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Abstract Time-averaged fault slip-rates can be established by reliably dating the 20 

abandonment of an alluvial deposit that has been displaced by Quaternary 21 

movement along a cross-cutting fault. Unfortunately, many Quaternary dating 22 

techniques are hindered by uncertainties inherent to individual 23 

geochronometers. Such uncertainties can be minimised by combining multiple 24 

independent techniques. In this study, we combine 10Be exposure dating of 25 

boulder tops and U-series dating of layered pedogenic carbonate cements 26 

accumulated on the underside of clasts from two separate alluvial surfaces. 27 

These surfaces are both displaced by the active Ölgiy strike-slip fault in the 28 

Mongolian Altay Mountains. We date individual layers of pedogenic carbonate, 29 

and for the first time apply a Bayesian statistical analysis to the results to 30 

develop a history of carbonate accumulation. Our approach to the U-series dating 31 

provides an age of initiation of carbonate cement formation and avoids the 32 

problem of averaging contributions from younger layers within the carbonate. 33 
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The U-series ages make it possible to distinguish 10Be samples that have 34 

anomalously young exposure ages and have hence been subject to the effects of 35 

post-depositional erosion or exhumation. The combination of 10Be and U-series 36 

dating methods provides better constrained age estimates than using either 37 

method in isolation and allows us to bracket the abandonment ages of the two 38 

surfaces as 18.0Ȃ28.1 kyr and 38.4Ȃ76.4 kyr. Our ages, combined with 39 

measurements of the displacement of the surfaces, yield a right-lateral slip-rate 40 

for the Ölgiy fault of 0.3Ȃ1.3mm yr-1, showing that it is a relatively important 41 

structure within the active tectonics of Mongolia and that it constitutes a 42 

substantial hazard to local populations. 43 

 44 

Keywords: Quaternary dating, uranium series, cosmogenic isotopes, Altay, 45 

active faulting 46 

 47 

Highlights 48 

 Complementary 10Be and U-series results reliably date surface 49 

abandonment. 50 

 Novel modeling of U-series data isolates contamination from younger 51 

carbonate. 52 

 The Ölgiy fault in western Mongolia has an average slip-rate of 0.3-1.3 53 

mm yr-1. 54 

 55 

1. Introduction 56 

Establishing the age of abandonment for Quaternary landforms is important in 57 

studies of neotectonics, geomorphology, and paleoclimate. Accurate dating is 58 

necessary for the determination of averaged fault slip-rates, and slip-rate studies 59 

are in turn important for assessing earthquake hazard along active faults and 60 

understanding the kinematics of active continental deformation in a variety of 61 

tectonic settings (e.g. Brown et al., 2002; Densmore et al., 2007; Frankel et al., 62 

2007). Placing firm constraints on the timing of surface abandonment is often 63 

hindered by uncertainties, both analytical and geological, which are specific to 64 

the individual Quaternary dating techniques. These limitations may be overcome 65 

by combining complementary dating methods (e.g. DeLong and Arnold, 2007; 66 
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Kock et al., 2009; Behr et al., 2010; Fletcher et al., 2010; Blisniuk et al., 2012).  67 

 68 

Late Quaternary dating techniques can be particularly difficult to apply in arid to 69 

semi-arid mountainous environments, where organic material suitable for 70 

radiocarbon (14C) dating and the fine-grained sediments necessary for optically 71 

stimulated luminescence (OSL) are often not available (Faure, 1986; Wintle and 72 

Huntley, 1982; Richards, 2000). Terrestrial cosmogenic nuclide (TCN) dating is 73 

often used to constrain the abandonment of landforms in mountainous settings, 74 

and the method has been successfully applied in several studies in western 75 

Mongolia (Ritz et al., 1995; Nissen et al., 2009a; Frankel et al., 2010).  76 

 77 

TCN age calculations are reliant on quantifying the pre- and post- depositional 78 

processes affecting the sampled material, which are often difficult to establish, 79 

particularly in the case of 10Be cosmogenic boulder dating (Gosse and Phillips, 80 

2001; Putnam et al., 2010). Erosion of the boulders and of the surrounding 81 

alluvium leads to an underestimation of the true surface exposure age, and 82 

inherited 10Be accumulated prior to deposition leads to an overestimation of the 83 

age. It is often unclear which age is the `true' exposure age when there is a 84 

spread in data from individual samples (e.g. Fenton and Pelletier, 2013).  85 

 86 

238U-234U-230Th dating (U-series) of pedogenic carbonate that has accumulated 87 

in-situ on pebbles in soils is a valuable complementary dating technique to TCN 88 

dating (Ku et al., 1979; Blisniuk and Sharp, 2003; Sharp et al., 2003; Fletcher et 89 

al., 2011). The U-series method utilises short-lived intermediate isotopes from 90 

the uranium decay chain to constrain the timing of carbonate growth, which in 91 

turn establishes the timing of abandonment of an alluvial deposit. The method 92 

has high analytical precision (requiring only small sample sizes), is based on 93 

well-defined decay constants, and can be used on samples aged up to 500 kyr (> 94 

1 Myr for model 234U/238U ages). U-series dating is possible because uranium is 95 

incorporated into carbonate during growth, whereas thorium is initially 96 

excluded, such that (ideally) all 230Th measured in the sample is the daughter 97 

product of the initial uranium. However the potential for incorporation of initial 98 

230Th may lead to problems in calculating U-series ages. There may be some lag 99 
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between sediment deposition and carbonate pedogenesis. Therefore U-series 100 

results constrain the minimum age of surface deposition, and are complementary 101 

to TCN exposure dating. By combining U-series dating with 10Be TCN dating, it is 102 

possible to gain insight into the spread of TCN ages that can occur due to post-103 

depositional processes, placing firmer constraints on the geochronology of a 104 

displaced landform.  105 

 106 

In this paper, we use 10Be cosmogenic nuclide and U-series dating to establish 107 

the timing of abandonment of a pair of alluvial deposits in the Altay Mountains of 108 

western Mongolia that have been displaced by active faulting. There are only 109 

three published quantitative slip-rate studies published for this region, and none 110 

of the fault zones in Western Mongolia have slip-rates measured in more than 111 

one locality. Several of the faults have no quantitative estimate of slip-rate. Our 112 

slip-rate study is the first in the Altay to compare rates with another location on 113 

the same fault, based on data from Frankel et al. (2010). 114 

 115 

We first describe the geomorphological setting of the study site, followed by a 116 

detailed description of both 10Be cosmogenic nuclide and U-series 117 

methodologies. We then show that the two chronological methods produce 118 

results that are in agreement across two separate deposits. The U-series results 119 

are further explored through Bayesian statistical analysis, which we apply to a 120 

sequence of sub-samples in stratigraphic order within the pedogenic carbonate 121 

coatings. This approach is typical when analysing radiocarbon data, but has not 122 

previously been applied to a U-series dataset from pedogenic carbonate and adds 123 

confidence to our results. The age constraints are used to estimate the average 124 

slip-rate of the Ölgiy strike-slip fault in the Central Altay Mountains, followed by 125 

a discussion of the tectonic, geomorphological, and geochronological 126 

implications of our work. 127 

 128 

2. Tectonic and environmental setting 129 

Our study site is located on the Ölgiy fault, a right-lateral strike-slip fault in the 130 

centre of the Altay Mountains, western Mongolia (Figure 1). The Altay are a 131 

transpressional mountain range, with sinuous and anastomosing NNW-SSE 132 
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oriented right-lateral strike-slip faults that likely accommodate NEȂSW directed 133 

shortening from the India-Eurasia continental collision by anticlockwise rotation 134 

about a vertical axis (e.g. Baljinnyam et al., 1993; Cunningham, 2005; Bayasgalan 135 

et al., 2005). Where faults strike ~350° they accommodate nearly pure strike-slip 136 

motion (e.g. Walker et al., 2006; Nissen et al., 2009a), and oblique reverse slip 137 

occurs on faults that strike more westerly. The few existing slip-rate estimates 138 

for individual faults in the Altay range between 0.5 and 2.5 mm yr-1 (Vassallo, 139 

2006; Nissen et al., 2009a,b; Frankel et al., 2010; Figure 1). There is one existing 140 

constraint of 0.9 +0.2/-0.1 mm yr-1 on the rate of slip of the Ölgiy fault at a site 141 

