


 

  
Fig 5: (left) The expected FeO/FeD ratios 

for samples of given age (x-axis).  

Fig 6a: The relationship between 

MAP and G/H ratio for the B-

horizons of soils. 

Figure from Hyland et al., 2015. 

 

Fig 6b: The procedure for 

preparing samples for G/H 

analysis using magnetic 

equipment. 
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Data 

Field Data 

The stratigraphic column for the Sayre paleosol is shown in Figure 7.  The soil crudely 

fines upward although grain size is very fine throughout the section.  The colors shown in the 

diagram represent the true colors of the units.  Peds describe the way the soil naturally 

aggregates; the peds varied in size and shape.  Generally, the size of clasts in the soil increased 

with depth.  The clasts varied from small pieces of gravel to small boulders and were composed 

of colorful sandstone. 

 



 

 

  Fig 7: The lithostratigraphic column for the Sayre Pit soils is shown.  The black dotted lines 

connect the unit boundaries in both images.   



PSDA 

The grain size distribution with depth is shown in Figure 8 with depth on the y-axis and 

relative concentrations of gravel, sand, silt and clay on the x-axis.  Sand consistently makes up 

about 40% of the paleosol composition at all depths.  The remaining composition is mostly silt 

and clay, with silt content reaching a significant peak around 140 cm and having a lower 

concentration with depth.  Clay content varies inversely with silt, with the two combined making 

up about 35% of the composition throughout the section.  Gravel content peaks at the two ends 

of the section and varies little from 60-320 cm.   

 

 
 

 

  

Fig 8: The relative proportions of gravel, sand, silt, and clay with depth. 

 

 



The trends in organic content are shown in Figure 9.  There is a higher percentage of 

organic content at the top of the sequence (down to 70 cm) although organic content quickly 

decreases below the surface.  There is a spike at 320 cm and nearly no organic content at the 

bottom of the section.  The lack of data between 70 cm and 140 cm is due to a chemical reaction 

that caused the vial of the sample at 110 cm to burst, preventing a calculation from being made. 
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Fig 9:  The organic content of the Sayre soils with depth is shown. 

 

 



Geochronology 

 

The OSL date ( sample SPOLS, Appendix B) returned a minimum age of the sample to 

be 320 ± 60 ka.  The paleomagnetic analysis of the paleosol found it to have normal polarity, 

indicating that it is not older than the current normal period.  This gives the paleosol and its 

glacio-fluvial parent material an age < 780 ka but > 320 ka.  Assuming that the soil forms during 

one or more interglacial periods between 780 and 320 ka, this constrains the pedogenesis and 

acquisition of textural, G/H and FeO/FeD characteristics to MIS 17 (~712 ka), MIS 15 (~620 

ka), MIS 13 (~524 ka), MIS 11 (~420 ka), and MIS 9 (~340 ka).  Of these, MIS 11 is known to 

be a particularly long and warm interglacial (Richmond and Fullerton, 1986). 

 

Iron analysis (FeO/FeD) 

The FeO/FeD analysis experienced an unfortunate mistake in the leaching of the 

magnetically-separated fraction for FeO analysis.  The incorrect agent was used for this leaching 

step (advisor error), so the amount of amorphous iron liberated from the sample was incomplete.  

The raw values are therefore not externally comparable, but they are internally comparable and 

show consistency.  This uncorrected data for Sayre Pit is shown in Figure 10 with depth; the 

average value is 0.00468.  The values vary throughout the section, ranging from 0.00148 - 

0.00961.  The uncorrected data for the other three samples are shown in Table 1.  

 

 

 

Table 1: The average FeO/FeD values for the Sayre Pit samples and three previously tested soils. 

 

Sample Previous Value New Value Estimated Age Expected FeO/FeD 

LZ1 0.661 0.0145 63 ka 0.2-0.4 

Enza 0.415 0.0145 450 ka 0.05-0.20 

Carmichaels 0.50 0.00362 653 ka 0.05-0.25 

Sayre  0.00468 ≥ 320 ka 0.05-0.25 
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Fig 10: The variations in FeO/FeD ratios are shown with depth. 

 

 



Goethite/Hematite 

The G/H ratios for each sample are shown in Figure 11.  The black squares represent the 

three tested samples and the red dot is the average for each set.  The Sayre Pit ratios differed 

significantly from Carmichaels and Enza, which plotted much lower.  The MAP for 

paleoenvironmental conditions at Sayre Pit indicate 250 - 420 cm rainfall/year (Figure 12).  

