
Soil chemical data   

When using these data, please cite: 

Mainka, M.; Bakker, L.; Maier, A.; Ruethers, J.; Bakke Westergaard, K.; Fior, S.; Frossard, A.; 
Griepentrog, M.; Van de Broek, M.; Wilken, F, Döterl, S.; Alexander, J.; Magnabosco, C. 
(2025): Arc�c Greening Database. v0.1. GFZ Data Services. 
htps://doi.org/10.5880/fidgeo.2025.074  

Introduc�on 
In this data sheet all measured soil chemical variables per soil plot depth increment, soil pit 
horizon and bioplot are shown. These data entail the sample id, plot id, site id, pH, CEC, ex-
changeable cations, total reserve in base cations, sequentially-extracted pedogenic oxide con-
centrations, total elemental concentrations by aqua regia digestion and measurement by  in-
ductively-coupled plasma optical emission spectroscopy (ICP-OES) and total elemental con-
centrations by X-ray fluorescence (XRF) measurement.  
 
Table 1. General informa�on 

project_name   ETH+ Arc�c Greening 
crea�on_date 2025-01-15 
last_modifica�on_date 2025-03-05 
sampling_period  2022-07-09 – 2023-08-09 
creator  Annina Maier 
contact_1  annina.maier@usys.ethz.ch 
contact_2 sdoeterl@usys.ethz.ch 
number_samples  497 
processing_status   ongoing 
upload_status  ongoing 

 
Table 2. Variable overview  

upload_status  structured 
variable explana�on unit 
plot_id plot_id of a respec�ve observa�on - 
sample_id sample_id of a respec�ve observa�on - 
pH_CaCl2 pH of the bulk soil measured with CaCl2 - 
pH_CaCl2_predicted Indica�on if the pH value in the pH_CaCl2 col-

umn was observed or predicted using a DRIFT 
spectroscopy calibrated model. For details see 
soil spectroscopy metadata 

- 

CECeff_BaCl2 Effec�ve ca�on exchange capacity of the bulk 
soil measured in BaCl2. Calculated as ∑Ca, K, 
Mg, Na exchangeable ca�ons 

cmolc kg-1 

CECeff_BaCl2  
predicted 

Indica�on if the effec�ve ca�on exchange ca-
pacity value in the CECeff column was ob-
served or predicted using a DRIFT spectroscopy 

- 
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calibrated model. For details see soil spectros-
copy metadata 

Al_BaCl2, Ca _BaCl2, Fe 
_BaCl2, K _BaCl2, Mg _BaCl2, 
Mn _BaCl2, Na _BaCl2 

Exchangable Al, Ca, Fe, K, Mg, Mn, Na ca�ons 
measured in BaCl2 

cmolc kg-1 

Al_PP, Fe_PP, Mn_PP, Si_PP Pyrosphosphate-extractable Al, Fe, Mn and Si 
pedogenic oxides 

g kg-1 

Al_AO, Fe_AO, Mn_AO, 
Si_AO 

Ammonium oxalate-extractable Al, Fe, Mn and 
Si pedogenic oxides 

g kg-1 

Mn_AO_predicted Indica�on if the ammonium oxalate-extracta-
ble Mn pedogenic oxides in the Mn_AO col-
umn was observed or predicted using a DRIFT 
spectroscopy calibrated model. For details see 
soil spectroscopy metadata 

- 

Al_DCB, Fe_DCB, Mn_DCB, 
Si_DCB 

Dithionite citrate bicarbonate-extractable Al, 
Fe, Mn and Si pedogenic oxides 

g kg-1 

Fe_DCB_predicted Indica�on if dithionite citrate bicarbonate-ex-
tractable Fe pedogenic oxides in the Fe_DCB 
column was observed or predicted using a 
DRIFT spectroscopy calibrated model. For de-
tails see soil spectroscopy metadata 

