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 Abstract 

In order to accurately characterize the role of oxidized-iron phases in sequestering 

phosphorus in aquatic systems, it is crucial to understand the role that iron mineralogy 

plays in phosphate sorption.  To address this challenge, five of the selective extractants 

most commonly used to achieve targeted dissolution of specific iron (oxy)hydroxides 

(hereafter Feox ) phases in marine sediments were evaluated (i) for their specificity for 

particular Feox phases, and (ii) for their ability to quantify the Fe-bound phosphate 

(hereafter PFe) associated with these targeted phases.  

The first objective of this study was to identify the most efficient and consistent 

extractant to target the pool of PFe in natural sediments. Two extractants in wide use 

within the literature that target this pool are a near-neutral 8-hr citrate bicarbonate 

dithionite (CBD) (Ruttenberg 1992, Ruttenberg et al. 2009) and a near neutral 1-hr 

bicarbonate buffered dithionite without citrate (BD) (Jensen and Thamdrup 1993).  

Complete dissolution of the total Feox pool is an essential component of accurately 

quantifying PFe, therefore, the dissolution of five Feox pure-analog mineral phases that are 

commonly occurring in the marine environment were assessed for both extractants. 

Results of this study indicate that both the CDB and BD extractants are able to 

completely solubilize the pool of Feox, however, while CDB achieves complete 

dissolution of all Feox minerals in the recommended published extraction time of 8-hrs, an 

extraction time of 10-hrs is required for BD to completely solubilize the iron oxide, 

hematite. Because the removal of citrate greatly facilitates the spectrophotometric 

analysis of P, a 10-hr BD extraction is recommended to replace CDB in solid phase 

phosphate speciation schemes such as SEDEX (Ruttenberg 1992).   

The second objective of this study was to evaluate four less aggressive extractants: 

hydroxylamine-HCl, 0.5M HCl, ammonium oxalate, and ascorbic acid, for their 

efficiency and specificity in quantifying the Feox minerals that control P-sorption in 

natural sediments.  These Feox minerals are referred to as ‘easily reducible’ (hereafter ER-

Feox) and are characterized by high surface area. Dissolution of target ER-Feox phases 

was confirmed through pure-analog Feox mineral efficiency experiments. Dissolution of 

non-target Fe and P phases wass assessed by conducting specificity experiments using 

natural analog P phases and a natural Fe carbonate mineral.  
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Originally we considered the possibility of inserting a new extraction step into the 

SEDEX scheme to quantify ER-Feox and associated P, within the extraction protocol. 

However, results of efficiency and specificity experiments using analog phases suggest 

that the extractants evaluated in this study are not suitable for insertion into SEDEX.  

Specifically, because the extractants evaluated target only partial dissolution of Feox pool, 

this creates conditions that favor secondary P-readsorption onto residual Feox, resulting in 

inaccurate quantification of P bound to ER-Feox.  Furthermore, partial dissolution of Ca-

bound P by acidic ER-Feox extractants will result in inaccurate quantification of the PFe 

pool, because some portion of the extracted P will have been derived from Ca-bound P 

phases.  We also found that conducting parallel SEDEX and ER-Feox extractions, and 

using P solubilized in SEDEX-Step III to correct PFe for any P contributed by Ca-bound P 

phases, was not a viable option because the ER-Feox extractants only partially solubilize 

variable quantities of Ca-bound P.  Ultimately, results of this study suggest that the best 

option for determining the association of PFe to ER-Feox in sediments was to conduct 

separate extractions for each, and relate them after the fact.  Thus, we recommend BD to 

solubilize PFe, and hydroxylamine-HCl after pre-extraction with sodium acetate (to 

remove Fe-carbonates, as recommended in Poulton and Canfield (2005)), to quantify the 

Feox phases most likely to be relevant to coupled Fe-P cycling.   

We applied all of the extractants examined in this study to sediment cores from 

two depositional environments in order to contrast the quantity of Fe and P solubilized in 

each extractant, and resulting Fe:P ratios, in two mineralogically distinct environments.  

Consistent with analog phase results of efficiency and specificity experiments, sediment 

profiles of Feox and PFe generated using each of the five extractants differed substantially 

from one another within each sediment core.  Substantial differences were also observed 

for each of the extractants between the two sites, suggesting that sediment mineralogy has 

the potential to impact greatly the end result of ER-Feox quantified using selective 

extractants.  Discrepancies observed in results from applying different extractants to the 

sediment cores assayed in this study suggest strongly that it is unwise to compare directly 

Feox, PFe, and Fe:P ratios from studies that utilize different extraction protocols.  A 

compilation of Feox, PFe and Fe:P data from the literature support this conclusion, and 

allow further examination of particular aspects of depositional environments that also can 
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influence these parameters, such as seasonal variability in redox state, salinity, and the 

sediment depth over which these parameters are quantified.  The implication of each 

extractant solubilizing different Fe phases in natural sediment has particular relevance 

concerning our overall understanding of the pool of Fe relevant to P cycling. The pool of 

ER-Feox can be used in estimating P availability in the modern ocean, and can also be 

used in paleocean modeling. The pool of Fe relevant to P cycling is believed to provide 

critical positive and negative feedbacks on atmospheric oxygen concentrations and 

overall oceanic productivity. This study provides a careful analysis that allows for a more 

informed choice when selectively extracting PFe, and the Fe relevant to P cycing. 
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INTRODUCTION 

Dissolved phosphorus (P) is highly particle reactive and readily sorbs to oxidized 

iron phases in aquatic systems (Torrent 1992, Slomp et al. 1996, Strauss et al. 1997, 

Khare et al. 2004, Ruttenberg and Sulak 2011). Coastal marine sediments are frequently 

rich in iron (oxy)hydroxides (hereafter: Feox) (Canfield 1989) and are therefore able to 

sequester a significant quantity of P . When sediments undergo periods of anoxia, Feox are 

reductively dissolved and the associated P is solubilized (eqn 1) (e.g. Krom and Berner 

1980, Slomp and van Raaphorst 1993, Kostka and Luther 1994, Slomp et al. 1996, 

McManus et al. 1997, Collman and Holland 2000, Rozan et al. 2002). An example of a 

schematic generalized equation for this reaction is: 

       4[FeO(OH) · H3PO4](s)                   

4Fe
2+

(aq) + O2(aq) +  4PO4
3-

(aq)  + 4H
+

(aq)  + 6H2O 

This dissolved P may then build up in pore water and diffuse into the water column 

(Krom and Berner 1980, Slomp et al. 1996, McManus et al. 1997, Colman and Holland 

2000). The pool of P bound to sedimentary Feox represents a potentially significant 

internal source of bioavailable P to the coastal environment that is mediated by sediment 

oxygen concentrations (Krom and Berner 1980, Sundby et al. 1992, Slomp et al. 1996, 

Colman and Holland 2000, Rozan et al. 2002). When sediments are anoxic on longer 

time scales and there is no available oxidized Fe, remineralized sedimentary organic 

matter becomes the main source of P to the overlying water column (Jilbert et al. 2011, 

Reed et al. 2011).  Quantifying the concentration of P bound by Feox and identifying the 

factors that control potential release of P from Feox are prerequisites to gaining a 

quantitative, mechanistic understanding of bio-available P from Feox cycling in the 

coastal ecosystem (Ruttenberg 1992, Jensen and Thamdrup 1993,  Anschutz et al. 1998, 

Rozan et al. 2002). 

In order to characterize accurately the role of oxidized iron phases in sequestering 

phosphorus in aquatic systems, it is crucial to understand the role that iron mineralogy 

plays in phosphate sorption.  Certain Feox minerals play a disproportionately large role 

due to their large surface area and high capacity to sorb P. The quantity of Feox available 

biotic or abiotic reduction 
(1) 
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to sorb P controls not only the capacity of the sediment to sorb P, but also impacts the 

diffusive release of dissolved P back into the water column. The efflux of dissolved P 

from the sediment can be arrested by the presence of Feox that can re-sorb and thus 

sequester P in sediments (Krom and Berner 1980, Sundby et al. 1992, Slomp and van 

Raaphorst 1993, Slomp et al. 1996, Ingall and Jahnke 1997, Rozan et al. 2002). 

Sedimentary Feox are naturally present as a wide range of minerals, each of which have a 

unique mineralogy and chemical composition and are characterized by variable 

crystalinity and surface area. These variations are responsible for differences in the 

quantity of P a given mineral is able to sorb, as well as the rate at which the sorption 

occurs (Slomp et al. 1996, Torrent 1992, Strauss et al. 1997, Ruttenberg and Sulak 2011).  

The major iron phases responsible for P sorption and desorption are iron 

(oxy)hydroxides, such as ferrihydrite, akaganite, lepidocrocite, and goethite (Slomp et al. 

1996, Strauss et al. 1997, van der Zee et al. 2003, Khare et al. 2004, Spiteri et al. 2008, 

Ruttenberg and Sulak 2011). Iron oxides, such as hematite, display a far lower capacity to 

sorb P (Slomp et al. 1996, Strauss et al. 1997, van der Zee et al. 2003, Khare et al. 2004, 

Spiteri et al. 2008, Ruttenberg and Sulak 2011). The P-sorption capacity, and therefore 

the importance of a given mineral in P cycling,  has been shown to be directly correlated 

to mineral grain size and surface area ( Torrent 1992, Slomp et al. 1996, Strauss et al. 

1997, van der Zee et al. 2003, Ruttenberg and Sulak 2011). Amorphous Feox minerals, 

such as ferrihydrite, are the first to be solubilized when sediments become anoxic due to 

preferential reduction of amorphous Feox over more crystalline phases (Canfield 1989), 

thus P associated with these minerals is considered to be a particularly labile pool of P 

(Slomp et al. 1996, Anschutz et al. 1998, Rozan et al. 2002). Even within a specific 

mineral phase it is possible to find a range of crystalinities and surface areas in sediment 

(Cornell and Schwertrmann 1996), which can further complicate deciphering the role of 

Feox mineral in P sorption (Torrent 1992, Slomp et al. 1996, van der Zee et al. 2003). To 

accurately assess the capacity of a sediment to sorb P, it is necessary to identify and 

quantify those Feox phases that are characterized by small grain size and large surface 

area separately from those that are characterized by larger grain size and lower surface 

area. Only by achieving separate quantification of these two different pools of Feox  
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minerals in sediments will an objective analysis of sediment P-sorption capacity across 

depositional environments be possible.  

The separate quantification of Feox phases in sediments is challenging for a number of 

reasons: (i) Feox are a minor component of sediments (approximately 5 wt % total-Fe, 

(Chester and Hughes 1976), with a smaller fraction represented by the array of different 

Fe-minerals that may be present), (ii) Feox are frequently present as amorphous or poorly 

crystalline phases, (iii) Feox minerals can be present in a range of crystalinities and 

surface areas within the same sediment, and (iv) Feox are often present as coatings on 

other particles. For these reasons, the identification of Feox by conventional X-ray powder 

diffraction (XRD) and X-ray microanalysis is not possible. The most successful and 

widely used approach for quantifying different iron phases in sediments is through the 

use of selective extraction techniques (Canfield 1988, Jensen and Thamdrup 1993, 

Kostka and Luther 1994, Slomp et al. 1996, Poulton and Canfield 2005).  

Sequential extraction techniques are a common approach used to separately 

quantify different sedimentary pools of both P and Fe (e.g. Ruttenberg 1992, Jensen and 

Thamdrup 1993, Poulton and Canfield 2005). Such techniques typically use a series of 

increasingly aggressive solutions that specifically target unique solid phase pools.  Ideally, 

each extractant completely solubilizes target phases allowing for confident identification 

and quantification of chemically/mineralogically distinct pools. Because sequential 

extraction techniques are operationally defined, their accuracy in separately targeting 

specific phases within sediments can only be confirmed by careful standardization using 

known synthetic phases that are analogs for naturally occurring sediment phases. While 

synthetic minerals and analogs do not necessarily capture the entire range of phases 

found in the natural aquatic environment, without careful standardization of extractants 

using known phases, there is no certain basis for interpreting results of extractions 

applied to natural sediment.  

Sedimentary P occurs naturally in several distinct solid phases, each of which has 

a distinctly different role in P cycling (Ruttenberg 1992, Colman and Holland 2000, 

Rozan et al. 2002, Ruttenberg 2003). The SEDEX method is commonly used to quantify 

different forms of solid phase P in sediments (Ruttenberg 1992), and is able to separately 

quantify five distinct sedimentary P-reservoirs: (i) loosely sorbed or exchangeable P, (ii) 
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P bound to Feox, (iii) P associated with CaCO3, authigenic carbonate fluorapatite, and 

biogenic apatite, (iv) detrital apatite of igneous or metamorphic origin, and (v) refractory 

organic P (Ruttenberg 1992, Ruttenberg et al. 2009). The SEDEX scheme was 

exhaustively standardized for efficiency and specificity of extractants (Ruttenberg 1992), 

and has been successfully applied in a wide range of depositional environments (i.e., see 

Ruttenberg 2003 for review).  

The extractant used in the SEDEX scheme to identify PFe is citrate dithionite 

bicarbonate (CDB) (Table 1). The CDB extractant, initially developed by Aguilera and 

Jackson (1953), is used to selectively differentiate Feox from total Fe in natural sediments. 

Because dithionite is a strong reductant, it is able to completely solubilize all the oxidized 

Fe phases. As the Fe is reduced, a bicarbonate buffer is needed to maintain an optimal pH. 

It has been shown that this reaction is pH dependent and the reaction rate is considerably 

reduced as the pH is increased from acidic to neutral (Mehra and Jackson 1960, Cornell 

and Schwertrmann 1996).  Citrate is added for the purpose of chelating Fe, as a means to 

keep solubilized Fe in solution. Ruttenberg (1992) adopted this method, but modified it 

for use at a near neutral pH in order to minimize dissolution of P associated with 

carbonate phases.  Ruttenberg (1992) determined, based on standardization with known 

synthetic iron phases, that at a near-neutral pH, CDB required an extraction time of 8-

hours in order to achieve complete dissolution of the total Feox pool. The strength of this 

extractant is in its ability to completely solubilize all Feox, thereby ensuring all P 

associated with Feox is solubilized (Ruttenberg 1992). 

During selective extraction of separate Feox minerals within marine sediment, 

identification of unique Fe phases is challenging because the minerals of interest have 

similar solubility characteristics. For example, all Feox minerals will eventually be 

solubilized if exposed to reducing conditions. In order to separately quantify the most 

reactive Feox minerals, an ideal extractant would reproducibly create a mildly reducing 

environment so that only the most susceptible Feox minerals are solubilized, mimicking 

the periods of anoxia that the sediments might naturally undergo. The pool of Feox that is 

solubilized under mild reducing conditions, often defined as the ‘easily reducible’ Feox 

pool (Chao and Zou 1983, Phillips and Lovely 1987, Canfield 1989, Canfield et al. 1992, 

Wallman et al. 1993, Phillips et al. 1993, Jensen and Thamdrup 1993, Slomp and van 



                                                                            

5 

 

Raaphorst 1993, Koska and Luther 1994, Jensen et al. 1995, Slomp et al. 1996, Anschutz 

et al. 1998, Rozen et al. 2002, Poulton and Canfield 2005, Larsen et al. 2006), will 

hereafter be referred to as ER- Feox. Several different extractants are commonly used to 

target ER- Feox (see Table 1 and references therein). The selective dissolution of ER- Feox 

is complicated because a single specific mineral can display a range of crystalinity in 

natural sediment, which can result in a range of solubilities in a given extractant ( Chao 

and Zhou 1983, Canfield 1988, Canfield 1989). This natural variability in crystalinity 

makes it difficult to obtain absolute specificity in phase separation, and also creates 

uncertainty in defining the role of a given Feox mineral in P-sorption. Use of well 

characterized synthetic mineral analogs to standardize extractants is the only approach 

that provides a basis for confidently assigning mineral identities from selective extraction 

results, and thus permits a more robust interpretation of results when standardized 

extractants are applied to natural sediments (Canfield 1988, Ruttenberg 1992, Kostka and  

Luther 1994, Slomp et al. 1996, Poulton and Canfield 2005).  

Several extractants have been shown to selectively target ER- Feox, however 

efficiency of ER- Feox dissolution is not the only consideration in identifying an 

extractant for use in separately quantifying Fe bound P; solubilization of non-target P 

phases must also be considered. This is the question of extractant specificity. For example, 

when using an extractant to target ER- Feox, care must be taken not to extract a 

sedimentary pool of P not associated with Fe, such as CFA or carbonate-bound P, which 

would result in an overestimation of the size of the reservoir of P associated with ER- 

Feox. Separating PFe from the carbonate-bound P proves to be one of the limiting factors 

in combining Fe and P selective extraction techniques because carbonate-bound P is 

soluble in acidic solutions. Several of the most common ER-Feox are acidic (see Table 1 

and references therein). Careful assessment of extractant specificity, i.e., the dissolution 

potential of non-target phases in a given extractant, is essential for accurate interpretation 

of the results of selective extractants when they are applied to natural sediments.  

In this study, the most widely used methods employed to extract Feox were 

evaluated in order to identify the most effective and selective extractant or extractants for 

separately quantifying P associated with different Feox phases. Each method was 

standardized with synthetic pure iron mineral phases and natural P analog phases to 
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determine target and non-target phase solubility. The first objective was to assess the 

necessity of citrate in buffered dithionite for extraction of total Feox. The second objective 

was to evaluate four extraction techniques for ER- Feox for their efficiency and specificity 

in quantifying ER- Feox and the associated P.  These extractants were then applied to 

natural sediments in order to compare the Fe and P dissolution in two distinct 

depositional environments. Based on the above results, a recommendation was made as to 

the ideal extractant or extractants for use in quantifying PFe, as well as ER- Feox. The 

results of the standardization experiments carried out as part of this research also provide 

insight into the degree to which published data sets obtained using various extractants to 

quantify Feox and PFe can be directly compared. 

RATIONALE AND APPROACH  

Dissolution of Total Feox 

CDB is an effective extractant for separately quantifying total Feox, and associated 

P, from the total Fe pool in natural sediments (Ruttenberg 1992, Poulton and Canfield 

2005). However, citrate interferes with the spectrophotometric molybdate blue analysis of 

dissolved inorganic P in the resulting extract. In order to analyze the extract of CDB for 

dissolved P,  one of two multi-step chemical procedures is required to remove the citrate: 

either extraction of the phosphomolybdate blue complex into butanol  (reviewed in 

Ruttenberg et al. 2009) or column chromotography using SEPAK
®
 column cartridges 

(Suzumura 1995, Briggs 2011). Both of these procedures are labor intensive, and their 

multi-step nature causes increased analytical error. In addition to difficulties with analysis 

of P, results of standardization experiments conducted by Ruttenberg (1992) suggest that 

the citrate in CDB may solubilize a small fraction (< 5%) of P associated with carbonate 

phases (Ruttenberg 1992). Taken together, these difficulties have led some research 

groups to advocate extracting Feox and PFe using buffered dithionite without citrate 

(Jensen and Thamdrup 1993, Zhang et al. 2004). In the absence of citrate, it is possible to 

directly analyze dissolved inorganic P in buffered dithionite (BD). This direct analysis 

results in an increase in both precision and efficiency. However, it is unclear whether the 

removal of citrate from CDB will negatively impact efficient recovery of Fe and P 

solubilized from the total Feox pool. Because citrate acts a chelator to keep dissolved Fe 
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in solution, it is conceivable that Fe will re-precipitate in the absence of citrate. If Fe re-

precipitation occurs, it may re-sorb dissolved P, resulting in incorrect quantification of  

both Feox and PFe. In order to address the question of whether efficient recovery of Fe and 

P is impaired when BD is used to extract the total Feox and PFe pool, rather than the more 

commonly used CDB, a direct comparison of Feox mineral solubility, as well as careful 

standardization using natural analog P phases, was conducted. 