MAP for Carmichaels and Enza were measured to be 136 cm/year and 38 cm/year, respectively. 

 

 

 

 

 

 

 

 

  Fig 11: The red circles mark the average 

G/H values for each site/depth and the 

black bars show the distribution of the 

three samples tested for each sample 

group (n=3).  

Fig 12: The MAP for each 

site/depth calculated from the 

relationship determined by 

Hyland et al. (2015) and the 

data shown in Figure 6. 
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Discussion 

The textural data (PSDA) shows evidence of different environmental factors.  The section 

is largely characterized by small (≤ 2 mm) grains until 320 cm.  Below this point the paleosol 

contains more rocks although the matrix is very fine.  The high gravel content at the bottom may 

have been introduced fluvially, which is likely due to the ancient path of the Shamokin Creek 

through the valley and the preserved riverbed near the paleosol.  The high gravel content at the 

top of the paleosol was either introduced fluvially or by the events that buried the valley.  The 

high sand content is also common for fluvial systems.  Clay increases with depth and makes up a 

large percentage of the sediments in the bottom half of the strata.  The areas of high clay content 

indicate B-horizons where clay has accumulated as a weathering product.  The parent material of 

the soil probably consisted of fluvial and glacial deposits; the high silt content in the upper half 

of the sequence may be glacially sourced.  The particularly high amount around 140 cm may 

coincide with a higher influx of glacial dust to the valley.   

The OSL date establishes a minimum age that places the soils in the mid-Pleistoocene.  

The FeO/FeD ratios for the Sayre Pit are found to be internally consistent.  All of the values are 

low, which is expected for a paleosol of its age.  The surface of the paleosol where the FeO/FeD 

ratio is very high represents the A-horizon; it is the youngest and least-developed part of the 

sequence so it lacks crystalline iron.  The B-horizon occurs at ~140 cm where there is a 

significantly low ratio; the B-horizon is the best developed so it has a high amount of crystalline 

iron.  The Sayre ratios increase with depth, which indicates a longer duration of pedogenesis as 

the soils are older.   

The low FeO/FeD ratio at 360 cm is also notable and suggests a different explanation for 

the iron profile of the paleosol: the three significant low ratios in the profile occur at 25 cm, 140 

cm, and 360 cm, which all lie very close to unit boundaries (see Appendix A) in the 

lithostratigraphic sequence.  It is possible that these mark the B-horizons of three different 

developed soils that lie on top of each other.  Considering the location of the paleosols adjacent 

to the ancient branch of the Shamokin Creek, shifts in the creek’s path and flow may have caused 

multiple generations of soils to develop in its floodplain.  The organic content agrees with this 

interpretation; each of the low iron ratio values correspond to areas of low organic content 

(Appendix A) while the soils immediately overlying these units contain higher organic content in 

comparison.  These areas may represent B- horizons and A-horizons, respectively.  The iron, 



organic content, and stratigraphic data all support the idea that this paleosol represents a series of 

soils rather than one developed soil. 

The FeO/FeD ratios of the Sayre soil show internal consistency. The range between 

values is small, validating the reliability of the method within the same soil.  As shown in Table 

1, the relationships between the uncorrected values for each site are also encouraging.  The 

average values for Sayre Pit and Carmichaels are very similar; since the two paleosols are similar 

in age (on the order of 105 years), they should have very similar iron values.  Furthermore, the 

similarly-aged but older Carmichaels soil should have a lower value than the younger Sayre soil, 

and this is seen in the data. LZ1 is significantly younger than both the Carmichaels and Sayre 

samples (its age is on the order of 104 years) and thus should have a value up to four times as 

large as the values for the two older soils.  The average ratio of LZ1 is 3.6 times larger than 

Carmichaels and Sayre, further supporting the FeO/FeD method as an age proxy.  Although the 

numbers are not externally comparable, they relate internally as the method predicts.  It is also 

notable that these relationships suggest the successful removal of magnetite compared to the 

previous methodology.  The careful removal of magnetite by hand both before and after 

pulverizing the samples for iron analysis produces more precise results than those generated by 

the methodology that only removed magnetite post-pulverization.  The internal relationships of 

amorphous/crystalline iron ratios in this study supports the data reproducibility of the method, 

but clearly the experiment would have to be repeated using the correct reagent in order to 

perform the leaching of FeO correctly. 

