
Describe how 
differentiation of the 
Earth provides for 
distinct  geochemical 
reservoirs
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Apply concepts of 
steady state, residence 
time, and mass balance 
equations to 
biogeochemical 
problems
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Geochemical Reservoirs, Transfer Processes, 
and Mass Balance

An integrated look at how elemental feedback 
cycles control seawater composition

OCN 623 - 2018

Most slides are from Mike Mottl



1. Why does Earth have oceans?

2. Why does Earth have dry land?

3. Why are the oceans salty?

Three Fundamental Questions
…and hundreds of specific ones…





Earth’s Reservoirs
Products of differentiation of the Earth

Reservoir: a largely isolated part of a larger 
system, which is relatively homogeneous 
internally and distinct from adjoining reservoirs 
based on its composition and/or physical 
properties

crust, mantle, outer core, inner core



Earth’s Reservoirs

flux: rate at which a given material moves 
between reservoirs per unit of time

steady state: when sources & sinks are 
balanced and don’t change over time

residence or turnover time: ratio of the content 
of a reservoir divided by the sum of its sources 
or sinks

t = M/SQ   or   t = M/SS



Mass Balance, “the cornerstone of chemical 
oceanography” -- James Murray

But remember, the fundamental concept of Conservation of Mass: 

THINGS HAVE TO ADD UP!

Change in Mass

with time
=

Sum of

all inputs

Sum of

internal

sources

+
Sum of

all outputs
-

Sum of

internal

sinks

-

Such box models are used to determine the rates of transfer 
between reservoirs and transformation within a reservoir

chemical distributions on the earth and in the ocean 
reflect transport and transformation processes, many of 
which are cyclic



A simple 1-box ocean

(dM/dt)ocn = Fatm + Frivers - Fseds + Fhydrothermal

(dM/dt)ocn = ΣdMi / dt 

Frivers = Fsediment + Fhydrothermal

Is this 
steady state?



The crustal-ocean-atmosphere “factory”

***energy flows, material cycles*** Libes Fig. 1.1

Mobility of chemicals is strongly affected by partitioning at interfaces



The global rock cycle box model

Libes Fig. 1.2

e.g., What’s the turnover time for marine sediment wrt river input 
of solid particles?



Earth’s Reservoirs
Products of differentiation of the Earth

crust, mantle, outer core, inner core
lithosphere, asthenosphere, mesosphere

lithosphere, hydrosphere, atmosphere, biosphere
Endosphere vs. exosphere, surface vs. deep processes





Bulk composition of Earth



Origin of Earth’s Oceans and 
Atmosphere



Earth’s reservoirs

8:1 Mg:Fe in mantle



Earth’s reservoirs



Earth’s water



Earth’s water



Earth’s water



Origins of Earth’s Oceans/Atmosphere
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Origins of Earth’s Oceans/Atmosphere



Origins of Earth’s Oceans/Atmosphere

produces alkalinity, by cations kicked out into Si clays



Origins of Earth’s Oceans/Atmosphere

Why didn’t Earth end up like Venus?



Origins of Earth’s Oceans/Atmosphere



Origins of Earth’s Oceans/Atmosphere



Geochemical Mass Balances



Geochemical Mass Balances



The crustal-ocean-atmosphere factory
storage reservoirs and removal mechanisms

Libes Fig. 1.2

How has the long-term subduction cycle altered chemical composition of mantle magma?



Cyclic Seawater Ions

~1% is deposited on coastal land

Large annual production of seasalt spray, quickly returned
5 x 1012 kg/y



Input-Output Balance for Major Ions & Alkalinity
Other processes drive removal over longer time scales

Seawater magnesium, sulfate, sodium are close to steady state



Input-Output Balance for Major Ions & Alkalinity



Revisiting River vs. Seawater Composition

River water is single largest source of major ions, 
concentrations are lower & ratios differ

Residence time for water = few thousand yrs



In-class exercise

Element ‘X’ is at steady state in the contemporary 
ocean, with concentration = 1.0 x 10-3 mol L-1 (M)

The main input is from rivers and the main removal is 
by stripping of ‘X’ from seawater during hydrothermal 
circulation (concentration in vent fluid = 0).



Reading for Thursday





Revisiting Hydrothermal Processes
Hydrothermal regeneration of CO2

Calcium has two fates: (i) calcite or (ii) Ca2+ in SW
Overall, then Ca2+ is inverse with Mg2+



Revisiting Hydrothermal Processes

Subduction decarbonation

CO2 returned via volcanoes or diffusion



Revisiting Hydrothermal Processes

Abiogenic redox reactions in methane cycling



Revisiting Reverse Weathering

Downcore gradients in porewater K & Mg2+



Linking Global Rock Cycle to Carbon Cycle



Integrated Models
Equilibrium Models



Integrated Models
Steady-State Mass Balance Models



Integrated Models
Steady-State Mass Balance Models



Integrated Models
Dynamical Models



Mean Oceanic Residence Times & Reactivity



Mean Oceanic Residence Times & Reactivity



Mean Oceanic Residence Times & Reactivity



Why is seawater ~35ppt?


