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ABSTRACT 

STRATIGRAPHY AND OLS GEOCHRONOLOGY 

OF THE BISKRA PALMS ALLUVIAL FAN, INDIO, CA 

By 

Lorena Medina Luna 

Master of Science in Geology 

The Biskra Palms alluvial fan is displaced by two splays of the Mission Creek 

fault of the southern San Andreas fault near Indio , CA. The lower-most portion of the 

Biskra Fan, also referred to as the T2 fan, has been quarried by Granite Construction Co. 

exposing sediment down to 80 m depth. Stratigraphic descriptions and measurements of 

these sediments within the quarry reveal stacked alluvial fan systems that have been 

displaced from source canyons farther to the southeast than the Biskra site. Age dating of 

buried sediments through the Optically Stimulated Luminescence (OSL) technique 

reveals anomalously young apparent ages for sediment from 1.4 m down to 30 m depth . 

The young ages are attributed to Thorium disequilibrium. When Thorium values are 

modified to a factor of 4 times lower than the analyzed amount, the age of the sediment is 

increased by ~30%. Future studies to determine the offset and source canyon of the 

ancient fan systems can produce additional slip rate estimates for the SAF at this location. 
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Additional analysis is recommended to determine how Thorium values affect the dose 

rate and ultimately the calculation of the OSL age of sediment. 
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CHAPTER 1. INTRODUCTION 

The Biskra Palms alluvial fan, referred to as the T2 fan in this study, is located 

within the Indio Hills of southern California, southeast of the Biskra Palms Oasis near 

Indio , CA (Figures 1 and 2) . Bound by the Mission Creek and Banning fault strands of 

the San Andreas fault (SAF), the Indio Hills were created by transpression at left steps of 

the San Andreas Fault. At the site of this research, two splays of the Mission Creek fault 

··········- . .. 

i 

Re!i:ch ... 
··-··· .•. 

~ 25k m 

Figure I. Study area location map. Regional location map of southern California with major 
faults of the San Andreas fault system (black lines) and regions of high relief in gray, from Behr 
et al. , (20 I 0). Inset map shows the study area location of focus within southern California, from 
Yule and Sieh (2003). Gray box shows the location of Figure 2. SGP = San Gorgonio Pass; BS
SAF = Banning strand San Andreas Fault; MCS-SAF = Mission Creek strand San Andreas fa ult; 
IS-SAF = Indio strand San Andreas fault ; SJF = San Jacinto Fault. 
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Figure 2. Geologic map of part of the Indio Hills. Black box shows the location of the detailed geologic map of 
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The T2 fan is actively being quarried by Granite Construction Company, exposing 

80-m-deep sections of the fan that reveal its sedimentation history . Depositional events 

TO and Tl have been completely removed from the lower portion of the fan due to 

quarrying. 

Geochronologic research over the past 30 years has focused on dating the alluvial 

surface, but subsurface sediment has not previously been dated. In this study, I do two 

things : 1) measure and describe the sediment beneath the T2 surface and 2) utilize the 

Optically Stimulated Luminescence (OSL) dating method to determine the age of the 

buried sediment. This project is thus divided into two sections : the first consists of a 

stratigraphic sequence analysis to understand the sedimentary history of the modern fan 

and to look for evidence of older fan sequences below the T2 surface; the second focuses 

on determining the OSL age dates for sediment below the T2 fan surface. The objectives 

of this study are to 1) characterize the rate of sedimentary accumulation in the T2 fan, 2) 

to describe the depositional system, and 3) determine how the OSL age dates from 

beneath the T2 surface compare with the 10Be and U-series age data from previous 

studies (Keller et al. , 1982; van der Woerd et al., 2006; Behr et al. , 201 O; Fletcher et al. , 

2010). 

Geologic and Tectonic Setting 

The T2 fan is located ~4.5 mi northwest of Indio and ~ 17 mi southeast of Palm 

Springs, CA. It is accessible with permission from Granite Construction Co. as the fan is 

actively being quarried. The T2 fan sits at the intersection of two strands of the 

Coachella Valley segment of the San Andreas fault: the dextral-strike-slip Mission Creek 

4 



strand and the dextral-reverse Banning strand (Figure 2; van der Woerd et al. , 2006). To 

the southeast of the T2 fan, the fault continues as the Indio strand of the SAF as a 

relatively straight structure for 75 km ending at the Salton Sea (Figure 1; van der Woerd 

et al., 2006). To the northwest, fault structures become more complex with the Banning 

fault acting as the principal fault strand that merges with the dextral-reverse component 

of the SAF at the San Gorgonio Pass fault zone (Yule and Sieh, 2003) . The Mission 

Creek strand continues northwest towards the San Bernardino Mountains where it is no 

longer an active strand of the SAF (Behr et al., 2010). 

At the T2 fan site, the Mission Creek strand consists of two splays -400 m apart, 

a dextral strike-slip n011heastern splay and a dextral-reverse southwestern splay (Figure 

3). These splays break the T2 fan into upstream (T2u), intermediate (T2i) and 

downstream T2d) subsections (van der Woerd, et al. , 2006). The more active 

southwestern splay horizontally displaces the T2d section from the T2i and T2u sections 

by - 750 m and vertically separates the T2d and T2i sections by 30-50 m (Figure 3; Behr 

et al., 2010; Keller et al. , 1982; van der Woerd et al. , 2006). 

The T2 fan receives its sediment from the surrounding Indio Hills that are 

themselves composed of fluvial sediment: deformed Pleistocene sedimentary rocks of the 

non-marine fluvio-deltaic Palm Spring Formation and Quaternary conglomerates of the 

fluvial Ocotillo Formation (Figure 2; Behr et al. , 2010). Clast count performed by Behr 

et al. (2010) reveal that major clast composition found at the T2 fan consists of, in 

decreasing order of abundance, medium-grained biotite tonalite, biotite granodiorite, 
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mafic migmatitic gneiss, pegmatitic granite, equigranular granite, and quartzite. The 

majority of the boulders are composed of this lithology (Behr et al., 2010). 

Previous Work 

The site of the T2 fan is an ideal location to investigate the long-term (millennial) 

versus short-term (decadal) slip-rate estimates of the southern San Andreas fault as 

studied by Behr et al., (2010) because of the pristine displaced alluvial fan at the Biskra 

site. Five studies have been conducted here prior to this research. These studies have 

focused on determining the age and offset of the T2 fan to constrain a slip rate of the SAF 

at this location. The different approaches utilized include: relative soil development, 

chemical analysis of boulders, cobbles, and carbonate rinds (Keller et al ., 1982 ; van der 

Woerd et al ., 2006; Behr et al., 2010; Fletcher et al., 2010). 

Offset measurement of the Biskra fan was first estimated as 700 m by Keller et al. 

(1982) . They determined a slip rate by considering the classic tectonically produced 

landforms associated with the SAF and by studying soil development of the T2 surface 

(Keller et al., 1982). The northwestern edge of the T2d, T2u, and T2i fan was assumed to 

be the depositional edge of the fan and thus measured a dextral offset of this feature 

across each segment. More recently, the offset and age have been re-interpreted by van 

der Woerd (VDW) et al. (2006), Behr et al. (2010), Fletcher et al. (2010), and Guzman 

(2010). 
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To determine the T2 fan age, Keller et al. (1982) compared soil profiles at this 

location with others within the Mojave Desert. The prominent observation at the Biskra 

Fan is the well-developed dese1i pavement and dese1i varnish still visible in the T2i and 

T2u po1iions of the fan. During the time that Keller et al. (1982) conducted research 

here, the T2d surface was still in-tact (Figure 3). Within the past few months, the surface 

of what remains of the T2d portion has been bulldozed in preparation for quarrying. 

Keller et al. (1982) created soil profiles throughout the quarry that revealed paleosols 

with moderately to strongly developed, clay-rich argillic horizons (Bt) and at least two 

carbonate horizons (Bea; Cea; Tables 1-3 in Keller et al., 1982). Recognition of soils 

wi th similar pedogenic horizons are dated within the Pleistocene (12 ka- 1.8 Ma) and 

therefore Keller determined the fan could be as old as 70,000 yrs, but that it was most 

likely 20-30,000 yrs old. Four ancient paleosols were also observed in quarry-wall 

exposures, one of which was fully described by Keller et al. (1982). The preferred slip 

rate of Keller et al. (1982) for the SAF at this location is thus 23-35 mm/yr, but could be 

as slow as 10 mm/yr using the 70,000 yr age. 

The slip rate and offset estimates were the focus in the research of van der Woerd 

et al. (2006). Van der Woerd et al. (2006) revised the 700 m offset of Keller et al. (1982) 

stating that the offset was an over-estimate and also determined the T2 fan age as 35.5 ± 

2.5 ka. Similar to Keller et al. (1982), van der Woerd et al. (2006) used the northwestern 

edge of the T2 fan to determine a fan offset estimate of ~565 m. This offset was 

determined by investigating the major T2 fan displacements and evaluating the minor 

fault displacements within the T2i portion of the fan (VDW et al., 2006). The 565 m 

7 



offset is the total amount of displacement the alluvial fan has endured from movement 

along the northern and southern Mission Creek splays. According to van der Woerd et al. 

(2006), the northern splay offsets the T2u and T2i portions by 130 m and the southern 

splay offsets the T2i and T2d portions by 435 m. 

The T2 fan age of 35.5 ± 2.5 ka was determined using 10Be and 26Al isotopes to 

cosmogenically date cobbles on the T2u, T2i, and T2d portions of the fan (Figure 3; 

VDW et al., 2006). Of the twenty cobbles chosen for age dating, 19 averaged the 35.5 ± 

2.5 ka age and one was dated at 45 .8 ka (Table 1). This significantly older age was 

considered an outlier and its age was attributed to an inherited age of a previously 

exposed clast (VDW et al., 2006). The minimum slip rate estimate of van der Woerd et 

al. (2006) is 15 .9 ± 3.4 mm/yr using the offset estimate of 565 m and age for the T2 fan 

surface of 35.5 ± 2.5 ka. 

Recent cosmogenic and pedogenic CU-series) age dating techniques revise the fan 

age of van der Woerd et al. (2006) and discuss the apex of the T2 fan as a better piercing 

point location for estimating the fan displacement. Behr et al. (2010) used cosmogenic 

radionuclide (CRN) 10Be age dating to determine the age of 12 boulders on the T2 

surface. These large (> 1 m) boulders reveal an age that is independent of surface 

lowering, whereas small cobbles may have been exhumed and thus reveal an age that is 

younger (Behr et al., 2010). The age of the boulders sampled on the T2u and T2d fan 

portions range from 32.3 ± 0.8 ka to 53.9 ± 1.3 ka (Table 1) with a preferred age range of 

45 ka to 54 ka (Behr et al., 2010). 
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Table 1. Compilation of age results for the T2 surface from cosmogenic and pedogenic age dating methods of Behr et al. (20 I 0), 
van der Woerd et al. (2006), and Fletcher et al. (2010). 

1' 'Be Age of boulders (Behr et al.,201 O) 

Sample: Sam ple Type Exp osure age (ky) 

BP3 boulder 38.1 = 0.8 

BP'.:·a bould er 32.3 ± o. c: 
6P4 boulder 4&.3 = u 
5P5 bould er 38 .e, ± l'. 8 

BP7 b·:)Uld er 35.2 ± 1.1 

5P8 bould er 48 . .:! ± D.9 

BP8 bc·ulder 53 .'J ± 1. i 

6 P i <J boulder 45 . 7 ± 1. 1 

BP i 1 b::>uld er ~·2> . 9 ± 1.3 

BP i 2 b·: ·ulder 43.L. ± V.7 

6 P !4 boulder 49.L. ± 1.2 

10s e Ag e of cobbles (van cler Wo erd et al ., 2006) 

Sample :i Sample T;rpe Age± 1cr (ka) 
12u - t3 cobble 3&.7::4 . 1 
T2u- i 4 cob:; le 3~ . •3:: 4 .B 

T2u- 17 cobble 45.8 ± 4.: 
12u- i8 cob~ le 3-5 . .:!. ± 3.9 
T 2u- i 8 cobble 3 i .: ± 3.7 
'2u-20 c :;,b~: le 40. 1 :: 4.3 
T2u-'.: 1 cob~) le 4D.5 :: 2.9 
'2u-22 c-ob::le 3:.4 = 2.e. 
T2u-23 c::> V : le 3 ~ . 3:: 2.e 
T2 u- 24 cob~ le 3&.4 ± 2.S 
T2i-:9 co bb le 37.l z-2.8 
T2i-2·0 co b;; le 33.3 ± :? .7 
T2 d- l cc•l)ble 3.:! .6 = j .5 
T2d-2· co bble 35 .9 ::: 1.7 

T:tJ.7 co bb le :3 5.t3 = i .2 
T2d-2 C::>b:: le 33 ± 4.D 

T2d-4 c::>bo: le 3f. 3=4 .J. 

T2d-5 cobble 3 5.a = 4 . .:::. 
T::d- '3 c ::>b~ le 35 . 1 = 5 .? 

T:?d-·3 cot•ble :).: .2 = 4.4 

2cr error (ky) 

:; .. 6 

3 
4.5 

3.6 

3. 5 

4.:. 

4.~ 

4.3 

5. 1 

4 
4-: 

2cr error (ka) 
'3 .3 
~ ~ ., _ 
is .:. 
5 . ~ 

5.E• 

'3 .5 

4.o 

4. 2 

4.:? 

4 .~· 

4 .5 

4. 3 

3. i 

3.:. 
~ . 
-· I 
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'3. 5 

~ .E: 

.3,E. 

5. 6 

U-series Ages of carlJonate rinds (F letct1er et al. , 2010) 

Sample r·~ame 

Pedon A 

6P-Pi-.-1 

BP -PA -1A 

BP- PA -16 

6P-P.".- 1C 

BP-PA-2.t.. 

BP-?A -25 

6P-P.t. -2C 

BP-PA -4 A 

BP-PA -48 

Pedon E 

E·P-PE-0·3 

BP-PE-09 

6F-PE-10o 

Pedon C 

BF-PC-tJ:. 

BP-PC-C5A 

BF-PC -v56 

BP-PC-O eo 

BP- PC-06 

BP-PC-2.2·A 

E;P-PC-236 

BP-P:::-1C 

Samp le Type 

pedogenic c.3rbom1te sampies 

pectogen ic c.arbonote ~arnp · es 

pedogen ic carbonate s:;mples 

pedogen ic cmbonate s:;mp;es 

pedogenic cmbonate s:;rnpies 

r;·edogenic cmbonate samples 

pedogen ic cGrbonate samples 

pedogen ic carbonate s:::.m p!es 

;::·eclogeni: c3rborrate samples 

;:: edogen i::: carbonate ~ c~ n1 p:es 

peclogenic cmbonote s:::.m p·es 

;::ectogen ic c.mbonate s:::.mples 

i;eclogen ic carbonate· s:::.mp:es 

peclogen ic corbonate s.am p!es 

pecl ogen ic cmbonate sarnp1es 

pedogen ic carbonate s;:rn1p :es 

peel ::>gen ic c3rbonote sarn p i e~. 

ped ogenic carbonate san1p 'e$ 

pedogenic carb·o11ote samp ~ es 

ped ogen ic cmbon;;ite <'G.mp ie<' 

Age+ 2a error (10 3 

•rrsl 

44.6 ± 1.G 

413.0 ± 1.9 

44 .6 ± {} 9 

4S.:. ± -J. 9 

::,;3_3 ± D.2 

42.3 ± O.S 

38.3 ± V.2 

35.6 ± 1.1 

2·4.:2 ± C.6 

29.5 ± 1. 3 

425 ± 1.7 

37.!! ± ·1.9 

44.G ± D. 7 

37. 7 ± 1. 3 

40.3 ± 1.0 

43 .3 ± 1.1 

48.? ± 2.0 

43 .7 ± : .o 
43 .~ ± 1.S 

:;.a .D ± 1.4 



Behr et al. (2010) use the longitudinal axial crest of each fan portion to determine 

a minimum, maximum, and preferred offset of 660 m, 980 m and 770 m, respectively. 

They argue that the northwestern edge of the T2 fan is not a depositional margin, but 

rather has been modified by thrust faulting. Mapping and trenches show that the fan 

margin is unreliable for determining the fan offset (see also Guzman, 2010). The 

calculated T2 surface ages of 45- 54 ka and the preferred fan offsets of 660 m, 980 m and 

770 m yield the minimum, maximum and preferred slip rates of 12.2 mm/yr, 21. 7 mm/yr 

and 14- 17 mm/yr, respectively, for the SAF at this site (Behr et al., 2010). 

In addition to Behr et al. (2010), research by Fletcher et al. (2010) corroborates 

the minimum T2 fan age of 45.1 ± 0.6 ka by quantitative and qualitative approaches 

(Table 1 ). The qualitative approach includes making seven detailed soil profile 

descriptions from the T2u, T2i and T2d portions of the fan (Figure 3; Pedons A-E in 

Fletcher et al., 2010) . In these descriptions, they note that the quantity of eolian influx 

and the subsequent accumulation of silts and clays at the Biskra site differ from those 

within the Mojave Desert, but that the depth of the carbonate precipitation is consistent 

with the climatic regimes during the Pleistocene (Fletcher et al ., 2010). In the qualitative 

approach, they utilize the Uranium series age dating technique to chemically analyze 26 

samples of pedogenic carbonate rinds from 14 different clasts (Table 1; Fletcher et al ., 

2010). To determine the age of the carbonate clasts tlu·ough the 230Th!U pedogenic age 

dating technique, they selected clasts within the rich carbonate horizon from 120-150 cm 

depth with a thick carbonate coating on the clast underside. The pedogenic age dating of 
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carbonate rind has the potential to accurately date the earliest carbonate coatings that 

formed at the bottom of the clasts. 

