
 

ABSTRACT 

SHINPAUGH, JOSHUA ERIK. Geochemical Signatures of Potential Sediment Sources to 

Lake Quinault, Washington. (Under the direction of Dr. Elana Leithold). 

 

Over centennial to millennial time scales, sediment production in mountainous areas 

of the world is typically dominated by episodic events such as earthquakes and storms, which 

commonly trigger widespread mass wasting. As streams carry these sediments out of the 

affected catchments, downstream sites of sediment accumulation, such as lakes and 

continental margins, have the potential to record these erosional processes. Widespread deep-

seated landsliding should produce sediments with geochemical properties similar to those of 

bedrock while shallow landslides should produce sediment with geochemistry reflecting 

larger components of soil and vegetation.  

Lake Quinault, on the western side of the Olympic Peninsula, sits in a landslide-prone 

region atop the Cascadia Subduction Zone (CSZ). Evidence for great subduction earthquakes 

along the CSZ with a typical recurrence interval of 300-500 years has been documented.  The 

lake, formed behind a glacial moraine between 20,000 and 29,000 years ago, has the 

potential to record the geomorphic response to these events.  The goal of this study was to 

examine recent sources of sediment in the lake’s catchment and to establish geochemical 

criteria by which this response might be reconstructed.  Sources, including bedrock, soils, 

river terrace, and paleo-lacustrine sediments were sampled and their inorganic and organic 

geochemical signatures characterized. Stream samples were also gathered and analyzed to 

test applicability of source geochemistry in the determination of stream sediment derivation.  

Chemical Index of Alteration (CIA) and Weathering Index of Parker (WIP) values were 



 

calculated from inorganic geochemical data. Total organic carbon (TOC) concentrations, 

δ
13

C isotopic ratios and atomic carbon to nitrogen (C/N) ratios were also analyzed. 

Additionally, Rock Eval pyrolysis was utilized to differentiate organic geochemical 

signatures of recent carbon from soils and vegetation from that of bedrock-derived fossil 

carbon.  

CIA and WIP weathering indices showed that sediment produced within the 

catchment has not been extensively weathered and closely resembles bedrock. WIP values 

prove to be the most useful criteria for discriminating between soils and bedrock based on 

inorganic geochemistry, and for delineating their relative contributions to sedimentary 

deposits in the catchment. Measurements of TOC, δ
13

C and C/N, indicate mixing of young 

carbon from recent vegetation and fossil carbon from bedrock in stream sediment and other 

deposits in the catchment, but cannot be used to quantify the relative contributions from 

those two carbon pools. Deconvolution of S2 curves obtained from Rock Eval pyrolysis 

permits delineation of recent and fossil carbon contributions to sedimentary deposits, 

elucidating the geomorphic mechanisms (deep or shallow) most responsible for sediment 

production. The methods utilized in this study should be useful for future investigations of 

the sedimentary history preserved in Lake Quinault and the region’s upland response to great 

subduction earthquakes.  
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1.0 INTRODUCTION 
 

A large portion of the world’s sediment originates in tectonically active, mountainous 

regions (Milliman and Syvitski, 1992) and landslides have been shown to be the most 

important process of sediment production in these areas (e.g. Hovius et al., 1997, 2000; 

Korup et al., 2004). Deep-seated landslides involving bedrock commonly occur in areas 

where, and at times when, erosion outpaces weathering (Burbank et al., 1996; Hovius et al., 

1997, 2000; Korup et al., 2004). Shallow landslides, which are confined to failures within the 

rooting zone (Cruden and Varnes, 1996), are often caused by increased pore pressure (e.g. 

Sidle and Swanston, 1982; Sitar et al., 1992), reducing shear strength in the soil and causing 

the movement of soil and vegetation along the rock/soil interface (Brand, 1981; Brenner et 

al., 1985). The resulting flux of material from a landslide initiates a sediment wave 

(Sutherland et al., 2002) that can impact a catchment’s sediment discharge on a decadal or 

longer time scale (Pearce and Watson, 1986; Koi et al., 2008)  

Widespread mass wasting, including landsliding, is commonly associated with 

infrequent events such as high-magnitude earthquakes and storms with intense rainfall (e.g. 

Keefer, 1984, 2002; Hovius et al., 1997; Page et al., 1999; Ocakoglu et al., 2002; Dadson et 

al., 2004; Chen et al., 2006). An exceptional example of extensive landsliding occurred in the 

aftermath of the 2008 magnitude 8.0 Wenchuan earthquake in China. The earthquake was 

followed by heavy rains and, ultimately, both contributed to a total of more than 56,000 

landslides (Dai et al., 2011) and 250 landslide-dammed lakes (Cui et al., 2009). The resulting 

mass wasting was so severe that Parker et al. (2011) concluded that material removed as a 

result of the coseismic landsliding was greater than the orogenic growth to which the event 
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would have contributed. Events such as this one demonstrate the potential of active mountain 

belts to produce deep-seated failures that release very large amounts of bedrock-derived 

sediments into their stream catchments.  

The Pacific coastline of the U.S. is seismically active and has the potential for high-

magnitude events (USGS, 1993). In addition, the same region is subject to frequent 

landslides (Radbruch-Hall et al., 1982), including many caused by earthquakes (e.g. Harp 

and Jibson 1995, 1996; Keefer, 1984; Plafker and Galloway, 1989).  The 1994 magnitude 6.7 

earthquake in Northridge, California, for example, caused more than 11,000 landslides over 

an area of around 10,000 km
2 
(Harp and Jibson, 1995, 1996). Farther north along the Pacific 

margin, however, less information exists about the geomorphic reaction to infrequent major 

earthquakes. The Cascadia Subduction Zone (CSZ) has a well-studied marine and lowland-

terrestrial record of high-magnitude seismic events (e.g. Atwater, 1987, Kelsey, 2005; 

Goldfinger, 2003; Goldfinger et al., 2011), but little information is available pertaining to the 

region’s upland response. 

It has been found that lacustrine sediments have the potential to record regional 

seismic histories (e.g. Monecke et al., 2006; Moernaut et al., 2007; Moernaut et al., 2009). 

Sediment delivered to lakes from earthquake-impacted uplands should reflect primary 

sources (such as soil, bedrock, or sedimentary deposits) and potentially indicate processes by 

which it was mobilized (e.g. shallow or deep-seated mass wasting). If the resulting fluxes are 

significant enough to have decadal impacts on the stream sediment loads, ample amounts of 

sediment may accumulate in downstream reservoirs (e.g. lakes) to serve as a geological 

record of the effects of great earthquakes within each catchment. 
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Located on the western side of the Olympic Peninsula of Washington State, Lake 

Quinault is a natural, 20,000-29,000 year-old glacial lake (Thackray, 1996, 2001) that has the 

potential to provide insight into the catchment’s response to major seismic events. Several 

coastal and marine studies have focused on seismic event recurrence along the CSZ and have 

amassed evidence of great (M ≥ 8) subduction and other types of earthquakes over the past 

several thousand years (e.g. Atwater, 1987, Kelsey, 2005; Goldfinger, 2003; Goldfinger et 

al., 2011). Rock avalanches and landslide-dammed lakes have been attributed to earthquakes 

sourced in the upper crust (Schuster et al., 1992); however, geomorphic response initiated by 

great subduction earthquakes is virtually unknown. Due to its active tectonic setting, bedrock 

lithology, steep slopes and climate, the region is highly susceptible to landslides (Gerstel, 

1999) and over 650 have been mapped from 1939 to 1998 within the Lake Quinault 

catchment alone (Quinault Indian Nation, 1999). 

If Lake Quinault sediment is to serve as an archive of past landslide events, in 

particular widespread landsliding caused by earthquakes, a requirement would be to develop 

criteria for distinguishing the sediments these mass-wasting processes mobilize. This study 

focuses on the geochemical properties of shallow and deep-seated landslide-derived sediment 

and on developing methods by which to estimate the contribution of each landslide type 

during seismically quiescent periods as well as following major seismic events.  It is 

hypothesized that during periods between seismic events, primary sediment input to Lake 

Quinault will consist of detritus from shallow landslides, containing chemically altered 

mineral material from soils and organic carbon derived primarily from recent biomass. 

Conversely, after a large earthquake, deep-seated landslide-derived sediment is expected to 
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be the primary source of sediment to the river network and lake, and to contribute inorganic 

and organic material that is similar to that contained in the unweathered bedrock that 

underlies the catchment.   

1.1 Geologic Setting 
 

The Olympic Mountains formed as a result of subduction of the Juan de Fuca Plate 

beneath the North American Plate, a process currently taking place at a rate of approximately 

43 mm/yr (Engebretson et al., 1985). As a result of this convergence, Tertiary accretionary 

wedge units of fine and coarse-grained marine sedimentary strata known as the Olympic 

Subduction Complex (OSC) are thrust against the Middle to Late Eocene Crescent (basalt) 

terrain, resulting in a horseshoe-shaped contact on the eastern peninsula and creating the 

Olympic Mountains (Figure 1; Brandon and Calderwood, 1990; Clowes et al., 1997; Tabor 

and Cady, 1978a,b). The units of the OSC are highly deformed, steeply dipping, and slightly 

metamorphosed, with units toward the core containing slate and phyllite schist, and 

metamorphic grade decreasing to the west (Tabor and Cady, 1978a,b). Over long-term scales, 

geologic rates of exhumation are balanced by erosion rates, so the Olympic Mountain range 

is considered to be in a flux steady state (Batt et al., 2001; Brandon et al., 1998; Pazzaglia 

and Brandon 2001).  
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Figure 1. General geology of the Olympic Peninsula. Note the “horseshoe” shape created by 

the Crescent Basalt terrain “backstop”. Geologic data courtesy of the Washington State 

Department of Natural Resources (http://www.dnr.wa.gov/ResearchScience 

/Topics/GeosciencesData/Pages/gis_data.aspx). Base map data courtesy of National 

Geographic and ESRI. 

http://www.dnr.wa.gov/ResearchScience%20/Topics/GeosciencesData/Pages/gis_data.aspx
http://www.dnr.wa.gov/ResearchScience%20/Topics/GeosciencesData/Pages/gis_data.aspx
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 Till and glaciolacustrine terraces provide evidence of multiple Pleistocene glacial 

advances that have been documented throughout the western Olympic Mountains. The 29 to 

20 ka glacial advance created the terminal moraine which serves as the modern-day dam for 

Lake Quinault (Thackray, 1996, 2001; U.S. Bureau of Reclamation, 2005).   

1.2 Seismic History 

As a result of its tectonic setting, western Washington is subject to episodic 

earthquakes. Frequent low-magnitude events occur in the region between the Olympic 

Peninsula and the Cascade Mountains (Taber and Smith, 1985) and studies along the CSZ 

have yielded evidence of several high-magnitude earthquakes over the past several thousand 

years. The paleoseismic record includes evidence for: 1) Sudden ground subsidence allowing 

for deposition of estuarine deposits atop supra-tidal coastal marsh deposits (Atwater, 1987); 

2) Landward transport of coastal sands by  tsunamis to marsh environments (Atwater and 

Moor, 1992) and into coastal lakes (Kelsey et al., 2005) and; 3) Turbidites or submarine 

landslides in continental margin (Goldfinger et al., 2003; Goldfinger et al., 2011) and 

lacustrine (Karlin and Abella, 1992; Logan et al., 1998) environments. Other events have 

been evidenced at higher elevations by faulted till, outwash, and colluvial deposits observed 

in trenches and shallow cores (Witter et al., 2008).  

Additional evidence for past earthquake events may include the development of strath 

terraces in the Clearwater River basin on the eastern Olympic Peninsula, just north of the 

Quinault catchment (Wegmann and Pazzaglia, 2002; Wegmann, 1999).  These terraces, 

created by stream-cutting through sudden sediment pulses, may owe their origin to 

seismically induced episodes of widespread mass wasting. Schuster et al. (1992) documented 
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the ages of Olympic landslide-dammed lakes using radiocarbon, finding that several of them 

formed around the same time and are generally attributed to the most recent rupture of the 

Seattle Fault, strengthening the argument that the Olympic Mountains are subject to 

widespread, coseismic landsliding. From the amassed seismic evidence, great subduction 

earthquakes (≥8M) along the Cascadia Subduction Zone are suggested to occur every 300-

500 years on average (Atwater and Hemphill-Haley, 1997), with the most recent of these, a 

magnitude 9, occurring on January 26, 1700 (Satake et al., 1996; Yamaguchi et al., 1997).  

1.3 Quinault Watershed  

 

The Quinault River originates as two tributaries, the North and East Forks, in the 

heart of the Olympic Mountains (Figure 2). The Anderson Glacier marks the headwaters of 

the East Fork and snowmelt from Mt. Seattle initiates the North Fork (Quinault Indian 

Nation, 1999). Both streams travel high-gradient paths through steep, forested valleys 

(Quinault Indian Nation, 1999). At their confluence 18 river kilometers upstream of Lake 

Quinault, the two branches become the Upper Quinault River.  The stream’s steep, 

mountainous course transitions to lesser grades of around 0.0035 m/m as it exits the 

mountains and approaches the lower Quinault valley. It then braids through paleolacustrine 

deposits which accumulated soon after glacial retreat and during the lake’s maximum surface 

elevation of around 110 m. Much of these ancient lakebeds are topped with young alluvial 

fan deposits. (U.S. Bureau of Reclamation, 2005, O’Connor, 2003). At its point of entry to  
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Figure 2. Map of the Upper Quinault River system and catchment geology. Geologic data 

courtesy of the Washington State Department of Natural Resources. Hydrography data 

courtesy of the National Hydrography Dataset (NDH), http://nhd.usgs.gov/.  
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Lake Quinault, the Upper Quinault River has drained a catchment of approximately 606 km
2
 

(U.S. Bureau of Reclamation, 2005) that is dominantly underlain by the sedimentary rocks of 

the OSC (Figure 2) (Tabor and Cady, 1987a,b). Adjacent is an additional 78 km
2
 that drains 

directly into the lake itself (U.S. Bureau of Reclamation, 2005) and whose bedrock consists 

of OSC to the north and Crescent basalt to the south (Tabor and Cady, 1987a,b). The Upper 

Quinault River delivers an estimated bed load of 264,000 ± 15,000 m³/year which was 

calculated from data collected by the U.S. Bureau of Reclamation (2005) from 1939 to 2002. 

Landslides may be the largest contributors of this sediment with 668 mapped over the last 59 

years (Quinault Indian Nation, 1999). Sediment accumulation rates at the deepest part of 

Lake Quinault are estimated to be 0.45 cm/year based on accumulations between biomarkers 

representing historic periods of productivity (Stockner et al., 2003). From the moraine dam, 

the river continues to the Pacific Ocean, draining a cumulative basin of around 1134 km
2
 

(O’Connor et al., 2003).  

Climate varies widely over the entire Olympic Peninsula, but the Quinault drainage 

area lies within the maritime climate zone (Henderson et al., 1989). As weather systems 

advance in southwest to northeast paths, rapid atmospheric migration up the western 

Olympic Mountain slope results in large amounts of precipitation, totaling 1,780 – 2,540 mm 

in the coastal regions up to 4,800 – 5,080 mm at Mount Olympus (Spicer, 1986).   

Anthropogenic influences are relatively minor throughout the catchment. The 

majority of the Quinault watershed lies within Olympic National Park and some land 

surrounding Lake Quinault is controlled by the U.S. Forestry Service along with private 

timber companies and is logged. A trivial portion of land is privately owned. There is, 
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however, a history of logging in the lower Quinault valley and recent fluvial path changes, 

including broader channel migration, is attributed to a lack of mature vegetation resulting 

from this activity, in turn enhancing stream bank erosion (Bureau of Reclamation, 2005). 

Additionally, diversion of the flow of Finley Creek (a tributary just upstream of Lake 

Quinault) away from settled land has resulted in accelerated erosion of Holocene sediments 

that make up its stream banks (Karl Wegmann, Personal Communication, 2013). 

1.4 Sediment Origin Proxies 
 

1.4.1 Inorganic Geochemistry 

 

The inorganic geochemistry of sediments transported from river basins has the 

potential to reflect several geologic characteristics. Rare Earth elements in sediments can be 

useful in indicating provenance and tectonic setting (e.g. Taylor and McLennan, 1985; 

McLennan and Taylor, 1991; Vital and Statttegger, 2000; Das and Haake, 2003; Jin et al., 

2006). Major and trace element accumulations in soils can indicate both weathering intensity 

and source areas (e.g. Nesbitt et al., 1980; Nesbitt and Young, 1982; Taylor and McLennan, 

1985; Jin et al., 2001; Negrel et al., 1993; Olley and Caitcheon, 2000). With only two parent 

rock lithologies underlying the Upper Quinault catchment, provenance is not a complex 

issue. The most applicable weathering intensity analyses, however, should account for 

material derived from both lithologies.  

The decomposition of rock to soil involves geochemical processes that alter the 

composition of the parent material. Rainwater percolation through bedrock leads to 

hydrolysis, or the exchange of cations in the existing mineral lattices with H
+
 ions. Some of 

the most mobile elements quickly leached from parent material include major elements Na
+
, 
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K
+
, Mg

2+
 and Ca

2+
.  Less mobile major element cations include Al

3+
, Ba

2+
, Rb

+
, Ti

4+
 and 

Zr
4+

, and aid in creating minerals that are more stable under near-surface conditions (Kramer, 

1968; Nesbitt et al., 1980; Nesbitt and Young, 1982, 1986; Chittleborough, 1991; Fedo et al., 

1995).  The major source of cations for these reactions is feldspar. It is the most abundantly 

exposed (Nesbitt and Young, 1984) and readily weathered mineral (Garrels and Mackenzie, 

1967; Grant, 1963), with plagioclase weathering more rapidly than orthoclase feldspar 

(Nesbitt and Young, 1984).  