Dissolution of Easily Reducible Feox  (ER- Feox) 

Selective dissolution of ER- Feox is an analytical tool that is widely used in 

biogeochemical research examining coupled iron-sulfur cycling (see references in Table 

1). It is of particular interest to separately quantify Feox minerals characterized by a large 

surface area, which is characteristic of phases within the ER- Feox pool (Jensen and 

Thamdrup 1993, Koska and Luther 1994, Anschutz 1998, Rozan et al. 2002, Ruttenberg 

and Sulak 2011), because: (i) minerals with large surface area play a disproportionately 

important role in short term reactive element cycling due to more rapid kinetics and 

increased site availability for adsorption and desorption (Torrent 1992, Strauss et al. 1997, 

Khare et al. 2004, Froelich et al. 1982), and (ii) the ER- Feox minerals are the first to be 

reductively dissolved during sediment diagenesis (Canfield 1989). The ER- Feox pool can 

be comprised of a variety of high-surface area, ER- Feox phases. Because the commonly 

used extractants that target the ER- Feox pool for selective dissolution may affect the 

solubilization of one or more of these minerals, and possibly only partial dissolution of 

more than one iron phase, it is difficult to precisely define ER- Feox a priori based upon 

mineralogy alone. The ER- Feox pool is thus operationally-defined based upon the 

extractant choice, and depending upon which extractant is used, the make-up of this pool 

could be variable. In order to provide concrete insight into which ER- Feox minerals are 

actually targeted by specific extractants, and to ascertain the extent to which these 

extractants are able to achieve full dissolution of these ER-Feox minerals, a series of 

standardization experiments were carried out. The goals of these standardization 

experiments were three-fold: (i) apply the most promising selective extractants to pure 

iron phases in order to precisely identify which Fe phases are solubilized in each 

extractant; (ii) determine the extent of dissolution of each iron mineral in each extractant  
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(e.g. efficiency) and; (iii) evaluate the degree to which results yielded from the array of 

extractants are comparable to one another. 

Three types of experiments were conducted to address the suitability of each 

extractant for solubilization of ER- Feox -bound P: (i) efficiency experiments, designed to 

quantify the extent of dissolution of a range of pure iron minerals in each extractant, as 

well as to identify optimal extraction time, (ii) specificity experiments, designed to assess 

how specific each extractant is for PFe, as well as to determine the extent to which other 

non- Feox phases that might also contribute either Fe or P to solution are solubilized, and 

(iii) application of extractants to natural sediments in order to assess whether results 

obtained using different extractants are directly comparable. Based on results from these 

three types of experiments, the extent to which results of published studies which have 

employed a range of extraction protocols can be directly compared is evaluated. In 

particular we will address the extent to which mineralogical characteristics of different 

facies may render Feox and PFe results obtained by application of different extraction 

protocols more or less comparable. 

Analog Phases 

 Standardization of extractants with pure iron minerals and analog phases that 

closely approximate naturally occurring P phases (Table 2) was conducted for each 

extractant. Five iron minerals were included in order to represent the range of 

crystalinities found in marine sediments; ferrihydrite [amorphous Fe2O3], lepidocrocite 

[γ-FeO(OH)], goethite [α-FeO(OH)], hematite [α-Fe2O3], and magnetite [(Fe
II
 Fe

III
)3O4]. 

No mixed phases were analyzed in this study. Iron minerals were synthesized according 

to methods in Cornell and Schwertrmann (1996), with the exception of hematite which 

was purchased (Table 2). Mineral precipitates were freeze dried and passed through a 125 

µm sieve prior to use. XRD was done on all 5 Feox phases used in this study to confirm 

mineralogy (Appendix 1). Analogs for naturally occurring non-target Fe and P phases that 

were examined to evaluate specificity of extractants include: (i) three clays: kaolinite, 

smectite and an illite/smectite mixture, (ii) a naturally occurring iron-carbonate  mineral: 

siderite (Fecarb), and (iii) two naturally occurring carbonate-bound P phases: shell hash 

and carbonate fluorapatite (CFA).  These analog phases are the same as those used by 

Ruttenberg (1992) in similar tests for standardization of the SEDEX sequential P 
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extraction method, with the exception of siderite. By using the same analog phases, 

results obtained in this study are comparable to results obtained in previous selective 

extraction standardization studies. 

Extractants and extraction approach 

Extractants targeting ER- Feox tested for this study were chosen based upon two 

criteria: (i) their wide usage in the field, as indicated by a survey of the literature (see 

citations in Table 1), and (ii) their documented ability to selectively dissolve fine grained 

and/or poorly crystalline Feox minerals characterized by large surface area. Extractants 

chosen for assessment as part of this study are: ascorbic acid, 0.5 M HCl, ammonium 

oxalate, and hydroxylamine-HCl. Extractant details are summarized in Table 1. Each of 

these extractants employs a different mechanism to dissolve ER- Feox phases (Table 1). 

The 0.5 M hydrochloric acid completely dissociates in solution and employs proton 

promoted dissolution reductively dissolving ferric iron through formation of chloro-

complexes (Chao and Zou 1983). The other four extractants are reductants of varying 

strength, with ascorbic acid being weakest and buffered dithionite being strongest, and 

reductively dissolve ER- Feox. Ascorbic acid and ammonium oxalate use a chelating 

agent (citrate for ascorbic acid and oxalate for ammonium oxalate) to keep the Fe in 

solution after it has been reductively dissolved. These different extractants are considered 

to target similar minerals for dissolution (Phillips et al. 1993, Jensen and Thamdrup 1993, 

Koska and Luther 1994, Slomp et al. 1996).  

The pH of extractants (Table 1) is of particular relevance when targeting PFe 

phases for selective extraction because P associated with carbonates will be solubilized in 

acidic solutions. The pH of the ammonium oxalate extractant was adjusted to 3.2 to 

maximize efficiency of ER- Feox dissolution (Poulton and Canfield 2005), the pH of CDB 

was adjusted to 7.6 to minimize dissolution of carbonate phases (Ruttenberg 1992). The 

pH in the other extractants was not expressly modified. The pH of each of the extractants 

was regularly tested and remained constant throughout the extraction. 

Solid:solution ratios are a critical factor to consider when standardizing and 

employing selective extractants because too low a ratio may result in a solution with 

analyte concentrations too low to be easily detectible, while too high a ratio may result in 

saturation of the solution and incomplete dissolution of target phases.  Solid:solution 
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ratios chosen for extraction of analog phases were based upon average Fe and P 

concentrations used by Ruttenberg (1992) that were calculated to provide realistic 

concentrations expected to be present in 0.1 g of sediment. Solid:solution ratios for the 

natural sediments examined in this study were chosen based on published data 

(Ruttenberg 1992, Jensen and Thamdrup 1995) (see ‘Application of extractants to natural 

sediments’ below). 

Analysis of Iron and Phosphorus in Supernatants 

Supernatants from extractions were analyzed for dissolved iron and phosphorus 

using well-established spectrophotometric methods on a BioTek Syngery HT Multi-Mode 

Microplate Reader (Table 4). Adaptations to published spectrophotometric methods were 

required in some cases due to interferences with molybdate blue color development in the 

extractant matrix. Interference of the extractant matrix proved too strong in the case of 

ammonium oxalate, making spectrophotometric methods unsuitable for quantification of 

dissolved P in this extractant (Table 4). For complete analytical protocols and for a 

summary of all experimental work completed to modify spectrophotometric methods for 

successful determination of phosphate and iron in extractant solutions, see Appendix 2. 

Experimental Approach 

Efficiency experiments 

Pure iron minerals, devoid of sorbed P, were individually subjected to each 

extractant to assess the extent of solubility. Splits (15 mg) of each mineral were weighed 

into triplicate 125 mL Nalgene
®
 bottles and 100 mL of extractant were added. Using 

published optimal extraction times as a guide (see citations in Table 1), multiple sets of 

triplicate samples were run in parallel and removed at selected time intervals. This 

allowed for assessment of both optimal extraction times for complete dissolution of Feox, 

as well as assessment of partial dissolution at each time step for minerals not completely 

solubilized. At each time step, supernatants were filtered through 0.2 µm Pall Life 

Sciences
®
 GHP acrodisk filters and the filtrates were analyzed for total Fe using well-

established colorimetric protocols (see Table 4 and citations therein).  
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Specificity experiments 

Specificity experiments were designed to assess the extent to which each 

extractant exclusively targeted only PFe phases. To accomplish this objective non-target 

carbonate-bound P and clay phases were subjected to each extractant for the time period 

required for total dissolution of target phases, as determined from efficiency experiment 

results. Optimal solid:solution ratios of analog phases were chosen to represent expected 

P or Fe content in natural sediments (Ruttenberg 1992). Careful choice of solid:solution 

ratios in this manner ensured that solubility of each analog phase was representative of 

solubility in natural sediment. Extractions were conducted under oxic conditions in 50 

mL centrifuge tubes that were continuously agitated (300 rpm) on a shaker table. The 

volume of 50 mL centrifuge tubes was large enough to ensure sufficient head space to 

allow for complete re-suspension of particulate matter in order achieve complete 

dissolution. After the extraction was complete, supernatants were filtered through 0.2 µm 

Pall Life Sciences
®
 GHP acrodisk filters and filtrates were analyzed for total iron and 

dissolved inorganic phosphorus using well-established spectrophotometric protcols (see 

Table 4 and citations therein). 

Application of extractants to natural sediment 

Sediment push cores were collected off the eastern coast of Oahu, Hawaii. Two 

sites with distinctly different sediment characteristics were sampled: (i) a terrigenous 

facies from the middle of a semi-enclosed native Hawaiian Fishpond, and (ii) a carbonate 

facies from directly outside the Fishpond. Sediment cores were sectioned at a depth 

resolution of 0.25 cm to 1 cm intervals under an inert (N2) atmosphere to prevent 

oxidation artifacts during sectioning, and sectioned sediment was stored frozen and then  

freeze dried under vacuum within a month prior to analysis to prevent oxidation artifacts 

during sampling handling (Kraal et al. 2009). After samples were freeze dried they were 

ground with an agate mortar and pestle to pass through a <125 µm sieve. Extraction 

protocols were identical to those described for specificity experiments, except the 

solid:solution ratio employed was 100 mg sediment to 15 mL extractant. 
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Results  

Comparison of Extractants that Solubilize Total Feox:  CDB vs. BD 

Both CDB and BD extraction methods (Table 1) resulted in 100% dissolution of 

ferrihydrite, lepidocrocite and goethite (Figure 1). However while the 8-hour SEDEX-

CDB method solubilized 100% of hematite, the one-hour BD extraction only solubilized 

48.5% of hematite. The CDB extraction solubilized 85% of magnetite while 15% was 

solubilized by BD. 

Time course dissolution data reveal different rates of dissolution of Feox minerals 

in BD versus CDB (Figure 2). Buffered dithionite with and without citrate completely 

solubilized ferrihydrite, lepidocrocite and goethite in two-hours (Figure 2). The majority 

of hematite (94%) was solubilized in CDB after 6-hours, with complete solubilization 

taking place after 8-hours (results equivalent to Ruttenberg 1992). Also in CDB, the 

dissolution of magnetite increased steadily over time with 85% solubilized after 8-hours. 

In BD, the majority of hematite (96%) was solubilized after 8-hours, and a full 100% was 

solubilized after 10-hours. Magnetite solubilized slowly but steadily for the length of 

extraction, with 54% solubilized after 10-hours. 

Comparison of Extractants that Target Easily Reducible Feox (ER- Feox): 

Efficiency Experiments 

  Results of efficiency and specificity tests of four methods commonly used to 

solubilize ER- Feox in marine sediments are summarized in Table 5 and shown 

graphically in Figure 3. The ascorbic acid extraction (24-hour) only partially solubilized 

ferrihydrite (18%) and lepidocrocite (18%); other minerals were not extensively 

dissolved in this extractant (<3%). The 0.5 M HCl extraction (1-hour) solubilized 100% 

of ferrihydrite, but only 3% of lepidocrocite; no other Feox minerals were extensively 

dissolved (<1%). The ammonium oxalate extraction (8-hour) completely solubilized 

ferrihydrite, lepidocrocite and magnetite, while dissolution of hematite and goethite was 

< 2%. The hydroxylamine-HCl extraction (48-hour) solubilized 100% of ferrihydrite and 

71% of lepidocrocite; other minerals were not extensively dissolved (<3%). 

Extraction with ascorbic acid achieved <20% dissolution of ferrihydrite and 

lepidocrocite in 24-hours. The time course dissolution trajectory displayed by both 
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ferrihydrite and lepidocrocite in ascorbic acid (Figure 4A and 4B), however, suggests that 

if extended past the 24-hour extraction time, additional dissolution would occur. 

Ferrihydrite was completely solubilized after 1-hour in 0.5 M HCl (Figure 4C). 

Ammonium oxalate solubilized 100% of both ferrihydrite and magnetite in the first hour 

(Figure 4D), but lepidocrocite required a full 8-hours for complete solubilization. 

Hydroxylamine-HCl solubilized the majority of ferrihydrite after 12-hours, achieving 100% 

dissolution after 24-hours (Figure 4E). While only 71% of lepidocrocite was dissolved in 

hydroxylamine-HCl after 48-hours, the dissolution trend suggests that a longer extraction 

time would likely improve recovery (Figure 4E). Hematite and goethite were not 

substantially solubilized (<2%) in any of the ER- Feox extractants (Figure 4). 

Specificity Experiments 

 The natural Fecarb analog phase, siderite, dissolved completely in hydroxylamine-

HCl (Table 5), while less than 13% was solubilized in both 0.5 M HCl and ammonium 

oxalate, and only 3 % was solubilized in ascorbic acid. All clays tested displayed less 

than 5% Fe solubilized by extractants that target ER- Feox. BD (10-hour) extracted less 

than 9% of Fe associated with kaolinite and smectite, but 67% of Fe associated with illite.  

Hydroxylamine-HCl solubilized 62% of P associated with Ca in shell hash and 32% 

of P in CFA (Table 6), whereas 0.5 M HCl solubilized 100% of P associated with Ca in 

shell hash and only 5% of P associated with CFA. Ascorbic acid solubilized the least 

amount of P in non-target Ca-P analog phases, with 16% extracted from shell hash and 

less than 1% of P from CFA.  BD solubilized less than 19% of P associated with shell 

hash and ~ 1% of that associated with CFA. Substantial, but variable quantities of P 

associated with clays were solubilized in all extractants, with the least extracted from 

illite by BD (5%), and the largest quantity from smectite (89%) by 0.5M HCl. It is 

important to note, however, that the total quantity of P associated with analog clay phases 

is small (Table 2), so even with the partial solubilization indicated, these phases are not 

expected to adversely affect extraction results. 

Application of Standardized Extractants to Marine Sediments 

Concentration profiles of Feox were determined for the upper 12 cm in sediments 

from two coastal Hawaiian sites, one characterized by a dominance of terrigenous 
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material (terrigenous facies), and the other by carbonate material (carbonate facies). Total 

Feox was quantified in these sediments using a 10-hour buffered dithionite extraction 

without citrate. The ER-Feox pool was quantified using all four extractant protocols tested 

as part of this study (Table 1). The concentration of BD-extractable iron was invariant 

down core in the carbonate facies, averaging 82 (+/- 2) µmole/g. In the terrigenous facies, 

BD-extractable iron was constant for the top 10 cm, averaging 696 (+/- 23) µmole/g, and 

decreased to 505 µmole/g at 12 cm. The quantity of Fe solubilized by 0.5 M HCl and 

ammonium oxalate extractions were similar in the core from the terrigenous facies. In the 

carbonate facies core, however, the quantity of Fe solubilized by 0.5 M HCl exceeded 

that solubilized by ammonium oxalate throughout the entire core. Hydroxylamine-HCl 

solubilized significantly more Fe while ascorbic acid solubilized significantly less Fe 

than either ammonium oxalate or 0.5 M HCl in both cores. The core from the terrestrial 

facies has an order of magnitude more Fe than the core from the carbonate facies in all 

extractants (Figure 5).  

 The quantity of P solubilized by ascorbic acid and 0.5M HCl was similar to total 

PFe (quantified as that solubilized by a 10-hour BD extraction without citrate) in the core 

from the terrestrial facies, whereas hydroxylamine-HCl solubilized significantly larger 

quantities of P than all other extractants in this core (Figure 6). In the carbonate facies, in 

contrast, 0.5 M HCl solubilized significantly more P than ascorbic acid or BD, extracting 

a quantity similar to that solubilized by hydroxylamine-HCl. In the carbonate facies, 

ascorbic acid solubilized more P than total PFe (defined as BD-extractable P), although 

less than both 0.5M HCl and hydroxylamine-HCl. 

Discussion  

The potential release of P from reductively dissolved Feox during periods of 

anoxia can be an important source of nutrients for new primary production in the ocean 

(Krom and Berner 1980, Slomp and van Raaphorst 1993, Kostka and Luther 1994, Slomp 

et al. 1996, McManus et al. 1997, Anschutz et al. 1998, Colman and Holland 2000, Rozan 

et al. 2002). Because Feox have a high  capacity to sorb dissolved P, coastal sediments that 

are rich in Feox (Canfield 1989) are able to scavenge and sequester a substantial quantity 

of P (Krom and Berner 1980, Froelich 1988, Sundby et al. 1992, Torrent 1992, Slomp and 
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van Raaphorst 1993, Slomp et al. 1996, Strauss et al. 1997, Khare et al. 2004, Ruttenberg 

and Sulak 2011). The conversion of PFe to dissolved phosphate and its release to the 

overlying water column is dependent upon both the sediment oxygen concentration as 

well as the quantity and sorption capacity of the Feox in the sediment (Krom and Berner 

1980, Slomp and van Raaphorst 1993, Kostka and Luther 1994, Slomp et al. 1996, 

McManus et al. 1997, Ingall and Jahnke 1997, Anschutz et al. 1998, Colman and Holland 

2000, Rozan et al. 2002). The present study focuses on methods for identifying and 

quantifying the pool of Feox that actively sorbs P with the aim of identifying those 

methods that are most revealing of the Feox phases that dominate sorptive P-removal in 

sediments. Ultimately, the goal is to understand and quantify the P sequestered by Feox, 

the duration of sequestration, and the conditions under which P is released to the 

overlying water.   

Direct identification of the Feox minerals that control P sorption is unusual 

because the methods available to so do (e.g. X-ray Absorption Fine Structure 

spectroscopy, X-ray Absorption Near Edge Structure) are highly specialized and 

extremely costly (e.g Ankudinov et al. 1998, Rehr et al. 1991). As a consequence, Feox 

are most commonly indirectly quantified through use of selective extractants.  Laboratory 

sorption experiments reveal that while most Feox have the capacity to sorb P, their 

sorption capacity is significantly impacted by mineralogy, crystalinity, and surface area 

(Borggaard 1983, Torrent 1992, Slomp et al. 1996, Strauss et al. 1997, van der Zee et al. 

2003, Ruttenberg and Sulak 2011) . Surface area has been identified to be the leading 

factor that dictates sorption capacity (Borggaard 1983), and it is therefore assumed that 

minerals in natural sediments with characteristically high surface areas, such as 

ferrihydrite, lepidocrocite and goethite, will play a greater role in the sorption of P than 

minerals with characteristically lower surface areas, such as hematite (Torrent 1992, 

Slomp and van Raaphorst 1993, Ruttenberg and Sulak 2011). Minerals with high surface 

areas are also more susceptible to biotic or abiotic reductive dissolution, and thus during 

periods of anoxia, are more likely to be solubilized (Canfield 1989) and release any 

associated P.  

As is the case with Feox, sedimentary P is present in small quantities (typically 

less than 0.1%, Ruttenberg 1992) and is distributed among numerous phases. Only 
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through sequential extraction schemes, such as SEDEX (Ruttenberg 1992, Ruttenberg et 

al. 2009), is it possible to separately quantify the different pools of P, including PFe, and 

to characterize the ways in which initially deposited forms are modified during diagenesis. 

Numerous extraction techniques have been developed and employed to determine P 

distribution in sediments (e.g., Lucotte and d’Anglejan 1985, Williams et al. 1976, 

Filipek and Owen 1981, Morse and Cook 1978, Ruttenberg 1992, Jensen and Thampdrup 

1993, Jensen et al. 1995, Hyacinthe and Van Cappellen 2004, Zhang 2004, Cha et al. 

2005, Larsen et al. 2006, Lukkari and Leivuori 2007, Lai and Lam 2009, Jilbert et al. 

2011); however because of the extensive time and laboratory effort required to generate 

data using sequential extractions, there is a limited pool of published data available for 

direct comparison of data generated with a given method.  Therefore, comparisons 

between studies that have employed different extraction protocols are often made (Chao 

and Zou 1983, Phillips and Lovely 1987, Canfield 1989, Canfield et al. 1992, Wallman et 

al. 1993, Phillips et al. 1993, Jensen and Thamdrup 1993, Slomp and van Raaphorst 

1993, Koska and Luther 1994, Jensen et al. 1995, Slomp et al. 1996, Ingall and Jahnke 

1997, Anschutz et al. 1998, Rozan et al. 2002, Poulton and Canfield 2005, Larsen et al. 

