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observe a positive excursion in δ44/40Ca and δ7Li values that is mirrored by a negative excursion in δ26Mg values. We argue that this
covariation is due to early diagenetic dolomitization of aragonite through interaction with contemporaneous seawater under a continuum of fluid-
to sediment-buffered conditions. We then use this framework to show that Tonian seawater was likely characterized by a low δ7Li value of
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Abstract 15 

The pairing of Ca and Mg isotopes (δ
44/40

Ca, δ
26

Mg) has recently emerged as a useful tracer to 16 

understand the environmental information preserved in shallow marine carbonates. Here we 17 

apply a Ca and Mg isotopic framework, with analyses of C and Li isotopes, to late Tonian 18 

dolostones, to infer seawater chemistry across this critical interval of Earth history. We 19 

investigated the ca. 735 Ma Coppercap Fm. in northwestern Canada, a unit that preserves large 20 

shifts in carbonate δ
13

C values that have been utilized in global correlations and have canonically 21 

been explained through large shifts in organic carbon burial. Under the backdrop of these δ
13

C 22 

shifts, we observe positive excursions in δ
44/40

Ca and δ
7
Li values that are mirrored by a negative 23 

excursion in δ
26

Mg values. We argue that this covariation is due to early diagenetic 24 

dolomitization of aragonite through interaction with contemporaneous seawater under a 25 

continuum of fluid- to sediment-buffered conditions. We then use this framework to show that 26 

Tonian seawater was likely characterized by a low δ
7
Li value of ~13‰ (~18‰ lower than 27 

modern seawater), a consequence of a different Li cycle than today. In contrast, δ
13

C values 28 

across our identified fluid-buffered interval are similar to modern seawater. These observations 29 



suggest that factors other than shifts to global seawater chemistry are likely responsible for such 30 

isotopic variation.  31 

Introduction 32 

Developing a record of seawater chemistry for the majority of Earth’s past is dependent 33 

on estimating seawater composition from shallow-water (often dolomitized) carbonates. 34 

Extracting such global information requires consideration of local processes that decouple 35 

shallow-water environments from the global ocean, as well as diagenetic alteration (Banner and 36 

Hanson, 1990; Boudreau, 2003; Swart, 2008, Hoffman and Lamothe, 2019). Despite progress 37 

identifying characteristic isotopic markers of early marine diagenesis in carbonates (Higgins et 38 

al., 2018; Ahm et al., 2018), ancient strata that show coherent geochemical stratigraphic 39 

variability are rarely interpreted within alternative diagenetic frameworks. One interval of Earth 40 

history known for high amplitude δ
13

C variations is the Tonian Period. Based on the apparent 41 

preservation of these variations in multiple successions of the same age, the canonical 42 

interpretation is that they record contemporaneous shifts to global marine dissolved inorganic 43 

carbon (DIC) (Och and Shields-Zhou, 2013). However, this view has recently been challenged 44 

by a comprehensive isotopic dataset spanning the Otavi carbonate platform and slope succession 45 

in Namibia which shows significant spatial heterogeneity in δ
13

C values across platform to basin 46 

transects, suggesting inner platform records may often better reflect local processes versus global 47 

seawater (Hoffman and Lamothe, 2019).  48 

One approach to further understand the geochemical information in dolomites such as 49 

those referenced above, is coupled Ca and Mg isotopes (Higgins et al., 2018; Ahm et al., 2018; 50 

Fantle and DePaolo, 2007; Fantle and Higgins, 2014). Early diagenetic Ca isotopic variability in 51 

carbonates predominantly arises due to sensitivity to water-rock ratios, precipitation rate and 52 



degree of recrystallization or neomorphism. While additional factors, such as temperature and 53 

salinity also impact Ca isotope fractionation between minerals and solution, in general, aragonite 54 

and calcite precipitated rapidly (e.g., relevant timescales to the water column) are depleted in 55 