Proportionality of the concentrations of common mobile and immobile major element 

oxides from parent materials to their soils is used to quantify degrees of weathering in 

formulas known as chemical weathering indices. Many weathering indices have been 

suggested, and Price and Velbel (2003), upon reviewing a number of these, gathered that the 

most helpful weathering indices follow these criteria: easy to use, incorporates elements with 

high and low mobility, exhibits appropriate trends with weathering, applicable to a wide 

range of rocks, and free of assumption that any element is immobile or, if need be, the least 

mobile element is considered. One such index is the Parker Index or Weathering Index of 

Parker (WIP) (Parker, 1970), given: 

    (
     

    
 
   

   
 
    

    
 
   

   
)       

where the most mobile elements during chemical weathering (sodium, magnesium, 

potassium, and calcium) are included. The weight percent of oxides of these elements are 

each divided by their bond strength with oxygen so that the index reflects each cation’s 

mobility (Parker, 1970). By its nature, the WIP becomes less applicable for differentiating 

relatively highly weathered materials as the concentrations of the applicable mobile elements 
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are then very low (Eswaran et al., 1973).  The WIP approaches zero as the degree of 

weathering increases (Parker, 1970). 

 Another useful index, created by Nesbitt and Young (1982), is the Chemical Index of 

Alteration (CIA).  Whereas the WIP utilizes only the most mobile elements, the CIA 

additionally takes into account the low mobility of aluminum and is calculated as: 

    (
     

                      
)      

where CaO* represents calcium that has been incorporated into the silicate fraction of the 

rock as opposed to a possible carbonate fraction. For the CIA calculations, oxide weight 

percent is converted to moles (McClennan, 1993). The CIA indicates increased weathering as 

values approach 100, at which point only aluminum remains.  

 Sediments discharged from a river catchment have the potential to reflect spatial and 

temporal changes of sources and their weathering histories. Sediment derived from surficial 

soil horizons by processes such as overland flow and shallow landsliding can be expected to 

show weathering indices reflecting relatively high degrees of alteration. Conversely, 

sediments derived from less weathered bedrock via processes including deep-seated 

landsliding would be expected to have weathering indices reflecting minimal chemical 

alteration.  

1.4.2 Organic Geochemistry 

 

Organic carbon found at the Earth’s surface is primarily stored on the continents as 

recent carbon in soils and vegetation (Sundquist, 1993; Sigman and Boyle, 200) and as fossil 

carbon within the sedimentary rocks (shales, carbonates, sandstones) that make up around 
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65% of the continental surface (Amoitte-Suchet et al., 2003). In mountainous catchments, the 

recent organic fraction is commonly mobilized from hillslopes via overland flow, shallow 

landsliding, and debris flows before streams assume the role of removing it from the system 

(e.g. Benda and Dunne, 1997; Page et al., 2004; Leithold et al., 2006; Hilton et al., 2008; 

West et al., 2011). These mechanisms transport  particulate organic carbon from uplands to 

valleys, where it commonly rests within floodplain sediments and may eventually be 

remobilized and delivered further downstream (Benda and Dunne, 1997; May and Gresswell, 

2003), especially during precipitation events (Leithold et al., 2006; Smith et al., 2013).   

In some tectonically active areas, deep-seated landslides and gully erosion are 

important mechanisms by which fossil carbon (kerogen) is released into river systems (i.e. 

Kao and Liu, 1996; Masiello and Druffel, 2001; Leithold and Blair, 2001; West et al., 2011). 

In these settings, short residence times of sedimentary rocks in surficial horizons increase the 

likelihood of fossil carbon preservation (Leithold et al., 2006).  As a result, in many small 

mountain catchments, such as that of the Upper Quinault, particulate organic carbon includes 

both recent and fossil components (Blair et al., 2003; Leithold et al., 2006).   Mass balance 

calculations based on end-member stable carbon isotopic and elemental (C/N) ratios as well 

as radiocarbon content have been used to monitor changes in the relative importance of these 

fractions over time and space (e.g. Meyers and Taranes, 2001; St-Onge and Hillaire-Marcel, 

2001; Leithold et al., 2006; Perdue and Koprivnjak, 2007; Bertrand et al., 2010; Hilton et al., 

2011; Smith et al., 2013).   

Rock Eval analysis is a less commonly used technique for detecting organic carbon 

fractions from various sources in modern sedimentary systems.  It is well-established, 
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however, in the oil industry for which it was created as a method for source rock 

characterization (Espitalié et al., 1977). During the analysis, a programmed pyrolysis is 

performed during which a crushed-rock sample is heated in an oven in an inert He 

atmosphere to 300°C for three minutes before the temperature begins to rise at a rate of 

around 25°C/minute to a temperature of around 550°C. Throughout the analysis, a Flame 

Ionization Detector (FID) continuously measures the hydrogen gasses produced from organic 

combustion (Espitalié et al., 1977). 

The initial heating of the sample gets it to 300°C for three minutes. When pyrolysis 

begins, the most available hydrocarbons are volatilized from 300-350°C. The S1 parameter 

(S stands for yield of hydrocarbon released by heating) is derived from the peak FID 

measurement during this stage and traditionally is interpreted to represent the free, 

extractable hydrocarbons in the source rock being analyzed.  Over the next several minutes, 

during which the sample is progressively heated, FID measurements record what is referred 

to as the S2 curve, the peak of which is used to calculate the S2 parameter and provides 

information on the amount of hydrocarbons per volume of rock. The temperature at which 

the peak is recorded is referred to as Tmax and can aide in the determination of the kerogen’s 

thermal maturity. Additionally, HI, the hydrogen index, is calculated as  

   
      

   
      

and represents the normalized hydrocarbon content of the source rock. Gasses generated 

early in the analysis (300-390°C) are trapped and contained until programmed pyrolysis 

completion. At that time, sample temperature remains at 550°C while the trapped effluent is 

reintroduced to the atmosphere. The gas-detecting instrument is switched from the FID to a 
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thermal conductivity detector in order to measure the total amount of CO2 generated during 

the initial portion of the analysis. The measured parameter is known as the S3 curve 

(Espitalié et al., 1977). 

Rock Eval analysis has recently been shown to be a very useful tool for characterizing 

organic matter in recent soils and sedimentary systems (e.g. Ariztegui et al., 1996; Di-

Giovanni et al., 1998; Lüniger and Schwark, 2002; Disnar et al., 2003; Sebag et al., 2006; 

Saenger et al., 2013). It has been used not only to distinguish different pools of relatively 

young organic matter, but also to track fossil organic carbon delivery in sedimentary systems 

(Copard et al, 2006; Graz et al., 2012). Because the various young bio-macromolecules 

composing recent plants and soils burn at much lower temperatures than those of the fossil 

geo-macromolecules (kerogen) within sedimentary rock, their contributions can be reflected 

by the shape of the S2 curve (Disnar and Trichet, 1984; Copard, 2002; Disnar et al., 2003). 

Furthermore, it has been found that deconvolution of the S2 curve can yield Gaussian 

components that reflect the relative quantity of various organic constituents, recent and fossil, 

of a sediment sample. The number of components utilized in deconvolution varies from 4 to 

6 in different studies (Disnar et al., 2003; Copard et al., 2006;  Sebag et al., 2006; Saenger et 

al., 2013).  These components are termed F1, F2, F3, F4, F5, F6. Where these Gaussian 

components are recognized, F1 describes the lowest temperature component and successively 

higher numbers are assigned to the components released with increased temperature. The 

increasing component numbers correspond with increasing organic matter recalcitrance, with 

the highest numbers corresponding to fossil sources (Disnar et al., 2003; Copard et al., 2006;  

Sebag et al., 2006; Saenger et al., 2013). 
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Based on past research, Rock Eval pyrolysis should be useful for distinguishing more 

labile, surficial sources of organic carbon from more recalcitrant, thermally altered fossil 

carbon in the Quinault catchment. Deep-seated landsliding and gully erosion should yield 

sediment reflecting primarily fossil organic contribution from bedrock. Alternately, erosion 

dominated by shallow landsliding and overland flow should result in Rock Eval signatures 

more strongly resembling those of recent organic biomass.   

2.0 METHODS 

2.1 Sampling 

 

During May and June of 2012, sediment and rock samples representing various 

sediment sources and deposits were retrieved from various locations both within and near the 

Upper Quinault River watershed.  

Samples representing end-member source materials included plant debris, soil, and 

bedrock clasts. The youngest plant matter was obtained from a drape of fine woody 

fragments lying on the sediment surface at the mouth, or delta, of the Upper Quinault River 

as it flows into Lake Quinault. This material is derived from the catchment’s vegetation and 

can be considered a representative mixture of various recent plant fragments that are 

transported in the sedimentary system. Soil samples were obtained from O-horizons and 

lower horizons in both the OSC and Crescent lithologic zones. O-horizon samples were taken 

from the uppermost layer of the soils and comprise degraded plant material along with a 

small amount of chemically weathered parent (mineral) material. Subsoil samples were 

retrieved from deeper levels in soil profiles and may include A, B, and Cox horizons.  
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The other end-member samples consist of bedrock and were expected to comprise the 

least chemically weathered minerals and to contain relatively high concentrations of fossil 

carbon (kerogen). Clasts were chosen to represent the two lithologic zones within the 

catchment, the OSC and Crescent Formation. Representative rock types from the OSC, 

including sandstones, shales, and siltstones, were sampled from gravel bars along the river 

and from outcrops. One sample, a phyllite clast, was provided by Dr. Karl Wegmann who 

retrieved it from near the headwaters of the Quinault catchment where OSC bedrock is 

slightly metamorphosed. Basalt clasts taken from the Crescent Formation represent the 

igneous source of sediment within the catchment. 

Landslide samples represent mobilized end-member material, so the sediment 

produced via landsliding is derived from the sources discussed above depending on the depth 

at which the failure occurred. Shallow landslides will produce a flux of material from atop 

the catchment bedrock, and contain both O-horizon and subsoil material, while deep-seated 

landslide deposits will contain O-horizon and subsoil sediment along with a bedrock 

contribution that is dependent upon failure depth. Shallow landslide samples were taken from 

the landslide’s toe.  Deep-seated landslides generally have superimposed stream networks 

that develop after initial failure.  The sediment in these streams was sampled both near the 

headwall and toe of several of these landslides. 

Potential secondary, less voluminous sources of sediment to Lake Quinault include 

alluvial fan, terrace, and paleo-lacustrine deposits. These deposits represent sediments that 

are stored in the catchment for various lengths of time, and may eventually erode and 
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contribute to Quinault’s sediment budget. In all three cases, samples were retrieved from 

these deposits with care to avoid roots from superimposed, recent vegetation.     

Sediment transported in the active fluvial system were sampled from mud drapes on 

stream banks and sand bars close to stream level during the sampling period.  These mud 

drapes were found at various locations along the Upper Quinault and at two of its tributaries. 

One sample was taken from atop a sandbar in the North Fork Upper Quinault, upstream of 

the confluence of the two main branches. Downstream from this, below the confluence of the 

North and East forks, another sample was retrieved from a mud drape on the river bank of the 

Upper Quinault at the bridge that connects North and South Shore roads. Two samples were 

then retrieved at the mouth, or delta, of the river as it flows into Lake Quinault. Additional 

samples were taken at Mormon Creek, an Upper Quinault tributary draining a small 

catchment atop the Crescent Formation, and at Finley Creek, a tributary to the Upper 

Quinault underlain by OSC and that enters the river a short distance upstream of Lake 

Quinault. Fluvial samples are likely to be strongly influenced by the sources that lie 

immediately upstream. The Finley Creek sample in particular may be important in this regard 

since a large, recent, deep-seated landslide was observed within its catchment via satellite 

imagery (Figure 3). All samples were placed in plastic freezer bags and stored frozen until 

processed. A list of sample IDs and descriptions can be found in Appendix 8.1 with select 

sample location pictures in Appendix 8.2. A map with sample locations is provided in Figure 

4.
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Figure 3. Satellite imagery of the Finley Creek catchment before and after a large deep-seated landslide. 
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Figure 4. Locations of samples taken. Geologic data courtesy of the Washington State 

Department of Natural Resources. Hydrography data courtesy of NHD.  
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2.2 Inorganic Geochemical Analyses 

 

2.2.1 Preparation 

Nitrile gloves were worn at all times when working with samples. Glassware and 

metalware were combusted prior to use at 510 °C for 6 hours, except for sieves, which were 

rinsed successively with deionized (DI) water, acetone, and methanol.  In preparation for 

analyses, sediment samples were removed from the freezer and allowed to thaw at room 

temperature before being homogenized with a stainless steel spatula, and a portion (around 5-

10g) was placed in a 2 mm, stainless steel sieve stacked on top of a 63 μm sieve. The sample 

was rinsed through the sieves with DI water and the <63 μm fraction was collected into a 

1000 mL graduated cylinder. When the majority of the <63 μm fraction was removed from 

the sample (indicated by clear DI water passing through sieves and into the cylinder), fluid in 

the cylinder was poured into Nalgene bottles and spun in a centrifuge at ~2500 rpm for 30 

minutes. After spinning, the clear supernatant in each bottle was decanted and more of the 

sediment-water mixture from each sample’s cylinder was added. The process was repeated 

until each cylinder was emptied. After the final decantation, the Nalgene bottles were placed 

in a freezer overnight and the contents were then freeze-dried to remove all moisture. The 

resulting <63 μm fraction was placed in plastic vials and stored frozen. 

2.2.2 Inorganic Geochemical Analyses 

A suite of samples was sent to Acme Labs in Vancouver, British Columbia, to be 

evaluated for major, trace, and Rare Earth element concentrations. A 0.25 g split was subject 

to a four-acid digestion by being heated in HNO3 - HClO4 - HF, and HCl to fuming, then 

dried. The residue was then dissolved in HCl and the resulting solution was analyzed using 
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Inductively Coupled Plasma – Mass Spectrometry (ICP-MS). The concentrations of 60 

elements, including 14 Rare Earth Elements (REEs), were reported and are presented in 

Appendix 8.3. 

2.2.3 Carbonate Content 

Before using inorganic geochemical data to calculate the CIA weathering index, it is 

necessary to evaluate the extent to which Ca is present in the form of carbonate, as discussed 

in section 1.4.1. To make this determination, a subset of six samples was chosen representing 

a spectrum of the various sample types. Each sample was processed to isolate the <63μm 

fraction as discussed in section 2.2.1 and split, with half of the sample acidified to remove 

inorganic carbon. For this procedure, a 4N solution of HCl, prepared by adding 33.3 mL of 

12N HCl to 100 mL of DI water in a clean beaker, was used. Clean beakers were used for 

each sample and each beaker was weighed before and after the sample to be analyzed was 

added. The 4N solution of HCl was then added to the beakers until the sediment in each 

beaker was completely submerged in the acid. The beakers were covered with watch-glasses 

and placed in a ventilation hood for four days. Samples were then dried in vacuo, weighed, 

transferred to clean vials with airtight lids, and kept frozen until analyzed. Acidified and 

unacidified samples were analyzed in a Thermo-Electron EA 1112 Series elemental analyzer 

to determine carbon content. Inorganic carbon values were calculated by subtracting the 

amount of organic carbon in the acidified samples from the amount of total carbon in the 

untreated samples.  
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2.3 Preparation for Organic Geochemical Analyses 

 

2.3.1 Size Fractionation 

 

Metal utensils and glassware used for organic analysis preparation were combusted at 

510 °C for six hours prior to contact with sediments. Nitrile gloves were worn at all times 

when working with sediments and the utensils with which they came into contact. Sediment 

samples were removed from the freezer and allowed to thaw at room temperature. 1000 mL 

graduated glass cylinders were labeled and prepared as well as glass funnels, Teflon bottles, 

and sieves. A metal spatula was used to remove a portion of sample from each bag (sample 

size for fractionation varied due to varying amounts of clay fractions in sediment samples) 

that was placed in a 2 mm sieve stacked atop a 63 μm sieve. DI water was used to rinse each 

sample through the sieves into their respective cylinders. The rinsing was stopped when 

either the total volume of water and sediment in the cylinder equaled 800 mL or until the 

majority of the <63 μm fraction was removed from the sample (indicated by clear DI water 

passing through sieves and into the cylinder); in the event of the latter, DI water was added to 

the cylinder until the volume totaled 800 mL.  

A solution of sodium metaphosphate was prepared by adding 20g of sodium 

metaphosphate powder to 100mL of DI water in a clean 1L glass beaker on a heating plate. 

The solution was then filtered through a combusted 0.4μm glass fiber filter into a clean filter 

flask. The filtered solution was then transferred to a clean glass container with a stopper and 

~50mL of Hexane was added. The container was then placed on a shaker container for 2 

hours. The mixture was poured into a separatory funnel and the sodium metaphosphate 

solution was poured back into the glass container with stopper. 5 mL of this solution was 



 

 

 

27 

added to each cylinder to be used as a dispersant. The fluid and sediment in each cylinder 

was homogenized with a metal stirrer and allowed to settle for four hours after which the top 

20 cm of fluid was removed, via a peristaltic pump, from the water column in order to isolate 

the <4 μm  fraction. This method is based on Stoke’s Law, which describes the settling 

velocity of particles through a column of fluid based on particle diameter and density as well 

as fluid density and viscosity.  

