The Sur-Nacimiento Fault  trends through this area in a northwesterly direction forming the western boundary of the Salinian Block.  To the west of the Salinian Block is the Sur-Obispo Block comprised of a mélange with low grade metamorphic rocks that were originally seafloor sediments and oceanic crust of a Mesozoic age subducting plate.  
Rocks within this Front Range include quartz diorites, as well as the Sur and Franciscan Complexes.  The Sur Complex, located within both blocks, is composed of metamorphic (marble, gneiss, amphibolites and granofels), igneous rocks (tonalite), and sedimentary rocks overlying the metamorphic and igneous rocks.  With the exception of marble, all of these rocks tend to be deeply weathered resulting in numerous landslides and rockfalls.  The Franciscan Complex, located within the Sur-Obispo Block, lies to the west of the Sur-Nacimiento Fault  and as described above is a mélange composed of a variety of highly sheared rocks.  Although many unstable landslides and rockfalls occur in the Sur Complex, the Franciscan Complex geologic materials are relatively more unstable because of the physical characteristics of this mélange (e.g., highly sheared materials and clay content).
Arroyo Seco Watershed

The rocks within the Arroyo Seco watershed belong to the Salinian Block.  These include Mesozoic granodiorites, quartz diorite, and metasedimentary rocks that are overlain by more recent Tertiary sedimentary rocks (Monterey Formation).  Quaternary deposits are found along the valley floors in the watershed forming fluvial deposits, colluvial fans and aprons.  Rocks are folded and faulted resulting in zones of weakness that are potential source areas for landslides and rockfall.  The dominant fault system in the watershed is the northwest trending Church Creek Fault. 
Little Sur Watershed

Most of the Little Sur Watershed lies within the Salinian Block and includes quartz diorite and rocks belonging to the Sur Complex as described above in the Highway 1 Front Range watersheds narrative.  Landslides and rockfall are usually associated with rocks from the Sur Complex and where the quartz diorite is highly weathered.

Big Sur Watershed

Geologic units in the Big Sur Watershed include Great Valley Sequence, Sur Complex, quartz diorite, and granodiorite.  The northwest trending North Fork Fault runs through the center of this watershed.  Landslides and rockfall are associated with the Great Valley Sequence, Sur Complex rocks and highly weathered igneous rocks.  Rocks deformed and sheared by the North Fork fault are also areas of slope instability.

Carmel River Watershed

Rock units found in the Carmel River Watershed are similar to those found to the west in the Little Sur Watershed.  Here the Sur Complex is present with granodiorite and quartz monzonite.   Rocks of the Sur Complex and deeply weathered igneous rocks are the source for unstable slopes.

San Antonio River Watershed

The Sur Complex and the Great Valley Sequence sediments dominate the rock units in the San Antonio River Watershed.  Small bodies of quartz diorite and granodiorite are also present in this watershed.  Sedimentary rock of the Great Valley Sequence, Sur Complex materials and deeply weathered igneous rocks are common source areas for unstable hillslopes. 
Surficial Geology

The surficial deposits of the fire area include a variety of unconsolidated, geologically recent sediments that include alluvium, non-marine and marine terrace deposits, and landslide deposits.  Landforms include inner gorges, fluvial and marine terraces, landslides, breached landslide dam(s), and steep ridges with dip-slopes forming “flatirons” or “hogbacks.”   The fluvial drainage patterns are a combination of dendritic- and rectangular-shaped patterns reflecting similar rock types and structural control by faulting and folding.  Tectonic uplift has an estimated maximum of 1-meter/millennium controlled by movement on the San Andreas Fault.  
Engineering Properties of Geologic Materials

Geologic materials in the Basin-Indians Wildfire Complex have, for the most part, low shear strength values (please see Table 1 below).  Some rocks have high shear strength values, for example the “hard” tectonic blocks found within the Franciscan Complex mélange and the igneous rock that has not been weathered.  The weathered igneous rocks, as well as the sedimentary and low- to medium-grade metamorphic rocks, have the lowest shear strength values.  Landslide and rockfall initiation sites are frequently areas where severe shearing of the materials during fault movement has occurred.   Therefore, areas where deep weathering of the underlying bedrock in combination with fault movement are the areas with the greatest likelihood for slope instability.
Table 2: Engineering Properties of Geologic Materials in the Basin-Indians Wildfire Complex (from field collected Unified Rock Classification and from U.S. Federal Highway Administration, 1989).
	Geologic Formation,  Complex, Tectonic Block or Sequence
	Material Type
	Unconfined  Compressive Strength