100 km south of our present study site (Frankel et al., 2010).  142 

 143 

The Altay has a semi-arid, mountainous continental climate with large seasonal 144 

temperature variations, from -30°C in the winter to more than 25°C in the 145 

summer. The western (Russian and Chinese) Altay receive significantly more 146 

precipitation (1500 mm yr-1) than the eastern (Mongolian) Altay (as low as 150 147 

mm yr-1), which are located in the rain shadow of the northwest part of the 148 

mountain range (Morinaga et al., 2003; Lehmkuhl et al., 2007). Precipitation in 149 

Mongolia is concentrated in the summer months, and less than 10% of the mean 150 

annual precipitation falls in the winter, mostly as snow (Morinaga et al., 2003). 151 

Mountains at elevations > 3500 m are capped by glaciers, which are currently 152 

retreating and have been since the Little Ice Age (Grunert et al., 2000; Dundon 153 

and Ganbold, 2009). The Altay experienced two to three Pleistocene glacial 154 

advances, correlated with MIS 2 and 4 (or between approximately 35Ȃ15 ka and 155 

70Ȃ55 ka, respectively; Lehmkuhl, 1998; Lehmkuhl and Owen, 2005). 156 

 157 

3. Site description 158 

Our study site is located on the central part of the Ölgiy fault where it strikes 159 

~340Ȃ350° (Figure 2a). The site is 20 km south of Ölgiy city, one of the major 160 

towns in western Mongolia (Figure 1). At the sampling locality, the fault runs 161 

along the eastern side of a north-south bedrock ridge outcropping in the foreland 162 

of the Hungui Mountains and composed of large quartz bodies and copper ore 163 

(Figure 2b). Several east-west oriented alluvial deposits are emplaced at gaps in 164 

the ridge (Figure 2c). These abandoned landforms are incised by streams that 165 
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are displaced right-laterally at the fault (Figure 3). At the sample site, there is 166 

also an east-facing scarp along the fault that varies in height from 3Ȃ6 m.  167 

 168 

Although the Ölgiy fault is situated close to the western escarpment of the 169 

Hungui Mountains, the vertical component in the late Quaternary appears to be 170 

negligible and the east-facing scarp at the site is at least partially due to right-171 

lateral displacement of the sloping alluvial surface (as described further below).  172 

A mostly strike-slip motion of the fault at our site is supported by the 340Ȃ350° 173 

fault trend, which is typical for pure strike-slip faulting in the Altay (Walker et al., 174 

2006; Nissen et al. 2009a). Near the site, there is an exposed bedrock fault plane 175 

dipping NE (S, D = 343°, 74°) with obliquely dipping slickensides oriented north-176 

south (P, T = 64°, 008°; location shown on Figure 3). The vertical scarp observed 177 

at the study site is not continuous along strike, and only occurs where the fault 178 

strikes oblique to the hillslope.  Approximately 2.5 km north of the site, the fault, 179 

still trending 340Ȃ350°, crosses a wide valley bottom without producing any 180 

vertical scarp (Figure 2b). North of this valley, the fault strikes 320Ȃ330° and 181 

there is a continuous west-facing scarp along this section (Figure 2a, b). 182 

 183 

Our sample site is one of the few locations along the Ölgiy fault that preserves 184 

obvious cumulative fault displacements. It includes two alluvial deposits that 185 

were emplaced in a direction that is nearly perpendicular to the strike of the 186 

fault. The surfaces have slopes that dip between 10° and 20° and are now 187 

abandoned and incised by streams (Figure 3). The two main streams at the site 188 

are more deeply incised on the western, uplifted, side of the fault (down slope, 189 

Figure 4). Although the two surfaces are superficially similar in appearance, and 190 

indeed our initial field interpretation was of a single surface covering the entire 191 

site, our dating results confirm that there are two distinct deposits.  192 

 193 

We label the older deposit `F1' and a younger deposit `F2'. Their approximate 194 

extents are shown in Figure 3. There is a third deposit on the northern boundary 195 of the siteǡ but it was not sampled and is labeled Ǯunknownǯ on Figure ͵Ǥ Both of 196 

the dated deposits have abundant clasts on their surfaces that are angular and 197 

range in size from small pebbles to 2 m boulders. Low grass is present on the 198 
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surfaces, and there is no desert pavement or Av soil developed on both F1 and 199 

F2. The surfaces are mildly used by local herders for grazing livestock, which 200 

combined with cold temperatures, frequent summer storms, and winter snowfall 201 

may impair vesicular soil and desert pavement development in the region. The 202 

clasts imbedded in the surfaces are composed of metasedimentary rock with 203 

prominent quartz veins, and some are composed of pure veins of quartz. Some 204 

clasts and boulders have a faint desert varnish. Based on observations of the 205 

catchment morphology in satellite imagery, the material is likely derived from a 206 

small steep catchment in the western margin of the Hungui Mountains and the 207 

maximum transport distance from the source of the rock is less than 1 km 208 

(Figure 2c).  209 

 210 

At the surface, the deposits are poorly sorted with no organised morphology 211 

visible, which suggests there has been no repeated fluvial resurfacing. It was not 212 

possible to dig into the surface due to the presence of large boulders throughout, 213 

and as a result, a detailed sub-surface stratigraphy of the deposits was not 214 

determined.  We refrain from defining a specific transport mechanism for the 215 

two deposits, though the coarse and poorly sorted sediment containing very 216 

large angular boulders, and the short steep catchment from which they were 217 

derived, argue for rapid transport and deposition in a high-energy environment, 218 

possibly in a single event. The western side of the fault is particularly protected 219 

from active alluvial modification as a result of the east-facing scarp. Samples for 220 

both dating methods were only collected from this western, more protected side 221 

of the fault (Figure 3). 222 

 223 

Two streams that are incised into the abandoned surfaces show right-lateral 224 

displacement as they cross the fault (Figures 3 and 5). The active stream 225 

channels are 3Ȃ4 m wide, and on the western, uplifted, side of the fault they are 226 

more than 2 m deep (Figure 4). Several topographic profiles measured on both 227 

sides of the fault are displayed in Figure 4c (extracted from the DEM, along 228 

profile lines displayed in white on Figure 4b). Figure 4d shows the map view 229 

trace of the streams based on the DEM. We project the best fit line of each stream 230 

to the fault, and the displacement of these lines represents the time-averaged 231 
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fault displacement of the deposit, similar to the method used by Frankel et al., 232 

2010. The stream channels are approximately perpendicular to the trace of the 233 

fault, and the projected lines are the best fit through 20-30 m of the mapped 234 

stream trace. The width of the streams (measured from the DEM) is used to 235 

assign an uncertainty to the displacement measurement (e.g. Frankel et al., 236 

2010). The southern stream is displaced by 17.8 ± 7.2 m, and the northern 237 

stream by 14.3 ± 6.2 m, with an average displacement of 16.0 ± 6.6 m. The 238 

uncertainty of the stream displacements is the root sum square of average 239 

measurements of the stream widths and the magnitude of bends in the stream 240 

paths (see Table A1 in the supplementary material for the measurements that 241 

were included in uncertainty calculations). The two displaced streams are 242 

incised into the margins of the younger surface F2, likely due to the slight 243 

convexity in the F2 surface that has caused post-depositional drainage channels 244 

to flow along its edges. As such, and because the deposition of F2 is also likely to 245 

have overprinted any preexisting stream channels, the displacement of the 246 

streams represents the displacement of the F2 deposit, and not  any prior fault 247 

offset.  248 

 249 

As the motion on the fault at our study site is likely to be almost pure strike-slip, 250 

we can also use the scarp height to estimate the maximum lateral displacement 251 

of F1, because there are no linear, offset features available on this deposit. In 252 

Figure 6 we show our method for estimating the maximum horizontal 253 

displacement based on the height of the vertical scarp, assuming that the fault 254 

motion at the site is pure strike-slip and that the scarp is formed by oblique 255 

displacement of a sloping surface. This method yields an estimate of 29.1 ± 5.6 m. 256 

The mean displacement is calculated based on four profiles across the deposit, 257 

and the uncertainty is the standard deviation of all calculated horizontal 258 

displacements (see Figure A1 and Table A2 in the supplementary material for 259 

plots and measurements of all four profiles). This displacement can be 260 

considered as a maximum due to the potential for reverse faulting, up on the 261 

west side of the fault, at our site. 262 

 263 

4. Quaternary dating techniques: methods and results 264 
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 265 

4.1. U-series dating of pedogenic carbonate rinds  266 

238U-234U-230Th dating takes advantage of the intermediate nuclides produced in 267 

the 238U decay chain to produce ages with high analytical precision for samples 268 

up to ~500 kyr. Pedogenic carbonate accumulates particularly well in gravelly 269 

soils, and is typically found between about 0.5 and 1 m depth, but can be found 270 

from the surface down to 2 m (Birkland, 1984). The depth of carbonate 271 

pedogenesis can vary due to many factors, which include temperature, local 272 

precipitation, and soil texture. The effect of climate change on pedogenic 273 

carbonate precipitation has been noted particularly in arid regions of western 274 