2006). The advantages of being able to put new data into the context of existing data sets 

must be weighed against the risk of comparing data generated using different 

methodologies, which may not be comparable. Such comparisons can only be confidently 

made once the limitations and comparability of different extraction protocols are known. 

In this study, we have adopted the approach of using well characterized synthetic 

mineral analogs to standardize extractants that target specific Feox minerals. Given that 

selective extractions are operationally defined, the use of analog phases provides the only 

avenue for confidently assigning the likely identities of Feox minerals in natural sediments. 

While synthetic analogs can never exactly replicate the range of Feox solubilities 

encountered in natural sediments due to natural variations in crystalinity, impurities, and 

variable surface area, characterizing the solubility of synthetic Feox analogs permits a 

more robust interpretation of results obtained when standardized extractants are applied 

to natural sediments (Canfield 1988, Ruttenberg 1992, Kostka and  Luther 1994, Slomp 

et al. 1996, Poulton and Canfield 2005). In addition to assessing overall dissolution, time 

course dissolution of Feox analogs permits an evaluation of the extent to which a known 
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phase is solubilized in different extractants. As a further test of the applicability and 

comparability of the different Feox selective extractions, all five were applied to two 12-

cm long sediment cores taken in close proximity to one another, each of which is 

characterized by substantially different mineralogies.  The results of this exercise allow 

us to further evaluate the extent to which the different Feox extractants generate 

comparable data for a given sediment, and also to examine the extent to which sediment 

mineralogy may impact extraction results.  Taken together, the efficiency and specificity 

experiment results for analog phases and the results from application of selective Feox 

extractants to natural sediments provide a basis for evaluating the utility and 

comparability of each extractant, and the extent to which each extractant may be 

confidently used to quantify the Feox pool and the PFe pool in natural sediments. 

Comparison of buffered dithionite with and without citrate  

 Dithionite, a strong reductant (Mehra and Jackson 1960) that effectively reduces 

oxidized iron minerals, has been a widely used selective extractant to quantify the pool of 

Feox in sediments and soils (e.g. Mehra and Jackson 1960, Chester and Hughes 1967, 

Lord 1980, Canfield 1988, Leventhol and Taylor 1990, Torrent 1992, Canfield 1992, 

Phillips et al. 1993, Poulton and Canfield 2005, also, see Table 1 and references therein). 

Hydroxyl groups are consumed in the oxidation of dithionite, and therefore a bicarbonate 

buffer is needed to maintain constant optimal pH (Mehra and Jackson 1960). Typically, a 

chelating compound is added to the dithionite bicarbonate extractant so that once the iron 

is in solution, the reduced iron is chelated (usually by citrate) preventing any re-oxidation 

or re-precipitation of iron. The citrate dithionite bicarbonate extraction was first 

developed by Aguilera and Jackson (1953) to remove Feox from soils in order to enhance 

x-ray diffraction peaks for soil mineralogy analysis. Due to its specificity for oxidized 

iron, as determined by synthetic and analog mineral standardization, this method was 

later expanded for use in quantifying Feox minerals in aquatic systems (Mehra and 

Jackson 1960, McKeague and Day, 1966, Canfield 1989, Ruttenberg 1992).  Dissolution 

of Feox minerals, such as ferrihydrite, lepidocrocite, goethite, hematite, and nontronite by 

CDB is well documented (Mehra and Jackson 1960, Lord 1980, Canfield 1988, 

Ruttenberg 1992). The latter studies report % dissolution as a function of time from 
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which dissolution rates can be inferred. CDB has been widely and confidently applied 

across different depositional environments in aquatic systems to quantify not only Feox 

but also Fe-bound P (Table 1 and references therein). 

CDB at pH 4.6 with an extraction time of 2-hours is commonly used to separately 

quantify the pool of Feox minerals from the total Fe pool in sediments (Lord 1980, 

Canfield 1989, Canfield et al. 1992, Phillips and Lovely 1993, Raiswell et al. 1994, 

Poulton and Canfield 2005). In the SEDEX method, which was designed to quantify 

different forms of P in sediments, Ruttenberg (1992) used a modified CDB extraction to 

quantify PFe. In SEDEX, the CDB extraction is conducted at a near-neutral pH (pH 7.6) 

to minimize dissolution of carbonate-bound P. After careful standardization with 

synthetic minerals, Ruttenberg (1992) found that at near-neutral pH, the rate of Feox 

dissolution was diminished compared to the extraction at pH 4.6. Time course dissolution 

revealed, however, that complete dissolution of Feox could be achieved after an extended 

extraction time of 8-hours. Both CDB at pH 4.6 and CDB at 7.6 are frequently used in 

studies of solid phase Fe and P speciation in aquatic sediments, the former for separately 

quantifying Feox in sediments and the latter for separately quantifying PFe (see Table 1 

and references therein).  

The disadvantage of using CDB to quantify PFe, as prescribed in the SEDEX 

method (Ruttenberg 1992), is that citrate interferes strongly with the spectrophotometric 

analysis of dissolved P (Koroleff 1983). Jensen and Thamdrup (1993) also used buffered 

dithionite at near-neutral pH to target PFe, however they proposed the elimination of 

citrate from the extractant, which greatly simplifies supernatant analysis and allows for 

increased precision in the spectrophotometric analysis of P. Ruttenberg (1992) found that 

partial dissolution of Ca-bound P (< 5%) occurs in CDB, and speculated that this was due 

to chelation of Ca by citrate. Taken together, these two observations suggest that the 

removal of citrate from CDB may allow for greater specificity in quantifying PFe.   

A number of studies have compared results of PFe generated using BD with other 

published data generated using CDB (e.g., Koch et al. 2001, Aller et al. 2004, Zhang et al. 

2004, Lukkari and Leivuori 2007, Lukkari et al. 2009). Implicit in each study was that the 

two extractants achieved comparable Feox dissolution in natural sediment. However, in 

the absence of standardization experiments that confirm Feox minerals are solubilized to 
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the same extent in CDB and BD, it is unclear that results from these two extractants are 

directly comparable. Although the benefits of removing citrate from a buffered dithionite 

extraction targeting PFe are exceptional, removing something as potentially critical as a 

chelating agent may drastically affect the extent of Feox dissolution. Without the citrate to 

chelate the solubilized reduced Fe, it could precipitate out of solution and not only skew 

the quantification of Feox, but also allow for extremely efficient re-sorption of dissolved P 

onto newly re-precipitated colloidal Fe (Ruttenberg 1992, Ruttenberg and Sulak 2011), 

thereby impairing the accurate quantification of PFe, as well. The only way to confidently 

assess whether and under what conditions the extent of Feox mineral dissolution is 

comparable in CDB and BD is through the direct comparison of known analog Feox 

mineral dissolution in each extractant.  

A primary goal of the work described in this section was to explicitly determine 

what effect the removal of citrate has on the efficiency of Feox dissolution by BD. To 

evaluate whether the inclusion of citrate is required to affect complete dissolution of 

sedimentary Feox, five different pure synthetic Feox minerals were extracted in both CDB 

and in BD. The CDB method used was that recommended for Step II of the SEDEX 

method (Ruttenberg 1992), and the BD method used was that recommended for Step II of 

the Fe-P speciation method of Jensen and Thamdrup (1993).  

Comparison of the fraction of Feox minerals dissolved by CDB versus BD 

indicates that both methods completely solubilize ferrihydrite, lepidocrocite, and goethite 

in the first hour (Figures 1 and 2). If the assumption is made that these minerals are the 

Feox phases most important for P sorption in natural sediments (Freese et al. 1992, Torrent 

et al. 1992, Slomp et al. 1996, Strauss et al. 1997, Khare et al. 2004, Ruttenberg and 

Sulak 2011), a 1-hour BD extraction may be comparable to the 8-hour CDB extraction 

for quantifying PFe (Figure 1). However, only 41% of hematite is solubilized in a one-

hour BD extraction, whereas an 8-hour SEDEX-CDB extraction solubilizes 100%.  An 

extraction time of 10-hours is required for complete dissolution of hematite by BD 

(Figure 2). While hematite is likely to be a less important phase for sequestering P in 

sediments because of its relatively low P-sorption capacity when compared to Fe-

oxyhydroxides (Torrent et al. 1992, Slomp et al. 1996, Strauss et al. 1997, Khare et al. 

2004, Ruttenberg and Sulak 2011), the use of a 1-hour BD extraction without citrate 
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could significantly underestimate the total Feox present due to only partial dissolution of 

Fe oxides, such as hematite, that may be present in sediments. 

Incomplete dissolution of hematite is also problematic when quantifying PFe 

because once in solution, solubilized P can re-adsorb onto any remaining oxidized Fe 

phases. Even if the assumption is made that ferrihydrite, lepidocrocite and goethite are 

the most important minerals for P sorption in the natural environment (Torrent et al. 1992, 

Slomp et al. 1996, Strauss et al. 1997, Khare et al. 2004, Ruttenberg and Sulak 2011), and 

thus the dissolution of these minerals will liberate the majority of PFe, any hematite left 

undissolved provides surfaces for readsorption of the dissolved P that was released from 

the solubilized Feox phases (Ruttenberg 1992, Ruttenberg and Sulak 2011). Re-adsorption 

effects are difficult to quantify, and can vary depending upon the concentration of P 

solubilized as well as the concentration of different Feox minerals that are present in 

sediment.  The only way to confidently solubilize PFe, and keep the dissolved P in 

solution, is by achieving complete dissolution of all Feox phases. Based upon the analog 

phase results, complete dissolution of all Feox by SEDEX-CDB requires an 8-hour 

extraction, while BD requires a 10-hour extraction. For sequential extraction schemes 

such as SEDEX, in which readsorption could negatively impact subsequent steps meant 

to quantify Ca-bound P, refractory inorganic P, or organic P, adopting extraction times 

that achieve complete dissolution of total Feox is advisable. 

Although magnetite does not have the capacity to sorb P, it is partially solubilized 

by dithionite extractions (Figures 1 and 2). This finding is consistent with standardization 

experiments of Canfield (1988) and Poulton and Canfield (2005). Even though the 

presence or absence of magnetite should have no effect on P cycling in the natural 

environment, because magnetite is partially solubilized in CDB and BD (Figures 1 and 2, 

Canfield 1988, Poulton and Canfield 2005), it may contribute in variable amounts to the 

Feox pool quantified by CDB or BD. We caution that the synthetic magnetite used in this 

experiment is not necessarily representative of natural igneous magnetite, and therefore 

its dissolution should be considered for comparison between these two extractions, and 

not necessarily for explicit identification of magnetite phases in natural sediments. A 

larger fraction of magnetite (syn) dissolves in an 8-hour SEDEX-CDB extraction than in 

a 10-hour BD extraction (Figure 1), such that overestimation of Feox by CDB would be 
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greater than that by BD in sediments that contain magnetite. If magnetite represents a 

significant fraction of Fe in the Feox pool for a given sediment, the overestimation of Feox 

using CDB would skew comparisons of the CDB- Feox pool to other sediments. The 

quantity of magnetite in most continentally derived sediments is generally less that 0.2 

weight % (Canfield 1989), and therefore represents a small fraction of total Fe in 

sediment. Partial dissolution of this pool may not be significant enough to impact the 

quantification of Feox by dithionite. However, its relative importance as compared to the 

total Feox pool should be assessed to prevent overestimation of the Feox pool. If a 

sediment is judged to contain substantial quantities of magnetite, the mineral can be 

removed prior to extraction with a strong magnet (Canfield and Berner 1987) or 

independently quantified using an ammonium oxalate extraction as recommended in the 

Fe-speciation method proposed by Poulton and Canfield (2005).  

Given that our efficiency experiments demonstrate that a 10-hour BD extraction 

yields results identical to an 8-hour CDB extraction, we recommend using the 10-hour 

BD extraction in lieu of CDB in the SEDEX scheme. Using buffered dithionite without 

citrate to quantify  solid phase PFe results in the distinct benefit of increased sensitivity 

and precision for the quantification of phosphate in the extractant supernatent for the 

following reasons: (i) P can be directly analyzed in BD after sulfur is removed by 

degassing, (ii) BD extractants only require a 6-fold dilution for spectrophotometric 

analysis (data not shown) rather than the 10-fold dilution required when P is quantified in 

CDB using either the SEPAK
®
 (Suzumura 1995, Briggs 2011) or the butanol extraction 

method (Watanabe and Olsen 1962, Ruttenberg et al. 2009); (iii) Direct analysis of P 

using the molybdate blue method is far less time consuming than removal with SEPAK
® 

columns (Briggs 2011) or pre-extraction by butanol (Watanabe and Olsen 1962, 

Ruttenberg et al. 2009); and (iv) removal of citrate from the buffered dithionite extraction 

will avoid partial dissolution of non-target Ca-P phases. Our results suggest that use of a 

10-hour BD extraction is superior to the CDB extractant previously recommended for 

SEDEX sequential extraction for quantification of total PFe and Feox in sediments, as long 

as the BD extraction is carried out for a total of ten hours. 
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Comparison of Easily Reducible Feox Extractants  

In order to accurately assess the sequestration of P by Feox in aquatic systems, it is 

crucial to separately quantify high surface area Feox minerals because minerals with high 

surface have a significantly higher capacity to sorb P, and thus control P-sorption in 

natural sediments (Krom and Berner 1980, Torrent 1992, Slomp et al. 1996, Ruttenberg 

and Sulak 2011).  This pool of Feox minerals also represents a more labile pool of Feox, 

and associated P, because minerals with high surface area are highly susceptible to 

reductive dissolution during periods of sediment anoxia, and will therefore be 

preferentially solubilized (Canfield 1989, Raiswell et al. 1994). As these high surface 

area minerals are solubilized, the P that is released builds up in pore-waters, potentially 

diffusing into the overlying water column, supporting new primary production (Krom and 

Berner 1980, Rozan et al. 2002). The Fe solubilized by a dithionite extraction will likely 

overestimate sediment sorption capacity because dithionite extraction solubilizes the total 

pool of Feox, including less reactive oxides such as hematite. Separately quantifying the 

pool of Fe that controls P-sorption, e.g. the ER-Feox pool, allows for a more accurate 

identification of the capacity of sediments to sorb P.  

Several different selective extractants are commonly used to quantify ER- Feox in 

natural sediments. These different extractants are considered to solubilize similar pools of 

Feox minerals from natural sediments, despite the fact that the mechanisms of dissolution 

for Feox are known to be different for each extractant (Chao and Zou 1983, Jensen and 

Thamdrup 1993, Koska and Luther 1994, Raiswell et al. 1994, Slomp et al. 1996). In the 

absence of an objective demonstration that the different ER- Feox extractants yield 

comparable results for Feox and PFe, direct comparison of sediment ER-Feox data 

generated using different extraction protocols across different depositional environments 

(e.g., Aller et al. 2004) is risky. Without direct experimental Feox mineral dissolution 

comparisons amongst ER-Feox extractants to determine whether they will yield equivalent 

results, it is premature to make such direct comparisons. The goals of this section were 

two-fold: (i) use Feox analog phases to identify and assess which extractants are able to 

solubilize Feox minerals that have a high capacity for P-sorption, and (ii) assess whether 

results from different extraction protocols can be directly compared across depositional 

environments. The latter objective included assessing the extent to which non-target P 
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and Fe analog phases are solubilized in each extractant, and a comparison of extraction 

results obtained from natural sediments derived from two different sediment facies.  

Efficiency experiments: The extent of dissolution of analog Feox minerals (e.g. 

ferrihydrite, goethite, lepidocrocite) was different for all extractants tested in this study 

(Figure 3). The vastly different extent of dissolution of analog Feox minerals in ascorbic 

acid, 0.5 M HCl, ammonium oxalate, and hydroxylamine:HCl suggests that these ER-  

Feox extractants will yield different results for the size of the ER- Feox pool when applied 

to natural sediments. Results of each extractant will be discussed in turn. 

Ascorbic acid, the least aggressive extractant evaluated in this study, was only 

able to partially solubilize ferrihydrite (18%) and lepidocrocite (19%); less than 1% 

dissolution of goethite, hematite and magnetite was achieved. Due to the fact that 

selective extractants are operationally defined based on demonstrated complete 

dissolution of target phases in a given length of time, results from extractants that only 

affect partial dissolution of target Feox minerals are difficult to interpret. If target phases 

are only partially solubilized, it becomes impossible to explicitly identify the quantity of 

Feox minerals present. X-ray diffraction traces confirmed that the synthetic 2-line 

ferrihydrite used in this study was amorphous (Appendix 1) (Cornell and Schwertrmann 

1996). However, it is likely that this sample is more ordered than most known amorphous 

ferrihydrite in sediments (Cornell and Schwermann 1996, Postma et al. 2006, Raiswell et 

al. 2010), which is indicated both by the fact that the dried precipitate had to be 

physically ground to achieve a grain size of <125 microns, and because the ferrihydrite 

analog phase tested displays lower dissolution rates than lepidocrocite in time course 

dissolution experiments (Figure 2). 

Ascorbic acid is used to selectively solubilize ER-Feox due to its mild reductive 

properties, and will target only the Fe that is most susceptible to reductive dissolution. It 

is assumed, therefore, that the pool of Fe solubilized by ascorbic acid is analogous to the 

pool of Fe that is most active in biogeochemical cycling in natural sediments (Koska and 

Luther 1994, Anshutz et al. 1998, Rozan et al. 2002, Larsen and Padma 2006, Raiswell et 

al. 2010). In fact, several studies use ascorbic acid to define a pool of ‘very’ ER-Feox 

(Anschutz et al. 1998, Rozan et al. 2002, and Larsen and Padma 2006); Rozan et al. 2002 

specify that ascorbic acid solubilizes specifically the amorphous pool of Feox. Our results 
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suggest, however, that data generated using ascorbic acid cannot be interpreted in a 

straight forward manner, and that interpretation of dissolution results obtained using it are 

problematic. Feox mineral crystalinity is variable in natural sediments (Raiswell et al. 

2010) and, as a consequence, application of an extractant such as ascorbic acid, which 

achieves only partial dissolution of only some of the ER-Feox phases likely to be present 

in the early diagenetic environment, will generate results that cannot be objectively 

interpreted.  Furthermore, it cannot be assumed that the >80% fraction of the ER-Feox 

pool that is not solubilized by ascorbic acid (Table 5) is unreactive toward sorptive 

removal of P.  In other words, the ER-Feox concentrations determined from ascorbic acid 

extractions will represent some unknown fraction of the total ER-Feox pool that likely 

does not represent the total pool of ER-Feox that is active in P-sorption. For these reasons, 

we do not recommend using ascorbic acid alone for quantifying the entire ER-Feox pool. 

 The 0.5 HCl extractant was able to completely solubilize ferrihydrite, but no 

other Feox minerals were solubilized in this extractant, making it potentially attractive for 

explicit identification of ferrihydrite in natural sediments. However, because it is well 

known that both lepidocrocite and goethite have high P-sorption capacities, it is likely 

that the use of 0.5 M HCl will underestimate the pool of Feox available to sorb P. Both 

hydroxylamine-HCl and ammonium oxalate completely solubilize ferrihydrite, and either 

partially (71%: hydroxylamine-HCl) or completely (ammonium oxalate) solubilize 

lepidocrocite. The ability of hydroxylamine-HCl and ammonium oxalate to solubilize a 

larger fraction of both ferrihydrite and lepidocrocite, as compared to ascorbic acid and 

dilute HCl, suggests that these extractants could result in a more accurate quantification 

of the pool of Feox in natural sediment that is available for P sorption. However, although 

lepidocrocite is accounted for, goethite is not significantly (<2%) solubilized in either 

extractant (Table 5).  

None of the ER-Feox extractants evaluated in this study significantly solubilize 

goethite. Laboratory studies reveal that goethite has equivalent P-sorption capacity to 

lepidocrocite (Torrent 1992, Ruttenberg 1992, Ruttenberg and Sulak 2011), and some 

studies of natural sediments suggest that goethite may be one of the primary Feox phases 

responsible for P-sorption (van der Zee et al. 2003). The failure of the commonly used 

ER-Feox extractants to solubilize goethite has potentially significant implications for 
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accurately quantifying the Feox pool that is relevant to P-sorption. Thus, data generated 

using the ER-Feox extractants examined as part of this study, which represent the most 

commonly used selective extractants for ER-Feox in sediments, may routinely 

underestimate the P-sorption capacity of natural sediments.  