The G/H ratios showed a consistent range across the three depths tested at Sayre Pit.  The 

dispersion of values in the Sayre sample at 320 cm (Figure 11) may be an indication that the soil 

at that depth does not represent a B-horizon since the method only works on the B-horizons of 

soils.  The Sayre pit G/H values also showed significant variation from the Enza and 

Carmichaels samples, which indicated much drier conditions (Dent, 2019 and Li, 2018).  When 

previously tested, Enza showed about 15-20 cm of annual rainfall, which would be an extremely 

dry climate - drier than known conditions for that time.  The new G/H analysis shows Enza soils 

received about 40 cm/year, which is a more reasonable MAP for that time period.  The 

improvement in paleoprecipitation measurements for the Enza paleosol suggests the 

methodology used in this study (glass vials instead of plastic) is an improved method of analysis 

and measurement.  Carmichaels soils are predicted to have experienced about 140 cm/year, 



which is also reasonable for the known conditions of that environment.  The consistency of G/H 

ratios in Sayre soils and the suitability of the Carmichaels and Enza values to known 

paleoenvironmental conditions indicates the success of G/H analysis as a proxy for 

paleoprecipitation in paleosols. 

The G/H analysis indicates that the Sayre Pit soils formed under much wetter conditions 

than present.  Assuming that the B-horizon occurs at 140 cm as indicated by the FeO/FeD 

analysis, the soils experienced about 350 cm rainfall/year, which is higher than the modern MAP 

of the Amazon Rainforest.  MIS 9 (the minimum OSL age of the soil) was known to have been a 

warm and wet interglacial period, which is clearly supported by the data from the Sayre soils.  

However the OSL age only establishes a minimum age of the paleosol; this study places the age 

of the soils between 320 ka and 780 ka.  MIS 11 occurred 424 ka – 374 ka and studies (Berstad 

et al., 2001; Kleinen et al., 2014; Candy et al., 2013) have found evidence of very wet conditions 

during this period.  Speleothem isotope records in Norway indicate episodes of very heavy 

rainfall (Berstad et al., 2001) during MIS 11 strong enough to flood the cave with water.  Kleinen 

et al. (2014) and Candy et al. (2013) compile evidence that show higher rainfall than pre-

industrial Holocene conditions on nearly every continent due to changes in insolation and shifts 

in the position of the ITCZ.  Although MIS 11 studies in North America are lacking, the high 

precipitation values calculated from the G/H analysis suggest that the Sayre paleosols may have 

recorded paleoprecipitation information from this time period. 

 

  



Conclusion 

The physical, chemical, and magnetic data reflect the soil forming factors experienced by 

the paleosol, including climate signals.  Collectively the OSL, paleomagnetic, and iron data place 

the age of the Sayre pit soils in the mid-Pleistocene and the climatic factors place it in an 

interglacial period.  The paleoprecipitation results from the goethite/hematite analysis indicates a 

period of heavy rainfall (250-420 cm/year) very different from modern conditions.  If the Sayre 

Pit soils do reflect deposits weathered during MIS 11, they can contribute valuable information 

about climate signals in North American during this time.  Although the raw values of the 

FeO/FeD analysis cannot be externally compared, the data for Sayre pit is internally consistent 

and the expected relationships between Sayre and the other sites are seen in the data.  These 

relationships also suggest that the revised methodology for measuring FeO/FeD was successful 

in completely removing magnetic particles before analysis.  The results of the G/H analysis for 

Enza and Carmichaels also indicate that the use of glass vials allows for a more accurate 

measurement than plastic vials.  The relationships seen within the FeO/FeD and G/H results 

show that the methodologies outlined in this study were successful and indicate that they can 

produce meaningful results for paleosols.  These methods can be used successfully for paleosols 

in the mid-Atlantic region to reconstruct past climates. 
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PSDA FeO/FeD Organic Content 
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Appendix C 

PARTICLE SIZE ANALYSIS - SETTLING TUBES – AKA PIPETTE METHOD 
(Modified from Day, 1965, and Jackson 1969) 

 

The particle size analysis procedure is used to determine the percentage of sand, silt and clay in the sample.  This 
procedure is based on Stoke's Law that spherical particles settle in a fluid at a rate proportional to their radius and 
mass (Janitzky, 1987).   
 