North America, where there is a bimodal distribution of carbonate ages that are 275 

Pleistocene at depth and late Holocene in shallow soils (<75 cm), attributed to 276 

LGM (Last Glacial Maximum) related climate change (McDonald et al., 1996). 277 

Carbonate pedogenesis may begin at any time after surface deposition, which 278 

implies that U-series ages are a minimum bound on abandonment. 279 

  280 

Uranium is relatively soluble in ground water and is incorporated into the 281 

carbonate in similar concentrations as in the water (relative to Ca-2), whereas 282 

230Th is insoluble in water, allowing for the fractionation of uranium from 283 

thorium at the time of carbonate formation (see van Calsteren and Thomas, 284 

2006, for an overview). The radiogenic decay of uranium to 230Th allows for the 285 

timing of carbonate growth to be determined. The carbonate coatings on clasts 286 

generally show a progressively outward growth, with the oldest layers closest to 287 

the pebble, and younging outwards in stratigraphic succession. When the 288 

technique was first applied, large sample sizes were necessary to obtain high 289 

enough ion concentrations (Ku et al., 1979). However with modern day MC-ICP-290 

MS (multi-collector inductively coupled plasma mass spectrometry) techniques, 291 

it is possible to measure small samples of carbonate (~6 x 10-4 g), and the 292 

method is becoming more widely applied in Quaternary science and active 293 

tectonics (e.g. Blisniuk and Sharp, 2003; Sharp et al., 2003; Kock et al., 2009; 294 

Fletcher et al. 2010; Behr et al., 2010; Blisniuk et al., 2012). 295 

 296 

4.1.1. U-series sample preparation and analytical methods 297 
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In the summer of 2009, large (30-50 cm in diameter), stable, and in-situ clasts 298 

partially exposed at the surface were collected from F1 and F2.  Each of these 299 

clasts had a rind of pedogenic carbonate coating only present on the base of the 300 

clast, which grew at depths equivalent to the thickness of the clast (30Ȅ50 cm), 301 

and was later subsampled in the lab. In order to ensure that the carbonate grew 302 

in situ, we only sampled clasts with a diameter of 30-50 cm that were firmly 303 

rooted within the surrounding sediment. We also took care to select samples 304 

from regions where the surface appeared stable and undisturbed, and far from 305 

the margins of the alluvial surfaces or stream channels. Several samples were 306 

collected from the two surfaces, but based on the carbonate having a thickness of 307 

at least 1 cm and the quality of the pedogenic carbonate, material from two 308 

separate samples were measured from F2 (MN09-OG12 and MN09-OG13), and 309 

one sample from F1 (MN09-OG7).  310 

 311 

Standard and accepted sampling procedures for U-series dating of soils involves 312 

sampling carbonate-coated clasts from depths greater than ~50 cm and detailed 313 

description of the soil and sediment profile at depth (e.g. Ku et al., 1979; Blisniuk 314 

and Sharp, 2003; Sharp et al., 2003; Fletcher et al., 2011). At the Ölgiy site, it was 315 

not possible to sample pedogenic soils from depth due to the large boulders 316 

present in the deposit and the remote locality. We caution the reader that our 317 

method is not the accepted practice. However, our results are still useful for 318 

establishing a minimum age of the Ölgiy deposits because the surface cannot be 319 

younger than the age of the pedogenic carbonate, and this is discussed further 320 

below.  321 

 322 

Pedogenic carbonate rinds were cross-sectioned with a diamond rock saw, 323 

rinsed with 18Mcm (Milli-Q) water and dried, before sub-samples were taken 324 

with a New Wave Research Micro Mill (Figure 7). Where possible, sub-samples 325 

were taken from depressions cut parallel to visible stratigraphic layering within 326 

the rind. Depressions were milled with a tungsten carbide drill bit, and were 327 

typically 200 m wide. For each sub sample approximately 0.6Ȃ3.0 mg of powder 328 

was collected with a scalpel, and weighed in a micro centrifuge tube on a 329 

±0.00001 g balance. 330 
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 331 

Sub-sample powders were transferred to Teflon vials with 1 mL 18Mcm water, 332 

and were spiked with a mixed 229Th:236U tracer solution. Total digestion of 333 

samples was undertaken with approximately 15M HNO3 and concentrated HF 334 

(the exact concentration of HF is unknown as it is distilled by sub-boiling at the 335 

University of Oxford, and titration adds unnecessary hazard). Equilibration of 336 

sample and spike isotopes was ensured by twice drying and re-dissolving the 337 

sample in concentrated HNO3. Uranium and thorium were separated from each 338 

other and the sample matrix using the protocol of Negre et al. (2009). 339 

 340 

Measurement of Th and U isotope ratios was performed on a Nu Instruments 341 

MC-ICP-MS with a DSN-100 desolvating nebuliser sample introduction system, 342 

following the protocols of Negre et al. (2009) with modifications to optimize the 343 

measurements of small ion beams. Uranium was measured statically with all 344 

isotopes measured simultaneously. Each sample measurement was bracketed 345 

with two measurements of CRM-145 uranium standards: one at a similar 234U 346 

intensity to the samples, to assess the reproducibility of the 234U/238U and the 347 

238U/236U (using the 238U/235U as a proxy for the reproducibility of the 238U/236U); 348 

and one more concentrated so that higher precision corrections for mass bias 349 

and ion counter efficiency could be made. Thorium isotopes were measured 350 

dynamically, with both 230Th and 229Th measured in the same ion counter in two 351 

steps and 232Th in a Faraday collector. A separate measurement of a CRM-145 352 

standard was made between sample analyses to characterize the mass bias and 353 

ion counter detector efficiency. A uranium standard is chosen here rather than a 354 

thorium standard, which may produce more accurate corrections, because of the 355 

need to limit the amount of thorium entering the sample introduction system 356 

and hence keep background contamination low. Prior to all measurements, 357 

assessments of the memory and detector noise were made on a 2 wt% HNO3 358 

solution and by blocking the ion beam entirely. The contribution from tailing of 359 

the 238U and/or 232Th beam, to all other isotopes, was corrected for by measuring 360 

at half masses on standard and sample solutions.  361 

 362 

Isotope abundances were calculated accounting for the minor natural 363 
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components of the 229Th:236U tracer solution, and the procedural blanks. The 364 

total procedural blanks and their uncertainties are 238U: 65 ± 117 pg, 232Th: 9 ± 365 

17 pg, and 230Th: 0.7 ± 1.1 fg (2ʍ based on 14 measurements of the total 366 

procedural blank processed alongside samples similar to those measured here). 367 

The final uncertainties in isotope abundances, which are dominated by the 368 

uncertainty in the blank correction, are up to 70%, but for the majority of 369 

samples (where the blank is a more minor component) total uncertainties are 370 

less than 10%. 371 

 372 

4.1.2. 238U-234U-230Th results 373 

Uranium concentrations, U-series isotope ratios, and calculated ages are listed in 374 

Table 1. Ages are calculated from the measured (230Th/238U) and (234U/238U), 375 

using the age equation of Broecker (1963) employed in the isoplot software 376 

(Ludwig, 2003). Calculated ages show some agreement within each sub-sample 377 

but in some cases the order of the ages violates the stratigraphic order of 378 

outward growth from the pebble. This stratigraphic discrepancy can be 379 

accounted for by considering the initial isotopic composition of the subsamples. 380 

Contamination from detrital particulates within the authigenic carbonate will 381 

have incorporated 230Th and uranium with a potentially different (234U/238U), 382 

which will typically bias the ages to older values (van Calsteren and Thomas, 383 

2006). Relatively low 230/232Th activity ratios (<5) are also suggestive of detrital 384 contamination because Ǯcommonǯ 232Th is stable on Quaternary timescales. 385 

However with relatively young samples, lower 230/232Th is expected, due to lesser 386 

amounts of radiogenic 230Th that will have had time to form in the sample. To 387 

correct for detrital contamination, the measured (232Th/238U) is used as a proxy 388 

for the amount of contamination and the isotopic compositions of the 389 

contaminant phase is assumed to be of approximately crustal composition (Table 390 