Time course dissolution reveals that not only are there differences in Feox mineral 

solubility between the extractants, but also that the different extractants have different 

rates and patterns of dissolution for the same mineral (Figure 4). As long as complete 

dissolution is achieved, mechanisms of dissolution are not necessarily important for the 

quantification of ER-Feox. However, if the mechanism of Feox mineral dissolution is 

different between extractants (previously discussed), the dissolution of non-target phases 

is likely unique as well, potentially causing an unpredictable over-estimation of Feox 

and/or PFe in certain depositional settings (see Table 1 for dissolution mechanisms for 

each extractant). 

Specificity experiments: Due to the operationally-defined nature of selective 

extractants, dissolution of non-target phases can result in the over-estimation of target 

pools. To evaluate the selectivity of each extractant to target both the PFe and ER-Feox 

pools, the solubility of six non-target phases were assessed (Table 2).  Three clays, two 

types of Ca-bound P (CFA and CaCO3-bound P), and one Fe-carbonate phase (Fecarb) 

were chosen as non-target phase analogs because they are commonly found in natural 

sediments, and represent phases that have a high likelihood of being unintentionally 

solubilized when these ER-Feox extractants are applied.  

A review of the pH of the ER-Feox extractants (Table 1) suggests that ascorbic 

acid is the only extractant that is likely to selectively target PFe, without solubilizing non-

target Ca-bound P phases, because it is the only one with a near-neutral pH. Specificity 

experiments confirm that ascorbic acid at pH 8 solubilized less than 1% of the P 

associated with CFA, and the quantity of the Ca-bound P associated with shell hash 

solubilized by ascorbic acid was similar to that solubilized in a 10-hour BD extraction (17% 

and 18% respectively). Because the shell material was obtained from natural sediments 

collected from the zone of bioturbation (Ruttenberg 1992), it likely had Feox coatings 

associated with it. Thus, it is likely that the quantity of P extracted from the shell hash 

CaCO3-bound P analog, by both dithionite and ascorbic acid is, in fact PFe. Ascorbic acid 
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is also the most specific extractant for ER-Feox of those tested, as it solubilizes only 3% 

of the Fecarb phase, siderite.  Since the Ca-bound P analog phase, shell hash, had PFe 

associated with it, another specificity experiment using pure CaCO3 with P-sorbed onto 

pure would improve our understating of the specificity of ascorbic acid. Although the 

analog phase clays used in this study liberated a substantial fraction of their P to ascorbic 

acid, they contain very little total P, so will not significantly contribute to the PFe 

extracted. Furthermore, because clays are multiphase substances, with the aluminosilicate 

host supporting ferric and ferrous iron coatings, organic coatings, or both, the P  

associated with clay phases is characteristically difficult to separately quantify using 

selective extractants.  

The other three ER-Feox extractants evaluated in this study, 0.5 M HCl, 

ammonium oxalate, and hydroxylamine-HCl, induce partial dissolution of Ca-bound P 

analog phases and solubilize a high % of the P associated with the clay analog phases as a 

consequence of their acidic pH (Table 6). Their non-specificity suggests that these 

extractants will likely overestimate PFe.  In addition to solubilizing Ca-bound P and P 

associated with clay phases, the three acidic ER-Feox extractants also solubilize siderite, 

the Fecarb analog phase used in this study (Table 6). While dilute HCl and ammonium 

oxalate partially solubilize siderite, 13% and 11% respectively, hydroxylamine-HCl 

completely solubilizes siderite (Table 6). A sodium acetate pre-extraction effectively 

removes all Fecarb prior to extraction with hydroxylamine-HCl (Poulton and Canfield 

2005). This allows for the selective quantification of the ER- Feox pool. However, use of a 

sodium acetate pre-extraction is not viable for separate quantification of PFe, because it 

will also solubilize Ca-bound P (Ruttenberg 1992). 

A survey of the published literature reveals that among extractants that target ER-

Feox, ammonium oxalate is a popular choice (Table 1 and references therein). Analog 

phase dissolution experiments reveal that ammonium oxalate is able to completely 

solubilize both ferrihydrite and lepidocrocite (Figure 3), making it an attractive extractant 

in that it is able to target two out of the three minerals tested in this study that are known 

to have particularly high capacities to sorb P (Krom and Berner 1980, Freese et al. 1992, 

Torrent 1992, Slomp et al. 1996, Ruttenberg and Sulak 2011); goethite is insoluble in this 

extractant (Figure 3). However, ammonium oxalate also completely solublizes magnetite 
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(Figure 3), a mineral that is not expected to play a major role in P cycling. Thus for the 

purposes of quantifying the pool of Fe that is relevant to P-cycling, ammonium oxalate 

would not be ideal in sediments containing appreciative quantities of magnetite. 

Furthermore, the dissolution of magnetite provides a source of Fe(II) to the extractant 

solution which has been shown to catalyze the dissolution of goethite (Phillips et al. 

1993). Because the quantity of magnetite is variable in natural sediments, and the 

dissolution of goethite increases in the presence of higher concentrations of Fe(II) 

generated from magnetite dissolution in oxalate, it is reasonable to assume that variable 

partial dissolution of goethite will occur when this extractant is applied to natural 

sediments. Its unpredictability in this regard is considered to be a negative aspect of the 

ammonium oxalate extractant (Slomp et al. 1996), although it is the only ER-Feox 

extractant that has been shown to have any potential to solubilize goethite. Only if 

magnetite is physically removed prior to extraction, ammonium oxalate could be 

considered a reliable extract for lepidocrocite and ferrihydrite, and thus target a portion of 

the ER-Feox pool, excluding goethite. As mentioned in the CDB vs. BD section, however, 

the physical removal of magnetite adds increased laboratory effort and makes this 

extraction protocol less desirable (Canfield 1992).  

Integrating ER-Feox extraction within the SEDEX method for P-speciation: Initially, we 

considered two options that would make it possible to separately quantify the pool of ER-

Fe and PFe that is associated with the most reactive phases within the sedimentary Feox 

pool. These options were, (i) inserting a new step between SEDEX-Step I (which targets 

exchangeable P) and SEDEX-Step II (which targets the total Feox pool), and (ii) 

performing a parallel ER-Feox extraction step using one of the acidic extractants for ER-

Feox, and correcting for any non-target phase dissolution, e.g., any non-specificity of the 

ER-Feox extraction, using SEDEX data that were generated in parallel.  Neither of these 

options was satisfactorily realized, as detailed below. 

The ascorbic acid extractant is the only realistic candidate for incorporation into 

the SEDEX scheme because it is the only non-acidic ER-Feox extractant.  The 

requirement for neutral-pH extractants prior to step III stems from the need to avoid 

solubilization of Ca-bound P phases (Table 6), which are targeted in Step III of SEDEX 

(Ruttenberg 1992, Ruttenberg et al. 2009). This requirement rules out any of the acidic 
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ER-Feox extractants. However, because ascorbic acid is only able to solubilize <20% of 

the ER-Feox (Table 5), the option of inserting it early on in the SEDEX scheme (e.g., 

between the current SEDEX-Steps I and II) is also problematic, because it would leave 

undissolved >80% of the ER-Feox pool, which would provide reactive surfaces for re-

adsorption of P solubilized in subsequent steps.  

Readsorption artifacts are of particular concern for the application of ER- Feox 

extractions to sediments because any Feox phases that remain undissolved during the 

extraction, particularly those with high surface areas (e.g. ferrihydrite, lepidocrocite, and 

goethite), can provide surfaces for P re-adsorption. Hematite, also is not soluble in any 

ER-Feox extractants, is potentially of less concern because of its lower P-sorption 

capacity relative to that of the ER-Feox. We note, however, that hematite is still capable of 

P-sorption and could contribute to readsorption artifacts (Ruttenberg and Sulak 

2011).   As a consequence of the risk of P-readsorption onto the undissolved ER-Feox, we 

ultimately concluded that it was impractical to include a step for the separate 

quantification of ER-Feox bound P within the SEDEX scheme.  

Having ruled out the possibility of inserting an ER-Feox step into SEDEX, we 

evaluated the possibility of performing a separate parallel extraction to quantify the pool 

of P bound to ER-Feox minerals. We considered only the acidic ER-Feox extractants (0.5m 

HCl, ammonium oxalate, hydroxylamine:HCl), because of their substantially greater 

efficiency at targeting ER-Feox minerals relative to ascorbic acid (Table 5).  However, a 

parallel extraction strategy would only be workable with these acidic extractants if it 

were possible to simply subtract the quantity of Ca-P dissolved in SEDEX-Step III 

(which solubilizes reactive forms of Ca-bound P) from the P solubilized in the acidic 

extract used to quantify ER-Feox.  Because the acidic ER-Feox extractants achieve 

substantially less than 100% dissolution of the Ca-bound P analog phases (Table 6), it 

was not possible to accurately subtract the P associated with Ca phases from the P 

solubilized by the ER-Feox extractants.  As previously stated, the neutral pH ascorbic acid 

extractant is problematic because of its inefficiency, raising the possibility of P re-

adsorption onto the residual ER-Feox pool. Thus separate quantification of ER-Feox bound 

P using the extractants tested in this study, either within or parallel to the SEDEX method, 

is not recommended.  
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While it is not possible to separately quantify P associated with ER-Feox using the 

extractants evaluated in this study separate quantification of ER-Feox minerals is valuable 

for assessing the quantity of high surface area, reactive Feox minerals. It is a reasonable 

assumption that the ER-Feox pool is responsible for the majority of P-sorption in natural 

sediments.  Our efficiency experiments indicate that, of the four extractants evaluated to 

solubilize ER-Feox, hydroxylamine-HCl is the most effective at targeting the ER-Feox 

pool that is relevant for P cycling.  Results of our specificity experiments indicate, 

however, that ER-Feox and PFe must be quantified separately.  Thus, we recommend 

utilizing the BD extractant to quantify PFe, and the hydroxylamine-HCl to quantify ER- 

Feox.  BD-soluble PFe can then be related to ER-Feox, each quantified by separate 

extractions, to assess the relationship between these two pools.   

Comparison of Extractant Results Applied to Natural Sediments: Having 

established the extent to which target Feox minerals and non-target P and Fe phases are 

solubilized in the suite of commonly used ER- Feox extractants, the next step is to apply 

these now standardized extractants to natural marine sediments to evaluate their utility in 

determining Feox speciation in a complex, natural sediment matrix. This effort also allows 

us to assess the extent to which previously published Fe and P data, generated by 

applying one or more of these extractants to natural sediments, can be directly compared. 

Because synthetic analog phases can never capture the range of crystalinity and surface 

area found in natural sediments, a direct comparison of Feox solubility in natural sediment 

is required in order to further scrutinize the applicability and comparability of the 

extractants that target ER- Feox. For example, the ferrihydrite found in natural sediments 

is present in a range of crystalinities, some far more amorphous than the synthetic analog 

tested in the efficiency experiments described here. Because of this range, some natural 

ferrihydrite is likely more susceptible to reductive dissolution in extractants, such as 

ascorbic acid, even though ascorbic acid was only able to effect partial dissolution of the 

analog ferrihydrite phase utilized in this study. 

Two cores from distinctly different sedimentary facies were selected to examine 

the impact of sediment mineralogy on the quantification of ER-Feox by selective 

extraction. Both cores were extracted using five extractants (Table 1), four of which 

target the ER-Feox pool, and one that targets the total Feox pool, in order to directly 
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contrast results of each. One core was taken from a facies dominated by terrestrial input 

(<1 % inorganic carbon by weight), and the second from a carbonate-dominated sediment 

facies (>11 % inorganic carbon by weight) (Briggs 2011).  The terrigenous facies is 

characterized by high iron content (300-700 µmole/g) (Figure 5), and receives continuous 

input of both Fe and P from land run-off (Young 2011). The carbonate facies is 

characterized by biogenic and authigenic carbonates, and the main source of P is organic 

matter (Briggs 2011).  

While XRD has not been applied to these sediments, future research would 

benefit from this analysis. Although identification of Feox minerals by XRD is limited, 

XRD can provide important supporting information about sediment mineralogy. 

Sediment mineralogy is dependent upon the depositional environment. Identifying the 

minerals present through techniques such as XRD can reveal the presence of phases that 

may be of concern for non-target dissolution in selective extraction, such as Fecarb, 

aluminosilicates, or Fe silicates. Due to the unique nature Hawaiian soil, which is known 

to have relatively high concentrations of amorphous aluminosilicates (Soil Survey of 

Islands of Kauai, Oahu, Maui, Molokai, and Lanai, State of Hawaii 1972) XRD analysis 

of the sediments used in this study could be beneficial for a more comprehensive 

evaluation of the selective extraction data generated as part of this study. Amorphous 

aluminosilicates are of particular interest because they have the capacity to sorb-P 

(Borggaard et al. 1990, Freese et al. 1992, Violante and Pigna 2002, Tanada et al. 2003). 

Quantification of the P associated with amorphous aluminosilicates through selective 

extraction is not straight forward, for the following reasons. Amorphous aluminosilicates 

are often a component of multi-phase substances with an aluminosilicate host supporting 

ferric Fe, organic coatings, or both. Their multi-phase nature makes it impossible to 

standardize their dissolution in selective extractants because there is no reasonable analog 

phase available with which to standardize. In addition because of its multi-phase nature 

there is no way to differentiate which component of the phase liberated the P. It is unclear 

whether the extractants evaluated in this study will solubilize aluminosilicate phases, 

and/or the P-associated with these phases. As such, these phases may contribute 

uncertainty to the quantification of PFe in natural sediment derived from soils such as 

exist on Hawai’i, where their concentrations are particularly high.  
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Utilizing the information about the dissolution behavior of known synthetic Feox 

analog phases that are likely to be present in marine sediments derived from our 

specificity and efficiency experiments, inferences can be made about the results obtained 

from applying these same selective extractants to natural sediments from these two 

depositional settings. Although ascorbic acid solublizes a significantly lower percentage 

of the Feox analog phases relative to the other extractants (Figure 3), and recovers the 

lowest concentrations of Fe when applied to sediments (Figure 5), the quantity of P 

solubilized by ascorbic acid in sediments from the terrestrial facies is similar to the total 

pool of PFe, as determined by the 10-hour BD extraction (Figure 6). This is a surprising 

result for two reasons. First, results of efficiency experiments using synthetic analog 

phases suggest that <20% of the Feox phases responsible for P-sorption are solubilized in 

ascorbic acid. Second, incomplete dissolution of reactive Feox suggests a high potential 

for re-adsorption of dissolved P, which should depress P-recovery. There are several 

possible explanations for the similar recovery of P in ascorbic acid and the 10-hour BD 

extraction, the two most plausible are: (i) all of the P in sediments from the terrigenous 

facies is associated with only the most easily solubilized ferrihydrite and lepidocrocite, 

that which would be solubilized by ascorbic acid, or (ii) ascorbic acid is able to solubilize 

the surfical layer of some or all Feox minerals present in the sediment, and the majority of 

the P resides dominantly on the mineral surfaces. In either case, results of Fe and P 

solubilization from the terrigenous sediments suggest that ascorbic acid is able to 

solubilize the portion of Fe minerals that is responsible for P-sequestration in these 

sediments. If these results hold true for sediments in general, ascorbic acid may be a 

reasonable selective extractant for ER- Feox bound P, despite the fact that it is not able to 

completely solubilize the total ER-Feox pool. This is another example of how an XRD 

analysis could be useful in future research, it is possible than an XRD trace could identify 

the Feox minerals, and determine the presence of more crystalline Feox phases. However, 

because of their low wt % it is possible these phases may not be identifiable by XRD. 

There are very few studies that directly identify the specific Fe minerals 

responsible for P-sorption in natural sediments. The few exceptions include studies such 

as Slomp et al. (1996), who used differential X-ray diffraction and van der Zee et al. 

(2003), in which cryogenic 
57

Fe Mӧssbauer spectroscopy was used to explicitly identify 
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specific Fe minerals in the sediment. New techniques like X-ray Absorption Fine 

Structure spectroscopy (XAFS), and X-ray Absorption Near Edge Structure (XANES) are 

highly specialized and extremely costly (Ankudinov et al. 1998, Rehr et al. 1991). As a 

consequence, selective extractants are the approach most commonly used to derive 

information about the identity of Feox in natural sediments. 

Because uncertainty remains about which Feox minerals are present in natural 

sediments, assumptions about which Feox minerals are most important for P-sorption are 

made based upon controlled lab experiments (Torrent et al. 1992, Ruttenberg and Sulak 

2011). In coastal marine environments sourced by highly weathered Fe rich soils, such as 

Papua New Guinea (Aller et al. 2004), the Amazon shelf (Aller et al. 2004), or the 

volcanogenic sediments such as those that are found off the coast of the Hawaiian Islands 

(this study), it is reasonable to speculate that amorphous ferrihydrite may dominate the Fe 

pool. If we assume that the Fe pool in the terrigenous facies is enriched in amorphous 

ferrihydrite, based on synthetic sorption experiments it is likely that ferrihydrite 

dominates P-sorption in these sediments relative to other Feox mineral phases. While 

other Feox minerals are capable of P-sorption, ferrihydrite has one of the highest 

capacities and most rapid rates of P-sorption (Torrent et al. 1992, Ruttenberg 1992, 

Ruttenberg and Sulak 2011).   

P-sorption onto Feox occurs by a two step process. The first step is fast surface 

sorption, followed by a slow step in which P is incorporated into the mineral interior 

(Froelich 1988, Torrent et al. 1992), hereafter referred to as ‘occluded P’. In this context, 

although ascorbic acid is not able to solubilize occluded P, it is possible that it is able to 

effectively solubilize the surface adsorbed P, which likely represents the majority of PFe in 

these sediments. Sediments from the estuary where these cores were collected are known 

to undergo rapid redox cycling on a diurnal basis (Briggs 2011, Murphy 2012). The redox 

cycling is likely caused by the activity of Fe reducing microbes, which may preferentially 

solubilize specific Feox phases that do not necessarily correspond to those that are most 

chemical labile. P-sorption onto Feox and reductive solubilization of substrate Feox 

minerals may occur at such a rapid rate in these sediments that occlusion of adsorbed P 

into mineral interiors is rarely achieved. If this is the case, it may not be necessary to  
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completely solubilize the ER-Feox pool in order to quantify PFe. In this case, ascorbic acid 

may achieve the desired result.   

As was the case for the terrigenous facies, the quantity of Fe solubilized by 

ascorbic acid in the carbonate facies is less than that extracted by all of the other 

extractants (Figure 5). Surprisingly, the quantity of P solubilized by ascorbic acid in 

sediment from the carbonate facies is greater than the total PFe pool, as determined by a 

10-hour BD extraction (Figure 6).  A possible explanation for the fact that ascorbic acid-

solubilized-P exceeded BD-solubilized-P is the partial dissolution of Ca-bound P by 

citrate contained in the ascorbic acid extractant, as discussed previously. Although 

dissolution of Ca-bound P was found to be minimal (<5%) in the CDB extractant 

(Ruttenberg 1992), in carbonate-rich sediments that contain a Ca-bound P pool as large, 

or possibly larger than the PFe pool, dissolution of Ca-bound P by citrate could become 

more notable.  Thus, ascorbic acid should be used with caution in sediments enriched in 

inorganic carbonates. It is possible that, as was the case for the buffered dithionite 

extraction, the citrate in the ascorbic acid extractant could be removed without 

compromising the efficiency of Fe solubilization. However, this modification would 

require explicit testing and standardization to confirm. 

The contrast between Fe extraction results of sediments from terrigenous and 

carbonate facies highlights the potential of non-specificity of ER-Feox exhibited by the 

three acidic extractants (Figure 5). Analog phase dissolution experiments revealed that 

not only did Ca-bound P phases partially dissolve in each of these extractants (Table 4), 

but so did the Fecarb analog, siderite. A direct comparison of extraction results from both 

facies confirms that a sodium acetate pre-extraction is needed in order to accurately 

quantify ER- Feox (see Poulton and Canfield 2005 for discussion), particularly in 

carbonate enriched sediments.  

