
Auxiliary Material for the manuscript:
[bookmark: _GoBack]Photochemical reactivity of ancient marine dissolved organic carbon

Steven R. Beaupré1,2*, Ellen R. M. Druffel1

1. Dept. Earth System Science, University of California, Irvine, CA 92697-3100.
2. Current address: Dept. of Geology & Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA 02543.
* Correspondence to: sbeaupre@whoi.edu.

S1. Introduction
This auxiliary material supports the manuscript by providing i) derivations of equations from the text, ii) additional details on the key calculations that implement these equations, and iii) an archive of the data in Table S1. 
S2. Derivations
The general reaction being studied is the net photomineralization of bulk DOC in solution (i.e., DOC(aq) + n h  DIChv), where 1 mol of DOC consumed is stoichiometrically equivalent to 1 mol of DIChv produced upon absorption of n quanta.  Since conventional methods of reporting 14C data are corrected for fractionation by 13C measurements, 14C values of the reactants are conserved during transformation into products.  Therefore, the reaction may be described simply by conservation of mass. The following temporal relationships for concentrations and 14C values (hereafter R, for brevity) will hold in a closed system.
	[DOC]o = [DOC]t + [DIChv]t 	(S1)
	RDOC,o [DOC]o = RDOC,t [DOC]t + RDIC-hv,t [DIChv]t	(S2)
The subscripts in Equations S1 and S2 refer to initial conditions (o) and those at some later time (t) while R refers to the average 14C value of the specified entity (i.e., cumulative 14C of all DIChv collected, or all DOC remaining in solution).  Equation S2 is an approximation because R represents isotope ratios in their conventional formats (e.g., 14C) rather than fractional isotopic abundances (i.e., 14C/(12C + 13C + 14C)).  However, the very low and essentially consistent abundances of 13C and 14C in marine DOC are small proportions of total carbon (~1 % and 10-10 %, respectively) and therefore permit the use of 14C in these equations with minimal error.  These relationships, simplifying assumptions, and notational conventions form the basis of the derivations that follow.
S2.1. Integrated 2° kinetics equation for bulk DOC (Equation 2)
The bulk reaction order with respect to DOC was initially constrained by observing a straight line when plotting the inverse of estimated residual DOC concentrations (1/[DOC]t) versus time, according to the well-established integrated form of the 2° rate equation (S3).
	[image: ]	(S3)
Since [DOC]t was not actually measured in this experiment, it was instead calculated via Equation S1 from measurements of the accumulated photochemically-produced CO2 and independent measurements of [DOC]o. However, the value of 1/([DOC]o – [DIChv]t) is sensitive to the uncertainty of independently measured values of [DOC]o.  Therefore, we derived a new expression for 2° kinetics (Equation S4) as a function of the measured quantity, [DIChv]t, by substituting [DOC]t = [DOC]o – [DIChv]t (from Equation S1) into Equation S3 and simplifying.
	[image: ]	(S4)	
Plotting 1/[DIChv]t versus 1/t produced straight lines for all serial-oxidation data according to Equation S4, with slopes and intercepts theoretically estimating the inverse values of the initial bulk reaction rates and DOC concentrations, respectively.  The influence of other potentially reactive species (e.g., [NO3-]) was not measured, and therefore grouped into the bulk rate constant, kbulk.
S2.2. Integrated 2° kinetics equation for binary DOC mixtures (Equation 3)
If DOC is assumed to be a binary mixture of two isotopically-distinct components (x and y) with unknown concentrations (for brevity, designated henceforth as xo and yo initially, and x and y at any time, t), then the concentration of bulk DOC at any time must be governed by conservation of mass (Equation S5).
	[DOC]t = x + y	(S5)
Since x and y are subsets of DOC in unknown proportions, they are also assumed to be complex mixtures individually capable of exhibiting bulk 2° kinetics with their own well established 2° integrated rate expressions (Equations S6 and S7).
	[image: ]	(S6)
	[image: ]	(S7)
Therefore, [DOC]t can be expressed as a function of time by solving Equations S6 and S7 for x and y, respectively, and substituting into Equation S5.
	[image: ]	(S8)
Replacing the quantities [DOC]t and [DOC]o in Equation S1 with the right hand side of Equation S8 and the quantity xo + yo, respectively, produces an expression for [DIChv]t as a function of time (Equation S9). 