Prior to the actual particle size procedure, any significant organic matter or carbonate must be removed from the 
sample (see procedures on page 11-14).  All horizons from most desert soils require carbonate removal (digestion) 
prior to analysis.  If the soil fizzes in acid, you should digest the carbonate.  All ‘O’ horizons require organic matter 
removal.  Most other horizons from temperate-climate soils do not require organic matter digestion. When in 
doubt, show your soil to Eppes or someone else in the lab with experience.  
 

EQUIPMENT 
Balance (analytical)    Sieve (63 µm) 
125 ml erlenmeyer flasks    Large Funnel  
50 ml graduated cylinder or pipet   1000 ml nalgene bottles and caps 
No. 5 stoppers   
Shaker table     Pipet (25 ml) 
Water bottle (deionized)    Aluminum sample dishes 
 

REAGENTS 
Dispersing agent:  10% Sodium Pyrophosphate 
Dissolve 53.52 g of Sodium Pyrophosphate (Na4P2O7) and 4.24g of SodiumBicarbonate (Na2CO310H20) into one (1) 
liter of solution. It is recommended that you gently heat the solution and stir.  
 

PROCEDURE 
    (1) If sample contains abundant organic matter or carbonate it must be removed before proceeding with this 
procedure (see above explanation). 
    (2) The weight of the dispersant must be known.  For every 40 samples or so, and each time that you change 
dispersants, prepare a dispersant ‘blank’.  i.e. follow all of the procedures starting below, but this ‘sample’ will not 
have any dirt in it only dispersant. This dispersant weight will ultimately be subtracted from your clay weights at 
the end. Carefully keep track of which of your soil samples goes with which dispersant blank in the lab notebook.  
    (3) Weigh 125 ml erlenmeyer flask to the nearest 0.01 g.  Weigh out and record 20 grams of the fine fraction 
(< 2mm) and place in the erlenmeyer flasks.  (Use 40 grams of sample if texture is sandy or sandy loam, and 10 to 
15 grams for clays) 
    (4) Pipet 50 ml of 10% sodium pyrophosphate solution into the flask.  Add 30 ml of deionized water to 
flask.  Place flask on a mechanical shaker table.  Shake for a minimum of 4 hours in order to disperse the clays. You 
can shake overnight if desired. Once shaken, samples can be left for up to 48 hours.  After 48 hours, you should re-
shake for a minimum of 4 hours.  
    (5) Wet sieve the clay and silt fraction, using a 63µm sieve, into 1000 ml nalgene bottles.  DO NOT fill past the 
1000 ml mark.  (If more than 1000 mls is required to complete sieving a sample then collect the sample in a large 
beaker and dry off the excess water in the oven.)  Wash the sand back into the erlenmeyer flask.  Oven dry the 
sand sample.  Cool and weigh the sand fraction and record.  Pour solution from Blank flask into nalgene bottle and 
fill to the 1000 ml mark. 
    (6) Fill nalgene bottles to the 1000 ml mark (the break in slope on the nalgene).  Cap nalgene bottles.  Shake 
each nalgene bottle vigorously for 30-45 seconds.  Place on one of the large lab benches, not on a table, because 
building shaking can affect results.  Nalgene bottles must be shaken at distinct intervals (2 minutes) and the exact 



time that you set the bottle down recorded.  Carefully loosen the cap after you set the bottle down so that you 
don’t have to disturb the sample later to open the bottle.  
    (7) Note the room temperature. Wait the required duration of time to allow all the greater-than -2um. 
particles to settle below the 10 cm depth (see Table 3.1 for settling times.)  In the mean time, label, weigh and 
record the weight of the aluminum sample dishes to the nearest 0.0001 gram. 
    (8) At the appropriate time extract a 25 ml aliquot of clay suspension using a pipet and pump 
apparatus.  Collect the sample at 10 cm depth.  Empty pipet into the appropriate aluminum clay sample dish.  At 
this time, an additional clay sample may be collected for analysis by x-ray diffraction.  Oven dry clay sample 
dish.  Allow the dish to cool in a desiccator before weighing the clay sample. 
    (9) DISPOSAL OF WASTE: empty the still suspended sediment in the nalgene bottles into the sink and wash 
the silt that has settled out into a separate container. Allow the water to evaporate then empty the container into 
the trash can. 
 