Dilute HCl solubilized more Fe than ammonium oxalate in sediment from both 

facies, although the difference is more pronounced in the carbonate facies. This is 

inconsistent with results of the analog phase dissolution experiments, which suggested 

that while ferrihydrite is completely solubilized in both extractants, ammonium oxalate 

also solublizes lepidocrocite and magnetite (Figure 3 and 4), and should therefore 

solubilize a larger fraction of the Fe pool than 0.5 M HCl. The fact that 0.5 M HCl 
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extracts more Fe from sediment than ammonium oxalate suggests that, although both 

extractants solubilized a similar quantity of the siderite analog phase (Table 5B), 0.5 M 

HCl either solublizes significantly more Fecarb in natural sediments, or it is targeting some 

other Fe phase not included in our set of analog phases. Fe silicates are a potential non-

target phase that could be solubilized in these extractants; however Canfield (1988) 

showed that less than 10% of the suite of Fe-silicates tested in his study (nontronite, 

biotite, chlorite, garnet, amphibole and glauconite) are solubilized by 1 M HCl, and less 

than 5% is solubilized in ammonium oxalate and hydroxylamine-HCl. Thus, Fe-silicates 

are unlikely to contribute substantially to the Fe solubilized by these extractants, unless 

they comprise a substantial fraction of the sedimentary pool. Again, an XRD analysis 

would allow for identification of Fe silicates present, and should be conducted in future 

research. Fecarb dissolution is characteristically difficult to replicate in standardization 

experiments due to the range of crystalinities found in natural sedimentary Fecarb (Poulton 

and Canfield 2005). It is plausible, therefore, that while both extractants solubilized 

similar quantities of the particular siderite analog phase we tested (13% and 11% 

respectively), dilute HCl may solubilize a larger quantity of naturally occurring Fecarb 

than ammonium oxalate.  

The quantity of Fe solubilized by 0.5 M HCl and ammonium oxalate extractants 

are quite similar (within 10%), when applied to the terrigenous facies, despite the fact 

that ammonium oxalate solubilized a greater quantity of synthetic Fe mineral analog 

phases than 0.5M HCl (Figure 5A). The similarity in ER-Feox, even though lepidocrocite 

is completely dissolved in ammonium oxalate and <3% dissolved in 0.5 M HCl (Table 5), 

supports the conclusion that ferrihydrite likely dominates the ER- Feox pool in these 

sediments. The fact that the Fe solubilized by hydroxylamine-HCl exceeds the Fe 

solubilized by the other ER-Feox extractants in both facies can be attributed to the 

complete dissolution of Fecarb in hydroxylamine-HCl (Table 5). Results of sediment 

extractions by these different extractants emphasize the importance of a pre-extraction 

with sodium acetate, as prescribed by Poulton and Canfield (2005), prior to use of any of 

the acidic ER-Feox extractants (e.g. dilute HCl, ammonium oxalate), in order to accurately 

quantify ER-Feox pool. While it is possible that published results obtained from dilute 

HCl and ammonium oxalate extraction of sediments from terrigenous facies may be 
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useful for comparison of the size of the ER-Feox pool, such data will be substantially 

more suspect if derived from carbonate-enriched sediments. In general, one should 

always be aware of the possible overestimation ER-Feox by any acidic extraction due to 

the potential for dissolution of Fecarb. 

In summary, the two separate goals for our experimental standardization of 

commonly used ER-Feox extractants, were (i) to identify the extractant that best 

compliments the SEDEX scheme, and (ii) to apply these four extractants to natural 

sediments in order to evaluate the extent to which published data generated using 

different extraction protocols can be directly compared. With respect to the first goal, we 

found that the non-specificity of all acidic ER-Feox extractants, in particular the fact that 

they all solubilize Ca-bound P phases, makes it impractical to insert  any of these 

extractants into the SEDEX scheme.  Likewise, because each extractant solubilizes 

variable quantities of Ca-bound P, the option of conducting an Feox extractant in parallel 

with SEDEX, and then correcting the quantity of P solubilized in the parallel ER-Feox 

extractant using SEDEX-Step III (Ca-bound-P) data, is not a viable option.  With respect 

to the goal of evaluating the comparability of sediment ER-Feox data generated using the 

four ER-Feox extractants, we found that the comparability of such data depends upon the 

mineralogy of the sediment.  Specifically, data generated for the terrigenous facies using 

different extractants were more comparable than those generated for sediments from the 

carbonate facies.  We attribute the dissimilar Feox quantified by the four ER-Feox 

extractants in the carbonate facies to non-specificity of these extractants for Feox in 

sediments where Fecarb may be an important component of the sedimentary Fe pool.  Thus, 

while it is possible that published Feox data generated from application of different ER-

Feox extractants may be compared for carbonate-poor sediments, such a comparison is not 

advisable for sediments enriched in carbonates. 

Iron:Phosphate Ratios: The comparison of PFe concentrations relative to Feox 

concentrations (as the Fe:P ratio) is  frequently used to assess the capacity of aquatic 

sediments to sorb or release P to the overlying water column as a function of redox 

conditions (e.g. Sundby et al. 1992, Jensen and Thamdrup 1993, Slomp et al. 1996, 

Anschutz et al. 1998, Rozan et al. 2002, Hyacinthe and Van Cappellen 2004, Hyacinthe et 

al. 2006 ).  Fe:P ratios have been traditionally calculated based on Fe and P 
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concentrations quantified using dithionite extractions. When dithionite extractions are 

used in such a way that they solubilize the total pool of Feox minerals, they provide 

consistent and repeatable results from various depositional settings. As a consequence, 

Fe:P ratios calculated using the dithionite extraction can be confidently compared among 

different studies. However, as previously discussed, the pool of Fe solubilized by 

dithionite may overestimate the pool of Fe that is most important for P-sorption. Recent 

studies suggest that, despite the inability to solubilize goethite, the pool of Fe solubilized 

by extractants that target ER-Feox may more accurately represent the quantity of 

sedimentary Fe available to sorb P than that solubilized by dithionite (Kosta and Luther 

1993, Jensen and Thamdrup 1993, Anschutz et al. 1998, Rozan et al. 2002, Hyacinthe and 

Van Cappellen 2004, Hyacinthe et al. 2006, Jilbert et al. 2011, Reed et al. 2011).  

Anschutz et al. (1998) in particular cite the strong correlation of ascorbic acid soluble Fe 

to ascorbic acid soluble P as proof that the quantity of Fe solubilized by ascorbic acid is 

more environmentally relevant than that solubilized by dithionite. Likewise, Jensen and 

Thamdrup (1993) cite a significant correlation between Fe quantified using a sequential 

extraction scheme consisting of 0.5 M HCl followed by ammonium oxalate, and 

dithionite solubilized P.  

Unlike dithionite extractions, which are broadly understood to completely 

solubilize the total Feox pool, there is no consensus as to which ER-Feox extractant is best 

suited to quantify the ER-Feox pool. As a consequence, different ER-Feox extractants are 

in use by various groups. Our standardization results, and our results directly comparing 

extractable Fe and P in natural sediments, suggest that different extractants will solubilize 

different pools of Feox important for P cycling when applied to natural sediments. The 

resulting Fe:P ratios are therefore likely not comparable to each other, or to Fe:P ratios 

calculated using dithionite extractions.  This conclusion is borne out by examining the 

Fe:P ratios calculated using Fe quantified by the five different extractants applied to the 

sediments examined in this study. 

The Fe:P ratio calculated for the two mineralogically distinct sediment facies 

range from 2 to 28 in the carbonate facies, and from 24 to 108 in the terrigenous facies, 

depending upon the extractant used (Table 7).  The lowest Fe:P ratios are observed in 

both facies when ascorbic acid solubilized Feox is used to calculate the Fe:P ratio.  The 
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extractants that yield the highest Fe:P ratios are different for the different facies.  In the 

carbonate facies, BD yields the highest Fe:P ratio, followed by hydroxylamine-HCl.  The 

order is reversed in the terrigenous facies, with hydroxylamine-HCl yielding the highest 

Fe:P ratio, with BD yielding the second highest.  These data clearly show that 

comparability of Fe:P ratios cannot be assumed when different extractants are employed 

to generate the Feox concentrations used to calculate this ratio.  As discussed previously, it 

is likely that the high Fe:P ratios obtained using the acidic extractants represent 

overestimation of the ER-Feox pool because, without an acetate pre-extraction (Poulton 

and Canfield, 2005), dissolution of Fecarb will contribute to the Fe pool extracted.  These 

results explicitly demonstrate the profound impact extractant selection may have on 

resulting Fe:P ratios, and suggest that it is unlikely that Fe:P ratios generated using 

different extractants can be confidently compared. 

The Fe:P ratio is dependent upon the diagenetic history of both the Fe and P pools.  

However, the factors that affect these two pools are not always the same. A review of 

published Fe:P ratios in sediments from a variety of depositional environments shows this 

ratio to be highly variable (Table 8).  In addition to the effect of depositional 

environmental differences that were examined in our study (Table 7), which clearly result 

in disparate Fe:P ratios depending upon the extractant used to quantify Feox as well as the 

mineralogy of the sediment extracted, there are a number of other causes of variation in 

measured Fe:P ratios, including: (i) seasonal shifts in redox state of sediments and/or 

bottom water, and (ii) depth interval over which Feox and P data are collected, particularly 

when different diagenetic zones are sampled.  Each of these sources of variability will be 

discussed in turn, using the data compiled from the literature and summarized in Table 8.  

Rozan et al. (2002) calculated Fe:P ratios in sediments from Rehoboth Bay, Del-

aware, using ascorbic acid to quantify both Fe and P (Table 8), and observed systematic  

variations in Fe:P ratios that correlated with seasonal shifts in redox state of these sedi-

ments.  Specifically, these authors observed Fe:P ratios ranging from 9 during anoxic 

conditions that characterized the summer season, up to 25 during winter when sediments 

were characterized by oxic conditions. The interpretation advanced by Rozan et al. (2002) 

was that the because of low productivity in overlying waters during winter months, the 

water column and upper sediment layers were well-oxygenated because of diminished 
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supply of reactive organic matter to sediments.  Under these conditions, Feox formation is 

expected, and these phases will sorb and sequester P.  During the summer months, how-

ever, when increased primary production led to higher rates of respiration of reactive or-

ganic matter delivered to sediments, oxygen concentrations in the water column were 

drawn down and sediments became anoxic.  Under these conditions, microbial reductive 

solubilization of Feox occurred, resulting in release of P from Feox phases that built up 

over the winter season, as well as an inability of sediments to retain dissolved P generated 

from the respiration of organic matter. Furthermore, under anoxic conditions the  

dissolved Fe can react with reduced sulfur species to form pyrite (eqns 2 and 3, Canfield 

1988), removing Fe from the system, preventing reoxidation and scavenging of dissolved 

P.  

Fe
2+

 + H2S → 2H
+
 + FeSaq      (2) 

            FeSaq → FeSs                        (3) 

Thus during the summer season, P is efficiently recycled back into the water column from 

sediments. Studies such as this one, that collect cores over a range of seasons, underscore 

the importance of considering temporal variability when interpreting Fe:P ratios. 

The depth interval over which Fe:P ratios are calculated can also result in ratio 

variability.  For example, Jensen and Thamdrup (1993) found that surface sediments from 

the Danish Kattegat Bay were characterized by Fe:P ratios of 9, while the Fe:P ratio 

calculated based on linear regression over the entire core was 16 (Table 8).  It is 

reasonable to expect that ER-Feox concentrations will change with depth, as different 

depth intervals chosen for analysis of Feox and P may incorporate different diagenetic 

zones.  For example, depth profiles of Fe-speciation in sediment cores from studies of 

Canfield (1998) and Reimers et al. (2005) clearly show that Fe-speciation varies as a 

function of depth below the sediment-water interface.  In particular, Feox pools typically 

decrease in size with depth due to progressively more reducing conditions encountered in 

deeper layers of sediment, with the result that oxygenated surface sediments will likely 

have a higher concentration of ER-Feox than deeper sediment intervals.  Most sediments 

also show a large degree of variation in pore-water dissolved P concentrations with depth.  

Variation of dissolved P in relation to the depth interval in which Feox are present will 
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clearly impact the dissolved P that is available for sorption onto Feox surfaces, and thus 

the Fe:P ratio. In order to place new data into a meaningful context, and to make reasoned 

decisions about when Fe:P ratios from different studies can be meaningfully compared, 

factors such as oxygen concentration, sampling depth, and extractant choice must be 

considered. 

Finally, we have included Fe:P ratios calculated from sediments in fresh and 

brackish water systems in the data compilation summarized in Table 8, and note that 

substantially lower ratios are observed in these sites relative to those obtained from sites 

characterized by seawater salinities.  The lower ratios in fresh and brackish water systems 

could result from the fact that such systems have substantially lower sulfate 

concentrations, and thus the conversion of Fe to Fe-sulfide phases is not favored (e.g., see 

Caraco et al. 1989), such that most of the Fe will remain as oxyhydroxides, or be 

converted to Fe-carbonates or Fe-phosphates (see discussion in Hyacinth et al. 2006). 

Thus, Fe:P ratios observed in sediments overlain by fresh waters likely reflect the 

outcome of different authigenic processes than those that are operant in sediments 

overlain by saline waters, rather than different intensities of coupled Fe-P cycling 

resulting from the same authigenic processes.  

Coupled P-Fe cycling and paleoceanography: Our understanding of the pool of Fe most 

relevant to P-sorption not only affects our interpretation of short term P availability in the 

modern ocean, but also our ability to hindcast paleooceanographic environments. The 

redox dependent burial of P in the ocean results in both positive and negative feedback 

mechanisms that tend to stabilize oxygen on geologic time scales (e.g. Holland 1984, Van 

Cappellen and Ingall 1984, Colman et al. 1997, Petsch and Berner 1998). When 

atmospheric oxygen concentrations are high, ocean waters generally become oxic 

(depending on the intensity of mixing), promoting oxidation of Fe which then readily 

sorbs and sequesters dissolved P, consequently decreasing primary production. The 

decrease in primary production leads to a decrease in atmospheric oxygen. As 

atmospheric oxygen concentrations become lower, ocean waters become anoxic, reducing 

the oxidized sedimentary Fe reservoir and releasing dissolved P, thus allowing for an 

increase in primary production. On short time scales this is a positive feedback 

mechanism because the initial increase of primary production due to the release of P from 
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Feox causes the water column and sediment anoxia to intensify, further increasing primary 

production. Over longer time scales, increased production of organic matter increases its 

burial rate, and sequestration of organic carbon, which greatly reduces the opportunity for 

oxygen consumption via respiration of sedimentary organic matter, ultimately leading to 

an increase in atmospheric oxygen (e.g. Van Cappellen and Ingall 1996, Algeo and Ingall 

2007, Slomp and Van Cappellen 2007). Therefore, our understanding and accurate 

quantification of the pool of Fe that sequesters P directly impacts our ability to hindcast 

paleoceanographic atmospheric oxygen.  

Bjerrum and Canfield (2002) used the rate of sorption of P onto oxidized Fe from 

hydrothermal vent systems to back-calculate paleocean P concentrations based on PFe and 

Feox concentrations in Proterozoic banded iron formations. While it is impossible to 

identify the concentration of ER-Feox in ancient banded iron formations due to 

recrystallization of phases originally present, it is likely that the total Feox concentration 

will overestimate P sorption, as it is the reactive Feox characterized by high surface area 

that will dominate P-sorption capacity and rates. Van Cappellen and Ingall (1996), and 

models that use a similar approach (e.g. Petsch and Berner 1998, Arvidson et al. 2006), 

use the overall ocean oxidation state or ‘degree of anoxia’ (DOA), which allows the 

ocean oxygen tension, primary production flux and ventilation rate to vary. The ability to 

parameterize the coupled Fe and P cycles with DOA imposes important realistic bounds 

on processes such as sedimentary phosphorus release/recycling, the oxidation of  Fe 

(resulting in formation of ‘reactive’ iron), and burial of organic matter, and provides the 

essential negative feedback mechanism which controls atmospheric oxygen 

concentrations (Arvidson et al. 2006). Use of the DOA approach relies on accurate 

estimates of the size of ‘reactive’ Fe reservoirs. The research done in this thesis suggests 

that our understanding of the ‘reactive’ Fe reservoir is not comprehensive. While it has 

been shown that the total Feox pool likely over estimates the sediment P-sorption capacity 

due to inclusion of minerals that have a relatively low P-sorption capacity, the results of 

this study suggest that ER-Feox may underestimate the sedimentary P-sorption capacity 

because these extractants are unable to target minerals such as goethite. The impact of  
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varying the ‘reactive’ Fe reservoir based on these two bounds could provide important 

insights into the paleocean environment. 

Conclusions  

In order to accurately assess the role of Feox in sequestering P in aquatic systems, 

it is crucial to identify either the extractant or extractants that precisely quantify P bound 

to Feox and the Fe phases that are responsible for P sorption. The careful standardization 

results presented in this study allow for a more informed selection of Fe extractants than 

was previously possible. First, it was determined that the use of a 10-hour BD extraction 

allows for greater precision and efficiency for the quantification of Fe-bound P and total  

Feox than the CDB extractant recommended in SEDEX. Second, a 48-hour 

hydroxylamine-HCl extraction, with a sodium acetate Pre-extraction, was shown to 

quantify the majority of the Fe most relevant to P cycling. 

The removal of citrate from the near-neutral dithionite solution used for extraction 

of total PFe greatly facilities the analysis of dissolved P, and results not only in greater 

precision for quantifying PFe, but also a more efficient use of time and resources. 

However, because the extraction length of BD needs to be extended past the 

recommended, published 1-hour (Jensen and Thamdrup 1993), previous data published 

using this protocol may not represent the total Feox pool, and therefore results cannot be 

compared confidently with results from the 8-hour CDB extraction. The re-sorption of 

dissolved P is of particular concern in this case, as undissolved hematite has the potential 

to re-sorb P during the extraction.  

The original objective of identifying a single extractant that is able to target both 

the ER-Feox-bound P and the ER-Feox pool was not realized. As expected, none of the 

acidic extractants were specific for PFe, and because these extractants only partially 

solubilized Ca-bound P, correction from a parallel SEDEX extraction is not feasible. 

Ascorbic acid was the most specific extractant out of those evaluated for PFe in both our 

specificity experiments and our analysis of sediment from the terrigenous facies. 

However, in the carbonate facies, ascorbic acid overestimated the PFe pool. Given this, 

and the high potential for re-adsorption of P onto undissolved Feox during extraction, 

ascorbic acid is not recommended for use in quantifying the pool of PFe.  

Efficiency experiments revealed that, through process of elimination, 
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hydroxylamine-HCl was the optimal extractant to target the majority of the ER-Feox 

phases that control P-sorption in natural sediments, as this extractant completely 

solubilizes ferrihydrite and the majority (77%) of lepidocrocite. However, a pre-

extraction using sodium acetate is required to remove Fecarb prior to the hydroxylamine-

HCl extraction. This conclusion is consistent with the sequential solid phase Fe extraction 

protocol proposed by Poulton and Canfield (2005).   

Although hydroxylamine-HCl was the most comprehensive and selective 

extractant tested in this study for the quantification of ER-Feox, it was unable to solubilize 

goethite. The P-sorption capacity of goethite is similar to that of ferrihydrite and 

lepidocrocite, and has been identified as the most important mineral for P-sorption in Van 

Der Zee et al. (2003). The inability of hydroxylamine-HCl to quantify goethite as part of 

the ER-Feox pool, and the fact that none of the most commonly used extractants targeting 

the ER-Feox are able quantify goethite, is concerning. These results indicate that the Feox 

present in natural sediments and available to sorb P is routinely underestimated by the 

most common extractants used to quantify ER-Feox. 

Direct comparison of results from Fe extraction between studies is of particular 

concern when calculating Fe:P ratios. Because the Fe solubilized by ER-Feox extractants 

more accurately represents the sediment capacity to sorb P, some studies utilize Fe 

quantified by extractants that target the ER-Feox pool, rather than the total Feox pool. 

However, results from both analog phases and natural sediment analysis from this study 

show that the direct comparison of Fe dissolution in these extractants, and resulting Fe:P 

ratios, are not comparable. The direct comparison of Fe:P ratios using different 

extractants has the potential to obscure important environmental factors and should be 

done with caution. The advantage of being able to assess new data within the context of 

the limited number of existing published data sets must be weighed against the risk of 

comparing data generated using different methodologies.  