The solution containing the <4 μm fraction was then transferred to a cleaned, 

weighed, and labeled Teflon bottle and spun in a centrifuge at  ≤2500 RPM for around 30 

minutes after which the supernatant was decanted. This process was repeated with the 

remainder of the solution. After final decantation, bottles were weighed, placed in a freezer 

overnight, freeze-dried, and weighed again.  The sediments were then transferred to clean, 

airtight vials which were then placed in a freezer for storage until needed for analyses 

2.3.2 Organic Carbon Analyses 

 

2.3.2.1 Organic Carbon, Total Nitrogen, and δ
13

C Isotope Analysis 

In preparation for analysis of organic carbon and total nitrogen content and stable 

carbon isotopic (δ
13

C) ratios, samples were size fractionated (as described in section 2.3.1) 

and acidified (as described in section 2.2.3) . Tin boats were used to hold samples for the 

analysis and were combusted in a Thermo-Electron EA 1112 Series elemental analyzer in 

order to obtain organic carbon and nitrogen content. Gasses were then transported in an inert 

helium atmosphere to a Thermo Delta V Plus Isotope Ratio Mass Spectrometer where 

13
C/

12
C ratio was obtained as the ratio of the sample compared to that of the standard Pee 

Dee Belemnite (PDB). δ
13

C was then calculated as: 
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     (
(      ⁄ )       
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and is expressed in ppm. Corrections to measured δ
13

C values were made according to the 

calibration of the instrument with a minimum of 5 acetanilide standards. Corrections were 

also made to correct for weight changes during sample preparation due to addition of 

dispersant (sodium metaphospate) and formation of salts during sample acidification. C/N 

values are expressed as the atomic ratio.  

2.3.2.2 Rock Eval Analysis  

For the present study, RockEval analyses were performed on the <4 μm fraction of a 

suite of samples. Two different sets of sample were submitted, on different dates, to 

GeoMark Research, Ltd., where they were analyzed with a Rock Eval II pyrolyser.  

S2 Curve Deconvolution - For S2 curve information, FID data obtained during the 

programmed pyrolysis from 300-550°C was extracted from the raw data obtained for each 

sample by GeoMark. FID values were recorded every 0.002 to 0.032 minutes, but at no 

consistent intervals. Thus, in order to more effectively and efficiently analyze and present the 

obtained data, FID values were interpolated so that each S2 curve data set was presented at a 

scale of 300-550°C in 0.5°C increments. This was accomplished with MATLAB R2011a 

software.  

Analyses run on samples that contained low amounts of organic carbon often 

produced jagged S2 curves, displaying instrumental noise in the FID recording. The noise 

was filtered by smoothing the data via a 35-point running average accomplished using 

MATLAB2011a software. The 35-point value was subjectively chosen, but checked against 
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the original data to ensure that the smoothed line did not deviate from the overall 

increasing/decreasing trends indicated by the unfiltered data. The results of the smoothing are 

demonstrated in Figure 5. Upon smoothing, a baseline subtraction was performed so that the 

minimum FID value in each data set was zero. The MatLab script used for interpolating and 

smoothing, along with the baseline procedure for the S2 data, is presented in Appendix 8.4. 

After initial smoothing and subtraction of a baseline, PeakFit v4.12 software was used 

to deconvolute each S2 curve. Applying methods from previous research (e.g. Disnar et al., 

2003; Sebag et al., 2006; Saenger et al., 2013), a series of overlapping Gaussian area peak 

types were utilized to create a best-fit curve to the data. Results from bedrock clasts and plant 

debris were used to identify the characteristic peaks associated with fossil and recent organic 

sources (Figure 6). S2 curves for the remaining samples were deconvoluted using those 

recent and fossil Gaussians, or peaks. Amplitude adjustments were primarily made to fit the 

peaks to the S2 curve shapes with minor adjustments to their centers (temperatures) and 

widths.  The area under each peak of an S2 curve was then divided by the sum of all peak 

areas for that sample to obtain a relative contribution of each component to the overall data 

set.  
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Figure 5. Results of smoothing S2 FID data using a 35-point running average. The original 

data line represents raw S2 data before interpolation. FID measurements for the original data 

were taken every 0.1-0.7 °C and FID points for the smoothed data are interpolated to every 

0.5°C. 
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Figure 6. Illustrations of S2 curve organic signatures and curve deconvolution from Sebag et 

al. (2006). A.) Illustration of Rock Eval S2 signatures of recent and fossil carbon compounds. 

Notice that pyrolysis of the more labile, recent organic components produces a peak at lower 

temperatures than do the fossil components. B.) Deconvolution of an S2 curve. Breaking the 

curve into Gaussian components that can be attributed to recent and fossil organic matter 

allows estimation of contributions from different sources.   
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A.                                                                        

      
 

B. 
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2.4 Principal Component Analysis 

Principal Component Analysis (PCA) is helpful in realizing complex relationships in 

multivariate datasets. Linear relationships are detected between given variables and replaced 

with linearly uncorrelated variables known as Principal Components, which are derived by 

calculating loadings that quantify the importance of each given variable to variation in the 

data.  The result is a number of Principal Components equal to or less than the number of 

input variables with the most important, or most descriptive, components describing the 

largest variance in the data.  

MATLAB R2011a software was used for PCA. Data were first normalized by 

subtracting the data set’s mean of each element from each sample’s concentration and 

dividing by their standard deviations. The scripts for the procedures are in Appendix 8.5. For 

the inorganic geochemical data, results for Au, Lu, Rc, S, and Tc were removed from the 

data set since at least 11 samples did not meet the minimum detection limit (MDL) for each 

of those analytes. Few samples produced values below the MDL for Be (n=4), Bi (n=1), Tm 

(n=6), and Tl (n=2), so the MDL for each analyte was considered its concentration in the 

applicable samples. PCA was first performed on the entire remaining inorganic geochemical 

data set. Successive analyses were performed separately on major, trace, and Rare Earth 

elements as well as the oxides used to calculate chemical weathering indices. Analyses were 

also performed separately for the two sets of samples recovered from the parts of the 

catchment underlain by the Olympic Subduction Complex and the Crescent Basalt.  

Results from TOC, C/N, δ
13

C, and Rock Eval analyses were combined into a single 

multivariate dataset for PCA. To reduce data redundancies and obtain a clearer variance, 
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variables used in the dataset that were either closely related to, or derived from, other 

variables were removed. Consequently, S1, S2, S3, OI, and Tmax data, derived from Rock 

Eval Pyrolysis were not included as separate variables. Since a N% value was not obtained, 

the sample of plant litter collected from the Upper Quinault Delta, QR120531-13, was not 

included in the PCA.  

 A third PCA was performed with data from samples for which both inorganic and 

organic geochemical analyses were performed. A total of fifteen samples fit this criterion. 

Pertaining to inorganic geochemical data, CIA and WIP values were used in lieu of oxide 

weight percent data. The same parameters used for organic geochemical PCA were utilized 

for the combined PCA.   
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3.0 RESULTS 

3.1 Inorganic Geochemistry 

3.1.1 Inorganic Principal Component Analysis 

PCA was first performed on the inorganic geochemical data set. 40.1% of data 

variance is explained by the first component and 22.6% by the second. When plotted, two 

broad clusters are evident that separate OSC and Crescent lithologies (Figure 7). Crescent 

bedrock and soil end-members do show a separation; however, OSC bedrock and soil end-

members are plotted together in a cluster, suggesting that using the entire data set for PCA 

presents too many variables not applicable to weathering. To reduce variables, data sets of 

major, trace, and Rare Earth element concentrations were used for three additional PCAs 

(Figures 8,9,10). Crescent-related samples did show separation from the remaining samples 

in all PCA, reinforcing the simplicity of distinguishing sediment provenance within the 

catchment. In all but major element PCA, OSC soils plotted in clusters with OSC bedrock, 

suggesting that those elements are not applicable for distinguishing soil and bedrock end 

members. PCA using major elements resulted in a more clear separation of soil and bedrock 

samples, supporting not only the idea that selecting the more appropriate variables aides in 

more clearly identifying soil and bedrock sources, but also that weathering indices (using 

oxides of major elements) can be applicable in their identification. 
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Figure 7. PCA results for the entire inorganic geochemical data set. Note the separation of 

Crescent Fm. samples from the remaining samples as well as the clustering of OSC bedrock 

and OSC soil/shallow landslide samples. Crescent soils/shallow landslide symbols are yellow 

and OSC soil/shallow landslide symbols are green. The Crescent bedrock symbol is purple 

while OSC bedrock symbols are black. Blue symbols represent stream samples; the “Upper 

Quinault Bridge” sample refers to the sample taken just downstream of the confluence of the 

North and East Forks of the Upper Quinault and Mormon Creek is a stream which drains 

exclusively Crescent Basalt terrain. Light blue symbols represent paleo-lacustrine samples. 

Red symbols represent deep-seated landslides. 
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Figure 8. Results of PCA using trace elements.  
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Figure 9. Results of PCA using Rare Earth elements.  



 

 

 

40 

 
 

Figure 10. Results of PCA using major elements.
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A final PCA was performed using only those oxides utilized in the calculation of WIP 

and CIA weathering indices (Al2O3, CaO, K2O, MgO, and Na2O).  The first principal 

component (Figure 11), relying on positive loadings of Al203 and K20 and negative loadings 

of CaO* and MgO, describes 47% of the data variance. The second principal component 

utilizes a slight negative loading of Al203 and positive loadings of CaO*, K2O, MgO, and 

Na2O describing 23% of the data variance. The resulting scores are plotted in Figure 12.  

Again, a clear separation of samples derived from areas underlain by the Crescent Basalt and 

the OSC is visible, so inorganic samples were split into two groups in order to perform 

additional PCA: 1) Crescent Formation and related samples (n=5); and 2) OSC related 

surficial samples (n=20). PCA of Crescent and Crescent-derived samples resulted in the first 

two principal components describing 90.1% of the data variance. For OSC and OSC-derived 

surficial samples, the first two principal components describe 76.33% of the data variance. 

Figures 13 and 14 display the loadings and their effects on the data for the first two principal 

components. Scatter plots displaying the resulting scores from PCA for this and the 

proceeding analyses will be shown along with discussion in the next section. 
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Figure 11. PC loadings for the first two principal components of weathering index oxide 

PCA. 
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Figure 12. Results of principal component analysis using weathering index oxides (Al2O3, CaO, K2O, MgO, Na2O). 
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Figure 13. Weathering index oxide principal component loadings for Crescent Fm. sample 

PCA. 
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Figure 14. Weathering index oxide principal component loadings for OSC, secondary 

source, landslide, paleo-lacustrine, and stream sample PCA. 

 

 

 

3.1.2 Weathering Indices 

 

 WIP and CIA calculations were used to estimate the degree of chemical weathering 

for different samples.  Prior to CIA calculations, analyses of acidified and untreated samples 

indicate that carbonate content was negligible in all of the samples analyzed. In fact, after 

correcting the measured OC values of acidified samples for weight gain due to formation of 

salts, the results suggested a small carbon gain rather than the expected loss. This 

discrepancy may be due to an overcorrection for salts that adhered to the beaker walls and 

therefore were not incorporated into the samples used for OC measurements (Table 1). In any 

case, based on these results the Ca values obtained from ICP-MS are considered to solely  
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Table 1. Inorganic carbon concentrations for the selected samples. 

Sample ID Total 

Carbon (%) 

Organic 

Carbon (%) 

Inorganic 

Carbon (%) 

FCSSC 0.005 0.035 -0.030 

QBFGC 1.050 1.193 -0.143 

QR120531-14 1.903 1.909 -0.006 

QR120601-6 0.853 0.881 -0.028 

QR120603-8 0.458 0.592 -0.134 

QR120603-6 5.628 5.875 -0.246 

Inorganic Carbon = Total Carbon - Organic Carbon 

                                  

reflect Ca in silicate minerals. CaO* corrections are calculated following McLennan (1993) 

where, if Na2O values are lower than CaO*, Na2O is adjusted upward and assumed to be 

equal to CaO* since Ca is expected to weather more rapidly from parent material. For this 

method, only samples associated with Crescent basalt lithology required this correction.  

 Crescent Formation bedrock yielded CIA and WIP values of 38 and 3693, 

respectively. CIA and WIP values for the O-horizon of soil built on Crescent bedrock were 

72 and WIP of 726, respectively, indicating a higher degree of chemical weathering. 

Sediment from a stream draining an area underlain by Crescent basalt had a CIA of 53 and 

WIP of 2603. 

 Sedimentary rocks from the Olympic Subduction Complex (OSC) show a range of 

CIA and WIP.  A sandstone clast, for example, had a CIA value of 62 and WIP of 3750. 

Three mudrock (shale and siltstone) CIA values ranged from 63 to 65 while WIP values 
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ranged from 4010 to 4709. OSC soil sample results indicated more advanced weathering than 

Crescent soils with the O-horizon, subsoil, and shallow landslide samples yielding CIAs of 

73, 82, 74 and WIPs of 2196, 1915, and 2068, respectively. Secondary sources, including 

four paleo-lacustrine samples, yielded results similar to bedrock with CIA values ranging 

from 63 to 64 and WIP values ranging from 3375 to 4068. Upper Quinault stream sample 

CIA values ranged from 63 in sediment collected at the bridge to 64 in the sediment collected 

at the delta with WIP values of 3334 and 3309, respectively. Results are shown in Table 2.  

3.2 Organic Geochemistry 

3.2.1 Organic Carbon, δ
13

C, and C/N 

 TOC values for sources containing recent organic matter ranged from 5% to 18% 

(average 10.7 ± 7.5%) by weight for soils and shallow landslides while pure plant matter 

recovered at the mouth of the Upper Quinault River contains 28%. Soil samples from areas 

underlain by Crescent Formation and OSC lithologic zones display a comparable trend: in 

general, TOC decreases with depth in soil profiles. δ
13

C in the plant matter is about -26.7‰. 

While δ
13

C in OSC soils increases with depth from -27.5‰ to -22.5‰, Crescent Formation 

soil varies slightly with depth from -26.2‰ to -25.6‰. Shallow landslide sediments from 

atop OSC and Crescent bedrock yield TOC of 6.5% and 23.8%, respectively, with δ
13

C 

values of -25.6 and -26‰, respectively.  
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Table 2. Calculations of weathering index components and values. 

 

 

Oxide Calculations (wt. %) 

Description Sample ID Al203 CaO K2O MgO Na2O 

Crescent Soils 

and Shallow 

Landslide 

QR120601-3 13.3741 1.7767 0.6507 1.6746 0.5419 

QR120601-1 13.6386 5.5400 0.3977 3.4155 0.9827 

QR120601-5 9.1805 0.9094 0.2410 1.9067 0.3357 

Mormon Creek QR120603-9 12.0896 3.7773 0.8917 2.8849 1.8009 

Basalt Clast CFBC 14.0731 10.2407 0.2651 5.3885 2.4830 

OSC Soils and 

Shallow 

Landslide 

QR120603-6 12.7319 0.1679 1.4340 0.5969 1.6783 

QR120531-9 17.4166 0.1539 1.2171 1.0943 1.3965 

QR120531-5 13.3930 0.2658 1.1809 0.5306 1.7969 

OSC Bedrock 

Clasts 

QR120531-8 15.1309 0.5036 2.9041 1.6083 2.5127 

QBFGC 12.4296 0.1819 3.3740 1.7906 2.0584 

QBSSC 12.3541 0.3777 2.4100 2.2051 2.6650 

FCFGC 14.7531 0.2238 4.4826 1.7741 1.5650 

Small Deep-

seated 

Landslides 

QR120602-3 14.9798 0.1119 3.3017 1.4922 0.8155 

QR120602-6 16.7365 0.1259 2.1449 1.2435 1.1391 

QR120602-7 12.5807 0.1539 3.5427 1.4590 1.6500 

Large Deep-

seated 

Landslides 

QR120601-6 15.9621 0.2238 3.9645 1.6248 1.3251 

QR120601-8 13.5441 0.3218 3.3861 1.3761 1.7686 

QR120601-9 14.9987 0.2518 3.6271 1.5254 1.6432 

Paleo-

lacustrine 

QR120531-11 12.5807 0.4477 2.1931 1.7741 2.4358 

QR120603-4 13.3930 0.1959 3.2415 1.3927 2.2619 

QR120602-11 13.3930 0.6855 2.1208 1.9067 2.3954 

QR120603-8 12.3541 0.2099 3.0125 1.3927 2.2606 

Stream 

 

QR120531-2 12.6374 0.6855 2.0003 1.8735 2.4978 

QR120531-12 13.1286 0.6016 2.0847 1.6746 2.3967 

QR120603-1 12.5619 0.3218 3.0366 1.2767 2.4304 
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Table 2 Continued 