		(S9)
Simplifying Equation S9 reveals the expanded form of Equation 3 from the main text, in which the coefficients are functions of the initial concentrations and rate constants of each component.
	[image: ]	(S10)	
Letting A = kxxokyyo, B = kxxo + kyyo, C = xo + yo (i.e., the initial concentration of bulk DOC), and D = kxxo2 + kyyo2 (i.e., the initial reaction rate) reduces Equation S10 to a form suitable for non-linear regression (Equation S11).  In this manner, slopes and intercepts obtained from linear regression of serial-oxidation data via Equation S4 provide strong initial guesses for coefficients C and D in the non-linear regressions.
	[image: ]	(S11)
S2.3. MacLaurin series approximation of Equation 3
High coefficients of determination for both the 2 component (Equation S11) and bulk (Equation S4) descriptions of DOC photomineralization suggest that the models should be concordant within measurement uncertainty throughout the range of observed values.  Unfortunately, the 240 minute reaction duration does not suggest an obvious time-point over which the more complicated 2 component model (Equation S11) could be linearized via Taylor Series expansion.  However, if we define a new variable, g = 1/t, then 0 ≤ g ≤ 0.1 for the vast majority of all observations (i.e., with observations beginning 10 minutes after reaction initiation).  Therefore, writing the reciprocal of Equation S11 and substituting 1/g for t (Equation S12) reveals an ordinate (1/[DIChv]t) common to both models and permits MacLaurin series expansion at g = 0 (i.e., as t  ∞ and the reaction approaches completion).  
	[image: ]	(S12)
The first term of the series is obtained by calculating 1/[DIChv] = 1/[DOC]o = 1/C at g = 0.  The coefficient of the second term in the series is obtained by calculating the value of the first derivative of Equation S12 with respect to g at g = 0.

		(S13)
Neglecting higher order terms, 1/[DIChv]g can therefore be approximated by the first two terms of the MacLaurin series of Equation S12 with respect to the variable g.

		(S14)
Substituting the initial concentrations and rate constants of x and y for A, B, C, and D as defined above, and 1/t for g, then simplifying, yields 1/[DIChv] as an approximately linear function of 1/t for the photomineralization of a binary DOC mixture (Equation S15) that is concordant with bulk 2° kinetics (i.e., Equation S4).

		(S15)
The bulk rate constant, kbulk, in Equation S4 can therefore be conceptualized as a function of kx and ky according to the parenthetical coefficient of 1/t (Equation S16).

		(S16)
S2.4. Time-dependence of cumulative DIChv 14C values (Equation 5)
Mass balance dictates that the abundance of DIChv produced at time t from components x and y should be equal to xo – x and yo – y.  Assuming isotopic fidelity in photochemical mineralization, the 14C value of DIChv cumulatively extracted from the irradiated DOC solution at time, t, is also governed by mass balance.
	[image: ]	(S17)
Substituting integrated rate expressions for x and y (Equations S6 and S7) into Equation S17) and simplifying reveals the hyperbolic relationship between the cumulative 14C value of DIChv and time (Equation S18).
	[image: ]	(S18)
As written, this hyperbola has two instances of time and a minimum of 4 coefficients to be determined by non-linear regression.  Rewriting in standardized form and simplifying (Equation S19) reduces the expression to a function of one instance of time and a minimum of 3 coefficients (RDOCo, m, and b), where m and b are complex functions of the initial concentrations, 2° rate constants, and 14C values of components x and y (Equations S20 and S21).
	[image: ]	(S19)
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S2.5. Limiting 14C value of residual bulk DOC (Equation 6)
Substituting integrated rate expressions for x and y (Equations S6 and S7) into the 2-component mass balance expression (Equation S22) for residual DOC and simplifying permits calculation of its 14C value at any time, t (Equation S23).