The research of Fletcher et al. (2010) describes evidence for T2 surface lowering. 

The surface is believed to have lowered as much as ~ 1 m. They assumed that if 

carbonate accumulated at similar depths as would appear in each location, a surface 

lowering of ~ 1 m is necessary to explain the shallow carbonate horizon at one of their 

sample locations (Fletcher et al., 2010). Evidence of surface lowering subsequently 

infers that the cobbles used by van der Woerd et al. (2006) may have been exhumed and 

therefore explains the young ages attained by van der Woerd et al. (2006). Research by 

Fletcher et al. (2010) and Behr et al. (2010) thus constrain the Biskra Fan age between 45 

and 55 ka. 

Recent research by Guzman (2010) suppmis the argument of Behr et al. (2010) 

that the northwestern edge of the T2 fan has been structurally modified. Trenching along 

the T2d n011hwestern margin (Figure 3) reveals a low-angle structure with the Palm 

Spring Formation overriding the T2d fan surface, a traceable feature along the edge of the 

map area (Figure 3; Plate I in Guzman, 2010). Van der Woerd et al. (2006) dismissed the 

potential of a thrust fault overriding the T2d surface because: I) there is no scarp 

evidence of recent fault movement and 2) the T2 surface remnants on the hanging wall 

present at the tributary canyons on the hanging wall grade well into the main T2d fan. 

However, along multiple excavations, the southeast directed sheared Palm Spring 

Formation overlies a wedge of what appears to be faulted, unconsolidated colluvium, 
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which in turns overlies the T2d fan surface. This structure is discussed in detail by 

Guzman (20 I 0) as either a landslide or thrust fault, with a preference given to the latter 

interpretation. The structure is considered to be a thrust that merges with the 

southwestern splay of the Mission Creek fault at the Biskra Palms site, contrary to van 

der Woerd et al. (2006) and in agreement with Behr et al. (2010). 

This Research 

This research focuses on the sedimentary history and OSL age dates of sediment 

within the T2 fan. I have made sedimentary measurements and descriptions (Plates 1-3) 

within the T2d portion of the alluvial fan where quarrying has removed the majority of 

the sediment down to 80 m depth (Figure 3 and 4). The largest measured section, 

Column I (Plate 1 ), is located at the apex of the T2d fan. By making these stratigraphic 

measurements and descriptions, I look for evidence of older fan sequences and analyze 

the sedimentary history of these fans. 

Additionally, I have collected samples for OSL age dating from all three fan 

sections with most samples collected in the T2d section (Figure 3). The OSL age-dating 

method was chosen for this study because of the prospect of corroborating the OSL age 

data with 10Be and U-series age data of the T2 fan. OSL determines the burial age of 

sediment deposition, the U-series age dating of pedogenic carbonate rinds CU-series of 

carbonate; Fletcher et al. , 20 I 0) dates carbonates within the soil horizon and cosmogenic 

radionuclide (10Be; van der Woerd, et al. , 2006; Behr et al. , 2010) age dating provides 

surface ages. An age corroborated by the three age-dating methods can help provide the 
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best possible geologic slip rate estimate for the San Andreas fault here. First, I will 

describe the stratigraphy of the fan exposures at the Biskra Fan quarry. 
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CHAPTER 2. SEDIMENTARY AND STRATIGRAPHY 

The sedimentary and stratigraphy section of this thesis will be discussing the 

sedimentary history of the T2 fan and the paleo-fans observed below the T2 fan surface. 

Sediment within the Biskra fan is examined by measuring and describing the subsurface 

lithology from 0 to - 80 m below the T2 surface (Plates 1-3). An understanding of the 

sedimentary litho-facies present within the Biskra fan helps to understand the 

sedimentation rate of this alluvial fan system. If there are multiple sequences of debris 

flows , then it can be inferred that sediment was deposited in quick bursts throughout the 

fan ' s history of formation. Likewise, a change in the style of sediment deposition can be 

indicative of a climatic change or can simply be an example of a classic proximal-to

distal fan depositional sequence. 

Well developed paleosols observed beneath the T2 fan (Plates 1-4) indicate times 

of depositional hiatus and/or are an indication that paleo-fan surfaces exist. Determining 

the age of sediment above and below paleosols (Chapter 3) can bracket the amount of 

time of soil formation and can determine the amount of time of inactive sediment 

deposition. Change in paleosol elevations indicate that these paleo-fans have been 

displaced, similar to the T2 fan, and have apices located farther to the southeast than the 

apex of the T2 fan (Figure 4C). Soil survey data and three dimensional representations 

show evidence to support this. The apices of these paleo-fan complexes, if they can be 

correlated with their source canyons, may provide additional piercing lines to use for 

estimating a longer-term slip rate on the SAF here. 
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FIELDWORK 

Field work was completed in 2008 and 2009 . Three detailed stratigraphic 

sections were measured and described within the T2d portion of the Biskra Fan (Plates 1-

3, Figure 3) and 17 OSL samples were collected at the T2u, T2i and T2d portions of the 

fan, with most samples (12) collected at T2d (Figure 3). For this research, soil horizon 

nomenclature is similar to that used by Keller et al. ( 1982) and is in accord with tables 

and charts of appendix 1 of P. W. Birkeland's Soils and Geomorphology (1999 ; Table 1 ) . 

The Munsell Color Chart was used to record the colors of the observed soils. 

Stratigraphic Columns 

Quarrying at our selected stratigraphic description sites has exposed ~80 m-lhick 

sections of alluvium. A total of three stratigraphic sections measuring 80, ~53 and ~21 rn 

thick (Plates 1-3) were described. Some OSL samples were collected from these 

sections, but a majority was collected in the northern part of the quarry where recent 

excavations removed this section. Consequently, this n01ihern section was not described. 

Measurements for all three stratigraphic sections were accomplished with the use of a 

stadia rod , measuring tape, a sighting eye piece, brunton compass, ladder, and tape. To 

access higher levels within the quarry, accessible 5 m bench marks were traversed for 

stratigraphic section 1 and the lower 25 m of stratigraphic section 2. The upper half of 

stratigraphic section 2 and all of stratigraphic section 3 were measured with the stadia rod 

and by visual estimation. Sections of sediment labeled as 'Exposures ' (Plates 1-4) are 
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field names to identify measured units, but do not relate to the sedimentary facies 

observed in the field . 

Four paleosols observed within the quarry walls have been recorded (Plates 1-3) 

and described in detail (Table 2). Correlation of the three stratigraphic sections is 

possible by tracing beds of the most prominent paleosol, Paleosol 1, throughout the 

quarry (Plate 4). 

Location of Stratigraphic Sections 

Stratigraphic Section 1 is located beneath the apex of the T2d portion of the 

Biskra Fan and measures - 80 m thick (Figures 3 and 4; Plate 1 ). It is located to the east 

of the location of the T2d OSL sample location (Figure 4A). Sections referred to as 

'Exposures' were measured, described, and horizontally correlated to create a composite 

stratigraphic column using Adobe Illustrator (Figure 4B-C, Figure SA). 

Stratigraphic Section 2 is located to the east of Stratigraphic Section 1 and 

measures - 53 m thick (Figures 3 and 4c; Plate 2). Measurements of 'Exposures ' were 

accomplished similar to that of Column 1 for the lower twenty-five meters of sed iment, 

visual approximation was necessary for the upper 28 m of sediment (Figure 6A). Visual 

approximation was accomplished by first measuring the lower-most bench above 

Paleosol 1 (Figure 6A) and then noting that each bench is - 5 m thick. The soils observed 

in the upper portions of the stratigraphic section, T2 upper and T2 lower (Figure 6A), 

may be thicker than observed, but the estimated thickness appears similar to those in 

Stratigraphic Section 1 (Plate 4) . 
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Horizon Thickness {cm) Color Structure Gravel Consistence Texture Cla~ Films Boundaries Notes 
moist-- grade-- % wet--moist-- amount-- distinctness-

dry size (;>2mm) dry cl is ti net ion-- topography 
location 

T2 Lower 

- - 10YR 4i3 - - - LS - - subangular blocky peels : 
10YR 5i4 carbonate fi laments present 

Paleosol 1- (s ummer 2008 description) 

- 150 10YR 4i3 - - - LS - - suban gular peds: fl oating 
10YR 5!4 dasts visible : no peclogenic 

carbonate visible below. but 
some visible above: colluvium 
at base of soil: no sedimentary 

structures vis ible: 5 degree 
deposrtional slope 

Paleosol 2 Upper- (summer 2008 description) 

- - 10YR 5i2 - - - LS - - Modera tely sub angular 
,_. 

I 10YR 6/2 blocks. loamy sand: no 
-..J carbonate layer: discontinuous 

Paleoso l 2 Lower- (summer 2008 description) 
100 1 OYR 5/3 - - - LS - - Blocky. moderatly sub-angular: 

10YR 6i4 weak pedogenic carbonate 
layer 90 c rn thick 

Paleosol 2 Lower- Unit B 
Bt 90 2 5Y 4/2 <10 - S . po LS 2 a no peds. soft consistency 

2.SY 6/3 vf to f -- p s dominant. boundary is to the 
lo. so co top of the soil 

Bk 110 2 5Y 6i2 1 <10 SS . po s - g strong ly effervescent on 
10YR 7/2 ;f to f s bottom of cobbles 

sh 
Paleosol 2 Lower-Left of Column 1 unit B 

100 (inferred 2 SY 5/3 1 75 SS . PO s - a boundary is at the top 
from field picture) 2 5Y 6i4 fto c -- of the soil 

Sil 

Table 2a. Soil descripti ons for Stratigraphic Column I. 



Horizon Th ic knesss (cm ) Color Stru cture Gravel Con sistence Textu re Cl a ~ Films Boun dari es Notes 
moist--dry g rade-- % wet--mo ist-- amount-- distinc tness-

size (>2mm) d ry dis tinction- topography 
location 

T2 Upper- at the Ac t ive Qu arry 

10YR 3/2 m SS. po a 
A 4 <5 to <10 SL vi gritty platy 

10YR 512 vf-f i 
lo 

5YR 4i4 f 
SS. po 3 

gritty. c 
81 25 

5YR 5/6 
>75 fr SL p 

strongly effervescent 111 
sh co. cobr 

s 

5YR 412 
SS. po 2 

gritty. strongly effervescent. 
82 8 

1 
25 SL 

5YR 513 f-111 
-- p - >63 cm thick 

sh. h co. cobr 
Paleosol 1 

5YR 4/6 rn S O. SS gri tt;'. single gra ins . 81 33 
5YR 5/8 vf.vc 

10 ·- - - - hard to take sample 
so 

S O. SS 
gri tty.there is some orange 

6 2 5 
2.5YR 3i2 111 

10 to 25 s a color right belov·: thi s hmizon.· 
2 5YR 2.5/1 

-- - similm to horizon 8 i s 
00 I lo 

described above 

7.5YR 7/3 SO . SS. po 
a 83 15 - 10 -- s gri tty 

7.5YR 7/4 f. m - s 
so 

Paleosol 4 

7 5YR 614 1 
SS, po subangu lar rock s; abrupt 

8 30 
7 5YR 6/3 '-~to c 

10 -- s - a bounda ry with overlying 
sh sediment 

10YR 7/4 1 
SS 

slight fizz. boundary Bk 25 
10YR 7i4 vi to c 

10 .. LS - a 
between B and Bk sh 

Paleosol 2 Upper- Unit A 
8 55 10YR 4/3 111 so. po s - - gri tty sand gravels 

10YR 6/4 f -- increase down soil horizon 
lo 

Paleosol 2 Lo wer- Un it A 
8 240 2.5Y 413 111 50 so. po S. LS - a Top of sorl rn Exposure B. LL 

2.SY 6i3 m c .. s slope 
so 

Table 2b. Soil descriptions fo r Stra tigraphic Co lumn 2. 
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Stratigraphic Section 3 is located to the south of Stratigraphic Sections 1 and 2 

(Figure 3 and 7) and measures ~21 m (Plate 3). Two sections were measured and 

described to create this composite stratigraphic section, Strat 3 upper and Strat 3 Lower 

(Figures 7B and 8A) and Adobe Illustrator was used to draw the single section (Plate 3). 

To measure the sections, the full extent of the stadia rod was used and the sediment above 

the 6.5 m extent was estimated, again noting that benches are ~5 m thick (Figure 8B-D). 

Soil Descriptions 

Detailed soil descriptions of the paleosols within Columns 1 and 2 are located in 

Tables 2A and 2B, respectively. Paleosol descriptions were mac;le on two separate trips , 

one in 2008 and one in 2009, with the 2008 descriptions focusing on the paleosols within 

Column 1. 

Clarification of some paleosol descriptions within Columns 1 and 2 are as 

follows . Paleosol 2 Lower, was described at the base of Column 1 at two locations, one 

within the measured section and one to the left of the measured section (Figure SC) . 

Although these two locations were fairly close to one another, there were very slight 

differences in the color, structure and consistency of the soils (Table 2). Within Column 

2, Paleosol 1 continues up-fan and is labeled and described as Paleosol 1 b (Figure 6, 

Table 2). 
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Survey of Paleosol 1 

A total station was used to conduct a survey of Paleosol 1 to attain the position of 

this well developed paleosol exposed throughout the quarry (Table 3). The survey helps 

to reconstruct the geometry of the ancient alluvial-fan surface that served as the substrate 

for Paleosol 1 to form. The three main exposures where the paieosol was surveyed were 

at the site of the T2d OSL sample location (Figure 9A), within the major quarry where 

Column 1 and 2 were measured and described (Figure 9B), and the site of Column 3 

(Figure 9C). 

Figure 9. Paleosol 1 Survey data overlaid on field pictures. Field photographs show the 
location of Paleosol 1 survey points (white dots) at (A) the site of OSL samples 08BIS-75 
and -70, (B) within the quarry at the sites of Strat 1 and 2, and (C) the site of Column 3 upper 
and lower. 
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number northing easting elevation number northing easting elevation 

OSL Site-OBBIS-75 and 70 Column 3 Upper 

100 926.828 1061.243 507 .376 136 1218.046 813.134 511.353 

101 930.614 1061.908 507 .752 137 1214.446 810.256 510.958 

102 936.02 1 1062.724 508.341 138 1211.740 806.997 510.475 

103 941.396 1062.052 508.763 139 1210.802 804.651 511 .027 

104 952.939 1063.191 509 .322 140 1207.743 800.066 510.731 

105 964.166 1057.295 509.475 141 1181.686 748.328 502.432 

106 971.482 1049.102 509 .364 142 1176.63 1 741.283 499.745 

107 974.380 1051.027 509.758 143 1174 .483 732.895 499.081 

144 1171.832 725.487 498.945 

At the Quarry- Columns 1 and 2 145 1169.597 714.719 502.492 

108 1233.580 1295.293 544.722 Column 3 Lower 

109 1241.410 1286.362 544.517 146 981.094 737.496 489.305 

110 1248.851 1279.327 544.778 147 982.732 740 .704 489.141 

111 1258.546 1269.219 545.025 148 983.702 742.4 489.263 

112 1265.125 1260.028 544.635 149 1004.425 763 .908 492.43 

113 1271.774 1258.023 546.888 150 996.43 761.108 491.753 

114 1275.716 1249.749 546.529 151 1001.813 761.948 492 .238 

115 1276.825 1243 .780 546.063 

116 1280.612 1235.576 545.388 

117 1284.998 1225.570 544.571 

118 1289.925 1211.109 543 .629 

119 1267.444 1191.758 540 .490 

120 1268.897 1183 .145 540.379 

121 1269.675 1174.572 540.038 

122 1288.703 1169.449 540.296 

123 1276.329 1111.742 535.003 

124 1290.634 1112.122 535 .412 

127 1310.248 1112.272 536.242 

126 1314.024 1095.060 534.839 

128 1315.490 1085.961 534.420 

129 1321.866 1052.131 531.481 

130 1326.025 1045.290 531.348 

131 1323.654 1039.108 530.633 

132 1337.287 1020.991 529.683 

133 1328.170 1025.349 527.780 

134 1330.922 981.599 525 .797 

135 1327.510 1007.342 526.498 

Table 5. Soil 3 Survey Points on top of Paleosol 1. Survey data used to create the 3-
dimensional images of Paleosol I in Figures 11 and 12. 
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SEDIMENTARY OBSERVATIONS 

Facies Observations and Interpretations 

Facies were described throughout the three measured stratigraphic sections in the 

T2d portion of the fan at various quarry wall exposures (Table 6) to facilitate the 

sedimentary descriptions at each stratigraphic section (Figure 10). These exposures 

consist of five lithofacies designated as i-v. Additionally, parts of the columns that are 

not well-exposed due to slope wash and colluvium deposited on benches in the quarry are 

labeled as colluvium, or ' c' (Plates 1-3). 

Facies i (Figure I 0) are predominantly observed in the lower 25 m of Column I 

(Plate I) . This facies consists of planar interstratified beds of sands to pebbly sands with 

pebble-to-coarse cobble-gravels. Sand lenses are present within this facies and include 

laminated sands as well as unsorted sands. The pebble-to-coarse cobble-gravel beds are 

usually matrix supported and can be as thick as 30 cm. The beds of sands to pebbly 

sands range in thickness from 0.5 cm to I 0 cm. Unit thickness can be up to six m in 

certain locations. This facies is interpreted to be a massive sheetflood similar to facies A 

of Blair (1999). 