44
Ca relative to seawater Ca by ~1.5‰ and ~0.9‰, respectively (cf. Gussone et al., 2005).  56 

However, slow rates of recrystallization and neomorphism that are characteristic of early marine 57 

diagenesis do not significantly fractionate Ca isotopes (Fantle and DePaolo, 2007). In contrast, 58 

dolomite is ~2‰ more depleted in 
26

Mg than dolomitizing solutions (Higgins and Schrag, 2010; 59 

Fantle and Higgins, 2014). As a result, depending on Mg availability in pore-fluids, Mg can be 60 

isotopically distilled during dolomitization. Together these systems offer the ability to 61 

discriminate between Mg-replete fluid-buffered conditions (high δ
44/40

Ca, low δ
26

Mg; where the 62 

chemistry of the carbonate mineral is dictated by the chemistry of the diagenetic fluid) and Mg-63 

poor sediment-buffered conditions (low δ
44/40

Ca, high δ
26

Mg, where the chemistry of the 64 

carbonate mineral is dictated by the chemistry of the sediment) of dolomite formation. Recently, 65 

results from Dellinger et al. (2020) suggests that this diagenetic framework can be extended to 66 

Li. Here, we apply this approach to reconstruct aspects of Tonian seawater chemistry with 67 

implications for the interpretation of shallow marine carbonate records.  68 

Materials and Methods  69 

We analyzed samples from the Coppercap Formation (Fm.) of the Windermere 70 

Supergroup (base of section at 64°37'49.2"N 129°42'56.8"W) in northwestern Canada (Fig. 1; 71 

Aitken, 1981; Data Repository). The study area exposed ~100 m of a ~125 m section, consisting 72 

of dolomitic carbonates dominated by matrix-supported debris flow deposits with cm-scale 73 

intraclasts (dolofloatstone) and doloturbidite facies with m-scale fining-upward cycles, deposited 74 

in a km-scale fault-bound sub-basin (Fig. 1). In total, 62 δ
44/40

Ca and 66 δ
26

Mg measurements 75 



along with trace element analyses were performed at Princeton University following methods of 76 

Higgins et al. (2018), 58 δ
7
Li measurements were performed in the Yale Geochemistry Center 77 

following methods of Dellinger et al. (2020), and 67 δ
13

C and δ
18

O measurements were 78 

performed at McGill University following methods of Wörndle et al. (2019) (Data Repository). 79 

Results 80 

Basal section δ
13

C values begin at –5‰ V-PDB but rise to 0‰ by 45 m, likely correlating 81 

with the Russøya anomaly (Halverson et al., 2018). Values stay at 0‰ until ~100 m where they 82 

progress toward +4‰. At the same time, δ
44/40

Ca values display >1‰ of variation with values as 83 

low as –1.33‰ (relative to modern seawater) in the lower part of the section (e.g., at 40.5 m), 84 

increase to –0.25‰ (at 72.6 m), and then return to values near –1‰ at the top of the section (Fig. 85 

1). A similar pattern in δ
44/40

Ca is observed for δ
7
Li values but with a range of ~12‰, beginning 86 

at ~ +1‰ (relative to L-SVEC) at the base of the section, increasing to almost +13‰ at 80 m and 87 

then declining to +6‰ (Fig. 1). Spanning ~1.4‰, δ
26

Mg values mirror δ
44/40

Ca and δ
7
Li trends, 88 

beginning at –1.2‰ (relative to Dead Sea Mg; DSM-3), decreasing to –1.8‰ in the middle of 89 

the section and then increasing toward the top of the section (Fig. 1).  90 

Discussion 91 

Stratigraphic covariation between δ
44/40

Ca, δ
26

Mg and δ
7
Li values in the Coppercap 92 

Fm. (Data Repository) could either result from synchronous shifts to global Li, Ca, and Mg 93 

cycles, or from variability in the style and extent of diagenesis. While it is possible the 94 

residence times of Ca, Mg and Li were similar across this interval, leading to covarying shifts 95 

in these systems, this is unlikely given their large differences today (Ca ~0.5-1 Ma, Fantle and 96 

Tipper, 2014; Mg ~10 Ma,
 
Higgins and Schrag, 2015; Li ~1.2 Ma, Misra and Froelich, 2012). 97 

Moreover, mechanisms to explain the amplitude of observed signals and covariation between 98 



any two systems, fail to explain all three. For δ
7
Li, possible global mechanisms include: 1) 99 

changes to congruency of continental silicate weathering (Dellinger et al., 2014), 2) varying 100 

clay particle-fluid interactions in Li sinks (Li and West, 2014), 3) changes in the flux ratio 101 

between high and low temperature hydrothermal fluids (Chan et al., 2002), and 4) changes in 102 

carbonate polymorph of primary precipitates (Marriott et al., 2004). However, all of these 103 

mechanisms to explain δ
7
Li trends fail to explain covariation with, and the magnitude of, 104 

coeval δ
44/40

Ca and δ
26

Mg values. This is clearly demonstrated through δ
26

Mg values, where 105 

assuming that dolomite formation was secondary, the majority of Mg must have been 106 

incorporated after primary precipitates formed and should display variation independent of 107 

