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Abstract 

 Chemical weathering is thought to be a major control on the concentration of 

atmospheric carbon dioxide and therefore on global climate. Past chemical weathering 

surveys have focused on continental rivers, and little research, if any, has examined 

chemical weathering along ice sheet margins. As the ice sheets react first to the warming 

climate, a better understanding of the impacts of increasing meltwater discharge, 

temperature, and glacial retreat on chemical weathering is needed. The extent and types 

of chemical weathering occurring along the Greenland Ice Sheet (GIS) margin are 

empirically explored in this study. Water samples and corresponding sediment samples 

were collected along a 5.6 km stream system exiting the western side of the ice sheet. 

Alkalinity was determined as HCO3
-
 using the Gran titration method. Concentrations of 

Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl

-
, and SO4

2-
 in water samples were determined by IC and ICP-

OES. Sediment samples were leached with acetic acid, digested by fusion and microwave 

digestion, and analyzed for major ions by FAAS. The amount of weathering occurring in 

this system is depressed relative to other glacial studies by 0 to 1 orders of magnitude and 

1 to 2 orders magnitude relative to continental rivers: 10-45 μM HCO3
-
 and 2-27 μM for 

individual metals. Silicate weathering dominated the dissolved load with an average 

silicate alkalinity of 63%. The amount of CO2 consumed by silicate weathering from this 

stream was calculated as 185 tonnes CO2 yr
-1

. High concentrations of K
+
 in waters 

relative to sediments indicate preferential weathering of sheet silicates. High SO4
2-

 

concentrations in water at the glacial terminus suggest probable sub-glacial weathering 

regimes. 
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Chapter 1: Introduction 

1.1: An Introduction to Chemical Weathering 

 Since the late 19
th
 century it has been theorized that water containing carbonic 

acid or acid derived from vegetation can weather rock surfaces in rivers and streams.
1
 

Whenever water comes in contact with mineral surfaces there is potential for acidic, 

oxidizing species to donate protons to mineral structures causing the release of cations, 

restructuring of the mineral, and producing conjugate bases in solution. This type of 

reaction is broadly called chemical weathering and can be defined as a spontaneous 

thermodynamic process, whereby the products are more stable than the reactants at the 

given temperature and pressure.
2
 The products of chemical weathering are dependent on 

both the identity of acid and the mineral. Sources of acidity to natural waters include 

carbonic acid from atmospheric carbon dioxide dissolution, organic acids from plant 

roots and organic matter decay, protons produced in the oxidation of metal sulfides,
2
 and 

acids from atmospheric deposition.
1
 There are three types of minerals commonly 

available for weathering: silicates (feldspars, biotite), carbonates (calcite), and evaporites 

(gypsum, halite).
2
 Silicate rocks dominate the Earth‟s surface comprising greater than 

ninety percent.
1
 

 Two results of chemical weathering are fundamental to life on Earth. First, 

chemical weathering breaks down rock surfaces to provide the nutrients and secondary 

minerals for soil.
2
 Minerals are released into solution by weathering where they flow 

downstream to be incorporated into soils and then taken up into the food chain through 

plants. Second, chemical weathering is thought to regulate global temperature over 

geologic time by removing carbon from the atmosphere.
3, 4

 By this theory, the 
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concentration of the greenhouse gas carbon dioxide is determined by a balance between 

the sequestration of carbon by chemical weathering and the production in volcanism and 

geothermal activity.
3
 

1.2: Chemical Weathering and Climate 

 Chemical weathering affects the atmospheric concentration of carbon dioxide 

primarily through the production of bicarbonate ions in solution. Both the source and fate 

of bicarbonate must be considered for each reaction type in order to determine the net 

effect on climate. Only silicate and carbonate rocks are considered in these reactions as 

weathering of evaporites is not known to affect climate.
5
 

1.2.1: The Carbonation Reactions 

Carbonation reactions begin with the diffusion of atmospheric carbon dioxide into 

solution and subsequent reaction with water to form carbonic acid (Eq. 1.1): 

CO2 (aq) + H2O (l) ↔ H2CO3 (aq)    (1.1) 

In Equation 1.1, carbon dioxide in the aqueous form is derived from gaseous carbon 

dioxide in the atmosphere, a reaction that is thermodynamically favored toward the 

aqueous form,
6
 whereby it can then react with water to form carbonic acid. This carbonic 

acid can then react with carbonate minerals (Eq. 1.2): 

CaCO3 (s) + H2CO3 (aq) ↔ Ca
2+

 (aq) + 2HCO3
-
 (aq)   (1.2) 

In Equation 1.2, the proton from carbonic acid exchanges with and releases the calcium 

in calcite to form two moles of bicarbonate in solution. Alternatively, two moles of 

carbonic acid can react with a silicate mineral (Eq. 1.3): 

CaAl2Si2O8 (s) + 2H2CO3 (aq) + H2O (l) ↔       

Ca
2+

(aq) + 2HCO3
-
(aq) + Al2Si2O5(OH)4 (s)   (1.3) 
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In Equation 1.3, the mineral anorthite reacts with carbonic acid to form calcium and 

bicarbonate ions in solution and the secondary clay mineral kaolinite.
7
 Through the 

processes in both Equations 1.2 and 1.3, carbon dioxide has effectively been removed 

from the atmosphere and transformed into bicarbonate ions. 

1.2.2: Sulfide Oxidations 

 Whereas carbonation reactions occur where atmospheric carbon dioxide is 

available for dissolution, another type of reaction can occur in areas of no atmospheric 

exposure. For example (Eq. 1.4): 

4FeS2(s) + 16CaCO3(s) + 15O2(aq) + 14H2O(aq) ↔     

16Ca
2+

(aq) + 16HCO3
-
(aq) + 8SO4

2-
(aq) + 4Fe(OH)3(s)  (1.4) 

In Equation 1.4 pyrite is oxidized to ferric oxyhydroxide secondary minerals while 

breaking down calcite and producing calcium, bicarbonate, and sulfate into solution.
7
 The 

oxygen reactant in Equation 1.4 is supplied by dissolved oxygen in the water.
8
 If 

microbial activity is considerable, though, oxygen may not be available to oxidize pyrite. 

If this is the case, then iron (III) can oxidize sulfides instead (Eq. 1.5): 

FeS2(s) + 14Fe
3+

(aq) + 8H2O(aq) ↔ 15Fe
2+

(aq) + 2SO4
2-

(aq) + 16H
+

(aq)  (1.5) 

In this case bicarbonate is not produced, but sulfuric acid is supplied to the solution.
8
 The 

sulfuric acid can lead to further downstream weathering, but it will not have an impact on 

carbon consumption. 

1.2.3: Marine Calcite Precipitation 

 The bicarbonate ions produced through Equations 1.2, 1.3, and 1.4 eventually 

flow into the oceans where they become transformed yet again (Eq. 1.6): 

Ca
2+

 (aq) + 2HCO3
-
 (aq) ↔ CaCO3 (s) + CO2 (aq) + H2O (l)  (1.6) 
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Equation 1.6 shows the reverse of Equation 1.2 where marine organisms form biogenic 

carbonate, with a molecule of carbon dioxide as a byproduct that can then degas back into 

the atmosphere. 

1.2.4: The net effect 

 The effect these chemical reactions have on long term climate is determined by 

their net consumption of carbon dioxide and subsequent burial as biogenic carbonate into 

the sediment record. Table 1.1 summarizes the inputs and outputs Equations 1.1 to 1.6 

have on the amount of carbon dioxide in the atmosphere-hydrologic system. 