Particle Size CALCULATIONS 
 

SAND PERCENT = (Sand and flask weight (g) - flask weight (g)) / total sample wt.)*100 
 

CLAY PERCENT: 
 

CLAY WEIGHT = (clay+dish weight) - (dish weight) 
 

DISPERSANT WEIGHT = (dispersant+dish weight) – (dish weight) 
 

CLAY PERCENT = {[(clay weight-dispersant weight) * (nalgene bottle volume/aliquot vol.)] / (total sample 
weight)}*100 
 

SILT PERCENT = 100-(sand percent + clay percent) 
 

NOTE – if sample was digested then ‘total sample weight’ = the weight after digestion. 

 

  



Appendix D 

ORGANIC MATTER DIGESTION (for typical soil samples)  
 

Any organic matter must be removed before proceeding with particle size analysis on organic-rich sediments.  All O 
horizons must be digested prior to particle size analysis.  Most other horizons from soils in arid to temperate 
climates do not need digestion.  When in doubt, ask Dr. Eppes or some other soil expert to look at your sample.  
 

EQUIPMENT 
Balance (analytical) 
Centrifuge tubes  
100 and 250 ml beakers 
Refrigerated deionized water  
Hot plate water bath  
Mechanical shaker 
 

REAGENTS 
Hydrogen Peroxide (H203) 30% 
 

PROCEDURE 
    (1) Weigh out and record approximately 25 grams (40 grams if texture is sandy or sandy loam) of soil sample 
and place in a 100 ml or 250 ml beaker. 
    (2) Wet soil with deionized water.  
    (3) With an eye dropper, add approximately 5 ml of hydrogen peroxide to the soil suspension, stir, cover, and 
observe closely for several minutes.  If excess frothing occurs, cool the container with cold water.  Add more H202 
when the reaction subsides. 
    (4) After frothing ceases to occur, remove cover and heat to about 90°C in a water bath to evaporate excess 
water (DO NOT take to dryness). 
    (5) Continue addition of peroxide and evaporation of excess water until reaction subsides or organic matter 
which binds soil mineral particles has been removed.  This treatment should not be prolonged to remove all 
organic particles because it also affects the mineral fraction.  Degree of destruction of the organic matter is 
determined by the rate of the reaction and the color of the sample.  Oxidation should be stopped when a light 
brown foam no longer appears around the surface of the soil solution and/or when bleached fragments of roots 
appear floating on the surface (P. Janitzky, 1986).  Rinse down the sides of the reaction vessel occasionally. 
    (6) Heat for approximately one hour after the final addition of peroxide to destroy the excess peroxide. 
    (7) Place in oven to dry. 
    (8) Weigh dried sample and beaker, and record weight. 
    (9) Break up digested sample and pour into 125 ml erlenmeyer flask.  Wash beaker with, 50 m1 of 10% 
Sodium pyrophosphate and remove material adhering to walls of the beaker.  Rinse into the erlenmeyer 
flask.  Rinse beaker with 30 mLs of deionized water. 
   (10)  The sample is now ready for Particle Size Analysis Step 4 (place flask on mechanical shaker). 

  



Appendix E 

Ammonium Oxalate - Extractable Silicon, Iron, and Aluminum 

30 March, 2018 

 

EQUIPMENT 

• 50- and 100-mL centrifuge tubes with 

caps and/or #6.5 rubber stoppers 

• weighing balance     • graduated cylinder 

• shaker      • filtering apparatus 

• automatic pipette     • mixer 

• centrifuge      • timer 

• dropper      • Gelman membrane filters 

• colored tape      • 500-mL filter flasks 

• volumetric flasks (100, 500, 1000 mL)  • distilled water (DW) system    

• ICP (inductively coupled plasma spectrophotometer) 

 

REAGENTS 

0.2M (NH4)2 C2O4 • H2O (ammonium oxalate buffer), pH 3.0 - Dissolve 56.8 g 

(NH4)2 C2O4 • H2O in a 2-L volumetric flask with DW. Dissolve 50.4 g H2C2O4 • H20 (oxalic acid) in 

a 2-liter volumetric flask with DW. Mix four parts ammonium oxalate solution with three parts of 

oxalic acid. Place 2000 mL of ammonium oxalate in a10-liter plastic capable bottle and add 1500 

mL of oxalic acid. Thoroughly mix, check and adjust the pH to 3.0 by adding either solution. 