1). As the correction for detrital contamination places samples in stratigraphic 391 

order, we have more confidence in the accuracy of the corrected ages. 392 

 393 

The crustal composition and associated uncertainties are estimated from the 394 

means and 2ʍ uncertainties of U-series data archived in the EarthChem database 395 

(http://www.earthchem.org). While this is largely a dataset consisting of 396 
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measurements of volcanic rocks, which are typically selected to avoid 397 

weathering products, it does provide a reasonable estimate of the isotopic 398 

composition of the likely contaminant. Ages calculated from corrected 399 

(230Th/238U) and (234U/238U) are within error of stratigraphic order in all cases, 400 

and ages are not corrected to be less than zero (within error), giving some 401 

confidence to the initial 230Th and 234U correction used (Table 1, Figure 8). The 402 

detrital corrected ages for individual subsamples of the pedogenic carbonate 403 

from F1 are between 42 ± 6 kyr and 19.6 ± 1.7 kyr. 404 

 405 

Ages from the two samples of the F2 surface are between 21 ± 4 kyr to 9 ± 5 kyr 406 

(2ʍ uncertainties). These ranges neglect the outermost stratigraphic samples, 407 

which have large detrital contributions resulting in detrital corrected ages that 408 

range beyond the date they were sampled (Table 1). 409 

 410 

4.1.3. Bayesian statistical analysis of U-series results 411 

Considered separately, the individual ages from each carbonate rind do not 412 

necessarily place constraint on the exact time of deposition. Instead, the 413 

sequence of U-series results represents the growth of pedogenic carbonate rinds 414 

through time. Because each individual age may have some contamination from 415 

the carbonate formed above and below the specific layer that was sampled, it is 416 

necessary to incorporate the full suite of results in calculating the initiation of 417 

pedogenesis. This is accomplished by undertaking a Bayesian statistical analysis 418 

procedure, utilizing the OxCal program (Bronk Ramsey, 2009). The basic premise 419 

of the analysis is that for each carbonate rind sample an age model is constructed 420 

that places each sub-sample in stratigraphic order within a sequence that is 421 

bounded by the initiation and end date of rind growth, with the assumption that 422 

the ages represent a random sampling of a uniform distribution between the 423 

boundaries of the model. Even the sub-sample that was collected closest to the 424 

pebble surface may have some averaged contamination from younger laminae 425 

within the sub-sample, thus the statistical treatment of the suite of results better 426 

predicts the probability of initiation of carbonate formation, because it is based 427 

on the full set of results instead of a single measurement. 428 

 429 
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Additional information based on what is known about the samples and the U-430 

series system can be added to the Bayesian analysis in OxCal, which was 431 

originally constructed for radiocarbon dating. In cases where the ages, when 432 

corrected for initial 230Th and 234U, have uncertainties that overlap with the date 433 

the samples were collected from the field (AD 2009), the additional constraint 434 

that the samples existed at the time of sampling is applied. This constraint is 435 

applied by adding an event to the young end of the age model with an age 436 

of -0.059 kyr (which is the year the samples were collected relative to time 0 in 437 

OxCal, Bronk Ramsey, 2009). Carbonate growth may continue up until the time 438 

of sampling. The OxCal statistical analysis stipulates that even the oldest samples 439 

may have contamination from a younger layer of carbonate, and produces a 440 

carbonate growth sequence that is bounded by a statistically probable start and 441 

end date. 442 

 443 

The results of the statistical analyses are given as mean, median, and start and 444 

end values, and these are detailed in Tables 2 and A3. The model also produces 445 

probability distribution functions (PDF) for the age of each stratigraphic layer in 446 

the carbonate rind, shown in Figures 9 and A2. The effects of this approach are to 447 

reduce the uncertainties on the ages of the individual sub-samples while forcing 448 

the ages to be in stratigraphic order, as would be expected if the carbonate grows 449 

outward through time. 450 

 451 

Because there are two samples from the F2 alluvial surface (MN09-OG12 and 452 

MN09-OG13), an additional model was run with the constraint that both 453 

carbonate rinds initiated growth at the same time, based on the assumption that 454 

carbonate growth on F2 started simultaneously for both samples. This is a 455 

reasonable assumption because, considered separately, the two samples have 456 

similar initiation ages. The result of modeling the two samples together provides 457 

an estimate of when carbonate began to accumulate on the two samples from the 458 

F2 surface, which is based on a larger dataset because it takes into account the 459 

results from each sub-sample of carbonate from both rinds. The results of 460 

modeling the samples together are presented in Figure 9 and Table 2, with  461 

uncertainties (instead of 2) for comparison with the 10Be cosmogenic nuclide 462 
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dating results. Sample MN09-OG07 is also presented in Table 2, with 1 463 

uncertainties listed. 464 

 465 

The PDFs for carbonate growth do not have a normal distribution, because there 466 

tends to be a long `tail' of old ages that are possible for the given inputs, but the 467 

older ages have a much lower probability (Figure 9). The long tail of the 468 

distribution of ages biases the mean to older values, but the median still 469 

represents the value for which there is a 50% likelihood that the true value is 470 

less than. We therefore use the median when quoting ages. For calculating fault 471 

slip-rates, the age of initiation of carbonate growth is an approximation for the 472 

timing of stabilisation of a landscape, because carbonate pedogenesis does not 473 

occur in a high-energy environment. It should however be noted that there is a 474 

potential for a lag between the deposition and stabilization of the landscape and 475 

carbonate pedogensis, due to climatic conditions being unfavorable for 476 

pedogenic carbonate formation at the time of surface abandonment. Therefore 477 

the most useful aspect of the U-series results is the minimum age for growth 478 

initiation. In order to calculate the slip-rate of the Ölgiy fault, the minimum ages 479 

of stabilisation/deposition of the two surfaces is constrained by simply using the 480 

minimum constraint from the range of boundary initiate results from the OxCal 481 

model (in columns `from' and `to' in Table 2). For F1, the lower boundary initiate 482 

is 38.4 kyr from the one sample measured (MN09-OG7, based on a range of 57.0 483 

kyr to 38.4 kyr). The results from the two separate pebbles measured from F2 484 

are combined in a single OxCal model (samples MN09-OG12 and MN09-OG13, 485 

Figure 9), with the assumption that the initiation of carbonate growth on both 486 

pebbles occurred at the same time on the deposit. The results of the combined 487 

OxCal model place the estimate of deposition of F2 before 18.0 kyr (from a range 488 

of 22.3 kyr to 18.0 kyr). The carbonate results are complementary to 10Be results 489 

presented below, because the ages for initiation of carbonate growth provide a 490 

statistically probable cutoff date for the existence of the deposit, a constraint that 491 

is important for interpreting the cosmogenic dates. 492 

 493 

4.2. 10Be terrestrial cosmogenic nuclide dating 494 

10Be is a long-lived isotope that is produced in-situ in quartz, mainly as a result of 495 
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high-energy spallation reactions (with O and Si) due to cosmic rays (Nishiizumi 496 

et al., 1989). The 10Be concentration in a sample is used to estimate the duration 497 

of exposure to cosmic rays, based mainly on empirically determined production 498 

rates (see Gosse and Phillips, 2001, for a thorough review). The concentration of 499 

cosmogenic nuclides in a sample reflects the duration of time that the sample has 500 

been exposed to cosmic rays. The concentration of a cosmogenic nuclide N (in 501 

atom g-1) at depth x from the surface can be generally represented as a function 502 

of time (t) by: 503 ܰሺݐሻ ൌ ܲ݁ି௫௅షభሺ߳ିܮଵ ൅ ሻߣ ൣͳ െ ݁൫ఢ௅షభାఒ൯൧ ൅ ܰሺͲሻ݁ିఒ௧ 504 

where ɂis the mass erosion rate (g cm-2 yr-1), P is the production rate (atom g-1 505 

yr-1, dependent on several factors discussed further below), L is the effective 506 

attenuation length of cosmic rays, which is ~ 150-200 cm in sediments (Lal, 507 

1991; Brown et al., 1992).  is the radioactive decay constant (per year), and 508 