Table 1.1: The effects of carbonate carbonation, silicate carbonation, and sulfide 

oxidation coupled with carbonate dissolution on the change of carbon dioxide in the 

atmosphere/ocean system. 

 

 

 

Reaction 

Carbonate 

Carbonation 

Eq. 1.2 

Silicate 

Carbonation 

Eq. 1.3 

Sulfide Oxidation and 

Carbonate Dissolution 

Eq. 1.4 

CO2 (g)  H2CO3 (aq) (mol) 1 2 0 

HCO3
-
(aq) produced (mol) 2 2 16 

CO2 degas (Eq. 1.6) (mol) 1 1 8 

ΔCO2 (g) (mol) 0 -1 +8 

 

Through examination of Equations 1.1 to 1.6 and Table 1.1, it is apparent that 

carbonation of carbonates results in no net consumption of carbon dioxide, while 

carbonation of silicates results in the consumption of one mole of carbon dioxide per 

reaction. Of the two bicarbonates formed in Equations 1.2 and 1.3 each, only one of the 

carbons is atmospherically derived for carbonate weathering but both are atmospherically 

derived for silicate weathering. In marine precipitation one mole of gaseous carbon is 

produced, therefore only the silicate carbonation reaction permanently sequesters a 

carbon atom as marine calcite. It is due to these carbonation reactions that chemical 

weathering of carbonates can affect carbon balances on timescales of the residence time 

of bicarbonate in the ocean (approximately one hundred thousand years), but silicate 
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weathering can have longer term effects on atmospheric carbon dioxide.
2
 The sulfide 

oxidation by oxygen (Eq. 1.4) is a possible source of bicarbonate to the ocean system that 

may lead to a net production of carbon dioxide to the atmosphere. In anoxic 

environments where pyrite oxidation by iron (III) (Eq. 1.5) may occur, sulfuric acid is 

produced which is a much stronger, more reactive acid than carbonic acid and may lead 

to enhanced weathering. 

1.3: Controlling Factors 

 A number of environmental factors influence chemical weathering rates. The 

most obvious control on rate is lithology. Kump et al.
4
 predicts a weathering rate series 

for silicate minerals as: olivine ((Mg,Fe)2SiO4) > Ca-plagioclase > pyroxene > Na-

plagioclase > K-feldspar > muscovite > quartz. Dissolved solutes from carbonates, 

although constituting less than 10% of surface rocks in general, comprise 38% of the 

dissolved load in typical continental rivers due to their increased weathering rates relative 

to silicates.
9
 

 The effects that the interrelated factors of temperature, vegetation, and 

precipitation have on weathering rates are complex. Temperature is positively correlated 

with weathering rate through the Arrhenius equation,
1
 but the increase in physical 

weathering in areas of low temperature is argued to counter-balance the kinetic 

deficiency (vide infra).
10

 Confounding this relationship is the fact that temperature can 

selectively release cations as the activation energy for potassium in granitoid rocks, for 

example, is much lower than that of silica and sodium.
11

 Vegetation can drive weathering 

by supplying carbon dioxide and organic acids into solution, but the stabilization of soil 

against physical erosion may act to inhibit weathering.
10

 Previous studies have shown 
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positive correlations between precipitation or runoff with weathering rates,
1
 but this 

correlation can end once saturation of certain minerals is reached.
4
 

 A definitive positive correlation between physical erosion and chemical 

weathering rates has been reported from field studies.
5, 12, 13

 For this reason, it is thought 

that tectonic events drive chemical weathering by increasing physical erosion, thus 

potentially affecting global climate over geologic time.
4, 12

 Examinations of the geologic 

record support this hypothesis.
3, 4

 Four physical consequences of tectonic uplift contribute 

to elevated chemical weathering rates: steepening of slopes causing mass wasting, 

increased frequency of earthquakes, alpine glacial formation, and increased precipitation 

by mountain building. The first three of these consequences increases chemical 

weathering by ridding rock surfaces of secondary minerals and providing fresh, reactive 

surfaces; and the fourth simply provides a greater area for water to come in contact with 

rock surfaces.
14

 

1.4: Glacial Chemical Weathering 

 Glacial settings provide many of the conditions of tectonic uplift. The increased 

physical erosion caused by glacial movement and freeze-thaw cycles grinds rocks into 

fine-grain material, providing fresh rock surfaces with high surface areas upon which 

increased chemical weathering can occur. Nevertheless, most chemical weathering 

surveys have ignored glacial settings due to the traditional idea that the lack of 

vegetation, soil, liquid water, and the low temperatures reduce weathering rates by orders 

of magnitude.
8
 However, the direct correlation between physical erosion rates and 

chemical weathering fluxes, as well as studies that show some glaciated areas can 

produce solute fluxes greater than the global mean,
15

 indicate that the global contribution 
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of chemical weathering from glacial environments may be severely underestimated. 

Studies by Anderson et al.
16

 and Tranter et al.
7
 have sought to determine the actual 

contribution of glacial chemical weathering to global carbon dioxide consumption rates. 

 Anderson et al. measured meltwater from temperate glaciers (typically non-polar 

glaciers distinguished by ice at the melting point throughout the glacier with liquid water 

at the bed)
17

 and found that ion concentrations varied widely between streams, but a few 

trends emerged. First, sulfate concentrations decreased with increasing distance from the 

glacial terminus whereas silica concentrations increased.
15

 Second, discharge was well 

correlated with silica and cation fluxes (concentrations multiplied by river flow rate).
16

  

Additionally, in young (recently glacially abandoned) sediments, it was found that sulfide 

oxidation reactions were the dominant sources to the dissolved load. Although cation 

denudation rates were high, the low silicate concentrations and carbonate-sulfide 

predominance led the authors to conclude that carbon dioxide consumption in these areas 

was not unusually high.
16

 

 Tranter et al.
7
 applied field data from a subset of temperate glaciers to a model 

predicting the effect of Northern Hemispheric glacial weathering on the partial pressure 

of carbon dioxide over the past 130 kyr. The results of this model matched relatively well 

with the carbon dioxide record from the Vostok ice core, and the overall glacial solute 

fluxes (fluxes of all dissolved species) over the latest glacial cycle were estimated as 

being greater than 5% of the total worldwide flux for only 1% of the time. Due to these 

relatively low solute fluxes the authors estimated that glacial weathering affected 

atmospheric carbon dioxide levels by less than 1 ppm over the last glacial cycle.
7
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1.5: The Greenland Ice Sheet margin 

 Although Tranter and Anderson predict a low impact of glacial weathering on 

climate, their studies do not include data from the second largest and most dynamic (most 

annual mass loss)
18

 glacial body: the Greenland Ice Sheet (GIS). The GIS is 1.6x10
6
 km

2
 

in area, 2.9x10
6 

km
3
 in volume, and if completely melted would raise sea level by 7.3 

m.
19

 The sheet has recently been experiencing increased surface melting, particularly 

around the margin area (where ice sheet meets land)
19

, with 2007 holding the record for 

most runoff to date.
20

 As runoff increases and the margin recedes, high surface areas of 

fresh minerals are exposed, thereby increasing the potential for chemical weathering. 