Facies ii are mostly observed as interstratified beds with facies iii (Figure I 0). 

This facies consists of pebble-cobble gravels with some interspersed small boulders (25 

cm). Sediment is poorly sorted and can be either matrix or clast suppo1ied. Unit 

thickness is typically 30 cm. This facies is interpreted to be a fluvial deposit, a modified 

version of facies A in Blair (1999). 
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Facies iii (Figure 10 F-G) dominates the upper 55 m of Column 1 (Plate 1), the 

upper 30 m of Column 2 (Plate 2), and is observed clearly in Column 3 (Plate 3) . This 

facies is identified by the poorly sorted, usually clast-supported cobble gravels (6.5-25 

cm) and small to large boulders it contains. The boulders range in size from 25 cm to 

about 1 m in diameter, with some large cobbles oriented with its long axis perpendicular 

to the bed orientation. This facies is interpreted to be a debris flow, but Blair (1999) 

attributes this facies to channel deposits that formed from flashflood events. 

Facies iv (Figure 10 E) is typically found within sheetfloods or fluvial deposits . 

This facies is distinguished by the concentration of pebble-cobble gravels that are usually 

matrix supported. This facies has clear boundaries that can truncate sand units or appear 

to erode ancient fan surfaces (Figure 6c ). Imbricate clasts are visible in some locations 

which reveal the ancient paleocurrents at the time of deposition. This faci es is interpreted 

as channel deposits similar to facies C of Blair ( 1999). 

Facies v are typified by reddish, clay-rich B horizons, and often have discrete 

carbonate horizons. These are interpreted to be well developed soil horizons (Table 2) . 

When the soil horizons are found below the T2 fan , they are refened to as paleosols. 
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Fades 

- · 
11 

Ill 

!',-

Int erpreta ti on 

Sheetflood 

Flunal deposit 

Debri ;, flo\\' 

Cham.el deposit 

So il horizon 

Description 

Planar i1 .rer>rrarified bed.; of ;and s to pebbly sands and pebble

to-coarse cobble graYels: some bmin:uiom are \ -i sible within the 

sand be.ch: u<,uallv matnx '> 1pponed: bed thickrk·ss range from 

0.5- 10 cm up to 30 cm thick_ mm rluckn.:ss can be up to 6 min 

cen ain locations 

Pebble-c obble gravels wirh ~ome imerspersed ~ma ll boulders: 

poorly sorted , can be ma trix or cb ;,t ;,upported: mm thickness. 

ryp ically -- 30 cm 

Cobble gravelc, with ~ 1.nall to b rge boulders: poorly <>oriecl . 

usually c bst supported : unit tl11ckness range;, from 1 to 4 m 

C:oncen11-a1ecl re gion oipebble cobble grawk usually marrix 

supported : boui da rie c, clearh' defined : unbnc:ued clash are 

Yi>1ble Ill c,ome locailo:.'> 

Typified by re ddi sh_ clay-rich B honzom .. often haw di;creie 

carbonate horizom. 

Table 6. Stratigraphic Lithofacies. Descriptions of the lithofacies used for interpreting the sediment 
observed at the Biskra Palms fan. 

Stratigraphic Columns Observations 

Column 1 

Column 1 is the thickest section measured and described in this research at 80 m 

(Plate 1, Figures 4 and 5). Sediment within this column consists of sheetfloods with 

channel deposits and debris flows (Plate I). Observations reveal that sheetfloods (facies 

i) dominate the lower-most 23.5 m of this column and that debris flows (facies iii) 

dominate two sections: the upper-most 22.5 m and a middle 17 m of the section. The 

interstratified combination of these two facies dominates the section from 40-63 m above 

the base of the section. 
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Four paleosols are observed within this column: T2 Lower, Paleosol 1, Paleosol 2 

Upper and Paleosol 2 Lower (Figure 4C). T2 Lower resides ~3 m below the T2 surface, 

separated from the upper surface by a debris flow lithofacies (Figure 6A). In the field , 

this paleosol resembles the T2 surface soil in color and composition and is laterally 

discontinuous in the vicinity of Column 1. However, this paleosol is clearly visible in 

Column 2 (Plate 2) . Paleosol 1 lies ~ l S.S m below T2 Lower and is a well developed 

paleosol that can be observed throughout the Biskra quarry (Figure 6B, Table 2, Plate 4). 

Paleosol 2 Upper (Figure SA) lies ~4S m below Paleosol 1 and is a less well developed 

paleosol that is relatively less pronounced within the quarry wall exposures. Paleosol 2 

Lower is a well developed soil horizon at the base of the Biskra quarry (Table 2, Plate 1) 

that is well pronounced within the quarry at this location. 

Detailed soil descriptions of each of these paleosols have been made and are 

located in Table 2. There are two soil descriptions of Paleosol 2 Lower at this location 

(Figure SC). One description was made at Exposure B and the second was made to the 

left of Exposure B. Although these two locations are fairly close to each other, there are 

slight differences in the color, structure and consistency of the soil. Soil descriptions for 

Paleosols 1 and 2 Upper are also made here. 

Other observations made within this section are apparent changes in elevation of 

the paleosols and the locations of ancient channel deposits. The T2 soil (Upper and 

Lower) drop in elevation toward the southeast, consistent with the location of the T2 fan 

apex at Column I (Plate 4, Figure 4C). Paleosol 1 rises then falls in elevation toward the 
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southeast. Field measurement of Paleosol 1 at Column 1 reveals the soil plunges 3° 

toward the WSW (Figure 9A). Paleosols 2 Upper and Lower appear to rise in elevation 

toward the southeast throughout the quarry wall exposures (Figure 4C). The rise in 

Paleosol 2 in combination with the drop in Paleosol 1 defines a wedge of sediment filling 

in above Paleosol 2 (Plate 4 ). 

A 2 m-wide channel is observed between the measured section of Exposure B and 

the location where OSL sample USU-401 was taken (Figure SC). The thalweg of this 

channel trends toward N85°W which means the paleocurrent at the time of deposition 

was toward the northwest. That the thalweg of the channel trends toward the northwest is 

supports the appearance of the paleosols ' rise in elevation toward the southeast. 

Column 2 

Column 2 measures ~53 m thick (Figure 6, Plate 2) and is located to the east of 

Column 1. Sediment within this column is dominated by fluvial deposits in the lower 6.5 

m and at 20-25 m above the base of the section. Debris flows interstratified with fluvial 

deposits appear in two locations similar to that observed in Column 1: from 6.5 to 15 m 

above the base of the section and in the upper 28 m of the measured section (Plate 2). 

The same paleosols observed in Column 1 are seen within Column 2, but the 

prominent feature in this section is the 0.5 m thick Paleosol 1 (Figure 6C, Table 2b ). At 

the location of the measured section, Paleosol 1 appears as a bright orange soil with no 

major features (Figure 6 B), but as one moves up an access road to the south, the details 
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of the soil come into view (Figure 6C). Laminated sands, a channel fill, and what 

appears as a displaced black horizon appear within the paleosol (Figure 6c, Table 2b ). 

Horizons of this soil have been labeled as B 1, 82 and 83 with more details provided in 

Table 28. To the west of Paleosol 1, moving up-section via a service road, a paleosol 

(Soil 4) is used to correlate between the lower measured sections and the remainder of the 

column. Although this horizon is described in detail (Table 2), the paleosol is not labeled 

in Column 2 because it is an extension of Paleosol 1 as it rises up-fan toward the SW-

MCF. At - 10 and 16 m above this paleosol are T2 Lower and T2 Upper, respectively 

(Plate 2), overlain by younger (post T2 fan) alluvium. 

Column 3 

Column 3 is located to the south of Columns 1 and 2 (Figures 7 and 8, Plate 3) 

and measures -2 1 m thick. It consists of an upper and lower section that simply denotes 

the two sections measured to create the composite Column 3 (Figure 7b). Sediment here 

is dominated by fluvial deposits interstratified with debris flows (Plate 3). Descriptions 

of this section were made at a distance because the quarry walls were too high and steep 

to access, thus sedimentary features such as laminated sands may have been overlooked. 

Four paleosols are observed within this column, of which only Paleosol 1 is 

correlable with Paleosol 1 in Columns 1 and 2 (Plate 3 and 4). Paleosol 1 is clearly 

visible here and appears to rise in elevation toward the SW -M CF and southeast, the later 

presumably toward the quarried-away fan apex here. The three paleosols observed below 

Paleosol 1, are tentatively referred to as: 'Paleosol 2 Upper?', 'Paleosol 2 Lower?', and 
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'Paleosol 3?' because they likely correlate with soils in Columns 1 and 2. These 

paleosols are not highly well developed soils, although below 'Paleosol 2 Upper? ' there 

is the presence of a 10 cm-thick carbonate horizon that unfortunately could not be 

accessed for close inspection. Above Paleosol 1 lies what appears to be T2 Lower, but 

due to inaccessibility I cannot be certain if this soil is the continuation of T2 Lower from 

Columns 1 and 2. 
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SEDIMENTARY AND STRATIGRAPHY DISCUSSION 

Soil Correlation 

Paleosol 1 can be followed throughout the quarry and is a key feather that allows 

correlation of Columns 1, 2 and 3 (Plates 1-4). Exposures in the NE face of the quarry 

show an apparent apex of Paleosol 1 (Figure 4C). The T2 soil and T2 Lower paleosol are 

also visible in both Columns 1 and 2 and are helpful in correlating these Columns (Plate 

4). A discontinuous paleosol is observed above Paleosol 1 in Column 3 (Plate 3) but it is 

not used to correlate Column 3 with Columns 1 and 2. Paleosol 2 Upper and Lower are 

observed in both Columns 1 and 2, but it is uncertain if these are the same as the 

paleosols observed in Column 3 (Plate 4). 

Paleo-Fan Geometry 

Paleosols below the T2 fan surface are interpreted to be the soil horizons of 

ancient fan surfaces (Figure 11). Well developed soil horizons, Paleosol 1 and Paleosol 2 

Lower, possibly formed during times of depositional hiatus . Sediment below each soil 

horizon is thus interpreted to be sediment that composes ancient fans. 

A graph of relative northing and easting has been created using the survey data of 

Paleosol 1 (Figure 12A) to show the rise and drop in elevation of the paleosol tlu·oughout 

the quarry wall exposures. Additionally, I made a three-dimensional cartoon image that 

shows the change in elevation of Paleosol 1 (Figure l 2B). 
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A 

30 View 

Paleosol 1-
Paleo Fan 1 

Paleosol 2-
Paleo Fan 2 

Figure 11. Three-dimensional interpretation of T2, Ancient Fan 1 and 2. A) Three 
dimensional interpretation of the soil horizons observed within the quarry with the apex of 
Paleosol 2- Ancient Fan 2 located fu11her to the southeast than 'that of the T2 fan and 
Paleosol 1- Ancient Fan 1. Wedges 1 and 2 formed as the locus of sedimentation shifted 
away from apices of older fans. B) Geologic map with the T2, Paleosol 1 (Paleo-fan 1), 
and Paleosol 2 (Paleo-fan 2) superposed. White rectangles indicate approximate locations 
of Columns 1, 2 and 3. Black arrows indicate the trend of the fan apices. 
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Figure 12. Survey of Paleosol 1, 3D-interpretation. A) Survey points of Paleosol 1 in 
map view with . Countour interval = Sm. Thick arrow plunging southwest indicates the 
apex of Paleosol 1, also referred to as Ancient Fan 1. Thinner arrows adjacent to survey 
points indicate the elevation trend of Paleosol 1 at each location. B) Ca11oon perspective 
view of reconstructed paleofan, apex plunging southwest, with greater fan thickness below 
apex. Countours not to scale. 

Sediment deposited below the paleosols does not appear to have different 

lithologic compositions, but the elevation of these paleosols does differ. As discussed 

previously, T2 Upper and T2 Lower decrease in elevation toward the southeast as they 

move away from the T2 fan apex (Figure 4C). The Apex of Paleosol 1 is apparent 

(Figure 12) slightly to the south east of the T2 fan apex (Figure 13). Lastly, Paleosols 2 

Upper and Lower appear to rise in elevation toward the southeast, indicating that the fan 

apex lies an unknown distance to the southeast. 

37 



Qf1 

. : ~ / ... ·· .· 
,,'I><:- : !'..: i.f : ... 

A.' .- '. q,<1' · ··~ '\. : ,. . • • • . .• •• . ·• ,,,. .. "" \" ~ .. .. 
... •• ~<:' ~... « ::::::::::::::: .... · 

«'I> 

Qf1 

··. 
· - -~ .... ' 0 .s I km 

Present - 100 ka -200 ka 

Paleo- Fan 1 Paleo-Fan 2 

Figure 13. Reconstruction of Ancient Fans 1 and 2. Top figure illustrates possible source 
regions located fa11her to the southeast than the source canyon of the T2 fan. Bottom three 
diagrams are a ca11oon showing how these ancient fans may have been displaced along the 
San Andreas fault. 

Because Paleosol 1 rises and drops in elevation toward the southeast (Figures 9 

and 12, Table 5), I interpret the apex of this ancient fan, referred to as Paleo-Fan 1, to lie 

further to the southeast than the apex of the T2 fan (Figures 11 and 13 ). The wedge of 

sediment between the T2 soils and Paleosol 1 along with a soil survey supports this 

interpretation (Figure 11 , Table 5, Plate 4). Furthermore, survey data of Paleosol 1 

records the rise and drop in elevation of this soil horizon which helps to identify a 

possible location and trend of the fan apex toward the southwest (Table 5, Figures 11 and 
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12). Lastly, the survey data allows for a 3-dimensional interpretation of the paleo-fan 

surface (Figure 12B). 

Because Paleosols 2 Upper and Lower rise in elevation toward the southeast, it is 

believed that the apex of this paleo-fan, referred to as Paleo-Fan 2, lies further to the 

southeast than the apices of Paleo-Fan 1 and the T2 fan (Figure 11 ). Again , a sediment 

wedge that forms between Paleosol 1 and the lower soils supports this interpretation 

(Plate 4, Figure l lA). I interpret a possible location for the apex of Paleo-Fan 2 to be an 

unknown distance fa1iher to the southeast (Figure 11 ). 

Both Paleo-Fans 1 and 2 thus depict the movement of the southwestern splay of 

the Mission Creek fault which resulted in continuous deposition of new sediment above 

these fans (Figure 13). When the paleo-fan systems are place below the T2 fan system in 

map view (Figure l lB) , the apex of the oldest fan, Paleo-Fan 2, is farther to the southeast 

than the T2 fan apex. A time-lapse reconstruction cmioon that depicts how the fans may 

have formed and been displaced by the southern San Andreas fault (Figure 13 ). The 

source canyons for Paleo-Fans 1 and 2 lie farther to the southeast than the source canyon 

that fed the T2 fan (Figure 13). Evidence of fan displacement along the SAF is seen 

fa1iher to the no1ihwest of the T2 fan where remnants of a well developed soil are 

actively being covered by alluvium (Qfo in Figure 2). These fan remnants have been 

beheaded from the upper fan and it is not known if this fan was sourced from the same 

location as the T2 fan. The source and displacement of these fans , if studied and 

correlated, can provide additional slip rates for this section of the San Andreas fault. 

39 



Previous work of Keller et al. (1982) confirms the idea of stacked alluvial fans. 

When they began their work at the quarry' s infancy, they noticed four buried paleosols, 

one of which he states is visible throughout the pit. Keller et al. (1982) stated that the soil 

must have developed either over a long time or during a time when the environment was 

more conducive to profile formation than at present (Keller et al., 1982). This prominent 

soil was described by Keller et al. (1982) and was located fa1iher to the southeast of the 

location of Columns 1, 2 and 3. Detailed soil description of Paleosols 1 and Paleosol 4 

(Table 2) are similar to the paleosol of Keller et al. ( 1982), but soil development depends 

on the environment on which it forms. It is thus uncertain if the paleosol Keller et al. 

(1982) observed is the same as Paleosol 1. Keller et al. (1982) potentially encountered 

Paleosol 1, but this will not be known with certainty as the site of the Keller et al. (1982) 

buried paleosol has been removed by quarrying. 