Check the pH periodically as it changes. Keep this reagent in a plastic container at all times. 

Matrix solution ammonium oxalate - Use a 1000-mL graduated cylinder to make matrix 

that is the same as the sample dilution. Usually a dilution of 1:4 will ensure that samples with small 

quantities of oxalate-extractable Al, Fe, and Si will read on the ICP. Place 600 mL of DW in the 

graduated cylinder, add 200 mL of the 0.2M ammonium oxalate buffer solution, and mix. It is 

possible that a 1:10 dilution may be required for some samples. Whatever the sample dilution, 

make sure that the matrix solution matches. Store in plastic. 

0.2% “Superfloc” - Weigh 1.0 g of “Superfloc” flocculating agent (American Cyanamid 

Company) into a 500-mL reagent bottle. Slowly add 500 mL of DW to a bottle containing 

“Superfloc” while stirring on low heat to bring “Superfloc” into solution in 1-2 h or shake 

intermittently for several days. Store in a plastic bottle. Stock solutions – silicon, iron, and 

aluminum (1000 mg/L) - Use “Dilut-it” standards and/or buy standards already prepared by VWR 

or Fisher. Follow instructions for the standards purchased. This is referred to as “stock solution”. 

Keep these in plastic bottles. 

Working and individual standards – silicon, iron and aluminum - Prepare a “working” stock 

of each element by placing 50 mL “stock” into a 500-mL volumetric flask and to volume with DW 

(100 mg/L). Use these “working” stocks to prepare standards for the ICP. Make the following 

standards by pipetting the proper amount of 100 mg/L Si, Fe, or Al into a 100-mL volumetric flask, 

adding matrix of dilution made for ICP, and making to volume. Place all element standards that 

need to be run on the ICP in the same volumetric flask. Transfer working stocks to plastic storage 

containers. Calibrate automatic pipette using the balance for precise measurement of the “working” 

stock solutions for individual standards. Keep individual standards in plastic containers. 

 



  Standard     mL “working” 

   mg/L      solution 

      1            1 

      5            5 

   10            10 

COMMENTS 

Special care must be taken to prevent Si contamination from glass. Plastic lab ware must 

be used in all procedures and sample tubes for the ICP. Water from purification systems that are 

silica-based should not be used.  Use DW to avoid silicon contamination. If possible, check the 

TDW and DW on the ICP for levels of silicon, aluminum, and iron. The oxalate extraction is a 

light-sensitive (especially UV) procedure and should be carried out in the dark; otherwise, 

significant quantities of crystalline minerals may be dissolved (Jackson, et al., 1986). Samples 

should be run in even numbers or sets of 8 to make centrifuging easier. Samples can be stored for 

6 weeks as long as they are kept capped in plastic containers. The ICP data are reported in ppm 

(mg/L) and can be printed or copied onto a diskette for importing into a computer spreadsheet. 

 

PROCEDURE 

1.  Weigh 0.1 g of pulverized soil, that has had the ferromagnetic component removed by magnets, 

into 15-mL plastic centrifuge tubes with #6.5 fitted rubber stoppers. Run a reference sample with 

each set of samples. 

2.  Add 6 mL of 0.2M (NH4)2 C2O4 • H2O (ammonium oxalate), cap, cover and shake immediately in 

the dark for 4 h on a shaker. It has been shown that extractable element concentrations remain 

constant as extraction times are increased over 4 h. The National Soil Survey Lab recommends 

shaking samples for 12-16 h. 

3.  Add 10 to 20 drops 0.2 % “Superfloc” and shake vigorously. Keep samples in the dark at all 

times.  This step may be skipped. 

4.  Allow samples to settle for at least one hour. The supernatant must be clear in reflected light to 

run on the ICP. If the extract is not clear, repeat steps below and/or spin the suspension in a super 

centrifuge until the liquid is clear. The National Soil Survey Laboratory allows samples to sit for 

2-4 days before centrifuging. This increased time may settle more of the fine colloids present in 

the extract. 

5.  Centrifuge at 1200-1500 rpm for 15 min. Check with lab supervisor for the correct operation of 

the centrifuge.  This step may be skipped if the settling is allowed to proceed for a week or more. 