1.6: Objectives 

 Accurately modeling the global climate effects of glacial weathering requires a 

thorough understanding of chemical weathering along the dynamic Greenland Ice Sheet 

margin. Examination of small, representative streams along the margin can be used as a 

first-order means of assessing weathering along the entire ice sheet margin. In this study, 

we attempt to better understand the chemical weathering reactions in the sub-glacial and 

pro-glacial environments by asking three fundamental questions: 

1. How much weathering is occurring? 

2. What types of minerals are weathering and by what reactions? 

3. Where are these weathering reactions occurring? 

We will begin to address these questions using chemical characteristics of stream 

waters and sediments sampled from a stream system exiting the GIS. We will use 

analyses of major chemical species in waters and sediments to identify the weathering 

reactions and assess how much weathering is occurring. Along-stream trends and 
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weathering classification based on characteristic chemical species will attempt to 

determine the probable sites of weathering reactions. 
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Chapter 2: Methods 

2.1: Study Area 

Samples were collected during July of 2008 along the main branch of a stream 

roughly 5.6 kilometers in length exiting the mid-western side of the Greenland Ice Sheet 

(Fig. 2.1). The underlying bedrock at the sample site is an anorthite-rich gabbro,
21

 with a 

mineralogic composition of calcium-rich plagioclase feldspar, hornblende, pyroxene, and 

lesser amounts of biotite mica. The lithology under the ice sheet, however, remains 

unknown. The vegetation was typical of arctic periglacial settings with low-lying grasses 

and bushes. 

 

Figure 2.1: True color image of broad study area on the mid-western side of the GIS. 

Green inset in Figure 2.2. Source: NASA Landsat Program, 2004, Landsat7 ETM+ scene 

p009r012_7x20010707, Orthorectified, USGS, Sioux Falls, 7/7/2001. 
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 Figure 2.2 shows the path of the main branch (highlighted in blue) from its exit 

towards the bottom right of the image through its collection in two small lakes until 

eventually flowing into the lake (highlighted in yellow) on the top left of the image. 

Smaller tributaries from other glacial outlets and a lake have inputs into the main branch 

of this stream as well (highlighted in white). 

 
 

Figure 2.2: Near infrared and red image of the study area – the green inset of Figure 2.1. 

The main branch of the stream is highlighted in blue, other stream inputs in white, and 

the output lake in yellow. Red triangles are stream samples and green squares are all 

other sample types. The number in each symbol refers to the sample number „EGM X‟. 

 

2.2: Sample Collection 

Water samples were taken in duplicate from nine sites on the main branch of the 

stream, two sites on smaller tributaries (EGM 6, EGM 12, and EGM 18 in Fig. 2.2), four 

sites from nearby tarns, one site at the lake at the mouth of the system (EGM 10), and one 

melted glacier ice sample (EGM 3). Waters from these sites were stored in acid cleaned 
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HDPE bottles after filtering through 22-µm mixed ester filters. Sediment samples were 

collected from each of the eleven stream water sites, as well as the lake, and stored in 

plastic sampling bags. The sediments were scooped by hand from the top layer of the 

streambed, generally near the stream edge. The cooled samples were transported back to 

Wheaton College and refrigerated at 4 °C. 

2.3: Sample Preparation 

 The water samples were analyzed without preparation or preconcentration, but the 

sediments were processed before analysis. The sediment analyses aimed to quantify only 

the silicate fraction of the sediments, so separation from water, organic matter, and 

carbonate minerals was necessary. 

2.3.1:  Loss on Ignition 

The sediment samples were prepared for a leach experiment and later digestion by 

a sequential drying process. They were first dried at 110 °C for 24 hours in ceramic 

crucibles to evaporate all of the water present. Samples were ashed to remove all organic 

matter by heating to 450 °C for 8 hours. Loss on ignition was calculated as the mass lost 

after ashing. 

2.3.2: Carbonate Leach 

Ashed sediment samples were leached in order to separate the carbonate and 

silicate fractions and to allow for a first-order assessment of the amount of carbonate 

minerals present in the bedload sediment. The method used was an adaptation of work 

done by Jacobson et al.
22, 23

 The flow chart in Figure 2.3 outlines each step of the 

leaching process. 
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Figure 2.3: Individual steps in the leaching of sediments to separate silicates and 

carbonates. 

 

Sediment samples were first weighed to the nearest 0.1 milligram into tared and 

acid cleaned Teflon vials. Trace-clean acetic acid, a weak acid, was added to dissolve 

only the carbonate minerals in the sediment, producing the corresponding ions (Ca
2+

 and 

CO3
2-

) in aqueous phase. The vials were placed in an ultrasonic bath for 4 hours to 

promote the dissociation of all carbonate minerals. The overlying liquid (leachate), 

presumably composed of carbonates with some suspended solid silicates, was removed 

with a pipette and put into 15 mL centrifuge tubes. The solid remaining in the vials was 

twice washed with 18 MΩ de-ionized water in order to remove all of the acetic acid and 

remaining dissolved carbonates, and these washes were added to the centrifuge tubes 

containing the carbonate fraction. The tubes were centrifuged for 10 minutes to separate 

any suspended fine-grained silicates. The carbonate fractions, now in solution, were dried 
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down, re-dissolved in 100 mL of 3% trace-clean HNO3, and stored in acid cleaned HDPE 

bottles which were refrigerated until analysis. The silicate fractions, remaining in solid 

form, were dried and then re-weighed. A carbonate fraction was calculated based on mass 

loss. 

2.4 Digestion Methods 

 Samples were digested separately using microwave and fusion digestions in order 

to compare the microwave digestion‟s efficacy to that of the more established fusion 

digestion (Appendix for results). A sub-set (EGM 2, EGM 10, and EGM 17) of the 

twelve leached sediments, now containing only the silicate mineral fraction, were 

digested. Two different Certified Reference Materials (CRMs) were digested: andesite 

(AGV-2) and granodiorite (GSP-2). The leached samples were ground to fine gray 

powders with an alumina mortar and pestle. 

2.4.1: Fusion Digestion 

 Ultra-pure (99.999%) lithium metaborate flux powder was added in the amount of 

0.5000 grams to graphite crucibles. Ground sample and CRM powders were added to the 

crucibles in the amount of 0.1000 grams and mixed thoroughly with the flux, making a 

clean pile of powder in the center of the crucible. The samples were placed into a muffle 

furnace at 1040 °C for 10 to 20 minutes until the flux and sample became a red-hot 

molten ball in the crucible (Fig. 2.4). The balls were then transferred into beakers with 

100 mL of 3 % HNO3 while still molten. The resulting liquids were stirred for 10 to 20 

minutes to ensure complete dissociation of the solid. The liquids were then transferred to 

acid cleaned HDPE bottles and refrigerated until analysis. 
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Figure 2.4: A sample having undergone fusion digestion before immersing in HNO3. The 

sample is visible as a clear liquid in the middle of the crucible. 

 

2.4.2: Microwave Digestion 

 Ground samples and CRMs were weighed in the amount of 0.1000 grams and 

transferred to acid washed Teflon microwave vessels. To these vessels, 7.00 mL of trace-

clean HNO3 (~68%) and 3.00 mL of trace-clean HCl (~36%) were added. The vessels 

were sealed and then placed in the carousel to the Milestone ETHOS
©
 EZ microwave. 

