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ABSTRACT 

This study is the geochemical examination of mineral weathering and its path 

from hinterland, through sediment deposition and pedogenesis, to its dissolution and 

eventual uptake into plants or precipitation as carbonate minerals.  The three papers 

examine the rate and character of carbonate and silicate mineral weathering over a wide 

range of climatic and tectonic regimes, time periods, and lithologies, and focus on very 

different questions.  Examination of the 87Sr/86Sr ratios of architectural ponderosa pine in 

Chaco Canyon, New Mexico confirms a societally complex style of timber procurement 

from the 10th to the 12th centuries.   In El Malpais National Monument, New Mexico, we 

measured the 87Sr/86Sr ratios in local bedrock and soils and compared them to the 

leaf/wood cellulose of four conifers (Pinus ponderosa, Pinus edulis, Juniperus 

monosperma, Juniperus scopulorum), a deciduous tree (Populus tremuloides), three 

shrubs (Chrysothamus nauseosus, Fallugia paradoxa, Rhus trilobata), and an annual 

grass (Bouteloua gracilis) and a lichen (Xanthoparmelia lineola).   We found that plant 

87Sr/86Sr ratios covaried with variations in plant physiognomy, life history, and rooting 

depth.  In addition, the proportion of atmospheric dust and bedrock mineral contributions 

to soil water 87Sr/86Sr ratios varied predictably with landscape age and bedrock lithology.  

On the Himalayan floodplain, soils and paleosol silicate weathering intensities were 

measured along a climatic transect and through time.  Overall, carbonate weathering 

dominates floodplain weathering.  But, periods of more intense silicate weathering 

between 9 - 2 Ma, identified in soil profile and in the 87Sr/86Sr ratios of pedogenic 

carbonates, appear to be driven by changes in tectonic, rather than climatic, regime.  All 
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three papers are good examples of how 87Sr/86Sr isotopic tracer studies can shed light on 

pedogenic formation rates and internal processes.    The complexity of each system warns 

against generalizations based on just one locale, one species or lithology, or a few 

isotopic ratios.  
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INTRODUCTION 

This dissertation consists of three manuscripts that have been published or will 

soon be submitted for publication.  These manuscripts examine several, diverse aspects of 

mineral weathering.  In addition, all three studies use the isotopic tracer, 87Sr/86Sr, to link 

weathered material to its parent bedrock.   In this section, I provide some background 

information to contextualize this research into broader research questions and then 

summarize the content of each of the three chapters.  The full text of the manuscripts 

appears in Appendices A through C.   

 

1. MINERAL WEATHERING 

All minerals exposed at the surface of the earth are trying to attain chemical 

equilibrium with ambient conditions.  Reestablishment of equilibrium falls under the 

general term of pedogenesis and involves the chemical weathering of mineral solids.  

Many silicate minerals are inherently unstable at surface conditions and will no longer be 

present when (or if) the system reaches equilibrium.  Nevertheless, these minerals persist 

in soils for millions of years.  Equilibrium between carbonate minerals and water is 

reached much more quickly, however (Allen and Fanning, 1983). 

In congruent dissolution, all weathering products are in solution in soil water.  

Calcite and dolomite dissolve congruently.  Incongruent dissolution results in both solid 

(e.g. clay) and dissolved products (e.g. cations).  Dissolved cations, from both carbonate 

and silicate weathering, affect the chemistry of local surface water, including soil water 

and river chemistry.  Eventually, cation weathering products have the potential to be 

flushed from the local system and to eventually reach the ocean.  Carbonate minerals 



           
 14 

 

will, overall, contribute more cations to the ocean than silicate minerals since they 

weather fast and dissolve completely. 

 

2. ALKALINITY 

The formation of calcium carbonate, CaCO3, in the ocean ultimately controls 

atmospheric CO2 on geologic timescales. In aqueous systems, dissolved inorganic carbon 

(DIC) is the sum of three different inorganic forms: aqueous carbon dioxide (CO2,aq), 

bicarbonate (HCO3
-), and carbonate ion (CO3

2-) species.  The saturation state of CaCO3 in 

the ocean is determined by the concentrations of Ca2+ and the carbonate ion and by the 

solubility product (Zeebe and Wolf-Gladrow, 2001).  In the open ocean and over small 

timescales, Ca2+ fluctuations are small and the CaCO3 saturation state is determined by 

carbonate ion concentrations (Zeebe and Wolf-Gladrow, 2001). However, in smaller 

basins and over longer timescales, fluctuations in Ca2+ could play a significant role in 

CaCO3 saturation state and, hence, CaCO3 formation.   

Carbonate alkalinity, which is closely related to the charge balance, takes only the 

bicarbonate and carbonate ion species’ concentrations into account.  Based on charge 

balance, carbonate alkalinity can also be measured as the concentration of strong ions, 

such as Ca2+, Mg2+, Na+, K+ (Follows et al, 2006).  For the purposes of this thesis, only 

carbonate alkalinity, not total alkalinity (AT=[HCO3
-]+2[CO3

2-]+[B(OH)4
-]+[OH-]+[HPO4

2-

]+2[PO4
3]+[SiO(OH)3

-]-[H+]-[H 3PO4]) is considered. 

 Carbonate alkalinity, herein referred to as alkalinity, derives from the weathering and 

dissolution of carbonate and silicate minerals.  In a simplified form, the weathering 

process can be represented as  
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)()(2)(03)(2)( 443
2

223 aqSiOHaqHCOaqCaHgCOsCaSiO ++⇔++ −+   

for silicates and  

)(2)( 3
2

322 aqHCOCasCaCOOHCO −+ +⇔++      

for carbonates.  In the silicate reaction, HCO3
- dominates the alkalinity term.  Alkalinity 

is eventually converted to marine CaCO3 and potentially sequestered as limestone, for a 

net loss of 1 mole of atmospheric CO2.  For the carbonate weathering reaction, there is no 

net drawdown of CO2 since the precipitation of calcite is the exact reverse of the 

weathering reaction. 

On long geologic timescales, atmospheric CO2 losses from the above reactions are 

balanced at some level by returns to the atmosphere of CO2 by volcanism.  Uplift of large 

mountain range can increase the physical breakdown of rock, thus accelerating chemical 

weathering, driving the silicate weathering reaction to the right.  Uplift can also 

drastically alter regional climate by inducing summertime low pressure at high elevations 

and intensifying orographically induced rainfall.  A wetter climate intensifies chemical 

weathering rates, also driving the weathering reactions to the right.  

 

3. 87SR/86SR TRACER GEOCHEMISTRY 

Strontium isotopic ratios can be used to geochemically trace weathering reactions 

since the 87Sr/86Sr ratios of the weathering products are inherited from the weathered 

bedrock 87Sr/86Sr ratios.  Therefore, the 87Sr/86Sr ratio of secondary clay minerals will be 

the same as that in the original, unweathered mineral.   Rivers, dust, and precipitation are 

all methods by which pedogenic clays and dissolved weathering products are distributed 
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along the surface of the earth.  The mixing of the 87Sr/86Sr ratios of weathered bedrock, 

dust and precipitation are integrated by hydrologic processes and their respective 

contributions can be estimated by measuring the 87Sr/86Sr ratios in stream waters (Capo et 

al, 1998) or the 87Sr/86Sr ratio of plants (as a proxy for soil water 87Sr/86Sr).  

 Strontium has four naturally occurring isotopes 84Sr, 86Sr, 87Sr, and 88Sr.  All of 

these forms are stable, but the concentration of 87Sr tends to fluctuate over time by the 

radiogenic decay of 87Rb.  Rocks containing minerals high in rubidium will develop 

higher ratios over time than rocks containing low rubidium mineral concentrations (e.g. 

Capo et al, 1998).  Distinct 87Sr/86Sr end member ratios are necessary in any type of 

isotopic tracing study. 
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PRESENT STUDY 

Appendix A is entitled “87Sr/86Sr Sourcing of Ponderosa Pine used in Anasazi Great 

House Construction at Chaco Canyon, New Mexico”.  This study measures the 87Sr/86Sr 

ratios of modern ponderosa pine trees growing on the mountains surrounding the San 

Juan Basin.  Knowledge of the modern range in ponderosa pine 87Sr/86Sr will allow for 

tracing of archaeological ponderosa pine from Chaco Canyon.   Previous analysis of 

87
Sr/

86
Sr ratios shows that 10

th
 through 12

th
 century Chaco Canyon was provisioned with 

plant materials that came from more than 75 km away. This includes 1) corn (Zea mays) 

grown on the eastern flanks of the Chuska Mountains and floodplain of the San Juan 

River to the west and north (Benson et al, 2003), and 2) spruce (Picea sp.) and fir (Abies 

sp.) beams from the crest of the Chuska and San Mateo Mountains to the west and south 

(English et al, 2001). Here, we extend 
87

Sr/
86

Sr analysis to ponderosa pine (Pinus 

ponderosa) prevalent in the architectural timber at three of the Chacoan great houses 

(Pueblo Bonito, Chetro Ketl, Pueblo del Arroyo).  

   Appendix B is entitled “Nutrient Sourcing in a semi-arid woodland using 

Strontium Isotopes: Effects of Growth Form, Rooting Depth, Bedrock Type, and age of 

Parent Material” and investigates silicate weathering contributions to soil water nutrient 

pools in northwestern New Mexico.  Basalt flows (ranging in age from 3 ka to greater 

than 200 ka) from El Malpais National Monument (EMNM), New Mexico provide an 

ideal setting to examine Sr (and, hence, Ca) nutrient pools for plants in a semi-arid 

woodland. To gauge plant dependence on atmospheric dust versus local weathering 

products for nutrient sources, we measured 87Sr/86Sr ratios in local bedrock and soils, and 
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compared them to leaf/wood cellulose of four conifers (Pinus ponderosa, Pinus edulis, 

Juniperus monosperma, Juniperus scopulorum), a deciduous tree (Populus tremuloides), 

three shrubs (Chrysothamus nauseosus, Fallugia paradoxa, Rhus trilobata), an annual C4 

grass, (Bouteloua gracilis), and a lichen (Xanthoparmelia lineola) and bedrock.  

Sampling sites varied by parent material (limestone, sandstone, granite, and basalt) and 

age (Quaternary to Precambrian), providing a wide range in end-member 87Sr/86Sr ratios, 

while the target species varied by physiognomy, life history, and rooting depth. 

Appendix C consists of a manuscript titled, “Weathering in the Himalayan 

Foreland” and investigates the relative contributions of silicate and carbonate weathering 

in the foreland to Himalayan alkalinity.  The Himalayan foreland is the wettest and 

warmest part of the Himalayan system; and, as such, is assumed to contribute 

significantly to the alkalinity of the Ganges and Brahmaputra Rivers.  Himalayan 

contributions to the global silicate weathering sink (based on dissolved Ca, Mg, Na, and 

K) are relatively modest (2.6 % of the global sink) but still significant.  Previous 

estimates of lowland weathering surmise that silicate weathering of foreland sediments 

contributes 20-50% of Himalayan surface water alkalinity.  However, mass balance 

comparison of the Higher Himalayan Crystalline Series (HHCS) with “unweathered” 

lowland sediments (from this study) suggests silicate weathering to be highest in the 

Himalayan uplands.  This study is the first to undergo chemical mass balance of all major 

elements (plus 87Sr/86Sr ratios) directly on lowland sediments and soils.  Geochemical 

comparison of both modern and ancient (Siwalik Group) floodplain parent material with 

their overlying soils suggests that only approximately 5-10% of Himalayan silicate 



           
 19 

 

weathering sink comes from lowland silicate weathering.   We analyze both modern and 

ancient (~2.5 to 11 Ma) profiles from Pakistan, India, and Nepal (dry to wet, 

respectively).   
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ABSTRACT 

   Previous analysis of 
87

Sr/
86

Sr ratios shows that 10
th
 through 12

th
 century Chaco 

Canyon was provisioned with plant materials that came from more than 75 km away. 

This includes 1) corn (Zea mays) grown on the eastern flanks of the Chuska Mountains 

and floodplain of the San Juan River to the west and north, and 2) spruce (Picea sp.) and 

fir (Abies sp.) beams from the crest of the Chuska and San Mateo Mountains to the west 

and south. Here, we extend 
87

Sr/
86

Sr analysis to ponderosa pine (Pinus ponderosa) 

prevalent in the architectural timber at three of the Chacoan great houses (Pueblo Bonito, 

Chetro Ketl, Pueblo del Arroyo). Like the architectural spruce and fir, much of the 

ponderosa matches the 
87

Sr/
86

Sr ratios of living trees in the Chuska Mountains.  Many of 

the architectural ponderosa, however, have similar ratios to living trees in the La Plata 

and San Juan Mountains to the north and Lobo Mesa/Hosta Butte to the south. There are 

no systematic patterns in spruce/fir or ponderosa provenance by great house or time, 

suggesting the use of stockpiles from a few preferred sources. The multiple and distant 

sources for food and timber, now based on hundreds of isotopic values from modern and 

archeological samples, confirm conventional wisdom about the geographic scope of the 

larger Chacoan system. The complexity of this procurement warns against simple 

generalizations based on just one species, a single class of botanical artifact, or a few 

isotopic values.   
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1. INTRODUCTION  

  In the southwestern U.S.A., strontium (Sr) isotopic analyses of archeological bone 

and plant tissue are being used increasingly to decipher prehistoric migration patterns, 

residential shifts in population (Price et al, 1994), and long-distance procurement of 

timber (English et al, 2001), and foodstuffs (Benson et al, 2003).   Strontium exists in 

predictable and measurable quantities in rocks and sediment, as well as in plant matter, 

bones, and teeth recoverable from archeological sites.  The ratio of 
87

Sr to 
86

Sr isotopes is 

maintained from soil water, through plants, and up the trophic chain, making it ideal for 

provenance studies (Blum et al, 2000).   

Architectural timber common in southwestern ruins is particularly well suited for 

87
Sr/

86
Sr analysis. In most cases, the abundant and well-preserved logs have been 

identified to species, their architectural function and placement has been established, and 

their cutting dates have been determined to the exact year, depending on the condition of 

the timber. This dated and well-provenienced wood has been archived and is readily 

accessible for geochemical studies. Probably the richest such archive is associated with 

more than a century of excavations at Chaco Canyon, New Mexico (Dean and Warren, 

1983; Judd, 1964; Windes and McKenna, 2001; Winds and Ford, 1996). Construction of 

the great houses at Chaco Canyon required over 200,000 highland conifers, including 

spruce (Picea spp.), fir (Abies spp.), Douglas-fir (Pseudotsuga menziesii), and ponderosa 

pine (Pinus ponderosa) (Dean and Warren, 1983).   
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Paradoxically, Chaco Canyon is set in desertscrub-grassland in the middle of the 

San Juan Basin and at least 75 km removed from the nearest potential timber sources 

(Figure A.1 and A.2). The packrat midden record indicates that highland conifers were 

either absent locally, as in the case of spruce and fir, or too rare, as in the case of Douglas 

fir and ponderosa pine, to have provisioned the Anasazi (prehistoric Puebloans) builders 

of the Chacoan great houses (Betancourt and Van Devender, 1983). Most of this wood 

had to be felled, processed, harvested and hauled from one or more distant highland areas 

(Betancourt et al, 1986).  The distances and directions of sources for timber procurement 

are one measure of economic, political and social relationships across the San Juan Basin. 

Location of the source stands can be narrowed somewhat by species (i.e., spruce and fir 

grow only on some mountaintops), but more specific locations require application of 

geochemical tracers.  

Diverse rock types with diverse chemical signatures characterize the San Juan 

Basin and surrounding highlands, particularly the mountaintops (Figure A.3). The 

Chuska Mountains west of Chaco Canyon are a north-south trending range capped with 

Tertiary sandstone, locally overlain by Tertiary basalt. The San Mateo Mountains (also 

referred to as Mt. Taylor) to the south represent a succession of lava and ash flows 

erupted 2-4 million years ago.  The San Pedro/Nacimiento Mountains to the east are 

composed of highly faulted blocks of Precambrian crystalline rock, of diverse 

composition, overlain in places by Paleozoic sedimentary rocks. The La Plata Mountains 

to the north are composed of a Cretaceous granitic batholith capped by Tertiary 
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sedimentary basin deposits. Sandstones and shales of various ages and composition flank 

each of the four ranges.    

A preliminary study by Hatch (1994) used inductively coupled plasma-atomic 

emission spectrometry to characterize 77 modern ponderosa pine from Chimney Rock 

and 52 architectural samples from Chimney Rock, Aztec, and Salmon Ruins.   Hatch 

(1994) found higher elemental concentrations in the prehistoric samples suggesting 

elemental contamination with burial.  Hatch (1994) recognized that differences in 

elemental concentrations between different wood species and different wood 

compositions (sapwood versus heartwood and living versus dead wood) needed to be 

constrained in her results before secondary contamination could be quantified in the 

architectural wood samples.  Also, the effects of pretreatment and drying methods on 

wood elemental concentrations need to be addressed in the study.   

Durand et al (1999) conducted a study of 28 major and trace elements in wood of 

62 ponderosa pine and Douglas-fir trees growing on three bedrock types (basalt, 

sandstone and shale) in the San Juan Basin.  The authors recognized heartwood elemental 

concentrations to be more reliable than sapwood for trace element studies of wood. .  

Durand et al. (1999) suggested that barium concentrations in architectural wood tend to 

vary with relative mobility of barium for different lithologies, with high mobility in 

sandstones and low in basalts. Low barium concentrations in thirteen ponderosa pine 

beams from Chacoan great houses suggested a source in either San Mateo or the Chuska 

Mountains, both capped at least in part by Neogene basalts (Figure A.3).   The authors 

admitted that more research needed to be done to conclusively source the architectural 
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timbers using elemental concentrations due to the lateral, differential movement of most 

elements in sapwood (Barci-Funel et al, 1995; Bodietti et al, 1989; DeWalle et al, 1995; 

Markert 1994; Smith and Shortle, 1996).   The study shows, however, that less mobile 

elements such as barium may be useful in sourcing studies.   

English et al. (2001) narrowed the search for Chacoan wood sources by reasoning 

that trees assimilate Sr from local soils and atmospheric dust and incorporate it into wood 

without fractionating the isotopes 
87

Sr and 
86

Sr. The 
87

Sr/
86

Sr ratio in the wood should be 

independent of the vital effects controlling fluctuations in elemental concentrations and 

solely reflect the ratio in local soil water, which is some combination of local weathering 

products and atmospheric dust (Graustein and Armstrong, 1983).  English et al (2001) 

also narrowed the search by focusing on spruce and fir, which today are restricted to only 

a few widely separated and geologically distinct mountaintops.  

 English et al. (2001) analyzed 
87

Sr/
86

Sr ratios in wood of 73 living spruce and fir 

trees from three mountain ranges (Chuska, San Mateo, and San Pedro/Nacimiento 

Mountains) within 100 km of Chaco Canyon. Despite the presence of a "Great North 

Road" (Vivian, 1997), they excluded sampling the La Plata and San Juan Mountains to 

the north because those spruce-fir forests were most distant (>150 km) and least 

accessible, requiring transport of large beams across deep canyons and flowing rivers.  

Trees from the Chuska, San Mateo and San Pedro/Nacimiento Mountains each exhibited 

distinguishable 
87

Sr/
86

Sr ratios.    

English et al. (2001) also measured 52 architectural specimens of spruce and fir 

from several great houses in Chaco Canyon (Pueblo Bonito, Chetro Ketl, Pueblo del 
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Arroyo, Wijiji, Hungo Pavi and Una Vida).  Two-thirds of the architectural specimens 

could be traced to the Chuska Mountains and one-third to the San Mateo Mountains. The 

two fingerprinted sources were both logged as early as A.D. 974, suggesting that 

selection of timber sources was driven more by socioeconomic ties with communities to 

the west and south than by timber depletion with distance and time. Conversely, the 

absence of logs from the San Pedro/Nacimiento Mountains is consistent with the lack of 

roads and paucity of outlying Chacoan communities to the east. The importance of the 

Chuska Mountains for resource procurement was recently confirmed by 
87

Sr/
86

Sr analysis 

of prehistoric corn from Chaco Canyon (Benson et al, 2003). This study, however, points 

to the San Juan floodplain as an additional source of corn.  

Here we extend the Chaco Sr isotope work to ponderosa pine.  Ponderosa pine is 

more widely distributed than spruce and fir and stands occur within 100 km of Chaco 

Canyon in all directions. Therefore, we expanded the original geographic scope of 

English et al. (2001) to encompass sampling of live trees in the La Plata and San Juan 

Mountains Mountains, and previously unsampled mesas (e.g., Hosta Butte and Lobo, 

Cuba and Sisnathyel Mesas; Figure A.1) and mountain flanks throughout the San Juan 

Basin. Ponderosa pines grow at lower elevations and in closer proximity to Chaco 

Canyon than spruce and fir, so ponderosa might have been used earlier and from a wider 

variety of geologic settings and elevations.  Moreover, ponderosa pine represents more 

than half of the estimated 200,000 timbers employed in great house construction (Dean 

and Warren, 1983), and may further constrain exploitation of different timber sources.  

For example, the abundance of trees in size classes desirable for Chacoan architecture 
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were restricted by substrate, elevation, slope aspect and grade, which mediate 

interspecific competition and rates of ecological disturbance, tree mortality, and 

recruitment.  Smaller secondary beams may have been acquired from fast-growing stands 

in the moister highlands, while larger primary beams could have come from more open 

and fire-prone parklands on mesas and foothills characterized by a few mature trees and a 

scarcity of saplings.     

  

2. TECHNICAL BACKGROUND  

2.1. Sr isotopes   

  Sr is an alkaline earth element that has the same charge and a similar atomic 

radius to calcium and thus commonly substitutes for Ca in chemical reactions. Sr has four 

stable, naturally occurring isotopes with different abundance: 
84

Sr (0.6%), 
86

Sr (9.9%), 

87
Sr (7.0%), and 

88
Sr (82.6%). 

87
Sr/

86
Sr ratios are commonly reported in geochemical 

investigations.  The 
87

Sr/
86

Sr ratio of minerals is mostly a function of the initial 
87

Rb/
86

Sr 

ratio and the age of the rock.  
87

Sr is radiogenic, derived from the radioactive decay of 

rubidium-87 (t
1/2

=48.8 Ga).  Rocks that are older or have higher initial concentrations of 

87
Rb will yield higher 

87
Sr/

86
Sr ratios. The utility of 

87
Sr/

86
Sr ratios as a tracer comes from 

the fact that, in a closed system,the
87

Sr/
86

Sr ratio of secondary clay minerals will be the 

same as that in the original, unweathered mineral. The 
87

Sr/
86

Sr ratios of local rocks, dust 

and precipitation are integrated by hydrologic processes and can be estimated by 
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measuring 
87

Sr/
86

Sr ratios in stream waters (e.g. Capo et al, 1998), which should 

approximate the 
87

Sr/
86

Sr ratio available to plants.    

Within the 21,600-km
2
 San Juan Basin, bedrock units display a wide range of 

87
Sr/

86
Sr isotopic ratios due to their age, composition, and formation history.   

Precambrian crystalline rocks and Neogene basalts lie on two ends of a spectrum.  Small 

and sparse outcrops of Precambrian granite with characteristically higher 
87

Sr/
86

Sr ratios 

(0.8043-0.8644)(Van der Hoven and Quade, 2002) are exposed to the northwest, east, 

and southwest and dominate the Sr inventory in those regions of the basin (see Figure 

A.3).   Neogene basalts, which yield moderately low 
87

Sr/
86

Sr ratios (0.7023-

0.7142)(Crumpler,) are the dominant bedrock in the San Mateo Mountains to the 

southeast and occur sporadically along the crest of the Chuska Mountains.  Most of the 

San Juan Basin is underlain by marine and terrestrial sedimentary units whose 
87

Sr/
86

Sr 

ratios fall between the two extremes.     

Chaco Canyon is situated at the boundary between Cretaceous marine deposits 

(whole rock value of 0.7075 in Miller et al, 2001) and Cretaceous and Tertiary fluvial 

deposits (values for ground water 0.7083 to 0.7093).  Fine sediment from these extensive 

fluvial deposits may contribute heavily to Sr in the regional atmospheric dust load.  At 

Chaco Canyon itself, uniformity in plant and animal 
87

Sr/
86

Sr ratios confirms the 

dominance of atmospheric inputs to the surficial Ca and Sr cycles in the region.  The 

aeolian component of sediment deposited in Werito's Rincon, a deep alcove along the 

south wall of Chaco Canyon, yielded 
87

Sr/
86

Sr values ranging from 0.7095 to 0.7096 
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(Bendson et al, 2003).  Bones from modern rodents in Chaco Canyon yielded a mean 

87
Sr/

86
Sr of 0.7095 ± 0.0002 (Reynolds, Betancourt and Akins, unpublished data).   Soil 

water values for Chaco Canyon, estimated from leaching studies, range from 0.70896-

0.70961 (Benson et al, 2003). 

  

2.2. Strontium Isotopes and Plants  

Rooting depths and depth of available soil water will greatly influence the 

87
Sr/

86
Sr of plants.   

87
Sr/

86
Sr ratios in flora directly reflect the 

87
Sr/

86
Sr of the soil water, 

which, in turn, is determined by the relative contributions of local bedrock weathering 

and regional atmospheric dust (e.g. Aberg et al, 1990; Blum et al, 2002; Graustein and 

Armstrong, 1983; Graustein, 1989; Reynolds et al, 2001).  Sr contributions to the soil 

water from bedrock weathering is greater in rocks where there are more reactive minerals 

(e.g. salt) or where mineral surface area is large due to smaller grain size.  Conversely, 

soils that are older (Chadwick et al, 1999), in regions of higher precipitation (Stewart et 

al, 2001), and shallower (Aberg et al, 1990) are more likely to reflect the 
87

Sr/
86

Sr of 

atmospheric inputs.  Additions of isotopically-distinct water to a forest site in Chile 

revealed vertical variations in a soil water column, with shallow soil layers dominated by 

atmospheric contributions and mineral weathering governing much deeper sections of 

soil (Kennedy et al, 2002).  The Chilean study also found that the atmospherically-

dominated soil layers have the potential for overturning and changing 
87

Sr/
86

Sr ratios on 

decadal timescales.    



           
 31 

 

In the southwestern U.S., however, where atmospheric input dominates the Sr 

cycle, Sr isotopic values in plants should vary less in time and space.  In the Sangre de 

Cristo Mountains near Taos, New Mexico, 
87

Sr/
86

Sr ratios in wood and leaf cellulose 

from spruce, fir and aspen were used to study chemical weathering, atmospheric 

deposition and solute acquisition (Graustein and Armstrong, 1983; Graustein, 1989). 

Some major findings include homogeneity of 
87

Sr/
86

Sr ratios from biomass measurements 

across individual trees, different species and soil water at the same site; rapid biological 

cycling relative to Sr input into the ecosystem across the stand; and an overriding 

influence of atmospheric dust (75%) over local weathering (25%) as the source of 

bioavailable Sr in soil waters and tree biomass.  In addition, pedogenic carbonate 

dominates aeolian Ca and Sr cycles producing more uniform aeolian dust compositions.  