                 Moles 

Description Sample ID Al203 CaO* K2O Na2O 

Crescent Soils 

and Shallow 

Landslide 

QR120601-3 0.1312 0.0317 0.0069 0.0317 

QR120601-1 0.1338 0.0988 0.0042 0.0988 

QR120601-5 0.0900 0.0162 0.0026 0.0162 

Mormon Creek QR120603-9 0.1186 0.0674 0.0095 0.0291 

Basalt Clast CFBC 0.1380 0.1826 0.0028 0.0401 

OSC Soils and 

Shallow 

Landslide 

QR120603-6 0.1249 0.0030 0.0152 0.0271 

QR120531-9 0.1708 0.0027 0.0129 0.0225 

QR120531-5 0.1314 0.0047 0.0125 0.0290 

OSC Bedrock 

Clasts 

 

QR120531-8 0.1484 0.0090 0.0308 0.0405 

QBFGC 0.1219 0.0032 0.0358 0.0332 

QBSSC 0.1212 0.0067 0.0256 0.0430 

FCFGC 0.1447 0.0040 0.0476 0.0253 

Small Deep-

seated 

Landslides 

QR120602-3 0.1469 0.0020 0.0350 0.0132 

QR120602-6 0.1641 0.0022 0.0228 0.0184 

QR120602-7 0.1234 0.0027 0.0376 0.0266 

Large Deep-

seated 

Landslides 

QR120601-6 0.1566 0.0040 0.0421 0.0214 

QR120601-8 0.1328 0.0057 0.0359 0.0285 

QR120601-9 0.1471 0.0045 0.0385 0.0265 

Paleo-

lacustrine 

QR120531-11 0.1234 0.0080 0.0233 0.0393 

QR120603-4 0.1314 0.0035 0.0344 0.0365 

QR120602-11 0.1314 0.0122 0.0225 0.0386 

QR120603-8 0.1212 0.0037 0.0320 0.0365 

Stream 

QR120531-2 0.1239 0.0122 0.0212 0.0403 

QR120531-12 0.1288 0.0107 0.0221 0.0387 

QR120603-1 0.1232 0.0057 0.0322 0.0392 

*Moles calculated only for those oxides used in CIA calculations 

 

 

  

 



 

 

 

50 

Table 2 Continued 

  Weathering Indices 

Description Sample ID CIA WIP 

Crescent Soils 

and Shallow 

Landslide 

QR120601-3 65.1 1270.1 

QR120601-1 39.9 2050.6 

QR120601-5 72.0 726.4 

Mormon Creek QR120603-9 52.8 2602.6 

Basalt Clast CFBC 38.0 3692.6 

OSC Soils and 

Shallow 

Landslide 

QR120603-6 73.4 2196.5 

QR120531-9 81.7 1915.2 

QR120531-5 74.0 2068.4 

OSC Bedrock 

Clasts 

QR120531-8 64.9 4009.7 

QBFGC 62.8 4100.4 

QBSSC 61.7 3749.8 

FCFGC 65.3 4709.5 

 

Small Deep-

seated Landslides 

QR120602-3 74.5 3289.2 

QR120602-6 79.1 2523.0 

QR120602-7 64.8 3961.1 

 

Large Deep-

seated Landslides 

QR120601-6 69.9 4141.3 

QR120601-8 65.4 3918.3 

QR120601-9 67.9 4046.1 

 

Paleo-lacustrine 

 

QR120531-11 63.6 3407.5 

QR120603-4 63.8 4068.4 

QR120602-11 64.2 3375.2 

QR120603-8 62.7 3886.5 

Stream 

QR120531-2 62.7 3333.7 

QR120531-12 64.3 3309.3 

QR120603-1 61.5 4005.9 

 

Bedrock clasts retrieved from the catchment contained between 0.2 to 2.7% organic 

carbon by weight, averaging 1.2 ± 0.9%. Sandstones contain the least TOC, averaging 0.24 ± 

0.02%. Mudrocks contain the highest percentage of organic carbon with shale averaging 1.2 

± 0.3% and siltstone averaging 2.4 ± 0.3%. The phyllite clast contains 0.6% TOC and has the 
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heaviest isotopic ratio at -20.93‰, while the more organic-rich, fine-grained clasts are 

isotopically lighter; siltstone clasts have an average δ13
C of -24.6 ± 1.2‰ and shale averages 

-23.9 ± 0.9‰.  

 Secondary source, stream, and deep-seated landslide samples show TOC values more 

reflective of bedrock than soils, but δ13
C values vary. Holocene terrace clay contains about 

1.6% TOC with a δ13
C of -23.8‰.  Paleo-lacustrine samples averaged 1.7 ± 0.1% TOC and -

23.2 ± 0.75‰ δ13
C. Fluvial deposits average 2.0 ± 0.5% OC, with δ13

C values averaging -

24.5 ± 1.2‰.  Deep-seated landslide deposits averaged 1.5 ± 0.4% TOC with sediment from 

the large deep-seated landslide containing a slightly heavier δ13
C signature, -24.9 ± 0.3‰, 

than sediment from small deep-seated landslides, which averaged -25.87 ± 0.01‰.  

 Atomic C/N values for soils and shallow landslides from both OSC and Crescent 

lithologies averaged 17.2 ± 3.1. For bedrock clasts, values were lowest in sandstone samples, 

averaging 3.3 ± 0.2. Shales averaged 12.9 ± 4.7 and other fine-grained clasts averaged 22.1 ± 

1.6. The phyllite clast yielded a C/N of 11.4. Secondary sources including stream terrace and 

paleo-lacustrine sediments averaged 9.1 ± 0.8. Deep-seated landslide samples yielded an 

average C/N of 10.0 ± 2.3. Stream samples averaged 10.3 ± 0.6.  

Organic carbon results are summarized in Table 3. 
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Table 3. EA-MS organic carbon results. 

Sample ID Description TOC (%) δ
13

C C/N 

QR120531-13 Woody Debris* 27.77 -26.69 --- 

     
QR120603-6 OSC O-Horizon 5.25 -27.48 19.70 

QR120531-9 OSC Subsoil 4.71 -22.46 22.70 

QR120531-5 OSC Shallow Landslide 6.52 -25.55 13.37 

     
QR120601-3 Crescent O-Horizon 18.43 -26.18 16.05 

QR120601-1 Crescent Subsoil 5.47 -25.64 14.62 

QR120601-5 Crescent Shallow Landslide 23.77 -25.95 16.99 

     

QR120531-8 
Shale from South Shore Rd. 

outcrop 
1.49 -24.81 8.20 

QR120601-10 Shale from large landslide debris 0.93 -22.94 17.63 

FCSSC 
Sandstone clast from mouth of 

Finley Creek 
0.21 -24.95 3.15 

QBSSC 
Sandstone clast from Upper 

Quinault River 
0.26 -23.17 3.46 

FCFGC 
Fine-grained clast from mouth of 

Finley Creek 
2.70 -25.85 23.64 

QBFGC 
Fine-grained clast from Upper 

Quinault River 
2.05 -23.42 20.49 

QR-Phyllite Phyllite 0.64 -20.93 11.41 

    
   

QR120531-7 Holocene terrace 1.56 -23.85 8.278 

     

QR120602-3 
Small deep-seated landslide 

deposit 
2.16 -25.88 13.61 

QR120602-7 
Small deep-seated landslide 

deposit 
1.40 -25.85 7.92 

     
QR120601-9 Large deep-seated landslide; toe 1.53 -24.67 10.21 

QR120601-6 Large deep-seated landslide; head 1.05 -25.22 8.11 
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Table 3 Continued 

Sample ID Description TOC (%) δ
13

C C/N 

QR120531-11 
Paleo-lacustrine deposit near Pruce 

Boys Rd. 
1.54 -23.94 8.71 

QR120603-4 
Paleo-lacustrine deposit Finley 

Creek mouth 
1.77 -22.43 10.15 

     
QR120531-12 Quinault Delta Fines 2.62 -24.93 10.47 

QR120531-14 Quinault Delta Fines 2.33 -25.48 11.21 

QR120602-8 North Fork Fines 1.37 -25.04 9.59 

QR120603-1 Finley Creek Fines 1.61 -22.47 10.10 

*No value for %N 

 

 

3.2.2 Rock Eval Pyrolysis 

3.2.2.1 S2 Curve Deconvolution 

 

Deconvolution was first performed on the smoothed S2 data obtained from Rock Eval 

analysis of the woody debris sample in order to delineate the peaks produced by recent 

organic compounds derived from vegetation.  The curve was fitted to an R
2
 of .991 by 

addition of the three Gaussian components, and following previous researchers (Disnar et al., 

2003; Sebag et al., 2006; Saenger et al., 2013), these were termed F1, F2, and F3. The center 

(temperature) and width parameters of each component were then recorded.  Crescent 

Formation soil samples and the OSC O-horizon sample were deconvoluted using the same 

F1-F3 Gaussian components with adjustments made primarily to the amplitude of each 

component and minimal adjustments made to center and width parameters. Figure 15 shows 

the deconvolution of the woody debris sample as compared to the Crescent Formation soils 

and OSC O-horizon.  
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 To define the peaks produced by pyrolysis of fossil carbon (kerogen), five OSC 

bedrock samples were analyzed. Of these five samples, two yielded clear peaks in the S2 data 

during pyrolysis (Figure 16). For a comparison of recent and fossil organic signatures 

produced by Rock Eval pyrolysis, Figure 17 displays the S2 data from the analysis of woody 

debris compared to that of a shale sample. During pyrolysis of the woody debris, FID values 

decrease sharply and begin to tail off at around 440°C.  For the shale sample, on the other 

hand, FID values increase at higher-temperatures as hydrocarbons from kerogen are 

pyrolyzed.   

The S2 curves produced by pyrolysis of bedrock samples were difficult to fit by 

simple addition of Gaussian components. This could be due to: 1) Noisy, low amplitude 

signals from the instrumentation when carbon contents are low or 2) Incomplete pyrolysis of 

fossil carbon at temperatures below 550 degrees, as indicated by rising FID intensity at the 

end of the pyrolysis procedure. As a result, R
2
 values are lower for the lines fit to S2 curves 

for bedrock samples than for the rest of the samples. Deconvolution of S2 curves produced 

by pyrolysis of the two clast samples yield three, high-temperature fossil components, termed 

F4-F6.  

  



 

 

 

55 

 

Figure 15. Deconvolution of the F1-F3 organic signature from woody debris. F1-F3 are then used to reconstruct S2 

curves for OSC O-horizon and Crescent soils. Bold lines represent the smoothed S2 data and lighter lines represent the 

recreated curve from deconvolution.  
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Figure 16. OSC clast S2 deconvolution. A.) Three clasts returned no carbon signature from 

pyrolysis. B.) Two clasts displaying high-temperature fossil carbon S2 signatures along with 

their deconvolution, assigning the F4-F6 organic components.  
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B. 
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Figure 17. Comparison of young and fossil carbon signals from S2 curves of woody debris and shale.
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The remaining S2 curves were deconvoluted using three to six of the F1-F6 Gaussian 

components. The relative contribution of each component was calculated by dividing the area 

beneath each peak by the sum of all peak areas in each sample. Tables 4 and 5 shows the 

center and width of each of the F1-F3 and F4-F6 Gaussian components, respectfully, used to 

recreate each sample’s S2 curve and Table 6 lists their relative contribution to their S2 

curves. Secondary source, landslide, and fluvial sediments are primarily composed of recent 

organic components (F1-F3) with the exception of sample QR120601-6, taken from the head 

of a large deep-seated landslide, whose S2 curve is primarily influenced by fossil carbon 

components. Graphs of all deconvoluted curves – showing the smoothed S2 curve, 

components with center parameters, and reconstructed curve – are in Appendix 8.6. 

 

 

Table 4. Center  (temperature in °C) and Width of F1-F3 Gaussian components of each 

sample from S2 curve deconvolution. 

 

  

Component Center (Temp. (°C) ) and Width 

Parameters 

  
F1 F2 F3 

 
Sample Temp. Width Temp. Width Temp. Width 

P
la

n
t 

an
d
 S

o
il

 E
n
d
 

M
em

b
er

s 

QR120531-13 345.39 23.29 386.99 18.31 420.27 25.22 

QR120603-6 342.55 24.25 381.13 20.00 419.33 22.00 

QR120531-9 345.57 18.63 384.91 20.00 423.87 22.00 

QR120531-5 340.28 23.77 378.86 21.00 416.49 22.81 

QR120601-3 342.55 23.00 380.37 19.76 427.08 25.54 

QR120601-1 338.58 23.93 385.29 21.04 424.62 22.00 

QR120601-5 340.09 23.93 381.88 21.04 421.03 22.00 

C
la

st
s FCFGC --- --- --- --- --- --- 

QR120601-10 --- --- --- --- --- --- 

QBSSC --- --- --- --- --- --- 
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Table 4 Continued. 

 

 

 
Component Center (Temp. (°C) ) and Width 

Parameters 
  F1 F2 F3 

 Sample Temp. Width Temp. Width Temp. Width 

C
la

st
s QR120531-8 --- --- --- --- --- --- 

QBFGC --- --- --- --- --- --- 

L
an

d
sl

id
es

 QR120602-7 342.17 22.00 380.94 20.00 417.06 22.00 

QR120602-7 344.06 20.24 380.94 19.43 421.22 21.36 

QR120601-9 337.07 22.49 377.91 17.99 422.54 24.09 

QR120601-6 348.03 21.04 385.85 18.00 425.95 24.00 

Terrace QR120531-7 339.90 22.16 381.13 21.00 420.65 21.20 

P
al

eo
-l

ac
u
st

ri
n
e 

an
d
 

S
tr

ea
m

 

QR120531-11 338.20 21.48 383.96 20.40 420.27 22.00 

QR120603-4 346.71 19.76 380.37 20.00 421.97 23.77 

QR120531-12 342.55 19.76 382.66 20.00 419.89 22.00 

QR120531-14 339.71 23.29 381.13 20.72 419.89 22.00 

QR120602-8 344.44 20.00 384.72 20.00 423.87 22.00 

QR120603-1 347.66 20.00 383.59 18.31 420.08 23.61 

 

 

 

Table 5. Center and width of F4-F6 Gaussian components of each sample from S2 curve 

deconvolution. 

 

 

  Component Center (Temp. (°C) ) and Width 

Parameters 

  F4 F5 F6 

 Sample Temp. Width Temp. Width Temp. Width 

P
la

n
t 

an
d
 S

o
il

 E
n
d
 

M
em

b
er

s 

QR120531-13 --- --- --- --- --- --- 

QR120603-6 --- --- --- --- --- --- 

QR120531-9 467.36 22.00 511.42 16 --- --- 

QR120531-5 --- --- --- --- --- --- 

QR120601-3 --- --- --- --- --- --- 

QR120601-1 --- --- --- --- --- --- 

QR120601-5 --- --- --- --- --- --- 
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Table 5 Continued. 

 

  
Component Center (Temp. (°C) and Width 

Parameters 
  F4 F5 F6 

 Sample Temp Width Temp Width Temp Width 

C
la

st
s 

FCFGC 466.79 22.97 515.2 16.7 550 14.29 

QR120601-10 473.98 27.30 518.99 20.72 550 8.03 

QBSSC --- --- --- --- --- --- 

QR120531-8 --- --- --- --- --- --- 

QBFGC --- --- --- --- --- --- 

L
an

d
sl

id
es

 QR120602-7 466.23 24.00 515.20 17.35 544.89 5.94 

QR120602-7 471.14 21.04 509.15 18.47 544.33 11.40 

QR120601-9 468.68 22.65 501.02 17.00 539.60 11.72 

QR120601-6 473.03 23.00 520.31 15.10 548.30 10.28 

Terrace QR120531-7 475.87 21.52 509.72 17.00 541.87 6.26 

P
al

eo
-l

ac
u
st

ri
n
e 

an
d
 

S
tr

ea
m

 

QR120531-11 469.44 24.41 507.83 17.00 547.16 4.01 

QR120603-4 470.95 25.54 509.15 16.00 542.06 9.64 

QR120531-12 471.14 23.00 507.64 17.00 544.52 11.08 

QR120531-14 471.52 19.92 513.88 16.00 --- --- 

QR120602-8 474.55 22.00 517.28 18.95 548.87 8.51 

QR120603-1 471.90 21.04 521.82 15.74 550.00 5.14 
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Table 6. Relative quantification of F1-F6 contributions to sample S2 curves. 