Sedimentation Rate 

Quany exposures of the T2 fan reveal four major sedimentary facies below the T2 

surface: clast and matrix-supported sheetfloods, small channel deposits , matrix-supported 

debris flows , and well developed paleosols (Plate 4). These facies appear to represent the 

distal and proximal setting of an alluvial fan with debris flow deposits closer to the 

proximal part of the fan and sheetfloods in the distal pai1s of the fan (Plate 4). However, 

the Biskra fan system exposes stacked alluvial fan systems and what is observed are 

multiple fan systems, not just a single fan system. Even at the distal part of the quarry, 

sedimentary facies at Column 3 resemble those observed in Columns 1 and 2 (Plate 4). 
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From observations within the three stratigraphic sections, the debris flow, 

sheetflood and fluvial deposit facies indicate that the Biskra fan system formed by quick 

bursts of sediment deposition (Plate 4). As Blair (1999) states, sheetfloods "are 

instigated by the infrequent, rapid drainage of a high volume of water from the catchment 

supplied as rainfall , rapid snowmelt, or released stored water. " With regards to debris 

flow deposits, as was noted in the observations section, facies iii in this research closely 

resembles the ' incised channel deposit' Facies D of Blair (1999) . He attributes his facies 

to flashfloods that "are transferred across the upper fan from the catchment to the 

sheetflood tract" evidence that these sediments were deposited in rapid depositional 

events. Through OSL dating, I hoped to bracket the ages of the paleosols to determine 

the depositional hiatus represented by the paleosols we observed, but as will be discussed 

in chapter 3, the age data were not appropriate for this interpretation. From my 

observations, the sediment at the Biskra site was deposited by bursts of accumulation 

separated by relatively long periods of soil formation (Plate 4). 
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SOURCES OF ERROR 

Stratigraphic measurements of the sediment within the Biskra fan are only as 

accurate as the exposures directly measured. Column 3 and the upper 28 m of Column 2 

were measured indirectly by estimating the quarry benches and calculating the possible 

depth of the sediment. High and steep quarry walls did not permit access to bench marks 

in these locations. Additionally, breaks in stratigraphic sections are correlated through 

the exposed facies in the quarry. Horizontal discrepancy between breaks is ultimately 

inevitable. 
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CHAPTER 3. OPTICALLY STIMULATED LUMINESCENCE 

The OSL age dating technique has been chosen for this project to determine the 

age of 80-m-deep buried sediment within the Biskra Fan. The technique spans a time 

period from a few decades to an excess of 100 ka (Duller, 2004), and thus age dating this 

fan is presumed possible. Additionally, this project attempts to determine the accuracy of 

the OSL method by comparing the OSL age data of samples near the T2 surface (1.5 m 

and 5 m depth, Table 2) with T2 surface age data from the ' 0Be and U-series studies 

(Keller et al. , 1982; van der Woerd et al. , 2006; Behr et al., 2010; Fletcher et al., 2010). 

If the age-dating techniques yield similar ages, we can complete a comparative 

'calibration ' study of the three methods and determine a more accurate age of the T2 

surface. If the ages do not compare well , then questions regarding OSL will need to be 

addressed. 

In this chapter, I will discuss the location of the OSL samples, how these correlate 

to the stratigraphic columns from the previous chapter, the parameters used to determine 

the OSL age (equivalent dose (De) and Dose-rate), the age data resulting from the OSL 

analysis, and the parameters affecting the OSL age results. In the parameter section, I 

discuss how the equivalent dose and dose rate affect the OSL ages calculated for 

sediment below the T2 fan and other possible sources of error to consider when using 

OSL age dating technique. 
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FIELD WORK 

OSL Samples 

I collected 17 samples for OSL age dating, of which 12 were processed and 

analyzed at the Utah State University (USU) OSL laboratory (Table 7) . The samples 

represent sediment from all three portions of the T2 fan, with most of the samples 

collected on the T2d portion of the fan (Figure 14). Samples have both a field name and 

a USU number to enable field and laboratory identification. Table 8 contains information 

of the lithology from which each sample was collected. 

Three samples were collected from the T2u portion of the fan: USU-319; -320, 

and -402 (Table 7). Samples USU-319 and -320 were collected within a depth profile 

trench (Figure 3 ). Within this depth profile, Fletcher et al. (2010) collected samples for 

U-series dating of pedogenic carbonate rinds. Not too far from this site is the ' Biskra 

rock' research site of Behr et al. (2010), from which they collected samples for 10Be 

cosmogenic age dating from the large boulder named ' Biskra rock.' Near the surface of 

the depth-profile trench, carbonate filaments are easily observed. The stratigraphically 

lower sample, USU-320, contained less carbonate than sample USU-319, and was thus 

chosen to be processed and analyzed. Collecting samples within a carbonate horizon 

entails that the sample was collected from the soil hori zon, which is not ideal for the OSL 

method. The third sample, USU-402, was collected from a sand bar within a channel-cut 

exposure located up-fan from another one of the location Fletcher et al. (2010) sample 

locations (Figure 3 and 15). This sand bar is an ideal location for the OSL method 

because of the homogenous lithology of the sediment. 
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Figure 15. OSL sample USU- 402 field 
view. Location of OSL sample USU-402 
in the T2u section of the fan near the 
cosmogenic and pedogenic sample 
locations. Six m exposure is incision by 
modern stream. 

One sample, USU-321, was 

collected from the T2i portion of the 

fan and was processed and analyzed 

(Table 7). This sample was 

collected within a sand lens located 

a horizontal distance of 9.9 m from 

the ' scissors ' fault at the trench site of Behr et al. (2010; Figure 3). 

A total of 13 samples were collected from the T2d portion of the Biskra fan: 

USU-308 to -318 , -322 and -401 (Figures 4B , SB, and 14). Only eight of these samples 

were processed and anlyzed: USU- 308, -310, -314, -315 , -316, -317, -318 and -322 

(Table 7). Samples USU-308, -310, -314, -315 , and -316 were taken from the quarry 

wall to the west of Column 1. These quarry-wall-exposures have been excavated for 

mining purposes (Figure 4A, Figure 14). Sample USU-308 is used in this thesis to 

correlate with the cosmogenic and pedogenic age dates. Sample USU-315 is located 

above and USU-316 located below a paleosol that when projected up the alluvial fan can 

be correlated to be Paleosol 1 (Plate 1; Figure 148, D, E). When projecting these 
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samples to Column 1, the depth below the T2d surface is distinct from the sample 

location depth; the sample location depth was used for calculating the OSL age. 

Samples USU-317, -318, and -401 were collected in close proximity to Column 1 

(Figures 4B and SB). Sample USU-317 is stratigraphically between USU-318 above and 

USU-401 below. Sample USU-318 is the westernmost sample of the three, and is located 

stratigraphically above Paleosol 2 Lower (Plate 1; Figure 4B). Because it is noted that 

Paleosol 2 Lower rises in elevation toward the southeast, it makes sense that the samples 

collected toward the east are located down-section, below the paleosol, as is evidenced by 

USU-401 (Figure SB). Sample USU-401 was collected within Column 1 in exposure B 

(Figure SB) below Paleosol 2 Lower and is considered to be the lower-most sample 

collected at the Biskra site (Plate 1 ). Pedogenic carbonate is visible above the sample, as 

well as a cobbly gravel channel fill whose thalweg trends N8S 0 W (Figures Sc and 1 Oe ). 

Sample USU-317 is located to the east of samples USU-401 and -318 (Figure SB). This 

sample may have been collected within the K-horizon of Paleosol 2 Lower due to the 

high concentration of carbonates present in this sample. 

Sample USU-322 was taken on the structurally modified northwestern margin of 

the T2d portion of the fan (Guzman, 2010) and near one of the Fletcher et al. (2010) U

series pedogenic sample locations (Figure 3). 

A hand-held GPS device was used to determine the locations of the samples 

which were not surveyed. This information was one of the parameters required for 
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determining the optical age of the samples. To attain a detailed overview of how samples 

were collected, refer to Appendix A. 

Projection of OSL Samples to Column 1 

Of the six OSL samples depicted within Column 1, only OSL samples 08BIS-48, 

-40, and 50 were collected within the 80-m deep quarry location of Column 1 (Figure 4 

and 5). The locations of OSL samples 08BIS-100, -75 , and -7.0 were projected (Figure 

16) onto Column 1 by noting the location of the OSL samples with respect to soil 

horizons T2 Upper and Paleosol 1 (Figure 14). OSL sample 08BIS-40 was taken 63 m 

below the T2 surface on the southwestward facing wall of the quarry (Figure 4). This 

sample lies right above Paleosol 2 Lower, which when followed to the center of the 

quarry, is the paleosol observed in Exposure B. Sample 08BIS-48 was taken slightly to 

the east of Exposure B (Figure 5c ). Sample 08BIS-50 is shown in figure 5b, with respect 

to sample 08BIS-48, and is located right below Paleosol 2 Lower. 

Figure 16. Correlation of OSL samples to Column 1. Six Biskra samples projected onto 
the stratigraphic column description (black arrows; stars on Plate 1 ) .' Yellow rectangles are 
generalized locations of measured exposures in composite Column 1. Orange dots indicate 
o-P.nP.r::il lor.::ition ofthP. OST . crnrnnlP.« 
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OVERVIEW OF OSL 

The OSL method takes advantage of the luminescence properties of quartz to 

determine the burial age of sediment. During sediment transport , quartz grains are 

bleached due to exposure to sunlight which ejects electrons from the crystal lattice, and 

wipes the slate clean. When sediment is buried, the quartz grains are bombarded by 

radioactively decaying elements from the sunounding gravels, cobbles, and boulders. 

Exposure of quartz to this radiation ejects electrons from atoms in the crystal lattice that 

are then trapped in ' positive' defects, holes or traps within the lattice. Stimulation by an 

external energy, photons of any wavelength, releases the electrons from the lattice traps . 

When the electrons enter a recombination center - another site attractive to electrons - it 

releases a photon of energy, which is the luminescence signal observed in the lab. The 

wavelength observed, or the luminescence signal, depends on whether the trap is shallow 

or deep within the crystal lattice and is related to the amount of time the sediment was 

buried and the amount of radiation the quartz grains received while buried . 

Quartz sensitivity is the measure of the amount of luminescence emitted by a 

sample for a given radiation dose and as Pietsch et al. (2008) describe, it is due to the 

high charge (electrons and electron holes) traffic between electron traps and the 

luminescence centers CL-centers). It is essentially how efficient the material is at storing 

energy from the radiation exposure, and subsequently converting that stored energy into 

the luminescence emitted (Duller, 2004). 
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Laboratory measurement of the luminescence signal emitted by quaiiz, the 

' natural' signal, determines the length of time sediment was buried. The strength of this 

luminescence signal depends on the amount of time the grains have been exposed to light 

during transport and deposition. The 'natural ' signal is produced and regenerates over 

time by the flux of alpha (a), Beta W), and Gamma (y) radiation emitted by radiogenic 

isotopes of Potassium (K) , Uranium (U) , Thorium (Th) , and Rubidium (Rb) from the 

surrounding sediments as well as from cosmic radiation that penetrates to different depths 

(Table 3). The contributions from K, U and Th, are generally equal, although they are 

dependent on the concentration found within the sediment, whereas contributions from 

Rb and cosmic radiation are minor; if the K, U and Th contributions are low, then the 

cosmic contribution can become a major variable. The intensity of the luminescence 

signal thus increases asymptotically towards a maximum level as the amount or dose of 

radiation the sediment is exposed to increases (Duller, 2004) . 

Element Contribution Abundance Radiation Emitted 

K 4oK -0.01 % of natural K Beta and Gamma (no alpha) 

Rb e1Rb 28.3% of natural Rb Beta particles (no alpha or gamma) 

Th 232Th (Decaying) Alpha , Beta, and Gamma 

u 23su (Decaying) Alpha, Beta, and Gamma 

u 23eu (Decaying) Alpha , Beta, and Gamma 

Table 9. Radiation Contributions. Table details the relative abundance and type of radiation 
each element contributes towards the natural dose. 

OSL Age Calculation 

To determine the OSL age of the Biskra Fan sediment, two parameters must be 

known, the Equivalent-Dose and the Dose-Rate of the samples (Age = De/DR). Typical 

units of dose-rate are Grays per thousand years (Gy ka- 1
) where 1 Gy = 1 J/kg. Typical 
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units of equivalent dose are Grays (Gy). Burial age is determined as follows: Age = 

Equivalent Dose (Gy)/Dose-rate (Gy ka- 1
) = ka. 

Dose Rate. 

The dose-rate is defined as the dose of radiation per unit of time received by the 

sample while buried. This rate can be measured out in the field with a dosimeter and/or 

determined in the lab through chemical analysis of a representative sample collected in 

the field (i.e. concentration of K, U, Th, and Rb) . Calculation of the dose-rate is 

dependent on the water content, cosmogenic and radiogenic contributions and assumes 

the samples were collected from a homogenous environment. A shielding factor should 

be considered when analyzing these samples though, because the presence of cobbles-to

large boulders has the potential to shield quartz grains from radiation of the surrounding 

sediment. Likewise, these cobbles and large boulders have the potential to contribute a 

dose of radiation the samples would other-wise not receive. The two parameters which I 

believe greatly affect the Dose Rate calculation and thus the OSL age calculations are the 

water content and radiogenic contributions, as the cosmogenic contributions are pretty 

well constrained. 

Equivalent Dose. 

The equivalent-dose (De) is defined as the laboratory dose of radiation needed to 

induce a luminescence signal equal to the natural luminescence signal of the sample. The 

OSL single aliquot regenerative (SAR) dose dating technique is used to determine an 

equivalent dose for each sample. It is essential to have at least 12 to 24 aliquots of each 
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sample to determine the reproducibility of the equivalent dose measurements and thus 

calculate the uncertainty and asses the error. 

The SAR method is one in which multiple subsamples, or aliquots, of a single 

sample are used to interpret an equivalent dose of the sample. With SAR, analytical 

precision increases because measurements are made on a single subsample and it is 

possible to automate multiple replicate analyses to determine the equivalent dose (Duller, 

2004). The goal is to achieve the same ' natural ' luminescence signal for each sample by 

exposing each aliquot to different doses of artificial laboratory beta or alpha radiation for 

a set amount of time. The laboratory doses will thus produce a luminescence signal in 

the quartz that will bracket the natural luminescence signal and determine an equivalent 

dose of the sample as a regenerative growth curve. 

The laboratory signal is generally produced by short-term high dosage exposure 

to beta pmiicles whereas in the field , the sample would have been exposed to radiation 

over a prolonged period of time; the two signals will therefore not necessarily be equal. 

When each sub sample is stimulated, the natural luminescence signal of quartz is 

recorded as photon counts per second, which is represented as a decay curve and the 

sample is left with no signal; the sample is bleached. 

Generally five regenerative doses are given: D 1 is chosen to be less than the 

equivalent dose (Rl ), D2 is chosen to be approximately equal to the equivalent dose (R2), 

D3 is chosen to be greater than the equivalent dose (R3), D4 is zero (RO), and D5 repeats 
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D1 (Rl ' ). The generalized SAR dose sequence from which we can produce the single 

aliquot regenerative growth curve is thus as follows: 

1) Give dose, Di (or natural) 
2) Preheat (160 to 300°C for 10 s) 
3) Stimulate for 100 sat 125°C - measure C (the luminescence signal) 
4) Give test dose, D1 
5) Heat to 160°C 
6) Stimulate for 100 s at 125°C - measure Ti (we use 40s at 90% power) 
7) Return to 1 

For the natural sample i = 0 and Do= 0 Gy 

Jt is important to note that prior to exposing the samples to different doses of 

radiation, the samples are preheated in the lab for four reasons: 1) to avoid contamination 

of artificial OSL by direct contributions from shallow traps, 2) to eliminate the natural 

OSL signal that can include direct contributions from shallow traps while buried, 3) to 

account for the luminescence sensitivity that can occur while buried and 4) to avoid 

radiation quenching of luminescence sensitivity. 
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LABO RA TORY METHODS 

A total of twelve samples were analyzed at the USU OSL lab (Table 7) , three of 

which exhibited a bright enough luminescence signal that allowed for more than 20 

aliquots to be analyzed: USU- 308, -315 and -318 (Table 7). This study thus focuses the 

OSL age results of these three samples. Multiple aliquots are necessary to attain a more 

reliable OSL age, and due to the low luminescence signals, only preliminary age data for 

the remaining eight samples has been attained by analyzing <20 aliquots per sample. 

Additional chemical analysis for dosimetry values of the OSL samples was performed at 

the USU OSL lab with an ICP-MS (Inductively Coupled Plasma Mass Spectrometer). 

Five samples were also sent to the USGS OSL lab in Colorado where Shannon Mahan 

completed chemical analysis via low resolution Nal gamma spectrometry to determine 

elemental concentrations of the K, U, and Th and to determine whether disequilibrium of 

the U/Th chain might exist in the sediments. 

USU OSL Lab 

Laboratory work was conducted in a dark room where amber light was the main 

source of light; any other light would have ruined the samples. Procedures for OSL 

analysis follow those outlined in Aitken (1998) and described in Rittenour et al. (2003 , 

2005). A detailed description of the laboratory procedures can be found in Appendix B. 

To determine the dose rate, a representative sample was sent to a lab where chemical 

analysis was conducted to determine the contributions from the radioactive elements for 
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each of the OSL samples (Table 7). The dose rate and equivalent dose data for each 

processed Biskra sample can be found in Appendix C. 

The 'natural' luminescence signal of quartz grains for the Biskra samples was 

determined with the use of the Riso TL/OSL reader that uses an LED light to stimulate 

the samples at the blue-green light spectra of 470 nm wavelength. It should be stated that 

quartz is efficiently stimulated using green or blue light sources between - 420 and 550 

nm wavelengths and strongly emits the luminescence signal in the blue and ultraviolet 

part of the spectrum centered at - 365 nm (Duller, 2004). 

It is essential to note that in the regenerative sequence of the Biskra samples, a 

preheat temperature of 240°C was given for 10 seconds and a 10 second pause was 

conducted between heating the sample to l 25 °C and turning on the light source to 

measure the luminescence signal. The latter is done to allow the phosphorescence to 

decay. Additionally, it is important to note that the apparent OSL ages have been 

calculated with a water content value of 30 ± 15 %, greater than the water content 

observed in the field of < 1 % (Table 7). 