(psf)
	Angle of Internal Friction – Lower Bound  (degrees)
	Estimated Dry Unit Weight (pcf)

	Monterey Formation
	Shallow to deep marine sediments composed of shales and fine- to medium grained sandstones.  Some rocks are diatomaceous.
	0 to 100


	25 to 35
	130 to 150

	Franciscan Complex
	Greywacke sandstones, shales, chert, serpentinite, and tectonic blocks of hard metamorphic rock.
	“Soft”

(shales, sandstones, serpentinite) 0 to 25
	“Hard” (chert and tectonic blocks) 50 to >200
	“Soft” 25 to 35

“Hard” 29 to 40
	“Soft” 130 to 150

“Hard” >160

	Great Valley Sequence
	Siltstone, sandstone and conglomerates.
	0 to 100;  >50 for some conglomerates
	25 to 35
	130 to 150

	Salinian Block Intrusives 
	Quartz monzanite, quartz diorite, and porphyritic granodiorite
	20 to >100
	29 to 35
	140 to >160

	Sur Complex
	Low to high grade metamorphic rock, igneous rocks and sedimentary rocks
	0 to >100
	23 to 35
	130 to >160


GIS Based Assessment of Landslide Initiated Debris Flow Potential and General Hazards in Burned Area
In our analyses for debris landslides and debris flows we ran several models within GIS until we found convergence with the modeled outputs and available field data.  The points in our assumptions were:

1) The primary stabilizing mechanism for shallow soils on steep slopes is derived from root strength. Friction angles of 30o were assumed in the screen – equivalent to the lowest angle of repose possible for these types of soils.

2) Slopes greater than or equal to the angle of repose would be most susceptible to landslides.

3) The highest potential for landslides will occur in areas with high burn severity indexes. In these areas it was assumed that some stabilizing root structure remained. As decay of the remaining root structure progresses these areas would become unstable with the greatest risk of landslide activity occurring one to two years after the fire. 

4) Mass wasting will be a translational failure plane geometry.

5) Infiltration is normal – no hydrophobicity was assumed

These inputs were screened using ArcGIS spatial analyst and three intersecting raster layers – slope, soil type, and burn severity index.  The result of the screen represents areas most susceptible to landslide events. 
Identified Areas at Risk

Due to their relative proximity to threats the following locations appear most at risk from landslide activity on the Basin Fire.  The areas in red in Figures 10 and 13 indicate zones susceptible to landslide activity.
Big Sur

A significant portion of the watersheds above Big Sur and Pfeiffer State Park have a high likelihood for landslide generated debris flows this year (see Figure 10). The probability will increase in subsequent years until the stabilizing root structure is re-established in the burn area.  

Given the relatively short recurrence interval for wildfire in the forest, brush, and grasslands above Big Sur and Pfeiffer State Park permanent debris flow control structures should be considered at the outlet of the drainages directly impacting the area.


Figure 10: Areas Above Big Sur with high debris landslide and debris flow potential


Figure 11: Estimated debris flow paths around Big Sur and Pfeiffer State Park


Figure 12: Typical slope profile for debris paths above Big Sur and Pfeiffer State Park.

Coleman Canyon

Coleman Reservoir is the last in a series of four main dams (Figure 12). The dams are immediately downstream of an area that experienced significant high and moderate burn severity. The hydraulic characteristics of the watershed have been significantly altered leading to increased flows for relatively low intensity storm events.  Spillways on dams are likely undersized which, coupled with small storage capacity, significantly increases  the threat of an overtopping failure. Several homes appear to lay in the path any flood wave generated from a failure. In addition, downstream face of each dam is steep.  In event of overtopping dams would likely fail rapidly. 

Remediation should include a partial breach to lower the normal pool to a level that no longer posses a threat to structures downstream of the dams. 