 

  Percent (%) Contribution to S2 Curve 

 Sample F1 F2 F3 F4 F5 F6 
P

la
n
t 

an
d
 S

o
il

 E
n
d
 M

em
b
er

s QR120531-13 52.17 12.99 34.85 0.00 0.00 0.00 

QR120603-6 21.80 18.55 59.65 0.00 0.00 0.00 

QR120531-9 10.46 23.45 46.58 16.99 2.52 0.00 

QR120531-5 23.49 21.59 54.92 0.00 0.00 0.00 

QR120601-3 22.64 17.83 59.53 0.00 0.00 0.00 

QR120601-1 30.45 26.89 42.66 0.00 0.00 0.00 

QR120601-5 33.30 21.61 45.09 0.00 0.00 0.00 

C
la

st
s 

FCFGC 0.00 0.00 0.00 39.28 35.87 24.85 

QR120601-10 0.00 0.00 0.00 45.83 38.24 15.93 

QBSSC --- --- --- --- --- --- 

QR120531-8 --- --- --- --- --- --- 

QBFGC --- --- --- --- --- --- 

L
an

d
sl

id
es

 QR120602-7 21.30 24.08 31.30 16.00 6.63 0.70 

QR120602-7 14.29 23.07 37.36 14.48 8.36 2.44 

QR120601-9 24.86 20.25 34.69 10.52 6.89 2.79 

QR120601-6 8.56 15.30 29.46 27.84 14.45 4.40 

Terrace QR120531-7 26.35 32.03 28.28 9.61 3.04 0.69 
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Table 6 Continued 

 

  Percent (%) Contribution to S2 Curve 

 Sample ID F1 F2 F3 F4 F5 F6 
P

al
eo

-l
ac

u
st

ri
n
e 

an
d
 

S
tr

ea
m

 

QR120531-11 23.30 26.67 32.96 13.03 3.50 0.53 

QR120603-4 9.57 23.82 36.04 17.00 8.10 5.48 

QR120531-12 20.28 24.22 33.92 14.44 5.11 2.01 

QR120531-14 26.46 26.39 39.16 5.66 2.34 0.00 

QR120602-8 15.67 25.63 37.23 8.55 11.73 1.19 

QR120603-1 21.63 15.96 36.21 17.34 7.51 1.36 

 

 

 

3.2.2.2 Hydrogen Indices 

Hydrogen indices (HI) are generally positively correlated with TOC in all samples 

(Figure 18). HI was highest for the soil samples from O-horizons, with OSC soil and 

Crescent soils yielding 359 and 266, respectively. Crescent subsoil  HI is slightly lower, 239, 

while OSC subsoil results are much lower at 88. Shallow landslide deposit HI values were 

176 for Crescent and 132 for OSC. Clast HI values for the Finley Creek fine-grained clasts 

had the lowest values at 5 and 18. Secondary sources yielded higher HI with paleo-lacustrine 

values of 50, 47, and 43 and with a terrace deposit HI of 54.  Deep-seated landslide HI values 

ranged from 31, for the sample taken at the head of a large landslide, to 75 for a small deep-

seated landslide adjacent to a North Fork tributary. Stream samples range from 37 at Finley 

Creek to 102 for a sample taken at the Upper Quinault River mouth, indicating a higher 
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concentration of particulate organic carbon from recent vegetation.  HI results are listed in 

Table 7. 

 

 

Figure 18. Scatter plot of Hydrogen Index (HI) values versus Total Organic Carbon (TOC) 

values of analyzed samples. Generally, HI and TOC are positively correlated.  
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Table 7. HI values from Rock Eval pyrolysis. 

  

  

  
Index (HI) 

 
Sample (S2x100/TOC) 

P
la

n
t 

an
d
 S

o
il

 E
n
d
 

M
em

b
er

s 

QR120531-13 71.56 

QR120603-6 359.17 

QR120531-9 88.32 

QR120531-5 131.77 

QR120601-3 266.25 

QR120601-1 238.94 

QR120601-5 175.98 

C
la

st
s 

FCFGC 5.19 

QR120601-10 17.81 

QBSSC --- 

QR120531-8 --- 

QBFGC --- 

L
an

d
sl

id
es

  QR120602-7 67.86 

QR120602-7 74.56 

QR120601-9 32.03 

QR120601-6 31.43 

Terrace QR120531-7 53.85 

P
al

eo
-l

ac
u
st

ri
n
e 

an
d
 S

tr
ea
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QR120531-11 47.40 

QR120603-4 42.75 

QR120531-12 46.32 

QR120531-14 101.72 

QR120602-8 49.64 

QR120603-1 36.66 

 

 

 

3.2.3 Organic Principal Component Analysis 

Organic geochemical data utilized for PCA include the F1-F6 S2 components along 

with HI, TOC, C/N, and δ13
C values.  The first principal component describes 59.19% of 

data variance and uses positive loadings of the F1-F3 components, HI, and TOC against 
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negative loadings of the F4-F6 components along with δ13
C and C/N. The second principal 

component, depending more on data obtained from the Elemental Analyzer than from Rock 

Eval, describes 20.73 % of the organic data variance. Figures 19 and 20 display loadings for 

these first two principal components.  

 

 

Figure 19. PC loadings from organic principal component analysis. 
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Figure 20. Scatter plot of first two PC loadings from organic principal component analysis. 

 

The final PCA combined samples with both the aforementioned organic components 

and weathering index calculations from inorganic data. This dataset included fifteen samples. 

The top two principal components of the analysis describe 73.9% of data variance, 54% of 

which the first principal component describes. PC loadings for the first component rely on 

positive loadings for the F4-F6 S2 components along with δ
13

C and WIP against negative 

loadings for the F1-F3 components, HI, and TOC. CIA and C/N values contribute nominally 

to the first principal component. Figures 21 and 22 show loadings for these first two principal 

components.  
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Figure 21. PC loadings from combined inorganic and organic principal component analysis. 
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Figure 22. Scatter plot of first two PC loadings from combined inorganic and organic 

principal component analysis. 

 

 

4.0 DISCUSSION 

4.1 Inorganic Geochemistry 

Inorganic geochemical concentrations in sediments transported from river basins have 

the potential to reflect provenance as well as catchment weathering (e.g. Nesbitt et al., 1980; 

Nesbitt and Young, 1982; Taylor and McLennan, 1985; Jin et al., 2001; Negrel et al., 1993; 

Vital and Stattegger, 2000; Jin et al., 2006). The Upper Quinault River system is a small 

catchment underlain by a limited variety of lithologies, consisting primarily of marine 

sedimentary rocks and less extensive basalt; thus, inorganic geochemistry from catchment 

samples should easily provide indication of provenance.  
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PCA was performed on the remaining data set of inorganic analytes after the removal 

of Au, Lu, Rc, S, and Tc. The data were first analyzed as one group and then as successive 

subsets that grouped major, trace, then Rare Earth elements. In all of the iterations there was 

a separation of OSC and Crescent samples, but only major element PCA resulted in a 

reasonable separation of bedrock and soils. When PCA was performed using only the major 

element oxides comprising the CIA and WIP weathering indices, a much clearer separation 

of both soil and rock end-members as well as Crescent and OSC samples resulted along with 

a correlation between PC scores and weathering intensity (Figure 12).  

Weathering index PCA results showing a separation of Crescent-related samples from 

all other samples prompted additional PCA. Samples were further divided into: 1) Crescent 

Formation samples (consisting of two soil samples and one sample each of shallow landslide, 

bedrock, and the stream sediment from Mormon Creek); and 2) OSC (bedrock, soil, and 

shallow landslide), secondary source (terrace, paleo-lacustrine), deep-seated landslide, and 

Quinault/Finley stream samples. The results are plotted in Figures 23 and 24.  For OSC, 

secondary source, deep-seated landslide, and stream samples, clusters are observed that 

include: 1) Bedrock clasts; 2) Stream and paleo-lacustrine; 3) Deep-seated landslides; and 4) 

Soil horizons along with shallow landslide deposits. Proximity of stream and paleo-lacustrine 

values to clast samples indicate that inorganic geochemical signatures of these deposits are 

influenced primarily by bedrock contribution. Smaller deep-seated landslides both plot close 
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Figure 23. Results of principal component analysis using Crescent soil, bedrock, and stream sample weathering index 

oxides. 
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Figure 24. Results of principal component analysis using weathering index oxides of OSC bedrock and soil samples 

along with deep-seated landslide, paleo-lacustrine, and stream samples. 1.) Bedrock clasts; 2.) Stream and paleo-

lacustrine; 3.) Deep-seated landslide; 4.) Soil and shallow landslides.  
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to bedrock samples and trend toward soil and shallow landslide samples. This result is likely 

because smaller, more shallowly rooted landslides mobilize a greater proportion of soil 

relative to bedrock than do larger landslides with deeper failure planes.   

PCA scores for the samples from the area underlain by Crescent Formation result in a 

rather broad spacing, but sample clusters for bedrock/stream samples and soil/shallow 

landslide samples can be observed. Additionally, the greatest variance, over 66%, is 

explained by the first principal component, so the second principal component (y-axis) may 

be of less use in this instance by providing the vertical spacing for the scores, resulting in 

loose clusters. Generally, the first component exhibits a decreased weathering signature as 

values increase to the right.  

Ultimately, with an average of 83% of data variance (from independent Crescent and 

OSC bedrock and soil/secondary source/stream samples) explained by the first two principal 

components, PCA results support that the oxides used for CIA and WIP indices are 

appropriate for characterizing both weathering and provenance of Quinault catchment 

sediments. Figure 25 shows a plot of sample weathering indices with the CIA on the x-axis 

and WIP on the y-axis. The largest variance in the data is described by the WIP. The most 

weathered material falls within the 500 to 2500 range. This includes soils and shallow 

landslide deposits from both lithologic zones. The bedrock samples, representing the least 

weathered materials, have WIP values greater than 3500. These two ranges could be 

considered end-member ranges, with the least weathered parent material at the higher end 

and the most weathered at the lowest end. The 2500 to 3500 range includes some stream,  
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Figure 25. Plot of Chemical Index of Alteration (CIA) values and Weathering Index of Parker (WIP) values.  
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landslide, and paleo-lacustrine samples, indicating a mixture of the two end-member WIP 

ranges. Again, small deep-seated landslides show WIP values suggesting the mobilization of 

relatively large portions of soil along with bedrock.  Additionally, stream and paleo-

lacustrine samples plot with, or close to, the bedrock samples, reinforcing PCA results that 

suggest the inorganic geochemistry of these samples is primarily influenced by chemically 

unaltered bedrock.  

 CIA values show an offset between Crescent Formation-related samples and the 

remaining samples. Soil samples from the Crescent lithologic zone have CIA values of less 

than 40 to around 66 while soil from the OSC shows CIA from approximately 74 to 82. OSC 

bedrock has CIA values from approximately 62 to 67 while Crescent basalt has a much lower 

CIA at around 38.  This distinctive weathering index could be helpful in recognizing 

sediment derived from the relatively small portion of the Quinault catchment underlain by 

the Crescent lithology.  Again, stream and paleo-lacustrine CIA values are similar to values 

from bedrock clasts. McClennan (1993) found that similar relationships exist worldwide 

where small river catchments that produce large amounts of sediment yield less weathered 

CIA values indicating that bedrock erosion is responsible for their primary inorganic 

signatures. CIA values alone, however, are insufficient for characterizing the most weathered 

(soils) and least weathered (bedrock) source materials since Crescent soils have values 

greater than or equal to those of OSC bedrock clasts.  

In the Upper Quinault catchment, inorganic geochemical data are useful for 

distinguishing contributions of sediment fluxes from soil or bedrock, indicating events of 

mass shallow or deep-seated landsliding. Stream sediment samples obtained from the Upper 
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Quinault during this study, however, do not plot with a significant separation from clast 

sample values. Therefore, it is not clear how close these stream values would plot relative to 

bedrock values after a large earthquake compared to those in transport during seismically 

quiescent periods.  It is reasonable, though, to postulate that increased contributions of 

bedrock to sediment fluxes following a period of widespread, deep-seated landsliding may be 

evident by an upward shift in WIP values. This idea is supported by the stream-side sample 

taken from near the Finley Creek mouth, upstream of which a recent deep-seated landslide 

occurred. Both the CIA and WIP indices for this sample are much closer to those of bedrock 

than stream samples from the Upper Quinault. Additionally, Upper Quinault stream samples 

taken both above and below the Finley Creek confluence return weathering indices that vary 

only slightly from one another and plot apart from the bedrock cluster within which the 

Finley Creek sample plots. Thus, the recent deep-seated landslide in the Finley Creek 

catchment may be significant enough to affect the sediment signature within a drainage basin 

of similar size, but not enough to affect that of the Upper Quinault catchment. 

4.2 Organic Geochemistry 

The presence of fossil carbon-bearing bedrock within the Upper Quinault River 

catchment provides an opportunity to consider additional proxies for sediment derivation. 

Analyses of organic parameters have been proven useful in the determination of sediment 

origin within stream catchments (e.g. Blair et al., 2004; Leithold et al., 2005; Leithold et al., 

2006; Blair et al., 2010; Graz et al., 2012; Smith et al., 2013). Both recent and fossil carbon 

pools contribute to the total organic signature of sedimentary deposits within the basin and 

the ability to distinguish between the contributions of each to a deposit provides insight into 
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the mechanisms responsible for producing the sediment.  For this investigation, organic data 

are grouped into two categories: 1) those provided by the Elemental Analyzer/Mass 

Spectrometer (EA/MS) and 2) those provided by Rock Eval analysis. Data from EA/MS are 

available above in Section 3.2.1, Table 3.   

δ13
C values from particulate organic carbon are not widely variable, but display a 

general trend of lighter values for recent woody debris and soils and heavier values for 

bedrock, especially the phyllite sample from the  North Fork of the Upper Quinault River; 

however, three of the seven bedrock clasts analyzed yielded δ
13

C values of around -25‰. 

Also, one soil sample, the OSC subsoil, yields a heavier δ13
C value (-22.5‰) which is most 

likely influenced by fossil carbon from the underlying sedimentary unit. Secondary sources 

(terrace, paleo-lacustrine) show a similar trend of heavier values, indicating a primary 

composition of sediment derived from bedrock. Deep-seated landslide samples show lighter 

values, all around -25 to -26‰. This could result from either a primary contribution of recent 

organics, primary contribution of isotopically lighter bedrock carbon, or, in all likelihood, a 

mixture of recent and fossil carbon. δ
13

C values of stream deposits show similar trends to 

those of deep-seated landslides, varying between those of rock and soil and undoubtedly 

suggest variable carbon pool contributions. For example, sediment sampled from the mouth 

of Finley Creek produces a heavier δ13
C (-22.5‰) than samples from the mouth of the Upper 

Quinault (-24.9 and -25.5‰). These values suggest that particulate organic carbon in Finley 

Creek sediment may be primarily supplied by bedrock (with the large deep-seated landslide 

within the catchment producing much of this sediment) while Upper Quinault sediment is 

receiving larger contributions of particulate organic matter from soils and vegetation.  



 

 

 

79 

C/N values for samples of recent organic matter are all above 12. Values for bedrock 

samples are highly variable, ranging from >20 for fine-grained clasts to <5 for sandstone. 

C/N values from the secondary sources and stream samples suggest mixing from different 

organic pools, though the variability of C/N in bedrock clasts makes it difficult to quantify 

the contribution of high-C/N fossil carbon from fine-grained bedrock sources compared to 

that of recent biomass C/N. Stream sample C/N results, however, can be useful in future 

investigations of contributions of autochthonous production to lacustrine organic matter (e.g. 

Meyers and Ishiwatari, 1993; Tyson, 1995;  Meyers and Lallier-Verges, 1999).  

Woody debris, soils, and shallow landslides expectedly yield TOC values higher than 

those of bedrock clasts and TOC values in the soils decrease with soil depth, most likely due 

to diagenetic effects on carbon and an increased inorganic contribution due to bedrock 

degradation. Secondary source (terrace, paleo-lacustrine) and stream samples display TOC 

values higher than those of most bedrock clasts (with the exception of the two siltstone 

clasts), but lower than that of soils and shallow landslides which could be evident of: 1) a 

primary organic contribution from bedrock erosion; 2) a dilution of organic carbon with 

inorganic matter; or 3) decreased organic matter concentrations as a result of organic decay 

during diagenesis. The terrace sediment yields a heavy δ13
C value (-23.9‰), so its organic 

signature may be most influenced by bedrock-derived carbon. Paleo-lacustrine deposits and 

stream samples, however, may have organic signatures related to any of the three situations 

since they also reflect catchment-wide weathering and erosional patterns. Paleo-lacustrine 

samples could also partly reflect lacustrine primary production. Ultimately, the origin of 
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organic carbon in secondary sources is difficult to address based on results from EA-MS 

alone.   

Rock Eval analysis has potential to provide additional information about organic 

carbon sources beyond that provided by TOC, C/N, and stable carbon isotopic ratios with the 

advantage of cost-effectiveness and minimal sample preparation. Deconvolution of the S2 

curves yielded up to 6 Gaussian components, F1-F6, that could be resolved in the overall 

signal. The F1-F3 components represent relatively recent organic fractions and are found in 

all but the bedrock samples.  

The F1 component is the primary contributor to the woody debris sample and is a 

smaller component of soil samples. Results from this and previous studies  (e.g. Disnar et al., 

2003; Copard et al., 2006;  Sebag et al., 2006; Saenger et al., 2013) suggest that the F1 

component is the most labile organic component, so it is quickly broken down and its signal 

wanes as the organic matter decays. Conversely, the F3 component is characterized as the 

least reactive component of contemporary organic matter.  It is the smallest of three Gaussian 

(F1-F3) components that comprise the S2 curve produced by pyrolysis of the woody debris 

sample, but the largest component in the S2 curves produced by the soil and most non-

bedrock samples, suggesting it is representative of aged and degraded plant matter.   

S2 curves from bedrock samples show three additional Gaussian components 

produced by pyrolysis at higher temperatures and are labeled the F4-F6 components. These 

may represent the fossil organic signatures in the secondary sources and stream samples. Of 

the soil samples analyzed via Rock Eval, only the OSC subsoil produced a signature from 

one or more of these components. Di-Giovanni et al. (1998, 1999) concluded that higher-
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temperature components observed in soils atop sedimentary formations are normally the 

result of the incorporation mature organic matter from the substratum. This high-temperature 

signature is not present in the Crescent subsoil sample; therefore, it is reasonable to believe 

that a combination of degraded recent organic matter and fossil carbon from bedrock 

combine in the OSC subsoil sample to produce a smooth, bell-shaped S2 curve with a Tmax 

higher than that of the woody debris along with the other soil and shallow landslide samples. 