N(0) is the cosmogenic nuclide concentration already present at the initiation of 509 

surface exposure. If the production rate is known, the function has three 510 

unknowns: ɂ, t, and N(0). Thus the erosion rate (ɂ) and nuclide concentrations 511 

inherited from prior exposure N(0) must be assessed in order to determine 512 

accurate exposure ages. 513 

 514 

4.2.1. 10Be TCN sample preparation and analytical methods 515 

Samples from boulders comprising schistose metasediment (mostly 516 

conglomeratic) and vein quartz were collected from the F1 and F2 deposits in 517 

the summers of 2008 and 2009. Eleven samples were collected from surface F1 518 

(nine were measured) and six samples from surface F2 (three were measured). 519 

Most of the boulders that were sampled were 50 to 100 cm across their b-axis, 520 

and all samples stood over 50 cm high above the surface (Figure 10). Care was 521 

taken to collect samples from boulders with uniform cover of lichen or desert 522 

varnish, and with no evidence of recent weathering or erosion, in order to 523 

minimise the potential for complications in exposure history. Where possible, we 524 

avoided boulders situated near the edges of the deposits or near stream 525 

channels. In order to have sufficient quartz for 10Be analyses, thick quartz veins 526 

present in the metasediment boulders were preferentially collected. 527 
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Unfortunately, it was not possible to dig a pit for sampling of a TCN depth profile 528 

because the deposits are composed of coarse sediment with abundant large 529 

boulders throughout. 530 

 531 

At least 2 kg of material was collected for each sample. The top 2Ȃ6 cm of each 532 

boulder sample was crushed using a jaw crusher and disc mill, and sieved to a 533 

fraction of 250Ȃ700 µm. The approximate maximum thicknesses of samples 534 

were estimated during processing and the correction for sample thickness (self-535 

shielding) is included in exposure age calculations. Further sample preparation 536 

was carried out at the NERC Cosmogenic Isotope Analysis Facility (CIAF) at the 537 

Scottish Universities Environmental Research Center (SUERC) in East Kilbride, 538 

Scotland.  539 

 540 

Detailed processing followed the description in Wilson et al. (2008), as modified 541 

in Glasser et al. (2009), but is described briefly here. Magnetic grains were 542 

separated using a Frantz separator. The resulting fraction was purified by 543 

several stages of etching in HF and heavy liquid separation, and checked for 544 

purity under optical microscope. After the pure quartz was completely dissolved, 545 

9Be was added as carrier. Once Be was isolated in samples through cation-546 

exchange column chemistry, 10Be/9Be ratios were measured on the accelerator 547 

mass spectrometer (AMS) at SUERC (Freeman et al., 2004; Xu et al., 2010). Total 548 

procedural blanks were prepared alongside samples using approximately the 549 

same 9Be carrier mass as the samples. SUERC AMS measurements of 10Be/9Be 550 

ratios are normalised to the reference standard NIST SRM4325 (using a 10Be/9Be 551 

ratio of 3.06 x 10-11). This ratio was later re-normalised to 2.79 x 10-11 by 552 

Nishiizumi et al. (2007). The measured blank 10Be/9Be ratios are on the order of 553 

10-15 (Table A4 in supplementary material), and these values were subtracted 554 

from the sample 10Be/9Be ratios, with the uncertainty of this correction included 555 

in the 1 concentration uncertainties. The total reported 1 uncertainties for 556 

10Be concentrations include a standard conservative 2.5% preparation 557 

uncertainty (mainly from the uncertainty in the Be carrier solution, Wilson et al., 558 

2008), along with AMS measurement uncertainties for sample measurement, for 559 

measurement of the primary standard, and for blank corrections. 560 
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 561 

4.2.2. Exposure age calculation 562 

The online calculator CRONUS-Earth, Version 2.2.1 was used to calculate 563 

exposure ages (Balco et al., 2008, at URL: http://hess.ess.washington.edu). This 564 

version includes the updated 10Be half-life of 1.387 ± 0.012 x 106 yr (Chmeleff et 565 

al., 2010; Korschinek et al., 2010). Uncertainty in 10Be half-life estimates has very 566 

little effect on age calculations for samples that are relatively young (104 yrs), 567 

and because a standard calculator is used, the ages are easily recalculated using 568 

adjusted constants. 10Be data are reported in Table 3, with all data necessary for 569 

recalculating exposure ages (e.g. Balco et al., 2008; Dunai and Stuart, 2009). 570 

Sample elevations measured in the field with a hand-held GPS are converted into 571 

atmospheric depth in the CRONUS calculator (Balco et al., 2008).  572 

 573 

The calibrated production rates for 10Be must be scaled to the elevation and 574 

latitude of the site (e.g. Stone, 2000; Dunai, 2000; Staiger et al., 2007). In the 575 

CRONUS calculator, production due to muon flux is only varied by elevation, not 576 

by latitude or time (i.e. ignoring magnetic effects); however muon production is 577 

only a few percent of the total surface 10Be production. High-energy spallation is 578 

the most significant component of production, and there are five different 579 

schemes generally used for scaling 10Be production rates from spallation. 580 

 581 

The simplest scaling scheme is from Lal (1991), improved by Stone (2000), 582 

which works on the variation of production rate by latitude and elevation (or 583 

atmospheric pressure). We use this time-varying spallation production-rate 584 

scaling scheme, with the modification of Nishiizumi et al. (1989) for correcting 585 

for the changing magnetic field over time from palaeomagnetic data (the `Lm' 586 

scheme in CRONUS; Balco et al., 2008). This scheme does not take into account 587 

higher spherical harmonic fields, thus the scaling is based on a geocentric axial 588 

dipole (i.e. there is only magnetic variation according to latitude). 589 

 590 

Azimuthal elevations of the horizon were measured at the sample locality, and 591 

these are used to calculate the shielding of cosmogenic rays by topography with 592 

the program described in Balco et al. (2008). The effect of topographic shielding 593 

http://hess.ess.washington.edu/
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is generally quite small because the majority of incoming cosmogenic radiation is 594 

focused about the vertical (Gosse and Phillips, 2001). Shielding is small at the 595 

site (0.972), but is included in the age calculations. Estimates of sample 596 

thicknesses and densities are also included to correct for the attenuation of 597 

cosmogenic flux through rock (listed in Table 3). The uncertainty typically 598 

associated with the thickness correction is small (1Ȃ2% Gosse and Phillips, 599 

2001). 600 

 601 

Corrections for erosion of the boulder surface have not been applied for 602 

exposure age calculations in this study. Whilst there was no field evidence for in-603 

situ rock-spallation or freeze-thaw weathering on the boulders that were 604 

sampled, this cannot be ruled out. Surface lowering may lead to anomalously low 605 

10Be concentrations from late exposure, but an independent method for 606 

calculating the denudation of the surface surrounding the boulders is not 607 

available for the Ölgiy site. The only surface erosion rate that has been measured 608 

in the Altay comes from an alluvial fan near Har Us Lake, on the eastern side of 609 

the Altay, where Nissen et al., (2009b) calculated a very low surface erosion rate 610 

of 2.5 m Myr-1 from a 10Be depth profile. A denudation rate of this order of 611 

magnitude would not have a significant effect on samples of Late Quaternary age 612 

(Gosse and Phillips, 2001), and care was taken to sample boulders at a height of 613 

at least 50 cm to minimise the effects of surface erosion on exposure ages. The 614 

effect of either surface lowering or boulder surface erosion can in some ways be 615 

dealt with by integrating the oldest exposure age for calculating fault slip-rates, 616 

but in some cases even boulders with the greatest cosmogenic nuclide 617 

concentrations may have experienced some post-depositional effects (Hallet and 618 

Putkonen, 1994). Surface coverage (from snow) is also an important 619 

consideration. If significant snow cover has occurred, for example about 1 m of 620 

cover for four months of the year, this could lead to up to a 5% difference in 621 

calculated ages from the actual exposure age (Gosse and Phillips, 2001). 622 

However, measures of snow cover in the region of the site are poorly 623 

constrained, and cover corrections are not included in age calculations. 624 

 625 

4.2.3. 10Be TCN results 626 
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Our age calculation results incorporate corrections for shielding, elevation, 627 

sample thickness, and density (Table 3). From the 10Be exposure ages, there are 628 

two groups of exposure ages representing two distinct events, with all samples 629 

from F1 substantially older than samples from F2 (Figure 11). There is a large 630 

spread in the data from F1, with the calculated boulder exposure ages ranging 631 

from 40.8 ± 3.8 to 102.9 ± 9.6 kyr. With the exception of the oldest and youngest 632 

boulders, all are within one standard deviation (17.2 kyr) of the mean (65.3 kyr) 633 

of all samples (Figure 11). Ages from F2 are more tightly grouped than F1, with a 634 

moderate spread of data, though this could be an artifact of the small number of 635 

samples (N=3). Ages for the three samples measured range between 10.6 ± 0.9 to 636 