USGS OSL Lab 

Five samples were sent to the OSL lab in Colorado where the samples were tested 

for Thorium disequilibrium using low resolution Nal gamma spectrometry: USU- 308, -

315 , -318, -310 and -402. Thorium disequilibrium is not a new concept. Studies by 

Olley et al. (1996) discuss how disequilibrium results from geochemical so11ing where 

the parent or daughter products of 232Th and 238U are moved in or out of a system at a rate 
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significantly relative to the half-life of the daughter product. Accordingly, the 232Th and 

238U decay chains contribute about 26% and 27%, respectively to the dose rate derived 

from natural radioactivity (Olley et al., 1996). Although disequilibrium in the decay 

chain of 232Th is unlikely in closed systems, the contributions from the 238U chain play a 

greater role even in closed systems due to the longevity of the daughter products (Olley et 

al., 1996). 

Low resolution Nal gamma spectrometry was performed using a Nal crystal or 

detector with a Cesium source that is custom built for soil sample measurements . The 

nucleus of radioactively decaying elements release gamma (y) rays, or high energy 

photons, in which the number of protons and neutrons stay the same. When the gammas 

go through the Nal crystal detector, they give up energy, characteristic for each nucleus , 

which is converted into a pulse of light in the crystal (Mahan, 2010). This light is then 

detected by a photomultiplier tube, similar to the one used for OSL to obtain equivalent 

doses, and is recorded as pulses of cmTent, which are directly proportional to the amount 

of energy lost (Mahan, 2010). To determine the characteristic gamma rays being emitted 

by certain minerals, the pulses of current are converted into voltage pulses which are used 

to do a ' pulse height analysis' (Mahan, 2010). For this conversion, a multichannel 

analyzer board was interfaced to a computer, where the end result was a gamma ray 

spectrum. 

The NaI detectors used at the USSG OSL lab are 4" x 5", whereas the typical size 

of a detector would be 2" x 2" or 2" x 3" . Lead shields are emplaced to completely 
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enclose each detector and have a depth of 4.5" (Mahan 2010). These lead shields are 

used to minimize the amount of background radiation where samples produce low 

gamma activity (Mahan, 2010). The USGS lab counted the gamma activity of each 

sample for eight hours with the temperature stabilized to within 2° to 3° F and the power 

supply was held steady while the samples were analyzed (Mahan, 20 I 0) . The sample 

sizes were 80 to 100 g, and thus two geometries were used on the detector: 1 n and 2 n . 

In the 1 n geometry, only sediment up to a thickness < l cm is placed on the top of the 

detector. In the 2 n geometry, sediment thickness and width approaches 2.5 cm. Because 

an eight hour counting time can result in problematic results , the distance between the 

sample and detector were reduced (Mahan, 2010). 
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OSLDATA 

Analysis of the Biskra samples through the OSL SAR age dating method reveals 

younger-than-expected ages for sediment below the T2 fan surface (Figure 17, Table 7). 

Low luminescence signals of nine samples did not allow for multiple aliquots to be 

analyzed, thus results shown here are considered preliminary. The apparent OSL age 

results of samples USU- 308, -315 and -318 are discussed with confidence as more than 

20 aliquots were analyzed for each of these samples. One should remember that multiple 

aliquots (12- 24) are necessary to attain a more reliable OSL age. 
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Figure 17. Apparent OSL vs. Depth. Apparent OSL age vs. depth of all the analyzed 
samples at Biskra Palms. The measured Th:U ratio values are used to calculate the apparent 
OSL ages shown here. Blue diamond = T2u samples . Red square= T2i samples. Green 
triangles = T2d samples. 
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Figure 17 shows the preliminary OSL age results for all of the 17 samples 

analyzed at the USU OSL laboratory. Age data plotted are those calculated with the 

dose-rate values calculated at the USU lab. These preliminary ages range from 12 to 52 

ka throughout the depth of the quarry wall exposures (Table 7). Most apparent age data 

fall within error of each other, with the exception of sample USU-317. Paleosols 1 and 2 

are identified to show the location of the OSL samples relative to these soil horizons. 

Samples USU-308, -315 and -318 lie 1.4 m, 30 m and 63 m below the T2 surface, 

respectively. These samples range in depth and I hoped that these would show the 

change in age of the sediment with depth. As will be discussed , only samples USU- 308 

and -315 located beneath the T2 soil horizon and above the Paleosol 1 horizon are closer 

to a true apparent age. 

OSL Age and Dosimetry Results 

The calculated apparent OSL age for sample USU-308 located 1.4 m below the 

T2 surface is 33 .13 ± 8.41 kyr (Table 7, Figure 17). Dosimetry of a representative 

amount of sediment for this sample, analyzed with the ICP-MS at the USU OSL lab, 

provides Thorium and Uranium values of 22 and 1.4 ppm, respectively, with a Th to U 

ratio of 16: 1 (Table 7). Additional chemical analysis via low resolution Na! gamma 

spectrometry at the USU OSL lab reveals Th values of 19.7 ± 0.97 and 16 ± 0.94 ppm in 

the 1 n and 2 n geometries, respectively. Nal gamma spectrometry result in Uranium 

values of 2.2 ± 0.53 and 1.94 ± 0.41 ppm in the 1 n and 2 n geometries , respectively. 

The Th:U ratio for the 1 n geometry is ~9:1, whereas the ratio for the 2 n geometry 8:1. 
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The calculated apparent OSL age for sample USU-315 located 30 in below the T2 

surface is 42.25 ± 9.46 kyr (Table 7) . The ICP-MS dosimetry analysis provides Thorium 

and Uranium values of 19.05 and 1.4 ppm, respectively (Table 7) , with a Th to U ratio of 

- 14: 1. Analysis via the low resolution Nal gamma spectrometry result in Th values of 

22.5 ± 0.94 ppm and 17.2 ± 0.89 ppm for the 1 n and 2 n geometries, respectively. The 

corresponding U values are 3.32 ± 0.57 and 2.17 ± 0.47 ppm for the 1 n and 2 n 

geometries, respectively. The Th:U ratio for the 1 n geometry is - 7: 1 and for the 2 n 

geometry the ratio is - 8: 1. 

The calculated OSL apparent age for sample USU- 318 is 28.63 ± 9.08 kyr. It is 

impmiant to note that this sample was collected 63 m below the T2 surface (Figure SB) 

and is located between Paleosol 1 and Paleosol 2 Lower (Figure 17). ICP-MS dosimetry 

analysis result in Th and U values of 19 .1 and 1 .4 ppm, or a Th: U ratio of - 14 : 1. 

Analysis with the low resolution Nal gamma spectrometry result in Th values of 34.75 ± 

1.67 ppm and 23.52 ± 1.59 ppm in the 1 n and 2 n geometries. The corresponding U 

values are 5.10 ± 0.88 and 1.80 ± 0.96 ppm in the 1 n and 2 n geometries, respectively. 

The ratio of Th:U are thus - 7: 1 and 13: 1 for the 1 n and 2 n geometries , respectively. 

Sample USU-317 was collected from sediment 56 m below the T2 surface and 

exhibits the youngest calculated apparent OSL age of 8.61 ± 2.13 kyr (Figure 7, Table 7). 

Thorium and uranium values from ICP-MS dosimetry analysis are 21 .1 and 1.95 ppm, 
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respectively. This sample was not analyzed with the low resolution NaI gamma 

spectrometry. 

Sample USU- 320 was collected 1.86 m below the T2 surface within the depth 

profile trench in the T2u portion of the fan. The calculated apparent OSL age of this 

sample is 24.05 ± 6.55 kyrs (Table 7). Dosimetry results from the ICP-MS for Th and U 

are 13.8 ppm and 1.4 ppm with the ratio of Th:U at - 10:1. Dosimetry analysis via the 

low resolution NaI gamma spectrometry, results in Th values of 24.24 ± 0.99 ppm and 

16.93 ± 0.65 for the 1 n and 2 n geometries, respectively. The corresponding U values 

are 3.21 ± 0.36 ppm and 2.13 ± 0.39 ppm for the 1 n and 2 n geometries, respectively. 

The Th:U values are thus 8: 1 for both the 1 n and 2 n geometries . 

The apparent preliminary OSL age calculated for sample USU - 402, a sample 

collected 5.95 m below the T2 surface, is 30.97 ± 5.92 kyrs. Dosimetry results from the 

ICP-MS for Th and U are 17.9 ppm and 2.1 ppm, respectively. Results from the low 

resolution NaI gamma spectrometry for Th are 26 .69 ± 1.06 ppm and 19.22 ± 1.04 for the 

1 n and 2 n geometries, respectively. The corresponding U values are 4.09 ± 0.48 ppm 

and 2.98 ± 0.52 ppm for the 1 n and 2 n geometries, respectively. The Th:U values are 

thus - 7:1 and 6:1 for the 1nand2 n geometries, respectively. 

According to Mahan (2010), ratios for Th:U are usually at 3:1or2:1 , or even 5:1 

in granite or rhyolitic rocks. To show an example, a standard sample of rhyo lite was 

analyzed. The measured values of Th and U were 14.6 ± 0.30 ppm and 5.53 ± 0.14 ppm, 
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respectively. The ratio ofTh:U for this value is thus 2:1. The highest calibrated standard 

for U and Th from the STM-1 standard of a syenite are 31.0 ppm for Th and 9.06 ppm for 

U, which correspond to the Th:U ratio limit of3:1(Mahan,2010). 
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OSL AGE DISCUSSION 

The high values of the Thorium to Uranium ratio resulting from the dosimetry 

analysis indicate that Thorium disequilibrium is present and this in turn affects the dose 

rate calculation of the Biskra samples. The high Th:U ratio results in a high dose-rate 

value, which results in the young apparent calculated OSI ages. To ' correct ' for the Th:U 

ratio, Rittenour (written communication, 2010) calculated the average of the Th:U ratio 

of 800 samples that have been processed at the USU lab and attained a ratio of 3.75 ± 

2.61. She used this ratio to re-calculate and 'correct ' for the Th and U values of samples 

USU- 308 and -315. 

OSL Ages 

The re-calculated Th values of samples USU-308 and -315 are lowered from 22 

ppm to 6.26 ppm and from 19.05 ppm to 6.69ppm, respectively (Table 10). The U values 

are increased from 1.4 ppm to 1.67 ppm for sample USU- 308 and 1. 79 ppm for sample 

USU- 315 (Table 10). When these re-calculated Th and U values are used calculate an 

apparent OSL age for samples USU-308 and -315, the apparent ages are increased 

(Figure 18). The age of sample USU- 308 increases from 33.13 ± 8.41to44.07 ± 7.56 

kyr (Figure 18). The age of sample USU- 315 increases from 42.25 ± 9.46 to 57.39 ± 

10.35 kyr. The ages of the upper 1.4 m depth sample, USU- 308 , and the lower 30 m 

depth sample, USU- 315 , suggest that it took ~ 15-30 ka to deposit the T2 fan. 
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Lab Analysis- OSL Apparent Age 

usu# Field Name Depth (m) Th (ppm) U (ppm) Apparent OSL age (cal kyr) 

USU-308 08BIS-100 1.4 22 1.4 33.13 ± 8.41 

USU-315 08BIS-75 30 19.05 1.4 42.25 ± 9.46 

ColTected- OSL Apparent Age 

USU# Field Name Depth (m) Th (ppm) U (ppm) App~rent OSL age (cal kyr) 

USU-308 08BIS-IOO 1.4 6.26 1.67 44.07 ± 7.56 

USU-315 08BIS-75 30 6.69 1.79 57.39 ± 10.35 

Table 10. Tables show Thorium and Uranium values for samples USU-308 and -315. The 
top table shows the amount of Thorium and Uranium from IPC-MS analysis and their 
corresponding calculated apparent OSL age. Bottom table shows the Thorium and Uranium 
values and corresponding apparent OSL ages re-calculated using the USU Th:U average 
values. 
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Figure 18. OSL Apparent and Re-calculated Age Vs. Depth. Calculated apparent OSL ages for 
samples USU-3 08 (upper-most sample) and USU-315 (deeper sample). Blue dot show calculated ages 
using the measured Th:U values and red triangles show re-calculated ages using the Th:U average ratio 
from the USU OSL lab. 
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The apparent age date of sample USU-308 is plotted to compare with previous 

age data because it is located right below the T2 surface (1.4 m; Figure 19). The apparent 

age date calculated with the chemically analyzed Thorium and Uranium values overlaps 

with the T2 surface age dates of Keller et al. (1982) and van der Woerd et al. (2006) of 

20-30 ka and 35.5 ± 2.5 ka, respectively (Figure 19). However, when using USU's 

average Th and U values to calculate an apparent age, the sample overlaps with the U-

series and cosmogenic radionuclide ages (Fletcher et al, 201 O; Behr et al., 2010) of 45 .1 ± 

0.6 ka and 50 ± 5 ka, respectively (Figure 19). 
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Figure 19. Age Vs. Depth Comparison. Sample USU-308 (blue diamond and red 
triangle) compared with previous age data of Keller et al. (1982; orange dot), van der 
Woerd et al. (2006; green triangle), Fletcher et al. (201 O; blue dot), and Fletcher et al. 
(2010; purple square). The two ages for USU-308 reflect age calculations using Th:U ratio 
that was analytically determined (blue diamond) and Th:U average ratio values (red 
tri<incrlP '\ 
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Preliminary age results for samples optically dated below Paleosol 1 do not make 

stratigraphic sense. Assuming it took - 50 kyrs to form Paleosol 1, the OSL ages of thse 

strata should be >50 kyrs older than samples that overlie Paleosol 1, but they are not. For 

example, sample USU- 318 located - 30 m below Paleosol 1 has a calculated apparent 

OSL age of 28.63 ± 9.08 kyr. Although 24 aliquots were used to analyze this sample, the 

results are not reliable. Thorium values for this sample appear higher than normal and 

dosimetry analysis via low resolution Nal gamma spectrometry reveals evidence for 

Thorium disequilibrium. Another example is sample USU- 317 located - 25 m below 

Paleosol 1, and right below Paleosol 2 Lower in a carbonate-rich horizon (probably 

collected within the soil horizon). The sample is calculated to have an apparent 

preliminary age of 8.61 ± 2.13 kyrs, but because only 5 aliquots were used to analyze this 

sample, the age data is unreliable. The young age result is attributed to a high amount of 

feldspar contamination rendering the sample inconclusive with the SAR method. 

Because the OSL protocol calls for samples to be collected in sand units well below a soil 

horizon, the preliminary results for this sample are discarded. 

Sources of Error in Age Data 

There has been no general consensus on what causes young OSL ages when 

applying the OSL method, but here I discuss possible sources that attribute to the young 

ages. 

Proximal Setting 

Feldspar contamination observed in sample USU- 317 could be as a result of the 

short transport distance of sediment between its source and deposition. The feldspars in 
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the samples did not have enough time to break down, and although multiple hydrofluoric 

acid washes were done to remove feldspars from the sample, IRSL tests showed 

continuous feldspar contamination. Feldspar contamination in the samples hinders the 

ability to use the OSL method on these samples. 

Most of the Biskra samples showed a dim luminescence when analyzed in the 

Riso TL/OSL machine, which may signify the lack of ' traps ' available within the quartz 

grains. These 'traps' are defects within the crystal lattice that can be created during 

sediment transport and by multiple cycles of irradiation, bleaching and heating. 

Transport further downstream allows for either the creation of available luminescence 

centers or the removal of available non-luminescence centers (Pietsch et al ., 2008). 

Because the sediment used for OSL analysis at the Biskra site is in a proximal setting 

from its source, the quartz grains may not have undergone enough transport and 

depositional cycles to sensitize the sediment (Rittenour, written communication, 2010) . 

From stratigraphic analysis of the sediment at the Biskra fan , there is evidence that 

sediment was deposited in quick bursts entailing that the sediment was not exposed to the 

sun over prolonged periods of times. The dim luminescence signals of most of the 

samples collected at the Biskra site are therefore attributed to the proximal setting from 

which the samples were collected. 

The dim luminescence signals due to proximal settings were also observed in 

research by Preusser et al. (2006) and Pietsch et al. (2008), but this is not always the case. 

Preusser et al. (2006) cite unpublished data where sediment from alluvial fans in close 

70 



proximity to the Andes of Peru and Bolivia as well as from the foreland of the Oman 

Mountains show good OSL behavior. Therefore although a proximal setting and short 

depositional history explains the dim luminescence signals at the Biskra site, it may not 

fully be the cause. 

Dosimet1y 

To determine the OSL age, the two parameters to consider are the equivalent dose 

and the dose-rate of the samples (Age = De I DR). As discussed, the equivalent dose is 

determined through laboratory procedures whereas the dose-rate is determined from 

analysis of a representative sample of sediment collected in the field. Because there are 

different parameters involved in determining the equivalent dose and dose-rate, I analyze 

which of these parameters most likely affect the equivalent dose and dose-rate and 

ultimately the OSL age calculation. 

Equivalent Dose. The natural luminescence signals that quai1z grains emit are 

recorded in the lab and are used to determine the equivalent dose. The strength of the 

luminescence signal is dependent on the amount of time the grains have been exposed to 

light during transp011 and deposition. One is not able to explicitly test whether all the 

mineral grains were exposed to daylight for a sufficient amount of time to reset the 

luminescence signal (Duller, 2004). In a fluvial environment such as that of Biskra 

Palms, some previously buried sediment could re-surface and be re-deposited, while 

other sediment can simply be transported without exposure to sunlight. In both of these 

cases, the grains may not be exposed to sunlight for enough time to re-set the 
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luminescence signal and will result in a higher equivalent dose value when analyzing the 

sample in the lab. The equivalent dose value will be reproducing an inherited 

luminescence signal not representative of the actual sedimentation history of the sample, 

and will produce a high OSL age. This does not appear to occur for the Biskra samples 

as all the samples produce a younger-than expected apparent OSL age (Table 7). 