The temperature program used was an adaption of EPA Method 3052
24

 and a soil method 

found in the instrument‟s cookbook: 10 minute ramp to 200 °C, hold at 200 °C for 15 

minutes, and then cool to room temperature. After one run solid material was still visible 

in the vessels so a second run was performed. After two runs, the liquids were gravity 

filtered into acid washed HDPE bottles and diluted with 90 mL of 3 % HNO3 to a total 

volume of 100 mL. 
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2.5: Analytical Methods 

 Water samples were analyzed for alkalinity, major anions and cations, and metals 

using Gran titration, Ion Chromatography (IC), and Inductively Couple Plasma Optical 

Emission Spectroscopy (ICP-OES), respectively. The sediment digests were analyzed for 

major ions using Flame Atomic Absorption Spectroscopy (FAAS). 

2.5.1: Alkalinity 

 The alkalinity of the water samples, the sum of the bases in solution, was 

determined by titration with standardized HCl, using the Gran method to calculate the 

endpoint. The Gran method is an effective way of accurately determining the endpoint of 

a titration, particularly for samples of low alkalinity.
25

 It is assumed for the purpose of 

this study that only bicarbonate, HCO3
-
, contributes to the alkalinity load. This is a 

reasonable assumption based on the paucity of vegetation to provide organic bases to 

solution and measured circumneutral pH values. 

 An acid concentration of 0.009436 M for the titrant was used due to the dilute 

concentrations of the samples. A relatively small aliquot size of 25 mL was titrated in 

order to balance pH sensitivity with sample conservation. A Fisher Accumet
©
 portable 

probe, previously calibrated in pH 4, 7, and 10 buffers, was used to record pH after each 

10 to 20 µL addition of titrant. The Gran function was calculated as a function of volume 

and pH: 

     (2.1) 

The Gran function is then plotted against volume of titrant added (Fig. 2.5). Excel‟s 

LINEST function was then applied to the linear portion of the Gran function plot, where 
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the x-intercept is equal to volume of titrant needed to reach the endpoint.
25

 The alkalinity 

is then determined as: 

    (2.2) 

Where Vacid is the volume of acid to reach the endpoint as determined by the Gran plot, 

Nacid is the normality of titrant, mgfw is the formula weight of HCO3
-
 in milligrams, and z 

is the charge on HCO3
-
. 

 

Figure 2.5: Titration curve and Gran function plot of sample „EGM-10‟. 

2.5.2: Ion Chromatography 

 Concentrations of major anions and cations in water samples were determined by 

Ion Chromatography (IC) using a Dionex
©
 ICS-1000 instrument. IC separates ions from 

one another based on their variable affinity to ion-exchange resins on an analytical 

column, using either acid (cation separation) or base (anion separation) as mobile phase 

eluents. After leaving the analytical column, the sample passes through a suppressor that 

exchanges ions with the eluent to render them non-conductive before detection. There are 
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many types of analyte detection using IC,
26

 but the method used for this analysis was 

conductivity. Figures 2.6 and 2.7 give sample chromatographs for cation and anion 

analyses of standards, respectively. Peaks are identified based on their characteristic 

retention time compared to standards. 

 

Figure 2.6: Sample cation chromatograph of a 1000 times diluted standard. The 
concentrations in this standard are 0.051 ppm Li, 0.204 ppm Na, 0.251 NH4

+, 0.254 ppm 

Mg, and 0.508 ppm K and Ca. The x-axis identifies retention time in minutes and the y-

axis electric conductivity in micro Siemens. 
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Figure 2.7: Sample cation chromatograph of a 100 times diluted standard. The 

concentrations in this standard are 0.201 ppm F-, 0.302 ppm Cl-, 1.000 ppm NO3
-, 1.510 

ppm PO4
3-, and 1.480 SO4

2-. The x-axis identifies retention time in minutes and the y-axis 

electric conductivity in micro Siemens. 
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Table 2.1: Instrumental parameters for IC cation and anion analyses. 

Parameter Cations Anions 

Analytical column IonPac CS12A IonPac AS22 

Guard Column IonPac CG12A IonPac AG22 

Suppressor Column CSRS 300 ASRS ULTRA II 

Eluent Methanesulfonic Acid (MSA) Na2CO3 / NaHCO3 

Eluent Concentration 20 mM 4.5 mM / 1.4 mM 

Flow rate 1.0 mL min-1 1.2 mL min-1 
Mean Pressure 1080 psi 1790 psi 

Sample loop size 100 µL 100 µL 

Suppressor current 60 mA 36 mA 

  

Concentrations of samples were determined by first integrating each peak using 

Chromeleon
©
 software and then using a calibration curve of R

2
 > 0.99 to convert peak 

area to concentration. The standards for the calibration curves were dilutions of SPEX
©

 

certified standards. The limits of detection and uncertainties of measurement were 

calculated for each ion following Harris,
27

 where a standard with a concentration about 5 

times the estimated detection limit is analyzed at least 7 times. These values were useful 

in determining whether the samples, diluted to low concentrations by glacial meltwater, 

were in the quantitative range of the instrument. The detection limit can then be 

calculated as: 

      (2.3) 

where s is the standard deviation of the peak areas of the analyses and m is the slope of 

the calibration curve. The quantification limit is then: 

      (2.4) 

And the uncertainty: 

    (2.5) 

where t is the student‟s t value for the given degrees of freedom and confidence level and 

N is the number of replicates. For these analyses, 7 replicates were analyzed and a 
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confidence level of 95% was selected. A table of the experimental detection limits, 

quantification limits, and 95% uncertainties are presented in Table 2.2: 

Table 2.2: Experimental analytical limits for IC. 

 Detection Limit Quantification Limit 95 % Uncertainty 

Ion (µM) (µM) (µM) 

Lithium 0.05 0.16 0.01 

Sodium 0.4 1.4 0.1 

Ammonium 0.4 1.3 0.1 

Potassium 0.26 0.85 0.07 
Magnesium 0.07 0.22 0.02 

Calcium 0.17 0.55 0.05 

Fluoride 1.3 4.3 0.3 

Chloride 0.5 1.6 0.1 

Nitrate 0.17 0.58 0.04 

Phosphate 0.37 1.22 0.09 

Sulfate 0.15 0.49 0.04 

 

2.5.3: Inductively Coupled Plasma Optical Emission Spectroscopy 

 Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES) allows for 

the simultaneous analysis of about 60 different metals. Samples were run using Boston 

University‟s Jobin Yvon UltimaC
©
 ICP-OES in the polychromator setting for 

simultaneous analysis. Silicon‟s low emission wavelength mandated analysis using the 

system‟s monochromator that is more sensitive in the low UV wavelengths, in addition to 

analysis using the polychromator. Standards were made using trace clean HNO3 in BU‟s 

clean labs, and samples were acidified using the same HNO3 to about 3%. Emission at 

wavelengths characteristic to eight major metals were measured and converted to 

concentrations using 7 point calibration curves with R
2
 values greater than 0.99 (Tab. 

2.3).  
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Table 2.3: Emission wavelengths for each metal analyzed by ICP-OES. 

Metal Wavelength (nm) 

Calcium 393.367 

Iron 259.940 

Potassium 766.490 

Magnesium 285.213 

Manganese 257.610 

Sodium 589.592 

Silicon1 251.611 
Strontium 407.771 

1. Sample analyzed using both monochromator and polychromator 
 

A drift solution was made from a mixture of each sample and was run after every 

7 analyses. A drift factor was calculated for each sample as the change in intensity of the 

surrounding drift solutions, multiplied by the placement of the sample between those drift 

solutions. This method assumes that the change in sensitivity of the instrument between 

each drift analysis is linear. Drift corrected net intensities of the samples were calculated 

by mutliplying the raw net intensities by the drift factors. The drift corrected net 

intensities were then used to calculate concentrations using the calibration curves. 