Figure 13: Line of dams in Coleman Canyon
Zen Center

Threats for debris flows exist on all sides of the complex.  The threat will likely continue for several years - depending on the plant structure upslope of the compound. The problem is so pervasive that the most reasonable course of action would be to close the compound during the months of the year with the greatest chance for precipitation.
Combined Assessment of Landslide Initiated Debris Flow Potential and General Hazards in Burned Area 
Resource condition resulting from the fire and risk assessment

Geologic risk is defined in the literature as a function of the likelihood that a geologic hazard will occur and the consequences that will result.  USFS BAER policy recommends that only resources with a high risk be provided with treatments for mitigating the risk.  Therefore only those areas that have been assigned a high risk are described below in the treatment discussion.  Table 3 provides the information for qualitatively assigning risk values for rock fall, landslides and debris flows.  Those areas that have slopes greater than 65% gradients with high soil burn severities in cohesion-less soils were assigned likelihoods in Table 3 of possible or greater (e.g., possible, likely, and almost certain) based on a physically-based modeling of the area.  Likelihoods of geologic hazards occurring and predicted consequences for resources at risk for each watershed are provided in Tables 4 through 9.

Emergency Determination

The emergency to values at risk from geologic hazards (i.e., debris landslides, debris flows, and rockfall) caused by the fire include adverse effects for the health and safety of people, residences, roads and bridges within the wildfire area.  Of particular concern is the potential risk for loss of life and limb in high soil severity burn areas within the wildland/urban interface. Therefore our focus was placed in areas of high soil severity burn combined with resources at risk pertaining to the health and safety of people as defined in Forest Service Manual 2880.

Geologic Hazards

Rockfall

Rockfall occurs across the wildfire area.  The most common rockfall source areas are found where deep weathering has occurred and/or where rock has been severely deformed during faulting.  A common process observed in the wildfire area was rockfall which formed deposits in bedrock hollows that subsequently failed as debris landslides and debris flows.  Therefore the geoscience team evaluated existing rockfall areas to assess the likelihood of continued rockfall.  This information was then applied as a screening process to identify similar areas where rockfall may occur as the result of vegetation mortality from the wildfire.  Information from the BARC map was then integrated into the rockfall analysis to assess qualitatively the risk values for the values at risk.
Areas at Risk from Rockfall
Several areas were evaluated for rockfall and all but one were found to have a moderate or lower risk rating due to the run-out distance of the rockfall.  The one exception, however, is Tassajara Hot Springs area.  This are, located in the Arroyo Seco watershed has a forest road providing access to the Tassajara Hot Springs, the springs area where the Zen Buddhist Center is located (one building is built on top of an older rockfall deposit), and recreation trails.  Based on our field observations and modeling of rockfall with CRSP we found that rockfall deposits are common in this area and will remain so for several years after the fire.

Table 3: Qualitative terminology for use in assessing rock fall, landslide and debris flow risk to property (Neubert, Berry and Koler after Fell et al., 2005).
	Qualitative measures of likelihood of landsliding

	Descriptor
	Description

	Almost certain
	The event is expected to occur

	Likely
	The event will probably occur under adverse conditions

	Possible
	The event could occur under adverse conditions

	Unlikely
	The event could occur under very adverse circumstances

	Rare
	The event is conceivable but only under exceptional circumstances

	Not credible
	The event is inconceivable or fanciful

	Qualitative measures of consequences to the resource

	Catastrophic
	Resource is completely destroyed or large scale damage occurs requiring major engineering works for stabilization

	Major
	Extensive damage to most of the resource, or extending beyond site boundaries requiring significant stabilization

	Medium
	Moderate damage to some of the resource, or significant part of the site requires large stabilization works

	Minor
	Limited damage to part of the resource, or part of the site requires some reinstatement/stabilization works

	Insignificant
	Little damage

	Qualitative risk analysis matrix – classes of risk to resource

	
	Consequences to the resource

	Likelihood
	Catastrophic
	Major
	Medium
	Minor
	Insignificant

	Almost certain
	VH
	VH
	H
	H
	H

	Likely
	VH
	H
	H
	M
	L-M

	Possible
	H
	H
	M
	L-M
	VL-L

	Unlikely
	M-H
	M
	L-M
	VL-L
	VL

	Rare
	M-L
	L-M
	VL-L
	VL
	VL

	Not credible
	VL
	VL
	VL
	VL
	VL


Rock Landslides (Deep-seated Landslides)