25.9 ± 2.2 kyr, and two of three boulder ages are within 1 uncertainty (25.9 ± 637 

2.2 and 21.3 ± 1.8 kyr).  638 

 639 

5. Discussion 640 

Our age data are important in showing the advantages of combining multiple 641 

dating techniques in reducing the uncertainties inherent in any individual 642 

method. Our results also allow us to estimate the slip-rate of a major active fault 643 

within the Altay Mountains of western Mongolia. In the discussion, we first 644 

describe the interpretation of our age data and the benefits in combining U-645 

series and 10Be dating for reducing the uncertainty in surface exposure age 646 

estimates. We then describe the implications of our chronologic data in 647 

determining the slip-rate of the Ölgiy strike-slip fault. 648 

 649 

5.1. Age constraint on the timing of surface abandonment from combined 650 

10Be cosmogenic and U-series dating.  651 

Samples for U-series dating are typically collected from depths of up to 1 m in the 652 

soil (Ku et al., 1979; Blisniuk and Sharp, 2003; Sharp et al., 2003; Fletcher et al., 653 

2011). Whilst our U-series samples were collected from depths no greater than 654 

30-50 cm, the results are still useful for establishing the minimum age of 655 

deposition at the Ölgiy site, because the deposits must have existed before 656 

carbonate pedogenesis began. Inheritance of carbonate that has been re-657 

deposited after growing elsewhere can be a problem, but this is unlikely due to 658 

the high-energy deposition at the Ölgiy site and the rinds only being present at 659 
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the base of cobbles collected, suggesting they grew in-situ. We therefore assume 660 

that inheritance does not affect the calculated ages, though this assumption could 661 

be tested by analysing more samples. Age data from individual layers are 662 

continuous from oldest to youngest, in order from the cobble surface to the edge 663 

of the rind, which implies that pedogenesis has been continuous since the 664 

statistically predicted initiation of growth. The predicted ages for initiation of 665 

carbaonte growth provide useful minimum bounds on the age of the Ölgiy 666 

deposits, and help to assess the scatter in the cosmogenic nuclide results.  667 

 668 

Several factors may influence the 10Be concentrations in samples (e.g. Brown et 669 

al., 1998; Zreda and Phillips, 2000; Vassallo et al., 2011). Post-depositional 670 

processes may lead to underestimation of the abandonment age of a surface, 671 

through erosion of either the boulder surfaces themselves, or denudation of the 672 

surrounding alluvial surface. Conversely, the abandonment age may be 673 

overestimated if the sampled boulders have been subjected to pre-depositional 674 

accumulation of cosmogenic nuclides during transport or from exposure as 675 

bedrock upstream, producing an `inherited' signal in the 10Be concentrations. 676 

Interpreted alone, the TCN data only constrain the age of abandonment of the 677 

surface to any time within the spread of the boulder ages, which for the F1 678 

deposit has a range of at least from 40 to 100 kyr.  679 

 680 

When considering the fidelity of exposure ages it is important to consider 681 

appropriate uncertainties. If a suite of samples at a locality are free from the 682 

effects of erosion and inheritance, they should have 10Be concentrations that are 683 

within the measurement uncertainties. Therefore when using the consistency of 684 

exposure ages to argue for the absence of erosion or inheritance, exposure ages 685 

should agree according to their internal errors (Balco et al., 2008). Uncertainties 686 

arising from the calibration of the ages, due to scaling schemes and production 687 

rate uncertainties, which contribute to the total uncertainty, will all be correlated 688 

between samples and should therefore be discounted when comparing between 689 

samples of the same locality. Figure 11 shows the standard deviation of the F1 690 

samples based on the internal uncertainties. 691 

 692 
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Schematic diagrams of the age constraints from both 10Be and U-series dating, 693 

for each surface, are shown in Figure 12. Typically, when interpreting nuclide 694 

concentrations measured in surface boulders, especially from glacial moraines, 695 

the calculated ages are assumed to underestimate surface exposure due to post-696 

depositional processes such as surface lowering (Hallet and Putkonen, 1994; 697 

Behr et al., 2010; Pallàs et al., 2010; Vassallo et al., 2011). In this case, the oldest 698 

TCN ages are used to establish the timing of exposure, with the stipulation that 699 

the estimated exposure age is a minimum. Erosion of the boulder surfaces 700 

themselves can also be problematic (Hallet and Putkonen, 1994; Matmon et al., 701 

2005). Whilst the lack of correlation between the measured 10Be concentrations 702 

with boulder composition in our results may imply that boulder surface erosion 703 

is minimal, it is possible that some spallation or boulder surface erosion has 704 

occurred based on the large spread in data from the older F1 surface 705 

(compositions listed in Table A3 in supplementary material).  706 

 707 

Comparison of the cosmogenic and U-series dates for F2 shows that some post-708 

depositional processes must have affected the boulder ages (Figure 12a). 709 

Boulder sample MN09-OG4 is significantly younger (10.6 ± 0.9 kyr) than 710 

suggested by U-series dates (20.4 ± 2.3 kyr), implying that the exposure of 711 

boulder MN09-OG4 post-dates abandonment of the surface, presumably due to 712 

surface lowering. MN09-OG4 is located on the crest of F2, close to the trace of the 713 

fault, and hence in a site potentially prone to enhanced erosion (Figure 3). The 714 

two older boulders were collected further downslope, in the centre of the deposit 715 

and away from the two streams. 716 

 717 

Surface lowering may have affected other samples, both on F2 and F1. The large 718 

range in 10Be concentrations from F1 also implies that the F1 surface has been 719 

subjected to some post-depositional processes because, in general, the effect of 720 

erosion becomes more pronounced with increasing age (Brown et al., 1998, 721 

Figure 12b).  Comparison of 10Be results with the U-series constraint for surface 722 

F1 suggests that samples B08-01 and B08-06 may be biased to a younger age by 723 

post depositional processes. Although these two samples are not younger than 724 

the uncertainty allows for the U-series age, they are younger than the cluster of 725 
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exposure ages for this surface that agree within internal error and that are 726 

towards the older limit of the carbonate age.  727 

 728 

Estimates for surface erosion rates from western Mongolia vary from 10 m Ma-1 729 

in the Göbi Altay to as low as 2.5 m Ma-1 in the eastern Mongolian Altay (Vassallo 730 

et al., 2007; Nissen et al., 2009b, respectively). Also working in Western 731 

Mongolia, Vassallo et al. (2011) suggest that even at these low erosion rates, 732 

boulders that are initially at different depths in the deposit can be exhumed at 733 

different rates based on the size of the boulders and their position relative to 734 

bars and swales in the surface of the alluvium (e.g. Figure 9 in Vassallo et al., 735 

2011). Over time, the bar-and-swale topography of the fan surface is reduced, 736 

exposing boulders that were buried at the time of deposition, as well as causing 737 

smaller boulders to migrate from their original position as the surrounding 738 

surface is eroded away. This process is also observed on alluvial fans of granitic 739 

composition in southern California, in potentially similar climatic conditions to 740 

those in Mongolia (Matmon et al., 2006; Behr et al., 2010). The result is an 741 

increase in the spread of 10Be concentrations in the boulder population with 742 

increasing durations of surface exposure (e.g. Figure 12b).  743 

 744 

We also consider the possibility that inherited 10Be nuclides accumulated prior 745 

to the deposition of the boulders. The effect of inheritance is likely to be 746 

stochastic (unless there is a particular store of similar clasts up stream), and may 747 

result in a small number of outliers in a TCN dataset that appear much older than 748 

the actual abandonment of the surface (Figure 12b). In the Göbi-Altay of western 749 

Mongolia, Vassallo et al. (2011) found that whilst many boulder sample sites 750 

were affected by surface lowering, there was a small fraction of boulders with 751 

100% greater levels of TCN concentrations than other samples from the same 752 

deposit. These outliers might be a result of the episodic nature of mass-wasting 753 

deposits in the arid Mongolian climate, which mix boulders that have had a long 754 

prior residence time on hill slopes, and have hence accumulated a large inherited 755 