87
Sr/

86
Sr ratios from soil carbonate formed on basalts of different ages demonstrate that 

the composition of aeolian dust must have remained stable over the last several million 

years (Naiman et al, 2000).  In the San Pedro/Nacimiento Mountains near Cuba, New 

Mexico, conifer 
87

Sr/
86

Sr ratios vary little despite growing on three different substrates 

(granite, limestone, and sandstone)(English et al, 2001). This probably reflects the 

overriding influence of the widely exposed granite with higher 
87

Sr/
86

Sr ratios on regional 

atmospheric dust sources of Sr, which trees recycle over decades to centuries.   

Naiman et al. (2000) suggest that, in the southwestern U.S., 
87

Sr/
86

Sr ratios of 

atmospheric dust vary at most on a scale of 200-300 km, although this was roughly the 

resolution of their sampling.  This scale of mixing would tend to homogenize 
87

Sr/
86

Sr 
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within mountain ranges, while producing the distinct ratios between lithologically-

contrasting mountain ranges, as we observe in this study.   We recognize, however, that 

the range of 87Sr/86Sr ratios across any particular mountain range will increase with 

sampling intensity, as more local substrate variations are encountered.  On the other hand, 

not every site has an equal chance of having been logged by the Anasazi.  For example, 

we made a concerted effort to sample sites that would have been most acceptable to the 

Anasazi, particularly with regards to ease of logging and transport. 

   

3. METHODS  

3.1. Sampling of living trees to establish baseline for provenance studies  

  In the summer of 2002, we sampled more than 200 living trees from twenty 

localities in the La Plata Mountains, San Juan Mountains, Sisnathyel Mesa, Cuba Mesa, 

San Pedro/Nacimiento Mountains, San Mateo Mountains, Lobo Mesa, Hosta Butte and 

Chuska Mountains. All living trees were cored at breast height with a ¼-inch increment 

borer.  No lubricants were used to avoid chemical contamination. Individual trees were 

chosen from stands growing on a diverse array of bedrock types.  Five individual tree 

cores were taken from each locale to characterize variation within the stand. Sampled 

trees varied in diameter and age.  We generally avoided topographic lows where trees 

could access shallow ground water. At most sites, we only sampled ponderosa pine. In 

the La Plata and San Juan Mountains, however, we also sampled spruce, fir and aspen to 

fill the gap in sampling from English et al. (2001).   
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3.2. Sampling of architectural samples  

All of the samples of architectural timber came from the collection stored at the 

Laboratory of Tree Ring Research at the University of Arizona. Ponderosa pine primary 

and secondary beams of known age were analyzed from Pueblo Bonito, Chetro Ketl, and 

Pueblo del Arroyo, mostly from periods of increased construction activity (Windes and 

McKenna, 2001; Windes and Ford, 1996).  Samples were selected to determine use of 

general stockpiles, or reliance on specific source areas for particular construction periods, 

individual great houses, or specific rooms within a great house. Samples were also taken 

from eight beams original to Chaco Canyon, but whose provenience is complicated by 

their reuse in National Park Service (NPS) modern stabilization efforts. These 8 beams, 

noted by “nps” in Table A.2,  are placed under their original great house based on NPS 

notes.At least some of these beams came from a flood-damaged section of Chetro Ketl 

(Dean and Warren, 1983).    

We also analyzed a dead ponderosa that Judd (1964, p. 39-40) described from the 

West Plaza of Pueblo Bonito: "The JPB 99 of our list is from a much decayed pine that 

had stood at the south end of the West Court while Pueblo Bonito was inhabited (pl. 1).  

Initially Douglass (1935, p. 47) gave this fragment a tentative date of A.D. 1017 +/-35, 

but in a later review Smiley fixed the outermost surviving ring at 983.  One may only 

guess at the number of annual rings lost through disintegration but that lone, midvalley 

straggler from the Chaco forest obviously witnessed the unfolding of much Pueblo 

Bonito history.” JPB 99's inside ring (A.D. 732+/-) is far from the pith; therefore this tree 

easily could have germinated in the late 7th century, long before the start of construction 
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at Pueblo Bonito. Its outer ring dates at A.D. 981, but that is not a cutting date, and the 

tree undoubtedly died long thereafter. 

Clearly, Judd did not think that this tree was actually planted by the residents of 

Pueblo Bonito.  Rather, he viewed it as a forlorn remnant of a pine forest he presumed 

blanketed Chaco Canyon and vicinity before being eradicated by Chaco residents in 

search of construction beams. There are in fact a few dozen living ponderosa pines in 

three stands in or near Chaco Canyon: (1) on the cliff just above and east of Casa 

Rinconada; (2) ~30 km north of Pueblo Bonito along Ojo Alamo Wash and De-na-zin 

Wash in the Bisti Badlands, and (3) ~25 km southeast of Pueblo Bonito on Chacra Mesa. 

These stands were surveyed in 1970-1971 by Gwinn Vivian (notes on file at the National 

Park Service) and were revisited by Julio Betancourt in the early 1980s. Despite these 

few living trees, we know from the local packrat midden record (Betancourt and Van 

Devender, 1983) that ponderosa pine never grew in sufficient numbers (10
4
-10

5
 trees) to 

have provisioned Chacoan great houses such as Pueblo Bonito.  Here we will use the 

87
Sr/

86
Sr ratio of the "rooted" tree in the West Plaza of Pueblo Bonito to include or rule 

out Chaco Canyon as one of the possibilities for its growing environment.  

  

3.3. 
87

Sr/
86

Sr measurements  

Both modern and ancient trees were processed similarly, with the exception that 

architectural beams were treated ultrasonically in high-purity milli-Q water to remove 

any diagenetic (secondary) salts.  We sampled the innermost (earliest) rings of sections of 

cores from both modern and prehistoric tree samples.   The outermost 1-2 mm of the 
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core’s surface was physically removed and discarded to prevent contamination due to 

handling, storage processes, or diagenesis (in semi-arid environments like Chaco Canyon, 

evaporation of local soil water could lead to deposition Sr-rich salts inside 

archeobotanical materials).  A total of 60-100 mg of wood was then cut into 1-2 mm
3
 

pieces and placed in an acid-cleaned vycor tube.  Samples were combusted between 750-

850°C for 12-18 hours until all organic matter was ashed.  Samples were then transported 

to a clean lab for wet chemical processing.  The remaining inorganic ash was dissolved in 

distilled 6 M HCl, transferred to a Teflon vial, and an 
84

Sr tracer was added to allow 

determination of Sr concentration.  Samples were dried down on a hotplate, redissolved 

in 3.5 M HNO
3
, and run through Eichrom Sr-specific resin columns to isolate the 

strontium from the sample. Samples were analyzed for 
87

Sr/
86

Sr and Sr concentration on a 

thermal ionization mass spectrometer (TIMS) at the University of Arizona. NBS-987 

standards were analyzed repeatedly, yielding an 
87

Sr/
86

Sr ratio of 0.710268 ± 0.00004 (n 

= 24).     

  To test for diagenetic effects, Sr concentrations were corrected for differences in 

water content using bulk density measurements.  The dry architectural samples yielded an 

average bulk density of 0.230 ± 0.08 g/cm
3
.  Living trees were adjusted for water loss so 

that they could by compared to architectural wood.  The following equations was used:  

  

average

measlive
corr

BD

ppmBD
ppm

*
=   (1) 

where,  
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ppm 
corr

 = corrected concentration in modern wood  

BD
live

 = bulk density of modern tree at time of sampling for chemical analysis  

ppm 
meas

 = concentration measured on TIMS using 
84

Sr tracer.  

BD
average

 = average bulk density for architectural specimens (0.23 g/cm
3
)  

  

 4. RESULTS  

4.1. 
87

Sr/
86

Sr variations in living trees from potential source areas  

Sixty-two living ponderosa, and three subalpine fir (Abies lasiocarpa, Abies 

concolor), two aspen (Populus tremuloides), and two  Engelmann spruce (Picea 

engelmannii) were analyzed to characterize 
87

Sr/
86

Sr variations across twenty-one 

potential source stands (Figure A.1). The firs and spruce were sampled from the La Plata 

and San Juan Mountains, which were previously excluded from the range of sites 

sampled by English et al (2001). 
87

Sr/
86

Sr values for the living trees ranged from 0.7055 

to 0.7192 (Table A.1; Figure A.4).  The highest 
87

Sr/
86

Sr ratios (>0.7139) characterize 

Cuba Mesa (226 in Figure A.1, Table A.1) and the San Pedro/Nacimiento Mountains 

(227). The La Plata Mountains (220, 222, 223 and 224), San Juan Mountains (225), Lobo 

Mesa (213), and Hosta Butte (229) yielded lower average 
87

Sr/
86

Sr ratios (0.7094-0.7115, 

excluding an Abies sample from site 222 with 87Sr/86Sr = 0.7086), followed by the 

Chuska Mountains (214-219: 0.7071-0.7098) and the San Mateo Mountains (208-212: 

0.7060-0.7086). There was slight overlap in ratios (0.7094-0.7097) between the Chuska 
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and the La Plata Mountains, but only at Chuska sites north of site 216 (Figure A.1). There 

was no overlap, however, between the ratios from the Chuska Mountains and sites on 

Lobo Mesa, Hosta Butte, or Sisnathyel Mesa, which have similar values to the La Plata 

and San Juan Mountains.  

  

4.2. 
87

Sr/
86

Sr variations in architectural samples  

Fifty-three architectural ponderosa and one Populus (either cottonwood or aspen) 

spanning A.D. 919-1101 were analyzed for 
87

Sr/
86

Sr ratios (Table A.2; Figure A.5).  

Beams from restabilization efforts are categorized according to their noted “original” 

location (see Table A.2).  Most of the architectural ponderosa fall within the range of 

0.7071 to 0.7113, except two samples with high values [ck-1300, a secondary beam from 

Chetro Ketl (
87

Sr/
86

Sr = 0.7170) and ckk-72, a lintel-sized NPS stabilization beam 

(
87

Sr/
86

Sr = 0.7157)]. The only matches for these high values among living trees are the 

San Pedro/Nacimiento Mountains and Cuba Mesa. Of the 52 architectural ponderosa, 

35% overlapped with the range of values (0.7098-0.7115) for living trees in the La Plata 

Mountains, San Juan Mountains, Hosta Butte and Lobo Mesa. Approximately 35% of 

architectural ponderosa match the overlap in 
87

Sr/
86

Sr (0.7094-0.7097) between the La 

Platas/San Juans and the Chuska Mountains. About 20% of the architectural ponderosa 

fell below (0.7084-0.7093) this overlap, but still within the range of living trees in the 

Chuska Mountains.  Nearly half of the architectural ponderosa fall within the 87Sr/86Sr 

range of predicted soil waters for Chaco Canyon (0.70896-0.70961) from Benson et al 
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[4].  One secondary beam from Pueblo Bonito (cnm-2079: 0.7118) does not correspond 

to the ranges of values for living trees, and no architectural ponderosa have values 

<0.7071 that might correspond to the San Mateo Mountains. Judd's "rooted" ponderosa 

(JPB-99) from the West Plaza of Pueblo Bonito has an isotopic ratio (
87

Sr/
86

Sr = 0.7094) 

that cannot be discriminated among Chaco Canyon (ratios reported in [4] and Reynolds, 

Betancourt and Akins, unpublished data), the Chuska or La Plata Mountains. Thus, we 

cannot determine isotopically if  Pueblo Bonito was built around this lone living 

ponderosa or if the dead timber (with roots intact) was placed later into the site.  

Some weak patterns are evident in 
87

Sr/
86

Sr values distributed by great house 

(Figure A.5) and cutting date (Figure A.6), though interpretation is confounded by our 

relatively limited sample (N=48).  The wide range of isotopic values of ponderosa timber 

in each of the great houses suggests the use of common stockpiles, and possibly the 

recycling of constructional timber across sites. When plotted against their cutting dates in 

the 11
th
 century for the combined great houses and discounting a few outliers, the 

architectural ponderosa variability is greatest in A.D. 1070-1080 (Figure A.6).   

In the architectural samples, mean Sr concentration is 11.6 ± 15.5 ppm (1 standard 

deviation). The large standard deviation is primarily due to two samples in the 

architectural wood with extremely high ppm concentrations, cnm-3408 at Pueblo del 

Arroyo (107 ppm) and cnm-4191 at Chetro Ketl (42 ppm).  Without these outliers, the 

mean concentration becomes 9.8  ± 7 ppm. In the living trees, Sr concentrations, 

corrected for bulk density, average 7.8  ± 4.8 ppm.  Average Sr concentrations in both the 

architectural and living samples overlap.    
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5. DISCUSSION  

5.1. Testing for diagenesis in the architectural samples  

When analyzing the chemistry of architectural specimens, diagenetic 

contamination (especially secondary salts) is always a concern, particularly in porous 

materials such as wood and bone.  To test for diagenetic additions in the architectural 

wood, we (1) plotted Sr concentrations against 
87

Sr/
86

Sr values, and (2) compared the Sr 

concentrations in the architectural wood to those in the living specimens, with the 

assumption that pristine archaeological samples should yield comparable concentrations.  

If Sr additions did occur, higher Sr concentrations will be seen in the architectural 

samples and those Sr additions will bias 
87

Sr/
86

Sr ratios towards the ratio of the 

contaminant, in this case, Chaco Canyon soil water values (0.7094).   As stated 

previously, architectural and living tree Sr concentrations overlap considerably, implying 

little to no Sr additions.  And, as seen in Figure A.7, very little or no correlation exists 

between 
87

Sr/
86

Sr ratios and concentrations.   This rules out the possibility that 

architectural 
87

Sr/
86

Sr ratios have been systematically altered towards the ratios of local 

soil water.  Although diagenetic effects have been considered for bones and teeth (Hoppe 

et al, 2003), they had not been considered previously for archaeobotanical materials.   

  

5.2. Comparison of living and architectural ponderosa and spruce/fir   

By way of synthesis, we compare our 
87

Sr/
86

Sr values for both living and 

architectural ponderosa with those reported for spruce and fir in English et al 
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(2001)(Figure 8). We lump spruce and fir in a single category because they tend to occur 

together in the region, and the architectural timber probably comes from these mixed 

stands. In general, the isotopic ratios for ponderosa match those for spruce and fir 

growing at the same localities. One exception is the lower 87Sr/86Sr value of the Abies 

sample from site 222 in the La Plata Mountains which may be an anomalous sample or 

reflects a species effect.  Another exception is the higher 
87

Sr/
86

Sr ratios for ponderosa in 

the San Pedro/Nacimiento Mountains, which may have to do more with substrate than 

species effects.   

The greatest aerial exposure of bedrock in the San Pedro/Nacimiento Mountains 

is a compositionally-diverse array of Precambrian crystalline rock, but in the southern 

sector (the Nacimiento Mountains) there are limited outcrops of Paleozoic limestones and 

sandstones. English et al. (2001) found little difference in the spruce and fir growing on 

three substrates (granite, limestone, and sandstone) in the San Pedro/Nacimiento 

Mountains, suggesting atmospheric dust as the primary source of plant-available Sr. The 

higher 
87

Sr/
86

Sr ratios for ponderosa, however, came from trees growing on soils 

developed from the Permian Abo Sandstone, which at our sampling locality was derived 

from erosion of local, uplifted Precambrian blocks of granite (Woodward, 1987).   At our 

sampling site, the Abo rests directly on Precambrian granite, and the closest surface 

exposures of this bedrock are ~2 km northwest and southwest of our sampling sites. 

Therefore, one explanation for trees having generally higher 
87

Sr/
86

Sr ratios on Abo 

Sandstone (0.7156-0.7190) than on Precambrian granite (0.7130-0.7170)(English et al, 

2001) may be a greater bioavailability of Sr weathering products in granite-derived 
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alluvium than in granite bedrock.  The finer grain size of the Abo Sandstone, however, 

provides greater surface area for chemical weathering. Compared to outcrops of 

Precambrian granite, Abo Sandstone may contribute greater amounts of Sr to soil water 

from bedrock weathering than from atmospheric dust, which generally contains a mixture 

of local and regional sources. Of the 52 architectural samples that were analyzed in this 

study, half of the beams (26 beams) have 87Sr/86Sr ratios that fall in the zone of overlap 

among Chaco Canyon soil waters and the La Plata and Chuska Mountains (0.70896-

0.7097).   A timber source from Chaco Canyon, itself, is unlikely; the extensive packrat 

midden record from local cliffs show a paucity of ponderosa pine during Anasazi 

occupation (Betancourt and Van Devender, 1983).  With the exception of two secondary 

samples that fall in the range of the southern Chuska Mountains, the other half of 

architectural beams conform to the higher ratios seen in the La Plata and San Juan 

Mountains and surrounding mesas.  This distribution is the same across Pueblo Bonito, 

Chetro Ketl, and Pueblo del Arroyo greathouses.   While the Sr isotopic ratios are not 

enough to pinpoint the source of Chacoan architectural timber, the ponderosa pine data is 

discriminating its sources away from the south and more to northwestern and northern 

sources.    Beams of various ages and functions all show similar distribution.  

The overlap among 
87

Sr/
86

Sr wood ratios of potential source stands between the 

Chuskas and La Platas limits determination of exact sources for the architectural timber.  

Ambiguities in the data could be overcome by supplementing 
87

Sr/
86

Sr ratios with 

elemental concentration (e.g., barium) and/or other radiogenic isotopes from elements 

with living wood concentrations that exceed 100 ppb (e.g., sulphur and lead, but not 
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neodymium, which in wood occurs in too low a concentration). 

For the sake of comparison, 
87

Sr/
86

Sr ratios for all three conifers are available 

from three of the ruins (Pueblo Bonito, Chetro Ketl and Pueblo del Arroyo). The ratios 

for ponderosa and spruce/fir (mostly contemporaneous in cutting age) are very similar for 

Pueblo del Arroyo, but many of the ponderosa beams at Pueblo Bonito and Chetro Ketl 

have higher 
87

Sr/
86

Sr ratios than the range for spruce/fir (Figure 9).  Much of the 

architectural timber, whether spruce-fir or ponderosa, could have come from the Chuska 

Mountains. The lowest 
87

Sr/
86

Sr ratios for spruce/fir from Pueblo Bonito and Chetro Ketl, 

however, most closely match living trees from the San Mateo Mountains. The higher 

87
Sr/

86
Sr ratios in ponderosa at these two great houses, on the other hand, best match 

living trees in the La Plata/San Juan Mountains. Some of the higher 
87

Sr/
86

Sr ratios for 

ponderosa samples at Pueblo Bonito and Chetro Ketl also match Hosta Butte and Lobo 

Mesa. We wonder, however, why stands of ponderosa on Hosta Butte would have been 

harvested, whereas those on the northern flanks of the San Mateo Mountains, which 

provided some of the spruce/fir, were not exploited. Alternatively, we suggest that the 

wood with higher 
87

Sr/
86

Sr ratios from Pueblo Bonito and Chetro Ketl actually comes 

from the north in the southern foothills and mesas of the La Plata and San Juan 

Mountains. We recognize that this would have involved the questionable rafting of 

timber across the San Juan River, and leave open the possibility that the wood came from 

other more accessible areas that we failed to sample. Ponderosa beams with higher 

87
Sr/

86
Sr ratios from Pueblo del Arroyo could have come from granite or granite-derived 
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fluvial sandstones to the north (in the La Plata or San Juan Mountains) or the San 

Pedro/Nacimiento Mountains to the east.  Finally, the only clear trend in time, seen only 

at Chetro Ketl, is a shift in mean Sr ratios at A.D. 1050.  Timbers are dominated by 

ponderosa with higher 
87

Sr/
86

Sr ratios prior to A.D. 1050 and by spruce/fir with lower 

87
Sr/

86
Sr ratios after that time. We do not think this is a sampling artifact, nor is the 

difference in ratios likely due to change in species use because large-scale ponderosa and 

spruce/fir procurement spans this period.  It could be related to a change in procurement 

locus or, more likely, expansion of procurement loci during a major building boom at 

Chetro Ketl that began around A.D. 1050.  

The Chuska Mountains seem to have been the preferred source area for spruce, fir 

and ponderosa, but our sampling was concentrated in the middle of the mountain range 

closest to Chaco Canyon. This leaves open the possibility that some of the wood we are 

attributing to the La Plata and San Juan Mountains or Hosta Butte actually came from the 

northern (the Lukachukai and Carrizo Mountains)  We acknowledge that our sampling of 

living trees was spotty and we may have missed many potential source stands.  

  

 6.0. CONCLUSIONS  

Strontium isotopic analyses indicate that the architectural ponderosa used in three 

of the Chacoan great houses likely came mostly from the Chuska Mountains to the west 

and the La Plata and San Juan Mountains to the north and possibly Hosta Butte to the 

south.  A previous study showed that spruce and fir in six of the great houses came 

mostly from the Chuska Mountains, with some contributions from the San Mateo 
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Mountains to the south. Comparison between ponderosa and spruce/fir architectural 

samples indicates that great house construction may have been provisioned from three 

general directions, but not from the east.  

In the geologically-diverse San Juan Basin, variation in 
87

Sr/
86

Sr of trees is highly 

dependent on the properties of the bedrock (e.g., chemical weathering rates) and relative 

contributions from atmospheric inputs.  Atmospheric inputs tend to homogenize Sr ratios 

across different bedrock types in close proximity, with rapidly weathering bedrock types 

producing greater heterogeneity.  Our broadbrush approach to characterizing plant 

87
Sr/

86
Sr across the San Juan Basin ignores local nuances in surficial geology, and there 

are surely many blind spots and uncertainties in our provenance studies thus far.    

To date there have been surprisingly few synoptic and intensive 
87

Sr/
86

Sr 

sampling of bedrock, soil and soil water, and plants (Hodell et al, 2004) to produce 

comprehensive baselines for provenance studies in archeology. Thus, we encourage 

continued expansion of the growing database for the San Juan Basin, and its application 

to better understanding of the provision and distribution of both plant and animal 

materials throughout the Chacoan system. Certainly, it is clear than an incomplete picture 

would have arisen from analysis of just one species, a single class of artifact, or a few 

isotopic values at Chaco Canyon.   
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Table A.1 Summary of baseline site information, 
87

Sr/
86

Sr ratios, and Sr concentration 

from living ponderosa pine (and at one site, spruce and fir) in the San Juan 

Basin.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2σ* uncertainties correspond to the last two significant figures of the isotope ratio.  87Sr/86Sr* equals (87Sr/86Sr)measured corrected to 0.710235 

 Site  87 Sr/ 86 Sr*    2σσσσ  
Sr wood   
(ppm
) 

  
BDwood   

Srcorrected 1   
(ppm
) 

  
San Mateo Mountains            
Site 208  N35º15.795’ W107º37.978’ 2843 m            

P.ponderosa    sm - 208a  .70596  6  6.3  .35  7.3 
P.ponderosa    sm -208d  .70601  9  1.7  .69  3.9 

Site 209  N35º17.126’ W107º36.186’ 2410 m            
P.ponderosa     sm - 209a  .70774  15  5.5  .51  9.4 
P.ponderosa    sm -209b  .70779  27  8.4     
P.ponderosa    sm - 209c  .70819  7  12.1 .48  19.2   
P.ponderosa    sm -209d  .70768  9  11.2    

Site 210  N35º21.787’ W107º32.707’ 2480 m           
P.ponderosa    sm -210b  .70550  5  6.4     
P.ponderosa    sm - 210c  .70744  9  7.0     
P.ponderosa    sm -210d  .70745  18  9.0     
P.ponderosa    sm - 210e  .70712  8  8.9  .75  22.4   

Site 211  N35º21.788’ W107º362.707’ 2406 m            
P.ponderosa    sm - 211a  .70686  8  7.0     
P.ponderosa    sm -211b  .70698  10  4.1     
P.ponderosa    sm -211d  .70855  24  6.1     

Site 212  N35º16.170’ W107º43.313’ 2519 m            
P.ponderosa    sm -212b  .70702  4  8.6     
P.ponderosa    sm - 212c  .70713  4  5.5  .42  7.7 
P.ponderosa    sm - 212e  .70680  8  6.7  .42  9.5 

Lobo Mesa            
Site 213  N35º37.928’ W108º13.374’ 2283 m            

P.ponderosa    lm - 213f  .71150  17  2.4  .82 6.7 
Chuska Mountains           
Site 214  N36º05.757’ W108º51.147’ 2534 m            

P.ponderosa    chm -214b .70706  2  7.4     
P.ponderosa    chm -214d .70713  17  10.8 .48  17.2   

Site 215 N36º04.810’ W108º53.028’ 2531 m            
P.ponderosa    chm -215a .70914  2  7.6  .32  8.2 
P.ponderosa    chm -215b .70917  12  3.0     
P.ponderosa    chm -215c .70892  19  5.0  .38  6.4 
P.ponderosa    chm -215d .70913  10  4.6  .39  6.0 
P.ponderosa    chm -215e .70940  26  4.7  .69  10.8   

Site 216  N36º04.810’ W108º53.028’ 2698 m            
P.ponderosa    chm -216a .70870  24  4.1  .43  5.9 
P.ponderosa    chm -216b .70841  11  3.0     
P.ponderosa    chm -216c .70856  8  3.0  .42  4.2 
P.ponderosa    chm -216d .70926  9  7.5  .38  9.4 

Site 217  N36º10.099’ W108º56.618’ 2740 m            
P.ponderosa    chm -217d .70935  10  6.0  .52  10.4   

Site 218  N36º15.590’ W108º56.310’ 2487 m            
P.ponderosa    chm -218a .70967  13  2.0     
P.ponderosa    chm -218b .70958  21  5.0  .34  5.7 
P.ponderosa    chm -218c .70955  38  1.1  .42  1.6 
P.ponderosa    chm -218d .70951  12  3.8  .38  4.9 
P.ponderosa    chm -218e .70946  11  4.5  .38  5.6 

Site 219  N36º14.599’ W108º54.715’ 2301 m           
P.ponderosa    chm -219a .70974  8  18.1    
P.ponderosa    chm -219b .70950  12  2.7  .62  5.6 
P.ponderosa    chm -219d .70952  9  6.0  .54  10.7   
P.ponderosa    chm -219e .70957  16  12.0 .53  21.3   
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Table A.1 (continued) 
 

Site 87Sr/86Sr*  2σσσσ Srwood (ppm) BDwood Srcorrected
1 (ppm) 

Hosta Butte      
Site 229 N3941709 E0754626 (UTM in zone 12)      

P.ponderosa  hb-1-b .71076 4 2.8 .62 5.8 
P.ponderosa  hb-1-c .71128 12 3.4   
P.ponderosa  hb-1-e .71095 8 2.6 .48 4.0 
P.ponderosa  hb-1-k .71051 7 3.1 .55 5.6 
P.ponderosa  hb-2 .71127 11 4.3   

La Plata Mountains      
Site 220 N37º15.296’ W108º00.139’ 2397 m      

P.ponderosa  lpm-220a .71071 19 4.2 .45 6.3 
P.ponderosa  lpm-220b .71125 15 3.3 .55 6.1 
P.ponderosa  lpm-220c .70985 6 3.6 .48 5.7 
P.ponderosa  lpm-220d .71037 5 4.5 .44 6.7 
P.ponderosa  lpm-220e .71067 9 3.0 .42 4.1 

Site 222 N37º’ W108º’ 2736 m      
Abies engelmanii  lpm-222a .70947 14 5.0   
Pop. tremuloides  lpm-222b .70954 4 4.3   
Pop. tremuloides  lpm-222c .70964 39 3.9   
Abies lasiocarpa  lpm-222b .70865 19 1.8   

Site 223 N37º17.991’ W107º56.351’ 2228 m      
P.ponderosa  lpm-223a .70939 16 2.7 .56 5.1 
P.ponderosa  lpm-223a .70939 11 3.5 .25 2.9 
P.ponderosa  lpm-223b .70934 18 3.5 .48 5.6 
P.ponderosa  lpm-223c .70982 24 4.3   
P.ponderosa  lpm-223c .70972 10 1.8   

Site 224 N37º12.573’ W107º18.862’ 2092 m      
P.ponderosa  lpm-224c .71102 24 6.63   
P.ponderosa  lpm-224c .71093 9 4.4   
P.ponderosa  lpm-224d .71131 13 8.4 .41 11.4 

San Juan Mountains      
Site 225 N37º17.864’ W107º20.103’ 2349 m      
Abies engelmanii  sj-225e .71057 9 4.5   
Abies concolor  sj-225b .71036 7 1.8   
Abies concolor  sj-225a .71066 12 29.6   

Cuba Mesa      
Site 226 N36º03.94’ W106º59.837’ 2252 m      

P.ponderosa  cu-226a .71390 31 .9 .79 2.3 
P.ponderosa  cu-226b .71431 34 4.6   
P.ponderosa  cu-226c .71417 36 3.9   
P.ponderosa  cu-226d .71413 10 2.2 .41 3.0 
P.ponderosa  cu-226e .71395 40 4.8 .42 6.7 

San Pedro Mountains      
Site 227 N35º59.574’ W106º52.624’ 2436 m      

P.ponderosa  spm-227a .71803 10 2.0 .26 1.7 
P.ponderosa  spm-227b .71901 11 6.1 .24 4.9 
P.ponderosa  spm-227c .71918 4 7.3   
P.ponderosa  spm-227d .71557 11 1.5 .60 3.0 
P.ponderosa  spm-227e .71613 60 4.0 .39 5.2 

Lybrook       
Site 228 N36º15.625’ W107º39.252’ 2196 m      

P.ponderosa  ly-228a .70867 6 7.5 .62 15.5 
Chaco Canyon      

P.ponderosa  jpb-99 .70943 6 28.7   

  
2σ* uncertainties correspond to the last two significant figures of the isotope ratio.  87Sr/86Sr* equals (87Sr/86Sr)measured corrected to 0.71023 
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Table A.2. Summary of architectural ponderosa samples, including name of great house, room 

designation, function, age, 
87

Sr/
86

Sr ratios, and Sr concentration.  
  