2.5.4: Flame Atomic Absorption Spectroscopy 

 The digested sediment samples were analyzed for sodium, potassium, calcium, 

and magnesium using Flame Atomic Absorption Spectroscopy (FAAS). Table 2.4 lists 

the major ions, the wavelength at which their absorption was measured, and the slit width 

used. Sample ionization was produced using an air-acetylene flame. Sodium was reliably 

detected (CRMs analyzed within <7% of the accepted value) without the addition of any 

interference-reducing additives. Lanthanum oxide was added in the amount of 4 mL of 

48.64 g La2O3 L
-1

 to each of the samples and standards in order to reliably detect 

potassium (CRMs <5%). In order to reliably detect calcium and magnesium (CRMs 

<16% and <8%, respectively), the standards had to be matrix matched by adding 5 g flux 
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L
-1

 and cesium chloride in the amount of 0.25 g CsCl L
-1

 to both standards and samples in 

addition to the lanthanum oxide. 

Table 2.4: Absorption wavelengths for each major ion analyzed by FAAS. 

 

Metal Wavelength (nm) Slit Width (nm) 

Sodium 589.6 0.5 

Potassium 769.9 1.0 

Calcium 422.7 0.5 

Magnesium 285.2 0.5 

 

2.6: Calculations 

The theoretical bicarbonate concentrations in each stream sample were calculated 

by charge balance (Eq. 2.6): 

  (2.6) 

Bicarbonate concentrations derived from charge balance were used in the place of 

measured ones due to their conservation in charge from sampling to analysis and 

usefulness in calculating silicate alkalinities, or the fraction of overall weathering that is 

from silicate minerals (Eq. 2.7): 

   (2.7) 

The calculation for silicate alkalinity in Equation 2.7 made the assumption that all 

sodium, potassium, and magnesium in the stream waters were derived from silicate 

weathering. Calcium in the streams, though, may have been derived from either 

carbonate or silicate minerals. The sediment analyses were employed, then, to calculate 

the fractions of calcium derived only from silicate minerals (Eq. 2.8): 

 ,    (2.8) 

where the subscripts w and s represent the concentrations in waters and in sediments, 

respectively and the ratio is made using molar values. The silicate flux, or the amount of 
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silicate weathering taking into account stream flow, was calculated as the numerator of 

Equation 2.7 multiplied by the measured stream discharge, Q (Eq. 2.9): 

 , (2.9) 

where the concentrations are in μmol L
-1

 and the flow rate, Q, is in L s
-1

. 
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3. Results 

3.1: Water chemistry 

 The chemical composition and location data of the eleven stream water samples, 

one ice sample, one lake sample, and three tarn samples are presented in Table 3.1. 

Stream samples exhibit mostly constant pH values of around 6. Major element 

concentrations for stream and ice samples are greatly depressed across all species, 

consistent with a peri-glacial setting.
17

 In addition, the streamwaters are all dilute relative 

to the lake and tarn samples.  

Given these low concentrations and the close proximity to the North Atlantic, the 

contributions of sea-salt aerosols to the total dissolved load are likely significant. 

Therefore, sea-salt corrected concentrations of each major ion were calculated following 

Lyons et al.,
28

 by first assuming that all chloride is derived solely from precipitation and 

not weathering of evaporites. The global mean seawater concentrations of each ion
29

 are 

then used to calculate ion to chloride ratios; sodium for example (Eq. 3.1): 

     (3.1) 

The mean seawater ratios for each ion are then multiplied by the measured chloride 

concentration. This value is the amount of each ion derived from sea-salt, and it can then 

be subtracted from the measured concentration to derive a sea-salt corrected one.  

Table 3.2 lists the sea-salt corrected concentrations of the major ions for the 

stream samples. Unless noted, these sea-salt corrected concentrations are used in all 

subsequent results and discussion. Table 3.2 also lists the calculated bicarbonate 

alkalinities of each stream sample (Eq. 2.6), as well as the resulting silicate alkalinities
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Table 3.1: Location and chemical composition of water samples from streams, tarns, a lake, a groundwater seep, and ice 

from the terminus. The data presented for Na+ and K+ are from IC, whereas the other metals are from ICP-OES. The HCO3
- 

concentrations were measured by Gran titration. 
 

Samp. Lat. Long. 

Dist. 

from 

Term. Descr. 

Eq. 

pH Concentration (μM) 

Name (m N) (m W) (km)  (pH) HCO3
- 

Na
+ 

K
+ 

Mg
2+ 

Ca
2+ 

Fe Mn Si Sr Cl
- 

SO4
2- 

EGM 2 68.04094 50.24897 0 Stream 6.16 11 4.1 9.53 6.14 13.25 2.77 0.25 4.40 0.03 1.64 15.19 

EGM 4 68.03818 50.25133 0.4 Stream 6.04 26 6.6 12.58 18.58 17.10 23.24 0.61 43.05 0.04 2.22 5.48 

EGM 5 68.03642 50.26662 1.3 Stream 6.70 40 10.3 13.43 7.20 15.17 0.57 0.15 18.06 0.04 3.95 6.03 

EGM 6 68.04332 50.27697 2.2 Stream 6.01 15 7.6 9.75 4.70 6.87 2.22 0.12 3.15 0.02 3.25 6.24 

EGM 8 68.04564 50.28614 2.8 Stream 5.94 28 9.2 12.36 7.31 11.78 2.70 0.20 17.80 0.03 3.72 6.10 

EGM 9 68.04564 50.28614 2.8 Stream 5.88 13 5.0 7.87 4.50 9.56 1.94 0.19 3.13 0.02 2.88 9.28 

EGM 13 68.04707 50.30782 3.7 Stream 6.62 32 9.8 12.56 5.96 10.74 1.77 0.18 8.32 0.03 3.25 5.61 

EGM 17 68.05329 50.31644 4.5 Stream 6.50 33 10.6 13.00 5.40 9.89 1.01 0.14 8.03 0.02 5.50 5.26 

EGM 18 68.05624 50.31071 5.0 Stream 6.05 15 4.4 6.08 2.59 4.84 1.35 0.07 1.49 0.01 2.64 2.54 

EGM 12 68.05630 50.32843 5.2 Stream 6.75 45 19.9 26.92 7.66 15.28 1.28 0.29 8.99 0.03 10.43 8.69 

EGM 11 68.05614 50.33319 5.4 Stream 6.62 37 15.5 17.41 6.58 12.60 1.02 0.22 9.24 0.03 8.85 7.42 

EGM 3 68.04094 50.24897  Ice 5.94 5 11.1 4.17 8.00 13.57 9.71 0.19 19.15 0.03 21.09 2.52 

EGM 1 68.04094 50.24897  Seep 6.33 359 100.1 21.50 71.04 130.95 272.58 1.44 199.16 0.32 33.92 18.51 
EGM 10    Lake 7.42 100 284.9 38.65 33.17 26.18 0.41 0.09 41.04 0.08 322.81 32.70 

EGM 7 68.04163 50.2755  Tarn 6.99 403 345.9 46.64 130.97 142.19 6.94 0.12 0.94 0.25 341.02 12.26 

EGM 15 68.04519 50.27834  Tarn 6.57 90 34.1 22.18 31.04 42.74 13.57 0.25 9.96 0.08 17.89 12.94 

EGM 16 68.04711 50.29469  Tarn 7.20 179 142.5 78.48 62.37 76.77 0.72 0.01 1.81 0.15 144.56 74.04 
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(Eq 2.7), K to Na ratios, and K to the sum of cations ratios. Results show similarly dilute 

concentrations of HCO3
-
 and highly variable silicate alkalinities. 