- 

Al_AR, Ca_AR, Fe_AR, K_AR, 
Mg_AR, Mn_AR, Na_AR, 
Si_AR, P_AR 

Total elemental concentra�ons of Al, Ca, Fe, K, 
Mg, Mn, Na, Si, P, by aqua regia diges�on and 
measurement by ICP-OES 

g kg-1 

TRB Total reserve in base ca�ons, i.e. sum of total 
Ca, Na, K and Mg 

g kg-1 
 

Al_XRF, Si_XRF, P_XRF, S_XRF, 
Cl_XRF, K_XRF, Ca_XRF, 
Ti_XRF, Cr_XRF, Mn_XRF, 
Fe_XRF, Co_XRF, Ni_XRF, 
Cu_XRF, Zn_XRF, As_XRF, 
Se_XRF, Sr_XRF, Zr_XRF, 
Cd_XRF 

Total elemental concentra�ons of Al, Si, P, S, Cl, 
K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Zr, 
Cd, by XRF 

μg g-1 

Al_XRF_predicted, 
Ca_XRF_predicted, 
Fe_XRF_predicted, 
K_XRF_predicted, 
Mg_XRF_predicted, 
Si_XRF_predicted 

Indica�on if the total elemental concentra�ons 
in the Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, As, Se, Sr, Zr, Cd-XRF column was ob-
served or predicted using a DRIFT spectroscopy 
calibrated model. For details see soil spectros-
copy metadata 

- 

 

Methods 

Sample processing  
pH analyses were carried out with 30 °C dried and sieved soil samples (< 2 mm). Effec�ve 
ca�on exchange capacity, sequen�al extrac�on of pedogenic oxides and total elemental 



composi�on analyses (Aqua regia + ICP-OES, XRF) were carried out with 30 °C dried and pow-
der-milled (Mixer Mill MM 200, Retsch GmbH Haan, Germany) soil samples. 
 

Sample analysis 
pH  
For the pH measurement, 15 ml of 0.01 M CaCl2 was added to 3 g of soil sample in a 50 ml 
falcon tube. The samples were shaken horizontally for 10 min at high intensity then le� to 
stand for 24 h un�l measurement using a pH meter (Metrohm 713).  
Effective cation exchange capacity 
Effec�ve ca�on exchange capacity (CECeff) and the amount of exchangeable ca�ons (Ca, Mg, 
K, Na, Al, Fe, Mn) were determined according to Hendershot (1986) using BaCl2. In brief, 20 
ml of 0.1M BaCl2 were added to 3 g of soil in a 50 ml centrifuge tube. These samples were 
then placed on a horizontal shaker for 2 h at a se�ng of 150 shakes per minute. A�er, they 
were centrifuged at 2500 rpm for 10 min and filtered (42 µm) into 50 ml tubes. Extracts were 
then stored at room temperature before measurement. Shortly before measurement on the 
Induc�vely Coupled Plasma Op�cal Emission Spectroscopy (ICP-OES) (5100 ICP-OES, Agilent 
Technologies, Santa Clara, CA, United States), samples were diluted 1:10 with MQ and 0.1 ml 
of internal standard (in HNO3, 65 %). 
Sequential extraction of pedogenic oxides 
Fe, Al and Mn oxy(hydr-)oxides were extracted sequen�ally in the following sequence: first 
sodium pyrophosphate (PP) (Bascomb, 1968), second ammonium oxalate (AO) (Dahlgren, 
1994), and lastly with dithionite-citrate-bicarbonate solu�ons (Mehra, 1958). The extrac�on 
procedure is based on duplicate extrac�ons, hence, each sample was extracted twice in the 
form of two subsamples which were merged for final measurement with ICP-OES (5100 ICP-
OES, Agilent Technologies, Santa Clara, CA, United States). For this sequen�al extrac�on the 
following reagents were prepared: i) sodium-pyrophosphate solu�on, ii) ammonium oxalate 
solu�on 

The sodium-pyrophosphate solu�on was made by adding 44.61 g of 0.1 M Na4P2O7 x 10 H2O 
and 71.02 g of 0.5 M Na2SO4 to 1 L MQ (should have a pH of 10). The ammonium oxalate so-
lu�on was made by mixing 0.2 M ammonium oxalate and 0.2 M oxalic acid dihydrate in a ra-
�o of 1:31:1. The pH of this mixture was then adjusted to 3.  