10Be concentration, with boulders that have little pre-depositional exposure. This 756 

emplacement mechanism results in a few randomly distributed samples with 757 

high levels of inheritance at the surface. The amount of inherited nuclides in a 758 
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boulder sample is not possible to quantify directly from the spread of exposure 759 

ages, as it is dependent on the length of time the sample was previously exposed 760 

in the catchment and the characteristics of prior exposure (e.g. elevation and 761 

depth, if buried; Vassallo et al., 2011). 762 

 763 

The simplest interpretation of the data from the Ölgiy fault is thus to use the 764 

oldest boulder dated from each of the two deposits as an approximation for the 765 

maximum age (102.9 ± 9.6 kyr and 25.9 ± 2.2 kyr for F1 and F2, respectively), 766 

with the stipulation that these ages may underestimate surface abandonment if 767 

all of the boulders have experienced some form of post-depositional erosion (e.g. 768 

Figure 12). This interpretation appears particularly reasonable for surface F2, 769 

because the sample that has anomalously low nuclide concentrations is located 770 

close to the active trace of the fault.  771 

 772 

The 10Be data from surface F1 show a spread in age from 40.8 ± 3.8 kyr to 102.9 773 

± 9.6 kyr. However, sample B08-4 (102.9 ± 9.6 kyr) lies well outside of one 774 

standard deviation of the mean of all boulder ages (Figure 11) and, if B08-4 is 775 

excluded from the mean of all boulders, it is also outside of two standard 776 

deviations of the mean. If inheritance is not the cause of the anomalous 10Be 777 

concentrations in sample B08-4, then surface lowering must have had a 778 

significant effect on all of the other boulders sampled (Figure 12b). This seems 779 

unlikely, however, because the effect of surface lowering should be similar in 780 

small areas of the fan, and erosion should have similar effects on the 10Be 781 

concentration in boulders with the same composition and similar heights above 782 

the surface. Boulders in close proximity to B08-4 have significantly younger 783 

exposure ages, of 48.2 ± 4.4 kyr and 60.0 ± 5.5 kyr, and it is unlikely that post-784 

depositional processes would affect a small area of the deposit at the same level 785 

in such a random manner (see sample localities labeled on Figure 3). We 786 

therefore exclude sample B08-4 from the estimate of the abandonment of the F1 787 

surface, and suggest that it is likely to have had significant exposure prior to 788 

deposition in the F1 surface. A similar approach to the variability in TCN 789 

concentrations within a catchment was taken by van der Woerd et al. (1998) and 790 

Brown et al. (2003). For the maximum abandonment of F1, we use the oldest 791 
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boulder age within the remaining population of results (70.0 ± 6.4 kyr), with the 792 

assumption that there has been some surface lowering that has led to the spread 793 

in ages in the samples (Table 3). 794 

 795 

5.2. Slip-rate of the Ölgiy fault 796 

We present a range of slip-rates for the Ölgiy fault, calculated from our estimates 797 

of surface displacement and the geochronological results from both F1 and F2. 798 

All age constraints in this section are quoted at the 1 level for comparison 799 

between U-series and cosmogenic results (see Tables 2 and 3). The maximum 800 

horizontal displacement of the F1 deposit is 29.1 ± 5.6 m (Section 3) and its age 801 

is bracketed by a minimum of 38.4 kyr from the Bayesian modeling of carbonate 802 

growth, and a maximum of 76.4 kyr from the oldest bound on the 10Be 803 

cosmogenic boulder ages that lie within one standard deviation of the mean of all 804 

F1 boulder ages (Figure 11, Section 5.8). These displacement and age ranges 805 

yield an average Quaternary slip-rate in the range 0.3Ȃ0.9 mm yr-1. 806 

 807 

F2 is displaced by 16.0 ± 6.6 based on two offset channels (Section 3). The timing 808 

of abandonment of F2 is bracketed between a minimum from the U-series dates, 809 

and a maximum from the 10Be TCN boulder ages, to be within the range 18.0Ȃ810 

28.1 kyr. The displacement and age estimates yield an average slip-rate of 0.3Ȃ811 

1.3 mm yr-1. 812 

 813 

In summary, our use of complementary 10Be and U-series techniques places 814 

independent maximum and minimum estimates on surface abandonment, 815 

adding a higher degree of confidence to the estimates of abandonment age. The 816 

slip-rates estimated from the two different deposits, 0.3Ȃ0.9 and 0.3Ȃ1.3 mm yr-1, 817 

are in agreement with each other. These rates are very similar to the rate 818 

determined by Frankel et al. (2010) of  0.9 +0.2/-0.1 mm yr-1 based on displaced 819 

alluvial fans at two sites of a similar Late Pleistocene age (44.8 ± 6.8 kyr and 18.8 820 

± 2.6 kyr). Their site is ~100 km south of our study site, suggesting that the rate 821 

of slip of the Ölgiy fault zone is continuous over at least a major section of this 822 

>400 km long fault.  We agree with the suggestion made by Frankel et al. (2010) 823 

that the Ölgiy fault must take up a significant portion of the deformation 824 
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measured on the short term in sparse geodetic data across the whole of the Altay 825 

(~4-7 mm yr-1; Calais et al., 2003). 826 

 827 

There are very few estimates of the slip-rate of the major strike-slip faults of 828 

western Mongolia, despite several of them having a proven record large recent, 829 

historic, and prehistoric earthquakes (e.g. Baljinnyam et al., 1993; Nissen et al., 830 

2007; Klinger et al., 2011), and constituting potential hazards to local 831 

populations. No large earthquakes (ancient or modern) are known from the 832 

Ölgiy fault and yet our study and that of Frankel et al. (2010) confirms that the 833 

Ölgiy fault is slipping at substantial rates in the late Quaternary.  834 

 835 

Conclusions 836 

Our study demonstrates the potential for U-series dating of pedogenic 837 

carbonates as a useful method in surface dating, particularly when working in 838 

regions where the application of other techniques may be problematic, or as a 839 

means of aiding interpretation of other, independent, dating results. We 840 

overcome the problem of averaging contributions from older and younger 841 

growth strata within each carbonate rind by sub-sampling of layers within 842 

carbonate rinds, and treating the data as a statistical sequence of events with 843 

Bayesian probability distributions. This is the first study to apply Bayesian 844 

statistics to U-series data from pedogenic carbonate, and we demonstrate that 845 

this is a powerful approach. Dating of carbonate rinds provides only a minimum 846 

age on surface abandonment, and so used alone the U-series technique cannot 847 

bracket the full range of possible surface ages. The U-series data are, however, 848 

able to confirm that the 10Be concentrations in boulder samples have been 849 

affected by post-depositional erosion, and hence they aid discrimination of the 850 

scattered ages. Finally, although not a focus of the present paper, the U-series 851 

dating provides a potential insight into the climatic history of a region. For 852 

example, our results suggest continual carbonate growth from ~40 kyr through 853 

to the present day, implying that climate conditions have been favorable for 854 

carbonate pedogenesis since at least that time.  855 
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Table titles 1105 

Table 1: Uranium concentrations, and measured U-series isotope activity ratios 1106 

for sub samples of pedogenic carbonate rinds. 1107 

Table 2: Inputs to, and results from, Bayesian analysis of age data with the two 1108 samples from Fʹ combinedǡ all shown with ͳɐ uncertainties. 1109 

Table 3: Summary of 10Be data from the Ölgiy alluvial surfaces. 1110 
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Figure captions 1112 

 1113 

Figure 1: SRTM shaded-relief topographic maps of the Altay. GPS velocities are 1114 

shown relative to stable Eurasia and suggest ~7 mm yr-1 of northeast directed 1115 

shortening across the Altay (Calais et al., 2003). Earthquake focal mechanisms in 1116 

black are from Sloan et al. (2011), those in dark grey are from Nissen et al. 1117 

(2007), and light grey mechanisms are solutions either modeled or compiled by 1118 

Bayasgalan et al. (2005). Active faults are plotted in black. Existing slip-rate 1119 

measurements from the Altay are indicated, including the Ölgiy site (within black 1120 box labeled ǮFigǤ ʹǯ). Red dots indicate strike-slip rates, from Nissen et al. (2009b; 1121 
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2.4 ± 0.4), and Vassallo (2006; 0.5 and >1.2). Orange dots indicate shortening 1122 

rates, fraom Nissen et al. (2009a; 0.2-0.6 and 0.1-0.4). The measurement site of 1123 

Frankel et al. (2010) is indicated by a red dot located on the Ölgiy fault to the 1124 

south of our site and corresponding to a slip-rate of 0.9 +0.2/-0.1 mm yr-1. 1125 