The careful analysis of methods that quantify the pool of Fe most relevant to P 

cycling undertaken in this study, has important implications not only for our ability to 

predict coastal nutrient availability, but also on our ability to hindcast paleo atmospheric 

oxygen concentrations. The pool of ‘reactive’ Fe provides important constraints on 

oceanic phosphate concentrations. These constraints have been shown to provide realistic 
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limits on primary production over geologic time scales because of the feedback between 

P availability, primary production, and consequent photosynthetic oxygen generation,  

understanding the intricacies of coupled Fe-P cycling is an essential component of the 

negative feedback mechanism required to constrain atmospheric oxygen. 

While hypoxic and anoxic events have always occurred naturally, the frequency 

and persistence of these events has been influenced greatly by the growing human 

population (Diaz and Rosenberg 2008). The increase in nutrient concentrations in run-off 

has lead to increases in primary production and resulted in dead zones. The pool of P that 

becomes available following this large influx of organic matter serves to drive the system 

further into anoxia with the further addition of internal P. Our understanding of the 

impact of hypoxia on P supply to primary producers is directly dependent upon our 

ability to accurately and precisely quantify not only PFe, but also the pool of Fe that 

controls P-sorption. The work presented in this thesis provides new insights about 

currently used extraction methods, including demonstration of the variability that can be 

encountered when different methods are used to quantify Feox, ER-Feox and PFe. Finally 

the results of this work permit identification of the most promising extraction methods for 

both PFe and the Feox phases that are important for P-sorption. 
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Table 1. Extraction time, pH, and the mechanism of dissolution for selective iron extractions evaluated in this study, and citations of  

 published works that employ these extractants. 

Reference list in order of most recently published to least: (a) Jillbert et al. 2011, (b) Lai and Lam 2009, (c) Lukkari and Leivuori 2007, 

(d) Larsen et al. 2006, (e) Cha et al. 2005, (f) Poulton and Canfield 2005, (g) Hyacinthe and Van Cappellen 2004, (h) Zhang 2004, (i) 

Rozan et al. 2002, (j) Larsen and Postma 2001, (k) Koch et al. 2001, (l) Anschutz et al. 1998, (m) Louchouarn et al. 1997,  (n) Slomp 

Extractant 

Extraction 

Time 

(hrs) 

pH
a
 

Mechanism of Fe 

mineral dissolution 

Representative Chemical Equations for  

Feox mineral dissolution 
References 

Citrate dithionite 

bicarbonate 

(used in SEDEX) 

(CDB) 

[Na3C6H5O7 · 

NaHSO3 · NaCO3] 

8 7.6 

Reductive dissolution 

with subsequent 

chelation of dissolved 

Fe with citrate 

S2O4
2-

 + 2 FeOOH + 4 H
+ 

   

2 HSO3
-
 + 2 H2O + 2 Fe

2+    b
 

a, b, e,  i, f, g, 

l, m, n, o, p, q, 

v, w, z, ad 

Bicarbonate 

dithionite (BD) 

[NaCO3 · NaHSO3] 

1 7.5 Reductive dissolution 
S2O4

2-
 + 2 FeOOH + 4 H

+ 
   

2 HSO3
-
 + 2 H2O + 2 Fe

2+    b
 

c, h, k, o, r 

Ammonium oxalate 

[(NH4)2C2O4 · 

 C2H2O4] 

6 3.2 

Reductive dissolution 

with subsequent 

chelation of dissolved 

Fe with oxalate 

FeOOH + C2O4
2-

 + 3H
+
  

Fe
2+

 + 2 CO2 + 2 H2O + e
- 

d, f, n, o, r, s, v, 

w, aa, ab, ac 

Hydroxylamine 

hydrochloride  

[H3NO · HCl] 

48 3 Reductive dissolution 
4 FeOOH(s) + 2 NH2OH(aq) + 8 H

+
(aq)  

4 Fe
2+

(aq) + N2O(g) + 9 H2O(l) 
f, v, aa, ac 

0.5 M HCl  

[HCl] 
1 <1 

Formation of  

Fe-chloro complexes 

2 FeOOH(s) + 4 HCl(aq)  

2 FeCl2(aq) + 3 H2O 
n, o, r, s 

Ascorbic Acid 

[C6H8O6 · NaHCO3 · 

Na3C6H5O7] 

24 8.0 

Reductive dissolution 

with subsequent 

chelation of dissolved 

Fe with citrate 

FeOOH + C6H8O6 + H
+
  

Fe
2+

 + C6H6O6 + 2 H2O + e
- a, d, g, i, j, l, p 
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et al. 1996, (o) Jensen et al. 1995,  (p) Kostka and Luther III 1994,   (q) Raiswell et al. 1994, (r) Jensen and Thamdrup 1993, (s) 

Phillips et al. 1993, (t) Ruttenberg and Berner 1993, (v) Wallmann et al. 1993, (w) Canfield et al. 1992, (x) Ruttenberg 1992, (y) 

Torrent 1992,  (z) Leventhal and Taylor 1990, (aa) Canfield 1988, (ab) Phillips and Lovley 1987, (ac) Chao and Zhou 1983, (ad) 

Mehra and Jackson 1958. 

 
 

a
 The pH suggested for the same extractant varies in different studies. The pH listed in the table represents the pH used in this study.  

 Note that extent of dissolution of minerals will likely vary as a function of pH; the % dissolution reported in this study applies  

 to the extraction conditions recommended in this table. 

 
b 

Cornell and Schwertmann (1996)
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Table 2. Sources of pure iron minerals and natural analog phases as well as their total iron 

 and phosphate content in µmol/g. 

Mineral or 

Natural Analog 

Phase 

Total Fe 

(µmol/g) 

Total In-

organic P 

(µmol/g) 

Total P 

(µmol/g) 

Solid : 

Solution
a 

(mg : mL) 

Source 

      

Ferrihydrite 7474.7
b
 n/a

c
 n/a 15 : 100 Synthesized in lab 

 (see Table 3) 

Lepidocrocite 7625.8
 
 n/a n/a 15 : 100 Synthesized in lab 

 (see Table 3) 

Goethite 7131.4
 
 n/a n/a 15 : 100 Synthesized in lab  

(see Table 3) 

Hematite 9791.1
 
 n/a n/a 15 : 100 Baker and Adamson 

ferric oxide powder 

reagent, 99.0% α- 

Fe2O3 

Magnetite (syn) 9686.2
 
 n/a n/a 15 : 100 Synthesized in lab 

 (see Table 3) 

Siderite 

 

616.4
d
 n/a n/a 5 : 15 Roxybury siderite, 

purchased 

Kaolinite 82.4
e
 2.4

f 
4.6

g
 200 : 15 Fisher Scientific, 

CDat. No. K5-500 lot 

No. 761094 

Smectite 

 

363.2
 e
 11.0

 f
 13.7

 g
 200 : 15 Cutter Ceramics 

Illite/smectite 

mix 

194.0
 e
 5.2

 f
 6.6

 g
 200 : 15 Clay Mineral Soc. 

Source Clay Minerals 

Repository No. ISMt-

1; Mancos shale; 

mixed layer clay 

CFA nodule 

 

n/a 4106
 f
 n/a

 
 5 : 100 (Ruttenberg 1992) 

Shell Hash n/a 18.8
 f
 n/a

 
 200 : 15 Shells collected from 

0-10 cm interval from 

the FOAM site 

(Ruttenberg 1992) 
a 
Solid solution ratio for standardization experiments in mg of sample : mL of extractant. 

The quantity of analog phase represents an estimate of the Fe or P expected to be  

present in 0.1 g of sediment based on results from Ruttenberg (1992).  
b 

Total Fe content in synthetic minerals was determined using a boiling 12N HCl  

 extractant (Canfield 1989). 
c
 n/a = not applicable 
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d
 Because the natural siderite sample was approximately 50% siderite and 50% hematite,  

 the total Fe content of siderite was determined as the difference between a boiling  

12 N HCl extraction, which will solubilize both Fecarb and hematite, and an 8-Hr 

citrate dithionite bicarbonate extraction, which solublizes only hematite; the 

difference between the two gives total Fecarb (Poulton and Canfield 2004).  
e
 Total Fe content in clay minerals was determined as part of this study using  

 concentrated HCl, HNO3, and HF using microwave digestion with high pressure  

 and heat (Bienfang et al. 2009). 
f
 Total inorganic P was determined by a 16-hour extraction with 1 M HCl (Aspila et al. 

 1976). 
g
 Total P (organic + inorganic) was determined by ashing at 550˚ C for 2 hours, followed 

 by a 16-hour extraction by 1 M HCl (Aspila et al. 1976).
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Table 3. Methods for pure iron mineral synthesis (adapted from Cornell and  

 Schwertmann 1996)
a
. See Figure 6 for x-ray diffraction traces for each mineral.  

 

 
a  

Minerals were synthesized with Milli-Q deionized water and reagent grade chemicals.  

 After the minerals precipitated from solution they were rinsed three times with  

 1 M MgCl2, freeze dried, and ground to pass through a <125 µm sieve before  

 analysis. 

 

 

 

 

 

 

 

 

 

Mineral Protocol for synthesis of mineral 

Ferrihydrite 

[amorphous Fe2O3] 

Neutralize a solution of 0.2 M ferric chloride (FeCl3) with 1 M 

sodium hydroxide (NaOH) to precipitate a 2-line ferrihydrite 

suspension.  

Lepidocrocite 

[γ-FeO(OH)] 

Sparge a 0.06 M FeCl2 solution with ambient air while 

maintaining the pH at 7 by manual addition of 12 N NaOH to 

precipitate lepidocrocite. 

Goethite 

[α-FeO(OH)] 

Heat ferrihydrite suspension (prepared as detailed above) to 70º C 

over a three day period, stirring periodically. Conversion of 

ferrihydrite to goethite is indicated by a color change from red to 

orange. 

Hematite 

[α-Fe2O3] 

Baker and Adamson ferric oxide powder, reagent grade, 99.0% α- 

Fe2O3 

Magnetite 

[(Fe
II
 Fe

III
)3O4] 

Slowly add 240 mL 3.33 M KOH/0.27 M KNO3 solution to a 0.3 

M FeSO4 solution preheated to 90˚C, under nitrogen gas, to 

precipitate a magnetite suspension. After formation of suspension, 

heat at 90˚C for 1 hour with constant stirring. 
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Table 4. Analytical colorimetric methods employed to quantify dissolved Fe  

 and P in each extractant. See Appendix 2 for more details. 

Extractant 

Spectrophotometric Method 

Total dissolved 

Fe  

Dissolved inorganic 

phosphate  

Total dissolved 

phosphorous 

Citrate Bicarbonate 

Dithionite  

o-Phenanthroline 

(Berner 1970) 

Molybdate blue 

(Koroleff 1983) after 

pre-extraction on 

SEPAK
®
 columns 

(Briggs 2011) 

No known 

spectrophotometric 

method
a
 

Buffered Dithionite 
Ferrozine 

(Stookey 1970)  

Molybdate blue 

(Koroleff 1983)
 
after 

acidification to ~pH 

1 (converts all sulfur 

to gaseous phase) 

and elimination of 

sulfur by degassing, 

see Appendix 2 for 

details (Jensen and 

Thamdrup 1993) 

Adapted from 

Aspila et al. (1976)
b
 

Ammonium oxalate 

HEPES buffered 

Ferrozine 

(Phillips and 

Lovley 1987) or 

o-Phenanthroline 

(Berner 1970) 

No known 

spectrophotometric 

method
a
 

No known 

spectrophotometric 

method
a
 

Hydroxylamine 

hydrochloride  

Ferrozine 

(Stookey 1970) 

No known 

spectrophotometric 

method
a
 

Adapted from 

Aspila et al. (1976)
b
 

0.5 N HCl 
Ferrozine 

(Stookey 1970) 

Molybdate blue 

(Koroleff 1983) 

Adapted from 

Aspila et al. (1976)
b
 

Ascorbic Acid 
Ferrozine 

(Stookey 1970) 

Adapted from 

molybdate blue 

(Koroleff 1983) by 

Anschutz et al.  

(2007) 

Adapted from 

Aspila et al. (1976)
b
 

a 
Numerous attempts, ultimately unsuccessful, were made to modify published methods  

 to enable spectrophotometric quantification of P. See Appendix 2. 
b 

Ashed samples were re-suspended in 6M HCl rather than 1 M HCl, for complete  

 dissolution of hematite that may have formed during ashing to ensure that there  

 was no re-adsorption of P (adapted from Aspila et al. 1976). 
c 
Details of the SEPAK

®
 method are in Briggs (2011). 
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Table 5. Dissolution of pure iron minerals and analog phases for each extractant. All values reported are % dissolution
a
. 

 

 Synthetic Pure 

Minerals 
Easily Reducible Feox Extractants [ER-Feox] 

Total Feox Extractants 

[Feox] 

 

 

24 Hour 

Ascorbic Acid 

(pH 8) 

1 Hour 

0.5M HCl 

(pH <1) 

8 Hour 

Ammonium 

Oxalate 

(pH 3.2) 

48 Hour 

Hydroxylamine-

HCl 

(pH 3) 

8 Hour 

CDB 

(pH 7.6) 

10 hour 

BD 

(pH 7.5) 

 
Ferrihydrite 18.4 100.8 100.9 99.8 101.5 100.0 

 
Lepidocrocite 18.7 3.3 99.2 71.1 97.5 98.0 

Feox Goethite 0.7 0.3 2.4 0.8 95.5 97.3 

 
Hematite 0.2 0.1 0.3 0.4 95.1 100.9 

 Magnetite 

(syn) 
1.6 0.7 100.8 3.0 84.9 56.3 

Fecarb Siderite 3.2 12.9 11.3 100 0
b
 0

b
 

 
Kaolinite 1.6 1.6 4.4 4.7 -

c
 8.6 

Clays Smectite 0.5 4.2 0.4 0.4 -
c 

12.3 

 
Illite 1.4 4.8 3.7 4.7 -

c 
67.4 

a 
Fractional dissolution (in %) is calculated as the mean concentration of dissolved total Fe in the extractant supernatant at the end  

 time-point specified, divided by the total concentration of Fe in the target phase as reported in Table 2.  
b 

It is assumed, based on prior work, that buffered dithionite, with or without citrate, does not extract Fe from Fe carbonate minerals  

 (Poulton and Canfield 2004). 
c
 The dissolution of clays was not tested in CDB once Feox solubility was confirmed for BD. 
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Table 6. Fraction of total inorganic P solubilized from non-target analog phases in each  

 extractant (in %). Total inorganic P reported is reported for each phase in ( ) and  

 was determined by a 16-hour 1 M HCl extraction (Aspila et al. 1976) unless  

 otherwise noted. 

 

 
a 
P reported for hydroxylamine-HCl extraction is Total P (inorganic + organic) using  

 Aspila et al. 1976), due to being unable to analyze spectrophotometrically for  

 inorganic P in that matrix (See Appendix 2 for details). 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineral or Natural 

Analog  

(total P in µmol/g) 

24 Hour 

Ascorbic 

Acid 

(pH 8) 

1 Hour 

0.5 M 

HCl 

(pH <1) 

48 Hour 

Hydroxylamine-

HCl
a
 

(pH 3) 

10 Hour 

Buffered 

Dithionite 

(pH 7.5) 

 Kaolinite (2.4) 62.1 74.6 40.9 22.8 

Clays Smectite (11.0) 14.1 88.5 41.2 5.1 

 
Illite/Smectite 

mixture ( 5.2) 
28.0 72.8 55.3 33.7 

Ca-

bound 

P 

FOAM Shell Hash 

(18.8) 
16.1 100.6 62.1 18.5 

Carbonate 

Fluorapatite (4106.0) 
0.3 5.1 32.4 1.1 
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Table 7. Sediment Fe:P ratios as calculated for the sediment depth interval with the  

 maximum quantity of Fe for the carbonate and terrigenous  facies. The PFe used to  

 calculate this ratio was that determined at the same depth interval by a 10-hour  

 buffered dithionite extraction. 

 

Sediment Facies Sediment molar Fe:P ratios 

 

Buffered 

Dithionite 

(10-hour, 

no citrate) 

Ascorbic  

Acid 

0.5M  

HCl 

Ammonium 

Oxalate 

Hydroxylamine-

HCl 

Carbonate  

(0-0.25 cm) 
28 2 10 6 16 

Terrigenous 

(0.13-0.88 cm) 
89 24 69 65 108 
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Table 8. A literature review of molar Fe:P ratios in sediments generated using different extraction protocols 
a
.  

 

Extraction 

Protocol 
Location 

Redox 

conditions 
Salinity 

Depth 

Int. 

Used 

Fe 

(µmole/g) 

StDev
b 

(n)
c
 

P 

(µmole/g) 
StDev

b
 Fe:P Source 

0.5 M HCl, 

ammonium 

oxalate 

sequential 
d
 

Aarhus 

Bay 

Not 

specified 
Saline 

0 - 7 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
6 1 

0.5 M HCl, 

ammonium 

oxalate 

sequential 
d
 

Kattegat 
Not 

specified 
Saline 

0 - 34 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
16 1 

0.5 M HCl, 

ammonium 

oxalate 

sequential 
d
 

Kattegat 
Not 

specified 
Saline 

0 - 

0.125 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
9 1 

0.5 M HCl, 

ammonium 

oxalate 

sequential 
d
 

Skagerrak 
Not 

specified 
Saline 

0 -

161 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
17 1 

0.5 M HCl, 

ammonium 

oxalate 

sequential 
d
 

Skagerrak 
Not 

specified 
Saline 

0 - 

0.125 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
16 1 

ammonium 

oxalate 
North Sea 

Not 

specified 
Saline 

0 - 10 

cm 
178 49 (5) 4 19 10 2 
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Extraction 

Protocol 
Location 

Redox 

conditions 
Salinity 

Depth 

Int. 

Used 

Fe  

(µmole/g) 

StDev
b 

(n)
c
 

P 

(µmole/g) 
StDev

b
 Fe:P Source 

ammonium 

oxalate, 

CDB 

sequential 

North Sea 
Not 

specified 
Saline 

0 - 4 

cm 
426 44 (6) 4 26 16 2 

Ascorbic 

acid pH 8 

Rehoboth 

Bay 

Delaware 

Seasonal 

average of 

oxic and 

anoxic 

Not 

specified 

Max. 

Fe 

and P 

24 9 6 2 13 3 

Ascorbic 

acid pH 8 

Rehoboth 

Bay 

Delaware 

Oxic 
Not 

specified 

Max. 

Fe 

and P 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
9 3 

Ascorbic 

acid pH 8 

Rehoboth 

Bay 

Deleware 

Anoxic 
Not 

specified 

Max. 

Fe 

and P 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
25 3 

Ascorbic 

acid pH 7.5 

Scheldt 

Estuary 

(Neth-

erlands) 

Anoxic 

water 

column 

Fresh 

Max. 

Fe 

and P 

69 32 (19) 3 52 1 4 

Ascorbic 

acid pH 7.5 

Scheldt 

Estuary 

(Neth-

erlands) 

Oxic Brackish 

Max. 

Fe 

and P 

23 2 (2) 3 8 3 4 

Ascorbic 

acid pH 7.5 

Scheldt 

Estuary 

(Neth-

erlands) 

Anoxic 

water 

column 

Fresh 

Max. 

Fe 

and P 

143 25 (19) 2 139 1 5 
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Extraction 

Protocol 
Location 

Redox 

conditions 
Salinity 

Depth 

Int. 

Used 

Fe 

(µmole/g) 

StDev
b 

(n)
c
 

P 

(µmole/g) 
StDev

b
 Fe:P Source 

Ascorbic 

acid pH 7.5 

Scheldt 

Estuary 

(Neth-

erlands) 

Oxic Brackish 

Max. 

Fe 

and P 

79 44 (16) 2 30 3 5 

Ascorbic 

acid pH 8 

Portugese 

Continental 

Margin 

Oxic Saline 

Max. 

Fe 

and P 

60 39 (2) 4 5 12 6 

Ascorbic 

acid pH 8 

Chesa-

peake Bay 
Anoxic Saline 

Max. 