 

Sample ID Age Genus Room Function 87Sr/86Sr* 2σσσσ * ppm 
Pueblo Bonito        

cnm-2079 1080 pp 171 secondary .71176 11 4.6 
cnm-2636 1030 pp 299 primary .70984 33 9.8 
cnm-2642 1029 pp 300 primary .70968 33 25.5 

pb-290 1080 pp 227 secondary .70950 9 3.9 
pb-294 1082 pp 227 secondary .70958 10 5.7 
pb-304 1081 pp 317 vent lintel .70927 10 18.2 
pb-34 919 pp 320 secondary .70953 3 11.7 
pb-341 1081 pp 320 door lintel .70930 10 20.2 
pb-356 1081 pp 326 door lintel .70958 23 4.7 
pb-460 1049 pop 100a door lintel .71054 11 9.6 
pb-512 1046 pp 209 door lintel .71008 19 8.2 
pb-532 1080 pp 242 door lintel .70930 7 9.3 
pb-540 1080** pp 244 door lintel .71034 11 1.8 
pb-577 1029 pp 299 primary .70984 10 7.6 
pb-581 1030 pp 299 primary .70989 58 8.9 

ckk-40 nps 1081 pp 7 (KK) door lintel .71002 11 3.0 
ckk-41 nps 1081 pp 7 (KK) door lintel .71000 8 4.6 
ckk-72 nps 1081 pp 25 (KK) door lintel .71574 14 2.5 

cnm-3338 nps 1029 pp Kiva G (PB) tie beam .70930 7 10.7 
cnm-3453 nps 1081 pp 49 (KK) vent lintel .70864 11 26.0 
cnm-3455 nps 1081 pp 49 (KK) vent lintel .70949 28 8.0 

Chetro Ketl        
ck-1165 1042 pp 46/48 lintel .70940 11 3.8 
ck-1224 1051 pp 39A secondary .70960 33 4.3 
ck-1225 1052 pp 39A secondary .71068 8 4.1 
ck-1226 1051 pp 39A secondary .70949 5 25.5 
ck-1232 1034 pp 39A secondary .70940 13 24.0 
ck-1233 1052 pp 39A secondary .70953 24 13.0 
ck-1239 1052 pp 39A secondary .71102 7 6.0 
ck-1275 1033 pp 92 primary .70928 6 11.9 
ck-1300 1033 pp 106 beam 11 .71697 22 3.5 
ck-1303 1033 pp 106 beam 14 .70919 12 13.8 
ck-1307 1034 pp 106 beam 18 .71028 35 5.2 

cnm-4133 1048 pp 114 primary .71018 25 0.4 
cnm-4191 1051 pp 119 primary .71001 42 42.1 
cnm-4192 1048 pp 119 primary .70972 12 7.9 
cnm-2504 1039 pp 40 (PdA) primary .70957 36 2.6 

ck-1144 nps 1043 pp 43 (CK) primary .70951 24 7.5 
cnm-1492 nps 1043 pp 37 (PdA) primary .70916 10 14.3 
cnm-1617 nps 1038 pp 87 (PdA) vent lintel .70960 47 5.3 
cnm-1678 nps 1037 pp 144 (PdA) primary .70978 28 4.2 

Pueblo del Arroyo       
cnm-1186 1077 pp 43 lintel .71096 26 1.8 
cnm-1187 1076 pp 43 lintel .71011 22 4.8 
cnm-1188 1077 pp 43 lintel .70997 8 8.8 
cnm-1363 1101 pp 8 door lintel .70917 25 4.7 
cnm-1377 1100 pp 9A III primary .71016 19 16.1 
cnm-1390 1100 pp 9A III secondary .70839 16 0.4 
cnm-1392 1099 pp 9A III secondary .70946 14 2.7 
cnm-1393 1100 pp 9A secondary .70981 27 1.2 
cnm-1405 1099 pp 9A III secondary .70957 10 4.3 
cnm-1649 1076 pp 102 primary .70949 6 14.1 
cnm-2525 1099 pp 43 primary .71043 11 10.7 
cnm-3408 1071 pp 95 intramural .70919 19 107.0 

2σ* 

uncertainties correspond to the last two significant figures of the isotope ratio.  87Sr/86Sr* equals (87Sr/86Sr)measured corrected to 0.710235.  **tentative cuting date..  “nps” listed after 

a sample name indicates reused wood in National Park Service stabilization efforts.  Such beams are categorized according to the  beam’s original great house .  The present 

location of the beam is indicated in parentheses under the “room” column (PB= Pueblo Bonito, CK= Chetro Ketl, KK= Kin Kletso, and PdA= Pueblo del Arroyo)  
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Figure A.1  Map of San Juan Basin showing potential source stands of modern ponderosa 

pine that were sampled for 
87

Sr/
86

Sr analysis.  Adapted from Kantner (1996). 
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Figure A.2 General map of spruce-fir and ponderosa pine forest distribution in the San 

Juan Basin.  Modified from English et al (2001). 
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Figure A.3   Generalized geologic map of the San Juan Basin.  Adapted from Craigg 

(2001). 
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Figure A.4 
87

Sr/
86

Sr ratios for living ponderosa pine and spruce/fir species sampled from 

sites located in Figure 1. For the spruce/fir, only the San Juan Mountains (Site 

225 in Figure 1) is from this study. All other spruce/fir values are from 

English et al. (2001).  
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Figure A.5  
87

Sr/
86

Sr ratios for architectural ponderosa pine from three great houses 

[Pueblo Bonito, Chetro Ketl, and Pueblo Del Arroyo]. 
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Figure A.6  Cutting dates plotted against the 
87

Sr/
86

Sr ratios of architectural ponderosa 

pine.  
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Figure A.7  Plot of 

87
Sr/

86
Sr ratios against Sr concentration (ppm) for architectural 

ponderosa pine to argue against simple mixing between two end members, 

or diagenetic effects.  
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Figure A.8  Summary plot of 
87

Sr/
86

Sr ratios for both living and architectural ponderosa 

pine (circles) and spruce/fir (triangles) from English et al (2001) study. 
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Figure A.9 Summary plot of cutting dates for architectural ponderosa (circles) and 

spruce/fir (triangles) from English et al (2001) study plotted against
 
their 

respective 
87

Sr/
86

Sr ratios.   
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APPENDIX B 

 

NUTRIENT SOURCING IN A SEMI-ARID WOODLAND USING STRONTIUM 

ISOTOPES: EFFECTS OF GROWTH FORM, ROOTING DEPTH, BEDROCK TYPE, 

AND AGE OF PARENT MATERIAL 
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ABSTRACT 

Basalt flows (ranging in age from 3 ka to greater than 200 ka) from El Malpais 

National Monument (EMNM), New Mexico provide an ideal setting to examine Sr (and, 

hence, Ca) nutrient pools of plants in a semi-arid woodland. To gauge plant dependence 

on atmospheric dust versus local weathering products for nutrient sources, we measured 

87Sr/86Sr ratios in local bedrock and soils, and compared them to leaf/wood cellulose of 

four conifers (Pinus ponderosa, Pinus edulis, Juniperus monosperma, Juniperus 

scopulorum), a deciduous tree (Populus tremuloides), three shrubs (Chrysothamus 

nauseosus, Fallugia paradoxa, Rhus trilobata), an annual C4 grass, (Bouteloua gracilis), 

and a lichen (Xanthoparmelia lineola).  Sampling sites varied by parent material 

(limestone, sandstone, granite, and basalt) and age (Quaternary to Precambrian), 

providing a wide range in end-member 87Sr/86Sr ratios, while the target plant species 

varied by physiognomy, life history, and rooting depth.  On basalts, the nutrient budget of 

soils at EMNM is dominated by atmospheric dust on younger flows (3 ka, kiloyears ago), 

incorporates a mixture of bedrock-dust by 9 ka, and is bedrock-dominated by 120 ka.  On 

non-basalt parent materials, the degree of eolian dependence varies with the bedrock’s 

supply of nutrient-rich minerals.  Soils developed on Paleozoic limestone still show 

significant bedrock contributions, whereas the Sr in soils developed on a quartz-rich, 

carbonate-cemented sandstone is largely eolian.  This is a similar, but more prolonged, 

pattern to that observed on a tropical, basalt chronosequence in Hawaii, where bedrock 

weathering dominates the Sr inventory of the youngest soils and aerosols dominate in 

older, deeply weathered soils.   It is possible that eolian dominance reemerges in semi-
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arid settings on highly developed soils (> 200 ka).  For plants, 87Sr/86Sr variations within 

and across sites at EMNP show 1.) evergreen trees have the highest range of 87Sr/86Sr 

variation; 2.) shrubs are least nutrient dependent on eolian input; and 3.) foliage density 

and maximum rooting depths both influence potential soil nutrient pools.  In general, this 

means that soil nutrient concentrations exhibit both vertical and lateral heterogeneity and 

that trees are most capable of acquiring nutrients from both eolian and bedrock 

weathering sources. 

 

1. INTRODUCTION 

The weathering flux of rock-derived elements (specifically, calcium & strontium) 

to their bioavailable forms is significant in quantifying chemical weathering rates, 

nutrient cycling, and the establishment potential of plant species. While strontium (Sr) is 

not itself a plant-essential nutrient, it is a common chemical tracer of calcium (Ca), and 

exists in all materials where Ca is present. Therefore, measuring 87Sr/86Sr ratios, which do 

not significantly fractionate with dissolution, can trace Ca movement from rock to soil 

water to plant.  The local pinyon-juniper and ponderosa woodlands of El Malpais 

(Spanish for "badlands") National Monument (EMNM), near the Continental Divide in 

west-central New Mexico, USA (Figure B.1) affords a wide range of functional plant 

types with different foliage densities (dust-trapping ability) and rooting depths to evaluate 

different strategies of nutrient acquisition with nutrient availability. Growing conditions 

here range from seemingly impossible (e.g. within crevasses in fresh rock and in shallow 

pools of dust on rock surfaces) to thick, fertile soils.  Plant-essential nutrients can come 
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either from relatively deep (i.e. from the slow chemical weathering of local substrates), or 

from relatively shallow (i.e. the rapid dissolution of silt-sized carbonate dust that covers 

the landscape’s surface) sources.  Since the dust and geologic substrates at EMNM have 

distinguishable 87Sr/86Sr ratios, we can determine the relative contributions of substrate-

derived nutrients versus atmospheric dust by plant species and begin to compare plant 

nutrient acquisition patterns over different rock substrates, at different levels of soil 

development.   

In EMNM, a range of basaltic lava flows and cinder cones (the Zuni-Bandera 

volcanic field) erupted over the last 700,000 years in a valley flanked by outcrops of 

Paleozoic-age marine sediments, Mesozoic-age sandstones, and Precambrian-age gneiss 

(Laughlin et al, 1994).  The basalt flows provide an ideal chronosequence to examine 

nutrient cycling in a semi-arid setting characterized by cold winters, mild summers and a 

bimodal precipitation regime. The younger flows (120 ka and younger), are easily 

identifiable and differentiated (Figure B.2).  Soils on these basalt flows display very 

different stages of soil development. We measured the 87Sr/86Sr ratios in both soils and 

plants across seven sites that vary by bedrock type (limestone, sandstone, granite, and 

basalt) and surface age, ranging from well-dated basalts (only 3 ka old to ~ 120 ka old) 

and on older stable sections of the non-basalt substrates ((Precambrian gneiss, and the 

Mesozoic-age Zuni Sandstone and Paleozoic San Andres Formation).  We sampled wood 

or leaf cellulose from several individuals each for trees (Pinus ponderosa, Pinus edulis, 

Juniperus monosperma, Juniperus scopulorum), shrubs (Chrysothamus nauseosus, 

Fallugia paradoxa, Rhus trilobata), grass (Bouteloua gracilis), and lichen 
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(Xanthoparmelia lineola) to identify nutrient sources.  Typically, more than half of the 

listed species were represented at each site.   These species exhibit a full range of life 

history, growth form and rooting depths (Figure B.3 and Table B.2). 

Variations in plant nutrient acquisition patterns across a variety of geological 

substrates can elucidate plant distribution, ecosystem function, and plant responses to 

changing environmental conditions.  Several episodes of basaltic flows drastically 

changed the Quaternary landscape and created new space for plants to establish.  By 

quantifying the rates at which various plant species utilize all available resources 

(substrate-derived & dust-derived) and the proportions of these resources, we can begin 

to speculate on the recolonization order of plant species into these ecosystems.  Different 

nutrient acquisition patterns of various plant species can be further correlated to 

differences in plant growth forms and life cycles. 

Atmospheric dust contribution to nutrient pools was calculated using a simple 

isotopic mixing equation. Dust 87Sr/86Sr ratios at EMNM are dominated by marine 

carbonates with minor fluctuations from other bedrock sources (Van der Hoven et al, 

2002).  The relative flux of plant-available nutrients from atmospheric and bedrock 

weathering sources were used to calculate bedrock weathering rates in this semi-arid 

ecosystem; we compared these rates with those obtained for similar studies conducted 

under tropical climate regimes (e.g. Chadwick et al, 1999; Kennedy et al, 1998; Vitousek 

et al, 1999; Stewart et al, 2001).   
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2. ADDITIONAL BACKGROUND 

2.1. The role of atmospheric dust and foliage density 

Continentally-derived dust in Southwestern U.S.A. has the potential to dominate 

surface 87Sr/86Sr records due to its high carbonate content, high Ca and Sr concentrations, 

and relatively rapid rates of dissolution.  While continental sites may be prone to more 

variation in dust sources with time (Kennedy et al, 1998), erosion of soil caliche provides 

a relatively stable atmospheric dust flux that can dominate the Sr cycle (Capo and 

Chadwick, 1999; Van der Hoven, 2002) and makes dust Sr isotopic ratios relatively 

stable in time and space.  In nearby southern Arizona, Ca and Sr cycling of atmospheric 

dust has been measured to vary on a scale of ~ 104 km2 (Naiman et al, 2000).   In the San 

Pedro/Nacimiento Mountains near Cuba, New Mexico, the overriding influence of 

regional atmospheric dust can be seen in conifer 87Sr/86Sr ratios, which vary much less 

than ratios of underlying bedrock, despite growing on three different substrates (granite, 

limestone, and sandstone) (English et al, 2001).     

Recently, several studies have quantified the eolian contribution in the shallow 

layers of Southwestern U.S. soils using 87Sr/86Sr ratios, as a proxy for Ca movement in 

soils.  Using mass balance and 87Sr/86Sr ratios on a 2 million-year old, New Mexico soil, 

Capo and Chadwick (1999) estimate a minimum atmospheric contribution of ~94% to the 

soil carbonate Ca and 50-70% eolian contribution to the uppermost 25 cm of the soil, 

suggesting very slow rates of bedrock weathering.  A study of the soil carbonate within 

EMNM found the 87Sr/86Sr ratio of the soil carbonate (87Sr/86Sr = 0.7086) and the labile 

fraction of the A-horizon (87Sr/86Sr = 0.7075) to be similar to that of the local 
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atmospheric dust (87Sr/86Sr = 0.7090) (Van der Hoven and Quade, 2002).  A Chilean 

study (Kennedy et al, 2002) has shown that the atmospherically dominated, shallow soil 

layers can be dominated by dust 87Sr/86Sr ratios within a few decades.  

In semi-arid ecosystems, the foliar trapping of nutrient-rich and incorporation of 

the throughfall into the underlying soil may dominate nutrient acquisition.   Within the 

Sangre de Cristo Mountains of northern New Mexico, Graustein (1981) demonstrated 

that 80% of the Sr in the trees was derived from atmospheric dust with the remaining 

20% coming from bedrock weathering.  Graustein (1981) concluded that canopy 

throughfall accounts for a significant proportion of most nutrients in the forested canopy, 

with the exception of Na, which is primarily controlled by mineral weathering in 

bedrock.  If foliage density plays the key role in transferring dust to the shallow soil via 

throughfall, intercanopy grasses should be most dependent on bedrock weathering for 

their nutrient supply and should exhibit 87Sr/86Sr ratios similar to that of the local bedrock 

whereas conifers with dense foliage should exhibit ratios closer atmospheric dust.   

 

2.2. The role of soil moisture and rooting depth 

Semi-arid plant species have adapted several features to both minimize water loss 

and compete for limited water resources.  Such features include 1.) development of a tap 

root, possibly to access deeper water (e.g. Breshears et al, 1999) and/or nutrient (e.g. 

Walvoord et al, 2003) reservoirs, and 2.) maximization of growth during the winter rainy 

season, which promises less rain than its summer counterpart, but also less transpiration 

and soil water evaporation.  The lateral and vertical distribution of soil moisture controls 
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the lateral and vertical distribution of plant-available nutrient resources.  Hence, by 

quantitatively tracing the relative depths of nutrients, we can better understand which 

resources various semi-arid plants are utilizing. Nutrient availability depends in large part 

on soil moisture, because without water, plants cannot acquire nutrients, regardless of 

source.  Walter (1973), working off of the assumption of vertical changes in soil 

moisture, suggested that woody plants obtain moisture from deeper soil levels than do the 

more shallowly rooted herbaceous plants.  Breshears et al (1999) modified Walter’s two-

layer model by recognizing that woody plants can be either shallowly or deeply rooted; to 

account for this variation between canopy and intercanopy, they added lateral 

heterogeneity into the model.  Plant root systems can play an active role in soil water 

variability by passively redistributing water along rooting systems using soil water 

potential gradients (Meinzer et al, 2004).   In addition, seasonality of rainfall can sharply 

alter vertical soil moisture profiles (D’Odorico et al, 2000).  Plant species that utilize 

summer rains are using a shallower nutrient pool than plants that draw upon deeper, 

winter rains. 

 Other studies (McCulley et al, 2004; Caldwell et al, 1985, Walvoord et al, 2003) 

suggest that although soil moisture plays a role, heterogeneity in the availability of 

nutrients may be the ultimate control on the rooting habits of plants in semiarid 

ecosystems.  McCulley et al (2004) conclude that deep-rooted plants do not necessarily 

tap water resources, but instead are scavenging for specific nutrients, namely extractable 

phosphorus.  Further, they suggest that passive uptake of water by these rooting systems 

and a redistribution of that water and nutrients to shallower levels may be significant.  
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Walvoord et al (2003) suggest that semi-arid plants are trying to acquire a large, but deep, 

reservoir of bioavailable nitrates. 

In terms of rooting depths, plants acquiring their nutrients from deep soil waters 

should be biased toward bedrock 87Sr/86Sr ratios, even where canopy is extensive.  

Deeply rooted plants would then exhibit 87Sr/86Sr ratios closest to that of bedrock, 

whereas their shallower-rooted counterparts at the same site would exhibit 87Sr/86Sr ratios 

of the atmospheric dust.   

 

3. ENVIRONMENTAL SETTING OF EMNM 

EMNM in west-central New Mexico (Figure B.1) spans from 2100 to 2500 m 

elevation, with a mean annual precipitation of 420 mm, primarily in summer, and mean 

monthly maximum/minimum temperatures of 8/-11°C in January and 31/11°C in July at 

the main ranger station. Both climate and vegetation varied significantly across the last 

two glacial-interglacial cycles encompassing soil development at EMNM. Mean annual 

temperatures at EMNM may have been ~5°C cooler, and winter precipitation more 

abundant and regular, during the last glacial period than today. Whereas vegetation today 

is dominated by pinyon-juniper and ponderosa woodlands, in the last glacial period the 

higher elevations of EMNM were probably clad in spruce-fir forests (Betancourt et al., 

1990). Given the longer duration of glacial periods, the study area may have been under 

boreal or mixed-conifer forests for most of the last 200,000 years.  

EMNM is part of the Zuni-Bandera volcanic field, with two groups of eruptions.  

The older flows covered a much larger area, occurred in two intervals (~600-700 ka and 
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150 ka), and are difficult to distinguish. (Maxwell 1986). The younger period of eruption 

includes five major flows, ranging from the Calderón Flow (120 ka) to the McCarty's 

Flow (3 ka), that erupted in the western part of the study area and flowed to the northeast. 

Laughlin et al. (1994) summarize K–Ar, 3He and 14C dating that constrains the ages of 

the basalt. The age of a basalt flow provides maximum age constraints for the beginning 

of soil development. Beneath and surrounding the basalt fields are Precambrian-age 

gneiss flanked by Paleozoic-age sandstones and limestones (Yeso and San Andres 

Formations, respectively) and Mesozoic-age sandstones and shales.  The Zuni Sandstone, 

a Jurassic-age eolian formation cemented with carbonate, forms a prominent cliff on the 

eastern edge of the study area. 

 

4.0 SAMPLING METHODS 

4.1. Field Sampling 

In June 2002, plant samples were collected from the northern half of EMNM. Ten 

dominant plant species (Pinus ponderosa, Pinus edulis, Juniperus monosperma, 

Juniperus scopulorum, Populus tremuloides, Chrysothamus nauseosus, Fallugia 

paradoxa, Rhus trilobata, Bouteloua gracilis, and Xanthoparmelia lineola) were 

sampled.  Species range from lichen and grass to trees and shrubs that span the range of 

rooting habits within the monument (Table B.2 and Figure B.3).  When possible, three 

individuals of each species were sampled for analysis.  Sampling locales (sites 201-207) 

were chosen to span the seven major rock types/exposure ages of the monument.   Sites 

204 and 207 both are on Bandera Flow (9 ka) but site 204 is from the middle of the flow 
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and site 207 from its eastern edge.  These sites were chosen to test variation in 

atmospheric dust inputs on the margins of basalt flows bordered by Zuni Sandstone (see 

Figure B.1).    Shrub and grass species were sampled from tree intercanopy locations.   

 In June 2006, we took soil samples from the A and B Horizons (in 5-cm 

increments, typically from the upper 30-50 cm) both from canopy and intercanopy 

patches in order to measure exchangeable 87Sr/86Sr (and, hence, shallow soil water 

87Sr/86Sr) at each site locality.   

 

4.2. Laboratory Methods 

We sampled the innermost (earliest) rings from increment cores taken from Pinus 

ponderosa and Pinus edulis). The outermost 1 to 2 mm of the core’s surface was 

physically removed and discarded to prevent contamination due to handling or storage.  

For the majority of other species (Juniperus monosperma, Juniperus scopulorum, 

Chrysothamus nauseosus, Fallugia paradoxa, Rhus trilobata) woody material collected 

from branches and bark was removed before processing.  With the Bouteloua gracilis, 

samples were sonicated in ultrapure 18 mΏ water and dried before proceeding.  A total of 

60 to 100 mg of wood (100-200 mg for B. gracilis) was then cut into 1-2 mm3 pieces and 

placed in an acid-cleaned Vycor tube. The amount of sample averaged several years and, 

most likely, minimized annual variations in Sr/Ca within a species.  Samples were 

combusted between 750 and 850 °C for 12-18 h until all organic matter was ashed.  

Samples were then transported to a clean lab for wet chemical processing. The remaining 

inorganic ash was dissolved in distilled 6 M HCl, transferred to a Teflon vial, and, in 
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some samples, an 84Sr tracer was added to allow determination of Sr concentration.  The 

87Sr/86Sr ratios derived from the plant ash will herein be referred to as 87Sr/86Srplant.  As a 

proxy for the 87Sr/86Sr ratios of shallow soil water at each site, we collected the upper 20-

40 cm of soil and leached them in 0.1 M NH4 Acetate with a pH = 8 in accordance with 

Jackson (1956) to isolate plant-available elements, herein referred to as the exchangeable 

fraction (87Sr/86Srexch.).  The supernatant was collected and analyzed.   

All samples were dried down on a hotplate, redissolved in 3.5 M HNO3, and run 

through Eichrom Sr-specific resin columns to isolate the strontium from the sample. 

Samples were analyzed for 87Sr/86Sr and Sr concentration on a thermal ionization mass 

spectrometer (TIMS) at the University of Arizona. NBS-987 standards were analyzed 

repeatedly, yielding an 87Sr/86Sr ratio of 0.710268±0.00004 (n=24).  We measured the 

87Sr/86Sr ratios on 138 cellulose (87Sr/86Srplant) and 45 soil samples (87Sr/86Srexch.).  

Bedrock (whole rock) and dust (labile fraction, 1M Acetic leachate) end-member ratios 

are taken from previously published data for EMNM (Van der Hoven, et al 2002).     