		(S22)
	[image: ]	(S23)
As written (Equation S23), the limiting value of RDOC,t as the reaction approaches completion (i.e, t  ∞) is indeterminate (∞/∞).  The limiting value of RDOC,t is therefore obtained by L’Hôpital’s rule.
	[image: ]	(S24)
This expression for the limiting 14C value is analogous to a weighted average in which the isotope ratios and rate constants of each component are cross-weighted. Therefore, as the reaction approaches completion, residual DOC will approach a nearly constant blend dominated by the 14C value of least reactive component.
S3. Calculations
S3.1. Comparison of 1° and 2° kinetics
Assuming the net rate of reaction (d[DOC]/dt) was determined by measuring only the initial and final concentrations of DOC following a brief photochemical incubation (i.e., if the concentration change was small), then the rate constant, k, may be approximated from the differential rate expressions for either 1° or 2° kinetics (denoted by subscripts 1 and 2) using the initial concentration ([DOC]o).

		(S25)

		(S26)
Therefore, the ratio k1/k2 = [DOC]o, and the influence of modeling with 1° versus 2° reactions can be investigated with a single kinetics determination using the corresponding integrated rate laws (Equations S27 and S28).  The duration of reaction (t) for 1° and 2° mineralization is expected to differ and therefore denoted with corresponding subscripts.

		(S27)

		(S28)
The length of time required to reduce [DOC]o to some fraction (f) of [DOC]o, is calculated by substituting [DOC]t = [DOC]of into Equations S27 and S28 and solving each for t.

		(S29)

		(S30)
Taking the ratio of t2 to t1 (i.e., Equation S30 to S29), substituting k1/k2 = [DOC]o from above, and simplifying produces a relationship that estimates how much more time a reaction will need in order to reduce the concentration to [DOC]of when modeled with 2° rather than 1° kinetics.
	[image: ]	(S31)
Assuming changes in all other parameters are negligible (irradiance, absorbance of the photochemically reactive species, quantum yields, concentrations of gases, etc.), equation (S31) predicts that a 2° reaction would require an irradiation approximately 21.5 times longer than a 1° reaction to consume 99% of [DOC]o (i.e., f = 0.01).  Subtracting 1 from t2/t1 and multiplying by 100% permits expressing the difference in duration as a percentage rather than a ratio.  For example, hypothetically mineralizing an initial 70 M to 0.7 M at 51 nM hr-1 would require 6.3x103 hr under 1° kinetics (Equation S29) and 1.4x105 hr under 2° kinetics (Equation S0), or (21.5 – 1)*100% = 2050 % additional hours.
S3.2. Calculating losses in yield due to lamp warm up
The effects of lamp warm up on overall serial-oxidation yields were estimated by implementing a simple model that calculated concentrations of DOC and DIChv with a 2 second time step from 0 to 240 minutes.  The reaction was assumed to proceed with bulk 2° kinetics according to Equation 1, using kinetic parameters (kbulk = 0.000981 M-1 min-1 and [DOC]o = 64.9 M) obtained from linear regression of the 20 m serial-oxidation data. Lamp warm-up was simulated by attenuating the rate constant, kbulk, according to routine lamp power output measurements (using an Orion Ophir thermopile) that were performed during UV irradiation of seawater.  This involved a 0.6 minute induction period during which UV light was not detected via the thermopile, followed by an asymptotic exponential rise to the theoretical rate constant that required approximately 4.4 minutes to reach 99% of the peak output (Equation S32).

		(S32)
Two cases were studied: i) a single 4 hour irradiation requiring a single warm up event as a control, and ii) a 4 hour serial-oxidation requiring 6 lamp ignitions and corresponding warm up events (at 10, 25, 50, 90, 150, and 240 minutes, as per the DOC serial-oxidations).  The calculated yields were 94.04%, and 93.85%, respectively, and attributed to modeling the kinetics after the 20 m serial-oxidation data.  However, the simulated serial-oxidation comparatively yielded 99.80% of the DIChv produced during the simulated single 4 hour irradiation, suggesting that reduced photon flux from multiple cycles of lamp warm up accounted for only ~0.20% of the yield discrepancy.  Increasing the rate constant to 0.0062 M-1 min-1 for consistency with higher yields on the actual 4 hour irradiations (i.e., to obtain 99% yield on the simulated single 4 hour irradiation) decreased the discrepancy in simulated yields to just 0.03%, further indicating that apparent losses due to lamp-warm up were negligible.
S3.3. Percentage of relict carbon in the most reactive fraction of DIChv
If the 14C value of the most photochemically active fraction (designated here as R*) is assumed to derive solely from isotopically depleted (x and Rx) and isotopically enriched (y and Ry) components, then it can be modeled by conservation of mass (Equation S33).