δ
7
Li and δ

44/40
Ca trends. 108 

The above arguments motivate alternative explanations for stratigraphic trends in the 109 

Coppercap Fm. Field observations favor an early-marine over late-stage diagenesis 110 

interpretation. For example, no heterogeneity in sedimentary facies that may have facilitated late-111 

stage diagenetic fluid flow are apparent in the study area. Moreover, geochemical variability in 112 

the Coppercap Fm. occurs over tens of meters and not broader spatial scales characteristic of 113 

late-stage diagenesis (James and Jones, 2015). In addition, the scale of geochemical stratigraphic 114 

variability and the observation of heavy δ
44/40

Ca values are unlikely features produced through 115 

late-stage diagenesis. Therefore, we interpret observed geochemical signals in the context of 116 

early marine diagenesis and apply a numerical model following Ahm et al. (2018), to constrain 117 

the boundary conditions of the alteration.  118 

Our application of the model is influenced by observations from a modern carbonate 119 

platform (Henderson et al., 1999; Higgins et al., 2018; Dellinger et al., 2020) and simulates the 120 

dissolution of primary Ca carbonate and re-precipitation as dolomite along a flow path with an 121 



evolving fluid composition. Due to the susceptibility of carbonate δ
18

O values to reset through 122 

any fluid interaction, they are less likely to constrain early marine diagenesis and are omitted 123 

from further consideration. Model outputs are presented as fields in isotopic cross-plot space 124 

between end-member compositions defined by the geochemistry of the primary sediment and the 125 

diagenetic dolomite, and between sediment-buffered and fluid-buffered trajectories––of the 126 

isotopic systems plotted––that connect end-member compositions (Fig. 2). Model solutions are 127 

achieved through estimating the Ca,
 
Li and

 
Mg concentrations and isotopic compositions of the 128 

primary sediment and then finding the diagenetic fluid composition required for the most 129 

consistent fit to the measured dolomite data across all phase-spaces (Fig. 2; Data Repository). 130 

Departures of data points from the predicted model solution may indicate spatio-temporal 131 

heterogeneity in the geochemistry of the primary sediment or of the dolomitizing fluid, which is 132 

not resolved by the model. Importantly, because the model does not explicitly account for several 133 

C-fractionating processes (e.g., aerobic/anaerobic respiration of organic matter or 134 

methanogenesis), it is not expected to capture the entire distribution of observed δ
13

C variability 135 

in sediment-buffered carbonates.  136 

Based on our model fit to the data (Fig. 2), we argue that results best reflect diagenetic 137 

processes rather than global seawater variation (Data Repository). From minimum δ
44/40

Ca 138 

values and the range of observed δ
7
Li values, we surmise that the initial carbonate mineral was 139 

aragonite, which was then altered by a dolomitizing fluid (Blättler and Higgins, 2017; Marriott et 140 

al., 2004). However, we argue that the geochemistry of the dolomitizing fluid was different for 141 

the lower portion of the section versus middle and upper portions. Above ~50 m, dolomitization 142 

by Tonian seawater (i.e., the same fluid from which the original aragonite formed) places the 143 

measured data on model arrays that are well explained by a continuum of fluid- to sediment-144 



buffered conditions that display similar diagnostic isotopic systematics to modern carbonates that 145 

have undergone early marine diagenesis (Higgins et al., 2018; Dellinger et al., 2020). Seawater 146 

as the dolomitizing fluid is consistent with the Coppercap Fm.’s foreslope-like environment, 147 

which has a high potential for open-system fluid-buffered diagenesis by seawater (Hoffman and 148 