 

4.3. Bedrock versus Atmospheric Dust Mixing Equations 

We can estimate proportional inputs of dust versus bedrock Sr within EMNM by 

comparing the end-member 87Sr/86Sr ratios of the labile fractions of local dust 

(87Sr/86Srdust =0.7087-0.7096) (Van der Hoven et al, 2002) to the 87Sr/86Srplant ratios. The 

whole-rock 87Sr/86Sr ratios (87Sr/86SrWR) of each basalt (Van der Hoven, 2002) yield 

slightly different 87Sr/86Sr ratios due to variation in the magma sources through time. The 

El Calderón (87Sr/86SrWR = 0.7052-0.7058), Bandera Flow (87Sr/86SrWR = 0.7036-0.7046), 
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and McCarty’s (87Sr/86SrWR = 0.7059-0.7060) basalts all display relatively narrow 

isotopic ranges due to the homogeneity of each eruptive event (Van der Hoven, 2002). 

The marine San Andres Limestone (87Sr/86SrWR = 0.7077) is also isotopically 

homogenous. However, the 87Sr/86Sr ratios for the Zuni Sandstone (87Sr/86SrWR = 0.7090-

0.7099) and especially for Precambrian gneiss (87Sr/86SrWR = 0.8043-0.8644) show more 

isotopically heterogeneous substrates.  

The range of labile dust (87Sr/86Srdust) ratios at EMNM is 0.7087-0.7096 (Van der 

Hoven, 2002).  This range is comparable to the range of eolian 87Sr/86Sr ratios (labile 

fraction) measured at Las Cruces, New Mexico (0.7087-0.7093; Capo et al, 1998) and 

very likely represents the typical eolian background ratio for the entire region.   Less 

certain is the range of variation in the dust composition on a local scale (102 km or less). 

Some sites are within a kilometer of a bedrock contact (refer to Table B.1).   Soil 

carbonate and A-horizon 87Sr/86Sr ratios (from Van der Hoven et al, 2002), known eolian-

dominated systems, along with the exchangeable fraction of the upper 20-40 cm of soil 

(this study), can serve as proxies for possible local variation in the dust end-member.   

While both minimum and maximum estimates of bedrock contribution, based upon the 

87Sr/86Srplant ratios, are provided in the tables, the maximum estimates are used within all 

figures. 
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5.0. RESULTS 

5.1. Basalt Weathering  

The 87Sr/86Sr ratios of plants (87Sr/86Srplant) growing on basalt substrates (Table 

B.3) display relatively narrow isotopic ranges (typically ± 0.002) and fall between two 

end-members: the labile dust  (87Sr/86SrDUST = 0.7087-0.7096) and basalt substrate whole 

rock ratios. 87Sr/86Srplant ratios show a systematic trend of approaching the basalt substrate 

ratio and moving away from the dust end-member ratio as the age of the basalt flow 

increases (Table B.3).  Differences in the 87Sr/86Srplant ratios among the three sites are 

statistically significant and distinct from each other (Figure B.4). To calculate percentage 

bedrock contributions, a simple two-end member isotopic mixing equation (Eq. 1) was 

applied to each site using dust and bedrock end-members (taken from Van der Hoven et 

al (2002) and listed in Table B.3). 

 










+−−
−

=
)]*()*())(*[(

)](*[(
*100%

DUSTDUSTROCKROCKDUSTROCKPLANT

PLANTDUSTDUST
ROCK

ppmRppmRppmppmR

RRppm
             (1) 

where,  R= 87Sr/86Sr  and ppm = [Sr]   

 

Using this equation, the Sr is 10-60% bedrock-derived on the McCarty’s Flow (3 ka), 40-

60% bedrock-derived on the Bandera Flow (9 ka), and >90% bedrock-derived at the El 

Calderón Flow (120 ka)(Figure B.5).  Only B. gracilis, a grass, tends to show more 

dependency on eolian inputs (56% bedrock) than other species at the El Calderón site.  At 

all three basalt sites, the trends in the 87Sr/86Srplant ratios (Figure B.5) also start to break 
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out by plant species and growth form.  For example, at the Bandera Site --- the site with 

the largest data set --- shrub species with comparable rooting depths have similar 

87Sr/86Sr ratios (mean 87Sr/86Srplant = 0.7062 ± 0.0001 1σ, n=15).   Tree species tend be 

closer to basalt substrate ratios, with slightly higher ratios and standard deviations (mean 

87Sr/86Srplant = 0.7070 ± 0.0007 1σ, n=13) compared to their shrub counterparts.   The 

grass and lichen samples tend to have the ratios closest to 87Sr/86SrDUST end-member 

(mean 87Sr/86Srplant = 0.7073 ± 0.0007, n=2).   

 

5.2. The Upper Soil 87Sr/86Sr Exchangeable Fraction 

The 87Sr/86Srexch. of the upper (~ 30 cm) of soil horizons (Table B.4) on the 

McCarty’s, Bandera, and El Calderón Flows show a similar trend to that of the 87Sr/86Sr 

plant ratios.  87Sr/86Srexch. ratios from younger basalt flows tend to fall closer to the eolian 

end-member than those on older basalt flows.  For example, at the El Calderón site, we 

calculate an eolian contribution of around 20-30% based on the 87Sr/86Srexch. ratios for  

both open- and closed-canopy soil profiles, with 10-20% more eolian input in the upper 

10 cm and in the open canopy site.  For an open-canopy Bandera soil, the 87Sr/86Srexch. is 

approximately 75% eolian.  In the McCarty’s soil, our youngest soil, the 87Sr/86Srexch.  

increases to 80-90% eolian dominated. 

 

5.3. Non-Basalt Parent Material 

87Sr/86SrPlant ratios on non-basalt parent materials --- the PreCambrian gneiss and 

San Andres Limestone sites, in particular --- display more isotopic variation (± 0.0008-
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0.003, 1σ) within and among species than seen in the 87Sr/86Srplant on the basalt flows.   In 

addition, local variation in the 87Sr/86SrDUST ratio may complicate the story.  However, 

trends can still be observed within the dataset.  Calculated percentage bedrock 

contribution to the plant Sr pools for these non-basalt flows (Figure B.6) suggests more 

eolian contribution (Table B.5) than observed on the basalt flows (Table B.3).   At the 

Precambrian gneiss site, 87Sr/86Srplant ratios suggest less than 30% bedrock contribution.  

87Sr/86Srplant ratios for the Zuni Sandstone and San Andres Limestone site suggest roughly 

50% bedrock input to soil nutrient pools.  In addition, at the San Andres Limestone site, 

87Sr/86Srplant ratios are dominantly eolian (~100%) for most Pinus and shrub samples.  

The variation of the mean 87Sr/86Srplant at each of these older sites is statistically 

significant (Figure B.7). 

For plants growing on the Precambrian gneiss (site 201), the 87Sr/86Srplant ratios 

(Table B.5) fall between the end-member dust and substrate ratios (87Sr/86SrWR = 0.8644 

and 87Sr/86SrDUST = 0.7087), but tend to fall much closer (10-20% bedrock-derived) to the 

dust end-member (Table B.5).  The soil 87Sr/86Srexch. at this site (Table B.4) is comparable 

to what’s seen in the plants, with 87Sr/86Sr ratio ranges from 0.7128-0.7132 (open and 

closed canopy, respectively).  

 For both the San Andres Limestone and Zuni Sandstone sites, lichen 87Sr/86Srplant 

ratios and pothole dust 87Sr/86Sr ratios suggest more locally derived dust sources  at these 

sites and the 87Sr/86SrDUST end-members have been adjusted accordingly (Table B.5).  At 

the San Andres Limestone site, the dust end-member ratio has been adjusted to a higher, 

more local ratio (87Sr/86Srcorr. = 0.7148) to explain the ratios seen in the most shallowly 



           
 79 

 

rooted of plants.  For example, at the San Andres Limestone site, plants that tend to be 

dust-dependent (lichen, moss, and grass species) display higher 87Sr/86Sr ratios 

(87Sr/86Srplant = 0.7102-0.7130) and one of the C. nauseosus individuals displays the site’s 

highest ratio (87Sr/86Srplant = 0.7147).  For the Zuni Sandstone, the dust 87Sr/86Sr end-

member has been adjusted to 0.7077, the 87Sr/86Sr ratio of the San Andres Limestone and 

the 87Sr/86Srexch. ratio of a dust sample collected from a pothole in the Bandera Flow (site 

207).    The lowest 87Sr/86Srplant ratios on the Zuni Sandstone site are found in several R. 

trilobata samples and one P. ponderosa individual.  On the Zuni Sandstone site, soil 

87Sr/86Srexch. ratios are also lower and range from 0.7082-0.7087 (Table B.4).   

 

6.0. DISCUSSION  

6.1. Growth Form and 87Sr/86Srplant ratios 

Examination of plant species response to changing 87Sr/86Srplant ratios over the 

basalt flow chronosequence can be linked to plant growth form, such as rooting depth and 

foliage density.  Early in the study, we hypothesized that more deeply rooted plants will 

have bedrock-dominated 87Sr/86Srplant ratios and that 87Sr/86Srplant ratios of species with 

dense foliage will be more eolian dominated.  The data supports these hypotheses and 

further suggests that deeply rooted trees with dense foliage are most dominated by dust 

throughfall.   The most densely foliated plant species, Pinus and Juniperus, have 

87Sr/86Srplant ratios closer to the 87Sr/86Srdust end-member.  This confirms the finding of 

Graustein (1981) who demonstrated that throughfall accounts for a significant proportion 

of most nutrients in the forested canopy within the Sangre de Cristo Mountains of 
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northern New Mexico.  Mean tree 87Sr/86Srplant ratios are closer to the 87Sr/86SrDUST than 

their shrub counterparts at all sites (figure B.7) and display a larger range of variation in 

their 86Sr/86Srplant ratios (figures B.4 & B.7) than other species.   87Sr/86Srplant ratios in 

shrub species are closer to the 87Sr/86SrWR of bedrock than their tree and grass 

counterparts (Figure B.8) and fall into relatively tight ranges of 86Sr/86Srplant ratios per 

site. 

  The larger range of variation in tree 86Sr/86Srplant ratios possibly indicates that 

dense-foliate tree species have more flexibility in nutrient resource acquisition than their 

grass and shrub counterparts.    This flexibility could allow for trees to occupy immature 

soils fairly quickly and begin contributing to the dust-fraction of the soils relatively early 

in a substrate’s history. Van der Hoven et al (2002) observed the labile fraction of the A 

horizon (87Sr/86Srexch.) in El Malpais soils to match 87Sr/86SrDUST ratios.  The annual 

grasses and relatively short-lived shrubs are likely living in a location once occupied by 

the longer-lived tree species.  This leads to the question of whether shrubs are not 

utilizing the shallow soil’s dust fraction, contributed from tree throughfall, or whether the 

labile dust fraction is short-lived within the intercanopy.  Elevated 87Sr/86Srplant ratios of 

intercanopy grass, B. gracilis, demonstrate a strong dependency on eolian nutrient inputs 

in shallow soil.  This suggests that dust contributions to intercanopy shallow soil layers, 

put in place via throughfall, are preserved and present to be utilized by shallowly rooted 

species.  The 87Sr/86Srplant ratios strongly suggest that shrubs in the EMNM are not 

utilizing shallow soil waters.   The higher homogeneity and greater bedrock influence in 

shrub species may also be reflecting other key factors, such as mychorrizal associations.    
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Several studies have documented the deep-rooting habits of several semi-arid 

plants in order to access a more stable groundwater source during drought (Breshears et 

al, 1999), but also – if not, more importantly – to access nutrients such as plant-available 

phosphorous (McCulley et al, 2004; Canadell et al, 1996) and nitrate (Walvoord et al, 

2003).   It seems that both the tree and shrub species are utilizing the deeper nutrient 

pools, but the data suggest that the tree species are less dependent upon them, perhaps 

because of their ability to utilize throughfall resources.   Similarities in the 87Sr/86Sr ratios 

between winter-growing J. monosperma and summer-growing P. ponderosa suggest 

phenological acquisition of resources does not drastically affect 86Sr/86Srplant ratios within 

the plants.     

 

6.2. Silicate Weathering 

 The 87Sr/86Srplant ratios in the basalt flow chronosequence show an increase in 

bedrock contribution with increasing soil age (Figure B.8).  Basalt weathering contributes 

only a minor amount of nutrients to the soil water in younger (< 3 ka) soils but increases 

rapidly to significant amounts in older basalt flows in the EMNM.  In a 120 ka old soil, 

bedrock contributions dominate nutrient pools, with 87Sr/86Srplant being 89-100% bedrock-

derived.  The data suggests a lag time in the start of basalt weathering over which the dust 

end-member dominates the 87Sr/86Sr ratios of soil nutrient pools.  This implies the dust 

end-member dominates soil nutrient pools only when bedrock weathering contributions 

are minimal.  Such circumstances would include: 1.) in soils younger than a few thousand 
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years old , 2.) in soils whose parent material contains little to no nutrient-rich minerals, 

and 3.) in older soils whose nutrient-rich minerals have been weathered out.  

This weathering trend is similar to studies set in tropical Hawaii, but with a 

significant offset (~100 ka) in the timing of onset to bedrock-dominated soil nutrient 

pools.   Figure B.8 compares semi-arid weathering rates (this study) to those from 

tropical Hawaii (Kennedy et al,1998; Stewart et al., 1998).  In Hawaii, bedrock 

weathering provides more than 90% of nutrients to the youngest soils (< 2 ka), but less 

than ¼ of the nutrients in soils exceeding 20 ka (Vitousek et al. 1997; Kennedy et al. 

1998). The importance of atmospheric dust in nutrient pools increased with mean annual 

precipitation, which varies dramatically across the islands. On a 170-ka basalt flow, for 

example, nutrient pools at low-rainfall sites (<140 cm/yr) are still dominated by local 

weathering products, whereas rainwater contributes most of the cations in more humid 

forests (300 cm/yr)(Stewart et al, 2001).  The importance of eolian 87Sr/86Sr to bulk soil 

chemistry should be even stronger in continental settings where dust fluxes are 

significantly larger, while mineral weathering rates are slower in drier settings (Stewart et 

al, 1998; 2001). Stewart et al. (1998) found that in Hawaii ~25% of the substrate’s 

primary minerals remain after 170 ka, while more than 80% of the soil’s primary 

minerals remain after 2 million years in a semi-arid, continental setting in New Mexico.  

Where bedrock-dominated systems appear in tropical Hawaii after only years to 

decades of exposure, the data suggests that semi-arid soils require millennia before 

silicate bedrock can dominate nutrient pools.  In tropical Hawaii, air-borne contributions 

to the nutrient pool gain more and more influence as primary minerals begin to become 
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depleted by weathering (Vitousek et al, 1999).   In tropical settings, a 20 ka site shows 

moderate air-borne influence while Sr in older substrates ((≥ 150 ka) approach complete 

dominance by airborne sources (Kennedy et al, 1998).  In semi-arid settings, silicate 

bedrock could potentially dominate the soil nutrient pools for millennia.  

   The soils formed on the Precambrian gneiss are not well dated and show variation 

in soil development within the site.  The 87Sr/86Srplant ratios show an eolian dominance (> 

90% eolian).  Without more information on the soil development for each plant sample, 

this data could reflect a young soil with minimal bedrock weathering or an older soil with 

mineral depletion of its nutrient-rich minerals.  Field observations found soil 

development to be minimal on the slopes and several tens of centimeters on more stable 

sections of the landscape.  Due to the heterogeneity in the development of the soil at this 

site, it is likely that immature soils and mineral depletion are both reflected in the 

87Sr/86Srplant at this site.  However, it is not possible to infer how quickly this depletion 

occurred.  A study of a New Mexico soil forming on quartzofeldspathic alluvium retains 

more than 80% of its primary minerals after 2 million years of exposure and yet, shows, 

extremely high eolian influence ( > 94%) (Capo and Chadwick, 1999; Stewart et al., 

1998). 

 

6.3. Carbonate parent material 

Carbonate bedrock, which differs from silicate minerals in its propensity to 

dissolution and its high Sr and Ca concentrations, has the potential to dominate plant-

available Sr from the very onset of pedogeneis and has the ability continue to dominate 
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soil nutrient pools for an infinite amount of time (Figure B.8).  We find, however, that 

nutrient pools of the soils developing on the San Andres Limestone and the Zuni 

Sandstone substrates show significant eolian influence, 0-50% and 42-98%, respectively.  

This suggests that, despite an abundant supply of Ca- and Sr-rich minerals, are large 

contribution from dust is still apparent in the 87Sr/86Srplant ratios. Local variations in dust 

flux and the composition of the incoming dust will also influence the rate at which eolian 

influence becomes significant in the soil nutrient pool.  

The high 87Sr/86Sr ratios in the local dust end-member for the San Andres 

Limestone (87Sr/86SrDUST = 0.7148) points to a more radiogenic dust source.   In the 

mountains of northern New Mexico, granite is the dominant source of dust (Reynolds, 

2005).  Another distinct possibility is that, in older soils, dust’s more recalcitrant, residual 

fraction (silicate weathering) is beginning to weather and contribute to the soil nutrient 

pool.  Other studies have measured the 87Sr/86Sr ratio of the residual fraction of dust in 

the Southwestern U.S.A., and the San Andres Limestone dust end-member’s ratio falls 

within its range, 87Sr/86Sr  = 0.7111 to 0.732 (Capo and Chadwick, 1999, Goldstein, 

unpublished data).   

The eolian contribution is higher in the soil formed on the less calcareous Zuni 

Sandstone than in the soil on the purely calcareous San Andres Limestone, suggesting 

depletion of carbonate cement in the Zuni Sandstone parent material is also influencing 

the increase in eolian contributions to the soil nutrient pool.   
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7.0. SUMMARY AND CONCLUSIONS 

87Sr/86Srplant ratios vary in predictable patterns based on plant species, rock 

substrate type, and substrate age.  Where carbonate is present, whether in the labile dust 

fraction or in the bedrock, it has a high likelihood of dominating the 87Sr/86Srplant ratios. 

Trees (P. ponderosa, P. edulis, and Juniper species) display the largest range of 

87Sr/86Srplant ratios within a stand, suggesting acquisition of nutrients both from deep 

bedrock-derived nutrient pools and from throughall.   Dense foliage, which enhances dust 

entrapment, helps dust accumulate in the shallow soil horizons.   The grass B. gracilis is 

tapping into eolian-derived nutrient pools despite being in the intercanopy.  This strongly 

suggests that, in these sites, intercanopy locations are as strongly, if not more strongly 

influenced, by eolian inputs than their canopy counterparts.    Differences between dust 

accumulation in the shallow soil horizons for canopy and intercanopy zones requires 

further study.   

 EMNM estimates suggest that, in semi-arid settings, mineral weathering from 

bedrock can influence the soil nutrient pool after a few millennia, but don’t dominate 

nutrient pools until approximately 120,000 years of surface exposure. The period of time 

that silicate weathering can dominate soil nutrient pools is dependent on several factors, 

including the flux and composition of local dust inputs and the proportion of nutrient-rich 

minerals present in the bedrock.  Trends seen in the semi-arid EMNM data are similar to 

the tropical, wetter Hawaiian data sets in that dust inputs are dominant in very young and 

very old soil nutrient pools.  In semi-arid climates, dust dominates the nutrient cycle on 

younger flows (< 3 ka) and is rock-dominated by 120 ka.  Results from soils in Hawaii 
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suggest a nutrient pool that moves quickly from eolian- to bedrock-dominated nutrient 

pools (years to decades) and back toward eolian-dominated environments, reaching 

complete eolian dependency by 150 ka.   Further study is required to determine if the 

EMNM weathering trends are representative of other semi-arid environments.  
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Table B.1  Locality descriptions from El Malpais National Monument, NM. 

SITE BEDROCK LATITUDE LONGITUDE ELEVATION
Additional Site 

Information

201
El Calderon 

Flow
N34°58.056' W108°00.429' 2228 m

½ km west of El Calderon 
Trailhead, along 

unmaintained road.

202
PreCambrian 

Gneiss
N34°59.021' W108°00.725' 2254 m NW of mile 65 post on 

203
San Andres 
Limestone

N35°00.865' W108°06.191' 2392 m
Neighboring ridge to 

gneiss outcrop

204 Bandera Flow N34°56.714' W108°06.354' 2337 m
Walked trail in from Big 

Tube picnic area.

205
McCarty's 

Flow
N34°50.750' W107°55.207' 2177 m

1 km west of Zuni S.S. 
cliffs

206
Zuni 

Sandstone
N34°43.259' W107°55.693' 2163 m Sand Canyon

207
Bandera Flow 

(east)
N34°56.271' W107°54.349' 2084 m

Sampled 100 ft from Twin 
Craters flow.
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Table B.2  Common rooting depths for sampled species.  
 1. Conkle, et al. (1998) 2. Schubert, (1974),  3. Gottfried (1992), 4. Foxx, et al. 
(1987), 5. Ronco (1990), 6. Johnsen (1962), 7. Foxx & Tierney (1987), 8. 
Canadell et al. (1996), 9. Coupland & Johnson (1965); 10. Coupland (1965), 11. 
Foxx & Tierney (1986); 12. Fox & Tierney (1984); 13. Williams & Aldon (1976); 
14.Donovan et al. (1996); 15. Snyder & Williams (2007) 
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Table B.3 Isotopic distribution of plants on basalt flows 
1 Whole Rock Ratios (Van der Hoven et al, 2002); 2 A horizon 87Sr/86Sr ratios (Van 
der Hoven et al, 2002); 3 Local dust end-member (this study), used in place of 
regional end-member when regional dust end-member cannot explain 87Sr/86Srplant 
ratios; 4 Regional dust range (Van der Hoven et al, 2002; Capo and Chadwick, 1999) 

Type Sample

corrected 
87Sr/86Sr ± [Sr]

% ROCK 
(min.)

% ROCK 
(max.)

Pipo A 0.707614 54 4.8 57 72
Pied C 0.708092 123 6.3 37 60
Jusc A 0.707872 24 21.1 47 66
Jusc B 0.708029 21 18.5 40 62
Jumo A 0.707862 37 47 66
Jumo A 0.707764 48 19.4 51 68
Jumo B 0.708582 51 8.0 8 45
Jumo B 0.708575 37 7.7 9 45
Fapa A 0.707840 35 48 67
Fapa B 0.708068 34 38 61
Fapa C 0.707706 25 7.4 53 70
Rhtr B 0.707721 23 53 69
Rhtr C 0.707890 25 12.6 46 65
Chna A 0.707809 25 6.6 49 67
Chna A 0.707891 38 9.6 46 65
Chna B 0.707775 38 5.8 51 68
Chna C 0.707828 55 9.7 48 67
Bogr A 0.708296 67 6.5 26 54
Bogr B 0.708353 33 3.4 23 52

max. 0.7060 293
min. 0.7059

SOIL (A)1 0.7082 31 57
max. 0.7096 610
min. 0.7087

Type Sample

corrected 
87Sr/86Sr ± [Sr]

% ROCK 
(min.)

% ROCK 
(max.)

Pipo A 0.706354 54 64 79
Pipo B 0.708079 69 22 48
Pipo C 0.706432 30 5.3 63 78
Pipo C 0.707906 27 28 52
Pied A 0.707988 30 4.9 25 50
Pied B 0.707766 67 4.2 32 55
Pied C 0.706272 31 6.8 65 81
Jusc A 0.706809 27 13.0 55 72
Jusc B 0.706351 31 17.3 64 79
Jusc B 0.706360 28 64 79
Jusc E 0.706643 29 58 75
Jusc C 0.706268 113 14.1 65 81
Jumo C 0.707619 27 17.9 36 58
Fapa A 0.706014 30 7.8 70 84
Fapa A 0.706063 217 69 83
Fapa B 0.706276 79 8.9 65 81
Fapa B 0.706280 28 9.2 65 80
Fapa C 0.706192 28 14.1 67 82
Fapa C 0.706192 34 14.1 67 82
Rhtr A 0.706449 29 44.8 62 78
Rhtr B 0.706236 27 37.5 66 81
Rhtr G 0.706257 24 66 81
Rhtr C 0.706283 32 31.4 65 80
Rhtr C 0.706346 28 64 80
Chna A 0.706259 30 10.7 66 81
Chna B 0.706259 27 15.0 66 81
Chna C 0.706206 37 67 81
Chna C 0.706292 30 11.8 65 80
Bogr B 0.706805 40 7.3 55 73
Xili A 0.707767 24 34.5 32 55
Potr A 0.707071 24 7.8 49 68
Potr B 0.706655 28 9.2 58 75
Potr B 0.706579 28 93.5 60 76
Potr B 0.706228 25 42.9 66 81

Pipo (e) B 0.707208 30 46 66
Pied (e) A 0.706840 27 54 72
Pied (e) B 0.707053 20 5.9 50 68
Pied (e) C 0.707131 24 5.6 48 67
Pipo (o) A 0.706394 26 63 79

max. 0.7046 293
min. 0.7036
max. 0.7076 36 58
min. 0.7066 59 76
max. 0.7096 610
min. 0.7087

pothole (w) 0.707051 42

Type Sample

corrected 
87Sr/86Sr ± [Sr]

% ROCK 
(min.)

% ROCK 
(max.)

Pipo A 0.705936 14 5.1 89 98
Pipo C 0.705539 11 8.1 95 103
Pied B 0.705634 28 2.6 94 102
Pied C 0.705635 28 2.5 94 102
Jumo B 0.705529 35 95 103
Jumo C 0.706219 28 29.8 84 94
Fapa A 0.705425 25 16.1 97 105
Fapa B 0.705248 25 15.9 99 106
Fapa C 0.705437 27 15.9 97 104
Rhtr B 0.704911 41 104 110
Rhtr C 0.705278 28 99 106
Chna A 0.706035 37 87 97
Chna B 0.705492 35 96 104
Chna B 0.705532 21 14.7 95 103

OTHER Bogr A 0.707384 78 7.2 56 74
max. 0.7058 293
min. 0.7052
max. 0.7102 -166 -40
min. 0.7073 58 76
max. 0.7096 610
min. 0.7087
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Table B.4 Open- and closed-canopy soil water 87Sr/86Sr. Number designations same as in 

previous tables. 

Sample site Canopy Sample 87Sr/86Sr 2 σσσσ % Rock
0-5 0.706288 25 82
5-10 0.706276 23 82

15-20 0.705879 27 90
20-25 0.705728 23 92
0-5 0.707002 42 66
5-10 0.706954 27 67

15-20 0.706764 27 72
20-25 0.706746 25 72
25-30 0.706706 28 73
30-35 0.706644 30 75
max. 0.7058
min. 0.7052
max. 0.7102
min. 0.7073
0-5 0.712826 29 8
5-10 0.712914 29 8

10-15 0.713066 27 8
15-20 0.713165 27 8
20-25 0.713023 44 8
20-25 0.713030 20 8
25-30 0.713175 30 8
0-5 0.712999 29 8
5-10 0.713213 27 8

15-20 0.713085 24 8
max. 0.8043
min. 0.8644
5-10 0.708604 48 10
5-10 0.708744 91 -4

10-15 0.708703 24 0
15-20 0.708720 65 -2
20-25 0.708807 26 -11

OPEN 10-15 0.708786 27 -9

ROCK1 0.7077

DUST3 0.7148
5-10 0.708070 30 23

20-25 0.708008 28 25
25-30 0.708015 24 24
30-35 0.708012 25 25
max. 0.7046
min. 0.7036
max. 0.7076
min. 0.7066

DUST3 pothole (w) 0.707051
0-5 0.708537 60 11

15-20 0.708564 26 10
25-30 0.708439 24 18

OPEN 30-35 0.708365 23 22
max. 0.7060
min. 0.7059

SOIL (A)1 0.7082
35-40 0.708339 23 -421
40-45 0.708291 27 -436
0-5 0.708552 33 -349
5-10 0.708487 111 -371

10-15 0.708555 77 -348
15-20 0.708519 40 -361
20-25 0.708713 26 -296
25-30 0.708361 24 -413
40-45 0.708277 24 -441
45-50 0.708308 21 -431
max. 0.7096
min. 0.7087
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Table B.5 Isotopic distribution of plants on non-basalt parent material.  Number 

designations same as in Table b.3. 