		(S33)
Defining a new variable F = x / (x + y) as the mole fraction of x implies that 1 – F = y / (x + y) is the mole fraction of y.  Substituting these two relationships into Equation S33 and simplifying permits calculation of the mole fraction F of the relict component solely as a function of isotope ratios (Equation S34).  F may also be expressed as a percentage when multiplied by a factor of 100.

		(S34)

	Table S1: Concentrations and 14C values* of DIChv during serial-oxidations.

	UCID #
	Elapsed Time
(min)
	Measured
[DIChv]
(M)
	Cumulative** [DIChv]
(M)
	Measured
14C
(‰)
	Cumulative**
14C
(‰)

	

	20 m DOC, individual 4 hr irradiations

	9364
	240
	67.4 ± 0.2
	--
	-252.3 ± 1.2
	--

	11477
	241
	67.0 ± 0.7
	--
	-252.0 ± 1.2
	--

	Mean
	241
	67.2 ± 0.4
	
	-252.1 ± 0.8
	

	
	
	
	
	
	

	20 m DOC serial-oxidation, trial 1

	9358
	15
	34.2 ± 0.2
	34.2 ± 0.2
	-224.5 ± 1.2
	-224.5 ± 1.2

	9359
	30
	9.0 ± 0.1
	43.3 ± 0.1
	-276.6 ± 1.6
	-235.4 ± 1.5

	9360
	60
	8.3 ± 0.1
	51.6 ± 0.1
	-292.6 ± 1.9
	-244.6 ± 1.7

	9361
	90
	3.6 ± 0.1
	55.2 ± 0.1
	-288.1 ± 3.4
	-247.5 ± 2.1

	9362
	150
	4.4 ± 0.1
	59.6 ± 0.1
	-288.8 ± 2.9
	-250.5 ± 2.4

	9363
	240
	2.2 ± 0.1
	61.8 ± 0.1
	-280.1 ± 5.6
	-251.6 ± 2.7

	
	
	
	
	
	

	20 m DOC serial-oxidation, trial 2

	11478
	10
	24.8 ± 0.2
	24.8 ± 0.2
	-217.0 ± 2.6
	-217.0 ± 2.6

	11479
	25
	14.4 ± 0.1
	39.1 ± 0.1
	-253.3 ± 3.0
	-230.4 ± 2.3

	11480
	50
	8.8 ± 0.1
	48.0 ± 0.1
	-293.2 ± 4.6
	-241.9 ± 2.4

	11481
	90
	6.2 ± 0.1
	54.2 ± 0.1
	-295.5 ± 6.5
	-248.1 ± 2.6

	11482
	150
	4.2 ± 0.1
	58.3 ± 0.1
	-291 ± 10
	-251.1 ± 3

	11483
	241
	2.2 ± 0.1
	60.5 ± 0.1
	-317 ± 14
	-253.5 ± 3.2

	
	
	
	
	
	

	IAEA C-6 Sucrose serial-oxidation

	8558
	15
	52.5 ± 0.3
	52.5 ± 0.3
	500.2 ± 2.7
	500.2 ± 2.7

	8559
	30
	17.0 ± 0.1
	69.5 ± 0.1
	494.7 ± 4.5
	498.9 ± 2.7

	8560
	60
	14.4 ± 0.1
	83.9 ± 0.1
	487.0 ± 5.1
	496.8 ± 2.8

	8561
	90
	4.6 ± 0.1
	88.4 ± 0.1
	491 ± 15
	496.5 ± 3.2

	8562
	160
	3.1 ± 0.1
	91.6 ± 0.1
	498 ± 21
	496.6 ± 3.6

	8575
	264
	1.9 ± 0.1
	93.5 ± 0.1
	482 ± 34
	496.3 ± 4.0

	
	
	
	
	
	

	*	All values were blank corrected, with uncertainties presented as ± 1 standard deviation propagated from quantification of the masses and 14C values of samples and the blank. The blank corrected concentrations and 14C values of DIChv extracted from individual 4 hour irradiations of 20 m seawater were considered equivalent to the initial concentrations and 14C values of bulk DOC [Beaupré et al., 2007].
**	Cumulative concentrations and 14C values of DIChv were calculated by mass balance from the measured values of all preceding time points.
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