Dose Rate 

Cosmogenic contributions. The cosmogenic contribution is well constrained for 

samples here, and thus I do not believe this is a factor that contributes to Dose Rate 

values. 

Radiogenic contributions. Dosimetry analysis via the ICP-MS and low resolution 

Na! gamma spectrometry both reveal higher-than-normal Thorium to Uranium ratio 

values for the Biskra samples, as previously discussed. These analyses reveal Thorium 

disequilibrium is present in sediment collected from this site. High Thorium values are 

more common in soils and if any of the Biskra samples were collected within soil 

horizons, this could explain the high values. However for most of the samples that were 

clearly collected from sand lenses surrounded by coarse-to-very coarse gravels (Table 8) , 

it is possible that water removed Uranium from the system so that when the sediment was 

analyzed, the Uranium values observed are lower than the true amount that was first 

deposited. Lastly, when analyzing the sediment with the NaI gamma spectrometry, 

homogeneity is assumed, but samples were not always homogeneous . The distribution of 
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radioactivity is therefore not uniform and all sources of uncertainty must be accounted for 

when analyzing the sediment. 

Water content. The water content measured for samples here do not reflect the 

environment at the time the sediments were deposited. According to Harvey et al. 

(1999), the climate in the western United States was wetter and colder in the late 

Pleistocene than it is today. Precipitation estimates for the late Pleistocene are between 

60 and 300% greater than today's rainfall (<1000 mm) and 3-8° cooler than present 

temperatures (>40° C in the summer; Harvey et al. , 1999). Such conditions were made 

possible due to a southward displacement of the polar jet stream that brought more rain to 

the southwestern United States (Harvey et al., 1999). Evidence of southward directed jet 

streams as a cause for rain was examined by Enzel and Wells (1997) who found a 

correlation between these events to an unusually higher than normal precipitation in 

southern California. 

The water content measured for the Biskra samples was on average less than 1 % 

(Table 7), but calculations for the OSL age used a water-content value of 30 ± 15 %. 

Changing the water content values does not fully account for the high Dose Rate values 

and ultimately the young OSL ages. The importance of the water content in this 

discussion is the effect it has on Uranium removal. Evidence that samples were 

deposited in a wetter environment supports the idea that Uranium was leached out of the 

system. The concentration of Uranium measured thus does not reflect the true amount of 

Uranium that contributed to the dosimetry measured for each sample. Additionally, 
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water has the potential for shielding quartz grains from radiogenic contributions from the 

surrounding sediment. Constraining the amount of water present at the time sediment 

was deposited is a difficult task, and only estimates can be made towards studies like this. 
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SOURCES OF ERROR 

OSL Collection 

Collecting samples for OSL dating can be done with either a PVC (plastic) pipe or 

metal pipe. Because plastic pipes are translucent, the sediment collected may be 

receiving a source of light. To ensure this does not happen, those who implement plastic 

tubes in the collection process seal the tube with dark tape or other dark material. Using 

PVC pipes also has the potential of shaking and mixing the sediment when the tubes are 

pounded into the sediment walls. Metal pipes were used for this study to decrease the 

potential for additional light exposure and to decrease the amount of shaking experienced 

by the sediment. When using either the plastic or metal pipe, styrofoam is inserted on the 

edge of the pipe reduce the amount of shaking and mixing of sediment. If inserted 

incorrectly, as was the case for the Biskra samples the sediment may experience shaking 

and mixing of sediment. However, inse11ing the styrofoam 'correctly' does not alter the 

ages observed, and thus this does not represent a large source of error. 

Error in collecting the water content arises from collecting the sample on the edge 

of the sediment wall rather than deeper into the sample location. This results in attaining 

a sample that has been exposed to the high desert temperatures and thus lower water 

content. However, even when the sample is collected further into the sediment exposure, 

the water content does not represent the environment in which the sample was deposited. 

The sediment collected for the dose rate should be a representative sample with a 

30 cm diameter surrounding the sample. Less than this amount was collected for most of 
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the Biskra samples due to the availability of sands present in the alluvial fan. Dosimetry 

analyses are taken to represent the entire sample, but the dose rate received by a quartz 

grain differs from site to site. Rather than collecting a sample for chemical analysis, a 

dosimeter can be used to record the radiogenic contributions at the sites where the OSL 

samples were collected. Unfortunately, this research did not implement the use of a 

dosimeter, but a comparison of in-lab chemistry analysis and results from an in-field 

dosimeter can better constrain the error involved in estimating the radiogenic 

contributions for each sample. 

The GPS locations and elevations used to calculate the depth of the OSL sample 

below the T2 fan may not be one hundred percent accurate as it was a hand-held personal 

GPS device. Equipment such as a total station may have resulted in a more accurate 

location of the samples. 

Lab Analysis 

The procedures taken for preparing the samples at the USU OSL Jab follow 

Aitken's methods (1998). Although the steps follow the methods described by Aitken, it 

appears that the steps differ with each OSL lab. The differences are only minimal in the 

chemicals used to clean the samples, but how this actually affects the sample analysis is 

not fmiher discussed in this research. Finally, the quartz grain sizes used for the OSL 

analysis may or may not affect the accuracy of the sediment age. In this research, coarse 

grains were used to analyze the Biskra samples, but the question of what is the ideal grain 

size should be fm1her investigated to determine if finer grain sizes ranging from 1-90 µ 
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are more appropriate for this method as they may yield more reliable results (Onderdonk 

et al., 2008, oral communication). 

Lab analyses at the USGS OSL lab reveal large Th:U values. A change in the U 

and Th concentrations were observed when sediment was changed from one container 

geometry to the other (Mahan, 2010). When the first container was opened and the 

sample transferred to another container, sho1i-lived radiogenic daughters that previously 

were in equilibrium with the parent 226Ra may have interfered with the analyses by 

possibly starting a renewed decay sample (Mahan, 2010). Additionally, because the 

sample was not crushed to powder, problems with the U and Th concentrations may arise 

from local heterogeneous grains interfering with each other (Mahan, 2010). Because the 

samples did not contain grains of large varying sized, this grain configuration is not 

assumed to be a large factor in error. Lastly, a source of error could be that "a large U:Th 

ratio affects both the U and Th interpretations and the 235U cannot be interpreted 

quantitatively when the U :Th ratio exceeds 1 O" (Mahan, 2010). 
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CHAPTER 4. CONCLUSIONS 

Stratigraphy 

Survey data and stratigraphic interpretations reveal stacked alluvial fans at the 

Biskra site (Figure 11). The evidence for ancient alluvial fans are the well developed 

paleosols (Table 2) that record episodes of fan abandonment observed below the T2 

surface and their relative elevations change. Paleosols below the T2 surface can easily be 

well over 200,000 yrs old at the base of the quarry, but further investigation to accurately 

date these well developed soils is required. Change in elevation of these paleosol 

horizons toward the southeast indicate apices of these ancient fan surfaces to be farther to 

the southeast than the T2 fan (Figures 2 and 11). The displacement of these fans from 

their source canyons to the southeast records the long term slip on the San Andreas fault 

(Figure 13). Future work that investigates the source canyons and offset estimates for 

these paleo-fan systems, as well as to determine the age of these paleosols can provide 

additional slip rate estimates of the southern San Andreas fault at this location. 

Debris flow, sheetflood and soil facies observed in the stratigraphy of the Biskra 

Fan indicate that sediment here was deposited in quick bursts separated by periods of 

non-deposition (Plate 4) . OSL age dating of sediment above and below paleosols to 

-
determine the length of time of depositional hiatus was not possible. Further research is 

suggested to determine the age of these paleosol horizons and of the sediment that 

compose each ancient fan . 
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OSL 

Analysis of the OSL samples through the Riso TL/OSL machine reveal that the 

quartz grams have low luminescence signals and high Thorium values (Table 7; 

Appendix C). The low luminescence signal affects the reliability of the equivalent dose 

produced in the lab. These low luminescence signals are most likely a result of the 

inability for samples to become fully sensitized because of the short transport histories 

from the source to deposition. The high Thorium values affect the calculation of the 

dose-rate. The high Thorium values are attributed to Thorium disequilibrium. This 

disequilibrium cannot be tested for in the field , and thus it is uncertain if these samples 

will produce relatively ' normal ' Thorium values until dosimetry analyses are conducted. 

The high Thorium values observed are interpreted to result because water has leached out 

Uranium from the system. The amount of Uranium observed is most likely lower than 

the amount of Uranium that was present when the sample was deposited and thus the 

radiogenic contribution is not reliable. The high Thorium to Uranium ratio results in a 

high dose-rate value, which results in the young apparent OSL ages calculated and 

·presented in this study. 

The equivalent dose and dose-rate parameters used to calculate the OSL age (OSL 

Age= Equivalent Dose I Dose Rate) should be examined in more detail when using the 

OSL technique. When the ratio of Thorium to Uranium is re-calculated using the USU 

average Th :U ratio, OSL ages for samples 1.4 m and 30 m below the T2 surface increase 

by 30% (Tables 7 and 9) . The effect Thorium and Uranium values have on the OSL age 

are significant and it is suggested that more studies examine this parameter. 
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OSL age data calculated usmg the measured Thorium and Uranium values 

(unusually high Th:U) conelate with age data of Keller et al. (1982) and van der Woerd 

et al. (2006) . When the age data are re-calculated with the USU average Th:U ratio, the 

OSL age data corroborate well with age results of Fletcher et al. (2010) and Behr et al. 

(2010). This study results in a null conclusion to determine how the OSL ages compare 

with previous age data (Figure 19). 

In this study, I was able to compare the age results calculated using the OSL SAR 

method with age data from soil description studies, the '0Be cosmogenic radionuclide 

method on cobbles and on boulders and the U-series age dating technique on pedogenic 

carbonate clasts. Because apparent OSL age results using the measured Thorium values 

did not corroborate well with the older T2 fan ages of Fletcher et al. (2010) and Behr et 

al. (2010), as I was expecting, further analysis on dosimetry was accomplished. Had 

these samples yielded the older ages I was expecting, an analysis on the Thorium effects 

toward the dose-rate calculation may not have been completed. lt is imperative to 

understand the results attained using OSL and not simply regard the ages as reliable. 

When research yields younger-than-expected age results, it is recommended that detailed 

analysis on the dosimetry be conducted. It is also recommended that higher resolution 

gamma spectrometry (HPGe) be applied if questions about Thorium disequilibrium 

remain regarding these samples. Additionally, in-situ gamma spectrometry at this site or 

burying phosphor dose capsules for one year should be attempted (Mahan, 2010) . 
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APPENDIX A- DETAILED OSL FIELD METHODS 
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OSL Samples 

Samples were extracted into I" diatemeter, 8" length steel cylinder tubes cut by 

Carlos H. Medina and Juan Carlos Luna. PVC pipes were avoided to decrease the 

possibility of light seepage into the sample. Steel tubes were also chosen to decrease the 

amount of vibration produced when pounding the tube into the sediment walls. A l "x I" 

cube of soft styrofoam (elastic, not the one that breaks off easily) was cut and stuffed into 

one end of the tube and duct taped. Sample locations are discussed in detail within the 

literature, but mostly consisted of fine to medium grained sand layers or lenses found 

within the T2 fan. To collect the sample, the open end of the tube was placed on the 

quarry wall of the chosen sand unit and a metal mallet was used to pound the tube into 

the sediment. The styrofam protruding indicated when the tube was full of sand. To 

extract the tube, sand surrounding the sediment was removed (and used for the dose rate) , 

and a piece of aluminum foil folded into a 1.5" x 1.5" square was slipped onto the open 

end of the tube, sealing the sample from light. Duct tape was used to secure the 

aluminum foil in place and to prevent the sample from coming out. A field name and 

number was written on the tube with a permanent marker. 

Dose Rate 

As stated, to remove the tube from the sand, ideally a 30 cm diameter circl e of 

sand surrounding the tube is scrapped into quart-size ziplock bags for dose rate analysis. 

For most of the Bisrkra samples, there was not enough sand to collect a representative 30 

cm-diameter circle sample; only enough sand to fill the quart size ziplock bag was 
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collected. The ziplock bag was sealed using clear tape to prevent loss of the sample 

during transport. In cases where the ziplock bag did not shut well, a second ziplock bag 

was used and also sealed with tape. The corresponding sample's name and number were 

marked on ziplock bag with a sharpie marker for easy identification. 

Water Content 

A representative sample for water content analysis was collected by scrapping 

sand from the sample location into film canisters and small ziplock tupperwear. The 

samples collected should have been taken within the inner hole from which the metal 

tubes were extracted, but most samples were gathered from the outer edge of the quarry 

walls with the exception of samples USU-401 and -402 . These canisters were sealed 

with duct tape and labeled with the corresponding sample name and number. 

The latitudes, longitudes and elevations of the samples were recorded with the use 

of a hand-held OPS device and by surveying using a total station. Depth of the samples 

from the T2 surface and current geographic surfaces were recorded with a measuring tape 

and pvc pipe ruler. In some instances, the elevations of some samples were calculated 

from the OPS and depth information. 
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APPENDIX B- DETAILED OSL LABO RA TORY PROCEDURES 

Samples processed at the USU OSL laboratory are given a USU number m 

addition to the field name for archiving in the lab data files (Table 7) . Laboratory tables 

and equipment are kept clean with DI water before and after each use to prevent external 

contaminants from affecting the OSL data. Amber color lamps are the only source of 

light permitted in the dark room to prevent bleaching the qua1iz grains in the OSL 

samples. This appendix outlines in detail the steps taken to prepare the Biskra samples 

for analysis in the Riso Thermoluminescence (TL)/OSL machine and the respective 

parameters used for the OSL samples. 

Water Content 

The percent water content of the Biskra samples was measured by calculating the 

difference between the wet weight and dry weight of the sample divided by the dry 

weight. Each representative field sample was placed into a plastic beaker labeled with 

the USU number and "water content." The sample was weighed and the "wet weight" 

recorded into the USU archive folder (Table 7). Each sample was placed into an 80°C 

oven to dry over night, removed the next day and placed into a desiccator to cool down. 

Once the sample reached room temperature, - 1 hour later, the sample was weighed and 

the "dry weight" recorded in the USU archive folder (Table 7). Once water content was 

recorded , the samples were disposed of into a bucket of waste sand to be dumped out 

onto the surrounding trees and grass outside of the lab . The percentage of water within 

the representative sample is used to calculate the OSL age, but the water content recorded 

may not be representative of the water content at the time the sample was deposited . In 
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such a case, the percentage of water content is sometimes estimated to attain a more 

accurate OSL age of the sediment in question. 

Dose Rate 

Dose rates are calculated based on water content, sediment chemistry, and cosmic 

contribution (Aitken, 1998). The amounts of Thorium, Uranium, Potassium and 

Rubidium within each representative sample were determined using ICP-MS and ICP

AES techniques at an external lab. The dose rate sample collected in the field was split 

into a smaller representative sample to fit into a small ziplock bag and sent to the. An 

additional sample of the split sediment was stored in _a labeled ziplock bag within an 

archive drawer in case there is a need for future analysis. The cosmic radiation 

contribution was calculated following Prescott and Hutton (1994) which details using 

sample depth, elevation, latitude and longitude (Table 7) . 

Sample Extraction 

The central sand sample in the tube is most important for OSL dating because this 

is the paii of the sample that is least likely to accidentally be exposed to light in the 

collection process and is thus extracted with utmost care. Two plastic beakers are used 

for this process, one labeled with the USU number and "ends" and the other with the 

USU number and "middle. " The ends of the tubes are opened one at a time and the outer 

2 cm of the sample are discarded to eliminate any sediment that has been exposed to 

light. About 2-4 cm of the tube edges were removed from the Biskra samples. A 
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scoopula was used to remove the sediment from one edge of the tube into the "ends" 

beaker. A paper towel was stuffed into and taped on the side where sediment was 

removed to prevent the remaining sample from moving and mixing with the other tube 

end. After cleaning the scoopula with a kirnwipe, the other end of the tube was opened 

and sediment was removed into the "ends" beaker. The scoopula was once again cleaned 

and the sediment within the central paii of the tube was placed into the "middle" beaker. 

The "ends" beaker was dumped into the bucket of waste sand. 

Wet Sieving 

The Biskra samples did not have much clay and thus the step for clay removal was 

skipped. Wet sieving was conducted to attain the ideal grain size of 90-150µ for coarse 

sediment such as that in Biskra Palms. To isolate this grain size 150µ and 90µ sieves are 

used. The 150µ sieve was placed over the 90µ sieve, both of which were placed over a 

wash pan to collect the <90µ sample. Three beakers were prepared for the wet sieving 

process, all labeled with the USU number and "> 150µ ," "90-150µ ," and "<90µ ." Faucet 

water was used to wet sieve each sample. Once samples were thoroughly sieved, the 

sediment was placed into the corresponding beakers. The "> 150µ " and "<90µ " beakers 

were placed into the 80°C oven to dry; if the sediment was thick, it was separated into 

multiple beakers to allow the sample to dry completely. When dry, these samples were 

placed into ziplock bags labeled with the USU number and corresponding grain sized to 

be archived into the archive drawers. 
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Carbonate Removal 

Carbonates from the 90-150µ samples were removed with 10% hydrochloric acid. 