Table 3.2: Sea-salt corrected concentrations for the major ions, calculated bicarbonate 

concentrations, potassium ratios and calculated silicate alkalinities of the stream samples. 

 

Samp. Concentration (μM) K / K / Sil. Alk. 

Name Na
+ 

K
+ 

Mg
2+ 

Ca
2+ 

Si Cl
- 

SO4
2- 

HCO3
-
 Na ∑ Cat (%) 

EGM 2 2.68 9.50 5.98 13.22 4.40 0 15.02 20.55 3.54 0.30 135.69 

EGM 4 4.69 12.54 18.36 17.06 43.05 0 5.25 77.57 2.67 0.24 77.99 

EGM 5 6.94 13.36 6.82 15.09 18.05 0 5.62 52.89 1.92 0.32 82.46 

EGM 6 4.85 9.69 4.39 6.81 3.15 0 5.90 25.14 2.00 0.38 119.61 

EGM 8 5.96 12.29 6.95 11.71 17.80 0 5.71 44.15 2.06 0.33 91.63 

EGM 9 2.51 7.82 4.22 9.51 3.13 0 8.98 19.82 3.12 0.32 112.34 

EGM 13 7.04 12.50 5.64 10.68 8.32 0 5.27 41.64 1.77 0.35 97.59 

EGM 17 5.86 12.90 4.87 9.79 8.03 0 4.69 38.69 2.20 0.39 94.74 

EGM 18 2.12 6.03 2.33 4.79 1.49 0 2.27 17.86 2.85 0.39 88.25 

EGM 12 10.96 26.73 6.65 15.08 8.98 0 7.60 65.93 2.44 0.45 100.48 

EGM 11 7.91 17.24 5.72 12.43 9.24 0 6.51 48.44 2.18 0.40 98.29 

 

 Ternary plots are used to characterize the water samples by comparing the relative 

concentrations of major cations and anions. All water samples have relatively low Mg
2+

 

and fall between Ca
2+

 and Na
+
 + K

+
 on a cation ternary plot (Figure 3.1a). The Na

+ 
and 

K
+
 sum is dominated by K

+
 in stream samples with an average K to Na ratio (K/Na ± 1σ) 

of 2.4 ± 0.6, vastly greater than the world average for rivers of about 0.1.
29

 All samples 

straddle the line between SO4
2-

 and HCO3
-
 in Figure 3.1b because the sea-salt correction 

assumes zero weathering-derived chloride. The lake and tarn samples have compositions 

favored highly toward HCO3
-
, while the stream samples have a larger spread toward 

SO4
2-

. 
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Figure 3.1: Ternary plots of a. major cations and b. major anions in water samples. 

 

Stream samples are examined spatially through a plot of concentration versus 

distance from the glacial terminus in Figure 3.2. The concentrations are highly variable 

for all the ions.  

 

Figure 3.2: Ion concentrations in stream samples as a function of distance from the 

glacial terminus. 
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3.2: Sediment Chemistry 

 The results of sediment analyses of stream samples EGM 2 and EGM 17, along 

with the lake sample EGM 10, are presented in Table 3.3. The elemental results are from 

analyses following fusion digestion (Appendix for microwave results). All samples had 

very low amounts of organic matter present, evidenced by less than 1% mass lost on 

ignition (LOI). Similarly, less than 1% of the sample mass was lost after reacting the 

carbonates with acetic acid and subsequent aqueous layer removal (LOL). Na and Ca are 

roughly equal in stream samples, with K relatively decreased and Mg even further so. 

The lake sample follows the stream samples for Na and K, but it has slightly greater 

concentrations of Ca and Mg. The K to Na ratios are equal for stream samples, but the Ca 

to Na ratios vary. Classification of the rock source for these sediments, however, is 

difficult without a complete analysis, particularly of Si. 

Table 3.3: Loss on ignition (LOI), loss on leach (LOL), and major element 

concentrations of sediment samples from the stream samples (EGM 2 and 17) and the 

lake sample (EGM 10). 

 

 LOI LOL Na K
 

Ca Mg   

Sample (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) K / Na Ca / Na 

EGM-2 0.0805 0.0739 2.43 1.34 2.165 0.68 0.32 0.51 
EGM-17 0.0638 0.1458 2.44 1.79 2.962 1.03 0.32 0.88 

EGM-10 0.1344 0.0257 2.25 1.23 3.458 1.27 0.43 0.70 
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4. Discussion 

4.1: Weathering 

Total alkalinity is a first-order measure of the extent of weathering as bicarbonate 

is the ubiquitous byproduct of carbonation reactions. Alkalinity is considered to be 

comprised solely of bicarbonate given the measured circumneutral pH values of the 

streams. The measured bicarbonate concentrations in the stream samples, listed in Table 

3.1, range from 11 to 45 μM, whereas the tarns, seep and lake range from 90 to over 400 

μM. The very low bicarbonate concentration (5 μM) for ice suggests that weathering 

reactions cause some elevation in the bicarbonate concentrations for the stream waters, as 

they react with stream sediments and the atmosphere. The mean concentrations of 

bicarbonate and other select major ions from stream waters are compared to values from 

other glacial and non-glacial river surveys in Table 4.1. The major ion concentrations for 

the studied stream system are generally on the same order of magnitude as the glacial 

study of Mittivikkat Gletscher in Eastern Greenland, but only for a few ions for the other 

glacial studies. Ion concentrations in the Amazon are at least an order of magnitude larger 

than those along the GIS margin and fairly larger than the other glacial studies. Overall, 

the dissolved load along the GIS margin, and therefore the amount of weathering, appears 

greatly reduced relative to both other glacial and non-glacial settings. 
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Table 4.1: Comparison of this study‟s mean stream water major ion concentrations to 

means from glacial and non-glacial studies. All GIS margin values are sea-salt corrected 

except for chloride. 

 

Source 

Concentration (μM) 

HCO3 Na K Ca Mg Si Cl SO4 

GIS Margin 27 5.59 12.78 11.47 6.54 11.42 4.40 6.62 

Mittivikkat Gletscher, 

Greenland30 29.17 56.11 6.75 29.69 19.75 18.51 62.05 34.04 

Kuannersuit Glacier, Greenland31 478 115 1.8 74 22 137 22 7 

Bench Glacier, Alaska15 670 20 52 442 20 36 3 164 

Amazon River13 1787 113 31 795 295 128 31 233 

 

 A more detailed account of the weathering occurring is derived from silicate 

alkalinities. The average silicate alkalinity (Tab. 3.2) is greater than 94% when high-

sulfate samples EGM 2 and 9 are removed from the average. This average silicate 

alkalinity means that more than 94% of the cations present in stream waters have silicate 

mineral sources. The case for predominant weathering of silicates is supported by the 

average mass loss of less than 1% during the leach attributed to carbonates (Tab. 3.3). 