For sodium-pyrophosphate- (PP) extractable pedogenic oxides, 0.25 g of 30 °C dried and 
milled bulk soil was weighed-in to a 15 ml centrifuge tube. To this, 10 ml of sodium-pyro-
phosphate solu�on was added, and the solu�on was vortexed. The centrifuge tubes were 
then closed and placed on a horizontal shaker to shake overnight (16 h). Then the samples 
were centrifuged at 3000 rpm (~1700 g) at 20 °C for 10 min. The supernatants of two corre-
sponding samples were then transferred through a filter (Whatman 41) into a new 50 ml 
centrifuge tube. The remaining soil contained in the centrifuge tube was kept for the next 
extrac�on step. The new 50 ml centrifuge tube was then filled to 50 ml with MQ. These ex-
tracts were stored at 4° C prior to measurement on ICP-OES. 

For the ammonium-oxalate- (AO) extractable pedogenic oxides 10 ml of ammonium oxalate 
solu�on was added to the soil samples in the 15 ml centrifuge tubes. A�er vortexing and ul-
trasonica�ng the samples, they were placed into a dark box and put on a horizontal shaker 
to shake for 2 h. Then the samples were centrifuged at 3000 rpm (~1700 g) at 20 °C for 10 



min. The supernatants of two corresponding samples were then transferred through a filter 
(Whatman 41) into a new 50 ml centrifuge tube, which contained 0.5 ml 0.02 M KCl. The re-
maining soil contained in the centrifuge tube was kept for the next extrac�on step. The new 
50 ml centrifuge tube was then filled to 50 ml with MQ. These extracts were stored at 4° C 
prior to measurement on ICP-OES. 

For the dithionite-citrate-bicarbonate- (DCB) extractable pedogenic oxides 10 ml of 0.3 M so-
dium citrate solu�on was added to the soil samples in the 15 ml centrifuge tubes. On top of 
this 1.25 ml of 1 M NaHCO3 were added and then the samples were vortexed. The samples 
were then placed in a pre-heated water (70 – 75 °C) bath filled with MQ and shaked regu-
larly by hand. The samples were then removed from the water bath, had 0.25 g sodium di-
thionite added to them and were then shaked rigorously. They were then placed back into 
the water bath for 15 min, whilst being shaked again regularly during this �me. This proce-
dure was repeated un�l samples looked grey-coloured, a�er which samples were le� to cool 
outside the bath for 5-10 min. The samples then were centrifuged at 4000 rpm for 10 min. 
The supernatants of two corresponding samples were then transferred through a filter 
(Whatman 41) into a new 50 ml centrifuge tube, which contained 0.5 ml 0.02 M KCl. 5 ml of 
MQ water were added to the centrifuge tubes containing the remaining soil pellet and were 
then vortexed. The samples were then centrifuged again at 3000 rpm for 10 min and again 
the supernatants of two corresponding samples were transferred through a filter (Whatman 
41) into the 50 ml centrifuge tube containing the previous supernatant solu�ons. This proce-
dure was repeated once more. Then, 2.5 ml of magnesium sulfate was added to the soil pel-
lets and they were vortexed and ultrasonicated. The samples were centrifuged at 3000 rpm 
for 10 min and again the supernatants of two corresponding samples were transferred 
through a filter (Whatman 41) into the 50 ml centrifuge tube containing the previous super-
natant solu�ons. These extracts were stored at 4° C prior to measurement on ICP-OES. 