Fe 

and P 

95 29 3 2 56 6 

BD 
Aarhus 

Bay 

Not 

specified 
Saline 

0 - 7 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
8 1 

BD Kattegat 
Not 

specified 
Saline 

0 - 34 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
10 1 

BD Kattegat 
Not 

specified 
Saline 

0 - 

0.125 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
12 1 

BD Skag-errak 
Not 

specified 
Saline 

0 -

161 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
63 1 

BD Skag-errak 
Not 

specified 
Saline 

0 - 

0.125 

cm 

Not 

specified 

Not 

specified 

Not 

specified 

Not 

specified 
45 1 

CDB 

St. 

Lawrence 

estuary 

Oxic Saline 

Max. 

Fe 

and P 

218 18 (3) 3 22 10 7 
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Extraction 

Protocol 
Location 

Redox 

conditions 
Salinity 

Depth 

Int. 

Used 

Fe 

(µmole/g) 

StDev
b 

(n)
c
 

P 

(µmole/g) 
StDev

b
 Fe:P Source 

CDB 

Atlantic 

Canadian 

continental 

margin 

Not 

specified 
Saline 

Max. 

Fe 

and P 

144 30 (3) 6 8 18 6 

 

Reference list : (1) Jensen and Thamdrup 1993, (2) Slomp et al. 1996, (3) Rozan et al. 2002, (4) Hyacinthe et al. 2006, 

 (5) Hyacinthe and Van Cappellen 2004, (6) Anschutz et al. 1998, (7) Sundby et al. 1992 

 
a
 Extractant protocols explained in detail in cited study. 

b
 Standard deviation was calculated based on multiple sediment core extractions in a single geographic location when such data  

 were available. If no standard deviation is reported only one core was taken in that particular location. 
c
 n = Number of cores taken from each geographical location. 

d 
The pool of Fe is representative of an oxalic acid extraction followed by a CDB extract
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 Figure 1. Extent of dissolution of five Feox minerals by SEDEX-CDB (Ruttenberg 1992):  

 8-hour pH 7.6 buffered dithionite with citrate and BD (Jensen and Thamdrup  

 1995): 1-hour pH 7.5 buffered dithionite without citrate. Error bars represent  

 standard deviation over triplicate samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Dissolution of 5 iron minerals; ferrihydrite ( ), lepidocrocite ( ), goethite ( ),  

 hematite ( ), and magnetite ( ) over a 10 hour period in (A) buffered dithionite  

 with citrate and (B) buffered dithionite without citrate. Error bars represent  

 standard deviation over triplicate samples. 
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Figure 3. Dissolution of five Feox minerals in four extractants that target easily reducible  

 Feox: Ascorbic acid (24-hours), 0.5M HCl (1-hour), hydroxylamine-HCl (48- 

 hours), and ammonium oxalate (8-hours). Refer to the text for extraction details.  

 Error bars represent standard deviation over triplicate samples. 
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Figure 4. Dissolution over time of Feox minerals; ferrihydrite ( ), lepidocrocite ( ),  

 goethite ( ), hematite ( ), and magnetite ( ) in four extractants that target easily  

 reducible Feox; (A) ascorbic acid (24-hours), (B) ascorbic acid, expanded y-axis,  

 (C) 0.5M HCl (1-hour), (D) ammonium oxalate (8-hours), and (E)  

 hydroxylamine-HCl (48-hours). Error bars represent standard deviation over 

 triplicate samples. Note the different x-axis scale for each panel.  
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Figure 5. Fe extracted in sediment cores from two difference facies: (A) terrigenous  

 dominated and (B) carbonate dominated (see text for description of sites and  

sediment characteristics). Quantity of Fe extracted in five extractants are shown 

for comparison. Error bars represent Δ, or the range of duplicate samples (n=2). 

Note, the concentrations in panel A are 10x greater than those in panel B. 

 

  

0 

4 

8 

12 

0 250 500 750 1000 

D
ep

th
 (

cm
) 

Terrigenous Facies  

Ascorbic Acid 0.5M HCl  Oxalate Hydroxylamine HCl BD 

Fe (µmol/g) 

Fe 
Fe (µmol/g) 

Fe 

A B 

0 

4 

8 

12 

0 25 50 75 100 

D
ep

th
 (

cm
) 

Fe (µmole/g) 

Carbonate Facies 



   

63 

 

0 

4 

8 

12 

0 2 4 6 8 10 

D
ep

th
 (

cm
) 

Terrigenous Facies 

Ascorbic Acid (pH 8) 0.5M HCl Inorgainic P (pH >1) 

Hydroxylamine HCl - Total P Bicarbonate Dithionite (pH 7.5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Phosphate extracted in sediment cores from two difference facies: (A)  

 terrigenous dominated and (B) carbonate dominated (see text for description of  

sites and sediment characteristics). Concentration scale is the same for both panels. 

Error bars represent Δ, or the range of duplicate samples (n=2).
 
Phosphate 

reported for hydroxylamine-HCl extraction is total P (inorganic and organic). P 

data for ammonium oxalate extractions are not available because inorganic P 

cannot be determined spectrophotometrically in this solute matrix (Appendix 2). 
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 X-ray diffraction traces for each of the pure-analog Feox minerals used in this 

study. 
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Protocols for extraction of natural sediment by the five extractants evaluated in 

this study:  
1. Ascorbic Acid Extraction  

a. Extraction Protocol………………………………… p. 66 

b. Spectrophotometric Analysis Protocol……………. p. 67 

2. 0.5 HCl 

a. Extraction Protocol………………………………… p. 69 

b. Spectrophotometric Analysis Protocol……………. p. 70 

3. Ammonium Oxalate 

a. Extraction Protocol………………………………… p. 72 

b. Spectrophotometric Analysis Protocol……………. p. 73 

4. Hydroxylamine HCl 

a. Extraction Protocol………………………………… p. 74 

b. Spectrophotometric Analysis Protocol……………. p. 75 

5. Buffered Dithionite 

a. Extraction Protocol………………………………… p. 77 

b. Spectrophotometric Analysis Protocol……………. p. 78 

 

Appendix 3  …………………………………………………………………. p. 80 

 A comparison of results from two natural sediments extracted using the SEDEX 

protocol (Ruttenberg 1992, Ruttenberg et al. 2009). The first two data sets shown (i, ii) 

represent an extraction done using the recommended published extraction protocol by 

two different scientists, and the third data set shown (iii) is completed using a modified 

Step II, where the recommended 8-hr CDB extraction is replaced with a 10-hr BD  

extraction.  All other Steps in (iii) are performed using recommended, published  

protocols. The first two data sets, employing an 8-hr CDB extraction for Step II, were 

performed by (i) Dr. Nanako Ogawa (data published in Ruttenberg et al. 2009), (ii) Dr. 

Rebecca Briggs (unpublished). The third data set (iii), employing a 10-hr BD extraction, 

was completed as part of this study. The two sediments used are the same as those pre-

sented in Ruttenberg et al. (2009). The sediment extracted was from (A) Mississippi Del-

ta core CT15-GC4, 48 -50 cm depth interval and (B) Equatorial Atlantic core 86G14-

BC59, 2-3 cm depth interval. Further site descriptions are provided in Ruttenberg et al. 

2009. 
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Appendix 1. X-ray diffraction traces for each of the pure-analog Feox minerals used in 

this study; (A) ferrihydrite, (B) lepidocrocite, (C) goethite, (D) hematite, and (E)  

magnetite (syn.). XRD analyses were performed by Dr. Ken Morris at UH Hilo using a 

powder x-ray diffractometer. 
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Appendix 2. Specific lab protocols for each of the extractants tested in this study, inclu-

sive of spectrophotometric method analysis. 

 

1. 24-Hour Ascorbic Acid Extraction for Selective Iron Dissolution 

 

Materials for extraction of 12 samples (in duplicate) 

 

- Ascorbic Acid (10 g) 

- Sodium Citrate (15 g) 

- Sodium Bicarbonate (15 g) 

- 500 mL DI-H2O 

- 82 size 20 cc vials (can also use 50 mL centrifuge tubes if necessary) 

- 20 cc vial racks 

- 0.2 µm Pall Life Sciences
®
 GHP acrodisk filters (24) 

- 20 mL syringes  

- Shaker table 

- Microbalance  

- Pipette capable of 15 mL increments 

 

Method 

 

1. Measure out 500 mL of DI-H2O In a graduated cylinder and pour into a 1 L beaker 

with a stir bar. Weigh out 30 g of sodium citrate and sodium bicarbonate and add 

to the beaker. Cover and let dissolve. Once completely dissolved slowly add 12 g 

of ascorbic acid to minimize effervesence.  

2. Prepare and label 3 sets of twenty-four 20 cc plastic vials for sediments.  

3. Weigh out samples in one set of plastic vials. To get the most accurate weight 

possible, tare  a square of wax paper on the microbalance, weigh approximately 

0.10000 g of sample, record the weight, slide sample into pre-labeled bottle, and 

re-weigh the paper. Each sediment sample should be extracted in duplicate due to 

natural variation.  

4. Once all samples have been weighed carefully, pipette 15 mL of extractant into 

each vial, and cap. Place the vials on their side on the shaker table and shake at 300 

rpm for 24 hours. It is important that there be enough head space to allow for 

complete suspension of sediments throughout the extraction process.  

5. While the samples are shaking, standards should be made for both iron and 

phosphate. Iron standards should be made using the extractant matrix at 

concentrations of 0, 5, 10, 30, 50 µmole/L. The absorbance response of Ferrozine 

is linear up to ~250 µmole/L. Phosphate standards should be made using 5 mL of 

extractant matrix and 45 mL 0.2M HCl at concentrations of 0, 5, 10, 15, 20 

µmole/L. The absorbance response of in the modified molybdate blue method is 

linear to ~25 µmole/L.  

6. After 24-hours has passed, filter each vial using a 0.2 µm Pall Life Sciences
®
 GHP 

acrodisk filter into clean pre-labeled vials. Place the used vials in a soap bath to 

clean after the filtering is complete.  
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7. Once all samples have been filtered, prepare for phosphate analysis by carefully  

pipetting 1 mL of each sample into the third set of twenty-four pre-labeled vials. 

Do the same with the five phosphate standards. Then add 9 mL of 0.2 M HCl to 

each 1 mL alequot of sample.  

8. After all the sediments are extracted, there will be 24 samples of ~14 mL and 24 

samples of exactly 10 mL (1 mL sample:9 mL 0.2 M HCl). Unacidified samples 

can be analyzed immediately. Acidifed samples must sit for at least 24 hours to 

allow for degassing. Because of the sodium bicarbonate in the ascorbic acid 

extractant, acidification with 0.2 M HCl produces CO2. The production of gas 

bubbles will interfere with accurate spectrophotometric analysis. 

Analysis of Ascorbic Acid Extraction Supernatants for Iron and Phosphate  

 

Materials for analysis 

 

- BioTek Syngery HT Multi-Mode Microplate Reader  

- 96 well plate with optical bottom 

- 10 mL volumetric and centrifuge tubes for standards 

- 100 mL graduate cylinder to mix reagents  

- Three 150 mL amber bottles for Ferrozine solutions 

- 50 mL beaker to mix Ferrozine solution 

- 125 mL amber bottle for molybdate mix solution 

- 25 mL amber bottle for ascorbic acid 

- Reagents  

o Iron  (Stookey 1970) 

 Ferrozine (0.01 M):  add 0.4925 g Ferrozine to 100 mL degassed DI-

H2O 

 Ammonium Acetate (5 M) 

 100 mL of Ferrozine-acetate reagent is preared by adding 50 mL 

of 0.01 M Ferrozine to 50 mL of 5 M Ammonium Acetate (this 

should be mixed the day of the analysis) 

 Hydroxylamine (0.2 M in 0.1 M HCl) 

o Phosphate (Anschutz et al. 2007) 

 Molybdate Reagent (R1): Add 15 g of ammonium molybdate 

[(NH4)6Mo7O24·4H2O] to 500 ml DI-H2O 

 2.5 M Sulfuric acid Reagent (R2): Add 140 mL concentrated H2SO4 to 

900 mL DI-H2O 

 Potassium Antimony Tartrate Reagent (R3) : Add 0.68 g 

[K(Sb0)C4H4O6]to 500 DI-H2O 

 These three reagents are then mixed (R123): add 20 ml of R1 to 

10 ml of R2 and then add 5 ml R3 (If stored in glass and 

refrigerated this mixed reagent is good for several weeks.) 

 Ascorbic acid Reagent (R4) : 1.08 g C6H8O6 + 10 ml DI-H2O 

  (Reagent should be clear, yellow discoloration indicates the regent has 

gone bad. If stored in glass and refrigerated, this reagent is good for 

several weeks.) 
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Spectrophotometric Analysis  

 

 Iron (Stookey 1970) 

1. Pipette 150 µL of standards and samples into 96 well plate 

2. Pipette 15 µL of 0.2M Hydroxylamine-HCl mix for 30 minutes on the mix-

mate plate mixer 

3. Pipette 150 µL of the mixed Ferrozine reagent and mix on the mix-mate for 

10 minutes 

4. Measure the absorbance at 562 nm. 

5. Dilute as needed, keep reagent:sample ratios constant, and dilute with matrix 

   Inorganic Phosphate (Anschutz et al. 2007) 

 

1. After sitting over night, pipette 220 µL of standards and sample into 96 well 

plate 

2. Pipette 85 µL R123 and mix for 10 minutes on the mix-mate plate mixer 

3. Pipette 22 µL R4 and mix for 10 minutes on the mix-mate 

4. Measure absorbance at 885 nm  

5. Dilute as needed, keep reagent:sample ratios constant, and dilute sample with 

matrix 
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2. 1-Hour 0.5 M HCl Extraction for Selective Iron Dissolution 

 

Materials for extraction of 12 samples (in duplicate) 

 

- 21 mL concentrated HCl  

- 479 mL DI-H2O 

- Polycarbonate 20 cc vials (58) can also use 50 mL centrifuge tubes if 

necessary + racks to hold them 

- Glass 20 cc vials (34) 

- 0.2 µm Pall Life Sciences
®
 GHP acrodisk filters (24) 

- Syringes  

- Shaker table 

- Microbalance  

- Pipette capable of 15 mL increments 

 

Method 

 

1. Pour ~400 mL of DI-H2O in a 500 mL volumetric and add 21 mL concentrated 

HCl. Bring solution up to 500 mL. 

2. Prepare and label 2 sets of twenty-four 20 cc plastic vials for sediments.  

3. Weigh out samples in one set of plastic vials. To get the most accurate weight 

possible, tare  a square of wax paper on the microbalance, weigh approximately 

0.10000 g of sample, record the weight, slide sample into pre-labeled bottle, and 

re-weigh the paper. Each sediment sample should be extracted in duplicate due to 

natural variation.  

4. Once all samples have been weighed carefully pipette 15 mL of extractant into 

each vial, and cap. Place the vials on their side on the shaker table and shake at 300 

rpm for 24 hours. It is important that there be enough head space to allow for 

complete suspension of sediments throughout the extraction process.  

5. While the samples are shaking, standards should be made for both iron and 

phosphate. Standards should be made using the extractant matrix. Iron standards 

should be at concentrations of 0, 5, 10, 30, 50 µmole/L. The absorbance response 

of Ferrozine is linear up to ~250 µmole/L. Phosphate standards should be at 

concentrations of 0, 5, 10, 15, 20 µmole/L. The absorbance response of the 

modified molybdate blue method is linear to ~25 µmole/L.  

6. After 1 hour has passed, filter each vial using a 0.2 µm Pall Life Sciences
®

 GHP 

acrodisk filter into clean, pre-labeled vials. Place the used vials in a soap bath to 

clean after the filtering is complete. Once all samples have been filtered, prepare 

for total phosphate analysis by carefully  pipetting 2 mL of each sample into the 

glass 20 cc vials. Do the same with the five phosphate standards in duplicate. Add 

240 µL of MgNO3 to each vial. 

7. Iron and inorganic phosphate can be read immediately. Total phosphate must be 

muffled then read using the Aspila et al. (1976) method. 
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Analysis of 0.5 M HCl Extraction Supernatants for Iron, Inorganic Phosphate, and 

Total Phosphorus 

 

Materials for analysis 

 

- BioTek Syngery HT Multi-Mode Microplate Reader  

- 96 well plate with optical bottom 

- 50 mL graduate cylinder to mix reagents  

- Three 150 mL ambers bottle for Ferrozine solutions 

- 50 mL beaker for ferroxine mixed solution 

- 250 mL glass amber bottle for MRII 

- 100 mL glass amber bottle for ascorbic acid 

- Reagents 

o Iron (Stookey 1970) 

 Ferrozine (0.01 M):  0.4925 g Ferrozine + degassed DI to 100 mL 

 Ammonium Acetate (5 M) 

 100 mL of Ferrozine-acetate reagent is prepared by adding 50 mL 

of 0.01 M Ferrozine to 50 mL of 5 M Ammonium Acetate (this 

should be mixed the day of the analysis) 

 Hydroxylamine (0.2 M in 0.1 M HCl) 

o Phosphate (Koroleff, 1983) 

 9 N Sulfuric Acid Reagent (R1): 9 N H2SO4 

 Ammonium Heptamolybdate Reagent (R2): dissolve 9.5 g 

[(NH4)6Mo7O24·4H20] in 100 mL DI-H2O (Reagent is good as long as 

it remains clear). 

 Potassium Antimony Tartrate Reagent (R3): 3.25 g [K(Sb0)C6H4O6] in 

100 mL DI-H2O (Store in glass, reagent is good as long as it is clear). 

 Mixed Reagent II (MRII): While stirring add 45 mL of R2 

solution to 200 mL R1. Add 5 mL R3 (If reagent is stored in 

amber glass and refrigerated, it is good for months). 

 Ascorbic acid : add 7 g C6H8O6 to 100 mL DI-H2O (If reagent is stored 

in amber glass and refrigerated it is good for months as long as it 

remains colorless). 
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Spectrophotometric Analysis  

 

 

 Iron (Stookey 1970) 

 

1. Pipette 150 µL of standards and samples into 96 well plate 

2. Pipette 15 µL of 0.2 M Hydroxylamine-HCl mix for 30 minutes on the mix-

mate plate mixer 

3. Pipette 150 µL of the mixed Ferrozine reagent and mix on the mix-mate for 

10 minutes 

4. Measure the absorbance at 562 nm. 

5. Dilute as needed, keep reagent:sample ratios constant, and dilute with matrix 

 

    

  Inorganic Phosphate (Koroleff, 1983) 

 

1. Pipette 60 µL of standards and samples into 96 well plate 

2. Pipette 240 µL DI-H2O 

3. Pipette 9 µL MRII and mix for 10 minutes on the mix-mate plate mixer 

4. Pipette 9 µL Ascorbic Acid mixture and mix for 10 minutes on the mix-mate 

5. Measure absorbance at 880 nm  

6. Dilute as needed, keep reagent:sample ratios constant, and dilute sample with 

matrix. If samples need to be more concentrated you can neutralize to ~pH 1 

with 12 N NaOH rather than diluting x10.  

 

     Total Phosphorus (Aspila et al. 1976) 

 

1. Samples in glass vials prepared for phosphate analysis should be placed in the 

oven at 60
o
 C and covered with a kim wipe to dry.  

2. Once visibly dry (~2 days) increase the temperature to 120
o
 C for a minimum 

of 2 hours.  

3. Place samples in the muffle furance covered with previously muffeled 

aluminum foil, and muffle at 550
 o
 C for 2 hours. 

4. Once cool to the touch add 1 mL of 6M HCl to each sample and place upright 

on the shaker table for ~18 hours.  

5. Pipette 30 µL of standards and samples into 96 well plate 

6. Pipette 270 µL DI-H2O 

7. Pipette 9 µL MRII and mix for 10 minutes on the mix-mate plate mixer 

8. Pipette 9 µL Ascorbic Acid mixture and mix for 10 minutes on the mix-mate 

9. Measure absorbance at 880 nm  

10. Dilute as needed, keep reagent:sample ratios constant, and dilute sample with 

matrix. If samples need to be more concentrated, they can be neutralized to 

~pH 1 with 12 N NaOH rather than diluting x10.  
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3. 8-Hour Ammonium Oxalte (pH 3.2) Extraction for Selective Iron Dissolution 

 

Materials for extraction of 12 samples (in duplicate) 

 

- Ammonium Oxalate (22.4 g) 

- Oxalic Acid (7.7 g) 

- 500 mL DI-H2O 

- Polycarbonate 20 cc vials (53) can also use 50 mL centrifuge tubes if 

necessary + racks to hold them 

- 0.2micro syringe filters (24) 

- Syringes  

- Shaker table 

- Microbalance  

- Pipette capable of 15 mL increments 

- 10 mL volumetric and centrifuge tubes for standards 

 

Method 

 

1. Measure out 500 mL of DI-H2O in a graduated cylinder and pour into a 1 L 

beaker with a stir bar. Weigh out 22.4 g of ammonium oxalate and 7.7 g 

oxalic acid and add to the beaker. Cover and let dissolve. Reagent should be 

stored in plastic bottle if not using immediately.   