Type Sample

corrected 
87Sr/86Sr ± [Sr]

% ROCK 
(min.)

% ROCK 
(max.)

Pipo B 0.711751 11 6.7 6 7
Pipo C 0.707882 13 5.8 -2 -6
Pied A 0.707371 30 4.2 -3 -8
Pied B 0.712236 30 4 7 8
Pied C 0.713474 78 9 12
Jusc A 0.711516 24 14.6 5 6
Jusc B 0.711375 26 16.8 5 6
Jusc C 0.714235 29 10 14
Jumo A 0.720308 27 20 28
Jumo A 0.720277 24 20 28
Jumo B 0.713080 33 19.1 8 10
Jumo C 0.714816 37 15.3 11 15
Fapa B 0.711209 27 5 5
Fapa A 0.715935 33 20.5 13 18
Fapa A 0.714416 30 10 14
Fapa B 0.711042 28 4 5
Fapa B 0.711212 27 14.1 5 5
Fapa C 0.715462 49 12 17
Fapa C 0.715535 31 8.8 12 17
Rhtr B 0.710391 36 3 3
Rhtr C 0.708471 98 0 -4
Rhtr C 0.708897 28 15.1 0 -2
Chna A 0.713184 54 13.2 8 11
Bogr B 0.710333 305 3 2
Xali A 0.721910 103 22 31

Pied needles A 0.713474 78 9 12
max. 0.8043 200
min. 0.8644
max. 0.7096 610
min. 0.7087

Type Sample

corrected 
87Sr/86Sr ± [Sr]

% ROCK 
(min.)

% ROCK 
(max.)

% ROCK 
(corr.)

Pipo A 0.707406 55 129 115 114
Pipo B 0.706636 28 206 156 166
Pipo B 0.706569 12 3.5 213 160 172
Pipo C 0.708596 65 10 53 69
Pied C 0.708681 22 2 48 67
Pied C 0.709280 56 1.5 -58 17 53
Jusc A 0.707784 55 5.1 92 96 96
Jusc A 0.708659 58 6.0 4 50 68
Jusc C 0.709185 57 5.5 -48 22 55
Jusc C 0.709057 88 -36 29 58
Jumo A 0.709310 27 -61 15 53
Jumo B 0.709174 25 4.2 -47 22 56
Jumo C 0.709491 68 4.1 -79 6 49
Chna B 0.706320 40 238 173 199
Chna C 0.714786 34 17.6 -609 -273 0
Chna A 0.707072 51 7.3 163 133 133
Bogr C 0.710232 278 -153 -33 37
Xili A 0.710626 33 -193 -54 32

moss A 0.713025 36 -432 -180 10

ROCK1 0.7077 610
max. 0.7096 610
min. 0.7087
corr. 0.7148 200

Type Sample

corrected 
87Sr/86Sr ± [Sr]

% ROCK 
(min.)

% ROCK 
(max.)

% ROCK 
(corr.)

Pipo A 0.708368 14 6.2 -411 -111 30
Pipo B 0.707546 14 3.3 -685 -385 -7
Pipo C 0.708556 11 6.2 -348 -48 39
Pied A 0.708508 28 5.5 -364 -64 37
Pied B 0.708930 26 -223 77 56
Pied C 0.708895 28 8.3 -235 65 54
Jusc A 0.708914 30 24.9 -229 71 55
Jusc B 0.708986 24 26.2 -205 95 58
Jusc B 0.708930 26 -223 77 56
Jumo B 0.708225 24 20.4 -458 -158 24
Jumo C 0.708274 24 17.9 -442 -142 26
Rhtr A 0.708632 24 17.4 -323 -23 42
Rhtr A 0.708559 26 -347 -47 39
Rhtr B 0.707763 42 21.1 -612 -312 3
Rhtr B 0.707740 27 14.3 -620 -320 2
Rhtr C 0.708560 95 12.0 -347 -47 39
Chna A 0.708150 28 9.4 -483 -183 20
Chna A 0.708347 27 12.7 -418 -118 29
Chna B 0.708274 25 7.8 -442 -142 26

OTHER Bogr A 0.709408 151 -64 236 78
max. 0.7099 610
min. 0.7090
max. 0.7096 610
min. 0.7087
corr. 0.7077 610
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Figure B.1 Generalized geologic map (adapted from Van der Hoven, 2002), marked with 

this study's field site localities. 
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Figure B.2 Photos of the basalt landscape localities.  From left to right, the McCarty's 

Flow (3 ka), the Bandera Flow (9 ka), and the El Calderón Flow (120 ka). 
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Figure B.3 The main plant species sampled in this study, with typical maximum and 

minimum rooting depths (refer to Table 2). 
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Figure B.4 Bullet graph of the basalt flows.  The range of basalt 87Sr/86Sr ratios is 

plotted on the y-axis.   For the Bandera Flow, both sites 205 (W) & 207 (E) 

are plotted. 
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Figure B.5 Maximum estimates of percentage bedrock contribution for soil 

nutrient pools on basalt parent material. 

 
. 
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Figure B.6 Maximum estimates of percentage bedrock contribution for soil nutrient pools 

developed on non-basalt parent material. 
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Figure B.7 Bullet graphs for all tree (white) and shrub (shaded) populations of over 3 
individuals. 
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Figure B.8 Tropical versus semi-arid weathering rates.  In solid line, data from Kennedy 

et al (1998).  Dashed line estimated through this study (triangles) and Stewart 

et al (1998)(squares).  Triangles: black = trees, gray = shrubs, white = grasses.  

Squares: black=arid Hawaii, white=N.M. soil. 
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APPENDIX C: WEATHERING IN THE HIMALAYAN FORELAND 
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ABSTRACT 

The Himalaya stands at the root of the debate on the feedback between mountain 

building and climate.  The concept is that physical and chemical weathering rates are 

enhanced by orogeny, where freshly exposed silicate rocks weather and gradually draw 

down atmospheric CO2.  The Himalayan foreland is the wettest and warmest part of the 

Himalayan system; and, as such, is assumed to contribute significantly to the alkalinity of 

the Ganges and Brahmaputra Rivers.  Himalayan contributions to the global silicate 

weathering sink (based on dissolved Ca, Mg, Na, and K) are relatively modest (2.6 % of 

the global sink) but still significant.  Previous estimates of lowland weathering suggest 

that silicate weathering of foreland sediments contributes 20-50% of Himalayan surface 

water alkalinity.  However, mass balance comparison of the Higher Himalayan 

Crystalline Series (HHCS) with “unweathered” lowland sediments (from this study) 

suggests Himalayan contributions to the silicate weathering sink are highest in the 

uplands.  This study is the first to use chemical mass balance of all major elements (plus 

87Sr/86Sr ratios) directly on lowland sediments and soils.  Geochemical comparison of 

both modern and ancient (Siwalik Group) floodplain parent material with their overlying 

soils suggests that only approximately 5-10% of total Himalayan silicate weathering sink 

comes from lowland silicate weathering.   We analyze both modern and ancient (~2.5 to 

11 Ma) profiles from Pakistan, India, and Nepal (dry to wet, respectively).  For 

penecontemporaneous units, Pakistan Ca losses (from silicate weathering only) are ~50% 

while Nepal shows near 100% loss in Casilicate. In general, Ca loss, appears to dominate 

(~60%) the lowland silicate weathering flux.  Temporal trends in cation losses/alkalinity 
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measurements are complicated by variation in parent material composition and 

weatherability.    

Overall, lowland alkalinity is dominated (~90%) by carbonate weathering.  

However, the 87Sr/86Sr ratios coming from carbonate rock, though widely variable 

(87Sr/86Srcarbonate = 0.713-0.736), remain relatively constant through time (average 

87Sr/86Srcarbonate= 0.72).  In contrast, mean silicate 87Sr/86Sr ratios vary significantly 

through time (ranging from 0.729 to 0.797, with highest ratios at approximately 2-5 Ma) 

in apparent response to evolving bedrock sources as unroofing progressed. Modeling 

results of the 87Sr/86Sr ratios of lowland profiles, using a simple, two-end member 

(silicate and carbonate) mixing equation, point toward silicate mineral weathering being 

responsible for pulses of elevated 87Sr/86Sr ratios in river water.  In most soil/paleosol 

profiles, pedogenic fractionation in the silicate fraction’s 87Sr/86Sr ratios (decreasing up 

profile by ~ 0.02) corroborates the flux of high 87Sr/86Sr ratios to surface water.  

According to the model, river water 87Sr/86Sr ratios of greater than 0.735 require a silicate 

end-member (with an 87Sr/86Sr ratio = 0.80 and [Sr] = 200 ppm) contribution of greater 

than 5%.  Hence, parent material mineral composition becomes increasingly important 

and suggests that the variation in Himalayan waters’ 87Sr/86Sr ratio and, hence, its 

potential to alter the global ocean 87Sr/86Sr ratio, is both tectonically and climatically 

determined. 
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1.0 INTRODUCTION 

 The formation of the Himalayan arc is a palimpsest of multiple terranes and 

orogenic events, subsequently altered by metamorphism.  The complexity of the 

Himalaya’s creation is, perhaps, only rivaled by the processes involved in its destruction.   

Large volumes of sediment have been shed from the Himalaya over the last 50-60 Ma.  

Carried by the Ganges-Brahmaputra (G-B) River system, sediment has been 1.) deposited 

in the foreland basin to be exposed to chemical alteration, 2.) transported to the Bengal 

Fan, or 3.) rapidly converted to the G-B dissolved load.  The interaction of climate and 

the chemical weathering of Himalayan silicate minerals has been linked to changes in the 

chemical budget of the oceans and in the global CO2 cycle (Richter, et al, 1992; Raymo 

and Ruddiman, 1992; Edmond et al, 1992).  Every mole of silicate mineral dissolved has 

the potential to drawdown one mole of CO2 from the atmosphere.   

Himalayan silicate weathering is estimated to be most intense in the monsoon-

affected foreland basin, the wettest and warmest part of the Himalayan system.  However, 

prior to this study, no direct measurements of the floodplain weathering flux had ever 

been done.  Previous attempts to quantify Himalayan silicate weathering can be 

categorized into one of three methodologies: (1) water chemistry studies (e.g. France-

Lanord et al, 1999; Quade et al, 2003), (2) strontium (Sr) isotopic evidence (e.g. English 

et al, 2001; Galy et al, 1999; Harris et al, 1998), and (3) mass balance calculations (e.g. 

France-Lanord & Derry, 1997; West et al, 2002).  Water chemistry studies have yielded 

Himalayan silicate weathering estimates of less than 20% to as high as 51% of G-B River 

alkalinity (Singh et al, 1998; Galy et al, 1999; Krishnaswami et al, 1999; English et al, 
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2000; Jacobsen et al, 2002; Quade et al, 2003; Oliver et al, 2003; Bickle et al, 2005).  

These studies recognize that individual watershed contributions can be quite variable 

depending on several factors, including local geology, seasonality, and water volumes, to 

name a few.  Therefore, to minimize variation, water chemistry studies have focused on 

smaller tributaries in the upland portions (above the range front) of Himalayan rivers.  

Further complicating lowland flux calculations, there are thousands of years of human 

disturbance and an unquantified – yet significant – contribution to surface water 

chemistry from thermal springs (Evans et al, 2001; Galy & France-Lanord, 1999). Like 

water chemistry studies, strontium (Sr) isotopic tracer studies previously have focused on 

upland rather than lowland weathering rates.  This is, in part, due to typical floodplain 

87Sr/86Sr ratios being indistinguishable from hinterland HHCS and upstream weathering 

contributions (Galy et al, 1999).  Of the methodologies used in Himalayan silicate 

weathering research, constitutive mass balance studies are perhaps the most 

straightforward with the least assumptions.  Key among these studies is that of France-

Lanord and Derry (1997), who compare aluminum-normalized HHCS to Bengal Fan 

sediment.  The authors estimate that Himalayan silicate weathering accounts for between 

0.27 mol/kg and 1.1 mol/kg, a relatively small fraction of the global silicate alkalinity 

flux (France-Lanord & Derry, 1997).   

The recent literature has concluded that Himalayan silicate weathering flux is 

smaller than that of carbonate weathering and that the Himalayan silicate weathering 

contributes a measurable, although small, fraction to the Neogene CO2 drawdown. There 

remain, however, key questions, such as where silicate weathering is occurring within the 
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system, the contribution of carbonate weathering to riverine Sr chemistry, and how 

carbonate and silicate weathering vary in time and space.  This study uses the quantitative 

mass balance approach to measure present-day losses from individual modern profiles 

along a traverse extending from western (dry) to eastern (wet) India (Figure C.1).  Using 

this approach, we compare present-day weathering fluxes in the G-B floodplain to mass 

losses over time using buried paleosols in the Siwalik Group, Neogene foreland basin 

deposits that crop out in a continuous belt on the northern Indian sub-continent (Figure 

C.1). Calculated alkalinity losses from individual soil/paleosol profiles are subsequently 

scaled up to the regional scale to estimate silicate weathering on the floodplain (and 

hence CO2 drawdown) over the Neogene.    In addition, we measure the 87Sr/86Sr ratios of 

soils and paleosols, allowing us to (1) clearly distinguish the relative contribution of 

silicate versus carbonate weathering, (2) understand the individual weathering reactions 

consuming CO2 and producing the high 87Sr/86Sr ratios in Himalayan rivers, (3) focus on 

the neglected lowland portion of the Himalayan system where silicate weathering rates 

should be highest, and (4) examine changes in weathering rates over the past 12 Ma.   

 

2.0 BACKGROUND 

2.1. Silicate Weathering and the Himalaya  

Two main lines of evidence implicate Himalayan weathering as a major 

contributor to the global silicate weathering sink.  One is a relatively synchronous drop in 

global temperatures (Zachos, 1994) and atmospheric CO2 concentrations (Pagani et al., 

1999) following the India-Asia collision at ~55 Ma.  The other “smoking gun” for 
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Himalayan involvement is the rise in marine 87Sr/86Sr ratios since the Eocene.  One of the 

central debates in Himalayan weathering research is the origin of the elevated 87Sr/86Sr 

ratios and high [Sr] displayed by nearly all Himalayan rivers (e.g. Bickle et al, 2005; 

Quade et al, 2003; English et al, 2000; Blum et al, 1998).  Raymo and Ruddiman (1992) 

suggested that Neogene Icehouse conditions were due to extreme silicate weathering and 

the subsequent sequestration of CO2 in marine carbonates, occurring in the newly formed 

Himalaya.  Later workers suggested that Himalayan weathering was not more intense but 

that the high 87Sr/86Sr ratios in tributaries were contributed by Ca-feldspars, with elevated 

Sr concentrations and 87Sr/86Sr ratios that were inherited from micas during periods of 

metamorphism (Edmond, 1992; Harris, 1995).  Further research suggests that dirty 

carbonates and vein calcite also inherited Sr from silicates during metamorphism and are 

significant contributors to the Sr flux of rivers (Bickle et al, 2001).  The widespread 

presence of carbonate rocks in the Himalaya with moderate to high 87Sr/86Sr ratios greatly 

complicates the simple view that high 87Sr/86Sr ratios is evidence of silicate weathering 

(English et al, 2000; Quade et al, 1997; Blum et al, 1998).   

  Differentiating the congruent weathering of carbonate from the incongruent 

weathering of silicate material is essential in evaluating the role of Himalayan weathering 

to a cooling Neogene climate. Chemical weathering of silicate minerals consumes 

atmospheric CO2, whereas the weathering of the carbonate mineral fraction does not.  A 

typical set of weathering reactions in the Himalaya involves the incongruent conversion 

of sodic feldspar to kaolinite and dissolved species: 
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2NaAlSi3O8(s) + 2CO2(g) + 3H20 ⇔

Al2Si2O5(OH)4(s) + 2Na+(aq) + 2HCO3
−(aq) + 4SiO2(aq)

    (1)  

 

Here HCO3
- dominates the alkalinity term, and alkalinity is eventually converted to 

marine CaCO3 following: 

 

Ca2+(aq) + 2HCO3
−(aq) ⇔ CaCO3(s) + H2O + CO2(g)     (2) 

 

and potentially sequestered as limestone, for a net loss of 1 mole of atmospheric CO2.  

While not all of the alkalinity produced from equation 1 equates to atmospheric CO2 

losses (equation 2), the uplift of large mountain ranges like the Himalaya can increase 

physical breakdown of rock, thus accelerating chemical weathering, driving equation (1) 

to the right.  Uplift can also drastically alter regional climate by inducing summertime 

low pressure at high elevations and intensifying orographically induced rainfall, two key 

features of the Asian monsoon.  Hence, the Himalaya has a large potential for silicate 

weathering to contribute to long-term drawdown of CO2. 

 Careful surveys of water chemistry, bedload lithology, and mapping show that 

carbonates can also contribute significantly – if not dominate – the Sr flux and elevated 

87Sr/86Sr ratios of upland rivers (Blum et al., 1998; Bickle et al, 2001; Quade et al., 2003).  

Reversing equation 2 yields the alkalinity produced by the weathering of carbonate rocks.   

Precipitation of calcite from alkalinity produced by carbonate weathering follows 
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equation 2 as written.  The backward and forward reactions balance.  Hence, carbonate 

weathering leads to no net long-term down draw in atmospheric CO2.    

 

2.2. The Mass Balance Approach in Soils and Paleosols 

Both modern surface soils on Gangetic floodplains and buried paleosols—

representing the ancestral Gangetic system—can be used to quantify CO2 drawdown and 

establish the sources of Sr in weathering reactions.  This study employs a mass balance 

approach for soils described by Brimhall and Dietrich (1987) and Chadwick et al. (1990), 

with slight modifications to the Himalayan foreland.  To calculate both the silicate and 

carbonate mineral losses, carbonate and silicate fractions were chemically separated with 

acetic acid prior to chemical analyses.  The contribution of SO4
2+ to charge balance is 

small in Himalayan systems.  Na+ is solely contributed from silicate weathering, since 

atmospheric and formation Cl- are negligible or have been eliminated during sample 

pretreatment (ammonium acetate). 

To calculate alkalinity derived from silicate weathering (eq. 3), cation losses (derived 

below) are solely derived from the silicate fraction (acetic acid residue).  CO2 removal 

due to silicate weathering is assumed to equal the calculated alkalinity. 

 

HCO3
−∑ = CO2∑  

 

silsilsilsilsil KNaMgCaHCO
mmmmm ++++− +++= *

22
3

22    (3) 
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Cation losses or the mass transport function, τcation , within a single soil horizon, 

equals the fraction of cation lost (-τCation) or gained (+τCation) as compared to the parent 

material.  Corrections for strain and volume variations within the soil profile are also 

taken into account (eq. 4).  

 

τ cation =
ρwCcation,w

ρPCcation,p

(εi,w +1)−1       (4) 

 

where ρ is bulk density, C is concentration of a cation, ε is "soil strain" (=volume 

paleosol/volume parent material -1), and w  denotes paleosol and p  denotes parent 

material.  For carbonates, weathering is congruent and complete, so CSr, w = 0, and 

therefore τ = -1. 

The sum of weathering of any cation in a paleosol profile of thickness z with some 

average τcation  value can be calculated as follows: 

 

mcation, flux (g /cm2) =
Ccation,pρp

100
τ cation,wdz

z= o

z= depth

∫  (5) 

  

 

mcation, fluxtotal (g /cm2) = mcation, fluxsilicate (g /cm2) + mcation, fluxcarbonate (g /cm2)  (6) 
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In this way, the total cation losses from the soil can be calculated from sum of the 

silicate (acetic acid residues) and the carbonate fractions (acetic acid leachates).  To 

minimize the effects of parent material heterogeneity within these fluvial sediments and 

to maintain consistency among profiles, we modify equations 5 and 6 and calculate 

mcation,flux by averaging τcation (in ppm) across a profile and convert to a mol/kg using 

atomic mass (in g/mol):  

 

mcation, flux =  τcation, average* atomic mass    (7)  

 

Some key assumptions in this type of analysis are that paleosols have not 

experienced significant post-burial losses or gains (see Quade and Cerling, 1995; Quade 

et al., 1995), that parent material associated with each paleosol is homogeneous and can 

be representatively sampled, and that elements such as Zr (historically used for strain 

analysis; but for volcanic soils also see Kurtz et al., 2000, 2001) are conserved during 

paleo-weathering. As discussed in a later section, this study uses Ti as normative.   

 

2.3. Parent Material: modern and ancient floodplain sediments 

  Exposures of Neogene foreland deposits, informally known as the Siwalik Group, 

are present along a narrow belt of foothills bounded to the north by the Main Boundary 

Thrust and to the south by the active Main Frontal Thrust (Figure C.1).  The Siwalik 

Group is composed of stacked, upward-grading fluvial deposits and paleosols spanning 

most of the Neogene, archiving silicate and carbonate weathering from ~ 2 Ma to ~13 



           
 118 

 

Ma.  Paleosols are abundant and well-defined in the Siwalik Group.  Numbering in the 

many hundreds in a typical 2-4 km thick section spanning ~10 Myr.  Parent material to 

these paleosols is preserved usually at depths of several meters below paleosol tops.  

Sections of the Siwaliks are well-dated, both biostratigraphically and paleomagnetically 

(Table 1).  Exposures are most laterally extensive in northwestern India, but are exposed 

throughout Pakistan, India, and Nepal.  Deep canyons cut the frontal fold-thrust belt and 

expose thick sections (>4500 m) of Siwalik Group sediments (Harrison et al, 1993; 

Quade et al, 1995; DeCelles et al, 1998).         

The Siwalik Group is traditionally subdivided into Lower (LS), Middle (MS), and 

Upper Siwalik (US) subgroups, although local formations names are often used alongside 

these divisions.  For simplicity, we retain this terminology, while recognizing that these 

division boundaries are somewhat diachronous and not universally agreed upon.  In 

Nepal and India, approximate age limits are: LS (14-8), MS (8-4), and US (<4 Ma).  In 

Pakistan the limits are: LS (14-10 Ma), MS (10-5 Ma), and US (<5 Ma Ma).  For the 

Siwalik Group of Nepal and to some extent all of the central and western foreland, the 

lower Siwaliks are dominated by thin sandstones (<10 m) deposited in meandering river 

systems, and thick levee deposits with abundant reddish paleosols (DeCelles et al, 1998).  

By the Middle Siwaliks, there is a transition to more braided channels, with much deeper 

channels filled with thick (>30m) sandstones (DeCelles et al, 1998).  The Upper Siwaliks 

are distinguished by pebble- to boulder-sized conglomerate deposits from a gravelly 

braided stream or alluvial fan system.  Paleocurrent data indicate that the middle 

Miocene-Pliocene rivers in western Nepal flowed southward, transverse to the thrust belt, 
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throughout deposition of the Siwalik Group sediments.  No evidence of the axial fluvial 

trunk system (i.e. paleo-Ganges River) has been uncovered in the Siwalik Group 

sandstones (DeCelles et al, 1998). The mineralogy of Himalayan floodplain sediments 

fluctuates both geographically and through time with changing conditions (e.g. 

environment of deposition, source changes, unroofing history, etc.).  Sediment ranges 

from finely bedded siltstone to trough cross-bedded sandstone.  With rare exceptions, this 

parent material is dominated by silicate detritus mixed of 5-15% carbonate.   

 

3.0 METHODS AND MATERIALS 

3.1 Sampling 

We collected a suite of seven modern soil profiles extending from near the 

India/Pakistan border (75°E;  710mm/yr) in the west to Patna (85°E; 1100mm/yr) in the 

east (Figure C.1).  These are mature surface soils with Bw or Bt, and Bk horizons, 

developed on Himalayan fluvial sands and loess.  Morphological development suggests 

the soils are all late Quaternary in age. Profiles were sampled in 5-cm intervals and 

included unaltered parent material taken from the base of each profile. 

We collected 14 paleosol profiles from 5 locations from Pakistan, India, and Nepal 

(Figure C.1).  Profiles used in this study have biostratigraphically/paleomagnetically 

constrained ages (Table C.1).  They range in age from 11 to 1.3 Ma (Table C.1).  In all, 

four profiles were analyzed from the lower Siwaliks (12.3 to 11 Ma), three from the 

middle Siwaliks (9 to 8.6 Ma), seven from the upper Siwaliks (5.8 to 1.36 Ma), (tables 
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C.2-C.4 and Figures C.2-C.4).  Approximately 15 samples were typically collected from 

each profile, including each profile’s associated parent material.   

Soils from India’s Plio-Pleistocene tend to preserve an organic-rich A horizon ~10-20 

cm thick at the top.  Typically, A horizons are underlain by a bioturbated, clay-enriched 

(or “argillic”) Bt horizon, which is redder in Miocene paleosols and yellow in Plio-

Pleistocene ones.  The A and Bt horizons are completely leached of carbonate.  In field 

observations, we noted the presence of pea-sized Mn-Fe oxide pellets in some modern 

Indian soils. In most of the paleosols observed, secondary calcium carbonate nodules can 

be abundant, toward the base of the soil.  However, the nodules are not usually found in 

the sandier paleosols.  

 

3.2 Laboratory Methods  

This study integrates data collected by the authors (Indian and Nepal data) with 

pre-existing but unpublished data (Pakistani data). Laboratory methods, therefore, are 

somewhat variable but with comparable results.   Whole rock major and trace elements 

are available for both Pakistan and Nepal profiles. Silicate fraction major and trace 

elements are available for both Nepal and India profiles.  Carbonate fraction major and 

trace elements were measured on the Nepal profiles only.   

To chemically separate the silicate and carbonate fractions, approximately one 

gram of sample was powdered and placed into a 50 mL centrifuge tube. Samples were 

pretreated with ammonium acetate (3.0 M, pH = 8) to remove any exchangeable base 

cations (Essington, 2003).  To collect the carbonate fraction (a mixture of in situ and 
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diagenetic carbonate), samples were first treated with 150 mL of 0.1 M acetic acid until 

reaction ceased, and the leachate was collected.  Further treatments of 1.0 M acetic acid 

removed any remaining carbonate.  These subsequent 1.0 M acetic acid treatments were 

limited in time to 10 minutes to minimize leaching from the silicate fraction.  Resulting 

leachate was combined with the 0.1 M acetic acid leachate and used in elemental and 

isotopic analyses. The leachate will, herein, be referred to as the “carbonate” fraction or 

by the subscript carbonate.  This carbonate fraction is mostly pedogenic, with a minor 

diagenetic component,  and is relatively minor in most soil samples due to intense 

leaching, as evidenced by no visible reaction of samples to a 10% HCl field test.  We  

later compare the 87Sr/86Sr ratios of our carbonate fraction (87Sr/86Srcarbonate) with 

pedogenic carbonate nodule 87Sr/86Sr ratios from other studies.  The remaining residue, or 

“silicate” fraction, was rinsed with distilled water and dried.   Approximately 0.2 g of the 

residue was subsampled and dissolved.  The silicate dissolution procedure included an 

open reaction with 4:1 ultrapure HF:HNO3 solution at 150°C until dry, a closed vial 

reaction with 4:1 ultrapure HF:HNO3 for 4 days at 100°C, an open reaction with 

ultrapure 6M HCl and boric acid until dry, and a 12-hour closed vial reaction with 

ultrapure 6M HCl.  This procedure dissolved all Sr-bearing minerals within the residue. 