6.  Dilution stage.  Pipette 0.1 mL “clear” extract into 10 ml of solute in 50-mL plastic tubes with 

caps.  This achieves a 6000x (nominal) dilution set for the ICPMS in Steve’s lab.  Samples may 

appear dark or discolored depending on carbon content, but should not have suspended colloids. 

7.  Run extracts on the ICP (inductively coupled plasma spectrophotometer). 

Data Reduction. 

 

Take 6 ml (beginning diluent of step 2) and divide it by the starting mass of material added in step 

1 (nominally 0.1 g), and multiply it by 100.  This will give you the diluent multiplier (nominally 

6000) in l/g.  Then take this value and multiply it by the ICP output for 54FeO which will give the 

μg/g of FeO. 

  



Appendix F 

 

Citrate-Bicarbonate-Dithionite (CBD) - Extractable Iron and Aluminum 

Updated 30March, 2018 

 

EQUIPMENT 

• 50 and 100-mL centrifuge tubes with  

caps and/or #6.5 rubber stoppers    • weighing balance 

• colored tape       • graduated cylinder 

• constant temperature water bath   • tube racks 

• plastic stirrers     • volumetric flasks (100, 500, 1000 mL) 

• centrifuge      • filtering apparatus 

• timer       • porcelain spoon 

• automatic pipette     • dropper 

• Gelman membrane filters    • triple-distilled water (TDW) system 

• refrigerator      • spreadsheet software 

 

REAGENTS 

0.3 M C6H5Na3O4•2H2O (sodium citrate) -Dissolve 88 g C6H5Na3O4•2H2O in 1000 mL TDW 

volumetrically. 

1 M NaHCO3 (sodium bicarbonate) - Dissolve 84 g NaHCO3 in 1000 mL TDW volumetrically. 

Saturated NaCl (sodium chloride) - Add NaCl to water until saturated. 

Na2S2O4 (sodium dithionite) - Use Baker or Fisher analyzed reagent grade stock. 

Matrix solution - Mix 450 mL sodium citrate, 50 mL sodium bicarbonate, 20 scoops of sodium 

dithionite in a 500-mL volumetric flask.Use a 1000-mL graduated cylinder to make matrix that is 

the same as the sample dilution. Usually a 1:10 dilution is preferred for the ICP. Place 900 mL of 

TDW in the graduated cylinder, add 100 mLs of the CBD solution, and mix. If a different dilution 

is used, then the matrix configuration will have to be changed to match. 

Stock solutions-iron and aluminum (1000 mg/L) - Use “Dilut-it” and/or buy prepared standards 

available from VWR or Fisher. Follow instructions for the standards purchased. This is referred to 

as “stock solution”. 

Working and individual standards- iron and aluminum - Prepare a “working” stock of each 

standard by placing 50 mL “stock” into a 500-mL volumetric flask and bring to volume with TDW 

(100 mg/L). Use these “working” stocks to prepare standards for the ICP. Make the following 

standards by pipetting the proper amount of 100 mg/L iron and aluminum into a 100 mL-

volumetric flask, adding matrix of dilution made for ICP, and making to volume. Place all element 

standards that need to be run on the ICP in the same volumetric flask. Calibrate the Rainin pipette 

using the balance for precise measurement of the “working” stock solutions for individual 

standards. 

 

Standard       mL “working” 

 mg/L            solution  

   1        1 

   5        5  

   10        10 



  

COMMENTS 

Samples should be run in even numbers or sets of 8 to make centrifuging easier. Dispose of all 

unused CBD liquids into a hazardous waste container. Do not place any liquid down the drain. 

Sodium dithionite should be kept in a tightly capped container and stored in a cool, dry place. 

 

1.  Weigh 0.5 g of pulverized soil into a 50 mL-plastic centrifuge tube. If soils appear to be high in 

secondary Fe (hydr)oxides (i.e. bright red or yellow color), weigh 0.5 g. 

 2.  Add 22.5 mL 0.3 M C6H5Na3O4•2H2O (sodium citrate) and 2.5 mL 1 M NaHCO3 (sodium 

bicarbonate). Run a reference sample with each set of 24 samples. 