Lamothe, 2019). The fluid-buffered samples (~50-90 m) suggest that Tonian seawater had a δ
7
Li 149 

value of ~13‰, a near-modern δ
44/40

Ca value (0‰), and enough Mg that dolomitization did not 150 

appreciably distill Mg isotopes (Fig. 2). The isotopic composition of the sediment-buffered 151 

interval (~90-125 m) is consistent with aragonite that precipitated from the proposed Tonian 152 

seawater, followed by dolomitization during early marine diagenesis under relatively closed-153 

system conditions that allowed for Mg drawdown and Mg-isotopic distillation in the diagenetic 154 

fluid. 155 

Data from the lower half of the section (~0-50 m) fall off the arrays that explain the 156 

variation in the upper half of the section, displaying lower δ
44/40

Ca and δ
7
Li values (Fig. 2). The 157 

isotopic composition of these samples is well-explained by sediment-buffered diagenesis of 158 

aragonite that formed out of Tonian seawater, by a dolomitizing fluid that was a mixture of 159 

brackish groundwater and Tonian seawater (Fig. S7). We suggest that groundwater flow through 160 

the carbonate sediments on the shelf and slope resulted in a relatively Mg- and Li-poor, CaCO3-161 

saturated solution, the mixing of which with the proposed Tonian seawater, produces a 162 

dolomitizing fluid that well explains the lower half of the section (Data Repository). It seems less 163 

plausible that the dolomitizing fluid of the lower half of the section was purely seawater of a 164 

different chemical and isotopic composition, given the required changes in the concentrations 165 

and/or isotopic compositions, and the time available to affect these changes (Data Repository). 166 



Although we contend that chemostratigraphic variability in the Coppercap Fm. reflects 167 

variable diagenetic conditions and not variations in seawater chemistry, this analysis still yields 168 

important insights into late Tonian Li and C cycles. Across the fluid-buffered interval, δ
7
Li 169 

values approach ~13‰, which we argue is likely a close approximation of the δ
7
Li composition 170 

of late Tonian seawater (Dellinger et al., 2020). A δ
7
Li of ~13‰ is significantly different from 171 

modern seawater (31‰; Tomascak, 2004), possibly a consequence of lower riverine δ
7
Li values 172 

due to more congruent continental silicate weathering before the rise of land plants (Kalderon et 173 

al., 2016) and potentially analogous to extreme weathering intervals of the Phanerozoic such as 174 

the Permian-Triassic extinction (Sun et al., 2018). Additionally, the Precambrian ocean would 175 

have been silica-rich (Drever, 1974) due to the absence of silicifying marine organisms, favoring 176 

authigenic clay formation (Isson et al., 2020). Since authigenic clay formation in marine 177 

sediments and during off-axis alteration are the major Li sinks (Misra and Froelich, 2012), 178 

increased clay formation would likely result in a lower seawater Li concentration. Lower 179 

seawater Li concentrations would favor near-quantitative Li uptake in marine sediments and off-180 

axis hydrothermal systems, muting the effect of preferential 
6
Li uptake in these environments 181 

(Chan et al., 2002), with the net effect of lowering Tonian δ
7
Li values compared to Cenozoic 182 

seawater (Misra and Froelich, 2012). 183 

The fluid-buffered interval of the Coppercap Fm. can constrain the Tonian marine DIC 184 

reservoir, too. Carbonate δ
13

C values across these intervals are indistinguishable from modern 185 

DIC at ~0‰ (Fig. 1). In contrast, large variability (–5‰ to +4‰) is observed across sediment-186 

buffered intervals. Given the isotopic evidence for diagenetic alteration of major constituents of 187 

the carbonate rock (Ca, Mg), it seems reasonable that C would have been subjected to a similar 188 

diagenetic fate. Variation of δ
13

C values in the sediment-buffered intervals may have resulted 189 



from organic matter remineralization or methanogenesis in the sediments or from variable 190 

degrees of local C-isotope distillation of DIC across the platform (Swart, 2008; Geyman and 191 

Maloof, 2019). In contrast, the fluid-buffered intervals may offer a more robust picture of Tonian 192 

seawater carbonate chemistry. 193 

Evaluation of local versus global controls on chemostratigraphic records in shallow 194 

marine carbonates may be achieved by wider application of the paired Ca-Mg isotope 195 

framework. This evaluation may be best executed by targeting environments with the greatest 196 

potential to record seawater-buffered early marine diagenesis (i.e., the flanks of carbonate 197 

platforms and slopes; Hoffman and Lamothe, 2019). If identified fluid-buffered intervals display 198 

geochemical variability (e.g., δ
13

C, δ
7
Li, δ

44/40
Ca, δ

26
Mg) similar to sediment-buffered intervals, 199 

then this will provide confidence in shallow marine carbonate archives as records of seawater 200 

geochemical evolution. However, if a significant offset between fluid- and sediment-buffered 201 

intervals is the norm, a more thorough screening of the existing shallow marine carbonate record 202 

to identify fluid-buffered intervals will be necessary to reconstruct the secular evolution of 203 

seawater chemistry. In the case of the Coppercap Fm., results suggest that Tonian marine DIC 204 