Large, deep-seated rock landslides are common within the wildfire area.  These landforms fail either on translational or rotational shear planes and the rate of movement is a few inches per year with the possible exception of debris landslide or debris flow movement from the toe areas or along the margins.  Most of these large landslides are located within or near the Highway 1 corridor.  Work by Wills et al., (2001) provides an excellent source of information and location concerning these landslides.  According to these authors there are more than 1500 landslides within the Highway 1 corridor between San Carpoforo Creek and Point Lobos.   Based on our field reconnaissance we observed that the wildfire had little if any influence to those large landslides within National Forest Service System lands due to the low to moderate soil burn severity.  However, it is likely that the large landslides on private and state lands have been adversely affected by the wildfire in areas evaluated by the State Environmental Assessment Team (Koler, 2008, personal communication with Longstreth, SEAT co-team leader).  In these areas the SEAT Team will be communicating with the Monterey County Office of Emergency Services and the U.S. Natural Resources Conservation Service to provide viable alternatives for protecting resources at risk.  

Areas at Risk for Hard Rock Landslides
Although we did not identify areas on National Forest System lands that had rock landslides with high risk ratings; it is important to stress that many of these large landslides within the Highway 1 corridor were active before the wildfire.  Therefore, with some certainty these large landforms will continue to move in coming years, and local conventional wisdom there is a high likelihood that they will adversely affect several resources at risk along the corridor.

Debris Landslides and Flows

Field reconnaissance by helicopter and on the ground resulted in our observation that two types of debris landslides and debris flows occur within the wildfire area.  As discussed above, one working model is that rockfall provides deposits within bedrock hollows and upper reaches of the tributaries in each watershed where shallow concavities provide depositional areas.  These deposits subsequently are activated as debris landslides and flows after sufficient antecedent moisture is provided in the soil column combined with heavy rainfall (please refer to the discussion section for more details of the mechanics).   The second type of debris landslides and debris flows occurs within the valley walls of inner gorges.  In these locations the tectonically uplifted inner gorges have steep slopes that have gradients equal to or greater than the angle of repose.  Wills et al., (2001) point out that wildfires influence debris flow movement in the Highway 1 corridor, giving an example of the debris flow damages within the Big Sur River watershed where a 1971 wildfire was followed by a 1972 debris flow (Jackson, 1977).   Therefore we focused our work in areas of high soil burn severity in combination with slope gradients greater than 65% were good candidates for debris landslide and/or debris flow initiation.

Table 4: Debris slide and debris flow risk summary table for the Highway 1 Front Watersheds.
	Resources at Risk
	Table 1 Likelihood Descriptor
	Table 1 Consequence Descriptor
	Risk Rating

	Henry Miller Memorial Library Graves Canyon
	Possible to Likely
	Medium to Major
	Moderate to High

	Highway 1 Graves Canyon
	Possible to Likely
	Medium to Major
	Moderate to High

	Big Sur Inn within Castro Canyon
	Possible
	Medium to Catastrophic
	Moderate to High

	Highway, private residence and archeological site at corral at Mile Post 40.3 and 40.5 of Highway 1 
	Possible
	Medium to Major
	Moderate to High

	Buildings at outlet of  Mule Canyon
	Possible to Likely
	Medium 
	Moderate to High

	Year-round residence and meditation center within Hot Springs Creek
	Possible to Likely
	Major to Catastrophic
	High to Very High

	Pelton wheel archaeological site at Julia Pfieffer State Park in McWay Canyon
	Possible to Likely
	Major to Catastrophic
	High to Very High


Table 5: Debris slide, debris flow and rockfall risk summary table for the Arroyo Seco Watershed
	Resources at Risk
	Table 1 Likelihood Descriptor
	Table 1 Consequence Descriptor
	Risk Rating

	Forest visitors on trails or camping 
(rockfall and debris flow)
	Unlikely to Possible
	Minor to Medium
	Very Low to Moderate

	Tassajara Hot Springs visitors traveling to and staying at the Zen Center (very high risk for rock fall)
	Almost Certain
	Major to Catastrophic
	Very High

	Main Arroyo Seco Road (rockfall hazard)
	Possible
	Medium
	Moderate

	Day use on the Arroyo Seco Road (rockfall hazard)
	Possible
	Medium
	Moderate

	Campground at Arroyo Seco
	Unlikely to Possible
	Minor to Medium
	Very Low to Moderate