This supports the assignment of the F4-F6 components as those representative of the 

combustion of kerogen. 

Deconvolution of the Rock Eval S2 data from secondary source (terrace, paleo-

lacustrine), deep-seated landslide, and stream samples shows that F1-F6 components all 

contribute to each sample’s S2 signal. This result supports the conclusion that organic carbon 

sources in the Quinault catchment are bimodal, being supplied by both recent biomass and 

bedrock kerogen. Higher FID readings from the low-temperature components in these 

samples show that the organic carbon in these samples is mainly derived from recent 

vegetation and soil, reinforcing the idea that concentrations of organic carbon are low in 

stream samples because of dilution with inorganic sediment.  The proportions of recent  

and fossil carbon pools can simply be calculated using the following equations: 

              

              

where ROM, Recent Organic Matter, is the sum of the contributions of the first three 

Gaussian components, F1-F3,  representing the  recent organic fraction.  FOM (Fossil 

Organic Matter), in turn, is the sum of the contributions of the fossil-related components F4-
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F6. ROM/FOM calculations for the analyzed samples are given in Table 8. These two 

parameters can then be used to estimate the proportions of recent and fossil organic matter in 

various types of deposits within the catchment. For example, samples QR120601-6 and 

QR120601-9 were recovered from the head and toe, respectively, of the same large deep-

seated landslide (Figure 26). The deposit at the head of the landslide, where most of the 

material sampled was fractured bedrock near the landslide scarp, yields a ROM% of 53 and 

FOM% of 47. The sample taken from the deposit at the toe, which consists of a homogenous 

mixture of mobilized soil and rock, produces a ROM% of 80 and FOM% of 20.  

 

 

Figure 26. Comparison of S2 curves from Rock Eval pyrolysis on sediment samples taken 

just below a large deep-seated failure and at its debris toe. 



 

 

 

83 

The Holocene terrace sample results show that its primary organic signature is from 

recent organic biomass (ROM% = 83, %FOM = 17), contrary to reasoning expressed in the 

previous section where low TOC and higher δ
13

C values were credited with indicating a 

fossil particulate organic carbon source. The heavier δ
13

C values may be influenced by a 

mixture of isotopically heavier particulate carbon from the core of the mountains (as 

demonstrated by the pyllite sample) with isotopically lighter recent biomass. This is an 

example of how EA-MS organic parameters can suggest mixing of recent and fossil sources, 

but Rock Eval analysis can yield a more defined look definitive quantification of their 

contributions.  

HI values are highest for soils and lowest for bedrock. All HI values for secondary 

source, landslide, and stream samples are between 30 and 102, which is consistent with 

organic input dominated by woody debris (Espitalie et al., 1977, 1985; Tissot and Welte, 

1984). These values further support the conclusion based on S2 data that the organic carbon 

in stream sediments is largely derived from recent vegetation. In this study, Rock Eval 

analyses proved to be especially useful for estimating contributions of recent and fossil 

organic carbon to various types of samples.   
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Table 8. %ROM and %FOM calculations. 

 

 Sample %ROM %FOM 

P
la

n
t 

an
d
 S

o
il

 E
n
d
 

M
em

b
er

s 

QR120531-13 100.01 0 

QR120603-6 100 0 

QR120531-9 80.49 19.51 

QR120531-5 100 0 

QR120601-3 100 0 

QR120601-1 100 0 

QR120601-5 100 0 
C

la
st

s 

FCFGC 0 100 

QR120601-10 0 100 

QBSSC 0 0 

QR120531-8 0 0 

QBFGC 0 0 

L
an

d
sl

id
es

 QR120531-7 86.66 13.34 

QR120602-7 76.68 23.33 

QR120602-7 74.72 25.28 

QR120601-9 79.8 20.2 

QR120601-6 53.32 46.69 

Terrace QR120531-11 82.93 17.06 

P
al

eo
-l

ac
u
st

ri
n
e 

an
d
 S

tr
ea

m
 

QR120603-4 69.43 30.58 

QR120531-12 78.42 21.56 

QR120531-14 92.01 8 

QR120602-8 78.53 21.47 

QR120603-1 73.8 26.21 
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PCA was also performed with all of the organic geochemical parameters discussed in 

this section. The scores are plotted in Figure 27. Secondary source, landslide, and stream 

samples plot much closer to soil and shallow landslide samples than to bedrock clasts. 

Samples with a greater FOM input, for example a paleo-lacustrine sample, the deep-seated 

landslide head sample, and the Finley Creek sample plot more toward the bedrock clasts, but 

still close to the younger organic samples. The results further support that the dominant 

source of organic carbon in the catchment is vegetation rather than sedimentary bedrock. 

4.3 Combined, Inorganic and Organic Geochemical Results 

 A final PCA was performed on samples that provide both organic and inorganic 

parameters. The scores were most dependent upon values obtained via Rock Eval analysis. 

Also, WIP held a much larger loading than CIA as far as inorganic geochemical data are 

concerned. This is not surprising since WIP values represented the highest variance in 

weathering index calculations. Figure 28 shows the plotted scores. Again, although all deep-

seated landslide, secondary source, and stream samples contain fossil carbon signatures, they 

plot closer to the recent organic carbon end members, suggesting that, although the primary 

contribution to stream sediment may be bedrock-related inorganic material, the ability to 

quantify recent and fossil organic contributions may be the most important criterion for 

determining sediment origin.  
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Figure 27. Results of principal component analysis using organic geochemical data (F1, F2, F3, F4, F5, F6, HI, C/N, 

δ
13

C, and TOC). 
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Figure 28. Results of principal component analysis on organic geochemical data (F1, F2, F3, F4, F5, F6, HI,C/N, δ13C, 

and TOC) and weathering index (CIA, WIP) data.
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5.0 SUMMARY AND CONCLUSIONS 

An investigation was performed to characterize the organic and inorganic 

geochemical signatures of rock and soil in the Upper Quinault River catchment and to 

provide criteria for recognizing their relative contributions to the sediment that may have 

been discharged to Lake Quinault following past mass wasting events. CIA and WIP indices 

were used to characterize the most weathered (soils) and least weathered (bedrock) sources. 

WIP values are most useful for characterizing sediment sources (soils/bedrock) as well as 

recognizing which contributes primarily to catchment sediment. CIA alone is not applicable 

for characterizing catchment weathering sources but, when used in tandem with WIP values, 

is useful in indicating OSC or Crescent terrain origin. Sediments sampled from stream 

deposits yielded inorganic geochemical signatures that are similar to  OSC bedrock, 

secondary source, and deep-seated landslides, suggesting that the inorganic components of 

sediment currently being produced within the catchment have undergone minimal chemical 

weathering. These results are similar to comparable small streams with high sediment yields 

(McLennan, 1993).  

Organic geochemical elemental and isotopic analyses were used to gather TOC, δ
13

C 

and C/N ratio data. Generally, soil is higher in TOC than bedrock and carbon from soils and 

recent vegetation yield higher C/N and δ
13

C than fossil organic carbon in bedrock.  Values 

from secondary deposits, deep-seated landslide, and stream sediment suggest a mix of recent 

and fossil organic pool contributions, but provide little as to the recognition of each pool’s 

contribution. Rock Eval pyrolysis shows that recent carbon compounds from soils and 

vegetation burn at lower temperatures than fossil carbon in catchment bedrock. 
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Consequently, their signatures can be recognized by S2 curve shapes from pyrolysis of 

secondary source and stream deposits. This allows for a relative quantification of recent and 

fossil organic carbon to a deposit, providing insight to the geomorphic mechanisms 

responsible for producing catchment sediments. Both of the inorganic and organic 

geochemical analyses utilized in this investigation have the potential to provide evidence of 

provenance and erosion mechanisms during times of episodically high sediment fluxes. 

6.0 FUTURE WORK 

In the future, inorganic geochemical analyses aimed at delineating potential sediment 

sources in the Quinault catchment should include measurements of silica content. A wider 

variety of weathering indices are available (e.g. Ruxton, 1968; de Jayawardena and Izawa, 

1994; Meunier et al., 2013) if, for example, silicon content is known. Also, because a limited 

number of elements (Al2O3, CaO, K2O, Na2O, MgO) are useful for discriminating sources in 

weathering index calculations such as the CIA and WIP, future studies might find it more 

economical to restrict inorganic geochemical analyses to those elements.  

Rock Eval 6 should be considered for future Rock Eval analyses. In this thesis an 

older procedure, Rock Eval II, was used. The biggest advantage of Rock Eval 6 is that its 

pyrolysis continues up to a temperature of 650 °C where Rock Eval II only reaches around 

580 °C. As noted for the results from analyses of bedrock clasts, FID signals continued to 

rise as the analyses came to completion, signifying that the organic matter in the sample was 

not completely combusted at that point.  An increase in the maximum temperature reached 

during Rock Eval analysis could aid in a more accurate quantification of contributions fossil 

and recent organic matter to various soils and sediments in the Upper Quinault catchment.   
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Finally, a more complete survey of the organic and inorganic geochemistry of rocks 

in the catchment should be considered since both metamorphic grade and isotopic signature 

may increase toward the core of the mountains. Such analyses may provide additional 

information with respect to provenance, aiding in a more complete spatial determination of 

possible sources of sediment to Lake Quinault during past events.   
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Appendix 8.1. Sample descriptions and coordinates. 

 

31-May-12 

Sample ID Description Latitude Longitude 

QR120531-1 
Bulk sand sample from the north bank of the Upper Quinault on 

the downstream side of the bridge over the Upper Quinault 
N47.53396 W123.67848 

QR120531-2 
Finer sediment collected ~40 ft. upstream of and slightly higher on 

bank than sample QR120531-1; upper 1" of sediment 
N47.53396 W123.67848 

QBFGC Siltstone clast retrieved from the Upper Quinault near bridge N47.53396 W123.67848 

QBSSC 
Quinault Bridge Sandstone Clast - retrieved from the Upper 

Quinault near bridge 
N47.53396 W123.67848 

QR120531-3 
Sand sample from a sandbar on the main fork of the Upper 

Quinault; just north of Howe Creek. 
N47.54008 W123.66505 

QR120531-4 Mud scrape; adjacent to sample QR120531-3 on river bank N47.54008 W123.66505 

QR120531-5 
Sediment sample from a shallow landslide adjacent to South 

Shore/Graves road 
N47.54008 W123.66505 

QR120531-6 
Sample from near a channel head in an alluvial fan on the south 

side of South Shore/Graves Rd 
N47.54869 W123.63500 

QR120531-7 
Sample from Holocene terrace deposit; north side of Graves Road 

near Graves Creek 
N47.57375 W123.57328 

QR120531-8 Sample from shale outcrop along South Shore/Graves Rd N47.54432 W123.65353 

QR120531-9 
OSC subsoil sample at the head of a shallow failure; south side of 

South Shore/Graves Rd at confluence of North and Main forks 
N47.53694 W123.66953 

QR120531-10 
40 cm below modern vegetated surface; lacustrine outcrop near 

Pruce Boys Road 
N47.49492 W123.81942 

QR120531-11 
1.5 m below modern vegetated surface; lacustrine outcrop near 

Pruce Boys Road 
N47.49492 W123.81942 

QR120531-12 Mouth of Upper Quinault at Lake Quinault; mud atop sand ripples N47.49364 W123.84380 
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31-May-12, cont. 

Sample ID Description Latitude Longitude 

QR120531-13 
Woody debris on top of sand bar at the Upper Quinault River 

mouth 
N47.49364 W123.84380 

QR120531-14 
Mud scrape from sand bar at Upper Quinault River mouth; 

slightly higher than QR120531-12 
N47.49364 W123.84380 

QR120531-15 
Bulk sand sample from atop sand bar at Upper Quinault River 

mouth 
N47.49364 W123.84380 

    

1-Jun-12 

QR120601-1 
Sub soil atop Crescent Fm. Basalt; at the fork of forestry roads 

2258 and 2280 in Colonol Bob Wlderness; ~1m depth 
N47.405890 W123.840740 

QR120601-2 Weathered basalt clasts  N47.405890 W123.840740 

QR120601-3 O-horizon atop Crescent Fm. Basalt N47.405890 W123.840740 

QR120601-4 (CFBC) Crescent Formation Basalt Clast - Unweathered basalt  N47.405890 W123.840740 

QR120601-5 
Soil sample from shallow landslide in Crescent Formation; in 

Cook Creek Valley 
N47.379990 W123.863563 

QR120601-6 
At the head of a large deep-seated failure; fines under cobble cap; 

sample contains fines and pebbles 
N47.486578 W123.980749 

QR120601-7 
Streambed sediment near the head of the large deep-seated failure; 

stream flows atop landslide scar and debris 
N47.486578 W123.980749 

QR120601-8 Streambed fines from large deep-seated failure  N47.486578 W123.980749 

QR120601-9 Streambed fines; close to debris flow toe  N47.483570 W123.980886 

QR120601-10 Weathered shale on top of landslide debris N47.483570 W123.980886 
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2-Jun-12 

Sample ID Description Latitude Longitude 

QR120602-1 Fines from till/alluvium in creek along North Fork Trail N47.59025 W123.64336 

QR120602-2 Sand from sand bar in North Fork Upper Quinault N47.58829 W123.68052 

QR120602-3 Fines from small deep-seated landslide; near mouth of Elip Creek N47.62629 W123.63078 

QR120602-4 Fines from till/alluvium bank of Elip Creek N47.62629 W123.63078 

QR120602-5 Sand from Three Prunes Creek near North Fork Trail N47.64322 W123.65535 

QR120602-6 Debris from small deep-seated slide; Three Prune Creek N47.64322 W123.65535 

QR120602-7 
Debris from small deep-seated failure at Three Prune Creek; just 

across and downstream from sample QR120602-6 
N47.64309 W123.65484 

QR120602-8 Mud scrape; North Fork Upper Quinault N47.62852 W123.63345 

QR120602-9 
Sediment toward top of lacustrine outcrop on North Fork 

Quinault; below lacustrine/alluvium contact 
N47.59065 W123.62754 

QR120602-10 
Organic/charcoal layer in  North Fork lacustrine sediment ~ half-

way in visible outcrop depth 
N47.59065 W123.62754 

QR120602-11 
Near bottom of visible North Fork lacustrine outcrop in gray clay 

layer 
N47.59065 W123.62754 

    

3-Jun-12 

QR120603-1 Mud scrape at the mouth of Finley Creek N47.50563 W123. 80091 

QR120603-2 Sand sample from Finley Creek sand bar  N47.50563 W123. 80091 

FCFGC Siltstone clast retrieved from mouth of Finley Creek N47.50563 W123. 80091 

FCSSC 
Finley Creek Sandstone Clast - retrieived from mouth of Finley 

Creek 
N47.50563 W123. 80091 

QR120603-3 
Lacustine sediment from outcrop near the mouth of Finley Creek; 

sample from bottom of outcrop 
N47.50334 W123.80216 

QR120603-4 Middle of lacustrine outcrop at the mouth of Finley Creek N47.50334 W123.80216 
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3-Jun-12, cont. 

Sample ID Description Latitude Longitude 

QR120603-4 Middle of lacustrine outcrop at the mouth of Finley Creek N47.50334 W123.80216 

QR120603-5 Near top of lacustrine outcrop at the mouth of Finley Creek N47.50334 W123.80216 

QR120603-6 
OSC O-horizon; north side of North Shore Rd; soil ~6" from soil 

surface to regolith; O-horizon 3-6" thick 
N47.52921 W123.77565 

QR120603-7 
Taken 1 foot below the vegetated top of lacustrine outcrop along 

Canoe Creek  
N47.50190 W123.83825 

QR120603-8 Taken at middle of lacustrine outcrop along Canoe Creek N47.50190 W123.83825 

QR120603-9 
Finer sediment sample in of Mormon Creek; observed deep-seated 

landslide on mountainside above within the catchment 
N47.50291 W123.78131 

    

Other 

QR-Phyllite 
Phyllite clast retrieved near the low divide at the headwaters of the 

North Fork Upper Quinault; Courtesy of Karl Wegmann 
N47.71980 W123.56444 
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Appendix 8.2. Pictures of sampled locations. 