2. Prepare and label two sets of twenty-four 20 cc plastic vials for sediments. 

3. Weigh out samples in one set of vials. To get the most accurate weight 

possible, tare  a square of wax paper on the microbalance, weigh 

approximately 0.10000 g of sample, record the weight, slide sample into pre-

labeled bottle, and re-weigh the paper. Each sediment sample should be 

extracted in duplicate due to natural variation.  

4. Once all samples have been weighed, carefully pipette 15 mL of extractant 

into each vial, and cap. Place the vials on their side on the shaker table and 

shake at 300 rpm for 24 hours. It is important that there be enough head 

space to allow for complete suspension of sediments throughout the 

extraction process.  

5. While the samples are shaking, standards should be made. Iron standards 

should be made using the extractant matrix at concentrations of 0, 5, 10, 30, 

50 µmole/L. The absorbance response of Ferrozine is linear up to ~250 

µmole/L.  

6. After 8 hours have passed, filter each vial using a 0.2 µm Pall Life Sciences
®
 

GHP acrodisk filterinto clean pre-labeled vials. Place the used vials in a soap 

bath to clean after the filtering is complete.  

7. Samples can be analyzed for iron immediately. 
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Analysis of Ammonium Oxalate Extraction Supernatant for Iron (Phillips and 

Lovley 1987) 

 

Materials for analysis 

 

- BioTek Syngery HT Multi-Mode Microplate Reader  

- 96 well plate with optical bottom 

- 50 mL graduate cylinder to mix reagents  

- Three 150 mL ambers bottle for Ferrozine solutions 

- 50 mL beaker for ferroxine mixed solution 

- Reagents 

o Iron (Phillips and Lovley 1987) 

 Ferrozine (0.01 M):  0.4925 g Ferrozine + degassed DI to 100 mL 

 HEPES Buffer (50 mM) 

 100 mL of buffered Ferrozine reagent is prepared by adding 50 

mL of 0.01 M Ferrozine to 50 mL of 50 mM HEPES buffer (this 

should be mixed the day of extraction) 

 Hydroxylamine (0.2 M in 0.1 M HCl) 

 

Spectrophotometric Analysis   

 

 Iron (Phillips and Lovley 1987) 

1. Pipette 150 µL of standards and samples into 96 well plate 

2. Pipette 150 µL of the mixed Ferrozine reagent and mix on the mix-mate for 

10 minutes 

3. Measure the absorbance at 562 nm. 

4. Dilute as needed, keep reagent:sample ratios constant, and dilute with matrix 

 

Samples cannot be analyzed spectrophotometrically for dissolved phosphate in the 

ammonium oxalate matrix. Ammonium oxalate interferes with the molybdate blue color 

development that allows for the analysis for inorganic phosphate. Attempts to analyze 

extracts for total phosphate using the Aspila et al. (1976) method were unsuccessful 

because of a positive interference with color development. It is likely that dissolved silica 

in natural samples is reacting with the molybdate blue in oxalic acid extracts and this 

could cause the excessive color development above what was expected for theses extracts. 
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4. 48 Hour Hydroxylamine-Hydrochloride Extraction for Selective Iron Dissolution 

 

Materials for extraction of 12 samples (in duplicate) 

 

- Hydroxylamine-HCl (35 g) 

- 125 mL glacial acetic acid 

- 375 mL DI-H2O 

- Polycarbonate 20 cc vials (58) can also use 50 mL centrifuge tubes if 

necessary + racks to hold them 

- Glass 20 cc vials (34), metal rack to hold them 

- 0.2 µm Pall Life Sciences
®
 GHP acrodisk filters(24) 

- Syringes  

- Shaker table 

- Microbalance  

- Pipette capable of 15 mL increments 

- 10 mL volumetric and centrifuge tubes for standards 

 

Method 

 

1. Measure out 375 mL of DI-H2O in a graduated cylinder and pour into a 1 L 

beaker with a stir bar. Weigh out 35 g of hydroxylamine-HCl and add to the 

beaker. Cover and let dissolve. Once completely dissolved add 125 mL 

glacial acetic acid.  

2. Prepare and label two sets of twenty-four 20 cc plastic vials for sediments. 

3. Weigh out samples in one set of vials. To get the most accurate weight 

possible, tare  a square of wax paper on the microbalance, weigh 

approximately 0.10000 g of sample, record the weight, slide sample into pre-

labeled bottle, and re-weigh the paper. Each sediment sample should be 

extracted in duplicated due to natural variation.  

4. Once all samples have been weighed carefully pipette 15 mL of extractant 

into each vial, and cap. Place the vials on their side on the shaker table and 

shake at 300 rpm for 24 hours. It is important that there be enough head space 

to allow for complete suspension of sediments throughout the extraction 

process.  

5. While the samples are shaking, standards should be made for both iron and 

phosphate. Standards should be made using the extractant matrix. Iron 

standards should be at concentrations of 0, 5, 10, 30, 50 µmole/L. The 

absorbance response of Ferrozine is linear up to ~250 µmole/L. Phosphate 

standards should be at concentrations of 0, 5, 10, 15, 20 µmole/L. The 

absorbance response of the modified molybdate blue method is linear to ~25 

µmole/L.  

6. After 48 hours have passed, filter each vial using a 0.2 µm Pall Life 

Sciences
®
 GHP acrodisk filterinto clean pre-labeled vials. Place the used vials 

in a soap bath to clean after the filtering is complete.  
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7. Once all samples have been filtered, prepare for total phosphate analysis by 

carefully  pipetting 2 mL of each sample into the glass 20 cc vials in the 

metal rack. Do the same with the five phosphate standards, in duplicate. 

Record the location of the samples. Pipette 240 µL MgNO3 into each vial 

(Aspil et al. 1976). 

8. Samples can be analyzed for iron immediately. 

9. Phosphate samples should be placed in the oven at 60
o
 C covered with a kim 

wipe. Once visibly dry increase the temperature to 120
o
 C for a minimum of 2 

hours. Place sample in the muffle furance covered with previously muffeled 

aluminum foil, and muffle at 550
 o
 C for 2 hours (Aspil et al. 1976). 

Analysis of Hydroxylamine-HCl Extraction Supernatants for Iron and Total 

Phosphorus 

 

Materials for analysis 

 

- BioTek Syngery HT Multi-Mode Microplate Reader  

- 96 well plate with optical bottom 

- 50 mL graduate cylinder to mix reagents  

- Three 150 mL ambers bottle for Ferrozine solutions 

- 50 mL beaker for ferroxine mixed solution 

- 250 mL glass amber bottle for MRII 

- 100 mL glass amber  bottle for ascorbic acid 

- Reagents 

o Iron (Stookey 1970) 

 Ferrozine (0.01 M):  0.4925 g Ferrozine + degassed DI to 100 mL 

 Ammonium Acetate (5 M) 

 100 mL of Ferrozine-acetate reagent is prepared by adding 50 mL 

of 0.01 M Ferrozine to 50 mL of 5 M Ammonium Acetate (this 

should be mixed the day of the analysis) 

 Hydroxylamine (0.2 M in 0.1 M HCl) 

o Phosphate (Koroleff, 1983) 

 9 N Sulfuric Acid Reagent (R1): 9 N H2SO4 

 Ammonium Heptamolybdate Reagent (R2): dissolve 9.5 g 

[(NH4)6Mo7O24·4H20] in 100 mL DI-H2O (Reagent is good as long as 

it remains clear). 

 Potassium Antimony Tartrate Reagent (R3): 3.25 g [K(Sb0)C6H4O6] in 

100 mL DI-H2O (Store in glass, reagent is good as long as it is clear). 

 Mixed Reagent II (MRII): While stirring add 45 mL of R2 

solution to 200 mL R1. Add 5 mL R3 (If reagent is stored in 

amber glass and refrigerated, it is good for months). 

 Ascorbic acid : add 7 g C6H8O6 to 100 mL DI-H2O (If reagent is stored 

in amber glass and refrigerated it is good for months as long as it 

remains colorless). 
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Spectrophotometric Methods 

 

 

 Iron (Stookey 1970) 

1. Pipette 150 µL of standards and samples into 96 well plate 

2. Pipette 150 µL of the mixed Ferrozine reagent and mix on the mix-mate for 

10 minutes 

3. Measure the absorbance at 562 nm. 

4. Dilute as needed, keep reagent:sample ratios constant, and dilute with matrix 

 

  Total Phosphorus (modified from Aspila et al. 1976) 

*Note: sample cannot be analyzed for inorganic phosphate* 

 

1. Samples in glass vials prepared for phosphate analysis should be placed in the 

oven at 60
o
 C covered with a kim wipe.  

2. Once visibly dry (~2 days) increase the temperature to 120
o
 C for a minimum 

of 2 hours.  

3. Place sample in the muffle furance covered with previously muffeled 

aluminum foil, and muffle at 550
 o
 C for 2 hours. 

4. Once cool to the touch add 1 mL of 6 M HCl to each sample and place 

upright on the shaker table for ~18 hours.  

5. Pipette 30 µL of standards and sample into 96 well plate 

6. Pipette 270 µL DI-H2O 

7. Pipette 9 µL MRII and mix for 10 minutes on the mix-mate plate mixer 

8. Pipette 9 µL Ascorbic Acid mixture and mix for 10 minutes on the mix-mate 

9. Measure absorbance at 880 nm  

10. Dilute as needed, keep reagent:sample ratios constant, and dilute sample with 

matrix. If samples need to be more concentrated they can be neutralized to 

~pH 1 with 12 N NaOH rather than diluting x10.  
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5. 10 hour Buffered Dithionite Extraction 

 

Materials for extraction of 12 samples (in duplicate) 

 

- 0.11 M Sodium Bicarbonate (18.5 g)  

- 0.11 M Sodium Dithionite (38.3 g)  

- 2 L DI-H2O purged with N2 

- 15 mL H2SO4 

- 20 cc vials (82) can also use 50 mL centrifuge tubes if necessary + racks to 

hold them 

- 0.2 µm Pall Life Sciences
®
 GHP acrodisk filters (24) 

- Syringes  

- Shaker table 

- Microbalance  

- Pipette capable of 15 mL increments 

 

Method 

 

1. Measure out 2 L of DI-H2O In a graduated cylinder and pour into a 4 L beaker 

with a stir bar. Purge with N2. Weigh out 18.5 g of sodium bicarbonate and add to 

the beaker. Cover and let dissolve. Once completely dissolved add 38.3 g of 

sodium dithionite.  

2. Prepare and label 3 sets of twenty-four 20 cc plastic vials for sediments.  

3. Weigh out samples in one set of vials. To get the most accurate weight possible, 

tare  a square of wax paper on the microbalance, weigh approximately 0.10000 g 

of sample, record the weight, slide sample into pre-labeled bottle, and re-weigh the 

paper. Each sediment sample should be extracted in duplicate due to natural 

variation.  

4. Once all samples have been weighed carefully pipette 15 mL of extractant into 

each vial, and cap. Place the vials on their side on the shaker table and shake at 300 

rpm for 10 hours. It is important that there be enough head space to allow for 

complete suspension of sediments throughout the extraction process.  

5. While the samples are shaking, standards should be made for both iron and 

phosphate. Standards should be made using the extractant matrix. Iron standards 

should be at concentrations of 0, 5, 10, 30, 50 µmole/L. The absorbance response 

of Ferrozine is linear up to ~250 µmole/L. Phosphate standards should be at 

concentrations of 0, 5, 10, 15, 20 µmole/L. The absorbance response of the 

modified molybdate blue method is linear to ~25 µmole/L. Pipette 10 mL of each 

standard into 20 cc vials, exactly like samples. 

6. After 10 hours has passed, filter each vial using a 0.2 µm Pall Life Sciences
®
 GHP 

acrodisk filter into clean pre-labeled vials. Place the used vials in a soap bath to 

clean after the filtering is complete.  

7. Immediately pipette 1.2 mL 1 N H2SO4. Cover with a kim wipe and let sit over 

night to let the sulfur degas.  
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8. To prepare for total phosphate analysis carefully  pipetting 2 mL of each sample 

into the glass 20 cc vials. Do the same with the five phosphate standards in 

duplicate. Add 240 µL of MgNO3 to each vial (Aspila et al. 1976). 

 

Analysis of Buffered Dithionite Extraction Supernatants for Iron and Phosphate 

Materials for analysis 

 

- BioTek Syngery HT Multi-Mode Microplate Reader  

- 96 well plate with optical bottom 

- 10 mL volumetric and centrifuge tubes for standards 

- 100 mL graduate cylinder to mix reagents  

- Three 150 mL amber bottles for Ferrozine solutions 

- 50 mL beaker to mix Ferrozine solution 

- 125 mL amber  bottle for molybdate mix solution 

- 25 mL amber bottle for ascorbic acid 

- Reagents 

o Iron (Stookey 1970) 

 Ferrozine (0.01 M):  0.4925 g Ferrozine + degassed DI to 100 mL 

 Ammonium Acetate (5 M) 

 100 mL of Ferrozine-acetate reagent is prepared by adding 50 mL 

of 0.01 M Ferrozine to 50 mL of 5 M Ammonium Acetate (this 

should be mixed the day of the analysis) 

 Hydroxylamine (0.2 M in 0.1 M HCl) 

o Phosphate (Koroleff, 1983) 

 9 N Sulfuric Acid Reagent (R1): 9 N H2SO4 

 Ammonium Heptamolybdate Reagent (R2): dissolve 9.5 g 

[(NH4)6Mo7O24·4H20] in 100 mL DI-H2O (Reagent is good as long as 

it remains clear). 

 Potassium Antimony Tartrate Reagent (R3): 3.25 g [K(Sb0)C6H4O6] in 

100 mL DI-H2O (Store in glass, reagent is good as long as it is clear). 

 Mixed Reagent II (MRII): While stirring add 45 mL of R2 

solution to 200 mL R1. Add 5 mL R3 (If reagent is stored in 

amber glass and refrigerated, it is good for months). 

 Ascorbic acid : add 7 g C6H8O6 to 100 mL DI-H2O (If reagent is stored 

in amber glass and refrigerated it is good for months as long as it 

remains colorless). 
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Spectrophotometric Methods 

 

 

Iron (Stookey 1970) 

 

1. Pipette 150 µL of standards and samples into 96 well plate 

2. Pipette 15 µL of 0.2 M Hydroxylamine-HCl mix for 30 minutes on the mix-

mate plate mixer 

3. Pipette 150 µL of the mixed Ferrozine reagent and mix on the mix-mate for 

10 minutes 

4. Measure the absorbance at 562 nm. 

5. Dilute as needed, keep reagent:sample ratios constant, and dilute with matrix 

   

   Phosphate (Koroleff, 1983) 

 

1. After sitting over night, pipette 50 µL of standards and sample into 96 well 

plate 

2. Pipette 250 µL hydroxylamine-HCl. Resulting sample should be at pH 1. 

3. Pipette 9 µL MRII and mix for 10 minutes on the mix-mate plate mixer 

4. Pipette 9 µL Ascorbic Acid mixture and mix for 10 minutes on the mix-mate 

5. Measure absorbance at 880 nm  

6. Dilute as needed, keep reagent:sample ratios constant, and dilute sample with 

matrix. If samples need to be more concentrated they can be neutralized to 

~pH 1 with 12 N NaOH rather than diluting x5.  

Total Phosphorus (Aspila et al. 1976) 

 

1. Samples in glass vials prepared for total phosphate analysis should be placed 

in the oven at 60
o
 C covered with a kim wipe.  

2. Once visibly dry (~2 days) increase the temperature to 120
o
 C for a minimum 

of 2 hours.  

3. Place sample in the muffle furance covered with previously muffeled 

aluminum foil, and muffle at 550
 o
 C for 2 hours. 

4. Once cool to the touch add 1 mL of 6M HCl to each sample and place upright 

on the shaker table for ~18 hours.  

5. Pipette 30 µL of standards and sample into 96 well plate 

6. Pipette 270 µL DI-H2O 

7. Pipette 9 µL MRII and mix for 10 minutes on the mix-mate plate mixer 

8. Pipette 9 µL Ascorbic Acid mixture and mix for 10 minutes on the mix-mate 

9. Measure absorbance at 880 nm  

10. Dilute as needed, keep reagent:sample ratios constant, and dilute sample with 

matrix. If samples need to be more concentrated they can be neutralized to 

~pH 1 with 12 N NaOH rather than diluting x10.  
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Appendix 3. A comparison of SEDEX using recommended published extraction protocols (i, ii) versus the SEDEX scheme with a  

modified Step II using a 10-hour BD extraction (iii). Data are from extractions preformed by (i) Dr. Nanako Ogawa (data 

 published in Ruttenberg et al. 2009), (ii) Dr. Rebecca Briggs (unpublished), and (iii) this study. The sediment  

extracted was from (A) Mississippi Delta core CT15-GC4, 48 -50 cm depth interval and (B) Equatorial Atlantic core  

86G14-BC59, 2-3 cm depth interval. Further site descriptions are provided in Ruttenberg et al. (2009). Standard deviation is 

calculated over triplicate samples for all data presented (n=3). 

(A) Mississippi Delta (i) 
 

(i) 
 

(iii) 

  
Bulk-CDB Std Dev 

  
Bulk-CDB Std Dev 

  
Bulk-BD Std Dev 

 

Pre-Ext 

   

Pre-Ext 0.259 0.040 

 

Pre-Ext 
  

 

Step I 0.995 0.089 

 

Step I 0.422 0.014 

 

Step I 0.723 0.072 

 

Step II 4.566 0.211 

 

Step II 6.374 0.313 

 

Step II 3.991 0.548 

 

Step III 5.041 0.379 

 

Step III 4.670 0.308 

 

Step III 5.803 0.403 

 

Step IV 3.638 0.510 

 

Step IV 3.645 0.259 

 

Step IV 5.799 0.589 

 

Step V 4.729 0.250 

 

Step V 3.232 0.106 

 

Step V 4.094 0.134 

 

DIP 14.240 0.675 

 

IP 15.112 0.510 

 

DIP 16.316 0.903 

 

TDP 18.968 0.720 

 

TDP 18.602 0.522 

 

TDP 20.411 0.912 

      

(B) Equatorial Atlantic (i)  
 

 (ii) 
 

(iii)  

  
Bulk-CDB Std Dev 

  
Bulk-CDB Std Dev 

  
Bulk-BD Std Dev 

 

Pre-Ext 

   

Pre-Ext 0.478 0.508 

 

Pre-Ext 
  

 

Step I 0.470 0.026 

 

Step I 0.337 0.002 

 

Step I 0.407 0.063 

 

Step II 4.563 0.871 

 

Step II 3.105 1.076 

 

Step II 3.464 0.140 

 

Step III 11.041 0.477 

 

Step III 10.320 0.059 

 

Step III 11.254 0.588 

 

Step IV 1.464 0.059 

 

Step IV 2.708 0.188 

 

Step IV 6.117 0.264 

 

Step V 4.819 0.161 

 

Step V 4.206 0.138 

 

Step V 5.470 0.150 

 

DIP 17.539 0.995 

 

DIP 16.470 1.094 

 

DIP 21.241 0.662 

 

TDP 22.358 1.008 

 

TDP 21.154 1.213 

 

TDP 26.711 0.679 
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Figure A1. Comparison of results of SEDEX extraction of sediment from two sites, (A)  

 Mississippi Delta and (B) Equatorial Atlantic. Results of SEDEX extractions  

using recommended published extractant protocols (Ruttenberg et al. 2009) were 

performed by Dr. Nanako Ogawa (i), and Dr. Rebecca Briggs (not published) (ii). 

Results from this study (iii) reflect a modified SEDEX protocol in which Step II is 

replaced by a 10-hr BD extraction; all other extraction Steps in (iii) were 

performed using the recommended SEDEX protocol (Ruttenberg et al. 2009). See 

table in this appendix and Ruttenberg et al. (2009) for site descriptions. 
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