δ
13

C may not have varied to the degree that is suggested by shallow marine carbonate archives, 205 

adding to a growing call for a reinterpretation of such records. 206 
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 302 

Figure Captions: 303 

Figure 1. Map adapted from Crockford et al. (2016) and sedimentary facies stratigraphically 304 

plotted with geochemical data. Errors on measurements are in the lower right corner of panels. In 305 

black is a Re-Os date measured on a different Coppercap Fm. section (Rooney et al., 2014). In 306 

blue are U-Pb dates correlated from the Ogilvie Mts. (upper date; Macdonald et al., 2010) and 307 

Ethiopia (MacLennan et al., 2018).  308 
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Figure 2. δ
26

Mg, δ
7
Li and δ

44/40
Ca cross-plots with model solutions. Grid lines represent % 310 

alteration in 10% increments. Red stars represent the primary aragonite and blue lines represent 311 

the final diagenetic product. Blue diamonds are proposed Tonian seawater. 312 

 313 

Fig. 1 314 

 315 

 316 

Fig. 2  317 

 318 

 319 

 320 



Norman 
   Wellsp l a t f o r m

M
a

c k
e n z i e

R
i v

e
r

63oN

64oN

65oN

134 oW 132 oW 130oW 128oW 126oW

m o u n t a i n

f
r

o
n

t

P l a t e a u

T
h

r u
s

t

Study area 

C
o

p
p

e
rc

a
p

 F
o

rm
a

ti
o

n

0
m

10

20

30

40

50

60

70

80

90

100

110

120

130
M303 -5 0 5 10 15

-2.0 -1.5 -1.0 -0.5 0.0

-6 -4 -2 0 2 4 6

-15 -10 -5 0 5

grainstone/sandstone

ribbonite

stromatolite

dolodebrite

doloturbidite

exposure surface

c massive silicification

cross-lamination

humocky cross-stratification  

δ13C

δ18O

δ7Li

δ44/40Ca

δ26Mg

δ13C(‰)

δ18O(‰) δ44/40Ca, δ26Mg(‰)

δ7Li(‰)

732.2+/- 

3.9 Ma

717.4+/- 

0.1 Ma

735.3+/- 

0.9 Ma

719.1+/- 

0.9 Ma

m si
ms

cg

no 
exposure

c
c

Figure 1



Height 
   (m)

125

100

75

50

25

0

δ44/40Ca (‰) δ44/40Ca (‰)
-1.5 -1 -0.5

2

4

6

8

10

12

2 4 6 8 10 12

-1.5

-1

-0.5

0

0.5

1

-1.5 -1 -0.5

-1.5

-1

-0.5

0

0.5

1

90%

80%

70%

60%

50%

40%

90%

80%

70%

60%

50%

40%

30%

20%

90%

80%

70%

60%

50%

40%

30%

20%
Diagenetic 

Mineral

Primary Mineral

Sediment 

Buffered

δ
2

6
M

g
(‰

)

δ
2

6
M

g
(‰

)

δ
7
L

i(
‰

)

Fluid Buffered

Sediment 

Buffered

Fluid Buffered

Sediment 

Buffered

   Fluid

Buffered

δ7Li(‰)

Recrystallization Tonian 

Seawater

Tonian Seawater Element 

Concentrations (mmol/kg):

[Ca]  = 19.1  (1.85 modern)

[Mg]  = 43.2 (0.8 modern)

[Li]    = 2.5e-3 (0.1 modern)

Style of
 
Diagenesis

Diagenetic
Fluid

Fluid 

Buffered

Sediment

Buffered

Sediment

Buffered

Tonian

Seawater

Braakish

Groundwater

         +

Tonian 

Seawater

InterpretationFigure 2


	Cover Page
	Article File
	Figure 1
	Figure 2