 

 

 

 
 

Sampling a subsoil at the head of a shallow failure.  
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Looking toward the scarp of a large deep-seated landslide.  
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Fine sediment drape in a streambed.
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Paleo-lacustrine outcrop. 
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Holocene terrace deposit. 
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Appendix 8.3. Inorganic ICP-MS Results 
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Method 1T 1T 1T 1T 

 
Analyte Mo Cu Pb Zn 

 
Unit PPM PPM PPM PPM 

 
MDL 0.05 0.02 0.02 0.2 

      Sample Type 

    QR120531-2 Soil Pulp 1.33 43.00 19.42 88.9 

QR120531-5 Soil Pulp 1.52 32.68 16.34 49.9 

QR120531-8 Soil Pulp 1.34 32.26 18.23 96.2 

QR120531-9 Soil Pulp 1.21 95.19 15.57 148.8 

QR120531-11 Soil Pulp 1.15 42.88 18.32 87.9 

QR120531-12 Soil Pulp 1.23 37.84 14.98 85.5 

QR120601-1 Soil Pulp 0.83 185.56 11.63 88.5 

QR120601-3 Soil Pulp 1.08 81.66 30.92 74.5 

QR120601-5 Soil Pulp 0.28 63.75 8.03 34.6 

QR120601-6 Soil Pulp 1.07 40.52 21.97 88.6 

QR120601-8 Soil Pulp 0.71 31.31 18.91 73.3 

QR120601-9 Soil Pulp 0.85 36.65 22.57 85.4 

QR120602-3 Soil Pulp 2.11 60.55 47.47 130.9 

QR120602-6 Soil Pulp 1.67 39.78 36.25 74.2 

QR120602-7 Soil Pulp 0.77 41.97 31.63 100.2 

QR120602-11 Soil Pulp 1.19 38.75 18.01 97.5 

QR120603-1 Soil Pulp 0.52 23.89 18.16 74.1 

QR120603-4 Soil Pulp 0.70 28.09 19.49 77.3 

QR120603-6 Soil Pulp 1.21 13.48 16.90 39.2 

QR120603-8 Soil Pulp 0.71 27.43 18.46 77.4 

QR120603-9 Soil Pulp 0.86 164.78 9.57 95.5 

QBFGC Soil Pulp 0.47 16.37 14.06 70.6 

QBSSC Soil Pulp 0.21 25.87 17.59 89.9 

CFBC Soil Pulp 0.43 210.30 1.91 111.6 

FCFGC Soil Pulp 0.84 20.55 19.61 31.5 
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Method 1T 1T 1T 1T 1T 

Analyte Ag Ni Co Mn Fe 

Unit PPB PPM PPM PPM % 

MDL 20 0.1 0.2 2 0.02 

      Sample 

     QR120531-2 244 35.1 16.2 558 4.59 

QR120531-5 602 10.8 10.0 799 5.02 

QR120531-8 182 16.5 2.2 233 5.05 

QR120531-9 351 46.9 16.0 258 5.52 

QR120531-11 117 27.1 13.8 621 4.43 

QR120531-12 141 28.2 13.2 435 4.98 

QR120601-1 139 54.5 49.2 4154 8.51 

QR120601-3 149 62.2 21.4 1468 6.66 

QR120601-5 115 114.8 21.9 636 4.74 

QR120601-6 110 24.4 16.6 582 3.59 

QR120601-8 101 21.3 16.8 521 2.75 

QR120601-9 141 22.8 17.7 671 3.12 

QR120602-3 267 48.1 34.2 1401 5.23 

QR120602-6 337 18.5 7.6 181 5.20 

QR120602-7 99 33.5 30.5 925 3.54 

QR120602-11 122 34.1 19.6 728 4.72 

QR120603-1 108 21.6 11.8 431 2.95 

QR120603-4 32 21.3 13.1 535 3.33 

QR120603-6 181 8.0 2.6 94 4.17 

QR120603-8 116 22.8 12.2 409 3.34 

QR120603-9 165 56.3 35.4 1682 6.32 

QBFGC 98 23.5 5.1 191 3.36 

QBSSC 55 20.5 10.8 353 4.29 

CFBC 97 60.1 56.5 1759 9.90 

FCFGC 157 19.5 3.9 140 3.33 
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Method 1T 1T 1T 1T 1T 

Analyte As U Au Th Sr 

Unit PPM PPM PPM PPM PPM 

MDL 0.2 0.1 0.1 0.1 1 

      Sample 

     QR120531-2 17.2 0.7 <0.1 6.7 145 

QR120531-5 13.4 0.7 <0.1 5.0 83 

QR120531-8 14.5 0.3 <0.1 3.4 133 

QR120531-9 11.0 1.2 <0.1 6.3 54 

QR120531-11 13.5 0.8 <0.1 6.9 120 

QR120531-12 11.6 0.8 <0.1 7.1 135 

QR120601-1 2.5 0.6 <0.1 1.4 159 

QR120601-3 5.4 0.8 <0.1 2.0 55 

QR120601-5 1.1 0.4 <0.1 0.6 28 

QR120601-6 11.3 1.7 <0.1 7.6 68 

QR120601-8 8.1 1.8 <0.1 8.6 92 

QR120601-9 9.1 1.7 <0.1 8.0 82 

QR120602-3 16.4 1.3 <0.1 9.7 47 

QR120602-6 13.9 1.2 <0.1 10.1 67 

QR120602-7 10.1 1.2 <0.1 8.3 75 

QR120602-11 16.7 1.0 <0.1 6.9 153 

QR120603-1 7.1 1.4 <0.1 8.8 106 

QR120603-4 8.7 1.3 <0.1 7.4 82 

QR120603-6 7.1 1.1 <0.1 7.8 73 

QR120603-8 8.9 1.2 <0.1 7.7 85 

QR120603-9 7.2 0.7 <0.1 3.3 142 

QBFGC 7.3 0.5 <0.1 6.4 78 

QBSSC 4.9 0.5 <0.1 5.2 131 

CFBC 0.9 0.5 <0.1 1.6 394 

FCFGC 10.8 1.4 <0.1 7.6 70 
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Method 1T 1T 1T 1T 1T 

Analyte Cd Sb Bi V Ca 

Unit PPM PPM PPM PPM % 

MDL 0.02 0.02 0.04 1 0.02 

      Sample 

     QR120531-2 0.21 0.75 0.26 120 0.49 

QR120531-5 0.18 0.37 0.26 100 0.19 

QR120531-8 0.09 0.74 0.29 156 0.36 

QR120531-9 0.12 0.37 0.22 112 0.11 

QR120531-11 0.20 0.60 0.22 118 0.32 

QR120531-12 0.19 0.47 0.19 104 0.43 

QR120601-1 0.25 0.25 0.07 231 3.96 

QR120601-3 0.20 0.46 0.17 173 1.27 

QR120601-5 0.30 0.16 0.08 92 0.65 

QR120601-6 0.21 0.67 0.31 119 0.16 

QR120601-8 0.25 0.57 0.22 90 0.23 

QR120601-9 0.17 0.62 0.27 102 0.18 

QR120602-3 0.29 1.16 0.34 107 0.08 

QR120602-6 0.23 0.97 0.37 118 0.09 

QR120602-7 0.21 0.56 0.20 85 0.11 

QR120602-11 0.19 0.66 0.22 131 0.49 

QR120603-1 0.20 0.47 0.18 78 0.23 

QR120603-4 0.17 0.52 0.21 90 0.14 

QR120603-6 0.08 0.38 0.26 88 0.12 

QR120603-8 0.16 0.49 0.21 90 0.15 

QR120603-9 0.19 0.27 0.14 186 2.70 

QBFGC 0.05 0.44 0.28 102 0.13 

QBSSC 0.05 0.24 0.14 82 0.27 

CFBC 0.28 0.07 <0.04 373 7.32 

FCFGC 0.08 0.64 0.39 126 0.16 
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Method 1T 1T 1T 1T 1T 

Analyte P La Cr Mg Ba 

Unit % PPM PPM % PPM 

MDL 0.001 0.1 1 0.02 1 

      Sample 

     QR120531-2 0.098 23.8 72 1.13 664 

QR120531-5 0.160 14.6 56 0.32 379 

QR120531-8 0.207 3.0 86 0.97 768 

QR120531-9 0.126 14.4 99 0.66 448 

QR120531-11 0.085 22.6 71 1.07 672 

QR120531-12 0.089 25.4 66 1.01 666 

QR120601-1 0.120 7.7 83 2.06 81 

QR120601-3 0.160 5.2 138 1.01 144 

QR120601-5 0.120 3.6 147 1.15 51 

QR120601-6 0.079 17.2 75 0.98 776 

QR120601-8 0.075 23.0 59 0.83 745 

QR120601-9 0.075 21.1 66 0.92 772 

QR120602-3 0.094 21.5 73 0.90 913 

QR120602-6 0.071 22.1 84 0.75 700 

QR120602-7 0.075 22.9 61 0.88 1031 

QR120602-11 0.106 23.4 68 1.15 694 

QR120603-1 0.073 26.9 51 0.77 828 

QR120603-4 0.067 21.3 58 0.84 798 

QR120603-6 0.055 26.9 49 0.36 435 

QR120603-8 0.080 21.7 57 0.84 789 

QR120603-9 0.141 14.7 113 1.74 252 

QBFGC 0.059 17.0 61 1.08 740 

QBSSC 0.076 15.0 48 1.33 626 

CFBC 0.141 14.8 69 3.25 81 

FCFGC 0.067 21.7 77 1.07 959 
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Method 1T 1T 1T 1T 1T 

Analyte Ti Al Na K W 

Unit % % % % PPM 

MDL 0.001 0.02 0.002 0.02 0.1 

      Sample 

     QR120531-2 0.371 6.69 1.853 1.66 1.4 

QR120531-5 0.345 7.09 1.333 0.98 67.4 

QR120531-8 0.458 8.01 1.864 2.41 1.5 

QR120531-9 0.408 9.22 1.036 1.01 5.3 

QR120531-11 0.384 6.66 1.807 1.82 3.3 

QR120531-12 0.343 6.95 1.778 1.73 2.7 

QR120601-1 1.043 7.22 0.729 0.33 6.7 

QR120601-3 1.034 7.08 0.402 0.54 1.2 

QR120601-5 0.342 4.86 0.249 0.20 5.8 

QR120601-6 0.413 8.45 0.983 3.29 2.0 

QR120601-8 0.339 7.17 1.312 2.81 1.7 

QR120601-9 0.363 7.94 1.219 3.01 14.2 

QR120602-3 0.266 7.93 0.605 2.74 3.9 

QR120602-6 0.329 8.86 0.845 1.78 2.0 

QR120602-7 0.271 6.66 1.224 2.94 2.0 

QR120602-11 0.433 7.09 1.777 1.76 1.2 

QR120603-1 0.310 6.65 1.803 2.52 1.5 

QR120603-4 0.323 7.09 1.678 2.69 1.6 

QR120603-6 0.337 6.74 1.245 1.19 1.6 

QR120603-8 0.317 6.54 1.677 2.50 1.5 

QR120603-9 0.760 6.40 1.336 0.74 3.4 

QBFGC 0.244 6.58 1.527 2.80 2.9 

QBSSC 0.242 6.54 1.977 2.00 1.5 

CFBC 1.698 7.45 1.842 0.22 0.4 

FCFGC 0.420 7.81 1.161 3.72 3.4 
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Method 1T 1T 1T 1T 1T 

Analyte Zr Sn Be Sc S 

Unit PPM PPM PPM PPM % 

MDL 0.2 0.1 1 0.1 0.04 

      Sample 

     QR120531-2 5.7 2.2 2 13.4 0.08 

QR120531-5 10.8 2.6 1 12.9 <0.04 

QR120531-8 7.2 2.9 2 16.2 0.20 

QR120531-9 28.7 2.9 2 14.8 0.05 

QR120531-11 7.1 2.3 2 13.0 <0.04 

QR120531-12 7.0 2.3 2 13.0 <0.04 

QR120601-1 117.9 1.9 <1 21.1 <0.04 

QR120601-3 101.8 1.9 <1 17.1 0.06 

QR120601-5 38.1 1.1 <1 11.9 0.10 

QR120601-6 40.7 2.6 3 15.0 <0.04 

QR120601-8 36.1 2.5 3 11.2 <0.04 

QR120601-9 35.6 3.3 2 12.8 <0.04 

QR120602-3 15.4 3.3 3 13.4 <0.04 

QR120602-6 20.0 3.3 2 14.0 <0.04 

QR120602-7 11.0 2.4 2 10.4 <0.04 

QR120602-11 6.8 2.0 2 14.4 <0.04 

QR120603-1 15.2 2.3 2 9.8 <0.04 

QR120603-4 16.1 2.3 2 10.3 <0.04 

QR120603-6 17.6 2.6 <1 8.8 <0.04 

QR120603-8 14.6 2.2 2 10.0 <0.04 

QR120603-9 59.5 1.8 1 23.6 0.05 

QBFGC 23.0 3.2 2 10.8 <0.04 

QBSSC 4.2 2.1 2 9.8 <0.04 

CFBC 209.2 2.1 1 37.6 <0.04 

FCFGC 40.7 3.4 2 13.3 <0.04 

 

  



 

 

 

119 

Method 1T 1T 1T 1T 1T 

Analyte Y Ce Pr Nd Sm 

Unit PPM PPM PPM PPM PPM 

MDL 0.1 0.02 0.1 0.1 0.1 

      Sample 

     QR120531-2 15.8 50.45 6.0 28.3 5.9 

QR120531-5 5.7 29.44 3.6 15.9 3.0 

QR120531-8 5.8 8.45 1.3 8.7 3.3 

QR120531-9 7.5 35.89 4.0 19.2 4.2 

QR120531-11 15.5 48.89 5.9 28.0 6.1 

QR120531-12 14.7 52.67 6.1 29.1 5.9 

QR120601-1 15.2 25.75 2.3 12.7 2.8 

QR120601-3 6.7 14.08 1.4 7.0 1.8 

QR120601-5 8.7 10.76 1.1 6.1 1.6 

QR120601-6 11.1 41.65 5.1 25.5 5.6 

QR120601-8 11.2 49.67 6.3 29.6 5.5 

QR120601-9 11.2 46.52 6.0 27.9 6.0 

QR120602-3 15.6 53.84 6.0 28.4 5.8 

QR120602-6 9.0 44.44 5.3 23.9 4.1 

QR120602-7 10.2 49.19 5.8 27.2 5.6 

QR120602-11 17.3 50.00 6.1 28.1 5.8 

QR120603-1 8.4 54.29 6.7 31.1 6.2 

QR120603-4 8.6 46.28 5.8 27.0 5.1 

QR120603-6 4.7 50.24 5.9 26.0 4.1 

QR120603-8 9.1 46.39 5.8 26.9 5.7 

QR120603-9 19.4 34.12 4.1 20.1 4.8 

QBFGC 3.4 34.48 4.2 17.6 3.1 

QBSSC 10.5 30.05 3.9 19.0 3.5 

CFBC 31.2 34.15 4.7 25.7 6.1 

FCFGC 5.7 44.92 5.4 25.4 4.1 
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Method 1T 1T 1T 1T 1T 

Analyte Eu Gd Tb Dy Ho 

Unit PPM PPM PPM PPM PPM 

MDL 0.1 0.1 0.1 0.1 0.1 

      Sample 

     QR120531-2 1.1 5.1 0.7 4.4 0.7 

QR120531-5 0.6 2.9 0.3 1.7 0.2 

QR120531-8 0.9 4.0 0.5 2.3 0.3 

QR120531-9 0.8 3.8 0.4 2.9 0.4 

QR120531-11 1.0 5.6 0.6 4.3 0.7 

QR120531-12 1.1 5.2 0.6 4.1 0.6 

QR120601-1 1.0 3.6 0.5 3.9 0.5 

QR120601-3 0.5 1.9 0.3 2.6 0.3 

QR120601-5 0.6 2.0 0.3 2.1 0.4 

QR120601-6 1.0 5.1 0.6 3.7 0.5 

QR120601-8 1.0 4.8 0.6 3.4 0.5 

QR120601-9 1.0 5.0 0.6 3.5 0.5 

QR120602-3 1.4 5.9 0.6 5.4 0.8 

QR120602-6 0.7 2.7 0.4 2.5 0.4 

QR120602-7 1.0 4.6 0.4 3.3 0.5 

QR120602-11 1.0 5.4 0.6 4.6 0.7 

QR120603-1 0.9 4.5 0.5 2.9 0.3 

QR120603-4 0.9 4.1 0.4 2.9 0.4 

QR120603-6 0.6 2.8 0.3 1.3 0.1 

QR120603-8 0.9 4.9 0.4 3.0 0.4 

QR120603-9 1.2 5.1 0.7 5.0 0.8 

QBFGC 0.5 2.3 0.2 1.4 0.1 

QBSSC 0.5 4.1 0.5 3.1 0.4 

CFBC 1.9 7.5 1.0 6.8 1.2 

FCFGC 0.6 3.2 0.3 2.1 0.3 
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Method 1T 1T 1T 1T 1T 

Analyte Er Tm Yb Lu Hf 

Unit PPM PPM PPM PPM PPM 

MDL 0.1 0.1 0.1 0.1 0.02 

      Sample 

     QR120531-2 1.9 0.2 1.5 0.2 0.21 

QR120531-5 0.6 <0.1 0.6 <0.1 0.31 

QR120531-8 0.9 <0.1 0.5 <0.1 0.26 

QR120531-9 1.2 0.1 0.8 <0.1 0.95 

QR120531-11 2.1 0.2 1.6 0.2 0.31 

QR120531-12 2.0 0.2 1.4 0.1 0.23 

QR120601-1 2.1 0.3 2.1 0.3 2.89 

QR120601-3 1.0 <0.1 0.9 <0.1 2.54 

QR120601-5 1.3 0.2 1.2 0.1 0.97 

QR120601-6 1.5 0.2 1.1 0.1 1.05 

QR120601-8 1.5 0.2 1.1 0.1 1.15 

QR120601-9 1.4 0.2 1.2 0.1 1.05 

QR120602-3 2.5 0.3 2.1 0.2 0.31 

QR120602-6 1.3 0.1 1.0 <0.1 0.34 

QR120602-7 1.4 0.2 1.0 0.1 0.29 

QR120602-11 2.2 0.3 1.6 0.1 0.25 

QR120603-1 1.0 0.1 0.8 0.1 0.49 

QR120603-4 1.2 0.1 0.9 <0.1 0.49 

QR120603-6 0.5 <0.1 0.5 <0.1 0.51 

QR120603-8 1.2 0.1 1.0 <0.1 0.49 

QR120603-9 2.5 0.3 2.1 0.2 1.80 

QBFGC 0.4 <0.1 0.4 <0.1 0.32 

QBSSC 1.4 0.1 1.0 <0.1 0.12 

CFBC 4.3 0.5 3.8 0.5 5.60 

FCFGC 0.8 <0.1 0.8 <0.1 1.02 
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Method 1T 1T 1T 1T 1T 