Hydrochloric acid is slowly poured into the beaker of each sample until the sediment is 

covered with - 2 cm of the acid. Any fizzing reaction is recorded in the USU archive 

folder. A glass stirring rod was used to ensure that any carbonate within the sample was 

removed. After briefly stirring, the sample was covered with a paper towel , placed into a 

cabinet away from any light and let sit over night. After more than 12 hours, the sample 

was once again stirred and the HCl removed. The HCl treatment was repeated for the 

samples that exhibited a fizzing reaction until fizzing stopped. The HCl was decant and 

the sample was rinsed -4-5 times with deionized (DI) water. 

Organic Removal 

Bleach was used to remove any organic material present in the samples , and 

although the Biskra samples contained little to no organic material , this step was not 

skipped. Bleach was poured into each beaker until the sediment was covered with - 2 cm 

of bleach. A cleaned glass stirring rod was used to ensure any organic material was 

removed from the sample. Each beaker was covered with a paper towel , placed in a 

cabinet shelf away from any light, and let sit for about an hour. Had the Biskra samples 

contained a large amount of organic material, the samples would have to sit over night for 

complete organic removal. The bleach was removed and the sample was washed with DI 

water - 4-5 times. Each sample was then placed into the 80° C oven to d1y over night; if 

the sediment was thick, it was separated into multiple beakers to allow the sample to dry 

completely. The Biskra samples contained a great amount of biotite that formed a thin 
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layer above the 90-150 µm sediment. When the samples were dry, the biotite was 

carefully removed with a scoopula and the samples ready for heavy mineral removal. 

Heavy Mineral Removal (Floating), Feldspar Removal, and Quartz Etching 

To isolate the quartz grains necessary for OSL analysis, sodium polytungstate was 

used for heavy mineral separation by density separation or floating, hydrofluoric acid was 

used for plagioclase feldspar removal and fluorosilicic acid was used for quartz etching 

(eliminates the alpha irradiated skin of quartz grains; Aitken, 1998). The amount of 

sediment used from this step forward was that equivalent to the amount of sediment that 

filled four Teflon beakers (test tubes) up to - lcm each. The remaining 90-150µm sample 

was placed in a ziplock bag labeled with the USU number and grain size, and was stored 

in the USU archive drawers. Four test tubes were used per sample, with each test tube 

filled with - 1 cm of dry sand and then filled with -4 cm of sodium polytungstate (up to 

the 1st wire rung on the test tube rack) . Test tubes were placed into a sonicator, or sonic 

bath, for 10 minutes to mix the polytungstate and sediment. The test tubes were then 

placed into a centrifuge for 10 minutes at 3000 rpm (speed 4) to separate the heavy 

minerals from the light minerals; the lower portion of the test tube contained the heavy 

minerals. The desired minerals floated on the upper portion of the test tube and were 

removed by freezing the bottom of the test tubes. Freezing the sodium polytungstate and 

heavy minerals was accomplished by dipping the lower portion of the test tube into liquid 

nitrogen for - I minute. The upper po1tion of the test tube was decant into a clean small 

beaker labeled with the sample USU number. A squi1t bottle with DI water was used to 

remove all of the desired minerals- quartz and feldspars- from the upper p01tion of the 
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test tube making sure not to tap into the frozen heavy minerals. The samples were 

thoroughly rinsed of the sodium polytunstate with the squirt bottle and sodium 

polytungstate was recovered for later use. Once rinsed, the samples were transferred 

toHF Teflon bottles with the DI water-filled squi11 bottle; no more than a centimeter thick 

of sediment and water filled the bottle. Each bottle was labeled with the USU number 

and set in a cabinet for later plagioclase feldspar removal and quai1z etching by Tammy. 

It was not possible to remove plagioclase feldspars from the sediment by heavy mineral 

separation because the densities of plagioclase feldspar and quartz grains overlap (Aitken, 

1998). Quartz grains were etched to remove the alpha pai1icle contribution in the outer 

rind of sand-sized quartz grains, making the alpha contribution negligible when 

calculating the OSL age (Aitken, 1998). After feldspar removal and quartz etching, the 

samples were placed into the 80°C oven to dry over night. 

Final Quartz Separation 

The Biskra samples were removed from the oven and dry sieved to remove any 

<75 µm sediment. Small round, flat tin canisters were labeled with the USU sample 

number, project name and the ideal 90-150 µm grain size. The samples were transferred 

from the beakers to the corresponding tin canisters with utmost care not to lose any 

sample. A drawer was labeled with the project name and the tin canisters were stored in 

the drawer for later analysis on the Riso TL/OSL machine. 
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Sample Mounting 

To analyze each sample on the Riso TL/OSL machine, each sample was mounted 

onto multiple 5 mm disks; each disk is referred to as an aliquot. The 5 mm disks were 

first sprayed with silicon spray to hold the quartz grains in place. Tweezers were used to 

grab hold of a disk that was then dipped into the canister filled with the 90-150 µm qua1iz 

grains. Once a thin sheet of qumiz grains stuck onto the disk, the disk was placed into the 

Riso TL/OSL sample chamber. Refer to Table 7 for details on how many aliquots of 

each sample were used to determine the OSL ages of sediment at Biskra. For a 

reasonable age, at least 20 aliquots of the same sample should be considered. 

Sample Analysis Using the Riso TL/OSL Reader 

When stimulated, the machine records the natural luminescence signal of quartz 

as photon counts per second, which is represented as a decay curve. The OSL signal is 

used to attain an equivalent dose in grays by selecting irradiation times to produce signals 

which bracket that in the natural sample and determining an OSL response for each 

irradiation time. The equivalent dose is thus determined by comparing the natural OSL 

signal with a signal induced from known doses of artificial laboratory radiation, 

regenerative dosing. 
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APPENDIX C- CUMULATIVE PROBABILITY CURVES AND HISTOGRAMS 

A-L. Cumulative Probability Curves and Histograms 

The cumulative probability curve and histogram are used to determine an 

equivalent dose rate for each processed OSL sample. In each figure (A-L) the relevant 

data is listed below the graphs, but can also be viewed in Table 7. 
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wt Mean= 103.73 23.58 33 .1 8.4 

Peak fit= 103.73 23. 17 33. 1 84 
Median= 105.09 33.6 8.5 
Min= 57.28 18.3 4.6 
Max=· 154.23 49.3 12.5 

S.D. = 23.58 used here 
Standard error = 4.62 

Random Errors= 22.93 % 
Systematic Error= 10.86 % 
Total Error= 25.38 % 

Bin Width= 1 Gy 
n= 26 Disks 

+/-
dose rate= 3.13 0.35 Gy/ka 
U= 140 0.1 ppm 
Th= 22.00 2.0 ppm 
K20 = 2.65 0.07 wt. % 
Rb20= 98.9 4.0 ppm 
H20= 30.0 15.0 wt. % 

Cosmic= 0.17 Gy/ka 
depth= 1.4 m 
latitude= 33 degrees (north positive) 
longitude= -11 6 degrees (east positive) 
elevation= 0.06 km asl 
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3.4~ 0.26 1.10 0.28 
3.73 107 1.19 0.30 
3.78 046 1.21 0.3 1 
3.99 l.0 I 1.27 0.32 
4.36 0.83 1.39 0.35 
4.n 0.92 1.57 0.40 
4.99 0.75 1.59 0.40 
~ ,, . __ .) 0.06 1.67 0.42 
5.27 0.74 1.68 0.43 
5.35 o:n 1.71 0.43 
5.47 0.28 1.75 0.44 
548 0.33 1.75 0.44 
:' .53 0.70 1.77 0.45 
5.61 0.6 1 1.79 0.45 
:".96 0.02 1.90 048 
6 03 0.64 1.93 049 
6.1 I OJ6 1.95 0.50 
6.70 0.20 2. 14 0.54 
7.27 0.17 2.32 0.59 
9.07 0.8-:1 2.90 0.74 

Sample descript: m-c x-bedded tl1ick sand lense in mid-channel T1 from Grand Wash 

UTM 12. 238041 ,4028253 

36°21.93N, 11 3°55. 18W 
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B. USU-310 
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wt Mean= 

Peak fit = 
Median= 
Min= 
Max= 

S.D. = 
Standard error= 

Random Errors= 
Systematic Error= 
Total Error= 

Bin Width = 
n= 

dose rate= 
U= 
Th= 
K20 = 
Rb20= 
H20= 

Cosmic= 
depth= 
latitude= 
longitude= 
elevation= 

De (Gy) 

T1 , Grand Wash 

De (Gy) ± Age (ka) ± 
75.68 13.26 25.6 5.4 

75.68 13.26 25.6 5.4 
71.38 24. 1 5.1 
60.07 20.3 4 .3 

97.90 33. 1 7.0 

13.26 used here 
5.41 

17.74 % 
11.70 % 

21.25 % 

Gy 
6 Disks 

+/-
2.96 0.35 Gy/ka 
1.70 0. 1 ppm 

17.00 1.5 ppm 
2.88 0.07 wt. % 
91.4 3.7 ppm 
30.0 15.0 wt. % 

0.03 Gy/ka 
14.0 m 
33 degrees (north positive) 

-1 16 degrees (east positive) 
0.06 km asl 

Cumulative Probability Curve 
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3.78 0.46 1.28 
399 10[ 1.35 
4.36 0.83 1.47 
4.92 0.92 1.66 
4.99 0.75 1.68 

5.13 0.06 1.76 
5.?.7 0. 74 1.78 
5.35 0.33 1.81 
5.47 0.28 1.85 
5.48 o.:n 1.85 
5.53 0.70 1.87 
5.6 1 0.6 1 1.89 
5.96 0.02 2.01 
6.03 0.64 2.04 
6.11 0.36 2 06 
6.70 0.20 2.26 
7.?.7 0.1 7 2.46 
9.07 0.84 306 

Sample descript: m-c x-bedded th ick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 238041 ,4028253 

36° 21.93N. 11 3° 55.18W 
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C. USU-314 

Histogram Cumulative Probabili ty Curve 
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GW 04-12-13 T1, Grand Wash De (G~) Error Age (ka) ± 
UNL-1162 3.43 0.26 1.11 0.43 

De (Gy) ± Age (ka) ± 3.7> 107 1.20 0.47 
wt Mean= 85.14 31 .53 27.5 10.7 3.78 0.46 1.22 0.48 

3.99 IO I 1.29 0.50 
Peak fit= 85.14 31.53 27.5 10.7 436 0.83 1.41 0.55 
Median= 78.85 25.5 9.9 4.92 0.92 1.59 0.62 
Min= 58.00 18.7 7.3 4.99 0.75 1.61 0.63 
Max= 171.72 55.4 21.6 5.23 0.06 1.69 0.66 

5.27 0.74 1.70 0.66 
S.D. = 31.53 used here 5.35 0.33 1.73 0.67 
Stand;:ird error = 9. 10 5.47 0.28 1.77 0.69 

S.48 033 1.77 0.69 
Random Errors= 37. 14 % ) .5:. 0.70 1.79 0.70 
Systematic Error= 11.79 % :i.61 0.6 1 1.81 0.71 
Total Error= 38.97 % ~ .96 0.02 1.92 0.75 

6.03 0.64 1.95 0.76 
Bin Width= Gy 6.1 1 03 6 1.97 0.77 
n= 12 Disks 6.70 0.20 2. 16 0.84 

+/- 7.27 0.17 2.35 0.91 
dose rate= 3. 10 0.37 Gy/ka 9.07 0.84 2.93 1.14 
U= 1.80 0. 1 ppm 
Th= 17.60 1.6 ppm 
K20 = 3.05 0.08 wt. % 
Rb20= 106.4 4.3 ppm 
H20= 30.0 15.0 wt. % 

Cosmic= 0.01 Gy/ka 
depth= 28.0 m 
latitude= 33 degrees (north positive) 
longitude= -116 degrees (east positive) 
elevation= 0.06 km asl 

Sample descript: m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 23804 1,4028253 

36° 21.93N, 11 3° 55.18W 
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dose rate= 
U= 
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T1 , Grand Wash 

De (Gy) ± Age (ka) ± 
130.96 24.72 42.3 9.5 
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1 Gy 
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19.05 1.7 ppm 
3.05 0.08 wt. % 
93.5 3.7 ppm 
30.0 15.0 wt. % 

0.01 Gy/ka 
30.0 m 
33 degrees (north positive) 

-116 degrees (east positive) 
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3.43 0.26 1.11 0.25 
3.T3 107 1.20 0.27 
3.78 0.46 1.22 0.27 
3.99 1.0 1 1.29 0.29 
4.36 0.83 1A1 · 0.32 
4.92 0.92 1.59 0.36 
4.99 0.7:\ 1.6 1 0.36 
5.23 0.06 1.69 0.38 
"27 0.74 1.70 0.38 
5.3) 0.33 1.72 0.39 
) .4 7 0.28 1.77 0.40 
SAS OJJ 1.77 0.40 
5.53 0.70 1.78 0.40 
) 61 0.6 1 1.81 0.41 
) 96 0.02 1.92 0.43 
6.03 0.64 1.94 0.44 
6.11 036 1.97 0.44 
6.70 0.20 2. 16 048 
7.27 0. 17 2.35 0.53 
9.07 0.84 2.93 0.66 

Sample descript: m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 238041 ,4028253 
36°21.93N , 11 3°55.18W 
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wt Mean= 86.24 12.82 28.6 5.4 

Peak fit= 86.24 12.82 28.6 ·5.4 
Median= 80.32 26.7 5. 1 
Min= 74.23 24 .6 4.7 
Max= 102.60 34.1 6.5 

S.D. = 12.82 used here 
Standard error = 5.74 

Random Errors= 15. 19 % 
Systematic Error= 11.33 % 
Tota l Error= 18.95 % 

Bin Width= Gy 
n= 5 Disks 

+/-
dose rate= 3.01 0.35 Gy/ka 
U= 1.90 0.1 ppm 
Th= 20.40 1.8 ppm 
K20 = 2.64 0.07 wt. % 
Rb20= 98.9 4.0 ppm 
H20= 30.0 15.0 wt. % 

Cosmic= 0.01 Gy/ka 
depth= 33.0 m 
latitude= 33 degrees (north positive) 
longitude= -116 degrees (east positive) 
elevation= 0.06 km asl 

Cumulative Probabi lity Curve 
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3.73 1 07 1.24 0.23 
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3.99 IO I 1.32 0.25 
06 0.83 1.45 0.27 
4.92 092 1.63 0.31 
4.99 0.75 1.66 0.31 
5.23 0.06 1.73 0.33 
:i 27 0.74 1.75 0.33 
5.35 0.33 1.77 0.34 
5.47 0.28 1.82 0.34 
5.48 0.33 1.82 0.34 
553 0.70 1.84 0.35 
:i .6 1 0.6 1 1.86 0.35 
:i.96 0.02 1.98 0.37 
6.03 0.64 2.00 0.38 
6.11 0.36 2 03 0.38 
6.70 0.20 2.22 0.42 
7.27 0. 17 2.41 0.46 
9 07 0.84 3.01 0.57 

Sample descript: m-c x-bedded thick sand lense in m id-channel T1 from Grand Wash 

UTM 12, 23804 1,4028253 

36° 21 .93N. 113° 55.18W 
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wt Mean= 27.99 5.97 8.6 2.1 

Peak fit= 14.78 2.08 4.5 1. 1 
Median= 14.54 4.5 1. 1 
Min= 12.83 3.9 1.0 

Max= 16.96 5.2 1.3 

S.D. = 5.97 used here 
Standard error = 2.67 

Random Errors= 21.53 % 
Systematic Error= 12.24 % 
Total Error= 24.77 % 

Bin Width = 1 Gy 
n= 5 Disks 

+/-
dose rate= 3.25 0.38 Gy/ka 

U= 1.95 0.1 ppm 
Th= 21.10 1.9 ppm 
K20 = 2.96 0 .07 wt. % 
Rb20= 102.1 4.1 ppm 
H20= 30.0 15.0 wt. % 

Cosmic= 0 00 Gy/ka 
depth= 56.0 m 
latitude= 33 degrees (north positive) 
longitude= -11 6 degrees (east posit ive) 
elevation= 0.03 km asl 

Cumulative Probability Curve 
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:7'.23 0.06 1.61 040 
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5.35 0.33 1.65 04 1 
'.i.47 0.28 1.68 042 
548 0.33 1.69 0.42 
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5.96 0.02 1.83 0.45 
6.03 0.64 1.86 0.46 
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6.70 0.20 2 06 0.51 
7.27 0.17 2.24 0.55 
9 07 0.84 2.79 0.69 

Sample descript: m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 238041,4028253 

36° 21.93N , 113° 55.18W 
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De (Gy) ± Age (ka) ± 
wt Mean= 84.39 24.84 28 .6 9.1 

Peak fit = 84.39 24.84 28.6 9.1 
Median= 77.91 26.4 8.4 
Min= 46.39 15.7 5.0 

Max= 137.57 46.7 14.8 

S.D. = 24.84 used here 
Standard error = 5.07 

Random Errors= 29.59 % 
Systematic Error= 11.41 % 
Total Error= 31.71 % 

Bin Width= Gy 

n= 24 Disks 
+/. 

dose rate= 2.95 0.34 Gy/ka 

U= 1.70 0.1 ppm 
Th= 19.80 1.8 ppm 
K20 = 2.65 0.07 wt. % 
Rb20= 96.7 3.9 ppm 
H20= 30.0 15.0 wt. % 

Cosmic= 000 Gy/ka 
depth= 63.0 m 
lati tude= 33 degrees (north positive) 
longitude= -116 degrees (east positive) 
elevation= 0.00 km asl 

Cumulative Probabi lity Curve 
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-- F11tedPei11\ 
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3.99 1.0 I 1.35 0.43 
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4.92 0.92 1.67 0.53 
4.99 0.7 5 1.69 0.54 

5.:!3 0.06 1.77 0.56 
5.'27 0.74 1.79 0.57 
:'\J) 0.33 1.81 0.58 
5.47 0.28 1.86 0.59 
5.48 0.33 1.86 0.59 
553 0.70 1.88 0.60 
5 6 1 0.61 1.90 0.60 
5.96 0.02 202 0.64 
6.03 0.64 205 0.65 
6.1 1 0.36 2.07 0.66 
6.70 0.20 2.27 0.72 
7.27 0.17 247 0.78 
9.07 0.84 308 0.98 

Sample descript : m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12. 238041,4028253 

36° 21.93N. 11 3° 55.18W 
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H. USU-401 

.. 
l 
' 

Histogram 

! .J 

DA 

11 .2 

o.:i 
0 ..- N C"'I '<1 ~ ~ •~ ro m ~ ~ ~ ~ ~ ~ 

GW 04-12-13 
UNL-1162 

wt Mean= 

Peak fit= 
Median= 
Min= 
Max= 

S.D. = 
Standard error = 

Random Errors= 
Systematic Error= 
Total Error= 

Bin Width= 
n= 

dose rate= 
U= 
Th= 
K20 = 
Rb20= 
H20= 

Cosmic= 
depth= 
latitude= 
longitude= 
elevation= 

De (Gy) 

T1, Grand Wash 

De (Gy) ± Age (ka) ± 
71.36 14.93 24.4 6.0 

70.51 15.85 24.1 5.9 
69.39 23.7 5.8 
50.14 17.2 4.2 
103.40 35.4 8.7 

14.93 used here 
4. 14 

21.10 % 
12.64 % 
24.60 % 

Gy 
13 Disks 

+/-
2.92 0.35 Gy/ka 
1.40 0.1 ppm 

16.60 1.5 ppm 
2.98 0.07 wt. % 
104.0 4.2 ppm 
30.0 15.0 wt.% 

0.00 Gy/ka 
770 m 
33 degrees (north positive) 

-116 degrees (east positive) 
0.06 km asl 

Cumulative Probability Curve 
--Sum or 'Ntd De's 

------- Avern9eVJ!rl OB'S 

-- F111 ec: Penk 

• De's nnd errors 

..... ------
~ -

',~ 
' -. . ,--. 