 1126 

Figure 2:  (a) ASTER satellite image (15-m resolution) showing the Hungui 1127 

Mountain range and the reverse fault scarps at its base. At the latitude of our 1128 

study site, the fault has a strike of 340Ȃ350°. (b) Kompsat-2 satellite image (1 m 1129 

resolution) showing the western ridge of the Hungui Mountains to the east of the 1130 

fault, with the active trace of the fault indicated by white arrows. Where the 1131 

active fault trace crosses a wide valley in the north of the image it produces no 1132 

vertical scarps, implying almost pure strike-slip motion. The trace of the fault 1133 

bends to strike 320-330° at the top of the image, and a vertical component, up on 1134 

the NW side, was observed along this section. (c) Kompsat-2 image of the study 1135 

site. The active fault trace is located between the Hungui Mountains and a series 1136 

of ridges. The alluvial deposits that we sampled originate from a small catchment 1137 

within the Hungui mountains and pass through a narrow gap in the bedrock 1138 

ridge. Outline in (c) is area covered by Figure 3. 1139 

 1140 

Figure 3: Quickbird imagery (0.6 m resolution) of the study site. The lower panel 1141 

is an annotated version of the upper image. Streams are traced in blue, and the 1142 

two surfaces are coloured in green (F1) and brown (F2). The fault is marked by a 1143 

bold dashed line. Buff-coloured surfaces (in the interpretation) were not 1144 

sampled and may be an older deposit (labeled Ǯunknownǯ). Black hashing 1145 

indicates steep stream risers. The site slopes down to the west. Sample localities 1146 

are indicated by white (U-series) and orange (TCN) circles with respective 1147 

sample numbers, and slickensides were measured at a location represented by a 1148 

yellow star. 1149 

 1150 

Figure 4: (a) Digital elevation model (DEM) made from a kinematic GPS survey. 1151 

The 3D view highlights the scarp along the fault that is likely to be caused by 1152 

right-lateral displacement of topography. (b) 2D view of the DEM. Black line 1153 

indicates the fault. White lines parallel to the fault show the position of the 1154 
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topographic profiles shown in 'c'. White lines perpendicular to the fault are the 1155 

scarp profile lines that are drawn in Figure 6. (c) Topographic profiles from the 1156 

east and west sides of the fault. The two streams that cross the fault are visible as 1157 

low points in the profiles, traced in grey. (d) Plane view of the trace of the two 1158 

streams, in NUTM45 coordinates. Black lines show the best fit through each 1159 

stream trace, projected to the fault (dashed line). Uncertainties listed are the root 1160 sum square of average stream width and Ǯwiggleǯ. 1161 

 1162 

Figure 5: Field photographs looking west at the northern and southern stream 1163 

displacements. The stream beds are traced by white dotted lines. The scarp of 1164 

the Ölgiy fault runs across the centre of the photographs and black arrows mark 1165 

its base. The large angular boulders that are embedded throughout the surfaces 1166 

are visible. Person (circled) for scale. 1167 

 1168 

Figure 6: Diagram showing the method for calculating the lateral displacement 1169 

'x' necessary for creating vertical scarp of a measured height 'h' on a sloping 1170 

surface. The plunge of the sloping surface and fault plane intersection line was 1171 

calculated using a stereonet from strike and dip measurements of the alluvial 1172 

surface, assuming a vertical fault. Lower panel shows all profiles across the 1173 

surface of F1, showing the vertical offset due to right-lateral displacement of 1174 

topography along the Ölgiy fault. Individual profiles are displayed in Figure A1 in 1175 

the supplementary materials. 1176 

 1177 

Figure 7: Photos of the carbonate rind from sample MN09-OG12, with sample 1178 

sites indicated in (a). Insets show the layers that were milled to extract 1179 

subsamples. The milky buff-coloured carbonate is ideal for dating, as the opaque 1180 

white carbonate will have detrital contamination. 1181 

 1182 

Figure 8: U-Th ages of sub-samples from pedogenic carbonate samples MN09-1183 

OG12 and 13. Open symbols are uncorrected ages for each sub-sample, and filled 1184 

symbols are corrected for detrital contamination. The sub-samples are ordered 1185 

stratigraphically with the oldest, nearest to the pebble, at the top of the figures. 1186 

The correction for detrital contamination results in younger ages, an increase in 1187 
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the uncertainty (shown at 2), and ages which are more consistently in 1188 

stratigraphic order. 1189 

 1190 

Figure 9: Results of the Bayesian analysis of the ages within each of the three 1191 

sampled carbonate rinds. The top panel shows the analysis based on the two 1192 

samples from F2 modelled together, with the stipulation that the start and end 1193 

date of both samples must occur at the same time. Figure A2 shows the 1194 

independent analyses from the two F2 samples. The lower panel shows the 1195 

analysis from the F1 sample. For each analysis, the sub-samples are ordered 1196 

stratigraphically, with the oldest uppermost. The distributions of the input ages 1197 

(corrected for detrital contamination) are shown in light grey, while those 1198 

resulting from the additional constraints of the age models are in dark grey. 1199 

Summary statistics of the modeled distributions that are shown below each 1200 

distribution include: mean (open circle) and 1, median (cross), and 95% 1201 

interval of the age distribution (horizontal bar). 1202 

 1203 

Figure 10: (a) Example of a boulder sampled from the F1 surface (b) Example of 1204 

a boulder sampled from the F2 surface. (c) Panoramic photograph of the site, 1205 

looking west, with both alluvial surfaces (F1 and F2) and the two main streams 1206 

labelled. The Ölgiy fault trace is marked by a white line. 1207 

 1208 

Figure 11: 10Be age results from the CRONUS calculator for F1 (black) and F2 1209 

(grey). All uncertainties are displayed at the 1 level, the thicker bar 1210 

representing the internal uncertainty and the thinner bar the external. Samples 1211 

from the two fans do not overlap in age, and the 1 and 2 standard deviation 1212 

envelopes are indicated for the population of results from F1. The 1 and 2 1213 

standard deviation bands for a subset of the F1 data are also shown where stared 1214 

samples are excluded (solid lines).  1215 

 1216 

Figure 12 (a) Summary of age constraints for the F2 surface abandonment. The 1217 

dashed line indicates the oldest exposure age from cosmogenic dating, but if 1218 

samples are affected by erosion, the actual age of abandonment may be older 1219 

than shown. If the samples have an inherited signal, then the actual 1220 
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abandonment will be younger than the individual boulder ages. The dotted line 1221 

indicates the minimum age of F2 abandonment from U-series dating. (b) As for 1222 ǮAǯ, summary of age constraints for the F1 surface abandonment. The outlier 1223 

boulder (sample B08-04) is beyond 1 standard deviation of the mean of the 1224 

boulder ages, and we have excluded it from our estimates of surface 1225 

abandonment age. A small adjustment (+0.059kyr) has been made to the U-1226 

series data so that it is comparable to the exposure ages.  1227 

 1228 

Supplementary Material 1229 

Tables 1230 

Table A1: F2 uncertainties 1231 

Table A2: Measurements of profile heights perpendicular to the Ölgiy fault across 1232 

F1. 1233 

Table A3: Inputs to, and results from, Bayesian analysis of age data. 1234 

Table A4: Be blank ratios and cosmogenic sample compositions. 1235 

Figures 1236 

Figure A1: Vertical profiles from west to east across FͳǤ Vertical Ǯdisplacementǯ is 1237 

calculated from the difference in elevation between lines fit to the surface above 1238 

and below the fault. The lines are not always parallel, so the displacement is 1239 calculated at the approximate location of the fault ȋdistance downslope ǮDǯ in 1240 

Table A1). The average height offset for all profiles was used to calculate fault 1241 

displacement. Profile locations are are shown in Figure 4, and are in numeric 1242 

order from north to south. 1243 

 1244 

Figure A2: Results of the Bayesian analysis of the ages within each of the three 1245 

sampled carbonate rinds. The lower panel shows the analysis from the F1 1246 

sample. For each analysis, the sub-samples are ordered stratigraphically, with 1247 

the oldest uppermost. The distributions of the input ages (corrected for detrital 1248 

contamination) are shown in light grey, while those resulting from the additional 1249 

constraints of the age models are in dark grey. Summary statistics of the modeled 1250 

distributions that are shown below each distribution include: mean (open circle) 1251 

and 1, median (cross), and 95% interval of the age distribution (horizontal bar). 1252 