 3.  Bring temperature in water bath to 80ο C. Place tubes in water bath until samples reach the desired 

temperature. Add 0.5 g (one porcelain scoop) Na2S2O4 (sodium dithionite) powder, stir constantly 

for 1 minute and intermittently every 5 minutes for 15 minutes. Use protective eye wear. 

 4.  A second 1-g portion of Na2S2O4 is added and occasional stirring continued for another 10 minutes. 

By this point, the soil should be gray and not have any red, yellow, or brown color to it. If soil is 

not gray, repeat step 3 using a different source of sodium dithionite. 

 5.  Take the samples out of the water bath and allow them to cool. Samples should start to flocculate 

(fall out of suspension). 

 6.  Balance centrifuge tubes and centrifuge for 15 minutes at approximately 1200 rpm (centrifuge 

setting 20). If samples do not flocculate, add one mL saturated NaCl (sodium chloride) and 

recentrifuge as above. Check with lab supervisor for the correct operation of the centrifuge. If 

samples are allowed to settle for one week, no centrifuging is necessary. 

7.  Dilution Step.  Pipette 0.1 mL of “clear” extract (be careful to not disturb the soil) into labeled 10 

mL of solute in 50 ml-plastic tubes with caps using an electronic pipette.  This is a nominal dilution 

factor of 5000x. 

 

Data Reduction Stage. 

 

Start with the 25 ml of the diluent of step 2 and divide it by the initial mass of step 1, nominally 

0.5 g.  Then take this value and multiply it by 100 to obtain the total dilution factor (nominally 

5000) in l/g, then multiply this by the ICP result for 54Fe CBD to obtain FeD in μg/g. 

 

  



Appendix G 

 

Goethite and Hematite Abundance 
Goethite and hematite abundance is determined using properties of magnetic minerals 

(magnetite, hematite, and goethite) within the samples. Goethite and hematite abundance was 

only determined for samples taken from the B-horizon. Given there can be multiple B-horizons 

or varying soil rubification within a B-horizon, samples will be taken throughout the thickness of 

the B-horizon to ensure measurements throughout are consistent.  

 

The G/H of soil samples is determined using the magnetic properties of the minerals magnetite, 

goethite, and hematite, present in the sample. The approach utilizes the low coercivity of 

magnetite and the Neel temperature of goethite (125°C) for the step-wise removal of their 

magnetism from the samples. Soil samples (<2 mm) are tamped using a glass rod tightly into 1 

cm diameter glass vials.  The glass vials are secured in the magnetometer using tape.  The soil 

sample is then sealed with 2-3 drops of liquid water glass (sodium silicate 40%) and allowed to 

dry for 2 days to prevent grain movement and loss of sample during analysis. 

 

Once dried, each sample tube is measured for its NRM (natural remanent magnetization) using a 

2-G Enterprises superconducting rock magnetometer. After determination of the NRM for each 

soil sample, an ASC Scientific Model IM-10-30 Impulse Magnetizer is used to apply a field of 5 

T to each sample prior to re-measuring samples in the magnetometer (MIRM). The sample’s 

acquisition of this IRM (isothermal remanent magnetization) will magnetically saturate all 

magnetic mineral present. Each sample is then loaded individually into the magnetometer and 

AF (alternating field) demagnetization at 100 mT is used to randomize the magnetization of any 

low coercivity magnetic minerals, most likely magnetite. Samples are then re-measured (M100 mT) 

prior to thermal demagnetization. This measurement quantifies the hematite and goethite in the 

sample. Samples are loaded into the sample boat (15 – 20 samples at a time) to undergo thermal 

demagnetization in an ASC Scientific Model TD-48 5C thermal specimen demagnetizer. 

Samples are heated for an hour at increasing temperatures from 70°C to 125°C. Samples are kept 

at 125°C for 5 to 10 minutes to prevent overheating and melting of polypropylene tubes, while 

also heating all samples throughout to the Neel temperature of goethite thus removing the 

magnetization carried by goethite.  Samples are then cooled until they reach room temperature, 

after which they are measured in the superconducting magnetometer. This last measurement will 

obtain the signature of only hematite (M125°C). After heating, samples are inspected for any signs of 

grain movement or loss. Samples showing any indication of grain movement are measured 3-5 

times to determine if the magnetization, both intensity and direction, of the samples shows any 

change between measurements. Any sample with a significant change in the measurements are 

set aside and re-run with the next sample batch using a newly packed soil tube. 
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