50 
De (G y) 

100 150 

De (Gl'.) Error Age (ka) ± 
343 0.26 1.17 0.29 
3.73 1.07 1.28 0.31 
3.78 046 1.29 0.32 
3.99 I.O J 1.36 0.34 
4.36 0.83 1.49 0.37 
4.92 0.92 1.68 0.41 
4.99 OT• 1.71 0.42 
5.23 0.06 1.79 0.44 
5.27 0.74 1.80 0.44 
5.35 033 1.83 0.45 
5.47 0.28 1.87 0.46 
5.48 033 1.87 0.46 
S.S> 0.70 1.89 0.47 
5.61 0.6 1 1.92 0.47 
5.96 0.02 2.04 0.50 
6 03 064 2.06 0.51 
6.11 036 2.09 0.51 
6.70 0.20 2.29 0.56 
7.'l.7 0.17 2.49 0.61 
9 07 0.84 3. 10 0.76 

Sample descript: m-c x-bedded thick sand lense in rnid-cl1annel T1 from Grand Wash 

UTM 12, 238041 ,4028253 
36°21 .93N , 11 3° 55. 18W 

102 



I. USU-322 

Cumulative Probability Curve Histogram 
~C•O ~-------------

2f· 0 

4 ---~~-m---~------1 E 200 

~ ,., 
u 
c: 
~ 3 1- --- ..,, 
g-
U: 
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:5 15_0 
~ ,, 
e 
0. 

!D.O 

co 

I} D 
o ,...- <'1 r .. > '<1 ~ w ~ ro ~ ~ ~ ~ ~ ~ ~ 

GW04-12-13 
UNL-1162 

wt Mean= 

Peak fit= 
Median= 
Min= 
Max= 

S.D. = 
Standard error = 

Random Errors= 
Systematic Error= 
Total Error= 

Bin Width= 
n= 

dose rate= 
U= 
Th= 
K20 = 
Rb20= 
H20= 

Cosmic= 
depth= 
latitude= 
longitude= 
elevation= 

De (Gy) 

T1 , Grand Wash 

De (Gy) ± Age (ka) ± 
64.87 13.81 21 .7 5.3 

14.78 2.08 4.9 1.2 
14.54 4.9 1.2 
12.83 4.3 1.1 
16.96 5.7 1.4 

13.81 used here 
7.97 

21.48 % 
11 .93 % 
24.57 % 

Gy 
3 Disks 

+/-

2.99 0.34 Gylka 
1.60 0.1 ppm 

18.00 1.6 ppm 
2.70 0.07 wt. % 
102.9 4.1 ppm 
30.0 15.0 wt. % 

0.17 Gylka 
1.4 m 
33 degrees (north positive) 

-11 6 degrees (east positive) 
0.06 km asl 

-- Sumof'l.' ldD~· s 
_,_ _ ____ /wero\ja \.'l id O&·s 

---~ Flfled Peok 

• De's rind errors 

,,.-·---~, 

.... ..... 
De ('By) 

15 

De (G;t) Error Age (ka) 
3.43 0.26 1.15 
3.73 1.07 1.25 
3.78 0.46 1.27 
3.99 LOI 1.33 
436 0.83 1.46 
4.92 on 1.65 
4.99 0.7:i 1.67 
5. 23 0.06 1.75 
.'.27 0.74 1.77 
~.:i) 0.33 1.79 
) 4 7 0.28 1.83 
'.48 0.33 1.83 
553 0.70 1.85 
:i 61 0.6 1 1.88 
:i .96 0.02 2.00 
6.03 0.64 2.02 
6.11 036 2.05 
6.70 0.20 2.24 
7.27 0.17 2.44 
9.07 0.84 3.04 

Sample descript: m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 238041 ,4028253 
36° 21.93N, 113° 55. 18W 
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• 
I 

20 

± 
0.28 
0.31 
0.31 
0.33 
0.36 
0.40 
0.4 1 
0.43 
0.43 
0.44 
0.45 
0.45 
045 
046 
0.49 
0.50 
0.50 
0.55 
0.60 
0.75 



J. USU-320 
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c: .. 
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Histogram 
1 e 

I ·~ 

1-4 

cc 
0 ~ N M V ~ ~ ~ ro ~ ~ ~ ~ ~ ! ~ 

De (Gy) 

GW 04-12-13 T1, Grand Wash 
UNL-1162 

De (Gy) ± Age (ka) ± 
wt Mean= 67.35 16.24 24.0 6.5 

Peak fit= 67.35 16.24 24.0 6_5 

Median= 63. 17 22.6 6_ 1 
Min= 46.53 16_6 4_5 

Max= 103.74 37 .0 10. 1 

S.D. = 16.24 used here 
Standard error= 4_90 

Random Errors= 24.24 % 
Systematic Error= 12.39 % 
Total Error= 27.22 % 

Bin Width= Gy 
n= 11 Disks 

+/. 

dose rate= 2.80 0_33 Gy/ka 

U= 1.40 0_ 1 ppm 
Th= 13.80 1 _2 ppm 
K20 = 2.83 0.07 wt. % 
Rb20= 98.9 4_0 ppm 
H20= 30 _0 15.0 wt. % 

Cosmic= 0.15 Gy/ka 
depth= 1.9 m 
latitude= 33 degrees (north positive) 
longitude= -11 6 degrees (east positive) 
elevation= 0.06 km asl 

Cumulative Probability Curve 
-- Sumf)!WlcJD;;.·s 

------- A\'eroge W tcl De's 

- - F!lledPMk 

• oe·s and errors 

De (Gl'.) Error Age (ka) 
3.43 0.26 1.23 
3_73 1-07 1.33 
378 0-46 1.35 
3_99 1-01 1.42 

. 4.36 0.83 1.56 
4.92 0.92 1.76 
4.99 0. 75 178 

5.23 0.06 1.87 
5.27 0.74 1.88 
5.35 0.33 1.91 
5.47 0.28 1.96 
5.48 0.33 1.96 
5.53 0.70 1.98 
5.61 0.6 1 2.00 
5.96 0.02 2.13 
6.03 0.64 2.15 
6.1 1 0.36 2. 18 
6.70 0.20 2.39 
7.27 0 17 2.60 
9.07 0.84 3.24 

Sample descript: m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 238041,4028253 

36° 21.93N , 11 3° 55 18W 
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± 
0.33 
0.36 
0.37 
0.39 
0.42 
0.48 
0.48 

0.5 1 
0.5 1 
0.52 
0.53 
0.53 
0.54 
0.55 
0.58 
0.59 
0.59 
0.65 
0_71 

0.88 



K. USU-402a- Cumulative data of three aliquots 

Histogram Cumulative Probability Curve 

5 --

4 
> 
" c: 

" " 3 g-
u: 

30 0 

25 .(• 

~ :2[•.0 

,., 
:g 1: .. 0 

~ 
e 
Q. 

O:>.O 

o.n 
0 ~ N M V ~ W ~ ~ ~ ~ ; ~ ~ ~ ~ 

De (Gy) 

GW 04-12-13 T1, Grand Wash 
UNL-1162 

De (Gy) ± Age (ka) ± 
wt Mean= 64.50 23.94 21.2 8.3 

Peak fit= 14.78 2.08 4.8 1.9 
Median= 14.54 4.8 1.9 
Min= 12.83 4.2 1.6 
Max·= 16.96 5.6 2.2 

S.D. = 23.94 used here 
Standard error = 6. 18 

Random Errors= 37.22 % 
Systematic Error= 12.15 % 
Total Error= 39.15 % 

Bin Width= 1 Gy 
n= 15 Disks 

+/-
dose rate= 3.05 0.35 Gy/ka 
U= 2.10 0.1 ppm 
Th= 17.90 1.6 ppm 
K20 = 2.76 0.07 wt. % 
Rb20= 125.8 5.0 ppm 
H20= 30.0 15.0 wt. % 

Cosmic= 0.08 Gy/ka 
depth= 6.0 m 
latitude= 33 degrees (north positive) 
longitude= -11 6 degrees (east positive) 
elevation= 0.06 km asl 

-- Sum of Wt•j DB's 

------- A•Jero9e Wtct De's 

--- F1ttE:<t Peok 

• De's and error~-

(/ .... - -... ........ ... ...... \ 

De 1ll1v1 15 

De{G~) Error Age (ka) 
>.43 ll.26 1.13 
.., "'l' ·~ 

_'I.:_, 107 1.22 
3.78 0.4G 1.24 
3.99 I 01 1.3 1 
.:t .31i 0.83 1.43 
-l. ')2 O.:i2 1.62 
-l 99 0.7:' 1.64 

.'.1'.i O.OG 1.71 
:'.~ 7 0.7.+ 1.73 
5.3) 0.33 1.75 
5.-l7 o:is 1.80 
5.-1 8 0.33 1.80 
55.i 070 1.81 
:i _t)] 0.6l 1.84 
:'.96 002 1.96 
6.03 0.64 1.98 
611 0.36 2.01 
6.70 o:io 2.20 
7.27 0.17 2.39 
9.07 0.8-l 2.98 

Sample descript: rn -c x-bedcled thick sand lense in mici -channel T1 from Grand Wash 

UTM 12. 23804 1.4028253 

36° 2193N , 113'' 55.18W 

105 

20 

± 
0.44 
0.48 
0.49 
0.51 
0.56 
0.63 
0.64 
0.67 
0.68 
0.69 
0.70 
0.70 
0.71 
0.72 
0 77 
0.77 
0.79 
0.86 
0.93 
1.17 



K. USU-402b- Cumulative of IR of six aliquots 

Histogram Cumulative Probability Curve 
-- SumofWtd Oe'-5 

--·---- A·.-eri19c 'Nld De·~ 

--·· Fit':<! P0<1k t 
5 ------ • oe·~ <i nc errors 

! 
LC 

0.a 

0 .-- N M ~ <f> !.::> I"-- Qj 0> ~ ;:: ~ ~ :!. 

"' De (Gy) -20 20 4Be 1cv160 60 100 

GW 04-12 -13 T1 , Grand Wash De (G~) Error A~e (ka) 
UNL-1162 :; _ .. u 0.2ti 0.55 

De (Gy) ± Age (ka) ± 3. 73 l.07 0.60 
wt Mean= 55.84 10.94 8.9 1.8 3.78 0.4(i 0.61 

3.99 Ull 0.64 
Peak fit= 55.30 17.72 8.9 1.8 .u(j o.s:; 0.70 
Median= 58.07 9.3 1.9 -l .92 0.9:2 0.79 
Min= 31.31 5.0 1.0 -l .99 0. 7~ 0.80 
Max= 72.64 11 .6 2.3 5.13 006 0.84 

5.27 0.7-l 0.84 
S.D. = 10.94 used here 53~ 0.33 0.86 
Standard error = 3.87 5.-17 0.28 0.88 

:' .-l8 0.3> 0.88 
Random Errors= 19.68 % :' .5> o.:o 0.89 
Systematic Error= 3.96 % :' .6 1 0.61 0.90 
Total Error= 20.07 % 5.96 0 .0~ 0.95 

6.IB l.l.6-l 0.97 
Bin Width= 1 Gy 6. !J (1_3(, 0.98 
n = 8 Disks !1. 70 0 20 1.07 

+/. 7.27 O.J 7 1.17 
dose rate= 6.24 0.24 Gy/ka •) 07 0.X-l 1.45 
U= 2. 10 0.1 ppm 
Th= 17.90 1.6 ppm 
K20= 2.76 0.07 wt. % 
Rb20= 125.8 5.0 ppm 
H20= 3.0 3.0 wt. % 

Cosmic= 0.08 Gy/ka 
depth= 6.0 m 
latitude= 33 degrees (north positive) 
longitude= -116 degrees (east positive) 
elevation= 0.06 km asl 

Sample descri pt: m-c x-becldec! thick sand iense in mid-channel T1 irorn Grand Wash 

UTlvl 12. 238041 .4028253 

36° 21 93N. 113°55.18W 

106 

120 

± 
0.11 
0.12 
0.12 
0.13 
0.14 
0. 16 
0. 16 
0.17 
0.17 
0.17 
0.18 
0.18 
0.18 
0.18 
0.19 
0. 19 
0.20 
0.22 
0.23 
0.29 



L. USU-321 

>

" c: 

"' " 3 CT 

"' U:: 

Histogram 

e ni o 
~ ,.. 
~ !5i) 

D 

~ 
n. 

0.(• 
0 ~ N M ~ ~ ~ 1- ~ ~ ~ ~ ~ ~ ~ ~ 

GW 04-12-13 
UNL-1162 

wt Mean= 

Peak fit= 
Median= 
Min= 

Max= 

S.D. = 
Standard error= 

Random Errors= 
Systematic Error= 
Total Error= 

Bin Width= 
n= 

dose rate= 
U= 
Th= 
K20 = 
Rb20= 
H20= 

Cosmic= 
depth= 
latitude= 
longitude= 
elevation= 

De (Gy) 

T1, Grand Wash 

De (Gy) ± Age (ka) ± 
73.27 34.37 24.3 11.8 

14.78 2.08 4.9 2.4 
14.54 4.8 2.3 
12.83 4.3 2. 1 

16.96 5.6 2.7 

34 .37 used here 
17. 19 

46.99 % 
12.04 % 
48.51 % 

Gy 
4 Disks 

+/. 

3.02 0.34 Gy/ka 
1.80 0 .1 ppm 

17.50 1.6 ppm 
2.76 0.07 wt. % 
100.4 4 .0 ppm 
30.0 15.0 wt. % 

0. 15 Gy/ka 
2.0 m 
33 degrees (north positive) 

-116 degrees (east posit ive) 
0.06 km asl 

Cumulative Probability Curve 

-- $um ofWtdDe·s 
__ ... _ _ _ _ AVNUQ~ W ld De's 

--- F11te<1PeC1k. 

• oe·s and errors 

r=---, • 
... ..... I 

De (\5'y) 
15 

De (G~) Error A9e (ka) 
3.43 0.26 1.14 
3.T3 1.07 1.23 
3.78 0.46 1.25 
3.99 101 1.32 
4.36 0.83 1.45 
4.92 0.92 1.63 
4.99 0.7:' 1.65 

5.23 0.06 1.73 
5.n 0.7-f 1.75 
5.35 0.33 1.77 
:i.47 0.28 1.81 
5.48 0.33 1.81 
5.53 0.70 1.83 
) 61 0.61 1.86 
:' .96 0.02 1.97 
6 03 0.64 2.00 
6.11 0.36 2.02 
6.70 0.20 2.22 
7.27 0.17 2.4 1 
9.07 0.84 3.00 

Sample descript: m-c x-bedded thick sand lense in mid-channel T1 from Grand Wash 

UTM 12, 238041,4028253 

36° 21 .93N, 113°55.18W 

107 

20 

± 
0.55 
0.60 
0.61 
0.64 
0.70 
0.79 
0.80 

0.84 
0.85 
0.86 
0.88 
0.88 
0.89 
0.90 
0.96 
0.97 
0.98 
1.08 
1.17 
1.46 