For Pakistan profiles, whole rock major and trace elements were determined by 

XRF analysis at the geochemistry facilities in Lausanne, Switzerland (by author T.C.).    

Subsamples of the Nepal and India silicate powders were analyzed by ICP-MS at ACT 

Laboratories, Canada.  Major element analyses on the carbonate fraction (for the Nepal 

profiles only) were performed on an ICP-MS at the University of Arizona’s 
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Environmental Biogeochemistry Lab.  Aliquots of the “silicate” and “carbonate” 

fractions were run through Eichrom Sr-specific resin columns to isolate the strontium.  

Samples were analyzed for 
87

Sr/
86

Sr on a Sector-54, thermal ionization mass spectrometer 

(TIMS), at the University of Arizona. NBS-987 standards were analyzed concurrent with 

sample runs (2003-2008), yielding an 
87

Sr/
86

Sr ratio of 0.710250 ± 0.000023 (n = 56).  

 

4.0 RESULTS  

4.1. Mass balance equation parameters 

 To best estimate silicate and carbonate weathering from mass balance 

calculations, it is vital to accurately measure the input variables in equation 4.   This 

includes straightforward issues, such as producing reliable and reproducible 

measurements for bulk density and cation concentrations.  It also requires more complex 

decisions, based on observations and data trends, such as choosing parent materials that 

best represent Himalayan floodplain weathering and ensuring that the immobile element 

used to calculate soil strain is, in fact, immobile.  The chemical heterogeneity inherent in 

fluvial sediments requires careful consideration in choosing the most appropriate parent 

material to elementally compare to the soil profile.  Previous studies that employed a 

mass balance approach for soils limited their studies to more chemically homogenous 

substrates (Chadwick et al., 1990).  Within this study, we examine both the elemental 

average of several “unaltered” sand bedload samples (referred to from this point forward 
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as “regional parent material”) and the elemental concentrations from the “local” parent 

material, directly associated with the sampled soil profile.   

 

4.1.1. Ti normalization 

Volumetric corrections (strain, ε) are based upon bulk density and normalization 

to an immobile element and are essential to the τ calculation (see equation 4).  For the 

fourteen profiles analyzed in this study, bulk densities correlate with sample age and 

range from 2.25 ± 0.23 g/cc in the Siwalik paleosols (highest values for the oldest 

profiles) to 1.72 ± 0.16 g/cc in the modern soils.  Bulk density measurements were 

replicated in the laboratory to ± 0.08.  No bulk density measurements were conducted on 

the unpublished Pakistan data; a bulk density of 2.4 g/cc was assumed for all soil samples 

and 2 g/cc for sediments.   

Zirconium (Zr) (Figure C.6) shows significantly more mobility, as seen in its 

range τ from 0 to 0.5 when plotted against other known immobile elements (e.g. Al, Ti, 

Sc).  This variation in the behavior of Zr is most likely due to heterogeneity of zircon 

mineral concentration in the parent material (e.g. placer deposits, Amidon et al, 2005) 

and does not make Zr a good candidate for calculating ε.  On the other hand, Ti appears 

to behave similarly to other immobile elements (e.g. Al and Sc) (τ < 0.25, Figure C.6).  

Ti mainly resides in aluminum-bearing minerals such as feldspars and mica (e.g. Verma 

& Sharma, 2007).  These Ti-rich, primary minerals, and any clay formed by their 

subsequent weathering, are likely to be relatively homogenous in the parent material.  

Therefore, this study uses Ti to calculate strain (εTi,w, equation 4). 
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4.1.2. Calculating τcation from local parent material 

 Cation losses and gains, τcation  within a single soil horizon are calculated as the 

fraction of cation lost (-τCation) or gained (+τCation) as compared to the parent material.   

For a given locality, observations strongly suggest it is best to use local parent material 

composition, rather than a regional average composition, to calculate τ.  While this 

allows for a direct measurement of cation loss, it has the potential to introduce error when 

scaling flux to the regional level.  To minimize these errors, we sampled from 

mineralogically representative (spatially and temporally) profiles.  In addition, we 

compare local parent material to collected penecontemporaneous sediment from modern 

and ancient sections (tables 2-4).  There can be significant variation from local profile 

averages compared to the regional average.  For example, in India, regional average 

Casilicate and Nasilicate (7656 ± 2924 ppm and 8837 ± 3756 ppm, respectively; n = 23; Table 

C.5) are approximately double that of the local parent material average Casilicate and 

Nasilicate (4508 ± 3378 ppm and 5034 ± 4089 ppm, respectively; n = 14; Table C.3).  

However, in all profiles, the local parent material average cation concentrations (tables 2-

4) are comparable (within ± 1σ) to the regional average cation concentrations (Table 

C.5).   

 

4.2. Mass balance calculations  

As described earlier, unpublished Pakistan data was incorporated into this study to 

compare soils/paleosols along a wider climatic gradient (dry to wet) along an E-W 

transect at the foothills of the Himalaya. Whole rock major and trace elements are 
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available for both Pakistan and Nepal profiles. Silicate fraction major and trace elements 

are available for both Nepal and India profiles.  Significant differences among the 

Pakistan, Nepal, and India sediments and profiles can be clearly seen in the data (Tables 

2 – 4).  The Pakistan unaltered samples, in general, contain much higher elemental 

concentrations (e.g. [Ca]WR range from ~ 7500 – 58,000 ppm) than their Nepal profile 

counterparts (e.g.  [Ca]WR range from 19000 – 22000 ppm ).  Element concentrations in 

the silicate fractions of India samples are significantly higher than the elemental 

concentrations seen in Nepal’s silicate fractions.  Through time, there are also trends.  In 

general, parent material in the Lower Siwalik profiles show lower elemental 

concentrations than their Upper Siwalik counterparts.   In the following sections, volume 

corrections are applied and strain (eq. 4) is calculated within the various profiles.  This 

allows chemical alteration to be estimated and for weathering intensity trends across the 

E-W transect and through time to be calculated. 

 

4.2.1 Silicate mineral weathering (τsilicate) 

  Flux (tau, τ) calculations on the silicate fraction of the Nepal and India profiles 

(Tables 3 – 4) show that Nasilicate  and Casilicate are significantly lost (τsilicate ≈ -0.60 ± 0.30 ) 

from the system whereas Mg silicate and Ksilicate are nearly conserved (τsilicate≈ -0.20 ± 0.10).  

Nepal profiles show these downprofile trends clearly while India profiles display slightly 

more complexity.   

Flux calculations from Nepal weathering profiles show that all cation losses, with the 

exception of K, are highest in the older (Lower and Middle Siwalik) profiles.   Overall, 
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both τNa,silicate and τCa,silicate indicate losses due to silicate mineral weathering, with ~ 50% 

loss in the 5.2 Ma profile and, increasing with age, to 100% loss in the 8.6 Ma profile.   K 

displays more fluctuation through time.  In the older Nepal profiles, τK,silicate losses are 

low (<10%) but  τK,silicate is signficantly higher (50% loss) in the 5.2 Ma (Upper Siwalik) 

profile.   

 In the Indian profiles (Table C.4, Figure C.4), element loss trends are obscured by 

soil/paleosol profile collapse (i.e. positive σ, ).  Negative strains are typical of highly 

weathered soils that have undergone significant mineral loss.  However, two Indian 

profiles (43 and 59) are interpretable, as evidenced by their negative strain (σ).  The 

Indian profiles, like the Nepal paleosols, tend to be less altered in younger profiles. 

Profile 43 (Age: ~ 2 Ma) shows significant losses in Na, K, Mg, and Ca (with near 100% 

loss for the latter two elements).  Profile 59 (Age: ~ 130 ka) shows 10-50% loss in Ca, 

Mg, K, and Na (Figure C.3).  This trend differs from Nepal profiles where K and Mg tend 

to be more conserved.                                 

 

4.2.2. Whole rock mineral weathering (τWR) 

 Ca (50-80% loss) and Na (20-50% loss) account for the highest losses across the 

Pakistan profiles.  The behavior of Mg and K varies but, in most cases, displays little or 

no loss.  Whole rock flux calculations are a mixture of carbonate and silicate mineral 

losses.  Whereas Na and K are solely from silicate mineral weathering, Ca and Mg losses 

are a product of both carbonate and silicate mineral weathering.  Large [Ca] differences 
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between parent material and soil mineral matter (e.g. profile 194) strongly suggests 

carbonate mineral weathering (characterized by high Ca, Mg, and Sr concentrations) 

dominate Ca elemental losses.   Age trends are not as apparent within the whole rock 

profiles, although silicate weathering (Na and K losses) is high in the 4.5 Ma, 5.2 Ma, 

and 11.4 Ma profiles.  In comparison to other profiles on the E-W transect, Na losses 

within Pakistan profiles are the lowest, ranging from 0-65% loss.    

  

4.2.3 ∆CO2: Carbonate versus silicate weathering 

Virtually all Himalayan parent material, modern and ancient sands and silts, 

contains approximately 10 ± 5% carbonate minerals (mainly calcite, with traces of 

dolomite).  Field and laboratory observations suggest most of the carbonate fraction is 

leached from of the upper several meters of all modern and paleosol profiles.   While 

carbonate alkalinity does not contribute to CO2 drawdown, it is important to assess the 

fraction of carbonate-derived alkalinity within the system.  For every mole of Ca in 

solution from carbonate dissolution, a mole of Ca in equation 2 is less and less likely to 

result in the drawdown of a mole of CO2.  Carbonate mineral weathering flux is attained 

via whole rock data, where 95% of Ca and 100% of Mg are attributed to carbonate 

mineral weathering and 100% of Na and K are ascribed to silicate mineral weathering 

(∆CO2,silicate).  Pakistan whole rock Ca and Mg losses, i.e. carbonate mineral weathering, 

are substantially higher than observed in the silicate weathering estimates.  For example, 

[Ca]WR  = 57,985 ppm in Pakistan profile 194 (~5.3 Ma) where [Ca]WR  = 19,702 ppm in 

Nepal profile KK1932 (~8.6 Ma).  In general, however, Pakistan profiles tend to have the 
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highest overall parent material concentrations (Ca, Mg, K, and Na) along the E-W 

transect.  In addition, Nepal paleosol ∆CO2,WR are comparable (within 90%) of ∆CO2, 

silicate estimates, strongly suggesting the Nepal profile parent materials are carbonate 

depleted from chemical leaching of the parent material sediment.  The comparison of 

whole rock to silicate fraction [K] in the Nepal profiles also revealed that a large 

component of K (approximately 75%) is being leached out during the ammonium acetate 

and acetic acid treatments described earlier.  This is most likely adsorbed rather than 

clay-bound K and, hence, ∆CO2,silicate estimates are unlikely to be biased low due to the 

leaching. 

Our mass balance approach permits us to calculate the rate of CO2 consumption 

(that is, conversion of CO2 to carbonate alkalinity, or “∆CO2,silicate”) by silicate 

weathering on the Himalayan floodplain (Table 5).  To estimate regional ∆CO2,silicate flux, 

we scale up the average flux from single soil profiles to the entire floodplain and thus 

create a geographically and temporally homogenous floodplain.   ∆CO2, silicate, the sum of 

Na, K, Mg, and Ca cation losses (refer to eq. 4), is calculated simplistically, as a first 

pass, to compare alkalinity estimates from the soil/paleosol profiles.   From equations 8-

9, we can calculate lowland contributions to ∆CO2,silicate: 
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Where, X is a base cation. 
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The constant of 3.99 x 109 g/y is a regional scaling factor based on the 

assumptions that 1.) 1.13 x 1016 tonnes of sediment have been shed off of the Himalaya 

over the last 17 x 106 yrs (France-Lanord & Derry, 1997), 2.) 6% of that sediment has 

been deposited on the floodplain (Wasson 2003), 3.) 10% of the floodplain sediment has 

weathered (based on field observations), and 4.) all time for that paleomagnetically 

controlled zone is captured by profile development.  These assumptions come into play 

when we compare our lowland estimates (based on leaching of soil profiles) to upland 

weathering estimates (described later).   

Pakistan weathering produces relatively small ∆CO2,silicate values (0.01 - 0.05 

mol/kg).  Nepal paleosol ∆CO2,silicate are signifcantly larger and show a trend with age, 

where highest estimates occur in the oldest sections (0.02 mol/kg, Upper Siwalik; 0.14 

mol/kg Middle Siwalik; and 0.33 mol/kg, Lower Siwalik).  For the two India profiles, 

representing modern and Middle Siwalik age sections, ∆CO2,silicate values of 0.27-0.30 

mol/kg, are comparable or higher than age-equivalent Nepal profiles and much higher 

than losses observed in the Pakistan profiles. 
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4.3. 87Sr/86Sr trends in soil profiles 

4.3.1  87Sr/86Srsilicate ratios 

There is a large variation in the 87Sr/86Srsilicate of regional and local parent materials 

across the E-W transect and through time.  However, isotopic trends within a single soil 

profile are remarkably predictable.  The 87Sr/86Srsilicate of modern India alluvium (n=18) 

ranges from 87Sr/86Srsilicate = 0.73 to 0.81.   Temporal trends in Nepal and India profiles 

are displayed in Figure C.11.  Older sediments (~11-13 Ma) average 87Sr/86Srsilicate= 

0.743.  By 7.5 Ma, sediment 87Sr/86Srsilicate ratios increase in India and Nepal to an 

average 87Sr/86Srsilicate = 0.761.  These averages persist until ~ 2 Ma, when the 

87Sr/86Srsilicate ratio average drops significantly down to 87Sr/86Srsilicate = 0.742.   Similar 

temporal changes in the 87Sr/86Srsilicate ratio have been noted in other studies (e.g. Quade 

et al, 1997; Galy et al, 2002;).  

Within individual soil profiles, the range of 87Sr/86Srsilicate narrows significantly to 

between 0.01 - 0.05, with 87Sr/86Srsilicate ratios always decreasing base to top in the 

soil/paleosol profiles (Figure C.10, Table C.7).  Greater isotopic fractionation within a 

profile is positively correlated to higher τSr, or Sr loss (Figure C.11).  

  

4.3.2 87Sr/86Srcarbonate ratios 

The range of 87Sr/86Srcarbonate within India is significantly narrow that the range of 

variation observed in the 87Sr/86Srsilicate ratios.  The average 87Sr/86Srcarbonate ratio of 

modern India alluvium (Table C.6, n=10) is 0.721 ± 0.007.   This value is very similar to 

the average 87Sr/86Srcarbonate ratios chemically leached from the India and Nepal paleosol 
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profiles (87Sr/86Srcarbonate = 0.725 ± 0.008, n=56).  There is little variation through time in 

the 87Sr/86Srcarbonate ratios from this study.  There is an overlap in the ranges of 

87Sr/86Srcarbonate from 8 Ma until present (Figure C.9).  However, a slight increase in the 

average 87Sr/86Srcarbonate ratios occurs with increasing age.  Older sediment/parent material 

(~11-13 Ma) has an average 87Sr/86Srcarbonate=0.720 that generally persists until ~ 2 Ma, at 

which the 87Sr/86Srcarbonate lowers slightly (87Sr/86Srcarbonate = 0.718 ).    

   

5.0 DISCUSSION 

5.1. Upland v. Lowland Weathering  

First pass estimations of silicate weathering across the Himalayan floodplain, 

based on a regional scaling factor of 3.99 x 109 g/y (equation 9), suggests that lowland 

weathering can potentially draw down between 7.9 x 107 and 3.5 x 109 mol of CO2/y.  

Such estimates are lower, by one to two orders of magnitude, than France-Lanord & 

Derry’s (1997) estimates of Himalayan weathering from Bengal Fan sediments (1.7 x 

1011 mol/y).  While we recognize our regional scaling factor (equation 9) can be tweaked 

to account for this discrepancy, it would require significant changes in deposition of 

floodplain sediment and weathering than seen both in literature and field observations.  

For example, to match silicate weathering estimates from the Bengal Fan study, more 

than one-quarter of the sediment shed from the Himalaya needs to be weathered on the 

floodplain.   Another possibility is, as suggested by the chemically altered parent material 

sediments in Nepal, that upland silicate weathering is more significant than previously 

forecasted.  Continuing the mass balance approach, we geochemically compare 
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floodplain sediment, both modern and ancient, to the High Himalayan Crystalline Series 

(HHCS).  If upland weathering is insignificant, Ti-normalized floodplain sediment should 

be relatively comparable to its hinterland source, the HHCS. 

  

5.2. Parent Material versus High Himalayan Crystalline Series 

Roughly 80% or more of the silicate material in the Siwalik Group and modern 

floodplain are derived from the HHCS (France-Lanord et. al., 1993).  In the France-

Lanord and Derry (1997) study, the authors compare aluminum-normalized HHCS to 

Bengal Fan sediment and estimate that Himalayan silicate weathering accounts for 

between 0.27 mol/kg and 1.1 mol/kg, a relatively small fraction of the global silicate 

alkalinity flux (France-Lanord & Derry, 1997).  By normalizing to titanium rather than 

aluminum (Table C.7), ∆CO2,silicate estimates from Bengal Fan sediments increase from 

1.1 mol/kg to 0.31 mol/kg (kaolinite-smectite facies) and decrease to 0.27 mol/kg to 0.14 

mol/kg (illite-chlorite series). In both Nepal and India, ∆CO2,silicate estimates (with values  

mostly between 0.11 and 0.34 mol/kg) are very close to the total draw downs estimated 

from the Bengal Fan sediments.  In particular, the Lower Siwalik profile of India and the 

Upper Siwalik profile in Nepal produce estimates of ∆CO2 = 0.34 and 0.33, respectively 

(Table C.7).  To convert these values to ∆CO2,silicate (mol/y), we apply the same regional 

scaling factor as equation 9, but with the entire sediment flux (not simply the 6% load 

deposited on the floodplain) included.  We retain within the scaling factor that only 10% 

of the sediment is weathered.  The resulting ∆CO2,silicate values (Figure C.13), show 

upland silicate weathering to be higher than ∆CO2,silicate lowland flux and strongly 
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suggests that upland weathering can account for a large part (greater than 80%) of the 

silicate weathering flux.  In part, the ∆CO2,silicate (mol/y) is elevated in the uplands since 

more sediment volume is available for weathering.   However, the volume-independent 

∆CO2,silicate (mol/kg), also suggests significant upland weathering contributions, 

particularly in Nepal.  Further work needs to be done to verify that representativeness of 

both hinterland and lowland sediment cation concentrations.  At first glance, upland 

weathering contributions from India (circa 11-13 Ma) and from Nepal (circa 2-5 Ma) 

accounts for a large fraction of silicate weathering. 

 

5.3 Lowland Silicate Weathering and CO2 consumption  

The unroofing history of the Himalaya can account for fluctuations in the 

contribution of various lithologies to the G-B bedload through time.  During early stages 

of orogeny, the Tethyan Sedimentary Series dominated, and was later joined in the 

Neogene joined by the Higher Himlayan Crystalline Series and Lesser Himalayan Series. 

Changes in sediment mineralogy should, in turn, affect the susceptibility of sediments to 

weathering and the overall silicate weathering potential of the G-B system.  The data 

suggests that trends in weathering susceptibility are, most certainly, temporal as well as 

geographical.  Pakistan sediments, overall, have significantly higher cation 

concentrations than sediments in both India and Nepal.  Therefore, Pakistan sediments 

have a much higher potential for silicate weathering drawdown and are, therefore, only 

climate-limited.  By contrast, the wettest lowland locations are associated with high 

upland rates of silicate weathering (e.g. Nepal, Figure C.14) and high sedimentation rates.  
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In such instances, silicate mineral availability is most likely the dominant limiting factor 

in silicate weathering flux.   By calculating the chemical index of alteration (CIA), we 

can independently verify variation in the altered state of silicate minerals along the E-W 

transect.  Higher CIA values denote higher degrees of chemical alteration as seen in the 

increase in CIA in the soil/paleosol samples compared to their respective parent 

materials.  Most of our sediments (parent material and regional) begin with high CIA 

values (>50%), with the exception of modern sediments in Pakistan and India.  The 

Lower and Middle Siwalik profiles in Nepal show the highest variation in CIA between 

parent material and soil, verifying high rates of lowland weathering.  This lowland 

weathering is coupled with relatively unaltered parent materials (CIA less than 60%) and 

relatively low rates of upland weathering (∆CO2,silicate = 0.03-0.14).  The potential impact 

of Nepal silicate weathering to global CO2 draw down was, therefore, highest prior to 8.6 

Ma.  

Plotting the sediment’s Fe2O3/SiO2 against Al2O3/SiO2 (Figure C.16) confirms 

differences among the India, Nepal, and Pakistan soils.  Such differences could be 

mineralogical or textural (e.g. grain size).  Galy and France-Lanord (2001) used this plot 

to distinguish bedload from suspended load (top section of Figure C.14).  If less mica is 

present in the Nepal sediment than in the India and Pakistan, it can produce lower 

Fe2O3/SiO2 and Al2O3/SiO2 ratios.   One potential way to decrease mica is to increase 

Lesser Himalayan input (Szulc et al, 2006), which is less micaceaous than the HHCS. If 

this is the case, an increase in an older, more radiogenic Lesser Himalayan input would 

also increase the 87Sr/86Sr ratios of the silicate fraction.  The sediment with the highest 
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87Sr/86Srsilicate ratios (~0.78) occur in the Middle and Upper Siwalik profiles in Nepal 

profile (~8.6 Ma and ~5 Ma, respectively) and coincide with very low Fe2O3/SiO2 and 

Al 2O3/SiO2 ratios.  According to estimates based on the εNd of detritus in the Middle and 

Upper Siwaliks of western Nepal, Lesser Himalayan input increased from less than 20% 

(prior to 6 Ma) to as high as 40% (after 6 Ma) (Huyghe et al, 2001).  However, other 

studies have suggested the HHCS could still be contributing up to 70-80% of Siwalik 

Group sediment during this time (France-Lanord and Derry, 1997; Robinson et al, 2001).  

The data suggests that increased contributions from Lesser Himalayan micas in Nepal, 

coupled with decreased rates of upland weathering, allowed for lowland silicate mineral 

weathering, with elevated 87Sr/86Sr ratios, to dominate the silicate weathering flux from 

approximately 9 – 4 Ma.   

 

5.4. Strontium Weathering 

The direct measurement of soil and paleosol 87Sr/86Sr ratios allows us to, (1) 

clearly distinguish the relative contribution of silicate versus carbonate weathering, (2) 

understand the individual weathering reactions consuming CO2 and producing the high 

87Sr/86Sr ratios in Himalayan rivers, (3) focus on the neglected lowland portion of the 

Himalayan system where silicate weathering rates should be highest, and (4) examine 

changes in weathering rates over the past 12 Ma.   Using lowland silicate and carbonate 

87Sr/86Sr ratios, we can calculate (equation 10) a series of hypothetical mixing lines to 

predict possible surface water 87Sr/86Sr ratios (87Sr/86Srwater)(Figure C.13).  For this 
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calculation, we assume a simple two end-member mixing equation between a silicate 

end-member (87Sr/86Srsilicate) and a carbonate end-member (87Sr/86Srcarbonate).  
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By varying the fraction silicate (fsilicate) from 0.02 to 0.20 and using appropriate 

end-member 87Sr/86Sr ratios (based on average parent material/sediment 87Sr/86Srsilicate 

and 87Sr/86Srcarbonate ratios, see section 4.3), we can shift 87Sr/86Srwater ratios (Figure C.12) 

through time.  Ratios increase slightly from ~ 0.72-0.73 (LS) to ~0.725-0.735 (MS) and 

then, after 2 Ma, begin to decrease again to ~0.718-0.734.  Quade et al (1997) noted that, 

for the Siwalik Group, the 87Sr/86Sr ratios of soil carbonate nodules are a direct measure 

of the 87Sr/86Srwater ratio at the time of soil formation.   Bengal Fan clays have also been 

used as a proxy for the 87Sr/86Sr of water in the Ganges-Brahmaputra system (Derry and 

France-Lanord, 1996).  These estimates for the 87Sr/86Sr of the Ganges/Brahmaputra 

system, are plotted on Figure C.15 for comparison.  Our model shows that less than 2% 

contribution from silicate weathering can explain most of the ancient 87Sr/86Srriver ratios 

based on pedogenic carbonates and clays. 

The model results, however, cannot explain the higher ratios (87Sr/86Srriver > 0.735) 

without increasing the silicate fraction above 20%, an unrealistic proportion.  The 

increased 87Sr/86Sr ratios occur between 2-7 Ma, coincident with when mica-rich, Lesser 

Himalayan sediment contributions increased.  Using a silicate end-member with an 
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87Sr/86Srsilicate = 0.80 and a concentration of 150 ppm can produce higher 87Sr/86Srwater 

ratios  (as high as 87Sr/86Srriver = 0.740, star symbols on Figure C.13).  In addition, the 

isotopic fractionation observed in our soil profiles confirms that a mineral(s) with high 

(i.e. >0.75) 87Sr/86Sr ratios are being selectively removed by weathering.  The very high 

ratios point to loss of biotite, muscovite, and K-feldspar.  Not coincidentally, the time 

period when the ancient 87Sr/86Srwater ratios are elevated (2-8 Ma) is also the period of 

peak K-feldspar (DeCelles et al, 1998) and mica (Szulc et al, 2006) detritus, from the 

Dadeldhura thrust sheet and lower sections of the High Himalaya, respectively.   

These results suggest that the high 87Sr/86Sr ratios of lowland Himalayan rivers can be 

explained by carbonate (~80-98%, 87Sr/86Sr = 0.73) and silicate mineral (~2-20%, 

87Sr/86Sr ≥ 0.80) weathering.  Our study suggests that elevated 87Sr/86Srwater ratios require 

a change in the silicate mineral rather than the carbonate mineral fraction and the addition 

of Lesser Himalayan rocks.  It also suggests tectonic, rather than climatic shifts, are more 

significant to changing 87Sr/86Srwater ratios, a conclusion seen in other papers (e.g. 

Edmond, 1992;  Harris 1995).  The contributions from micas and K-feldspar also implies 

that plagioclase feldspar weathering may not be as significant to Himalayan 87Sr/86Sr 

water chemistry as has been previously suggested (Edmond, 1992).  