Additionally, the high potassium and silicon concentrations in stream waters are 

indicative of weathering of silicate minerals. The elevated calcium and silicon 

concentrations are likely the result of the calcium feldspar anorthite (CaAl2Si2O8) that is 

characteristic of the local lithology. The predominance of sodium plus potassium (Na + 

K) in Figure 3.1a points to the influence of other plagioclase minerals as well as the 

potassium-bearing sheet silicates. 

4.2: Biotite Weathering 

A probable explanation for the high potassium concentrations is preferential 

weathering of sheet silicates (micas). Weathering of micas, specifically biotite, releases 

potassium from their interlayer sites by cation exchange with protons or metal ions.
32
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This process only takes place at the edge of a biotite grain and is therefore dramatically 

accelerated when particle sizes are small, for instance in fine-grain glacial debris, because 

there is significantly greater surface area available for ion exchange.
32

 A comparison of 

the potassium to sodium ratio for the water samples to the same ratio for the sediment 

samples examines the possible weathering sources of the potassium. If the ratios differ, 

then it can be inferred that the potassium was not derived from weathering of typical 

sodium and potassium silicates (feldspars), but rather from ion-exchange with biotite 

which does not produce secondary minerals. The average ratio for the stream samples 

(Tab. 3.2) is 2.4 for waters compared to 0.32 for the sediments, supporting the premise 

for preferential loss of potassium from biotite. Additionally, the average ratio of 

potassium to the sum of the cations yields an average value of 0.35 for the streams. This 

is well above the ratio for global mean rivers (0.015).
29

 Because the contribution of non-

carbonation derived potassium to the dissolved load is most likely significant, a 

correction to the silicate alkalinity and flux calculations for this input should be made. 

Unfortunately, we cannot differentiate potassium derived by carbonation from potassium 

derived by ion exchange, so the assumption must be made that all of the potassium in the 

steam waters is derived from ion-exchange. Although this assumption is a probable 

underestimate for silicate alkalinity, we calculate the average value to be 63%. 

4.3: Sub-glacial Weathering 

The plot of concentration versus distance from glacial terminus in Figure 3.2 does 

not reveal any along-stream trends, and due to its erratic nature little information about 

where weathering is occurring can be gained. Figure 3.1b, however, indicates that two 

stream samples exhibited near equal concentrations of sulfate and bicarbonate. Re-
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evaluation of Figure 3.2 shows that the sample with more sulfate than bicarbonate was 

sampled at 0 kilometers from terminus. If sulfide oxidation by the dissolved oxygen 

content of sub-glacial water (Eq. 1.4) was the only reaction producing sulfate, then it 

would be expected to find a sulfate to bicarbonate ratio of 1 to 2 because 8 moles of 

sulfate and 16 moles of bicarbonate are produced. Since sulfate was measured to be 

greater than bicarbonate, it follows that some other source of sulfate must be present. 

Sulfide oxidation by iron (III) (Eq. 1.5) may be the source for this additional sulfate, as 

well as the relatively high concentration of iron, as it does not produce bicarbonate, but it 

requires the absence of dissolved oxygen. The measurements of the sample at the glacial 

terminus, then, may be evidence for sub-glacial microbial activity that is consuming 

oxygen. 
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5. Conclusion 

 Water and sediment chemistries of a stream system exiting the Greenland Ice 

Sheet margin were quantified in this study. Due to low ion concentrations in stream 

samples, the input of sea-salt aerosols had to be addressed. The amount of weathering 

occurring in this system relative to other glacial studies is depressed by 0 to 1 orders of 

magnitude and 1 to 2 orders magnitude relative to continental rivers. Of the bicarbonate 

present in the stream waters, greater than 63% was found to be derived from silicate 

minerals, neglecting the contribution of carbonation-derived potassium. The amount of 

carbon dioxide consumed by this silicate weathering can be calculated for this stream 

system as (Eq. 5.1): 

  (5.1) 

This calculation is multiplied by one quarter due the conservative estimate that liquid 

water is present for about one quarter of the year in this area. The resulting figure for the 

studied stream system is 185 tonnes CO2 per year. 

Within the greater than 94% weathering of silicates, calcium and potassium 

silicates were found to dominate the dissolved load. High calcium concentrations are 

attributed to the anorthite-rich bedrock in the studied area. High potassium ratios in the 

stream waters relative to sediments indicate preferential weathering of sheet silicates, 

probably biotite, following ion-exchange reactions. The potassium to sum of the cations 

ratio shows that these ion-exchange reactions most likely account for 25 to 45 % of the 

dissolved cationic load. Sodium and magnesium derived from unknown sources are also 

present in less significant concentrations. High sulfate concentrations relative to 
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bicarbonate at the glacial terminus suggest sub-glacial weathering regimes of sulfide 

oxidation. 

The ability to extrapolate the results of this study to the rest of the GIS margin 

relies on the accuracy of both the analyses and interpretations of this data, as well as the 

studied stream being representative of other streams exiting the GIS. One limitation in 

this study is that a significant portion of the dissolved load is likely derived from 

weathering reactions that do not involve carbonation by carbonic acid (Eq. 1.1 – 1.3). If 

the potassium concentrations of the stream waters are the result of sheet silicate 

weathering where ions are simply exchanged between the layers of the mineral, then 

carbon dioxide is not being consumed in the production of this ion. Additionally, if 

protons are being consumed in this process, then the acidity of the stream has decreased, 

resulting in decreased weathering downstream. The aforementioned sulfate 

concentrations may result in the net production of carbon dioxide because sulfide 

oxidation by oxygen (Eq. 1.4) produces bicarbonate without consuming carbonic acid. 

Another limitation in this study is that the bedrock under the studied stream is not 

characteristic of the rest of the margin area, therefore limiting the ability to extrapolate 

the results to the rest of the GIS margin. Despite these limitations, the low bicarbonate 

concentrations indicate that chemical weathering along the margin is greatly depressed 

relative to continental rivers. 

 

 

 

 



 

- 40 - 

 

References  

(1) White, A. F. In Natural Weathering Rates of Silicate Minerals; Heinrich D. Holland, 

Karl K. Turekian, Eds.; Treatise on Geochemistry, Pergamon: Oxford, 2003; pp 133-

168.  

(2) Viers, J.; Oliva, P.; Dandurand, J. -.; Dupré, B.; Gaillardet, J. In Chemical Weathering 

Rates, CO2 Consumption, and Control Parameters Deduced from the Chemical 

Composition of Rivers; Heinrich D. Holland, Karl K. Turekian, Eds.; Treatise on 

Geochemistry, Pergamon: Oxford, 2003; pp 1-25.  

(3) Berner, R. A.; Lasaga, A. C.; Garrels, R. M. American Journal of Science 1983, 283, 

641-683.  

(4) Kump, L. R.; Brantley, S. L.; Arthur, M. A. Annual Review of Earth and Planetary 

Sciences 2000, 28, 611-667.  

, C. J. Earth and Planetary Science 

Letters 2002, 196, 83-98.  

(6) Stumm, W.; Morgan, J. J. In Aquatic Chemistry: Chemical Equilibria and Rates in 

Natural Waters; John Wiley and Sons, Inc.: New York, 1996.  

(7) Tranter, M.; Huybrechts, P.; Munhoven, G.; Sharp, M. J.; Brown, G. H.; Jones, I. W.; 

Hodson, A. J.; Hodgkins, R.; Wadham, J. L. Chemical Geology 2002, 190, 33-44.  