Total elemental composition and total reserve in base cations (TRB) 
Total elemental composi�on of the soil and parent material samples was determined by ap-
plying two techniques: X-ray fluorescence (XRF) spectrometry for the heavier elements Si, Ti 
and Zr, and induc�vely coupled plasma op�cal emission spectrometry (ICP-OES) (5100 ICP-
OES, Agilent Technologies, Santa Clara, CA, United States) for the elements Na, K, Ca, Mg, Al, 
Fe and Mn.  

For the total elemental composi�on analysis by ICP-OES an aqua regia diges�on was con-
ducted. Hereby, 1 g of 30 °C dried and milled bulk soil material was weighed into a DigiPrep 
tube. To this 2 ml of MQ, then 2 ml of HNO3 (65%) and lastly 6 ml of HCl (37%) were added. 
The tubes were covered with watchglasses and placed into the extrac�on block for a 150 
min. During this �me the block was heated up from room temperature un�l 120 °C. A�er, 
the samples were removed from the extrac�on block and cooled under a fume hood. The 
tubes were then filled up un�l 50 ml with MQ and transferred through a filter (Whatman 41) 
into new 50 ml Falcon tubes. These extracts were stored at room temperature prior to meas-
urement on ICP-OES. Total reserve in base ca�ons was calculated by summing up total Ca, 
Na, K and Mg concentra�ons (ΣCa_AR, Na_AR, K_AR, Mg_AR). 

For the total elemental composi�on analysis by XRF 4 g of 30 °C dried and milled bulk soil 
was mixed with 0.9 g Licowax for 8 min at 24 shakes per second using a ball mill (Retsch 
MM200). The resul�ng mix was then pressed to a pellet using a press (Specac Portmann In-
struments AG). These pellets were then measured on XRF (AMATEK Spectro XEPOS). Note 



that XRF results are reported as elemental concentra�ons (wt. %), not oxide equivalents. Ox-
ygen was not measured, which accounts for the total elemental sum being significantly be-
low 100%.  

References 
Bascomb, C. L. (1968). Distribu�on of pyrophosphate-extractable iron and organic carbon in 
soils of various groups. Journal of Soil Science, 19 (2), 251–268. 
htps://doi.org/10.1111/j.1365-2389.1968.tb01538.x  

Dahlgren, R. (1994). Quan�fica�on of allophane and imogolite. In Quan�ta�ve methods in 
soil Mineralogy (p. 430). SSSA Miscellaneous Publica�on, 
htps://doi.org/10.2136/1994.quan�ta�vemethods.c14  

Hendershot, W.H., and Duquete, M. (1986). A simple barium chloride method for determin-
ing ca�on exchange capacity and exchangeable ca�ons. Soil Science Society of America Jour-
nal, 50 (3), 605–608. htps://doi.org/10.2136/sssaj1986.03615995005000030013x 

Mehra, O. P., and Jackson, M. L. (1958). Iron oxide removal from soils and clays by a dithio-
nite-citrate system buffered with sodium bicarbonate. Clays and Clay Minerals, 7 (1), 317–
327. htps://doi.org/10.1346/CCMN.1958.0070122  

https://doi.org/10.1111/j.1365-2389.1968.tb01538.x
https://doi.org/10.2136/1994.quantitativemethods.c14
https://doi.org/10.2136/sssaj1986.03615995005000030013x
https://doi.org/10.1346/CCMN.1958.0070122

	Soil chemical data
	Mainka, M.; Bakker, L.; Maier, A.; Ruethers, J.; Bakke Westergaard, K.; Fior, S.; Frossard, A.; Griepentrog, M.; Van de Broek, M.; Wilken, F, Dötterl, S.; Alexander, J.; Magnabosco, C. (2025): Arctic Greening Database. v0.1. GFZ Data Services. https:/...
	Introduction
	Methods
	Sample processing
	Sample analysis
	pH
	Effective cation exchange capacity
	Sequential extraction of pedogenic oxides
	Total elemental composition and total reserve in base cations (TRB)


	References