 

CONCLUSIONS 

Overall, silicate weathering contributions are significantly smaller than carbonate 

weathering – even on the floodplain.  Weathering of carbonate dominates (~ 90% or 

greater) the alkalinity of Himalayan rivers.  Silicate weathering is most intense where 
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silicate minerals are freshest and, in most cases, throughout the history of the Himalaya, 

this occurs in the uplands.  The comparison of the “unweathered” floodplain sediment to 

its HHCS source rock suggests that upland weathering contributes the majority of silicate 

weathering in the G-B system.  However, significant changes occurred between 9 and 2 

Ma ,that greatly increased the ability of lowland silicate weathering to impact the 

chemistry of the proto G-B system.  An increase in contributions from high 87Sr/87Srsilicate 

from the Lesser Himalayan Series, coupled with lower upland weathering rates, allowed 

increased rates of silicate weathering in a wet, lowland Nepal.  Small contributions (~5%) 

of 87Sr/87Srsilicate with a high ratio (87Sr/87Srsilicate = 0.80) and high concentration (~100 

ppm) alone can explain the elevation in Himalayan 87Sr/87Srwater ratios between 9 and 2 

Ma.  There is no associated increase in the 87Sr/86Srcarbonate during this time.  
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Table C.1: Paleosol/Soil ages, localities, and descriptions 

Profile
Age 

(M.a.) Reference
Khutia Khola, 3076 m. ~ 5
Khutia Khola, 1932 m. 8.6
Khutia Khola, 345 m. 12.3
Najwal, profile 55 0.05

Amarsar, profile 59 0.13

Materra, profile 8b ~ 0.05

Achyuthan 
(person 

communication)
Profiles 43 & 44 1.36-2
Profiles 38 & 39 8.75-9

Profiles 21 & 22 ~11-13
Ganjoo (personal 
Communication)

104 2.5-3 
192 4.5
194 5.3
R94 5.8

9812 11.4
Johnson et al., 

1986

Behrensmeyer et 
al, 2007

NEPAL

INDIA

PAKISTAN

Ojha et al, 1999; 
Appel et al, 1991

Ganjoo et al, 
2002; Ranga Rao 

et al, 1988; 
Argarwal et al, 

1993

Brozovic & 
Burbank, 2000 
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Table C.2: Cation concentration and calculated τWR values for Pakistan paleosols. 

ρρρρ
strain 
(σσσσ)1

MgWR
2 CaWR

2 NaWR
2 KWR

2 TiWR
2 SrWR

2     ττττMg, Ti
3     ττττCa, Ti

3     ττττNa, Ti
3     ττττK, Ti

3     ττττSr, Ti
3

g/cc ppm ppm ppm ppm ppm ppm % % % % %

Upper Siwalik
2.5-3 Ma, profile 104
local silt ave. 2 0 15770 17010 7456 20712 4525 181 0.00 0.00 0.00 0.00 0.00
50 2 -0.01 15559 13579 7789 20920 4555 171 0.00 0.00 0.00 0.00 0.00
20 2 0.01 15982 20440 7122 20505 4495 190 0.00 0.00 0.00 0.00 0.00
-10 2.4 -0.18 17248 18368 6306 20837 4615 179 7.24 5.88 -17.07 -1.36 -2.76
-30 2.4 -0.19 17489 17581 5564 21252 4675 182 7.34 0.05 -27.77 -0.68 -2.40
-50 2.4 -0.18 17730 13079 5861 21252 4615 176 10.24 -24.61 -22.92 0.61 -4.39
-80 2.4 -0.11 18153 38736 4970 19924 4256 200 22.40 142.16 -29.11 2.29 17.83
-130 2.4 -0.10 18334 31447 6306 19508 4196 206 25.39 99.40 -8.78 1.59 23.09
-180 2.4 -0.06 16223 35806 7864 17931 4016 198 15.92 137.21 18.85 -2.44 23.61
-205 2.4 -0.11 19057 26444 6306 19342 4256 200 28.50 65.32 -10.06 -0.69 17.83
4.5 Ma, profile 192
2 2 19057 50958 7419 23078 5095 171
40 2 17550 44811 8976 22746 4795 176
-13 2.4 -0.23 12484 9791 6602 20339 5335 145 -36.78 -81.05 -25.34 -17.71 -22.53
-23 2.4 -0.23 11217 9148 6009 18844 5335 138 -43.19 -82.29 -32.05 -23.76 -26.27
-33 2.4 -0.24 11579 10006 5861 19093 5395 144 -42.01 -80.85 -34.46 -23.61 -23.92
-43 2.4 -0.24 10433 7433 5490 18512 5455 136 -48.32 -85.93 -39.29 -26.75 -28.94
-53 2.4 -0.24 10132 7075 5267 18429 5395 135 -49.26 -86.46 -41.10 -26.27 -28.67
-63 2.4 -0.24 11157 5360 5861 19259 5455 135 -44.74 -89.85 -35.18 -23.79 -29.46
-83 2.4 -0.21 13690 20083 5861 19176 5215 135 -29.07 -60.23 -32.20 -20.63 -26.21
-103 2.4 -0.22 15620 9434 6009 20505 5275 132 -20.00 -81.53 -31.28 -16.10 -28.67
-123 2.4 -0.08 15318 65680 6009 18180 4495 145 -7.94 50.88 -19.37 -12.72 -8.07
-143 2.4 -0.11 13630 58248 6528 17184 4615 137 -20.22 30.33 -14.67 -19.64 -15.40
-163 2.4 -0.11 12484 58390 7048 16354 4615 135 -26.92 30.65 -7.89 -23.52 -16.63
-183 2.4 -0.10 12182 63751 7048 15690 4555 141 -27.75 44.52 -6.67 -25.67 -11.78
-223 2.4 -0.18 13207 23585 8160 18263 5035 138 -29.13 -51.63 -2.23 -21.71 -21.88
-263 2.4 0.09 7599 98628 6306 12120 3776 116 -45.63 169.72 0.73 -30.73 -12.45
-330 2.4 -0.02 8865 27230 8680 15441 4196 126 -42.92 -32.98 24.79 -20.57 -14.41
local silt ave. 2 0.00 18303 47884 8197 22912 4945 174 0.00 0.00 0.00 0.00 0.00
5.3 Ma, profile 194
52.5 2 15017 100629 8457 17682 4376 145
32.5 2 15318 48956 5786 20090 4675 144
7.5 2 19178 24371 7122 23244 5095 147
-2.5 2.4 -0.26 15680 9148 6380 21086 5275 137 -15.07 -85.90 -19.92 -7.32 -10.81
-12.5 2.4 -0.26 11881 10506 5935 18014 5335 129 -35.65 -83.80 -25.51 -20.82 -12.42
-22.5 2.4 -0.30 9589 8934 4970 16354 5574 117 -48.06 -86.23 -37.61 -28.12 -14.44
-32.5 2.4 -0.31 9589 8862 4154 16188 5694 123 -48.06 -86.34 -47.85 -28.85 -21.94
-42.5 2.4 -0.31 9710 8433 4303 16188 5694 126 -47.41 -87.00 -45.99 -28.85 -26.50
-52.5 2.4 -0.30 12363 7433 3932 17267 5574 124 -33.04 -88.54 -50.65 -24.11 -31.90
-62.5 2.4 -0.30 14052 8862 4970 17765 5634 121 -23.89 -86.34 -37.61 -21.92 -29.17
-72.5 2.4 -0.30 14956 11578 5119 18263 5634 127 -18.99 -82.15 -35.75 -19.73 -27.44
-92.5 2.4 -0.30 13630 11006 6083 17682 5634 126 -26.18 -83.03 -23.64 -22.28 -28.60
-112.5 2.4 -0.29 13931 9291 6528 18180 5514 125 -24.54 -85.68 -18.06 -20.09 -28.81
-122.5 2.4 -0.16 12303 62964 5935 15441 4675 134 -33.36 -2.93 -25.51 -32.13 -11.87
-142.5 2.4 -0.22 14052 43453 6528 18014 5035 148 -23.89 -33.01 -18.06 -20.82 -18.81
-167.5 2.4 -0.26 17730 29660 5267 21335 5275 145 -3.96 -54.27 -33.89 -6.23 -23.11
local silt ave. 2 0 16504 57985 7122 20339 4715 145 0.00 0.00 0.00 0.00 0.00
5.8 Ma, profile R94
20 2 0.00 13931 8076 6157 22746 5574 132 0.00 0.00 0.00 0.00 0.00
-2.5 2.4 -0.15 14112 8648 6232 22746 5455 145 3.53 9.43 3.43 2.20 12.26
-9.5 2.4 -0.15 14052 8719 6157 22580 5455 138 3.08 10.34 2.20 1.45 6.84
-27.5 2.4 -0.15 14172 9077 6157 22580 5455 149 3.97 14.86 2.20 1.45 15.36
-37.5 2.4 -0.15 14474 9291 6454 22082 5455 147 6.18 17.57 7.12 -0.79 13.81
-47.5 2.4 -0.15 14534 10220 6454 21418 5455 152 6.62 29.33 7.12 -3.77 17.68
-57.5 2.4 -0.13 13750 10935 6973 20173 5335 152 3.14 41.48 18.34 -7.33 20.33
-67.5 2.4 -0.14 15137 9434 7196 21086 5395 161 12.28 20.71 20.76 -4.21 26.04
-77.5 2.4 -0.15 13569 10720 8160 19758 5455 152 -0.46 35.66 35.44 -11.23 17.68
-117.5 2.4 -0.11 12182 12436 9273 17599 5215 141 -6.52 64.60 60.99 -17.29 14.18
-137.5 2.4 -0.07 10313 14079 10683 16769 4975 150 -17.06 95.34 94.40 -17.40 27.33
-157.5 2.4 0.16 11278 9505 11202 21667 4016 139 12.37 63.37 152.53 32.22 46.17

Lower Siwalik
11.4 Ma, profile 9812
-5 2.4 -0.30 18153 4788 13057 25735 4495 143 32.38 -46.40 -30.26 8.95 -49.74
-15 2.4 -0.38 18032 5432 7270 29885 5035 204 17.41 -45.71 -65.33 12.97 -35.98
-40 2.4 -0.34 15620 4360 10386 25320 4795 186 6.79 -54.25 -48.00 0.50 -38.71
-80 2.4 -0.36 16886 3859 9496 26399 4915 191 12.63 -60.49 -53.61 2.22 -38.60
-120 2.4 -0.33 15680 9934 10460 25320 4675 192 9.95 6.92 -46.28 3.07 -35.11
-160 2.4 -0.35 17248 4288 9125 27893 4855 199 16.46 -55.56 -54.87 9.34 -35.24
-200 2.4 -0.35 17127 5575 8754 27893 4855 206 15.65 -42.22 -56.71 9.34 -32.96
-240 2.4 -0.38 17911 4717 8754 30549 5035 199 16.62 -52.86 -58.25 15.48 -37.55
-280 2.4 -0.38 17610 4217 6602 30134 5095 199 13.31 -58.35 -68.88 12.57 -38.29
-320 2.4 -0.39 18635 4717 6454 30715 5155 205 18.51 -53.95 -69.94 13.41 -37.17
-360 2.4 -0.39 18816 4431 6677 31546 5155 203 19.66 -56.74 -68.90 16.47 -37.78
-400 2.4 -0.38 19479 4431 7122 31380 5095 202 25.34 -56.24 -66.44 17.22 -37.36
-440 2.4 -0.35 20082 7147 7048 30882 4855 198 35.60 -25.93 -65.15 21.06 -35.56
local silt ave. 2 0.00 11519 7504 15727 19841 3776 239 0.00 0.00 0.00 0.00 0.00  

1 Ti-normative 
2 Cation analyses performed by Actlabs, Canada. 
3 Based on local parent material. 
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Table C.3: Cation concentration and calculated τsilicate values for India paleosols/soils 

ρρρρ
strain 
(σσσσ)1

Mgsil.
2 Casil.

2 Nasil.
2 Ksil.

2 Tisil
2 Srsil.

2     ττττMg, Ti
3     ττττCa, Ti

3     ττττNa, Ti
3     ττττK, Ti

3     ττττSr, Ti
3

g/cc ppm ppm ppm ppm ppm ppm % % % % %

MODERN
Najwal (50 ka, profile 55)
+20 1.65 0.98 2834 2430 5490 19176 1558 52 5.62 15.25 20.33 100.00 39.33
20-25 1.77 -0.33 10735 4217 7789 23244 4256 75 46.48 -26.76 -37.48 -11.22 -26.47
50-55 1.77 -0.30 9649 3216 6232 23493 4076 59 37.48 -41.67 -47.78 -6.32 -39.03
250 pm 1.63 0.00 5367 4217 9125 19176 3117 75 0.00 0.00 0.00 0.00 0.00

Amarsar (130 ka, profile 59) 
20-25 2.05 -0.37 7177 7719 10089 16520 3716 117 -34.30 -54.44 -37.15 -18.96 -39.23
80-85 2.00 -0.29 5850 9148 10757 14611 3417 125 -41.75 -41.27 -27.11 -22.04 -29.61
170-175 1.54 -0.26 11097 12507 12463 16603 4256 142 -11.30 -35.54 -32.20 -28.88 -35.99
300-305 1.69 -0.23 9529 12507 11128 16935 3716 135 -12.77 -26.18 -30.68 -16.93 -30.22
400 pm 1.58 0.00 8986 13937 13205 16769 3057 159 0.00 0.00 0.00 0.00 0.00

Materra (~50 ka, profile 8b)
20-30 1.56 0.24 9167 6003 9718 22746 3776 195 -32.63 -24.10 12.32 -11.58 20.14
100-120 1.70 0.10 9529 6146 10015 23576 3896 211 -32.12 -24.69 12.18 -11.17 21.42
150-160 pm 1.65 0.00 15982 9291 10163 30217 4436 154 0.00 0.00 0.00 0.00 0.00
275 1.69 0.00 9227 10935 12389 20007 3536 233 -40.96 20.35 24.65 -32.30 31.60

UPPER SIWALIK
~1.36 Ma, profile 44
30-35 1.94 0.11 15801 5932 4006 24655 4615 65 8.77 33.46 187.90 -15.25 28.40
60-65 1.89 0.13 16585 6933 2374 27561 4675 60 12.70 53.97 68.42 -6.48 16.41
115-120 1.83 0.08 17248 7004 3116 28142 5035 62 8.84 44.44 105.26 -11.33 12.08
190-195 2.03 0.05 17248 4074 1855 28889 4675 59 17.21 -9.52 31.58 -1.97 14.65
260-270 pm 2.13 0.00 14715 4503 1410 29470 4675 51 0.00 0.00 0.00 0.00 0.00

~ 2 Ma, profile 43
30-35 2.17 -0.65 9348 1644 890 23659 5514 47 -28.45 -89.08 -91.91 -59.65 -58.58
85-90 2.20 -0.60 8383 929 816 21501 4795 38 -26.22 -92.90 -91.48 -57.83 -61.75
170-175 2.01 -0.55 8745 715 964 22165 4615 35 -20.03 -94.33 -89.53 -54.83 -63.41
300 pm 2.26 0.00 4402 5074 3709 19758 1858 38 0.00 0.00 0.00 0.00 0.00

MIDDLE SIWALIK
8.75-9 Ma, profile 38
+15 2.51 -0.09 18816 3502 890 33704 4196 37 18.04 20.26 -52.14 -5.68 -16.97
25-30 2.38 0.02 16223 1429 1706 32459 3956 48 7.94 -47.94 -2.71 -3.66 14.03
75-80 pm 2.39 0.00 15258 2787 1780 34202 4016 43 0.00 0.00 0.00 0.00 0.00
120-125 2.27 -0.42 14172 1858 3635 27810 4016 50 0.56 -73.03 -72.74 -23.22 -37.19
190 2.33 -0.41 11519 6289 5267 22248 3896 42 -15.75 -5.92 -59.29 -36.69 -45.79
800 pm 2.17 0.00 8624 4217 8160 22165 2458 49 0.00 0.00 0.00 0.00 0.00

8.75-9 Ma, profile 39
20-25 2.29 0.03 14052 3002 4599 31131 3956 55 7.87 -6.67 -28.74 9.01 11.59
70-75 2.32 0.00 12423 2287 6602 23908 4016 48 -6.05 -29.95 0.77 -17.53 -4.30
100-105 pm 2.36 0.00 13026 3216 6454 28557 3956 49 0.00 0.00 0.00 0.00 0.00
121-126 2.16 -0.15 11278 3716 6306 22082 3716 46 3.23 -0.60 -7.64 5.20 4.84
250 pm 1.79 0.00 11278 3859 7048 21667 3836 45 0.00 0.00 0.00 0.00 0.00

Sr

LOWER SIWALIK
~11-12 Ma, profile 21
10-May 2.62 -0.02 9830 2216 1855 19259 4436 45 21.47 124.42 33.36 13.05 12.44
60-65 2.51 0.04 8081 5289 1261 19176 4316 46 2.63 450.60 -6.80 15.69 20.23
135-140 2.17 0.40 6815 858 1113 14860 3716 38 0.51 3.69 -4.50 4.10 14.35
185-190 2.52 0.00 8202 1001 1410 17267 4495 40 0.00 0.00 0.00 0.00 0.00

~11-12 Ma, profile 22
25-30 2.70 -0.17 6513 786 1261 25735 5335 54 -14.40 -6.27 15.88 -5.10 -10.76
90-100 2.20 0.09 7599 972 1039 20588 4975 50 7.09 24.26 2.33 -18.59 -10.75
235-240 pm 2.19 0.00 7780 858 1113 27727 5455 61 0.00 0.00 0.00 0.00 0.00
300-305 2.39 -0.32 3257 1144 742 11041 3536 35 12.19 -82.53 -7.99 18.97 -12.70
370-375 pm 2.54 0.00 1870 4217 519 5977 2278 26 0.00 0.00 0.00 0.00 0.00

 
1 Ti-normative 
2 Cation analyses performed by Actlabs, Canada. 
3 Based on local parent material. 
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Table C.4:  Cation concentration and calculated τsilicate and τWR values for Nepal paleosols 

ρρρρ
strain 
(σσσσ)1

Mgsil.
2 Casil.

2 Nasil.
2 Ksil.

2 Tisil
2 Srsil.

2     ττττMg, Ti
3     ττττCa, Ti

3     ττττNa, Ti
3     ττττK, Ti

3     ττττSr, Ti
3

g/cc ppm ppm ppm ppm ppm ppm % % % % %

UPPER SIWALIK
~5 Ma, profile KK3075

10 2.49 -0.77 4825 858 1039 15192 3279 27 -22.00 -47.35 -47.35 -44.63 -40.77
30 2.43 -0.79 7418 572 964 19010 3638 26 8.07 -68.37 -55.94 -37.56 -48.60
30 2.43 -0.78 6815 572 890 17433 3429 25 5.36 -66.43 -56.84 -39.23 -47.55
50 2.43 -0.81 7719 929 1113 21169 3926 28 4.22 -52.37 -52.89 -35.56 -48.70
70 2.46 -0.81 8443 1644 1039 22414 4004 30 11.78 -17.37 -56.89 -33.10 -46.11
90 2.48 -0.80 7659 429 1187 20588 3794 27 7.00 -77.25 -48.00 -35.15 -48.82
110 2.32 -0.67 4101 429 964 14445 2440 29 -10.89 -64.62 -34.29 -29.24 -14.50
130 2.32 -0.68 4704 429 1039 14860 2464 21 1.22 -64.96 -29.93 -27.91 -38.69
180 2.19 -0.01 1809 429 445 6973 851 12 12.68 1.41 -13.08 -2.09 1.41
250 2.08 -0.52 1930 572 742 10294 1846 16 -44.59 -37.66 -33.21 -33.36 -37.66
350 2.10 0.01 1447 429 593 7471 875 12 -12.33 -1.37 12.72 2.03 -1.37
pm

1 2.14 0.00 1628 429 519 7222 863 12 0.00 0.00 0.00 0.00 0.00

MIDDLE SIWALIK
8.6 Ma, profile KK1932

10 2.37 -0.59 5407 561 1379 13239 4280 47 5.48 -97.02 -78.38 -17.37 -64.69
30 2.54 -0.61 5348 670 1550 13059 4148 50 4.32 -96.43 -75.71 -18.49 -61.25
50 2.54 -0.59 5126 18796 6380 16022 3938 45 -0.69 -96.59 -75.98 -18.11 -63.26
70 2.54 -0.61 4926 454 1036 13492 4178 49 -3.90 -97.59 -83.76 -15.79 -62.29
90 2.56 -0.62 5274 568 1366 12992 4226 47 2.89 -96.98 -78.59 -18.91 -64.24
110 2.51 -0.38 4906 898 3435 13727 2673 32 -4.29 -95.22 -46.16 -14.32 -61.52
130 2.46 -0.08 4565 971 5831 15789 1822 27 -10.95 -94.83 -8.60 -1.45 -52.36
300 2.34 0.00 5175 23537 6605 16297
pm 5126 18796 6380 16022 1768 55 0.00 0.00 0.00 0.00 0.00

LOWER SIWALIK
~12.3 Ma, profile 345

10 2.6 -0.73 2737 204 1460 11092 4004 58 -14.26 -99.05 -80.49 -3.06 -67.67
30 2.47 -0.72 3372 176 1003 12370 4136 59 5.51 -99.18 -86.62 7.98 -68.20
70 2.56 -0.72 3196 21441 7493 11456 3944 53 -10.64 -98.93 -71.93 -10.35 -70.04
90 2.69 -0.74 2740 654 2177 9559 4028 54 -14.29 -96.95 -70.95 -16.56 -70.11
110 2.62 -0.71 2909 243 1815 10520 3740 51 -8.97 -98.87 -75.78 -8.17 -69.60
130 2.58 -0.74 3000 217 1980 9567 4190 90 -6.15 -98.99 -73.57 -16.49 -52.11
170 2.18 -0.62 2942 446 2694 8526 3465 41 -7.96 -97.92 -64.05 -25.58 -73.62
190 2.46 -0.62 1855 2793 2837 5625 3057 40 -41.96 -86.98 -62.14 -50.90 -70.83
210 2.24 -0.45 2231 55595 3481 5866 2302 161 -30.21 159.30 -53.54 -48.79 55.94

250 pm 2.23 0.00 3196 21441 7493 11456 1271 57 0.00 0.00 0.00 0.00 0.00

MgWR
2 CaWR

2 NaWR
2 KWR

2 TiWR
2 SrWR

2     ττττMg, Ti
3     ττττCa, Ti

3     ττττNa, Ti
3     ττττK, Ti

3     ττττSr, Ti
3

ppm ppm ppm ppm ppm ppm % % % % %

MIDDLE SIWALIK
8.6 Ma, profile KK1932

10 2.37 -0.59 5476 634 1381 13250 4280 479 -56.25 -98.67 -91.06 -65.84 -90.04
30 2.54 -0.61 5422 748 1552 13070 4148 800 -55.29 -98.38 -89.63 -65.23 -82.84
50 2.54 -0.59 5195 18893 6382 16033 3938 580 -54.89 -56.94 -55.09 -55.08 -86.89
70 2.54 -0.61 4998 524 1038 13503 4178 792 -59.09 -98.87 -93.11 -64.34 -83.15
90 2.56 -0.62 5372 649 1368 13002 4226 788 -56.52 -98.62 -91.03 -66.05 -83.41
110 2.51 -0.38 4966 959 3436 13735 2673 257 -36.47 -96.78 -64.38 -43.31 -91.44
130 2.46 -0.08 4587 1025 5832 15793 1822 128 -13.92 -94.95 -11.31 -4.38 -93.74
300 2.34 0.00 5213 24685 6606 16300 1648 2437 8.15 34.40 11.06 9.11 31.48
pm 5171 19702 6381 16026 1768 1988 0.00 0.00 0.00 0.00 0.00

LOWER SIWALIK
~12.3 Ma, profile 345

10 2.6 -0.73 2743 257 1460 11099 4004 391 -72.85 -99.64 -93.82 -69.26 -94.62
30 2.47 -0.72 3379 231 1003 12378 4136 575 -67.61 -99.69 -95.89 -66.81 -92.34
70 2.56 -0.72 3200 21481 7493 11461 3944 181 -67.83 -69.63 -67.78 -67.77 -97.47
90 2.69 -0.74 2746 744 2177 9565 4028 468 -72.97 -98.97 -90.83 -73.67 -93.60
110 2.62 -0.71 2915 289 1815 10527 3740 255 -69.10 -99.57 -91.77 -68.79 -96.25
130 2.58 -0.74 3010 275 1981 9579 4190 326 -71.52 -99.63 -91.98 -74.64 -95.72
170 2.18 -0.62 2949 507 2694 8530 3465 148 -66.25 -99.18 -86.81 -72.70 -97.64
190 2.46 -0.62 1864 3421 2838 5628 3057 1970 -75.82 -93.76 -84.26 -79.58 -64.49
210 2.24 -0.45 2246 58330 3482 5869 2302 4192 -61.32 41.33 -74.35 -71.72 0.34

250 pm 2.23 0 3205 22786 7493 11458 1271 2306 0.00 0.00 0.00 0.00 0.00  
1 Ti-normative 
2 Silicate cation analyses performed by Actlabs, Canada. Carbonate analyses performed at the 
Biogeochemistry Laboratories, University of Arizona.  The sum of silicate and carbonate fractions is 
termed whole rock. 
3 Based on local parent material. 
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Table C.5: Measured cation concentrations for regional alluvium from Pakistan, Nepal, 
and India. 