(8) Tranter, M. In Geochemical Weathering in Glacial and Proglacial Environments; 

Heinrich D. Holland, Karl K. Turekian, Eds.; Treatise on Geochemistry, Pergamon: 

Oxford, 2003; pp 189-205.  

(9) Stumm, W. In Chemistry of the Solid-Water Interface: Processes at the Mineral-

Water and Particle-Water Interface in Natural Systems; John Wiley and Sons, Inc.: 

New York, 1992.  

(10) Drever, J. I. In The Geochemistry of Natural Waters; Prentice-Hall: Englewood 

Cliffs, NJ, 1982.  

(11) White, A. F.; Blum, A. E.; Bullen, T. D.; Vivit, D. V.; Schulz, M.; Fitzpatrick, J. 

Geochimica et Cosmochimica Acta 1999, 63, 3277-3291.  

(12) Riebe, C. S.; Kirchner, J. W.; Granger, D. E.; Finkel, R. C. Geology 2001, 29, 511-

514.  

, C. J. Chemical Geology 1999, 159, 3-

30.  



 

- 41 - 

 

(14) Ruddiman, W. F. In Earth's Climate: Past and Future; W.H. Freeman and 

Company: New York, 2008.  

(15) Anderson, S. P.; Drever, J. I.; Frost, C. D.; Holden, P. Geochimica et Cosmochimica 

Acta 2000, 64, 1173-1189.  

(16) Anderson, S. P.; Drever, J. I.; Humphrey, N. F. Geology 1997, 25, 399-402.  

(17) Anderson, S. P. Annual Review of Earth and Planetary Sciences 2007, 35, 375-399.  

(18) Shepherd, A.; Wingham, D. Science 2007, 315, 1529-1532.  

(19) Lemke, P.; Ren, J.; Alley, R. B.; Allison, I.; Carrasco, J.; Flato, G.; Fujii, Y.; Kaser, 

G.; Mote, P.; Thomas, R. H.; Zhang, T. In Observations: Changes in Snow, Ice and 

Frozen Ground; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, 

K. B., Tignor, M. and Miller, H. L., Eds.; Climate Change 2007: The Physical 

Science Basis. Contribution of Working Group I to the Fourth Assessment Report of 

the Intergovernmental Panel on Climate Change; Cambridge University Press: 

Cambridge, United Kingdom and New York, NY, USA, 2007.  

(20) Mernild, S. H.; Liston, G. E.; Hiemstra, C. A.; Steffen, K. EOS, Transactions 2009, 

90, 13-14-15.  

(21) Henriksen, N.; Higgins, A. K.; Kalsbeek, F.; Pulvertaft, T. C. R. Geology of 

Greenland Survey Bulletin 2000, 185, 96.  

(22) Jacobson, A. D.; Blum, J. D.; Chamberlain, C. P.; Craw, D.; Koons, P. O. 

Geochimica et Cosmochimica Acta 2003, 67, 29-46.  

(23) Jacobson, A. D.; Blum, J. D.; Chamberlain, C. P.; Poage, M. A.; Sloan, V. F. 

Geochimica et Cosmochimica Acta 2002, 66, 13.  

(24) Eaton, A. D.; Clesceri, L. S.; Rice, E. W.; Greenberg, A. E.; Franson, M. A. H., 

Eds.; In Standard Methods for Examination of Water & Wastewater : Centennial 

Edition; American Public Health Association, American Water Works Association, 

Water Environment Federation: Washington, DC, 2005.  

(25) Andersen, C. B. Journal of Geoscience Education 2002, 50, 389-403.  

(26) Buchberger, W. W. TrAC Trends in Analytical Chemistry, 2001, 20, 296-303.  

(27) Harris, D. C. In Quantitative Chemical Analysis; W. H. Freeman and Company: 

New York, 2007.  

(28) Lyons, W. B.; Carey, A. E.; Hicks, D. M.; Nezat, C. A. Journal of Geophysical 

Research F: Earth Surface 2005, 110.  



 

- 42 - 

 

(29) Berner, E. K.; Berner, R. A. In Global Environment: Water, Air, and the 

Geochemical Cycles; Prentice Hall: Upper Saddle River, New Jersey, 1996, pp 376.  

(30) Hagedorn, B.; Hasholt, B. Nordic Hydrol. 2004, 35, 369-380.  

(31) Yde, J. C.; Tvis Knudsen, N.; Nielsen, O. B. Journal of Hydrology 2005, 300, 172-

187.  

(32) McBride, M. B. In Environmental Chemistry of Soils; Cambridge University Press: 

New York, 1994.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 43 - 

 

Appendix 

Rapid Operation of the Dionex ICS-1000 using Chromeleon 

1. Turn on system 

a. Flip switch on back of IC 

2. Start chromeleon server 

a. Right click tray icon – Start Server – goes grey 

3. Start chromeleon 

4. Set eluent level 

a. Read level off of eluent container and set on chromeleon 

5. Prime pump 

a. *Prime with syringe 

i. *Only to be done if eluent was switched or if eluent lines are dry 

ii. Turn pump off 

iii. Connect 10mL syringe to primary valve (on the right) 

iv. Open by turning about ½ turn counterclockwise 

v. Click eluent flow valve open on chromeleon 

vi. Draw back syringe to remove ~30mL of eluent 

vii. Close primary valve by turning clockwise 

viii. Click eluent flow valve closed on chromeleon 

b. Prime pump 

i. Check primary valve is closed 

ii. Open waste valve (on the left) by turning about ½ turn 

counterclockwise 

iii. Click prime on chromeleon 

iv. Allow previous eluent and any bubbles to exit eluent waste line 

v. Press pump off 

vi. Close waste left by turning clockwise 

6. Equilibrate system 

a. Press pump on 

b. Make sure flow rate is at set value 

c. Observe pressure and fluctuations 

d. Acquisition on to record conductivity over 30 minutes 

i. Make sure conductivity levels out before running samples 

7. Start batch 

a. Create new sequence 

b. Start batch of new sequence 

8. Report 

a. With sequence selected in browser, click File – Report batch 

b. Export into desired folder with the name as {seq.name} as .xls file 

c. Only report “Summary – INJ. vs Area, Ht, Amt” 
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Fusion and Microwave Digestions 

 We tested these two sample digestion methods to test if microwave digestion 

using common acids could be used to digest silicate-bearing minerals. Table A and B lists 

the weight percent of each major ion in the CRMs for both the microwave and fusion 

digestions, as well as the certified values. It became apparent after the first microwave 

run, however, that the microwave method was not breaking down all of the material. As 

such, the digests had to be filtered before analysis. It can be concluded from this 

comparison that a “stronger” acid would have to be used to digest silicate minerals using 

the microwave – most likely hydrofluoric acid. 

Table A:  Results of the CRM sample AGV-2 from microwave and fusion digestions. 

 Weight Percent 

Method Na K Ca Mg 

Fusion 2.870 2.493 3.465 1.160 

Microwave 0.256 0.004 1.636 0.266 

Certified 3.11 2.39 3.72 1.08 

 

Table A:  Results of the CRM sample GSP-2 from microwave and fusion digestions. 

 Weight Percent 

Method Na K Ca Mg 

Fusion 1.932 4.272 1.263 0.560 

Microwave 0.118 1.398 0.855 0.595 

Certified 2.06 4.48 1.5 0.58 

 