	Cabins in Church Creek
	Unlikely to Possible
	Minor to Medium
	Very Low to Moderate

	Reliz Creek residences and road
	Unlikely to Possible
	Minor to Medium
	Very Low to Moderate


Table 6: Debris slide and debris flow risk summary table for the Little Sur Watershed
	Resources at Risk
	Table 1 Likelihood Descriptor
	Table 1 Consequence Descriptor
	Risk Rating

	Boy Scout Camp
	Unlikely
	Minor
	Very Low to Low

	Boy Scout Camp swimming pond
	Unlikely
	Minor
	Very Low to Low

	Boy Scout Camp trails (rockfall)
	Unlikely
	Minor
	Very Low to Low


Table 7: Debris slide and debris flow risk summary table for the Big Sur Watershed
	Resources at Risk
	Table 1 Likelihood Descriptor
	Table 1 Consequence Descriptor
	Risk Rating

	Campgrounds, facilities, and structures on the Big Sur River (debris flows)
	Possible to Likely
	Medium to Major
	High

	Residences and Highway 1 within and near Juan Higuera Creek
	Possible to Likely
	Minor to Medium
	Moderate to High

	Residences, Highway 1, and Big Sur near Pfeiffer Redwood Creek
	Likely to Almost Certain
	Medium to Catastrophic
	High to Very High

	Residences, structures, Highway 1 near Pheneger Creek
	Likely to Almost Certain
	Medium to Catastrophic
	High to Very High


Table 8: Debris slide and debris flow risk summary table for the Carmel Watershed
	Resources at Risk
	Table 1 Likelihood Descriptor
	Table 1 Consequence Descriptor
	Risk Rating

	Residences and road along Miller Canyon
	Rare to Unlikely
	Minor
	Very Low to Low

	Residences within the community of Cachagua
	Not Credible to Rare
	Minor
	Very Low


Table 9: Debris slide and debris flow risk summary table for the San Antonio Watershed
	Resources at Risk
	Table 1 Likelihood Descriptor
	Table 1 Consequence Descriptor
	Risk Rating

	Residences and dams in Coleman Canyon  
	Possible to Likely
	Medium to Major
	Moderate to High

	Part-time residence in Bear Canyon
	Possible to Likely
	Medium to Major
	Moderate to High

	Bear Canyon, Milipitas Road, and bridge on the Fort Hunter-Leggitt Road
	Possible to Likely
	Medium to Major
	Moderate to High


Recommendations
There is a high likelihood debris will be generated in the Basins Indian burn area. Though potential exist on Forest Service lands to intercept and store debris limited access constrains it use since sites must be maintained intermittently.  
The GeoScience team concluded that,

1. The majority of the terrain on Forest Service land burned during the Basins Indian fire is steep with limited opportunity to intercept and store debris. 
2. In the event of debris flow activity structures constructed in steep terrain would be quickly overwhelmed making them ineffective against subsequent debris flows.  

3. In locations where interception and storage potential exist there is no established road system. Cleaning and maintenance of structures located in such areas would be non-existent posing a long term threat to resources and populations downstream should one or more of the structures fail.

The team determined that low gradient, accessible, locations down slope beyond the Forest Service boundary offered the greatest potential for intercepting and storing large quantities of debris. Given the relatively short recurrence interval for wildfires in the area permanent debris catchments and diversion structures should be considered for areas anticipating large debris flows. 

Therefore, it is the recommendation of the team that no debris structures be constructed on Forest Service lands and that any debris should be allowed to pass un-interrupted to locations downstream where interception, storage, and maintenance of debris structures can be effectively accomplished.

Limitations

This study is preliminary in nature to give the Los Padres National Forest Supervisor, the Regional Forester, and BAER staff at the Washington Office an immediate report on the possible resources at risk from the loss of vegetation in the Basin-Indians Fire.  The information and commentary are therefore a “first iteration” to be used for mitigating short-term effects that may occur within the first year after the fire.   Although these data can be used for evaluating long-term effects they will probably be incomplete for a thorough study of the geological hazards in this part of the Los Padres National Forest.  The report is for an emergency response following BAER guidelines and therefore should be solely treated as such.
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�Hydrologic data does not support high proportion of local, high intensity, storm activity.


�Jonathan, please put your narrative in here.


�Activity in the geo literature is part of defining rate of movement (active, historically active, dormant, relict)