MgWR
1 CaWR

1 NaWR
1 KWR

1 TiWR
1 SrWR

1

ppm ppm ppm ppm ppm ppm

Pakistan siltstones
R110 19298 70612 2077 24987 6157 195
R31 13449 57747 12537 17682 4718 214
R35 19902 36092 7938 24738 5757 191
R42 14534 118282 7567 18429 4638 170
R43 14172 121498 8531 15358 4158 176
R44 20444 64179 7567 20505 5517 182
R57B 17308 49242 9125 21667 5837 169
R70 18454 36807 9199 24821 5757 183
R91C 16585 117067 7864 17516 4638 177
R91D 15620 89765 9644 16686 5037 192
R91E 16524 88979 9051 17350 5117 190
R91F 14715 102558 9051 15856 4718 184
R91G 15740 83619 9570 17267 5117 195
R91H 15982 106132 8383 17184 4878 180
R91I 16585 109348 7864 17682 4878 171
R111 12785 41166 6232 19841 5997 181
R115 16766 79545 9199 18180 6797 170
R144 19057 65394 11795 18097 5037 202
R168 15680 121069 3858 18595 5117 200
R169 6875 144868 5638 9962 3758 128
R245 9890 51244 7048 14196 4878 144
R247 11157 52601 6306 14694 5197 147
RINDUS1 12423 115209 8531 14196 5437 509

Mgsilicate
2 Casilicate

2 Nasilicate
2 Ksilicate

2 Tisilicate
2 Srsilicate

2

India alluvium
ACRICAH 441331 10363 8976 19924 2817 10
BHALUGHAT 480049 8505 11425 18512 1618 <5
BHATARHADA 450438 10792 12166 20671 2877 8
GANDAK 483004 10649 11350 16852 1918 <5
GHAGHARA 491809 10577 8976 13946 2098 10
GUMPTA 441030 5789 9347 24821 3297 10
BADI 455745 4360 8828 21833 2997 <5
BADI 485356 6075 9051 14943 2937 6
W. YAMUNA CANAL 492593 7147 8976 13697 1978 7
LS SANDSTONE 524133 11721 148 4981 1738 <5
LS SANDSTONE 466118 1215 11795 21169 2398 6
LS SANDSTONE 438738 1572 4303 18761 4076 11
RAVI SAND 454358 8648 13502 22248 2577 <5
RAVI SILT 442658 7862 10089 18512 3417 8
MS SILTSTONE  354006 8148 816 26067 4915 16
MS SANDSTONE 342909 4288 964 28557 4555 9
LS SANDSTONE 452971 5432 13205 21833 2278 6
GANGES @ PATNA 484511 9291 9125 15524 2218 <5
HOLOCENE LOESS 405207 7647 11202 23908 4495 12
BENO (SAND) 405448 8505 10163 21916 4076 10
BENO (MUD) 492532 8362 10979 14943 2458 <5
YAMUNA 480531 7147 9347 15358 2278 <5
TIAR KHILA 457011 12007 8531 17516 2817 7

Khutia Khola (Nepal) alluvium

KK3113 1387 21298 1261 8385 1451 20
KK3184 1628 38808 1632 8966 1151 31
KK3300 1930 25515 1410 9049 2092 22  1Whole 

Rock analyses done by T. Cerling in Switzerland. 2Analyses from Actlabs in Canada. 
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Table C.6: Calculated ∆CO2 

 
 

ηCO2 

(mol/kg)
ηCO2 

(mol/kg)
ηCO2 (mol/y)

ηCO2 

(mol/y)

vs. HHCS
vs. local 
parent 

material
vs. HHCS

vs. local 
parent 

material
Bengal IC 0.14 na 9.6E+10 na
Bengal SK 0.31 na 2.0E+11 na
modern 0.01 na 5.2E+09 na
upper siwalik 0.05 0.02 3.4E+10 7.9E+07
middle siwalik 0.01 0.01 8.9E+09 na
lower siwalik 0.02 0.04 na 1.5E+08
modern 0.07 0.30 4.9E+10 1.2E+09
upper siwalik 0.11 0.27 7.3E+10 1.1E+09
middle siwalik 0.16 na 1.1E+11 na
lower siwalik 0.34 na 2.3E+11 na
modern na na 9.5E+10 na
upper siwalik 0.33 0.02 2.2E+11 7.2E+07
middle siwalik 0.14 0.75 1.2E+09 3.0E+09
lower siwalik 0.03 0.87 2.0E+10 3.5E+09

N
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al
P

ak
is

ta
n

In
di

a
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Table C.7: 87Sr/86Srcarbonate ratios from India and Nepal profiles and sediment. 
(86Sr/88Sr)carb

% std 
error (84Sr/86Sr)carb

% std 
error (87Sr/86Sr)carb

% std 
error 2σ∗σ∗σ∗σ∗

MODERN
Holocene Alluvium
Yamuna Canal 0.11988 0.0092 0.05653 0.0224 0.735753 0.0016 2.4
Ghaghara 0.11964 0.0041 0.05646 0.0217 0.720310 0.0018 0.3
Bhalughat 0.11971 0.0125 0.05655 0.0179 0.715751 0.0014 2.0
Tiar Khila R. 0.11976 0.0104 0.05650 0.0188 0.723607 0.0016 2.3
loess 0.11825 0.0367 0.05620 0.2524 0.721167 0.0086 12.4
Beno (sand) 0.11934 0.0128 0.05648 0.0205 0.710665 0.0016 2.3
Beno (mud) 0.11966 0.0106 0.05644 0.0226 0.713964 0.0015 2.1
Badi 0.11925 0.0043 0.05650 0.0201 0.726603 0.0015 2.2
Gandak 0.11927 0.0017 0.05649 0.021 0.715371 0.0015 2.1
Ravi (silt) 0.11898 0.031 0.05661 0.0284 0.726124 0.0022 3.2

average: 0.7209
Amarsar (130 ka, profile 59) 
0-5
20-25 0.11863 0.0075 0.05648 0.0194 0.714612 0.0014 2.0
80-85 0.11935 0.0063 0.05649 0.0199 0.714569 0.0015 2.1
102-107 0.11914 0.0038 0.05646 0.0202 0.714137 0.0013 1.9
115-120 0.11919 0.0073 0.05648 0.0223 0.714376 0.0014 2.0
260-265 0.11860 0.0033 0.05650 0.0216 0.711861 0.0013 1.9
300-305 0.11848 0.0062 0.05647 0.0229 0.712158 0.0016 2.3
400 pm 0.11862 0.0019 0.05646 0.0272 0.711269 0.0016 2.3

average: 0.7133
Najwal (50 ka, profile 55)
(+20) xx xx xx xx xx xx
20-25 xx xx xx xx xx xx
40-45 xx xx xx xx xx xx
50-55 xx xx xx xx xx xx
80-85 0.11948 0.0134 0.05647 0.0256 0.727968 0.0015 2.2
250 pm 0.11931 0.0276 0.05646 0.0264 0.726126 0.0018 2.6

average: 0.7270
Materra (~50 ka, profile 8b)
0-10 0.11949 0.0065 0.05653 0.0222 0.716537 0.0014 2.0
100-120 0.11934 0.0074 0.05652 0.0223 0.716791 0.0014 2.0
130-140 0.11836 0.0041 0.05653 0.0294 0.717534 0.0017 2.4
150-160 0.12041 0.0025 0.05654 0.0208 0.715812 0.0015 2.1
275 pm 0.11863 0.0063 0.05651 0.0202 0.715637 0.0017 2.4

average: 0.7165

UPPER SIWALIK
~1.36 Ma, profile 44
0-5 xx xx xx xx xx xx
30-35 0.11833 0.0032 0.05651 0.018 0.721997 0.0015 2.2
60-65 0.11991 0.0107 0.05649 0.0239 0.716880 0.0014 2.0
85-90 0.11856 0.0029 0.05647 0.0188 0.715715 0.0015 2.1
115-120 0.11909 0.0106 0.05649 0.0158 0.716222 0.0014 2.0
190-195 0.11837 0.0026 0.05653 0.0174 0.718108 0.0014 2.0

average: 0.7178
~ 2 Ma, profile 43 0.11921 0.0151 0.05651 0.0421 0.735865 0.0026 3.8
3-7 cm 0.11896 0.0031 0.05654 0.0187 0.735801 0.0014 2.1
60-65 0.12024 0.0034 0.05645 0.043 0.735753 0.0026 3.8
85-90 0.11862 0.0468 0.05667 0.0811 0.735684 0.007 10.3

average: 0.7358

86Sr/88Sr
% std 
error 84Sr/86Sr

% std 
error 87Sr/86Sr

% std 
error

MIDDLE SIWALIK
8.75-9 Ma, profile 38
(+15) 0.11847 0.0045 0.05650 0.0284 0.726255 0.002 2.9
0-5 0.11904 0.0083 0.05651 0.0162 0.735251 0.0014 2.1
75-80 0.11889 0.0129 0.05652 0.0213 0.735609 0.0016 2.4
86-91 0.11890 0.0033 0.05646 0.0222 0.732600 0.0013 1.9
105-110 0.11979 0.0147 0.05649 0.0168 0.735589 0.0013 1.9
120-125 xx xx xx xx xx xx xx
150-155 0.11890 0.0293 0.05656 0.0385 0.735479 0.002 2.9
263 0.11911 0.0034 0.05644 0.024 0.725483 0.0014 2.0
510 0.11935 0.0059 0.05648 0.0206 0.720937 0.0013 1.9

0.11850 0.0039 0.05657 0.0216 0.722010 0.0015 2.2
average: 0.7299

8.75-9 Ma, profile 39
0-5 0.11958 0.0139 0.05652 0.0181 0.733805 0.0015 2.2
50-55 0.11938 0.0088 0.05651 0.0166 0.735804 0.0013 1.9
70-75 0.11973 0.0197 0.05650 0.0351 0.732373 0.0021 3.1

average: 0.7340
Alluvium
IN-44 0.11985 0.0066 0.05652 0.0181 0.728638 0.0015 2.2
IN-48 0.11882 0.0125 0.05638 0.0456 0.723330 0.0028 4.1

average: 0.7260
8.6 Ma, profile KK1932
10 0.11894 0.0112 0.07304 0.0209 0.732263 0.002 2.9
30 0.11975 0.0204 0.09098 0.0169 0.732237 0.0018 2.6
30 0.11880 0.0169 0.08835 0.0183 0.733404 0.0018 2.6
50 0.11820 0.0999 0.07575 0.4224 0.732160 0.0098 14.4
70 0.11873 0.0156 0.07534 0.0567 0.732076 0.008 11.7
90 0.11874 0.0086 0.08082 0.0316 0.732088 0.0027 4.0
90 0.11876 0.0271 0.13196 0.0139 0.732956 0.0024 3.5
110 0.11902 0.0866 0.11892 0.7825 0.731709 0.0336 49.2
130 0.11882 0.1609 0.39064 0.0529 0.731793 0.0558 81.7

average: 0.7323

LOWER SIWALIK
~12.3 Ma, profile 345
10 0.11906 0.0258 0.08468 0.0186 0.730308 0.0023 3.4
10 0.11918 0.0219 0.07097 0.0318 0.730331 0.0025 3.7
70 0.11983 0.0336 0.43582 0.0059 0.730280 0.002 2.9
90 0.11896 0.0518 0.09040 0.1335 0.729981 0.0062 9.1
130 0.11895 0.0198 0.09012 0.0336 0.729377 0.0028 4.1
130 0.11896 0.0812 0.43420 0.029 0.729101 0.0068 9.9
345 0.11925 0.0035 0.06281 0.0252 0.725995 0.0017 2.5

average: 0.7293

Alluvium 0.11953 0.0522 0.05643 0.0307 0.724570 0.003 4.3
IN_25B 0.11908 0.0027 0.05648 0.0186 0.713362 0.0017 2.4

average: 0.7190
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Table C.8: 87Sr/86Srsilicate ratios for soils/paleosols from India and Nepal. 

(86Sr/88Sr)sil

% std 
error (84Sr/86Sr)sil

% std 
error (87Sr/86Sr)sil

% std 
error 2σ∗σ∗σ∗σ∗ [Sr]

MODERN
Alluvium

IN_11 W. Yamuna Canal 0.11993 0.0041 0.05652 0.0224 0.809246 0.0016 2.6
IN_5 Ganges @ Patna 0.12039 0.002 0.05656 0.0231 0.768543 0.0014 2.2

Acricah sed. 0.11941 0.0056 0.05643 0.0222 0.743541 0.0016 2.4
IN_6 Gumpta R. sed. 0.11921 0.0233 0.05650 0.0227 0.783021 0.0018 2.8

Ghaghara R. sed. 0.12001 0.0162 0.05649 0.0185 0.771772 0.0014 2.2
Bhalughat R. sed. 0.12000 0.0126 0.05650 0.027 0.746875 0.0013 1.9
Tiar Khila R. sed 0.12000 0.0043 0.05653 0.0231 0.791088 0.0015 2.4

IN_52 loess 0.11961 0.0023 0.05656 0.0194 0.731272 0.0016 2.3
IN-52 dup loess 0.11968 0.0066 0.05657 0.0254 0.731299 0.0015 2.2
IN_54B Beno River (sand) 0.12041 0.0017 0.05653 0.0194 0.764184 0.0013 2.0
IN_54A Beno River (mud) 0.11950 0.0208 0.05651 0.0297 0.747357 0.0013 1.9
IN_10A Badi_Holocene alluvium 0.12043 0.0028 0.05653 0.0243 0.778829 0.0013 2.0
IN_10B Badi_Holocene alluvium 0.11917 0.0191 0.05646 0.0485 0.775720 0.0031 4.8
IN_8A Yamuna site1 0.12040 0.0037 0.05658 0.0207 0.775317 0.0016 2.5

Gandak R. sed. 0.11898 0.0028 0.05657 0.0199 0.746546 0.0015 2.2
Bhatarhadi R. loc2 0.12002 0.0036 0.05654 0.0213 0.743535 0.0016 2.4

IN_40A Ravi R. sand 0.11951 0.0171 0.05652 0.0201 0.798982 0.0015 2.4
IN_40B Ravi R. silt 0.12034 0.0042 0.05655 0.0216 0.762081 0.0014 2.1

average: 0.7650
Amarsar (130 ka, profile 59) 

20-25 0.12023 0.0061 0.05653 0.0195 0.730877 0.0015 2.2
80-85 0.11998 0.0025 0.05654 0.02 0.728147 0.0014 2.0

102-107 0.11980 0.0076 0.05655 0.0177 0.729035 0.0015 2.2
115-120 0.11942 0.0125 0.05648 0.0228 0.729493 0.0017 2.5
170-175 0.11920 0.0201 0.05655 0.0211 0.727911 0.0014 2.0
260-265 0.11962 0.0048 0.05654 0.0258 0.727602 0.0016 2.3
300-305 0.11877 0.0047 0.05645 0.0187 0.727448 0.0015 2.2

average: 0.7286
Najwal (50 ka, profile 55)

(+20) 0.11943 0.0122 0.05649 0.0162 0.760142 0.0016 2.4
20-25 0.12041 0.0021 0.05650 0.026 0.741717 0.0013 1.9
40-45 0.11920 0.0231 0.05652 0.0247 0.750703 0.0015 2.3
50-55 0.11898 0.0109 0.05652 0.0205 0.7515421 0.0018 2.7

250 pm 0.11961 0.0169 0.05654 0.031 0.751169 0.0017 2.6
250 pm dup 0.12015 0.0031 0.05653 0.023 0.751209 0.0014 2.1

460 pm 0.11920 0.0072 0.05649 0.0208 0.725478 0.0016 2.3
460 pm dup 0.12007 0.0045 0.05656 0.0185 0.725585 0.0015 2.2

average: 0.7447
Materra (~50 ka, profile 8b)

25-30 0.12005 0.0072 0.05647 0.0182 0.742210 0.0014 2.1
115-120 0.12009 0.0019 0.05649 0.0301 0.743924 0.0017 2.5
130-140 0.11941 0.0105 0.05648 0.0182 0.744822 0.0014 2.1
150-160 0.11934 0.0108 0.05650 0.0239 0.747716 0.0016 2.4
150-160 0.11967 0.0279 0.05652 0.0211 0.747702 0.0013 1.9
275 pm 0.11945 0.0061 0.05650 0.0182 0.738660 0.0014 2.1

275pm dup 0.11942 0.0062 0.05653 0.0187 0.738676 0.0016 2.4
average: 0.7434

UPPER SIWALIK
~1.36 Ma, profile 44

30-35 0.11992 0.0122 0.05648 0.0209 0.737604 0.0016 2.4
60-65 0.12022 0.0029 0.05651 0.0183 0.742018 0.0016 2.4

115-120 0.11931 0.0135 0.05656 0.0191 0.740855 0.0015 2.2
150-155 0.12040 0.003 0.05653 0.021 0.739984 0.0016 2.4
190-195 0.11911 0.0076 0.05655 0.0243 0.743321 0.0016 2.4

260-270 pm 0.12015 0.0064 0.05650 0.0201 0.751730 0.0015 2.3
average: 0.7426

~ 2 Ma, profile 43
30-35 0.11987 0.0142 0.05648 0.0213 0.757722 0.0013 2.0
85-90 0.12046 0.004 0.05651 0.0281 0.759731 0.0015 2.3

170-175 0.11932 0.0258 0.05656 0.0225 0.763927 0.0013 2.0
300 pm 0.11952 0.0065 0.05647 0.0197 0.773422 0.0015 2.3

average: 0.7637
~5 Ma, profile KK3075

10 0.11970 0.0242 0.37492 0.0052 0.7756766 0.0021 3.3 10.9
10 0.12035 0.0087 0.06795 0.0229 0.7758685 0.0023 3.6 4.7
30 0.12035 0.0038 0.07145 0.0202 0.782900 0.0019 3.0 3.4
90 0.11911 0.0082 0.07887 0.0293 0.7871253 0.0023 3.6 2.2
110 0.11911 0.0082 0.07887 0.0293 0.7871253 0.0023 3.6 4.9
130 0.11999 0.0051 0.07221 0.0214 0.7962285 0.0015 2.4 3.4
180 0.12057 0.046 0.07225 0.0215 0.8314626 0.0018 3.0 3.5
250 0.12037 0.0064 0.06674 0.0217 0.839528 0.0025 4.2 4.9

average: 0.7970
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Table C.8 (cont): 

86Sr/88Sr
% std 
error 84Sr/86Sr

% std 
error 87Sr/86Sr

% std 
error [Sr]

MIDDLE SIWALIK
8.75-9 Ma, profile 38

(+15) 0.12024 0.0053 0.05648 0.0194 0.770981 0.0013 2.0
0-5 0.12009 0.0069 0.05654 0.0175 0.752090 0.0016 2.4

25-30 0.12020 0.0055 0.05650 0.0203 0.765298 0.0013 2.0
75-80 0.11903 0.015 0.05665 0.0433 0.776127 0.0019 2.9
86-91 0.11924 0.0268 0.05649 0.0287 0.776861 0.0015 2.3

105-110 0.11994 0.0104 0.05649 0.0205 0.763757 0.0014 2.1
120-125 0.12037 0.0019 0.05650 0.0207 0.7634816 0.0014 2.1

190 0.11916 0.0185 0.05658 0.0268 0.763439 0.0013 2.0
263 0.11967 0.0203 0.05658 0.0222 0.765430 0.0015 2.3
800 0.12027 0.0029 0.05653 0.0283 0.776594 0.0013 2.0

average: 0.7674
8.75-9 Ma, profile 39

20-25 0.12030 0.0092 0.05653 0.0221 0.767396 0.0015 2.3
70-75 0.12015 0.0066 0.05652 0.0258 0.765545 0.0015 2.3

100-105 0.12014 0.0143 0.05649 0.0269 0.773847 0.0015 2.3
100-105 dup 0.11941 0.0203 0.05653 0.0228 0.773889 0.0016 2.5

121-126 0.11886 0.0204 0.05654 0.0227 0.766429 0.0015 2.3
121-126 dup 0.11962 0.0096 0.05654 0.0255 0.766473 0.0014 2.1

200 pm 0.11918 0.0359 0.05655 0.0433 0.766373 0.0025 3.8
average: 0.7686

Alluvium
IN_44 0.12015 0.0056 0.05652 0.0269 0.750303 0.0014 2.1
IN_48 0.12036 0.0021 0.05651 0.0177 0.744597 0.0018 2.7

average: 0.7475
8.6 Ma, profile KK1932

10 0.11881 0.0240 0.16501 0.0241 0.776748 0.0032 5 25.4
30 0.12027 0.0091 0.13927 0.0072 0.778564 0.0012 2 18.6
30 0.11989 0.0322 0.13923 0.0315 0.778536 0.0059 9 18.6
50 0.11893 0.0630 0.13877 0.1210 0.778205 0.0179 28 21.7
70 0.11925 0.0307 0.13447 0.0065 0.770570 0.0012 2 19.0
90 0.12027 0.0084 0.11932 0.0073 0.774161 0.0012 2 16.7

110 0.11906 0.0121 0.16001 0.0141 0.805191 0.0025 4 18.5
130 0.11851 0.0944 0.19730 0.0397 0.817016 0.0154 25 20.6

average: 0.7849

LOWER SIWALIK
~11-12 Ma, profile 21

5-10 cm 0.11905 0.0168 0.05653 0.0284 0.748581 0.0016 2.4
60-65 0.11956 0.0284 0.05655 0.0169 0.743049 0.0015 2.2

135-140 0.12015 0.0042 0.05655 0.0186 0.744087 0.0012 1.8
185-190 fine-medium ss 0.11961 0.0518 0.05652 0.0259 0.745710 0.0014 2.1

average: 0.7454
~11-12 Ma, profile 22

25-30 0.12051 0.0018 0.05653 0.0174 0.746301 0.0015 2.2
25-30dup 0.11976 0.0123 0.05645 0.0226 0.746322 0.0015 2.2

90-100 0.11954 0.0141 0.05658 0.027 0.743659 0.0017 2.5
235-240 0.11980 0.0191 0.05647 0.0248 0.745560 0.0014 2.1

235-240 dup 0.11911 0.021 0.05664 0.0263 0.745599 0.0019 2.8
300-305 0.11922 0.0236 0.05658 0.0219 0.739416 0.0012 1.8
~370 pm fine-medium ss 0.11924 0.0073 0.05669 0.0422 0.735264 0.0019 2.8

average: 0.7432
Alluvium

IN_49 LS sandstone 0.11909 0.0314 0.05656 0.0234 0.780661 0.0015 2.3
IN_35 LS sandstone 0.11904 0.0042 0.05657 0.0443 0.752422 0.0021 3.2
IN_34 290 pm (LS sandstone) 0.11986 0.0249 0.05650 0.0212 0.797359 0.0015 2.4
IN_25B LS sandstone 0.11881 0.0151 0.05652 0.0595 0.726686 0.0033 4.8

average: 0.7643
~12.3 Ma, profile 345

10 0.11931 0.0149 0.11350 0.0077 0.752651 0.0011 1.7 19
70 0.11861 0.0194 0.12722 0.0091 0.751401 0.0012 1.8 23
90 0.11904 0.0181 0.11730 0.0084 0.752978 0.0014 2.1 19

110 0.12032 0.0036 0.12592 0.007 0.753116 0.0012 1.8 21
130 0.12003 0.0188 0.15523 0.0186 0.808167 0.0024 3.9 20
130 0.11857 0.0136 0.12143 0.0257 0.758993 0.0029 4.4 20
150 0.11919 0.0197 0.13266 0.0091 0.755919 0.0014 2.1 17
190 0.11883 0.0309 0.20423 0.0113 0.759624 0.0024 3.6 21
210 0.11873 0.0513 0.19120 0.034 0.756010 0.0052 7.9 29
345 0.11920 0.0083 0.17740 0.0065 0.776031 0.0012 1.9 19

average: 0.7625
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Figure C.1:  Sampling sites for this study.  Sampled sections are designated by an open-

face triangle.  Modern samples were also collected from beds of major rivers from 

Jammu to Patna. 
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Figure C.2: Pakistan Profiles and descriptions (left) and down-profile changes (right) 
expressed as tau (τ) for the major cations from Pakistani paleosols.  Open circles denote 
changes in τ relative to parent material sampled at the base of each profile, whereas the 
filled circles denote changes relative to parent material averaged from many samples in 
the section.  See text for discussion.  Vertical scale = 10 cm for every block left of 
profile. 
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Figure C.3: Khutia Khola Profiles and descriptions (left) and down-profile changes 
(right) expressed as tau (τ) for the major cations from Nepal paleosols.  Open circles 
denote τsilicate, whereas the filled circles denote τWR.  Vertical scale = 10 cm for every 
block left of profile. 
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Figure C.4: Representative τsilicate profiles for NW India.  India profiles and descriptions 

(left) and down-profile changes (right) expressed as tau (τ) for the major cations from 

Nepal paleosols.  Vertical scale = 10 cm for every block left of profile. 
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Figure C.5:  Thin-section, profile, and mineralogic variations with depth based on point 

counts in a typical Siwalik Group paleosol (KK-345 and  KK-3075; Table C.4) from 

Khutia Khola, Nepal (Figure C.1). 
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Figure C.6: Weathering characteristics of generally conservative elements Al,  Zr, and  Sc 

relative to bulk density (BD).  Ti is normative in all of the modernsoil/paleosol profiles 

relative to their parent materials. These patterns confirm that these elements are largely 

conserved during weathering. 
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Figure C.7: Strain versus elemental τsilicate values for India profiles.  This comparison 

identifies volumetric changes (dilution/collapse) and elemental losses and gains. 
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Figure C.8 Upland contribution to alkalinity by the weathering of silicate minerals based 

upon geochemical difference between HHCS and foreland sediments.  IC and SK are the 

illite-chlorite and smectite-kaolinite facies in the Bengal Fan (France-Lanord and Derry, 

1999), M=modern sediments, US= upper Siwalik sediments, MS= middle Siwalik 

sediments, and LS= lower Siwalik sediments.  Data was normalized to titanium 

concentrations.
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Figure C.9:  Bullet graphs of India soil/paleosol 87Sr/86Srcarbonate ratios  (this study) in 

comparison to ratios from Nepal soil carbonate nodules (Quade et al, 1997).  See text for 

discussion. 
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Figure C.10: The 87Sr/86Sr (tables 3-4, 6) fractionation trends in soil profile.  Data is Ti-

normalized and based on local parent material. 
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Figure C.11:  The 87Sr/86Srsilicate of the silicate fraction of soils/paleosols from India and 

Nepal plotted against their respective τSr. 
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Figure C12: Bullet graphs of modern and Siwalik paleosol profiles from this study of 

87Sr/86Srsilicate versus age (Ma).  Also plotted vermiculite (stars) and < 0.1 um (triangles) 

and < 2.0um (circles) fractions from Bengal Fan sediments (Derry and France-Lanord, 

1996).  The authors interpreted the clays to be a proxy of dissolved Sr in the Ganges-

Brahmaputra system.  
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Figure C.13: Estimated 87Sr/86Sr of river water based upon eq. 7 and silicate and 

carbonate end-members (Table C.4).  Lines are estimates with 2-5%, 10%, and 15% 

silicate contribution.  Circles and triangles are soil carbonate data taken from Quade et al 

(1997).  Diamonds are the 87Sr/86Sr ratios of vermiculite clays (pedogenic) from the 

Bengal Fan (Derry & France-Lanord, 1996). Stars represent 5-15% contribution for a 

hypothetical silicate end-member (at 2 Ma) with an 87Sr/86Sr ratio of 0.80 and 150 ppm 

Sr. 
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Figure C.14: ∆CO2 (mol/y) using τ values from (1) silicate (India and Nepal) and whole 

rock (Pakistan) soil profiles relative to local parent material, and (2) whole-soil profiles 

relative to average HHCS rock composition as compiled by France-Lanord and Derry 

(1997).  Hatched Bengal Fan sediments represent the smectite-kaolinite facies.  Mod= 

modern, US= upper Siwalik, MS= middle Siwalik, LS= lower Siwalik.  Sum helps 

demonstrate the relative proportion of lowland (1) from upland (2) weathering 

contributions.
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Figure C.15: Chemical Index of Alteration (CIA) averages plotted for sediment and 

soils/paleosols from India, Nepal, and Pakistan.  Average CIA was calculated for Lower 

Siwalik (LS), Middle Siwalik (MS), Upper Siwalik (US), and modern (M) sediments 

when available. Arrows denote shifts in CIA due to weathering from parent to soil. 
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Figure C.16: Top half of figure taken directly from Galy& France-Lanord (2001) while, 
in the bottom half of the figure, sediments from Pakistan (diamonds), India (squares), and 
Nepal (circles) are plotted (this study).  M=modern, US=upper Siwalik sediment average, 
MS=middle Siwalik sediment average, US= upper Siwalik sediment average.  In 
addition, plotted are the Bengal Fan sediment facies (I/C= illite-chlorite facies and 
S/K=smectite-kaolinite facies) from France-Lanord and Derry (1997).   Samples closest 
to the top-right corner of the figure were interpreted to be more clay-rich while samples 
plotting closest to the bottom-left corner were interpreted to be better sorted and more 
mature (Galy & France-Lanord, 2001) 
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