Analyte Li Rb Ta Nb Cs 

Unit PPM PPM PPM PPM PPM 

MDL 0.1 0.1 0.1 0.04 0.1 

      Sample 

     QR120531-2 48.7 59.9 0.7 9.21 3.1 

QR120531-5 29.7 47.4 0.7 9.71 5.6 

QR120531-8 56.0 80.5 0.7 12.56 5.0 

QR120531-9 87.3 66.9 0.7 11.32 6.4 

QR120531-11 49.7 69.8 0.8 10.97 4.0 

QR120531-12 44.2 67.5 0.6 9.43 3.6 

QR120601-1 13.0 11.1 0.7 11.90 0.9 

QR120601-3 15.0 16.5 0.7 12.39 1.3 

QR120601-5 11.4 5.3 0.2 3.91 0.4 

QR120601-6 40.1 118.8 1.1 16.69 7.8 

QR120601-8 37.0 105.6 0.9 14.57 6.3 

QR120601-9 40.5 115.8 1.0 15.48 7.2 

QR120602-3 54.7 105.7 0.6 9.66 14.0 

QR120602-6 65.9 110.2 0.9 12.83 11.0 

QR120602-7 53.0 109.4 0.7 11.59 11.7 

QR120602-11 55.6 64.3 0.7 11.12 3.8 

QR120603-1 45.1 100.1 0.9 14.34 5.3 

QR120603-4 49.1 99.8 1.0 14.46 5.4 

QR120603-6 37.6 67.2 0.9 13.48 5.3 

QR120603-8 48.8 91.8 0.9 13.72 5.0 

QR120603-9 19.5 27.5 0.7 10.70 2.9 

QBFGC 51.2 100.4 0.6 9.22 5.0 

QBSSC 57.3 75.7 0.7 9.94 3.1 

CFBC 8.8 4.3 1.2 18.65 0.3 

FCFGC 40.7 136.9 1.1 17.52 8.6 
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Method 1T 1T 1T 1T 1T 

Analyte Ga In Re Se Te 

Unit PPM PPM PPM PPM PPM 

MDL 0.02 0.01 0.002 0.3 0.05 

      Sample 

     QR120531-2 18.55 0.06 <0.002 1.3 0.11 

QR120531-5 21.29 0.07 0.006 1.2 <0.05 

QR120531-8 24.37 0.10 <0.002 0.8 0.06 

QR120531-9 19.20 0.11 <0.002 1.4 0.05 

QR120531-11 19.66 0.09 0.008 1.1 0.07 

QR120531-12 18.03 0.06 0.002 0.5 0.06 

QR120601-1 20.61 0.07 <0.002 1.1 <0.05 

QR120601-3 18.36 0.08 <0.002 2.3 <0.05 

QR120601-5 8.64 0.03 <0.002 2.1 <0.05 

QR120601-6 24.29 0.09 0.005 0.7 <0.05 

QR120601-8 19.62 0.05 <0.002 0.6 <0.05 

QR120601-9 22.59 0.06 <0.002 0.8 <0.05 

QR120602-3 23.56 0.07 <0.002 0.8 0.08 

QR120602-6 28.23 0.11 <0.002 0.6 0.07 

QR120602-7 20.54 0.06 <0.002 0.3 0.07 

QR120602-11 20.14 0.05 <0.002 0.9 <0.05 

QR120603-1 19.15 0.06 0.004 0.5 0.10 

QR120603-4 20.17 0.04 <0.002 0.3 <0.05 

QR120603-6 21.80 0.08 0.005 0.9 0.12 

QR120603-8 19.76 0.07 <0.002 0.4 <0.05 

QR120603-9 17.21 0.05 <0.002 2.2 <0.05 

QBFGC 22.32 0.07 <0.002 0.4 0.11 

QBSSC 21.33 0.04 <0.002 0.5 <0.05 

CFBC 21.47 0.07 0.005 1.4 0.32 

FCFGC 24.25 0.07 0.006 0.6 0.11 
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Method 1T 

Analyte Tl 

Unit PPM 

MDL 0.05 

  Sample 

 QR120531-2 0.40 

QR120531-5 0.39 

QR120531-8 0.56 

QR120531-9 0.52 

QR120531-11 0.48 

QR120531-12 0.42 

QR120601-1 0.06 

QR120601-3 0.13 

QR120601-5 <0.05 

QR120601-6 0.85 

QR120601-8 0.71 

QR120601-9 0.77 

QR120602-3 0.76 

QR120602-6 0.77 

QR120602-7 0.72 

QR120602-11 0.45 

QR120603-1 0.62 

QR120603-4 0.66 

QR120603-6 0.47 

QR120603-8 0.62 

QR120603-9 0.15 

QBFGC 0.65 

QBSSC 0.48 

CFBC <0.05 

FCFGC 0.82 
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Appendix 8.4.  MATLAB script for interpolation and smoothing of S2 curve data from Rock 

Eval pyrolysis. 

 
 

%%%%S2 Curve Data Smoothing and Normalizing%%% 

  
data=load('s2_combined.txt'); 

  
%variable "m" is for "measured", so "mfid" would be the measured FID  
%from the laboratory, while the "fid" value would be the interpolated  
%value 

  
%the above applies to the "m" with the temp data 

  

  
samptemps=(300:0.5:550); %set standard temperature range 

  
mfid1=data(:,1); fid1=mfid1(isnan(mfid1)==0); %Replace NaN with 0 
mtemp1=data(:,2); temp1=mtemp1(isnan(mtemp1)==0); %Replace NaN with 0 
[~,I]=unique(temp1);  
temp1=temp1(I); fid1=fid1(I); 
fid1=interp1(temp1,fid1,samptemps); %Interpolate FID data to the standard 
%temperature range (300 to 550 via 0.5 increments) 
smooth1=smooth(fid1,35); %Smooth data with a 35-point running average 

  
%Repeat for the remaining FID data sets 

  
mfid2=data(:,3); fid2=mfid2(isnan(mfid2)==0); 
mtemp2=data(:,4); temp2=mtemp2(isnan(mtemp2)==0); 
[~,I]=unique(temp2); 
temp2=temp2(I); fid2=fid2(I); 
fid2=interp1(temp2,fid2,samptemps); 
smooth2=smooth(fid2,35); 

  
mfid3=data(:,5); fid3=mfid3(isnan(mfid3)==0); 
mtemp3=data(:,6); temp3=mtemp3(isnan(mtemp3)==0); 
[~,I]=unique(temp3); 
temp3=temp3(I); fid3=fid3(I); 
fid3=interp1(temp3,fid3,samptemps); 
smooth3=smooth(fid3,35); 

  
mfid4=data(:,7); fid4=mfid4(isnan(mfid4)==0); 
mtemp4=data(:,8); temp4=mtemp4(isnan(mtemp4)==0); 
[~,I]=unique(temp4); 
temp4=temp4(I); fid4=fid4(I); 
fid4=interp1(temp4,fid4,samptemps); 
smooth4=smooth(fid4,35); 

  
mfid5=data(:,9); fid5=mfid5(isnan(mfid5)==0); 
mtemp5=data(:,10); temp5=mtemp5(isnan(mtemp5)==0); 
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[~,I]=unique(temp5); 
temp5=temp5(I); fid5=fid5(I); 
fid5=interp1(temp5,fid5,samptemps); 
smooth5=smooth(fid5,35); 

  
mfid6=data(:,11); fid6=mfid6(isnan(mfid6)==0); 
mtemp6=data(:,12); temp6=mtemp6(isnan(mtemp6)==0); 
[~,I]=unique(temp6); 
temp6=temp6(I); fid6=fid6(I); 
fid6=interp1(temp6,fid6,samptemps); 
smooth6=smooth(fid6,35); 

  
mfid7=data(:,13); fid7=mfid7(isnan(mfid7)==0); 
mtemp7=data(:,14); temp7=mtemp7(isnan(mtemp7)==0); 
[~,I]=unique(temp7); 
temp7=temp7(I); fid7=fid7(I); 
fid7=interp1(temp7,fid7,samptemps); 
smooth7=smooth(fid7,35); 

  
mfid8=data(:,15); fid8=mfid8(isnan(mfid8)==0); 
mtemp8=data(:,16); temp8=mtemp8(isnan(mtemp8)==0); 
[~,I]=unique(temp8); 
temp8=temp8(I); fid8=fid8(I); 
fid8=interp1(temp8,fid8,samptemps); 
smooth8=smooth(fid8,35); 

  
mfid9=data(:,17); fid9=mfid9(isnan(mfid9)==0); 
mtemp9=data(:,18); temp9=mtemp9(isnan(mtemp9)==0); 
[~,I]=unique(temp9); 
temp9=temp9(I); fid9=fid9(I); 
fid9=interp1(temp9,fid9,samptemps); 
smooth9=smooth(fid9,35); 

  
mfid10=data(:,19); fid10=mfid10(isnan(mfid10)==0); 
mtemp10=data(:,20); temp10=mtemp10(isnan(mtemp10)==0); 
[~,I]=unique(temp10); 
temp10=temp10(I); fid10=fid10(I); 
fid10=interp1(temp10,fid10,samptemps); 
smooth10=smooth(fid10,35); 

  
mfid11=data(:,21); fid11=mfid11(isnan(mfid11)==0); 
mtemp11=data(:,22); temp11=mtemp11(isnan(mtemp11)==0); 
[~,I]=unique(temp11); 
temp11=temp11(I); fid11=fid11(I); 
fid11=interp1(temp11,fid11,samptemps); 
smooth11=smooth(fid11,35); 

  
mfid12=data(:,23); fid12=mfid12(isnan(mfid12)==0);  
mtemp12=data(:,24); temp12=mtemp12(isnan(mtemp12)==0); 
[~,I]=unique(temp12); 
temp12=temp12(I); fid12=fid12(I); 
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fid12=interp1(temp12,fid12,samptemps); 
smooth12=smooth(fid12,35); 

  
mfid13=data(:,25); fid13=mfid13(isnan(mfid13)==0); 
mtemp13=data(:,26); temp13=mtemp13(isnan(mtemp13)==0); 
[~,I]=unique(temp13); 
temp13=temp13(I); fid13=fid13(I); 
fid13=interp1(temp13,fid13,samptemps); 
smooth13=smooth(fid13,35); 

  
mfid14=data(:,27); fid14=mfid14(isnan(mfid14)==0); 
mtemp14=data(:,28); temp14=mtemp14(isnan(mtemp14)==0); 
[~,I]=unique(temp14); 
temp14=temp14(I); fid14=fid14(I); 
fid14=interp1(temp14,fid14,samptemps); 
smooth14=smooth(fid14,35); 

  
mfid15=data(:,29); fid15=mfid15(isnan(mfid15)==0); 
mtemp15=data(:,32); temp15=mtemp15(isnan(mtemp15)==0); 
[~,I]=unique(temp15); 
temp15=temp15(I); fid15=fid15(I); 
fid15=interp1(temp15,fid15,samptemps); 
smooth15=smooth(fid15,35); 

  
mfid16=data(:,31); fid16=mfid16(isnan(mfid16)==0); 
mtemp16=data(:,34); temp16=mtemp16(isnan(mtemp16)==0); 
[~,I]=unique(temp16); 
temp16=temp16(I); fid16=fid16(I); 
fid16=interp1(temp16,fid16,samptemps); 
smooth16=smooth(fid16,35); 

  
mfid17=data(:,33); fid17=mfid17(isnan(mfid17)==0); 
mtemp17=data(:,36); temp17=mtemp17(isnan(mtemp17)==0); 
[~,I]=unique(temp17); 
temp17=temp17(I); fid17=fid17(I); 
fid17=interp1(temp17,fid17,samptemps); 
smooth17=smooth(fid17,35); 

  
mfid18=data(:,35); fid18=mfid18(isnan(mfid18)==0); 
mtemp18=data(:,36); temp18=mtemp18(isnan(mtemp18)==0); 
[~,I]=unique(temp18); 
temp18=temp18(I); fid18=fid18(I); 
fid18=interp1(temp18,fid18,samptemps); 
smooth18=smooth(fid18,35); 

  
mfid19=data(:,37); fid19=mfid19(isnan(mfid19)==0); 
mtemp19=data(:,38); temp19=mtemp19(isnan(mtemp19)==0); 
[~,I]=unique(temp19); 
temp19=temp19(I); fid19=fid19(I); 
fid19=interp1(temp19,fid19,samptemps); 
smooth19=smooth(fid19,35); 
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mfid20=data(:,39); fid20=mfid20(isnan(mfid20)==0); 
mtemp20=data(:,40); temp20=mtemp20(isnan(mtemp20)==0); 
[~,I]=unique(temp20); 
temp20=temp20(I); fid20=fid20(I); 
fid20=interp1(temp20,fid20,samptemps); 
smooth20=smooth(fid20,35); 

  
mfid21=data(:,41); fid21=mfid21(isnan(mfid21)==0); 
mtemp21=data(:,42); temp21=mtemp21(isnan(mtemp21)==0); 
[~,I]=unique(temp21); 
temp21=temp21(I); fid21=fid21(I); 
fid21=interp1(temp21,fid21,samptemps); 
smooth21=smooth(fid21,35); 

  
mfid22=data(:,43); fid22=mfid22(isnan(mfid22)==0); 
mtemp22=data(:,44); temp22=mtemp22(isnan(mtemp22)==0); 
[~,I]=unique(temp22); 
temp22=temp22(I); fid22=fid22(I); 
fid22=interp1(temp22,fid22,samptemps); 
smooth22=smooth(fid22,35); 

  
mfid23=data(:,45); fid23=mfid23(isnan(mfid23)==0); 
mtemp23=data(:,46); temp23=mtemp23(isnan(mtemp23)==0); 
[~,I]=unique(temp23); 
temp23=temp23(I); fid23=fid23(I); 
fid23=interp1(temp23,fid23,samptemps); 
smooth23=smooth(fid23,35); 

  
%Combine to a single matrix for baseline procedure 
combdata=[smooth1 smooth2 smooth3 smooth4 smooth5 smooth6... 
     smooth7 smooth8 smooth9 smooth10 smooth11 smooth12... 
      smooth13 smooth14 smooth15 smooth16 smooth17... 
       smooth18 smooth19 smooth20 smooth21 smooth22... 
        smooth23]; 

  

     
%Baseline data to 0 by subtracting minimum value of each column, or 

analysis, from each value in that column.  

  
min_fid=min(combdata,[],1); %Find minmum value of each column 

  
fid_sub_matrix=repmat(min_fid,[501 1]); %Create a matrix of minimum values 

  
baseline=combdata-fid_sub_matrix; %Subtrace minimum value matrix from  
%combined data matrix, resulting in the minimum value as 0 for each  
%column 

  
combdata=[samptemps' baseline]; %combine sample temperatures and smoothed, 
%baselined FID data to create a matrix for use by PeakFit. 
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 Appendix 8.5.  General MATLAB script for Principal Component Analysis 

 

 
fid=load('DATA_FILE.txt'); %load data  

  
el_mean=mean(fid,1); %returns mean of each column 
el_mean=repmat(el_mean,[25 1]); %create matrix with mean of each element 
%as a column 
el_std=std(fid,[],1); %returns the standard deviation of each column 
el_std=repmat(el_std,[25 1]); %create matrix with standard deviation of 

each 
%element as a column 

  
sel_data=(fid-el_mean)./el_std; %subtract mean matrix from data matrix and 
%divide by standard deviation for each element to normalize values 

  
CM=corrcoef(fid); %calculate Eigen Vectors 
[V,L]=eigsort(CM); %call eigsort function to sort covariance matrix 

  
S=sel_data*V; %calculate scores 

  
PerVar=100*(diag(L)/sum(diag(L)));%caculate percent variance described 
%by each principal component 

 

 

eigsort function 

 
function [V,L]=eigsort(CM) 
% this function calculates eigenvalues and egenvectors  
% using Matlab's eig function, but returns the output  
% ordered in decending order.  
% D.R.B.  24 Nov 2012  
%  
% USAGE  
%[V,L]=eigsort(CM) 
%  
% INPUT 
% CM is the covariance (or correlation matrix)  
% OUTPUT  
% V are the eigenvectors with the 1st in column 1  
% L are the eigenvalues with the 1st in L(1,1)  

  

  
[V, L]=eig(CM);                  % calc e-vectors (V) & e-values (L)  
[L, iL]=sort(diag(L),'descend'); % sort L in descending 
L=diag(L);                       % reform eigenvalue matrix 
V=V(:,iL);                       % reorder eigenvectors 
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Appendix 8.6. Deconvoluted S2 Curves from Rock Eval Pyrolysis 
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1
 = Sample analyzed with the first sample set sent for Rock Eval pyrolysis. 
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2
= Sample analyzed with the second sample set sent for Rock Eval pyrolysis. 
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